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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) a 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,2,
termed Go, a clone designated AHGi62 was found to contain
a sequence that is highly homologous but distinct from any ofthe
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 Gx. shows 66% and 40%
similarity with rat Go and rat G. (the a subunit of the
stimulatory G protein), respectively. ByRNA blot hybridization
analysis, mRNA of =3.2 kilobases was detected mainly in brain.
Interestingly, the deduced amino acid sequence of Gx. predicts
that the Gxa 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 (Gd 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 a, gp, and y

subunits. The a subunit (Ga), which binds GTP, is specific to
each G protein, whereas common f3 and y subunits (G and
Gys respectively) may be found in some G proteins. fhe 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. (Gsa) is ADP-ribosylated by
cholera toxin, whereas the a subunits of G, and G. (Gia and
Goa, respectively) are modified by pertussis toxin. The a
subunit of G, (Gta) 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 ofGa
polypeptides after NaDodSO4/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 Gx. 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
A2 (6) as well as for gating of K+ (7-9) and Ca2" (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 Gs. from bovine adrenal gland (15),
bovine brain (16), rat C6 glioma cells (17), and human liver
(18) have been reported. Goa cDNA was cloned from rat C6
glioma cells (17) and bovine retina (19); two Gta cDNAs were
cloned from bovine retina, one coding for the a subunit of G,
from rod cells (Gtla) (20-22) and the other for the a subunit
of G, from cone cells (Gt2a) (23). As for Gia 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, Gila is the predominant Gia 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). Gi2a was
cloned from rat C6 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 Gia
subtype Gi3a 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 Gsa (33) as well as human Gila, Gi2a, and Gi3a (32).

Abbreviations: G protein, guanine nucleotide-binding regulatory
protein; G., a subunit of G protein; G., Gi, G0, Gx, and G,
stimulatory, inhibitory, other, tentative designation, and transducin
G proteins, respectively; G,,, Gra, Go., etc., a subunit of G., Gi, Go.
etc., respectively.
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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 Ga species, and we have
tentatively designated this species Gxa.* By RNA blot
hybridization, we found that the GXa gene is expressed
mainly in neuronal tissues. The deduced amino acid sequence
of GXa suggests that this protein may represent the putative
pertussis toxin-resistant Ga species.

METHODS AND MATERIALS
Human Genomic and Rat cDNA Libraries. A human ge-

nomic library (34) was kindly 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 420C (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).

containing 50o (vol/vol) formamide, 5 x SSC (1 x 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 pug/ml), 0.1%
NaDodSO4, and 10% (wt/vol) dextran sulfate. Filters were
washed at room temperature in 0.1 x SSC/0.1% NaDodSO4
for high stringency or in 1 x SSC/0.1% NaDodSO4 for low
stringency. 32P-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]dCTP. 2'-Deoxy-7-deazaguanosine 5'-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 650C in 0.1 x SSC/0.1% NaDodSO4.

RESULTS
Isolation and Partial Characterization of a Human Genomic

Clone Encoding Gxa We screened a human genomic library
(3 x 105 phage plaques) with the 1.7-kilobase (kb) EcoRI
fragment of AGX13 (17), which contains the entire coding
sequence of rat Gi2q. Eighteen clones were isolated under
low-stringency conditions. Among them, a clone, designated
AHGi62, that hybridized weakly with the Gi2a cDNA probe
was purified and characterized, and the Ga species that it
encodes was tentatively named Gx.
As shown in Fig. 1 (Upper), the EcoRI insert of phage

AHGi62 possessed seven Bgl II sites. On digestion with Bgl II,
two fragments (1.4 kb and 1.6 kb) were found to hybridize with

-14 GCTGCTGCCGGACC

1 ATG GGA TGT CGG CAA AGC TCA GAG GAA AAA GAG GCA GCG CGG CGG TCG AGG AGA ATT GAG CGC CAC CTG CGC TCG GAG AGC CAG CGG CAG
1 Met Gly Cys Arg Gln Ser Ser Glu Glu Lys Glu Ala Ala Arg Arg Ser Arg Arg !le 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 AM ATC ATC CAC AGC GGT GGT
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 MG 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 Tyr Asn Ala Ile Asp Ser Leu Thr Arg Ile Ile Arg Ala Leu Ala Ala

271 CTG AAG ATT GAT TTC CAC AAC CCT GAC CGT GCC TAC GAC GCC GTG CAG CTC TTT GCC CTG ACT GGC CCG GCA GAG AGC AAG GGT GAG ATC
91 Leu Lys Ile Asp Phe His Asn Pro Asp Arg Ala Tyr Asp Ala Val Gln Leu Phe Ala Leu Thr Gly Pro Ala Glu Ser Lys Gly Glu Ile

361 ACG CCC GAG CTG CTG GGT GTC ATG CGA CGG CTC TGG GCT GAC CCC GGG GCC CAG GCC TGC TTC GGC CGC TCC AGC GAG TAC CAC CTG GAG
121 Thr Pro Glu Leu Leu Gly Val Met Arg Arg Leu Trp Ala Asp Pro Gly Ala Gln Ala Cys Phe Gly Arg Ser Ser Glu Tyr His Leu Glu

451 GAC MC GCC GCT TAC TAC CTG MT GAC CTG GAG CGC ATC GCG GCG CCC GAC TAT ATC CCC ACG GTG GAG GAC ATC CTG CGC TCT CGG GAC
151 Asp Asn Ala Ala Tyr Tyr Leu Asn Asp Leu Glu Arg Ile Ala Ala Pro Asp Tyr Ile Pro Thr Val Glu Asp Ile Leu Arg Ser Arg Asp

541 ATG ACC ACG GGC ATT GTG GAA AA AAG TTC ACC TTC AAG GAG CTT ACC TTC AAG ATG GTG GAT GTG GGA GGG CAG AGG TCA GAG CGC AAM
181 Met Thr Thr Gly Ile Val Glu Asn Lys Phe Thr Phe Lys Glu Leu Thr Phe Lys Met Val Asp Val Gly Gly Gln Arg Ser Glu Arg Lys

631 AAA TGG ATC CAC TGC TTT GAG GGC GTG ACG GCC ATC ATC TTC TGT GTG GAG CTC AGT GGC TAT GAC CTG AAG CTT TAT GAG GAC MC CAG
211 Lys Trp Ile His Cys Phe Glu Gly Val Thr Ala Ile Ile Phe Cys Val Glu Leu Ser Gly Tyr Asp Leu Lys Leu Tyr Glu Asp Asn Gin

721 ACG AGC CGA ATG GCG GAG AGC CTG CGT CTI TTT GAC TCC ATC TGC MC AAC MC TGG TTC ATC MC ACC TCC CTC ATC CTC TTC CTG MG
241 Thr Ser Arg Met Ala Glu Ser Leu Arg Leu Phe Asp Ser Ile Cys Asn Asn Asn Trp Phe Ile Asn Thr Ser Leu Ile Leu Phe Leu Asn

811 AAG AAG GAC CTC CTG TCG GAG AAG ATT CGG CGT ATC CCG CTC AGC GTC TGC TTC CCC GAG TAC AAG GGT CAG AAC ACG TAC GAG GAA GCC
271 Lys Lys Asp Leu Leu Ser Glu Lys Ile Arg Arg Ile Pro Leu Ser Val Cys Phe Pro Glu Tyr Lys Gly Gln Asn Thr Tyr Glu Glu Ala

901 GCG GTC TAC ATC CAG CGT CAG TTC GAG GAG CTA AAC CGA AAC MG GAG ACC MG GAG ATE TAC TCG CAC TTT ACC TGT GCC ACC GAC ACE
301 Ala Val Tyr Ile Gln Arg Gln Phe Glu Asp Leu Asn Arg Asn 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 MG TAC ATT GGC CTT TGC TGA GGAGCCGGGCGCAGCC
331 Ser Asn Ile Gln Phe Val Phe Asp Ala Val Thr Asp Val Ile Ile Gln Asn Asn Leu Lys Tyr Ile Gly Leu Cys End

1085 TGCTTGCCTGCGGTGAAAACCCACGGGGTGTCACACCCCACACCTCATGCTGGAGAGGCCCGACCCAGGGGCAGGAAACGGGGGGAGTGGCTTGAAGAGTGTGTCCCCACCCCCAGCCTC
1 205 TCTCGCCTCCTTGGCCCCACGTCTCTGCAAACATAAATATATTTGGATAGATTGCTAGGTAGGTAGACACACAGACACACGCACACGCACACGCACACGCGCACGCACGTCTGGAGACGG
1 325 CAACGCTCTCCGGCGGTCAAGBTTTCCTGAAATTTTCAGAAGCTGCTGTCACMATTTCATTCTGAGGCCATCTTGCCCCCCCACCCCCCATCCACTCTGAGTCGGCCCCCGCTCTGCACG
1445 GGAGGGAGGGTCCACGTTTGACTGCCGAGGAGGGGCCGGCGGGGCTGGGGCCAGGGCCGGCCAGCTGTGCC 1515

FIG. 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 S'-flanking region is shown up to position -14.
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Gina cDNA. The 1.4-kb and 1.6-kb Bgl II 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 Gx,

sequence revealed that there is an open reading frame of 114
amino acid codons, encompassing the junction of two Bgi II
fragments (Fig. 1). Comparison of the deduced amino acid
sequence of the Gxa open reading frame with the amino acid
sequences encoded by human genes for Gsa (33) and Gi2a and
Gi3a (32) indicated that it is similar to the C-terminal region
corresponding to the sequences encoded by exons 7 and 8 of
Gia genes. However, the Gxa sequence is clearly distinct from
characterized Ga sequences since the corresponding regions
of the amino acid sequences for human G s, Gila, Gi2a, and
Gi3a were 41%, 77%, 75%, and 78% identical, respectively.
The open reading frame of the Gxa 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 Gi subfamily
are connected in GXa, eliminating intron 7.

Isolation of a Rat cDNA Clone Coding for G.. and Its
Nucleotide Sequence. To determine which cells and tissues
express the Gxa 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 I fragment of pHGx62L)
containing 123 nucleotides of the 3' coding region of human
Gxa, 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 Gxa cDNA.

A rat brain cDNA library (6 x 105 phage plaques) was
screened with the same probe under high-stringency condi-
tions. Two clones, ARGxl 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 EcoRI 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 Gj2, 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 Giia, Gi2a, Gi3a, Goa,, and Gs. as well as with
those of bovine Gtl, and Gt2a. Strong similarities were
observed over the entire sequence. However, the similarity
of GX, to the Gia subtypes, Goa, Gta subtypes, or Gsa is not
as great as the similarity between the Gia subtypes and Go.c
The 3'-flanking sequence of rat GX, cDNA was determined

down to position 1515; however, no polyadenylylation signal
of mammalian mRNA (AATAAA) was found.

Expression of the GX, Gene. We have carried out the RNA
blot hybridization analysis of several rat tissues. The 1515-

G=~ W~CR S 1 - EAARR S S SQRQRRiIK.LLL.LGTSASGKSTIVK 1453
Gila-:MGCTLSA_____-EDKAAVERSKMIDRNLREDEKAAREVKLLLLGAGESGKS TIV R M 53
Gi2a. 1MGICTVSA-__ EDKRAAAERSIKIMIDKINILREIDIG EKAAREVKLLLLGAGESGKSTIVK M 53
Gi3a:GCTLSA-__ EDKIAAVERSIKIMIIDRNLRREDGIEAAARBVKRLLLLGAGESGKSTIVKRM 53
Goa.MGCTLSA _ ___- EERIAALERSIR AIIEKRNLIDGIDSAIAARDVKXLLLLGAGESGKSTIVKRM 53
Gtla: MGAGASA_----E - --H S RLELK[LRKEDAEKDARTVKLLLLGAGESGKSTIVKR 49
Gt2= 1GSGASA-- - ED ELAKRSR ELE L EDADKEAKTVKLLLLGAGESGKSTIVKYM 53
Gsa .MGCLGN KTEDQRNEEAQREANI E Q L DKQVYRATHRLLLLGAGESGKSTIV R4 60

GxC II SG NL-- - - - - - - - ACKEYKPL IY AI S TR R AA KIDFHNP 98
Gila: III EAG YSEE --------------- ECQYAVVYSNT SIIAIIRA MGRLKIDFGDA 98
Gi2a: II E DG SEE --------------- ECR YRAVVYSNTI SIMAIVKAMIG NLQIDFADP 98
Gi3a.: II EDG SED --------------- ECK YKVVVYSNTI SIIAIIRAMGRLKIDFGEA 98
Goa: R II E DG SGE --------------- DV YKPVVYSNTI SLAAIVRAMDTLGVEYGDR 98
GtlaX:II QDGY S LE - - - - - - - - - - - - - - - ECL FIA I IY GNT L SILAIVRAMTTILINIQYGDS 94
Gt2a RII QD GYS PE - - - - - - - - - - - - - - - ECLEYKAII YGNVL S I L A II R A MNIP TILG I D Y A E V 98

Gsa: VN NG GGEEDPQAARSNSDGEKATKVQD KN LKA ETIVAAMSN VPPVELA 120
Gxa * D RAY V Q L FA[YTGPAESRGEITPL L G V M WA AA G H N YLN 158
Gi1a:ARADDAR Q LFVILIAGAAEE-GF1MTABLAGVIKRIL WIKIDISIGIVQ AICFINIRSIRE LNDSAAYYLIN 57
Gi2a:QRADDAR O LFAILISCAAEEQG1MLPEDLSGVIRRIL WIAIDIHIGIVQ AICFIGIRSIRE LNDSAAIYYLIN 158
Gi3a:ARADDAR Q LFVILIAGSAEE-GV1MTSELAGVIKRIL WIRIDIGIGIVQ AICFISIRSIRE LNDSAS|YYL|N 157
Go ERRADSVKVCDVVSRMEDTEPFSAELLSAMNRILWIGDSGI EC FNRSREY LNDSAIIYYLID 158
Gtla:ARQDIAR KLMHADTIEE-GTM SSDIIQRLRWIDSGI AC FDR ASEY LNDSAG[ S 153
Gt2U= SCVDNGR Q L N NLADSIEE-GT PPELVEVIR KILWIDGGV AC FDR AAEY LNDSASYN 157
Gsu: NPEN FR VD Y ILSVMNVPNFDF PEFYEHAKA EDEGVVRAYER N IF"II C Q D 180

Gxa : DL R AADI TVE D I L D T TD N T F 2E1TKM V G G SRKKWIDC G 218
Gila:DLDRIA QIPINIYIIIPIT Q DVL TRVKTTGIVIEITHIFIT FDLHFMFIDVGGQRISIERRWIIHICFEIG 217
Gi2a: DLERIAISIDIYIIIPIT D V L TRVKITTGIVIEITHIFITFKDLHFKMFIDVGGQRISERKWIIHCFEIG 218
Gi3a:DLDRIS QITINIYIIIPIT DVL RTRVKTTGIVIEITHIFITFRELYFMFIDVGGQRISIERRWIIHICFEIG 217
Goa :SLDRIG DY Q PT E DIL TRVKITTG VIBETHIFITFKK ILHFRLFIDVGGQRISERRRWIIHICFEID 218
Gtla:DLERLVTPGYVPT E DVL S VKTTG IIETQFS FKDLNFR FD V GG S R KWIH FEG 21 3
Gt2 QLDRITAPDYLPNE DVL S VKITTGIIET KFSVKDLNF F D V GG RSERWIHC FEG 217
Gsa: K V Q D V SD D LL CVLT G F Q V D NH FDVGG RDERRK WIQCFND 240

Gxa V AIIFCVELSGYDILYEDNQTSTIA R DC N W F I N TIS L I L FLN LS 278
Gila: VTAIIFCVALSDYDL VLAEDE H 1NIR NIHESIILFDSICNNIWFTDTISIILFLN XID LFEE 277
Gi2a-: VTAIIFCVALSAYDLVLAEDEE1MNIRMIHES KILFDSICNNWVFTDTISIILFLNKIIDLFEE 278
Goa V AIIFICVALSDY DLVLAED EEMNIRMIHIEESILFDISICNNINKFDTISIILFLN ID LFEE 277
Goa V AIIFCVALSGYD QVLHEDETTNIR 4HEIS 1LFDSICNNKFFIDT1SIILFL DLFGE 278Gtla: v CIIFIAALSAYD V E VNVRLH SLLHLFNS ICNHRYFATTSIVLFLN ID VFSES 273
Gt2a IV TICIIFCAALSAYDVL VNR HSNLHLNIS ICNIH IFFAATS IVLFLN KIIDLFEE 277
Gsa i Au VVAS SYMNVREDNQ T NRLQE NLFIIMWNNRLRTISVILFLN QDLLAE 300

Gxa R--RIPiSVCI PE YI G QNT Y - - - - - - - - - - - - - V R EDLNRN ET EI 321
Gila: IIIK--KSPILITICIYPEYIAGSNTYIEE- - - - - - - - - - - - - A Y I CQFEDLNKRKDT EIY-- 320
Gi2a: IT--QSPLTICFPEYTGAN Y - - - - - - - - - - - - -IAIA SIY IIQS IFIEDLNKRKDTKEIIYI-- 321
Gi3a: III--RSPILITICIYPEYITGSNTY E- - - - - - - - - - - - -IAIA AIY IIQC QIFIEDLNRRKDTKEVIYI-- 320
Goa : --S PILITICIFPEYIPPGSNTY D- - - - - - - - - - - - IAIAAIY I T F-ESNRSPNIEIY-- 320
Gt1a:III - - A HISICIFP YNGPNTYl - - - - - - - - - - - - -IAIG NIY I V FLELNMRRDVKEEII-- 316
Gt2a II - - V HLSICFP EYDGNNSYED- - - - - - - - - - - - -AG NIY IIK S FILDLNRDVK EIY- - 320
Gsa * L A G K S KE D Y ARYTTP DATPEPGEDPRVTRA KYFIRD IFILRISTASGDGRHYCY 360

Gxa: SHFTCATDTSNI FVFD VTDVII Q NNLIYI C 355
Gila:TIHIFIT C ATDTIKN V FV F DA V TDV II NNL ID C GILF 354
Gi2a: THFTC ATDTIKN V FVFDAVTDVIIIKNNLIDCGLF 355
Gi3a: THFTCATDTIN V FVFDAVTDVIIIKNNLKIECGLY 354
Goa : CHTCATDTNN II VVFDAVTDIIIANNLRGCGLY 354
Gtla:SHIMTC T NV FVFDAVTDIIIIENL KIDCGLF 350
Gt2a: SHIMTC T NV FVFDAVTDIIIIKENLIDCGLF 354
Gsa : P V V R DCRID IIQRMHLRQY L 394

FIG. 4. Amino acid alignment (standard one-letter abbreviations) of rat Gx and the other mammalian Ga proteins [rat Gila (24), rat Gj2. (17),
rat Gi3a (32), rat Go, (24), bovine Gtla (20), bovine Gt2. (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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FIG. 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 Gxa cDNA, was

labeled by nick-translation and used as a probe. The results
indicated that the 3.2-kb Gxa 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 Ga, termed Gx,, that is similar to, but
clearly distinct from, any characterized mammalian G.. The
predicted Gxa protein contains 355 amino acid residues with
a calculated molecular weight of 40,879. The deduced amino
acid sequence of the Gxac protein is 40%6, 67%, 66%, 66%,
55%, 57%, and 59% identical, respectively, to Gsa, Gila, Gi2a,
Gi3a, Gtla Gt2aq and G,,.. Therefore, Gxa is most closely
related to the Gia, subfamily, but distinct from it, since the
similarity between GXa and any of the Gia subtypes is far less
than that between the Gia subtypes (>85%).
Comparison of the predicted amino acid sequences of

known Ga 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
Ga species. The sequence of the Gxa protein is very similar
to that of other Ga proteins, but three amino acid residues in
the GTP-hydrolysis site of Gxa (Thr-Ser-Asn, at positions 41-
43) are different from these residues in other Ga proteins
(Ala-Gly-Glu).
The most remarkable feature of the primary structure of

the GXa is that it lacks the cysteine residue in the fourth

A Gxa: 35-50 L: L L 1 GRTTIVJ
Gila: 35-50: K L L L L G A G E S G K S T I V
Gi2a: 35-50 : K L L L L G A G E S G K S T I V
Gi3a: 35-50: K L L L L G A G E S G K S T I V
Goa: 35-50 : K L L L L G A G E S G K S T I V

Gtla: 31 -46 : K L L L L G A G E S G K S T I V
Gt2a: 35-50 : L L L L G A G E S G K S T I V

Gsa: 42-57 : AGES G K ST V

B Gxa: 201-218 : V G G Q R S E R K K W I H C F E G
Gila: 200-217 : D V G G R S E R K K W I H C F E G
Gi2a: 201-218 : D V G GQ R S E R K K W I H C F E G
Gi3a: 200-217 : D V GG Q R S E R K K W I H C F E G
Goa: 201-218 : D V G G R S E R K K W I H C F E

Gtla: 196-213 D V G G Q R S E R K K W I H C F E G
Gt2ac: 200-217 V G G Q R S E R K K W I H C F
Gsa: 223-240 V G G Q J2 1RU3 R R XK I 1

C Gxa: 263-274 : 11- L F L N K K D L
Gi1a: 263-274 S I I L F L N K K D L

Gi2a: 262-273 S I I L F L N K K D L

Gi3a: 262-273 S I I L F L N K K D L

Goa: 263-274 F1I L FL NK KD

Gt1ca: 258-269 S L F L N K K D L

Gt2a: 263-273 S L F L N K K D L
Gsa: 285-296 : I LSVII L F L N K JDL

FIG. 6. Amino acid comparison (standard one-letter abbrevia-
tions) of mammalian Ga 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.

Gxa:
Gila:
Gi2a:
Gi 3a:
Goa:

Gtl a:
Gt2x:
Gsa:

349-355
348-354
349-355
348-354
348-354
344-350
348-354
388-394

L K Y I G L C
L K D C G L F
L K D C G L F
L K E C G L Y
L R G C G L Y
L K D C G L F
L K D C G L F
L R Q Y E L L

FIG. 7. Comparison ofC-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 ofGta has been shown to be ADP-ribosylated by
pertussis toxin (40). Gs., 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 Gs. and Gt,, (46), but not in Gia
and GOm. Thus G., could be a candidate for one of the
proposed species of Ga.
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 GH3 and GH4C1 and
in the rat pheochromocytoma cell line PC12 (unpublished
observation). Therefore, Gxa 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 Gxa 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, GC, that
corresponds to the human genomic clone and the rat cDNA
clone for Gxa.
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Ministry of Education, Science, and Culture, Japan.
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