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ABSTRACT

Batrachotoxin (BTX), a steroidal alkaloid, and pyrethroid insec-
ticides bind to distinct but allosterically coupled receptor sites
on voltage-gated sodium channels and cause persistent chan-
nel activation. BTX presumably binds in the inner pore, whereas
pyrethroids are predicted to bind at the lipid-exposed cavity
formed by the short intracellular linker-helix 11IS4-S5 and trans-
membrane helices IS5 and IlIS6. The alkylamide insecticide
(2E,4E)-N-(1,2-dimethylpropyl)-6-(5-bromo-2-naphthalenyl)-
2,4-hexadienamide (BTG 502) reduces sodium currents and
antagonizes the action of BTX on cockroach sodium channels,
suggesting that it also binds inside the pore. However, a pyre-
throid-sensing residue, Phe®"” in 1lIS6, which does not face the
pore, is essential for the activity of BTG 502 but not for BTX. In
this study, we found that three additional deltamethrin-sensing

residues in 11IS6, 11e®2, Gly*'4, and Phe®® (the latter two are
also BTX-sensing), and three BTX-sensing residues, Ser®''®
and Leu®"® in 111IS6 and Phe*'® in IVS6, are all critical for BTG
502 action on cockroach sodium channels. Using these data as
constraints, we constructed a BTG 502 binding model in which
BTG 502 wraps around 1lIS6, probably making direct contacts
with all of the above residues on the opposite faces of the I11IS6
helix, except for the putative gating hinge Gly®'*. BTG 502 and
its inactive analog DAP 1855 antagonize the action of deltame-
thrin. The antagonism was eliminated by mutations of Ser®,
Phe®"”, Leu®'®, and Phe*'® but not by mutations of 1le®2,
Gly®"4, and Phe®"®. Our analysis revealed a unique mode of
action of BTG 502, its receptor site overlapping with those of
both BTX and deltamethrin.

Introduction

Voltage-gated sodium channels (Nay,) are responsible for
the rapid rising phase of action potentials in electrically
excitable cells. The pore-forming subunits of Nay, channels
contain four homologous repeats, each having six transmem-
brane helices (S1-S6). Helices S1 to S4 form the voltage-
sensing domain and transmembrane helices S5 (outer he-
lix) and S6 (inner helix) contribute to the pore-forming
domain. The residues connecting the S5 and S6 transmem-
brane helices form the four re-entrant loops, called P-loops.
These P-loops contain the amino acid residues that confer
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the ion selectivity in Nay The voltage sensor is linked to
the outer helix S5 by a short intracellular linker helix
S4-S5.

Nay, are targets of diverse natural and synthetic toxins,
including therapeutic drugs, insecticides (such as pyre-
throids), and naturally occurring toxins [such as batracho-
toxin (BTX)]. Toxins from each group bind to distinct receptor
sites on sodium channels and affect channel function (Wang
and Wang, 2003). BTX (Fig. 1), isolated from the skin of a
Colombian frog (Daly et al., 1965), reduces ion selectivity and
causes persistent channel activation by inhibiting inactiva-
tion and shifting the voltage dependence of activation in the
hyperpolarizing direction. Pyrethroids, such as deltamethrin
(Fig. 1), are synthetic derivatives of the naturally occurring
pyrethrum insecticides extracted from Chrysanthemum spe-
cies (Elliott, 1977). Pyrethroids bind to a unique receptor site
and inhibit deactivation and inactivation, resulting in pro-
longed opening of sodium channels (Vijverberg and van den
Bercken, 1990; Bloomquist, 1996; Narahashi, 2000).

BTX was believed to bind at the lipid-channel interface and
alter channel selectivity and gating by an allosteric mecha-

ABBREVIATIONS: Na,, Voltage-gated sodium channel; BTX, batrachotoxin; BTG 502, (2E,4E)-N-(1,2-dimethylpropyl)-6-(5-bromo-2-naphthale-
nyl)-2,4-hexadienamide; DMSO, dimethyl sulfoxide; MC, Monte Carlo; BgNa,, cockroach sodium channel.
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nism (Linford et al., 1998). However, mutational studies
identified BTX-sensing residues in the inner helices of all
four domains, suggesting that BTX is directly exposed to the
permeation pathway (Tikhonov and Zhorov, 2005b). More
recent mutational and modeling studies have confirmed this
prediction (Wang et al., 2006, 2007a,b; Du et al., 2011a).
Studies of the mechanisms of insect resistance to pyrethroids
led to the identification of pyrethroid-sensing residues in
diverse regions of insect sodium channels (Soderlund, 2005;
Davies et al., 2007; Dong, 2007). These data have been used
to construct a model of the sodium channel in which pyre-
throids bind to a cavity formed by the linker-helix IIS4—-S5,
the outer helix IIS5, and the inner helix ITIS6 at the interface
between domains IT and IIT (O’'Reilly et al., 2006). Systematic
site-directed mutagenesis of residues in IIIS6 revealed addi-
tional four residues that are important for the action of
deltamethrin (Du et al., 2009), and two of them are also
critical for the action of BTX (Du et al., 2011a). Despite this
apparent overlap, the binding sites for BTX and pyrethroids
in IIIS6 are distinct, involving opposite faces of the IIIS6
transmembrane helix (Du et al., 2009).

An alkylamide insecticide, (2E,4E)-N-(1,2-dimethylpropyl)-6-
(5-bromo-2-naphthalenyl)-2,4-hexadienamide (BTG 502; Fig.
1), has been shown to antagonize the binding and action of BTX
in ligand-binding and ?>Na™ influx assays using mouse brain
synaptoneurosomes (Ottea et al., 1989, 1990). These results
suggest that BTG 502 and BTX compete for a common receptor
site on sodium channels (Ottea et al., 1989). However, recent
data indicate that BTG 502, unlike BTX, acts as an antagonist,
reducing the peak current of insect sodium channels expressed
in Xenopus laevis oocytes (Du et al., 2011b). In addition, Phe®1?
in IIIS6,' a residue important for pyrethroid activity, is also
critical for the action of BTG 502 (Du et al., 2011b) but not for
that of BTX (Tan et al., 2005). These results suggest that BTG
502 and BTX must have somewhat distinct binding and/or
action properties that translate into distinct electrophysiologi-
cal effects.

Here we conducted mutational analysis and molecular
modeling to map the binding site of BTG 502. We found that
three additional deltamethrin-sensing residues (two of which
are also BTX-sensing) and three BTX-sensing residues are

1 We use a residue-labeling scheme that is universal for P-loop channels. A
residue label includes the domain (repeat) number (1-4), segment type (p,
P-loop; i, inner helix; o, outer helix), and relative position of the residue in the
segment (Table 1).
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critical for BTG 502 action. Our model incorporates available
experimental data on the action of BTG 502 on the cockroach
sodium channel BgNa, and suggests that BTG 502 makes
contact with residues on opposite faces of the IIIS6 helix.
Therefore, the receptor site for BTG 502 on sodium channels
is a unique receptor site that overlaps those of BTX and
pyrethroids.

Materials and Methods

Expression of BgNa, Sodium Channels in X. laevis Oocytes.
The procedures for oocyte preparation and cRNA injection are iden-
tical to those described previously (Tan et al., 2002). For robust
expression of the BgNa, sodium channels, cRNA was coinjected into
oocytes with Drosophila melanogaster tipE cRNA (1:1 ratio), which
enhances the expression of insect sodium channels in oocytes (Feng
et al., 1995; Warmke et al., 1997).

Electrophysiological Recording and Data Analysis. Sodium
currents were recorded using standard two-electrode voltage clamp-
ing. The borosilicate glass electrodes were filled with filtered 3 M
KClI in 0.5% agarose and had a resistance of 0.5 to 1.0 MQ. The
recording solution was ND-96, consisting of 96 mM NaCl, 2.0 mM
KCI, 1.0 mM MgCl,, 1.8 mM CacCl,, and 10 mM HEPES, pH adjusted
to 7.5 with NaOH. Sodium currents were measured with an oocyte
clamp (OC-725C; Warner Instruments, Hamden, CT) and processed
with a Digidata 1322A interface (Molecular Devices, Sunnyvale, CA).
Data were sampled at 50 kHz and filtered at 2 kHz. Leak currents
were corrected by p/4 (pulse/number) subtraction. pClamp 9.2 soft-
ware (Molecular Devices) was used for data acquisition and analysis.
The maximal peak sodium current was limited to <2.0 nA to achieve
optimal voltage control by adjusting the amount of cRNA injected
and the incubation time after injection.

To measure the effect of BTG 502 on the sodium channel, sodium
currents were elicited by a 20-ms test pulse to —10 mV from a
holding potential of —120 mV after 100 repetitive depolarizing
pulses to —10 mV at 10 Hz (Du et al., 2011b). The pyrethroid-induced
tail current was recorded during a 100-pulse train of 5-ms depolar-
ization from —120 to 0 mV with a 5-ms interpulse interval. The
percentage of channels modified by pyrethroids was calculated using
the equation M = {[[/(Ey, — Ex)V/[In/E; — Ex,)]} X 100 (Tate-
bayashi and Narahashi, 1994), where I,; is the maximal tail current
amplitude, E,, is the potential to which the membrane is repolarized,
E., is the reversal potential for sodium current determined from the
current-voltage curve, I, is the amplitude of the peak current dur-
ing depolarization before pyrethroid exposure, and E, is the potential
of step depolarization.

Data analyses were performed using pClamp 9.2 (Molecular De-
vices), Origin 8.1(OriginLab Corp, Northampton, MA), and Adobe
Ilustrator (Adobe Systems, San Jose, CA) software. Results are
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Fig. 1. Chemical structures of BTG 502, DAP 1855,
batrachotoxin, and deltamethrin.
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reported as mean *= S.D. Statistical significance was determined by
using one-way analysis of variance with Scheffé’s post hoc analysis,
and significant values were set at p < 0.05 as indicated in the figure
legend.

Chemicals. BTG 502 and an inactive analog, DAP 1855 (Fig. 1),
were provided by Rothamsted Research Ltd. (Harpenden, UK). BTX
and deltamethrin were generous gifts from John Daly (National
Institutes of Health, Bethesda, MD) and Klaus Naumann and Ralf
Nauen (Bayer CropScience AG, Monheim, Germany), respectively.
Stock solutions of BTX (1 mM), BTG 502 (50 mM), and deltamethrin
(100 mM) were made in dimethyl sulfoxide (DMSO). The working
concentration was prepared in ND96 recording solution immediately
before the experiments. The concentration of DMSO in the final
solution was <0.5%, which had no effect on the function of sodium
channels in the experiments. The method for application of chemi-
cals in the recording system was identical to that described previ-
ously (Tan et al., 2002) Effects of deltamethrin, BTX, and BTG 502
were measured 10 min after toxin application.

Homology Model of BgNa,1.1. A homology model of the open
cockroach sodium channel variant BgNa,1-1 was constructed based
on the crystal structure of K,1.2-K,2.1 chimera channel (Long et al.,
2007). Amino acid sequences of the pore domains of BgNa,1-1
(Fig. 2A) and K,1.2 were aligned as before (Zhorov and Tikhonov,
2004; Bruhova et al., 2008), and positions of residues are labeled
using a universal scheme (Zhorov and Tikhonov, 2004) (see Table 1).
The extracellular loops, which are too far from residues important for
BTX and deltamethrin activity, were not included in the model. The
P-loops were modeled as in Tikhonov and Zhorov (2005a). Energy
was calculated using the AMBER force field (Weiner et al., 1984,
1986) and the solvent exposure- and distance-dependent dielectric
function (Garden and Zhorov, 2010). The atomic charges of the toxin
molecules were calculated using the Austin model 1 method (Dewar
et al., 1985) through MOPAC. Bond angles were varied in the toxins

but not in the protein. Energy was minimized in the space of gener-
alized coordinates (Zhorov, 1981, 1983). The Monte Carlo (MC) en-
ergy minimization method (Li and Scheraga, 1987) was used to
optimize the channel homology model and to dock the ligands. The
SCWRLS3 program (Canutescu et al., 2003) was used to assign start-
ing conformations of the channel side chains. The ZMM program
(http://www.zmmsoft.com) was used to perform all calculations.

Docking BTG 502. Various binding modes of BTG 502 were
explored using distance constraints implied by our experimental
data (Supplemental Table S1). A constraint is a flat-bottomed para-
bolic penalty function added to the energy expression. When the
distance between a given toxin atom and a given atom in the toxin-
sensing residue exceeds the upper limit of the constraint (5 Ain this
study), the penalty contribution to the total energy increases
sharply, with a force constant of 100 kecal - mol ! - AL The flat-
bottomed constraint ensures proximity between two atoms but does
not impose specific disposition or orientation of chemical groups the
atoms belong to (for instance, an H-bond or m-stacking).

To search for the lowest-energy binding modes of BTG 502, we
employed our three-stage flexible docking protocol (Garden and Zho-
rov, 2010). In the first stage, a library of toxin conformers was
generated by randomly sampling the toxins’ torsion angles, followed
by energy minimizations to ensure that all the rings were closed. Ten
thousand toxin conformations were generated, and the 10 lowest-
energy conformations were collected for docking. In the second stage,
the position and orientation of each toxin conformer in the library
was sampled 2 X 10° times by assigning random values to six
rigid-body degrees of freedom of the toxin. The energy of the toxin-
receptor complexes (including the distance-constraint penalties) was
calculated without energy minimization, and the 10 lowest energy
complexes were collected. In the third stage, the ten collected com-
plexes were refined by a 103-step MC minimization and the lowest
energy structure was used as the toxin-binding model consistent

A
IIIS6 rNa,l.4 MYLYF VIFII FGSFF TLNLF IGVII DNF
BgNa,1-1 MYLYF VFFII FGSFF TLNLF IGVII DNF
3il5 3i19
IVS6 =rNa,l.4 GICFF CSYII ISELI VVNMY IAITL ENF
BgNa,1-1 GIAFL LSYLV ISELI VINMY IAVIL ENY
4i15
B C Fig. 2. Both BTX- and pyrethroid-sensing residues are
BgNa,1-1a F415A critical for the action of BTG 502. A, amino acid se-
Control quences of segments IIIS6 and IVS6 in rNa,1.4 and
e BgNa, proteins. BTX-sensing residues Ser®'?, Leu®'?,
and Phe*'® are underlined. Pyrethroid-sensing resi-
dues Ile®12, Gly®'4, Phe®', Phe®'’, and Asn®?° are in
bold. B, effects of BTX (500 nM) on BgNa, 1-1a channels.
BTX 500 nM C, substitution F*'5A reduced the action of BTX on
BgNa,1-1a channels. D, effects of BTG 502 (10 uM) on
gNa,1-1a channels. E, effects of amino acid substitu-
< BgN: h 1s. E, efft f ami id substi
5ms tions for BTX-sensing residues on peak current inhibi-
tion by BTG 502. F, effects of substitutions of pyre-
throid-sensing residues on the peak current inhibition
E F by BTG 502 at 10 uM. The peak current reduction by
BTG 502 was measured by a 20-ms test pulse to —10
BIG 502 10 M BIG02H0[M mV from a holding potential of —120 mV after 100
% # FisA N2A repetitive prepulses to 7.10 rpV at a frequency of 10 Hz
before and after the application of 10 uM BTG 502. The
* 319 ) asterisks indicate significant differences from the Bg-
LK * FoA . . -
Na,1-1a channel as determined by analysis of variance
* §IiK . Gy (p < 0.05).
LN
__‘* S$isp " Fi2p
. — BeNa,I-1a BeNa,I-1a
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Normalized Peak Current (%) Normalized Peak Current (%)



with the given combination of distance constraints. At this stage, the
torsion angles in the protein side chains and in the toxin were
sampled. Finally, all the distance constraints were removed, and the
model was MC minimized to check its intrinsic stability. If during
the final MC minimization the toxin drifted from the constraints-
imposed binding mode, the latter was excluded from further
analysis.

Results

Five BTX-Sensing Residues Are Critical for the Ac-
tion of BTG 502. We have shown previously that lysine
substitutions of two amino acid residues in IIIS6, Ser®'® and
Leu®? (Fig. 2A; Supplemental Table S2), dramatically re-
duce the action of BTX on BgNa_ 1-1a channels (Du et al.,
2009). Residue Phe*'® in IVS6 (Fig. 2A; Supplemental Table
S2) is important for the binding and action of BTX on mam-
malian sodium channels (Linford et al., 1998). Here we show
that Phe*!® is also a BTX-sensing residue for BgNa,1-1a
channels. BTX (500 nM) inhibited channel inactivation, re-
sulting in a noninactivating current and a tail current asso-
ciated with repolarization of BgNa, 1-1a channels (Fig. 2B).
The F41°A substitution, which was available from another
study (Silver et al., 2009), significantly reduced the action of
BTX on BgNa,1-1a channels (Fig. 2C).

As reported previously (Du et al., 2011b), the effect of BTG
502 on BgNa,1-1a channels was quite different from those of
BTX. In response to 100 repetitive prepulses at a frequency of
10 Hz, BTG 502 reduced the amplitude of peak current of the
BgNa,1-1a channel, and no tail current was detected upon
repolarization (Fig. 2D). To determine whether Ser®*®, Leu®'®
and Phe*'® are also critical for the action of BTG 502, we
examined the effect of BTG 502 on the S31°P, S3115K 151197
and L3'°K mutant channels that were previously made from
BgNa,1-1a channels, as well as the F*'?A mutant channel.
While BTG 502 (10 M) inhibited 50% of the peak current of the
BgNa, 1-1a channel, it inhibited only 23 and 17% for L3'°K and

TABLE 1
Sequence alignment
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F415A mutant channels, respectively (Fig. 2E). We were sur-
prised to find that BTG 502 increased the amplitude of peak
current of the S1°P and S®'°K channels by 5 to 10% and that
of the L3°A channel by 30% (Fig. 2E).

Four Pyrethroid-Sensing Residues Are Critical for
the Action of BTG 502. Our laboratory recently identified
four additional residues in ITIS6 (Ile®'2, Gly®'!*, Phe®'¢, and
Asn®2%) besides Phe®17 (Fig. 2A; Supplemental Table S2),
that are critical for the action of pyrethroids (Du et al., 2009).
In addition, we have shown that Gly®*'* and Phe®' are also
critical for the action of BTX (Du et al., 2011a). To determine
whether these residues are also critical for the action of BTG
502, we examined the effect of BTG 502 on these four mutant
channels. Substitutions I?1*2A, G314A, and F51°A completely
abolished the action of BTG 502, whereas substitution N*2°A
did not (Fig. 2F; Supplemental Table S2). In fact, BTG 502
increased the amplitudes of peak current of I5112A, G3114A,
and F3®A channels (Fig. 2F).

BTG 502 and Its Inactive Analog DAP 1855 Antago-
nize the Action of Deltamethrin. To explore possible in-
teractions between BTG 502 and pyrethroids, we examined
the response of the BgNa,1-1a channel to deltamethrin in the
presence of varying concentrations of BTG 502 or DAP 1855.
DAP 1855 is an analog of BTG 502 that has no insecticidal
activities but inhibits the binding of BTX to sodium channels
in mouse brain synaptoneurosomes (Ottea et al., 1990). With
a 100-pulse train of 5-ms step depolarization from —120 to 0
mV at 5-ms intervals, deltamethrin (1 wM) induced a large
tail current, as expected for the BgNa,1-1a channel (Fig. 3A).
BTG 502 antagonized the effect of deltamethrin by reducing
the amplitude of the tail current in a concentration-depen-
dent manner (Fig. 3A). Consistent with the earlier finding
(Ottea et al., 1990), DAP 1855 did not affect the peak current
of BgNa,1-1a channels (data not shown), but it antagonized
the action of deltamethrin (Fig. 3B).

Bold and underlined characters indicate experimentally determined residues that, when mutated, affect action of BTG 502 and deltamethrin, respectively. Position of a
residue is designated by a symbol that identifies a segment and a relative position of the residue in the segment.

Channel Domain First

Residue
ol oll o021
KcesA M1 23 LHWRAAGAAT VLLVIVLLAG SYLAVLAER
K, 1.2 S5 323 ASMRELGLLI FFLFIGVILF SSAVYFAEA
BgNa, 1-1 IS5 265 ESVKNLRDVI ILTMFSLSVF ALMGLQIYM
11S5 902 RTVGALGNLT FVLCIIIFIF AVMGMQLFG
I1IS5 1397 QAIPSIFNVL LVCLIFWLIF AIMGVQLFA
IVS5 1715 MSLPALFNIC LLLFLVMFIF AIFGMSFFM
P33 pdl p51
KcsA P 59 LITYPRAL WWSVETATTV GYGDLYPV
K 1.2 P 358 FPSIPDAF WWAVVSMTTV GYGDMVPT
BgNa 1-1 IP 300 CIKNFWAF LSAFRLMTQD YWENLYQL
1P 937 VERFPHSF MIVFRVLCGE WIESMWDC
IIIP 1436 STTLSKAY LCLFQVATFK GWIQIMND
IVP 1750 GLDDVQSM ILLFQMSTSA GWDGVLDG
il ill i21 i31
KcsA M2 86 LWGRLVAVVV MVAGITSFGL VTAALATWEV GREQERR
K, 1.2 S6 385 IGGKIVGSLC AIAGVLTIAL PVPVIVSNEN YFYHRET
BgNa, 1-1 1S6 402 PWHMLFFIVI IFLGSFYLVN LILAIVAMSY DELQKKA
11S6 981 WSCIPFFLAT VVIGNLVVLN LFLALLLSNF GSSNLSA
111S6 1506 IYMYLYFVFF IIFGSFFTLN LFIGVIIDNF NEQKKKA
IVS6 1806 TVGLAFLLSY LVISFLIVIN MYIAVILENY SQATEDV

o, outer helix; p, P-loop; i, inner helix.
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Amino Acid Substitution at Ser?'®, Phe®'7?, Leu®?,
and Phe*'® Abolished BTG 502 Antagonism of Delta-
methrin Action. Substitutions S*1°P, L319A, and F*1°A
completely abolished BTG 502 antagonism of deltamethrin
action (Fig. 3C; Supplemental Table S2), whereas substitu-
tions I?12A, G314A, F316A. and N®2°A did not (Fig. 3D;
Supplemental Table S2). At 10 uM, BTG 502 reduced the
activity of deltamethrin on BgNa_1-1a channels by 50%. Sim-
ilar levels of antagonism were observed for substitutions
I3112A,) G3114A,) F3116A  and N32°A. Because the F317I and
F317A channels are completely insensitive to pyrethroids,
and no tail current could be detected (Tan et al., 2005), we
used the F?17W channel, which is approximately 10-fold less
resistant to deltamethrin than the F317A channel, for this
experiment. Unlike other pyrethroid-sensing residues in
I1IS6, the F3''"W mutation abolished the BTG 502 antago-
nism of deltamethrin activity (Fig. 3D).

Docking BTG 502 in the Open Channel. Mutational
studies show that BTX binds in the inner pore, contacts the
inner helices from all four repeats (Wang et al., 2006,
2007a,b), and may adopt an ion-permeable “horseshoe” con-
formation within the channel as we recently proposed (Du et
al., 2011a). In contrast, pyrethroids including deltamethrin
are proposed to bind in the lipid-exposed interface between
the linker-helix IIS4-S5, the outer helix IIS5, and the inner
helix IIIS6 (O'Reilly et al., 2006; Du et al., 2009). Our data
that both BTX- and pyrethroid-sensing residues are critical
for the action of BTG 502 indicate that a part of the BTG 502
molecule may bind at the interface between domains II and
III, interact with deltamethrin-sensing residues, and inter-
act with residues that face the inner pore.

We used the above data from our mutational and toxin-
binding experiments as distance constraints to dock BTG 502
in the channel model. We explored many combinations of
distance constraints (Supplemental Table S1) and MC mini-
mized the complex with and then without the distance con-

A B

Control
L

o

straints. The calculations predicted an energetically prefer-
able binding mode, which is most consistent with the
experimental data. In this binding mode, BTG 502 wraps
around the IIIS6 helix (Fig. 4, A and B). The amide group of
the toxin forms a hydrogen bond with Ser®'® (Fig. 4, C and
D). The isopropyl group protrudes into the II/III repeat in-
terface, where it interacts with Ile®? and Phe®'®. The naph-
thalene ring also protrudes into the III/IV repeat interface
where it interacts with Leu®'® and forms m-stacking contacts
with Phe®'” and Phe*'® (Fig. 4E). The lipophilic bromine
atom faces a hydrophobic site between II1IS6 and IIIS5. The
flexible linker of BTG 502 is exposed to the central pore,
where it interacts with Leu®'® (Fig. 4, C-E). Thus, BTG 502
makes direct contacts with all the known BTG 502-sensing
residues except the gating-hinge Gly®''*. Using this binding
mode, we performed further computations to rationalize fur-
ther experimental observations.

In addition to the BTG 502 binding mode described above,
our constraints-driven docking calculations predicted an alter-
native binding mode in which BTG 502 wraps around IIIS6
from the lipid side (not shown). This binding mode seems un-
likely, as described in legend to Supplemental Fig. S1.

Docking BTG 502 in the Closed Channel. The agonistic
effect of BTG 502, when applied to sodium channels in combi-
nation with scorpion toxin (Ottea et al., 1989), suggests that
BTG 502 stabilizes the open conformation of sodium channels.
Our data showing that BTG 502 had no effect without a train of
depolarizing prepulses (Du et al., 2011b) indicates preferable
binding to open channels. To suggest a possible cause of this
state-dependent action, we docked BTG 502 into the KcsA-
based homology model of closed BgNa,1-1 channels. We im-
posed toxin-channel distance constraints to mimic in the closed
channel the BTG 502 binding mode, which we predicted for the
open channel. MC minimizations yielded a high-energy com-
plex in which the inner helices were bent at the site where the
aromatic ends of BTG 502 protruded into the domain interfaces
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77 Deltamethrin + BTG 502

Fig. 3. Effects of BTG 502 and DAP 1855 on the action
of deltamethrin on BgNa,1-1a and mutant channels. A
and B, inhibition of deltamethrin-induced tail currents
by BTG 502 (A) and DAP 1855 (B). C, substitutions at
the pore-facing positions S*°P, L*1°A, and F*'°A abol-
ished BTG 502 antagonism of deltamethrin activity.
D, antagonism of BTG 502 on the action of deltamethrin
is abolished by mutation F*'7W, but not by alanine
substitutions of Ile®'?, Gly*'4, Phe®%, and Asn®2°. Per-
centage of channel modification by deltamethrin before
(solid bar) and after (stripe bar) the application of 10
uM BTG 502 were calculated using the equation M =
(Uil (B, — Ex VU /(E, — Eyx,)l} X 100. The deltame-
thrin-induced tail current was recorded after a 100-
pulse train of 5-ms step depolarizations from —120 to 0
mV with 5-ms interpulse intervals and a 20-ms test
pulse to 0 mV. For the F316A, F317W, and N®2°A chan-
nels, which were 10- to 20-fold more resistant to delta-
methrin than the BgNa,1-1a channel (Tan et al., 2005;
Du et al., 2009), 10 uM deltamethrin was used. For the
I3112A channel, which was 10-fold more sensitive to del-
tamethrin than the wild-type (Du et al., 2009), 0.1 uM
was used. For the rest of the mutant channels, 1.0 uM
was used. The asterisks indicate significant differences
after BTG 502 antagonize the action of deltamethrin
(p < 0.05).
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1000 ms



(Fig. 5, A and B). These results suggest that the channel would
not close until the toxin left the binding site. Unconstrained MC
minimization of the above complex displaced BTG 502 from the
horizontal, IIIS6-wrapping mode to a binding mode in which
the toxin extended along the pore (Fig. 5, C and D). These
calculations suggest that BTG 502 would not bind in the closed
channel in the same way it does in the open channel.

Discussion

BTG 502, an N-alkylamide insecticide, reduces peak so-
dium currents of the BgNa, channel and antagonizes the
action of BTX (Du et al., 2011b) and deltamethrin, two so-
dium channel agonists. Using mutational analysis, we found
in this study that seven residues in the BgNa, channel are
essential for the action of BTG 502. These are three key
BTX-sensing residues, Ser®'® and Leu®'? in IIIS6 and
Phe*'® in IVS6; two deltamethrin-sensing residues, Ile®'?
and Phe®'” in I1IS6; and two BTX/deltamethrin-sensing res-
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idues, Gly®*'* and Phe®'® in IIIS6. We used these data to
create an atomistic model of BTG 502 binding to the BgNa,
channel. In this model, BTG 502 wraps around the trans-
membrane segment IIIS6 and exposes its flexible linker be-
tween the bulky ends into the channel pore. This model also
shows the interaction of BTG 502 with the pore-facing BTX-
sensing residues Ser®'®  Leu®'® and Phe*1®, the deltame-
thrin-sensing residue Ile®!2, the BTX/deltamethrin-sensing
residue Phe® in the II/III interface, and the pyrethroid-
sensing residue Phe®'” in the III/IV interface. Thus, our
results delineate a unique receptor site for BTG 502 on the
sodium channel and show that the BTG 502 receptor site
overlaps with two receptor sites of BTX and deltamethrin.
BTX, veratridine, aconitine, and grayanotoxin are classi-
fied as site 2 toxins. These toxins share common character-
istics in their actions on sodium channels: they bind to the
sodium channel in its open state, and toxin-modified chan-
nels lack fast inactivation and activate at more negative

Fig. 4. BTG 502 in the pore domain of BgNav1-1. Repeats
I, II, III, and IV are colored brown, gray, green, and blue,
respectively. S5s, P-helices, and S6s are shown as thin,
medium-sized, and thick helices, respectively. The ascend-
ing limbs are shown as thin C-« tracings. The ligand (ren-
dered by sticks with yellow carbons) wraps around IIIS6
and exposes its termini into the II/III and III/IV domain
interfaces. Shown are the top (A) and side (B) views and
their zoomed images (C and D). E, top view of the pore
domain in which parts of the transmembrane helices at the
level of the bound BTG 502 are shown by transparent
surfaces. In the proposed binding mode, BTG 502 would
partially obstruct the ion permeation by the hydrophobic
linker exposed into the pore (A, C, and E). The isopropyl
group of BTG 502 contacts residues Ile®!? and Phe®¢,
which do not face the pore, whereas the amide oxygen
accepts an H-bond from Ser®'® (C). Leu®*® is below the
hydrophobic linker (D). The naphthalene ring of BTG 502
protrudes in the interface between domains III and IV,
where it is flanked by Phe®!” and Phe*'® and forms
m-stacking interactions with these residues (C and D).
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potentials, resulting in persistent channel activation (Wang
and Wang, 2003). Studies of the action of BT'G 502 on sodium
channels in mouse brain synaptoneurosomes using [*H]ba-
trachotoxinin A-20-a-benzoate binding and *Na™ influx as-
says (Ottea et al., 1989, 1990) and toxin competition experi-
ments in oocyte-expressed insect sodium channels (Du et al.,
2011b) show that BTG 502 antagonizes the action of BTX,
suggesting that BTG 502 acts at site 2. However, instead of
enhancing channel activation as site 2 neurotoxins do, BTG
502 reduces the amplitude of sodium currents, behaving as
an antagonist (Du et al., 2011b). The discovery of BTG 502-
sensing residues that are either identical to or distinct from
BTX-sensing residues and our model of BTG 502 binding in
this study can now explain both common and distinct aspects
of the binding and action of BTX and BTG 502. Like BTX,
BTG 502 binds to open channels, probably entering from the
cytoplasmic side. The agonistic effect of BTG 502 when ap-
plied to sodium channels in combination with scorpion toxin
(Ottea et al., 1989) suggests that BTG 502 stabilizes the open
conformation of sodium channels. Whereas BTX induces per-
sistent activation by providing a hydrophilic path for the
permeating ions (Du et al., 2011a), the hydrophobic linker
between the naphthalene and alkylamide ends of BTG 502
protrudes in the pore lumen (Fig. 4), thus obscuring the ion
conducting path and reducing the amplitude of peak sodium
current (Fig. 2D). It is noteworthy that BTG 502 increased
the amplitude of peak current of several mutant channels
(Fig. 2, E and F). These results suggest that BTG 502 can
bind to the F17A and L*1°A mutant channels without ob-
structing the pore lumen. These mutations could alter the
orientation of BTG 502, thus converting it from an antagonist

to a weak activator. Further mutational analysis and molec-
ular modeling of BTG 502 with the mutants will be needed to
investigate the molecular basis of this agonistic effect.

According to our model, the putative gating-hinge residue
Gly®* in the middle of IIIS6 is not located within any of the
predicted receptor sites for pyrethroids, BTG 502, or BTX. How-
ever, it is intriguing that Gly®!* is critical for actions of three
sodium channel toxins, BTG 502 (this study), deltamethrin (Du
et al., 2009), and BTX (Du et al.,, 2011a). We have shown
previously that the G3**A substitution causes a positive shift in
the voltage dependence of activation (Du et al., 2009), indicating
an increased stability of the closed state in the mutant channel
and that greater depolarization is needed to activate the chan-
nel. We speculate that this gating alteration could provide a
basis for the observed involvement of Gly*'* in the actions of
BTX, deltamethrin, and BTG 502, because all three toxins
require open channels for action. The mutation G*#A could
alter the positions of other toxin-sensing residues, forming a
high-affinity receptor site. Alternatively, the mutation of the
gating hinge may affect the coupling of toxin binding and sub-
sequent gating modifications induced by the toxin.

Our model also provides an explanation for the antagonism of
deltamethrin action by BTG 502 and suggests direct competi-
tion between the two toxins for their overlapping receptor sites.
It seems that occupation of the receptor site of BTG 502 is
sufficient for the antagonism of the activity of deltamethrin,
because DAP 1855, an inactive analog of BTG 502, also antag-
onized the action of deltamethrin (Fig. 3B). Consistent with this
notion, residues Ser®'®, Leu®'?, and Phe*'®, which face the
pore and contribute to BTX and BTG 502 binding, are all
required for BTG 502 to antagonize the deltamethrin action

Fig. 5. The closed-channel KcsA-based models of BgNa,1-1
MC minimized with BTG 502. A and B, extracellular and
side view of the complex obtained with ligand-channel con-
straints applied to keep BTG 502 in the binding mode,
which has been predicted for the open channel (Fig. 4). To
accommodate the toxin, the inner-helix IIIS6 (green) has
bent significantly compared with IS6 (orange). Strong
toxin-channel repulsions found in the MC-minimized struc-
ture (data not shown) indicate that BTG 502 in this binding
mode would resist the channel deactivation. C and D, top
and side views at the complex obtained without the chan-
nel-toxin constraints. BTG 502 relocated from the starting
position (A and B) to the central cavity and adopted a folded
conformation.



(red symbols in Supplemental Table S2 and red carbons in
Supplemental Fig. S2), whereas the pyrethroid-sensing residue
Asn®2°, which is not required for BTG 502 inhibition, did not
alter BTG 502 antagonism of deltamethrin action. Intriguingly,
however, of the four other pyrethroid-sensing residues that are
critical for BTG 502 inhibition, only Phe®1” (purple symbols in
Supplemental Table S2 and purple carbons in Supplemental
Fig. S2), but not Ile*'* Gly*'*, or Phe®¢ (light blue and green
symbols in Supplemental Table S2 and respectively colored
carbons in Supplemental Fig. S2), is essential for antagonism of
deltamethrin action by BTG 502. Our model suggests the fol-
lowing explanation. Ile®'? and Phe®' are in the II/III interface
and interact with the isopropyl end of BTG 502 that is extended
into the interface. Mutations at these positions would decrease the
interactions and the isopropyl end would turn toward the pore
axis. Because in the pyrethroid-bound channel, the II/III interface
is occupied by the pyrethroid (O'Reilly et al., 2006), the isopropyl
group of BTG 502 cannot bind there. The group would turn away
from the II/ITI interface toward the pore. As a result, the antago-
nistic action of BTG 502 in the deltamethrin-bound channel would
be insensitive to the mutations of Ile*'? and Phe®'6. As far as
Gly®™ is concerned, the alanine mutation of this gating hinge
would decrease the open state probability and thus binding of BTG
502 in the open channel. This effect of mutation would be opposed
by deltamethrin, a channel activator, explaining why the BTG 502
antagonism is not sensitive to the G*'*A mutation.

In summary, using a combination of mutational analyses and
computer modeling, our study provides insights into the molec-
ular action of BTG 502 (a unique partial antagonist) on the
sodium channel and its antagonism on the actions of two well
known classes of sodium channel toxins (i.e., BTX and pyre-
throids). Our results emphasize the importance of the pore-
forming S6 of domain III and its gating hinge in the binding and
actions of three distinct classes of sodium channel neurotoxins.
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