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Abstract

It is well known that inhibition of myosin phosphatase induces smooth muscle contraction in the absence of Ca2q. We characterized
Ž . 2qthe kinase s which plays a role in Ca -independent, microcystin-LR-induced contraction in permeabilized smooth muscle of the rabbit

Ž . Ž . Ž .portal vein. Assessments of various protein kinase inhibitors revealed this kinase s 1 was sensitive to staurosporine 1 mM , but
Ž . ŽŽ . Ž . Ž . Ž .resistant to other agents including wortmannin 10 mM , Y-27632 R - q -trans-N- 4-pyridyl -4- 1-aminoethyl -cyclohexanecarboxa-

. Ž Ž . . Ž Ž .mide, 100 mM , HA1077 1- 5-isoquinolinylsulfonyl -homopiperazine, 100 mM , H-7 1- 5-isoquinolinylsulfonyl -2-methylpiperazine,
. Ž . Ž .100 mM , and calphostin C 100 mM , and 2 induced phosphorylation of 20 kDa myosin light chain at serine-19. We concluded that

other kinases exist which phosphorylate myosin light chain at serine-19 and induce Ca2q-independent smooth muscle contraction, distinct
from Rho-associated kinase, myosin light chain kinase, and protein kinase C. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Myosin phosphatase inhibitors such as okadaic acid,
calyculin A, tautomycin, and microcystin containing

Ž . Ž . Ž .leucine L and arginine R residues microcystin-LR
induce smooth muscle contraction independently from cy-

Žw 2qx .tosolic calcium Ca , but dependently with respect toi

an increase in 20 kDa myosin light chain phosphorylation
Ž .see review by Karaki et al., 1997 . However, increased 20
kDa myosin light chain phosphorylation correlated with
myosin phosphatase inhibition could be interpreted as un-

Ž .masking of some kinase s which directly phosphorylates
20 kDa myosin light chain.

Ž .Possible candidates for unmasked kinase s include the
following: Ca2q–calmodulin-independent form of myosin

Žlight chain kinase Suzuki and Itoh, 1993; Walker et al.,
. Ž . Ž1998 , Rho-associated kinase Rho-kinase Amano et al.,

.1996; Kureishi et al., 1997 , and p21-associated kinase
Ž .van Eyk et al., 1998 . In addition, activation of protein
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kinase C was revealed to sensitize smooth muscle contrac-
w 2qxtion to Ca , probably through the inhibition of myosini

Ž . 2qphosphatase Masuo et al., 1994 . These Ca -independent
signals may be involved in Ca2q-sensitization of smooth

Ž .muscle contraction Somlyo and Somlyo, 1994 .
However, the responsible kinase has yet to be identified

and the mechanism of Ca2q-independent contraction re-
mains controversial. Here we focused on the effects of
various protein kinase inhibitors, including a novel and

Ž .specific Rho-kinase inhibitor Y-27632 Uehata et al., 1997 ,
and showed that Ca2q-independent contraction by micro-

Ž .cystin-LR is induced by a staurosporine-sensitive kinase s
distinct from Rho-kinase, myosin light chain kinase, and
protein kinase C.

2. Methods

2.1. Force measurement of intact and skinned fibers

Ž .Thin strips of male rabbit body weight 2–3 kg portal
Ž .veins 50–100 mm wide and 0.5–1 mm long were dis-

Žsected and mounted onto an isometric transducer UL-2GR,
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. Ž .Minebea, Japan in a well 100 ml on a bubble plate
Ž .Kitazawa et al., 1989 . The mounted fiber was stretched
to 1.2–1.5 times of rest length, incubated for a couple of
minutes in normal physiological salt solution, and con-

Ž .tracted by the addition of high KCl 118 mM KCl physio-
Ž .logical salt solution or an agonist 0.1 mM endothelin-1 .

After a normal response was confirmed, the following
treatment of the fiber with a selected kinase inhibitor or

Ž .membrane-permeabilizing agent a-toxin or Triton X-100
was performed according to each experimental protocol.

Chemical skinned fibers were described previously
Ž .Kitazawa et al., 1989 . Briefly, each fiber was incubated
with 5000 IUrml a-toxin for 60–75 min at 258C or 0.5%

Ž .Triton X-100 for 20 min at 258C in a well 100 ml on a
w 2qxbubble-like plate. Ca -free conditions were maintainedi

Ž .in resting buffer containing 10 mM EGTA pCa)8.0 .
The developed force was expressed as a percentage, as-
suming the values in relaxing solution and pCa 4.5 to be 0
and 100%, respectively.

2.2. Measurement of Rho-kinase actiÕity in Õitro

Smooth muscle Rho-kinase was purified from a chicken
gizzard and its kinase activity was determined by a phos-
phorylation assay using 20 kDa myosin light chain as a

Ž .substrate Feng et al., 1999 .

Ž . Ž .Fig. 1. Effects of protein kinase inhibitors on intact fibers panels a–d and effect of Y-27632 on the activity of smooth muscle Rho-kinase panel e . Each
Ž . Ž .fiber was contracted by 118 mM KCl-induced depolarization panel a, c and d and by 0.1 mM endothelin-1 panel b . The effect of the agent was

Ž .confirmed by 30-min pretreatment a, 1% dimethylsulfoxycide as a vehicle; c, 10 mM wortmannin; d, 1 mM staurosporine or application at a steady state
Ž .of agonist-induced contraction b, 100 mM Y-27632 . These results are representative of three to five independent experiments. e, Rho-kinase was assayed

using 20 kDa myosin light chain as a substrate under the conditions as described under Section 2. The kinase activity in the absence of Y-27632 was
Ž .expressed as 100%. Error bars indicate means"S.E. ns3 .
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2.3. Measurement of the leÕel of 20 kDa myosin light chain
phosphorylation

After termination of the contractile response by the
addition of frozen-slurry of acetone containing 10% tri-
chloroacetic acid and 10 mM dithiothreitol, the fringe-like
strips of the rabbit portal veins permeabilized by Triton
X-100 were subjected to glycerol–urea gel electrophoresis

Žwith minor modification Persechini et al., 1986; Kureishi
.et al., 1997 . They were homogenized in urea sample

buffer containing 8 M urea. Each aliquot was subjected to
glycerol–urea polyacrylamide electrophoresis following an
immunoblot using anti 20 kDa myosin light chain antibody
or a phosphorylation site-specific antibody for monophos-

Žphorylated 20 kDa myosin light chain at serine-19 pLC1;
.Sakurada et al., 1998 .

2.4. Data analysis

Values were presented as means"S.E. Data were com-
pared by the Student’s t-test. P-0.05 was considered to
be significant.

2.5. Materials

Ž . Ž . Ž . ŽY-27632, R - q -trans-N- 4-pyridyl -4- 1-amino-
.ethyl -cyclohexanecarboxamide, was kindly provided by

Yoshitomi Pharmaceutucal Ind., Osaka, Japan. Other agents
were commercially purchased: microcystin-LR, stau-

Ž .rosporine, and calphostin C Wako, Osaka, Japan , HA1077
Ž Ž . . Ž1- 5-isoquinolinylsulfonyl -homopiperazine Calbiochem,

. Ž Ž .San Diego, USA , H-7 1- 5-isoquinolinylsulfonyl -2-
. Žmethylpiperazine Research Biochemicals International,

.Natick, USA . Except for microcystin-LR and H-7, all
agents were dissolved with dimethylsulfoxycide. Micro-
cystin-LR was dissolved with ethanol, and H-7 with dis-
tilled water. The final concentration of vehicle was kept
under 1%.

3. Results

Before each experiment using skinned fibers, we
checked whether each inhibitor was active, based on an
experiment evaluating the inhibitory effect on the high-
Kq-depolarization andror agonist-induced contraction us-
ing intact fibers. As shown in Fig. 1, although the vehicle
Ž .1% dimethylsulfoxycide has no effect on force develop-

Ž .ment of intact fibers panel a , Y-27632, a Rho-kinase
Ž .inhibitor, inhibited the endothelin-1 0.1 mM -induced con-

traction in a dose-dependent manner with the concentration
Ž . Ž .producing 50% inhibition IC of 9.1"0.46 mM ns3 .50

We confirmed that 100 mM Y-27632, at the concentration
previously described by Uehata et al., completely inhibited

Ž .the contraction panel b . In addition, the inhibitory effect
of Y-27632 on the activity of Rho-kinase was confirmed
by an in vitro study. As shown in panel e, Y-27632
inhibited the activity of Rho-kinase purified from chicken
gizzard in a dose-dependent manner with an IC value of50

Ž . Ž .0.17"0.01 mM ns3 . Wortmannin 10 mM, panel c , a
Žmyosin light chain kinase inhibitor, and staurosporine 1

.mM, panel d , a nonspecific protein kinase inhibitor, com-
pletely inhibited force development by high-Kq-depolari-

Ž .zation to y3.4"1.8 and 1.2"1.0% ns4 , respectively.
Ž . Ž .HA1077 100 mM and H-7 100 mM also inhibited the

w 2qxFig. 2. Representative recording of the effects of protein kinase inhibitors on the 10 mM microcystin-LR-induced contraction in the absence of Ca i
Ž . Ž . Ž .with 30-min pretreatment of 1% dimethylsulfoxycide as a vehicle panel a , 100 mM Y-27632 panel b , 10 mM wortmannin panel c , and 1 mM

Ž .staurosporine panel d . These results are representative of three to five independent experiments.
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Table 1
Summary of the effects of protein kinase inhibitors on microcystin-LR-in-
duced contractions in a-toxin-permeabilized fibers. In the presence of
each reagent, values shown in the table indicate the percentage of the
maximal Ca2q-induced contraction in a-toxin skinned fibers

Ž .Reagent concentration Microcystin-LR-induced contraction in
Ž .permeabilized fibers %

Ž .Vehicle 1% 88.4"2.3
Ž .HA1077 100 mM 90.1"2.1
Ž .Y-27632 100 mM 88.5"2.6

Ž .Wortmannin 10 mM 84.9"4.6
Ž .H-7 100 mM 85.9"1.6

Ž .Calphostin C 100 mM 83.5"5.9
Ž .Staurosporine 1 mM 7.7"1.8

contraction by high-Kq-depolarization to 14.5"6.8 and
Ž .0.7"0.15% ns4 , respectively.

To clarify which kinase is responsible for Ca2q-inde-
pendent contraction with resultant myosin phosphatase in-
hibition induced by 10 mM microcystin-LR, we examined
the effects of various kinase inhibitors on microcystin-LR-
induced contraction in a-toxin-permeabilized rabbit portal

Ž .vein strips Fig. 2, Table 1 . As shown in Fig. 2, Y-27632
Ž . Ž .100 mM and wortmannin 10 mM were ineffective,

Ž .whereas staurosporine 1 mM inhibited microcystin-LR-
induced contraction. One micromolar staurosporine de-
creased microcystin-induced contraction from 88.4"2.3%
Ž 2qns4, notice that force normalized to maximal Ca
Ž . . ŽpCa 4.5 -induced contraction to 7.7"1.8% ns4, P-

.0.05 , indicating that staurosporine inhibited the micro-
Ž .cystin-induced contraction by more than 90% Table 1 .

When staurosporine was loaded at the steady state of
microcystin-LR-induced contraction, there was no change

Ž .in the level of force development data not shown . Stau-
Ž .rosporine 1 mM also completely suppressed the contrac-

tion induced by 10 mM okadaic acid, an alternative protein
Ž .phosphatase inhibitor data not shown . Another Rho-

Ž .kinase inhibitor, HA1077 100 mM , and two kinds of
Ž .protein kinase C inhibitors, H-7 100 mM and calphostin

Ž .C 100 mM , also had little affect on microcystin-LR-in-
Ž .duced contraction Table 1 . All these effects were repro-

ducible not only in Ca2q-independent contraction induced
by 10 mM okadaic acid, but also in 0.5% Triton-X-100-

Ž .permeabilized rabbit portal vein strips data not shown .
To confirm the correlation between the changes in

levels of 20 kDa myosin light chain phosphorylation and
contraction, the levels of myosin light chain phosphoryla-
tion under each condition were determined. As shown in
Fig. 3a, almost 100% of the detectable bands of 20 kDa
myosin light chain were monophosphorylated in the pres-
ence of 10 mM microcystin-LR, and this monophosphory-
lation was inhibited only by staurosporine. In the presence

Ž .of 1 mM staurosporine, only 8.9"2.7% ns5, P-0.05
of the total amount of 20 kDa myosin light chain was
detected as a monophosphorylated form. These results
were consistent with those of the effects on the contractile
responses. As shown in Fig. 3b, anti-phosphorylated ser-
ine-19-specific antibody also reacted to these bands pro-
ducing the same pattern as in Fig. 3a.

4. Discussion

Here, we showed the existence of a staurosporine-sensi-
Ž . 2qtive kinase s as a possible regulator of Ca -independent

smooth muscle contraction induced by a myosin phos-

Fig. 3. Effects of protein kinase inhibitors on 10 mM microcystin-LR-induced increases in the levels of monophosphorylation of 20 kDa myosin light chain
Ž . Ž .MLC20-P1 at pCa)8.0 panel a . Nonphosphorylated form of 20 kDa myosin light chain is represented as MLC20-P0. Experimental conditions for
each lane are the same as those for the force measurements in Fig. 2. Lane 1, in the absence of microcystin-LR with 1% vehicle; lanes 2–8, in the presence
of 10 mM microcystin-LR with 1% vehicle, 100 mM Y-27632, 100 mM HA1077, 10 mM wortmannin, 1 mM staurosporine, 100 mM H-7, and 100 mM
calphostin C, respectively. These results are representative of four independent experiments. Identification of phosphorylation sites of 20 kDa myosin light

Ž .chain using pLC1 antibody panel b . Lane 1, in the absence of microcystin-LR with 1% vehicle; lanes 2–5, in the presence of 10 mM microcystin-LR
with 1% vehicle, 100 mM Y-27632, 1 mM staurosporine, and 10 mM wortmannin, respectively.
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phatase inhibitor. This staurosporine-sensitive kinase in-
duced monophosphorylation of 20 kDa myosin light chain
at serine-19, which is known to be accompanied by activa-
tion of actomyosin ATPase activity, and the inhibitory
effects of staurosporine on the force development were
correlated with the decrease in the level of 20 kDa myosin
light chain monophosphorylation at serine-19. It was re-
ported that almost all phosphatases were inhibited to a
submaximal extent in an irreversible manner by micro-

Ž .cystin-LR MacKintosh et al., 1990 . The complete inhibi-
tion of myosin phosphatase was confirmed by the findings
that staurosporine did not relax the permeabilized fiber
which had been contracted by microcystin-LR. The effects
of staurosporine on microcystin-LR-induced contraction
should be pharmacomechanically uncoupled and nonspe-
cific to microcystin-LR, because they were reproducible

Ž .under the following conditions: 1 contraction induced by
microcystin-LR in Triton-X-100-permeabilized rabbit por-
tal vein strips, in which pharmacomechanical coupling of
receptor-G-protein signaling was completely abolished
Ž . Ž .Somlyo and Somlyo, 1994 , and 2 contraction induced
by okadaic acid, an alternative protein phosphatase in-
hibitor, in fibers permeabilized by a-toxin and Triton
X-100.

Among the inhibitors examined, only pretreatment by
staurosporine suppressed the microcystin-LR-induced con-
traction of the rabbit portal vein. The activities of the
inhibitors used in this study were supported by the findings
that each inhibitor at the indicated dose showed almost
complete inhibition on high-Kq-depolarization or endothe-
lin-1-induced contraction in intact fibers. The concentra-
tions of the inhibitors used in this study, namely 100 mM

Ž . ŽY-27632 Uehata et al., 1997 , 100 mM HA1077 Asano et
. Ž .al., 1989 , 10 mM wortmannin Nakanishi et al., 1992 ,

Ž .100 mM H-7 Schramm and Grunstein, 1995 , 100 mM
Ž .calphostin C Jensen, 1996 and 1 mM staurosporine

Ž .Asano et al., 1995 , were appropriate and sufficient to
inhibit each respective kinase.

Rho-kinase is considered to be involved in so-called
Ca2q-independent contraction via inhibition of myosin
phosphatase andror direct phosphorylation of 20 kDa

Žmyosin light chain Amano et al., 1996; Kureishi et al.,
.1997 . However, its involvement in microcystin-LR-in-

duced contraction appears unlikely in this case, based on
the ineffectiveness of two kinds of specific inhibitors,

Ž .Y-27632 and HA1077 Uehata et al., 1997 .
A Ca2q–calmodulin-independent form of myosin light

chain kinase has been proposed to regulate Ca2q-indepen-
dent contraction induced by myosin phosphatase inhibitor,

Ž Žbased on the effects of ML-9 1- 5-chloronaphthalene-
. .sulfonyl -1 H-hexahydro-1,4-diazepine andror a in-

hibitory peptide for myosin light chain kinase, SM-1,
which corresponds to residues 783 to 804 of chicken

Žgizzard myosin light chain kinase Gong et al., 1992;
.Suzuki and Itoh, 1993; Uehata et al., 1997 . However,

wortmannin had no effect on Ca2q-independent smooth

muscle contraction induced by microcystin-LR. On the
other hand, it completely inhibited high-Kq-depo-
larization-induced contraction in intact fibers. Wortmannin
is a more specific inhibitor for myosin light chain kinase
than ML-9, and it inhibits not only Ca2q–calmodulin-de-
pendent activity of myosin light chain kinase but also
Ca2q-independent activity induced by its proteolytic degra-

Ž .dation Nakanishi et al., 1992 . In addition, wortmannin
inhibited autophosphorylation of myosin light chain kinase

Ž . 2qin vitro data not shown , which induced slight Ca -inde-
Ž .pendent activation Tokui et al., 1995 and might be a

Ca2q-independent form of myosin light chain kinase in
Ž .vivo Walker et al., 1998 . Our preliminary experiments

Ž . 2qshowed that ML-9 300 mM inhibited the Ca -indepen-
dent contraction induced by microcystin-LR as previously

Žreported Gong et al., 1992; Suzuki and Itoh, 1993; Uehata
.et al., 1997 . However, ML-9 also inhibited microcystin-

LR-induced contraction even at the steady level of force
already induced by microcystin-LR. Since phosphatase
may not dephosphorylate myosin light chain in the micro-
cystin-LR-treated permeabilized fibers, these effects of
ML-9 might be unrelated to the levels of 20 kDa myosin
light chain phosphorylation. This speculation was sup-

Ž .ported by our preliminary data that ML-9 300 mM
completely inhibited microcystin-LR-induced contraction
in the presence of ATPgS instead of ATP. In permeabi-
lized smooth muscle, ATPgS treatment results in thiophos-
phorylation of myosin light chain, which is then a very

Ž .poor substrate for phosphatase activity Hoar et al., 1979 .
All these results suggest that the inhibitory effect of ML-9
Ž .300 mM is due not only to the inhibition of myosin light
chain kinase and the resultant inhibition of 20 kDa myosin
light chain phosphorylation but also to some unknown
effects which induce smooth muscle contraction regardless
of the level of myosin light chain phosphorylation. Al-
though we have not obtained conclusive data to distinguish
the effects of wortmannin from those of other myosin light
chain inhibitors, the inconsistency of the effects between
wortmannin and ML-9 on the microcystin-LR-induced
fibers suggests that a staurosporine-sensitive kinase is dis-
tinct from myosin light chain kinase.

Protein kinase C has also been reported to mediate
Žsmooth muscle contraction see review by Somlyo and

.Somlyo, 1994; Walsh et al., 1996; Karaki et al., 1997 .
Ž .Phorbol ester PDBu , an activator of protein kinase C, has

also been found to induce Ca2q-independent contraction
Ž .via myosin phosphatase inhibition Masuo et al., 1994 .

Our findings that the protein kinase C inhibitors, namely
H-7 and calphostin C, were insensitive to microcystin-LR-
induced contraction were reasonable because myosin phos-
phatase should be completely and irreversibly inhibited in
the microcystin-LR-treated fiber and additional inhibition
of myosin phosphatase by protein kinase C-catalyzed path-
way will not enhance the contraction. Therefore, the re-
sults suggested that protein kinase C is not responsible for
microcystin-LR-induced contraction.
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Among the kinases involved in smooth muscle contrac-
tion, p21-activated protein kinase was recently found to

2q Ž .induce Ca -independent contraction van Eyk et al., 1998 .
However, no pharmacological inhibitor of p21-activated
protein kinase has been reported. Considering that p21-
activated protein kinase induced Ca2q-independent con-
traction without an increase in 20 kDa myosin light chain

Ž .phosphorylation van Eyk et al., 1998 , p21-activated pro-
tein kinase does not appear involved in microcystin-LR-in-
duced contraction.

In conclusion, we suggest that the kinase which induces
Ca2q-independent contraction is distinct from Rho-kinase,
myosin light chain kinase, and protein kinase C.

Acknowledgements

ŽWe thank Dr. J.T. Stull University of Texas South-
.western Medical Center at Dallas, TX, USA for kindly

providing anti-20 kDa myosin light chain antibody and Dr.
Ž .Y. Sasaki Asahi-Kasei, Shizuoka, Japan for providing

anti-phosphorylated 20 kDa myosin light chain at serine-19
antibody. This work was supported by Grants-in-Aid for
Scientific Research from the Ministry of Education, Sci-
ence, Sports and Culture, Japan.

References

Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano, T.,
Matsuura, Y., Kaibuchi, K., 1996. Phosphorylation and activation of

Ž .myosin by Rho-associated kinase Rho-kinase . J. Biol. Chem. 271,
20246–20249.

Asano, T., Suzuki, T., Tsuchiya, M., Satoh, S., Ikegaki, I., Shibuya, M.,
Suzuki, Y., Hidaka, H., 1989. Vasodilator actions of HA1077 in vitro
and in vivo putatively mediated by the inhibition of protein kinase.
Br. J. Pharmacol. 98, 1091–1100.

Asano, M., Matsunaga, K., Miura, M., Ito, K., Seto, M., Sakurada, H.,
Nagumo, H., Sasaki, Y., Ito, K., 1995. Selectivity of action of
staurosporine on Ca2q movements and contractions in vascular
smooth muscles. Eur. J. Pharmacol. 294, 693–701.

Feng, J., Ito, M., Kureishi, Y., Ichikawa, K., Amano, M., Isaka, N.,
Okawa, K., Iwamatsu, A., Kaibuchi, K., Hartshorne, D.J., Nakano, T.,
1999. Rho-associated kinase of chicken gizzard smooth muscle. J.
Biol. Chem. 274, 3744–3752.

Gong, M.C., Cohen, P., Kitazawa, T., Ikebe, M., Masuo, M., Somlyo,
A.P., Somlyo, A.V., 1992. Myosin light chain phosphatase activities
and the effects of phosphatase inhibitors in tonic and phasic smooth
muscle. J. Biol. Chem. 267, 14662–14668.

Hoar, P.E., Kerrick, W.G.L., Cassidy, P.S., 1979. Chicken gizzard:
relaxation between calcium-activated phosphorylation and contrac-
tion. Science 204, 503–506.

Jensen, P.E., 1996. Calphostin C-sensitive enhancements of force by

lysophosphatidylinositol and diacylglycerols in mesenteric arteries
from the rat. Br. J. Pharmacol. 119, 15–22.

Karaki, H., Ozaki, H., Hori, M., Mitsui-Saito, M., Amano, K., Harada,
K., Miyamoto, S., Nakazawa, H., Won, K., Sato, K., 1997. Calcium
movements, distribution, and functions in smooth muscle. Phamacol.
Rev. 49, 157–230.

Kitazawa, T., Kobayashi, S., Horiuchi, K., Somlyo, A.V., Somlyo, A.P.,
1989. Receptor-coupled, permeabilized smooth muscle. J. Biol. Chem.
264, 5339–5342.

Kureishi, Y., Kobayashi, S., Amano, M., Kimura, K., Kanaide, H.,
Nakano, T., Kaibuchi, K., Ito, M., 1997. Rho-associated kinase
directly induces smooth muscle contraction through myosin light
chain phosphorylation. J. Biol. Chem. 272, 12257–12260.

MacKintosh, C., Beattie, K.A., Klump, S., Cohen, P., Codd, G.A., 1990.
Cyanobacterial microcystin-LR is a potent and specific inhibitor of
protein phosphatase 1 and 2A from both mammalian and higher
plants. FEBS Lett. 264, 7059–7065.

Masuo, M., Reardon, S., Ikebe, M., Kitazawa, T., 1994. A novel mecha-
nism for the Ca2q-sensitizing effect of protein kinase C on vascular
smooth muscle: inhibition of myosin light chain phosphatase. J. Gen.
Physiol. 104, 265–286.

Nakanishi, S., Kakita, S., Takahashi, I., Kawahara, K., Tsukuda, E.,
Sano, T., Yamada, K., Yoshida, M., Kase, H., Matsuda, Y., 1992.
Wortmannin, a microbial product inhibitor of myosin light chain
kinase. J. Biol. Chem. 267, 2157–2163.

Persechini, A.K., Kamm, K.E., Stull, J.T., 1986. Different phosphorylated
forms of myosin in contracting tracheal smooth muscle. J. Biol.
Chem. 261, 6293–6299.

Sakurada, K., Seto, M., Sasaki, Y., 1998. Dynamics of myosin light chain
phosphorylation at Ser19 and Thr18rSer19 in smooth muscle cells in
culture. Am. J. Physiol. 259, C1563–C1572.

Schramm, C.M., Grunstein, M.M., 1995. Mechanism of protein kinase C
potentiation of airway beta-adrenergic relaxation. Life Sci. 57, 1163–
1173.

Somlyo, A.P., Somlyo, A.V., 1994. Signal transduction and regulation in
smooth muscle. Nature 372, 231–236.

Suzuki, A., Itoh, T., 1993. Effects of calyculin A on tension and myosin
phosphorylation in skinned smooth muscle of the rabbit mesenteric
artery. Br. J. Pharmacol. 109, 703–712.

Tokui, T., Ando, S., Ikebe, M., 1995. Autophosphorylation of smooth
muscle myosin light chain kinase at its regulatory domain. Biochem-
istry 34, 5173–5179.

Uehata, M., Ishizaki, T., Satoh, H., Ono, T., Kawahara, T., Morishita, T.,
Tamakawa, H., Yamagami, K., Inui, J., Maekawa, M., Narumiya, S.,
1997. Calcium sensitization of smooth muscle mediated by a Rho-as-
sociated protein kinase in hypertension. Nature 389, 990–994.

van Eyk, J.E., Arrell, D.K., Foster, D.B., Strauss, J.D., Heinonen, T.Y.K.,
Furmaniak-Kazmierczak, E., Cote, G.P., Mak, A.S., 1998. Differentˆ ´
molecular mechanisms for Rho family GTPase-dependent, Ca2q-inde-
pendent contraction of smooth muscle. J. Biol. Chem. 273, 23433–
23439.

Walker, L.A., Gailly, P., Jensen, P.E., Somlyo, A.V., Somlyo, A.P.,
Ž .1998. The unimportance of being protein kinase C epsilon. FASEB

J. 12, 813–821.
Walsh, M.P., Horowitz, A., Clement-Chomienne, O., Andrea, J.E., Allen,

B.G., Morgan, K.G., 1996. Protein kinase C mediation of Ca2q-inde-
pendent contractions of vascular smooth muscle. Biochem. Cell Biol.
74, 485–502.


