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SUMMARY: Porcine uterine smooth muscle phosphorylase kinase has been
partially purified. The enzyme was activated about 1.5-2.0-fold by
exogenous calmodulin. Half maximal stimulation was observed at about
100 nM calmodulin. The activation was dependent on calcium and was
maximum at pH 7.5 in the range of pH from 6 to 9. This activation
was completely abolished by 100 uM trifluoperazine. The result sug-
gested that unlike slow and cardiac muscles, phosphorylase kinase

of uterine smooth muscle showed similar response to calmodulin with
that of fast muscle. The physiological role of the calcium and
calmodulin-dependent activation of myometrium phosphorylase kinase

is briefly discussed.  ©1985 academic Press, Inc.

Phosphorylase kinase (EC 2.7.1.38) is known to be a key enzyme
in the cascade of reactions that regulate glycogen metabolism.
Recently, besides the cAMP-dependent mechanism, calcium-calmodulin-
dependent activation of phosphorylase kinase was demonstrated in
skeletal (fast) muscle (1) and liver (2). It was, however, re-
ported that the enzyme in slow and cardiac muscles did not appear
to be regulated by exogenous calmodulin (3,4). In smooth muscle,
the calcium-calmodulin complex has been shown to stimulate the

2 2+

Ca +-Mg -ATPase associated with microsocme (5), Ca2+ pump in plasma
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membrane (6), membrane phosphorylation (7), and the phosphorylation
of myosin by myosin light chain kinase (8,9), and also to regulate
the adenylate cyclase activity (10). However, the regulation of
smooth muscle phosphorylase kinase by calcium-calmodulin remained
unexplored. In the present study, we have attempted to isolate
phosphorylase kinase from porcine myometrium, which comprises
smooth muscle fibers and plays an important role in the maintenance
of pregnancy and delivery of the fetus, and further to clarify the

interaction of the enzyme involved in calcium and calmodulin system.

MATERIALS AND METHODS

(U—14C)Glucose-1-phosphate was purchased from New England Nu~
clear. Sepharose CL-4B was purchased from Pharmacia Fine Chemicals.
Rabbit skeletal muscle phosphorylase b was purified by the methods
of Fischer and Krebs (11). Bovine brain calmodulin was homogene-
ously prepared by the method of Yazawa et al. (12). Calmodulin-
Sepharose 4B was prepared by the method of Roach et al. (13).

Other experimental materials were obtained from commercial sources.

Phosphorylase kinase activity was determined by measuring the
conversion of phosphorylase b to phosphorylase a and the definition
of one unit of this enzyme was the same as described in Taira et
al. (14). Protein concentration was determined using Protein Assay
(Bio-Rad) with ovalbumin as a standard.

Partial purification of myometrium phosphorylase kinase was
performed at 0-4°C. Porcine uteri were obtained from a local
slaughter house and treated as described below within 1 h. Three
porcine uteri (25g), separated from vaginal regions and serosa,
were minced and homogenized in an Ultra-Turrax homogenizer with
2.5 volumes of 50 mM Tris-HCl at pH 7.5 containing 4 mM EDTA, 10
mM 2-mercaptoethanol, 1 mM PMSF and 0.5 mM benzamidine. The com-
position of this buffer was similar to that used in our previous
study (15). A slight modification was made with Cohen's prepara-
tion (16). The suspension was centrifuged at 10,000 x g for 33
min and the supernatant was decanted through glass wool. The solu-
tion was centrifuged at 130,000 x g for 55 min and the supernatant
was carefully decanted through glass wool. Solid ammonium sulfate
was added to the enzyme solution to make a final concentration of
40 %. After standing 30 min in ice, the suspension was centrifuged
for 10 min at 10,000 X g. The supernatant was discarded and the
precipitate was resuspended in a small volume of homogenizing buffer
and dialysed for 1 h against this solvent. The dialysate, 3.3 ml,
was clarified at 15,000 x g for 2 min and chromatographed on a
Sepharose CL-4B column (94 x 2.6 cm) equilibrated in 25 mM Tris-HC1
at pH 7.5 containing 10 mM 2-mercaptoethanol, 0.1 mM PMSF, and 20 %
(w/v) glycerol (gel buffer). The active fractions were collected
and concentrated by Amicon (type 202, membrane filter: PM 10).
Then, 1 M CaCl; was added to this enzyme solution to make a final
calcium concentration of 2 mM and the enzyme solution was applied
to a calmodulin-Sepharose 4B column (6 x 1.2 cm) equilibrated with
gel buffer containing 2 mM CaCls. Then the column was washed with
the same buffer. The flow rate was 0.47 ml/min and fractions of
1.5 ml each were collected. After collection of fraction 25, elu-
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tion was continued with gel buffer containing 2 mM EGTA. The most
active fraction was used in this experiment. All experiments were
carried out with at least 5 preparations and the assays were car-
ried out in duplicate.
RESULTS

The specific activity of the phosphorylase kinase fraction
after this procedure was 4.3-10.3 units/mg protein. The activity
of myometrium phosphorylase kinase is shown as a function of added
calmodulin concentrations (Fig. 1). The stimulation at pH 7.5 was
1.8-fold over the basal activity in average. The concentration
of calmodulin required for half-maximal enzymatic activity was
1 x 10_7 M and the maximal activity was obtained at 1 x 10-6 M.

The antipsychotic drug trifluoperazine which is known to abo-
lish the calmodulin-stimulated skeletal muscle phosphorylase kinase
activity (1), was tested for its ability tc influence the enzyme of

smooth muscle (Fig. 2). Trifluoperazine slightly affected the

Ca2+—dependent activity in the absence of calmodulin, the inhibi-
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Fig. 1. Activation of myometrium phosphorylase kinase by exo
calmodulin. The enzyme activity was determined as described
viously (14) at pH 7.5 except that various concentrations of
dulin were added to the initial reaction mixture (phosphoryla
phosphorylase a reaction). As the enzyme preparations in the
tion mixture contained 0.6 mM EGTA, exogenous calcium was ad
the final concentration of 0.6 mM. Activity of phosphorylase
in the absence of calmodulin is taken as 100 %.

Fig. 2. Effect of trifluoperazine on the activity of myometrium
phosphorylase kinase activated by 1.2 pM calmodulin (®). The
enzyme activity was assayed as in the legend to Fig. 1 except that
various concentrations of trifluoperazine were added to the initial
raction mixture. Activity of phosphorylase kinase in the absence
of calmodulin (QO) is taken as 100 %.
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tion from preparation to preparation being about 40 % at 0.1 mM
trifluoperazine, which nearly corresponded with the results of
Shenolikar et al. (1). The calmodulin-stimulated activity was
completely abolished by 0.1 mM trifluoperazine.

The next experiment was conducted to examine whether the
activity of myometrium phosphorylase kinase is dependent on the
presence of Ca2+. The activity of phosphorylase kinase was mea-
sured as a function of EGTA in the presence or absence of exogenous

calmodulin (Fig. 3). At almost saturating concentration of Ca2+

(10_6—10“5 M) (17), phosphorylase kinase was activated about 2-fold
in the presence of calmodulin. This activation was abolished by
increased concentrations of EGTA.

It has been demonstrated that the activation of skeletal muscle
phosphorylase kinase by exogenous calmodulin is dependent on pH
(13,18,19). It was therefore of interest to examine whether cal-
modulin was effective in activating myometrium phosphorylase kinase

over a wide range of pH values. Fig. 4 shows the effect of pH on

the activity of myometrium phosphorylase kinase with or without
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Fig. 3. Calcium dependency of myometrium phosphorylase kinase
activity in the presence (@) or absence (0) of 1.2 uM calmodulin.
The enzyme activity was assayed as in the legend to Fig. 1. As the
enzyme preparations in the reaction mixture contained 0.6 mM EGTA,
exogenous calcium was added to the final concentration of 0.6 mM.
Then various concentrations of EGTA were added to the initial re-
action mixture.

Fig. 4. Effect of pH on myometrium phosphorylase kinase in the pre-
sence (®) or absence (0O) of 1.2 uM calmodulin. The enzyme activi-
ty was assayed as in the legend to to Fig. 1 except that 75 mM Tris-
glycerophosphate buffers were employed as the indicated pH.
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exogenous calmodulin. Myometrium phosphorylase kinase was obviously
stimulated by the addition of exogenous calmodulin especially at

PH 7.5.

DISCUSSION

The results obtained in the present studies demonstrate that
like the skeletal (fast) muscle enzyme, porcine uterine smooth mus-
cle phosphorylase kinase is activated by the addition of exogenous
calmodulin. The activation is also Ca2+-dependent. Although most
of the myometrium phosphorylase kinase bound to the calmodulin-
Sepharose 4B column with 2 mM Ca2+, a small amount of the enzyme
never bound to the column. The reason for this elution profile
of the myometriﬁm enzyme must await further studies.

There have been many protein kinases which are controlled by
calmodulin (20,21). Although the possibility of the participation
of another calmodulin-dependent protein kinase which stimulates
the myometrium phosphorylase kinase cannot be ruled out at present,
this calcium-calmodulin-dependent activation of myometrium enzyme
seems to be a direct stimulation like the liver enzyme reported in
our previous study (2). On the other hand, we examined the calmo-
dulin effect on phosphorylase kinase activity using rabbit fast,
slow and cardiac muscles, the enzymes of which were obtained after
the step of Sepharose CL-4B. The results are essentially consist-
ent with the reports of several investigators (3,4,13,18,19).
Namely, no effect of calmodulin on slow and cardiac muscle enzymes
was observed. As concerns fast muscle, the enzyme was activated
2-2.5-fold by adding exogenous calmodulin, and this seemed to be
true characteristic. After the same purification procedure, the
effect of calmodulin on uterine enzyme has been similar to that
in the present studies (data not shown).

Uterine contraction is affected by agents such as oxytocin,

prostaglandin qu, acetylcholine, epinephrine and estrogens, which
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increase intracellular Ca2+ in uterine smooth muscle (22). Myosin
light chain kinase in smooth muscle, which is one of the calmodulin
activatable enzyme (8), has been reported to be involved in the

contraction-relaxation cycle by stimulation of the actin-activated

MgZ+-ATPase activity of myosin, and may serve for the contractility

of the myometrium (22-24). Thus, Ca2+ and calmodulin in myometrium
may be closely related to the maintenance of pregnancy and delivery
of the fetus, and serve for the coordination of glycogen metabolism

and contractility in uterine smooth muscle.
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