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ABSTRACT: Nodulisporic acid (NA) is an indole diterpene fungal product with insecticidal activity. NA
activates a glutamate-gated chloride channel (GluCl) in grasshopper neurons and potentiates channel opening
by glutamate. The endectocide ivermectin (IVM) induces a similar, but larger current than NA. Using
Drosophila melanogasterhead membranes, a high affinity binding site for NA was identified. Equilibrium
binding studies show that an amide analogue,N-(2-hydroxyethyl-2,2-3H)nodulisporamide ([3H]NAmide),
binds to a single population of sites in head membranes with aKD of 12 pM and aBmax of 1.4 pmol/mg
of protein. A similarKD is determined from the kinetics of ligand binding and dissociation. Four lines of
evidence indicate that the binding site is a GluCl. First, NA potentiates opening of a glutamate-gated
chloride current in grasshopper neurons. Second, glutamate inhibits the binding of [3H]NAmide by
increasing the rate of dissociation 3-fold. Third, IVM potently inhibits the binding of [3H]NAmide and
IVM binds to GluCls. Finally, the binding of [3H]IVM is inhibited by NA. TheBmax of [3H]IVM is twice
that of [3H]NAmide, and about half of the [3H]IVM binding sites are inhibited by NA with high affinity
(KI ) 25 pM). In contrast, [3H]IVM binding to Caenorhabditis elegansmembranes is not inhibited by
NA at 100 nM, and there are no high affinity binding sites for NA on these membranes. Thus, half of the
DrosophilaIVM receptors and all of the NA receptors are associated with GluCl. NA distinguishes between
nematode and insect GluCls and identifies subpopulations of IVM binding sites.

Ligand-gated ion channels form a collection of supramo-
lecular complexes that are intimately involved in synaptic
transmission. One class of these channels is the glutamate-
gated chloride channels (GluCl); this family has been
identified in invertebrates and is the target for the avermectins
(1). The avermectins and milbemycins, represented by the
semisynthetic ivermectin (IVM),1 are macrocyclic lactones
and are used broadly in animal and human health, and crop
protection (2, 3). Based on studies with the nematode
Caenorhabditis elegans,the anthelmintic and insecticidal
activity of IVM has been ascribed to its ability to bind to
and open GluCls, either alone or by potentiating the effect
of glutamate (4-7). A receptor for IVM inC. eleganswas

identified by expression cloning (7). Coexpression of an
R-subunit and aâ-subunit of this receptor reconstitutes a
channel gated by glutamate and IVM. Subsequently, two
additionalR-subunits were identified inC. elegans(8, 9).
Elimination of all threeR-subunits eliminates high affinity
binding sites for [3H]IVM and confers 4000-fold resistance
to this anthelmintic (9). In the insectDrosophila melano-
gaster, high affinity binding has been reported (10), and an
IVM-sensitive GluCl homologue has been cloned (11). In
insects, the nature of ivermectin binding sites and the
mechanism of action are less well-defined, and several
studies suggest that ivermectin may have at least one other
target beyond GluCl: evidence exists for an interaction of
IVM with GABA-gated chloride channels in both nematodes
(12-14) and insects (15, 16).

We now report studies with a newly discovered compound,
nodulisporic acid (NA), which demonstrate that IVM binds
to multiple receptors in insects, as has been found for IVM
with C. elegans(9). Nodulisporic acid (NA, Scheme 1), a
novel indole diterpene, was isolated from cultures of an
endophytic fungusNodulisporiumsp. (17) based on insec-
ticidal activity (18). The molecule has no gross structural
similarity to IVM, and the mechanism of NA insecticidal
activity had not been identified. Indole diterpenes are known
to be potent insecticides (19, 20); some are also allosteric
activators of vertebrate GABA-A receptors (21) or blockers
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of large conductance Ca2+-activated potassium (Maxi-K)
channels (22). We demonstrate that the mechanisms of action
of NA and IVM on insect GluCl are similar.

To identify the mechanism of action of NA, two experi-
mental approaches were used: whole cell electrophysiologi-
cal recordings of grasshopper neurons and radioligand
binding to membrane preparations fromD. melanogaster
heads. Grasshopper motorneurons are amenable to whole cell
voltage clamp studies, and the soma have a variety of voltage
and ligand-gated ion channels (23-26). Ligand binding
studies were performed withD. melanogasterhead mem-
branes because this is a convenient preparation for obtaining
the larger quantities of membranes used in ligand binding
studies for characterizing insect neuronal receptors. Elec-
trophysiological studies show that NA activates a glutamate-
gated chloride channel and potentiates channel opening by
glutamate. InDrosophilahead membranes, a high affinity
binding site for an amide derivative of NA was identified.
Binding to this site is allosterically inhibited by glutamate
and is coupled to an IVM binding site. Thus, both electro-
physiological and ligand binding studies indicate that NA
modulates insect glutamate-gated chloride channels.

MATERIALS AND METHODS

Materials. Ibotenate was from Biomol Research Labs
(Plymouth Meeting, PA), and muscimol was from Tocris
Cookson (Langford, Bristol, U.K.). All HEPES buffer stock

solutions (1 M) were adjusted to a pH of 7.5 using KOH
and used without further pH adjustment. IVM and IVM-
PO4 were from the Merck sample collection; [3H]IVM, at
44 Ci/mmol, was synthesized by the Drug Metabolism group,
Merck Research Laboratories, Rahway, NJ. NA was isolated
as per (17).

Synthetic Methods.To synthesize NAmide: to nodulisporic
acid (200 mg) in CH2Cl2 (20 mL) at 0 °C were added
sequentially NH2CH2CH2OH (92 µL), N-hydroxybenzotri-
azole (40 mg), and EtN(iPr)2 (178 µL) followed by benzo-
triazol-1-yloxytris(dimethylamino)phosphonium hexafluo-
rophosphate (224 mg) (Scheme 1). The cooling bath was
removed, and the solution was incubated at room temperature
for 2 h. The solution was then poured into brine/water (1/
1), acidified to pH∼4 using glacial HOAc, extracted with
CH2Cl2, and dried (Na2SO4). The solution was filtered, and
volatiles were removed under reduced pressure. Pure product
(187 mg, 87%) was obtained following flash chromatography
on silica gel using gradient elution (4/96f 7/93 f 10/90
of 10% NH4OH solution in MeOH/CHCl3 as eluant). By
TLC, the product had anRf ) 0.31 (10/90 of 10% NH4OH
solution in MeOH/CHCl3 as eluant). By HPLC, the product
had atR ) 5.98 min (1.5 mL/min, 55/45 MeCN/H2O, Zorbax
RX-8 column, 15 cm× 4 mm). By MS, the product had
m/z 723.4 (M++H). NMR: (500 MHz, CDCl3) δ 7.71 (s,
1H), 7.03 (d,J ) 10.3 Hz, 1H), 6.36 (dd,J1 ) 11.2 Hz,J2

) 15.1 Hz, 1H), 6.25 (br t, 1H), 6.06 (d,J ) 2.7 Hz, 1H),
5.82 (d,J ) 15.4 Hz, 1H), 5.26 (d,J ) 6.4 Hz, 1H), 5.21
(s, 1H), 5.09 (s, 1H), 5.01 (br s, 1H), 3.80 (t,J ) 4.6 Hz,
2H), 3.54 (dd,J1 ) 5.0 Hz,J2 ) 10.2 Hz, 2H), 3.41 (br s,
1H), 2.89 (dd,J1 ) 6.0 Hz,J2 ) 2.8 Hz, 1H), 2.85 (br s,
1H), 2.75 (dd,J1 ) 6.5 Hz,J2 ) 14.0 Hz, 1H), 2.65 (s, 1H),
2.33 (t,J ) 9.0 Hz, 1H), 2.01 (s, 3H), 1.51 (s, 3H), 1.37 (s,
3H), 1.36 (s, 3H), 1.27 (s, 3H), 1.16 (s, 3H), 1.15 (s, 3H),
1.07 (s, 3H), 0.97 (s, 3H).

[3H]NAmide (N-(2-hydroxyethyl-2,2-3H)nodulisporamide,
Scheme 1) was synthesized as follows:n-protected glycine
was converted into the corresponding acid chloride using
oxallyl chloride. Treatment of CBZ-Gly-Cl with sodium
borotritide yielded, following reversed-phase HPLC purifica-
tion, pure CBZ-HNCH2CT2OH. The CBZ group was re-
moved by hydrogenation and the HCl‚H2NCH2CT2OH
coupled under standard conditions with the active ester of
nodulisporic acid, producing [3H]NAmide at a specific
activity of 22 Ci/mmol (Scheme 1).

32â-Hydroxymethyl NA was generated by biotransfor-
mation of NA during culture withStreptomycessp. (Merck
culture strain MA 6966). Biotransformation products were
extracted from the culture medium, purified by HPLC, and
subjected to electrospray MS and NMR to establish structure.
In addition to isolating and identifying the structure and
biological activity of 32â-hydroxymethyl NA, the 31R-
hydroxymethyl NA derivative was also generated.

Electrophysiological Recordings.The procedure for isolat-
ing soma of grasshopper thoracic neurons was similar to that
described by Suter and Usherwood (27) except that neurons
were isolated from both the metathoracic and the mesotho-
racic ganglia and mechanical disruption of the ganglia was
more extensive in order to obtain cell surfaces suitable for
gigaohm seal formation. No enzymes were used to establish
the primary cultures. Voltage-clamp studies were conducted
with the whole cell voltage clamp technique using a Dagan

Scheme 1: Structure of Nodulisporic Acid (NA) and
Synthetic Scheme for NAmide and [3H]NAmidea

a32-â-Hydroxymethyl NA is biologically inactive in insecticidal
assays. In the scheme, CBZ) carbobenzyloxy, HOBT) N-hydroxy-
benzotriazole, and BOP) benzotriazol-1-yloxytris(dimethylamino)-
phosphonium hexafluorophosphate.
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3900A amplifier (Dagan Instruments, Minneapolis, MN).
Data were acquired using the program Pulse, and most
analysis was performed with the companion program Pulsefit
(Instrutech Instruments, Great Neck, NY). The internal
(pipet) solution usually contained (in mM): CsF, 113; CsCl,
20; CaCl2, 0.9; MgCl2, 1; HEPES, 20; 1,2-bis(2-aminophe-
noxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), 11, pH 7.2
with CsOH. The external solution contained (in mM): NaCl,
150; CaCl2, 1.8; MgCl2, 0.5; HEPES, 10, pH 7.5 with NaOH.
In some experiments, the pipet solution also contained 5 mM
Mg-ATP and 0.1 mM Li2-GTP, and the bath solution
contained 161 mM NaCl and 4 mM KCl (grasshopper saline).
All experiments were conducted at room temperature (20-
25°C). Low Cl solutions contained sodium methanesulfonate
in place of NaCl. Drugs were typically diluted at least 1000-
fold from dimethyl sulfoxide stock solutions.

Insecticidal Assays.Test agents were injected into adult
grasshoppers weighing about 2 g. The vehicle was 11%
dimethyl sulfoxide in grasshopper saline. The drug concen-
tration was adjusted so that 5µL of test solution was injected.

Binding Assays. D. melanogaster(Oregon R) were cultured
by standard techniques, and adults were harvested and stored
frozen at-70 °C until membrane preparation. The heads
were broken off the bodies by vigorous shaking while the
flies were frozen. Sieving separated the heads (and legs) from
the bodies. Heads derived from 5 g of whole flies (ca. 20
mL of loosely packed flies) were homogenized in 20 mL of
ice-cold 10 mM HEPES by two 5 s bursts at a power setting
of 5 with a Brinkmann Polytron. The homogenate was poured
through two layers of cotton gauze and then subjected to
centrifugation for 5 min at 500g. The supernatant was
decanted and subjected to centrifugation at 20000g for 15
min. The resulting high-speed pellet was either resuspended
in 20 mL of 50 mM HEPES to make a solution of
approximately 1 mg of membrane protein/mL, which was
used immediately, or flash-frozen in liquid N2 and stored at
-70 °C. Alternatively, the pellet was resuspended in 2 mL
of 10 mM HEPES and loaded on a sucrose step gradient
composed of 2 mL steps of 12%, 24%, 36%, 48%, and 60%
sucrose (w/w), all in 50 mM HEPES. The gradient was
subjected to centrifugation at 40 000 rpm in a Beckman
SW40 rotor for 1 h, and then the interfaces were drawn off
and used immediately or stored at-70 °C for later use.

For Lucilia sericata and Musca domestica,heads were
separated from other body parts by floating on liquid N2,
and heads were carried through the above homogenization
and centrifugation procedure. Lepidopterians, grasshopper
heads, legs, ganglia, and larval stages ofD. melanogaster
were homogenized using a Brinkmann Polytron and carried
through the above three centrifugation steps.C. elegans
membranes were prepared as described (4, 28). Fresh brain
from rat was used as starting material for purification of
synaptic plasmalemmal membranes (29).

Binding of [3H]NAmide and [3H]IVM were measured
using a modification of a binding assay described previously
(4, 10). This protocol was followed: 10µg of membrane
protein was incubated for various times, usually 3 h to
overnight, in borosilicate tubes with radioactive ligand, with
or without test compound, in 0.1-10 mL final volume
(usually 1-5 mL; initial experiments were at lower volumes,
and as the true affinity was recognized, incubation times and
volumes were increased to accommodate lower receptor

concentrations and complete ligand equilibration) in a
medium composed of 50 mM HEPES, pH 7.5 with KOH,
0.1 mg/mL bacitracin, and 2% dimethyl sulfoxide, at room
temperature. The binding reaction was terminated, and bound
ligand was separated from free ligand by addition of 3 mL
of an ice-cold wash solution composed of 0.5% Triton
followed rapidly by filtration though Whatman GF/C glass
fiber filters under reduced pressure. The filters had been
prewetted with 0.15% Triton X-100 and 0.25% polyethyl-
enimine. Filters were washed twice with 3 mL of 0.5% Triton
X-100, and then radioligand trapping was assessed by liquid
scintillation techniques. Samples were normally analyzed
until the 2 sigma counting error was less than 2%, or 5 min
counting time (whichever was reached first), for usually 6
times or more, and the average CPM was calculated from
the multiple counts available; replicate samples seldom varied
by more than 3%.

The important modifications to the prior protocol (4, 10)
were the addition of bacitracin, the increase in the incubation
time from 1 h toovernight and in the assay volume from 1
to 3 mL, and the reduction of the membrane concentration
from 50 to 10µg of protein/assay tube. In the absence of
bacitracin and without membrane protein, less that 10% of
added radioligand, either [3H]NAmide or [3H]IVM, was
freely removable from the assay tube 1 h after addition,
whereas with bacitracin, at concentrations ranging from 10
µg/mL to 1 mg/mL, greater than 90% of added radioligand
was removable from the assay tube 1 h after addition. Thus,
bacitracin was added constitutively to ensure that added
radioligand closely approximated free radioligand. The
second two crucial modifications were to increase incubation
times and volumes to allow receptor and ligand to come to
equilibrium. Finally, by decreasing membrane protein and
increasing assay volume, we tried to maintain receptor
concentration at one-fifth ofKD or below, although some
initial experiments were done atKD (e.g., Figures 5A and 7)
or higher receptor concentration (e.g., Figures 4, 5B, and
6); in cases where total receptor concentration is substantially
aboveKD, one must be vigilant that one is not merely titrating
receptor and thereby not obtaining correctKD andKI values
(this effect may have increasedKI values ca. 2-fold for the
results shown in Figure 6).

Data were graphed and fitted to equations using Igor Pro
(Wavemetrics, Lake Oswego, OR). Specific binding is
defined as total binding (that seen in the absence of
competitor) minus nonspecifically associated ligand (binding
seen in the presence of a high concentration of competitor).
In saturation binding isotherm experiments, nonspecific
binding was fit to a linear regression, and then total binding
was fit to

whereB is the amount bound,Bmax is the maximal number
of binding sites,L is the free ligand concentration,KD is the
equilibrium dissociation constant, NS is the slope of the
nonspecific binding component, and CB is the counter
background; the NS and CB parameters were fixed at those
found for nonspecific binding. When specific binding was
analyzed, the NSL + CB component was removed from the
equation. These equations have an implicit Hill coefficient
of 1.

B ) BmaxL/(KD + L) + NSL + CB
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The pseudo-first-order rate constant for the binding reac-
tion, kobs, was determined by plotting the specific binding
as a function of time and fitting those data to a monoexpo-
nential function.kobs was converted into the second-order
rate constant of association by plottingkobs vs [ligand], and
fitting the data by linear regression. From the slope and
intercept of that line, through the relationship:

we determinedk1 and k-1. This equation assumes infinite
receptor dilution, which is likely not to be true. The rate
constant of dissociation,k-1, was also determined from
plotting specific binding vs time as a monoexponential
relationship. Inhibition curves were fit by pooling data from
multiple experiments as fractional specific binding at each
concentration of competitor, and modeling the resulting data
by the equation:

whereS is the concentration of competitor and IC50 is the
IC50 value for the potency of the inhibition. IC50 can be
corrected toKI by the relationship:

whereL, IC50, andKD have the definitions above. As well,
when one varies ligand concentration, while keeping inhibitor
concentration constant, theKI for inhibitor [S] is determined
by a similar equation:

where “KD” is equal to theKD in the presence of inhibitor
[S]. In Figure 6B, in which a two-component model is used,
the equation used to model the data is

whereKH and KL are the IC50 values for inhibition at the
high and low affinity binding sites, respectively, andBH is
the fraction of binding sites with high affinity for the
competitor. When fitting, data points were weighted by the
inverse of the standard deviation of the replicates.

RESULTS

Functional Effects of NA on Grasshopper Neurons.
Glutamate-gated chloride channels were first described in
grasshoppers (30), and the thoracic ganglia have a high
density of IVM binding sites (10). Nodulisporic acid (NA)
induces a large steady-state current in the soma of motor-
neurons isolated from these ganglia (Figure 1A,C,D). The
NA-induced current linearly changes with voltage and
reverses at≈-50 mV (Figure 1A). Reducing extracellular
[Cl-] from 154 to 5 mM by replacement with methane-
sulfonate shifts the reversal potential to≈-25 mV and
reduces both inward and outward current. Ivermectin phos-
phate (IVM-PO4) induces a similar Cl-sensitive current in
these neurons (Figure 1B). The similarity between the
currents induced by NA and IVM and the known activity of
IVM on glutamate-gated Cl channels (7, 11) suggest that

NA might also activate a GluCl. We tested for this mech-
anism by applying NA in combination with either glutamate
or IVM.

Co-application of NA and glutamate indicates an interac-
tion between these two agonists (Figure 1C). Bath application
of a low concentration of glutamate elicited a small current
(bath application underestimates the maximal GluCl current
as these channels rapidly desensitize). The neuron was then
exposed to 0.1µM NA, which caused a small, steady opening
(not shown). Increasing the concentration of NA to 0.3µM
elicited a much larger current that desensitized and deacti-
vated very slowly. After exposure to NA, reapplication of
the same concentration of glutamate elicited a much larger
current that desensitized much more slowly than prior to NA
application. This potentiation of the glutamate effect indicates
that NA and glutamate modify the same channel and
indicates that NA may be an allosteric modulator of GluCl
channels. Similar interactions between NA and glutamate
were observed in three experiments.

We tested whether NA and IVM-PO4 act on the same
channel by co-applying these insecticides (Figure 1D). The
left trace shows activation of a current by NA at 50 nM and
1 µM. Other studies demonstrated that 1µM NA is a
maximally effective concentration; 100 and 300 nM NA
elicited currents 36( 5% and 84( 1% ((SEM, n ) 4) of
that caused by 1µM NA. Subsequent addition of IVM caused
much greater channel activation. In contrast, NA never
induced additional current when IVM was applied first, as
shown in the right panel of Figure 1D. These studies suggest
that native insect neurons contain two populations of IVM-
sensitive chloride channels: one of which is also activated
by NA and another that is not. Alternatively, NA could be
a partial agonist, but results below argue against that
hypothesis.

The electrophysiological results predict that NA has
insecticidal activity similar to IVM. This was demonstrated
by direct injection into adult grasshoppers. The minimal
effective dose for killing grasshoppers of NA and IVM is
0.5 and 5 nmol, respectively. In contrast to pyrethroids, which
produce a rapid “knock down”, both NA and IVM cause
gradual paralysis and death after about 18 h. An analogue
of NA, NA D (17), is inactive in the binding studies
described below and also inactive in this insecticidal assay
at 5 nmol.

Specificity of NA Action. NA is a very hydrophobic
molecule and, as such, could be acting on the grasshopper
GluCl as a nonspecific membrane perturbant. If so, then it
would likely disrupt interactions at a large number of
vertebrate receptors and ion channels. To determine the
selectivity of NA, this agent was tested at 10µM in 108
receptor ligand binding and enzymatic assays in a standard
PanLabs screen. There was no significant interaction (g30%
inhibition) with any of these targets, except for modest
inhibition of ligand binding to thromboxane A2, glucocor-
ticoid, and muscarinic M3 receptors (45, 39, and 38%
inhibition, respectively). The concentration used in the
specificity tests is 10-fold higher than the maximally effective
concentration of NA needed to activate glutamate-gated
chloride channels in grasshopper neurons. NA had little or
no effect in various other binding assays using a number of
membrane-bound neurotransmitter or hormone receptors, or
in enzyme assays measuring kinase, phosphastase, or syn-

kobs) k1[[
3H]NAmide] + k-1

fraction bound) 1 - [S/(S+ IC50)]

KI ) IC50/[1 + (L/KD)]

KI ) [S]/[(“ KD”/KD) - 1]

fraction bound) 1 - [(BHS)/(S+ KH) + ((1 - BH)S)/

(S+ KL)]
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thetase activities. Ion channels, both ligand-gated (i.e.,
nicotinic, GABAA, GABAB, glutamate-NMDA, glutamate-
AMPA, glycine) and voltage-gated (i.e., Brain IIA sodium,
N-type calcium, KV1.X potassium, K-ATP potassium, and

calcium-activated potassium) channels, were also examined.
A weak interaction with L-type calcium channels (25%
inhibition of [3H]nitrendipine binding, but no effect on [3H]-
diltiazem binding) was observed at 10µM NA. Using rat

FIGURE 1: Chloride currents activated by NA or ivermectin in grasshopper motorneurons. (A and B) Steady-state current-voltage relationship
for conductance induced by NA (A) or by IVM-PO4 (B). Each symbol indicates the average current measured at the end of a 200 ms step
to the indicated voltage. Control before drug addition (bath chloride of 160 mM,0); with 2 µM NA (A, 2) or 0.5µM IVM-PO4 (B, 2);
in drug after reducing bath chloride to 5 mM by equimolar replacement with methanesulfonate (b). (C) NA potentiates a glutamate-
induced chloride current. The three traces shown were recorded successively from a grasshopper motorneuron; holding potential) 0 mV.
The dashed line indicates the holding current before application of NA or glutamate. Bath application of 100µM glutamate elicited a small
current. 100 nM NA induced a small maintained current (not shown). Increasing NA to 300 nM (indicated by the bar) increased the
outward current. This current did not deactivate even after 7 min of washing. Reapplication of 100µM glutamate elicited a larger current
after exposure to NA. (D) Current induced by co-application of NA and IVM-PO4. The neurons were clamped at-60 mV (near the
reversal potential for chloride), and the holding current is indicated by a dashed line. A 200 ms pulse to-120 mV was applied at 0.5 Hz,
and the symbols indicate the mean current measured at the end of this voltage step. Left panel: NA activates an inward current. 100 nM
IVM-PO4 was added 3 min after adding 1µM NA and caused further current activation. Right panel: In contrast, NA did not activate
additional current in the presence of 100 nM IVM-PO4. Metathoracic neurons, 25-35 µm in diameter.
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brain poly A mRNA injected into oocytes, 2µM NA had
no discernible effect on expressed Na or K channel function.
However, in patch voltage clamp experiments, 0.1µM NA
causes 50% inhibition of high-conductance, calcium-activated
potassium (Maxi-K) channels in bovine aortic smooth muscle
cells. The inhibition of this channel is not unexpected since
Maxi-K channels are known to be inhibited by indole
diterpenes (22). However, NA is 10-100-fold weaker as a
channel blocker than the previously identified indole diter-
pines, paxilline, aflatrem, and paspalatrem (22). As a final
indicator of the specificity of NA, a relatively high concen-
tration of NA was applied to many different central nervous
system channels and receptors, and changes in behavioral
output were observed. Two micrograms of NA was admin-
istered by intracranial injection into weanling female rats;
no signs of behavioral abnormalities or toxicity were
observed after 30 min (n ) 4). For comparison, intracranial
injection of 1 µg of the selective, small-molecule KV1.X
inhibitor, correolide (31), or 10 ng of the selective peptide
inhibitor of Kv1.1, -1.2, and -1.3 channels, margatoxin (32),
produced ataxia, writhing, and tonic seizures within 5-10
min (n ) 2 each); the animals were euthanized immediately
thereafter. By this criterion, NA displays no significant
neuronal toxicity in mammals. The lack of effect on so many
mammalian channels and receptors indicates that NA is not
just a nonspecific membrane perturbant.

NA Binds with High Affinity to Membranes from D.
melanogaster Heads.A tritiated amide derivative of NA, [3H]-
NAmide (Scheme 1), was used to identify high affinity
binding sites inD. melanogasterhead membranes. Equilib-
rium binding of this ligand to its receptor was characterized
by incubating overnight increasing concentrations of [3H]-
NAmide with purified membranes; binding in the presence
of 0.3 µM NA or 0.1 µM IVM (see below) was defined as
nonspecific and subtracted from total binding to obtain
specific binding. Under the conditions specified under
Materials and Methods, nonspecific binding is linearly
related to free [3H]NAmide (Figure 2A). Specific binding

is well described by a fit to a single population of binding
sites with a dissociation constant (KD) of 12.5 pM (Figure
2A,B).

The binding of [3H]NAmide to fly head membranes is
rapid and reversible. Figure 3A shows the rate of association
of three concentrations of [3H]NAmide to its binding site.
The rate of binding increased with ligand concentration as
expected for a 1 to 1binding reaction, and the association
rate constant (k1 ) 2.53 × 107 M-1 s-1, Figure 3B) is
consistent with that expected for aqueous diffusion rates. To
determine the reversibility of [3H]NAmide binding, mem-
branes were equilibrated with [3H]NAmide for 40 min, and
then 0.3µM NA was added. The amount of [3H]NAmide
associated with the membranes declined monoexponentially
with an off rate (k-1) of 0.00035 s-1 (Figure 3, see also Figure
5); on average,k-1 ) 0.00020( 0.00003 s-1 with a half-
time of 57 ( 7 min (SEM, n ) 14). For the experiment
shown, theKD calculated from the ratio of the association
and dissociation rates was 12.05 pM, in good agreement with
equilibrium measurement of theKD (12.5 pM, Figure 2). This
suggests that association of [3H]NAmide with membranes
is to a population of high affinity receptor sites with one
affinity or multiple populations of receptors with very similar
affinities (33).

The NA and IVM Binding Sites Co-sediment. D. melano-
gasterhead membranes also have high affinity binding sites
for [3H]IVM ( 10). Thus, we investigated whether the binding
sites for [3H]NAmide co-localize with the [3H]IVM receptor.
Membrane fractions were obtained from discontinuous
sucrose gradients, and the fractions across the gradient were
assessed for specific binding of [3H]IVM and [3H]NAmide
(Figure 4). Ligand concentration was greater than 5-fold over
KD for both receptors; therefore, both receptors are near
saturation. Near complete recovery of all binding activity
for both ligands is achieved. The binding sites co-localize
at the 24/36% sucrose interface. Binding of [3H]saxitoxin, a
ligand for Na+ channels, localizes to an equivalent region
of the gradient (data not shown), indicating that the mem-

FIGURE 2: [3H]NAmide identifies a high affinity binding site inD. melanogasterhead membranes. Panel A: Total binding of [3H]NAmide
to fly head membranes was assayed in 5 mL (O), and nonspecific retention of radioactivity on the filter was assessed in the presence of 0.3
µM competing NA (]); specific binding was calculated by subtracting nonspecific binding from total binding (0). The data were fit to
models, as described under Materials and Methods: a linear regression of the nonspecific retention of [3H]NAmide, or for binding in the
absence of competing NA, is fit to a model of a single binding site showing no cooperativity (an implicit Hill coefficient of 1) with (O),
or without (0), an allowance for a contribution of nonspecific binding. Panel B: Specific binding in panel A was replotted on a log scale
(including two points at higher concentrations, not shown in panel A); the line is a nonlinear curve fit to a population of receptors with a
single affinity for the receptor. The affinity calculated was 12.5 pM, and theBmax estimate was 205 CPM/assay tube or 1.6 pmol/mg of
protein; the receptor concentration in this assay was 1.63 pM.
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branes at that region of the gradient are enriched in these
three neuronal markers.

Inhibition of NA Binding by GluCl Agonists.Since NA
activates a glutamate-gated chloride channel (Figure 1C), we
tested whether these channels are the high affinity binding
site for this ligand inD. melanogasterhead membranes.
Consistent with this idea, we find that 1 mML-glutamate

decreases the affinity of [3H]NAmide 3-fold (Figure 5A).
This inhibition is attributable to the ability ofL-glutamate
to increase the dissociation rate of the [3H]NAmide-receptor
complex by 3-fold (Figure 5B). In an experiment similar to
the time course of dissociation previously shown (Figure 3A),
the time course of dissociation of [3H]NAmide prebound to
the receptor is measured by adding NA at 0.3µM, without
or with 1 mM L-glutamate or 1µM IVM. IVM had no effect
on the time course of dissociation of [3H]NAmide. However,
1 mM L-glutamate decreases the half-time of dissociation
from 24 to 10 min. Under all conditions, binding data for
over 98% of the sites are fit by a single monoexponential
decay curve (Figure 5B), which indicates that (within
experimental error) all of the receptors for NA are allosteri-
cally coupled to a glutamate binding site.L-Glutamate is 100-
fold more potent thanD-glutamate; in a 2 hassay,L-glutamate
has an EC50 for inhibiting [3H]NAmide binding of 30µM
(data not shown). Ibotenate, a structurally constrained, poorly
metabolized glutamate analogue, also shows this effect; 0.1
mM ibotenate decreases the half-time of dissociation of
preformed [3H]NAmide-receptor complexes by 3-fold from
a half-time of 58 min under control conditions to a half-
time of 20 min (Figure 3A). As would be predicted from
the increase in the dissociation rate induced by ibotenate,
the KD for [3H]NAmide is increased 3-fold in the presence
of this compound (data not shown). When compared across
experiments, the average fold increase in dissociation rate
is 3.11( 0.29 (SEM,n ) 5) with the addition ofL-glutamate
or ibotenate. In the experiment shown (Figure 5A), 1 mM
glutamate did not change theBmax for [3H]NAmide binding.
However, in many membrane preparations, glutamate in-
creasesBmax by ca. 20%.

The NA and IVM Binding Sites Are Coupled.Interactions
between the [3H]NAmide binding sites and those for [3H]-
IVM were investigated using two types of experiments. First,
inhibitor (either IVM or NA) was varied over 6 orders of

FIGURE 3: Kinetics of association and dissociation of [3H]NAmide to receptors inD. melanogasterhead membranes. Panel A: Equal
amounts of membranes were incubated for varying periods of time with three different concentrations of [3H]NAmide (118 pM,0; 21 pM,
4; and 6 pM,O; in respectively 2 mL, 5 mL, and 10 mL assay volumes). To additional samples at 21 pM [3H]NAmide was added NA at
40 min (2) to a final concentration of 0.3µM, or 0.1 mM ibotenate and 0.3µM NA were added together (1) and samples were taken at
the indicated times for the determination of the remaining [3H]NAmide bound. Nonspecific retention of [3H]NAmide (+) equilibrated
immediately to an average of 42.85 CPM per assay point ((2.80 CPM, SD) 2.8, n ) 39; which included a filter blank of 34.2( 1.3
CPM, n ) 3), and the nonspecific retention value has been subtracted from all of the values plotted above. Panel B: The observed rate of
association (kobs) modeled from the data in the left panel was replotted in panel B versus the concentration of radioligand. These data points
were fit by linear regression with a slope of the line calculated at 2.53× 107 M-1 s-1 and an intercept calculated at 0.000305 s-1, yielding
a calculatedKD of 12.05 pM.

FIGURE 4: Co-localization ofD. melanogasterhead membrane [3H]-
IVM and [3H]NAmide binding sites to membranes of similar
densities. Fly head membranes were fractionated by centrifugation
over a sucrose step gradient, and the fractions were assayed for
specific binding sites for [3H]IVM (solid bars) and [3H]NAmide
(open bars); the numbers below each fraction identify the inter-
face: e.g., 12/24 was the interface of the 12 and 24% sucrose
concentrations. As well, parallel tubes were carried though the
binding assay without added membrane protein as a filter blank
(FB) or with samples of the material loaded onto the sucrose
gradient (Load). Based on the specific binding of each fraction and
the binding in the material loaded onto the gradient and the volumes
of each, 93% of the [3H]IVM binding sites and 96% of the [3H]-
NAmide binding sites that were loaded onto the gradient were
recovered. Similar results were achieved in two other experiments,
all carried out in 1 mL assay volume at ligand concentrations of
0.12 and 0.2 nM for [3H]IVM and [3H]NAmide, respectively.
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magnitude while [3H]ligand (either [3H]NAmide or [3H]IVM)
was maintained at a constant concentration (Figure 6).
Second, the concentration of [3H]ligand was varied over 2-3
orders of magnitude in the presence of fixed concentrations
of the appropriate inhibitor (Figure 7).

Binding of [3H]NAmide to fly head membranes is potently
and completely inhibited by low concentrations of both NA
and IVM (Figure 6A). The biologically inactive IVM
analogue octahydro IVM (6) and the biologically inactive
NA analogue 32â-hydroxymethyl NA (Scheme 1) do not
inhibit binding of [3H]NAmide, nor does the structurally
related indole diterpene paxilline up to 1µM (Figure 6A).
Similar results were observed using [3H]IVM as the ligand
(Figure 6B); binding of [3H]IVM was potently and com-

pletely inhibited by IVM, and affected by NA; again, the
biologically inactive IVM or NA derivatives did not inhibit
binding, nor did paxilline. Although the inhibition of [3H]-
IVM binding by IVM is consistent with a single high affinity
binding site, the inhibition of [3H]IVM by NA is more
complex and is better described by two [3H]IVM binding
sites with differing affinities for NA. About half of the [3H]-
IVM binding is inhibited by NA with an IC50 of 0.12 nM,
and the remainder is inhibited with an IC50 of 0.25 µM
(Figure 6B); if one uses the average correction for competi-
tive inhibition, then these IC50 values yieldKI values of 25
pM and 50 nM. This result suggests that [3H]IVM binds to
two different populations of receptors, that are differentiated
by the potency of NA inhibition of binding.

FIGURE 5: Glutamate increases the dissociation rate of the receptor-[3H]NAmide complex. Panel A: Equilibrium binding of [3H]NAmide
to fly head membranes was measured in the absence (b) or in the presence of 1 mML-glutamate (4) in a final volume of 0.95 mL with
a receptor concentration of 14 pM. TheKD andBmax values that the data fit, in control and in 1 mM glutamate, were 9.3 and 27.3 pM and
370 and 335 CPM, respectively. Panel B: Fly head membranes were incubated with 80 pM [3H]NAmide to equilibrium, and then dissociation
of the receptor-ligand complex was followed by adding NA at 1µM without (b) or with 1 mM L-glutamate (4), or with 0.1µM IVM ( 0),
followed by filtration at regular intervals thereafter. The lines in the right panel are linear regression fits to the data using a monoexponential
function. The half-times calculated were 24 and 10 min for NA only and NA withL-glutamate, respectively. The half-time of dissociation
is not significantly altered by the addition of IVM. Results are representative of 3 experiments.

FIGURE 6: Molecular pharmacology of [3H]NAmide binding toD. melanogasterhead membranes. Membranes were incubated with [3H]-
NAmide (A) or [3H]IVM (B) and the indicated concentrations of NA (b), IVM ( 9), the biologically inactive octahydro-IVM (0), the
biologically inactive NA analogue 32â-hydroxymethyl NA (O, see Scheme 1 for the structure), or the structurally related indole diterpine
paxilline (4) for typically 3 h. Using [3H]NAmide as ligand, IVM had an IC50 of 1.3 nM, and NA had an IC50 of 0.5 nM. Using [3H]IVM
as ligand, IVM showed an IC50 of 0.5 nM; NA was modeled with a two-component binding model, with 40% of the receptors displaying
an affinity of 0.125 nM and the remainder displaying an IC50 of 0.25µM. This figure is the averaged result from 5 experiments for NA and
IVM and from 1 experiment for paxilline, octahydro-IVM, and 32â-hydroxymethyl NA; the 5 experiments were carried out at ligand
concentrations that ranged from 220 pM (initially) to 70 pM for [3H]NAmide and from 120 to 33 pM for [3H]IVM. The average maximal
ligand bound was 22 and 26 pM for [3H]NAmide and [3H]IVM, respectively. The conversion factor from IC50 to KI for the typical experiment
was 5-fold for [3H]IVM and 12-fold for [3H]NAmide. If one uses this average value, theKI values for IVM and NA inhibiting [3H]NAmide
binding were 108 and 42 pM. TheKI values for IVM and NA inhibiting [3H]IVM binding were 100 pM, and 25 pM and 50 nM forKH and
KL.

5550 Biochemistry, Vol. 39, No. 18, 2000 Smith et al.



If the receptors for [3H]IVM and for [3H]NAmide are
allosterically coupled and IVM can completely inhibit [3H]-
NAmide binding, but NA can potently inhibit only half of
the binding sites for [3H]IVM (Figure 6), then the site density
for [3H]IVM should be twice that for the high affinity [3H]-
NAmide binding site. This prediction was tested (Figure 7).
When evaluated in the same membrane preparation, theBmax

for [3H]NAmide binding was 1.36 pmol/mg of protein, and
the KD was 12 pM (Figure 7B). TheBmax for [3H]IVM
binding was nearly twice as large (2.46 pmol/mg of protein),
and theKD was 26 pM (Figure 7A). Thus, there are about
twice as many binding sites for IVM as for NA in these fly
head membranes.

Further evidence for an interaction between the IVM and
NA binding sites is provided by saturation binding isotherms
with each [3H]ligand in the absence or presence of the other
compound (Figure 7A,B). When measured in the presence
of a concentration of NA that inhibits binding by 33% (1
nM; Figure 6B), theKD of [3H]IVM increased slightly, from
a control value of 26 pM to 30 pM (Figure 7A). Inclusion
of a concentration of NA that inhibits binding by 84% (1
µM; Figure 6B) further decreased the affinity by only about
2-fold to a KD of 51 pM (Figure 7A). More importantly,
these concentrations of NA decreased theBmax by 28 and
40%, respectively. The experiments shown in Figure 6B are
directly comparable only to the binding data in Figure 7A
for [3H]IVM e120 pM. With [3H]NAmide as the ligand,
the presence of 0.1 nM IVM, a concentration that inhibits
binding by 9% (Figure 6A), increases theKD for [3H]NAmide
3-fold from 9 to 28 pM with a modest decrease inBmax from
1.33 to 1.19 pmol/mg of protein. Inclusion of 1 nM IVM,
the concentration that inhibits binding by 44%, increased the
KD an additional 10-fold to 0.3 nM, while changing
insignificantly theBmax to 1.20 pmol/mg of protein. Although
the apparent decrease inBmax for [3H]IVM binding due to

NA suggests that NA and IVM act at different sites on the
same receptor, we cannot exclude the possibility that theBmax

is unchanged and that NA causes a large change inKD for
half of the receptors (see Discussion). The lack of potent
effect of NA on half of the IVM binding sites suggests that
IVM binds to two different populations of receptors.

Thus far, we have established that the density of NA
binding sites is about half the density of sites for IVM and
that NA inhibits about half of the IVM binding with high
affinity. There are two likely interpretations of these results;
the first is that all binding is to a common supramolecular
complex, with two binding sites for IVM and only one high
affinity binding site for NA on this complex. Alternatively,
there may be multiple different supramolecular complexes
with high affinity for IVM, and only about half of these also
serve as high affinity binding sites for NA. Studies of NA
and IVM binding to other membrane preparations favor the
idea that there are multiple supramolecular complexes with
high affinity for IVM, but some are without high affinity
sites for NA. Membranes isolated fromC. elegans, grasshop-
per thoracic ganglia, grasshopper heads, grasshopper legs,
or the lepidopteranSpodoptera exigua, all have readily
detectable [3H]IVM binding sites, but do not have high
affinity binding sites for [3H]NAmide. The limit of detection
was 5% of total [3H]IVM binding sites with aKD e 2 nM.
Likewise, 100 nM NA did not inhibit the binding of [3H]-
IVM to membranes isolated fromC. elegansor grasshopper
legs, suggesting that these IVM receptors are not coupled to
a high affinity NA site. Purified synaptic plasmalemmal
membranes prepared from rat cortex also have high affinity
binding sites for [3H]IVM ( 4), but this binding is not inhibited
by 1 µM NA and no high affinity binding of [3H]NAmide
is detectable; the limit of detection was 5% of the total [3H]-
IVM binding sites with aKD e 2 nM. The high affinity [3H]-
NAmide binding site is found in membranes from two other

FIGURE 7: IVM and NA binding sites are coupled. Saturation binding isotherms were equilibrated overnight using [3H]IVM (A) in the
absence of (9) or presence of 1 nM NA (0), or 1 µM NA (2), or (B) using [3H]NAmide in the absence (b) or presence of 0.1 nM IVM
(O), or 1 nM IVM ([); all assays were carried out in a 1 mLvolume using 12µg of protein (15 pM receptor) for the [3H]NAmide assay
and 6µg of protein (14 pM receptor) for the [3H]IVM assay. TheKD andBmax values calculated for [3H]IVM were respectively 26 pM and
2.46 pmol/mg of protein in the absence of NA, 29.5 pM and 1.76 pmol/mg of protein in the presence of 1 nM NA, and 51 pM and 1.48
pmol/mg in the presence of 1µM NA. In the fitting for panel A, two data points were not included but are displayed; they are at the highest
ligand concentration in the absence of NA and the penultimate highest concentration of ligand in the presence of 1µM NA. For [3H]-
NAmide binding, theKD andBmax values were 12 pM and 1.36 pmol/mg of protein in the absence of IVM, 28 pM and 1.19 pmol/mg of
protein in the presence of 0.1 nM IVM, and 299 pM and 1.20 pmol/mg in the presence of 1 nM IVM. Converting the 0.1 and 1 nM
IVM-induced changes in [3H]NAmide KD to a KI for IVM by the relationship for competitive inhibition gives a 50 pMKI for IVM. This
figure is representative of the 3 times this type of experiment was carried out.
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dipterans,Musca domesticaand Lucilia sericata(data not
shown). In grasshopper ganglia and head membranes, binding
of IVM is inhibited by NA with an IC50 of 10 nM (data not
shown). Although high affinity [3H]NAmide binding sites
are abundant in membranes from heads of adultDrosophila,
they are not found in membranes isolated from larvae, even
though ample [3H]IVM binding sites are present. Thus, [3H]-
IVM binding sites consist of multiple types that differ in
affinity for NA, and the binding site for [3H]NAmide may
be developmentally regulated.

DISCUSSION

In this study, we have characterized a new insecticidal
agent, nodulisporic acid, that has a mechanism of action
similar to that of ivermectin, but a more restricted range of
activity. Both nodulisporic acid and ivermectin activate
glutamate-gated chloride channels. High affinity binding sites
for ivermectin have been identified in nematodes, insects,
and mammals, while those for nodulisporic acid have only
been found in some dipterans. We have altered the protocol
used to characterize IVM binding and find that this ligand
binds with higher affinity than previously recognized (KD

) 25 pM). Nodulisporic acid binds with comparable potency
(KD ) 12 pM). Although analysis of saturation IVM binding
is consistent with a single population of high affinity sites,
studies with NA indicate that IVM binds to several types of
receptors with similar affinities.

High affinity binding of [3H]NAmide to Drosophila
melanogasterhead membranes appears to represent 1 to 1
binding to an apparent single receptor because the sameKD

is obtained by equilibrium measurements (Figure 2) and from
the ratio of association and dissociation rates (Figure 3), and
because the dissociation of ligand is monoexponential for
g98% of the sites (Figures 3A and 5B). However, the
binding of [3H]IVM to C. elegansmembranes also appeared
to be to a single site (4, 28), while knock-out or loss-of-
function mutations indicate high affinity binding to three
different GluClR-subunits (9). Nevertheless, the dissociation
kinetics and the inhibition of [3H]NAmide binding by IVM
(Figures 6A and 7B), glutamate (Figure 5), and ibotenate
(Figure 3A) are all consistent with high affinity binding to
a single type of GluCl or multiple GluCls with similar
affinities (33) and dissociation rates of NA. BothL-glutamate
and ibotenate increase the rate of dissociation of NA about
3-fold, indicating that NA binds at a site distinct from these
GluCl activators. All [3H]NAmide binding sites are associ-
ated with GluCls because>98% of the [3H]NAmide binding
is inhibited by glutamate (Figure 5B) and ibotenate (Figure
3A). This interpretation is supported by electrophysiological
studies showing that NA is an activator of grasshopper
glutamate-gated chloride channels (Figure 1A,C).

NA and IVM also activate homomultimers ofDrosophila
GluCl expressed inXenopusoocytes (11, 34: NA is
identified as compound1 in the latter). However, the
pharmacology of NAmides in this heterologous expression
system is inconsistent with that of native grasshopper GluCl,
[3H]NAmide binding to this preparation is inconsistent with
binding toDrosophilahead membranes, and some analogues
of NA with insecticidal activity do not activate these
homomultimers (M.M.S., V.A.W., R.M.B., and C.J.C.,
unpublished observations).

The dissociation constants for [3H]NAmide (9-12 pM)
and [3H]IVM (25 pM) indicate that these compounds are
among the most potent known ligands for ligand-gated ion
channels. Some of the biological effects of IVM in nematode
and crayfish are consistent with this binding affinity (12,
35). However, the electrophysiological effects of IVM in
grasshopper neurons are less potent than expected from the
ligand binding affinity. The concentration-response relation-
ship for IVM is difficult to assess with grasshopper motor-
neurons because the responses to IVM across cells are not
uniform. In some experiments (e.g., Figure 1D, right side),
10 nM IVM-PO4 was maximally effective, but in other
experiments, higher concentrations were needed to achieve
maximal current activation. The minimally effective con-
centration of IVM-PO4 was about 1 nM in most experiments,
and the potency was similar when IVM-PO4 was tested in
combination with glutamate. However, IVM-induced channel
opening can greatly underestimate the affinity of drug for
its receptor. At low concentrations of agonist, channel
opening should be extremely slow, and desensitization can
prevent accumulation of channels in an open state. In
addition, the equilibrium binding assay is an overnight
incubation, which allows for equilibration of slow binding
ligands, whereas the electrophysiological experiments may
well last less than an hour.

The [3H]NAmide binding site is coupled to an [3H]IVM
binding site in a complex fashion. First, the two sites co-
localize by a low-resolution technique to membranes of a
similar density (Figure 4) and to a location where another
neuronal membrane marker, [3H]saxitoxin binding to sodium
channels, segregates; co-localization perforce is required if
the sites are coupled. Second, IVM inhibits [3H]NAmide
binding with an IC50 of 1.3 nM (Figure 5A); correcting that
IC50 to a KI by using the correction factor for competitive
inhibition (for the typical experiment) gives aKI of about
0.1 nM (Figure 6A). Similarly, IVM inhibits [3H]NAmide
binding in an apparently competitive fashion in saturation
binding isotherm experiments (Figure 7B): 100 pM IVM
shifts theKD for [3H]NAmide 3-fold, and increasing the IVM
concentration 10-fold shifts theKD by an additional 10-fold.
These data imply aKI for IVM inhibition of [ 3H]NAmide
binding of 30-50 pM and are consistent with a purely
competitive interaction of overlapping binding sites. Finally,
however, NA inhibits binding of [3H]IVM with two distinct
affinities: aKH of 25 pM for 40% of the sites and aKL of
50 nM for the remainder (KI values were calculated as above
from IC50’s of 125 pM and 0.25µM, Figure 6B). TheKD

for direct binding of [3H]NAmide is 9-12 pM (Figures 2,
3, and 7).

One explanation for the interaction between NA and IVM
is that both ligands bind to GluCls with high affinity, but
about half of the IVM binding sites are to a different binding
site on the same channel or to a different type of channel
that does not have a high affinity binding site for NA. The
latter interpretation predicts that the fraction of IVM binding
susceptible to high affinity inhibition by NA will vary among
tissue preparations; studies with membranes from grasshop-
pers,Drosophilaembryos, andC. elegansare consistent with
this prediction. The electrophysiological studies with grass-
hopper neurons suggests that there are GluCls that bind IVM
with high affinity, but not NA. These neurons have a high
density of IVM binding sites (10) and large glutamate-gated
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chloride currents (Figure 1), but lack the picomolar affinity
binding sites for NA. In all our studies, we have not found
a preparation that binds [3H]NAmide without a corresponding
binding site for [3H]IVM or responds to NA but not to IVM.

Although some of our studies indicate the existence of
receptors that bind with high affinity IVM but not NA, it is
possible that these are not present inDrosophila head
membranes and that this preparation has a single receptor
for both NA and IVM. This explanation requires that the
receptor has multiple high affinity binding sites for IVM but
not for NA and that NA inhibits IVM binding to only half
of the IVM binding sites with high potency. The simplest
formulation of this interpretation is that NA competitively
inhibits the binding of IVM, but only at one of its two
binding sites on a GluCl with high potency. The inhibition
of [3H]NAmide binding by IVM (Figure 7B) is consistent
with such a competitive interaction. Since the two molecules
have no gross structural similarity, their binding sites are
likely overlapping but nonidentical. This explanation also
predicts that NA will alter the apparentKD for IVM binding,
but not theBmax. Although an apparent change inBmax is
shown in Figure 7A, it is not feasible to use high enough
concentrations of [3H]IVM to definitively rule out a NA-
induced change in theKD of [3H]IVM for half of the binding
sites. It is possible to account for these binding data with
competitive inhibition by NA with two distinct affinities:
high affinity binding sites withKI ) 25 pM for half of the
sites and low affinity binding sites withKI ) 50 nM for the
remainder. TheKI for high affinity inhibition is consistent
with theKD for NA of 9-12 pM obtained from direct binding
experiments (Figures 2, 3, and 7B), supporting the interpreta-
tion of a competitive interaction. Interestingly, both the
control binding isotherm of [3H]IVM (Figure 7A) and the
binding isotherms previously presented (10) are compatible
with ligand binding to a single site and do not indicate
multiple populations of receptors. Thus, the multiple [3H]-
IVM binding sites must have very similar affinities for IVM
(33).

We are biochemically isolating IVM receptors to determine
whether all IVM binding sites are on the same complex or
are on multiple complexes that are biochemically and
immunologically distinct. We find that the multimer contain-
ing both the [3H]IVM and [3H]NAmide high affinity binding
sites contains bothDrosophilaGluCl (11) and a subunit of
GABA-gated chloride channels corresponding to the resis-
tance to dieldrin and lindane (rdl) locus (36-39). The IVM
binding sites associated with low affinity NA binding contain
GluCl but not Rdl (37-39).

In the membrane fragments and vesicles used in the
binding assay, GluCls can be in the closed, open, or
desensitized states. Although the distribution among these
states is unknown, it is likely that channels flicker among
these states. We hypothesize that in the absence of any
agonist, most channels are in the closed, available state and
that L-glutamate shifts channels to the desensitized state.
Thus, the inhibition of NA binding by glutamate (Figures
3A and 5A,B) suggests that NA binds with greater affinity
to closed-available channels than to desensitized ones. Based
on microscopic reversibility, we therefore expect that NA
inhibits glutamate-induced desensitization. Indeed, NA po-
tentiates glutamate-induced channel opening (Figure 1C) and,
at higher concentrations, opens the channel alone (Figure

1A,C,D). In C. elegans, opening of the GluCl channel by
IVM leads to paralysis, starvation, and death of the organism
(8). In this work, we show that NA has a similar effect on
insect GluCl.

NA is a remarkable example of convergent evolution. The
avermectins are bacterial products that open GluCls. Until
now, the only other agents known to target GluCls were close
structural analogues such as the milbemycins, which also
are bacterial products. NA is produced by an endophytic
fungus (17) and is grossly structurally dissimilar from the
avermectins, yet it also opens GluCls. The discovery of
additional natural products that target GluCls reinforces the
belief that opening GluCls is an efficacious means of
achieving insecticidal activity. NA, then acts as a natural
defense against foraging insects and is thus an excellent
molecule for an endophydic fungus to produce.
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