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Calponin, an F-actin-associated protein implicated in
the regulation of smooth muscle contraction, is known
to be phosphorylated in vitro by protein kinase C (PKC)
and Ca**/calmodulin dependent protein kinase Il (CaM
kinase I1). Unphosphorylated calponin binds to F-actin
and inhibits the actin-activated myosin ATPase activity;
these properties are lost on phosphorylation. In the
present study, we found that Rho-kinase phosphory-
lated basic calponin stoichiometrically in vitro. We iden-
tified the sites of phosphorylation of calponin by Rho-
kinase as Thr-170, Ser-175, Thr-180, Thr-184, and
Thr-259, and prepared antibodies that specifically rec-
ognized calponin phosphorylated at Thr-170 and Thr-
184. We showed that the phosphorylation of calponin by
Rho-kinase inhibited the binding of calponin to F-actin.
Taken together, these results suggest that calponin is a
substrate of Rho-kinase and that Rho-kinase regulates
the interaction of calponin with F-actin.
Press
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Rho is a small guanosine triphosphatase (GTPase)
that exhibits both GDP/GTP binding and GTPase ac-
tivities. Rho has GDP-bound inactive (GDP - Rho) and
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GTP-bound active (GTP - Rho) forms, which are inter-
convertible by GDP/GTP exchange and GTPase reac-
tions (for reviews, see 1-3). When cells are stimulated
with certain extracellular signals such as lysophospha-
tidic acid, GDP - Rho is converted to GTP - Rho, which
binds to specific effectors and then exerts its biological
functions. Rho participates in signaling pathways that
regulate stress fiber and focal adhesion formation in
fibroblasts (4, 5). Rho is also involved in the regulation
of cell morphology (6), cell motility (7), cytokinesis (8,
9), membrane ruffling (10), smooth muscle contraction
(11, 12), and the synthesis of phosphatidylinositol 4,5-
diphosphate via phosphatidylinositol 5-kinase (13). Re-
cently, several effector proteins of Rho have been iden-
tified: e.g., protein kinase N, Rho-kinase/ROK/ROCK,
myosin binding subunit (MBS) of myosin phosphatase,
Rhophilin, Rhotekin, Citron, Citron-kinase and m-Dia
(for a review, see 14).

Among these effectors, Rho-kinase has been impli-
cated in many processes downstream of Rho: e.g.,
stress fiber and focal adhesion formation (15-17),
smooth muscle contraction (18), intermediate filament
disassembly (19, 20), neurite retraction (21-23), mi-
crovillus formation (24), cytokinesis (25), and cell mi-
gration (26). Rho-kinase regulates the phosphorylation
of myosin light chain (MLC) by direct phosphorylation
and by inactivation of myosin phosphatase through the
phosphorylation of MBS (27, 28). In addition to MLC,
the ezrin/radixin/moesin (ERM) family of proteins and
adducin were found to be substrates of both Rho-kinase
and myosin phosphatase (29-31). Rho-kinase and my-
osin phosphatase are thought to control the phosphor-
ylation level of a subset of substrates and to regulate

cytoskeletal organization cooperatively in vivo.
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Calponin was originally discovered in smooth muscle
as an F-actin-, calmodulin-, and tropomyosin-binding
protein (32). Recently, three types of calponin isoforms,
acidic, neutral, and basic calponin, have been classified
on the basis of their isoelectric point (33—-35). All cal-
ponin isoforms are composed of Vav/ICDC24 homology
domain, actin-binding consensus sequence, and
COOH-terminal UNC-87 repeats domain (32). Basic
calponin is distributed relatively specifically in smooth
muscle tissues (33) and has been well characterized in
vitro. The binding of basic calponin to F-actin has an
inhibitory effect on the actin-activated myosin ATPase
activity (32), and this inhibitory effect is reduced
through the phosphorylation of calponin by certain
kinases such as protein kinase C (PKC) and Ca*'/
calmodulin dependent protein kinase Il (CaM kinase
11) (36). Basic calponin was shown to be dephosphory-
lated by smooth muscle myosin phosphatase (37). The
addition of smooth muscle basic calponin reduced Ca**-
activated tension of permeabilized smooth muscle (38).
Taken together, the data implicate basic calponin in
the regulation of smooth muscle contraction, which
regulation depends on the phosphorylation state of
calponin, although neither has direct evidence been
obtained nor has the underlying mechanism been dem-
onstrated. Acidic and neutral calponins are expressed
in both muscle and non-muscle tissues (35, 39), but
their functions are still not clear. Because basic calpo-
nin is a probable substrate of myosin phosphatase, we
hypothesize that calponin is phosphorylated by Rho-
kinase and that its activity is regulated by Rho-kinase/
myosin phosphatase pathway in smooth muscle con-
traction.

In the present study, we found that Rho-kinase phos-
phorylated basic calponin stoichiometrically in vitro.
We determined the major sites of phosphorylation of
calponin by Rho-kinase, and prepared antibodies that
specifically recognized calponin phosphorylated by
Rho-kinase. Furthermore, we demonstrated that phos-
phorylation of calponin by Rho-kinase inhibited the
binding of calponin to F-actin.

MATERIALS AND METHODS

Materials and chemicals. Glutathione-S-transferase (GST)-Rho-
kinase CAT (6-553 amino acids) was produced by baculovirus-
infected Sf9 cells (40) and purified on a glutathione-Sepharose col-
umn (41). Rho-kinase was purified from bovine brain (41). GST-RhoA
was purified from Escherichia coli and loaded with guanine nucleo-
tides as described (42). Chicken gizzard basic calponin was purified
by previously described (36). F-actin was purified from an acetone
powder prepared from rabbit skeletal muscle as described (43).
[y-**P] ATP was purchased from Amersham Corp. Guanosine 5'-(3-
O-thio)-triphosphate (GTPvS) was purchased from Beringer Mann-
heim Biochem. Other materials and chemicals were obtained from
commercial sources.

Phosphorylation assay. The kinase reaction of GST-Rho-kinase
CAT was carried out in 50 ul of Buffer A (50 mM Tris—HCl at pH 7.5,
2mM EGTA, 1 mM EDTA, 5 mM MgCl,, 1 mM dithiothreitol (DTT),
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6 mM KCI) containing 100 uM [y-*P]ATP (1-20 GBg/mmol), recom-
binant kinase (0.1 uM), and calponin (0.5 wM). After incubation for
1 h at 30°C, the reaction mixture was boiled in SDS sample buffer
and subjected to SDS-PAGE. The kinase reaction of native Rho-
kinase was carried out in 50 ul of Buffer B (50 mM Tris—HCI at pH
7.5, 2.2 mM EDTA, 7 mM MgCl,, 1 mM DTT, 6 mM KCI, 0.2%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) con-
taining 50 uM [y-*P]JATP (1-20 GBg/mmol), purified enzyme (6.0
nM), and calponin (1.0 uM) with GTPyS - GST-RhoA or GDP -
GST-RhoA (1.7 nM). After incubation for 10 min at 30°C, the reac-
tion mixtures were boiled in SDS sample buffer and subjected to
SDS-PAGE. An image analyzer (FujiX Bioimage analyzer Bas2000
System; Fuji Film Co. Ltd. Tokyo, Japan) was used to visualize the
radiolabeled bands.

Determination of phosphorylation sites of calponin by Rho-kinase.
Calponin (340 pmol of protein) was phosphorylated with GST-Rho-
kinase CAT (58 pmol of protein) in 500 ul of Buffer A containing 100
uM [y-**P]ATP for 1 h at 30°C, and the phosphorylated calponin was
digested with Achromobacter protease | at 37°C for 20 h. The ob-
tained peptides were applied onto a cl18 reverse phase column
(SG120; 4.6 X 250 mm, Shiseido, Japan) and eluted with a linear
gradient of 0—48% acetonitrile for 100 min at a flow rate of 1.0
ml/min by HPLC (System Gold, Beckman), and the radioactive peaks
were separated. Phosphoamino acid sequence of each peptide was
carried out with a peptide sequencer (PPSQ-10, Shimadzu, Japan).
The fractions obtained from each Edman degradation cycle were
counted for ¥P in a Beckman liquid scintillation counter.

Production of site- and phosphorylation state-specific antibodies for
calponin. Rabbit polyclonal antibodies against calponin phos-
phorylated at Thr-170 (anti-calponin-pT170 antibody) and at
Thr-184 (anti-calponin-pT184 antibody) were raised as described
(44). The phosphopeptides (CGLQMGpT'°NKFAS and acetyl-CMT-
AYGpT™RRHLY) for calponin were chemically synthesized for use
as immunogens and bound to a carrier protein, keyhole limpet he-
mocyanin, via the NH,-terminal cysteine residue of the peptides by
Peptide Institute Inc. (Osaka, Japan). The antisera obtained were
then affinity-purified against the respective phosphopeptides.

Co-sedimentation assay. Calponin (3.5 uM) was phosphorylated
or not with GST-Rho-kinase CAT (2.5 uM) in 125 pul Buffer C (50 mM
Tris—HCl at pH 7.5, 5 mM MgCl,, 1 mM DTT, 100 uM ATP, 18 mM
KCI, 0.7 uM calyculin A) for 1 h at 30°C. F-actin (16 wM) was mixed
with indicated amount of calponin. Phosphorylated or non-
phosphorylated calponin was incubated for 30 min at 25°C in Buffer
D (20 mM Tris—HCl at pH 7.5, 30 mM KCI, 2 mM MgCl,, 1 mM ATP,
1 mM DTT), 0.2 mM CacCl,, 0.2 uM calyculin A, 8.6% (w/v) sucrose).
After the incubation, 50 ul of each reaction mixture was layered onto
a 100-ul sucrose barrier (20% (w/v) sucrose in Buffer D) and centri-
fuged at 100,000g for 1 h at 25°C. The supernatants and pellets were
separated and subjected to immunoblot analysis using monoclonal
anti-calponin antibody (CP-93; SIGMA).

Other procedures.
viously (45).

SDS-PAGE was performed as described pre-

RESULTS

Rho-kinase and MBS of myosin phosphatase dually
regulate the phosphorylation levels of MLC, adducin,
and ERM, and are thought to modulate cytoskeletal
organization (27-31).

To further understand the molecular mechanisms of
the regulation of cytoskeletal organization, we ex-
plored the substrate of Rho-kinase and myosin phos-
phatase. We hypothesized that the phosphorylation
level of calponin, which is one of actin-binding proteins
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FIG. 1. Phosphorylation of calponin by Rho-kinase. (A) Basic

calponin was phosphorylated by Rho-kinase purified from bovine
brain. The phosphorylated protein was resolved by SDS—-PAGE and
visualized by an image analyzer. Phosphorylation of basic calponin
was markedly enhanced by the addition of GTP+yS - GST-RhoA, but
not by that of GDP - GST-RhoA. Arrow denotes the phosphorylated
basic calponin. (B) Basic calponin was phosphorylated by constitu-
tively activated Rho-kinase (GST-Rho-kinase CAT). The kinase re-
action was carried out in the presence or absence of GST-Rho-kinase
CAT. About 1.3 pmol of phosphate was maximally incorporated into
1.0 pmol of basic calponin by GST-Rho-kinase CAT.

and a substrate of myosin phosphatase, might be reg-
ulated by Rho-kinase and myosin phosphatase in
smooth muscle contraction. So, we first examined
whether basic calponin could be phosphorylated by
Rho-kinase. Rho-kinase purified from bovine brain
phosphorylated basic calponin in a GTPyS - GST-
RhoA-dependent manner (Fig. 1A). GTP+S is a nonhy-
drolyzable GTP analog. Because we could not obtain a
sufficient amount of purified Rho-kinase, we employed
GST-Rho-kinase CAT in subsequent experiments,
which was previously shown to be constitutively active
in vitro and in vivo (16, 28). GST-Rho-kinase CAT
phosphorylated basic calponin (Fig. 1B), and the
amount of phosphate incorporated into calponin was
approximately 1.3 mol per 1 mol of protein under the
condition. Basic calponin phosphorylated by Rho-
kinase showed slower mobility than non-
phosphorylated calponin on SDS-PAGE gels (data not
shown).

Then we determined the major sites of basic calponin
phosphorylated by Rho-kinase. Phosphorylated basic
calponin was digested with Achromobacter protease I,
separated by HPLC, and subjected to peptide sequenc-
ing. Six radioactive peaks (named peaks 1 to 6) were
obtained (Fig. 2). We did not determine the phosphor-
ylation sites in peaks 1 and 4, because these peaks
were minor ones. The amino acid sequences deter-
mined were FASQQGMTAYGTRRHLYDPK (peaks 2,
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3), LREGRNIIGLQMGTNK (peak 5), and GASQQG-
MTVYGLPRQVYDPK (peak 6), corresponding to resi-
dues 173-192, 157-172, and 252-271 of basic calponin,
respectively (Fig. 2), and the phosphorylation sites
were identified as Thr-170, Ser-175, Thr-180, Thr-184,
and Thr-259 (Fig. 2). Rho-kinase phosphorylated Thr-
184 more efficiently than Ser-175 and Thr-180, judging
from the radioactivity of each amino acid from the
Edman degradation cycle (data not shown). Thr-170
also seemed to be one of the major phosphorylation
sites. The identified sites except Thr-259 are conserved
among the calponin isoforms (Fig. 3).

All these isoforms of calponin are composed of Vav/
CDC24 homology domain, actin-binding consensus se-
quence, and UNC-87 repeats (32). Phosphorylation
sites of Thr-170, Ser-175, Thr-180 and Thr-184 are
located in the first UNC-87 repeat, and Thr-259 is
located in the third one.

To investigate the phosphorylation of calponin by
Rho-kinase, we prepared rabbit polyclonal antibodies
raised against the synthetic phosphopeptides pT170
(CGLQMGpPT°NKFAS) for anti-calponin-pT170 anti-
body and pT184 (acetyl-CMTAYGpT*RRHLY) for
anti-calponin-pT184 antibody (Fig. 3). Equal amounts
of phosphorylated and non-phosphorylated forms of
calponin (1.0 pmol) were loaded onto a gel. Anti-
calponin-pT170 antibody and anti-calponin-pT184 an-
tibody specifically recognized basic calponin phosphor-
ylated by Rho-kinase, but not the non-phosphorylated
basic calponin (Fig. 4). These results confirm that Thr-
170 and Thr-184 are phosphorylated by Rho-kinase.

It has been shown that the activity of calponin is
affected by phosphorylation. Phosphorylation of calpo-
nin by some kinases decreases its F-actin binding ac-
tivity (36). To examine whether the phosphorylation of

184
173FApSQOGMpTAYGPTRRHLYDPK192  252GASQQGMpTVYGLPRQVYDPK271
173FASQQGMTAYGPTRRHLYDPK192 —50
6

7
157LREGRNIIGLQMGPTNK172

5

radio activity (x 103 cpm)
acetonitrile (%}

(=)

0 50 6‘0 time (min)

FIG. 2. Determination of the phosphorylation sites of calponin
recognized by Rho-kinase. Basic calponin was incubated with GST-
Rho-kinase CAT as described under Materials and Methods, and the
phosphorylated protein was digested with Achromobacter protease I.
The obtained peptides were applied onto a C18 reverse phase column
and eluted by HPLC with a linear gradient of 0—48% acetonitrile
(dotted line) for 100 min. The radioactive peptides were separated,
and phosphoamino acid sequencing was carried out with a peptide
sequencer. Six major radioactive peptides (peaks 1-6) were obtained
as demonstrated. We determined the amino acid sequences and
phosphorylated amino acids of peaks 2, 3, 5, and 6.
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FIG. 3. Phosphorylation sites of calponin by Rho-kinase. The phosphorylation sites of basic calponin (Thr-170, Ser-175, Thr-180 Thr-184,
and Thr-259) recognized by Rho-kinase are indicated (*). All of the identified sites except Thr-259 are conserved among the calponin isoforms.
To examine the phosphorylation of calponin by Rho-kinase, we prepared the phosphorylation state-specific antibodies against pT170
(anti-calponin-pT170 antibody) and pT184 (anti-calponin-pT184 antibody). Parts of sequence used for chemical synthesis of immunogen are

indicated by brackets.

calponin by Rho-kinase modulates F-actin binding ac-
tivity of calponin, we performed a cosedimentation as-
say using basic calponin and F-actin. Basic calponin
bound to F-actin in a dose-dependent manner. Basic
calponin stoichiometrically phosphorylated by GST-
Rho-kinase CAT cosedimented with F-actin less effi-
ciently than non-phosphorylated calponin (Fig. 5).

anti-calponin-
pT170 Ab

anti-calponin-
pT184 Ab

+ +

GST-Rho-kinase CAT

calponin

FIG. 4. Immunoblot analysis with phosphorylated calponin an-
tibodies. One pmol of basic calponin was incubated without (—) or
with (+) GST-Rho-kinase CAT and then subjected to SDS-PAGE.
Immunoblot analysis with anti-calponin-pT170 antibody (left) or
anti-calponin-pT184 antibody (right) was carried out. Both antibod-
ies specifically recognized the calponin phosphorylated by Rho-
kinase. Arrow denotes the phosphorylated basic calponin.

These results indicate that the phosphorylation of ba-
sic calponin by Rho-kinase decreased the F-actin bind-
ing activity of calponin in vitro.

DISCUSSION

It was previously shown that Rho-kinase and myosin
phosphatase regulate the phosphorylation level of a
subset of substrates, including MLC (27, 28), ERM (29,
30), and adducin (31), downstream of Rho. MLC, ERM,
and adducin are phosphorylated by Rho-kinase, and
dephosphorylated by myosin phosphatase. Here we
found that Rho-kinase phosphorylated basic calponin

GST-Rho-kinase

CAT . +
calponin (uM) 0.125 0.25 1.0 0.125 0.25 1.0
— - #. W |e—calponin

FIG. 5. Effect of phosphorylation of calponin by Rho-kinase on
the F-actin binding activity of calponin. Purified basic calponin was
incubated without (—) or with (+) GST-Rho-kinase CAT. Indicated
doses of calponin were mixed with F-actin (16 uM) and incubated at
25°C for 20 min. After the incubation, 50 ul of each reaction mixture
was layered onto 100 ul of 20% (w/v) sucrose barrier and centrifuged
at 100,000g for 1 h at 25°C. Pellets were subjected to immunoblot
analysis using anti-calponin antibody (CP-93). Arrow denotes the
basic calponin.
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in vitro (Fig. 1). Basic calponin was shown earlier to be
dephosphorylated by smooth muscle myosin phospha-
tase (37). These results raise the possibility that the
phosphorylation level of basic calponin is regulated by
Rho-kinase and myosin phosphatase, as in the case of
MLC, ERM, and adducin.

Basic calponin was shown previously to be phosphor-
ylated by PKC and CaM kinase I, at both Ser-175 and
Thr-184 (36, 46, 47). Phosphorylation of basic calponin
by either kinase resulted in the loss of the ability of
calponin to inhibit the actin-activated myosin ATPase
(36), and Thr-184 is thought to be functionally impor-
tant site of phosphorylation (48). Here we found that
basic calponin is phosphorylated at Thr-170, Ser-175,
Thr-180, Thr-184, and Thr-259 by Rho-kinase (Figs. 2
and 3). Phosphorylation of basic calponin by Rho-
kinase appeared to inhibit the binding of calponin to
F-actin (Fig. 5), which would be expected to resultin an
increase in actin-activated myosin ATPase activity. In
fact, Rho-kinase was shown to induce the contraction
in smooth muscle (18). We prepared anti-calponin-
pT170 antibody and anti-calponin-pT184 antibody, be-
cause Thr-170 and Thr-184 are thought to be the major
phosphorylation sites. Thr-170, Thr-180, and Thr-259
have not been reported as sites of phosphorylation by
any other kinase. The effects of phosphorylation at
those sites on the activity of calponin are not clear.
Thr-170 is a major site of phosphorylation of calponin
by Rho-kinase and is conserved among the three iso-
forms. Thus we propose that Thr-170 would be suitable
to monitor the Rho-kinase specific phosphorylation and
that Thr-184 would be suitable to monitor the function
of calponin. These antibodies will be useful tools to
explore in vivo the effects of calponin phosphorylated
by Rho-kinase.

There are three isoforms of calponin: basic, acidic,
and neutral calponin (32). Basic calponin is expressed
specifically in smooth muscle tissues (32), and has been
implicated in smooth muscle contraction. Acidic calpo-
nin is expressed in brain, lung, aorta, kidney, intestine,
and stomach (35), whereas neutral calponin is ex-
pressed in fibroblasts, vascular endothelial cells and
keratinocytes (39). UNC-87 repeats, Vav/CDC24 ho-
mology domain and actin-binding sequence, which
were originally identified in the basic calponin isoform,
are conserved in both acidic and neutral calponins (Fig.
3). Although the functions of acidic and neutral calpo-
nin are not known, they are predicted to be similar to
those of basic calponin.

Basic calponin is known to regulate smooth muscle
contraction. We showed here that Rho-kinase phos-
phorylated basic calponin and that the phosphoryla-
tion of calponin by Rho-kinase inhibited the binding of
calponin to F-actin. Basic calponin has been reported to
be dephosphorylated by smooth muscle myosin phos-
phatase (37). Itis likely that the phosphorylation levels
of basic calponin are regulated by Rho-kinase and my-
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osin phosphatase, which are Rho effectors. These find-
ings suggest that Rho-kinase and myosin phosphatase
can regulate the interaction of basic calponin with
F-actin downstream of Rho, resulting in the regulation
of the contraction of the actomyosin system. As the
phosphorylation sites of basic calponin recognized by
Rho-kinase are conserved among the three isoforms
except Thr-259 (Fig. 3), Rho-kinase and myosin phos-
phatase may regulate not only basic calponin but also
acidic and neutral calponins in various tissues.

Most importantly, future studies need to be con-
ducted to determine if calponin is phosphorylated by
Rho-kinase and if Rho-kinase regulates the interaction
of calponin with F-actin in vivo. Also, further experi-
ments are necessary to understand in better detail
relationship between Rho-kinase/myosin phosphatase
and calponin.
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