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SUMMARY

HIDAKA, H., T. YAMAKI, M. NAKA, T. TANAKA, H. HAYASHI AND R. KOBAYASHI.

Calcium-regulated modulator protein interacting agents inhibit smooth muscle cal-
cium-stimulated protein kinase and ATPase. Mol. Pharmacol. 17: 66-72 (1980).

Reagents such as N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7), chlor-
promazine, prenylamine, and N2-dansyl-L-arginine-4-t-butylpiperidine amide (No. 233)

that interact with Ca2�-regu1ated modulator protein (modulator protein, calmodulin)
were found to inhibit dose dependently not only Ca2�-dependent protein kinase (myosin
light chain kinase), but also Ca2�-dependent ATPase of chicken gizzard actomyosin.
Inhibition of Ca2’-dependent ATPase by these agents was prevented by the addition of
modulator protein. These agents did not inhibit calcium-independent Mg�-ATPase of
actomyosin. Ca2�-dependent transfer of 32P1 from [-y-32P]ATP to the 20,000-dalton light
chain of the gizzard myosin in the presence of Mg�� was also inhibited dose dependently
by these agents. The concentrations of these agents producing 50% inhibition of the Ca2�-
dependent ATPase activity were found to be similar to concentrations producing 50%

inhibition of myosin light chain phosphorylation, thereby suggesting that the inhibition
of Ca2�-dependent ATPase of actomyosin by these drugs is due to their inhibition of

myosin light chain phosphorylation. W-7 bound to Ca2� modulator protein complex, but
not to the modulator protein in the presence of EGTA. No. 233 and chlorpromazine

inhibited the binding of W-7 to the Ca2�-modulator complex, suggesting that No. 233 and
chlorpromazine bind to modulator protein. The modulator protein has two classes of W-
7 binding sites: three functional sites with a high affinity for W-7 (Kw7 11 /LM) and nine

sites with a low affinity for the drug (Kw7 200 �zM). W-7 did not show a significant

binding to actin, myosin, tropomyosin, and bovine serum albumin at the concentration of
the drug capable of binding to modulator protein. Troponin C was the only protein other
than modulator protein that bound W-7 significantly but the affinity (Kw7 25 �LM) of
this protein for W-7 was lower than that of modulator protein. These results suggest that

agents that interact with modulator protein produce relaxation of smooth muscle by
inhibition of modulator protein-dependent myosin light chain phosphorylation thus
suppressing the actin-myosin interaction and concomitant myosin ATPase activation.

INTRODUCTION

Cyclic nucleotide phosphodiesterase inhibitor pro-
duces various pharmacological effects on tissues such as
blood vessels, platelets, etc.; however, details ofthe mech-
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anism of action are not well understood. Phosphodies-
terase inhibitors, such as N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide (W-7) , chlorpromazine, chior-
prothixene, and desipramine have been found to produce

relaxation of isolated rabbit aortic strips contracted with
agonists such as KC1, CaCl2, norepinephrmne, histamine,
serotonin, and angiotensin (1-3). Prenylamine (4), chlor-
promazine (4, 5), chlorprothixene (2), and desipramine

(5) have been reported to inhibit selectively Ca2�-regu-
lated modulator protein (modulator protein, calmodulin)-
induced stimulation of the phosphodiesterase. We have

recently reported evidence that relaxation of vascular
strips by these inhibitors is due to a direct effect on the
smooth muscle actomyosin system (1, 2). Thus, these
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studies suggest that modulator protein plays an impor-
tant role in smooth muscle contraction. Other investiga-

tors (6, 7) suggested that regulation by Ca2� of the actin-
myosin interaction in smooth muscle is mediated by a

protein kinase and a phosphatase. Dabrowska et al. (8)
have recently demonstrated that modulator protein is a
component of smooth muscle myosin light chain kinase.
We now report that several drugs known to be phospho-
diesterase inhibitors also inhibit myosin light chain Id-
nase (Ca2’�-modulathr-dependent protein kinase). Our
findings suggest that inhibition of myosin light chain
kinase results in inhibition of Ca2�-Mg�-ATPase of ac-
tomyosin. These inhibitors can serve as useful pharma-
cological tools for elucidating the biological significance
of modulator protein-mediated reactions.

MATERIALS AND METHODS

Experimentaiprocedures. The procedures used to iso-
late the various proteins were as follows. Chicken gizzard
actomyosin and myosin were prepared according to the
method of Sobieszek and Small (9). Briefly, chicken
gizzards obtained up to 30 mm after sacrifice were
trimmed of the tough inner lining and fascia. The myofi-
brils were obtained by thorough homogenization of finely

minced fresh gizzard followed by extraction with Triton
x-100 and an extensive wash to produce a white residue.
For the extraction of actomyosin, myofibrils were resus-

pended in an ice-cold medium of the following composi-
tion; 10 mM ATP (Na), 1 m�i EDTA, 2 m�i EGTA, 1 mM

cysteine, 60 mM KC1, 40 mr�i imidazole (pH 7.1), and 100
mg/liter streptomycin. To this solution containing acto-
myosin extracted at the condition of low ionic strength
as described above, 1 M MgCl2 was slowly added to give
a final concentration of 25 to 30 mM, and the actomyosin
became opaque. The extract was then left at 4#{176}for about
10 to 15 hr to form a compact gel. This gel was then

centrifuged at 15,000g for 30 mm and the pellet so ob-
tamed resuspended by gentle homogenization in a wash
solution containing 60 mM KC1, 1 mM MgCl2, 1 nmi

cysteine, 20 mM imidazole (pH 6.8), and 100 mg/liter
streptomycin. The actomyosin was pelleted, resus-
pended, and stored in a buffer solution of 60 mi�i KC1, 1
mM cysteine, 40 mM imidazole (pH 7.0 at 25#{176})correspond-
ing to that used for ATPase activity measurements.
Experiments using this actomyosin were done within 2-
3 days, as the calcium-sensitivity often decreased and
disappeared in a preparation stored for 5-6 days. By
centrifuging freshly extracted crude actomyosin for about
18 hr at 9,600 rpm (15,000g) we obtained a myosin

fraction that contained little actin and tropomyosin im-
purities. This myosin was further precipitated by the
slow addition of 1 M MgCl2 with stirring to a final con-
centration of about 35 mM and was then collected by
centrifugation. Chicken gizzard tropomyosin was pre-
pared by the method of Ebashi et al. (10). The gizzard
actin was purified according to the method of Spudich
and Watt (11). Troponin was prepared by the method of
Ebashi et al. (12) and troponin C was isolated by chro-
matography on DEAE-cellulose (13). Bovine brain mod-
ulator protein was purified according to the method of

Teo et al. (14). Bovine aortic modulator protein was
purified as described previously (2). Amino acid analysis

of bovine aortic and brain modulator protein was kindly
done by Dr. T. Kakuno, Division of Enzymology, Insti-

tute for Protein Research, Osaka University, Japan. The
amino acid composition of bovine aortic modulator pro-
tein was similar to that of bovine brain modulator protein
purified by the method of Teo et al. By comparison with
modulator protein ofthe adrenal medulla (15), brain (16),
heart (17), and gizzard (8), the bovine aortic modulator

protein proved to be similar. The presence of tryptophan
in the bovine aortic modulator protein was ruled out. We
did not do experiments to identify trimethyllysine in the

modulator protein molecule. Soluble and modulator pro-
tein-deficient cyclic nucleotide phosphodiesterase was
prepared from human aortic smooth muscle as described

previously (18).
ATPase activity. We measured ATPase activity of

gizzard actomyosin using the method of Sobieszek and
Small (9). ATPase activity measurements were carried
out at 25#{176}in a medium of 60 rni�i KC1, 250 �tM ATP (Na),

1 mM cysteine, 40 mM imidazole (pH 7.0 at 25#{176}),and
either 2 mM EGTA plus 1.7 mM MgCl2 or 0.1 nmi CaCl2
plus 1.7 mM MgC12. For assay at different concentrations

of free Ca2�, a Ca-EGTA/EGTA buffer system was used,
taking the apparent dissociation constant for Ca-EGTA

at pH 7.0 as 5 j.LM (19). The 3-mi assays were preequii-
brated at 25#{176}and the reaction initiated by adding ATP
while mixing gently on a Vortex mixer. The reaction was

terminated after 1 to 5 mm by the addition of 2.0 ml 10%
trichloroacetic acid. The preparations were ifitered and
inorganic phosphate was measured according to the

method of Martin and Dotty (20).
Phosphodiesterase activity. Phosphodiesterase activ-

ity was measured by the method previously described
(21). The reaction mixture contained 50 mM Tns-HC1,

pH 8.0, 0.05 mM CaCl2, 5 zni�i MgCl2, 0.4 �M cyclic [3H]-
GMP (100,000 cpm), and the phosphodiesterase prepa-
ration in a total volume of 0.5 ml. 5’-[3HJGMP formed by

the phosphodiesterase was converted to [3H]guanosine
by the action of nucleotidase and the product isolated by
cation exchange resin was counted in a liquid scintillation
counter. Guanosine was confirmed by thin layer chro-
matography to be the only breakdown product from
cyclic GMP in our assay (21). Recovery of guanosine was
95%.

Phosphodiesterase activation assay. Modulator pro-
tein, purified to homogeneity from bovine brain and
aorta, was assayed by measuring the extent of stimulation
of a fixed amount of modulator protein-deficient phos-
phodiesterase under standard conditions (18). One unit

of modulator protein was equivalent to 10 ng protein.
(One unit of modulator protein was defined as the
amount necessary to produce 50% maximum activation
of the modulator protein-deficient phosphodiesterase at-
tamable under standard experimental conditions.) With
a saturating concentration ( 150 ng) of modulator protein,
the enzyme was stimulated approximately sixfold. This
proved to be a consistent and reliable means of quanti-

fying the activity of modulator protein.
Phosphorylation procedures. Phosphorylation of giz-

zard actomyosin was examined in the same reaction
mixture used for measurement of ATPase activity except

with larger amounts of the actomyosin (2-8 mg/inl) and
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FIG. 1 . Effects of modulator protein interacting agents on gizzard

actomyosin A TPase

The reaction mixture (3.0 ml) contained: 40 mM imidazole pH 7.0,

1.7 mr�i MgCI2, 1 mM cysteine, 60 � KC1, 250 �M ATP, gizzard

actomyosin (0.54 mg/mI), 100 �tM Ca’� (open symbols) or 2 nmi EGTA

(closed symbols) and various concentrations of modulator protein in-
teracting agents (O-, W-7; L�-A, chiorpromazine; 0-S. No. 233).

The reaction was started by addition of ATP and carried out at 25#{176}.

[32P]ATP (7.5 �.tCi/tube) in a total volume of 0.5 ml.

The reaction was initiated by the addition of 250 ,�M ATP
containing 7.5 �tCi [-y-32P]ATP and was terminated after
10 sec by the addition of 1 ml of ice-cold 10% trichloro-
acetic acid. Phosphorylation of the actomyosin was ana-
lyzed by two methods: (1) Following the addition of
trichloroacetic acid, the reaction mixture was centrifuged

at 2000 rpm for 5 mm, the pellet was resuspended in ice-
cold 5% trichioroacetic acid solution containing 2.5 mM

ATP, and the centnfugation-resuspension cycle was re-
peated three times. The final pellet was dissolved in 1 ml
of 0.5 N NaOH and the radioactivity was measured with

a liquid scintifiation counter. (2) SDS (0.1 ml of a 10%
solution) was added to the reaction mixture to terminate
the reaction and appropriate amounts of the solution
were subjected to tube gel electrophoresis. After electro-
phoresis, the gels were stained with Coomassie brilliant
blue and the protein profile was recorded by densitome-
try or photography. The gel was then sliced at a width of
1 mm, each piece of gel was dissolved in 30% hydrogen
peroxide solution by heating at 80� and counted by

Cherenkov counting in a liquid scintifiation counter.

Sodium dodecyl sulfate-tube gel electrophoresis.
SDS-Tube gel electrophoresis was performed by the

method of Weber and Osborn (22) using 10% polyacryl-
amide gels. Protein samples (25-100 �g) were applied to
each gel. Coomassie brilliant blue was used for staining
proteins. For determination of molecular weight by SDS-
gel electrophoresis, soybean trypsin inhibitor, RNA po-
lymerase, and bovine serum albumin were used as the

standard proteins.

Protein determination. Protein was determined by the
method of Lowry et al. (23) with purified modulator
protein as a standard. This protein gave a single band
upon SDS-gel electrophoresis.

Drugs. W-7 synthesized by the method of Hidaka et
al. (3) was a gift from the Banyu Pharmaceutical Com-

pany Ltd. [�H]W-7 (59.7 Ci/mol) was also donated by
Banyu Pharmaceutical Company, Ltd. N2-Dansyl-L-ar-

ginine-4-t-butylpipendine amide (No. 233) was a gift
from Professor Okamoto, Department of Physiology,
Kobe University, and Mitsubishi Kasei Company, Ltd.
Prenylamine was also gift from the Fujisawa Pharmaceu-
tical Company, Ltd.

RESULTS

Inhibition of Ca2”�-dependent ATPase and phospho-

rylation of actomyosin. The ATPase activity of chicken
gizzard actomyosin was found to be dependent on cal-
cium. Maximal stimulation of the ATPase activity (42
nM P�/mg/min) was achieved in the presence of 10-100
�LM Ca2�. These data are in good agreement with the
findings of Sobieszek and Small (9). Effects of W-7, No.
233, and chlorpromazine on the Ca2�-dependent ATPase
activity were examined in the presence of 100 �M Ca2�
plus 1.7 mM Mg�� or 2 mM EGTA plus 1.7 mM � A
typical experiment is shown in Fig. 1. These agents
produced a concentration-dependent inhibition of Ca2�-

dependent ATPase but did not inhibit Ca2�-independent
ATPase. The concentrations of these agents producing
50% inhibition of Ca2�-stimulated ATPase are summa-

rized in Table 1. Inhibition by these agents of Ca2�-
dependent ATPase was prevented by addition of modu-
lator protein in a dose-dependent fashion. A typical ex-
periment is shown in Fig. 2. Inhibition of the ATPase by
these drugs was not observed when the compounds were
added to a reaction mixture that had been incubated for
a few minutes, suggesting that all drugs tested had no

effect on gizzard actomyosin ATPase in the phosphoryl-
ated form.

TABLE 1

Effect of several compounds on modulator-stimulated

phosphodiesterase, myosin light chain phosphorylation and Ca2�-

dependent ATPase

Phosphodiesterase activity of a preparation purified from human

aortic smooth muscle was measured in the presence of 200 units of

modulator protein and 50 #M CaCl,. Ca’�-Dependent ATPase and Ca2�-

dependent phosphorylation of chicken gizzard smooth muscle acto-

myosin were measured in the presence of various concentrations of the

compounds. The concentration of the compounds producing 50% inh.i-

bition ofeach enzyme activity was determined graphically. Dissociation

constant for the compounds was obtained from kinetic studies as shown

in Figs. 5 and 6. Values are means ± standard errors of three experi-

ments.

Concentration (I�, ftM) of
compounds producing 50%

inhibition of
Apparent dis-
sociation con-

stant
Myosin

Ca’�- light
Mg�- chain Phospho-

diesterase
ATPase phospho-

rylation

(�sM)

W-7 27±2 50±3 67±3 lla±1

No. 233 11 ± 1 10 ± 1 17 ± 1 1.5” ± 0.3

Chiorpromazine 38 ± 2 50 ± 3 47 ± 2 2#{149}4b � 0.5

Prenylamine 34 ± 4 50 ± 3 18 ± 2 124” ± 20
a Value was obtained from Scatchard plots (Fig. 5).

b Value exhibits K, value of each compound for inhibition of binding

of W-7 to modulator protein (see Fig. 6).
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Fic. 2. Recovery of chlorpromazine.induced inhibition of Ca2�-

dependent ATPase by addition of modulator protein

The reaction mixture (3.0 ml) contained: 40 mM imidazole pH 7.0,

1.7 rims MgC12, 100 �M Ca2�, 1 rims cysteine, 60 mM KC1, 250 �M ATP,

gizzard actomyosin (0.54 mg/mI), 0 or 50 �zM chiorpromazine, and
various concentrations of purified bovine brain modulator protein. The

reaction was started by addition of ATP and carried out at 25#{176}.

These agents inhibited 32P1 incorporation into the ac-
tomyosin from [‘y-32P]ATP at concentrations similar to

those at which these agents produced inhibition of Ca2�-
stimulated ATPase (Table 1).

Actomyosin was analyzed by SDS-polyacrylamide gel
electrophoresis after incubation of the actomyosin with
[‘y-32PJATP in the presence of Ca2�. Only one protein
band corresponding to 20,000 daltons was found to be
phosphorylated. This phosphorylation was not observed
when the actomyosin was incubated with [-y-32PJATP in
the presence of EGTA. W-7, No. 233, prenylamine, and

chiorpromazine produced concentration-dependent inhi-
bition of 32Pj incorporation into the 20,000-dalton com-

ponent of actomyosin. A typical experiment using W-7 is
shown in Fig. 3. The concentrations of these agents
producing 50% inhibition of 32P3 incorporation were esti-
mated by plotting 32P1 incorporation versus drug concen-
tration and are summarized in Table 1.

Interaction of W- 7, No. 233, prenylamine, and chlor-
promazine with modulator protein and other proteins.
The possible formation of the Ca2�-modulator-agent

complex has been investigated by the equilibrium binding
technique of Hummel and Dreyer (24) on a Sephadex G-

50 gel ifitration column using tritium-labeled W-7. Figure
4 shows the elution profile for a typical binding experi-
ment. The appearance of [3H]W-7 peak and troughs
in the profile is indicative of the binding of
[3H]W-7 to modulator protein (Fig. 4A) and to troponin
C (Fig. 4B). The radioactivity peak coincides with the
protein peak of the purified modulator protein. However,
the radioactivity peak was not observed when EGTA
instead of Ca2� was added (Fig. 4), suggesting that the
binding of W-7 to modulator protein or troponin C is
Ca2� dependent. For the calculation of the amount of
bound W-7, only the data at peak regions have been
used. The stoichiometry of the interaction between W-7
and Ca2-modulator protein or troponin C and the dis-
sociation constant for the complex were determined from
a Scatchard plot (Fig. 5) (25). The Scatchard plot with
the lines by least-squares-analysis consists of two linear

regions with different slopes (modulator protein). The

results suggest that there are two types of W-7 binding
sites on modulator protein that have different affinities.

From the slopes, the dissociation constants of W-7 for
the high and low affinity sites were calculated to be 11
and 200 ELM, respectively. In kinetic studies (2) we found
that the K1 value of W-7 against modulator protein-
induced stimulation of phosphodiesterase was 7.5 �tr�i;

thus, probably only the high affinity W-7 binding site is

involved in the enzyme reaction. The stoichiometry of
the interaction between W-7 and modulator protein may
be calculated by the intercepts on the horizontal axis of

the Scatchard plot extrapolated lines for the high and
low affinity sites. This indicates that there are three high
affinity W-7 binding sites and nine low affinity W-7
binding sites per mole of modulator protein. When giz-
zard actin, tropomyosin, myosin, and bovine serum al-
bumin were examined for their binding to W-7, a signif-
icant radioactivity peak of W-7 was not observed. How-
ever, rabbit skeletal muscle troponin C was found to bind
to W-7 significantly. The binding of W-7 to troponin C

was weaker than the binding ofW-7 to modulator protein
(Fig. 4B). In contrast to modulator protein, there is one
high affinity W-7 binding site per mol of troponin C. The

dissociation constant of W-7 for this site is calculated to
be 25 �LM.

The effects of No. 233, chlorpromazine, and prenyla-
mine on the binding of W-7 to modulator protein were
studied in order to confirm that these agents directly
interact with modulator protein. The stoichiometry of

interaction between No. 233, chiorpromazine, or prenyl-
amine and [3H]W-7-modulator complex and the inhibi-
tory constants of these agents for W-7-modulator com-

plex were determined from a Dixon plot (Fig. 6) (26). No.
233 and chlorpromazine inhibited the binding of W-7 to

modulator protein competitively and the K1 values of

these conipounds against the binding of W-7 were 1.5
and 2.4 ELM, respectively. These results suggest that the

-0--- None

-.--W-7 2OjiM

-A-- : 50j�M

-‘-. : 100pM

5 10

“P incorporated (cpm x 10’)

FIG. 3. Effect of W- 7 on 32P incorporation into 20,tTKX’-dalton light

chain ofgizzard myosin

The reaction mixture contained: 40 mM imidazole pH 7.0, 1 .7 mM

MgC12, 100 �LM Ca2�, 1 mM cysteine, 60 mr�t KC1, 250 �&M ATP, various

concentrations of W-7 (-0-, none; -S-, 20 �; -Li-, 50 (IM; -A-, 100

�LM) and gizzard actomyosin (8 mg/mI). The same amount of phospho-

rylated actomyosin (100 ig) was applied on the gel. For further exper-

imental details see MATERIALS AND METHODS.
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FIG. 4. Elution profile for the measurement of W.7 binding by modulatorprotein or troponin C

Sephadex G-50 (0.9 x 26.5 cm) was preequiibrated with the buffer containing 20 mi�i Tris-HC1, pH 7.5, 20 mat irnidazole, 3 m�.t magnesium

acetate, 0.5 �tM [3H]W-7, and 100 fiat Ca2� (open circles) or 2 miii EGTA (closed circles) at 25#{176}.Purified modulator protein (180 �tg) (A) or troponin

C (280 �zg) (B) was used for each experiment. The gel filtration was carried out at 25#{176}at a flow rate of 8.6 ml per hour and 0.86-mi fractions were

collected. Samples (0.6 ml) of each fraction were analyzed for radioactivity.

Fic. 5. Scatchardplot for binding of W-7 by modulatorprotein (A) or troponin C (B)

y = The moles of W-7 bound per mole of modulator protein or troponin C and was calculated from the area under the peak region of the

radioactivity profile. C = Concentration (pM) of W-7 in the buffer with which the modulator protein or troponin C is in equilibrium during the W-

7 binding experiments.
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3 Unpublished observations.

FIG. 6. Kinetic analysis of chiorpromazine-, No. 233-, or prenyla.

mine-induced inhibition of binding of W. 7 to modulator protein

The binding of W-7 (0, 0.25 �M; #{149},0.5 �i) to modulator protein was

measured in the absence or presence of various concentrations of

chlorpromazine, No. 233, or prenylamine. Velocity is expressed as moles

of W-7 bound per mole of modulator protein.

W-7 binding sites of modulator protein are also respon-
sible for binding of No. 233 or chiorpromazine. In contrast
to No. 233 and chlorpromazine, prenylamine inhibited
the binding of W-7 to modulator protein noncompeti-
tively and the K� value ofprenylamine against the binding
of W-7 to modulator protein was 124 �i, suggesting that
this drug might interact with modulator protein at sites
different from W-7, No. 233, or chlorpromazine binding
sites.

DISCUSSION

Drugs interacting with modulator protein were found
to produce relaxation of isolated vascular strips (1). Re-
cently several investigators (8, 27) have suggested that

modulator protein is involved in regulation by Ca2� of
actin-myosin interaction in smooth muscle. The sugges-
tion is based on the fact that myosin light chain kinase
is composed of two components (catalytic component
and modulator protein), both of which are essential for
activity. In the presence of Ca2�, the kinase phosphoryl-
ates the 20,000-dalton light chain of myosin and thereby
allows the activation by the Mg�-ATPase activity. The
present communication describes agents that interact

with modulator protein and inhibit Ca2�-stimulated pro-

tein kinase (myosin light chain kinase). The concentra-
tions of these agents producing 50% inhibition of light
chain phosphorylation are similar to concentrations re-

quired for 50% inhibition of the ATPase activity (Table
1), suggesting that the inhibition of light chain phospho-
rylation by these agents results in an inhibition of cal-

cium-stimulated Mg�4-ATPase of chicken gizzard acto-
myosin. The concentrations of these agents producing

relaxation of aortic strips and the concentrations required
for 50% inhibition of superprecipitation of bovine aorta
smooth muscle actomyosin (2, 3) are much the same as
the concentration of the drugs producing 50% inhibition
of light chain kinase, as shown in Table 1. Our findings
(1-3) suggest that modulator protein plays an important
role in muscle contraction through a calcium-dependent
phosphorylation of myosin light chain. However, these
results do not exclude the possibility that these modula-
tor interacting agents inhibit or affect other enzyme
systems or proteins other than myosin light chain kinase.
For example, W-7 was shown to bind to troponin C (Fig.
4B). Binding affinity of troponin C for W-7 was, however,

lower than the affinity of modulator (Fig. 5). It is of
interest that these inhibitors produce pharmacological

actions such as hemolysis (28), inhibition of platelet
aggregation3 and vascular relaxation (2). Some of these
pharmacological actions could be explained by their in-
hibition of modulator-dependent phosphorylation. It is
likely that these modulator interacting agents also inhibit
phosphorylation reactions catalyzed by other modulator-
dependent protein kinase such as phosphorylase kinase
(29) and glycogen synthase kinase (30). It should be
noted that the agents tested in this experiment do not
interact in a similar way with the modulator. Table 1
shows that prenylamine inhibited ATPase, light chain
kinase, and Ca2�-dependent phosphodiesterase to much

the same extent as W-7, No. 233, or chlorpromazine but
the apparent affinity of modulator for prenylamine was
far less than that of other agents when the affinity was
determined by measuring the ability of the drug to inhibit
the binding of W-7 to modulator. Although this discrep-
ancy cannot be explained unless direct binding of pren-
ylamine to the modulator is determined, one possible
explanation is that prenylamine binds to a site different
from the W-7 binding site on modulator protein.

Pharmacological actions produced by these agents
might be related not only to their inhibition of protein
phosphorylation but also to their effects on cyclic nucleo-
tides. It is known that Ca2�, via its interaction with
modulator protein, can regulate cyclic nucleotide metab-
olism. In the human aorta, Ca2’-regnlated cyclic nucleo-
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tide phosphodiesterase hydrolyzes cyclic GMP preferen-
tially (18). The use of modulator protein interacting
agents, therefore, is one method for determining the
importance of modulator-dependent reactions in biolog-
ical reactions of various cells.

Although the modulator protein interacting agents
have been shown to inhibit the in vitro reaction induced
by enzymes requiring modulator protein, the utility of
these agents for elucidation of the in vivo role of modu-
lator protein should be restricted until the specificity of

these drugs toward modulator protein has been clearly

defined.

ACKNOWLEDGMENTS

We thank M. Ohara, Kyoto University for critical reading of the

manuscript, and Dr. T. Totsuka for helpful discussion.

REFERENCES

1. Hidaka, H., T. Yamaki, M. Asano and T. Totsuka. Involvement of calcium in
cyclic nucleotide metabolism in human vascular smooth muscle. Blood Ves-

sets 15: 55-64 (1978).

2. Hidaka, H., T. Yamaki, T. Totsuka and M. Asano. Selective inhibitors of
Ca2� .binding modulator of phosphodiesterase produce vascular relaxation
and inhibit actin-myosin interaction. Mo!. Pharmacol. 15: 49-59 (1979).

3. Hidaka, H., M. Asano, S. Iwadare, I. Matsumoto, T. Totsuka and N. Aoki. A
novel vascular relaxing agent, N-(6-aminohexyl).5-chloro-1-naphthalenesul-
fonamide which affects vascular smooth muscle actomyosm. J. Pharmacol.

Exp. Ther. 207: 8-15 (1978).

4. Honda, F., S. Katsuki and N. Sakai. The organ difference in suspectibility of

cyclic 3’,5’-nucleotide phosphodiesterase to drugs. Jap. J. Pharmacol. Suppi.
23: 27 (1973).

5. Levin, R. M. and B. Weiss. Mechanism by which psychotropic drugs inhibit
adenosine cyclic 3’,5’-monophosphate phosphodiesterase of brain. Mo!. Phar.
maco!. 12: 581-589 (1976).

6. Aksoy, M. 0., D. Williams, E. M. Sharkey and D. J. Hartahome. A relationship
between Ca24 sensitivity and phosphorylation of gizzard actomyosin. Bio-
chem. Biophys. Res. Commun. 69: 35-41 (1976).

7. Sobieszek, A. Ca.linked phosphorylation ofa light chain ofvertebrate smooth-

muscle myosin. Eur. J. Biochem. 73: 477-483 (1977).

8. Dabrowska, R., ‘J. M. F. Sherry, D. K. Aromatorio and D. J. Hartahorne.
Modulator protein as a component of the myosin light chain kinase from
chicken gizzard. Biochemistry 17: 253-258 (1978).

9. Sobieszek, A. and J. V. Small. Myosin-linked calcium regulation in vertebrate
smooth muscle. J. Mo!. Bio!. 101: 75-92 (1976).

10. Ebashi, S., T. Toyo-oka and Y. Nonomura. Gizzard troponin. J. Biochem. 78:
859-861 (1975).

1 1. Spudich, J. A. and S. Watt. The regulation of rabbit skeletal muscle contrac-
tion. j. Rio!. Chem. 246: 4866-4871 (1971).

12. Ebashi, S., T. Wakabayashi and F. Ebashi. Troponin and its components. J.
Biochem. 69: 441-445 (1971).

13. Greaser, M. L. and J. Gergely. Reconstitution of troponin activity from three

protein components. J. Rio!. Chem. 246: 4226-4223 (1971).

14. Tao, T. S., T. H. Wang and J. H. Wang. Purification and properties of the
protein activator of bovine heart cyclic adenosine 3’,S’-monophosphate phos-
phodiesterase. J. Rio!. Chem. 248: 588-595 (1973).

15. Kuo, I. C. Y. and C. J. Coffee. Purification and characterization of a troponin-
C-like protein from bovine adrenal medulla. J. Rio!. Chem. 251: 1603-1609
(1976).

16. Watterson, D. M. Jr., W. G. Harrelson, P. M. Keller, F. Sharief and T. C.

Vanaman. Structural similarities between the Ca2�-dependent regulatory

proteins of 3’:S’-cyclic nucleotide phosphodiesterase and actomyosin ATPase.
J. Rio!. Chem. 251: 4501-4513 (1976).

17. Stevens, F. C., M. Walsh, H. C. Ho, T. S. Tao and J. H. Wang. Comparison
of calcium.binding proteins. Bovine heart and brain protein activators of
cyclic nucleotide phosphodiesterase and rabbit skeletal muscle troponin C. J.
Rio!. Chem. 251: 4495-4500 (1976).

18. Hidaka, H., T. Yamaki and H. Yamaha. Two forms of Ca2-dependent cyclic
3’:5’-nucleotide phosphodiest.erase from human aorta and effect of free fatty
acids. Arch. Riochem. Riophys. 187: 315-321 (1978).

19. Imai, S. and K. Takeda. Calcium and contraction of heart and smooth muscle.
Nature 213: 1044-1045 (1967).

20. Martin, J. B. and D. M. Dotty. Determination of inorganic phosphate:
modification ofisobutylyl alcohol procedure. Ana!. Chem. 21: 965-967 (1949).

21. Hidaka, H. and T. Asano. Platelet cyclic 3’:5’.nucleotide phosphodiesterase
released by thrombin and calcium ionophore. J. Rio!. Chem. 251: 7508-7516

(1976).
22. Weber, K. and M. Osborn. The reliability of molecular weight determinations

by dodecyl sutfate.polyacrylamide gel electrophoresis. J. Rio!. Chem. 244:

4406-4412 (1969).
23. Lswry, 0. H., N. J. Rosebrough, A. L. Farr and R J. Randall. Protein

measurement with the Folin phenol reagent. J. Rio!. Chem. 193: 265-275
(1951).

24. Hummel, J. P. and W. J. Dreyer. Measurement ofprotein.binding phenomena
by gel filtration. Riochizn. Riophys. Acta 63: 530-532 (1962).

25. Scatehard, B. The attraction of proteins for small molecules and ions. Ann.
N. Y. Acad. Sci. 51: 660-672 (1949).

26. Dixon, M. The determination of enzyme inhibitor constants. Riochem. J. 55:
170-171 (1953).

27. Yagi, K., M. Yazawa, S. Kakiuchi, M. Ohshima and K. Uenishi. Identification
of an activator protein for myosin light chain kinase as the Ca2’-dependent
modulator protein. J. Rio!. Chem. 253: 1338-1340 (1978).

28. Kobayashi, R., J. Tawata and H. Hidaka. Ca2� regulated modulator protein
interacting agents: inhibition of Ca’�-Mg’�-ATPase of human erythrocyte

ghost. Riochem. Riophys. Res. Commun. 88: 1037-1045 (1979).
29. Cohen, P., A. Burchell, J. G. Foulkes, P. T. W. Cohen, T. C. Vanaman and A.

C. Nairn. Identification of the Ca2�-dependent modulator protein as the
fourth subunit of rabbit skeletal muscle phosphorylase kinase. FERS Left.
92: 287-293 (1978).

30. Srivastava, A. K., D. M. Waisman, C. 0. Trostrom and T. R. Soderling.
Stimulation of glycogen synthase phosphorylation by calcium-dependent
regulator protein. J. Rio!. Chem. 254: 583-586 (1979).

Send reprint requests to: Professor H. Hidaka, Department of

Pharmacology, School of Medicine, Mie University, Edobashi, Tsu 514,

Japan.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



