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ABSTRACT A bovine adrenal cDNA clone encoding the
entire « subunit of the GTP-binding regulatory protein that
stimulates adenylate cyclase (G,) was isolated and sequenced.
This cDNA directed the synthesis of the larger, 52-kDa form of
the polypeptide in COS cells, even though the clone appeared
to encode a 46-kDa protein. Comparison of the deduced amino
acid sequence of G;, with the « subunit of another G protein,
transducin, revealed striking homologies.

The activity of adenylate cyclase is modulated by members
of a family of guanine nucleotide-binding regulatory proteins
(G proteins). G is the protein responsible for transduction of
stimulatory signals from receptors to adenylate cyclase,
whereas G; and possibly G, mediate inhibition of the enzyme
(1, 2). In the retinal rod outer segment, regulation of cyclic
GMP phosphodiesterase activity in response to photolyzed
rhodopsin involves another G protein, termed transducin (3).
These four G proteins have been purified (3-7), and each has
been found to be a heterotrimer with subunits designated «,
B, and y. The « subunit is unique to each oligomer; the
apparent sizes of these polypeptides are 52 or 45 kDa for G,
41 kDa for G;, and 39 kDa for G, and transducin. The 8 and
v subunits may be common to all four G proteins; they have
apparent sizes of 36 kDa and 8 kDa, respectively.

In response to interaction with specific receptors, the a
subunit of each G protein binds GTP and dissociates from the
By subunit complex (2, 3). The free a subunit is then able to
interact with a specific effector in the cell to alter its activity.
After hydrolysis of bound GTP, the a subunit reassociates
with the By complex and is inactive. The a subunit of G,
interacts directly with adenylate cyclase to stimulate its
activity. In contrast, the a subunits of G; and G, interact
weakly, if at all, with the enzyme (8). Instead, the inhibitory
effect of these proteins on adenylate cyclase activity appears
to be due to the dissociation of the By subunit complex and
its subsequent association with the a subunit of G, thereby
reducing the amount of G, available to stimulate adenylate
cyclase (9). The a subunits of G; and G, are presumed to
interact with other specific effectors that are important in
transmembrane signaling reactions (10-12). In the visual
transduction system, the a subunit of transducin stimulates
the phosphodiesterase directly (3).

Since the specificity of the interaction of each G protein
with its effector appears to reside with the a subunit, an
intense effort is underway to determine the primary structure
of the a subunit of each of these proteins (13-16). We have
reported the isolation of a bovine brain cDNA clone (pBBr)
that encodes most of the a subunit of G (17). The identity of
this clone was determined by immunoblotting, using an
antibody to a peptide synthesized according to a portion of
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the deduced amino acid sequence, and by blot hybridization
analysis of RNA from wild-type and cyc™ (G, -deficient) S49
lymphoma cells. In the present paper, we report the use of a
probe corresponding to the 5’ end of pBBr to isolate a longer
clone (pBAd) from a bovine adrenal cDNA library; pBAd
appears to encode the entire G, protein. The amino acid
sequence of G, deduced from the cDNA sequence has been
compared to that of the a subunit of transducin (T,).

METHODS

Materials. A bovine adrenal cDNA library, prepared by the
method of Okayama and Berg (18), was generously provided
by T. Yamamoto (University of Texas Health Science Cen-
ter, Dallas). COS-m6 cells were obtained from T. Osborne
(University of Texas Health Science Center, Dallas). Other
materials were purchased from commercial sources.

Isolation of a cDNA Clone for G,, from Bovine Adrenal.
After transformation into Escherichia coli HB101 cells, a
bovine adrenal cDNA library was plated at high density onto
nitrocellulose filters and grown on agar plates containing
ampicillin for 6-12 hr, followed by amplification on agar
plates containing chloramphenicol for 12 hr (19). Replicate
filters were prepared and ~10¢ colonies were screened with
a uniformly labeled probe, about 100 bases long, correspond-
ing to the 5’ end of pBBr. Hybridization of the probe to filters
was performed overnight at 42°C in a solution containing 50%
(vol/vol) formamide, 5x NaCl/Cit (1x NaCl/Cit = 0.15 M
NaCl/15 mM sodium citrate), 5% Denhardt’s solution (1X =
0.02% Ficoll/0.02% bovine serum albumin/0.02% polyvi-
nylpyrrolidone), 0.1% NaDodSO,, and heat-denatured E.
coli DNA at 150 ug/ml (19). Filters were washed twice at
room temperature in 2X NaCl/Cit/0.1% NaDodSO, and once
at 45°C in 0.1x NaCl/Cit/0.1% NaDodSO, for 15 min per
wash, dried at room temperature, and subjected to autoradi-
ography. Plasmid DNA was isolated from positive clones
(five) by standard procedures (19) and digested with BamHI
to determine the size of the cDNA insert. The plasmid with
the longest insert (=1500 base pairs) was designated pBAd.

DNA Sequence Analysis of G,, cDNA Clones. The nucleo-
tide sequences of the cDNA inserts of both the pBBr and
pBAd clones were determined. In both cases, appropriate
restriction fragments were subcloned in bacteriophage M13
vectors (20) and sequenced by the dideoxynucleotide chain-
termination method (21) using M13- and G,,-specific
oligonucleotides as primers. The amino acid sequence of G,
was deduced from the nucleotide sequence. Protein sequence
homology was analyzed using the SEARCH and ALIGN

Abbreviations: G proteins, GTP-binding regulatory proteins; G, and
G;, G proteins that mediate stimulation and inhibition, respectively,
of adenylate cyclase; G,, a G protein of unknown function purified
from bovine brain; G,, and T,, « subunit of G, and of transducin,
respectively; EF-Tu and IF-2, bacterial elongation and initiation
factors involved in protein synthesis.
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programs of the National Biomedical Research Foundation
(Washington, DC) (22). .

Transfection of 8 G,. cDNA into COS-m6 Cells. pBAd,
which contains a simian virus 40 origin of replication, was
transfected into COS-m6 cells (23) by the calcium phosphate
precipitation method (24). Proteins from transfected cells and
control cells that had been transfected with salmon sperm
DNA were solubilized 48 hr later in 75 ul of 1% (vol/vol)
Triton X-100/10 mM Hepes, pH 7.4/200 mM NaCl/2.5 mM
MgCl,/2 mM CaCl,/0.5 mM dithiothreitol/1% (wt/vol) phe-
nylmethylsulfonyl fluoride/0.1 mM leupeptin. After centrif-
ugation at 12,000 x g for 10 min, 25 ug of protein in extracts
from control and transfected cells was resolved on a
NaDodSO,/11% polyacrylamide gel and transferred to ni-
trocellulose paper for immunoblotting: Following incubation
with buffer containing 10% goat serum, the blot was incu-
bated with a rabbit polyclonal antibody directed against Giso,
as described (17). Antibody bmdmg was detected by incu-
bation of the blot with buffer containing goat anti-rabbit IgG
labeled with 12I. After washing, the blot was subjected to
autoradiography, and the autoradiographic image of the blot
was scanned with a densitometer.

RESULTS

Sequence of cDNA Encoding the a Subunit of G,. The
strategy that was used to obtain the nucleotide sequence of
the pBBr and pBAd cDNA inserts is shown in Fig. 1. In
sequencing the cDNA insert of pBBr, an open reading frame
extending to the 5’ end of the cDNA was found, with no
evidence of an ATG codon 5’ of known protein sequence (17)
that could code for the initiator methionine. Therefore, pBBr
does not encode the entire « subunit of G,. To isolate longer
cDNAs, a probe corresponding to sequence at the 5’ end of
the pBBr was synthesized and used to screen a large cDNA
library from bovine adrenal. Fromi this library, a cDNA clone
(pBAd) was isolated that appears to be identical to the pBBr
clone by restriction mapping (Fig. 1), except that it is 40 base
pairs longer at the 5’ end and includes a potential initiator
methionine codon.

The nucleotide sequence of the cDNA encoding Gq,,
determined using both of these clones, is shown in Fig. 2. In
the sequénce common to both clones, we detected a single
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F1G. 1. Restriction endonuclease map and sequencirig strategy
for the bavine G,, cDNAs. The scale above the restriction map
indicates the riucleotide positions in kilobases (kb) relative to the first
ATG codon in the cDNA. The thick black line depicts the region of
the mRNA that codes for G,, protein, while the thin black line depicts
the 3’ untranslated region of the mRNA. The extents to which the
cDNA plasmids pBBr and pBAd represent the mRNA are shown
below the restriction map. The arrows indicate the direction and
extent of DNA sequence that was determined by the dideoxynucle-
otide method (21), using bacteriophage M13 subclones as templates
(20) and M13- and G,,-specific oligonucleotides as primers. For
pBBr, the coding sequence and 3’ untranslated sequence were
determined for both strands. For pBAd, =60% of the coding
sequence was determined for either one or both strands.
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nucleotide difference that occurs at positions 286-290; the
pBBr clone has only four adenosine residues, while pBAd has
five. The deletion of an adenosine residue in the pBBr clone
leads to loss of the reading frame 6 bases downstream. Since
the sequences of several M13 subclones of pBBr have only
four adenosine residues, it seems likely that the deletion
occurred during the construction of the bovine brain cDNA
library. Several other G, clones from the bovine adrenal
library have since been sequenced in this region and found to
be identical to pBAd. The complete nucleotide sequence of
pBAd, excluding the poly(A) track, is 1491 bases.

Translation of the nucleotide sequence reveals a single
open reading frame of a length sufficient to encode a protein
of at least 45 kDa. The deduced amino acid sequence of the
protein product, starting at the first available ATG codon
(nucleotide positions 1-3) in the open reading frame and
ending at the TAA termination codon (nucleotide positions
1183-1185), is shown below the DNA sequence. The pre-
dicted size (46 kDa) and amino acid composition of the
394-residue protein agree closely with values reported for G,
(4, 25). In addition, the deduced amino acid sequence was
confirmed by generation of an antibody to a synthetic peptide
corresponding to the portion of the sequence underlined in
Fig. 2. The antibody to the peptide recognizes both the
45-kDa and the 52-kDa « suburiits of G, (17).

Transient Expression of the G,, cDNA in COS-mé6 Cells.
COS-m6 cells were transfected with pBAd and analyzed 48hr
later for expression of G, by immunoblotting, using the
peptide-directed antibody described above. To quantitate the
relative amounts of G, in control and transfected cells, the
blot was scanned with a densitometer. As expected, control
COS cells contain both the 45- and the 52-kDa a subunits of
G, (Fig. 3). In addition, these cells contain a somewhat larger
protein (=55 kDa) that is recognized by the peptide antibody;
the 1dent1ty of this protein is not known. The 55-kDa protein
is not seen in membrane extracts of wild-type S49 cells (data
not shown) or several bovine tissues (26), and it is presumed
to be irrelevant to the present discussion. Although control
and transfected cells contain roughly the same amount of the
45-kDa and 55-kDa proteins, the amount of the 52-kDa
species of G;, was increased at least 2-fold in COS cells
transfected with pBAd in two separate experiments. The
increased amount of the 52-kDa protein is presumed to
represerit synthesis of protein directed by the pBAd plasmid.
Since there was no detectable difference in size between the
G, synthesized in response to transfection with pBAd and
the larger form of G, synthesized by control COS cells, we
suggest that pBAd encodes the erntire sequence of Gs,.
Further, since pBAd encodes a protein with a predicted size
of 46 kDa but directs the synthesis of the 52-kDa form of the
protein, the possibility of posttranslational modification of
G, is raised. Although estimates of molecular size from gel
electrophoresis may certainly be in error, this was not the
case for T, (13-16).

DISCUSSION

Homologies with T,. The complete amino acid sequence of
G, allows comparison with T, as a step toward elucidation
of the functional domains of these proteins. Alignment of the
two sequences reveals striking homology (Fig. 4). More than:
half of the G, sequence shows at least 30% identity to the
corresponding sequence of T,. This homology presumably
reflects properties that are shared by the a subunits of these
two proteins, such ds binding and hydrolysis of guanine
nucleotides, interaction with By, and ADP-ribosylation by
bacterial toxins.

To identify regions that might be involvedin the binding of
guanine nucleotides, Halliday (27) and others (13-16) have
searched for regions of sequence that are common to a
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CCATGGGCTGTCTCGGAAACAGCAAGACCGAGGACCAGCGCAACGAGGAGAAGGGCCAGCGCGAGGCCAACAAGAAGAT CGAGAAGCAGC TGCAGAAGGACAAGCAGGTCTACCEEGCC 117
MetGlyCysLeuGl yAsnSerLysThrGllgkspGl nArgAsnGluGlulysGlyGinArg6luAlaAsnLysLysI1e61ulysGlnLeuGlnLysAsplLysGl nvalTyrArgAla
20

ACGCACCGTCTGCTGCTECTGGETGCTGGAGAATCTGGTAAAAGCACCATTGTGAAGCAAATGAGGAT CCTGCATGTTAATGGG T T TAAT GGAGAGGGCGGCGAAGAGGACCCGCAGECT 237
ThrHisArglLeuleuleuleuGl yAl aGl yG;gSerGl yLysSerThrllevalilysGl nngskrgll elLeuHisValAsnGl yPheAsnG) yG1 uGl yGl yG1 uGl uAspProGlnAla
30 70

GCAAGGAGCAACAGCAGTGGTGAGAAGGCCACCAAAGTGCAGGACAT CAAAAACAACC TGAAAGAGGCCATTGAAACCATCGTGGCCGCCATGAGCAACCTGGTGCCCCCTGTGGAGCTG 357
A;;ArgSerAsnSerSerGI yGluLysAl al’gaLysvﬂ GInAspIlelysAsnAsnLeuLysGluAlalleGluThrIlevalAlaAl aMetSerAsnLeuValProProvalGluLeu
100

GCCAACCCAGAGAACCAGTTCAGAGTGGATTACATTCTGAGCGTGATGAACGTGCCGGACTTTGATTTCCCTCCCGAATTC TACGAGCATGCCAAGGCTCTCTGGGAGGATGAAGGGETG 477
?lzaAsnProGl uAsnGlnPheArgValAspTyrllelLeuSerValMetAsnValProAspPheAspPheProProGl uPheTyrGl uHisAlalysAl aleuTrpGl uAspGl uGl yVal
130 140 150

CGTGCCTGCTATGAGCGCTCCAACGAGTACCAGCTGATTGACTGCGCCCAGTACTTCCTGGACAAGATTGATGTCATCAAGCAGGATGACTACGTGCCCAGCGACCAGBATCTGLTCCGE 597
ArgAlaCysTyrGluArgSerAsnGluTyrGlnteulleAspCysAlaGinTyrPheLeuAspLysIleAspValllelysGlnAspAspTyrValProSerAspGlnAspleuleuArg
160 ©170 180 190

TGCCGTGTCCTGACTTCTGGAATCTTTGAGACCAAGTTCCAGGT GGACAAAGTCAACTTCCACATGTTTGACGTGGGCGGCCAGCGCGATGAACGCCGCAAATGGATCCAATGCTTCAAT 717
CysArgValLeuThrSerGl yI1ePheGluThrLysPheGl nvalAsplLysValAsnPheHisMetPheAspValGlyGl yGl nArgAspGl uArgArgLysTrplle6] nCysPheAsn
200 210 220 230

GATGTGACTGCCATCATCTTCGTGGTTGCCAGCAGCAGC TACAACATGGTCATTCGGGAGGACAACCAGACCAACCGCCTGCAGGAGGCTCTGAACCTCTTCAAGAGCATCTGGAATAAC 837
AspvalThrAlallellePhevalValAlaSerSerSerTyrAsnMetVal I1eArgGluAspAsnGlnThrAsnArgLeuGlnGluAl aliesAsnLeuPheLysSerIl eTrpAsnAsn
240 250 260

AGATGGCTGCGCACCATCTCTGTGATTCTGTTCCTCAACAAGCAAGATCTGCTGGC TGAGAAAGTCCTTGCTGGAAAATCGAAGATTGAGGACTACTTTCCAGAATTTGCTCGCTACACT 957
ArgTrplLeuArgThrileSerVallleLeuPheLeuAsnlLysGlnAspleuleuAlaGluLysValleuAlaGl yLysSerLysI1eGluAspTyrPheProGl uPheAlaArgTyrThr
280 290 300 310

ACTCCTGAGGATGCGACTCCCGAGCCCGGAGAGGACCCACGCGTGACCCGGGCCAAGTACTTCATTCGAGAT GAATTTCTGAGAATCAGCACTGC TAGTGGAGACGGGCGCCACTACTGE 1077

ThrProGluAspAl aThrProGl uProGl y61uAspProArgVal ThrArgAlalysTyrPhel1eArgAspGluPheleuArgll eSer;h;Al aSerG1yAspGl yArgHisTyrCys
320 330 340 5

TACCCTCACTCCACCTGCGCTGTGGACACCGAGAACATCCGCCGTGTGTTCAACGACTGCCGTGACATCATCCAGCGCATGCACCTCCGTCAGTATGAGCTGCTCTAAGAAGGGAACCTC 1197
TyrProHisSerThrCysAlaValAspThrGl uAsnlleArgArgVal PhelsMsprsé;gAs pllelle6lnArgMetHi sLeuArgglggTyrGl ulLeulLeu
360 370

CAGATTTAATTAAGGCCTTAAGCGCAATTAATTAAAAGTAAGATATAATTGTACACGCAGTTGATCACCCACCATAGGGCATGATTAACAAAGCAACCTTTCCTTTCCCTCAAGTGATTT 1317

TGCGAAACCCCCTTCACCTTACAGC TTGCTTAAATATTCCAAATTTAGAAAGC TTAAGGCAGCC TATAGATTAAGATTAAGAAAAAAAGGCCACAAATGTTCCCTTCTCTCTTTAAGCAA 1437
CTACAATAATAGCAGCAAACAGAAATAAATAAAT GAAATAAAT GAAGCAAATAA 1491

FiG. 2. Nucleotide sequence of the cDNA corresponding to bovine G,, mRNA and the predicted amino acid sequence of the protein.
Numbering starts at the first ATG codon in the open reading frame. The nucleotides are numbered to the right of the sequence in the 5’ to 3’
direction, while amino acids are numbered underneath the sequence. The peptide sequence (15 residues) used to generate a G,,-specific
polyclonal antibody is indicated by a single solid underline (17). Potential polyadenylylation signals in the 3’ untranslated region are indicated
by overlines and underlines. Note: nucleotides 253-255 are GAT, not AGT; amino acid 85 is Asp, not Ser.

number of different GTP-binding proteins, including the
mammalian and yeast ras-encoded proteins, bacterial elon-
gation factor Tu (EF-Tu), initiation factor 2 (IF-2), and, most
recently, T,. Of the four regions that have been identified, the

45 kDa 52 kDa
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F1G.3. Transient expression of a cDNA clone for G,, in COS-mé
cells, as detected by immunoblotting. Extracts of control COS cells
(—-) and COS cells transfected with pBAd (—) were resolved by
NaDodSO,/PAGE and transferred to nitrocellulose paper for blot-
ting. The blot was incubated with a G,,-specific rabbit polyclonal
antibody, followed by goat anti-rabbit IgG labeled with I, and
autoradiographed. The autoradiograph of the blot was scanned with
adensitometer. Arrows mark the positions of the 45-kDa and 52-kDa
forms of G, from wild-type S49 cells.

two that exhibit the strongest homology (regions a and b) are
shown in Fig. 5, along with the corresponding regions of Gg,.
The amino acid sequences of G, and T, are identical in
region a. The a subunit of G, also contains this sequence (35),
suggesting that all three of these G proteins are derived from
a common ancestor. Less extensive, but still striking, ho-
mologies are observed in region a between G, and the other
GTP-binding proteins; these range from 58% homology
between G;, and EF-Tu to 83% homology between G, and
the mammalian and yeast ras proteins. In region a, three
residues (Gly-Xaa-Xaa-Xaa-Xaa-Gly-Lys) are conserved in
all these proteins. Lys-24 of EF-Tu has been shown, by x-ray
crystallographic analysis, to neutralize partially the charge of
one phosphate group on GDP (36). There is also evidence to
suggest that this region is involved in hydrolysis of GTP by
ras. Mutations that affect Gly-12 of ras result in a decrease in
GTPase activity, which, in turn, correlates with an increase
in the oncogenic activity of ras (31, 37, 38). Gs,, Goa, and T,
all contain a glycine residue at the corresponding position in
region a. However, the glycine residue has been replaced by
a valine in EF-Tu and IF-2.

In region b, the sequence homology ranges from 88%
between G,, and T, or EF-Tu to 62% between G,, and the ras
proteins. In region b, three residues (Asn-Lys-Xaa-Asp) are
conserved. X-ray crystallographic analysis of EF-Tu indi-
cates that Asn-135 is situated directly over the guanine ring
of the bound GDP, whereas Asp-138 interacts with the amino
substituent of the guanine ring (36). Since the same amino
acid residues that participate in guanine nucleotide binding in
EF-Tu have been retained in regions a and b of Gg,, it seems
likely that these two regions form a part of the guanine
nucleotide-binding domain in Gg,. In contrast, the other two
regions that have been identified by Halliday (27) as being
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Fi1G.4. Identity between the amino acid sequences of G,, and T,.
The predicted amino acid sequences of G, and T, (14-16) were
aligned by a computer program as described in Methods. The
statistical significance of the alignment was evaluated by compiling
a distribution of alignment scores from 25 random permutations of
these sequences (22). A score of 38 SD was obtained for the
alignment of G, (residues 1-394) and T, (residues 1-350). The
number of identical amino acid residues between G, and T, in a
given segment was expressed as a percentage and was plotted as a
function of the amino acid residue number of the respective proteins.
Since G, has 44 amino acids more than T,, it was necessary to
introduce a few gaps (spaces on x-axis) into the sequences to obtain
maximal homology. Most of the gaps were concentrated in the two
regions showing least homology.

involved in guanine nucleotide binding appear to be con-
served weakly, if at all, in G, and T,.

Another region of homology is the site for ADP-ribosyl-
ation of G, and T, by cholera toxin. The cholera toxin site
of T, has been localized to Arg-174 (13-16, 39). The sequence
surrounding this residue and the corresponding sequence of
G, are shown in Fig. 5 (region c). Although the sequence of
G,, varies somewhat in this region from that of T, (83%
homology), Arg-201 is retained in Gs,, consistent with the
assertion that it is the site of ADP-ribosylation. Similar
sequences containing an arginine residue are present in the
mammalian and yeast ras proteins, although these proteins
are not good substrates for ADP-ribosylation by cholera toxin
(40).

There are regions of sequence that are highly conserved
between G,, and T, that are not found in the other GTP-
binding proteins. For example, amino acid residues 217-235
of G,, have 95% homology (15 of 19 identities plus three
conservative substitutions) with residues 190-208 of T,. It is
possible that the homology in this region reflects a property
shared by G, and T, but not by the other GTP-binding
proteins, such as interaction with Gg,.

Although the overall homology between these two proteins
is striking, at least two regions are notable for their lack of
similarity (Fig. 4). The first region is the most extensive and
includes residues 70-131 of G, and 58-80 of T,, while the
second region includes residues 317-340 and 288-298 of G;,
and T,, respectively. These regions appear to represent
unique stretches of amino acids present in either G, or T,.
It is possible that these regions are involved in functions that

Proc. Natl. Acad. Sci. USA 83 (1986)

Protein (res. no.) Sequence % homology
Region a

Gsq (43549 LLLLGIAGES

Ta (3243) LLLLIGIAGES 100(100)

c-Ha-ras1 (6-17) LVVVIGIAGGYV 58(83)

YeastRas1 (13-24) I VVVI|IGIGG GV 42(83)

EF-Tu (1526) VGT I|GHVDH 25(58)

IF-2 (394405) VT I MGIHVDH T 25(67)
Region b

Gsa (288205) | L F L[N K|a[D

Ta (260-268) V L F L|N K(K|D 75(88)

c-Haras1  (112119) VL V G|N K[C|D 50(62)

YeastRas1 (119-126) V V V G|N K[L|[D 38(62)

EF-Tu (131-138) | V F L|N K|C|D 75(88)

IF-2 (494-501) V V A V|NK|I[D 38(75)
Region ¢

Gsq (194205) D[QDLLRC[RV|LTS

To (167-178) E|QIDV LR S|RV|KTT 58(83)

c-Ha-rast  (98106) E[Q—— 1 K—|RV|IKD S 33(58)

c-Kiras2 ~ (98106) E[Q/—— | K—|RV|KD S 33(58)

YeastRas1 (105-113) Q[Q}—— 1 Q—|R V(KD S 33(50)

YeastRas2 (105-113) Q|Q|—— I L—[RV|KD T 25(50)

Fi1G6.5. Homologies in amino acid sequences between G, and T,
(14-16), EF-Tu (28, 29), IF-2 (30), and mammalian (31, 32) and yeast
(33, 34) ras proteins. The standard one-letter amino acid abbrevia-
tions are used. Amino acid residues that have been retained in all the
proteins are boxed. The regional percent homology between G,, and
each of the other proteins was calculated based on the number of
amino acid identities or, as shown in parentheses, the number of
amino acid identities plus conservative amino acid substitutions.
Conservative amino acid substitutions are grouped as follows: C;
S,T,P,A,G; N,D,E,Q; HR,K; M,LL,V; F,Y,W.

are specific for G, or T,, such as interaction with effectors
(adenylate cyclase or phosphodiesterase) and/or receptors.

Homologies with ras Proteins. The mammalian ras-encoded
proteins are a family of guanine nucleotide-binding proteins
of 21 kDa that are encoded by three highly conserved genes
first discovered as the oncogenes of the Harvey and Kirsten
rat sarcoma viruses (41). More recently, two homologous
proteins of 42 kDa were found in yeast (34). Although the
precise function of these proteins has not been established,
Toda et al. (42) have shown that the yeast ras proteins
stimulate the activity of adenylate cyclase, leading to spec-
ulation that the yeast ras proteins may function in a manner
analogous to G, in the adenylate cyclase system of higher
organisms. However, a comparison of the amino acid se-
quences of these proteins with G, shows very little overall
homology. The alignment scores obtained for G, with yeast
RASI and yeast RAS2 gene products were 1.9 SD and 0.9 SD,
respectively. By way of comparison, the alignment scores for
G,, and bovine mitochondrial cytochrome oxidase (subunit
1) or T, were 3.8 SD or 38 SD, respectively. The homology
that is exhibited between G,, and the yeast ras proteins is
limited to very short regions of these proteins that appear to
be involved in GTP binding and hydrolysis.

A common feature of the ras proteins is the presence of a
cysteine as the fourth amino acid residue from the carboxyl
terminus (34). This cysteine residue is thought to be involved
in the posttranslational events leading to the membrane-
associated form of the protein (43). While T, contains a
cysteine residue at the same position (13-16), the cysteine
has been replaced by tyrosine in Gs,.

Relationship Between the 45-kDa and 52-kDa a Subunits of
G,. When transfected into COS-m6 cells, the bovine adrenal
cDNA clone directs the synthesis of a protein that is
indistinguishable in size from the 52-kDa form of G,,. The
relationship of the 52-kDa Gs, to the 45-kDa form of the



Biochemistry: Robishaw et al.

protein is not known. Most cells contain varying amounts of
both polypeptides. Functional analysis (4) and peptide map-
ping (25) show the two proteins to be very similar. In
addition, both the 45- and the 52-kDa proteins are recognized
by antibodies directed against peptides (17, 26) correspond-
ing to residues 28-42 and 47-61 of the protein sequence
shown in Fig. 2. Both forms of G, may arise from a single
RNA transcript by posttranslational modification. Alterna-
tively, the 45- and 52-kDa proteins may be derived from the
translation of two different RNA transcripts, whose transla-
tion products may or may not undergo posttranslational
modification. The two RNA transcripts could arise from one
gene by alternative splicing, or from two separate genes. We
cannot as yet distinguish between these possibilities.
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