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Recombinant baculoviruses containing two alternative splice forms of the Drosophila Rdl GABA receptor gene were constructed. Spodoptera 
frugiperda (Sf21) cells infected with either splice form expressed a transcript of expected size (2.5 kb). Western blotting of cell membrane extracts 
and immunoprecipitation experiments with an anti-Rdl antiserum recognized a protein of the expected size of -65 kDa. Whole cell patch clamp 
analysis of cells infected with either splice form revealed functional expression of GABA gated chloride ion channels which were blocked by 
application of 1 PM picrotoxinin. Following replacement of alanine 302 with a serine, a mutation associated with resistance to picrotoxinin and 
cyclodiene insecticides, mutant channels showed similar levels of insensitivity to picrotoxinin (-RIO-fold) as those observed in recordiugs from 
cultured ~~0~0~~~~~ neurons. The significance of the expression of an insect GABA receptor in an insect cell line and the s~il~ty of the results 

from these functional expression studies to recordings from cultured neurons is discussed. 
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1 t INTRODUCTION 

y-aminobutyric acid is the major inhibitory neuro- 
transmitter in both vertebrates and invertebrates [l-3]. 
Vertebrate GABA, receptors are complex hetero-oli- 
gomers that assemble to form GABA gated chloride ion 
channels [4]. A number of types of GABA, receptor 
subunits have been described (a, p, y, S and p) and 
multiple isoforms exist for each type (~~1-6, p1-4 and 
~1-3) [4]. This large potential for receptor diversity is 
further increased by alternative splicing of small 12- and 
24-bp inserts in the presumed ~tra~llular domains of 
the 84 [5] and y2 subunits [6]. Although the precise 
subunit composition of native GABA* receptors is un- 
certain, both cx and /l subunits are required for signifi- 
cant functional expression in heterologous systems [7,8]. 
In contrast, we have recently identified a novel GABA 
receptor subunit, isolated from a cyclodiene insecticide- 
resistant Brosaphila mutant Resistance to dieldrin (Rdlj 
[9], that is capable of forming highly functional GABA 
gated chloride ion channels from a single subunit poly- 
peptide [lo]. This subunit shows more extensive alter- 
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native splicing than vertebrate GABA, receptors [l 11. 
Further, Rdl has equally low sequence identity to any 
GABA, receptor type and somewhat higher identity to 
glycine receptors [12]. Rdl therefore appears to belong 
to a novel class of GABA receptors. 

In~nsiti~ty to pi~roto~~n and cyclodiene insecti- 
cides is conferred by a single amino acid replacement 
(Ala302 + Ser) in the second membrane spanning do- 
main of Rdl, the region thought to line the chloride ion 
channel pore [ 10,131. In this study we describe the func- 
tional expression of both cyclodiene susceptible and re- 
sistant Rdl homom~t~ers of two alte~ative splice 
forms in a baculovirus insect cell system. The pharma- 
cology of these homomultimeric receptors in a heterolo- 
gous system is comparable to that observed in native 
receptors examined in cultured neurons. Following ex- 
pression, resistant recombinant receptors showed simi- 
lar levels of insensiti~ty to pi~rotoxinin as those in cul- 
tured neurons, an observation consistent with Rdl re- 
ceptors being composed of single subunit polypeptides 
in vivo. 

2. LATERALS AND METHODS 

2.1. Ce[I culture and virus infection 
Spodopteru frugiperda (St21) cells were subcultured as monolayers 
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at 27’C in TClOO growth medium (Gibco Laboratories) supple- 
mented with tryptose broth (2.6 mg/ml), amphotericin B (0.6 yg/ml), 
penicillin-G (100 uni#ml), streptomycin (207 units/ml), NaHCO, 
(0.35 m&ml) and 10% fetal bovine serum. For inf~tion, monolayers 
were inoculated with the appropriate virus at an indicated multiplicity 
of infection (MOI). For the mock-infected control, tissue-culture me- 
dium alone was added. The residual inoculum was replaced with 
tissue-culture medium after a one-hour adsorption period, and in- 
fected cells incubated at 27°C. 

2.2. construction of reco~i~t tro~placement vector and reeombi- 
nant bacuiovirus 

Three transplacement vectors containing the susceptible Rdl alter- 
native splice forms cDNAs 4.1 and 14.1 [I I] and the cyclodiene- 
resistant mutant Rdl cDNA 14.lR (Ala3”* -+ Ser) were constructed. 
The DraI-Sac11 fragment of cDNA 4.1 and the XhoI-Sac11 fragment 
of eDNA 14.1 in pBluescript KS+ (Stratagene) were inserted into the 
unique EcoRV/SucII sites and XhoUSacII sites of the pEV135K.i 
polybsmcr transfer vector, respectively, downstream of the polyhrdrin 
(ph) promoter (Fig. 1). The single base pair substitution (CJCG- 
alanine -+ ICG-serine) conferring resistance to cyclodienes was intro- 
duced into susceptible cDNA 14.1 as previously described [lo]. The 
parent viral DNA, vA35KllacZ, was obtained from Dr. Friesen, Uni- 
versity of Wisconsin. vA35KllacZ is a deletion mutant AcNPV DNA 
which lacks the native 35K protein gene and contains the ZacZ gene 
in place of the structural portion of the ph gene. This viral DNA was 
linearized by digestion of Bsu361 site within the LacZ gene. To gener- 
ate recombinant baculoviruses, 200 ng of linearized parent viral DNA 
and 2 flu@; of each transplacement vector DNA were co-transfected into 
Sf21 cells by using Lipofectin (Gibco BRL). 

2.3. northern anaZysi.s 
Sf21 cells were infected with wild-type or re~mb~nant bacu- 

loviruses at a MO1 of 10. At 48 h after infection, cells from two dishes 
were scraped and collected into conical tubes, and centrifuged at 
1,000 x g for 4 min. Cell pellets were washed three times with 10 ml 
ice-cold PBS (pH 6.2) and lysed in 0.8 ml lysis buffer containing 0.14 
M NaCl, 1.5 mM MgCl,, 10 mM Tris-HCl (pH 8.0), 0.5% Nonidet 
P4O and 10 mM vanadyl ~bonucleoside complex on ice for 5 min, and 
centrifuged at 2,ooO x g for 5 mm. The supematant was mixed with 
an equal volume of 0.2 M Tris-HCl @H 7.5), 25 mM EDTA, 1.3 M 
NaCl, 2% sodium dodecyl sulfate (SDS). Proteinase K was added to 
a final concentration of 0.2 mg/ml, and the sample incubated at 37°C 
for 30 min. Cytoplasmic RNA was extracted four times with phenol/ 
CHCl,/isoamylalcohol, and precipitated with 2.5 volumes of 100% 
ethanol. Samples of cytoplasmic RNA were applied to denaturing 
(fo~aldehyde~a~ro~ (1%) gels, separated by electrophoresis and 
transferred to nylon membranes (Zetabind, CUNO). RNA was cross- 
linked to the nylon membrane by UV irradiation. Blots were prehybr- 
idized for 3 h at 42°C in buffer containing 5 x SSPE (1 x SSPE = 1.50 
mM NaCl, 10 mM NaHZPO,, 1 mM EDTA), 5 x Denhardt’s, 50% 
formamide, 0.5% SDS, 10% dextran sulfate and 200 pg/ml of dena- 
tured salmon sperm DNA. Hybridization was carried out at 42*C in 
the same buffer with addition of 32P-labeled probe- (1.8 kb ~raI/SacII 
fra8ment of Rdl cDNA 4.1 in pBluescript). Filters were washed and 
exposed to an X-ray film with an intensifying screen at -80°C. 

2.4. Production of Rdl antibodies 
An EcoRUScaI fragment of intracellular domain between the third 

and the fourth transmembrane regions of Rdl was subcloned into 
~coR~bl~t end (X&rdIII and Klenow digestion) sites on the bacterial 
expression vector pMAL-c2. The fusion protein (378 aa of maltose 
binding protein and 202 aa of Rdl) was expressed in E. coli strain 
DHSa using isopropylthiogalactoside (IPTG) to induce transcription. 
Purification of the fusion protein was carried out by application of 
bacterial culture samples to an amylose resin column (New England 
Biolabs). The column was washed with column buffer (200 mM NaCl, 
20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 10 mM 
~-mercaptoethanol, 0.1 mM PMSF) and eluted with column buffer 
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transfer vector parent viral DNA 

Fig. 1. Schematic representation of the construction of recombinant 
baculovirus vector (see text for description). 

plus 10 mM maltose in l-ml fractions. The fraction containing fusion 
protein was used as immunogen for raising polyclonal antisera. Two 
New Zealand White rabbits were immunized at the UW antibody 
facility. Four injections were made, the first intradermally and the 
following three subcutaneously. Rabbits were bled 6 weeks after each 
injection. The ant&nun was partially purified by ammonium sulfate 
precipitation, followed by Am-gel 10 (Bio-Rad) purification, and used 
in immunoprecipitation and Western blotting. 

2.5. Membrane preparation, SDS-PAGE and Wesiern blott~g 
Mock and virus-infected Sf21 cells were collected, washed twice and 

homogeniz,ed in a buffer containing 20 mM Tris-HCl, pH 8.0,5 mM 
EDTA, 1 mM PMSF, 2 &ml aprotinin, Z&ml pepstatin A, 10 &ml 
leupeptin, 2Opg/ml trypsin inhibitor. The homogenate was centrifuged 
at 1,000 x g for 5 min to remove nuclei and cell debris. Crude mem- 
branes were collected by centrifugation of the supematant at 
13,000 x g for 20 min. Membrane pellets were dissolved directly in 
SDS-PAGE sample buffer for electrophoresis. Western blots were 
prepared by transferring proteins from SDS-PAGE (10% acrylamide) 
onto nitrocellulose at 100 V for 1.5 h at 4°C in a Transphor electro- 
blotting apparatus (Hoefer Scientific Instruments). The nitrocellulose 
membrane was incubated at room temperature for 1 h in a Blocking 
buffer containing 3% BSA and 2% goat sermn in TBS (10 mM Tris- 
HCl, pH ‘7.4,0.9% NaCl). The nitrocelhtlose membrane was incubated 
at room temperature for 1 h with the Rdl polyclonal antibody (1400 
dilution). Immunoreactivity was detected using goat anti-rabbit sec- 
ond antibody conjugated alkaline phosphatase. 

2.6. Metabolic labeling and immunoprecipitation 
St21 cells in 35-mm dishes were infected with wild-type or recombi- 

nant baculoviruses at a MO1 of 20. At 34 and 46 h pi., the tissue 
culture medium was replaced with Grace’s methio~ne-fry medium. 
After 1 h starvation, cells were labeled for 4.5 h with 50 FCi of Tran 
35S-label (a mixture of 80% methionine and 20% cysteine; ICN bi- 
omedicals) in 0.5 ml of methionine-free medium. Labeled cells were 
washed twice with ice-cold PBS (pH 6.2) and proteins were extracted 
in ice- cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% 
Triton X-100,0.5% deoxycholate, 0.1% SDS, 5 mM EDTA, protease 
inhibitors - PMSF, aprotinin, pepstatin, leupeptin, bacitracin). Pro- 
tein samples were pm-cleared to remove proteins that immunoprecip- 
itate nonspecifically, by incubating the sample with preimmune serum 
and removing Abs and Ab-Ag complexes with protein A. Following 
preclearing, specific proteins were immunoprecipitated by incubation 
with the Rdl polyclonal antibody at 4°C ovemigbt, followed by the 
addition of 30 ~1 of swollen protein A-Sepharose and incubation for 
1 h. Precipitates were washed three times in lysis buffer (cont~~g 
0.1% Triton X- lOO), once with 20 mM Tris-HCl, pH 8.0, and analyzed 
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in a 10% SDS-polya~lamide gel. Gels were imprecated with Am- 
plify (Amersham), dried, and exposed at -80°C to X-ray film. 

2.1. Patch clamp analysis of infected cells 
Transfected cells in 35mm plastic culture dishes were bathed in a 

solution consisting of 128 mM NaCl, 2 mM KCl, 4 mM MgCl,, 1.8 
mM CaCl,, 35.5 mM sucrose, 5 mM HEPES, pH 7.1, and placed on 
the stage of an inverted phase contrast microscope at room tempera- 
ture. Whole-cell patch clamp recordings [14] were made with Sylgard- 
coated patch electrodes tiled with 140 mM KCl, 10 mM HEPES, 10 
mM EGTA, 4 mM MgATP, pH 7.1. Current was recorded with an 
EPC-7 patch clamp amplifier interfaced to a personal computer run- 
ning PCLAMP software (Axon Instruments, Foster City, CA). GABA 
dissolved in bathing solution (50pM) was ejected with pressure pulses 
provided by a Pieospritzer (General Valve Corp., Fairfield, NJ) from 
patch pipettes positioned within 5 PM of the cell under recording. 
Cells were clamped at various holding potentials as indicated in the 
figures. 

3. RESULTS AND DISCUSSION 

3.1. ~etect~an of Rdl message and protein in infected 
cells 

Two alternative splice forms of Rdl and an insecticide 
resistant mutant were expressed at high levels in the 
baculovirus insect cell system described here. A message 
of correct size (2.5 kb) was identified by Northern blot- 
ting of cell RNA (Fig. 2) and a highly expressed protein 
of expected size (65 kDa), alongside many other non- 
specific bands, was detected in Western blots using an 
anti-Rdl antibody (Fig. 3a). Immunoprecipitation of 
cell membrane extracts with the antibody reduced the 
number of non-specific proteins detected and the pre- 
dominant precipitation product was at 65 kDa (Fig. 
3b). The other minor bands detected, which are - lO- 
15 kDa larger, probably represent glycosylated Rdl pro- 
teins. However, in this study it was not possible to esti- 
mate the fraction of protein undergoing proper folding, 
~ycosylation and insertion into the membrane. Large 
scale production and purification of Rdl protein is a 
prerequisite for a detailed biochemical characterization 
of this novel GABA receptor subunit and the bacu- 
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Fig. 2. Northern blot analysis of cytoplasmic RNA isolated from SF21 
cells 48 h after infection with r~ombinant viruses containing cDNA 
4.1 (lane A), cDNA 14.1 (lane B) and cDNA14.1R with Ala30z + Ser 
(lane C), and infection with mock (lane D) or wild type virus, 
AcMNPV (lane E). Each lane contains 5 pg of RNA. Molecular 

weight standards (BRL RNA Ladder) were run in parallel. 
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Fig. 3. Expression of R&protein in St21 cells. (a) Western blot analysis 
of Rdl protein in cell membranes. St21 cells were infected with mock 
(lane A), wild type virus (AcMNPV) (lane Et), or recombinant bacu- 
lovirus containing cDNA 14.1 (lane C). Western blots were probed 
with purified polyclonal antibody against Rdl fusion protein and de- 
veloped with alkaline phosphatase-conjugated goat anti-rabbit second 
antibody. (b) Immunoprecipitation of Rdl protein from SF21 cells 
infected with mock (lane A), wild type virus at 48 h postinfection (lane 
B), r~ombinant virus inning cDNA 4.1 (36 and 48 h p.i.) (lanes 
C and D); recombinant virus containing cDNA 14.1 (36 and 48 h pi.) 
(lanes E and F); recombinant virus containing cDNA 14.lR (36 and 

48 h p.i.) (lanes G and H). 

lovirus insect cell system described here should facilitate 
such an analysis. 

3.2. Patch clamp analysis of infected cells 
GABA application to voltage clamped cells infected 

with recombinant Rdl baculovirus increased the mem- 
brane current whereas cells infected with wild type virus 
showed no response. Responses to brief pulses of 
GABA were similar in cells infected with either altema- 
tive splice form. Current increased linearly with voltage 
and reversed near 0 mV, as expected for the activation 
of chloride selective channels in symmetrical chloride 
solutions (Fig. 4). 

Wild type responses could be blocked by 1 ,uM picro- 
toxin. Whereas a concentration of 100 yM picrotoxin 
was necessary to achieve an equivalent level of block in 
the Ala3’* + Ser mutant (Fig. 5). The mutant channels 
therefore show -loo-fold resistance to picrotoxinin. 
This level of reduced sensitivity is similar to that seen 
both in neurons cultured from sus~ptible and resistant 
larvae 1151 and following functional expression of 
mRNA in Xenopus oocytes [IO]. The similarity of resis- 
tance levels shown by this mutant both in vivo and in 
vitro supports the working hypothesis that Rdl recep- 
tors may be composed of single subunit polypeptides in 
the insect nervous system. This hypothesis will be fur- 
ther tested by detailed comparisons of dose-response 
curves taken from both cultured neurons and infected 
cells for a number of compounds. 

Identification of a functional insect GABA receptor 
formed from a single subunit polypeptide is important 
for a number of reasons. Althou~ vertebrate GABA, 
receptors have been previously expressed in the bacu- 
lovirus system [16,17], to our knowledge this is the first 
report of the expression of an insect GABA receptor in 
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Fig. 4. GABA activated chloride currents in patch-clamped SF21 cells infected with recombinant RdZ baculovirus (a) alternative splice form 4.1 
and (b) splice form 14.1. Potentials range from -90 mV to 90 mV. Plots of peak current vs. voltage exhibit linear behavior, reversing at or near 

zero. 

Wild - type Ala3o*>Ser mutant 

Fig. 5. Responses to GABA from cells infected with susceptible 14.1 (wildtype) and resistant 14.1 (Ala’” + Ser mutant) recombinant Rdl 
baculovirus differed in the level of block by picrotoxin. Wild-type responses were blocked by 1 PM picrotoxin whereas an equivalent level of block 

of the mutant was only achieved by 100 PM. Picrotoxin was applied by perfusion of the bathing medium. 

an insect cell line. Expression of this single polypeptide 
in a suitable system, such as the insect cell line described 
here, will allow for detailed site-directed mutagenesis 
studies of a GABA receptor in the absence of other 
potentially interfering subunits. Further, the relative 
ease of deriving dose-response curves in this system in 
comparison Xenopus oocytes, will allow for detailed site 
directed mutagenesis of ligand binding sites and exami- 
nation of their interactions with a range of derivatives. 
Finally, recombinant expression of Rdl in cell lines may 
allow for the design of screens for novel agonists and 
antagonists of insect GABA receptors which represent 
attractive but underutilized pesticide targets [ 18,191. 

Acknowledgements: We thank Kathy Hajek and Dr. Paul D. Friesen 
for invaluable help with the baculovirus work. Research was sup- 
ported by a generous gift from Rhone-Poulenc Ag Company, PHS 
Grant NS29623 and Hatch support to R.ff-C. 

REFERENCES 

[1] Kufller, S.W. and Edwards, C. (1965) J. Neurophysiol. 21, 589- 
610. 

[2] Usherwood, P.N.R. and Grundfest, H. (1965) J. Neurophysiol. 
28,497-518. 

[3] Otsuka, M., Iversen, L.L., Hall, Z.W. and Kravitz, E.A. (1966) 
Proc. Natl. Acad. Sci. 56, 111&1115. 

[4] Olsen, R.W. and Tobin, A.J. (1990) FASEB J. 4, 14691480. 
[5] Bateson, A.N., Lasham, A. and Darlison, M.G. (1991) J. Neuro- 

them. 56, 1437-1440. 

318 

[6] Whiting, P., McKeman, R.M. and Iversen, L.L. (1990) Proc. 
Natl. Acad. Sci. 87, 99669970. 

[7l Blair, L.A., Levitan, E.S., Marshall, J., Dionne, V.E and Bar- 
nard, E.A. (1988) Science, 242, 577-579. 

[8] Harvey, R.J., Vreugdenhil, E., Zaman, S.H., Bhandal, N.S., Ush- 
erwood, P.N.R., Barnard, E.A. and Darlison, M.G. (1991) 
EMBO J. 10, 3239-3245. 

[9] ffrench-Constant, R.H., Mortlock, D.P., Shaffer, C.D., MacIn- 
tyre, R.J. and Roush, R.T. (1991) Proc. Natl. Acad. Sci. USA 88, 
72097213. 

[lo] ffrench-Constant, R.H., Rocheleau, T.A., Steichen, J.C. and 
Chalmers, A.E. (1993) Nature 363, 4499451. 

[ll] ffrench-Constant, R.H. and Rocheleau, T. (1993) J. Neurochem. 
60, 2323-2326. 

[12] ffrench-Constant, R.H. and Rocheleau, T. (1992) J. Neurochem. 
59, 1562-l 565. 

[13] ffrench-Constant, R.H., Steichen, J., Rocheleau, T.A., Aronstein, 
K. and Roush, R.T. (1993) Proc. Natl. Acad. Sci. USA 90, 1957- 
1961. 

[14] Hamill, O.P., Marty, A., Neher, E., Sakman, B. and Sigworth, 
F.J. (1981) PBugers Archiv. 391, 85-100. 

[15] Zhang, H.-G., ffrench-Constant, R.H. and Jackson, M.B. (1993) 
EMBO J., submitted. 

[16] Carter, D.B., Thornsen, D.R., Im, W.B., Lennon, D.J., Ngo, 
D.M., Gale, W., Im, H.K., Seeburg, P.H. and Smith, M.W. 
(1992) Biotechnology 10, 679681. 

[17] Atkinson, A.E., Bermudez, I., Darlison, M.G., BArnard, E.A., 
Earley, F.G., Possee, R.D., Beadle, D.J. and King, L.A. (1992) 
3, 597-600. 

[18] Rauh, J.J., Lummis, S.C. and Sattelle, D.B. (1990) Trends Phar- 
macol. 11, 325-329. 

[19] Casida, J.E. (1993) Arch. Ins. Biochem. Phusiol. 22, 13-23. 


