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We have previously reported an inhibition of the rat myometrial Na+/K+-ATPase by micromolar Ca z+ 
concentrations which was abolished by SDS treatment of the microsomal preparation. Application of 
dimethyl sulphoxide (DMSO) prevented this effect of SDS. In this report, we present our investigation into 
the mechanism of the inhibitory effect of Ca 2+ on the myometrial Na + / K  +-ATPase. We observed that, in 
parallel with inhibition by Ca z+, phosphorylation of a number of membrane components was abolished by 
SDS treatment of the microsome fraction. Exogenously added calmodulin had no effect. However, the 
catalytic subunit of cAMP-dependent protein kinase restored Ca 2+ sensitivity of the Na + / K  +-ATPase and 
phosphorylation of the other components. Furthermore, addition of the heat-stable protein kinase inhibitor 
reduced drastically the Ca 2+ sensitivity of the Na+ /K +-ATPase, as well as the phosphorylation of a number 
of proteins in the myometrial microsome fraction. It is concluded that the cAMP-dependent protein kinase 
may be involved in the modulation of Na+/K+-ATPase activity by Ca 2+ in the myometrial plasma 
membrane. 

Introduction 

The Na÷/K+-ATPase is the biochemical 
manifestation of the active sodium pump operated 
essentially in all animal cells [1]. The structure and 
function of the Na+/K+-ATPase has been eluci- 
dated in more detail recently [2-4]. Relatively 
little is known, however, about the processes that 
are involved in the modulation of the enzyme 
activity. One form of control resides in the cellular 
mechanism that regulates protein synthesis and 
degradation. A second, form of control is short- 
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term regulation of the Na÷/K+-ATPase, includ- 
ing processes which make possible the promt 
adaptation of the enzyme activity to the actual 
rate of ion transport required. 

Over the last few years, it has been established 
that the activity of several enzymes is modulated 
by second messengers. Data concerning the kid- 
ney, brain, liver, cardiac and gastric smooth muscle 
show an undoubted influence of cAMP on the 
activity of Na+/K+-ATPase [5-8]. Phosphati- 
dylinositol metabolism exerts also an effect upon 
the enzyme activity in several tissues [9-11]. On 
the other hand, Ca 2+, at extremely low concentra- 
tions, inhibits the Na+/K+-ATPase activity of 
red-cell membrane preparations in the presence of 
factor(s) derived from the hemolysate fraction 
[12-14]. Micromolar concentrations of Ca 2+ can 
decrease the ouabain sensitivity of N a + / K  ÷- 
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ATPase in the plasmocytoma cell membrane when 
the previously removed membrane component(s) 
were added to the assay system [15]. A 'digitalis- 
like' endogenous inhibitor may also be involved in 
the regulation of Na+/K+-ATPase activity, and 
its inhibitory effect has been demonstrated in 
several tissues [16-18]. 

These results, although requiring further char- 
acterization, suggest that the operation of the 
sodium pump could be controlled through differ- 
ent routes, and therefore may have a complicated 
regulation. These various ways of control are rea- 
sonable considering the several physiological func- 
tions of the Na+/K+-ATPase. 

In our previous work, it was found that 
Na+/K+-ATPase activity measured in the micro- 
some fraction of rat uterus smooth muscle was 
inhibited by Ca 2+ at very low concentrations [19]. 
This property was not connected directly to the 
enzyme itself, and some other membrane-bound 
component(s) removable by SDS were found to be 
responsible for it. DMSO seemed to prevent 
solubilization of these factor(s) from the mem- 
brane. In the present work, we intend to char- 
acterize the mechanism of Ca 2+ inhibition. The 
results indicate that the myometrial microsome 
fraction has a significant amount of endogenous 
protein kinase activity and several substrate pro- 
teins which can be phosphorylated under different 
conditions. The Ca 2+ sensitivity of the Na+ /K  +- 
ATPase seems to be connected with phosphoryla- 
tion of certain membrane component(s). 

Methods and Materials 

Isolation of plasma membrane fraction. Micro- 
some fraction was obtained from rat myometrium 
by differential centrifugation, as described previ- 
ously [19]. For preparation of plasma membrane, 
the microsomal pellet was washed with 0.3 M 
KC1, and layered on a 30% saccharose solution 
containing 50 mM sodium pyrophosphate and 0.1 
M Tris-HCl (pH 8.3), then centrifuged at 100000 
× g for 120 min. Plasma membrane fraction en- 
riched in the interface was collected and diluted 
with the homogenization buffer, comprising 0.25 
M saccharose/30 mM histidine-HC1 (pH 7.2). 
After centrifugation at 100 000 × g for 60 min, the 
pellet was suspended in the same medium. 

SDS treatment. 1 mg of microsome, or plasma 
membrane fraction was treated with 0.60 mg SDS, 
in 1 ml, at room temperature for 10 min, accord- 
ing to J~rgensen [20]. The solubilized materials 
were separated by centrifugation at 100000 × g 
for 60 min. 

DMSO + SDS treatment. Before the addition 
of SDS, 1 mg of microsome fraction was mixed 
with DMSO to achieve a final concentration of 
40% (v/v) in 1 ml at 0 ° C, and this was then kept 
room temperature for 10 min, and centrifuged as 
above. 

Determination of Na + / K +-A TPase activity. 
Na+/K+-ATPase activity was determined in terms 
of the ATP hydrolysis inhibited by 1 mM ouabain. 
Reaction mixtures contained 100 mM NAN3, 20 
mM KC1, 5 mM MgC12, 5 mM ATP, 50 mM 
Tris-HC1 (pH 7.4) with or without 1 mM ouabain. 
For measuring the Ca 2+ effect, the reaction mix- 
ture was complemented with a Ca 2 +/EGTA buffer 
system. Besides the materials listed, the test 
medium contained 1 mM EGTA, and the free 
Ca 2+ concentrations-were adjusted by addition of 
appropriate amounts of 0.1 M CaC12. The final 
concentrations of free Ca 2+ were tested by Ca 2÷- 
ion-selective electrodes (Radelkis, Hungary), and, 
at the lowest concentrations, were confirmed using 
Fura2 fluorescent indicator using the method of 
Grynkiewicz et al. [21]. 50 /~g of protein was 
incubated in 1 ml of the reaction medium at 37 °C 
for 30 min. The reaction was stopped by addition 
of 100 /tl 60% trichloroacetic acid, and the in- 
organic ~hosphate liberated was measured accord- 
ing to Lohmann and Jendrassik [22]. 

SDS-polyacrylamide gel electrophoresis. 50-100 
/~g of protein was boiled in the sample buffer 
comprising 10% (v/v) glycerol/5% (v/v)  
mercaptoethanol/2% SDS/20 mM Tris-HC1 (pH 
6.5). Electrophoresis at 50 mA was carried out in 
12% polyacrylamide slab gels using the method of 
Laemli [23] for 5 h at 4 ° C. Gels were dyed with 
0.1% Coomassie blue dissolved in 50% (v/v) 
methanol/8.5% (v/v) acetic acid for 8-10 h. Fixa- 
tion and differentiation were performed with 50% 
(v/v) methanol/8.5% (v/v) acetic acid and later 
with 5% (v/v) methanol/12.5% (v/v) acetic acid. 
Slabs were dried between two cellophane layers at 
room temperature. 

Phosphorylation assay. 50-100 #g protein was 



incubated at 0 ° C in the presence of 5 mM MgC12, 
50 mM Tris-HC1 (pH 7.4) with 0.1 mM [y- 32p]ATP 
in 150 #1 for 10 min. The reaction was stopped by 
the addition of the sample buffer used for SDS gel 
e l e c t r o p h o r e s i s .  32p incorporation in the prepara- 
tions was visualized by autoradiography of the 
dried gel slabs using Kodak X-ray film. 

The protein content was estimated according to 
the method of Lowry et al. [24]. 

Materials. DMSO was purchased from Fluka, 
EGTA was obtained from Serva. Bovine serum 
albumin the catalytic subunit of cAMP-dependent 
protein kinase and its heat-stable inhibitor, were 
from Sigma. Calmodulin and calmidazolium were 
from Boehringer-Mannheim. [y- 32 P]ATP was from 
the Isotope Institute of the Hungarian Academy 
of Sciences. The chemicals not listed were from 
Reanal (Hungary) and were of analytical purity. 

Results 

Ca 2 + sensitivity of myometrial Na + / K +-,4 TPase 
In a previous report, we described conditions 

that made measurement of the myometrial 
Na+/K÷-ATPase activity possible [19]. Briefly, we 
found that, if measured in the presence of 100 
mM NaN 3, the background Mg2+-ATPase activity 
was reduced greatly without any effect on the 
Na+/K+-ATPase, or on its Ca 2+ sensitivity. 

Fig. 1 shows the effect of Ca 2+ on the 
Na+/K+-ATPase activity under different condi- 
tions. The Na+/K+-ATPase activity of the SDS- 
treated whole microsome fraction could be 
inhibited by 50% at a concentration of 2-5 #M 
Ca 2÷. When the solubilized components were 
removed by centrifugation following detergent 
treatment, the membranous pellet maintained all 
the Na+/K+-ATPase activity, but the sensitivity 
to Ca 2+ in the micromolar concentration range 
was almost completely lost. When SDS treatment 
was carried out in the presence of DMSO, the 
Ca 2 + sensitivity of this pellet was unaffected. 

The Ca 2÷ sensitivity of the Na+/K+-ATPase in 
the purified plasma membrane fraction followed 
essentially the same pattern as that of the micro- 
some fraction (Table I), indicating that the phe- 
nomenon is associated with the plasma membrane. 

From the above experiments, we conclude that 
some membrane component(s) are required for 
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Fig. 1. Effect of Ca 2+ on the Na+/K+-ATPase activity of the 
microsome fraction of rat myometrium under different condi- 
tions. The microsome fractions were treated with SDS or 
DMSO+SDS (see Materials and Methods). (o), SDS-treated 
whole microsomes; (O), pellet separated by centrifugation from 
SDS-treated microsome fraction; ( x )  pellet separated by 
centrifugation from DMSO+ SDS-treated microsome fraction. 
Specific activities of the preparations were 6.2, 12.6 and 17.9 
#mol Pi /h  per mg, respectively. The effect of Ca 2+ at micro- 

molar concentrations can be seen in the inset. 

the Ca 2+ sensitivity of the Na+/K+-ATPase. 
We have tested whether the Ca 2+ sensitivity of 

the Na+/K+-ATPase is related to calmodulin-de- 
pendent processes. As shown in Table II, exoge- 
nous calmodulin added to SDS-treated micro- 

TABLE I 

Na+/K+-ATPase ACTIVITY OF MYOMETRIAL MICRO- 
SOME AND PLASMA MEMBRANE FRACTIONS IN THE 
PRESENCE OF SDS: EFFECT OF Ca 2+ ON THE EN- 
ZYME ACTIVITY 

1 mg of microsome or plasma membrane fractions was prein- 
cubated in the presence of 0.6 nag SDS, in 1 ml, as described in 
Materials and Methods. 50 #1 aliquots of this mixture were 
used for the enzymatic assay. For the conditions of ATPase 
assay, see Materials and Methods. 

Preparation Na+/K +-ATPase activity Inhibition 
(#mol P i /h  per mg) by Ca 2+ 

1 mM EGTA 3 ~M free Ca 2+ (%) 

Microsome fraction 6.7 
Plasma membrane 

fraction 15.1 

3.7 45 

9.2 39 
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TABLE II 

THE EFFECT OF CALMODULIN AND CALMIDAZOLIUM ON THE Ca 2+ SENSITIVITY OF THE MICROSOMAL 
Na +/K+-ATPase ACTIVITY 

For the preparation of DMSO + SDS, as well that of SDS-treated microsomes, see Materials and Methods. 

Preparation Addition Na ÷/K +-ATPase activity Inhibition 
(/~mol P i /h  per mg) by Ca 2+ 

1 mM EGTA 3 #M free Ca 2+ (%) 

DMSO + SDS-treated 
('Ca 2+ sensitive') none 18.9 

DMSO + SDS-treated 
('Ca 2÷ sensitive') 5.10 -6 M calmidazolium 17.8 

SDS-treated 
('Ca 2÷ insensitive') none 13.8 

SDS-treated 
('Ca 2+ insensitive') 5 gg calmodulin 12.2 

9.6 49 

9.8 45 

12.0 13.0 

11.8 3.4 

somes did not effect the N a + / K + - A T P a s e  activ- 
ity, or its insensitivity to Ca 2+. The calmodulin 
antagonist, calmidazolium, was tested on the 
DMSO + SDS-treated microsomes, and found not 
to affect the Ca 2+ sensitivity. 

In the light of reports on the modifying effect 
of cAMP-dependent  phosphorylat ion on the 
N a + / K + - A T P a s e  activity in a number  of tissues, 
it seemed reasonable to test the effect of cAMP- 
dependent protein kinase on the N a + / K + - A T P a s e  
of myometrial  microsomes [6,9]. As shown in Table 
III ,  the cAMP-dependent  protein kinase catalytic 
subunit and its heat-stable inhibitor had no effect 
on the N a + / K + - A T P a s e  activity of the SDS- 
treated preparation, which was separated further 
by centrifugation (i.e., ' C a  2 +-insensitive' prepara- 
tion) in the absence of Ca 2+. However, Ca 2+ 
sensitivity was restored by the cAMP-dependent  
protein kinase catalytic subunit. The heat-stable 
inhibitor prevented the restoration of Ca 2+ sensi- 
tivity by the catalytic subunit. 

Fig. 2 shows the effect of Ca 2+ on the 
N a + / K + - A T P a s e  activity of the SDS-treated 
(' Ca2+-insensitive ') preparation with and without 
the cAMP-dependent  protein kinase catalytic sub- 
unit. In the presence of the protein kinase, 4.2/~M 
Ca z+ caused about  60% inhibition of the 
Na  + / K  +-ATPase. 

Fig. 3 shows the effect of the protein kinase 
inhibitor on the DMSO + SDS-treated (i.e., 
'Ca2+-sensitive ') preparation. It  can be seen that 

the Ca 2+ sensitivity of this preparation is abolished 
by the heat-stable protein kinase inhibitor. 

These above results suggest that the Ca 2 + sensi- 
tivity of the myometrial  N a + / K + - A T P a s e  is 
dependent, somehow, on the presence of a func- 
tion cAMP-dependent  protein kinase. Therefore, 
our attention was directed to examination of 
membrane components that could be phosphory- 
lated by cAMP-dependent  protein kinase and that 
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Fig. 2. The combined effect of Ca 2+- and cAMP-dependent 
protein kinase on the Na+/K+-ATPase activity of the 'Ca 2+- 
insensitive' preparation. Na +/K +-ATPase activity: (O), without 
and ( x ), with exogenous catalytic subunit of cAMP-dependent 
protein kinase. 100% activities were 1"/.0/~mol Pi/h per mg, in 
both cases. Catalytic subunit of cAMP-dependent protein 
kinase was added to the reaction mixtures, as described in the 

legend of Table III. 
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Fig. 3. Effect of cAMP-dependent protein kinase inhibitor on 
the Ca 2+ sensitivity of Na+/K+-ATPase activity of the 
DMSO + SDS-treated ( 'Ca2+-sensitive ') preparation. 
Na+/K÷-ATPase activity: (O), without and (x) ,  with added 
protein kinase inhibitor. 100% activity without protein kinase 
inhibitor was 23.16, and with protein kinase inhibitor, 21.8 
#tool Pi /h per nag. cAMP-dependent protein kinase inhibitor 

was added according to the legend of Table III. 

TABLE III 

THE EFFECT OF THE CATALYTIC SUBUNIT OF 
cAMP-DEPENDENT PROTEIN KINASE AND ITS 
INHIBITOR ON THE Ca 2+ SENSITIVITY OF Na+/K +- 
ATPase 

Freshly dissolved 5 #g of the cAMP-dependent protein kinase 
catalytic subunit and/or  50 #g of its inhibitor in a solution 
containing 5 mg/ml dithiothreitoi was added to the assay 
mixtures without K + and incubated with 50 #g of SDS-treated 
( 'Ca 2+ insensitive') preparation at 0 ° C  for 10 min. The con- 
trol tubes contained dithiothreitol at appropriate concentra- 
tion. The Na+/K+-ATPase assay was started by the addition 
of 20 mM KCI. 

Addition Na+/K+-ATPase activity Inhibition 
(#tool Pi /h  per rag) by Ca 2+ 

1 mM EGTA 5.3 #M (%) 
free Ca 2+ 

none 19.2 
cAMP-dependent 

protein kinase 
catalytic subunit 18.8 

cAMP-dependent 
protein kinase 
inhibitor 20.3 

cAMP-dependent 
protein kinase 
catalytic subunit 
+ inhibitor 19.6 

17.4 8.9 

5.8 69.2 

18.4 9.5 

16.9 13.8 
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m i g h t  be  i n v o l v e d  in  the  r egu l a t i on  o f  the  

m y o m e t r i a l  N a  + / K  +-ATPase .  

Phosphorylation of microsomal proteins 
P h o s p h o r y l a t i o n  o f  'Ca2+- sens i t i ve  ' a n d  ' i n s e n -  

s i t ive '  p r e p a r a t i o n s  f r o m  ra t  m y o m e t r i a l ,  m i c r o -  

s o m e s  was  a n a l y z e d  by  a u t o r a d i o g r a p h y  f o l l o w i n g  

S D S  gel  e l ec t rophores i s .  

A s  is i l l u s t r a t ed  in  Fig .  4a, the  p r o t e i n  c o m p o s i -  

t ion  o f  the  ' C a 2 ÷ - i n s e n s i t i v e  ' a n d  'Ca2+- sens i t i ve  ' 

p r e p a r a t i o n s  was  s ign i f i can t ly  d i f fe ren t .  M a n y  

p r o t e i n s  tha t  were  so lub i l i zed  b y  d e t e r g e n t  f r o m  

Fig. 4. Protein composition (a) and endogenous phosphoryla- 
tion (b) of myometrial microsomal preparation. (A) DMSO + 
SDS-treated (' Ca 2 +-sensitive') preparation; (B) 100 000 x g su- 
pernatant after SDS-treatment of microsomes; (C) SDS-treated 
(' Ca2+-insensitive ') preparation. Phosphorylation and gel dec- 
trophoresis were carried out as described in Materials and 
Methods. The reaction mixtures contained 1 mM EGTA ( - ) ,  

or 5.3 #M free Ca 2 + ( + ). 
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the microsomal fraction were found in the super- 
natant after centrifugation. 

First, we examined the presence of endogenous 
protein kinase in the myometrial preparations. 
The microsomes were phosphorylated by [y- 
32p]ATP. As seen in Fig. 4b, high endogenous 
kinase activity was apparent in the DMSO + SDS- 
treated ('Ca2+-sensitive ') microsomes, while the 
incorporation of 32p in the SDS-treated (' Ca 2 Z-in- 
sensitive') microsomes was very poor. In the pres- 
ence of Ca 2+, phosphorylation of 20 kDa protein 
was greatly increased, indicating the presence of 
some Ca 2 +-dependent kinase. 

It was of interest to examine the effect of 
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Fig. 5. Effect of catalytic subunit of cAMP-dependent protein 
kinase and its specific inhibitor on the phosphorylation of 
myornetrial microsomal preparations. (A) DMSO+SDS- 
treated (' Ca2 +-sensitive ') preparation plus cAMP-dependent 
protein kinase inhibitor (50 /xg); (B) DMSO+SDS-treated 
preparation; (C) SDS-treated ('Ca2+-insensitive ')  preparation 
plus cAMP-dependent protein kinase catalytic subunit (5/xg); 
(D) SDS-treated preparation. The samples were phosphory- 
lated in the presence of 5.3 /~M free Ca 2+, as described in 

Materials and Methods. 

exogenously added cAMP-dependent protein 
kinase. In the SDS-treated (' Ca2 +-insensitive ') 
microsomes, four proteins were phosphorylated by 
addition of the catalytic subunit of cAMP-depen- 
dent protein kinase. Two major substrates of the 
cAMP-dependent kinase could be observed: a 20 
and a 68 kDa protein. Two other components (45 
and 80 kDa) were phosphorylated also, but only 
weakly. These phosphorylated components were 
present in the DMSO + SDS-treated ('Ca2+-sensi - 
tive') microsomes without addition of exogenous 
protein kinase (Fig. 5). 

When the heat-stable protein kinase inhibitor 
was added to the DMSO + SDS-treated prepara- 
tion, the high phosphorylation of the 20 kDa 
protein was scarcely influenced. Considering its 
molecular weight and its Ca2+-dependent phos- 
phorylation, it could be supposed that this protein 
was very similar to myosin light chain [25-26]. 
However, the intensities of the above-listed radio- 
active bands were significantly reduced in the 
presence of the inhibitor, indicating the cAMP 
dependency of their phosphorylation. 

Discussion 

Sensitivity of Na+/K+-ATPase to micromolar 
concentration of Ca 2+ has been reported so far 
only in erythrocytes [12-14]. We have demon- 
strated that Na+/K+-ATPase measured in micro- 
somal fraction of rat uterus smooth muscle could 
also be inhibited by Ca 2 + in the micromolar range. 
The effective concentrations of free Ca 2+, de- 
termined by Ca2+-ion-selective electrodes, proved 
to be lower than calculated in our previous report 
[19]. The values at the lowest concentrations of 
free Ca z+ were confirmed using Fura2 fluorescent 
Ca z+ indicator. 

The results showed that, at most, half of the 
total Na+/K+-ATPase activity could be inhibited 
by about 5 /zM free Ca z+. Complete inhibition 
was observed at more than a 100-fold the con- 
centration of Ca z+. One possible explanation of 
this phenomenon might be the difference in the 
microenvironment of Na+/K+-ATPase in the dif- 
ferent domains of the plasma membrane. Another 
suggestion is the existence of two isoenzymes of 
Na+/K+-ATPase found in several tissues [27-29]. 
The a + form differs from the ct in form in having 



a higher affinity for cardiac glycosides and ATP, a 
greater number of sulphydryl groups, and a differ- 
ent susceptibility to proteolysis [27,30]. It can be 
supposed that only one of the isoenzymes is in- 
hibited by micromolar concentrations of Ca 2+ in 
the myometrium. 

The influence of the cAMP-dependent phos- 
phorylation on the activity of Na+/K+-ATPase 
has been investigated by several groups. 
Na+/K+-ATPase activity in the brain, kidney 
medulla and liver was decreased in the presence of 
cAMP or cAMP-dependent protein kinase [6,9]. 
Adenyl cyclase-activating agents, such as isopro- 
terenol and forskolin also reduced the N a + / K  +- 
ATPase activity in several tissues [31]. On the 
contrary, the Na+/K+-ATPase of kidney cortex 
and gastric smooth muscle was activated by 
cAMP-dependent protein kinase [31,32]. In the 
plasma membrane vesicles prepared from heart 
muscle, cAMP-dependent protein kinase was inef- 
fective on the ATPase activity, although certain 
membrane components were phosphorylated in 
parallel [33-34]. Other authors suggested that 
phosphorylation could enhance the CaZ+-binding 
ability of heart Na+/K+-ATPase preparations 
05]. 

Biochemical data concerning myometrial 
Na+/K+-ATPase are not available. Localization 
of adenyl cyclase in the myometrium has been 
established previously [36]. Its activity was in- 
fluenced by catecholamines, depending on the ac- 
tual hormonal state of uterus. Furthermore, 
cAMP-dependent protein kinase activity has been 
also detected [37]. 

Our data showed that cAMP-dependent protein 
kinase did not influence the Na+/K÷-ATPase ac- 
tivity in Ca2+-free medium in the myometrium, 
which is similar to the result reported in the case 
of heart muscle [34]. The inhibitory effect on 
myometrial Na +/K +-ATPase could be manifested 
only when both Ca 2+- and cAMP-dependent pro- 
tein kinase were present. The sensitivity of 
Na+/K+-ATPase  to micromolar Ca 2÷ was 
abolished almost completely following SDS treat- 
ment of the microsome fraction, with a concom- 
itant disappearance of phosphorylation of mem- 
brane proteins. However, exogenously added cata- 
lytic subunit of cAMP-dependent protein kinase 
restored the Ca z+ sensitivity and enhanced the 
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phosphorylation of certain proteins in the SDS- 
treated preparation. The proteins phosphorylated 
by both endogenous and exogenous cAMP-depen- 
dent protein kinase are supposed to be involved in 
the mechanism of inhibition at low concentrations 
of Ca 2+. Recently, many CaE+-binding proteins 
were demonstrated in the myometrial plasma 
membrane [38]. According to our opinion, some 
substrate(s) of the cAMP-dependent protein kinase 
not removed from the membrane by SDS may 
bear phosphorylation-dependent CaZ+-binding 
properties, thereby regulating Ca 2+ sensitivity of 
the Na+/K+-ATPase. The following steps of our 
investigation will be to characterize these sub- 
strates and to examine their Ca2+-binding abili- 
ties, as well as to clarify the topical relations in the 
membrane among the adequate substrate(s), the 
protein kinase and the Na+/K+-ATPase. 

Ca ~+ sensitivity of myometrial N a + / K  +- 
ATPase was independent of calmodulin. However, 
protein kinase C cannot be excluded from this 
effect, since it often phosphorylates the same 
acceptor proteins as the cAMP-dependent enzyme 
[39]. To clarify this point, appropriate investiga- 
tions are in progress. 

Physiological data, including ion-flux and 
muscle-contraction measurements, lead to the con- 
clusion that the Na+/K+-ATPase takes part in 
the regulation of smooth muscle contraction. 
Inhibition of the Na÷/K+-ATPase by ouabain, or 
by lowering the external K + level led to a rise in 
cell Ca 2+, and increased vascular resistance in dog 
arteries [40]. Catecholamines known as Ca 2+- 
mobilizing agents amplified this effect of ouabain 
[41]. In view of the physiological data, the extreme 
high Ca 2+ sensitivity of the Na+/K+-ATPase re- 
ported here could play a considerable role in 
controlling intracellular Ca 2+ levels in the 
myometrium by a possible regulation of the rate 
of Ca z+ efflux via an Na+-Ca 2+ exchange system. 
Furthermore the rise in the intracellular Na ÷ levels 
by the partially inhibited Na + pump may be one 
of the events which contributes to the contraction 
of uterus smooth muscle. 

References 

1 Glynn, I.M. and Karlish, S.J.D. (1975) Annu. Rev. PhysioL 
37, 13-55. 



84 

2 ShuU, C.E., Schwartz, A. and LingreU, J.B. (1985) Nature 
316, 691-695. 

30vshinnikov, Y.A., Modayanov, N.N., Broude, N.E., 
Petrukhin, K.E., Grishin, A.V., Arzamazova, N.M., AI- 
danov, N.A., Monastyrskava, G.S. and Sverdlov, E.D. 
(1986) FEBS Lett. 201, 237-245. 

4 Jorgensen, P.L. and Collins, J.H. (1986) Biochim. Biophys. 
Acta 860, 570-576. 

5 Braughler, J.M. and Corder, C.N. (1976) Biochem. Biophys. 
Res. Commun. 71, 408-412. 

6 Tffa, E., Luly, P., Tomasi, V., Trevisani, A and Barnabei, 
O. (1975) Biochim. Biophys. Acta 343, 297-306. 

7 Garay, R.P. (1982) Biochim. Biophys. Acta 688, 786-792. 
8 Lingham, R.B. and Sen, A.K. (1982) Biochim. Biophys. 

Acta 688, 475-485. 
9 Nishikawa, T., Goto, M. and Shizimu, S. (1984) Biochem. 

Biophys. Res. Commun. 126, 893-900. 
10 Green, D.A. and Lattimer, S.A. (1986) Diabetes 35, 

242-245. 
11 Simmons, D.A., Winegrad, A.J. and Martin, D.B. (1983) 

Clin. Res. 31, 546 A. 
12 Yingst, D.R. and Marcovitz, M.J. (1983) Biochem. Biophys. 

Res. Commun. 111,970-979. 
13 Yingst, D.R. (1983) Biochim. Biophys. Acta 732, 312-315. 
14 Yingst, D.R. and Polasek, P.M. (1985) Biochim. Biophys. 

Acta 81_3, 282-286. 
15 Zachowski,/%., Lelievievre, L., Aubry, J., Charlemagne, D. 

and Paraf, A. (1977) Proc. Natl. Acad. Sci. USA 74, 
633-637. 

16 Fishman, M.C. (1979) Proc. Natl. Acad. Sci. USA 76, 
4661-4663. 

17 Haupert, G.T. and Sancho, J.M. (1979) Proc. Natl. Acrid. 
Sci. USA 76, 4658-4660. 

18 Bidard, J.N., Rossi, B., Renand, J.F. and Lazdunski, M. 
(1983) Biochim. Biophys. Acta 769, 245-252. 

19 Tuff, A, and TSr~k, K. (1985) Biochim. Biophys. Acta 818, 
123-131. 

20 Jorgensen, P.L. (1974) Biochim. Biophys. Acta 356, 35-52. 
21 Grynkiewicz, G., Poenie, M. and Tsien, R.Y. (1985) J. Biol. 

Chem. 260, 3440-3450. 

22 Lohmann, K. and JendrassLk, L. (1926) Biochem. Z. 178, 
419-426. 

23 Laemli, U.K. (1970) Nature 227, 680-683. 
24 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 

R.J. (1951) J. Biol. Chem. 193, 265-275. 
25 Janis, R.A., B~kny, K., B~r~my, M. and Sarmiento, J.G. 

(1981) Mol. Physiol. 1, 3-12. 
26 Barton, J.T., Bkr~my, M., Bkrkny, K. and Stort, R.S. (1980) 

J. Biol. Chem. 255, 6238-6247. 
27 Sweadner, K.J. (1979) J. Biol. Chem. 254, 6060-6067. 
28 Specht, S.C. and Sweadner, K.J. (1984) Proc. Natl. Acad. 

Sci. USA 81, 1234-1238. 
29 Litton, J., Lin, J.C. and Guidotli, G. (1985) J. Biol. Chem. 

260, 1177-1184. 
30 Sweadner, K.J. (1985) J. Biol. Chem. 260, 11508-11513. 
31 Giesen, J.M., Imbs, J.L., Grima, M., Schmidt, M. and 

Schwartz, J. (1984) Biochem. Biophys. Res. Commun. 120, 
619-624. 

32 Sheid, C.R., Honeyman, T.W. and Fay, F.S. (1979) Nature 
277, 32-36. 

33 Kaniike, K., Pitts, B.J.R. and Schwartz, A. (1977) Biochim. 
Biophys. Acta 483, 294-302. 

34 Dowd, F.J., Pitts, B.J.R. and Schwartz, A. (1976) Arch. 
Biochem. Biophys. 173, 321-331. 

35 Krause, E.G., Will, M., Schripke, B. and Wollenberger, A. 
(1975) in Advances in Cycfic Nucleotide Research (Drum- 
mond, G.E., Greengard, P. and Robinson, G.A., eds.), Vol. 
5, pp. 473-490, Raven Press, New York. 

36 Kraft, J.F., Barett, J.D. and Korenman, S.G. (1981) Biol. 
Reprod. 24, 859. 

37 Krall, J.F. and Korenman, S.G. (1980) Arch. Biochem. 
Biophys. 199, 479. 

38 Grover, A.K. (1986) Cell Calcium 7, 101-108. 
39 Nishizuka, Y. (1980) Mol. Biol. Biochem. Biophys. 32, 

113-135. 
40 Ozaki, M., Karaki, M. and Urakawa, N. (1978) Naunyn- 

Schmiedebergs Arch. Pharmacol. 304, 203-209. 
41 Lang, S. and Blaustein, M.P. (1980) Circ. Res. 46, 463-470. 


