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LETTER

G Protein Alpha Subunit Multigene Family in
the Japanese Puffer Fish Fugu rubripes: PCR
from a Compact Vertebrate Genome

Minnie M. Sarwal,’ Jean-Marie Sontag,” Lieu Hoang,?
Sydney Brenner,' and Thomas M. Wilkie?>
"Molecular Genetics Unit, Department of Medicine, Addenbrooke’s Hospital, Cambridge, UK;

2Pharmacology Department, Southwestern Medical Center, University of Texas,
Dallas, Texas 75235-9041

We compare the complexity and organization of the G protein o subunit multigene family in the vertebrate
genomes of mammals and the Japanese puffer fish Fugu rubripes. Fourteen Fugu Ga genes were identified of the
16 genes characterized previously in mammals, including Fugu genes from the four classes of alpha subunits
Gs, Gi, Gq, and GI2. Fugu and mammalian Ga coding sequences are highly homologous, and the intron/exon
structure of the fish and mammalian orthologs is identical throughout the coding regions. A novel Ga gene,
Gapl, was also identified in Fugu rubripes and two other species of puffer fish. The complete sequence of Gnaz
and the tandemly duplicated genes Gnai2 and Gnat/ were obtained from a Fugu genomic cosmid library.
Introns in the puffer fish Ga genes lacked repeat DNA sequences, other than simple sequence length repeats,
and most introns were significantly shorter in Fugu than in mammalian orthologs. The compact genome of
puffer fish provides a unique vertebrate model for characterizing multigene families and identifying novel
genes directly from genomic DNA by PCR amplification with degenerate primers. The fact that Fugu encodes
most, if not all, of the G protein alpha subunits identified in mammals strongly supports Fugu as a model
organism for vertebrate genome research.

The sequence data described in this paper have been submitted to the GenBank data library under accession
nos. Gnail (L78800, L79903), Gnai2 (L79898), Gnai3 (L79894), Gnai2-like (L79889, L79890), Gnao (L7989,
8L79892), Gnat! (L79908), Gnat2 (L79897, L79902), Gnaz (L79900, L79901), Gnag (L798%96, L79904, L79905),
Gnall (L79906), Gnai4 (L78803), Gnap! (L79895), Gnal2 (L79907), Gnai3 (L78931), Gnas (L78839, L79893),
Gnas—like (L78929, L78930), and Gnall (L78919).

Heterotrimeric G proteins, composed of «, B, and dependent formation of stress fibers (Buhl et al.
v subunits, are present in all higher eukaryotes, 1995). The repertoire of Ga subunits has been
including fungi, plants, and metazoans (Simon et characterized extensively in mouse, human, and
al. 1991), and coordinate various metabolic, hu- two invertebrates, Drosophila melanogaster and
moral, neural, and developmental functions (Gil- Caenorhabditis elegans. Within the four classes of
man 1987; Birnbaumer 1990). Metazoan organ- Ga subunits, mammals express several related
isms uniquely express four classes of o subunits, genes with similar receptor and effector specifici-
Gs, Gi, Gq, and G12, based on sequence conser- ties. In total, mammals have at least 16 func-
vation and functional similarities (Wilkie et al. tional Ga genes, several of which are spliced al-
1992). Members of the Gq class activate PLCB ternatively, that encode 20 distinct protein prod-
isoforms; Gs members activate adenylyl cyclases; ucts (Wilkie and Yokoyama 1994). The numerous
and Gi members have several effector targets, but closely related mammalian genes, such as the
almost all share the common feature that they tandemly duplicated genes Gnai2/Gnatl and
are sensitive to ADP ribosylation by pertussis Gnai3/Gnat2, apparently arose through multiple
toxin, and G12 class proteins influence Rho- independent gene duplication events subsequent

to vertebrate and invertebrate divergence (Wilkie
3Corresponding author. et al. 1992). In contrast, flies and worms appar-
E-MAIL wilkie@utsw.swmed.edu; FAX 214-648-2994. ently encode only one obvious ortholog of the
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closely related mammalian Ga genes, although
some of the invertebrate genes, such as Dro-
sophila dgq, are also spliced alternatively (Talluri
et al. 1995). Invertebrates also express several dis-
tantly related Go genes that have not been iden-
tified in mammals, despite concerted attempts to
clone them, such as Drosophila dgf (Quan et al.
1989), snail Gaa (Knol et al. 1995), and nematode
gpal, gpa2, and gpa3 (Lochrie et al. 1991). The
question remains whether these divergent genes
have evolved specifically in these invertebrates or
represent conserved Ga subunits that might
couple distinct signaling pathways in both inver-
tebrates and vertebrates.

Teleosts, which include the puffer fish Fugu
rubripes, are the most extant vertebrates precur-
sors of mammals, with a separation time of 430
million years (Powers 1991). The puffer fish Fugu
rubripes (Fugu) is a useful model for comparative
study of vertebrate genomes because of its rela-
tively compact genome, ~7.5 times smaller than
mammalian genomes (Brenner et al. 1993). To
date, the coding sequences of most Fugu genes
that have been analyzed are highly homologous
to their vertebrate orthologs (Baxendale et al.
1995; Elgar et al. 1995; Macrae and Brenner 1995;
Mason et al. 1995), but Fugu genes usually have
much smaller introns and an astounding paucity
of repeat sequences, resulting in a high density of
genes per unit length on the chromosome. These
physical features facilitate genomic mapping and
gene sequencing, and also make Fugu genomic
DNA an excellent template for PCR amplification
of multigene families with degenerate oligo-
nucleotide primers (Macrae and Brenner 1995).

To extend our analysis of comparative gene
organization in Fugu, mouse, and human, and to
explore complexity of the G protein multigene
family, we PCR amplified Fugu genomic DNA

with degenerate oligonucleotide primers that
were biased toward the G protein alpha subunits.
In this report, we show that the compact Fugu
genome is an excellent unit copy template for
PCR amplification of the Ga multigene family
with degenerate primers. We have characterized
the entire genomic organization of three Gi class
genes, Gnai2, Gnatl, and Gnaz, and find that
they are highly homologous to their human or-
thologs. The order of genes on the chromosome
is also conserved between Fugu and humans in
the immediate vicinity of the Go genes that we
have characterized. Conservation of gene clusters
in Fugu with their human counterparts may
greatly assist the analysis of gene function and
the identification of disease loci.

RESULTS

Heterotrimeric G protein alpha subunit genes
contain five highly conserved amino acid motifs,
referred to as G boxes (Fig. 1), that provide excel-
lent targets for PCR amplification of cDNA with
degenerate primers (Wilkie et al. 1994). However,
mammalian genomic DNA is not a suitable tem-
plate for PCR amplification with these degener-
ate primers (data not shown). Therefore, to ex-
plore the diversity of the Ga multigene family on
a unit copy template, we used degenerate primers
to PCR amplifiy from the condensed genome of
the puffer fish Fugu rubripes. To limit the length
of the expected PCR products from Fugu genomic
DNA, we used primer pairs that were comple-
mentary to adjacent G boxes known to be sepa-
rated by a single intron in other vertebrate or-
thologous genes (Fig. 1). Primer pairs were cho-
sen that were biased toward a certain class of Ga
subunits. PCR amplification of Fugu genomic
DNA with the primers iMP19 and TW8 that tar-

get the G3 and G4 boxes,

respectively, reproducibly

generated four bands that

[:& H Gi ﬂ — included five diffferent Ga
MP19 —me  <— TWS genes from the Gi and Gq

CT48 —w  ~a— CT49 classes: Gnail, Gnao, Gnagq,

CT56 —- - — CT154 Gnal4, and a novel se-

~— CT155 quence called Gnapl (Fig.

GP3F —m= < GP4R 2). Primer pairs that were

Figure T Name and location of degenerate PCR primers to amplify G protein
alpha subunit genes. Approximate location is shown of the most highly con-

biased toward the coding
sequence of Gs class genes

served amino acid motifs in the G alpha concensus sequence, labeled G1 through ~ Within the G3 and G4
G5, and the degenerate oligonucleotide pairs that were used in the PCR are boxes predominantly am-
shown. Sense and antisense primers are indicated by left and right facing arrows,  plified Gnas, a Gnas-like

respectively.
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Figure 2 PCR products amplified from Fugu ge-
nomic DNA with degenerate primer pairs were used
in separate reactions: iMP19 and TW8 (panel 7);
CT48 and CT49 (panel 2); CT56 and CT155 (panel
3). The G protein alpha subunits that are the pre-
dominant PCR products are indicated to the right of
each panel, unlabeled PCR fragments did not con-
tain Ga subunit sequences. Markers (1 kb ladder)
are shown in panel 1.

Goolf); oligonucleotides biased toward the G12
class amplified Gnal2 and Gnal3 (Fig. 2). In sepa-
rate reactions, we also amplified Fugu genomic
DNA with degenerate primers that comple-
mented sequence within the G4 and G5 boxes
(GP3F and GP4R; Fig. 1). Translation of the Fugu
gene-coding sequences (Fig. 3) and comparison
to mammalian Go genes showed remarkable con-

Class Gene CcDNA

PCR-BASED ISOLATION OF Ga: GENES IN FUGU

servation across the PCR amplified region (Table
1). The intron/exon boundaries were also con-
served in the Fugu and mammalian orthologs
(Fig. 4). Importantly, Ga subunit genes from each
of the four classes were identified by PCR ampli-
fication from Fugu genomic DNA.

The repertoire of Fugu Ga genes was also sur-
veyed by low-stringency hybridization of a grid-
ded Fugu genomic cosmid library with Ge probes
obtained from PCR amplification of Fugu ge-
nomic DNA or mammalian cDNAs. The G pro-
tein a subunits contained on these cosmids were
identified as Gnai3 and Gnat2 by DNA sequence
of cloned fragments obtained either from ran-
dom Sau3A digestion or PCR amplification with
degenerate primers (Figs. 3 and 4). The Fugu
genes identified from cosmid clones include
Gnas, Gnall, Gnaq, Gnaz, Gnatl, Gnat2, Gnail,
Gnai2, Gnai3, and another gene closely related to
Gnai2 termed Gnai2-like (Fig. 4). Using the com-
bined approaches of library screens and direct
PCR amplification of Fugu genomic DNA, we
have identified three new Goa genes, Gnai2-like,
Gnas-like, and Gnapl that are probably members
of the Gi, Gs, and Gq classes, respectively, and 14
of the 16 Ga genes found previously in mammals
(Fig. 4).

To compare the structure of Fugu and mam-
malian Ga genes, we cloned and characterized
the complete coding sequence of three Fugu or-
thologs of Gnai2, Gnatl, and Gnaz, respectively
(Fig. 4). These genes were characterized because

the genomic structure of the mamma-
lian genes from several species is
known, and Gnaz, although also a

Gg Gnag Olg ENVTSIMFLVALSEYDQVLVESDNENRMEESKALFRTIITYPWFQNSSVIL
Gnal4 014 ENVTSIIFLVALSEYDQVLSECDNENRMEESKALFKTIITYPWFQRSSVIL
Gnapl Opl ENVTSLIFLASLSEYDQVLEERETINRMHESLALFYTTIHSPWFQNTSIIL

Gi Gnail 0il EGVTAIIFCVALSDYDLVLAEDEEVNRMHESMKLFDSICNNKWFTDTSIIL
GnaiZ2 0i2 EGVTGIIFCVGMSAYDLVLAEDEEMNRMHESMKLFDSICNNKWFTETSIIL
Gnao Oo EDVTAIIFCVALSGYDQVLHEDETTNRMHESLMLFDSICNNKFFIDTSIIL
Gnaz Oz EGVTAIIFCVELSGYDLKLYEDNQTSRMAESLRLFDSICNNNWFINTSLIL
Gnatl ot] EGVTCIEFIAALSAYDMVLVEDDEVNRMHESLHLFNSICNHRYFAATSIVL

Gl2 Gnal2 012 DGITSILFMVSSSEYDQVLMEDRRTNRLVESMNIFETIVNNKLFLNVSIIL
Gnal3 013 DSVTSILFLVSSSEYDQVLMEDRQTNRLRESVDIFETIVNNRVFGNVSIIL

Gs Gnas Og NDVTAIIFVVASSSYNMVIREDNQTNRLQEALNLFKNIWNNRWLRTISVIL
Gnal Oolf NDVTAIIFVAASSSYNMVIREDNSTNRLRESLDLFRSIWTNRFLKTISVIL
Gnas-1 Og-1 NDVTAIIFAVASSSYNMVIREDNQTNRLQEALNLFKNIWNNRWLRTISDIL
Concensus T F S Y E R E F S L

Figure 3 Predicted amino acid sequence from Fugu G protein alpha
subunits. The amino acid sequences were compiled from the se-
quence of all fugu clones between the iMP19 and TW8 primers.
Sequences are grouped according to Ga subunit class. Most se-
quences could be clearly identified, with the exception of Gaq or
Gal1 (aq/11) and Gail or Gai3 (ail1/3). The consensus amino acids,
defined by amino acid identity in every sequence, are shown below.
Boldface type in the alpha subunit sequences indicates agreement
with the consensus.

member of the Gi class, has a very dif-
ferent intron organization than either
Gnai2 or Gnatl (Kaziro et al. 1991).
Furthermore, Gnai2 and Gnatl coseg-
regate in mouse and have been shown
to be duplicated tandemly in humans,
whereas Gnaz mapped as a single gene
well separated on human chromo-
some 22ql1 from other Ga genes
(Wilkie et al. 1992). The amino acid
sequence of Fugu Gnai2, Gnatl, and
Gnaz are 89%, 95%, and 95% identical
to their respective mammalian or-
thologs, and exhibit all of the most
important sequence features that have
been characterized in mammalian Gi
class o subunits (Simon et al. 1991). As
in humans, Fugu Gnaz is separate from
other Ga genes. In contrast, Fugu

GENOME RESEARCH 1209


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 21, 2026 . Published by Cold Spring Harbor Laboratory Press

SARWAL ET AL.

Table 1. Amino Acid ldentifiy of Fugu and Mammalian Ga Genes between the Degenerate
PCR primers iMP19 and TW8
Fr Gnail?® Fr Gnai2 Fr Gnao Fr Gnaz Fr Gnatl Fr Gnaq Fr Gnal4
Hs Gnai1® 98.0 90.2 80.4 70.6 64.7 52.9 54.9
Hs Gnai2 96.1 92.2 80.4 70.6 66.7 529 54.9
Hs Gnai3 96.1 92.2 78.4 70.6 64.7 52.9 54.9
Mm GnaoA® 80.4 72.5 100.0 72,5 62.7 52.9 54.9
Mm GnaoB 86.3 78.4 94.1 72.5 62.7 54.9 56.9
Hs Gnaz 70.6 66.7 72.5 100.0 54.9 49.0 49.0
Hs Gnat1 66.7 62.7 62.7 54.9 94.1 49.0 49.0
Mm Gnat2 72.5 68.6 70.6 58.8 92.2 51.0 51.0
Rn Gnag® 72.5 68.6 68.6 58.8 92.2 51.0 51.0
Mm Gnaq 52.9 49.0 52.9 49.0 51.0 100.0 90.2
Mm Gall 52.9 49.0 52.9 49.0 51.0 100.0 90.2
Mm Gnal4 56.9 52.9 54.9 51.0 49.0 90.2 90.2
Mm Gnal5 471 43.1 49.0 49.0 451 62.7 64.7
Hs Gnalé 47.1 43.1 49.0 51.0 431 58.8 60.8
Mm Gnal2 52.9 52.9 52.9 471 43.1 49.0 471
Mm Gnal3 47.1 47.1 529 49.0 45.1 51.0 49.0
Hs Gnas 51.0 47.1 54.9 52.9 45.1 41.2 45.1
Hs Gnal 51.0 471 54.9 49.0 49.0 39.2 41.2
FrGnapl FrGnal2 FrGnal3  FrGras  FrGnaolf  Fr Gnas-1
Hs Gnail® 54.9 52.9 49.0 49.0 47.1 49.0
Hs Gnai2 54.9 529 49.0 49.0 47.1 49.0
Hs Gnai3 549 52.9 49.0 49.0 47.1 49.0
Mm GnaoA°® 58.8 529 52.9 52.9 54.9 52.9
Mm GnaoB 60.8 529 52.9 54.9 52.9 54.9
Hs Gnaz 49.0 47.1 49.0 51.0 471 51.0
Hs Gnatl 51.0 41.2 431 45.1 49.0 45.1
Mm Gnat2 52.9 45.1 43.1 431 49.0 431
Rn Gnag® 52.9 451 43.1 45.1 49.0 45.1
Mm Gnaq 66.7 49.0 52.9 11.2 431 39.2
Mm Gall 66.7 49.0 529 41.2 43.1 39.2
Mm Gnal4 64.7 51.0 54.9 431 451 41.2
Mm Gnal5 66.7 37.3 43.1 37.3 39.2 35.3
Hs Gnalé 66.7 37.3 431 39.2 11.2 373
Mm Gnal2 471 98.0 80.4 45.1 41.2 45.1
Mm Gnal3 51.0 80.4 90.2 51.0 45.1 51.0
Hs Gnas 35.3 45.1 49.0 98.0 82.4 924.1
Hs Gnal 39.2 431 51.0 80.4 84.3 78.4
Gene symbols, see Wilkie et al. (1991).
Fr: Fugu rubripes.
bHs: Homo sapiens.
“Mm: Mus musculus.
?Rn: Ratus norvegicus. Gnag encodes gustducin (McLaughlin et al. 1992).

Gnai2 and Gnatl are duplicated tandemly (cos-
mid 27E8; M.M. Sarwal and S. Brenner, unpubl.).
Fugu Gnai2 is the upstream gene in this pair,
whereas human Gnatl is in the upstream posi-
tion of a head-to-tail array with Gnai2 (Sekido et

1210 @ GENOME RESEARCH

al. 1996). Interestingly, Fugu Gnai3 and Gnat1 are
also duplicated tandemly but in a tail-to-tail ori-
entation, indicating considerable gene rearrange-
ment since the emergence of the three Gnai/Gnat
genes in vertebrates.
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Class Species Gene cDNA

6l Hs Gnai3  ai3 4 > 7000}, ;@116 ~5200 O ~3100@g _ ~3600@ ~400 [Ty ~5000
Fr Gnail il §900h 268
Fr Gnai3 i3 172 |
Fr Gnai2 o2 356 |, H@2695  558[1c 193 @g 896@. 1600 147
Fr Gnai2-l oi2-1 sk
Fr Gnao  ©o0 | " J 332[0n K
Fr Gnat! ot 315]; L @274 11500 85@4 124@, 18700 730
Fr Gnat2  ot2 O ~700k
Hs Gnaz oz % >20000C1n
Fr Gnaz oz ~3000 Cn

Gq Mm  Gnall a1l ~9200 I, ~1200 O 727@4 _ 942@c 76 Ol 106 I
Fr Gnag oq 2730h ~90L¢
Fr Gnall ol 81k
Fr Gnal4 «l14 66[0h
Fr Gnapl  opl €630Tn

G12 Ce  Gnal2 «ol2y4 o ] [ ] o 56@e 4900 200
Fr Gnal2 a12 2310, 8730
Fr Gnal3 o13 8400s

Gs Hs Gnas  os s 3300, @ @® [ []-3490@4 93@c: 102k 147@; 252128201
Fr Gras  os 1068 268@;  3281; 67[N
Fr Gnal  oolf 3k 84@;
Fr Gnas-l  as- 97k ~660@:

Figure 4 Fugu Gna gene structure. The consensus sequence of representative
genes from each Ga class was obtained from amino acid alignment (Wilkie and
Yokoyama 1994). The consensus sequence is depicted by a thick solid line show-
ing the relative position of amino acids within the GTP-binding domains G1
through G5. Each gene is identified by class, species, gene, and name of cDNA.
Thin solid lines depict individual genes, the extent of the line indicates the length
and location of sequence obtained for each Fugu gene relative to the consensus
sequence. The reference genes for each class are indicated (*) to the left of the
line; Gnai3 (Kaziro et al. 1991), Gnaz (Matsuoka et al. 1988), Gnal1 (Davignon
et al. 1996), Gnal2 (accession no. U39855), and Gnas (Kozasa et al. 1988).
Intron positions are indicated above each gene. Introns that are positioned after
the first, second, or third nucleotide within a codon are identified by a thick
vertical line, solid circle, or open square, respectively. The letters a through |
identify those introns that occupy exactly the same position in the alignment in
more than one gene. Introns of unique position within the alignment are not
lettered. The number of nucleotides in Fugu and mammalian introns are indi-
cated for comparison. CA repeat sequences were identified in fugu Gna12, intron
7, and Gnas-like, intron 9. Accession nos. for the Fugu Ga gene sequences are
Gnail (L78800, L79903), Gnai2 (L79898), Gnai3 (L79894), Gnai2-like (L79889,
L79890), Gnao (L79891, 8L79892), Gnatl (L79908), Gnat2 (L79897, L79902),
Gnaz (L79900, L79901), Gnaq (L79896, L79904, L79905), Gnall (L79906),
Gnal4 (L78803), Gnapl (L79895), Gnal2 (L79907), Gnal3 (L78931), Gnas
(L78839, L79893), Gnas-like (L78929, L78930), and Gnal (L78919).

with their mammalian or-
thologs (Fig. 4). Introns of
the Fugu Gnal2 and Gnal3
genes were compared with
a C. elegans gene (mamma-
lian G12 class genes have
not been characterized);
the position of one of these
introns is unique to the
G12 class (intron g; Fig. 4)
and placed identically in
all three genes, whereas the
downstream intron was
not present in Fugu Gnal3,
and is in slightly different
locations in the Fugu and
C. elegans GnalZ2 genes (Fig.
4) and the Drosophila G12
class gene concertina
(Wilkie and Yokoyama
1994; M. Wayne, pers.
comm.). In addition, sev-
eral mammalian Ga genes
are spliced alternatively,
including Gnas (Kozasa et
al. 1988). Fugu Gnas en-
codes two exons that may
be spliced alternatively (ac-
cession nos. in Fig. 4 leg-
end), analogous to the
Gsa-1 and Gsa-3 spliced
forms of human Gnas (Bray
et al. 1986). We have also
identified CA repeats,
which generate simple se-
quence length polymor-
phism (SSLP) in humans
and in Fugu genes Gnal2
and Gnas-like (Fig. 4 leg-
end). The major difference
between Fugu and mamma-
lian Ga genes is that most

Intron position of Fugu Gnai2, Gnatl, and
Gnaz was determined from the genomic DNA se-
quence across the entire coding region of each
gene. The position of all seven introns in Gnai2
and Gnatl is identical in Fugu and mammalian
orthologs. In contrast to the structure of Gnai2
and Gnatl, mammalian and Fugu Gnaz genes
have a single intron at a conserved position in
the coding sequence (Fig. 4). All introns that we
have identified in Fugu Ga genes, including por-
tions of nine other genes from the Gi, Gq, and Gs
classes, are conserved in number and placement

introns were significantly shorter in Fugu than in
their mammalian orthologs (Fig. 4) and the Fugu
introns did not contain highly repetitive DNA.

DISCUSSION

Metazoan organisms express four classes of het-
erotrimetic G protein alpha subunits, known as
Gs, Gi, Gq, and G12, that are not found among
the repertoire of Ga genes in other eukaryotes
such as plants, fungi, or Dictyostelium. Within
metazoa, the amino acid sequence and gene

GENOME RESEARCH @ 1211
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structure of at least one of the Ga genes within
each class is highly conserved, but the number of
paralogs within each class and their rate of diver-
gence differs between mammals and inverte-
brates (Wilkie and Yokoyama 1994; Davignon et
al. 1996). The functional significance of these dif-
ferences is obscured by the evolutionary distance
that separates vertebrates and invertebrates. In-
deed, it is difficult to discern whether Drosophila
dgf, snail Gaa, and the C. elegans genes gpa-1, gpa-
2, and gpa-3 have vertebrate orthologs, and at-
tempts to identify these genes in mammals have
failed. Therefore, we sought to explore diversity
of the Go. multigene family in a model organism
more closely related to mammals. Teleosts,
which include the puffer fish Fugu rubripes, are
the most extant vertebrate precursors of mam-
mals, with a separation time of 430 million years
(Powers 1991). The genome of Fugu is ~7.5 times
smaller than human (Brenner et al. 1993). The
Fugu genome probably accommodates the same
complement of genes as humans, but is more
compact, with fewer repeat sequences, smaller in-
trons, and shorter intragenic distances. The mini-
mal complexity of the Fugu genome allows the
rapid isolation of Fugu genes by PCR (Macrae and
Brenner 1995) and their complete analysis at the
genomic level.

To explore further the complexity of the G
protein alpha subunit multigene family in verte-
brates and to test the utility of Fugu as a model
vertebrate genome, we used the combined ap-
proach of low-stringency screens of genomic cos-
mid libraries and PCR amplification of Fugu ge-
nomic DNA with degenerate oligonucleotide
primers (Figs. 1 and 2) to clone and characterize
members of the G alpha multigene family in Fugu
(Fig. 3). Using this combined approach, we iden-
tified 14 of 16 known mammalian homologs of
the Ga multigene family in Fugu rubripes. The
coding sequences of Fugu and mammalian Ga or-
thologs are highly conserved (Table 1) and their
intron/exon boundaries are identical (Fig. 4). Re-
markable conservation of coding sequence and
gene structure has also been seen between other
Fugu and mammalian genes (Baxendale et al.
1995; Elgar et al. 1995; Macrae and Brenner 1995;
Mason et al. 1995), a property that facilitates the
rapid identification of Fugu and mammalian
homologs.

Comparison of the coding sequence of the
Ga genes in Fugu with other published vertebrate
and invertebrate sequences demonstrates that
Fugu expresses at least two genes each from the

1212 @ GENOME RESEARCH

Gi, Gs, Gq, and G12 class (Table 1). We charac-
terized the complete coding sequence and gene
structure of three Fugu genes in the Gi class,
Gnai2, Gnatl, and Gnaz. The amino acid se-
quences of the Fugu genes are very similar to their
human and mouse homologs, including conser-
vation of the cysteine four residues from the car-
boxyl terminus that is ADP ribosylated by pertus-
sis toxin, the consensus sequence for amino
myroistoylation (Mumby et al. 1990), and amino
acid residues that are known to be important for
receptor and effector protein interaction. This
high sequence identity suggests that Gi class
genes in Fugu and mammals may serve similar
functions.

Gnaz is the most divergent Gi class gene.
Gnaz is distinguished by the absence of the cys-
teine residue that is ADP ribosylated by pertussis
toxin, and amino acid substitutions in the G1
box that probably contribute to a lower rate of
GTP hydrolysis in Gaz than other Gi class gene
products. The gene structure of Grnaz is also dif-
ferent from other Gi class genes, because it has an
intron in the 5’ untranslated region and a single
intron within the coding sequence, whereas
other vertebrate Gi class genes have seven introns
(Kaziro et al. 1991). The Fugu gene that we have
identified is almost certainly the ortholog of
mammalian Gnaz because these genes are 95%
identical (human and rat are 98% identical to
each other); they share several important amino
acid sequences that contribute to its distinct
functional characteristics (Fong et al. 1988; Mat-
zuoka et al. 1988); the location of a single intron
within the Gnaz coding sequence is conserved;
and Gnaz is closely linked to the sodium-glucose
cotransporter (SGLT1) in Fugu and humans
(M.M. Sarwal and S. Brenner, unpubl.). A Gnaz
homolog has not been found in invertebrates.
Thus, we propose that Gnaz evolved from a ver-
tebrate Gi class progenitor gene before the sepa-
ration of marine and terrestrial vertebrate lin-
eages and underwent rapid sequence divergence,
possibly as an incompletely processed pseudo-
gene intermediate (Wilkie et al. 1992), before be-
coming fixed in a newly acquired function.

Importantly, PCR amplification with degen-
erate primers did not identify orthologs of Dro-
sophila dgf, snail Gaa, and C. elegans gpa-1, gpa-2,
or gpa-3. We propose that these genes may have
evolved in invertebrates to subserve specific func-
tions in specialized cell types. The question re-
mains whether vertebrates encode many more G
protein alpha subunits not identified in previous
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searches, including PCR amplification of cDNA
(for review, see Wilkie et al. 1994), sequence
analysis of expressed sequence tags [National
Center for Biotechnology Information (NCBI)
data base; Adams et al. 19935], or PCR amplifica-
tion of Fugu genomic DNA. In addition to the 14
paralogs of mammalian Ga genes, Fugu contains
a Gnai2-like and a Gnas-like gene, which may be
pseudogenes, and Gnapl, which is highly con-
served in three species of puffer fish and pre-
dominantly expressed in gills and spleen (data
not shown). Gnap1 is most closely related to the
Gq class alpha subunits, and could be the ortho-
log of the mammalian Gnal$S gene. Gnag, the
transducin homolog specifically expressed in
taste cells (McLaughlin et al. 1992), is the only
other mammalian Ga gene that we clearly did
not identify in our screens. The fact that Fugu
encodes most, if not all, of the G protein alpha
subunits identified in mammals strongly sup-
ports Fugu as a model organism for vertebrate ge-
nome research.

METHODS
PCR

Amplification of genomic DNA (100 ng) was conducted in
a reaction volume of 20 pl with 200 ng of each primer, 200
uM dNTPs, Taq buffer 6 [Stratagene; 10 mwm Tris-HCI at pH
8.8, 75 mm KCl, 1.5 mMm MgCl,[, and 0.2 units of Taq poly-
merase. After an initial denaturing step at 94°C (5 min),
DNA was amplified in 40 cycles: 94°C for 30 sec, 40-45°C
for 45 sec, and 72°C for 2 min, and completed with a
5-min extension step at 72°C. Reaction products were
separated on a 1% agarose gel (SeaKem GTG), stained with
ethidium bromide, and the isolated DNA fragments were
purified either with the Qiaex or Qiaquick DNA extraction
kit (Qiagen). PCR fragments were digested and direction-
ally cloned into BamHI and EcoRI sites of KS+ (Stratagene)
or blunt-end cloned into the EcoRV site of pBS II SK+. The
resulting clones were screened and sequenced according to
Wilkie et al. (1994).

PCR Primers

Degenerate pairs of sense and antisense primers were syn-
thesized to complement the sequence encoding conserved
amino acid motifs found in the G3, G4, and G5 boxes (see
Fig. 1; Wilkie et al. 1994). Primers that were biased toward
the Gi and Gq, Gs, or G12 classes were paired in separate
PCR reactions (see Fig. 2). The DNA sequence (5’ to 3") of
the degenerate oligonucleotide sense primers [and the tar-
geted amino acid motifs] are iMP19 [KWIHCF] CGGATC
CAAAG)TGGAT(I)CA(TO)TG(TC)TT; CTS6 [(RKYW(MIL-
F)(CWSR)CF] CGGATCCA(AG)(AG)TGG(TCA)T(I)(C-
G)A(AG)TG(TC)TT; CT48 [KWIQCF] GCGGATCCAA
(AG)TGGAT(TCA)CA(AG)TG(TO)TT; and GP3F [ILFLNK-

PCR-BASED ISOLATION OF Ga: GENES IN FUGU

(KQ)D] CT(CG)TTC(CT)TCAACAAG(AC)A(AG)GA. Anti-
sense primers are TW8 [FLNK(RFL)D], GGAATTCTCIIG
(TC)TT(AG)TTIA(AG)(AG)AA; CT49 [FLNKQD] CG-
GAATTC(AG)TC(TC)TG(TC)TT(AG)TT(ATCG)A
(AG)(AG)AA; CT154 [TAIDTEN] GGGAATTCTT(CT)TCIG-
T(AG)TCIATIGCIGT; CT155 [VKDTIL(QH)] GGGAATTCT-
G(HAGMATI)GTAG)TC(TC)TT(I)AC; GP4R [TCATVDT]
GTGTC(TG)GTGGCGCA(CG)GT(AGC)A(AT)GTG. Re-
striction endonuclease sites in the degenerate primers are
underlined.

Isolation, Mapping, and Sequencing of Genomic
Clones

A gridded Fugu genomic cosmid library with 4 X genome
coverage was screened with radiolabeled Ga PCR frag-
ments from Fugu genomic DNA or mammalian Ga cDNAs.
Filters were hybridized (Church and Gilbert 1984) at 55°C,
rinsed at room temperature, then washed at 50°C for 5
min, 55°C for 5 min, and 60°C for 2 min, to final counts of
5-10 cpm and exposed to film for 48 hr. Duplicate positive
cosmids were mapped by restriction enzyme digestion and
Southern blot and hybridized with the probes that were
originally used to screen the library. Cosmid restriction
fragments that hybridized to the probes were sonicated to
generate smaller fragments that were subcloned into the
EcoRV site of pBS Il SK+. DNA sequence was obtained
(Sanger et al. 1977) from plasmid or internal oligonucleo-
tide primers using Sequenase (U.S. Biochemical) or Tag
polymerase (Perkin/Elmer) in an ABI 373A automated se-
quencer (Applied Biosystems). Templates for ABI sequenc-
ing were prepared by the method of Rosenthal et al. (1992,
1993). Coding regions were sequenced on both strands.
Sequencing gels were read manually using DNAParrot, and
sequence alignment, comparisons, and translation was
done using DNAid and DNAStar. Comparisons with cur-
rent releases of GenBank, SWISS-PROT, and European Mo-
lecular Biology Laboratory (EMBL) data bases were done
using BLAST (Altschul et al. 1990). Sequence similarity was
assessed using CLUSTAL. Transcription factor binding sites
and promoter consensus elements were searched using
Signalscan.
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