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Phosphorylation of 20 kD myosin light chain (MLC) is a critical process in eliciting smooth muscle contraction. Excitatory 
receptor agonists increase the extent of MLC phosphorylation by both activating myosin light chain kinase (MLCK) and inhibiting 
myosin phosphatase (MP). Activation of MLCK is dependent on Ca2+ and calmodulin, while inhibition of MP is dependent on 
the small guanosine triphosphatase Rho and Rho kinase. Receptor agonists were previously shown to induce Rho activation via 
the heterotrimeric G12/13 protein, largely in non-muscle cells. We recently discovered the novel Ca2+-dependent activation of 
Rho in vascular smooth muscle. This Ca2+-dependent Rho activation mechanism operates upon stimulation of vascular smooth 
muscle by either membrane depolarization or Gq-coupled vasoconstrictor receptors. Thus, Ca2+ induces MLC phosphorylation 
through both MLCK stimulation and MP inhibition. We found that phosphoinositide 3-kinase class II α isoform (PI3K-C2α) is 
involved in the Ca2+-dependent Rho activation and MP inhibition. PI3K-C2α appears to participate in regulation of vascular 
Rho activity and tone in vivo. These observations also indicate that PI3Ks exert isoform-specific effects on vascular tone through
mechanisms involving regulation of endothelial nitric oxide production and smooth muscle MP activity. 
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INTRODUCTION

 In smooth muscle including vascular smooth muscle, binding 
of excitatory receptor agonists to specific cell surface receptors,
most of which belong to the seven membrane-spanning 
type of G protein-coupled receptors, leads to activation of 
phospholipase C and gating of Ca2+ channels on the plasma 
membrane (1,2). The activation of phospholipase C produces 
the two second messengers, inositol-1,4,5-trisphosphate and 
1,2-diacylglycerol. Inositol-1,4,5-trisphosphate induces Ca2+ 

release from the intracellular Ca2+ pool, which, together with 
stimulated Ca2+ influx across the plasma membrane, causes an
increase in the intracellular free Ca2+ concentration ([Ca2+]i) 
(1-3). An increase in [Ca2+]i activates the Ca2+/calmodulin-
dependent enzyme myosin light chain kinase (MLCK), which 
phosphorylates the 20 kD myosin light chain (MLC), leading 
to initiation of a contractile response (4). An increase in the 
membrane content of 1,2-diacylglycerol leads to activation 
of protein kinase C, which activates a contractile mechanism 
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independently of or synergistically with an increase in the 
[Ca2+]i (Fig. 1) (1,3).

Phosphorylation state of MLC is determined by the activities 
of the de-phosphorylating enzyme myosin phosphatase (MP) 
as well as by the phosphorylating enzyme MLCK (5,6). The 
smooth muscle-specific MP consists of three subunits: 38 kD
catalytic subunit (PP1δ), 110 kD myosin targeting regulatory 
subunit (MYPT1/MBS) and 20 kD regulatory subunit (M20) 
(Fig. 2) (7). Recent evidence indicates that the activity of MP 

is regulated by both constrictors and relaxants; constrictors 
inhibit MP activity whereas relaxants stimulate it (3,5,6). 
Thus, excitatory receptor agonists such as noradrenaline and 
endothelin not only activate MLCK, but also inhibit MP, 
resulting in efficient phosphorylation of MLC. Conversely,
relaxants such as the cyclic GMP-elevating natriuretic peptides 
inhibit MLCK and stimulate MP, resulting in an effective 
reduction of MLC phosphorylation (Fig. 1). Accumulated data 
showed importance of the small G protein Rho as a switching 

Figure 1. The signaling mechanisms for smooth muscle contraction. Vasoconstrictors such as noradrenaline (NA) acting on 
α1 receptors, endothelin-1 (ET-1), and thromboxane A2 (TXA2) act on G protein-coupled receptors to stimulate phospholipase 
C (PLC) and Rho. PLC stimulation leads to Ca2+-mobilization and accumulation of membrane 1,2-diacylglycerol (DAG), 
resulting in the activation of the calmodulin-dependent enzyme myosin light chain kinase (MLCK) and protein kinase C (PKC). 
MLCK phosphorylates MLC and initiates contraction. Rho activation leads to myosin phosphatase (MP) inhibition, potentiating 
Ca2+-dependent MLC phosphorylation. PKC contributes to contraction through inhibition of MP and/or independently of MP. 
Vasodilators such as nitric oxide (NO), cyclic nucleotides cAMP and cGMP, NA (acting on β2 receptors), and prostacyclin (PGI2) 
inhibit MLC phosphorylation and contraction through decreasing the intracellular Ca2+ concentration and stimulation of MP. 
The mechanism of PKC-induced MLC phosphorylation-independent contraction remains unknown (dotted line).
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molecule for regulating MP activity (3,8). In fact, excitatory 
receptor agonists induce activation of Rho in smooth muscle. 
In non-muscle cells, Rho regulates actin cytoskeletal assembly, 
controlling cell shape changes, migration and adhesion (9). In 
many cell types, a particular family of the heterotrimeric G 
proteins named G12/13 plays an important role in the regulation 
of Rho activity (10). Unexpectedly, we recently discovered 
that membrane depolarization induced Rho activation in a 
Ca2+-dependent manner, as potently as excitatory receptor 
agonists (11). This discovery provided considerable insight 
into understanding the regulatory mechanisms of MP and 
Ca2+-dependent contraction in smooth muscle. In this review, 
we will focus on the mechanisms of Rho regulation and Rho-
dependent MP inhibition in vascular smooth muscle, with 
particular emphasis on the novel Ca2+-dependent Rho and MP 
regulation mechanism. 

MOLECULAR MECHANISMS OF RHO-MEDIATED CALCIUM 
SENSITIZATION 

The development of membrane-permeabilized smooth 
muscle preparation contributed to our understanding of 
contractile mechanisms. In smooth muscle permeabilized 
with staphylococcal α-toxin and β-escin, excitatory receptor 
agonists including phenylephrine and thromboxane A2 
potentiated contraction at a constant [Ca2+]i, thus sensitizing 
contraction to Ca2+ (12,13). This potentiation of contraction 
was accompanied by an increase in the extent of MLC 
phosphorylation. The potentiating actions of receptor agonists 
required GTP, and were mimicked and inhibited by the 
non-hydrolyzable guanine nucleotides, GTPγS and GDPβS, 
suggesting the involvement of a G protein in the potentiation 
of MLC phosphorylation and contraction. The first evidence
for the role of Rho in smooth muscle contraction was provided 
by the observation that GTPγS-induced enhancement of Ca2+-
induced contraction in permeabilized vascular smooth muscle 
was abolished by Staphylococcal exoenzyme epidermal cell 
differentiation inhibitor (EDIN) and Clostrium botulinum 
exotoxin C3 (14), both of which specifically ADP-ribosylate
and inactivate Rho. However, it was unknown how Rho was 
involved in smooth muscle contraction. We demonstrated 
for the first time that pretreatment of permeabilized vascular
smooth muscle cells with C3 completely inhibited GTPγS 
enhancement of Ca2+-induced MLC phosphorylation 
(8), indicating that Rho was involved in Ca2+-induced 
MLC phosphorylation. Our observation implied the two 
possibilities, i.e. Rho might somehow potentiate MLCK-
catalyzed phosphorylation of MLC and/or Rho might inhibit 
MP-catalyzed de-phosphorylation of MLC. We pursed both 

possibilities and discovered that Rho mediated inhibition of 
MP but not potentiation of MLCK activity, thus resulting in 
potentiation of MLC phosphorylation (8,15) (Fig. 1). 

Active Rho directly binds to and regulates activities of 
several target proteins, which mediate many of Rho actions. 
These include the serine/threonine kinase Rho kinase/ROCK/
ROK, protein kinase N (PKN) and Citron kinase, and the 
non-kinase proteins mDia, Rhotekin and Rhophilin (9,16). 
Kimura et al (17) demonstrated that Rho kinase, but not PKN, 
phosphorylated the 110 kD MYPT1 subunit of purified myosin
phosphatase holoenzyme in vitro. Importantly, Rho kinase-
catalyzed phosphorylation of MYPT1 decreased phosphatase 
activity in vitro. Feng et al (18) identified Thr695 of MYPT1 
(numbering of chicken M133 isoform) as an inhibitory 
phosphorylation site. Rho kinase also phosphorylates MYPT1 
at Thr850 phosphorylation, which is shown to inhibit the 
binding of MP to myosin (19). Recent investigations (20,21) 
demonstrated that receptor agonists increased the extent of 
MYPT1 phosphorylation more definitely at Thr850 rather than 
at Thr695. We showed that the two structurally different Rho 
kinase inhibitors Y27632 and HA1077 abolished GTPγS-
induced potentiation of Ca2+-induced MLC phosphorylation 
in permeabilized smooth muscle cells, but not MLC 
phosphorylation induced by Ca2+ alone (15). Moreover, we 
found that HA1077 abolished GTPγS-induced inhibition of 
MP activity by the immunoprecipitation-phosphatase assay 
in vivo. The prevention of GTPγS-induced MP suppression 
by the Rho kinase inhibitor was accompanied by inhibition 
of GTPγS-induced MYPT1 phosphorylation although the 
phosphorylation site of MYPT1 was not determined (15). 
Recent investigatons (20,21) demonstrated that the Rho kinase 
inhibitors suppressed MYPT1 phosphorylation at Thr850 in 
vivo. Altogether, these observations indicate that Rho kinase 
mediates Rho-dependent MP inhibition through mechanisms 
involving MYPT1 phosphorylation in smooth muscle (Fig. 
2). 

The inhibitory phosphorylation site of MYPT1 (Thr695), 
was also shown to be phosphorylated in vitro by other kinases 
including ZIP/MYPT1-kinase (22) and integrin-linked kinase 
(ILK) (23). However, it is not known whether these kinases are 
involved in regulation of smooth muscle myosin phosphatase 
activity in vivo. It is either unknown whether Rho is somehow 
linked to regulation of activities of these kinases.

Protein kinase C-potentiated phosphatase inhibitor of 17 kD 
(CPI-17) is an endogenous smooth muscle-specific inhibitor
protein for myosin phosphatase (24). In particular, CPI-17 
is abundantly expressed in vascular smooth muscle. The 
phosphatase-inhibitory activity of CPI-17 is very low in its non-



16

Biomed Rev 16, 2005

Takuwa, Yoshioka, Takuwa, Wang, Azam, and Sugimoto 

phosphorylated state and becomes 1000-fold stimulated when 
phosphorylated at Thr38 in vitro. Excitatory receptor agonists 
increased Thr38 phosphorylation of CPI-17 in smooth muscle 
(25), suggesting that CPI-17 participates in Ca2+-sensitization. 
CPI-17 was shown to be phosphorylated in vitro by several 
protein kinases, including protein kinase C (24), Rho kinase, 
PKN, ZIP/MYPT1-kinase and ILK. Protein kinase C inhibitors 
partially inhibited agonist-induced phosphorylation of CPI-
17 at Thr38 with inhibition of contraction (25). Rho kinase 
inhibitors also reduced agonist-induced phosphporylation of 
CPI-17 (26). These observations suggest that CPI-17 becomes 
active as a MP inhibitor through its phosphorylation by 
protein kinases including Rho kinase and protein kinase C, 
participating in MP inhibition (Fig. 2).

REGULATION OF RHO BY EXCITATORY AGONISTS

Despite accumulation of the observations showing the 
importance of the Rho-signaling pathway in the regulation 
of smooth muscle contraction, no direct effect of excitatory 
agonists on Rho activity in smooth muscle was yet 
demonstrated. Rho cycles between a GDP-bound inactive 
state and a GTP-bound active state, like Ras (9). We recently 
developed a new biochemical assay which employs a 
recombinant RhoA-binding protein, Rhotekin, for determining 
amounts of active GTP-bound form of RhoA (GTP-Rho) in 
smooth muscle tissues (27). In rabbit aortic smooth muscle, the 
thromboxane A2 mimetic U46619, which induced a sustained 
contractile response, caused a sustained rise in the amount of 
GTP-Rho in a dose-dependent manner with an EC50 value 

Figure 2. Molecular mechanism of negative regulation of myosin phosphatase (MP). The GTP-bound, active form of Rho induces 
Rho kinase activation, which leads to phosphorylation of the MP regulatory subunit MYPT1 at Thr850 and probably Thr695 as 
well as the MP inhibitor protein CPI-17 at Thr38. It is not totally clear whether Rho kinase directly phosphorylates MYPT1 or 
indirectly stimulates phosphorylation through activation of other kinases and/or inhibition of phosphatase. The other protein 
kinases including ZIP/MYPT1 kinase, ILK and protein kinase C may also be involved in phosphorylation of MYPT1 at Thr695 and 
CPI-17. The phosphorylation of both MYPT1 and CPI-17 leads to MP inhibition, which enhances MLC phosphorylation. 
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similar to that for the contractile response. U46619-induced 
Rho activation was thromboxane A2 receptor-mediated and 
reversible. Other agonists including noradrenaline, serotonin, 
histamine and endothelin-1 also stimulated Rho, albeit to a 
lesser extent than U46619. In contrast, angiotensin II and 
phorbol 12,13-dibutyrate failed to increase GTP-Rho. The 
tyrosine kinase inhibitor genistein substantially inhibited Rho 
activation by these agonists, except for endothelin-1. Thus, the 
magnitude and mode of agonist-induced Rho activation does 
not appear to be uniform among agonists. 

The cycling of Rho between the GTP-bound active and 
GDP-bound inactive states is under the tight regulation by the 
two major groups of proteins, guanine nucleotide exchange 
factors (GEFs) and GTPase-activating proteins (GAPs) (9,28). 
Previous studies, largely on non-muscle cells, demonstrated 
that stimulation with G protein-coupled receptor agonists 
including lysophosphatidic acid, endothelin-1 and thrombin 
induced Rho activation, which was mediated through the 
receptor coupling to the G12/13 family of the heterotrimeric G 
proteins (29). Indeed, direct physical and functional interaction 
of Gα12/13 with a group of structurally related GEFs that act 
on Rho (RhoGEFs) was demonstrated (30). More recent 
studies (30,31) showed that Gq also had the ability to mediate 
stimulation of Rho, but the signaling pathway that mediates 
Gq-mediated Rho stimulation is still incompletely understood 
although a Gαq-RhoGEFs interaction was observed. In cultured 
vascular smooth muscle cells, the expression of activated 
forms of Gα12 and Gα13 but not Gαq was shown to induce a 
contraction that was inhibited by C3 toxin and a Rho kinase 
inhibitor, whereas the expression of dominant negative forms 
of Gα12 and Gα13 inhibited receptor agonist-induced, C3 
toxin- and Rho kinase inhibitor-sensitive contraction (10). 
Thus, these observations indicated that G12/13 mediates Rho- 
and Rho kinase-dependent contraction in receptor agonist-
stimulated cultured vascular smooth muscle cells. However, 
our observations described above suggest that more than a 
single mechanism for activating Rho might be operating in 
smooth muscle. 

CALCIUM-DEPENDENT RHO ACTIVATION AND MYOSIN 
PHOSPHATASE INHIBITION

We recently found a novel, Ca2+-dependent mechanism for 
Rho activation in vascular smooth muscle. High KCl-induced 
membrane depolarization caused sustained increases in 
GTP-Rho with stimulation of MYPT1 phosphorylation in 
rabbit aortic smooth muscle, as well as the receptor agonist 
noradrenaline (11). Membrane depolarization-induced Rho 
activation was totally Ca2+-dependent. Thus, KCl-induced 

Rho activation was inhibited by either removal of extracellular 
Ca2+ or addition of a dihydropyridine Ca2+ channel antagonist. 
In vascular smooth muscle cells, ionomycin-induced Ca2+ 

mobilization produced Rho activation with stimulation of 
MYPT1 phosphorylation and MLC phosphorylation, which 
was suppressed by the expression of a dominant negative RhoA 
mutant, N19RhoA. The Rho kinase inhibitors HA1077 and 
Y27632 inhibited both contraction and MLC phosphorylation 
induced by KCl as well as noradrenaline in rabbit aortic smooth 
muscle, with similar dose-response relationships. Thus, Ca2+-
dependent Rho activation contributed to MP inhibition and 
resultant MLC phosphorylation in a Rho kinase-dependent 
manner.

Excitatory receptor agonists induce an increase in the [Ca2+]i 
(32). This suggests the possibility that receptor agonist-induced 
Rho activation might also be dependent on Ca2+ although 
G protein-coupled receptors were shown to mediate Rho 
activation via G12/13 in vascular smooth muscle cells (10) and 
non-muscle cells (29). Excitatory receptor agonists mobilize 
Ca2+ from both the intracellular and extracellular pools. The 
combination of extracellular Ca2+ removal and depletion of the 
intracellular Ca2+ store by using caffeine pretreatment almost 
completely abolished agonist-induced Ca2+ mobilization in 
smooth muscle (11). Rho stimulation and contraction induced 
by noradrenaline and thromboxane A2 analogue U46619 was 
inhibited by this procedure, indicating that receptor agonist-
induced Rho activation was Ca2+-dependent. Intriguingly, 
noradrenaline- and U46619-induced Rho activation was Ca2+-
dependent to a varying degree: the Ca2+-depletion procedure 
totally abolished noradrenaline-induced Rho activation whereas 
it only partially inhibited U46619-induced Rho activation. 
Thus, U46619-induced Rho activation was less dependent on 
Ca2+. The results, together with the previous observation that 
U46619 is less effective in mobilizing Ca2+ (33), suggest that 
U46619-induced Rho activation is more strongly dependent on 
G12/13 than on noradrenaline. Most likely, the Ca2+-dependent 
mechanism for activating Rho operates in cooperation with 
a G12/13-mediated mechanism. Because Gq mediates Ca2+-
mobilization via activation of phospholipase C, multitudes of 
heterotrimeric G protein-mediated signaling pathways likely 
regulate Rho activity in excitatory receptor agonist-stimulated 
vascular smooth muscle (Fig. 3). 

It was unknown how Ca2+ is involved in Rho regulation 
in smooth muscle. During our investigation into the 
molecular mechanisms of Ca2+-dependent Rho activation, 
we found that phosphoinositide 3-kinase (PI3K) inhibitors 
suppressed membrane depolarization-induced Rho activation 
and contraction with suppression of MYPT1 and MLC 
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phosphorylation (34). The structurally different two PI3K 
inhibitors wortmannin and LY294002 exerted similar extents 
of maximal inhibition for contraction and Rho activation, 
suggesting that inhibition of a PI3K is a mechanism for Rho 
suppression by the inhibitors. Notably, the EC50 values of these 
inhibitors for suppression of contraction and Rho were higher 
than those previously reported for inhibition of PI3K-mediated 
effects including Akt stimulation and cell survival (35). PI3Ks 
are divided into three main classes based on their structure and 
substrate preference (35,36). Class I enzymes are heterodimers 
of the catalytic subunits including p110α, p110β, p110γ and 
p110δ and the regulatory subunits including p85 and p101. 
Class I enzymes are rapidly activated by a variety of receptor 
tyrosine kinases and/or G protein-coupled receptors and exert 
such diverse biological activities as cell proliferation, survival, 
motility and control of carbohydrate metabolism. Previous 
studies identified Akt as an important downstream effector of

class I PI3Ks (36). Class II enzymes include PI3K-C2α, -β, 
and -γ isoforms. It is poorly understood how their activities are 
regulated and what physiological functions they serve. Class 
III enzyme, a homologue of yeast Vps34p, plays an important 
role in vesicular trafficking. LY294002 and wortmannin
inhibit these PI3K enzymes with similar potencies, except 
PI3K-C2α that is at least one order less sensitive to either of 
PI3K inhibitors (35,37). In vascular smooth muscle, at least 4 
PI3K isoforms, class I p110α and p110β, class II PI3K-C2α, 
and PI3K-C2β, were detected. We immunoprecipitated each 
of p110α, p110β and PI3K-C2α from vascular smooth muscle, 
and determined their sensitivities to wortmannin. We found 
that PI3K-C2α was less sensitive to wortmannin than p110α 
and p110β. This observation suggested that PI3K-C2α might 
mediate Rho activation and contraction. To directly test this 
possibility, we examined the effect of small interfering RNA 
(siRNA)-mediated PI3K-C2α down-regulation on contraction 

Figure 3. The dual roles of Ca2+ in MLC phosphorylation. Ca2+ not only activates MLCK but also induces Rho activation through 
a mechanism involving PI3K-C2α. Rho activation induces MP inhibition, which in cooperation with MLCK causes effective MLC 
phosphorylation. Ca2+- and PI3K-C2α-dependet Rho activation presumably cooperates with a G12/13-mediated mechanism. 
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in vascular smooth muscle cells. The vascular smooth muscle 
cells, which are enzymatically dispersed from aortic media 
and cultured in the serum-free chemically defined medium,
maintain contractile responses to various vasoactive substances 
including noradrenaline (38). Down-regulation of PI3K-C2α 
by approximately 70% inhibited noradrenaline-induced 
contraction and MYPT1 phosphorylation (34). In contrast, 
down-regulation of p110α did not inhibit noradrenaline-
induced contraction or MYPT1 phosphorylation. These 
observations indicate that PI3K-C2α is involved in Ca2+-
dependent Rho activation and resultant negative regulation of 
MP, thus contributing to MLC phosphorylation and contraction 
(Fig. 3). This is the first demonstration of the novel role of
class II PI3K in the regulation of vascular system

The discovery of the Ca2+-dependent Rho activation 
suggests that membrane depolarization induces Rho-dependent 
MP inhibition in vivo. Smooth muscle is depolarized by 
excitatory receptor agonists and mechanical strains (39). 
Vascular smooth muscle is constantly exposed to stretch 
derived from the intravascular pressure. Stretch of vascular 
smooth muscle induces gating of cation channels, resulting 
in membrane depolarization and stimulation of Ca2+ influx
through voltage-dependent Ca2+ channels. Likely, the resultant 
increase of [Ca2+]i activates not only MLCK but also Rho, 
the latter of which leads to MP inhibition and potentiation of 
MLC phosphorylation and thereby contraction. We observed 
that intravenous wortmannin infusion induced a decrease in 
the arterial blood pressure with inhibition of arterial PI3K-
C2α activity, Rho activity and MYPT1 phosphorylation (34), 
suggesting that PI3K-C2α-dependent Rho and MP regulation 
is operating in the blood vessel in vivo. Thus, Ca2+-dependent 
Rho activation likely contributes to vascular tone regulation. 

CONCLUSION

Since we first reported in 1995 that agonist-induced Ca2+ 

sensitization of smooth muscle MLC phosphorylation and 
contraction involves Rho-dependent inhibition of myosin 
phosphatase (8), great progress has been made in understanding 
the mechanisms of Rho-dependent Ca2+sensitization. 
Excitatory receptor agonists, most of which act on heptahelical 
G protein-coupled receptors, stimulate Rho through multitudes 
of mechanisms involving G12/13 and Gq-Ca2+ (11). The Ca2+-
dependent mechanism has thus far been unrecognized in non-
muscle cells and may be unique to smooth muscle. Activation 
of Rho phosphorylates the regulatory subunit MYPT1 of MP 
via Rho kinase (6). Rho kinase may also phosphporylate to 
activate the MP inhibitor phosphoprotein CPI-17 (5). Recent 
studies demonstrated the possibilities that several other serine/

threonine kinases may also be involved in phosphorylation 
of both MYPT1 and CPI-17, and thus in the regulation of 
MP activity (5,6). Consistent with the roles for Rho kinase 
in agonist-induced contraction, Rho kinase inhibitors reduce 
agonist-induced contraction. These observations support the 
model for the signaling of agonist-induced contraction, in 
which activation of receptors by excitatory agonists triggers 
Ca2+ mobilization and consequent activation of MLCK via Gq, 
as well as Rho-Rho kinase-dependent inhibition of MP via 
G12/13 and Gq. The activation of MLCK and inhibition of MP 
operate in concert to result in efficient phosphorylation of MLC
and contraction (Fig. 3). Protein kinase C was recently shown 
to be involved in inhibition of MP through phosphorylation of 
CPI-17. However, a number of previous studies also suggested 
that protein kinase C contributes to contraction in a manner 
independent of MLC phosphorylation (1,3). Thus, the protein 
kinase C branch of the Gq-signaling may regulate both MLC 
phosphorylation-dependent and -independent mechanisms of 
contraction.

ACKNOWLEDGMENTS

This work was supported by grants from the Ministry of 
Education, Science, Sports and Culture of Japan, the Japan 
Society for the Promotion of Science, the Space Utilization 
Program by Japan Space Forum, Mitsubishi Pharma Research 
Foundation, and Novartis Pharma. We thank Ms Chiemi Hirose 
and Ms Yumiko Ohta for assistance in the experiments and 
preparing the manuscript.

REFERENCES

1.  Rasmussen H, Takuwa Y, Park S. Protein kinase C in the 
regulation of smooth muscle contraction. FASEB J 1987; 
1: 177-185. 

2.  Somlyo AP, Somlyo AV. Signal transduction and regulation 
in smooth muscle. Nature 1994; 372: 231-236.

3.  Takuwa Y. Regulation of vascular smooth muscle 
contraction. The roles of Ca2+, protein kinase C and 
myosin light chain phosphatase. Jpn Heart J 1996; 37: 
793-813. 

4.  Hartshorne DJ, Ito M, Ikebe M. Myosin and contractile 
activity in smooth muscle. Adv Exp Med Biol 1989; 255: 
269-277.

5.  Somlyo AP, Somlyo AV. Ca2+ sensitivity of smooth muscle 
and nonmuscle myosin II: modulated by G proteins, 
kinases, and myosin phosphatase. Physiol Rev 2003; 83: 
1325-1358.

6.  Hartshorne DJ, Ito M, Erdodi F. Role of protein phosphatase 
type I in contractile functions: myosin phosphatase. J Biol 



20

Biomed Rev 16, 2005

Takuwa, Yoshioka, Takuwa, Wang, Azam, and Sugimoto 

Chem 2004; 279: 37211-37214.
7.  Alessi L, Macdougall K, Sola M, Ikebe M, Cohen P. The 

control of protein phosphatase-1 by targeting subunits. 
The major myosin phosphatase in avian smooth muscle 
is a novel form of protein phosphatase-1. Eur J Biochem 
1992; 210: 1023-1035.

8.  Noda M, Yasuda-Fukazawa C, Moriishi K, Kato T, 
Okuda T, Kurokawa K, et al. Involvement of Rho in 
GTPγS-induced enhancement of phosphorylation of 20 
kDa myosin light chain in vascular smooth muscle cells: 
inhibition of phosphatase activity. FEBS Lett 1995; 367: 
246-250.

9.  Aelst LV, Souza-Schorey CD. Rho GTPases and signaling 
networks. Genes Dev 1997; 11: 2295-2322.

10.  Gohla A, Schlutz G, Offermanns S. Role for G12/13 in 
agonist-induced vascular smooth muscle cell contraction. 
Circ Res 2000; 87: 221-227.

11.  Sakurada S, Takuwa N, Sgimoto N, Wang Y, Seto M, 
Sasaki Y, et al. Ca2+ -dependent activation of Rho and Rho 
kinase in membrane depolarization-induced and receptor 
stimulation-induced vascular smooth muscle contraction. 
Circ Res 2003; 93: 548-556.

12. Kitazawa T, Gaylinn BD, Denney GH, Somlyo AP. G-
protein-mediated Ca2+ sensitization of smooth muscle 
contraction through myosin light chain phosphorylation. 
J Biol Chem 1991; 266: 1708-1715. 

13. Kitazawa T, Masuo M, Somlyo AP. G Protein-mediated 
inhibition of myosin light-chain phosphatase in vascular 
smooth muscle. Proc Natl Acad Sci USA 1991; 88: 9307-
9310.

14. Hirata K, Kikuchi A, Sasaki S, Kuroda S, Kaibuchi K, 
Matsuura Y, et al. Involvement of rho p21 in the GTPγS-
enhanced calcium ion sensitivity of smooth muscle 
contraction. J Biol Chem 1992; 267: 8719-8722.

15. Nagumo H, Sasaki Y, Ono Y, Okamoto H, Seto M, Takuwa 
Y. Rho kinase inhibitor HA1077 prevents Rho-mediated 
myosin phosphatase inhibition in smooth muscle cells. 
Am J Physiol 2000; 278: C57-C65. 

16. Narumiya S, Ishizaki T, Watanabe N. Rho effectors and 
reorganization of actin cytoskeleton. FEBS Lett 1997; 410: 
68-72.

17. Kimura K, Ito M, Amano M, Chihara K, Fukata Y, 
Nakafuku M, et al. Regulation of myosin phosphatase 
by Rho and Rho-associated kinase (Rho-kinase). Science 
1996; 273: 245-248.

18. Feng J, Ito M, Ichikawa K, Nishikawa M, Hartshorne 
DJ, Nakano T. Inhibitory phosphorylation site for Rho-
associated kinase on smooth muscle myosin phosphatase. 

J Biol Chem 1999; 274: 37385-37390.
19. Velasco G, Armstrong C, Morrice N, Frame S, Cohen 

P. Phosphorylation of the regulatory subunit of smooth 
muscle protein phosphatase 1M at Thr850 induces its 
dissociation from myosin. FEBS Lett 2002; 527:101-
104.

20.  Kitazawa T, Eto M, Woodsome TP, Khalequzzaman M. 
Phosphorylation of the myosin phosphatase targeting 
subunit and CPI-17 during Ca2+ sensitization in rabbit 
smooth muscle. J Physiol 2003; 546: 879-889.

21.  Niiro N, Koga Y, Ikebe M. Agonist-induced changes in the 
phosphorylation of the myosin-targeting subunit of myosin 
light chain phosphatase and CPI17, two regulatory factors 
of myosin light chain phosphatase, in smooth muscle. 
Biochem J 2003; 369: 117-128.

22. MacDonald JA, Borman MA, Muranyi A, Somlyo 
AV, Hartshorne DJ, Haystead TAJ. Identification of
the endogenous smooth muscle myosin phosphatase-
associated kinase. Proc Natl Acad Sci USA 2001; 98: 
2419-2424.

23. Muranyi JA, MacDonald JT, Deng DP, Wilson TA, 
Haystead J, Walsh MP, et al. Phosphorylation of the 
myosin phosphatase target subunit by integrin-linked 
kinase. Biochem J 2002; 366: 211-216.

24. Eto M, Ohmori T, Suzuki M, Furuya K, Morita F. A noved 
protein phosphatase1 inhibitory protein potentiated by 
protein kinase C isolated from porcine aorta media and 
characterization. J Biochem 1995; 118: 1104-1107. 

25. Kitazawa T, Eto M, Woodsome TP, Brautigan DL. 
Agonist trigger G protein-mediated activation of the 
CPI-17 inhibitor phopsphoprotein of myosin light 
chain phosphatase to enhance vascular smooth muscle 
contractility. J Biol Chem 2000; 275: 9897-9900. 

26. MacDonald JA, Eto M, Borman MA, Brautigan DL, 
Haystead TAJ. Dual Ser and Thr phosphorylation of 
CPI-17, an inhibitor of myosin phosphatase, by MYPT-
associated kinase. FEBS Lett 2001; 493: 91-94.

27. Sakurada S, Okamoto H, Takuwa N, Sugimoto N, Takuwa 
Y. Rho activation in excitatory agonist-stimulated vascular 
smooth muscle. Am J Physiol 2001; 281: C571-C578.

28. Bishop L, Hall A. Rho GTPase and their effector proteins. 
Biochem J 2000; 348: 241-255.

29. Gohla S, Offermanns T, M Wilkie, Schultz G. Differential 
involvement of Gα12 and Gα13 in receptor-mediated stress 
fiber formation. J Biol Chem 1999; 274: 17901-17907.

30. Booden MA, Siderovski DP, Der CJ. Leukemia-associated 
Rho guanine nucleotide exchange factor promotes Gαq-
coupled activation of RhoA. Mol Cell Biol 2002; 22: 



21

Biomed Rev 16, 2005

Calcium, Rho and myosin phosphatase in vascular smooth muscle

4053-4061.
31. Chikumi H, Vazquez-Prado J, Servitja J-M, Miyazaki 

H, Gutkind JS. Potent activation of RhoA by Gαq and 
Gαq-coupled receptors. J Biol Chem 2002; 277: 27130-
27134.

32. Takuwa Y, Rasmussen H. Measurement of cytoplasmic 
free Ca2+ concenyration in rabbit aorta using the 
photoprotein, aequorin. Effect of atrial natriuretic peptide 
on agonist-induced Ca2+ signal generation. J Clin Invest 
1987; 80: 248-257.

33. Himpens B, Kitazawa T, Somlyo AP. Agonist-dependent 
modulation of Ca2+ sensitivity in rabbit pulmonary artery 
smooth muscle. Pflugers Arch 1990; 417: 21-8.

34. Wang Y, Yoshioka K, Azam MA, Takuwa N, Sakurada 
S, Kayaba Y, et al. Class II phosphoinositide 3-kinase 
alfa-isoform regulates Rho, myosin phosphatase and 
contraction in vascular smooth muscle. Biochem J 2006; 
doi: 10.1042/BJ20051471; (in press).

35. Stein RC, Waterfield MD. PI3-kinase inhibition: a target
for drug development? Mol Med Today 2000; 6: 347-
357. 

36. Rameh LE, Cantley LC. The role of phosphoinositide 3-
kinase lipid products in cell function. J Biol Chem 1999; 
274: 8347-8350.

37. Domin J, Pages F, Volinia S, Rittenhouse SE, Zvelebil MJ, 
Stein RC, et al. Cloning of a human phosphoinositide 3-
kinase with a C2 domain that displays reduced sensitivity 
to the inhibitor wortmannin. Biochem J 1997; 326: 139-
47.

38. Hayashi K, Takahashi M, Nishida W, Yoshida K, 
Ohkawa Y, Kitabatake A, et al. Phenotypic modulation 
of vascular smooth muscle cells induced by unsaturated 
lysophosphatidic acids. Circ Res 2001; 89: 251-258.

39. Thorneloe KS, Nelson MT. Ion channels in smooth muscle: 
regulators of intracellular calcium and contractility. Can J 
Physiol Pharmacol 2005; 83: 215-42.


