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Calponin, a major actin-, tropomyosin-, and calmodulin-binding protein in smooth muscle,
interacted with tubulin, a main constituent of microtubules, in a concentration-dependent
fashion in vitro. The apparent Ka value of calponin to tubulin was calculated to be 5.2 /xM
with 2 mol of calponin maximally bound per 1 mol of tubulin. At low ionic strength,
tubulin bound to calponin immobilized on Sepharose 4B, and the bound protein was
released at about 270 mM NaCl. Chemical cross-linking experiments showed that a 1:1
molar covalent complex of calponin and tubulin was produced. The amount of calponin
bound to microtubules decreased with increasing ionic strength or Ca2+ concentration. The
addition of calmodulin or S100 to the mixture of calponin and microtubule proteins caused
the removal of calponin from microtubules in the presence of Ca2+, but not in the presence
of EGTA. Calponin-related proteins including tropomyosin, SM22, and caldesmon had
little effect on the calponin binding to microtubules, whereas MAP2 inhibited the binding.
Interestingly, there was little, if any, effect of mycalolide B-treated actin on the binding of
calponin to microtubules. Furthermore, only about 20% of calponin-F-actin interaction
was inhibited in the presence of an excess amount of tubulin (4 mol per mol of calponin),
indicating that tubulin binds to calponin at a different site from that of actin. Compared
with MAP2, calponin had little effect on microtubule polymerization.

Key words: calcium-binding protein, calponin, calponin-binding protein, interaction,
microtubule.

Calponin is an actin-, tropomyosin-, and calmodulin-bind-
ing protein found in vertebrate smooth muscle (1-3). The
binding of calponin to F-actin produces an inhibitory effect
on the actin-activated Mg2+-ATPase activity of skeletal
muscle and smooth muscle myosin without affecting phos-
phorylation of the myosin light chain (4-9). Both the
binding and the ATPase inhibition are calcium-insensitive,
but they can be relieved by calmodulin in a calcium-depen-
dent manner (4, 7-9). Furthermore, they are modulated by
the phosphorylation and dephosphorylation of calponin
catalyzed by protein kinase C, kinase II, smooth muscle
phosphatase I, type 2A protein phosphatase, or type 2B
protein phosphatase (5, 10-15). In vitro cell motility
assays have shown that calponin-like caldesmon is capable
of inhibiting the relative movement of actin and myosin
(16-18).

Calponin is present at approximately the same concen-
tration as tropomyosin (80 //M) in chicken gizzard smooth
muscle (1). Compared with calmodulin (24-30//M) and
other typical calmodulin-binding proteins such as caldes-
mon (10 fiM) and myosin-light chain kinase (about 5 //M)
in smooth muscle (1, 19, 20), the level of calponin is
1 To whom correspondence should be addressed.
Abbreviations: DTT, dithiothreitol; EDC, l-ethyl-3[3-(dimethyl-
amino)propyl]carbodiimide; MAP, microtubule-associated protein;
MES, 2-(iV-morpholino)ethanesulfonic acid; SDS-PAGE, polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sulfate.

relatively high, indicating that this protein may have
properties other than binding to actin, tropomyosin, and
calmodulin and may participate in functions other than
contraction. Szymanski and Tao have reported that calpo-
nin can interact with smooth muscle unphosphorylated
myosin filaments at low ionic strengths (21). Other cal-
cium-binding proteins including S100 (22) and caltropin
(23) have been reported to interact with calponin in a
calcium-dependent manner and the interaction causes the
recovery of calponin-dependent actomyosin ATPase inhibi-
tion. Recently, we have reported that calponin also binds to
phospholipids including phosphatidylserine, phosphatidyl-
inositol, and phosphatidylinositol-4,5-bisphosphate, but
not to phosphatidylcholine, with apparent Ks values of 0.6-
0.8 ptM (24). These results demonstrate that calponin is a
multifunctional protein in smooth muscle.

Cytoplasmic microtubules are fibrous intracellular or-
ganelles found in almost all eukaryotic cells and play a role
in the maintenance of cell shape, cell division, transport,
secretion, and receptor activity (25, 26). There is every
reason to believe that most functions depend on the
architecture of microtubules caused by polymerzation-de-
polymerization controlled by microtubule-associated pro-
teins (MAPs), temperature, divalent cations, and ionic
strength. Several proteins including actin, myosin, and
neurofilaments have been reported to interact with mi-
crotubules or tubulin (27-30). A number of investigations
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with microtubules have been done using mammalian
brains. However, little is known about microtubules and
MAPs in smooth muscle.

In this study, we have shown for the first time that
calponin interacts with microtubules through its binding to
tubulin in vitro. Some characteristics of the interaction are
described and a regulatory mechanism is proposed. We also
examined the effect of calponin on microtubule polymeriza-
tion.

MATERIALS AND METHODS

Preparation of Proteins—Calponin, tropomyosin, and
SM22 were purified from chicken gizzard according to Fujii
{31), Fujii et al. (32), and Lees-Miller et al. (33), respec-
tively. The following proteins were isolated by means of the
cited methods: rabbit skeletal muscle actin (34), porcine
brain calmodulin (35), and porcine brain S100 (35).
Microtubule proteins were prepared from rat brains by two
cycles of temperature-dependent assembly and disassem-
bly as described previously (36). Tubulin (PC-tubulin) was
separated from depolymerized microtubule proteins by
phosphocellulose column chromatography (36). Micro-
tubule proteins and tubulin were dissolved in 100 mM
MES-NaOH (pH 6.6), 0.5 mM Mg(CH3COO)2, and 1 mM
EGTA (buffer A) containing 25% glycerol and stored at
-80°C. MAP2 was purified from heat-stable MAPs by
Ultrogel A6 (IBF Biotechnics) column chromatography
(37).

Protein concentrations were determined according to
Bradford (38) using bovine serum albumin as the standard
or by spectrophotometric measurements using A290 of 6.3
for actin, A27s of 1.8 for tropomyosin, A276 of 3.0 for
caldesmon, A275 of 1.8 for calmodulin, and A280 of 3.44 for
S100.

Sedimentation Assay for Calponin-Microtubules and
Calponin-F-Actin Interactions—The standard reaction
mixture contained, in 60 mM MES-NaOH (pH6.8), 0.2
mM Mg(CH3COO)2, 0.1 mM DTT, 0.4 mM EGTA, 25 mM
NaCl, and 10% glycerol (buffer B) in a final volume of 100
ju\. The assembly was initiated by adding 20 //M taxol and
1 mM GTP. The samples were incubated for 30 min at
37°C. F-Actin-binding assay was performed in buffer B and
the solution was incubated for 20 min at 25°C. The samples
were centrifuged at 100,000 Xg for 30 min at 25°C for
microtubule-binding and 4°C for F-actin-binding assays.
Both supernatants and pellets were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the amounts of calponin, tubulin, and actin
were determined by densitometry. SDS-PAGE was carried
out in 12.5% polyacrylamide gel in a discontinuous Tris-
glycine buffer system according to Laemmli (39).

Affinity Chromatography—Calponin was coupled to
CNBr-activated Sepharose 4B following the procedures
outlined by Pharmacia. About 1 mg of calponin was linked
to 0.3 ml of Sepharose. Rat brain microtubule proteins
were loaded on a calponin-Sepharose column (0.7x6 cm)
equilibrated with 25 mM MES-NaOH (pH6.8), 0.2 mM
DTT, 0.5 mM EGTA, 1 //g/ml pepstatin, and 40 mM NaCl
(buffer C) at a flow rate of 3-5 ml/h. The column was
washed with 2 column volumes of buffer C, and the bound
protein was eluted with a salt gradient, 40-500 mM NaCl in
buffer C.

Chemical Cross-Linking—The standard chemical cross-
linking assay was performed in 40 mM MES-NaOH (pH
6.8), 0.15 mM Mg(CH3COO)2) 0.1 mM DTT, 0.3 mM
EGTA, 20 mM NaCl, and 8% glycerol in a final volume of 30
fi\. The reaction was started by adding 3 mM l-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide (EDC) which was
freshly prepared. After incubation for 30 min at 30°C, the
reaction was stopped by the addition of one-fifth volume of
a 5 X electrophoresis sample buffer (155 mM Tris-HCl, pH
6.8, 5% SDS, 25% glycerol, 0.75% /J-mercaptoethanol, and
0.0025% pyronin Y), then heated to 95°C for 2 min. The
samples were subjected to electrophoresis.

Microtubule Assembly—Microtubule polymerization
experiments were carried out in the reaction mixture
containing 70 mM MES-NaOH (pH 6.8), 0.5 mM Mg(CH3-
COO)2, 0.4 mM EGTA, 10% glycerol, and 1 mM GTP. The
polymerization was monitored in terms of the change in
absorbance at 350 nm in a Hitachi U-2001 spectro-
photometer fitted with a temperature-controlled compart-
ment.

RESULTS

Interaction of Calponin with Microtubule Proteins—We
examined the interaction between calponin and micro-
tubule protein in vitro. The binding of calponin to micro-
tubule proteins was investigated by measuring the ability
of the protein to cosediment with microtubules during
high-speed centrifugation; calponin itself was not sedi-
mented by this centrifugation. Taxol is an effective drug for
microtubule assembly, because it can promote tubulin
polymerization and decrease the critical concentration for
microtubule assembly (41, 42). When rat brain micro-
tubule proteins were incubated with 20 juM taxol and 1 mM
GTP, most of the protein was recovered in the pellet (Fig.
1A). Calponin was also sedimented with taxol-stabilized
microtubules in a concentration-dependent manner. Tubu-
lin, a main constituent of microtubule proteins, was used in
place of microtubule proteins to examine whether calponin
bound to either tubulin or MAPs. Calponin also bound to
taxol-polymerized microtubules in the absence of MAPs
(data not shown). A Scatchard plot showed that the appar-
ent Ka value of calponin for tubulin was 5.2 /*M, when the
tubulin content in the microtubule preparation was esti-
mated to be 75%. The binding was saturated at a molar
ratio of 2 calponin molecules to 1 molecule of tubulin dimer
(Fig. IB).

Evidence for the binding of calponin to microtubule
proteins was also obtained using affinity chromatography
(Fig. 2). When microtubule proteins were applied to a
calponin-Sepharose column, most of the protein was re-
tained by the column and the bound protein was eluted at
250-300 mM NaCl under the conditions used. Electropho-
retic analysis showed that a large portion of tubulin was
recovered in the bound fraction, while high-molecular-
weight MAPs were eluted in both the unbound and bound
fractions. All procedures were carried out at 4°C. These
results indicate that calponin can bind to unpolymerized
microtubule proteins, as well as the polymerized form.

The binding of calponin to microtubule proteins was also
examined using the zero-length cross-linker EDC. As
shown in Fig. 3, when calponin and PC-tubulin were mixed
with EDC, a cross-linking product with an apparent
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Fig. 1. Sedimentation analysis of the interaction of calponin
with microtubules and the Scatchard analysis. (A) The binding of
calponin to microtubules was examined by the high-speed centrifuga-
tion method, described in "MATERIALS AND METHODS," in which
the protein compositions of supernatants (S) and pellets (P) were
analyzed by 12.5% SDS-PAGE. The concentrations of calponin and
microtubule proteins were 5.5 //M and 0.38 mg/ml, respectively.
Pair a, calponin; pairb, microtubules; pairc, calponin + microtubules.
(B) Microtubules were incubated with various concentrations of
calponin. The amounts of calponin were determined by densitometry.
The concentration of microtubule proteins was 0.38 mg/ml, in which
the tubulin content was estimated to be 2.6 /(M. CaP, calponin; Tub,
tubulin.
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Fig. 2. Calponin-Sepharose 4B chromatography. Rat brain
microtubule proteins (2 mg) were applied to a calponin Sepharose 4B
column. Elution was performed with a NaCl gradient (40-500 mM).
Fractions (0.7 ml) were collected and analyzed for protein. The inset
shows SDS polyacrylamide gel profiles of the applied sample (a), and
fractions 4 and 26.

molecular mass of 86 kDa was generated in a concentration-
dependent manner. The 86 kDa band was immunostained
with anti-calponin and anti-tubulin antibodies (data not
shown). We interpret these results as indicating that the 86
kDa band represents the 1:1 molar covalent complex of
calponin and the tubulin subunit. Similar results were
observed when microtubule proteins were used instead of
PC-tubulin, indicating that calponin directly interacts with
tubulin subunit.

To determine the concentration dependence of salt and
divalent cations on calponin-microtubule interaction using
co-sedimentation and chemical cross-linking experiments,
various concentrations of NaCl, MgCl2, and CaCl2 were
added to the standard reaction mixtures. At physiological
ionic conditions (50-100 mM NaCl), considerable amounts
of calponin cosedimented with microtubules and the forma-
tion of an 86 kDa band was observed. The calponin binding
to microtubules was maximum at around 0.5 mM Mg2+,
whereas the binding was slightly inhibited by adding Ca2+.

Effects of Calmodulin on the Binding of Calponin to
Microtubules—Because calmodulin can interact with cal-
ponin in a Ca2+-dependent manner (7-9, 23), the effect of
calmodulin on the binding of calponin to microtubules in the
presence of Ca2+ or EGTA was examined. As can be seen in
Fig. 4, calmodulin inhibited the calponin binding to micro-

Calponin/tubulin (mol/mol)
0 0.3 0.7 1 l.S 2 2.5 3 4 CaP

—86 kDa

—Tub

»-CaP

Fig. 3. Cross-linking of calponin and tubulin. The cross-linking
reaction was performed with 3 mM EDC for 30 min at 30°C as
described in "MATERIALS AND METHODS," in the standard assay
containing 1.9 //M PC-tubulin and various concentrations of calponin
as indicated. The cross-linked materials were separated by 5-15%
SDS-PAGE.

TABLE I. Effects of NaCl, MgCl2, and CaCl2 on the binding of
calponin to microtubules. The bindings were assayed as indicated
in the legends to Fig. 1 (sedimentation) and Fig. 3 (EDC), in various
concentrations of NaCl, MgCl2, and CaCl2 as shown. The concentra-
tions of calponin, microtubule proteins, and PC-tubulin were 5.5 //M,
0.38 mg/ml, and 1.9 /*M, respectively.

Control
NaCl

MgCl2

CaCl2

Cone. (mM)

50
100
200

0.5
2
0.5
2

Sedimentation

100
47
.39
33

140
116
94
81

EDC

100
60
36
21

120
108
97
70
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tubules in the presence of Ca2+, though it had little effect on
the binding in the absence of Ca2+. Half-maximal inhibition
occurred at a molar ratio of calmodulin to calponin of 1.7,
showing that calmodulin is a potent inhibitor of calponin-
microtubule interaction, as well as calponin-F-actin and
calponin-phospholipid interactions {7-9, 24).

Effects of Calponin-Related Proteins and MAP2 on the
Binding of Calponin to Microtubules—We examined the
effects of S100, tropomyosin, caldesmon, SM22, and MAP2
on calponin-microtubule interaction by sedimentation
analysis (Fig. 5). These proteins were not sedimented by
themselves in this centrifugation. S100 is an acidic Ca2+-
binding protein which belongs to a family of EF-hand-type
Ca2+-binding proteins and is distributed in a variety of
tissues (43). Previously, we found that S100 as well as
calmodulin can modulate both calponin-F-actin and cal-
ponin-phospholipid interactions (22, 24). Like calmodulin,
S100 inhibited calponin binding to microtubules in the
presence of Ca2+. Addition of tropomyosin, which weakly
interacts with calponin, did not affect the binding. Among
calmodulin- and actin-binding proteins in smooth muscle,
caldesmon is believed to play a significant role in thin and
thick filament interaction (44, 45) and is also known to be
a microtubule-binding protein (46, 47). Compared with

calponin, only a small amount of caldesmon was found in
the microtubule pellets under our experimental conditions
(data not shown). The presence of caldesmon had little

100

!= 80

f 60
•oe

1 40

1 20

0
S100 TM CDM SM22 MAP2

Fig. 5. Effects of calponin-related proteins and MAP2 on the
binding of calponin to microtubules. The assay conditions were
the same as those in Fig. 5 in the presence of 0.2 mM EGTA (I!) or 0.5
mM CaCl2 (•). The concentrations of calponin, microtubule proteins,
S100, tropomyosin, caldesmon, SM22, and MAP2 were 5.5 //M, 0.38
mg/ml, 16.5 fiM, 16.5 ̂ M, 16.5 //M, 16.5 pM, and 5.5 pM, respec-
tively. TM, tropomyosin; CDM, caldesmon.

MAPI

-Tub

-CaP

1 2 3 4 5
Calmodulin/calponin (mol/mol)

Fig. 4. Sedimentation analysis of the interaction between
calponin and microtubules in the presence or absence of cal-
cium and calmodulin. (A) The concentrations of calponin, micro-
tubule proteins, and calmodulin were 5.5 ^M, 0.38 mg/ml, and 16.5
fiNl, respectively. CaM, calmodulin. Pair a, 0.2 mM EGTA-cal-
modulin; pair b, 0.5 mM CaCl2-calmodulin; pair c, 0.2 mM EGTA +
calmodulin; pair d, 0.5 mM CaCl2+calmodulin. (B) The binding of
calponin to microtubules was examined in the presence of 0.5 mM
CaCl2 (•) or 0.2 mM EGTA (O), and various concentrations of
calmodulin as indicated. The amounts of calponin bound to micro-
tubules were determined from densitometric scans of SDS-gels.

2 3 4 5
Tubulin/calponin (mol/mol)

Fig. 6. Effects of G-actin and PC-tubulin on the binding of
calponin to microtubules and F-actin. (A) Actin (90 pM) was
preincubated with 100//M mycalolide B (Wako Chemicals) in the
sedimentation assay solution for 20 min at 25'C. The sample was
centrifuged at 100,000 Xg for 30 min at 25'C, and the obtained
supernatant was used as non-polymerized actin. (B) PC-tubulin (0-9
^M) was incubated with 1.8 ^M calponin and 5.6 //M F-actin for 20
min at 25'C. The assay procedure was described in "MATERIALS
AND METHODS." The amount of calponin bound to microtubules or
F-actin was measured by densitometry of Coomassie Blue-stained
gels.
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Fig. 7. Effect of calponin on microtubule polymerization. (A)
Microtubule protein (1.6 mg/ml) in MES buffer containing lmM
GTP, was incubated at 37°C either in the absence (O) or presence of
5.8 <̂M calponin (•). The assembly was monitored in terms of the
change in absorbance at 350 nm. (B) Polymerization in the absence
(O, A) or presence of (•, A) was expressed as absorbance at 350 nm
for the initial 10 min (A, A) and 30 min (O, • ) .

effect on calponin binding to microtubules. SM22, a 22-kDa
basic protein whose amino acid sequence has a high degree
of homology to that of calponin (41%), is expressed exclu-
sively in smooth muscle {33, 48). SM22 did not interact
with microtubules with significant affinity (data not shown)
and had little effect on the interaction of calponin with
microtubules. MAP2 is one of the best characterized MAPs
{25, 26) and was contained in the microtubule preparation
used. As shown in Fig. 1, the binding of calponin to
microtubules did not remove the MAPs from the micro-
tubules. On the other hand, the amount of calponin bound to
microtubules decreased upon the addition of exogenous
MAP2.

Effects of Tubulin and Actin on the Binding of Calponin
to F-Actin and to Microtubules—The calponin-microtubule
and calponin-F-actin interactions were compared by mea-
suring the amount of calponin displacement from calponin-
microtubules or calponin-F-actin complexes as a function
of G-actin or PC-tubulin concentration (Fig. 6). When
G-actin was incubated with a mixture of calponin and
microtubule proteins, most of the G-actin was converted to
F-actin and was recovered in the pellets as well as the
microtubules under the present experimental conditions.

Recently, mh B isolated from marine sponge has been
reported to be a selective and powerful depolymerizing
agent of F-actin which binds to G-actin in a 1:1 molar ratio
{49). Addition of actin prepared by mycalolide B treat-
ment, which did not sediment by itself during this centri-
fugation, had little effect on the binding of calponin to
microtubules when the molar ratio of actin to calponin was
4 (Fig. 6A). Actin treated with mycalolide B retained the
ability to produce a cross-linked complex with calponin
(data not shown), like untreated actin {50). We next
examined the effect of PC-tubulin on calponin-F-actin
interaction (Fig. 6B). When calponin (1.8 /*M) was mixed
with 5.5 ^M F-actin, most of the calponin bound to actin
filaments. In the presence of PC-tubulin (0-9 ^M), the
bound calponin was slightly decreased to about 80%.

Microtubule Polymerization in the Presence of Cal-
ponin—We examined the effect of calponin on microtubule
polymerization (Fig. 7). Microtubule polymerization was
monitored by measuring the turbidity change. Addition of
calponin did not affect the initial rate of microtubule
polymerization, but this protein slightly inhibited the final
level of polymerization (Fig. 7A). When the concentration
of microtubule proteins was varied in the presence and
absence of calponin to estimate the concentration required
for microtubule polymerization, the critical concentration
(0.13-0.2 mg/ml) in the absence of calponin was not
affected by its presence (Fig. 7B).

DISCUSSION

The present results provide convincing evidence for the
interaction between calponin and microtubules. The cal-
ponin-F-actin interaction is believed to be physiologically
important in the regulation of smooth muscle contraction.
The apparent Ka value of calponin for actin has been
estimated to be 0.66-6 //M by sedimentation analysis using
native and [MC]iodoacetamide-labeled calponin, and the
binding is saturated at about 1 mol calponin per 3 mol of
actin monomer {31, 51). The estimated Ka value for the
binding of calponin to microtubules is 5.2 juM, and the
binding is saturated at about 2 mol calponin per 1 mol of
tubulin dimer (Fig. 1). Like the calponin-actin and cal-
ponin-phospholipid interactions (7-9, 24), calponin-micro-
tubule interaction was modulated by calcium-binding
proteins, including calmodulin and S100, in a calcium-de-
pendent manner (Figs. 4 and 5). The amounts of calmodulin
required for 50% inhibition of calponin binding to F-actin
and for 50% restoration of calponin-induced inhibition of
actomyosin-ATPase activity are 2.1-5.2 times {7-9, 22)
and 1.2-5 times {4, 7) the molar level of calponin, respec-
tively. Half-maximal inhibition of calponin-microtubule
interaction by calmodulin occurred at a molar ratio of
calmodulin to calponin of 1.7, indicating that calmodulin at
a relatively low level is also capable of modulating the
calponin-microtubule interaction.

On the basis of the isoelectric point of calponin, three
types of calponin isoforms, acidic (pi = 5-6), neutral (pl =
7-8), and basic (pI = 8-10), have been identified {52-56).
Furthermore, basic calponin consisted of a• and /?-isoforms
produced by alternative mRNA splicing. Because basic
calponin is predominantly expressed in smooth muscle, the
species of calponin that interacts with microtubules should
be the basic one. Two-dimensional electrophoresis indicat-
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ed that both a • and /?-isoforms of basic calponin were found
in the precipitate with microtubules (data not shown).

In the mammalian brain, microtubules are composed of
tubulin and several other proteins designated MAPs, in-
cluding MAPI, MAP2, and tau (25, 26). The microtubule-
binding fragments of MAP2 and tau are basic with an
isoelectric point of 10-11, and the projection region is acidic
with an isoelectric point of 4-5 (57-59). Moreover, some
cations including poly(L-lysine), poly(L-arginine), and
histone are capable of inducing tubulin polymerization (60,
61). The MAP2 binding region in the tubulin molecule is
located within the highly acidic 4 kDa fragment of the
C-terminal moiety {62, 63). Like MAP2, tau, and caldes-
mon, calponin is heat-stable and its biological activities to
bind to actin, calmodulin, myosin, phospholipids, and
microtubules are retained after incubation at 95-100°C for
4-5 min, though calponin and these proteins have few
common or homologous amino acid sequences. The isoelec-
tric point of chicken gizzard calponin is around 10 (52).
Calponin-micro tubule interaction is sensitive to ionic con-
ditions in the reaction mixture (Table I). Taking these
results into account, we propose that electrostatic interac-
tions play an important role in the interaction between
calponin and microtubules. We think that the binding of
calponin to microtubules is specific. This is supported by
the following observations. Both calmodulin and SI00 can
block calponin-microtubule interaction only in the presence
of Ca2+. SM22, a basic protein (pi, around 9.3) which has a
remarkable degree of homology in amino acid sequence
with the N-terminal region of calponin (33, 48, 52), did not
bind to microtubules and, further, had little effect on
calponin-microtubule interaction (Fig. 5). Interestingly,
addition of actin to the calponin-microtubule complex did
not cause the displacement of calponin. These results
suggest that the tubulin-binding site on the calponin
molecule is different from its actin-binding site, and the
calponin-binding site on the tubulin molecule may overlap
at the C-terminal domain with the site at which MAP2
interacts with microtubules. The detailed structures of the
domains where calponin and tubulin bind to each other are
under investigation.

In smooth muscle, caldesmon, an actin-, tropomyosin-,
and calmodulin-binding protein, has been reported to
modulate actin-myosin filament interaction (44, 45).
Recently, Ishikawa et al. (46, 47) have shown that high-
and low-molecular-weight caldesmons from chicken gizzard
and bovine brain, respectively, can interact with mi-
crotubules with an apparent IQ value of 0.9-2.2 //M and
this binding is saturated at about 1 mol caldesmon per 5
mol of tubulin dimer. These results suggest that both
calponin and caldesmon may be microtubule- associated
proteins, as well as actin-, tropomyosin-, and calmodulin-
binding proteins, in smooth muscle.

Representative cytoskeletal components are microfila-
ments, microtubules, and intermediate filaments. In the
brain, the interactions of microtubules with microfilaments
and of microtubules and neurofilaments have been report-
ed, and these interactions are regulated by calcium/cal-
cium-binding protein and phosphorylation-dephosphoryla-
tion (28, 29, 64-66). This is the first report describing the
interaction of calponin with microtubules through calponin
binding to tubulin dimer in vitro. The physiological signifi-
cance of this is still unknown. However, these data demon-

strate that calponin may be a candidate for a mediator and
regulator of the interaction between microfilaments and
microtubules in smooth muscle.
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