
Vol. 185, No. 1, 1992 

May 29, 1992 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Pages 473-480 

COOPERATIVE FUNCTION OF rho GDS AND rho GDI TO REGULATE 

rho p21 ACTIVATION IN SMOOTH MUSCLE 1 

Shinya Kuroda, Akira Kikuchl, Ken-ichi Hirata, Tadayuki Masuda, 

Kiyohiko Kishi, Takuya Sasaki, and Yoshimi Takai 2 

Department of Biochemistry, Kobe University School of 
Medicine, Kobe 650, Japan 

Received April 23, 1992 

S%~T~: The GDP/GTP exchange reaction of rho p21, a member of 
ras p21-related small GTP-binding protein superfamily, is regulated 
by two stimulatory GDP/GTP exchange proteins (GEPs), named smg GDS 
and rho GDS, and by one inhibitory GEP, named rho GDI. In bovine 
aortic smooth muscle, rho GDS and rho GDI were major GEPs for rho 
p21, and the rho GDI activity on the GDP/GTP exchange reaction of 
rho p21 was stronger than the rho GDS activity in their simultane- 
ous presence. Moreover, in the crude cytosol, the GDP-bound form 
of rho p21 was complexed with rho GDI but not with rho GDS. These 
results, together with our recent finding that rho p21 is involved 
in the vasoconstrictor-induced Ca 2+ sensitization of smooth muscle 
contraction, suggest that there is some mechanism to release the 
inhibitory action of rho GDI and to make rho p21 sensitive to the 
stimulatory action of rho GDS, eventually leading to the rho p21 
activation, in the signaling pathways of the vasoconstrictor recep- 
tors in smooth muscle. © 1992 Academic Press, Inc. 

The rho p21 family, consisting of three members A, B, and C, 

belongs to the ras p21-related small G protein superfamily (for re- 

views, see Refs. 1,2). The function of rho p21 has not been de- 

fined, but evidence is accumulating that rho p21 regulates the ac- 

tomyosin system in non-muscle cells (3-5). We have previously re- 
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ported that rho p21 is a major small G protein found in smooth mus- 

cle (6) and have recently obtained the evidence that rho p21 is in- 

volved in the Ca 2+ sensitization of smooth muscle contraction (7), 

which is induced by the addition of GTPyS to the skinned smooth 

muscle (8-10). It has been suggested that vasoconstrictors induce 

the activation of a G protein which then decreases the Ca 2+ concen- 

tration necessary for smooth muscle contraction (8-10), but the G 

protein involved in this Ca 2+ sensitization remained to be identi- 

fied. Although the mode of action of rho p21 is still not known, 

it is likely that rho p21 affects the downstream pathway of Ca 2+ to 

cause the Ca 2+ sensitization of smooth muscle contraction. 

rho p21 has two interconvertible forms: GDP-bound inactive 

and GTP-bound active forms (1,2,7). The GDP-bound form is convert- 

ed to the GTP-bound form by a GDP/GTP exchange reaction which is 

regulated by GEP (1,2). There are two types of GEP: one is a stim- 

ulatory type, named smg GDS and rho GDS, and the other is an in- 

hibitory type, named rho GDI (11-15). Both smg GDS and rho GDI 

have been well characterized. They were purified to homogeneity 

(11,12), their cDNAs have been cloned (14,15), and their primary 

structures have been determined (14,15). Both smg GDS and rho GDI 

are active on a group of small G proteins, smg GDS is active on at 

least Ki-ras p21, smg p21, rho p21, and rac p21 (11,16,17), whereas 

rho GDI is active on at least rho p21 and rac p21 (12,17). rho GDS 

has been just partially purified from bovine brain cytosol and less 

characterized (13). 

The Ca 2+ sensitization of smooth muscle contraction is ob- 

served with various vasoconstrictors such as phenylephrine and nor- 

epinephrine (8,10). Therefore, it is likely that there is some 

mechanism to release the inhibitory action of rho GDI and to make 

rho p21 sensitive to the stimulatory action of rho GDS, eventually 

leading to the rho p21 activation, in the signaling pathways of the 

vasoconstrictor receptors in smooth muscle. To clarify this regu- 

latory mechanism of the rho p21 activation by these vasoconstrictor 

receptors, we first studied GEPs in smooth muscle. We describe 

here that both rho GDS and rho GDI are major GEPs in bovine aortic 

smooth muscle and that the rho p21 activity is regulated by both 

GEPs in a cooperative manner. The possible regulatory mechanism of 

the rho p21 activation by the vasoconstrictor receptors is also 

discussed. 

474 



Vol. 185, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Materials and Methods 

Mauerials and Chemicals Bovine aortic smooth muscle cy- 
tosol was obtained as described (18) except that a homogenizing 
buffer containing 20 mM Hepes/NaOH at pH 8.0 and 1 ~M (p-amidino- 
phenyl)methanesulfonyl fluoride was used. The post-translationally 
processed form of rhoA p21 was purified from the membrane fraction 
of Spodoptera frugiperda cells (Sf9 insect cells) in which rhoA p21 
was overexpressed using a pAcYMI Autographa californica baculovirus 
transfer vector (16). EDIN was purified from Staphylococcus au- 
reus (19). An anti-rabbit smg GDS polyclonal antibody was made by 
a routine method. Other materials were obtained as described (16). 

Purification of rho GDS from Bovine Aortic Smooth Muscle 
Bovine aortic smooth muscle cytosol (805 mg of protein, 180 ml) was 
applied to a Q-Sepharose column (2.6 x I0 cm) equilibrated with 
Buffer A (20 mM Hepes/NaOH at pH 8.0 and 5 mM MgCI2) . After the 
column was washed with 180 ml of Buffer A, elution was performed 
with a 540-mi linear gradient of NaCI (0-0.5 M) and 135 ml of 1 M 
NaCI in the same buffer and fractions of 9 ml each were collected. 
The rho GDS activity appeared as a broad single peak in Fractions 
72-96. The active fractions were pooled, and solid ammonium sul- 
fate was added to this pool to give a final concentration of 40% 
saturation. The sample was centrifuged at 20,000 x g for 20 min. 
Most of the rho GDS activity was precipitated. This precipitate 
was dissolved in 20 ml of Buffer A and dialyzed against Buffer A. 
The dialyzed sample was used for the present study. 

Assays [obS]GTPTS-binding activity of G proteins was mea- 
sured in the presence of 0.5 ~M Mg 2+ as described (20) except that 
the incubation time was 3 h. The rho GDS and smg GDS activities to 
stimulate the dissociation of [3H]GDP from rhoA p21 and smg p21B, 
respectively, were measured as described (11,13). The rho GDI ac- 
tivity to inhibit the dissociation of [3H]GDP from rhoA p21 was 
measured as described (12). The EDIN-catalyzed ADP-ribosylation of 
rho p21 was performed as described (21). 

Other Procedures- Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis was performed by the method of Laemmli (22). Pro- 
tein concentrations were determined with bovine serum albumin as a 
standard protein (23). The radioactivities of 3H- and 32p-labeled 
samples were determined using the Beckman liquid scintillation sys- 
tem, model LS6000IC. 

Results 

When bovine aortic smooth muscle cytosol was subjected to Q- 

Sepharose column chromatography, the rho GDI activity appeared as 

two peaks and the rho GDS activity appeared as a broad single peak 

(Fig. I) . The smg GDS activity could not be detected, but a pro- 

tein recognized by an anti-smg GDS antibody was observed in Fra- 

ctions 68-72 (data not shown). The exact reason why the smg GDS 

activity could not be detected is unclear, but might be due to the 

presence of interfering materials in the cytosol fraction, rho GDS 

was active on rhoA p21 but inactive on Ha-ras p21 and smg p25A 

(data not shown). The Mr value of rho GDS was estimated to be 

about 50,000 from its S value (data not shown). Judging from these 
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Fia. I. Q-Sepharose column chromatography of rho GDI, rho 
GDS, and smg GDS. Aliquots (50 ~i) of the indicated fractions 
were assayed for the rho GDI, rho GDS, and smg GDS activities. 
(O), rho GDI; (m), rho GDS; (D), smg GDS; (-----7, absorbance at 
280 nm; ( ), NaCI concentration. The results shown are 
representative of three independent experiments. 

properties, rho GDS partially purified from bovine aortic smooth 

muscle cytosol was likely to be identical to that partially puri- 

fied previously from bovine brain cytosol (13). 

The GDP/GTP exchange reaction of rhoA p21 is regulated by 

both rho GDS and rho GDI. When the GDP/GTP exchange reaction of 

rhoA p21 was measured in the simultaneous presence of rho GDS and 

rho GDI at their doses which caused the half maximum stimulatory 

and inhibitory effect on the GDP/GTP exchange reaction of rhoA p21, 

respectively, this reaction was inhibited by rho GDI even in the 

presence of rho GDS (Fig. 2A) . The GDP/GTP exchange reaction of 

rhoA p21 was not stimulated by rho GDS even at its higher doses in 

the presence of rho GDI (Fig. 2B). 

When bovine aortic smooth muscle cytosol was subjected to 

Mono Q column chromatography, two peaks of G proteins appeared 

(Fig. 3A) . The second peak (Fractions 42-48) was ADP-ribosylated 

by EDIN (data not shown). Among many small G proteins, only the 

rho p21 family has been shown to be selectively ADP-ribosylated by 

ADP-ribosyltransferases of Clostridium botulinum and Staphyloco- 

ccus aureus, named C3 and EDIN, respectively (21,24-26). Moreover, 

we have previously found that about half of the GTP7S-binding ac- 

tivity of bovine aortic smooth muscle cytosol is attributed to rho 

p21 (6) . These results indicate that the second peak is rho p21. 

Two peaks of rho GDI appeared, and the first peak of rho GDI coin- 

cided with the rho p21 peak. No small G protein was eluted at the 
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Fiq. 2. Effect of rho GDS and rho GDI on the GDP/GTP exchange 
reaction of rhoA p21 in their simultaneous presence. A, effect of 
rho GDS in the presence of rho GDI. The GDP/GTP exchange reaction 
of rhoA p21 (2 pmol) was assayed by measuring the dissociation of 
[3H]GDP in the presence of rho GDS (25 ~g of protein), rho GDI (i0 
pmol), or both. These doses of rho GDS and rho GDI caused the half 
maximum stimulatory and inhibitory effect on the GDP/GTP exchange 
r~action of rhoA p21, respectively. The radioactive count of 
[OH]GDP bound to rhoA p21 before the incubation with rho GDS or 
rho GDI was 15,750 cpm, and the experimental values shown were the 
radioactive counts retained on rhoA p21 after the incubation. B, 
dose-dependent effect of rho GDS in the presence of rho GDI. The 
dissociation of [JH]GDP from rhoA p21 (2 pmol) was measured in the 
presence of rho GDI (i0 pmol) and various doses of rho GDS. The 
results shown are the representative of three independent experi- 
ments. 

position of rho GDS or smg GDS. When the cytosol was first incu- 

bated with GTPyS at a low Mg 2+ concentration, the GDP-bound form of 

small G protein was mostly converted to the GTP~S-bound form. When 

this sample was subjected to the same Mono Q column chromatography, 

the first peak of rho GDI in Fig. 3A disappeared and only one peak 

of rho GDI appeared at the same position as that of the second peak 

of rho GDI in Fig. 3A (Fig. 3B) . Moreover, the second peak of G 

protein, which coincided with the rho GDI peak in Fig. 3A, became 

small. This remaining G protein might be the GDP-bound form of 

rho p21 which was not converted to the GTPyS-bound form, because 

this G protein was ADP-ribosylated by EDIN (data not shown). The 

GTPyS-bound form of rho p21 which became free from rho GDI did not 

appear in any fraction. This rho p21 might adsorb non-specifically 

to the matrix of the gel and/or to the column wall presumably due 

to its sticky property as described (16,27). In fact, when the 

pure sample of the GTPyS-bound form of rhoA p21 was subjected to 

the same Mono Q column chromatography, it did not appear in any 

fraction (data not shown). However, the mixture of the GDP-bound 
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Fia. 3. Presence of rho p21 complexed with rho GDI in the cy- 
tosol of resting bovine aortic smooth muscle. Immediately after 
the cytosol of resting bovine aortic smooth muscle (4.7 mg of pro- 
tein, 5 ml) was mixed with i0 ~M GTPyS in a buffer containing 50 
mM Bepes/NaOH at pH 8.0, I0 mM EDTA, and 5 mM MgC12 or after this 
mixture was incubated for 3 h at 30°C, 1 M MgCI 2 was added to give 
a final concentration of 20 mM to prevent the dissociation of GTPTS 
from G proteins. These samples were separately applied to a Mono Q 
column (0.5 x 5 cm) equilibrated with Buffer A. After the column 
was washed with i0 ml of Buffer A, elution was performed with a 30- 
ml linear gradient of NaCI (0-0.5 M) and 8 ml of 1M NaCI in the 
same buffer. Fractions of 0.5 ml each were collected. Aliquots 
(50 ~i) of the indicated fractions were assayed for the GTPyS- 
binding, rho GDI, and rho GDS activities. A, without the incuba- 
tion; B, with the incubation. ( • ), G protein; ( O ), rho GDI; 
( • ), rho GDS; ( ..... ), absorbance at 280 nm. The results shown 
are the representative of three independent experiments. 

form of rhoA p21 and rho GDI was subjected to the same Mono Q col- 

umn chromatography, the complex appeared in the same fraction in 

which both rho p21 and rho GDI were eluted in Fig. 3A (data not 

shown). 

Discussion 

We have recently found that rho p21 is involved in the GTPTS- 

induced Ca 2+ sensitization of smooth muscle contraction (7). This 

result suggests that the rho p21 activation is regulated by the 

vasoconstrictor receptors and is involved in the vasoconstrictor- 

induced Ca 2+ sensitization. We have first shown here that rho GDS 

and rho GDI are major GEPs for rho p21 in bovine aortic smooth mus- 

cle. We have then shown here that the rho GDI activity on the 

GDP/GTP exchange reaction of rho p21 is stronger than the rho GDS 

activity in their simultaneous presence. This result is consistent 

with our recent observation that the rho GDI activity on the GDP/ 
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GTP exchange reaction of rho p21 is stronger than the smg GDS ac- 

tivity in their simultaneous presence (27). Moreover, we have 

shown here that in resting bovine aortic smooth muscle the p21 is 

complexed with rho GDI but not with rho GDS or smg GDS, and that 

the conversion from the GDP-bound form to the GTP-bound form makes 

the p21 free from rho GDI in a cell-free system. This finding is 

consistent with our recent observation that in the cytosol of rest- 

ing insulinoma cells the p21 and smg p25A are complexed with the 

GDI and smg p25A GDI, respectively 3. smg p25A GDI is another in- 

hibitory GDP/GTP exchange protein for a group of small G proteins 

including at least smg p25A, rabll p24, and SEC4 p24 (28-30), all 

of which are implicated in intracellular vesicle traffic such as 

exocytosis and endocytosis (1,2). On the basis of these present 

findings, possible modes of activation and action of the p21 would 

be as follows: In resting smooth muscle rho p21 may be present in 

the cytosol in the GDP-bound inactive form complexed with the GDI. 

Upon stimulation of smooth muscle with vasoconstrictors, some mech- 

anism releases the inhibitory action of the GDI and makes rho p21 

sensitive to the stimulatory action of the GDS, eventually leading 

to the formation of the GTP-bound active form. This GTP-bound form 

then decreases the Ca 2+ concentration necessary for smooth muscle 

contraction. It remains to be clarified how the vasoconstrictor 

receptors regulate the the GDI and the GDS activities. 

Acknowledgment 

We thank Dr. Y. Matsuura (National Institute of Health, 
Tokyo, Japan) for providing us with the baculovirus carrying the 
rheA p21 cDNA. 

References 

i. Hall, A. (1990) Science 249, 635-640. 
2. Takai, Y., Kaibuchi, K., Kikuchi, A., and Kawata, M. (1992) 

Int. Rev. Cytol. 133, 187-230. 
3. Rubin, E.J., Gill: D.M., Boquet, P., and Popoff, M.R. (1988) 

Mol. Cell. Biol. 8, 418-426. 
4. Chardin, P., Boquet, P., Madaule, P., Popoff, M.R., Rubin, 

E.J., and Gill, D.M. (1989) EMBO J. 8, 1087-1092. 
5. Paterson, H.F., Self A.J., Garret, M.D., Just, I., Aktories, 

K., and Hall, A. (1990) J. Cell. Biol. III, 1001-1007. 
6. Kawahara, Y., Kawata, M., Sunako, M., Araki, S., Koide, M., 

Tsuda, T., Fukuzaki, H., and Takai, Y. (1990) Biochem. 
Biophys. Res. Commun. 170, 673-683. 

3Regazzi, R., Kikuchi, A., Takai, Y., and Wollheim, C.B., submitted. 

479 



Vol. 185, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

7. Hirata, K., Kikuchi, A., Sasaki, T., Kuroda, S., Kaibuchi, K., 
Matsuura, Y., Seki, H., Saida, K., and Takai, Y. (1992) J. 
Biol. Chem. in press. 

8. Nishimura, J., Kolber, M., and van Breemen, C. (1988) Biochem. 
Biophys. Res. Commun. 157, 677-683. 

9. Fujiwara, T., Itoh, T., Kubota, Y., and Kuriyama, H. (1989) J. 
Physiol. 408, 535-547. 

i0. Kitazawa, T., Kobayashi, S., Horiuti, K., Somlyo, A.V., and 
Somlyo, A.P. (1989) J. Biol. Chem. 264, 5339-5342. 

ii. Yamamoto, T., Kaibuchi, K., Mizuno, T., Hiroyoshi, M., 
Shirataki, H., and Takai, Y. (1990) J. Biol. Chem. 265, 16626- 
16634. 

12. Ueda, T., Kikuchi, A., Ohga, N., Yamamoto, J., and Takai, Y. 
(1990) J. Biol. Chem. 265, 9373-9380. 

13. Isomura, M., Kaibuchi, K., Yamamoto, T., Kawamura, S., 
Katayama, M., and Takai, Y. (1990) Biochem. Biophys. Res. 
Commun. 169, 652-659. 

14. Fukumoto, Y., Kaibuchi, K., Hori, Y., Fujioka, H., Araki, S., 
Ueda, T., Kikuchi, A., and Takai, Y. (1990) Oncogene 5, 1321- 
1328. 

15. Kaibuchi, K., Mizuno, T., Fujioka, H., Yamamoto, T., Kishi., 
K., Fukumoto, Y., Hori, Y., and Takai, Y. (1991) Mol. Cell. 
Biol. ii, 2873-2880. 

16. Mizuno, T;, Kaibuchi, K., Yamamoto, T., Kawamura, M., Sakoda, 
T., Fujioka, H., Matsuura, Y., and Takai, Y. (1991) Proc. 
Natl. Acad. Sci. U.S.A. 88, 6442-6446. 

17. Hiraoka, K., Kaibuchi, K., Ando, S., Musha, T., Takaishi, K., 
Mizuno, T., Asada, M., M+nard, L., Tomhave, E., Didsbury, J., 
Snyderman, R., and Takai, Y. (1992) Biochem. Biophys. Res. 
Commun. 182, 921-930. 

18. Kawata, M., Kawahara, Y., Araki, S., Sunako, M., Tsuda, T., 
Fukuzaki, H., Mizoguchi, A., and Takai, Y. (1989) Biochem. 
Biophys. Res. Commun. 163, 1418-1427. 

19. Sugai, M., Enomoto, T., Hashimoto, K., Matsumoto, K., Matsuo, 
Y., Ohgai, H., Hong, Y.-M., Inoue, S., Yoshikawa, K., and 
Suginaka, H. (1990) Biochem. Biophys. Res. Commun. 173, 92-98. 

20. Kuroda, $., Kikuchi, A., and Takai, Y. (1989) Biochem. 
Biophys. Res. Commun. 163, 674-681. 

21. Sugai, M., Hashimoto, K., Kikuchi, A., Inoue, S., Okumura, H., 
Matsumoto, K., Goto, Y., Ohgai, H., Moriishi, K., Syuto, B., 
Yoshikawa, K., Suginaka, H., and Takai, Y. (1992) J. Biol. 
Chem. 267, 2600-2604. 

22. Laemmli, U.K. (1970) Nature 227, 680-685. 
23. Bradford, M.M. (1976) Anal. Biochem. 72, 248-254. 
24 Kikuchi, A., Yamamoto, K., Fujita, T., and Takai, Y. (1988) J. 

Biol. Chem. 263, 16303-16308. 
25. Sekine, A., Fujiwara, M., and Narumiya, S. (1989) J. Biol. 

Chem. 264, 8602-8605. 
26. Braun, U., Habermann, B., Just, I., Aktories, K., and 

Vandekerckhove, J. (1989) FEBS Lett. 243, 70-76. 
27. Kikuchi, A., Kuroda, S., Sasaki, T., Kotani, K., Hirata, K., 

Katayama, M., and Takai, Y. (1992) J. Biol. Chem. in press. 
28. Sasaki, T., Kikuchi, A., Araki, S., Hata, Y., Isomura, M., 

Kuroda, S., and Takai, Y. (1990) J. Biol. Chem. 265, 2333- 
2337. 

29. Ueda, T., Takeyama, Y., Ohmori, T., Ohyanagi, H., Saitoh, Y., 
and Takai, Y. (1991) Biochemistry 30, 909-917. 

30. Sasaki, T., Kaibuchi, K., Kabcenell, A.K., Novick, P.J., and 
Takai, Y. (1991) Mol. Cell. Biol. II, 2909-2912. 

480 


