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Two DNA molecules complementary to human liver mRNA coding for the a-subunit of the stimulatory
regulatory component G; of adenylyl cyclase were cloned. One of the two forms is a full-length cDNA of
1614 nucleotides plus a poly(A) tail of 59 nucleotides. The deduced sequence of 394 amino acids encoded
by its open reading frame is essentially identical to that of the a-subunits of G, identified by molecular clon-
ing from bovine adrenals, bovine brain and rat brain. Two independent clones of the other type of cDNA
were isolated. Both were incomplete, beginning within the open reading frame coding for the a, polypeptide.
One codes for amino acids 5 through 394 and the other for amino acids 48 through 394 of the above de-
scribed cDNA of 1614 nucleotides, and both have the identical 3’-untranslated sequence. They differ from
the first cDONA, however, in that they lack a stretch of 42 nucleotides (numbers 214 through 255) and have
nucleotides 213 (G) and 256 (G) replaced with C and A, respectively. This results in a predicted amino acid
composition of another a-subunit of G that is shorter by 14 amino acids and contains two substitutions
(Asp for Glu and Ser for Gly) at the interface between the deletion and the unchanged sequence. We call
the smaller subunit o, and the larger as,. This is the first demonstration of a structural heterogeneity in
a, subunits that is due to a difference in amino acid sequence.
Cholera toxin Receptor coupling cAMP ¢DNA

G protein Adenylyl cyclase

1. INTRODUCTION G proteins. They are all of an approximate M; of

80000 [2,3] and heterotrimers of composition afy

Stimulation of adenylyl cyclase by hormones
and neurotransmitters depends on activation of a
coupling protein commonly called Gs (formerly
also Ny). This coupling protein is ADP-ribosylated
by cholera toxin, which facilitates its activation by
GTP by inhibiting its GTPase activity (for review
see [1]). Gs is part of a family of signal transducing
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[3—5]. Although they share common G- and 7-
subunits, they differ from each other in their «
subunit. This subunit binds GTP and analogs,
regulates the effector system and, in the case of a
of Gg, is the substrate for cholera toxin (for review
see [6]).

Although the 8- and y-subunits of G proteins, of
apparent M; 35000 and 6000, respectively, were
discovered only upon analysis of the puriied pro-
teins, the existence and some of the molecular
properties of a-subunits of G; were known
previously. Notable among these are not only their
function to mediate stimulation of adenylyl
cyclase, but also their being a heterogeneous mix-
ture of components that, when ADP-ribosylated
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and subjected to SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), migrate with apparent
M; between 42000 and 52000 [7-9]. In fact, most

tissues contain at least two forms of a., one
migrating as a relatively narrow band at
42—45 kDa and the other migrating as a broader
band between 46—52 kDa. The M, values reported
for these forms of «; are approximate, and vary
depending on the reporting laboratory [7-17]. The
broader band is often reported as a doublet
19,11,17]. This raises the possibility that there exist
not only two, but three types of forms of as
subunits.

Recently, Gilman and collaborators [18,19], as
well as research groups from Japan [20,21], suc-
ceeded in cloning full-length ¢<DNA’s encoding a-
subunits of bovine adrenal G, [19], bovine brain Gs
[20] and rat brain G; {21]. In spite of minor dif-
ferences in composition, involving a total of only
three amino acids, it is clear that the mRNA’s from
which the cloned cDNA’s were derived code for
the same type of a-subunit. It has a total of 394
amino acids and a calculated llVllr, in the case of
bovine adrenal a5, of 45692. Over-expression of
the bovine adrenal cDNA in COS cells showed the
product to migrate on SDS-PAGE as a molecule
with an apparent M, of 52000 [19].

We now report the molecular cloning of
cDNA'’s, derived from human liver mRNA, en-

e £, + ~_cirh Iimiy
coding for two a-subunits of G;, one similar to

that obtained previously by others and another
which is shorter by 14 amino acids.

A cDNA library, constructed as in [22,23] in the
clor."g vector Agtll, was made us.rg poly(A)
RNA [24,25) from a human liver [26]. 100000

recombinant phages of this library were screened
at a density of 20—25000 phages per 150 mm Petri
dish using a replicate plaque amplification tech-
nique [27] and >2P-labeled oligonucleotide A
(5’ -CATTTGCTTCACAATGGTGCTTTTACC-

3’) as probe, which is part of the antisense strand

s probe, which is part of the antisense stran
of the coding sequence of the GTP binding region
(amino acids 52—60) of bovine brain as cDNA [18].
To this end filters were prehybridized in 6 x SSC,
5 x Denhardt’s solution, 300 mM sodium

phosphate, pH 6.8, 0.1% SDS, and 0.1 mg/mi

sheared herring sperm DNA [28], for 4 h at 37°C,
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and then hybridized with the same solution plus
0.5 x 10°cpm/mi of oligonucieotide A
phosphorylated with T4 polynucleotide kinase us-
ing [y-3?PJATP of 4500 Ci/mmol. The filters were
then washed extensively at 4°C with 6 x SSC, dried
and subjected to autoradiography for 17 h at
—70°C in the presence of two Dupont Cronex
lighting plus enhancing screens using Kodak X-
Omat AR X-ray fiims.

Screening of the cDNA library with [**P]cDNA
encoding parts of o; was with hybridization solu-
tion containing 3 X SSC, 10 X Denhardt’s solu-
tion, 0.1% SDS, 0.05 mg/ml sheared herring
sperm DNA and 0.5 x 10° cpm [*?P]cDNA, in-
cubating before and during hybridization at 68°C,
performing final washes with 3 x SSC at 68°C.

Phages giving duplicate signals in the above
described screening procedure were plague
purified [28]. Their inserts were excised with
EcoRl], isolated by electrophoresis in 1% low
melting point agarose and subcloned into M13

mpl9 for sequencing as in [29] using the buffer

syatcm Ul {JU] DUULI]CI'II UIUIS [21] were QOIIC onio
nylon membranes (Zeta probe, BioRad).

A. S49 Cell RNA

B. RNA Blots
Probe: 32P|0a1-B

Acridine Blot
Orange of Gel
Stain Probe:
of Gel 32p] ) a1-A

K\
RS

25 25 (pg) 77722 15 25 (pg)
Total polyA Total
RNA RNA

Fig.1. Northern analysis [31,32] of RNA fractions
isolated from the indicated ceils or tissues. Immature
and mature rats were of 10 and 180 days of age.
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Total [24] and poly(A) [25] RNA were frac- 3. RESULTS
tionated for Northern analysis by electrophoresis

in 1.5% agarose gels containing 6% formaldehyde Screening of the Agtll human liver cDNA
[32] and analyzed after transfer onto nitrocellulose library with oligonucleotide A led to the isolation
filters as in [33]. of two recombinant phages: one with an insert of

5'wmenn ggCGGGCGTGCTGCCGCCGCTGCCGCCGCCGCCGCAGCCCGGCCGCGCCCCGCCGCCGCCGCCGCCGCC -1
-
Pmem

5 10 20 30
G66 AAC AGT AAG ACC GAG GAC CAG CGC AAC GAG GAG AAG GCG CAG CGT GAG GCC AAC AAA AAG ATC GAG AAG CAG CTG 90

1 GLY AsN Ser Lys THR GLu Asp GLN Are AsN GLu GLu Lvys Ara GLN Are GLu ALa Asn Lvs Lys ILe GLu Lys 6LN Leu
ATG GGC TGC CTC

MeT GLy Cvs Leu

40 50 60
CAG AAG GAC AAG CAG GTC TAC C6G6 GCC ACG CAC CGC CTG CT6 CTG CTG GGT GCT GGA GAA TCT GGT AAA AGC ACC ATT GTG AAG CAG ATG 180
GLN Lys Asp Lys GLN VaL Tyr Arc ALA THR His Are Lev Leu Leu Lev GLy ALa GLy GLu Ser Gy Lys Ser THR ILE VAL Lvs GLN MeT

70 Asp SER 87 90
AGG ATC CTG CAT GTT AAT GGG TTT AAT GGA GA 6T GAG AAG RCA ACC 270
ArG ILE Leu His VaL Asn GLy PHE AsN GLy 80 Gy Lys ALa THR

G GGC GGC GAA GAG GAC CCG CAG GCT GCA AGG AGC AAC AGC GAT G
GLu GLY GLY GLu GLu Asp Pro GLN ALA ALA ARG SER Asn SEr Asp GLy

100 110 120
AAA GTG CAG GAC ATC AAA AAC AAC CTG AAA GAG GCG ATT GAA ACC ATT GTG GCC GCC ATG AGC AAC CTG GT6 CCC CCC GTG GAG CTG GCZC 360
Lys VAL GLN Asp ILE Lys Asn AsN Leu Lys GLu ALA ILE GLu THR ILE VAL ALa ALA MeT Ser AsN LEu VaL Pro Pro VaL 6Lu Leu ALa

130 140 150
AAC CCC GAG AAC CAG TTC AGA GTG GAC TAC ATC CTG AGT GTG ATG AAC GTG CCT GAC TTT GAC TTC CCT CCC GAA TTC TAT GAG CAT GCC 450
AsN Pro GLu AsN GLN PHE Are VAL Asp Tyr ILE LEu Ser VAL MeT Asn VAL Pro Asep PHe Asp PHE Pro Pro GLu PHe Tyr GLu His ALa

160 170 180
AAG GCT CT6 TGG GAG GAT GAA GGA GTG CGT GCC TGC TAC GAA CGC TCC AAC GAG TAC CAG CTG ATT GAC TGT GCC CAG TAC TTC CTG GAC 540
Lys ALa Leu Tre GLu Asp GLU GLY VAL Arg ALa Cvs Tyr GLu ARG SER Asn GLu Tyr GLn Leu [Le Asp Cys AtA GLn Tyr PHE Leu Asp

190 200 210
AAG ATC GAC GTG ATC AAG CAG GCT GAC TAT GTG CCG AGC GAT CAG GAC CTG CTT CGC TGC CGT GIC CTG ACT TCT GGA ATC TTT GAG ACC 630
Lys ILE Asp VaL ILe Lys GLN ALa Asp Tyr VAL Pro Ser Asp GLN Asp Lev Leu Are Cys ArG Vau Leu THr SER 6Ly ILE PHE GLu THR

220 230 240
AAG TTC CAG GTG GAC AAA GTC AAC TTC CAC ATG TTT GAC GTG GGT GGC CAG CGC GAT GAA CGC CGC AAG TGG ATC CAG TGC TTC AAC GAT 720
Lys PHE GLN VaL Asp Lys VAL AsN PHE His MeT Pue Asp VaL Gy GLy GLN ArG Asp GLu ARG ARG Lys Trp ILE GLN Cys PHE Asn Asp

250 260 270

GTG ACT GCC ATC ATC TTC GTG 6T6 GCC AGC AGC AGC TAC AAC ATG GTC ATC CGG GAG GAC AAC CAG ACC AAC CGC CTG CAG GAG GCT CTG 8
Vat Thr ALA ILE ILE PHE VAL VAL ALA Ser SER Ser Tyr Asn MeT VAL ILE Are GLu Asp AsN GLN THr AsN Are Leu Guw GLu Aca Leu
300

280 290
AAC CTC TTC AAG AGC ATC TGG AAC AAC AGA TGG CTG CGC ACC ATC TCT GTG ATC CTG TTC CTC AAC AAG CAA GAT CTG CTC GCT GAG AAA 900
Asn Leu Pue Lys Ser [LE TrRp Asn AsN ARG Trp Leu Are THR ILE SER VAL [LE LEu PHE Leu Asn Lys GLN Asp Leu Leu ALA GLu Lys

s

0

310 320 330
GTC CTT GCT GGG AAA TCG AAG ATT GAG GAC TAC TTT CCA GAA TTT GCT CGC TAC ACT ACT CCT GAG GAT GCT ACT CCC GAG CCC GGA GAG 990
VaL Lev ALa GLy Lys Ser Lys ILE GLu Asp TYR PHE Pro GLu PHE ALa ARG TyrR THR THR Pro GLu Asp ALA THR Pro GLU Pro GLY GLu

340 350 360
GAC CCA CGC GTG ACC CGG GCC AAG TAC TTC ATT CGA GAT GAG TTT CTG AGG ATC AGC ACT GCC AGT GGA GAT GGG CGT CAC TAC TGC TAC 1080
Asp Pro ARG VAL THR ArG ALA Lys Tyr PHE ILE Arc Asp GLu PHE Leu Are ILE SER THR ALA SER GLy Asp GLY ARG His Tyr Cvs Tyr

370 280 390
CCT CAT TCC ACC TGC GCT GTG GAC ACT GAG AAC ATC COC CGT GTG TTC AAC GAC TGC CGT GAC ATC ATT CAG CGC ATG CAC CTT CGT CAG 1170
Pro His PHE THR Cvs ALa VaL Asp THrR GLu AsN ILE Arc ARG VAL PHE Ash Asp Cvs Are Asp ILE ILE GLN ARG MeT His Leu ARG GLN

TAC GAG (T6 CTC ym GAAGGGAACCCCCARATTTAATTAAAGCC TTAAGCACAATTAAT TAAAAGT GAAACGTAATTGTACAAGCAGTTAATCACCCACC 1270
Tyr Gy Lev Leu P 1190

ATAGGGCATGAT TAACAAAGCAACCTTTCCCTTCCCCCGAGTGATTTT6CGARACCCCCTTTTCCCTTCAGCTTGL TTAGATGTTCCABATTTAGARAGC 1370
TTAAGGCGGCCTACAGAAAA AGGAAAMAAGGCCACARAAGTTCCCTC TCACTTTCAGTAAAAATARATARAACAGCAGCAGCAAACARRTARBATGANAT 1470
MAGAAACAAATGAMTATTGTGTT.GTGCA(IATfAAAAAAAATC'AAMTWAA]IAAATGTGAGCIl\ls\Aug-Agg

Fig.2. Nucleotide sequence and predicted amino acid composition of the human liver s subunits. The CG content of

the 68 nucleotide 5’-leader sequence is 94%, that of the 1182 nucleotide coding region is 66% and of the 364 nucleotide

3’-untranslated region, excluding poly(A), is 33%. One ATTAAA and six AATAAA (two overlapping) cleavage and
polyadenylation signals are indicated.
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1167 nucleotides (Aal) and another with an insert
of 1416 nucleotides (Aa2). Each of these inserts had
an internal EcoRI restriction site, leading to the
isolation of four EcoRI DNA fragments: Aal-A
(789 nucleotides), Aal-B (378 nucleotides), Aa2-A
(1167 nucleotides) and Aa2-B (249 nucleotides),
where suffixes A and B refer to the longer and
shorter of fragments from each insert, as detected
by agarose gel electrophoresis. All fragments were
subcloned into M13 mp19 and sequenced. They
were found to be partial mRNA copies. Alignment
of the resulting nucleotide sequence and analysis
for presence of an open reading frame revealed
that the two cDNA clones (Aal and Aa2) were
derived from a single mRNA species and had an
open reading frame encoding a polypeptide of at
least 376 amino acids, followed by a 364 nucleotide
long 3'-untranslated region terminated by a
poly(A) tail of 11 nucleotides.

Northern analysis of total RNA from wild type
and cyc™ S49 murine lymphoma cells (the latter be-
ing devoid of RNA sequences coding for a; [18]),
using any one of the EcoRI fragments described
above (shown in fig.1 for Aal-A), confirmed that
c¢cDNA'’s coding for the a-subunit of G had been
isolated. Northern blots of other tissues indicated,
as expected, the presence of a; subunit mRNA of
a size slightly smaller than 18 S RNA, in agreement
with similar analyses reported [18].

The predicted amino acid composition encoded
in the two ¢cDNAs cloned from the human liver
Agtll library differed from those reported in
[19-21], in that our cDNAs did not code for a
stretch of 14 amino acids present in position 72—85
of the 394 amino acid long bovine adrenal, bovine
brain and rat brain (glioma) a; subunits.

Using nick-translated Aa2-B cDNA as probe, 46
additional recombinant phages were identified as
possible candidates for containing as cDNA in-
serts. Of these, insert Aa7 was longer than Aal or
Aa2 and like Aal and Aa2 contained one internal
EcoRI restriction site. On. subcloning into M13
mpl9 and sequencing, Aa7 was determined to be a
full-length cDNA encoding for a polypeptide of
394 amino acids, essentially identical to those
described for a; previously, and hence to be de-
rived from an mRNA distinct from the one giving
rise to the Aal and Aa2 ¢cDNA clones.

Fig.2 presents the complete nucleotide sequence
and the predicted amino acid sequence of the two
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human liver a; subunits identified by these ex-
periments, including both the 5’- and the
3’-untranslated sequences. We call as; the shorter
and a5 the longer of the two a subunits of Gs.
Where the composition of a5 differs from a2, i.e.
from nucleotide 213 to nucleotide 256 of the longer
a5 sequence, the composition of the as; cDNA is

A. r\a cDNA Clones Sequenced:

-1001 500 1000 1500 i
ol h N L nucleotides
EcoR!
Nai
xa2 A l A4
r\a7 l Agg

B. Scheme of xg cDNA's and Their ORF’s:

5 100 200 300 380
;<<s1 . .' = — amino acids
$2 1 100 200 300 394
EcoRI
Human ¥
Liver }———An
G'(s Kt
CT Site
5 70717273 131
{ W
g1 | ]
w
1 70 87 145

C. Comparison of Sequences of Various Ge« Subunits

in the Region of Difference between Human Liver
gqand sga:

Human %g,60-85:
Human o¢g ,60-99: MRILHVNGFNGEGEEDPQAARSNSDGEKATKVQDIKNNL
Bovinexg 60-99: MRILHVNGFNGEGGEEDPQAARSNSDGEKATKVQDIKNNL

Rat ¢ "9-33": P
Bovine «j 53-77:
Bovine ¢ 49-73:

Fig.3. A summary of the work presented. (A) Length
and relative alignment of cDNA clones sequenced; the
scale is in nucleotides. (B) Deduced structure of the two
c¢DNA species characterized. Open box, open reading
frame; line, untranslated nucleotide sequences; the scale
is in amino acids (as1 upper and as; lower scale). The
region to the left of the EcoRI restriction site is
expanded to allow for better comparison between as;
and as2. (C) Comparison of the amino acid composition
of a-subunits of various G proteins in the region of
difference between a1 and as;.
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shown above that of the asz cDNA; only one com-
position is presented where the composition of a;
is the same as that of as3. Although we are assum-
ing that the open reading frame of the ¢cDNA
coding for as: extends in its 5'-direction for only
12 additional nucleotides more and that the first
nucleotide triplet listed (GGG:Gly) is indeed
coding for the Sth amino acid of the polypeptide
encoded by the mRNA that gave rise to Aal and
Aa2, this still needs to be established.

Fig.3 summarizes the work presented here by
showing schematically the cDNA clones sequenced
(panel A), a drawing of the deduced linear struc-
ture of the full-length ¢cDNAs encoding human
liver type 1 and type 2 a5, assuming a; to be of 380
and a2 of 394 amino acids, and a comparison of
the region of difference in the predicted amino acid
composition of as; and ay to the homologous
regions of other signal transducing proteins.

4. DISCUSSION

Direct purification of G from liver [4], as well
as the ADP-ribosylation studies mentioned in sec-
tion 1 suggest the existence of at least two, if not
three, mature forms of a, subunits. One of these
forms seems to be of M; 42000—45000, the other
seems to be of M, 47000-52000 and appears often
as a doublet. The functional difference(s) between
G, with one or the other type of a-subunit is
unknown. G, from both, human erythrocytes —
which only have the ~42 kDa a-subunit [3,34] —
and transformed lung fibroblasts — which have on-
ly a single ~52 kDa a-subunit [34] — reconstitute
the adenylyl cyclase system of the o cyc™ 549 cell
membranes in all of its aspects: nucleotide and
aluminum fluoride stimulation and hormonal
regulation [34]. The molecular basis for the dif-
ferences in migration among the different o
subunits is not known and could be due to post-
translational modifications of a single polypeptide
or to existence of more than one mRNA species
directing their synthesis.

We now report the cloning from a human liver
Agtll ¢cDNA library of two ¢cDNAs, One is full-
length and encodes a 394 amino acid a-subunit of
G; (called as3). The other is an incomplete, yet suf-
ficiently long cDNA to permit the definition of an
a-subunit of G; that is distinct from the 394 amino
acid polypeptide. This new form of a; (called 1)

40

FEBS LETTERS

September 1986

differs from a5, by lacking 14 amino acids and is
likely to be 380 amino acid long.

Together with that of the human form reported
on here, there are now four complete amino acid
sequences known of the 394 amino acid as. It is
highly conserved among species and organs, differ-
ing only in two amino acids from the bovine
adrenal as, first reported on by Robishaw et al.
[19]. The human polypeptide has Ala'® and Ala'®®
substituting for Gly'® and Asp'®® of the bovine
adrenal polypeptide. Interestingly, rat brain
(glioma) as is of the same composition as human
liver as in positions 18 and 188, but differs in posi-
tion 139 where it has Asn instead of the Asp found
in both the human and the bovine adrenal a;. The
calculated M; for the human liver 394 amino acid
a5 is 45664, Since that of the bovine adrenal o is
45692 and, on expression in COS cells, migrates as
a polypeptide of apparent M; 52000 [19}, it would
appear that the human liver a; cDNA encodes for
a polypeptide that, after full post-translational
modification(s), should migrate on SDS-PAGE
with an M, of 50-52000.

Assuming that the amino acid composition in
positions 1 through 4 is the same for a5 and asa,
the 14 amino acid shorter as; would have a
predicted M, of 44294, At this moment we do not
know how this polypeptide would migrate on SDS-
PAGE. It could have extremely anomalous
behavior or be modified post-translationally to
migrate with apparent M, of 42000, as that of
human erythrocytes. On the other hand, it might
be the second member of the 50-52 kDa [9] — or
47-50 kDa [11,17] ~ doublet observed previously
in ADP-ribosylated samples. The answer to this
question will have to await the isolation of the full-
length ¢cDNA of this subunit and its expression in
cells.

The location of the 14 amino acids that are miss-
ing in as is of interest. a subunits of Go, Gi and
G, (transducin) have 361, 355 and 350 amino acids.
The predicted as: sequence, as well as that of the
previously cloned «, subunits, has 394 amino
acids. This makes it the longest of the known
signal transducing a-subunits. All a-subunits, in-
cluding as, have long stretches of homology
[20,21] and the 40—60 ‘extra’ amino acids present
in the 394 amino acid form of a; appear as discrete
sets of ‘inserts’. When compared to bovine «j,
these inserts are only 6, having lengths of 7, 3, 12,
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2, 13 and 2 amino acids and spanning positions
7-14, 69-71, 80-91, 303-304, 327-339 and
357-358, respectively. As illustrated in figs 2 and
3C, the as; ¢cDNA differs from the a5z cDNA in
that the dinucleotide CA in as; is replaced by a
44-nucleotide long sequence (nucleotides 213—-255
of as2). This sequence codes not only for 14 addi-
tional amino acids (positions 72-85), but also
changes the identity of each of the flanking amino
acids from Asp’ and Ser’”? in as to Glu’! and
Gly®® in as (shown in shaded boxes in fig.3C).
Thus as; differs from as; in that the missing-plus-
altered amino acids span two of the six ‘insertion’
regions that arise when comparing the 394 amino
acid as; to the 355 amino acid a;. Fig.3C presents
a comparison of the amino acid sequences of the a-
subunits of various G proteins in the region of dif-
ference between human liver a5 and as;.

This report presents the first experimental
evidence that a5 subunits exhibit heterogeneity on
the basis of amino acid sequence difference. This
difference should constitute, at least in part, the
molecular basis for the heterogeneity observed in
SDS-PAGE analyses. It is tempting to suggest that
there also may be a functional correlate to the
structural difference observed between a-subunits
of G,.
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