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The primary structure of the x-subunit of the adenylate cyclase-stimulating G-protein (G,) has been deduced

from the nucleotide sequence of cloned DNA complementary to the bovine cerebral mRNA encoding the

polypeptide. Comparison of the amino acid sequences of the a-subunits of G, and transducin reveals that

some of the highly conserved regions show sequence homology with elongation factor-Tu and ras p21 pro-
teins and correspond to functional regions of guanine nucleotide-binding proteins.
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1. INTRODUCTION

A group of membrane-associated G-proteins are
essential for transducing signals generated at cell
surface receptors into changes in cellular function
and metabolism [1]. These proteins are a complex
of 3 subunits termed a, £ and . The a-subunit is
responsible for binding guanine nucleotides and is
unique to each G-protein. The stimulatory G-
protein (G;) mediates hormonal stimulation of
adenylate cyclase [1]. The -subunit of Gs is the ac-
tivator of the catalytic moiety of the adenylate
cyclase complex. Here, the primary structure of
the a-subunit of G, has been deduced by cloning
and sequencing cDNA encoding it. The amino acid
sequence homology observed between the a-
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Abbreviations: G-protein, guanine nucleotide-binding
protein; G, adenylate cyclase-stimulating G-protein;
Go,, a G-protein purified from brain; IAP, islet-
activating protein

subunits of G, and transducin [2—5] is discussed in
relation to functional regions of G-proteins.

2. MATERIALS AND METHODS

Total RNA was extracted from adult bovine
cerebral cortex as in [6], and poly(A)* RNA was
isolated as in {7]. A library of cDNA clones was
constructed by the method of Okayama and Berg
{8], using 7.8 #g poly(A)* RNA and 4.2 ug of the
vector-primer DNA. The procedures for transfor-
mation and screening were as in [9,10]. Two
oligodeoxyribonucleotide probes, 5'-ATETTCA-

TETGETT-3' (probe a) and 5'~TGSC};ATCCAET-

TETT-3' (probe b), were synthesized by the
triester method [11]. Probes a and b, labelled with
32p at the 5'-end, were used for hybridization at 34
and 35°C, respectively. The 225-base-pair BsfNI-
Accl fragment excised from the 5'-terminal region
of the cDNA insert of clone pGa28 (see text) was
labelled by nick-translation [12] with [o-**P}dCTP
and used for hybridization at 60°C. DNA se-
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quencing was carried out according to Maxam and
Gilbert [13].

3. RESULTS AND DISCUSSION

A cDNA library derived from bovine cerebral
cortex poly(A)* RNA was screened by hybridiza-
tion with oligodeoxyribonucleotide probes (probes
a and b; see section 2). Probes a and b were syn-
thesized on the basis of the pentapeptide sequences
Lys-GIn-Met-Lys-Ile and Lys-Lys-Trp-Ile-His,
respectively, which are known to be contained in
the a-subunits of both transducin [2—-5] and G,
[14], a G-protein purified from brain. From about
1.2 x 10° transformants, one clone (pGa28)
hybridizing with both the probes was isolated.
Nucleotide sequence analysis of clone pGa28
showed that its cDNA insert encodes an amino
acid sequence that is homologous both with the se-
quence of transducin [2] and with the known par-
tial sequence of G, [14], but not identical with
either. To isolate an upstream ¢cDNA sequence of
clone pGa28, we then screened the same cDNA
library using a hybridization probe excised from
the 5'-terminal region of the cDNA insert of this
clone. From about 1.4 x 10° transformants, 4
positive clones were isolated. These clones differed
in restriction pattern from clone pGa28. One of
them, clone pGSa7, was subjected to nucleotide
sequence analysis.

Fig.1 shows the 1599-nucleotide sequence (ex-
cluding the poly(dA) tract) of the cDNA insert of
clone pGSa7. The sequence of nucleotides 82—183
corresponds precisely to the sequence of 34 amino
acids predicted from a cDNA clone that has recent-
ly been identified as that encoding the a-subunit of
bovine G; [17]. This indicates that clone pGSa7
carries a cDNA sequence for the G; a-subunit. The
primary structure of this polypeptide was deduced
from the cDNA sequence by using the reading
frame corresponding to the 34-amino-acid se-
quence (fig.1). The assignment of the translational
initiation site to the methionine codon composed
of nucleotides 1-3 is based on the alignment of the
deduced amino acid sequence with the sequence of
the transducin a-subunit [2] (fig.2). This assign-
ment is supported by the fact that the nucleotide
sequence surrounding this ATG triplet agrees with
the favoured sequence that flanks functional initia-
tion codons in eukaryotic mRNAs, i.e. CCAC-
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CAUG(G) [19]. The possibility that the initiating
methionine is located upstream of the 5'-end of
the cDNA insert of clone pGSa7 cannot be exclud-
ed. A translational termination codon (TAA) oc-
curs in frame after the 394th codon specifying
leucine. Thus, the a-subunit of bovine G consists
of 394 amino acid residues (including the initiating
methionine) and has a calculated M; of 45706,
which agrees with the reported value [20,21}; it is
to be noted that rabbit liver contains an additional
G; polypeptide of M, 52000 [22].

The amino acid sequences of the a-subunits of
G, and transducin show 42% homology (fig.2);
gaps have been counted as one substitution
regardless of their length. Some of the highly con-
served regions exhibit sequence homology with
elongation factor-Tu and ras p21 proteins and cor-
respond to functional regions of G-proteins
[23—26]. The segment comprising positions 42—60
in the aligned sequences (fig.2) is homologous with
the region of elongation factor-Tu and ras proteins
that is proposed as being involved in interaction
with the phosphate groups of the GDP ligand
[24—26]. The side chain of the lysine of these pro-
teins corresponding to the lysine at position 53 is
considered to contribute to the charge neutraliza-
tion of one of the phosphate groups. Furthermore,
it is suggested that this region of ras proteins is in-
volved in GTPase activity [27]). The segment com-
prising positions 171—175 is homologous with the
region of elongation factor Tu and ras proteins in-
cluding the aspartic acid (corresponding to that at
position 173) that may form a salt bridge with an
Mg?* located close to the #-phosphate group of the
GDP ligand [24-26). This region of ras proteins is
also thought to be involved in GTPase activity
[28,29]. The segment comprising positions
287—-300 is homologous with the region of elonga-
tion factor Tu and ras proteins that is implicated in
interaction with the guanine ring [24—26). The
aspartic acid corresponding to that at position 295
may form a hydrogen bond to the amino group,
and the asparagine corresponding to that at posi-
tion 292 to the keto group of the guanine ring
[24—26]. In our previous report [2], the regions of
ras proteins corresponding to positions 171-175
and 287-300 were aligned improperly with the
transducin a-subunit because no information con-
cerning structural details of the guanine
nucleotide-binding site of elongation factor Tu was
available.
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5'emea- TCTCGGCCCGCGTGAGGCCGCCCGCGCCGGCCCCGCLGCLCGCCRLCGLCGLL -1

1 10 20 30

Met Gly Cys Leu Gly Asn Ser Lys Thr Glu Asp GIn Arg Asn Glu Glu Lys Ala Gln Arg Glu Ala Asn Lys Lys Ile Glu Lys GIn Leu
ATG GGC TGT CTC GGA AAC AGC AAG ACC GAG GAC CAG CGC AAC GAG GAG AAG GCG CAG CGC GAG GCC AAC AAG AAG ATC GAG AAG CAG CTG 90

40 50 60

GIn Lys Asp Lys Gln Val Tyr Arg Ala Thr His Arg Leu Leu Leu Leu Gly Ala Gly Glu Ser Gly Lys Ser Thr Ile Val Lys GIn Met
CAG AAG GAC AAG CAG GTC TAC CGG GCC ACG CAC CGT CTG CTG CTG CTG GGT GCT GGA GAA TCT GGT AAA AGC ACC ATT GTG AAG CAA ATG 180

70 80 90

Arg Ile Leu His Val Asn Gly Phe Asn Gly Glu Gly Gly Glu Glu Asp Pro GIn Ala Ala Arg Ser Asn Ser Asp Gly Glu Lys Ala Thr
AGG ATC CTG CAT GTT AAT GGG TTT AAT GGA GAG GGC GGC GAA GAG GAC CCG CAG GCT GCA AGG AGC AAC AGC GAT GGT GAG AAG GCC ACC 270

100 110 120
Lys Val GIn Asp Ile Lys Asn Asn Leu Lys Glu Ala Ile Glu Thr Ile Val Ala Ala Met Ser Asn Leu Val Pro Pro Val Glu Leu Ala
AAA GTG CAG GAC ATC AAA AAC AAC CTG AAA GAG GCC ATT GAA ACC ATC GTG GCC GCC ATG AGC AAC CTG GTG CCC CCT GTG GAG CTG GCC 360

130 140 150
Asn Pro Glu Asn Gin Phe Arg Val Asp Tyr Ile Leu Ser Val Met Asn Val Pro Asp Phe Asp Phe Pro Pro Glu Phe Tyr Glu His Ala
AAC CCA GAG AAC CAG TTC AGA GTG GAT TAC ATT CTG AGC GTG ATG AAC GTG CCG GAC TTT GAT TTC CCT CCC GAA TTC TAC GAG CAT GCC 450

160 170 180
Lys Ala Leu Trp Glu Asp Glu Gly Val Arg Ala Cys Tyr Glu Arg Ser Asn Glu Tyr GIn Leu Ile Asp Cys Ala GIn Tyr Phe Leu Asp
AAG GCT CTC TGG GAG GAT GAA GGG GTG CGT GCC TGC TAT GAG CGC TCC AAC GAG TAC CAG CTG ATT GAC TGC GCC CAG TAC TTC CTG GAC 540

} 190 200 210
Lys Ile Asp Val Ile Lys GIn Asp Asp Tyr Val Pro Ser Asp GIn Asp Leu Leu Arg Cys Arg Val Leu Thr Ser Gly Ile Phe Glu Thr
AAG ATT GAT GTC ATC AAG CAG GAT GAC TAC GTG CCC AGC GAC CAG GAT CTG CTC CGC TGC CGT GTC CTG ACT TCT GGA ATC TTT GAG ACC 630

220 230 240
Lys Phe GIn Val Asp Lys Val Asn Phe His Met Phe Asp Val Gly Gly Gin Arg Asp Glu Arg Arg Lys Trp Ile GIn Cys Phe Asn Asp
AAG TTC CAG GTG GAC AAA GTC AAC TTC CAC ATG TTT GAC GTG GGC GGC CAG CGC GAT GAA CGC CGC AAA TGG ATC CAA TGC TTC AAT GAT 720

250 260 270
val Thr Ala Ile 1le Phe Val Val Ala Ser Ser Ser Tyr Asn Met Val Ile Arg Glu Asp Asn Gin Thr Asn Arg Leu GIn Glu Ala Leu
GTG ACT GCC ATC ATC TTC GTG GTT GCC AGC AGC AGC TAC AAC ATG GTC ATT CGG GAG GAC AAC CAG ACC AAC CGC CTG CAG GAG GCT CTG 810

280 . 290 300
Asn Leu Phe Lys Ser Ile Trp Asn Asn Arg Trp Leu Arg Thr Ile Ser Val Ile Leu Phe Leu Asn Lys GIn Asp Leu Leu Ala Glu Lys
AAC CTC TTC AAG AGC ATC TGG AAT AAC AGA TGG CTG CGC ACC ATC TCT GTG ATT CTG TTC CTC AAC AAG CAA GAT CTG CTG GCT GAG AAA 900

310 320 330
Val Leu Ala Gly Lys Ser Lys Ile Glu Asp Tyr Phe Pro Glu Phe Ala Arg Tyr Thr Thr Pro Glu Asp Ala Thr Pro Glu Pro Gly Glu
GTC CTT GCT GGA AAA TCG AAG ATT GAG GAC TAC TTT CCA GAA TTT GCT CGC TAC ACT ACT CCT GAG GAT GCG ACT CCC GAG CCC GGA GAG 990

340 350 360
Asp Pro Arg Val Thr Arg Ala Lys Tyr Phe Ile Arg Asp Glu Phe Leu Arg I1le Ser Thr Ala Ser Gly Asp Gly Arg His Tyr Cys Tyr
GAC CCA CGC GTG ACC CGG GCC AAG TAC TTC ATT CGA GAT GAA TTT CTG AGA ATC AGC ACT GCT AGT GGA GAC GGG CGC CAC TAC TGC TAC 1080

370 380 390
Pro His Phe Thr Cys Ala Val Asp Thr Glu Asn Ile Arg Arg Val Phe Asn Asp Cys Arg Asp Ile [ie Gin Arg Met His Leu Arg Gln
CCT CAC TTC ACC TGC GCT GTG GAC ACC GAG AAC ATC CGC CGT GTG TTC AAC GAC TGC CGT GAC ATC ATC CAG CGC ATG CAC CTC CGT CAG 1170

Tyr Glu Leu Leu
TAT GAG CTG CTC TAA GAAGGGAACCTCCAGATTTAATTAAGGCCTTAAGCGCAATTAATTAAAAGTAAGATATAATTGTACACGCAGTTGATCACCCACCATAGGGCATGATTAA 1285

CAAAGCAACCTTTCCTTTCCCTCAAGTGATTTTGCGAAACCCCCTTCACCTTACAGCTTGCTTAARTATTCCAAATTTAGAAAGCTTAAGGCAGCCTATAGATTAAGATTAAGAAAAAAA 1405
GGCCACAAATGTTCCCTTCTCTCTTTAAGTAACTACAATAATAGCAGCAAACAGAAATAAATAAATGAAATAAATGAAGCAAATGAAATAAATATCGTGTTGTGCAGCATTAAARARATC 1525
AAAATAAAAATTAAATGTGAGC----- 3!

Fig.1. Nucleotide sequence of the cDNA encoding the a-subunit of bovine G,. Nucleotide residues are numbered in the
5’ to 3’ direction, beginning with the first residue of the ATG triplet encoding the initiating methionine, and the
nucleotides on the 5'-side of residue 1 are indicated by negative numbers; the number of the nucleotide residue at the
right-hand end of each line is given. The deduced amino acid sequence of the G a-subunit is shown above the nucleotide
sequence, and amino acid residues are numbered beginning with the initiating methionine. The 5’-terminal sequence
presented does not extend to the 5’ -end of the mRNA. The 3’ -terminal sequence shown is followed by a poly(dA) tract
connected with the vector DNA sequence [8]. The 3'-noncoding region contains 5 and 3 copies of the polyadenylation
signals AATAAA [15] (nucleotides 1461—1466, 1465—1470, 1474—1479, 1492—1497 and 1528—1533) and ATTAAA [16]
(nucleotides 1228—1233, 1514—1519 and 1535—-1540), respectively.

The hydropathy profile [30] and the predicted structure. This region corresponds to one of the &-
secondary structures [31] of the G, a-subunit are strands proposed as being located in the vicinity of
generally similar to those of the transducin a- the guanine nucleotide-binding site of elongation
subunit [2]. The region comprising positions factor Tu and ras proteins [25]. It is also possible
241-253 of both the a-subunits represents a highly that this region is involved in hydrophobic interac-
hydrophobic segment with predicted secondary tion with other subunits of the G-proteins, recep-

222



Volume 195, number 1,2 FEBS LETTERS January 1986

! 20
Gs a-subunit ; QREANRKT KQVYR Hm LLLGAGESGKSTIVKQ'& L N NG
Transducin a-subunit AGASA -------- ----HSBﬁL KE AEKDA WK LLLGAGESGKSTIVKQMKILI
100 120 140 160
EGG DPQAARSNSDGEKATKVQD KN L KEA ETiI-EEQNEVPPVELANPENQF VDYILSVMNVPDFDF YEHAKA B VR
SSLE CLEFIAI ------------ TLQSITILALVIRAMT.TILN QY GDSARQDDARKLMHMADT IEEGT - M SIDIT 1 QRL WIKIDISIGITQ
200 220 240
PE’DL’ S VDKV FDVGGQR D
PITEQDIVL RIS TIG LI SFKDL R FDVGGo s
260 280 300 320
Alﬁ ]I ED) QT LQ Bj Er{ IBVILFLNK[G VLAG S’k‘iEDY EFARY FPEPGEDPRVTRAKYF
VILVE uEv TISITVLFLN VFS Ii--K AHLﬁIC PDYNGPN v GN ------------- y:
360 380

RDEF RﬁsiAs GRHY C P
qu LELNMRR-[DVKE I -

EI NDC R:MH RQYE
A D TIOINV KFV FDAV IKEN KDICGLIF

Fig.2. Alignment of the amino acid sequences of the a-subunits of bovine G; (top) and transducin (bottom). The one-

letter amino acid notation is used. The sequence data for the transducin a-subunit have been taken from [2]. Sets of

identical residues are enclosed with solid lines, and sets of conservative residues with dashed lines. Conservative amino

acid substitutions are defined as pairs of residues belonging to one of the following groups: S, T, P, A and G; N, D,

Eand Q; H,Rand K; M, I, L and V; F, Y and W [18]. Gaps (—) have been inserted to achieve maximum homology.
Position numbers in the aligned sequences coincide with amino acid numbers of the Gs a-subunit.

tor or effector proteins or the plasma membrane.

The tetrapeptide sequence Ser-Arg-Val-Lys of
the transducin a-subunit (positions 200—203) has
been identified as the site that is ADP-ribosylated
by cholera toxin [32]. The ADP-ribose is linked to
the guanidinium group of the arginine. The G; a-
subunit, which is also ADP-ribosylated by cholera
toxin [22], contains an arginine at the correspon-
ding position, and the region surrounding it (posi-
tions 190-212) is highly conserved. On the other
hand, the carboxy-terminal nonapeptide sequence
of the transducin «-subunit, identified as the site
of ADP-ribosylation by IAP [14,33], is not well
conserved in the G a-subunit, which is not ADP-
ribosylated by IAP [34].
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