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ABSTRACT. 3°S-labeled derivatives of the insecticides nodulisporic acid and ivermectin were synthesized
and demonstrated to bind with high affinity to a population of receptof3rosophilahead membranes

that were previously shown to be associated with a glutamate-gated chloride channel. Nodulisporic acid
binding was modeled as binding to a single population of receptors. lvermectin binding was composed of
at least two kinetically distinct receptor populations, only one of which was associated with nodulisporic
acid binding. The binding of these two ligands was modulated by glutamate, ivermectin, and antagonists
of invertebratey-aminobutyric acid (GABA)ergic receptors. Because solubilized nodulisporic acid and
ivermectin receptors comigrated as 230-kDa complexes by gel filtration, antisera specific for both the
Drosophilaglutamate-gated chloride channel subunit Gu@mGIuClo) and the GABA-gated chloride
channel subunit Rdl (DmRdl) proteins were generated and used to examine the possible coassembly of
these two subunits within a single receptor complex. DmGiugitibodies immunoprecipitated all of the
ivermectin and nodulisporic acid receptors solubilized by detergent Bomsophilahead membranes.
DmRdI antibodies also immunoprecipitated all solubilized nodulisporic receptors, but-@d%6 of the
ivermectin receptors. These data suggest that both Dm@ladd DmRdI are components of nodulisporic

acid and ivermectin receptors, and that there also exists a distinct class of ivermectin receptors that contains
the DmGIuCt subunit but not the DmRdI subunit. This co-association of DmGiLeEid DmRdI represents

the first biochemical and immunological evidence of coassembly of subunits from two different subclasses
of ligand-gated ion channel subunits.

The invertebrate-aminobutyric acid (GABA)-gated Rdl  GABA-responsive class of ionotropic receptors, but it is
and glutamate-gated chloride channel (GIuCl) gene families phylogenetically distinct from both mammalian GABAnd
are members of the ligand-gated ion channel superfamily GABAc receptors §—10). However, homomeric DmRdI
that includes nicotinic acetylcholine, GABA GABAc, receptors expressed in heterologous systems have biophysical
glycine, and ionotropic serotonin receptots Z). Both Rdl properties that are dissimilar to those observed with native
and GluCl are targets of action for insecticides and anthel- neuronalDrosophila GABA receptors 11, 12), suggesting
mintics @, 4), but the subunit composition of native that DmRdl coassembles with other subunits in native
invertebrate receptors that contain these subunits is poorlyreceptors.

characterized. Mammalian nicotinic acetylcholine and GABA The glutamate-gated chloride channel family (GluCl) was

receptors have been extensively studied and shown to befirst identified by expression cloning of subunits of an

pentameric structures composed of two to four closely related avermectin-sensitiv€aenorhabditis eleganshloride chan-

yet distinct subunits, 6). Native receptors assembled from nel (13). The avermectins, which include ivermectin (IV¥),

subunits of different receptor families, however, have not gre a family of macrocyclic lactones widely used in human

been described. health, animal health, and crop protectiabd,(15). The
TheDrosophilaRdl gene (DmRdI) was initially identified  DrosophilaGluCla subunit (DmGIuCk), cloned by homol-

as the gene that confers resistance to the cyclodienepgy to aC. elegansGIuCl gene, can express homomeric

insecticide dieldrin ). The Rdl protein is a member of the  channels in Xenopus oocytes that are gated by glutamate,

ivermectin, and nodulisporic acid (NALG, 17), the latter
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(20, 21). The pharmacology observed with homomeric Scheme 1: NA and Derivatives of NA and IVM
expression of the DmGIlu@lsubunit in oocytes differs from
that of native locust neuronal GluCl receptors, suggesting
that DmGIuCl,, like DmRdI, may also be part of a
multisubunit receptor complex2®).

High affinity receptor sites have been identified fé]-
ivermectin (PH]IVM) and a tritiated amide derivative of
nodulisporic acid H]NAmide, 22) in Drosophila head
membranes. Binding oflH]NAmide to these membranes is

modulated by glutamate noncompetitively, suggesting the OH NA
presence of a GluCl subunit DrosophilaNAmide receptors ~_ OH
(22). Furthermore, NA modulates the binding of IVM to NX [HINAmide

these membranes in a biphasic manner, suggesting the

existence of multiple populations of receptors. In addition /N gl - )
to DmGIuCk, a second component of VM receptors is NN §~CHa [T"SINAmide
likely a GABA subunit because IVM noncompetitively

inhibits binding of ethynylbicycloorthobenzoate (EBOB), an

insecticide shown to bind insect GABA-gated chloride o} OMe

channels 23, 24). H30—35#—N

In the present study, the subunit composition of IVM and 0 5 OMe
NA receptors fronDrosophilahead membranes was inves- O,
tigated with both pharmacological and immunological tools. 0
Using [P°S]labeled derivatives of IVM and NAmide as Y
radioligands, we show that the NAmide receptor behaves
kinetically as a single population, and that its pharmacologi-
cal properties are consistent with NAmide receptors being
coupled to both glutamate and GABA responsive subunits.
Furthermore, antibodies specific for either DmGIlaGir
DmRdI immunoprecipitate all NAmide receptors solubilized
from Drosophilahead membranes. In contrast, there are at
least two kinetically distinct populations of IVM receptors,
only one of which is associated with the high-affinity
NAmide receptor. Saturating concentrations of DmRdI
antibodies immunoprecipitate only 70% of the solubilized sejution was concentrated at atmospheric pressure in a 65
IVM receptors, although DmGIu@l antibodies immuno- ¢ ojl bath to 100uL. A small crimp-cap vial was charged
precipitate all of these receptors. These data suggest thafyith the NAmide precursor (8 mg, compound 22 in 24j,
DmGIuCl and DmRdI are coassembled in a heteromeric gichioromethane (5@L), and a magnetic stir bar. To this
complex in both NAmide receptors and a subpopulation of |2 \vas added theé}S]MsCl in dichloromethane (100L).
IVM receptors found WithirDro_sophiIahead membranes, . The tapered flask was washed with dichloromethane (2
and that other IVM receptors in theﬁe membranes ContamSOyL), and these washes were added to the reaction mixture.
I_DmGI_uCIa byt lack DmRdl. _These findings represent th_e Triethylamine (5uL) was added to the reaction mixture, and
first blocher_mcgl documentation that GluCl and Rdl subunits the sample was stirred f@ h atroom temperature. The
coassemblén vivo. mixture was diluted with dichloromethane (3 mL), transferred
to a 25-mL conical flask, and washed with 0.5% NaHCO
(3 mL). The aqueous portion was washed with dichloro-
methane (2x 2 mL). The combined organic extracts were
gvaporated to near dryness under a stream of nitrogen gas
and diluted with 30QuL of mobile phase (methanol/water,
(accession number U58776), DmRdI (accession numberl:l V/V). The crude product was purified by using semi-
M69057), andC. elegansGluClal (accession number Preparative HPLC (Luna phenyl-hexyl, 250 10 mm);

U14524). Peptides26) were synthesized by Research 85A:1580\(er 30 min; A= methanol; B= water containi.ng
Genetics, Inc. (Birmingham, AL); rabbit antisera were 0-1% HCIQ; at UV = 240 nm and flow rate 4 mL/min).

osjivm

Preparation of F°SINAmide.A 10-mL tapered conical
flask was charged with 22.0 mCi o#>g]methanesulfonyl
chloride (MsCI) @6) in dichloromethane (3 mL). The

MATERIALS AND METHODS

Generation of DmGIlu@, DmRdI, and C. elegans Glu&l
Antisera. Polyclonal rabbit antisera were raised against
synthetic peptides whose sequences were selected from th
highly diverged M3-M4 intracellular loop of DmGIu@l

produced by Covance, Inc. (Denver, PA). DmGlaGinti-

Combined fractions were neutralized with NaH{S0lution.

sera Gcl3 was generated against the peptide sequencésolation of final product was accomplished using a sep-pac

ST PLVRHPGDPLALEKR®:, DmGIuClt antisera Gcl5
was generated against the peptide sequétbBVIHKEN-
MKKKRRDLEQASLDAA?31 DmRdl antisera Rd7 was
generated against the peptide sequerfeéRIQMR-
KQRFMAIQKIAEQKKQQLD®® C. elegansGluClod anti-

(YMC ODS C18, 300 mg) and yielded®g]NAmide
(Scheme 1, compound 25 in 127) in >99% radiochemical
purity as determined by analytical HPLC. The total activity
obtained was 9.3 mCi with specific activity 908 Ci/mmol or
1097 mCi/mg as determined by LC/MS. Over the course of

sera Ceal was generated against the peptide sequenceight syntheses, the specific activity ranged from 525 to 1291

S6INKQGVERKARTEREKAEIPLLQNE,

Ci/mmol on the reference date.
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Preparation of F5S]IVM. A 10-mL tapered conical flask
was charged with 24.0 mCi*8]MsCl (26) in dichlo-

romethane (3 mL). The solution was concentrated at atmo-

spheric pressure in a 8% oil bath to 10Q:L. A small crimp-
cap vial was charged with thé>g]IVM precursor (9 mg of
4"-desoxy-4-epi-amino-IVM, compound 3 in ref28),
dichloromethane (100L), and a magnetic stir bar. To this
vial was added®S]MsCl in dichloromethane (10@L). The
flask was rinsed with dichloromethane £250uL), and the
rinses were added to the reaction mixture. 4-(Dimethylami-

Ludmerer et al.

in the presence of 100 nM unlabeled ivermectin or 100 nM
NA. Separation of bound from free ligand was achieved by
addition of 3 mL of ice cold wash solution (0.5% Triton
X-100) followed by rapid filtration through Whatmann GF/C
glass fiber filters that had been soaked in 0.15% Triton
X-100, 0.25% polyethyleneimine. Radioactivity retained on

filters was determined by liquid scintillation techniques.

Association of the radioligands to their receptor was
determined as follows: at zero time, radioligands were added
to beakers containing all other components, and then

no)pyridine (15 mg) was added to the reaction mixture, and appropriate volumes of this mixture were rapidly pipetted

it was stirred fo 2 h atroom temperature. The mixture was
diluted with dichloromethane (3 mL), transferred to a 25-
mL conical flask, and washed with 0.5% NaH&@ mL).

into separate test tubes. The contents were harvested at the
times indicated in the figure by the filtration procedure
described above. For the data depicted in Figure 3, a different

The aqueous portion was washed with dichloromethane (2methodology was used. Test tubes with or without aliquots
x 2 mL). The combined organic extracts were evaporated of NA or IVM were prepared to which radioligand was
to near dryness under a stream of nitrogen gas and dilutedadded. To initiate the binding reaction (zero time), a large

with 500 4L of mobile phase (acetonitrile/water, 1:1 v/v).

aliquot of membranes was pipetted into each test tube. This

The crude product was purified by using semipreparative methodology required a minimum of two separate pipettings

HPLC (Zorbax Rx-C8 (250« 10 mm); 60 A: 40 B over 30
min; A = acetonitrile; B= water containing 0.1% TFA, at
UV = 254 nm and flow rate 4 mL/min). Combined fractions
were collected. Isolation of final product utilizing a sep-pac
(YMC ODS €18, 300 mg) yielded3jS]IVM, 7.3 mCi,
(Scheme 1, compound 25 in r28), in >99% radiochemical

into the same test tube, which doubled the error due to the
pipetting, but also minimized systematic differences in
radioligand concentration.

Binding Data AnalysisSee appendix.

Solubilization of IVM and NAmide Receptors from Droso-
phila Head Membraneg#\pproximately 20 fmol of receptors

purity as determined by analytical HPLC. Over the course were incubated with~0.1 nM [F°S]NAmide or 5S]IVM in
of 10 syntheses, the specific activity ranged from 600 to 1035 100 xL of binding buffer for -2 h at room temperature.

Ci/mmol on the reference date.

To calculate current specific activity of a radiolabeled
compound at submaximal specific activity, the following
formula was used:

SACurr: FI[14 SARef —[(1 - F)/SAThec]}]

where the specific activities are current, at the original

Nonspecific binding was determined in the presence of 100
nM unlabeled IVM. At the end of the incubation period,
membranes were diluted to 95Q with solubilization buffer

(10 mM HEPES, pH= 7.5, 150 mM NacCl, 0.1 mg/mL
bacitracin) at CC, and 5QuL of 10% lysophosphatidylcho-
line (LPC) was added dropwise, mixed by gentle pipetting,
and the solution incubated on ice for 30 min. Material
solubilized by 0.5% LPC was clarified by centrifugation at

reference date and at maximum theoretical specific activity, 10000@¢ for 45 min in an Optima TL ultracentrifuge

andF is equal to 0.992 whereD is the number of days

(Beckmann Instruments, Palo Alto, CAJ. eleganamem-

from the reference date to the date when the experiment wasbranes were prepared as previously described 88§YM

subject to scintillation analysis. SAo,was 1498 Ci/mmol.
Preparation of Drosophila Head Membranes. D. mela-

nogaster(Oregon R) were cultured by standard techniques,

and adult flies were harvested and stored frozen@ °C.

binding conducted as witlbrosophila head membranes
described above*§5]IVM binding and solubilization of$S]-

IVM-labeled receptors fronC. elegansmembranes was
performed identically to that dbrosophilareceptors except

The heads were separated from the bodies by vigorousthat (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-

shaking while flies were frozen, followed by sieving. Heads
derived fron 5 g of whole flies (approximately 20 mL of
loosely packed flies) were homogenized in 20 mL of ice
cold 50 mM HEPES pH 7.0 using a Brinkmann Polytron.
The homogenate was filtered through two layers of cotton
gauze and then centrifuged at 80f@r 5 min. The super-
natant was centrifuged at 20afdor 15 min, and the
resulting pellet was resuspended~dt mg of protein/mL in
50 mM HEPES pH 7.0, and stored &f70 °C. C. elegans
membranes were prepared as previously descripgd (
Binding of F°S]IVM and F°S]NAmide to Drosophila Head
Membranes.Binding of [F*SINAmide and $°S]IVM was
determined similarly to procedures described previouy. (
Briefly, 1 ug of membrane protein was incubated with
radioactive ligand (3 pM for assays conducted at a fixed
concentration of radioligand) at room temperature for a
minimum d 1 h in a 3 mLfinal volume of binding buffer
(50 mM HEPES-KOH, pH 7.5, 0.1 mg/mL bacitracin, and
2% dimethyl sulfoxide). Nonspecific binding was determined

sulfonate) was substituted at 1.0% final concentration for
LPC.

Size Fractionation of Solubilized IVM and NAmide Recep-
tors from Drosophila Head Membranes. Drosophiiaad
membranes were incubated with eith&S]JIVM or [3°S]-
NAmide, and solubilized as described above. The LPC-
solubilized extract was concentrated 5- to 10-fold on a
Centricon 30 spin column. A total of 2Qf. of solubilized,
concentrated membrane extract was loaded onto a Superose
6 FPLC column equilibrated with 10 mM HEPES, 150 mM
NaCl, 0.1% LPC at a flow rate of 0.5 mL/min at 4.
Fractions of 0.5 mL were collected and analyzed.

Immunoprecipitation of Solubilized IVM and NAmide
ReceptorsAntisera was mixed with protein A:Sepharose
beads overnight at 2C at a ratio of 2 mL of antisera/mL of
bed volume of protein A:Sepharose (binding capacity 20 mg
of IgG/mL of bed volume of resin). The resin was pelleted
by low-speed centrifugation, washed a minimum of 5 times
with 10 mM HEPES pH 7.5, 150 mM NacCl, 0.1 mg/mL
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bacitracin, and resuspended in the same buffer to twice the 1000
resin bed volume. One unit of IgG:protein A Sepharose in
the immunoprecipitations is defined as one milliliter of the
final resuspension of beads.

IgG:protein A Sepharose suspension (0.5 unit) was incu-
bated with 1 mL of solubilized prelabeled receptors for 2 h
at 4 °C. For antibody titrations, total protein A:Sepharose
was kept constant, and specific antisera coupled beads were
mixed with nonpreabsorbed beads in appropriate ratios to
keep the bed volume constant. Following incubation, the
resin was recovered by low-speed centrifugation, and the
supernatant was removed and filtered to determine the
amount of receptors not removed by the antibody coated
beads. The pellets were washed 5 times with ice-cold Triton 0 0 S%mey Min12° 160
wash buffer (0.1% Triton X-100, 50 mM HEPES, pH 7.5, . .

Ficure 1: Binding of P°S]NAmide to head membranes from

150 mM NaCl, 0.1 mg/mL baCItr?.CIn), resfuspe.n.ded in Drosophila melanogasteGamples assayed in the presence of IVM
CytoScint (ICN), and bead-associated radioactivity was (1y or NA (x), both at 0.14M, were used to define nonspecific

determined by liquid scintillation techniques. For sequential retention of radioactivity by the filter. They averaged 184 CPM
immunoprecipitations, the supernatant from the initial im- (mean+ SD,n= 96). 134 CPM has been subtracted from all data
munoprecipitation was incubated with another aliquot of IgG: Peints depicted. Samples without competing NA or VM were in

. . . . final volume of 1 mL ©), 3.5 mL (1) or 5 mL (0); for figure
proteinA Sepharose, and the incubation times were redl'lceoﬁllarity, samples run at 2 mL final volume are not depicted. Data

to 90 min. S _ o were fitted to a monoexponential association model (solid lines).
Immunoprecipitation experiments shown in this work are From the exponential association modelss were generated, and
complete single experiments where the data points arethe inset shows these values plotted vs the concentration of free
; i [3S]NAmide used. The slope of the line describing these data points
averaged from two or more replicate samples within the {0 °% g\ T o intercept is 0.00059%s The curves
experiment. To further verify reproducibility, complete i, “{he inset are the 95% confidence bands (Igor Pro). To
experiments were repeated a minimum of three times independently measure the dissociation rate, ligand and membranes
employing antisera obtained from at least two different were first incubated for 48 min to allow for association, then 0.1
rabbits immunized with the same peptide sequence. #M NA (boxed x sign), 0.14M NA plus 1 mM GABA (boxed

: plus sign), or 0.1uM NA plus 1 mM glutamate) were added.
Materials. VM and NA were from the Merck sample These samples were distributed and harvested at the times indicated.

collection. Lysophosphatidylcholine was from Sigma (St. These data were modeled as a monoexponential decay with a
Louis, MO). rec-Protein A Sepharose 4b was obtained from common initial amount bound of 960.9 CPM, using the global fit
Zymed (S. San Francisco, CA). Lindane isomers were from package in Igor. The fitted exponential decay rates were 0.00026
Chem Service (West Chester, PA). s1for both NA and NA plus GABA, and 3-fold higher at 0.00077

' s 1 for NA plus glutamate.

800
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200

[**SINAmide Specifically Bound, GPM

RESULTS

Drosophila Head Membranes Contain Populations of High the association rate constakt, was 1.24x 10° M1 s!
Affinity Binding Sites for SINAmide and $S]IVM. Both [Confidence Interval (C.I.) 1.0% 10°to 1.46x 1 M~!
[®H]IVM and [*H]NAmide were shown to have dissociation s 1]. The geometric mean value for the dissociation rate,
constants below 50 pM2Q). Therefore $°S]IVM and [*°S]- was 0.00031 ¢ (C.l. 0.00018-0.00055 s, n = 4). The
NAmide (Scheme 1) were synthesized, generating radioli- time course of dissociation ofS]NAmide was measured
gands with 25-50-fold higher specific activity, and allowing  directly by first allowing ligand and receptor to associate,
quantitation of much lower levels of receptor. Binding of and then adding a large excess of NA or IVM and following
the novel ligand S]NAmide was inhibited by NA, IVM the dissociation reaction (Figure 1). This resulted in an
(Figure 1), andN-(2-hydroxyethyl)nodulisporamide (Scheme geometric mean value for th&§]NAmide dissociation rate
1); nonspecific binding was relatively low witB58]NAmide k-, of 0.000208 s' (C.l. 0.000168-0.000258 s, n = 4),
(134 CPM, Figure 1). consistent with the indirectly derivdd ; but with a smaller

To rigorously identify the binding site, time and concen- error, and corresponding to half-times with a range of 45 to
tration dependencies of the association of the radioligand to67 min.
the binding sites were studied; it was concluded that for the  As with [*H]NAmide (22), 1 mM glutamate, but not 1
purposes of this study338]NAmide bound to a single high mM GABA, increased the rate of dissociation ¢fg]-
affinity site in these membranes (appendix). The associationNAmide by 3.15-fold (C. I. 2.663.73-fold,n = 4). The
of [**S]NAmide with membranes in the absence of competi- dissociation constarp can be calculated by dividing-;
tor was both time- and concentration-dependent (Figure 1 by kj; the value is 2.80 to 1.70 pM, using either the value of
and inset). The time course of association 88[NAmide k_; derived fromkogs or the directly determineé_;. The
was measured at four concentrations, with three of the dataKp derived from direct measurement of the equilibrium
sets depicted (Figure 1). These four data sets were fit to abinding was 3.42 pM (C.I. 2.364.95 pM,n = 4), which is
monoexponential association function. Thenkbgs for the similar to the kinetically derived measurements. Bygx
monoexponential fits were plotted vs the concentration of measured using®}SINAmide was within 10% of théBax
[3S]NAmide (see inset Figure 1); the regression line of the using FH]NAmide in an experiment performed in parallel;
data has the slope & and intercept ok, (22). Over four the Bnax Was 1.44 pmol/mg of protein (SD 0.3@,= 7).
repetitions of this experiment, the geometric mean value of Thus, F°S]NAmide bound with high affinity to the same
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single binding site within these membranes as the binding
site previously described foPH]NAmide (22).

The binding of °S]IVM (Scheme 1) tdDrosophilahead
membranes was more complex than that 8]NAmide.
The equilibrium binding measured after 24 h resulted in a
Bmax Of 2.55 pmol/mg of protein (SD 0.3 = 7) and the
Kp was 3 pM (data not shown). After 48 h equilibration, the
equilibrium bindingKp of [3°S]IVM could be modeled by
binding of ligand to a single site (Figure 2A) with an affinity
of 0.229 pM; in the presence of saturating NA, inhibition of
[3%S]IVM binding to approximately half of the sites was
observed with a small shift in thé€p to 0.431 pM; theBnax
was decreased by 50% relative to Bygxseen in 24 hif =
4). The association of§S]IVM with its receptors was not
compatible with binding of the ligand to a single high affinity
receptor population, but was consistent with a model where
it bound to two (or more) receptor types in these membranes.
Therefore, when varying both the concentrations %8]f
IVM and time of association in the binding assays (Figure
2B), the data better fit a biexponential association process
rather than a monoexponential process (see appendix).

The directly measured dissociation rate was 0.000014 s
(C.1. 0.000009-000023 s, n = 5), which corresponds to a
half-time of greater than 500 min. Data were obtained for
1.5-3.2 h after initiation of dissociation. This time frame
represents only a small fraction of the dissociation curve;
there could easily exist an undetected population of receptors
that dissociate more slowly. Collectively, these results show
that F°S]NAmide and $°S]IVM bind differently to Droso-
phila head membranes. Wherea8SJNAmide binds to a
single population,¥S]IVM binds to more than one popula-
tion of receptors. The difference in the binding populations,
combined with the known sensitivity 6¢50% of the IVM
sites to NA (Figure 2A), suggested that if the binding of
IVM was conducted in the presence of NA, the binding data
might be fit to separate monoexponential functions. This
proved not to be the case (Figure 3). NA-sensitive VM
binding, although highly variable, did fit a single site model;
however, the NA-insensitive IVM binding continued to more
closely fit the two-site model (Figure 3). Therefore, these
data indicate that there are more than two distinct components
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Previously, it was shown that théH]NAmide binding 0 5 015 20 25 30 35
site was associated with a GIuCl channel. Figure 4 shows Ss1IvM, pM

that F°S]NAmide binding was stereoselectively inhibited by FlGURE 2-

Identification of B5S]IVM binding sites inDrosophila

the known invertebrate GABAergic antagonists and melanogastehead membranes. (A) Two day equilibrium saturation
V'hexaChlorOhexane. These results SUggeSted that a GABA'bmdmg in the absenc@]o or presence of 0.AM NA ( ><) showed

responsive subunit is also associated with #88]NAmide a specific binding site with &p of 0.229 or 0.431 pM, respectively;
binding site. Multiple populations of IVM receptors with  theBmaxWas decreased in the presence of NA to 60‘? of that seen
distinct subunit compositions could account for the two or N the absence of NA. ThBr., was decreased by 50% from that

L L . seenm a 1 day equilibrium assay & 4), and to keep total receptor
more distinct IVM binding sites observed. Consequently, the_ concentration reduced, the assay was run at @6 protein per

possible coassembly of the glutamate-responsive subunitassay point. The values at the highest concentration of ligand are
DmGIuClo. and the GABA-responsive subunit DmRdI within ~ depicted but were not included in the fit. (B) Time course of
native IVM and NAmide receptors frorBrosophila head association of PS]IVM with D. melanogastehead membranes.
membranes was investigated Membranes and}S]IVM were combined at zero time in various

e . . volumes; samples were aliquoted for individual sampling at the
Solubilization of Drosophila IVM and NAmide Receptors. times indicateg (volumes Wgre 1 mi], 3.5 mL [0], angl ngL

One approach to characterize receptor subunit composition[O]; the 2-mL samples are not shown for clarity). The solid lines
is to immunoprecipitate radioligand-bound receptors from are a biexponential fit to the data (see appendix). The inset shows
solubilized membrane extracts using subunit-specific antisera.:)r:gbdc;{lencc}'i’,vi'{‘he%sslilrsﬁﬂ d('zssn‘zcl_'iltmnfg]é\é'\gflfgr?heﬂgrsaggz
Thus,Drosothahead membranes.,' preeqyllllbrated \AﬁESI- (C) Themonoexponential predicte#; andk_; derived from the
IVM or [*S]NAmide, were solubilized with LPC; typically  data shown in panel B (see appendix). The confidence intervals
25 and 13% of the IVM and NAmide receptors were predicted (Igor Pro) are indicated by the curved lines.
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FiGURE 3: Association of 5S]IVM to Drosophilahead membranes
in the presence of NA. Time course of association ¥8]lVM . . -
with receptor in the absenc®) or presence®) of 1 uM NA; the s
difference between binding in the absence and in the presence of & 1000 — —
1 uM NA (x) is also plotted (nonspecific averagel34+ 12,N <
= 46, has been subtracted from the data depicted). The data were § i B
fitted to a biexponential (solid lines) association model or monoex- 3"
ponential model (dashed line). The data exhibit more variability & 500 — |
due to the inherent pipetting error (see Methods). Similar results .
have been seen in four similar experiments. |
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Ficure 5: Properties of solubilized IVM and NA receptors. (A)
S-100 extracts, prelabeled witft§]NAmide (squares) oPIS]IVM
(circles) were incubated at 2open symbols) or4(filled symbols)
for the indicated times and then filtered to assess radioligand-bound
receptor. Not shown are data points collected at 20 h. The lines
shown are modeling the entire data set (including the 20 h samples)
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Fractional [ S|NAmide Binding

0.0 = vy JRRL P PR P with half-times of dissociation of 20 h or greater for the samples
—0 107 107 107 10 107 held at 4, and approximatgl 2 h for the samples maintained at
[Lindane Isomer], Molar 22°. The values shown were averaged from triplicate samples; this

FiGURE 4. The binding of ¥S]NAmide is modulated by GABAer-  figure is representative of the two times this experiment was run.
gic ligands: inhibition of °S]NAmide binding by isomers of ~ (B) 200 uL of [*S]IVM- or [3*S]NAmide-labeled, solubilized
hexachlorohexaneDrosophila head membranes were incubated Drosophilahead membrane S-100 extracts were size fractionated

with 3 pM [35S]NAmide far 1 h in thepresence ofx-HCH (O), on an FPLC Superose 6 column. Fractions of 0.5 mL were collected
B-HCH (a), y-HCH (Q), or 6-HCH (m). Similar results have been ~ and analyzed for total*{S]IVM (@) or total F°S[NAmide (&)
seen in two other experiments. radioactivity. The values shown are representative of three inde-

pendent fractionations for IVM receptors and two independent
recovered in a high-speed supernatant after solubilization (S-fractionations of NAmide receptors. The column was calibrated by
fractionating a cocktail of the following proteins both before and

100). The presence of intact receptor was determined by Batter fractionation of the IVM and NAmide samples, and averaging

filtration assay for {*S]ligand; only conformationally intact  the values: chymotrypsinogen A, 25 kDa; ovalbumin, 43 kDa;
receptors retain binding of the noncovalently bound ligand. bovine serum albumin, 67 kDa; aldolase, 158 kDa; catalase, 232
Yield of intact receptor in detergent solubilized extracts was kDa; apoferritin, 440 kDa; thyroglobulin; 669 kDa; blue dextran,

poor when other detergents were substituted for LPC (data5000 kDa. T.he elution of positions of blue dextran, catalase, and
not shown), including detergent conditions successful in BSA are indicated.

solubilizing mammalian GABA receptors 30, 31). The temperatures used in the binding and immunoprecipitation
interpretation of the experiments on solubilized receptors studies, respectively. Solubilized prelabeled receptors had a
discussed below is limited to those populations stably half-time of dissociationfd® h when held at 22C, consistent

solubilized by the LPC solubilization procedure. with the dissociation from membranes at this same temper-
To monitor immunoprecipitation of receptor populations ature (Figures 1 and 2). When held &t@, receptor-ligand
using noncovalently bound radioligands, the recepligand complexes were much more stable; the half-time of ligand

complex must have a sufficiently slow dissociation rate such dissociation for both3S]IVM or [*S]NAmide was 24 h
that free radioligand generated during the course of the (Figure 5A). Thus, in a 24 h immunoprecipitation protocol
immunoprecipitation does not obscure interpretation of the = 89% of the initial bound radioligand remained bound.
experimental results. LPC solubilized S-100 extracts were Further validation of the stability of the receptdigand
tested for ligand dissociation at both 22 and°@, the complex was demonstrated in the gel-filtration behavior of
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Ficure 6: Antibody concentration dependence of immunoprecipitation of NAmide and IVM receptors with DmGIuCl and DmRdI antisera.
Drosophilahead membranes were incubated with eitife8]NAmide or F°S]IVM, solubilized, and immunoprecipitated with increasing
concentrations of either DmGlu&lantisera Gcl5 (A and B) or DmRdI antisera Rd7 (C and D), as described in the text. Filter-trapped
[3*S]NAmide or B5S]IVM within the supernatant are shown Bs[3°S]NAmide or F°S]IVM recovered in the immunoprecipitate pellets are

shown ad. The experiments shown in the figure are complete single experiments where the data points are the average of two or more
replicate samples. Each experiment was performed in its entirety a minimum of three times, with antisera produced from at least two
different rabbits, immunized with the same peptide sequence. Baseline immunoprecipitations using nonimmune antisera (less than 200
CPM) have been subtracted.

the solubilized receptetligand complexes. Superose 6 FPLC
fractionation of solubilized ¥S]IVM and [F*S]NAmide antisera recognized bacterial fusion proteins with their
receptors yielded superimposabiégJligand peaks at a respective M3-M4 region, but displayed no significant
molecular size appropriate for a pentameric ligand-gated ion cross-reactivity (data not shown).
channel receptor (Figure 5B). The estimated molecular Solubilized receptors prelabeled with eith&S]IVM or
weight of the peak fraction was230 kDa, which is the [3S]NAmide were immunoprecipitated by DmGIuCanti-
size predicted for a pentameric receptor complex of indi- sera Gel5 (Figure 6A, B). Increased concentrations of antisera
vidual 45-60 kDa subunits. Greater than 93% of the correlated with both removal of radioligand from the super-
solubilized p5S]ligand loaded onto the column was recovered natant and recovery of radioligand in the pellet. At suffi-
in the 230-kDa peak fractions. Fre&g]IVM and [**S]- ciently high antibody concentration, quantitative removal of
NAmide migrated in the tail column fractions. Therefore, radioligand from the supernatant occurred, with quantitative
we assume that immunoprecipitation éfdJligand using  recovery of radioligand in the pellet. As a test for antibody
subunit sp_ec_:ific an_tisera was indicative of the presence of specificity, immunoprecipitation was blocked by inclusion
the subunit in the ligand complex. of excess DmGIu@l peptide, but not by excess DmRdI
Immunoprecipitation of NA and IVM Receptors with peptide (data not shown). Similar immunoprecipitation and
DmGIuCh. and DmRdI AntiseraSubunit specific antisera  peptide competition results were observed with a second
were generated to identify DmRdl and DmGleQubunits DmGIuClo. antisera Gcl3, which was generated against a
within the IVM and the NA receptors3@). Antisera specific different peptide sequence within the DmGlaQW3—M4
for either DmGIuCt. or DmRdI were generated by im- intracellular loop region (Figure 7A, B and additional data
munization with synthetic peptides whose sequences werenot shown). Thus, 100% of all solubilized IVM and NAmide
selected from the highly diverged M34 intracellular loop receptors contain the DmGIlu&l

region of DMGIuCé or DmRdIl. The DmGIluGk and DmRdI
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' l ! Table 1: Specificity of DmGIuGt and DmRdl Antisera against
A [33S]IVM Receptors fromDrosophilavs C. elegans
100 — —

(fmol of receptor immunoprecipitated)

receptors solubilized from

antisera Drosophila C. elegans

50 o — Gcel3 1.9 <0.02
Gcels 3.1 0.5
Rd7 0.7 <0.02
Cenl <0.02 1.9

2 <0.02 means that the values were below the limit of detection,
which was the standard deviation of the replicate nonimmune
immunoprecipitations.

35

[7"S]IVM, % remaining in supernatant

Non/Non
Rd7/Non

o
| )
Rd7/Rd7 -
T T

' Ra7/Gel3 I

2000 — immunodepletion was not significantly increased when the
B equivalent of 25 units of DmRdI antibodies, concentrated
] through peptide affinity purification, was added to a single

1500 5 B immunoprecipitation experiment (data not shown). Analo-

gous specificity tests demonstrated that immunoprecipitation
of NAmide receptors or IVM receptors was blocked by

inclusion of excess DmRdI peptide, but not excess Dm-
GluCla peptide (data not shown).

To test specificity, the antibodies were assayed for
immunoprecipitation of IVM receptors solubilized frot
elegansmembranes (Table 1). These membranes are popu-
lated by multiple subtypes of distinct IVM receptors that
contain several different members of the GluCl gene family

. - L . , (29, 33). Approximately 3 fmol (3000 CPM) of eitheC.
FIGURE 7: Sequential immunoprecipitations with DmRdI antisera | D hilalVM labeled and sol
Rd7 demonstrate the existence of a pool of IVM receptors that do elegansor brosophiia receptors, prelabeled and solu-

not contain DmRdIDrosophilahead membranes were incubated bilized, were added to immunoprecipitation reactions, which
with [3°S]IVM and solubilized as described. 1-mL aliquots of contained equivalent amounts Bfosophilaantisera Gcl3,
solubilized extract were immunoprecipitated with the indicated Gc|5, Rd7, orC. elegansGluClo. antisera Cel. Only
antibody. The amount of DmRd| antibody Rd7 was selected to causep luCle antisera Gel5 showed any affinity toward

> 50% immunoprecipitation of the input IVM receptors. The IgG: : . .
protein A Sepharose was recovered by a low-speed spin, and the?l€gandVM receptors. An amount of this antibody sufficient

supernatant was removed and equilibrated with a second aliquotto quantitatively immunoprecipitate all of the inpDtoso-
of the indicated antibody. Afterward, the supernatants were analyzedphila IVM receptors immunoprecipitatect16% of theC.
for receptor-bound3fS]IVM remaining after sequential immuno- elegansVM receptors. Subsaturating levels of GluCand

precipitations, while the pellets from both sets of immunoprecipi- - SO ..
tations were extensively detergent washed and analyzed for totaIDmRdl antisera Gcel3 and Rd7, which immunoprecipitated

[35S]IVM. The experiment shown in the figure is a complete single apprOXimately 63 and 24%, respectively, of th? .inpUt
experiment where the data points are the average of two or moreDrosophila receptors, both showed no cross-reactivity to
repl;cate samples. The experiment was performed in its entirety a subunits withinC. elegandVM receptors at these concentra-

minimum of three times, with antisera produced from at least two jons. An amount of &C. elegansGluClal antibody that

different rabbits immunized with the same peptide sequence. (A) . . - .
Receptor-bound 3S]IVM remaining in the supernatant after immunoprecipitated about two-thirds of the infilitelegans

sequential immunoprecipitations with either nonimmune antisera VM receptors was inactive again@rOSOPhi!aNM recep-

or DmRdl antibody Rd7, followed by a second immunoprecipitation tors. Thus, the DmGIlu@ and DmRdI antisera were not
with either nonimmune antibody, DmRd| antibody Rd7, or Dm- substantially cross-reactive with IVM receptors from this
GluCla. antibody Gcl3. Sequential immunoprecipitations with other invertebrate organism.

nonimmune antibody were performed to establish the total IVM . . . .
receptor population within the supernatant. (B) Immunoprecipitated _ AN interpretation of the above results (Figure 6) is that
[35S]IVM recovered after an initial immunoprecipitation with DmRdI was a component of some, but not all, of the IVM
nonimmune antibody or DmRdI antibody Rd7 in the first pellet receptors within solubilized extracts. To test this hypothesis,
(open bars) followed by a second immunoprecipitation with either extracts were immunoprecipitated using DmRdl antisera, and
Bonlmmune_ antibody, DmRd! antibody Rd7, or DmGluGinti- the supernatant was collected and subjected to a second
ody Gcl3, in the second pellet (shaded bars). . S . . .
immunoprecipitation using a fresh aliquot of antiserum.
Solubilized NAmide receptors were also quantitatively When nonimmune antisera was used as a negative control,
immunoprecipitated by DmRdl antisera Rd7 (Figure 6C). As no [¥°S]IVM was removed from the supernatant (Figure 7A)
with DmGIuCla. antibody Gcl5, increasing Rd7 antibody or recovered in the pellets (Figure 7B) during either round
concentrations resulted in quantitative removal of ligand from of immunoprecipitation. Sequential immunoprecipitations
the supernatant and recovery in the pellet. This demonstratedwith first DmRdI antisera followed by nonimmune antisera
that DmRdI was also a component of all NAmide receptors cleared the supernatant of 61% of the IVM receptors (Figure
within the solubilized extract. In contrast, immunoprecipi- 7A). As expected, the receptors were recovered in the first
tation of IVM receptors with Rd7 was incomplete (Figure pellet of these immunoprecipitations (using DmRdI antisera);
6D), and appeared to saturate wheb0% of the solubilized  the second immunoprecipitation, using nonimmune antisera,
receptors were removed from the supernatant. The level ofrecovered no additional receptors (Figure 7B). When DmRdI

1000 —

500 —

[>SJIVM in Pellets, CPM

[
RdA7/Rd7 =

Rd7/N
d7. onE
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P -~ Earlier work demonstrated that IVM receptors consisted
(,—-.I'.“ j— . i\ L ~ of two populations distinguishable by the potency of NAmide
{0 J ( J J inhibition of IVM binding; the Bnax for high affinity IVM
ety s ~A g receptors is approximately twice that for high affinity

( ) NAmide receptors 22). The NAmide binding sites were
Rdl GluCla ~ :;wc(a proposed to be associated with a GIuCl receptor because
NAAVM VM glutamate increased the dissociation rate of NAmide from

FIGURE 8: VM receptors from Drosophila head membranes consist its binding Slte. by. 3-fold, a.nd nodulisporic acid potentiated
of two populations distinguishable in subunit composition. The glutamate activation oBchistocerceGIuCI channels 22).
model illustrates two populations of IVM receptors solubilized from The present binding studies, employing novi&B]radioli-
Drosophilahead membranes that differ with respect to inclusion gands of higher specific activity, confirmed the earlier
of DmRdI. One population includes DmRdl and~$65% of the observations and further demonstrated tia8]NAmide

total population. DmGIuGlL is a component of both populations. o - . .
However, only the receptor population in which DmGIlaGind binding is conferred by a single receptor population. This

DmRdl are coassembled contains high affinity NAmide binding réceptor population could be modulated by isomers of
sites. The present work does not address the question of subunihexachlorohexane with a stereoselectivity appropriate for

stoichiometry; both DmGlu@ and DmRdI are shown as single  their activity as invertebrate GABAergic antagonistg, 34).
subunits solely to indicate their presence or absence within theseThese results suggested that a GABA responsive subunit is

receptors. Additional uncharacterized subunits, shown as empty, . . . o )
may also be components of these receptors. The present model doe@SSociated with the NAmide binding previously assumed to

not postulate whether such subunits are shared or distinct betweerP€ mediated only by a GIluCl subunit(s). In addition, these
the two receptor populations, nor does the model postulate aboutstudies demonstrated that tH€g]IVM binding sites are in

the subunit composition of those receptors not solubilized. fact multiple, distinct populations based on the kinetics of

antisera was used in the second immunoprecipitation, onlybinding. This is not surprising given that i@. elegans
an additional~8% of the receptors were recovered in the @abolition of the IVM binding site is only seen after knocking
second pellet (Figure 7B); approximately one-third the total Out three independent GluCl gened),
receptor population remained in the supernatant. This The exceptional affinity of these ligands provided a tool
demonstrated that the lack of quantitative immunoprecipi- for investigating binding at receptor concentrations previously
tation of IVM receptors was not due to a limiting concentra- unmeasurable. Th&y for [*S]NAmide (1.7 to 3.6 pM,
tion of DmRdI antibodies, as sufficient DmRdl antibodies Figure 1) is~5 times lower than that of the 12.5 pM value
were added to immunoprecipitate any remaining receptorsfor [*HJ]NAmide (22), while the association rate constants
which included DmRdI as a component. A second immu- differ by 4.9-fold (1.25x 10° M~* s™%, Figure 1, vs 2.5«
noprecipitation using DmGlu@lantisera, however, resulted 10° M~ s7%), accounting for this difference in affinities. The
in quantitative removal of all IVM receptors remaining in dissociation rates for the two ligands were indistinguish-
the supernatant, with the receptors recovered in the pellet ofable: 0.000212°8 (Figure 1) vs of 0.00020°$ (22). The
this immunoprecipitation. Furthermore, the number of recep- equilibrium affinity of [*°S]IVM (0.23 pM, Figure 2) is 10-
tors recovered in the second immunoprecipitation using fold more potent than that reported Gr elegang29), and
DmGIuCl antibodies was three times greater than that 100-fold more potent than that previously reported for
recovered using DmRdI antibodies. These results, and thebinding of P°S]IVM (35) and PH]IVM (22) to the same
results in Figure 3, suggested that there are two populationseceptors withinDrosophila head membranes. The prior
of IVM receptors, one in which DmGlu@land DmRdl were measurements may have suffered from an excess of receptor
coassembled, and a second population that contained Dmduring the measurement; the present results may not be the
GluCla, without coassembled DmRdI. Comparison of the final equilibrium affinity (appendix). In addition, the immuno-
number of receptors removed and recovered in the sequentialogical experiments would likely have been unachievable
DmRdI/DmRdI versus the DmRdI/DmGIu€limmunopre- without these radioligands of high specific activity and high
cipitations showed that approximately two-thirds of the affinity.
receptor population within solubilized extracts contained both ~ The immunological studies demonstrate direct involvement
subunits. of the DmRdI and DmGIu@l subunits in binding IVM and
NAmide. Antisera to either DmGIlu@!or DmRdIl immun-
DISCUSSION odepleted detergent-solubiliz&tosophilahead membrane
This work demonstrates coassembly of DmRdl and Dm- extracts of NAmide receptors. DmGIluClantisera also
GluCla in native NAmide and IVM receptors frodroso- immunodepleted solubilized extracts of IVM receptors, but
phila melanogastehead membranes. This was accomplished DmRdI antisera immunoprecipitated ory70% of the IVM
employing two novel insecticide radioligands (Scheme 1) receptors within these extracts (Figures 6 and 7). Thus, there
and antisera to DmGIlu@land DmRdI. Using a combination  exist two populations of IVM receptors that differ with
of pharmacological and immunological approaches, we respect to the inclusion of DmRdl. DmGluChnd DmRdI
established that both DmGlu€bnd DmRdI are components  coassembly was also indicated by immunoprecipitation/
of native DrosophilalVM and NAmide receptors (Figure  Western studies which demonstrated that receptors immu-
8). DmGIuCh is a component of all NAmide and IVM  noprecipitated by antibodies specific to one of these subunits
receptors in solubilized extracts Birosophilahead mem- also contained a protein specifically recognized by antibodies
branes. DmRdl is also a component of all NAmide receptors generated against the other subunit (data not shown). The
and some IVM receptors within these same extracts, but theresimplest interpretation is that DmGlu€land DmRdI are
is a subpopulation of IVM receptors in which DmRdI is coassembled within some native IVM and all NAmide
absent. receptors solubilized fronDrosophila head membranes
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(Figure 8). We note that the yield of stably solubilized IVM
and NAmide receptors are 25 and 13%, respectively; it is

Biochemistry, Vol. 41, No. 20, 2008557

poorly to vertebrate ionotropic GABA receptordy|. It
blocks the response of oocyte-expressed homomeric receptors

possible that the receptor subpopulations solubilized are notof both DmRdI andC. elegansGIuCIs to GABA and

representative of the whole.

High affinity NAmide binding exists within that receptor
population which contains both DmRdI and DmGlaCl
Inclusion of DmRdI into a complex with DmGIuG|

glutamate, respectivelytf). Furthermore, the Rdl mutation
(A302S), demonstrated to confer cyclodiene resistance in
Drosophilg not only reverses fipronil activity on oocyte-
expressed A302S DmRdI homomeric receptors, but the

however, may not be the sole determinant that confers highequivalent mutation substituted int6. elegansGIluCl3

affinity NAmide binding. The~70% of the solubilized IVM
receptors which contain DmRdI is higher than the 40% of
these receptors that are coupled to high affinity NAmide
binding sites in membrane232), suggesting that there are
also DmRdI/DmGIuGk receptors not coupled to high affinity
NAmide binding. In addition, immunoprecipitation with
DmRdI antibodies of solubilized IVM receptors that had first
been prebound with NA showed a reduction, but not an
elimination, in the total IVM receptors immunoprecipitated

results in the same altered fipronil response in oocyte-
expressed homomeric Gly@teceptors. Such studies suggest

that invertebrate GABA and GIuCl subunits share structural
features that confer similar pharmacological responses,
despite the fact that they may bind different activators.

In Drosophilag DmRdI is widely distributed throughout
the central nervous system and is a critical mediator of
GABAergic responses8( 46, 47). It also is the principle
target for cyclodienes3j. We show that DmRdI is coas-

(data not shown), suggesting the existence of a populationsembled with DmGIuGt in the receptors for two drugs with

of DmGIuClo/DmRdI receptors not associated with high
affinity NAmide binding. Therefore, it is likely that NAmide
receptors contain an additional factor important in conferring
native pharmacological properties. We note that better

potential insecticidal activity. This suggests that DmGHh/Cl
DmRdl receptors may be an especially important drug target.
A clear understanding of how these two proteins coassemble
will further the development of screens for novel compounds

characterized vertebrate ionotropic receptors frequently with insecticidal activity.

consist of three or more distinct subunit 6).
That DmGIluCée and DmRdI coassemble suggests the
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APPENDIX: STATISTICAL DECISION-MAKING
IN DISCRIMINATING BETWEEN MODELS

observed electrophysiological data indicative that heteromeric AppROPRIATE FOR BINDING DATA

receptors assembled after co-injection of DmGtuG@ind
DmRdI RNA into Xenopusoocytes. It is reasonable that an
additional subunit (or subunits) is required for DmGIuCl
and DmRdI to coassemble. In mammalian GABA&ceptors,
for example, thgg2 subunit is required for the formation of
functionaloi:f and a3y heteromultimers when expressed
in CHO cells, and it is possibly required for assembly of
native receptors38, 39). Candidates for a DmGIu@Gl
DmRdI coassembly subunit are not likely to be either LCCH3
or GBR, the other previously characteriz&tosophila
GABA, homologues 40—42). Antisera to GBR did not
immunoprecipitate IVM receptors, and antisera to LCCH3
immunoprecipitated only-15% of IVM receptors solubilized
from head membranes (interestingly, the same LCCHS3
antisera immunoprecipitated more than 75% of an IVM
receptor solubilized from membranes prepared firmso-
phila bodies, data not shown). Further investigations with
these antisera against DmGIleCkhould enable affinity
purification of native receptors and identification of ad-
ditional coassembled subunits.

McHardy M. Smith

Tritiated ligands are useful for studying ligand receptor
interactions when thip is in the low nanomolar range, but
radioligands of higher specific activity confer greater sen-
sitivity for the measurement oKp values in the low
picomolar range. Measuringy values below 100 pM with
tritiated ligands while maintaining receptor concentrations
below Kp (a crucial requirement for such measurements)
often requires both large volumes and long scintillation data
acquisition times to achieve an acceptable signal-to-noise
ratio. The use of°S or'? ligands, possessing typically 40
70 times the specific activity of a tritiated compound,
minimizes volumes, receptor concentration, and radioligand
consumption without compromising the signal.

With ligands of higher specific activity, one may reex-
amine membrane receptors that had previously been docu-
mented with tritiated ligands to contain a single population
of receptors. The membranes may actually contain multiple
subpopulations of receptors, distinguishable by their associa-

~ Pharmacological studies on native insect neuronal preparation and dissociation behavior. This is demonstrated in the
tions demonstrated that insect GABA receptors have a present work. The statistical means to discriminate between

distinct profile that conforms neither to that of mammalian
GABAA nor GABAc receptors 11, 12, 43). Some of the
biochemical features of invertebrate GABA receptors that

different models of association behavior is the subject of this
appendix.

distinguish them from mammalian receptors are shared with METHODS

invertebrate GluCl receptord4). For example, fipronil, the

In addition to the data analysis methods previously

prototype of the phenylpyrazole class of compounds, is a described?2), further methods were employed. The kinetics

potent insecticide that binds with high affinity to insect but

of association of S]IVM was modeled with a single site
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model, as before. The results from the one site fit were used
to calculate the Test of Runs (Prizm 348). If that test
showed significance, then a two site model was also fit to
the data:

Residual, CPM

B= BEq _ (BEqu(—kFastt)) _ (BEq[l _ F]e(—kslovl))

whereB andBgq are, respectively, the amount bound at time
t and the asymptotic equilibrium amount bourd,s and
ksiow are the two rate constants of association, Brid the
fraction of sites binding with a rate constantlefs: For the
data in Figure 2A, weights in the fitting were iteratively
calculated using the formula

[3SS]NAmide Specifically Bound, CPM

_ 2
weight= —(y' %
Yi
wherey; andy, equal the actual and predicted data atithe
data point. This weighting scheme weights percentage 0 40 80 120 160
differences between actual and predicted data points equally Time, Min

across data t_hat spans multiple orders (?f magnitude; the 1901 6uRe o: Binding of P°S]NAmide to head membranes from
nonlinear fitting routine was rerun until model parameter prosophila melanogasterThe lower portion of the figure is
values changed less than 2%. The partial F-test was thenduplicated from the main text. Symbols are as described in the
used to distinguish the better fitting of nested moddig ( legend to Figure 1 within the main text. To detect systematic
50). If the partial F test is significant, another Test of Runs d€viation of the data from the model, the difference between the
: . A . model and the data were plotted in the axis labeled “Residual” using
is run on the residuals to determine if a yet more complicated the same symbols: the residual for the 2 mL assay is shown as the
model is still needed. This sequence of tests requires threesolid line without symbols.
sequential statistical tests to conclude that a two site is the
appropriate model for the data; to ensure that the alpha levelwith no zero crossings are termed runs. The expected number
of type | errors is not inappropriately high for the three of zero-crossings may be calculated from the number of data
sequential tests, each individual test alpha level was get to points. If the model is a poor predictor of the data, then the
= 0.0167. number of zero-crossings is significantly less than would be
Association and dissociation rate constarkgsand k_1), predicted by random chance. Consequently, a more compli-
as well aKp, values from similar multiple experiments, are cated model is required to adequately fit the data.
rates and proportions. As such, they cannot have values less The four data sets depicted in Figure 9 were fit to a
than zero, and cannot arise from a Gaussian distribution. Themonoexponential association function. Plotted above these
metrics to report central tendency and population dispersiondata in Figure 9A are the residuals, which is the difference
were the geometric mean and confidence intervals con-between the data and the predicted value. A Test of Runs
structed from one standard deviation (67% of the population, on the residuals indicated a nonrandom deviation of the data
C.1.) of the geometric mean, converted back to the arithmetic from the monoexponential model, which implies that the
scale. monoexponential fit may not be an adequate model for the
data. This was primarily due to the manner of data collection,
RESULTS AND DISCUSSION where data points were collected initially at three times the
In radioligand-receptor association data, there is ample terminal data collection rate.
theoretical and experimental precedence for fitting ligand The data were then fit to both the simpler model and the
binding to a single receptor population by a monoexponential more complicated model. The residual error of the more
association model. Data generally are fit to the simplest complicated model has to be decreased by more than a factor
model possible. However, this is not always an adequatenecessary to account for the extra fitting parameters to
model for the data. In assessing goodness of fit of the simpleachieve significance, and this test is called a partial F-Test
model, the following statistical tests should be considered. (49, 50). A partial F-test on the data fit to a biexponential
The most simple test is to pose the question: do the datamodel did not show a significantly better fit than the
points randomly deviate from the model, or are there monoexponential model, without weighting the data. Even
systematic deviations of the data points which are not with weighting of the four data sets during modeling, the
explained by the model. Quantitating the deviation is first error associated with the modeled fdglzs for the one
done using a less robust test with minimal assumptions, themilliliter reaction was large Kogs = 0.62397 + 0.2714
Test of Runs. In this test, the residuals, which are the min~1); while this may indicate a different receptor isoform
differences between the data and the predicted values, ardor a small fraction of the binding sites (H 7%, keast =
plotted. If the model is a good predictor, the data points will 10 times faster than tHe_ow for the bulk of the population),
randomly deviate around the zero line of the predicted values.the F°SINAmide receptor(s) was treated as a single popula-
If, however, the data has significant trends where it is not tion for the purposes of this study.
well fit by the model, the residuals will be clustered first on The binding of $°S]IVM was more complex. When the
one side of the zero line, and then on the other. These clustersamples were incubated for 24 h at a receptor concentration
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Ficure 10: The lower portion is the data depicted in Figure 2B,
main text. The data were fit to a monoexponential association model

Biochemistry, Vol. 41, No. 20, 2008559

10, dashed lines) when compared using a partial F-test. Plots
of the residuals for the two models show the quantification
of this systematic deviation (upper axes, Figure 10). The data
shows large runs of systematic deviations from the model
with a one site fit p < 0.001 to < 0.003); however, the
residuals were more randomly distributed around the zero
line with a two site fit according to a runs tegt¥ 0.0167).
This is reflected in the tendency for the data points to adhere
more closely to the two site model with only random
deviations, as opposed to the systematic deviations from the
one site model (Figure 10, dashed lines). The observation
that the binding of PS]IVM to its receptors irDrosophila
head membranes could be better fit by a biexponential
association model was repeatedly found over 15 months, five
different syntheses ofjS]IVM, and multiple preparations
of membranes.

Plotting thekogs derived from thesinglesite modeling of
the data vs FS]IVM, (allowing for the single site model
koss to be contaminated with effects from the obvious
multisite data) and extrapolating the slope back to yhe
intercept producesla ; close to zero (Figure 10). Averaging
thek-; from five experiments resulted in a standard deviation
larger than thek_; itself. Thus, the actual value was
indistinguishable from zero. Although the twggs values

(dashed lines). The one-site residuals were calculated and are showfrom the two site models could be used in this analysis, the
above, using the same symbols as in the lower panel. The resultserror in the estimates precluded further analysis of the results.

of a Test of Runs using all four data sets was significant in all four
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