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Role of lnssitol 1,4,5-Trisphosphate Receptor in 
Ventral Signaling in Xenopus Embryos 

Shoen Kume,"? Akira Muto, Takafumi Inoue, Kei Suga, 
Hideyuki Okano, Katsuhiko Mikoshiba 

The inositol 1,4,5-trisphosphate (IP,) receptor is a calcium ion channel involved in the 
release of free Ca2+ from intracellular stores. For analysis of the role of IP,-induced Ca2+ 
release (IICR) on patterning of the embryonic body, monoclonal antibodies that inhibit 
llCR were produced. Injection of these blocking antibodies into the ventral part of early 
Xenopus embryos induced modest dorsal differentiation. A close correlation between 
llCR blocking potencies and ectopic dorsal axis induction frequency suggests that an 
active IP,-Ca2+ signal may participate in the modulation of ventral differentiation. 

I n  development, the for~nation of the body 
plan involves receptor-mediated signal 
transduction in orocesses such as lnesoderln 
and neural induction. Activation of the 
polyphosphoinositide (PI) cycle results in 
the hydrolysis of phosphatidylinositol 43- 
bisphosphate, producing IP, and diacylglyc- 
erol (1).  IP, triggers the release of Ca2+ 
from the endoplas~nic reticulum into the 
cytosol through the IP3 receptor (IP3R) (2) .  
The PI cvcle has been nostulated to f~lnc-  
tion in dorso-ventral (6-V) axis for~nation 
in Inany species, as indicated by the action 
of lithium (3 ,  4) .  Lithi~lln is assumed to 
block the recycling of IP, into i~nositol by 
inhibiting the hydrolysis of intermediate 
inositol phosphates (3).  Application of lith- 
i ~ u n  to cleavage-stage embryos of Xenopus 
laewis induces dorsalization by conversion of 
ventral lnesoderln to dorsal mesoderm, with 
a concolnitant reduction in posterior struc- 
tures (4).  Although some st~ldies suggest 
that IP3 functions in transducing ventral 
signals during lnesoderm induction (5) ,  oth- 
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er work does not support the inositol deple- 
tion hypothesis for the action of lithium (6 ,  
7 ) .  

T o  determine the role of the PI cycle in 
patterning the body plan, we isolated 
monoclonal antibodies (mAbs) to the Xen-  
opt~s IP, receptor (XIP3R) (8, 9)  and ana- 
lyzed their effects on  D-V specification. 
Protein ilnmunoblot analysis revealed that 
mAhs lG9,  11B12, and 7F11 recognized a 
single band of the sanle lnolecular size as 
XIP3R (10) (Fig. 1A).  Antibodies l G 9  and 
l lB12  inhibited IPi-induced Ca2+ release 
(IICR) in an in vitro assay ( I  I )  (Fig. 1B). 
To  confirm the inhibitory activity of the 
mAbs in vivo, we assessed the effects of the 
lnAbs on early Xenopus embryos that over- 
expressed an exogenous PI-coupled recep- 
tor, the type I muscarinic acetylcholine re- 
ceptor (mlAChR)  (12, 13) (Fig. 1C). Al- 
though 7 F l l  did not inhibit IICR in the in 
vitro Ca2+ release assay, all three ~ n A b s  had 
inhibitory activity in vivo. In the presence 
of mAbs 1G9, 11B12, or 7F11, Ca2+ release 
upon ligand application n7as 26.9, 10.8, or 
58.6%, respectively, of that observed in 
control embryos. 

To  examine the role of IICR on  axis 
formation, we injected the blocking anti- 
bodies into either ventral or dorsal blas- 
tomeres. Ventral injection of lG9,  11B12, 
or 7F11 at the four-cell stage (14) induced 
the fortnation of a secondary dorsal axis, 
whereas dorsal injection (15) of the mAbs 
or normal mouse im~nunoglobulin G (IgG) 
(Fig. 2, A and B) showed no ob\~ious effects. 
When  a low dose (20 ng per embryo) of 
l G 9  or 11B12, or a higher dose of 7F11 (40 
ng per embryo), n7as applied, the induced 
axes consisted of ectopic muscle and neural 
structures, but usually lacked notochords 
(Fig. 2C). At  a higher dose of l G 9  (80 ng 
per embryo), hyperdorsoanteriorization oc- 
curred at the expense of dorsoposterior de- 
velopment (15). Dose responses of the 
mAbs are presented in Fig. 2D. The  relative 
potency of the ectopic axis-inducing activ- 
ity of the mAbs corresponded to their abil- 
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ity to block IICR: 11B12 - 1G9 > 7F11. A 
dose of 7Fll  (40 ng per embryo), which 
effectively induced ectopic axis (Fig. 2D), 
reduced IICR to about 58.6% of the control 
(Fig. ID). Thus, a partial reduction in IICR 
elicits a respecification of ventral meso- 
derm. Co-injection of 1G9 with a 12-resi- 
due-long peptide of the sequence GQPAH- 
LNINPQQ (1 6) resulted in a complete res- 
cue of the phenotype (Fig. 2, E and F), 
further confirming the specificity of 1G9. -v 

Mouse 7F 1C l l F  

However' we have been to show Fig. 1. Isolation of XIP3R-specific mAbs wlth llCR blocking activity (A) The mAbs 1G9 (lane 2), 
that the restoration of can 11 B12 (lane 3), and 7F11 (lane 4) at a final concentration of 40 pg/ml specifically recognize XIP3R as 
rescue the effect the mAbs because determined by protein ~mmunoblot analysis [done as described ln (lo)]. An XIP3R-speclflc polyclonal 
technical reasons (15). Therefore, we can- antlbody was used as a positive control (lane 1). Whole-cell clear lysates (8) equivalent to one 
not completely exclude the possibility that unfertilized Xenopus egg were loaded into each lane of a 5% SDS-polyaclylamlde gel. (B) The mAbs 
the effect of the antibodies is independent 1 G9 and 1 181 2 effectively inhibited llCR in an In vitro llCR assay. Symbols: 1 G9 (a); 11 B12 (*); 7F11 
of IICR. (A); and control mouse IgG (0). (C) XIP3R mAbs inhibited llCR ~n vivo. The lntracellular Ca2+ 

B~~~~~~ injection of the blocking d b s  concentratlon ([Ca2+],) in anlmal pole blastomeres before (white bars) and after (black bars) carbachol 
of the IICR seemed to modify the response applications are shown as means 2 SEM. The differences were significant for animal blastomeres 

of mesoderm to mesodermal inducers, we injected with XIP3R mAbs compared wlth the control mouse IgG-injected animal blastomeres (*P < 
0.05 for 7F11 and **P < 0 005 for 1 G9- and 1 1 B12-lnjected animal blastomeres, analyzed by examined the effect the On mar- two-tailed, paired Student's t test). 

ginal zone explants (1 7). Upon injection of 
1G9, the ventral marginal zone (VMZ) ex- 
plants became mor~hologicall~ indistin- Fig. 2. Dorsal dupl~ca- * Anll-XIP3R 
guishable from the dorsal marginal zone tlon Induced by ventral 
(DMZ) explants, which elongated in cul- lnjectlon of mAb 1 G9 (A) 
ture (1 5). Reverse transcriptasepolymerase Embryos (dorsal wew) at 
chain reaction (RT-PCR) studies revealed Sfage 20 that were In- 
that in VMZ explants, 1G9 injection in- jected ventrally at the 

duced the expression of both early and late stage with 40 
ng per embryo of control dorsal markers (Fig. 3)  (18). In early gastru- mouse IgG or 1G9 Antl-XIP3R la stages, expression of the secreted organiz- XIP3R) The ec- I-v79 

a . .  er proteins encoded by the genes churdin topic dorsal axis Is Indl. 
(19), follistatin (20), and noggin (21) as well cated by an arrow (6) 
as expression of a-actm (22) was induced in Embryos lnjected ven- 
the 1G9-injected VMZs. A marker for dor- trally at the four-cell 2 L t 

sal mesoderm, goosecoid (23), was slightly stagewlth40ng perem- Control Antibody (nglembryo) 
induced, whereas Xnotl (24), a marker for bryO of control mouse c: notochord, was not induced in the VMZs 'gG Or G9. 'Iews E 

of embryos at stage 37/ 1% % Pep + (15). The expresslon of a ventral-specific 38 are shown A partlal " kd * l 
homeobox gene Xvent-1 (25) was inhibited dupllcatlon of the dorsal 

200 - 
1'. 

in the VMZs that were injected with 1G9 axis (arrow) can be ob- Anti-XIP3R 
(Fig. 3B). In the later stages (neurula stage served In lGg-lnlected C Control Anti-XIP3R + TRdx 
20), a similar conversion of VMZs to DMZs embryos. (C) Transverse YG- 116- 
was also evident. Expression of the neural sect~ons of a control em- 
cell adhesion molecule (NCAM) (26) and bryo ~n~ected with mouse 
the dorsal mesoderm marker a-actin were or 1G9 Note the 

F - 
turned on in VMZs injected with 1G9. presence Of ectopic 

Thus, the IP3-Ca2+ signaling system may ("1 and tissues 
(m) In embryos ~njected transduce ventral signals in patterning early 
with 1G9 Arrows Indl- n 60- 

embryos, and inhib~tion of this ventral sig- cate the ectopic dorsal 2 40; 
nal leads to dorsal differentiation. axls Cells labeled wlth 2. 

We then examined whether injection of dextran Texas Red lyslne dextran ( TRdx, 10 kd) as a lineage tracer were 20' 

antibody to XIP3R would restore the dorsal observed lntermlngled wlth unlabeled cells In muscle and neural t~ssues In E , F') 
axis in embryos that were ventralized by the ectoplc dorsal axls, lndtcatlng that blastomeres that recelved 1G9 co ~npcled peptlds 

ultraviolet (UV) irradiation (4). A partial lnjectlons d~rectly d~fferent~ated ~nto ax~al structures, a character~st~c reml- (nglembryo) 

rescue of dorsal structures was observed in nlscent of the Spemann organizer The endoderm cells were also labeled (D) H~stogram of the frequen- 
embryos lnlected with 1 ~ 9 ;  although the cy of ax's dupllcat~on Induced wlth different mAbs 7F11 (gray bars). lG9 (black bars), 11 812 (hatched 

most anterior head structures were missing, bars), or control mouse IgG (wh~te bars). The numbers of embryos examlned are shown above the bars 
(E) Proteln lmmunoblot analys~s wrth 1G9 (40 pg/ml) shows that the band corresponding to XIP3R 

a rescue of trunk and strut- (arrowhead) was completely competed out by the 12-resldue-long pept~de (GQPAHLNINPQQ) (In at 
tures had occurred (Fig. 4A)- of 40 pg/ml Each lane contalns one unfert~l~zed-egg-equivalent of whole-cell clear lysate (-). 1 G9 wlthout 
the IP3-Ca2+ signaling Wtem an the peptlde (Pep ). (+), 1 G9 wlth the peptlde (F) The frequency of axls dupllcat~on Induced by 1G9 (20 
underlying capacity of the embryo to form ng per embryo) decreased when 1G9 was co-qected wlth lncreaslng amounts of the compet~ng 
dorsal structures. We next examined how pept~de Numbers of embryos examlned are above the bars 

www.sciencemag.org SCIENCE VOL. 278 12 DECEMBER 1997 1941 



the IP3 signaling system would act with 
other ventralizing signals. When overex- 
pressed in the early embryo, bone morpho- 
genetic protein 4 (BMP4) causes ventraliza- 
tion of embryos (27). This ventralization 
was suppressed when 1G9 was coinjected 
with BMP4 RNA (28) into dorsal blas- 

lnjeclion Non Cont Anti-XIP3R 
n n n  

E D V D V D V f - )  

I chordin . W I 

follistatin - - 

I a-actm L Y 
- - 

Xvent- 1 C J .  

Gastrula 
stage 12 

r a-actin &A. . y 

noggln . . - - 
' --i5 - goosecord L. W' ' 

stage 20 CI 
r- 

EF-la b4-l n 

Fig. 3. Respecification of VMZs to DMZs by 1 G9. 
Injection of 1G9 (anti-XIP3R) changes the molec- 
ular characteristics of VMZs to those of DMZs. 
RNA from the explants was analyzed by RT-PCR 
for the presence of goosecoid, a-actin, Xvent-1, 
NCAM, and EF- 1 a (33). EF- l a  is a loading control. 
Non, uninjected; Cont, mouse IgG injected. Lane 
E, whole embryos; lane D, DMZs; lane V, VMZs; 
(-), a negative control that contains no reverse 
transcriptase. 

tomeres of four-cell stage embryos (Fig. 4B) 
(29). This findine further confirmed that 
IP,:C~~+ signaling is a component of the 
ventralizing signal. 

To determine if injection of antibody to 
XIP3R would induce mesodermal differen- 
tiation and whether antibody injection 
would interfere with activin- or basic fibro- 
blast growth factor (bFGF)-mediated meso- 
derm induction (30), we investigated its 
effects on animal cap explants. Animal caps 
injected with 1G9 alone did not express 
dorsal mesodermal markers such as Xbra 
(3 1 ) or a-actin or the neural marker NCAM 
(Fig. 4C). Animal caps injected with 1G9 
responded normally to activin A or bFGF, 
as indicated by expression of Xbra, a-actin, 
and NCAM. Thus, inhibition of the IP3- 
Ca2+ signaling system alone is insufficient 
to induce mesodermal tissues, and inhibi- 
tion of the IP3-Ca2+ signaling does not 
block activin or bFGF signaling in animal 
caps. 

Our results that iniection of antibodv to 
XIP3R cannot induce head mesoderm re- 
sembles observations made in grafting ex- 
periments of the gastrula-stage organizer 
(32). Injection of the antibody might mimic 
the late activity of the organizer that can 
rescue neural tissue and somites but not 
notochord or head structures. In fact, ex- 
pression of the secreted organizer proteins 
encoded by chordin, noggin, and follistatin 
(Fig. 3B), and a slight expression of the 
organizer-specific homeobox gene goosecoid 

DAI 

I 
Fig. 4. (A) The mAb 1 G9 A UV 

- BMP4+contrcl- , -*-- 
can rescue the dorsal 
axls In W-~rradtated ven- 
trallzed embryos A typl- 
cal UV-ventralred em- 

treated embryo rescued 
by 1 G9 tnjectlon (UV + 

d 
bryo (UV) and a UV- jhl Bs Li antr-XlP3R) are shown at 
an equ~valent stage of 
33/34 To dlstlngulsh 
lG9-rescued embryos from those that escaped - -  on Cont Antl-XIP3R 
UV treatment, we Injected embryos In two dlago- OFA (-) 

nally opposed blastomeres at the 4-cell stage ( 

These embryos developed two dorsal axes, whlch - 
arose from the lnlected blastomeres The average 
dorsal anter~or lndex (DAl) of UV-ventrallzed em- ;v ""isc -C 

bryos (whlte bar) was 0 20 (n = 422) The UV- Eiri5 
ventrallzed embryos were partially rescued by 
1G9 lnjectron (black bar) wlth an average DAI of I: 
1 46 (n = 79), whereas control UV-ventral~zed embryos Injected wlth mouse IgG (gray bar) had an 
average DAI of 0 64 (n = 1 1) (B) Inject~on of 1G9 reversed the ventrallzlng actlv~ty of BMP4 RNA We 
co-lnjected 40 ng per embryo of 1 G9 (BMP + anti-XIPSR) or control mouse IgG (BMP + control) wrth 1 
ng of BMP4 RNA (per embryo) Into two dorsal blastomeres of 4-cell stage embryos Co-lnlectlon of 1 G9 
suppressed the ventral~z~ng effect of BMP4 BMP4 RNA ~njectron (wh~te bar) gave an average DAI of 0 
(n = 23), co-lnjectton of 1 G9 wlth BMP4 RNA (black bar) gave an average DAI of 2 43 (n = 22), and 
co-lnlectlon of control mouse IgG wlth BMP4 RNA (gray bar) gave an average DAI of 0 5 (n = 18) (C) 
Injectton of 1 G9 alone IS not sufftc~ent for mesoderm Induction Embryos were rnjected w~th 80 ng per 
embryo of 1 G9 or control mouse IgG (cont) Into the an~mal poles of both blastomeres at the 2 
Lane E, whole embryos, lanes 0, no growth factors, lanes F, bFGF (1 00 ng/ml) (BRL), lanes 
(50 ng/ml), (-), a negatlve control that conta~ns no reverse transcnptase: Non, unlnlected 

-cell stage. 
A, activin A 

but not Xnotl, is induced in anti-XIP3R- 
injected VMZs. Therefore, blockage of the 
IP3-Ca2+ signaling system is sufficient for 
dorsal respecification to take place, but 
not for the induction of a full spectrum of 
the organizer-specific genes. Additional fac- 
tors are required for induction of the early 
organizer. 

Inhibition of IICR in Xenopus embryos 
partially mimicked the effect of lithium. 
However, the extent of dorsalization differs 
between the effect of lithium and that of 
anti-XIP3R. Lithium treatment causes a du- 
plication of a complete secondary axis, 
whereas anti-XIP3R injection induced only 
a posterior axis (Fig. 2). Lithium can com- 
pletely rescue dorsal structures in UV-irra- 
diated ventralized embryos, whereas only a 
partial rescue occurs with 1G9 (Fig. 4A). 
Lithium but not anti-XIP3R can sensitize 
the response of animal cap cells to bFGF 
(Fig. 4C). Thus, the effect of lithium may 
result from the combined inhibition of both 
the IP3-Ca2+ signaling system and other 
targets such as glycogen synthase kinase-3 
(7). 

Blockage of IICR in the ventral part of 
Xenopus embryos converted ventral meso- 
derm to dorsal mesoderm, thereby generat- 
ing an ectopic dorsal axis. The correlation 
between IICR blocking potencies of mAbs 
and ectopic dorsal axis induction suggests 
that the activity of the IP3-Ca2+ signaling 
system regulates D-V patterning. 
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the COOH-termnus of the XP3R proten (8). The 
mAbs to XIP3R were Isolated by fuson of the P3U1 
myeloma cell n e  P3x63AgU1 w~ th  spleen cells de- 
r~ved from BALB/c mce  mmunzed w~ th  glutathone- 
S-transferase-XIP3R fus~on prote~n, ln~t~al screen- 
ngs  were done by onzymenked mmunosorbent 
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Crystal Structure of the Adenylyl Cyclase 
Activator G,, 

Roger K. Sunahara, John J. G. Tesmer, Alfred G. Gilman, 
Stephen R. Sprang* 

The crystal structure of Gscy, the heterotrimeric G protein a subunit that stimulates 
adenylyl cyclase, was determined at 2.5 8, in a complex with guanosine 5'-0-(3-thio- 
triphosphate) (GTPyS). G,* is the prototypic member of a family of GTP-binding proteins 
that regulate the activitiesof effectors in a hormone-dependent manner. Comparison of 
the structure of Gscy.GTPyS with that of Gicy.GTPyS suggests that their effector specificity 
is primarily dictated by the shape of the binding surface formed by the switch II helix and 
the a3-p5 loop, despite the high sequence homology of these elements. In contrast, 
sequence divergence explains the inability of regulators of G protein signaling to stim- 
ulate the GTPase activity of G,, The py binding surface of GsCy is largely conserved in 
sequence and structure to that of GI=, whereas differences in the surface formed by the 
carboxyl-terminal helix and the a4-p6 loop may mediate receptor specificity. 

T h e  G. and G subfamilies of heterotrimer- 
ic G piotein dc subunits, although highly 
homologous, differ profoundly with respect 
to  effector, regulator, and receptor specific- 
ity (1,  2 ) .  For example, Gb, binds to and 
activates all isoforms of adenylyl cyclase 
(3 ) ,  whereas G,,l and its close paralogs 
inhibit only certain isoforms of the  effector. 
T h e  GTPase activities of G, subfa~nily 
members are stimulated by members of the  
R G S  (regulators of G protein signaling) 
protein family; the  GTPase activity of G,, 
is not  affected by any known RGS protein 
(4). Distinct subfa~nilies of G protein-cou- 
pled receptors activate either G 5  or G,. T o  
better understand the  origins of these func- 
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tional differences, are  have determined the  
three-dimensional structure of GTPyS-ac- 
tivated G,, alone and in cornplex with its 
effector, aclenylyl cyclase (5). Comparison 
of the  structure of Ga, with those of previ- 
ously determined G, subfamily lne~nbers (6, 
7) offers substantial insight into the  molec- 
ular basis of specificity in heterotrimeric G 
proteins. 

Deficiencies in G., function have serious 
biological repercussions. Adenosine diphos- 
phate (ADP) ribosylation of the active site 
residue ArgE1 by cholera toxin (8, 9 )  leads 
to irreversible inhibition of the GTPase ac- 
tivity of Ga,. T h e  resulting constitutive ac- 
tivation of adenylyl cyclase in  gastrointesti- 
nal epithelium is responsible for the diarrhea 
and dehvdration that are the hallmarks of 
cholera. similarly, mutation of ArgE1 or the 
catalytic residue Glnzz'  contributes to the 
growih of tu~nors  of the  pituitary and thyroid 
glands and causes the McCune-Albright SF- 
drolne (10, 11).  Heterozygous deficiency of 
G,, is the basis for pseudohypoparathyroid- 
ism (type IA) (1 1-13). 
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