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ABSTRACFA  cDNA  clone  encoding  a  novel  G  protein a  subunit,  HrGcrn was  isolated from the larvae

of ascidian,  Halocynthia roretzi, ln contrast  with  overall amino  acid  identity (63%) with  G protein a  subunit

of Gi or Go subclass,  HrGctn has a unique  amino  acid sequence,  which lacks a residue tor pertussis toxin
substrate,  but retains for cholera  toxin substrate  for ADP-ribosylation. The sequence  characteristics  and

molecular  phylegenetic analysis  suggest  that HrGctn defines a  novel  subclass  within  Gi class  of G  protein
a  subunits,  The zygotic  expression  of Hr(S(xh was  tirst detected at the 64-cell stage  and  observed  in all
btastomeres  except  for B7.4, B7.5  and  B7.6  cells till the 11O-cell stage.  As  progress of the developmental

stages,  the expression  ot HrGcrn became  restricted and  was  observed  in the muscle,  mesenchyme  and  a

part of trunk lateral cells in taHbud embryos,  With HrGorn-GFP  fusion-gene construct  it was  showed  that

the genomic fragment containing  2674 bp upstream  of the putative translation start site of HrGan  contained

the regulatory  sequence  responsible  for the expression  in the muscle  and  mesenchyme  ceHs,  and  that the

regulatory  sequence  tunctioned also  in Ciona intestinalis. Our result$ $uggest  a  possible involvement of

HrGan in the signaling  system  regulates  the cell fate during the embryogenesis  of the a$cidian.
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               INTRODUCTION

   Ascidians are  lower chordates,  but newly  hatched  tad-

pote larvae share  a basic body plan with  vertebFates.  The

close  relationship  between protochordates and  the verte-

brates, classically based on  similarities in embryological

development and  the ascidian  larval structural plan, has
received  recent  support  from moiecular  studies  (Satoh and

Jeffery, 1995; Corbo et al., 2001; Meinertzhagen and  Oka-

mura,  2001). During embryogenesis  of the ascidian  the cell

cleavage  pattern is invariant and  the cell ljneage is well

characterized (Nishida, 1986, 1987; Nicol and  Meinertz-

hagen, 1988). With these advantages,  the ascidian  embryo

is an  appropriate  model  system  for studying  the molecular
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mechanism  of the embryonic  cell specification,  which

jncludes a  regulatory  mechanism  of a  specific  gene expres-
sion  and a signal  transduction system  participating in the

cell-cell interactions (Satoh, 2001; Jetfery, 2001; Nishida,

2002),

   Here we  focused our  attention  on  heterotrimeric G  pro-
teins, which  form a  supertamily  of signal  transducing mole-

cules  from cell surface  receptor  to cytoplasmic  effector

(Hamm and  Gilchrist, 1996; Hamm,  1998; Wilkie, 2000).
The a  subunits  of G protein are  primarily responsibie  for
specificity to the coupling-effector  molecule.  They  are

divided into four classes  (Gi, Gs, Gq and  Gi2) according  to

their amjno  acid  sequence  identity and  the each  class  is
composed  of several  subclasses;  for example,  Gi class  is

composed  of Gi, Gt, Go, and  Gz subclasses,  The expression

pattern of G  protein a  subunit gene was  studied  in the early

developmental stages  in mouse  (Allworth et aL, 1990),

)tenopus (Otte et aL, 1992), and  Drosophila (Wolfgang et

al., 1991), and  involvement of G  proteins in embryogenesis
was  suggested.  The Wnt pathway is one  of the major  sig-

naling  systems,  which  control  the development of tissues
and  organs  (Kuehl et aL, 2000, Huelsken and  Birchmeier,
2001), Frizzleds, cell surface  Wnt-receptors, were  consid-

ered  as  members  of the G  protein-coupled receptors
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(GPCR), because they possess seven  transmembrane

spanning  domain. Recently it was  established  that Frizzleds
are  really member$  of GPCR  and  couple  with  G protein <Wu
et aL, 2000; Liu et aL, 2001), ln embryos  of Ciona savign)a'
nuclear  accumulation  of  B-catenin, an  essential  component

of the Wnt  signaling  pathway, was  reported  as  a most  prob-

able  first step  of endodermal  ceH  specification  and  one  of

the genes downstream of 6-catenin was  found to be respon-
sible for the endoderm  differentiation (lmai et aL, 2000;
Satou et al., 2001).

   In this paper, we  describe the isolation of HrGcrn, a

cDNA  encoding  a  novel  G protein cr subunit,  from cDNA

library of tadpole larvae of a  solitary ascidian,  Halocynthia
roretzi, Based  on  the comparison  of the deduced  amino  acid

sequence  and  molecular  phylogenetic analysis,  we  con-

cluded  that HrGan  defines a novel  subclas$  within  G  protein

or subunits  of Gi class. The spatio-temporal  expression  pat-

tern was  studied  by northern  blot analysis  and  whole-mount

in situ hybridization. The genomic fragment containing  the
regulatory  sequence  responsible  for the site-specific expres-

sion  in tailbud embryos  was  obtained  from H. roretzi, and
was  shown  to function also  in Ciona intestinalLs, Based  on

these findings, a  possible involvement of HrGan-signaling in

embryogenesis  of the ascidian  was  discussed.

MATERIALS  AND  METHODS

Animals, Eggs  and  Embryos

   i-lalocynthia roretzi were  purcha$ed from fi$hermen at Wak-
kanai, Hokkaido, Japan, and  transported to the Cell Biology Center
of Himeji lnstitute of Technology, where  animals  were  kept at 50C
under  the constant  illumination until use. Naturally spawned  eggs

were  collected with  a mesh  of an  appropriate  pore size (200 pm),
were  fe rtilized with  a  suspension  of  non-self  sperm  and  were  lncu-
bated in artificial seawater  (Aquamarine, Senju, Osaka, Japan)  at

13eC. At this temperature,  embryos  developed into 64-cells, gastru-
lae, and  early  tailbud stages  about  6, 10, and  20 hr after  fertiliza-
tion, respectively.  At 35 hr after  fertiiization tadpole larvae hatched.
Removal of  the chorion  was  done mechanically  with  sharpened

tungsten needles.
   Ciona intestinaiis were  collected trom several locations of Aioi-
bay, Hyogo, Japan. Handling of eggs  and  embryos  were  according

to Nakagawa  et at. (1 999).

Polymerase  Chain Reaction (PCR)
   Degenerated PCR  primers were  designed according  to the

censerved  amino  acid  motifs  of G  protein or subunits,  A forward

primer was  directed against  the C-domain corresponding  to amino

acid  sequence  KKWI{HIQ)CF  and  a  reverse  primer, G-domain cor-

responding  to amino  acid sequence  LFLNKKD  {GF22 and  GR22,
respectively) (lwasa etal,, 2000, 2001). Polymerase chain  reactions

were  performed with 1 pl aliquots of cDNA  libfary of tadpole larvae
of H. roretsi  <XZAPII, Stratagene, La Jolla, USA; kind gift trom Dr,
N, Satoh, Kyoto University) in 15 pL  reactions. PCR  products of the
expected  size (ca. 200  bp) were  subcloned  in pT7blue vector (Strat-
agene,  La Jolla, USA). Nucleotide sequences  were  determined for
both strands  with  the primer-labeled cycle  sequencing  kits (Amer-
sham  Pharmacia Biotech, Uppsala, Sweden) and  an  automatic

DNA  sequencer  {Shimadzu DSQ  1000L, Shimadzu, Kyoto, Japan).

lsolation of  cDNA  clones

   A cDNA  library of tadpole larvae of H. roretai was  screened

with  random  primed 
32P-labeled

 PCR-HrGa  (Fig. IA) probe

(Megaprime DNA  labeling system,  Amersham  Pharmacia Biotech,
Uppsala, Sweden)  by hybridization in 45%  formamide, 6 × SSC, 1%
SDS, 5 × Denhardt's solution, 20 pg/ml denatured salmon  sperm

DNA  at 420C  overnight. Afterwards, the filters were  washed  twice
in 2 x  SSPE,  O.1% SDS  for 1O min  at RT, and  twice in 1 ×  SSPE,
O,1% SDS for 15 mln at 65"C. Among  1,Oxl05 plaques we  obtained

only one  positive plaque containing HrGa-1  (Fig. IA), which  lacks

C-terminal sequence,  We  turther screened  the cDNA  library

(1 .2xl 05 plaques) with  HrGa-1  as a probe, and  obtained  a  new  pos-
itive plaque containing  HrGct-2 (Fig, IA).

Northern blot analysis

   Total RNA  was  prepared with  standard  CsCl-ultracentrifugation
methods  (Ausubel et  aL,  1987) frorn eggs  or  embryos  of the desired
stage.  The total RNA  {1 O pg) was  separated  on  O,8% agarose-form-

amide  gel and  transferred to nyion membrane  (Hybond N', Amer-
sham  Pharmacia Biotech, Uppsala, Sweden). The  membrane  was

cross-linked  by UV  cross-linker (CL-1000 Ultra Violet Cross Linker,
UVP, San Gabfiel, USA), Hybridization was  carried out by the same

procedure as described under  
"lsolation

 of cDNA  clones", with 
32P-

labeled HrGct-3' probe, Hinc 11 - Pst I fragment of HrGa-2  (Fig. 1A).

The washed  membranes  were  anaiyzed  with an  imaging plate (BAS
2000, Fuji Film, Tokyo, Japan).

Southern blot analysis
   Chromosomal  DNA  from sperm  of  H. roretzi  was  prepared
according  to a  standard  procedure (Davis et  al., 1986), Ten pg of

the genomic DNA  was  digested with  Ebo Rl, Bam  Hl, Hind III or Rst
I, electrophoresed  on  O.7%  agarose  gel, and  then transferred to
nylon membranes,  The membranes  were  hybridized, washed  as

described under  
"lsolation

 of cDNA  clones", and  then analyzed  with

an  imaging plate (BAS 2000, Fuji Film, Tokyo, Japan).

tn situ hybridization

   Whole-mount specimens  at various developmental stages  ef H.

roretzi were  hybridized in situ using Digoxigenin {DIG) -labeled anti-

sense  and  sense  RNA  probes (DIG RNA  labeling Kit, Roche,

Japan). The  procedures were  mainly  according  to Yasuo and  Satoh

(1994),

Cloning of  5'-flanking sequence  of  HrGtbi

   The genomic library of H. roretzi (kind gift from Dr. N. Satoh,
Kyoto University) was  screened  with  

3?P-labeled
 HrGa-1 probe

using  standard  procedures (Davis et aL, 1986), The phage DNA
was  prepared from the cloned  phage and  used  as  a  template for the
following PCR  amplitication. The 5'-tlanking sequence  of HrGcta
was  obtained  with PCR  using a combination  ot a gene-specific
(CnCATAGTCGA"CCGAGC;  nt 354-373 for HrGan) and  a vec-

tor-specific primer (T3 or  T7 primer, Toyobo, Osaka, Japan}. PCR
was  performed for 30 cycles  of  1 min  template  denaturation at

950C,  1 min  primer annealing  at  500C,  5 min  primer extension  at

720C with  Expand High Fidelity PCR  system  (Roche, Tokyo,
Japan). The longest PCR  fragment (ca. 6.0 kb) was  cloned  into

pT7blue vector  {Stratagene, La Jolla, USA)  (Gn6.0-pT7b> and  the
nucleotide  sequence  was  determined in both strands  with  a series

of  deletion products (Deletion Kit for Kilo-Sequence, Takara,
Kusatsu, Japan), A 3,5 kb fragment was  also  cloned  jnto pT7blue
vector {Gn3,5-pT7b) and  was  used  for preparation of GFP-fusion
construct,

Fusion gene  construct  and  microinjection

   Fusion construct  was  prepared using  Gn3.5-pT7b plasmid,
which  contains  2674  bp upstream  and  244 bp downstream
sequence  from the putative translation start-site of HrGcr.. Gn3.5-

pT7b  was  double-digested with  Sac 1 and  Bam  Hl, and  then  fused
with  a DNA  fragment encoding  GFP  (a Sac 1-Bam Hl fragment of
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pAcPr-GFP, kind gift from Dr. Y, Okamura, NIPS), The resulted

fusion construct  was  pGn3.5-GFP. The Sac 1-Bam Hl fragment ot
the pAcPr-GFP was  cloned  into pT7blue vector and  the construct,

(-)-GFP, was  used  as  the refeFence.  Microinjection of  the fusion
construct into fertilized eggs  of H, roretzi was  performed according
to Takahashj et al, (1999). In the case  of C. intestinaiis, the fusion
construct was  electroporated into fertilized eggs  aocording  to Corbo
et aJ. (1997). The  expression  of GFP  was  observed  by fluorescent-

stereomicroscopy  (SZX-12, Olympus, Tokyo, Japan).

RESULTS

tsolation of  cDNA  clones  encocting  HrG(hi

   We  obtained  a  cDNA  fragment PCR-HrGa  showing

high similarity (76%) in the deduced amino  acid  sequence

to that of rat G protein cr subunit  of G, class  (Fig. 1A). Two

cDNA  inserts, HrGor-1 and  HrGct-2 were  obtained  by

screening  of a cDNA  library ef tadpole larvae of H. roretzi as

described in Materials and  Methods.  HrGa-1  (927 bp)

lacked C-terminal sequence.  HrGa-2  (2397 bp) contained

C-terminal and  3'-noncoding sequence  with  poly(A) tract,
which  overtapped  612  bp with  HrGa-1. An open  reading

frame encoding  357 amino  acids  (caiculated molecular

mass:  40532  Da.) was  deduced from the nucleotide

sequences  of HrGa-1  and  
-2,

 Three possible polyadenyla-
tion signals  {AATAAA) are  found at 1626-1631,  2043-2048

and  2629-2634. The nucleotides at 1895-1992 ('TTrlnrAT)
are  the $equence  that activates  polyadenylatjon ot mes-

sages  during maturation  in henopus  oocyte (Fox et  al.,

1989).
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Fig. 1. Molecular characterization  of  HrGan. (A), Schematic representation  and  restriction  map  of  HrGan. Open  box represents  protein-
encoding  region.  Straight iine represents  5' and  3'-untranslated sequence.  The PCR  clone, PCR-HrGor, and  two cDNA  clones,  HrGa-1 and

HrGa-2, are  shown  underneath,  HrGa-3' is the Hinc Il - Rst  1 fragment  of  the 3'-noncoding region  of  HtGan  and  was  used  as  a probe for the
northern  blot analysis. A; Acc l, E; Eco Rl, Hll; Hinc 11, HIII, Hind 111 (B) and  (C): Comparison of  the amino  acid  sequence  of  N-terminal region

{B} and  that of C-terminal region (C) of HrGa,  with that of G  protein a  subunits  of  G.  and  G, subclass  of  human  {Homo), Dtosophila {Dro) and
Octopus (Oct). Dots represent  identical amino  acids, and  dashes, introduced gaps, The asterisks  indicate the conserved  amino  aclds  among

all sequences.  The  location of  interaction sites  with  GBy  subunLt  or  effector,  or  receptor  are  indicated above  the sequences.  Sources of

sequence  information: Human Go (M60162), G,3 (J03238), Drosophila Go {M29731), G, (M23094), Octopus Go (AB025781) and  Gi

(AB025780). The  nucleotide  sequence  of  HrGan  is available  at DDBJIEMBWGenBank  with an  accession  number  AB022098.
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   The well-conserved  amino  acid  motifs  of G  protein a-

subunit,  domains  A, C, and  G  of the guanine nucleotide-

pocket were  found in the deduced amino  acid  sequence.

The A domain is a binding site of phosphate of guanine
nucleotide  (Dever et aL, 1987). The consensus  sequence

GXXXSGKS  is found G42  
-
 S49. The G  domain, switch  11

region, undergoes  a  contormational  change  upon  binding
GTP  (Mazzoni and  Hamm,  1993). The consensus  sequence

(DVGGQR) is found at D202 - R207, The C domain stabi-
lizes the guanine base  of GTP  through hydrogen  bonds  to

guanine ring nitrogen  (Gupta et al., 1992). The  deduced
amino  acid sequence  of L268  

-
 D274  is identical to the con-

sensus  sequence  LFLNKXD.  Thus, the cDNA  clone  is pos-
sibly translated as  a  functional G  protein ct subunit.  We
tentatively designated the G  protein a  subunit  ot ascidian

larvae as  HrGorn (Halocynthia roretzi G protein a  subunit  in
n subclass).

HrGoqi detines a  novel  subclass  within  G  protein a  sub-

units of Gi class

   Although  the amino  acid  sequence  of the guanine
nucleotide  pocket of HrGctn was  highly con$erved,  overall

amino  acid  sequence  exhibited  a rather  Iow degree of iden-

tity with  any  classes  ot the human  G protein or subunit  (63-
42%).  tt showed  the highest similarity te G  protein a  sub-

units  of Gi class, Gai. The  candidate  sequence  for N-termi-

nal myristoylation  (MGxxx(SA')), characteristic  for Gai (Chen
and  Manning, 2001), was  conserved  in N-terminal region  of

HrGan, indicating that the HrGcrn belongs to Gcti ciass  {Fig.
IB),

   Detailed comparison  of amino  acid  sequences  among

those belong Gai suggests  that HrGan should be classified
in a novel  subclass  within  Gai class  on  the following criteria.

At first, almost  ali G  protein a  subunits  of Gi cla$$ are $ub-

strates  of pertussis toxin; a  cystein,  four residues  away  from

the C-terminus, is ADP-ribosyiated. HrGan lacked the cys-
tein residue  at this position. An arginine  residue  for a  possi-
ble substrate  ot another  bacterial toxin, cholera  toxin, was

present in HrGorn (R180>. Additionally, the sequence  of C-

terminal 13  amino  acids of HrGa, was  completely different

from that of any  other  members  of Gai class  (Gi, Ge, Gt, and
G, subcliass)  (Fig. IC).

   To investigate evolutionary  relationships  between
HrGan  and  known metazoan  Ga  isoforms, phylogenetic tree
was  constructed  with  the neighbor-joining  method  <Saitou
and  Nei, 1987)(Fig. 2), The phylogenetic tree reveals  that

[EEIiE{i]

 1oo94

[iEEgiil

79s63

[EEiilg!]

[iEiof
[i!ES[]

pm
Fig. 2. A  molecular  phylogenetic tree constructed  by the  neighbor-joining  method  (Saitou and  Nei, l987). Numbers  at each  branch  indicate
the percentage of times a  node  was  supported  in 1,OOO bootstrap psuedoreplications by the neighbor-joining  method.  Sources of  sequence

intormation: Human  (Homo) G.  (M60162), Gi3 (J03238), Gt, (Xl5088), Gt, (Dl0384), Gz (J03260), Gi2 (LOI694), Gy  (M69013), Gs (M2"42),
Golf (Ll0665), DtOSophila (DrO) Go {M29731), Gi (M23094), Gq (U31092), Gsi (M23233), OCtoPUS {OCt) Ge {AB025781), Gi (AB025780), Gq

(AB025782), and  G,  {AB025783),
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HrGan is most  closely  related  to Gai and  that it should  be a

member  of Gori class, Within the Gori class, however, HrGan
was  fairly diverged from any  subclasses,  Gi, Go, Gt, and  Gz.

Southern  blot analysis  of  the ascidian  genomic DNA

   Southern blot analysis of ascidian genomic DNA  was

performed with  HrGct-1 as  a probe. As shown  in Fig. 3A, the
HrGa-1 probe detected a  $ingle  band in the genomic DNA
digested with  Bam  Hl, Ebo Rl, or  Hind 111. In the digests with
Pst1the main  band was  observed  at about  15 kb and  an

additional  weak  band was  observed  at about  1.9 kb. Judging
from these results, it is very  likely that HrG(la is a single

copy  gene.

Spatio-temporal expression  pattern of  the HrGclh tran-
  -scrlpts

   To examine  the temporal  expression  of HrGan during
ascidian  embryogenesis,  northern  blot analysis  was  per-
formed  with  eight  different developmental  stages  from the

unfertilized egg  up  to the tadpole larva with  
32P-labeled

HrGa-3i as  a  probe. The  signal  of HrGan  was  observed  at

about  3.2 kb in the unfertilized egg  indicating presence ot
maternal  mRNAs  of HrGan (lane 1 in Fig. 3B). The signal

became slightly weaker  as  the progress of development

until the 64-cell stage,  At the 64-cell stage,  the transcripts

gave more  clear  signal  (lane 5 in Fig. 3B) and  intensity ot

the signal  increased in the later stages,  indicating the

zygotic  expression  starts from the 64-cell stage  up  to tad-

pole larvae (lanes 5 - 8 in Fig. 3B), After an  overnight  expo-

sure of the hybridized membrane  to the BAS  analyzer,  two

additional bands of 2.5 and  1.8 kb were  detected after gas-
trula stage  (data not  shown).  These three types of mRNAs

different in size  probably correspond  to three possible poly-
adenylation  sites  found in HrGa-2, The expression  of HrGcrn
in the adult  tissues was  also  investigated (Fig. 3C), The

clear signal  of HrGan was  detected at about  3.2 kb in all tis-

sues  examined.  The expression  in the branchial sac,  gan-

glion and  intestine were  rather  higher than in stomach  and

ovary.  Thus, HrGorn is expressed  in both iarvae and  adult

ti$sues.

   The $patial distribution of expression  of HrGcrn was

investigated in developing embryos  with whole-mount  in situ
hybridizatjon. The maternal  mRNAs  ot HrGan were  detected
evenly  in the entire region  ot the cytoplasm  of the unfertil-

ized egg  (data not  shown).  As  shown  in Fig. 4A  - D, no  obvi-

ous  difference in the signal was  observed  in each  blastomere

in the 16-cell and  32-cell stage, indicating that the maternal

mRNAs  were  divided evenly  to each  blastomere.

A : 
-E

 ii
m  tu aI

23130

9416

6682

4316

23222027

B

c

1 2 3 4 5 6 7 8

1 2 3 4 5

-4k<-2.2k

4.lk

Z.Zk

Fig, 3, Southern and  northern  blot analysis. (A): Southern blot anaiysis  of  ascidian

genomic DNA  with  HrGor-1 probe. Ten  pg of chromosomal  DNA  from sperm  of H.
roreizi  was  digested with  Bam  Hl, EOo RI, Hind 111 or  Pst1. Mobility of  size  markers  is
shown  in base pairs with  arrow,  (B>: Northern blot analysis of HrGa.  transcripts in dif-
fe rent  stages  of ascidian  embryogenesis,  The total RNA  (1O yg) from unte  rtilized eggs,

fertilized eggs,  16-cell, 64-cell, early gastrula, neurula, early tai[bud embryos  and  tad-

pole larvae {lanes 1 - 8, respectively)  were  analyzed  with  HrGa-3' probe, The  similar

results were  obtained  using HrGa-1 instead oi HrGa-3' as  a probe. {C)/ Northern  blQt
analysis in the adult tissues of ascidian. The probe was  same  as  in B. The  total RNA

(1O pg) of branchial sac, stomach,  ganglion, intestine, and  ovary  (lanes 1-5, respec-

tively) were  analyzed.  The  size marker  was  represented  by arrow  at  the  right  side.
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Fig. 4, Whole-mount in situ  hybridization of  developing embryos  with  a  Digoxigenin-labeled  antisense  probe for HrGan  message.  (A) and  {B)/
A 16-cell embryo  (animal view  and  vegetal  view,  respectively).  (C) and  (D): A 32-cell embryo  (animal view  and  vegetal  view,  respectively).  (E)
and  (F): A 64-cell embryo  (animal view  and  vegetal  view,  respectively).  (G) and  (H>: A  76-cell embryo  (animal view  and  vegetal  view,  respec-

tively). {1) and  (J): A 1tO-cell embryo  (animal view  and  vegetal  view,  respectively).  (K) and  (L): Gastrula (animal view  and  vegetal  view,  respec-

tively). (M) and  {N): Early tailbud embryo,  dorsal and  lateral view,  respectively.  (O}: A tadpole larva, Scale bar=1OO pm.

   The observed  temporal expression  patterns ot HrGan

from the 64-cell to 110-cell stage were  summarized  in Fig.
5, At the 64-cell stage  embryo,  zygotic  expression of HrGan
was  first detected jn the nuclei  of all A-line cells and  two B-
line cells (B7.1 and  B7.3) (Fig, 4E and  F). No $ignal was

observed  in a- and  b-line cell$ at this stage.  In the later
developmental $tages  (the 76-cell and  11O-cell stage),  the

expression  was  observed  in all A- and  a-line cells except  for
A7.1 and  A7.2 cells, which  showed  the signal  at the 64-cell
and  76-cell stage  and  djd not  at the 110-cell stage.  The

daughter cells of A7.3, A7.4, A7.7 and  A7.8 cells did not

showed  the expression  signal  at the 76-cell stage,  but
showed  at the 110-cell stage.  In the B-line cells, only  tour

pairs of blastomeres showed  the signal  during the stages,
The B7,1 and  B7,2 cells showed  the expression  signal  at the

64-cell andfor  76-cell stage,  but not at the 110-cell stage,

They  develop into endoderm  or endodermal  strand.  The

B7.3 cell showed  the expression  at the 64-cell stage, but
two daughter cells did not  at the 76-cell stage, At the 11O-
cell stage,  one  of the daughter cell, the B8.5 cell, showed
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Fig. 5. Zygotic  expression  of HtGa.  at  the  64-cell, 76-cell and  11O-cell stage  as  summarized  referring to the cell lineage. The names  of blas-

tomeres where  the expression  of HrGan was  detected are presented in shaded  boxes, The cell lineage is according  to Nishida (1987).

the expre$sion,  but another  daughter cell, the B8.6 cell, did
not, Their cell fate was  determined at this stage.  The B8,5

cell develops into the mesenchyme  and  the B8,6 cell devel-

ops  into the notochord, The B7.7 cell showed  the expression

at the 76-cell and  11O-cell stage,  The  B7,7  cell develops  jnto

mesenchyme,  The  other  cells (B7.4, B7.5, B7.6  and  B7.8

cells) and  their descendants did not show  the expression at

these stages.  They give rise to muscle,  endoderm  or endo-

dermal strand. The expre$sion  in the b-line cells was

observed  at the 1 1O-cell stage,  Exceptions were  the case  in
b7,9 and  b7.10 cells (containing the mu$cle,  spinal  cord,

endodermal  strand,  epidermis  and  brain stem  lineage cells),
which  showed  expression  in both the 76-cell and  "O-cell

stage.

   In the early tailbud stage, the expression was  detected
in the muscle  cells of the tail and  the ventral  ponion of the

mesenchyme.  A  weak  expression  was  observed  in a  dorsal

region  of the trunk, some  of trunk lateral cells and  also sev-

erai cells of the brain stem  (Fig. 4M  and  N), In a  tadpole

larva, a  strong  expression  of HrGan was  observed  in mes-

enchyme  cells of the posterior trunk regien and  a weak

expression  was  observed  in a  dor$al region  of the trunk (Fig.
40),

The  5'-flanking sequence  of  MGtlh

   ln order  to analyze  the regulatory  sequence  responsible

for observed  spatio-temporal  expression  of HrGan, we  iso-
lated the 5'-flanking sequence  of HrGan from a genomic
library of H, roretzi.  The  longest PCR  fragment (Gn6.0-
pT7b) contains  5478 bp upstream  of the putative translation

start site and  244bp downstream (Fig. 6A), The possible
ORFs  Ionger than 200 bp were  searched  in the upstream
sequence.  Seven ORFs  (201-339 bp) were  found  in cis-

direction to thGan and  four (201-339 bp) in trans-direction.

The  amino  acid  sequences  similar  to those deduced from
the putative ORFs  were  searched  against  GenBank  data-

ba$e and  we  did not find out  any  sequence  with  high simi-

larity, The  results suggest  that there is no  gene in the
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Fig, 6. (A): Schematic representation of sequence  motifs in the 5'-flanking sequence  of  HrGan  gene. Putative binding sites  for transcription
factors were  searched  against  the TRANSFAC  database using  TRANSFAC  Find (Heinemeyer et  at,, 1999) and  also  with  Genetyx Mac  (Gene-
tyx, Tokyo,  Japan}. The  thick lines under  the sequence  indicate the clusters of the potential binding motif(s)  and  E-box motif.  (B) and  (C):
Expression of HrGa.-GFP fusion genes. pGn3.5-GFP  was  injected in fertilized egg  of  H. roretzi. The expression  of  GFP  in the early  tailbud
embryo  (B) and  the hatched larva (C), (D): 3.5Gn-GFP  was  introduced via electroporation into fertilized eggs  of Ciona intestinatis. GFP  expres-

sion  was  observed  in muscle  and  mesenchyme  cells  of  hatched  larva, Scale bar: 1OO pm. (E): Frequency of embryos  with  GFP  expression,

which  developed trom eggs  carrying  HrGorn-GFP fusion constructs. The  sites of the expression  were  shown  on  the left (Me; mesenchyme,  Mu;
muscle,  Nc; notochord).  Open  boxes represent  the results  of 3.5Gn-GFP, The shaded  box represents  the result  ef injection of (-)-GFP. Numer-

als  in parenthe$es indicate number  of  positive embryos  relative  to total embryos  examined.  (-); Not tested. The nucleotide sequence  of the 5'-
flanking sequence  oi HrG(xh gene is available  at DDBJIEMBW  GenBank  with  an  accession  number  AB083069.
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upstream  sequence  of 5478  bp,

   The  sequence  motifs  of the potential binding site for
transcription factors in the 5'-fianking sequence  were

searched  against the TRANSFAC  database (Heinemeyer et

aL, i999), The results  were  summarized  in Fig. 6A. We

found 15 E-box motifs  <CANNTG) at 
-4713,

 
-4529,

 
-4022,

-3909,
 
-3359,

 
-3094,

 
-2944,

 
-2795,

 
-2444,

 
-2072,

 
-1

 792, -1609,

-1404, -1Ol3, and  
-990

 bp from the putative translation start

site of HrC;cai. There were  four clusters  of the potential bind-
ing motif(s)  and  E-box motif. We  tentatively designated them
as  Cluster 1-4  (thick lines in Fig, 6A), CIuster 1 (-4106 to
-3909) con$isted  of two SRY  motifs  (-4160 and  -4004) and

two E-box motifs  (-4022 and  -3909). Cluster2 (-3482 to -3203)

consisted of one  CDP  motif  (-3482), two  AML-la  motifs

(-3445 and  -3203) and  an  E-box motif  (-3359). AML-1a  motif

is a  potential binding site of AML-la  protein, a central 118

amino  acid  domain of which  shows  69%  homology to the

Drosophla pajr-rule gene, runt  (Meyers et al., 1993). CDP
motif  is a  potential binding site of Cut-like homeodomain

protein {Harada et aL, 1995). Thus, Cluster 2 consisted  of

potential binding sites for proteins known to regulate  cellular

development.  Cluster 3 (-1404 to -1180) consisted  of two

CREB  motifs  (-1310 and  -1180), a  CRE-BPIIc-Jun motif

{-1403) and  an  E-box  motif  <-1404>, Cluster 4 (-iO13 to -729)

consisted  of two E-box  motifs  (-1013 and -990) and  three

AML-la  motifs  {-883, 
-863

 and  
-729).

 There  were  three

CdxA  motif$  at -4880, -2235 and  
-148bp,

 but they do not

form a  cluster  with  the other  motits.

Expre$sion of  the tusion construct  in embryos  ot H.
roretzi  and  C. intestinalis

   To  analyze the regulatory  activity of the 5'-flanking

regjon  of HrGorn, we  constructed  a  fusion gene ot the 5'-

flanking sequence  of HtGan  and  the DNA  fragment encod-

ing GFP, and  injected them  into fertilized eggs  of H. roretzi.

The construct,  pGn3.5-GFP, contains  2674  bp upstream  of

the putative translation start site and  244bp  downstream of

HtGan. The upstream-sequence  of 2674 bp djrects expres-

sion  of GFP  gene in a pattern that is virtually identical to the

endogenous  gene. The fluorescence from the GFP  was  first
observed  in the initial tailbud stage  (Fig 6B), suggesting  the
expression  in the eariier stages  was  too weak  to detect the

fluorescence, The fluorescence frorn GFP  was  observed  pri-
mari[y  in the muscle  and  mesenchyme  cells (Fig, 6B and  C),
ln a few  embryos,  the expression  of GFP  was  observed  in
the notochord  or posterior sensory  vesicles  (Fig. 6C). The
injection of the fusion construct  without  the 5'-flanking

sequence  of HrGan ((-)-GFP) resulted  in few expression  of

GFP  with  three exceptions observed  in the muscle  cells

(Fig. 6E, left),

   The electroporation  of the pGn3.5-GFP into the fertil-

ized eggs  of C, intestinaris resulted in the expression of

GFP  in the muscle  and  mesenchyme  cells (Fig. 6D). The

expression  pattern was  same  as  in H, toretzi, Small num-

bers of the embryos  showed  an  ectopic  expression  of GFP
in the notochord  or brain stem  (Fig. 6E, right).

DISCUSSION

   ln this study,  we  described a  novel  G  protein a  subunit,

HrGorn, of ascidian  tadpole larvae. The deduced amino  acid

sequence  ot HrGan (357 amino  acids)  showed  higher simi-
larity to human  Gi and  Go, There was  a  candidate  sequence

for palmitoylation in the N-terminal region  ot HrGctn, which
is conserved  in Gai {Chen and  Manning, 2001). The phylo-

genetic tree constructed  based  on  the deduced amino  acid

sequence  clearly showed  that HrGorn is a  member  of Gai.

However, HrGan was  unique  among  those belong  to Gai in

the following criteria, First of all, the deduced amino  acid

sequence  of HrGan lacked the cysteine  residue  in its C-ter-

minal  region.  The cysteine  residue  is a  substrate  of ADP-

ribosylation  by pertussis toxin, which  is conserved  in almost
all Gori. HrGan, however, possessed an  arginine  residue

positioned at 180  (Rl80), which  is a  possible substrate ot

cholera toxin, and  ADP-ribosylated in Gat and  Gas. Second,
the amino  acid  sequence  of C-terminal region  was  exten-

sively  different from that ot the other  Gai (Fig. IC). Third,

HrGan was  fairly diverged from any  other  members  of Gai

in the phylogenetic tree (Fig. 2). Based  on  these results we

concluded  that HrGan defines a novel  subclass  in G  protein
a  subunits  of Gi class,

   The zygotic  expressjon  of HrGctn wa$  first observed  at

the 64-cell stage.  From the 64-cell to 11O-cell stage,  a  tran-
sient  expression  of HrGan was  observed  in all cells except

B7,4, B7,5 and  B7.6 cells. An interesting expression  pattern
of HrGan was  observed  in the case  of the B7,3 cell. The

B7,3 cell showed  expression  of HrGan  in the 64-cell stage,

but two daughter cells did not  in the 76-cell stage,  At the

110-cell stage,  one  of the daughter cell, the B8.5  cell,

showed  the expression,  but another  daughter cell, the B8,6
cell, did not. Their cell fate was  determined at this stage,
The  BS.5 cell develops into the mesenchyme  and  the B8,6
cell develops into the notochord.  The results suggest  a pos-

sibility that expression  of HrGan is related to determination

of their cell fate. Kjm and  Nishida found that formation of

mesenchyme  cells requires  cellular interaction that sup-

presses muscle  fate in the mesenchyme  precursor blas-
tomeres  (Kim and  Nishida, 1999). They further mentioned

about  two possibilities about  the fermation of mesenchyme

cells, One  is that suppre$sion of muscle  fate is enough  to

allow  cells to choose  a mesenchyme  pathway and  another

is that suppression  of the muscle  fate and  promotion of mes-

enchyme  formation are  distinct processes. If the latter is the

ca$e,  it seems  likely that HrGan is involved in promotion of

mesenchyme  formation. Concerning about  this issue the

expression  pattern of HrGan in daughter cells of the B6.4
cell should  be noted.  The  B7.8 cell, a daughter cell of the
B6.4  cell, gives rise to muscle  cells and  another  daughter
cell (B7,7), to mesenchyme  cells. The expression  of HrGan
was  not  observed  in the B7.8 cell, but observed  in the B7.7

cell in the 76-cell and  110-cell stage.

   The  expression  of HrGan  in the mesenchyme  cells con-
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tinued and  became stronger  in the tadpole larva (Fig.4M-
O). In tadpole larvae the strong  expression  was  also

observed  in trunk Iateral cells (TLC). The TLC  is one  of the
mesodermal  tissues of a  larva and  categorize  as  a kind of
embryonic  mesenchyme  cell (Satoh, 1994). The A7.6 cell,
only  one  TLC  precursor celi, showed  expression  of HrGan
from the 64-cell to 1 1O-cell stage.  These results showed  that

expression  of HrGan was  observed  in mesenchyme  and

their precursor cells, suggesting  another  possible role of

HrGorn, maintenance  of mesenchyme  cells, The  physiologi-
cal meaning  of the transient expression  in the other  cells

from the 64-cell to 110-cell stage  is remained  to be eluci-

dated,

   The expression  of pGn3.5-GFP in embryos  of H. roretzi
was  observed  in a pattern that js virtually identical to the
endogenous  gene, in the muscle  and  mesenchyme  cells in
the early  tailbud $tage.  The results  indicate that the

up$tream-sequence  of 2674 bp contains  a  regulatory

sequence  responsibie  for expression  of HtGan in the mu$cle

and  mesenchyme  cejls. Araki and  Satoh investigated the
regulatory  sequence  for muscle  specific  expression  of

HrMHCI  (H. roretzi mu$cle  myosin  heavy-chain) gene, com-
pared it with  that of Hrma4  (H. roretzi muscle  actin) gene
and  found several  common  motifs  between them (Araki and

Satoh, 1996). They  were  Box A (TACGAAT), E-boxtBex B

(CAGIHrGCGC), GATA  binding site (TGATAG), and  Box Tl/
T2  (Box T; ITI-ITrClnTTCA>  and  their results suggest  that
the BoxTIA-2 is critical for the promoter activity ef the

HtMHCI  gene. Because the expression  of pGn3.5-GFP was

observed  in the muscle  cells, we  searched  in the 5'-flanking

sequence  contained  in pGn3.5-GFP for these  motifs  and

found one  GATA  binding site (TGATAA) at -721 and  one

Box Tl (Tl-TTrTC) at -2347 in Hr( cxh, The box Tl found in
the upstream  region  of HrG(lh was  not  so  proximal as  the

Box  TIA-2  found in the upstream  region  of HrA4HCI gene.
In more  upstream  region  than that contained  in pGn3.5-GFP
two potential GATA  binding site (WGATAR) existed in Clus-
ter 2 {-3482 to -3203),

 They  were  overiapped  in the
sequence,  AGATAGATAG,  between -3260 and  -3251.

Thus, the regulatory  mechanism  for expression  in the mus-
cle cells of the HrGan gene would  be rather  different from
that of the HriWHCI gene. The muscle-expression  of

pGn3,5-GFP was  also  observed  in electroporated  embryos

of C. intestinafis, suggesting  that the regulatory  mechanism

seems  common  in H. roretzi  and  C. intestinalis. In the case

of notochord  specific  expression,  p(-289)As-T/iacZ, a con-

struct of the 5'-flanking region  of As-Tgene  of H, roretzi and

the reporter  gene (lacZ), showed  notochord  specific expres-

sion  in Ciona embryos  (Takahashi et al., 1999). However,

the minimal  promoter system  for the notochord-specific

expression  seems  different between  As-Tand  Ci-Bra. The

present results  suggest  that the upstream-sequence  of 2674
bp of HrGan contains  a  regulatory  sequence  responsible  for
expression  of GFP  gene in the muscle  and  mesenchyme

cells in H. roretzi and  also  in C. intestinaiis. The minimai  pro-
moter  system  for HrGan expression  should  be elucidated  for

more  detailed consideration.

   Four clusters  of the sequence  motifs  of the potential
binding site for transcription factors were  found in the 5'-
flanking sequence  of Hr(](xh (Fig. 6A). Two  of them, Clusters
2 and  4 consisted  of sequence  motifs  for AML-1a, CDP, E-
box and/or  GATA. Cluster 3 consisted  of sequence  motifs

for CREB  and  E-box. Cluster 1 consisted  of $equence  motifs

for CDP  and  E-box, The  homoiogues  of the transcription

factors possibly bind to these sequence  motifs  are  found  in

the EST  library of C. intestinaiis (Satou et aL, 2002), sug-

gesting that these transcriptiona} factors are  Involved in reg-
ulation of gene expression  in C. intestinalis, Whether or not

these transcriptional factors function in H, roretzi and  regu-

late the expression  of HrGan gene is remained  to be eluci-

dated.

   The clarification of the physiological function of HrGan,
its effector<s) and  receptor(s)  is also  remained  to be eluci-
dated. An HrGan-homologue was  recently  found from pla-
narian  central  nervous  system,  which  is specifically

expressed  in the distal part of brain lateral branches  (Cebria
et  al., 2002), Unfortunately the physiological role  of the gene
product was  not  reported  and  the homologue belongs to the
$ame  subclass  i$ not found yet from the other  animals.

Thus, we  cannot  expect  physiological function of HrGan by
analogy.  On  this issue it should  be noted  that the amino  acid

sequence  of HrGan was  quite unique  in its C-terminal
region, which  is a possible interaction site of G protein or

subunit  with  its receptor  molecule  (Hamm et aL, 1988;

Nishimura et aL, 1998; Gi[christ et aL, 2002), It can  be

expected  that HrGan  couple  with  a  novel  receptor.
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