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Calponin, an F-actin-associated protein implicated in
he regulation of smooth muscle contraction, is known
o be phosphorylated in vitro by protein kinase C (PKC)
nd Ca21/calmodulin dependent protein kinase II (CaM
inase II). Unphosphorylated calponin binds to F-actin
nd inhibits the actin-activated myosin ATPase activity;
hese properties are lost on phosphorylation. In the
resent study, we found that Rho-kinase phosphory-

ated basic calponin stoichiometrically in vitro. We iden-
ified the sites of phosphorylation of calponin by Rho-
inase as Thr-170, Ser-175, Thr-180, Thr-184, and
hr-259, and prepared antibodies that specifically rec-
gnized calponin phosphorylated at Thr-170 and Thr-
84. We showed that the phosphorylation of calponin by
ho-kinase inhibited the binding of calponin to F-actin.
aken together, these results suggest that calponin is a
ubstrate of Rho-kinase and that Rho-kinase regulates
he interaction of calponin with F-actin. © 2000 Academic

ress

Key Words: small guanosine triphosphatase (GTPase);
ho; Rho-kinase; calponin; F-actin; smooth muscle;
yosin light chain (MLC).

Rho is a small guanosine triphosphatase (GTPase)
hat exhibits both GDP/GTP binding and GTPase ac-
ivities. Rho has GDP-bound inactive (GDP z Rho) and

Abbreviations used: PKC, protein kinase C; CaM kinase II, Ca21/
almodulin-dependent kinase II; MBS, myosin-binding subunit;
LC, myosin light chain; ERM, ezrin/radixin/moesin; GST, glutathi-

ne-S-transferase; GTPgS, guanosine 59-(3-O-thio)-triphosphate;
TT, dithiothreitol.
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onvertible by GDP/GTP exchange and GTPase reac-
ions (for reviews, see 1–3). When cells are stimulated
ith certain extracellular signals such as lysophospha-

idic acid, GDP z Rho is converted to GTP z Rho, which
inds to specific effectors and then exerts its biological
unctions. Rho participates in signaling pathways that
egulate stress fiber and focal adhesion formation in
broblasts (4, 5). Rho is also involved in the regulation
f cell morphology (6), cell motility (7), cytokinesis (8,
), membrane ruffling (10), smooth muscle contraction
11, 12), and the synthesis of phosphatidylinositol 4,5-
iphosphate via phosphatidylinositol 5-kinase (13). Re-
ently, several effector proteins of Rho have been iden-
ified: e.g., protein kinase N, Rho-kinase/ROK/ROCK,
yosin binding subunit (MBS) of myosin phosphatase,
hophilin, Rhotekin, Citron, Citron-kinase and m-Dia

for a review, see 14).
Among these effectors, Rho-kinase has been impli-

ated in many processes downstream of Rho: e.g.,
tress fiber and focal adhesion formation (15–17),
mooth muscle contraction (18), intermediate filament
isassembly (19, 20), neurite retraction (21–23), mi-
rovillus formation (24), cytokinesis (25), and cell mi-
ration (26). Rho-kinase regulates the phosphorylation
f myosin light chain (MLC) by direct phosphorylation
nd by inactivation of myosin phosphatase through the
hosphorylation of MBS (27, 28). In addition to MLC,
he ezrin/radixin/moesin (ERM) family of proteins and
dducin were found to be substrates of both Rho-kinase
nd myosin phosphatase (29–31). Rho-kinase and my-
sin phosphatase are thought to control the phosphor-
lation level of a subset of substrates and to regulate
ytoskeletal organization cooperatively in vivo.
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s an F-actin-, calmodulin-, and tropomyosin-binding
rotein (32). Recently, three types of calponin isoforms,
cidic, neutral, and basic calponin, have been classified
n the basis of their isoelectric point (33–35). All cal-
onin isoforms are composed of Vav/CDC24 homology
omain, actin-binding consensus sequence, and
OOH-terminal UNC-87 repeats domain (32). Basic

alponin is distributed relatively specifically in smooth
uscle tissues (33) and has been well characterized in

itro. The binding of basic calponin to F-actin has an
nhibitory effect on the actin-activated myosin ATPase
ctivity (32), and this inhibitory effect is reduced
hrough the phosphorylation of calponin by certain
inases such as protein kinase C (PKC) and Ca21/
almodulin dependent protein kinase II (CaM kinase
I) (36). Basic calponin was shown to be dephosphory-
ated by smooth muscle myosin phosphatase (37). The
ddition of smooth muscle basic calponin reduced Ca21-
ctivated tension of permeabilized smooth muscle (38).
aken together, the data implicate basic calponin in
he regulation of smooth muscle contraction, which
egulation depends on the phosphorylation state of
alponin, although neither has direct evidence been
btained nor has the underlying mechanism been dem-
nstrated. Acidic and neutral calponins are expressed
n both muscle and non-muscle tissues (35, 39), but
heir functions are still not clear. Because basic calpo-
in is a probable substrate of myosin phosphatase, we
ypothesize that calponin is phosphorylated by Rho-
inase and that its activity is regulated by Rho-kinase/
yosin phosphatase pathway in smooth muscle con-

raction.
In the present study, we found that Rho-kinase phos-

horylated basic calponin stoichiometrically in vitro.
e determined the major sites of phosphorylation of

alponin by Rho-kinase, and prepared antibodies that
pecifically recognized calponin phosphorylated by
ho-kinase. Furthermore, we demonstrated that phos-
horylation of calponin by Rho-kinase inhibited the
inding of calponin to F-actin.

ATERIALS AND METHODS

Materials and chemicals. Glutathione-S-transferase (GST)-Rho-
inase CAT (6–553 amino acids) was produced by baculovirus-
nfected Sf9 cells (40) and purified on a glutathione-Sepharose col-
mn (41). Rho-kinase was purified from bovine brain (41). GST-RhoA
as purified from Escherichia coli and loaded with guanine nucleo-

ides as described (42). Chicken gizzard basic calponin was purified
y previously described (36). F-actin was purified from an acetone
owder prepared from rabbit skeletal muscle as described (43).
g-32P] ATP was purchased from Amersham Corp. Guanosine 59-(3-
-thio)-triphosphate (GTPgS) was purchased from Beringer Mann-
eim Biochem. Other materials and chemicals were obtained from
ommercial sources.

Phosphorylation assay. The kinase reaction of GST-Rho-kinase
AT was carried out in 50 ml of Buffer A (50 mM Tris–HCl at pH 7.5,
mM EGTA, 1 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol (DTT),
111
inant kinase (0.1 mM), and calponin (0.5 mM). After incubation for
h at 30°C, the reaction mixture was boiled in SDS sample buffer

nd subjected to SDS–PAGE. The kinase reaction of native Rho-
inase was carried out in 50 ml of Buffer B (50 mM Tris–HCl at pH
.5, 2.2 mM EDTA, 7 mM MgCl2, 1 mM DTT, 6 mM KCl, 0.2%
-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) con-
aining 50 mM [g-32P]ATP (1–20 GBq/mmol), purified enzyme (6.0
M), and calponin (1.0 mM) with GTPgS z GST-RhoA or GDP z
ST-RhoA (1.7 mM). After incubation for 10 min at 30°C, the reac-

ion mixtures were boiled in SDS sample buffer and subjected to
DS–PAGE. An image analyzer (FujiX Bioimage analyzer Bas2000
ystem; Fuji Film Co. Ltd. Tokyo, Japan) was used to visualize the
adiolabeled bands.

Determination of phosphorylation sites of calponin by Rho-kinase.
alponin (340 pmol of protein) was phosphorylated with GST-Rho-
inase CAT (58 pmol of protein) in 500 ml of Buffer A containing 100
M [g-32P]ATP for 1 h at 30°C, and the phosphorylated calponin was
igested with Achromobacter protease I at 37°C for 20 h. The ob-
ained peptides were applied onto a c18 reverse phase column
SG120; 4.6 3 250 mm, Shiseido, Japan) and eluted with a linear
radient of 0–48% acetonitrile for 100 min at a flow rate of 1.0
l/min by HPLC (System Gold, Beckman), and the radioactive peaks
ere separated. Phosphoamino acid sequence of each peptide was

arried out with a peptide sequencer (PPSQ-10, Shimadzu, Japan).
he fractions obtained from each Edman degradation cycle were
ounted for 32P in a Beckman liquid scintillation counter.

Production of site- and phosphorylation state-specific antibodies for
alponin. Rabbit polyclonal antibodies against calponin phos-
horylated at Thr-170 (anti-calponin-pT170 antibody) and at
hr-184 (anti-calponin-pT184 antibody) were raised as described

44). The phosphopeptides (CGLQMGpT170NKFAS and acetyl-CMT-
YGpT184RRHLY) for calponin were chemically synthesized for use
s immunogens and bound to a carrier protein, keyhole limpet he-
ocyanin, via the NH2-terminal cysteine residue of the peptides by
eptide Institute Inc. (Osaka, Japan). The antisera obtained were
hen affinity-purified against the respective phosphopeptides.

Co-sedimentation assay. Calponin (3.5 mM) was phosphorylated
r not with GST-Rho-kinase CAT (2.5 mM) in 125 ml Buffer C (50 mM
ris–HCl at pH 7.5, 5 mM MgCl2, 1 mM DTT, 100 mM ATP, 18 mM
Cl, 0.7 mM calyculin A) for 1 h at 30°C. F-actin (16 mM) was mixed
ith indicated amount of calponin. Phosphorylated or non-
hosphorylated calponin was incubated for 30 min at 25°C in Buffer
(20 mM Tris–HCl at pH 7.5, 30 mM KCl, 2 mM MgCl2, 1 mM ATP,
mM DTT), 0.2 mM CaCl2, 0.2 mM calyculin A, 8.6% (w/v) sucrose).
fter the incubation, 50 ml of each reaction mixture was layered onto
100-ml sucrose barrier (20% (w/v) sucrose in Buffer D) and centri-

uged at 100,000g for 1 h at 25°C. The supernatants and pellets were
eparated and subjected to immunoblot analysis using monoclonal
nti-calponin antibody (CP-93; SIGMA).

Other procedures. SDS–PAGE was performed as described pre-
iously (45).

ESULTS

Rho-kinase and MBS of myosin phosphatase dually
egulate the phosphorylation levels of MLC, adducin,
nd ERM, and are thought to modulate cytoskeletal
rganization (27–31).
To further understand the molecular mechanisms of

he regulation of cytoskeletal organization, we ex-
lored the substrate of Rho-kinase and myosin phos-
hatase. We hypothesized that the phosphorylation
evel of calponin, which is one of actin-binding proteins
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nd a substrate of myosin phosphatase, might be reg-
lated by Rho-kinase and myosin phosphatase in
mooth muscle contraction. So, we first examined
hether basic calponin could be phosphorylated by
ho-kinase. Rho-kinase purified from bovine brain
hosphorylated basic calponin in a GTPgS z GST-
hoA-dependent manner (Fig. 1A). GTPgS is a nonhy-
rolyzable GTP analog. Because we could not obtain a
ufficient amount of purified Rho-kinase, we employed
ST-Rho-kinase CAT in subsequent experiments,
hich was previously shown to be constitutively active

n vitro and in vivo (16, 28). GST-Rho-kinase CAT
hosphorylated basic calponin (Fig. 1B), and the
mount of phosphate incorporated into calponin was
pproximately 1.3 mol per 1 mol of protein under the
ondition. Basic calponin phosphorylated by Rho-
inase showed slower mobility than non-
hosphorylated calponin on SDS–PAGE gels (data not
hown).
Then we determined the major sites of basic calponin

hosphorylated by Rho-kinase. Phosphorylated basic
alponin was digested with Achromobacter protease I,
eparated by HPLC, and subjected to peptide sequenc-
ng. Six radioactive peaks (named peaks 1 to 6) were
btained (Fig. 2). We did not determine the phosphor-
lation sites in peaks 1 and 4, because these peaks
ere minor ones. The amino acid sequences deter-
ined were FASQQGMTAYGTRRHLYDPK (peaks 2,

FIG. 1. Phosphorylation of calponin by Rho-kinase. (A) Basic
alponin was phosphorylated by Rho-kinase purified from bovine
rain. The phosphorylated protein was resolved by SDS–PAGE and
isualized by an image analyzer. Phosphorylation of basic calponin
as markedly enhanced by the addition of GTPgS z GST-RhoA, but
ot by that of GDP z GST-RhoA. Arrow denotes the phosphorylated
asic calponin. (B) Basic calponin was phosphorylated by constitu-
ively activated Rho-kinase (GST-Rho-kinase CAT). The kinase re-
ction was carried out in the presence or absence of GST-Rho-kinase
AT. About 1.3 pmol of phosphate was maximally incorporated into
.0 pmol of basic calponin by GST-Rho-kinase CAT.
112
TVYGLPRQVYDPK (peak 6), corresponding to resi-
ues 173–192, 157–172, and 252–271 of basic calponin,
espectively (Fig. 2), and the phosphorylation sites
ere identified as Thr-170, Ser-175, Thr-180, Thr-184,
nd Thr-259 (Fig. 2). Rho-kinase phosphorylated Thr-
84 more efficiently than Ser-175 and Thr-180, judging
rom the radioactivity of each amino acid from the
dman degradation cycle (data not shown). Thr-170
lso seemed to be one of the major phosphorylation
ites. The identified sites except Thr-259 are conserved
mong the calponin isoforms (Fig. 3).
All these isoforms of calponin are composed of Vav/
DC24 homology domain, actin-binding consensus se-
uence, and UNC-87 repeats (32). Phosphorylation
ites of Thr-170, Ser-175, Thr-180 and Thr-184 are
ocated in the first UNC-87 repeat, and Thr-259 is
ocated in the third one.

To investigate the phosphorylation of calponin by
ho-kinase, we prepared rabbit polyclonal antibodies
aised against the synthetic phosphopeptides pT170
CGLQMGpT170NKFAS) for anti-calponin-pT170 anti-
ody and pT184 (acetyl-CMTAYGpT184RRHLY) for
nti-calponin-pT184 antibody (Fig. 3). Equal amounts
f phosphorylated and non-phosphorylated forms of
alponin (1.0 pmol) were loaded onto a gel. Anti-
alponin-pT170 antibody and anti-calponin-pT184 an-
ibody specifically recognized basic calponin phosphor-
lated by Rho-kinase, but not the non-phosphorylated
asic calponin (Fig. 4). These results confirm that Thr-
70 and Thr-184 are phosphorylated by Rho-kinase.
It has been shown that the activity of calponin is

ffected by phosphorylation. Phosphorylation of calpo-
in by some kinases decreases its F-actin binding ac-
ivity (36). To examine whether the phosphorylation of

FIG. 2. Determination of the phosphorylation sites of calponin
ecognized by Rho-kinase. Basic calponin was incubated with GST-
ho-kinase CAT as described under Materials and Methods, and the
hosphorylated protein was digested with Achromobacter protease I.
he obtained peptides were applied onto a C18 reverse phase column
nd eluted by HPLC with a linear gradient of 0–48% acetonitrile
dotted line) for 100 min. The radioactive peptides were separated,
nd phosphoamino acid sequencing was carried out with a peptide
equencer. Six major radioactive peptides (peaks 1–6) were obtained
s demonstrated. We determined the amino acid sequences and
hosphorylated amino acids of peaks 2, 3, 5, and 6.
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alponin by Rho-kinase modulates F-actin binding ac-
ivity of calponin, we performed a cosedimentation as-
ay using basic calponin and F-actin. Basic calponin
ound to F-actin in a dose-dependent manner. Basic
alponin stoichiometrically phosphorylated by GST-
ho-kinase CAT cosedimented with F-actin less effi-

iently than non-phosphorylated calponin (Fig. 5).

FIG. 3. Phosphorylation sites of calponin by Rho-kinase. The pho
nd Thr-259) recognized by Rho-kinase are indicated (*). All of the ide
o examine the phosphorylation of calponin by Rho-kinase, we p

anti-calponin-pT170 antibody) and pT184 (anti-calponin-pT184 anti
ndicated by brackets.

FIG. 4. Immunoblot analysis with phosphorylated calponin an-
ibodies. One pmol of basic calponin was incubated without (2) or
ith (1) GST-Rho-kinase CAT and then subjected to SDS–PAGE.

mmunoblot analysis with anti-calponin-pT170 antibody (left) or
nti-calponin-pT184 antibody (right) was carried out. Both antibod-
es specifically recognized the calponin phosphorylated by Rho-
inase. Arrow denotes the phosphorylated basic calponin.
113
hese results indicate that the phosphorylation of ba-
ic calponin by Rho-kinase decreased the F-actin bind-
ng activity of calponin in vitro.

ISCUSSION

It was previously shown that Rho-kinase and myosin
hosphatase regulate the phosphorylation level of a
ubset of substrates, including MLC (27, 28), ERM (29,
0), and adducin (31), downstream of Rho. MLC, ERM,
nd adducin are phosphorylated by Rho-kinase, and
ephosphorylated by myosin phosphatase. Here we
ound that Rho-kinase phosphorylated basic calponin

orylation sites of basic calponin (Thr-170, Ser-175, Thr-180 Thr-184,
fied sites except Thr-259 are conserved among the calponin isoforms.
ared the phosphorylation state-specific antibodies against pT170
y). Parts of sequence used for chemical synthesis of immunogen are

FIG. 5. Effect of phosphorylation of calponin by Rho-kinase on
he F-actin binding activity of calponin. Purified basic calponin was
ncubated without (2) or with (1) GST-Rho-kinase CAT. Indicated
oses of calponin were mixed with F-actin (16 mM) and incubated at
5°C for 20 min. After the incubation, 50 ml of each reaction mixture
as layered onto 100 ml of 20% (w/v) sucrose barrier and centrifuged
t 100,000g for 1 h at 25°C. Pellets were subjected to immunoblot
nalysis using anti-calponin antibody (CP-93). Arrow denotes the
asic calponin.
sph
nti
rep
bod
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ephosphorylated by smooth muscle myosin phospha-
ase (37). These results raise the possibility that the
hosphorylation level of basic calponin is regulated by
ho-kinase and myosin phosphatase, as in the case of
LC, ERM, and adducin.
Basic calponin was shown previously to be phosphor-

lated by PKC and CaM kinase II, at both Ser-175 and
hr-184 (36, 46, 47). Phosphorylation of basic calponin
y either kinase resulted in the loss of the ability of
alponin to inhibit the actin-activated myosin ATPase
36), and Thr-184 is thought to be functionally impor-
ant site of phosphorylation (48). Here we found that
asic calponin is phosphorylated at Thr-170, Ser-175,
hr-180, Thr-184, and Thr-259 by Rho-kinase (Figs. 2
nd 3). Phosphorylation of basic calponin by Rho-
inase appeared to inhibit the binding of calponin to
-actin (Fig. 5), which would be expected to result in an

ncrease in actin-activated myosin ATPase activity. In
act, Rho-kinase was shown to induce the contraction
n smooth muscle (18). We prepared anti-calponin-
T170 antibody and anti-calponin-pT184 antibody, be-
ause Thr-170 and Thr-184 are thought to be the major
hosphorylation sites. Thr-170, Thr-180, and Thr-259
ave not been reported as sites of phosphorylation by
ny other kinase. The effects of phosphorylation at
hose sites on the activity of calponin are not clear.
hr-170 is a major site of phosphorylation of calponin
y Rho-kinase and is conserved among the three iso-
orms. Thus we propose that Thr-170 would be suitable
o monitor the Rho-kinase specific phosphorylation and
hat Thr-184 would be suitable to monitor the function
f calponin. These antibodies will be useful tools to
xplore in vivo the effects of calponin phosphorylated
y Rho-kinase.
There are three isoforms of calponin: basic, acidic,

nd neutral calponin (32). Basic calponin is expressed
pecifically in smooth muscle tissues (32), and has been
mplicated in smooth muscle contraction. Acidic calpo-
in is expressed in brain, lung, aorta, kidney, intestine,
nd stomach (35), whereas neutral calponin is ex-
ressed in fibroblasts, vascular endothelial cells and
eratinocytes (39). UNC-87 repeats, Vav/CDC24 ho-
ology domain and actin-binding sequence, which
ere originally identified in the basic calponin isoform,
re conserved in both acidic and neutral calponins (Fig.
). Although the functions of acidic and neutral calpo-
in are not known, they are predicted to be similar to
hose of basic calponin.

Basic calponin is known to regulate smooth muscle
ontraction. We showed here that Rho-kinase phos-
horylated basic calponin and that the phosphoryla-
ion of calponin by Rho-kinase inhibited the binding of
alponin to F-actin. Basic calponin has been reported to
e dephosphorylated by smooth muscle myosin phos-
hatase (37). It is likely that the phosphorylation levels
f basic calponin are regulated by Rho-kinase and my-
114
ngs suggest that Rho-kinase and myosin phosphatase
an regulate the interaction of basic calponin with
-actin downstream of Rho, resulting in the regulation
f the contraction of the actomyosin system. As the
hosphorylation sites of basic calponin recognized by
ho-kinase are conserved among the three isoforms
xcept Thr-259 (Fig. 3), Rho-kinase and myosin phos-
hatase may regulate not only basic calponin but also
cidic and neutral calponins in various tissues.
Most importantly, future studies need to be con-

ucted to determine if calponin is phosphorylated by
ho-kinase and if Rho-kinase regulates the interaction
f calponin with F-actin in vivo. Also, further experi-
ents are necessary to understand in better detail

elationship between Rho-kinase/myosin phosphatase
nd calponin.
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mesenteric artery. Pflügers Arch. 427, 301–308.

9. Masuda, H., Tanaka, K., Takagi, M., Ohgami, K., Sakamaki, T.,
Shibata, N., and Takahashi, K. (1996) Molecular cloning and
characterization of human non-smooth muscle calponin. J. Bio-
chem. (Tokyo) 120, 415–424.

0. Matsuura, Y., Possee, R. D., Overton, H. A., and Bishop, D. H.
(1987) Baculovirus expression vectors: The requirements for



high level expression of proteins, including glycoproteins. J. Gen.

4

4

4

4

filaments: A novel approach using site- and phosphorylation

4

4

4

4

Vol. 273, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Virol. 68, 1233–1250.
1. Matsui, T., Amano, M., Yamamoto, T., Chihara, K., Nakafuku,

M., Ito, M., Nakano, T., Okawa, K., Iwamatsu, A., and Kaibuchi,
K. (1996) Rho-associated kinase, a novel serine/threonine ki-
nase, as a putative target for small GTP binding protein Rho.
EMBO J. 15, 2208–2216.

2. Amano, M., Mukai, H., Ono, Y., Chihara, K., Matsui, T., Hama-
jima, Y., Okawa, K., Iwamatsu, A., and Kaibuchi, K. (1996)
Identification of a putative target for Rho as a serine-threonine
kinase, PKN. Science 271, 648–650.

3. Pardee, J. D., and Spudich, J. A. (1982) Purification of muscle
actin. Methods Enzymol. 85, 164–181.

4. Inagaki, M., Inagaki, N., Takahashi, T., and Takai, Y. (1997)
Phosphorylation-dependent control of structures of intermediate
116
state-specific antibodies. J. Biochem. 121, 407–414.
5. Laemmli, U. K. (1970) Cleavage of structural proteins during

the assembly of the head of bacteriophage T4. Nature 227,
680 – 685.

6. Winder, S. J., Allen, B. G., Fraser, E. D., Kang, H. M., Kargacin,
G. J., and Walsh, M. P. (1993) Calponin phosphorylation in vitro
and in intact muscle. Biochem. J. 296, 827–836.

7. Nakamura, F., Mino, T., Yamamoto, J., Naka, M., and Tanaka,
T. (1993) Identification of the regulatory site in smooth muscle
calponin that is phosphorylated by protein kinase C. J. Biol.
Chem. 268, 6194–6201.

8. Mino, T., Yuasa, U., Nakamura, F., Naka, M., and Tanaka, T.
(1998) Two distinct actin-binding sites of smooth muscle calpo-
nin. Eur. J. Biochem. 251, 262–268.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5

	ACKNOWLEDGMENTS
	REFERENCES

