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G proteins are responsible for modulating the activity of intracellular effector systems in response to receptor
activation. The stimulatory G protein Gs is responsible for activation of adenylate cyclase in response to a
variety of hormonal signals. In this report, we describe the structure of the gene for the a subunit of Drosophila
melanogaster Gs. The gene is approximately 4.5 kilobases long and is divided into nine exons. The exon-intron
structure of the Drosophila gene shows substantial similarity to that of the human gene for Gsa. Alternate
splicing of intron 7, involving either use of an unusual TG or consensus AG 3’ splice site, results in transcripts
which code for either a long (DGsaL) or short (DGsaS) form of Gsa. These subunits differ by inclusion or
deletion of three amino acids and substitution of a Ser for a Gly. The two forms of Drosophila Gsa differ in a
region where no variation in the primary sequence of vertebrate Gsa subunits has been observed. In vitro
translation experiments demonstrated that the Drosophila subunits migrate anomalously on sodium dodecyl
sulfate-polyacrylamide gels with apparent molecular weights of 51,000 and 48,000. Additional Gsa transcript
heterogeneity reflects the use of multiple polyadenylation sites.

G proteins are a family of guanine nucleotide-binding
proteins involved in the regulation of intracellular effector
systems in response to extracellular signals (6, 30). G pro-
teins are heterotrimers consisting of «, 8, and <y subunits.
The a subunit binds guanine nucleotides and also possesses
intrinsic GTPase activity. When the nucleotide-binding site
is occupied by GDP, the G protein is an inactive heterotri-
mer. Upon interaction with the appropriate agonist-receptor
complex, the GDP is exchanged for GTP and the o subunit is
released from both the receptor and the -y subunit com-
plex. The freed « subunit then modulates the activity of the
appropriate effector enzymes or ion channels. After GTP
hydrolysis, the o subunit reassociates with the B-y subunit
complex to form the inactive heterotrimer. The « subunit is,
therefore, responsible for the specific interaction with both
the receptor and effector molecules. The B-y subunit com-
plex has been thought to be responsible for inactivation of
the o subunit and anchoring of the G protein to the mem-
brane. Recent studies demonstrating that the B-y subunit
complex is able to open cardiac K* channels, possibly by
activating membrane-bound phospholipase A2, suggest ad-
ditional functions for these subunits (12, 15).

The stimulatory G protein Gs was first described as
participating in the activation of adenylate cyclase in re-
sponse to a variety of hormonal signals (B-adrenergic ago-
nists, glucagon, serotonin, etc.). Recently, purified Gs and
Gsa subunits have also been shown to activate cardiac and
skeletal muscle T-tubule voltage-gated Ca>* channels (20,
33). Thus, Gs, like other classes of G protein (34), is capable
of interacting with more than one effector protein.

Vertebrate Gsa proteins are heterogeneous, consisting of
two species with apparent molecular weights of 45,000 and
52,000 on sodium dodecyl sulfate (SDS)-polyacrylamide gels
(21). This heterogeneity is the result of variations in the
primary sequence near the amino termini of the subunits.
For example, human tissues contain four species of Gsa
mRNA which code for long and short subunits that differ
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after amino acid residue 70 by inclusion or deletion of 15
amino acids. Additional heterogeneity results from inclusion
or deletion of a single serine residue in this region (3). On the
basis of the organization of the human Gsa gene, the
transcripts that encode the long and short forms of Gsa are
thought to arise from the variable use of exon 3. Inclusion or
deletion of the codon for the additional Ser residue results
from use of either an unusual TG or consensus AG splice site
at the 5’ end of exon 4 (14).

The physiological significance of the multiple forms of Gsa
is unknown. While only three of the four fdrms of Gsa have
been tested, each appears to be capable of interacting with
both adenylate cyclase and voltage-gated Ca®* channels
(20). Some quantitative differences among the various forms
have been observed in vitro in their interaction with adenyl-
ate cyclase, but the significance of this is unknown (7).

The sophisticated genetics and ease of manipulation of
Drosophila melanogaster make it a particularly attractive
system in which to study the role of G proteins in complex
biological processes, such as development and behavior
(27). As a part of the study of G proteins in this organism, we
have recently reported the isolation and sequencing of a
cDNA that codes for a Gsa protein preferentially expressed
in the Drosophila nervous system (24). Southern blot anal-
ysis indicated the presence of a single Gsa gene in the
Drosophila genome. In this report, we present the organiza-
tion of the gene for Drosophila Gsa and demonstrate that
multiple species of Drosophila Gsa are produced by alter-
nate splicing involving an unusual splice junction. This
observation is consistent with the results of Western blotting
(immunoblotting) of Drosophila neuronal membranes
probed with Gsa-specific peptide antisera, indicating the
existence of multiple molecular weight forms of Gsa (W. J.
Wolfgang, F. Quan, P. Goldsmith, C. Unson, A. Spiegel,
and M. Forte, J. Neurosci., in press). Interestingly, Droso-
phila Gso protein exhibits variability in a region different
from that of vertebrate Gsa. Additional variability in the
expression of the Drosophila Gsa gene results from the use
of multiple polyadenylation sites.
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MATERIALS AND METHODS

Screening of cDNA and genomic libraries. A genomic
library constructed in A Charon4A from sheared Canton S
embryonic DNA (17) was provided by T. Maniatis. An adult
Drosophila head cDNA library constructed in A\ gtll was
provided by P. Salvaterra (City of Hope Research Institute,
Duarte, Calif.). Gsa recombinants were isolated by screen-
ing libraries with the nick-translated insert of pDGsl12.
pDGs12 contains a previously described 1.7-kilobase (kb)
Drosophila Gsa cDNA (24) subcloned into the EcoRI site of
pBS(M13—-)KS (Stratagene). Libraries were plated at a
density of 50,000 plaques per 150-mm-diameter dish. Bacte-
riophage DNA was transferred to nitrocellulose filters
(Schleicher & Schuell Inc.) as previously described (16).
Hybridizations were done in 50% (vol/vol) formamide-3X
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)—
5X Denhardt solution (1x Denhardt solution is 0.02% Ficoll,
0.02% bovin serum albumin, and 0.02% polyvinylpyrroli-
done)-50 mM sodium phosphate (pH 6.8)-10% (wt/vol)
dextran sulfate at 37°C. Filters were washed in 0.1x SSC-
0.5% SDS at 65°C. After plaque purification, phage DNA
was prepared from liquid lysates as previously described
(16). Restriction fragments were subcloned into
pBS(M13—)KS for further analysis.

Nucleotide sequencing. Nucleotide sequencing was done
by the dideoxynucleotide method (28) using Sequenase
(United States Biochemicals) and [**S]JdATP on double-
stranded templates (13). Nucleotide sequencing was done by
using commercially available primers or Drosophila Gsa-
specific oligonucleotides synthesized with an Applied Bio-
systems nucleic acid synthesizer. Oligonucleotide 652 (5'-
TCCGGCAAATCAACCAT-3') corresponds to nucleotides
+160 to +176 of the previously reported sequence of
pDGs12 (24) and allows synthesis of the sense strand.
Oligonucleotide 918 (5'-CGCATGTGAAATGTGGATAG-3')
is complementary to nucleotides +1050 to +1069 and allows
synthesis of the antisense strand. To locate exons, genomic
restriction fragments were sequenced after generation of
nested deletions with exonuclease III (Bethesda Research
Laboratories, Inc.) and S1 nuclease (Boehringer Mannheim
Biochemicals) as previously described (8).

PCRs. Polymerase chain reactions (PCRs) were done by
using oligonucleotides 652 and 918 described above. First-
strand cDNA synthesis was performed in 50-ul reactions
containing 10 pmol of oligonucleotide 918, S0 mM Tris (pH
8.3), 5 mM MgCl,, 5 mM dithiothreitol, 50 mM KCl, 0.4 M
dATP, 0.4 M dCTP, 0.4 M dGTP, 0.4 M dTTP, 20 U of
RNasin (Promega Inc.), 5 pg of poly(A)* RNA from either
whole flies or bodies, and 32 U of avian myeloblastosis virus
reverse transcriptase (Life Sciences Inc.). Reactions were
performed at 42°C for 90 min. PCRs were done in 25-ul
volumes and contained 2 pl of the reverse transcription
reaction, 20 pmol each of oligonucleotides 652 and 918, 10
mM Tris hydrochloride (pH 8.3), S0 mM KCl, 1.5 mM
MgCl,, 0.01% gelatin, 0.5 M dATP, 0.5 M dCTP, 0.5 M
dGTP, 0.5M dTTP, 0.2% W1 detergent (Bethesda Research
Laboratories), and 5 U of Taq polymerase (Bethesda Re-
search Laboratories). Thirty cycles of denaturation at 95°C
for 0.5 min, annealing at 60°C for 1 min, and extension at
72°C for 1 min were followed by a final extension step at 72°C
for 3 min. The products of the reaction were analyzed by
agarose gel electrophoresis and Southern blot hybridization
with pDGs12 as described above.

In vitro transcription and translations. cDNAs that code
for the long and short forms of Drosophila Gso were
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subcloned into the EcoRI site of pBS(M13—)KS to yield
pDGs4 and pDGs9, respectively. pDGs4 and pDGs9 begin at
residues —213 and —216, respectively, relative to the full-
length cDNAs (pDGs12) and thus do not include the two
upstream ATG codons found at positions —242 and —252
(24). Sense transcripts were synthesized by using T3 RNA
polymerase (Bethesda Research Laboratories) in the ab-
sence of the labeled nucleotide and cap. After removal of the
template with RQI DNasel (Promega), the RNA was ex-
tracted twice with phenol-chloroform, ethanol precipitated,
and suspended in DEPC-treated H,O. Translations were
performed in rabbit reticulocyte lysates (Promega Biotech)
in [**S]methionine for 1 h at 30°C. Labeled proteins were
visualized by autoradiography after separation on 10% acryl-
amide-0.13% bisacrylamide-SDS gels.

RNase protection mapping. Total RNA was prepared from
whole fly heads and bodies, and poly(A)* RNA was selected
by oligo(dT) cellulose chromatography (Boehringer Mann-
heim) (16). Antisense RNA transcripts were synthesized by
using a kit purchased from Promega and [a-*’PJUTP. To
examine alternate splicing at the 3’ splice site of intron 7, a
166-base-pair (bp) Bg/lI-Sspl fragment spanning this splice
site (see Fig. 3) was subcloned into the BamHI-HinclI sites
of pBS(M13—-)KS and antisense transcripts were synthe-
sized by using T3 RNA polymerase. Approximately 10° cpm
of labeled RNA was precipitated with 10 ug of poly(A)*
RNA and suspended in 30 pl of 80% (vol/vol) formamide-0.4
M NaCl40 mM PIPES piperazine-N,N’-bis(2-ethanesulfo-
nic acid; pH 6.4)-1 mM EDTA. Hybridizations were done at
37°C overnight after denaturation at 85°C for 5 min. RNase A
and T, digestions were done as previously described at 30°C
(1). The products were analyzed on an 8% polyacrylamide
gel containing 7 M urea.

RESULTS

Characterization of Drosophila Gsa genomic clones. A
Drosophila genomic library in A Charon4A (17) was screened
with the previously isolated 1.7-kb Drosophila Gsa cDNA
insert of pDGs12 (24). Approximately 28 kb of genomic
DNA was isolated in six overlapping recombinants (Fig. 1).
After preliminary restriction analysis, overlapping fragments
were subcloned into pBS(M13—)KS for further analysis.
Genomic restriction fragments containing Gsa sequences
were identified by Southern analysis, and exons were lo-
cated by nucleotide sequencing and by comparison to pre-
viously sequenced cDNAs (24). The Drosophila Gsa gene is
approximately 4.5 kb long and is split into nine exons by
eight introns (Fig. 1). Introns range in size from 56 bp to
approximately 1.4 kb, the largest intron separating exons 1
and 2.

The nucleotide sequence of the Drosophila Gsa gene,
excluding that of introns 1 and 4, is shown in Fig. 2. With
two exceptions, the sequence of the exons is identical to that
of the cDNA, pDGs12. Nucleotides —296 and 1263 of the
previously reported cDNA sequence (24) are C and T in
exons 1 and 8 instead of G and C, respectively. These
differences occur in the 5'-untranslated region and position 3
of the codon for Asp-321, respectively. Thus, these changes
do not alter the deduced amino acid sequence of the protein.
Nucleotide sequencing of a number of cDNA isolates has
demonstrated the presence of both C and T at position 1263.
This difference, therefore, most likely represents an allelic
difference. The G at position —296 may be a cloning artifact
as it is only four nucleotides from the 5’ end of the cDNA.

The sequences of the intron-exon junctions, with the
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FIG. 1. Structure of the Drosophila gene for Gsa and comparison of the exon-intron structure with that of the human gene for Gsa. Exons
are shown as boxes. Solid regions indicate amino acid-coding regions. The individual A recombinants are shown above the restriction map.
The restriction endonuclease sites shown are as follows: B, BamHI; E, EcoRI, H, Hindlll; X, Xbal; X, Xhol. The human gene for Gsa is
shown below that of the Drosophila gene for Gsa and is not drawn to scale. Solid lines join intron-exon junctions that have been conserved

between the two genes.

exception of the 3’ splice site of intron 7 (Fig. 2), are in close
agreement with the GT and AG consensus sequences demar-
cating the 5’ and 3’ boundaries of introns (22). On the basis
of the sequence of pDGsl2, intron 7 appears to use an
unusual 3’ splice site (Fig. 2). The sequence of this site, TG,
deviates from the consensus sequence at a position which is
thought to be invariant. As discussed below, intron 7 is the
site of alternate splicing involving the use of both the unusual
splice site and another splice site nine nucleotides down-
stream which conforms more closely to the splice consensus
sequence.

The transcription start site has not been precisely deter-
mined. On the basis of the sequence of pDGs12, the longest
cDNA isolated, exon 1 is at least 64 bp long. The genomic
sequence extending for an additional 361 bp upstream of
exon 1 is shown in Fig. 2. Preliminary primer extension
analysis (data not shown) suggests that the transcription
start site is at an A residue at position —186, 23 bp down-
stream from the sequence ATAAAA (Fig. 2). The size of
exon 1 would, therefore, be 250 bp. The ATAAAA sequence
is similar to the TATA box homology and has been found in
the promoters of other genes (4). However, we cannot
exclude the possibility of an additional upstream intron.

Multiple DGsa transcripts. In vertebrates, heterogeneity
of Gsa subunits is the result of differences in the primary
sequence after amino acid residue 70 (3). Previous nucleo-
tide sequence analysis has failed to demonstrate variation of
Drosophila Gsa subunits in the corresponding region (after
amino acid residue 74) (24). To confirm this finding, 12
additional Gsa cDNAs were isolated from a Drosophila head
cDNA library. Nucleotide sequencing of these cDNAs by

using Gsa-specific oligonucleotide 652 failed to reveal the
existence of transcripts that code for Gsa subunits that differ
after residue 74. After extensive restriction mapping, the
only detectable difference between the Gsa cDNAs was the
presence or absence of a BglII site in the 3’-untranslated
region, 61 bp upstream of the polyadenylation site (data not
shown).

As discussed above, intron 7 of the Drosophila gene for
Gsa uses an unusual TG 3’ splice site. Since intron 7
interrupts the amino acid-coding region, it was possible that
heterogeneity in Gsa proteins could be produced by use of
another, more conventional 3’ splice site at this intron-exon
junction. To investigate this possibility, the exon 7-8 regions
of a number of cDNAs were sequenced. Nucleotide se-
quencing was done by using Gsa-specific oligonucleotide 918
complementary to sequences downstream of the exon 7-8
junction. This analysis resulted in the identification of
cDNAs s that differ from pDGs12 by deletion of nine nucleo-
tides at the exon 7-8 junction (Fig. 2). These cDNAs code for
a shorter Gsa subunit form that replaces a Gly with a Ser and
has three amino acids deleted (Fig. 3). This observation
suggested the existence of long (DGsaL) and short (DGsaS)
forms of Gsa in D. melanogaster. These two forms appear to
be equally abundant, as determined by their representation
in this cDNA library. As expected, transcripts that code for
the shorter protein appear to result from use of a consensus
3’ AG splice site (Fig. 2).

Alternate splicing of the Drosophila gene for Gsa. The
sequences of several cDNA clones suggested that intron 7 of
the Drosophila gene for Gsa is alternately spliced to both an
unusual TG and a consensus AG 3’ splice site (Fig. 2). To

FIG. 2. Nucleotide sequence and deduced amino acid sequence of the Drosophila gene for Gsa. Exon sequences are shown in uppercase,
and the predicted amino acid sequence is shown below. The amino acid sequence of DGsasS is indicated below that of DGsaL at the site of
alternate splicing. The translation termination codon is indicated by a dot. Polyadenylation signals are underlined, and polyadenylation sites
are indicated by arrows below the nucleotide sequence. A possible promoter sequence (overlined) and transcription initiation site (*) are

indicated.
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-361 gaattcgctattctacatagctcgggatactttattttattattaatattcgctaaaa

tagcacatcgtcatttggcatagatgtttttggcccagtaacatatctatctacatcaccgeccgcecactatccgataggcagactgactatcgataaa

*
SQtatctactthttqcatccctaqqttqatacataaaataaaaaatatataaaaaqtqagttaqtactqqtattaaaaqtaatttttaaqctacaaa

ttgatgaattgcgagcacacagagactaagaacattgggaatccggaaaacagtggetggegegt cgggtgegatagaattgectgttttteagacee
EXON 1
caaaagt cgCTCCCAACCGAGTCGTGCACCTATAGTCTTGGCCCGAAGTTGCTCCCATGAATAAAAATGTTCGgtaatttcacggtaaa .~1.4xb . .
G
EXON 2
ccatctactataccattgtacgaatgcagCCTGCTGCAGAGATCCACTGAAGCGCTGAGCCAACGCCAACGGTGGTGCCACTGAGATCGGAGATCGG

AGATCGCAGACCGGAGACCGACGAGCACACAAGGGATTGTGGTTTGATCCGAGGAACCCAAGCACTCAGCTATACTGGAGCAGAACGGAGAAAGCAC

AAGGGGTGCCGAGTCGCCCGACGCGAACCAGGAAAACCGAGCGACGTGTTGGTGGACCCCGTGGGCTGCGATGGGT TGCTTTGGGTCGCCCACCTCC
METGlyCysPheGlySerProThrSer
1

AAGCAGTCGGACGTGAACTCGGAGGACTCGAAGAGCCAGAAGCGCCGGAGCGATGCAATATCTAGACAGT TGCAGAAGGACAAACAGCTCTACAGG
LysGlnSerAspValAsnSerGluAspSerLysSerGlnLysArgArgSerAspAlalleSerArgGlnLeuGlnLysAspLysGlnLeuTyrArg
10 20

30 40
GCCACACACAGGCTGCTCCTCCT GGGCGAGTCCGGCAAATCAACCATAGTCAAGCAAATGCGAATATTGCATGTCGACGGATTTTCTGAC
AlaThrHisArgleuLeuLeuLeuGlyAlaGlyGluSerGlyLysSerThrIleVallysGlnMetArgIleLeuHisValAspGlyPheSerAsp
S0 60 70

TCGGAAAAGAAACAGAAAATTGATGATATTAAAAAGAATATTCGAGACGCTATCTTGgtgagtt ccat cccgecggecat ctaageccaaacactt
SerGluLysLysGlnLysIleAspAspIlleLysLysAsnlleArgAspAlalleLeu
80 90

EXON 3
gcttaactccttgecaatcccttacagACTATTACAGGAGCCATGAGCACACTTAATCCACCTGTAGCTTTAGAAAAGAAGGAAAATGAACCCAGA
ThrIleThrGlyAlaMetSerThrLeuAsnProProValAlaLeuGluLysLysGluAsnGluProArg

100 110
EXON 4
GTGGAGTACATTCAGGATTATGCATCTAQt aagagcctctgecgecccaacttaagttgttatcaaccattatctgeccecgcagGTCCGGACTTTA
ValGluTyrIleGlnAspTyrAlaSerS erProAspPheA
120

ATTATCCTCCTGAATTTTATGAACATACAGAAGAACTATGGAAAGACAAGGGCGTTCTTCAAACCTATGAGAGGTCGAATGAGTATCAATTAATCG
snTyrProProGluPheTyrGluHisThrGluGluLeuTrpLysAspLysGlyValleuGlnThrTyrGluArgSerAsnGluTyrGlnLeulleA
130 140

150 160
EXON 5
ATTGTGCGAAATAgtaagtaatgecccacee . . .~500 bp . . . aagCTTCCTGGACCGAGTGAGCACAATCAAGAATCCAAACTACACC
spCysAlalysTy rPheLeuAspArgValSerThrIleLysAsnProAsnTyrThr

170

CCTAATGAGCAGGATATTCTTCGGTGCCGTGTTTTGACTTCTGGAATATTTGAAACAAGATTTCAAGTGGACAAAGTAAACTTTCAQt aagtgtaa
ProAsnGluGlnAsplleLeuArgCysArgValLeuThrSerGlyIlePheGluThrArgPheGlnValAspLysValAsnPheHi
180 190 200

EXON 6
tcccaagtgatatcgcaatattttagtttctattccattctaatgatatgeattcgtgtgcagCATGTTCGATGTCGGTGGCCAGCGGGACGAGCG
sMetPheAspValGlyGlyGlnArgAspGluAr

210

TAGGAAATGGATTCAGTGTTTCAATGATGTAACTGCTATCATATTCGTAACTGCGTGCTCAAGTTATAACATGGTTTTGCGGGAAGATCCCACCCA
gArgLysTrpIlleGlnCysPheAsnAspValThrAlalleIlePheValThrAlaCysSerSerTyrAsnMetValLeuArgGluAspProThrGl
220 230 240 250

GAACCGACTTCGAGAATCTTTGGATTTGTTCAAGAGTATTTGGAACAACAGgtgaaccgagcaatttggegeccatctogacaaatggaaactaacg
nAsnArgLeuArgGluSerLeuAspLeuPheLysSerIleTrpAsnAsnAr
260

EXON 7
agttgttctttcagATGGCTTCGCACGATTTCTATTATACTATTTTTAAATAAGCAAGAT TTGTTAGCAGAGAAAATTAAGGCTGGAAAAAGTAAA
gTrpleuArgThrIleSerIleIleLeuPheLeuAsnLysGlnAspleuleuAlaGluLysIlelysAlaGlyLysSerLys
270 280 290

TTGTCGGAATATTTCTCCGAGTTTAACAAATACCAAACGCCAAQtaagtaaaatagtataacccatagtagaggccaattgagggcgagggagtca
LeuSerGluTyrPheSerGluPheAsnLysTyrGlnThrProl
ThrPros
300 310
tcagatcaaccgactcagatctggccaagaaattcgcaattcecttttcaaatttgcaaaccgtgeccaagttaacttaagaaatttaatggataat

EXON 8
gtattttgtctaatttcaaatgtgctgTCGACACAGGTGACGCAATAATGGAATCCAATGATGACCCAGAAGTAATACGAGCAAAATATTTCATAC

c
leAspThrGlyAspAlalleMetGluSerAsnAspAspProGluValIlleArgAlaLlysTyrPhelleA
310 erAsp 320 330

EXOoN 9
GAGACGAGTTTCTGgtgggttatatcacatctcegtttcttectccacctatctaactagecttaatcecttaatgggatctetttettatatagCG
rgAspGluPhelLeu Ar
TATATCTACCGCTAGCGGAGACGGAAAACACTACTGCTATCCACATTTCACATGCGCCGTTGACACAGAAAACATTAAACGTGTGTTTAATGATTG
gIleSerThrAlaSerGlyAspGlyLysHisTyrCysTyrProHisPheThrCysAlaValAspThrGluAsnlleLysArgValPheAsnAspCy

340 350 360 369
CAGAGACATTATTCARAGGATGCACCTTCGTCAATATGAATTGTTATAGGTTATCCCCATCGCCGTAATGCAAGTAAATAAAAATATTAATGACTT
sArgAsplleIleGlnArgMet HisLeuArgGlnTyrGluleuLeu .

380
ACTGTTTTAAATATAATTATCAAATGTAATTTGTATTTAAATAGTCCCTTGATTAAAACAAAAAATTCGCTGCATTTAGATCTGGTATGACCTTTC
- [,
ACAAAACTCAACATTAAAGAATAATAAATARACATGTTAATAACAgacacgcttgtttcgattattttggctattctaccaggatgecacctgettt
—

attttctatagtcccttgacatgaagcattttagagtatttccgetatcagagtcegtatccatatccatgggcatttacatteac

913
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FIG. 3. Amino acid sequences of the variable regions of DGsaL
and DGsaS and comparison with that of vertebrate Gsa. The amino
acid sequence of the variable region of the long (DGsaL) and short
(DGsaS) Drosophila Gsa subunit forms are shown in the single-
letter amino acid code. Residues identical to those of the corre-
sponding region of bovine Gsa are boxed.

verify that both splice junctions are used in vivo, RNase
protection studies were done by using a 166-bp BglII-Sspl
fragment spanning the 3’ splice junction of intron 7 (Fig. 4).
The Sspl site is located in exon 8, 60 and 51 bp downstream
of the expected splice sites. Uniformly labeled antisense
RNA transcripts were prepared and hybridized to both head
and body poly(A)* RNAs overnight at 37°C. The resulting
hybrids were digested with RNase A and T, and size
fractionated on a denaturing polyacrylamide gel. Both head
and body poly(A)* RNAs protected bands of 60 and 49 to 51
bp from RNase digestion (Fig. 4). These results confirm the
use of both splice sites in the generation of two mRNAs that

<L
—
T m £
60— ==
51 —— - i
o 100bp
Exon 7 Exon 8
7
Sspl
166 bp
60 bp
==
51 bp
SRS

FIG. 4. Demonstration of alternate splicing at the 3’ end of intron
7 by RNase protection mapping. Exons are indicated by solid boxes.
The portion of exon 8 which is alternately spliced is hatched. RNase
protection studies were done with the uniformly labeled 166-bp
RNA probe indicated, as described in Materials and Methods. The
source of the protected fragments is also indicated. RNase protec-
tion studies were done with poly(A)* RNAs isolated from adult fly
heads (H) or bodies (B) only. Saccharomyces cerevisiae tRNA was
used as a control. Numbers to the left indicate apparent sizes in
nucleotides based on the mobility of 32P-labeled standards produced
by transcription of pBS plasmids linearized in the polylinker region.
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FIG. S. Translation products synthesized in vitro from tran-
scripts of cDNAs that code for the long and short forms of
Drosophila Gsa. **S-labeled proteins were synthesized from tran-
scripts of cDNAs that code for the long (lane 2) and short (lane 3)
forms of Drosophila Gsa as described in Materials and Methods.
Lane 4, equal amounts of the two forms of Gsa; lane 1, control
translation reaction with no RNA. kDa, Kilodaltons.

code for alternate forms of Gsa. The smaller protected bands
are likely due to intramolecular ‘‘breathing’’ of the hybrids.
Protected bands indicating the use of other splice sites at this
intron-exon junction were not seen.

In vitro translation of DGsaL and DGsaS. On the basis of
their deduced amino acid sequences, DGsaS and DGsaL are
predicted to have molecular weights of 44,704 and 45,003,
respectively. By Western blot analysis (using Gsa peptide-
specific antibodies), Drosophila Gsa proteins have been
observed with relative molecular weights of 51,000, 48,000,
and 44,000 (Wolfgang et al., in press). To determine the
relative molecular weights of the protein products of the two
forms of Drosophila Gsa mRNA, each Gsa cDNA was
subcloned into the EcoRI site of pBS(M13—)KS and tran-
scribed by using T3 RNA polymerase. These transcripts
were then translated in rabbit reticulocyte lysates in
[>*S]methionine, and the labeled translation products were
analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography. The relative molecular weights of DGsaS
and DGsaL following in vitro translation was 48,000 and
51,000, respectively, identical to the higher-molecular-
weight forms of Drosophila Gsa seen by Western blotting
(Fig. 5).

Additional forms of Drosophila Gsa.. As described above,
alternate splicing produces two Gsa mRNAs whose prod-
ucts correspond to the two largest forms of Gsa protein
observed on Western blots of Drosophila neuronal mem-
branes. To look for additional transcripts, PCRs were per-
formed by using poly(A)* RNAs isolated from whole flies
and bodies. Oligonucleotides 652 and 918 were used as
opposing primers to amplify the region of variability in both
the vertebrate and Drosophila proteins. Oligonucleotide 652
is situated upstream of the vertebrate variable region, and
oligonucleotide 918 is situated downstream of the Droso-
phila variable region. Amplification products of 900 and 909
bp were expected from transcripts that code for DGsaS and
DGsal., respectively, covering approximately 80% of the
coding sequence for each form. Transcripts that code for
additional species of Gsa were expected to yield amplifica-
tion products of significantly different sizes. PCR products
were analyzed by agarose gel electrophoresis and Southern
hybridization by using pDGs12. In both PCRs, a single band
of approximately 900 bp was seen against a background
smear of low-molecular-weight material (Fig. 6). Southern
hybridization confirmed that this band was the amplification
product expected from transcripts that code for DGsaL and
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FIG. 6. Analysis of heterogeneity in the coding region of Droso-
phila Gsa transcripts by the PCR. PCRs were done by using
poly(A)* RNAs isolated from whole adult flies (W) or bodies only
(B) as described in Materials and Methods. (A) Analysis of PCR
products by ethidium bromide staining after agarose gel electropho-
resis. The approximately 900-bp product is indicated. (B) Southern
blot analysis of PCR products with a 3?P-labeled insert of pDGs12.

DGsaS (Fig. 6). No additional amplification products were
detected, even after long exposure times (data not shown).

Alternate polyadenylation sites. In addition to the tran-
script heterogeneity described above, nucleotide sequencing
revealed the use of multiple polyadenylation sites. pDGs12
was previously reported to be polyadenylated at a CA
dinucleotide 190 bp downstream of the translation termina-
tion codon (24). cDNAs polyadenylated at TA or CA dinu-
cleotides 61 and 123 bp downstream of the TAG translation
termination codon, respectively, were also found. Polyade-
nylation at these upstream sites results in cDNAs that lack
the BglIl site of the 3'-untranslated region. Each of the
polyadenylation sites is downstream of a consensus
(AATAAA) or variant (ATTAAA) polyadenylation signal (2)
(Fig. 2). Each polyadenylation site is used in cDNAs that
code for DGsaL and DGsaS.

DISCUSSION

The gene that codes for the Drosophila stimulatory G
protein a subunit was isolated and characterized. This gene
extends for approximately 4.5 kb and consists of nine exons
separated by eight introns (Fig. 1). The organization of the
gene was compared to a proposed model of the functional
domains of G proteins (18). The four regions of homology
among the G proteins, bacterial elongation factor EF-Tu,
and the ras oncogene proteins (designated A, C, E, and G)
(9) are located in separate exons in the Drosophila Gsa gene.
Region A, which interacts with phosphoryl groups of the
guanine nucleotide and may be responsible for the GTPase
activity of the subunit, is found in exon 2. Region C, which
may be involved in the conformational switch which occurs
upon GDP-GTP exchange, and region E, which is thought to
form a hydrophobic partial pocket for the guanine ring, are
both found in exon 6. Region G, which is also thought to
interact with the guanine nucleotide, is found in exon 7.
Regions of the Ga subunits responsible for the effector and
receptor interactions have not been precisely defined. By
analogy to the ras-encoded proteins (29), the effector-
binding region has been thought to be specified by the least
conserved portion of the various Ga proteins. This region in
the Drosophila gene for Gsa is distributed over part of exon
2 and exons 3 to 5. The Arg residue potentially ADP-
ribosylated by cholera toxin (32) is found in exon 5. The
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C-terminal portion of the protein, thought to form part of the
receptor-binding domain (19, 31), is coded for by exons 8 and
9. Recent studies have shown that at least part, if not all, of
the effector interaction may also be specified by this region
(19).

The intron-exon structure of the Drosophila gene for Gsa
is more similar to the human gene for Gsa than it is to the
Drosophila gene for Gia. The Drosophila gene for Gia
consists of five exons separated by four introns (23). Only
one intron location is conserved between the Drosophila
genes. This intron is adjacent to region C in both genes and
separates exons five and six of the Drosophila gene for Gsa.
The human gene for Gsa consists of 13 exons separated by
12 introns (14). The locations of five introns are identical in
the human and Drosophila genes for Gsa. These conserved
introns were likely acquired early in evolution before the
divergence of these genes.

Additional similarities exist between the Drosophila and
human genes for Gsa. Three of the Drosophila exons encode
amino acid sequences which are found in multiple exons in
the human gene (Fig. 1). An example of this is seen in the
splitting of the amino acid-coding region of exon 2 of the
Drosophila gene into three exons of the human gene. These
introns were apparently acquired by the human gene after
divergence of the two genes. In addition, pairs of exons in
both genes code for the same amino acid region but are
interrupted by introns at different positions (Fig. 1). For
example, this is true of Drosophila exons 3 and 4 and human
exons 5 and 6. It appears likely that these introns were
inserted into a conserved exon after divergence of the two.
Exon 3 of the human gene for Gsa, which codes for the
variable portion of the vertebrate Gsa subunits (14), has no
counterpart in the Drosophila gene for Gsa (Fig. 1).

Comparisons of the organization of the genes for human
Gi2a and Gi3a (11), Drosophila Gia (23), mouse Gta (trans-
ducin) (25), and human Gsa (14) have revealed that all of
these genes contain two conserved intron positions. These
introns are located in or near regions A and C described
above. The intron in region A is not found in the Drosophila
gene for Gsa. The intron adjacent to region C is found in the
Drosophila gene for Gsa and, as discussed above, corre-
sponds to the only intron position conserved between the
Drosophila genes for Gsa and Gia. The absence of substan-
tial similarity in the exon-intron structures of the Drosophila
genes for Gsa and Gia is consistent with the early diver-
gence of these proteins. This implies either that intron-
interrupting region A has been precisely lost from the
Drosophila gene for Gsa so as not to impair function or that
this intron was acquired independently by the human gene
for Gsa.

Western blot analysis of Drosophila membrane prepara-
tions using Gsa-specific peptide antisera has previously
suggested the existence of three molecular weight forms of
Gsa with relative molecular weights of 44,000 to 51,000 on
SDS-polyacrylamide gels (Wolfgang et al., in press). This
report demonstrates that this heterogeneity is due, at least in
part, to the existence of Drosophila mRNAs for Gsa which
differ over an internal region of nine nucleotides in the amino
acid-coding region. These transcripts code for two Gsa
subunit forms, DGsaL and DGsaS, which differ by inclusion
or deletion of three amino acids and substitution of a Gly for
a Ser after residue 309. DGsaS is more similar to the
vertebrate Gsa subunits than to DGsaL (Fig. 3). The extra
amino acid residues of DGsaL are not found in the verte-
brate subunits. In vitro translations of RNAs transcribed
from plasmids that code for the two Gsa subunit forms have
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demonstrated that these forms of Gsa can be separated on
SDS-polyacrylamide gels and have relative molecular
weights of 48,000 and 51,000, respectively (Fig. 5), identical
to the higher-molecular-weight forms of Gsa identified by
Western blotting. On the basis of the deduced amino acid
sequences of DGsaS and DGsaL, the predicted molecular
weights of these proteins are 44,704 and 45,003, respec-
tively. The reason for the discrepancy between the predicted
and observed molecular weights is unclear. It is interesting
that the larger form of bovine Gsa also migrates anomalously
on SDS-polyacrylamide gels (26).

Extensive restriction mapping and nucleotide sequence
analysis have failed to identify transcripts that code for
additional forms of Gsa protein. This result was confirmed
by PCRs with poly(A)* RNA prepared from whole flies and
bodies only with primers designed to amplify the region of
variability in both vertebrate and Drosophila proteins. Thus,
the origin of the 44-kilodalton band seen on Western blots of
Drosophila membrane preparations is unclear. Although the
possibility of additional transcripts exists, the additional
protein band may also be the result of posttranslational
modifications or proteolysis. The nature of the posttransla-
tional modifications to which Gsa subunits are subject is
unknown. Studies of recombinant vertebrate Gsa subunits
synthesized in Escherichia coli suggest that eucaryotic post-
translational modifications are required for full activity (7).
Specific proteolysis of Ga proteins in Drosophila mem-
branes has been observed in relation to the 40-kilodalton
protein modified by pertussis toxin (10). This protein, re-
cently shown to be the Drosophila Goa homolog (31a), can
be proteolyzed in neuronal membranes to a discrete 37-
kilodalton protein.

Additional variability in the expression of the Drosophila
gene for Gsa arises from the use of multiple polyadenylation
sites. Multiple polyadenylation consensus sequences have
been found in the 3’-untranslated region of human Gsa
transcripts, but use of multiple polyadenylation sites has not
been reported (14). Each polyadenylation site has been
found in association with each Drosophila Gsa splice vari-
ant. The significance of the use of these multiple polyade-
nylation sites is unknown.

This report demonstrates that the vertebrate and Droso-
phila Gsa subunits are subject to primary-structure varia-
tions in different regions. This result is confirmed by the
structure of the Drosophila gene for Gsa. The N-terminal
portion of the human Gsa subunit is encoded by multiple
exons, and variability in this region is the result of alternate
splicing involving variable use of exon 3 (14). Alternate
splicing cannot occur in this region of the Drosophila gene,
since these sequences are found in a single exon. Since the
Drosophila and human Gsa proteins are subject to variation
in widely separated regions, it is possible that different
aspects of G protein function are affected. Vertebrate Gsa
subunits are variable in or close to the proposed effector
region (3). In vertebrates, the functional significance of this
heterogeneity is unknown, although some quantitative dif-
ferences in their interactions with adenylate cyclase has
been found (7). It is tempting to speculate that in D.
melanogaster, the variation in the primary structure affects
receptor interaction. The different Drosophila Gsa proteins
may interact with different receptors or have different affin-
ities for receptors. This may result in a different tissue
distribution for the two spliced forms. The validity of this
speculation awaits further study of the extent of the region of
Gsa which is involved in receptor interactions and the

MoL. CELL. BioL.

development of tools which will allow the two forms to be
cleanly discriminated in D. melanogaster.

The GT-AG rule for demarcation of introns is almost
invariant (22). However, the multiple forms of Drosophila
Gsa have been shown in this report to be the result of
alternate splicing at the 3’ end of intron 7 involving an
unusual TG splice site. Use of the TG splice site results in
the larger subunit form, DGsalL, while use of a consensus
AG splice site 9 bp downstream results in transcripts that
code for DGsaS. The occurrence of alternate splicing at this
junction and the use of the unusual splice site have been
confirmed by RNase protection studies (Fig. 4). The use of
unusual 3’ splice sites is not without precedent. The unusual
3’ splice site CG has been reported in the Drosophila per
gene (5). Interestingly, the human gene for Gsa also appears
to use a TG 3’ splice site as part of the mechanism by which
multiple forms of human Gsa are generated (14). Since
alternate splicing takes place at different positions in the
human and invertebrate genes, this mechanism of generating
diversity in Gsa proteins appears to have arisen indepen-
dently in the two genes during evolution.
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