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ABSTRACT  We have isolated cDNA clones from rat C6
glioma cells coding for several guanine nucleotide-binding reg-
ulatory protein (G protein) « subunits (G,_). The cDNA clones
were then used to isolate human chromosomal genes. Among
human genomic clones isolated by cross-hybridization with the
rat cDNA for the a subunit of the inhibitory G protein G,,,
termed G, , a clone designated AHGi62 was found to contain
a sequence that is highly homologous but distinct from any of the
known G sequences, and we have tentatively designated this
sequence G, .. We have searched a rat brain cDNA library with
the G, sequence and isolated a cDNA clone containing a rat
sequence similar to human G_,. The cDNA contained a single
open reading frame of 1065 nucleotides coding for a protein of
355 amino acids with a calculated molecular weight of 40,879.
The amino acid sequence of rat G,, shows 66% and 40%
similarity with rat G,,, and rat G,, (the a subunit of the
stimulatory G protein), respectively. By RNA blot hybridization
analysis, mRNA of =~3.2 kilobases was detected mainly in brain,
Interestingly, the deduced amino acid sequence of G, predicts
that the G,, protein may be refractory to modification by
pertussis toxin since the cysteine residue in the fourth position
from the C terminus of pertussis toxin-sensitive G, is replaced
by isoleucine.

Guanine nucleotide-binding regulatory proteins (G proteins)
are involved in a variety of receptor-mediated signal-trans-
duction systems (for a review, see ref. 1). Several G proteins
have been purified and characterized: G, and G, are involved
in stimulation and inhibition, respectively, of adenylate
cyclase activity, whereas transducin (G,) activates cGMP
phosphodiesterase in response to photosignal transduction.
Another G protein (G,), which is abundant in brain, may
function in neuronal responses, although its precise function
has not yet been clarified.

G proteins are heterotrimers, composed of «, B, and y
subunits. The a subunit (G,), which binds GTP, is specific to
each G protein, whereas common B and ¥y subunits (Gg and
G,, respectively) may be found in some G proteins. The a
subunits of some G proteins are substrates for ADP-
ribosylation catalyzed by cholera toxin (2, 3) and pertussis
toxin (4). The a subunit of G, (G,,) is ADP-ribosylated by
cholera toxin, whereas the a subunits of G; and G, (G;, and
G,., respectively) are modified by pertussis toxin. The «
subunit of G, (G,,) is ADP-ribosylated by both cholera and
pertussis toxins. The sensitivity toward these toxins has often
been used as a criterion for involvement of G proteins in
certain cellular functions and also used for visualization of G,
polypeptides after NaDodSO,/polyacrylamide gel electro-
phoresis by labeling with a radioactive NAD. Thus, it has
been shown that the pertussis toxin-sensitive G proteins are
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FiG. 1. Restriction maps of AHGi62, pHGx62L, and pHGx62S
inserts. The coding region of a putative exon of G,, is indicated by
shaded bars. Bgl II fragments (1.6 and 1.4 kb) of AHGi62 were
subcloned to the BamHI site of pBR327. Open bars indicate inserts
in the pHG plasmids.

responsible for not only inhibition of adenylate cyclase but
also for activation of phospholipase C (5) and phospholipase
A, (6) as well as for gating of K* (7-9) and Ca?* (10, 11)
channels. The molecular heterogeneity of substrates for per-
tussis toxin was identified by gel electrophoresis of labeled
ADP-ribosylated proteins (12, 13). It has also been suggested
that a species of pertussis toxin-insensitive G protein is
involved in the activation of phospholipase C (1, 14).

Much effort has been focused on the cloning and sequence
determination of cDNAs coding for the various G, polypep-
tides. Thus, cDNAs for G,, from bovine adrenal gland (15),
bovine brain (16), rat C6 glioma cells (17), and human liver
(18) have been reported. G,, cDNA was cloned from rat C6
glioma cells (17) and bovine retina (19); two G,, cDNAs were
cloned from bovine retina, one coding for the a subunit of G,
from rod cells (G,;,) (20-22) and the other for the a subunit
of G, from cone cells (G,,,) (23). As for G,, cDNAs, at least
three subtypes have been reported. In this paper, we adopted
the nomenclature used by Gilman (1) and Jones and Reed
(24). Thus, G;,, is the predominant G,, species in mammalian
brain, for which the cDNA sequence from bovine brain was
reported by Nukada et al. (25) and the cDNA sequence from
the human brain was reported by Bray et al. (26). G,,, was
cloned from rat Cé6 glioma cells by Itoh et al. (17) and then
cloned from mouse macrophages (27), from human mono-
cytes (28), and from human T lymphocytes (29). The third G,
subtype G;;, was cloned from human granulocytes (30),
human liver (31), human T lymphocytes (29), and rat C6
glioma cells (32). We have obtained the genomic sequences
for human G, (33) as well as human G;,,,, G;,,,, and G;5,, (32).

Abbreviations: G protein, guanine nucleotide-binding regulatory
protein; G,, a subunit of G protein; G,, G;, G,, G4, and G,,
stimulatory, inhibitory, other, tentative designation, and transducin
G proteins, respectively; G, Gi,, Goa» €tc., a subunit of G, G;, G,,
etc., respectively.



Biochemistry: Matsuoka et al.

Stu |
Acc |
EcoR |

FiG. 2. Restriction map of the ARGx2 insert and strategy of
sequence determination. Closed box, coding region; arrows, se-
quence strategy.

We have obtained a human genomic clone whose partial
sequence was similar to, but distinct from, any published G,
sequence. We have isolated and sequenced a cDNA clone
from rat brain corresponding to this G, species, and we have
tentatively designated this species G,,.* By RNA blot
hybridization, we found that the G,, gene is expressed
mainly in neuronal tissues. The deduced amino acid sequence
of G, suggests that this protein may represent the putative
pertussis toxin-resistant G, species.

METHODS AND MATERIALS

Human Genomic and Rat ¢cDNA Libraries. A human ge-
nomic library (34) was Kkindly provided by T. Maniatis
(Harvard University, Cambridge, MA). A rat brain cDNA
library was constructed as described (17), except for the use
of random hexamer primers.

Library Screening. The genomic and cDNA libraries were
screened by the plaque-hybridization method (35). Hybrid-
ization was performed at 42°C (a high-stringency condition)
or at 28°C (a low-stringency condition) overnight in a solution

*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03773).
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containing 50% (vol/vol) formamide, 5x SSC (1x SSC =
0.15 M NaCl/15 mM sodium citrate, pH 7.0), 1 X Denhardt’s
solution (0.02% bovine serum albumin/0.02% polyvinyl-
pyrrolidone/0.02% Ficoll), 20 mM sodium phosphate (pH
7.0), heat-denatured calf thymus DNA (100 ug/ml), 0.1%
NaDodSO,, and 10% (wt/vol) dextran sulfate. Filters were
washed at room temperature in 0.1 X SSC/0.1% NaDodSO,
for high stringency or in 1x SSC/0.1% NaDodSO, for low
stringency. 3?P-labeled probes were prepared by nick-trans-
lation of DNA fragments purified from low-temperature-
melting agarose gels.

DNA Sequence Analysis. DNA sequencing was performed
by the dideoxynucleotide chain-termination method (36)
with [a-32P}JdCTP. 2'-Deoxy-7-deazaguanosine S5'-triphos-
phate was used in place of dGTP (37).

RNA Blot Hybridization Analysis. Total RNA was ex-
tracted by the guanidinium thiocyanate method (38). RNA
was denatured by heating at 60°C for 5 min in 2.2 M
formaldehyde/50% (vol/vol) formamide and subjected to
electrophoresis in a 1.2% agarose gel containing 2.2 M
formaldehyde. The RNA was transferred to nitrocellulose
filters. Hybridization was carried out under the high-
stringency conditions described above. Filters were washed
at 65°C in 0.1x SSC/0.1% NaDodSO,.

RESULTS

Isolation and Partial Characterization of a Human Genomic
Clone Encoding G, . We screened a human genomic library
(3 x 10° phage plaques) with the 1.7-kilobase (kb) EcoRI
fragment of AGX13 (17), which contains the entire coding
sequence of rat G;,,. Eighteen clonés were isolated under
low-stringency conditions. Among them, a clone, designated
AHGiI62, that hybridized weakly with the G,,, cDNA probe
was purified and characterized, and the G, species that it
encodes was tentatively named G,,,.

As shown in Fig. 1 (Upper), the EcoRI insert of phage
AHG:I62 possessed seven Bgl 11 sites. On digestion with Bg/II,
two fragments (1.4 kb and 1.6 kb) were found to hybridize with

-14 GCTGCTGCCGGACC

ATG GGA TGT CGG CAA AGC TCA GAG GAA AAR GAG GCA GCG CGG CGG TCG AGG AGA ATT GAC CGC CAC CTG CGC TCG GAG AGC CAG CGG CAG
Met Gly Cys Arg Gln Ser Ser Glu Glu Lys Glu Ala Ala Arg Arg Ser Arg Arg ile Asp Arg His Leu Arg Ser Glu Ser Gln Arg Gln

91 CGC CGT GAG ATC AAA CTT CTC CTG CTG GGC ACC AGC AAC TCG GGC AAG AGC ACC ATC GTC AAG CAG ATG AAA ATC ATC CAC AGC GGT 66T
31 Arg Arg Glu Ile Lys Leu.leu Leu Leu Gly Thr Ser Asn Ser Gly Lys Ser Thr Ile Val Lys Gln Met Lys Ile Ile His Ser Gly Gly

181 TTC AAC CTG GAG GCC TGC AAG GAG TAC AAG CCC CTC ATC ATC TAC AAC GCC ATC GAC TCG CTG ACC CGC ATC ATT CGG GCC CTG GCT GCC

61 Phe Asn Leu Glu Ala Cys Lys Glu Tyr Lys Pro Leu Ile Ile

271 CTG AAG ATT GAT TTC CAC AAC CCT GAC CGT GCC TAC GAC GCC
91 Leu Lys Ile Asp Phe His Asn Pro Asp Arg Ala Tyr Asp Ala

361 ACG CCC GAG CTG CTG GGT GTC ATG CGA CGG CTC TGG GCT GAC
121 Thr Pro Glu Leu Leu Gly Val Met Arg Arg Leu Trp Ala Asp

451 GAC AAC GCC GCT TAC TAC CTG AAT GAC CTG GAG CGC ATC GCG
151 Asp Asn Ala Ala Tyr Tyr Leu Asn Asp Leu Glu Arg Ile Ala

541 ATG ACC ACG GGC ATT GTG GAA AAC AAG TTC ACC TTC AAG GAG
181 Met Thr Thr Gly Ile Val Glu Asn Lys Phe Thr Phe Lys Glu

631 AAA TGG ATC CAC TGC TTT GAG GGC GTG ACG GCC ATC ATC TTC
211 Lys Trp Ile His Cys Phe Glu Gly Val Thr Ala Ile Ile Phe

721 ACG AGC CGA ATG GCG GAG AGC CTG CGT CT} TTT GAC TCC ATC
241 Thr Ser Arg Met Ala Glu Ser Leu Arg Leu Phe Asp Ser Ile

811 AAG AAG GAC CTC CTG TCG GAG AAG ATT CGG CGT ATC CCG CTC
271 Lys Lys Asp Leu Leu Ser Glu Lys Ile Arg Arg Ile Pro Leu

901 GCG GTC TAC ATC CAG CGT CAG TTC GAG GAC CTA AAC CGA AAC
301 Ala Val Tyr Ile Gin Arg Gin Phe Glu Asp Leu Asn Arg Asn

Tyr Asn Ala Ile Asp Ser Leu Thr Arg Ile Ile Arg Ala Leu Ala Ala

GTG CAG CTC TTT GCC CTG ACT GGC CCG GCA GAG AGC AAG GGT GAG ATC
Val GIn Leu Phe Ala Leu Thr Gly Pro Ala Glu Ser Lys Gly Glu Ile

CCC GGG GCC CAG GCC TGC TTC GGC CGC TCC AGC GAG TAC CAC CTG GAG
Pro Gly Ala Gin Ala Cys Phe Gly Arg Ser Ser Glu Tyr His Leu Glu

6CG CCC GAC TAT ATC CCC ACG GTG GAG GAC ATC CTG CGC TCT CGG GAC
Ala Pro Asp Tyr Ile Pro Thr Val Glu Asp Ile Leu Arg Ser Arg Asp

CTT ACC TTC AAG ATG GTG GAT GTG GGA GGG CAG AGG TCA GAG CGC AAA
Leu Thr Phe Lys Met Val Asp Val Gly Gly GIn Arg Ser Glu Arg Lys

TET GTG GAG CTC AGT GGC TAT GAC CTG AAG CTT TAT GAG GAC AAC CAG
Cys Val Glu Leu Ser Gly Tyr Asp Leu Lys Leu Tyr Glu Asp Asn Gln

TGC AAC AAC AAC TGG TTE ATC AAC ACC TCC CTC ATC CTC TTC CTG AA&
Cys Asn Asn Asn Trp Phe Ile Asn Thr Ser Leu Ile Leu Phe Leu Asn

AGC GTC TGC TTC CCC GAG TAC AAG GGT CAG AAC ACG TAC GAG GAA GCC
Ser Val Cys Phe Pro Glu Tyr Lys Gly Gln Asn Thr Tyr Glu Glu Ala

AAG GAG ACC AAG GAG ATC TAC TCG CAC TTT ACC T6T GCC ACC GAC AC&
Lys Glu Thr Lys Glu Ile Tyr Ser His Phe Thr Cys Ala Thr Asp Thr

991 AGT AAC ATC CAG TTT GTC TTC GAC GCA GTG ACA GAT GTC ATC ATA CAG AAC AAT CTC AAG TAC ATT GGC CTT TGC TGA GGAGCCGGGCRCAGCC
331 Ser Asn Ile GIn Phe Val Phe Asp Ala Val Thr Asp Val Ile Ile GIn Asn Asn Leu Lys Tyr Ile Gly Leu Cys End

1085 TGCTTGCCTGCGGTGAAAACCCACGGGGTGTCACACCCCACACCTCATGCTGGAGAGGCCCGACCCAGGGGCAGGAAACGGGGGGAGTGGCTTGAAGAGTGTGTCCCCACCCCCAGCCTC
1205 TCTCGCCTCCTTGGCCCCACGTCTCTGCAAACATAAATATATTTGGATAGATTGCTAGGTAGGTAGACACACAGACACACGCACACGCACACGCACACGCGCACGCACGTCTGGAGACGG
1325 CAACGCTCTCCGGCGGTCAAGGTTTCCTGAAATTTTCAGAAGCTGCTGTCACAATTTCATTCTGAGGCCATCTTGCCCCCCCACCCCCCATCCACTCTGAGTCGGCCCCCGCTCTGCACG
1445 GGAGGGAGGGTCCACGTTTGACTGCCGAGGAGGGGCCGGCGGGGCTGGGGCCAGGGCCGGCCAGCTGTGCC 1515

Fi1G. 3. Nucleotide sequence and deduced amino acid alignment of the ARGx2 insert. Numbers indicate the position of nucleotides or amino
acid residues starting at the initiator codon. The 5’-flanking region is shown up to position — 14.
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Gj,, cDNA. The 1.4-kb and 1.6-kb Bgl 1I fragments were
subcloned to the BamHI site of pBR327, yielding pHGx62S
and pHGx62L, respectively, and subjected to DNA sequence
analysis. ‘

The results of the sequence determination for the G,,
sequence revealed that there is an open reading frame of 114
amino acid codons, encompassing the junction of two Bgl II
fragments (Fig. 1). Comparison of the deduced amino acid
sequence of the G, , open reading frame with the amino acid
sequences encoded by human genes for G, (33) and G;,, and
Gi3, (32) indicated that it is similar to the C-terminal region
corresponding to the sequences encoded by exons 7 and 8 of
G;, genes. However, the G,, sequence is clearly distinct from
characterized G, sequences since the corresponding regions
of the amino acid sequences for human G,,, G;,,, G;5,, and
Gi3, Were 41%, 771%, 75%, and 78% identical, respectively.

The open reading frame of the G, , gene is preceded by the
consensus sequence for the 3’ end of the introns (AG) and
succeeded by a termination codon (TGA). Apparently, the
sequences corresponding to exons 7 and 8 of the G; subfamily
are connected in G,,,, eliminating intron 7.

Isolation of a Rat ¢cDNA Clone Coding for G,, and Its
Nucleotide Sequence. To determine which cells and tissues
express the G, , gene, we carried out RNA blot hybridization
analysis of various rat tissues. When hybridization was
performed under high-stringency conditions with a labeled
probe (the 0.36-kb Sph I-Sma 1 fragment of pHGx62L)
containing 123 nucleotides of the 3’ coding region of human
G,,, an =3.2-kb mRNA was detected mainly in brain (data
not shown). We, therefore, constructed a rat brain cDNA
library for the isolation of rat G,, cDNA. '
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A rat brain cDNA library (6 X 10° phage plaques) was
screened with the same probe under high-stringency condi-
tions. Two clones, ARGx1 and ARGx2, were obtained con-
taining inserts of 0.6 kb and 2.8 kb, respectively. The cDNA
insert of ARGx2 was subcloned to the EcoRlI site of pUC119.
Fig. 2 shows the restriction map of the ARGx2 insert and the
strategy for sequence determination.

Nucleotide and deduced amino acid sequences are shown
in Fig. 3. The ARGx2 cDNA contained an open reading frame
coding for 355 amino acids, assuming that the initiator
methionine codon is at positions 1-3 and the termination
codon TGA is at positions 1066-1068. (The nucleotide
position assignments were based on the alignment with the
amino acid sequence of G,,,, which also consists of 355 amino
acids.) The nucleotide sequence surrounding the first me-
thionine codon agreed fairly well with the consensus se-
quence that is characteristic for the initiation codon of many
eukaryotic mRNAs (39). The calculated molecular weight of
the polypeptide specified by this open reading frame (1065
base pairs) is 40,879.

Fig. 4 compares the amino acid sequence of rat G, with
those of rat Gj1,, Gizar Gizas Goar and G, as well as with
those of bovine G,;, and G,,,. Strong similarities were
observed over the entire sequence. However, the similarity
of G,, to the G,, subtypes, G,,, G,, subtypes, or G, is not
as great as the similarity between the G;, subtypes and G,,,.

The 3'-flanking sequence of rat G, , cDNA was determined
down to position 1515; however, no polyadenylylation signal
of mammalian mRNA (AATAAA) was found.

Expression of the G, , Gene. We have carried out the RNA
blot hybridization analysis of several rat tissues. The 1515-
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F1G.4. Amino acid alignment (standard one-letter abbreviations) of rat G, and the other mammalian G, proteins [rat G;,, (24), rat G;,, (17),
rat G;;,, (32), rat G, (24), bovine Gy, (20), bovine G,,, (23), and rat G, (17)]. Sets of identical or conservative residues are enclosed with solid
lines. Conservative substitutions are grouped as follows: cysteine; serine, threonine, proline, alanine, and glycine; asparagine, aspartic acid,
glutamic acid, and glutamine; histidine, arginine, and lysine; methionine, isoleucine, leucine, and valine; phenylalanine, tyrosine, and
tryptophan. Hyphens indicate gaps introduced to obtain maximal identity.
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F1G. 5. RNA blot hybridization of various rat tissues. Twenty
micrograms of total RNA from brain (lanes 1 and 2), fat cells (lane
3), heart (lane 4), kidney (lane 5), liver (lanes 6 and 7), lung (lane 8),
or spleen (lanes 9 and 10) was applied per lane. For brain, liver, and
spleen, total RNA of different preparations was used for two lanes.
Positions of 18S and 28S rRNA are indicated. The probe was a
32p.labeled 1515-base-pair Nco I-EcoRI fragment from ARGx2.

base-pair Nco I-EcoRI Fragment of ARGx2, containing the
coding and the 3’-flanking regions of rat G,, cDNA, was
labeled by nick-translation and used as a probe. The results
indicated that the 3.2-kb G,, mRNA was expressed almost
exclusively in brain (Fig. 5). It was not observed in other
tissues such as fat, heart, kidney, liver, and lung. However,
a faint band at the same position was detected in spleen by
radioautography after a long exposure (data not shown).

DISCUSSION

In this paper, we have isolated a rat cDNA and part of a
human gene encoding a G,,, termed G, ,, that is similar to, but
clearly distinct from, any characterized mammalian G,. The
predicted G, protein contains 355 amino acid residues with
a calculated molecular weight of 40,879. The deduced amino
acid sequence of the G, protein is 40%, 67%, 66%, 66%,
55%, 57%, and 59% identical, respectively, to G,, Gi1a, Giza»
Giso> Giia> Gi2ar and G,,. Therefore, G,, is most closely
related to the G;, subfamily, but distinct from it, since the
similarity between G, , and any of the G,, subtypes is far less
than that between the G;, subtypes (>85%).

Comparison of the predicted amino acid sequences of
known G, proteins from mammalian cells indicates three
highly conserved regions (Fig. 6). The region responsible for
GTP hydrolysis is shown in Fig. 6A, and the site for
interaction with the guanine ring is shown in Fig. 6C. Fig. 6B
shows the region that is highly conserved among the various
G, species. The sequence of the G, protein is very similar
to that of other G, proteins, but three amino acid residues in
the GTP-hydrolysis site of G, (Thr-Ser-Asn, at positions 41~
43) are different from these residues in other G, proteins
(Ala-Gly-Glu).

The most remarkable feature of the primary structure of
the G, is that it lacks the cysteine residue in the fourth
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FiG. 6. Amino acid comparison (standard one-letter abbrevia-
tions) of mammalian G, proteins in the three highly homologous
regions (A, B, and C). Sets of identical amino acids are boxed. The
sequences are shown in Fig. 4.
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Gxa: 349-355 : LK YIGLC
Gila: 348-354 : LK DCGLF
Gi2a: 349-355 : LK DCGLF
Gi3a: 348-354 : LK ECGLY

Goa: 348-354 : LRGCGLY
Gtla: 344-350 : LKDCGLF
Gt2a: 348-354 : LKDCGLF

Gsa: 388-394 : LRQYELL

FiG.7. Comparison of C-terminal amino acid sequence (standard
one-letter abbreviations) of mammalian G, proteins. The amino acid
residues located at the fourth position from the C-terminal end that
are not cysteine are shaded.

position from the C terminus, having instead an isoleucine
(Fig. 7). The cysteine at the fourth position from the C
terminus is a feature common to all G proteins susceptible to
modification by pertussis toxin, and the cysteine residue at
this position of G, has been shown to be ADP-ribosylated by
pertussis toxin (40). G,_,, which is resistant to modification by
pertussis toxin, has a tyrosine in the fourth position from the
C terminus instead of cysteine.

It has been suggested that a pertussis toxin- and cholera
toxin-insensitive G protein is involved in activation of phos-
pholipase C in a human astrocytoma cell line (41), a rat
pituitary cell line (42), and rat liver plasma membrane (43).
There are reports that a cholera toxin-sensitive and pertussis
toxin-insensitive G protein is involved in the inositol phos-
pholipid hydrolysis in a human pituitary cell line (44) and in
a human T-lymphocyte line (45). It is not known whether G, ,
protein is ADP-ribosylated in the presence of cholera toxin,
although it possesses an arginine residue at amino acid
position 179. The arginine residue at this position is ADP-
ribosylated by cholera toxin in G, and G, (46), but notin G;,,
and G,,. Thus G,, could be a candidate for one of the
proposed species of G,,.

RNA blot hybridization analysis indicated that the G,,
gene is expressed mainly in brain. Among the tissues exam-
ined, it is weakly expressed only in spleen. We observed G,
mRNA also in the rat pituitary cell lines GH, and GH,C, and
in the rat pheochromocytoma cell line PC12 (unpublished
observation). Therefore, G, protein may be present mainly
in neuronal cells and to a small amount in lymphocytes. It will
be of interest to examine the function of G, in the various
cell lines above.

Note. Simon and colleagues (47) have found a human
cDNA clone for the a subunit of another G protein, G,, that
corresponds to the human genomic clone and the rat cDNA

clone for G,,,.
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