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a b s t r a c t
Pyrethroid insecticides are classiﬁed as type I or type II based on their distinct symptomology and effects on
sodium channel gating. Structurally, type II pyrethroids possess an α-cyano group at the phenylbenzyl
alcohol position, which is lacking in type I pyrethroids. Both type I and type II pyrethroids inhibit deactivation
consequently prolonging the opening of sodium channels. However, type II pyrethroids inhibit the
deactivation of sodium channels to a greater extent than type I pyrethroids inducing much slower decaying
of tail currents upon repolarization. The molecular basis of a type II-speciﬁc action, however, is not known.
Here we report the identiﬁcation of a residue G1111 and two positively charged lysines immediately
downstream of G1111 in the intracellular linker connecting domains II and III of the cockroach sodium channel
that are speciﬁcally involved in the action of type II pyrethroids, but not in the action of type I pyrethroids.
Deletion of G1111, a consequence of alternative splicing, reduced the sodium channel sensitivity to type II
pyrethroids, but had no effect on channel sensitivity to type I pyrethroids. Interestingly, charge neutralization
or charge reversal of two positively charged lysines (Ks) downstream of G1111 had a similar effect. These
results provide the molecular insight into the type II-speciﬁc interaction of pyrethroids with the sodium
channel at the molecular level.
© 2008 Elsevier Inc. All rights reserved.

Introduction
Pyrethroids constitute one of the most widely used classes of
insecticides worldwide. They are synthetic structural derivatives of
natural pyrethrins present in the pyrethrum extract of Chrysanthemum
species (Elliott, 1977). The primary target of pyrethroid insecticides is
the voltage-gated sodium channel, which is essential for the initiation
and propagation of action potentials in almost all excitable cells.
Extensive electrophysiological and pharmacological studies on the
mode of action of pyrethroids have been conducted over the past
several decades. Collectively, these studies show that pyrethroids
cause prolonged opening of sodium channels primarily by inhibiting
channel deactivation, thereby stabilizing the open conﬁguration of the
activation gate (Vijverberg et al., 1982; Narahashi, 1996).
The classiﬁcation of pyrethroids as type I and type II was ﬁrst
introduced by Casida et al. based on the distinct poisoning symptoms
and effects on the cercal sensory nerve of Periplaneta americana, the
American cockroach (Gammon et al., 1981). Structurally, type I and
type II pyrethroids differ mainly in the absence (type I) or the presence
(type II) of an α-cyano group at the phenylbenzyl alcohol position (Fig.
1). Type I pyrethroids generally induced repetitive ﬁring of the
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cockroach cercal sensory nerves following a single electrical stimulus,
whereas type II pyrethroids did not induce such repetitive ﬁring.
Furthermore, cockroaches dosed with type I pyrethroids exhibited
restlessness, incoordination, hyperactivity, prostration, and paralysis.
Type II pyrethroid-intoxicated insects, in addition to signs of ataxia
and incoordination, showed some unique symptoms including a
pronounced convulsive phase (Gammon et al., 1981). Electrophysiological analyses of the effects of type I and type II pyrethroids on
sodium channels in vertebrate and invertebrate nerve preparations
conﬁrmed the divergent action of type I and type II pyrethroids (Lund
and Narahashi, 1981; Vijverberg et al., 1982). Type I pyrethroids cause
repetitive discharges in response to a single stimulus, while type II
pyrethroids caused a membrane depolarization accompanied by a
suppression of the action potential (Lund and Narahashi, 1981).
Furthermore, voltage-clamp experiments (Lund and Narahashi, 1981;
Vijverberg et al., 1982) demonstrated that type II pyrethroids inhibit
the deactivation of sodium channels to a greater extent than type I
pyrethroids. The decay of tail currents induced by type II pyrethroids is
at least one order of magnitude slower than those induced by type I
pyrethroids. This quantitative differences in tail current decay kinetics
between type I and type II pyrethroids could account for their different
action on the whole nerve system (Narahashi, 1988).
Like their mammalian counterparts, insect sodium channels are
large transmembrane proteins composed of four homologous domains
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Fig. 1. Chemical structures of ﬁve pyrethroids used in this study. Bioresmethrin and permethrin are type I pyrethroid insecticides. Cypermethrin and deltamethrin are type II
pyrethroids. NRDC157 is a deltamethrin analogue lacking the a-cyano group.

(I to IV), each domain consisting of six transmembrane segments (S1 to
S6) (Fig. 2A). Studies on the molecular mechanisms of knockdown
resistance (kdr), a major form of insect resistance to pyrethroids,
have greatly improved our understanding of the interaction
between pyrethroids and sodium channels at the molecular level
(Soderlund and Knipple, 2003). Multiple point mutations were
found in insect sodium channels of pyrethroid-resistant insect
populations (Soderlund, 2005; Davies et al., 2007; Dong, 2007).
Many kdr mutations have been shown to reduce the sensitivities of
insect sodium channels expressed in Xenopus oocytes to various
pyrethroids (Soderlund, 2005; Davies et al., 2007; Dong, 2007).

Furthermore, two kdr mutations were shown to reduce pyrethroid
binding, suggesting that the corresponding amino acid residues are
part of the pyrethroid receptor site (Tan et al., 2005). So far,
however, all conﬁrmed kdr mutations affect the action of both type I
and type II pyrethroids, suggesting similar molecular determinants
in the binding/action of both type I and type II pyrethroids.
In this study we found that nineteen splice variants of the
cockroach sodium channel (BgNav) lacked a glycine (G) at position
1111 in the second linker connecting domains II and III (Fig. 2A).
Interestingly, lack of G1111 made the BgNav channel more resistant to
type II pyrethroids, but not to type I pyrethroids. Furthermore,

Fig. 2. Exclusion of G1111 is the result of alternative splicing. (A) Schematic drawing of the cockroach sodium channel indicating the position of G1111. A stretch of amino acid sequence
ﬂanking G1111 (bold and underlined) is shown below, starting with amino acid residue 1091 of BgNav1-1. (B) The exon–intron structure of the 1.8 kb genomic fragment where G1111
(bold) is located. The splicing consensus sites, including the alternative ag/AG sites, are underlined. Primers used to amplify genomic DNA are indicated with arrows. The nucleotide
sequence of the 1.8 kb genomic fragment is deposited in the GenBank under the accession number: DQ466887.
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neutralization of the two lysines (Ks) immediately downstream of
G1111 also reduced the sensitivity of the channel to type II pyrethroids
without affecting the sensitivity to type I pyrethroids. These results
provide the ﬁrst insight into the type-speciﬁc interaction of
pyrethroids with the sodium channel at the molecular level.
Materials and methods
Genomic DNA was isolated from the heads of an insecticidesusceptible German cockroach strain (CSMA; generously provided by
Dr. J. G. Scott, Cornell University, Ithaca, NY) using the protocol
described by Dong and Scott (1994). For amplifying genomic DNA
encoding the linker connecting domains II and III, a pair of primers
was designed based on the BgNav cDNA sequence: ExFF1: aca cgg acc
ttg acc tca c (sense) and E10R2: ctt ttc ctc ccc atc cat agt c (antisense)
(Fig. 2B). Ampliﬁcation of genomic DNA was performed in a 50 μl
polymerase chain reaction (PCR) mix containing 0.2 μg of genomic
DNA, 50 pmol of each primer, 200 μM each dNTP, and 1 U eLONGase
(Invitrogen). The PCR conditions were 30 cycles of 30 s at 94 °C, 30 s at
58 °C, and 10 min at 68 °C. The Prep-A-Gene kit (Bio-Rad, Hercules, CA)
was used to isolate the PCR products from agarose gel for cloning or
direct sequencing. The ampliﬁed DNA fragment was sequenced in the
Research Technology Support Facility at Michigan State University.
Site-directed mutagenesis was performed by PCR using mutant
primers and Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA). All
mutagenesis results were veriﬁed by DNA sequencing.
The procedures for oocyte preparation and cRNA injection were
identical to those described by Tan et al. (2002a, 2002b). For robust
expression of the cockroach BgNav sodium channels, BgNav cRNA was
co-injected into oocytes with cRNA of D. melanogaster tipE (1:1 molar
ratio), which is known to enhance the expression of insect sodium
channels in oocytes (Feng et al., 1995).
All oocyte recordings were performed at room temperature
(20–22 °C) in ND96 bath solution (96.0 mM NaCl; 2.0 mM KCl;
1.8 mM CaCl2; 1.0 mM MgCl2; 10.0 mM HEPES, adjust pH to 7.5 with 2 N
NaOH). Recording electrodes were prepared from borosilicate glass
using a p-87 puller (Sutter instrument, Novato). Microelectrodes were
ﬁlled with ﬁltered 3 M KCl/0.5% agarose and had resistances between
0.4 and 1.0 MΩ. Currents were recorded and analyzed using the oocyte
clamp instrument OC725C (Warner Instrument Corp., CT), Digidata
1322A interface (Axon Instrument, CA), and pClamp 8.2 software
(Axon instruments, CA). The data were ﬁltered at 2 kHz on-line and
digitized at a sampling frequency of 20 kHz. Leak currents were
corrected by P/4 subtraction. The maximal peak sodium current was
limited to b2.0 μA to achieve better voltage control by adjusting the
amount of cRNA injected into oocytes and the incubation time after
injection. The voltage-dependence of activation and fast inactivation
were determined using the protocols described in Tan et al. (2002a,
2002b). The data were ﬁtted with a Boltzmann equation to generate
V1/2, the midpoint of the activation or inactivation, and k, the slope
factor.
Pyrethroids inhibit deactivation of sodium channels, consequently
inducing large tail currents upon repolarization. The amplitude and
decay of tail currents are two major parameters to quantify the action
of pyrethroids. To record deltamethrin-induced tail currents, we
applied a 100-pulse train of 5-ms depolarizations from −120 mV to
−10 mV, as described by Vais et al. (2000). Because pyrethroids
preferably binds to sodium channels in the open state, a 100-pulse
train of 5-ms inter-pulse intervals was used to increase the availability
of open channels. The method for pyrethroid application was identical
to that described in Tan et al. (2002a, 2002b). The working
concentration was prepared in ND96 recording solution just prior to
application. The concentration of DMSO in the ﬁnal solution was b0.5%,
which had no effect on sodium channels in the experiments. The
pyrethroid-induced tail currents were measured 10 min after toxin
application. Percentages of channels modiﬁed by pyrethroid were

calculated using the equation M = {[Itail / (Eh − ENa)] / [INa / (Et − ENa)]} × 100
(Tatebayashi and Narahashi, 1994), where Itail is the maximal tail
current amplitude, Eh, ENa and Et are the holding potential, reversal
potential and test potential, respectively. INa is the amplitude of the
peak current during depolarization before pyrethroid exposure. Dose–
response curves were ﬁtted to the Hill equation: M = Mmax / {1 + (EC50 /
[pyrethroid])n}, in which [pyrethroid] represents the concentration of
pyrethroid and EC50 represents the concentration of pyrethroid that
produced the half-maximal effect, n represents the Hill coefﬁcient, and
Mmax is the maximal percentage of sodium channel modiﬁed. Because
voltage-clamp fails at higher pyrethroid concentrations due to large
leakage currents, we cannot obtain the upper portion of the dose–
response curve. EC20s were used to compare channel sensitivities
among wild-type and mutant channels. The decays of tail currents were
ﬁtted with single- or bi-exponential functions to determine time
constants (Tau values), with which tail current peak amplitudes were
extrapolated at the time zero where there was no overlap between
capacitive and tail currents.
Results
We have shown that alternative splicing and RNA editing of BgNav
are the two major mechanisms by which cockroaches and presumably
other insects generate an impressive spectrum of functionally and
pharmacologically distinct sodium channel variants from a single gene
(Tan et al., 2002b; Liu et al., 2004; Song et al., 2004). In a previous
study, using RT-PCR we isolated sixty-nine full-length cDNA clones of
the cockroach sodium channel gene BgNav and grouped these clones
into twenty splice types based on distinct usages of alternative exons
(Song et al., 2004). Besides alternative splicing, RNA editing (both Ato-I and U-to-C editing) is also detected in various BgNav transcripts
(Liu et al., 2004; Song et al., 2004) Our sequence analysis revealed that
G1111 located in the middle of the second intracellular linker
connecting domains II and III was missing in nineteen of the sixtynine full-length cDNA clones (Fig. 2A). Because a lack of G1111 was
detected in multiple splice types, we can rule out the possibility of an
accidental error during PCR.
We investigated whether the lack of G1111 in the nineteen splice
variants resulted from alternative splicing or RNA editing. The genomic
DNA where the G1111 is located was PCR-ampliﬁed using the primer
pair ExFF1/E10R2 (Fig. 2B). The size of the PCR product was 1.8 kb,
which is much larger than the corresponding cDNA fragment (356 bp).
Sequence analysis of the 1.8-kb fragment revealed two introns in this
region. The consensus splice donor and acceptor sequences gt/ag were
found and the codon “gga” encoding G1111 was derived from two
adjacent exons, with “g” in the upstream exon and “ga” in the
downstream exon. However, there is also an alternative internal
acceptor sequence AG (one codon away) in the downstream exon.
Therefore, the exclusion of G1111 is apparently generated by utilization
of the second (inner) acceptor AG during RNA splicing (Fig. 2B).
BgNav2-1, (previously known as KD2 in Tan et al., 2002b), is one of
the variants lacking G1111. We have shown that BgNav2-1 is much more
resistant to deltamethrin (a type II pyrethroid) than BgNav1-1 which
has G1111 (Tan et al., 2002b). To determine whether G1111 contributes to
the differential sodium channel sensitivity to deltamethrin, we made
two recombinant constructs: BgNav1-1G− and BgNav2-1G+, which
contain a deletion of G1111 in BgNav1-1 and an addition of G1111 in
BgNav2-1, respectively. The recombinant channels were expressed in
oocytes and examined for gating properties and sensitivity to
deltamethrin. The deletion or insertion of G1111 did not alter the
voltage-dependence of activation or steady-state inactivation (Table 1).
The sensitivity to pyrethroids was evaluated by measuring the
amplitudes of tail currents induced by pyrethroids and quantifying
the percentages of modiﬁed sodium channels by pyrethroids, as
described in Materials and methods. Deletion of G1111 in BgNav1-1
made the mutant channel, BgNav1-1G−, about 8-fold more resistant
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Table 1
Gating properties of recombinant channels in comparison with parental BgNav1-1 and
BgNav2-1 channels
Na+ Channel
BgNav2-1
BgNav2-1G+
BgNav1-1
BgNav1-1G−
BgNav1-1Δβ
BgNav1-13k→3Q
BgNav1-15k→5Q

Activation

Inactivation

Table 2
Time constants of the decay of pyrethroid-induced tail currents
Pyrethroidsa

N

V1/2(mV)

K(mV)

V1/2(mV)

K(mV)

− 20.7 ± 0.7
−24.1 ± 0.1
− 25.4 ± 0.7
− 25.6 ± 1.3
− 25.5 ± 1.2
− 23.6 ± 0.7
−24.3±1.1

4.4 ± 0.3
4.7 ± 0.4
5.6 ± 0.3
5.4 ± 0.8
5.8 ± 0.7
6.0 ± 0.5
5.8 ± 0.9

− 45.6 ± 0.6
− 46.2 ± 0.4
− 43.5 ± 0.7
−44.7 ± 0.9
−41.9 ± 0.7
− 42.2 ± 0.7
− 42.5 ± 0.8

5.4 ± 0.3
5.0 ± 0.3
5.1 ± 0.2
4.9 ± 0.2
5.6 ± 0.5
6.0 ± 0.7
5.4 ± 0.3

10
10
14
18
8
6
14

than BgNav1-1. Similarly, addition of G1111 into BgNav2-1 made the
BgNav2-1G+ channel about 8-fold more sensitive to deltamethrin (Fig.
3C). The deltamethrin-induced tail currents of BgNav1-1 decayed very
slowly with two components (Fig. 3A; Table 2), typical for tail currents
induced by type II pyrethroids (Vais et al., 2000; Tan et al., 2005).
Deletion of G1111 did not signiﬁcantly alter the decay of the tail current
(Fig. 3B; Table 2).
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BgNav1-1
τ1(s)

Deltamethrin
Cypermethirn
Permethrin
Bioresmethrin
NRDC157

τ2(s)

1.6 ± 0.4 0.36 ± 0.08
1.7 ± 0.1
0.29 ± 0.05
0.50 ± 0.18
0.16 ± 0.03
0.56 ± 0.10

BgNav1-1G−

BgNav1-15k→5Q

τ1(s)

τ1(s)

τ2(s)

1.4 ± 0.3 0.29 ± 0.06
1.4 ± 0.3 0.29 ± 0.04
0.55 ± 0.17
0.19 ± 0.05
0.57 ± 0.06

τ2(s)

1.5 ± 0.2 0.30 ± 0.08
1.5 ± 0.2 0.31 ± 0.03
0.56 ± 0.16
0.22 ± 0.04
0.63 ± 0.10

a
Deltamethrin- and cypermethrin-induced tail currents were ﬁtted with biexponential functions. Permethrin-, bioresemethrin- and NRDC157-induced tail
currents were ﬁtted with single exponentials. Each value represents the mean ± S.D.
Time constants of the decay of pyrethroid-induced tail currents in BgNav1-1G− and
BgNav1-15k→5Q channels were not signiﬁcantly different from the parental channels,
BgNav1-1 (p b 0.05, Student t-test).

To determine whether G1111 also affects sodium channel sensitivity
to other pyrethroids, we ﬁrst examined the sensitivities of the BgNav1-1
and BgNav1-1G− channels to permethrin, a type I pyrethroid. As
illustrated in Fig. 1, type I and type II pyrethroids differ mainly in the

Fig. 3. Deletion of G1111 altered the sensitivity of BgNav1-1 channels to deltamethrin, but not to permethrin. (A, B, D, E) Deltamethrin/permethrin-induced tail currents from oocytes
expressing BgNav1-1 (A/D), and BgNav1-1G− (B/E) channels. (C, F) Dose–response curves of BgNav1-1 and BgNav2-1 parental and mutant channels to deltamethrin (C) and permethrin
(F). Percentage modiﬁcation by pyrethroids was calculated using the equation M = {[Itail / (Eh − ENa)] / [INa / (Et − ENa)]} × 100 (Tatebayashi and Narahashi, 1994). Dose–response curves
were ﬁtted to the Hill equation: M = Mmax / {1 + (EC50 / [deltamethrin])n} as described in Materials and methods. EC20s of deltamethrin were 0.02, 0.15, 1.5, and 11.2 μM, respectively, for
BgNav1-1, BgNav1-1G−, BgNav2-1G+ and BgNav2-1.
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Fig. 4. Effects of the deletion of G1111 on channel sensitivity to cypermethrin,
bioresmethrin, and NRDC157. Percentage modiﬁcation by pyrethroids was determined
as described in Fig. 3.

absence (type I) or the presence (type II) of an α-cyano group at the
phenylbenzyl alcohol position (Fig. 1). The permethrin-induced tail
currents decayed rapidly, characteristic of type I-induced tail currents
(Figs. 3D, E, Table 2). Interestingly, deletion of G1111 did not alter the
BgNav1-1channel sensitivity to permethrin (Fig. 3F). To investigate
whether the different responses of BgNav1-1G− to permethrin and

deltamethrin are determined by the α-cyano group, we examined the
responses of BgNav1-1 and BgNav1-1G− to three additional pyrethroids:
bioresmethrin, cypermethrin and NRDC157. Bioresmethrin is another
type I pyrethroid. Cypermethrin, a type II pyrethroid, differs structurally
to permethrin only by the presence of the α-cyano group. NRDC157 is a
deltamethrin analogue lacking the α-cyano group (Fig. 1). Similar to its
response to deltamethrin, the BgNav1-1G− channel was signiﬁcantly
more resistant to cypermethrin than the BgNav1-1 channel (Fig. 4).
However, the BgNav1-1G− channel remained as sensitive to bioresemethrin and NRDC157 as the BgNav1-1 channel (Fig. 4). NRDC157 also
induced a typical type I tail current (data not shown), indicating that the
α-cyano group is the determining factor of the decay of the tail current.
These results indicate that G1111 is selectively involved in the response
of sodium channels to type II pyrethroids and indicate that this
selectivity is due to the direct or indirect interaction with the α-cyano
group.
G1111 is located in the second intracellular linker connecting
domains II and III and presumably provides a hinge for the adjacent
sequences. We noticed that although the overall sequence of the
intracellular linker is quite variable, the amino acid sequence around
G1111 was highly conserved among insect sodium channels (Fig. 5A).
Upstream of G1111 there are three conserved positively charged lysine
(Ks) residues and two predicted β-strands in both BgNav variants.
Downstream of G1111 is a conserved sequence containing ﬁve positively

Fig. 5. Effects of charge neutralization and charge reversal of K residues or deletion of the putative β-strands on channel sensitivity to pyrethroids. (A) Alignment of amino acid
sequences ﬂanking G1111 of BgNav, Drosophila Para and house ﬂy Vssc1 sodium channels. A predicted β-strand upstream G1111 is underlined. Three K residues upstream and ﬁve K
residues downstream G1111 are in bold. (B) Histogram of the percentage of channel modiﬁcation by deltamethrin of the recombinant channels BgNav1-1Δβ, BgNav1-15K→5Q and
BgNav1-13K→3Q (C) Histogram of percentage of channel modiﬁcation by cypermethrin (1 μM), bioresmethrin (0.1 μM) and NRDC157 (0.1 μM) of BgNav1-15K→5Q. (D, E) Histogram of
percentage of channel modiﬁcation of ﬁve single K→Q (D) and ﬁve single K→E (E) substitution channels to deltamethrin (1 μM).
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charged K residues also in both BgNav variants. To determine whether
these conserved β-strands and K residues contribute to the response of
sodium channels to type II pyrethroids, we made three recombinant
BgNav1-1 channel proteins: BgNav1-1Δβ, which contains a deletion of a
sequence (from L1097 to H1110) containing the two β-strands, BgNav113K→3Q, which contains substitutions of the three upstream Ks with
three Qs, and BgNav1-15K→5Q, which contains substitutions of the ﬁve
downstream Ks with ﬁve Qs. Deletion of the two β-strands and
neutralization of the three Ks upstream of G1111 had no effect on the
channel sensitivity to deltamethrin and permethrin (Fig. 5B). However,
neutralization of the ﬁve downstream Ks (5K) to ﬁve Qs (5Q) reduced
the channel sensitivity to deltamethrin (Fig. 5B), but not to permethrin
(data not shown). Similarly, BgNav1-15K→5Q also exhibited reduced
sensitivity to cypermethrin, but not to bioresmethrin and NRDC157
(Fig. 5C). The decay of the pyrethroid-induced tail currents was not
affected by the neutralization of the ﬁve downstream Ks (Table 2).
To determine which K in the ﬁve Ks is important for the action of
deltamethrin, we made ﬁve charge-neutralization constructs in which
the 5Ks were substituted individually with glutamate (Q) and also ﬁve
charge-reversed constructs where the 5Ks were replaced individually
by glutamic acid (E). We found that Q or E substitutions of two of the
Ks, K1118 and K1119, reduced the channel sensitivity to deltamethrin
(Figs. 5D and E).
Discussion
This study illustrates that pharmacologically distinct sodium
channel variants generated by alternative splicing can be valuable
resources in the understanding of the molecular mechanism of
pyrethroid action. We found that exclusion of G1111 in the intracellular
linker connecting domains II and III is caused by use of an alternative
splicing acceptor (Fig. 2) and that this exclusion reduced BgNav
channel sensitivity to type II pyrethroids, but interestingly, not to type
I pyrethroids. Charge neutralization or charge reversal of two
positively charged lysine residues downstream of G1111 also reduced
the channel sensitivity to type II pyrethroids, but not type I
pyrethroids. These results show that G1111 and the two downstream
lysine residues confer speciﬁcity in BgNav channel interaction with
type II pyrethroids.
Our knowledge of the interaction between pyrethroids and sodium
channels at the molecular level has advanced signiﬁcantly in the past
decade thanks to intensive efforts to elucidate the molecular
mechanism of insect resistance to pyrethroid insecticides. Amino
acid mutations in various regions of insect sodium channels have been
detected in pyrethroid-resistant insect populations and some of these
mutations have been conﬁrmed to reduce insect sodium channel
sensitivity to pyrethroids in Xenopus oocytes (Soderlund, 2005; Davies
et al., 2007; Dong, 2007). In principle, the residues deﬁned by these
mutations could contribute to binding or post-binding action of
pyrethroids on the sodium channel.
Because the extremely high lipophilicity of pyrethroids causes
extremely high levels of nonspeciﬁc binding to membranes and ﬁlters
in receptor binding assays, it has been impossible to use radiolabeled
pyrethroids to assess pyrethroid binding to insect sodium channels
(Rossignol, 1988; Pauron et al., 1989; Dong, 1993). Taking advantage of
the competitive action of active and inactive isomers of permethrin (a
type I pyrethroid) to the sodium channel, we previously conducted
Schild analysis and provided evidence for the involvement of F1519 in
IIIS6 and L993 in IIS6 in forming part of a type I pyrethroid-binding
site on the cockroach sodium channel (Tan et al., 2005). We have
shown that both F1519 and L993 are also required for the action of
type II pyrethroids on the cockroach sodium channel, suggesting that
these two residues most likely are also required for binding of type II
pyrethroids to the cockroach sodium channel (Tan et al., 2005).
Computer modeling of the pyrethroid binding site of the house ﬂy
sodium channel based on the crystal structures of the rat brain Kv1.2
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and KvAP potassium channels implicated M918 in the IIS4–S5, T929I
in IIS5, and F1538 (equivalent to F1519 in the cockroach sodium
channel) in IIIS6 as part of a pyrethroid binding site (O'Reilly et al.,
2006; Davies et al., 2007). Recent site-directed mutagenesis of the
IIS4–IIS5 linker and IIS5 revealed several additional residues in the
IIS4–IIS5 linker and IIS5 involved in the action of pyrethroids
(Usherwood et al., 2007). These results suggest that the pyrethroidbinding site is composed of amino acid residues donated from
multiple transmembrane segments and intracellular linkers of the
sodium channel. It is likely that in the activated (i.e., open) state,
which is the preferred state for pyrethroid action, these residues may
be located in the vicinity of each other, constituting a hydrophobic
pocket to which pyrethroids bind.
Results from this study provides further insight into the
molecular action of pyrethroids on the sodium channel, particularly
with respect to the long-observed differences of the action of type I
and type II pyrethroids on the sodium channel. It has been well
documented that tail currents induced by type II pyrethroids decay
slowly, ranging from seconds to minutes, whereas tail currents
induced by type I pyrethroids decay quickly in less than a second
(Narahashi, 1988). The slower decay of tail current by type II
pyrethroids results in enhanced membrane depolarization and
conduction block, contributing to the greater potency of type II
pyrethroids, compared with type I pyrethroids (Narahashi, 1988).
Type II pyrethroids contain the α-cyano group, whereas type I
pyethroids lack it. Interestingly, in this study we observed that a
deltamethrin analogue lacking the α-cyano group behaved like type
I pyrethroids and induced rapid decaying tail currents, further
implicating a critical role of the α-cyano group in mediating the slow
decay of type II pyrethroid induced tail currents. It is therefore
possible that G1111 and two downstream lysine residues in the
cockroach sodium channel are speciﬁcally involved in the molecular
action of the α-cyano group.
There are several possible mechanisms by which G1111 and two
downstream lysine residues might mediate the molecular action of
the α-cyano group. First, the α-cyano group could provide a unique
binding moiety, which would presumably produce more stable
binding (or a different binding conﬁguration) of type II pyrethroids
(compared to type I pyrethroids) to the sodium channel. In this
scenario, G1111 and two downstream lysine residues in the intracellular linker connecting domains II and III could directly participate
in the binding of the α-cyano group or indirectly modulating the
conﬁguration of the pyrethorid-binding pocket to accommodate the
α-cyano group. Second, the α-cyano group may not be involved in
type II pyrethroid binding to the sodium channel, but it could mediate
a post-binding interaction with a sodium channel sequence that
reinforces the action of type II pyrethroids. G1111 and two downstream
lysine residues could be involved in this post-binding unique action of
the α-cyano group. Third, it is also possible that the α-cyano group is
involved in both type II-speciﬁc binding and type II-speciﬁc postbinding modiﬁcation of gating properties. We found that deletion of
G1111 or neutralization of the downstream Ks did not alter the rate of
decay of type II-induced tail currents (i.e., without converting the type
II-tail current to a type I-tail current). However, deletion of G1111 or
neutralization of the downstream Ks signiﬁcantly reduced the
effectiveness of type II pyrethroids to induce the tail current. Thus,
our results are most compatible with the ﬁrst mechanism and suggest
that G1111 and the downstream Ks are crucial for the unique binding of
type II pyrethroids to the sodium channel. G1111 may function as a
hinge to position the downstream K residues close to the α-cyano
group, thereby stabilizing the binding of type II pyrethroids. Because
type I pyrethroids do not have the α-cyano group, their binding and
action do not need G1111 and the two downstream K residues. At this
point, however, we cannot rule out the possibility that G1111 and the
downstream two K residues inﬂuence type II pyrethroid binding from
a distance, via an allosteric mechanism.
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