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Ga, is the « subunit of one of the heterotrimeric GTP-
binding proteins that mediates stimulation of phospholi-
pase Cf. We report the isolation and characterization of
cDNA clones from a frontal cortex clINA library encod-
ing human Gea,. The encoded prelein is 359 amino acids
long and is identical in all but one amino acid residue
to mouse G,,. Analysis of human genomic DNA reveals
an intronless sequence with strong homelogy to human
G, ¢cDNA. In comparison to Ge, cDNA, this genomic
DNA sequence includes several small deletions and in-

" sertions that alter the reading frame, multiple single
base changes, and a premature termination codon in the
open reading frame, hallmarks of a processed psecu-
dogene. Probes derived from human Ge,, cDNA sequence
map to both chromosomes 2 and 9 in high-siringency
genomic blot analyses of DNA {from a panel of human-
rodent hybrid cell lines. PCR primers that selectively
amplify the pseudogene sequence generate a preduct
only when DNA containing human chromosome 2 is used
as the template, indicating that the authentic Go, gene
(GNAQ) is located on chromosome 9, Regional localiza-
tion by FISH analysis places GNAQ at 921 and the pseu-
dogene at 2q14.3-¢2%.

INTROTMCTTON

Guanine nucleotide-binding proteins (G-proteins)
are a family of heterotrimeric proteins that couple
cell-surface, seven-transmemhbrane domain recep-
tors to intracellular signaling pathways (Simon et
al., 1991; Hepler and Gilman, 1992; Spiegel et al.,

Sequence data from this arlicle have been deposited with the
EMBL/GenBank Data Libeavios under Aceession Nos, U40037 and
U40038.
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1992: Conklin and Bourne, 1993). Receptor activa-
tion catalyzes the exchange of GTP for GDY hound
to the inactive G prolein « subunit, resulting in a
conformational change and dissociation of the com-
plex. The G protein « and #y subunits are capable
of regulating various celiular effectors. Activationis
terminated by a GTPase intrinsic to the Ge subunit.

Sixteen mammalian genes coding Go subunits
have been cloned and grouped inlo four classes, a,,
a;, g, and a;, based on their amino acid sequence
similarity (Simon et al., 1991; Spiegel ef af., 1992).
Members of the Ga, subfamily {a,, o, a4 and
ti5n6) stimulate the activity of phospholipase C#,
resulting in cleavage of phosphatidylinositol 4,5-his-
phosphate and release of inositol (1,4,5)-triphos-
phate and 1,2-diacylglycerol (Smrcka et al., 1991,
Taylor et al., 1991; Wu et al., 1992). These second
messengers mediate increases in intracelltular Ca**
and protein kinase C activity, respectively. Guo, is
ubiguitonsly expressed (Strathmann and Simon,
1990), and constitutively activated mutants of
mouse Ge, can transform NIH 3T3 mouse fibro-
blasts and induce tumor formation {De Vivo ef af..
1992; Kalinec et al., 1992). Mutations of other « sub-
unit genes have previously been shown to cause dis-
ease in humans, For example, heterozygous inacti-
vating mutations of Gu,, the subunit responsible [ur
stimulation of intracellular cAMP levels, are lound
in patients with Albright hereditary osteodystrophy
(Patten ef al., 1990; Weinstein et af., 1390). Muta-
tions of amino acid residues involved in GTP hydro-
lysisin Ge, (gsp) and Gez (gip) result in constitutive
activation and are associated with autonomous hyp-
erfunction, hyperplasia, or tumors of endocrine or-
gans (Landis et al., 1989; Lyons et al, 1990,
Weinstein ef al., 1991; Suarez ¢t al., 1991),

As a prerequisite to examining the role of Ge, in
normal and abnormal cell signaling in humans, we
cloned human Ga, cDNA and performed chromosomal
localizalion studies. Analysis of human genomic DNA
revealed the presence of an intronless, processed G,
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pseudogene that maps to a chromosome different from
that of the authentic Ge, gene.

MATERIALS AND METHODS

Sereening of human brain ¢DNA library. A mouse Ga, cDNA
probe encompassing the 358-amino-acid coding region was generated
using established methods for reverse transcription (RT) followed by
PCR (Davis et al, 1994). The mRNA template for RT was mouse
brain poly(A)* mRNA (Clontech). Primer sequences were based on
the published mouse G, nucleoctide sequence (Strathmann and Si-
mon, 1990): the gene-specific primer used for RT was 5'GGAGGG-
AAGAACCAGS’, and the primers for PCR were 5'CAGCGAGGC-
ACTTCGGAAGA3’ (sense primer) and 5'TTCTGGGAGGCACGG-
TTAGA3' (antisense primer). The identity of the single 1.1-kb PCR
fragment obtained was confirmed by nucleotide sequence analysis of
a plasmid subclone containing the fragment. The PCR fragment was
labeled by random hexamer priming (BRL kit) and used for screening
1 x 10° members of a human temporal cortex cDNA library formed
in the Lambda ZAP vector (Stratagene). Positive clones were plaque
purified, the pBluescript plasmid sequences autoexcised as described
by the manufacturer (Stratagene), and plagmids containing a 3-kb
insert were sequenced.

Rapid amplification of cDNA end (RACE). A 5" RACE procedure
was performed to obtain the missing 5 sequences of human Ga,
cDNA using established protocols (Davis et al., 1994). The gene-
specific primer used for reverse transcription was 5'CCGTGAAGA-
TGTTCTGATACS3’, and the primer used for PCR was 5'CTGCTT-
GGTGAAGCCCCTTTTA3" .

PCR amplification of genomic DNA with cDNA sequence primers.
Human genomic DNA was prepared from blood or frozen pituitaries
(kindly provided by the National Hormone and Pituitary Program)
from normal subjects. PCR amplification of genomic DNA with prim-
ers derived from Ga, cDNA sequence (sense primer 560--579, anti-
sense primer 760-779; Fig. 2} that were predicted to flank one or
more introns (Kozasa et al., 1988, Weinstein et al., 1988) unexpect-
edly produced a PCR product that was identical in size {220 bp) to
that ohserved when first-strand ¢cDNA was used as a template. PCR
was performed with 1 min of denaturation at 94°C, 1 min of anneal-
ing at 55°C, and 1 min of elongation at 72°C, for 40 cycles. The
sequence of the PCR product differed slightly from that of Ge,. To
obtain additional genomic sequences flanking the novel fragment on
the 5’ gide, an additional PCR amplification was performed (1 min
of denaturation at 94°C, 45 sec of annealing at 62°C, and 1 min of
elongation at 72°C, 35 cycles) using an antisense primer specific for
the genomic sequence at its 3’-terminal base (5'CTGACCTTTGGC-
CCCCTACATCGAA3'; 652-676, Fig. 2) and a degenerate sense
primer [5'GGACT)GAGAG(CT)GG(GC)AAAGIAG(ICT)AC(GC)TT-
(CTHA3'; 184—208] based on computer alignment of sequences of G
protein @ subunits in GenBank. A 492-bp fragment of human geno-
mic DNA was amplified and sequenced.

Screening of human genomic library for pseudogene. The labeled
492-bp PCR product was then used to screen 1 x 10° members of a
human leukocyte genomic library. Hybridizing clones were plaque
purified, and analytical preparations of A bacteriophage DNA were
made as described (Davis et al., 1994}, Positive inserts were sub-
cloned into pGEM 4, and recombinant colonies were identified by
colony hybridization. Plasmids containing 0.3- and 8-kb inserts were
fully and partially sequenced, respectively.

Sequencing analysis. The nucleotide sequence of genomic and
c¢DNA fragments was determined with bacteriophage promoter prim-
ers and gene-gpecific internal primers by cycle sequencing (fmol kit,
Promega). PCR products were purified with the GlassMax kit {BRL)
and used directly as templates for cycle sequencing.

Chromosomal mapping with somatic cell hybrids. Chromosomal
localization was carried out by Southern analysis or PCR amplifica-
tion of DNA from a human X redent somatic cell hybrid panel (BIOS
Laboratortes, New Haven, CT). The human chromosomal content of
cells used in this study is as reported previously (Miyasaka et al.,
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1993), except that cell line 1006 lacks chromosome 8 and 1079 lacks
chromosome 16. In addition, cell lines 010 (human chromosome 10),
016 {chromosome 16), and 852 (chromosome 2} were used. Cell line
016 is a human X mouse hybrid, and all others are hamster X human.
For Southern analysis, *P-labeled probes derived from human Ga,
coding or 3'-untranslated regions were hybridized to membranes
containing somatic cell hybrid DNA digested with Pstl, Tegl, or Hin-
dIIl. Hybridization was carried out overnight at 65°C, and final
washes were at 65°C in 0.2x S8C, 0.2% SDS. For PCR analysis,
genomic DNA from hybrid cell lines was screened for Ga, pseudogene
sequence with the PCR primers (184—208 and 652—676) and under
the eycling conditions described above.

Fluoresecence in situ hybridization (FISH). Subchromosomal lo-
calization was performed by FISH. Briefly, two purified plasmids,
one coentaining a 3-kb insert of Ga,; ¢cDNA and the other an 8-kb
insert of the Ga, pseudogene and its 3'-flanking region, were labeled
individually with biotin-14—dUTP (Boehringer Mannheim} using
nick-translation and hybridized to standard normal male metaphase
spreads, essentially as described (Baldini and Lindsay, 1994). Biotin-
labeled DNA was detected using fluorescein—avidin DCS (Vector).
Chromosome identification was performed with simultaneous DAPI
(4,6-diamidino-2-phenylindole) staining, which produces a Q-band-
ing pattern. Digital images were obtained using a cooled CCD camera
(Photormetrics) mounted on a standard fluorescent microscope
(Leica). Fluorescein and DAPI fluorescence were recorded separately
as gray-scale images and then merged using the software package
NIH 1.57 (Ijdo ef al., 1992). Band assignments for the fluorescein
signals were then determined.

RESULTS

Isolation and Sequence of Human Ga, cDNA Clones

Using a mouse Ga, cDNA probe encompassing the
entire open reading frame of the protein (obtained as
described under Materials and Methods), we isolated
a clone from a human frontal cortex cDNA library that
contained an insert about 3 kb in length. Nucleotide
sequence analysis revealed a single, long open reading
frame in the human ¢DNA that closely resembled Ge,,
but the clone was missing sequence encoding the first
46 amino acids found in mouse. To obtain the missing
5" sequence, a 5' RACE procedure was performed, us-
ing human brain mRNA as template, which generated
a single 276-bp fragment. This fragment was sub-
cloned, and sequences encoding the amino terminal end
of the human Gea, protein were obtained. cDNA se-
quences encoding human and mouse Ge, are 95% iden-
tical (Fig. 1). Both proteins are predicted to be 359
amino acids long and differ in only one amino acid:
residue 171 is serine in mouse Gaq and alanine in hu-
man Ga, (Fig. 1). When the human Ge, coding se-
quence is aligned with that of human Ga,; (Hang ef
al., 1991), its closest relative in the G protein family,
the amino acid identity is 89%, and the nucleotide se-
quence identity is 78% (data not shown). The close ho-
mology of mouse and human Gu, sequences indicates
that the ¢cDNA isolated from the brain library corre-
sponds to the human Ge, gene and not to another mem-
ber of the Ger, subfamily. Subsequently, Northern anal-
ysis with a probe containing the 3-kb Ga, ¢cDNA se-
quence was shown to detect a poly(A)* RNA of greater
than 5 kb in human brain, kidney, and mouse Swiss
3T3 cells (data not shown).
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FIG. 1. Comparison of human and mouse Ga, sequence. The
first row is predicted human amino acid sequence, the second row is
human nucleotide sequence, and the third row shows mouse nucleo-
tide sequence (only nucleotides that differ from human sequence are
shown). The position of the only predicted amino acid difference is
shown in bold (residue 171 is alanine in human Ga,, serine in
mouse). The arrow indicates the position of a single nucleotide that
is absent in the mouse 5"-untranslated sequence.

Pseudogene

As a prelude to RT-PCR screening for activating Ga,
mutations in human tumors, primers were designed
(sense primer 560-579, antisense primer 760-779; Fig.
2) to amplify the region known to encode amino acids
critically involved in GTP hydrolysis (De Vivo et al.,
1992; Kalinec et af., 1992; Conklin et al., 1992). Based
on analogy to the known genomic structure of several
other Go subunits (Kozasa et al., 1988; Weinstein et al.,
1988), we strongly suspected that these primers would
flank at least one intron in the genomic DNA. Curiously,
amplification of normal genomic DNA with these prim-
ers produced a PCR product that was identical in size
(220 bp) to that observed when first-strand cDNA was
used as a template {data not shown), indicating an ab-
sence of introns in the amplified genomic DNA template.
Direct nucleotide sequence analysis of PCR products
from three normal subjects confirmed the absence of
introns and revealed four single nucleotide differences
between the genomic PCR product and the Ga, cDNA
sequence: homozygous substitutions at positions 610
and 652 and heterozygous substitutions at positions 613
and 625. The lack of introns, as well as the fact that
two of the observed nucleotide substitutions encoded
nonconservative amino acid changes, raised the possibil-
ity that we had amplified a segment of a Ga, processed
pseudogene, rather than the Ge, gene itself. However,
no termination codon was observed in the open reading
frame of the genomic PCR product, leaving open the
remote possibility that this genomic PCR fragment
might reflect a polymorphic Ge, allele or another closely
related member of the Ga, gene family with no introns
in this region. To obtain additional genomic sequences
flanking the genomic PCR fragment on the 5' side, an
additional PCR amplification was performed using an
antisense primer (652—676) specific for the genomic
PCR product at its 3’-terminal base and a degenerate
sense primer (184—208) located 5' to sequences isolated
in the first genomic PCR fragment (Fig. 2). The sequence
of the degenerate primer was based on amino acid se-
quence that is highly conserved in most known Ga sub-
units. Using a human genomic DNA template, a single
492-bp product was isolated. Direct nucleotide sequence
analysis of the PCR product confirmed that this se-
quence alse contained no introns and had two deletions
and three insertions that shift the Ga, open reading
frame, as well as multiple single base changes. One of
the insertions is associated with a premature termina-
tion codon (Fig. 2). Taken together, these data indicate
that the two overlapping PCR products represent seg-
ments of a Ga, processed pseudogene that cannot encode
a functional Ge, subunit.

The 492-bp PCR fragment from the putative processed
pseudogene was used to screen a human genomic library.
Several bacteriophage clones were isolated, and hybridiz-
ing fragments were subcloned into plasmid vectors. Se-



Gag 121

181

25
241

85
297
145
357
204
411
264
470
324
530
384
590
436
650
496
71¢
556
770
616
830
676
830
736
950

796

HUMAN Ga, cDNA AND ITS PSEUDOGENE
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FIG. 2. Partial nucleotide sequence comparison between human Ge, and its pseudogene (Ps,). There are two deletions, three insertions,
and 20 single nucleotide substitutions in the available pseudogene sequence. A premature stop codon ig in bold. The locations of PCR primer
pairs 184208, 6562-676, 560—579, and 760—779 are underlined; numbering is based on Ga, cDNA sequence but the actual primer sequences
are given under Materials and Methods. The Ps, sequence that is shown was derived from two genomic clones, Heterozygous polymorphisms
at positions corresponding to Ge, 613 (A/G) and 625 (G/C) were found in PCR products amptlified from three different genomic DNA samples.

quence correspending to

fragments was obtained, as well as 5'- and 3'-flanking

that of the pseudogene PCR Mapping the Human Ga, Gene to Chromosome 921

sequences (Fig. 2). No introns were found. Compared to

Gay, the sequence of the processed pseudogene contains
a total of two deletions, three insertions, and 20 single
nucleotide substitutions (Fig. 2).

and Its Pseudogene to Chromosome 2¢g14.3-2g21

Restriction fragment probes (0.6—0.7 kb) derived ei-
ther from the coding region or from 3'-untranslated
sequences of the human Ga, cDNA were hybridized at
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high stringency to DNA from a panel of somatic cell
hybrids. Hybridization only occurred to genomic DNA
derived from hybrid cell lines 734 (which contains hu-
man chromosomes 5, 9, and 18) and 852 (human chro-
mosome 2 only). Cell line 734 is the only member of
the panel that contains chromosome 9, and 852 is the
only one that contains chromosome 2. Because the Ga,
probe did not hybridize to other members of the panel
that contain chromosomes 5 and 18 (Miyasaka ef al.,
1993) we concluded that Ge,-like sequence was located
on chromosomes 2 and 9.

To determine the subchromosomal localization of the
Ga, gene and its pseudogene, chromosome spreads
were analyzed by FISH using two purified plasmids as
the probes, one containing a 3-kb insert of Ga, cDNA
and the other an 8-kb insert of the Ge, pseudogene and
its 3’-flanking region. For each probe, 15 metaphase
spreads were analyzed, and a specific hybridization sig-
nal was detected in 85% of metaphases on both chroma-
tids of the two chromosomes 9 at band 9921 and on
both chromatids of the two chromosomes 2 at 2q14.3—
g21. No other hybridization sites could be detected.

The pseudogene-selective PCR primer 652-676 was
then used with primer 184-208 to amplify DNA de-
rived from the panel of somatic cell hybrids. Rodent
DNA was not amplified by these primers. Only human
control DNA and DNA derived from hybrid cell line
852 was amplified, indicating that the pseudogene is
located on chromosome 2 and that the authentic Ge,
gene resides on human chromosome 9.

DISCUSSION

In this study, we have determined the nucleotide and
predicted amino acid sequences of human Ga,, identi-
fied the presence of a highly homologous processed
pseudogene in the human genome, and mapped the
human Ga, gene to chromosome 9q21 and the pseu-
dogene to chromosome 2q14.3-q21. The human Ge,
nucleotide sequence will be useful for studying the role
of Gey in normal and abnormal cell signaling in hu-
mans. For example, it is possible that activating mis-
sense mutations in human Ga, might be found in some
human tumeors, given the fact that a constitutively acti-
vated mutant of mouse Ge, can transform NIH 3T3
cells, generating clones that can form tumors in nude
mice {(De Vivo et al., 1992; Kalinec et al., 1992).

Reverse transcription of a tissue or tumor-derived
mRNA followed by PCR amplification of a relevant cod-
ing region is a widely used protocol in gene expression
analysis and in screening for mutations. Given the ex-
traordinarily high nucleotide sequence identity ob-
served between the pseudogene and the authentic hu-
man Ga, ¢cDNA, it will clearly be critical to remove
any contaminating genomic DNA from tissue mRNA
samples before reverse transcription to avoid inadver-
tent amplification of pseudogene sequences. Alterna-
tively, selective primers based on sequence mismatches
can be designed. Preliminary results from PCR ampli-
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fication of genomic DNA with Gag-selective primers
suggests that, like most other Ga subunit genes (Ko-
zasa ef al., 1988; Weinstein et al., 1988), the authentic
Go, gene contains introns.

Asgignment of Ga, to human chromosome 9921 adds
to the number of G protein « subunit genes whose chro-
mosomal localization is known (Blatt et al., 1988; Wil-
kie et al., 1992). The assignment of the Ga, gene to
human chromosome 9q21 is consistent with the fact
that Ga, has been mapped to mouse chromosome 19
(Wilkie ef al., 1992), since mouse chromosome 19 and
human chromosome 9q have known linkage homologies
(Guenet and Poirier, 1993). Many G protein o subunit
genes segregate as tandem pairs in both mouse and
human, including Ge;; and Gayy, Ga; and Gay, and
Gaq; and Gaisng (Wilkie et al., 1992). In the mouse,
Ga, and Ga,, are paired on chromosome 19. Based on
these data, it seems reasonable to speculate that hu-
man Ga, may also map to human chromosome 9q.

It has been hypothesized that a processed pseu-
dogene may arise by reverse transcription of a mature
mRNA species with the introns removed, followed by
reintegration of the reverse transcript at a new location
(Leder et al., 1981; Hollis et al., 1982; Battey et al.,
1982). Since the location of the insertion site appears
to be random, the chromosomal localization of the pro-
cessed pseudogene is usually different from that of the
authentic gene. This is indeed the case for the Gay
processed pseudogene and the previously reported Ga;s
pseudogene (Magovcevic ef al., 1992). The close resem-
blance between Ga, cDNA and an apparently nonfunc-
tional pseudogene indicates that the formation of the
processed pseudogene is probably a relatively recent
event. The extent of accumulated differences (five dele-
tions or insertions and 20 point mutations over 832 bp
of nucleotide sequence; Fig. 2) corresponds to 12 to 30
million years of evolution (Saitou and Ueda, 1994), sug-
gesting that humans and possibly some primates may
be the only species that possess the Ga, pseudogene.
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