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Abstract. Evidence is accumulating that the rho fam- 
ily, a member of the ms p21-related small GTP- 
binding protein superfamily, regulates cell morphol- 
ogy, cell motility, and smooth muscle contraction 
through the actomyosin system. The actomyosin sys- 
tem is also known to be essential for cytoplasmic divi- 
sion of cells (cytokinesis). In this study, we examined 
the action of rho p21, its inhibitory GDP/GTP ex- 
change protein, named rho GDI, its stimulatory 
GDP/GTP exchange protein, named smg GDS, and 
botulinum ADP-ribosyltransferase C3, known to selec- 
tively ADP-ribosylate rho p21 and to impair its func- 
tion, in the cytoplasmic division using Xenopus em- 
bryos. The sperm-induced cytoplasmic division of 
Xenopus embryos was not affected by microinjection 
into the embryos of either smg GDS or the guanosine- 

5'-(3-O-thio)triphosphate (GTP'yS)-bound form of rhoA 
p21, one member of the rho family, but completely in- 
hibited by microinjection of rho GDI or C3. Under 
these conditions, nuclear division occurred normally 
but the furrow formation, which was induced by the 
contractile ring consisting of actomyosin just beneath 
the plasma membrane, was impaired. Comicroinjec- 
tion of rho GDI with the GTP'yS-bound form of rhoA 
p21 prevented the rho GDI action. Moreover, the 
sperm-induced cytoplasmic division of Xenopus em- 
bryos was inhibited by microinjection into the embryos 
of the rhoA p21 pre-ADP-ribosylated by C3 which 
might serve as a dominant negative inhibitor of endog- 
enous rho p21. These results indicate that rho p21 to- 
gether with its regulatory proteins regulates the cyto- 
plasmic division through the actomyosin system. 

T 
wo distinct cytoskeletal structures, a bipolar mitotic 
spindle and a contractile ring, appear transiently and 
play an active role in M phase in animal cells (for re- 

views see references 28, 46). A bipolar mitotic spindle is 
composed of microtubules and their associated proteins and 
divides the replicated chromosomes for each daughter cell. 
A contractile ring is composed of actin filaments and myosin 
just beneath the plasma membrane and divides the cell into 
two by pulling the membrane inward (cytoplasmic division) 
(44, 53).. The spindle first appears and then the ring appears. 
These sequential events in cell division have been studied on 
many kinds of cell lines and eggs. It is, however, still unclear 
how cell division is regulated. 

One of the most useful approaches to study the mechanism 
of cell division, especially of cytoplasmic division, is to use 
amphibian eggs. They have several merits such as firm and 
large-sized cell membrane which is resistant even to distilled 
water and makes it easy to be microinjected with any kinds 
of samples, and they form clearly visible cleavage furrows 
with contractile rings. The contraction and protein compo- 
nents of the contractile ring have been analyzed with isolated 
cleavage ,furrows of newt eggs (31), and actin-modulating 
proteins composing the contractile ring have been studied 
(for reviews see references 29, 45). It has been reported that 
inhibitors or binding agents for actin or myosin, such as 
phalloidin, cytochalasin B, or ML-9, block cytoplasmic divi- 

sion of several kinds of cells andeggs (13, 30, 53, 54). How- 
ever, the regulatory mechanism of the actomyosin system for 
cytoplasmic division is still unclear. 

The rho p21 family, consisting of three members, A, B, 
and C, belongs to the ras p21-related small GTP-binding pro- 
tein superfamily (for reviews see references 12, 62). Among 
over 40 members of small GTP-binding proteins, only the 
rho p21 family is ADP-ribosylated by C3 and EDIN (5, 23, 
38, 61). C3 and EDIN are the ADP-ribosyltransferases of 
Clostridium botulinum and Staphylococcus aureus, respec- 
tively (2, 60). Asn 4~ of rho p21 is ADP-ribosylated by these 
enzymes (56, 61). This site is located in the putative effector 
domain of rho p21, and the ADP-ribosylation has been sug- 
gested to impair the rho p21 function (43, 56). Consistently, 
C3 and EDIN have been shown to affect various cell func- 
tions. C3 makes NIH/3T3 cells round and refractile (51), 
generates short neurites in PC-12 cells (40), and decreases 
the actin filaments in Vero ceils and neutrophils (6, 51, 59). 
In Xenopus oocytes, C3 induces migration of germinal vesicles 
and enhances the progesterone-induced vesicle breakdown 
(51). The guanosine-5'-(3-O-thio)triphosphate (GTP,yS)'- 
bound active form of rhoA p21 or rhoA v~'4 p21, which is a 

1. Abbreviations used in this paper: GDI, GDP dissociation inhibitor; GDS, 
GDP dissociation stimulator; GST, glutathione S-transferase; GTPyS, 
guanosine-5'-(3-O-thio)triphosphate. 
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point-mutated active form, into Swiss 3T3 cells, contracts 
the cells, and redistributes the pigments in Xenopus oocytes 
(35, 43). In these experiments, C3 is added or microinjected 
and rho p21 is microinjected into each cell. It has recently 
been shown that the assembly of focal adhesions and stress 
fibers induced by growth factors, such as PDGF and bombe- 
sin, and lysophosphatidic acid is inhibited in Swiss 3T3 calls 
when the function of endogenous rho p21 is blocked by 
rnicroinjection of C3 or the rhoA p21 pre-ADP-ribosylated 
by C3 which might serve as a dominant negative inhibitor 
of endogenous rho p21 (48). These results suggest that rho 
t)21 regulates these cell functions through the actomyosin 
system. On the other hand, a GTP-binding protein has been 
suggested to decrease the Ca :+ concentrations necessary for 
the vasoconstrictor-induced smooth muscle contraction (10, 
25, 41). We have found that rho p21 is a GTP-binding protein 
which is involved in this vasoconstrictor-induced Ca 2+ sen- 
sitization mechanism (16). Moreover, we have recently 
shown that microinjection of rho GDI or C3 into Swiss 3T3 
cells induces changes of morphology and stress fibers and 
moreover inhibits cell motility (32, 63). Thus, it has become 
evident that rho p21 regulates various cell functions in which 
the actomyosin system is involved. 

There are two interconvertible forms for small GTP- 
binding proteins including rho p21: GDP-bound inactive and 
GTP-bound active forms. The conversion from the GDP- 
bound inactive form to the GTP-bound active form is regu- 
lated by GDP/GTP exchange proteins and the reverse con- 
version is regulated by GTPase activating proteins. There are 
two types of GDP/GTP exchange proteins for rho p21: one 
is a stimulatory type, named smg GDP dissociation stimula- 
tor (GDS) and rho GDS, and the other is an inhibitory type, 
named rho GDP dissociation inhibitor (GDI) (11, 18, 20, 33, 
42, 64, 66). These regulatory proteins are present in most 
cells, and the inhibitory action of rho GDI in the GDP/GTP 
exchange reaction is stronger than the stimulatory action of 
stag GDS or rho GDS in their simultaneous presence (24, 
27). rho p21 is present in the GDP-bound inactive form 
which is complexed with rho GDI in the cytosol of rest- 
ing cells (27, 47). The GDP-bound form of rhoA p21 com- 
plexed with rho GDI is resistant to the ADP-ribosylation by 
EDIN (24). 

rho p21 undergoes three kinds of posttranslational modifi- 
cations in the COOH-terminal region: geranylgeranylation 
of the cysteine residue, removal of the three COOH-terminal 
amino acids, and carboxyl methylation of the exposed cys- 
teine residue (22). Only the posttranslationally processed 
form of rho p21, but not the posttranslationally unprocessed 
form, are sensitive to the GDI and GDS actions, although 
both forms are sensitive to the action of the GTPase activat- 
ing protein (17, 34, 62). 

On the basis of these observations, we have proposed the 
following modes of activation and action of rho p21. In rest- 
ing ceils, the posttranslationally processed form of rho p21 
is present in the cytosol in the GDP-bound inactive form 
complexed with rho GDI and its etfector region is masked 
by rho GDI. Upon stimulation of cells with some agonists, 
the inhibitory action of rho GDI is released in an unknown 
manner, the GDP-bound inactive form of rho p21 becomes 
sensitive to the stag GDS or rho GDS action, and the GTP- 
bound active form is produced. By this activation, rho p21 
opens the effector region, interacts with its effector protein, 

and exerts its biological function through this effector 
protein. 

Extending these earlier observations, we have investigated 
here the actions of rhoA p21 and its regulatory proteins in 
the cytoplasmic division of Xenopus embryos. 

Materials and Methods  

Materials and Chemicals 

Healthy Xenopus/aev/s females and males were obtained from Hamamatsu 
Biological Research Service Inc. (Shizuoka, Japan). The cDNA of rhoA 
p21 was kindly provided by Dr. P. Madaule (Institut Pasteur, Paris, France). 
The baculovirus carrying the cDNA of racl p21 was kindly supplied by Drs. 
P. Polakis and E McCormick (Onyx Pharmaceuticals, Emeryville, CA). C3 
was kindly supplied from Dr. B. Syuto (Hokknido University, Sapporo, Ja- 
pan) (36). Mutagenesis of Asn to lie at codon 41 of rhoA p21 (rhoA n~t 
p21) was carried out by site-directed mutngenesis (52). Spodoptera 
frugiperda cells overexpressing rhoA p21, rhoA he41 p21, or rac p21 were 
kindly provided by Dr. Y. Matsuura (National Institute of Health, Tokyo, 
Iapan). rhoA I)21, rhoA n~ p21, and racl p21 were purified from the 
cytosol fraction of Sp. frugiperda cells overexpressing each small GTP- 
binding protein as described (33). rhoA p21 lacking the three COOH- 
terminal amino acids (rhoA p21ALvL) was purified from overegprcssing E. 
coli (22). rho GDI was purified as gintathione S-transferase (GST) fusion 
proteins from E. coli overexpressing GST-rho GDI (9, 24, 58). It was 
confirmed that recombinant GST-rho GDI showed the same activity toward 
the GDP/GTP exchange reaction of rhoA p21 as the rho GDI purified from 
bovine brain did in a ceLl-free system, stag GDS was purified from the 
cytosol fraction of overexpressing E. coli. The GTPTS-bound form of rhoA 
t)21, rhoA nr I)21, rhoA p21 ~vL, and racl t)21 were made by incubating 
each small GTP-binding protein with 60 ~M GTP~/S as described (3, 68). 
The GDP-bound form of rho t)21 and racl p21 was made with 60/~M GDP 
by the same method. The ADP-ribosylated rhoA p21 was made by incuba- 
tion with C3 in a cell-free system as described (61). After the ribosylation, 
the ADP-ribosylated rhoA t)21 was purified by Mono Q HRS/5 column 
chromatography. This sample was not contaminated by C3. All the proteins 
used were concentrated in Centricon 10 (Amicon Corp., Danvers, MA) to 
the concentrations of 4-28 mg/mi. During the concentration, the buffers 
contained in the sample preparations were replaced by buffer A slightly 
modified as described (4). FITC-labeled phalloidin was purchased from 
Sigma Chemical Co. (St. Louis, MO). 

Preparation of Embryos 

Eggs were obtained from fully mature X. laevis females and fertilized by 
rubbing with a testis which was surgically obtained from X. /aev/s males. 
The fertilized eggs were dejellied and used for microinjection as previously 
described (39). 

Microinjection 

Each sample to be tested was microinjected into living Xenopgs embryos 
in modified modified Ringer's (0.I M NaC1, 2.0 mM KC1, 1.0 mM MgSO4, 
2.0 mM CaCh, 5.0 mM Hepes, 0.1 mM EDTA, pH 7.8), and 5% FicoU 
(type 400; Sigma Chemical Co.) at 18~ with the micminjection system 
(IM-1, Narishige, Tokyo, Japan) as described (21, 39). Briefly, glass capri- 
laries drawn, cut to a tip diameter of about 10 ~m, and ground were used 
to microinject each sample. About 10 embryos were usually microinjected 
within 5 min. The embryos were incubated for indicated periods of time 
at 18~ 

About 5 x 10 -s liters of sample was microinjected by one injection. 
When the GTP-~S-bound form of rhoA p21 or the same form of racl I)21 
was used at 0.5 rag/m1 each, the intraceLlular concentrations of the microin- 
jected samples were calculated to be about 2.4 ~tM. Since the endogenous 
concentration of rhoA p21 or racl p21 is not known, the levels of the exoge- 
nous and endogenous small GTP-binding proteins were not compared. The 
intracellular concentration of the microinjccted rho GDI was calculated to 
be about 6.2/~M when GST-rho GDI was microinjected at 3.3 mg/rnl, stag 
GDS was microinjected at the same concentration of rho GDI. However, 
the endogenous concentrations of rho GDI and smg ODS are not known. 
The intracellular concentration of the microinjected C3 was calculated to 
be about 1.5 nM when C3 was microinjected at 2.6/zg/mi. 
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Analyses of Furrow Formation and Actin 
b'ilament Reorganization 

Furrow formation was analyzed by stereomicroscope (model SMZ-U; 
Nikon, Tokyo, Japan). Photomicrographs of the embryos were taken at the 
indicated time after the fertilization. For analysis of actin filament reorgani- 
zation, the embryos at the indicated time after the fertilization were fixed 
in 20% DMSO/methanol overnight at -20~ bleached for 48 h at room 
temperature in 20% DMSO/10% hydrogen peroxide/methanol, and washed 
twice in PBS for 20 rain at room temperature as described with slight 
modifications (7). They were incubated in 10 #g/ml FITC-labeled phal- 
loidin/PBS for 72 h at room temperature, washed in PBS, and examined by 
the laser scanning confocal imaging system (model MRC-600; Bio-Rad, 
Tokyo, Japan). 

Analysis of Nuclear Division 

To examine nuclear division, Xenopus embryos, which cleaved normally or 
were mieroinjected with rho GDI or C3 at 60 rain after the fertilization, 
were picked up at 90 min and fixed in 4 % paraformaldehyde in 0.1 M caco- 
dylate buffer (pH 7.4) for 4-12 h at 4~ They were dehydrated in a graded 
series of ethanol, transferred into 99 % chloroform at room temperature, 
embedded in paraffin, sectioned at 7 #m, and stained with hematoxylin and 
eosin (57). 

Determination 

Protein concentrations were determined with BSA as a standard protein by 
densitometric tracing of protein bands stained with Coomassie brilliant blue 
on an SDS-polyacrylamide gel as described (65). 

Results 

Inhibition of the Furrow Formation by Microinjection 
o f r h o  GDI or C3 into Xenopus Embryos 
When Xenopus embryos were fertilized by Xenopus sperm, 
the furrow formation started at about 85 min after the fertil- 
ization and the cytoplasmic division completed within about 
5 min. However, when rho GDI or C3 was microinjected in 
an appropriate amount into Xenopus embryos at 60 min af- 
ter the fertilization, the furrow formation was completely 
blocked and a white belt appeared on the equatorial region 
in animal hemisphere of the embryos instead of the furrow 
(Fig. 1, B and C; and Tables I and II). This white belt re- 
mained persistently, and this inhibitory effect on the furrow 
formation was observed also at the next cleavage (Fig. 2, B 
and C). In the control embryos microinjected with buffer A, 
a well-developed cleavage furrow was observed (Fig. 1 A and 
2 A; and Table I). 

When rho GDI or C3 was microinjected into the embryos 
at the onset of the furrow formation, the following furrow 
formation was inhibited and only the white belt appeared as 
seen in Fig. 1, B and C (Tables I and II). The embryos 
microinjected with buffer A continued the normal furrow 
formation (Table I). 

Reorganization of Actin l~laments by Microinjection of 
rho  GDI or C3 into Xenopus Embryos 

To show that rho GDI or C3 inhibits the furrow formation 
through at least the actomyosin system, an actin bundle was 
visualized by FITC-labeled phalloidin and analyzed by con- 
focal microscopy. In the control embryos at 85 rain, just at 
the onset of the furrow formation, an actin bundle was 
aligned along the cytoplasmic side of the cell membrane and 
observed along the equatorial region where the furrow for- 
marion had started (Fig. 3 A, 85 min). This actin bundle 
along the equatorial region was supposed to compose a con- 

Figure 1. Effect of microinjection of rho GDI or C3 into Xenopus 
embryos on the furrow formation, rho GDI or C3 was microin- 
jetted into Xenopus embryos at 60 min after the fertilization. Pho- 
tographs of the embryos were taken just after the mieroinjection 
and at 85 and 90 min after the fertilization. (A) Buffer A; (B) rho 
GDI at 3.3 mg/ml; (C) C3 at 2.6 #g/ml. The results shown are the 
representatives with typical phenotype of 40 embryos tested with 
buffer A as a control, 58 embryos tested with rho GDI, and 76 em- 
bryos tested with C3. The embryos were obtained from three differ- 
ent X. laevis females. 

tractile ring. In the embryos microinjected with rho GDI or 
C3, the actin bundle along the equatorial region was not ob- 
served (Fig. 3, B and C, 85 min). In the control embryos 
which underwent the cytoplasmic division, at 90 min after 
the fertilization, the actin bundle was aligned along the cir- 
cumference of the furrow in addition to the cytoplasmic side 
of the cell membrane (Fig. 3 A, 90 rain). In the embryos 
microinjected with rho GDI or C3, an actin bundle was 
aligned along only the cytoplasmic side of the cell mem- 
brane, and a septum with an actin bundle was not observed 
(Fig. 3, B and C, 90 rain). 

Normal Nuclear Division by Microinjection of 
rho  GDI or C3 into Xenopus Embryos 

To make sure that the embryos arrested in cleavage by 
microinjection with either rho GDI or C3 underwent nuclear 
division as well as the normally cleaved embryos, the nuclear 
division was examined by a hematoxylin and eosin staining 
method. The nuclear division occurred at about 70 rain after 
the fertilization in the control embryos and a pair of chroma- 
tin was observed to be aligned almost symmetrically (Fig. 
4 A). In the embryos arrested in cleavage by microinjecrion 
with either rho GDI or C3, the normal nuclear division was 
observed (Fig. 4, B and C). 

Specificity of rho p21for the Cytoplasmic Division of 
Xenopus Embryos 

rhoA p21, rhoB p21, racl p21, and rac2 p21 are substrate 
small GTP-binding proteins for rho GDI (15, 34, 64). The 
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Table L Effect of rho GDL rhoA p21, and Ribosylated rhoA p21 on the Furrow Formation 

Substance microinjeeted Inhibition of furrow formation 

ADP-ribosylated Inhibited embryos/ 
rho GDI rhoA p2t rhoA p21 total embryos 

(mg/ml) (mg/ml) (mg/ml) (%) 

0* 0 0 0/40 (0/30) 0 (0) 
2.5 0 0 6/40 15 
3.3 0 0 37158 64 
3.3 0.5 0 0/46 0 
5.0 0 0 43/66 65 

10.0 0 0 37/44 (25/30) 84 (83) 
0 0 1.25 29/41 71 
0 0 2.5 32/44 73 

rho GDI with or without the GTP~S-bound form of rhoA p21, or ADP-ribosylated rhoA p21 was microinjected into Xenopus embryos at 60 rain after the fertiliza- 
tion, and the furrow formation was examined at 90 rain after the fertilization. The numbers in parentheses summarize the results of the experiment of rnicroinjection 
of rho GDI just at the onset of the furrow formation. 
* Microinjection of buffer A alone. 

Table IL Effect of C3, rhoA p21, and rhoA xt̀4~ p2I on the Furrow Formaaon 

Substance microinjected Inhibition of furrow formation 

Inhibited embryos/ 
C3 rhoA p2i rhoA ~ p21 total embryos 

(#g/ml) (mg/ml) (mg/ml) (%) 

0* 0 0 0/40 0 
1.0 0 0 0/33 0 
2.0 0 0 0/36 0 
2.6 0 0 51/76 67 
2.6 i..25 0 19/47 40 
2.6 0 1.25 8/58 15 
6.5 0 0 24/36 67 

32.5 0 0 36/46 78 
65 0 0 35/35 t00 

130 0 0 38/38 (30130) 100 (100) 

C3 was microinjeeted with or without the GTl~S-bouud form of rhoA p21 or rhoA ~l~ p21 into Xenopus embryos at 60 n',in after the fertilization, and the furrow 
formation was exa,'rfined at 90 rain after the fertilization. The numbers in parentheses summarize the results of the experiment of microinjeetion of C3 just at the 
o~tset of the furrow formation. 
* MieL0tnjection of buffer A alone. 

aftiniti~as of rho GDI for these small GTP-binc]ing proteins 
are apparently similar (S. Ando, unpublished observation). 
The inhibitory action of rho GDI on the furrow formation 
was prevented by comicroinjection of rho GDI with the 
GTP~/S-bound form of rhoA p21 (Fig. 5 C; and Table I), The 
rho GDI aclion" was not, however; prevented by comicroin- 
jection of rho GDI with the same form of racl p21. It may 
be noted that the pigment of the embryos comicroinjected 
with rh~o GDI and racl p21 moved away from the point where 
microinjection capillary was inserted and a pigment circle 
with depigmented area inside remained around the point 
(Fig. 5 E). Moreover, when the rhoA p2t pre-ADP-ribosyl- 
ated by C3 was microinjected into the embryos, the furrow 
formation was completely blocked and a white belt seen in 
Fig. 1, B and C appeared (Table I). This form of rhoA p21 
has been reported to serve as a dominant negative inhibitor 
of endogenous rho p21 (48). 

On the other hand, when rho GDI'was comidroinjected 
with, the GDP-bound form of rhoA p21 or the same form 
of racl p21, the rho GDI action was prevented (data not 
shown). In these experiments, the GDP-bound form of these 
small GTP-binding proteins were used in the same amounts 

as those used in Fig. 5, The actual reason why the GDP- 
bound form of these small GTP-binding proteins prevented 
the rho GDI action is not known, but they might interact with 
rho GDI to lower the concentration of rho GDI less than that 
necessary for its action. 

Importance of  the Posttranslational 
Modifications o f  the COOH-Terminal Region of  
rho~4 p21 in Preventing the rho GDI Action 

The rhoA p21 used in the above experiments was not post- 
translationally modified with lipids. Nevertheless, the rho 
GDI action was prevented by comicroinjection of rho GDI 
with this form ofrhoA p21 (Fig. 5 C; and Table I). This result 
suggests that the rhoA p21 microinjected into the embryos 
underwent the posttranslational mddifications. Consistently, 
the rho GDI action was not prevented by comicroinjection 
of rho GDI with the rhoA p21 mutant which lacked the 
COOH-terminal three amino acids (rhoA p21 ~tvL) (Fig. 5 
D) This rhoA p21 mutant was previously confirmed not to 
be geranylgeranylated by a geranylgeranyltransferase in a 
cell-free system (67). 
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Figure 2. Effect of rho GDI and C3 on the second cleavage. Photo- 
graphs were taken at 150 min after the fertilization. (A) Buffer A; 
(B) rho GDI at 3.3 mg/ml; (C) C3 at 2.6 #g/ml. The results shown 
are the representatives with typical phenotype of the embryos used 
in Fig. 1. 

Prevention o f  the C3 Action by rhoAn~l p21 

C3 ADP-ribosylates Asn 41 in the putative effector domain 
of  rho p21 and impairs its function (43, 56). We therefore 
examined the effect of  rhoA till p21, which was not ADP- 
ribosylated by C3, on the C3 action. Comicroinjection of 
rho GDI with the GTP~/S-bound form of rhoA p21 did not 
prevent the C3 action, because exogenous rhoA p21 was 
also ADP-ribosylated and did not function (Table II). How- 
ever, comicroinjection of  C3 with the GTP3,S-bound form of 
rhoA n~4t p21 prevented the C3 action (Table II). 

Figure 4. Effect of rho GDI or C3 on the nuclear division, rho GDI 
or C3 was microinjected into Xenopus embryos at 60 rain after the 
fertilization. The embryos were picked up at 90 min, applied to 
paraffin sections, and nuclei was visualized by a hematoxylin and 
eosin staining method. (A) The normally cleaved embryo; (B) rho 
GDI at 3.3 mg/ml; (C) C3 at 2.6 #g/ml. Arrows indicate nuclei. 
The results shown are the representatives with typical phenotype 
of the embryos used in Fig. 1. 

Inability of  rhoA p21 or s tag  GDS Alone  to Affect the 
Cytoplasmic Division o f  Xenopus  Embryos 

Microinjection of rho GDI into Xenopus embryos inhibited 
the furrow formation and this rho GDI action was prevented 
by comicroinjection ofrho GDI with the GTP'yS-bound form 
of rhoA p21 as described above. However, under the com- 
parable conditions, microinjection of  the GTP'yS-bound 
form of rhoA p21 alone into the embryos did not affect the 

Figure 3. Effect of rho GDI and C3 on the reorganization of actin filaments. Actin filaments were stained with FITC-labeled phalloidin 
at 85 and 90 min after the fertilization. Photographs were taken at the three scanning levels of the animal hemisphere: (a) equatorifl, 
(b) middle, (c) near the top of the hemisphere. (A) Buffer A; (B) rho GDI at 10 mg/ml; (C) C3 at 130 #g/ml. The results shown are 
the representatives with typical phenotype of 30 embryos tested with buffer A as a control, 30 embryos tested with rho GDI, and 30 embryos 
tested with C3. The embryos were obtained from three different X. /aev/s females. It may be noted that the embryos microinjected with 
buffer A were intact in shape, but that the embryos microinjected with rho GDI and C3 became flabby gradually, especially in the animal 
hemisphere. The top of the animal hemisphere was depressed in the embryos microinjected with rho GDI and C3. This may be due to 
the production of the cell surface membrane without the furrow formation. The ~/ctin bundle observed at the center of the embryos in 
B and C were thought to be the cortex of the depressed tops. 
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Figure 5. Prevention of the rho GDI action by rhoA p21. The furrow 
formation was examined after comicroinjection of rho GDI with the 
GTPTS-bound form of rhoA p21, rhoA p21 ~LvL, or racl p21 at 60 
min after the fertilization. Photographs of the embryos were taken 
at 90 rain after the fertilization. (A) Buffer A; (B) rho GDI at 3.3 
mg/ml; (C) rho GDI at 3.3 mg/ml plus rhoA p21 at 0.5 mg/ml; (D) 
rho GDI at 3.3 mg/ml plus rhoA p21ALvL at 0.5 mg/ml; (E) rho 
GDI at 3.3 mg/ml plus racl p21 at 0.5 mg/ml. The results shown 
are the representatives of 40 embryos tested with buffer A as a con- 
trol, 58 embryos tested with rho GDI alone, 46 embryos tested with 
rho GDI plus rhoA p21, 45 embryos tested with rho GDI plus rhoA 
p21 aLvL, and 30 embryos tested with rho GDI plus racl p21. The 
embryos were obtained from three different X. laevis females. 

furrow formation (data not shown). Moreover, microinjec- 
tion of smg GDS alone into the embryos did not affect the 
furrow formation (data not shown). Comicroinjection of rho 
GDI with stag GDS did not prevent the rho GDI action (data 
not shown). 

Discussion 

In the cytoplasmic division, a contractile ring consisting of 
actomyosin is first produced. The contraction of this ring 
makes a furrow on the surface of the embryo, and finally a 
cell septum is produced (28, 44, 46, 55). Rubin et al. (51) 
have previously reported the phenomenon that addition of 
C3 to NIH/3T3 cells accumulates binucleate cells. Consis- 
tently, we have shown here that microinjection of rho GDI 
or C3 into Xenopus embryos inhibits the furrow formation 
induced by the contractile ring without affecting the nuclear 
division. This rho GDI action is prevented by comicroinjec- 
tion of rho GDI with the GTP,yS-bound active form of rhoA 
p21 but not with the same form of another small GTP- 
binding protein, racl p21. The C3 action is also prevented 
by comicroinjection of C3 with the GTP-rS-bound active 
form of a C3-insensitive mutant of rhoA p21 (rhoA n~l p21). 
We have moreover shown here that microinjection of the 
rhoA p21 pre-ADP-ribosylated by C3, which has been 
reported to serve as a dominant negative inhibitor of endoge- 
nous rho p21 (48), also inhibits the furrow formation. Evi- 
dence is accumulating that rho p21 and rho GDI regulate 
various cell functions, including cell morphology, cell motil- 
ity, and smooth muscle contraction, in which the actomyosin 
system is involved (16, 32, 63). Therefore, our present results 
together with these earlier observations indicate that rho p21 
and rho GDI regulate the cytoplasmic division of Xenopus 

embryos through the actomyosin system. It remains unclear, 
however, which type of rho p21 among the three is present 
in the embryos. 

Cleavage furrow formation is thought of as occurring in 
two steps: the first would be the correct localization and 
building up of the contractile ring and the second the process 
of furrow formation itself. We have shown here that the in- 
hibitory action of rho GDI or C3 is immediate, that the fur- 
row formation on the way is immediately inhibited by rho 
GDI, and that the white belt appears at the site of normal fur- 
rowing seen in Fig. 1, B and C. These results suggest that 
rho GDI or C3 inhibits not only the building up the contrac- 
tile ring but also the furrow formation itself. 

We have shown here that microinjection of the GTP~/S - 
bound form of rhoA p21 does not affect the cytoplasmic divi- 
sion under the conditions where rho GDI inhibits it and that 
this rho GDI action is prevented by comicroinjection of rho 
GDI with the GTP'yS-bound form of rhoA p21. We have re- 
cently described that microinjection of rho GDI into Swiss 
3T3 cells induces changes of cell morphology and stress 
fibers and inhibits cell motility and that these rho GDI ac- 
tions are prevented by comicroinjection of rho GDI with the 
GTP-rS-bound form of rhoA p21 (32, 63). Therefore, it is 
most likely that a part of endogenous rho p21 is in the GTP- 
bound active form, and that this active form regulates the ac- 
tomyosin system. 

We have previously shown in a cell-free experiment that 
the inhibitory action of rho GDI is stronger than the stimula- 
tory action ofsmg GDS in their simultaneous presence in the 
GDP/GTP exchange reaction of rho p21 (24, 27). Consistent 
with this earlier result, we have shown here that comicroin- 
jection of rho GDI with stag GDS does not prevent the rho 
GDI action. Microinjection of smg GDS alone does not 
affect the cytoplasmic division. These results are consistent 
with our earlier observations for the actions of stag GDS in 
the regulation of cell morphology and motility of Swiss 3T3 
cells (32, 63), This may be due to the action of endogenous 
rho GDI which is stronger than that of exogenous smg GDS 
or to an enough amount of the GTP-bound active form of en- 
dogenous rho p21 to induce the cytoplasmic division. 

It is not known how microinjected rho GDI regulates the 
rho p21 activity and action in intact embryos. However, the 
following mechanisms may be the most likely. Namely, in 
Xenopus embryos under our experimental conditions, the 
GDP-bound inactive form and the GTP-bound active form 
are present in an appropriate steady state by the actions of 
rho GDI, rho GDS, stag GDS, and rho GTPase activating 
protein, and rho p21 is present in the GTP-bound active form 
in an amount enough to induce the cytoplasmic division. 
When a large amount of rho GDI is artificially microinjected 
into the embryos, this steady state is changed: the GTP- 
bound form of rho p21 is first converted to the GDP-bound 
form by the action of rho GTPase activating protein. Then, 
this GDP-bound form of rho p21 is sequestered by rho GDI 
to make a complex. The GDP-bound form of rho p21 com- 
plexed with rho GDI is not converted to the GTP-bound form 
any more. In this way, the amount of the GTP-bound form 
is finally diminished. In the case of C3, microinjected C3 
mainly ADP-ribosylates the GTP-bound active form of rho 
p21 which is free from rho GDI, because the GDP-bound in- 
active form of rho p21 complexed with rho GDI is resistant 
to this enzyme as far as examined in a cell-free system (24). 
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It still remains to be clarified how this steady state between 
the GDP-bound inactive form and the GTP-bound active 
form of rho p21 is regulated through its regulatory proteins 
and how the GTP-bound active form of rho p21 regulates the 
actomyosin system. 

We have previously shown that rhoA p21 undergoes the 
posttranslational modifications (22) and that the modifica- 
tions are important for rho p21 to bind to membrane and to 
interact with rho GDI and stag GDS (17, 33, 62). The GDP- 
bound form of posttranslationally processed rhoA p21, but 
not the GTPTS-bound form, interacts with rho GDI (17). We 
have also shown that the rhoA p21 mutant (rhoA p21aLVL), 
which is not posttranslationally modified with lipids (22), 
does not prevent the rho GDI action in the regulation of cell 
morphology and motility of Swiss 3T3 cells (32, 63). Con- 
sistently, we have shown here that this mutant of rhoA p21 
does not prevent the rho GDI action in the cytoplasmic divi- 
sion of Xenopus embryos. These results indicate that the 
posttranslational modifications are also essential for the rho 
p21 action. Although the effector protein of rho p21 is not 
identified, it is possible that the posttranslational modifica- 
tions of rho p21 are necessary for the interaction with its 
effector protein. 

racl p21, rac2 p21, and G25K have about 50-60% amino 
acid homology to rhoA p21 and the amino acid sequence of 
the putative effector domain of racl p21, rac2 p21, and G25K 
is the same as that of rhoA p21 except one amino acid (8, 
37). Moreover, these small GTP-binding proteins are sub- 
strates for rho GDI and smg GDS. However, the GTP'yS- 
bound form of racl p21 does not prevent the rho GDI- or C3- 
inhibited cytoplasmic division. This result indicates that this 
small GTP-binding protein is either not directly involved in 
the regulation of the cytoplasmic division, or its activity is 
not affected by microinjection of rho GDI in the embryos due 
to an unknown reason. However, comicroinjection of rho 
GDI with racl p21 induces an appearance of the embryo sur- 
face slighdy different from that induced by comicroinjection 
ofrho GDI with rhoA p21 (see Fig. 5 E). It remains unclear 
what this phenotype means. It may be noted that several 
groups including our own have shown that rac p21, rho GDI, 
and smg GDS regulate the NADPH oxidase-catalyzed su- 
peroxide generation in phagocytes (1, 15, 26, 34). Further- 
more, it has recently been reported that rac p21 is involved 
in the membrane ruffling induced by microinjection of the 
point-mutated active form of ras p21 or by growth factors, 
such as PDGF and bombesin, in Swiss 3T3 cells (49). The 
function of G25K is still unknown, but its yeast counterpart 
has been shown to regulate the budding and cell polarity 
(19). It has been reported that overexpression of dbl, a 
stimulatory GDP/GTP exchange protein for G25K, results 
in multinucleate phenotype in NIH/3T3 cells, and suggested 
from this result that G25K is involved in the control of cyto- 
plasmic division (50). The dbl protein has been shown to be 
active on G25K and partly on racl p21, but it has not been 
clarified whether this exchange protein is also active on rho 
p21 (14). Moreover, our preliminary results have revealed 
that the inhibitory action of rho GDI on the furrow formation 
in Xenopus embryos is not prevented by the GTP-rS-bound 
form of GST-G25K. We have shown here that the furrow for- 
mation is inhibited by C3, known to ADP-ribosylate rho p21 
but G25K, and also inhibited by the pre-ADP-ribosylated 
rhoA p21. Therefore, it is less likely that G25K is also in- 

volved in the control of the cytoplasmic division. Further in- 
vestigation is necessary for understanding the function of rac 
p21 and G25K in Xenopus embryos. 
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