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Action of Insecticidal N-Alkylamides at Site 2 of the Voltage-Sensitive 
Sodium Channel 
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Nine synthetic N-alkylamides were examined as inhibitors of the  specific binding of [3H]- 
batrachotoxinin A 20a-benzoate ([3H]BTX-B) to sodium channels and as activators of sodium uptake 
in mouse brain synaptoneurosomes. In the presence of scorpion (Leiurus quinquestriatus) venom, the 
six insecticidal analogues were active as both inhibitors of [3H]BTX-B binding and stimulators of sodium 
uptake. These findings are consistent with an action of these compounds a t  the alkaloid activator 
recognition site (site 2) of the voltage-sensitive sodium channel. The three noninsecticidal N-alkyla- 
mides also inhibited [3H]BTX-B binding but were ineffective as activators of sodium uptake. 
Concentration-response studies revealed that some of the insecticidal amides also enhanced sodium 
uptake through a second, high-affinity interaction that does not involve site 2, but this secondary effect 
does not appear to be correlated with insecticidal activity. The activities of N-alkylamides as sodium 
channel activators were influenced by the length of the alkenyl chain and the location of unsaturation 
within the molecule. These results further define the actions of N-alkylamides on sodium channels 
and illustrate the significance of the multiple binding domains of the sodium channel as target sites 
for insect control agents. 

INTRODUCTION 

Naturally occurring N-alkylamides exhibit varying 
degrees of biological activity (Jacobson, 1971; Su, 1985). 
Structuretoxicity evaluations have led to the development 
of synthetic N-alkylamides with increased insecticidal 
activity that show promise as insect control agents (Crom- 
bie and Denman, 1984; Elliott, 1985; Miyakado e t  al., 
1985a,b; Black et al., 1986; Elliott e t  al., 1987a-e), especially 
for use against populations of insects in which pyre- 
throid resistance has arisen (Elliott et al., 1986). 

Electrophysiological s tud ies  with insect nerve 
preparations indicate that  N-alkylamides disrupt the 
normal functioning of nerve membrane sodium channels 
(Blade et al., 1985; Lees and Burt, 1988). Recognition sites 
exist on voltage-sensitive sodium channels for a variety 
of neurotoxic agents ( C a t t e d ,  1988) including the channel 
blockers tetrodotoxin and saxitoxin (site l ) ,  the alkaloids 
batrochotoxin and veratridine (site 2), polypeptide toxins 
isolated from scorpion and sea anemone venoms (sites 3 
and 4), and the brevetoxins and ciguatoxins (site 5). 
Additional sites on the sodium channel are proposed for 
the pyrethroid insecticides and DDT (Jacques et  al., 1980; 
Ghiasuddin and Soderlund, 1985; Bloomquist and Sod- 
erlund, 1988; Brown et  al., 1988, Lombet et al., 1988; Payne 
and Soderlund, 1989), the pumiliotoxins (Gusovsky et al., 
1988), and a polypeptide toxin from Goniopora corals 
(Gonoi et al., 1986). Results from biochemical assays show 
that a representative synthetic N-alkylamide, BTG 502, 
exerts its effect a t  the activator recognition site (site 2) 
of the sodium channel (Ottea et al., 1989), a domain distinct 
from that involved in the action of DDT and the pyre- 
throids. 

In the present study, radioligand binding and ion flux 
assays were employed to define further the actions of a 
series of N-alkylamides on sodium channels. All of the 
analogues tested were inhibitors of the specific binding of 
[3H]batrachotoxinin A 20a-benzoate (BTX-B). However, 

only the N-alkylamides with significant insecticidal activity 
were able to stimulate the uptake of sodium into mouse 
brain synaptoneurosomes. These results are consistent 
with the action of these compounds a t  site 2 of the sodium 
channel. 

MATERIALS AND METHODS 

Chemicals. The N-alkylamides used in this study (A-I, Ta- 
ble I) were generously provided by N. Janes (Rothamsted Ex- 
perimental Station, Harpenden, England). In bioassays with 
house flies (Musca domestica L.) and mustard beetles (Phae- 
don cochleariae Fab.), the insecticidal potencies of A-F were 
1-890 of that measured for bioresmethrin, whereas G-I were 
nontoxic (Elliott, 1985; Elliott et al., 1987a-e; N. F. Janes, per- 
sonal communication). Veratridine (VTD) and scorpion ven- 
om (Leiurus quinquestriatus; ScV) were purchased from Sigma 
Chemical Co. (St. Louis, MO). Carrier-free 22NaC1 (1.053 Ci/ 
mg) was obtained from Amersham Corp. (Arlington Heights, IL) 
and [SHIBTX-B (42.7 Ci/mmol) was purchased from Du Pont 
NEN Research Products (Boston, MA). Pumiliotoxin B (PTX- 
B) was a gift from J. Daly (National Institute of Arthritis, Me- 
tabolism and Digestive Disease, Bethesda, MD). 

Preparation of Synaptoneurosomes. Synaptoneuro- 
somes were prepared by using the method of Brown (1986) with 
slight modifications (Ottea et al., 1989). Brains from male ICR 
mice (Blue Spruce Farms, Altamont, NY) were removed follow- 
ing cervical dislocation, rinsed in homogenization buffer, and 
blotted dry on filter paper. The homogenization buffer used in 
sodium flux experiments contained (millimolar) choline chlo- 
ride (130), HEPES (30), glucose (5.5), MgC12.6H20 (3), KCN 
(IO), and ouabain (3). For measurements of the specific bind- 
ing of [3H]BTX-B, the homogenization buffer was composed of 
(millimolar) choline chloride (130), HEPES (501, glucose (5.5), 
MgCl2-6Hz0 (0.8), and KCl (5.4). The pH of the homogeniza- 
tion buffers was adjusted to 7.4 with Tris base. The brains were 
dissected free of white matter, minced in homogenization buff- 
er, and homogenized by hand with 4-5 strokes of a Dounce ho- 
mogenizer. Following dilution to a final concentration of 1 
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Table I. Structures of N-Alkylamides and Their Effects on [*H]BTX-B Binding and Sodium Uptake. 
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designation 
BTG 502d 
A 
B 
C 
D 
E 
F 
G 
H 
I 

13H1BTX-B binding* sodium uptakeC 
Ki, LLM Hill slope 

1.43 0.83 
45.8 1.04 
50.1 0.75 
13.3 1.46 
9.22 1.08 

21.6 1.07 
244 0.28* 
15.5 0.87 

>60 ND 
>60 ND 

1.7 1.17 
13.7 (0.03)O 0.43 
16.0 (0.06) 0.35 
6.58 0.78 
1.41 (0.02) 1.10 
1.99 0.37 
NDf ND 
-8 - 
- - 
- - 

0 Data represent mean values from results of at least four triplicate experiments using freshly prepared synaptoneurosomes for each assay. 
Data from inhibition experiments were analyzed by least-squares regression. The only Hill value statistically different from unity was that 

measured for F (*, Student's t-test, p < 0.05). e Values from uptake studies were analyzed by the method of Wilkinson (1961). Data for BTG 
502 are from Ottea et al. (1989). e For compounds producing biphasic response curves, K0.5 values for the high-affinity component of sodium 
uptake, estimated by visual inspection of dose-response plots, are shown in parentheses. f Value not determined. 8 Stimulation of sodium uptake 
was not statistically significant. 

brain/7.5 mL of homogenization buffer, the homogenate was 
centrifuged at lOOOg for 15 min. The resulting pellet was gen- 
tly resuspended in 3.5 (for 2*Na+ uptake) or 6 mL (for [3H]- 
BTX-B binding) of homogenization buffer containing 1 mg/ 
mL BSA, filtered through three layers of nylon mesh, and used 
immediately for assays. 

Sodium Uptake Assays. The uptake of 22Na+ into synap- 
toneurosomes was measured by the method of Tamkun and Cat- 
terall (1981) as modified by Bloomquist and Soderlund (1988). 
N-Alkylamides (0-120 pM) and ScV (25 pg in homogenization 
buffer) were added directly to  synaptoneurosomal membranes 
(100 pL; ca. 300 pg of protein), whereas PTX-B (10 pM) was al- 
lowed to evaporate just prior to the addition of membranes. Pre- 
liminary experiments showed that the amount of ethanol used 
to  deliver the N-alkylamides and PTX-B in these assays (0.4-1 
pL) had no adverse effect on the levels of uptake measured. So- 
dium uptake was initiated by the addition of 100 pL of sodium 
flux buffer containing 150 nCi of 22Na+. Following incubation 
a t  37 OC for 15 s, uptake was terminated by the addition of 3 mL 
of ice-cold washing buffer (Bloomquist and Soderlund, 1988) 
and rapid vacuum filtration. The filters were rinsed with an ad- 
ditional 6 mL of washing buffer, and levels of sodium influx into 
the synaptoneurosomes were quantified by scintillation count- 
ing of the filters using a 4:l mixture of Betafluor (National Di- 
agnostics, Manville, NJ) and ethylene glycol monomethyl ether 
as the scintillant. Data points represent results of three to six 
triplicate experiments using freshly prepared synaptoneuro- 
somes for each assay. 
BTX-B Binding Assays. Inhibition of the specific bind- 

ing of [3H]BTX-B was measured by the method of Catterall et 
al. (1981) as modified by Payne and Soderlund (1989). For the 
measurement of total binding, incubation mixtures contained 
[SHIBTX-B (20 nM; 136.6 nCi/inc), synaptoneurosomes (ca. 160 
pg of protein), N-alkylamides (0-120 pM final concentrations in 
0.8 pL of EtOH), and ScV (30 pg/inc) in a total volume of 160 
pL of homogenization buffer containing 1 mg/mL BSA. The 
mixtures were incubated a t  37 "C for 45 min after which time 
120-pL aliquots were applied to Whatman GF/C filters and 
rinsed immediately (2, X 5 mL) under vacuum with ice-cold 
washing buffer (Catterall et al., 1981). Radioactivity remain- 
ing on the filters was quantitated by liquid scintillation spec- 
t rometry using Liquiscint (National Diagnostics) as the  
scintillant. Specific binding was calculated as the amount of to- 
tal binding displaced by 500 pM VTD. The data presented are 
means from four triplicate assays using freshly prepared syn- 
aptoneurosomes for each assay. 

RESULTS 

Initial Screen of N-Alkylamides for Activity on 
Sodium Channels. The insecticidal activities of the 

. -- 
A B C D E F G H  I 

Analog 

Figure I. Inhibition of [3H]BTX-B binding (solid bars) and 
enhancement of sodium uptake (hatched bars) by N-alkyla- 
mides (60 pM) in the presence of ScV (25 pg). Bars represent 
mean activity (ASE) based on at least four triplicate experiments. 
Values for sodium uptake are corrected for activity in the presence 
of ScV alone. 

N-alkylamides used in this study are reported elsewhere 
(Elliott, 1985; Elliott et al., 1987a-e). In general, A-F 
possess some degree of toxicity to house flies or mustard 
beetles, whereas G-I are nontoxic. In the presence of a 
saturating concentration of ScV (30 pg), both toxic and 
nontoxic compounds inhibited the specific binding of [3H]- 
BTX-B (Figure 1). At  the concentration used in these 
assays (60 pM), the inhibition produced by C was nearly 
complete (91.6%). Levels of inhibition in the presence of 
the other insecticidal analogues were within the range 
37.5% (F)-76.3% (D). In assays with the noninsecti- 
cidal analogues, inhibition by G (75.2 %) was comparable 
to that measured with the insecticidal analogues D and 
E, while H and I were relatively poor inhibitors. 

Whereas all of the compounds inhibited the binding of 
[3H] BTX-B, only the insecticidal analogues (A-F) were 
able to s t imulate  the influx of sodium significantly in the 
presence of a saturating concentration of ScV (Figure 1). 
In addition, the stimulation of uptake produced by a sub- 
saturating concentration of BTG 502 (10 pM) was inhibited 
54% by G (75 pM), suggesting that the analogues which 
were inactive as stimulators of uptake acted as antagonists 
(data not shown). The greatest values for stimulation of 
sodium uptake (approaching or exceeding 200% of control 
values) were measured in incubations with A-D (60 FM). 
In the  absence of ScV, no statistically significant 
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Figure 2. Concentration-dependent inhibition of [3H]BTX-B 
binding (0) and activation of sodium uptake (m) by C in the 
presence of ScV (25 fig). Points represent mean activity (ISE) 
based on at least four triplicate experiments. Values for sodium 
uptake are corrected for activity in the presence of ScV alone. 
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Figure 3. Concentration-dependent inhibition of [SHIBTX-B 
binding (0) and activation of sodium uptake (m) by A in the 
presence of ScV (25 fig). Points represent mean activity (*SE) 
based on at least four triplicate experiments. Values for sodium 
uptake are corrected for activity in the presence of ScV alone. 

stimulation of uptake was detected with any of the 
analogues tested (data not shown). 

Effects of N-Alkylamides on [3H]BTX-B Binding. 
At the highest concentration tested in dose-response 
experiments (75 pM), all of the compounds produced 
incomplete inhibition of the specific binding of [3H]- 
BTX-B (cf. C and A in Figures 2 and 3, respectively). The 
dibenzofuranyl-substituted analogue, D, was the most 
potent inhibitor of binding with a Ki of 9.22 pM (Table 
I) and produced maximal levels of inhibition (76.4%) a t  
30 pM (data not shown). F was the least effective inhibitor 
of [3H]BTX-B binding with an estimated Ki of 244 pM. 
The mean Ki value measured in assays with the non- 
toxic compound, G (15.5 pM), was similar to that measured 
for the insecticidal analogues C and E. The Hill slopes 
measured for A-E and G (Table I) were not significantly 
different from 1 (Student's t-test, p < 0.05). In contrast, 
the Hill slope estimated for F was 0.28. 

Effects of N-Alkylamides on Sodium Uptake. Two 
distinct patterns of stimulation were measured in dose- 
response experiments for the analogues that enhanced 
sodium uptake. The relationship between increasing 
concentration and enhancement of sodium uptake was 
monophasic in tests with C (Figure 2) and E (data not 
shown) and was qualitatively similar to that measured 
previously for BTG 502 (Ottea et al., 1989). In contrast, 

biphasic patterns of stimulation were seen in experiments 
with compounds A (Figure 3), B, and D (data not shown). 
Concentration-response parameters for the action of 
N-alkylamides as stimulators of sodium uptake are 
summarized in Table I. In assays with most of these 
analogues, maximal levels of sodium uptake were detected 
a t  concentrations that were subsaturating with respect to 
the inhibition of [3H]BTX-B binding (Figure 3). Thus, 
the analogue concentrations producing half-maximal levels 
of enhancement (K0.5) were generally less than the 
corresponding binding affmity constants for inhibition (Ki). 
In the present study, D was the most potent (K0.5 = 1.41 
p M )  and efficacious (Em- = 1.10 nmol/assay) activator 
of sodium uptake. Compound F, the analogue least potent 
as an inhibitor of [3H]BTX-B binding, was also the least 
active stimulator of sodium flux. The  low levels of 
stimulation in the presence of this analogue precluded the 
estimation of values for K0.5 and Em,,. No significant 
enhancement of sodium uptake was detectable in testa with 

In tests with analogues producing biphasic uptake curves, 
inhibition of [3H]BTX-B binding was measurable only at 
concentrations corresponding to  the  lower affinity 
component for the stimulation of sodium uptake (Figure 
3). Because PTX-B stimulates sodium uptake in the 
presence of ScV via an action independent of site 2 (Gus- 
ovsky et al., 1988), the possible actions of the analogues 
at the PTX-B recognition site were explored by assessing 
the effects of an  N-alkylamide exhibiting biphasic 
stimulation of sodium uptake on sodium uptake stimulated 
by PTX-B. In these experiments, A a t  0.3 or 75 pM did 
not inhibit PTX-B (10 pM) dependent uptake, and the 
level of uptake measured in assays with combinations of 
A and PTX-B was equivalent to the sum of that produced 
by the two compounds individually (data not shown). 

G-I. 

DISCUSSION 

The N-alkylamide BTG 502 was shown previously to 
represent a novel chemical class of neurotoxins that act 
at site 2 of the sodium channel (Ottea et al., 1989). Results 
presented here from experiments using a series of structural 
analogues of BTG 502 provide further insight into the 
mechanism of action for these compounds. The principal 
actions of the N-alkylamides, as measured in [3H]- 
BTX-B binding and sodium uptake assays, were similar 
to those measured previously with BTG 502 (Ottea et al., 
1989) and are consistent with an action of these compounds 
a t  site 2 of the sodium channel. All of the analogues 
inhibited the specific binding of [3H]BTX-B, a radioli- 
gand that specifically labels site 2 (Catterall et al., 1981). 
For compounds A-E, inhibition of binding occurred within 
the same range of analogue concentrations producing 
enhancement of sodium uptake (Figures 2 and 3). In 
addition, the Hill slopes calculated from the inhibition data 
(Table I) were not statistically different from unity (except 
in the case of F; see below). The inhibition of [3H]- 
BTX-B binding by G was not associated with stimulation 
of sodium uptake, a finding that implicates this compound 
as an antagonist a t  site 2. 

Site 2 does not appear to be the only domain of the 
sodium channel affected by the N-alkylamides. The 
existence of multiple sites on the sodium channel for the 
action of N-alkylamides is also suggested by the bipha- 
sic patterns of activity measured in sodium uptake assays 
with A, B, and D and the lack of significant inhibition of 
[3H]BTX-B binding a t  concentrations of these N-alk- 
ylamides that describe the high-affinity component of the 
stimulation of sodium uptake. In these experiments, 
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stimulation of uptake was detected only in the presence 
of ScV and was completely blocked by tetrodotoxin. 
Therefore, the high-affinity component of sodium uptake 
resulted from the interaction between these compounds 
and the sodium channel at a domain other than site 2, 
rather than from an indirect effect on vesicle depolariza- 
tion leading to a stimulation of sodium influx. A similar 
effect on sodium uptake that is independent of site 2 has 
been described for the alkaloid PTX-B, a neurotoxin that 
binds to  a unique domain on sodium channels (Guso- 
vsky et al., 1988). However, our preliminary results indicate 
that the stimulation of sodium uptake by N-alkylamides 
at concentrations too low to affect site 2 does not appear 
to be associated with an interaction at the PTX-B site. 
Therefore, the high-affinity component of sodium channel 
activation measured with some N-alkylamides involves an 
unknown binding domain on the sodium channel. The 
potential for exploitation of this binding site for insect 
control is unknown; however, for the N-alkylamides tested 
here, the stimulation of sodium uptake by this mechanism 
does not appear to be correlated with insecticidal activity. 

The actions of compound F in these assays were different 
from those measured for the insecticidal analogues A-E. 
Compound F stimulated low levels of sodium uptake 
(Figure 1) and weakly inhibited [3H]BTX-B binding, but 
the Hill slope of the latter interaction was substantially 
less than 1.0 (Table I). These data  suggest that  the 
interaction of F with the sodium channel may involve either 
negative cooperativity or multiple binding domains that 
are directly or allosterically detected in [3H]BTX-B binding 
assays (Weiland and Molinoff, 1981). These findings 
therefore may implicate an effect of this compound at a 
sodium channel binding domain other than site 2. 

Our studies also permit the  identification of some 
features of chemical structure that define the activity of 
the N-alkylamides as both sodium channel toxins and 
insecticides. The 2,4-dienamides A-F exhibited insecticidal 
activity and stimulated the uptake of radiosodium. In 
contrast, H, the 3,5-dienamide otherwise identical in 
structure to B, was neither toxic to insects nor active as 
an enhancer of sodium uptake. These findings confirm 
the critical role in this series of compounds for the position 
of unsaturation in effecting toxicity (Elliott e t  al., 1987b) 
and imply that this requirement reflects the specificity of 
the target site. In addition, alterations in the length of 
the alkylene chain in N-(2-methylpropyl)-2,4-diena- 
mides was found to  influence the  toxicity of these 
compounds to  house flies and mustard beetles (Elliott et 
al., 1987d). Results from sodium flux and [3H]BTX-B 
binding assays showed that increasing the length of the 
chain by two carbons (compare A and G, Table I) 
effectively separates the binding of N-alkylamides to site 
2 from the subsequent transduction event that  alters 
sodium uptake. Thus, G apparently binds to site 2 but 
functions only as an antagonist of other activators and is 
not effective as an insecticide. This finding illustrates the 
need for functional assays as well as binding assays to 
establish the mechanisms of action of new compounds. 
Finally, methyl substitution at  the a position of the amide 
moiety does not affect the activity of N-alkylamides as 
sodium channel toxins (see A and B, Table I) or as 
insecticides (Elliott e t  al., 1987b). 

In summary, the results of assays to  determine the 
biochemical effects of N-alkylamides confirm and extend 
previous f indings with BTG 502 in  mouse bra in  
preparations (Ottea et al., 1989) and electrophysiologi- 
cal studies with insect nerve preparations (Blade et  al., 
1985; Lees and Burt, 1988) and implicate site 2 of the 
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sodium channel as the site of action for these compounds. 
Because the N-alkylamides appear to  affect a sodium 
channel domain distinct from that of the pyrethroids and 
DDT, the development of such compounds represents an 
attractive strategy for the control of insect populations in 
which pyrethroid resistance has arisen. 
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