
230 Biochimica etBiophr~'ica Acta, 727 (1983) 230-238 
Elsevier Biomedical Press 

BBA 71492 
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Although acute alterations in Ca 2+ fluxes may mediate the skeletal responses to certain humoral agents, the 
processes subserving those fluxes are not well understood. We have sought evidence for Ca 2+-dependent 
ATPase activity in isolated osteoblast-like cells maintained in primary culture. Two Ca 2 + -dependent ATPase 
components were found in a plasma membrane fraction: a high affinity component (half-saturation constant 
for Ca 2+ of 280 nM, Vma x of 13.5 nmo l /mg  per min) and a low affinity component, which was in reality a 
divalent cation ATPase, since Mg z+ could replace Ca 2+ without loss of activity. The high affinity component 
exhibited a pH optimum of 7.2 and required Mg 2+ for full activity. It was unaffected by potassium or sodium 
chloride, ouabain or sodium azide, but was inhibited by lanthanum and by the calmodulin antagonist 
trifluoperazine. This component was prevalent in a subcellular fraction which was also enriched in 
5'-nucleotidase and adenylate cyclase activities, suggesting the plasma membrane as its principal location. 
Osteosarcoma cells, known to resemble osteoblasts in their biological characteristics and responses to 
bone-seeking hormones, contained similar ATPase activities. Inclusion of purified calmodulin in the assay 
system caused small non-reproducible increases in the Ca 2+ -dependent ATPase activity of EGTA-washed 
membranes. Marked, consistent calmodulin stimulation was demonstrated in membranes exposed previously 
to trifluoperazine and then washed in trifluoperazine-free buffer. These results indicate the presence of a 
high affinity, calmodulin-sensitive Ca z+ -dependent ATPase in osteoblast-like bone cells. As one determinant 
of Ca 2+ fluxes in bone cells, this enzyme may participate in the hormonal regulation of bone cell function. 

Introduction 

A substantial compilation of experimental re- 
sults points to Ca 2+ as a participant in the 
hormonal regulation of bone cell function. 
Parathyroid hormone rapidly increases the accu- 
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mulation of Ca 2+ b y  skeletal tissues and isolated 
bone cells, and this increase precedes the ap- 
pearance of alterations in bone cell function [I-7]. 
Maintaining a high extracellular Ca 2+ concentra- 
tion or exposure to divalent cation ionophores 
(A23187, Ionomycin) replicates certain metabolic 
effects of parathyroid hormone on isolated bone 
cells and organ cultured bone segments, and iono- 
phores in themselves stimulate bone resorption 
and modify skeletal collagen synthesis in vitro 
[8-14]. Moreover, Ca 2+ channel blockers are 
known to decrease protein synthesis and to inhibit 
parathyroid hormone- and prostaglandin-mediated 



resorption [15,16]. Recently, we showed that ex- 
traceUular Ca 2+ augments the increases in bone 
cell cyclic AMP caused by parathyroid hormone 
and prostaglandin E 2, an effect that requires the 
accumulation of Ca 2+ in an intracellular or in- 
tramembranous compartment [17]. 

The mechanisms subserving Ca 2 + fluxes in bone 
cells are not well understood. The bulk of availa- 
ble evidence suggests that Ca 2 ÷ enters by inactive 
mechanisms, whereas its exodus is served by an 
active process [18]. Studies with many other types 
of mammalian cells point to similar mechanisms 
for transmembrane Ca 2+ transport, and indicate 
further that a Ca 2 + -dependent ATPase promotes 
Ca 2+ exodus (see, for example, Refs. 19 and 20). 
Although Ca2+-dependent ATPase activity has 
been demonstrated in skeletal tissues [21-23], it 
has not been well characterized and its study in 
bone cells has not been reported. The results pre- 
sented herein demonstrate a high-affinity Ca 2+- 
dependent ATPase in a plasma membrane-en- 
riched fraction prepared from osteoblast-like bone 
cells as well as from osteogenic sarcoma cells, 
demonstrate certain properties of enzyme in the 
plasma membrane preparation, and disclose that 
this enzyme is stimulated by calmodulin (calcium- 
dependent regulator). 

Experimental procedures 

Materials. Culture media, antibiotics, glutamine 
and fetal calf serum were obtained from Flow 
Laboratories, McLean, VA, [y-32p]ATP and kits 
for the radioimmunoassay of calmodulin from New 
England Nuclear Corporation, Boston, MA, and 
all other chemicals (reagent grade) from Sigma 
Corporation or Fischer Corporation, St. Louis, 
MO. Purified calmodulin was provided by 
Calbiochem-Behring Corporation, La Jolla, CA, 
and trifluoperazine was a gift of Dr. Michael 
Landt, Washington University Medical School. 

Isolation and culture of bone cells. Frontal por- 
tions of calvaria obtained from 20- to 21-day-old 
rat fetuses were used to isolate osteoblast-like bone 
cells as described before [24]. Dispersed cells were 
grown in bone fluid medium [24] supplemented 
with 10% fetal calf serum, 2 mM glutamine, 100 
uni ts /ml  penicillin and 100 ~g /ml  of streptomy- 
cin. All cultures were maintained in an atmosphere 
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of 5% CO 2 in air at 37°C. Osteosarcoma cells 
(ROS17/2) kindly provided by Dr. G. Rodan, 
University of Connecticut, were cultured under the 
same conditions. Media were changed every 3-4  
days and cells were harvested after 7 days of 
seeding. 

Preparation of plasma membrane-enriched frac- 
tions. All subsequent procedures were performed 
at 4°C. After removing the medium, the culture 
dishes were quickly cooled on ice and washed with 
20 mM Tris-HC1, pH 7.5 and 2.5 mM dithiothrei- 
tol and the cells collected with a rubber policeman. 
Cell suspensions were homogenized with a 
tight-fitting Dounce homogenizer until over 95% 
of the cells were disrupted. Residual free Ca 2+ and 
Mg 2+ were removed by adding EGTA and EDTA 
(1 mM final concentration). The homogenate was 
centrifuged at 10000 x g for 45 min. The pellet 
was resuspended in a small volume of original 
buffer (20 mM Tris-HC1, 2.5 mM dithiothreitol) 
and enough sucrose solution in the same buffer 
was added to give a final concentration of 38%. 
The 38% sucrose solution was carefully overlayed 
upon a 2 ml 42% sucrose cushion in an SW 41 
allomer centrifuge tube, and covered with 2 ml of 
32% sucrose in the same buffer. The density gradi- 
ent was centrifuged at 100000 × g for 90 min in a 
Beckman centrifuge using an SW 41 rotor. The 
32-38% interface pellets (plasma membrane-en- 
riched fraction) were carefully withdrawn and di- 
luted with 2 volumes of 20 mM Tris-HCl/2.5 mM 
dithiothreitol. The 38-42% interface pellet (endo- 
plasmic reticulum (ER)-enriched fraction) and the 
pellet at the bottom of the tube (nuclei and 
mitochondria-enriched fraction) were collected 
similarly. After mixing, all fractions were centri- 
fuged at 30 000 x g for 60 rain and the pellet was 
resuspended in a small volume of 50 mM Tris-HCl 
and 2.5 mM dithiothreitol, pH 7.2, at 30°C. Glu- 
cose-6-phosphatase and succinate cytochrome c 
dehydrogenase (endoplasmic reticulum and 
mitochondrial markers) were assayed according to 
Dallner et al. [25] and Bachmann et al. [26] on the 
day of preparation. (Ca2+ + Mg2+)-ATPase [27], 
adenylate cyclase [28] and 5'-nucleotidase [29] 
(plasma membrane enzymes) were assayed using 
separate fractions that had been quick-frozen in 
small aliquots with solid CO2/alcohol and stored 
at - 7 0 ° C .  Proteins were determined either by the 



232 

method of Lowry et al. [30] or by the BioRad 
dye-binding method. 

(Ca e + + Mg 2 + ).A TPase assay. ATPase was as- 
sayed at 30°C with 5-10 #g of protein in 50 mM 
Tris-HC1 (pH 7.2), 1 mM ATP, 20 mM N a N  3, 0.3 
mM ouabain, 0.2 /~Ci of ['¢-3ep]ATP (2.5 
Ci /#mol) ,  185 #M EGTA and enough CaC12 to 
yield the desired free Ca 2÷ . The free Ca 2+ (in 
E G T A  and t rans- l ,2 -d iaminocyc lohexane-  
N,N,N'N'-tetraacetic acid (CDTA) buffer) con- 
centrations were calculated according to the 
method of Pershadsingh and McDonald [20]. The 
Ca 2 + contents of the reaction mixture and enzyme 
preparations were measured by atomic absorption 
[31] at about 3 to 5 #M and this amount of Ca 2÷ 
was taken into consideration in the calculation 
[20]. The reaction was run at 30°C for 30 min and 
released 32P i was measured as described by Seals et 
al. [27]. Ca2+-dependent ATPase was determined 
by subtracting the activity obtained in the pres- 
ence of Ca 2+ and EGTA from that obtained with 
EGTA alone. In some experiments, shorter in- 
cubation times were used to ensure that less than 
5% of ATP was hydrolyzed. 

Effect of calmodulin. Endogenous calmodulin 
associated with the plasma membrane-enriched 
fraction was estimated by radioimmunoassay, as 
described by Chafouleas et al. [32]. The effect of 
exogenous calmodulin was estimated by adding 
the protein directly to the assay mixture, using 
membranes prepared as described above. In sep- 
arate experiments we used membranes previously 
exposed to trifluoperazine, according to the method 
of Kotagal et al. [33]. Frozen and thawed mem- 
branes were sonicated for 10 s, then incubated for 
30 min at 4°C in the presence of 50 mM Tris-HC1 
(pH 7.2), 20 #M free Ca 2+ , and 100 ~M trifluo- 
perazine. The preparation was centrifuged at 
150000 × g for 60 min in a Beckman preparative 
ultracentrifuge using an SW 50.1 rotor. The pellet 
was then resuspended in 50 mM Tris-HC1 and 
used in the ( C a  2+ + Mg 2+ )-ATPase assay. 

Results 

Identification and characterization of the Ca 2+ 

-dependent A TPase 
Initial experiments failed to disclose Ca 2÷- 

dependent ATPase activity in the presence of 

greater than 1 mM MgCI 2. By contrast, two dis- 
crete Ca 2÷-dependent ATPase activities were evi- 
dent in the presence of low Mg 2÷ levels (less than 
1 mM) and in the absence of added Mg 2+ (Fig. 1). 
One Ca 2 ÷ -dependent ATPase, termed the high-af- 
finity component, had a half-saturation constant 
for Ca 2+ of 280 nM and a Vma ~ of 13.5 n m o l / m g  
per min. A second Ca 2 + -dependent ATPase, which 
exhibited low affinity, was in reality a cation-de- 
pendent ATPase system in which Ca 2+ could be 
replaced by Mg 2+ . These ATPase activities dif- 
fered in their p H  optima: the high affinity ATPase 
had a pH opt imum of 7.2 and the low affinity 
component  an opt imum of 7.8 (Fig. 2). 

Other characteristics of the high affinity Ca e+ 
-dependent A TPase 

The high affinity Ca2÷-dependent ATPase ac- 
tivity was not affected by the addition of 20 mM 
KC1, 20 mM NaC1, 0.3 mM ouabain or 20 mM 
NaN 3 but was almost totally inhibited by 2 mM 
lanthanum chloride (Table I). Trifluoperazine, an 
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7 High Affinity 
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Fig. I. Dependence of Ca 2 + -stimulated ATPase activity on free 
Ca 2+ concentration in plasma membrane-enriched fraction of 
primary osteoblast cells. Net Ca 2 +-stimulated ATPase is shown 
on the ordinate and was determined at free Ca 2+ concentra- 
tions between 0.01 and 1000/~M. The apparent one-half satura- 
tion constants for low and high affinity components are shown. 
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low-affinity Ca 2+- 
dependent ATPase. EGTA was omitted from the standard 
incubation medium because its ability to complex calcium ions 
is highly pH-dependent. The high affinity component was 
assayed at a total calcium concentration of 7 /zM and low 
affinity component at 2 mM. The high-affinity ATPase was the 
net activity of 7/~M total Ca 2+ over 155 t~M EGTA alone. The 
low affinity ATPase was the net activity of 2 mM total Ca 2 + 
over 7 ~M total Ca 2+ . Each point represents the mean _+ S,E. of 
four determinations. 

i n h i b i t o r  o f  c a l m o d u l i n - m e d i a t e d  r e a c t i o n s ,  

d e c r e a s e d  C a 2 + - d e p e n d e n t  A T P a s e  ac t iv i ty  at 

c o n c e n t r a t i o n s  of  60 ~tM and  above .  
Va ry ing  the  A T P  c o n c e n t r a t i o n  in  the  assay 

y i e lded  two  c o m p o n e n t s  (Fig.  3), a sa tu rab le  

h igh -a f f i n i t y  c o m p o n e n t  and  a s econd  c o m p o n e n t ,  

o f  a p p a r e n t  low aff ini ty ,  wh ich  was  n o t  t es ted  for  

s a tu r a t i on  kinet ics .  
T h e  h i g h - a f f i n i t y  C a  2÷ - d e p e n d e n t  A T P a s e  

c o u l d  be  d e t e c t e d  w i t h o u t  a d d i t i o n  o f  M g  2÷ to  the  

assay sys tem.  T o  d e t e r m i n e  w h e t h e r  the  e n z y m e  

h a d  an abso lu t e  r e q u i r e m e n t  for  M g  2÷ , p e r h a p s  

TABLE I 

CHARACTERIZATION OF HIGH-AFFINITY (Ca2+ + 
Mg 2+ )-ATPase 

(Ca 2÷ + Mg 2÷ )-ATPase activity was assayed under standard 
conditions at a free calcium concentration of 2 /~M using 
Ca 2 +-EGTA buffer (except where indicated). 

(Ca 2÷ +Mg 2+)- Percentage 
ATPase a of control 

No addition 6.86 + 0.01 100 
20 mM KC1 7.78 + 0.15 114 
20 nM NaCl 7.14_+0.03 104 
0.3 mM ouabain 7.34_+ 0.08 107 
20 mM NaN 3 6.61 _+0.06 96 
20 mM NaCI + 20 mM KCl 7.35 _+0.07 107 
0.3 mM ouabain 

+ 20 mM NaN 3 7.23 _+0.38 105 
No addition b 7.27 _+ 0.12 100 
+ 0.2 mM lanthanum b 0.17 5:0.31 2 
No addition 10.25 -+ 0.01 100 
30/~M TFP 9.50-+0.11 93 
60/xM TFP 7.80/:0.45 76 
120/~M TFT 7.65+0.51 75 
240/~M TFP 1.95_+0.04 19 
CDTA alone c 4.59 -k- 0.01 100 
CDTA+0.7/~M free Ca 2+ 3.96-+0.06 86 
EGTA alone 5.11 -+0.02 100 
EGTA +0.7 ~tM free Ca 2+ 8.725:0.05 162 

Results are expressed as nmol Pi/mg per rain and are 
represented by the mean + S.E. of triplicate determinations. 

b EGTA was omitted in studies with lanthanum since it has a 
much higher affinity for the chelator than does calcium. Total 
calcium concentration was 7 ~tM. 

c The value obtained with EGTA alone was subtracted from all 
the data except in the experiment with CDTA. 

sa t i s f ied  by  M g  2÷ assoc ia ted  wi th  the  p l a s m a  

m e m b r a n e  f rac t ion ,  we used  a C a  2÷ - C D T A  b u f f e r  

i n s t ead  o f  C a  2+ - E G T A .  S ince  C D T A  has  the  

g rea te r  a f f in i ty  for  M g  2÷ [20], u n d e r  the  assay 

c o n d i t i o n s  e m p l o y e d  in these  e x p e r i m e n t s  the  bu lk  

of  f ree  M g  2÷ w o u l d  be  e x p e c t e d  to c o m p l e x  wi th  

C D T A .  W e  d e t e c t e d  n o  C a  2 + - d e p e n d e n t  A T P a s e  

ac t iv i ty  in the  C a  2÷ - C D T A  buf f e r  sys tem as c o m -  

p a r e d  to  C a  2+ - E G T A  buf f e r  sys tem (see T a b l e  I);  

hence ,  a low c o n c e n t r a t i o n  o f  M g  2+ appea r s  to be  

essent ia l  for  C a  2 ÷ - d e p e n d e n t  A T P a s e  ac t iv i ty  (re- 

f e r red  to  as (Ca  2 + + M g  2+) -ATPase ) .  

Subcellular location of  (Ca 2 + + Mg 2 + )-ATPase 
T h e  speci f ic  ac t iv i t ies  of  the  e n z y m e  marke r s  
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Fig. 3. Dependence of the high affinity (Ca 2 + + Mg 2 + )-ATPase 
on ATP concentration. Activity was assayed in the standard 
incubation medium (free Ca 2+ concentration l /tM) except 
that the total ATP concentration was varied between 0.1 and 
100 FM. Reaction time varied between 2 min (at low ATP 
concentration) and 30 rain (at high ATP concentration) to 
ensure Jess than 10% hydrolysis, Net (Ca 2+ +Mg 2+ )-ATPase 
activity, shown on the ordinate, was obtained by subtracting 
the activity in the absence of calcium (but with EGTA) at all 
ATP concentrations. ATP concentrations used in these experi- 
ments were calculated to have minimal impact on the free 
Ca 2+ concentration. Each point represents mean+_S.E, of tri- 
plicate determinations. 

for the various subcel lular  fract ions are shown in 
Tab le  II. The  (Ca 2 + + M g  2+ ) -ATPase  specific ac- 
t ivi ty was the highest  in the bone  cell f ract ion that  
was enr iched in adeny la t e  cyclase  and  5'-  
nucleot idase  activities. It was this f ract ion that  was 
used for all s tudies descr ibed herein. 

Effects. of exogenous ealmodulin 
In init ial  exper iments ,  we examined  the re- 

sponse  of  the (Ca2+ + MgZ+) -ATPase  to exoge- 
nous ca lmodul in  using E G T A - w a s h e d  membranes .  
Al though  ca lmodu l in  was of ten s t imula tory  when 

a d d e d  at concent ra t ions  ranging f rom 5 to 15 
~ g / m l  in the presence of  100 n M  to 10/~M Ca  2+ , 
the s t imula t ion  was usual ly  small  in degree 
(10-20%) and  occas ional ly  not  observed (da ta  not  

shown). In the absence of  a d d e d  ca lmodul in ,  the 
ATPase-enr iched  p l a sma  membrane  fract ion was 
found  to retain subs tant ia l  endogenous  ca lmodu-  
lin, despi te  repea ted  washing with E G T A  buffer  
(da ta  not  shown). A d d i t i o n  of  ca lmodul in  to mem- 
branes  previously  exposed  to t r i f luoperazine  and 
then washed extensively p roduced  marked  (Fig.  4) 
and  reproduc ib le  enhancement  of  (Ca 2 + + Mg 2 + )- 

A T P a s e  activity.  Ca lmodul in  lowered the con- 
cen t ra t ion  of Ca z+ required for one-hal f  satura-  
t ion of  the high aff ini ty enzyme from 200-300  n M  
to 50 nM, in the presence of 200 n M  Mg z+.  

Ca lmodu l in  d id  not  appea r  to inf luence the low 
aff ini ty  enzyme. Prior  exposure  to t r i f luoperazine  
d id  not  modi fy  ATPase  activi ty in ca lmodul in -un-  
t reated membranes  (Fig. 4). 

High affinity (Cae++ Mge+)-ATPase in osteo- 
sarcoma cells 

The bone cell popu la t ion  employed  in the pre- 
sent  exper iments  is highly enriched in osteoblast -  

CONTROL T~P-WASH~D 

3o/- °~o 
• CoM , 

CALCIUM CONC. (uM) 

Fig. 4. Effect of calmodulin on (Ca 2+ + Mg 2+ )-ATPase activ- 
ity in control and trifluoperazine-treated membrane prepara- 
tions. The plasma membrane-enriched fractions were separated 
and one-half were pretreated (30 rain, 4°C) with 100 btM 
trifluoperazine in 50 mM Tris-HC1, 20 #M of free Ca z+ after 
10 s sonication. Fractions were centrifuged at 100000x g for 
60 rain and resultant pellets were resuspended in trifluopera- 
zinc-free 50 mM Tris-HCl, pH 7.2 at 30°C. Both fractions were 
assayed in the presence of 200 ~M Mg 2+ , in the presence or 
the absence of 5 ttg/ml of calmodulin at various free Ca 2+ 
concentrations. Left panel: control. Right panel: trifluopera- 
fine-washed. 
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Fig. 5. Ca 2 +-dependent ATPase activity in osteosarcoma cells. 
The experiment was performed the same way as described in 
the legend to Fig. 1, except that the plasma membrane-enriched 
fraction was obtained from malignant osteosarcoma cells rather 
than cultured osteoblasts. Each point represents the mean 5z S.E. 
of three separate assays. 

like cells, but contamination by non-osteoblast 
elements which could contribute ATPase activity 
to the subcellular test preparations cannot be 
excluded. Therefore, we examined ATPase activity 
in a plasma membrane-enriched fraction derived 
from a homogeneous population of osteosarcoma 
cells, known to have multiple properties in com- 
mon with osteoblast [34,35]. The osteosarcoma 
cells, like their non-malignant counterparts, 
exhibited two Ca2+-dependent ATPase activities 
(Fig. 5). The high affinity (Ca 2+ + Mg 2+ )-ATPase 
showed an apparent half-saturation constant for 
Ca 2+ of 100 nM and a Vma x at 3.4 nmol /mg per 
min. 

Discussion 

Although we have not undertaken the purifi- 
catoin of bone cell plasma membranes to homo- 
geneity, strong indirect evidence suggests a plasma 
membrane location for the bone cell high-affinity 
(Ca2+ + Mg2+)-ATPase. Enzyme activity was 
found in the same subcellular fraction that con- 
tained other known plasma membrane-located 
enzymes, adenylate cyclase and 5'-nucleotidase, 

but not a mitochondrial marker (succinate-cyto- 
chrome c reductase). The plasma membrane frac- 
tion did contain modest ghicose-6-phosphatase ac- 
tivity, suggesting some contamination by endo- 
plasmic reticulum. At least in non-skeletal cell 
systems, however, the high-affinity (Ca2+ + 
Mg z+ )-ATPase of endoplasmic reticulum requires 
relatively high concentrations of Mg 2+ and K + , 
conditions that were avoided in studying the bone 
cell enzyme. However, there is a very real possibil- 
ity that (Ca z+ + Mg 2+)-ATPase activity may re- 
side in endoplasmic reticulum. 

In assaying the high affinity enzyme, it was 
expedient to exclude contributions to ATP hydrol- 
ysis by a 'non-specific' low-affinity (Ca2+ + 
Mg2+ )-ATPase and by Ca 2 + - independent  
ATPases. Interference by the low-affinity species 
was minimized by limiting the concentration of 
Mg 2+ in the assay mixture, a tactic used in other 
studies to achieve the same result. The absolute 
requirement for Mg z+ that typifies the high affin- 
ity enzyme may well have been satisfied by resid- 
ual Mg 2+ in the plasma membrane preparation, 
and was eliminated by prior exposure of the pre- 
paration to CDTA. Resolution of the (Ca2+ + 
MgZ+)-ATPase from other ATPases was also 
accomplished by appropriate manipulations of the 
assay conditions. Mitochondrial ATPase activity 
was inhibited with sodium azide, and ( N a + +  
K+ )-dependent ATPase with ouabain. Conse- 
quently, we were able to detect ATP hydrolytic 
activity in the presence of micromolar Ca z+ con- 
centrations that was not altered by K+,  azide or 
ouabain, alone and in combination. 

Our findings indicate that the high affinity bone 
cell (Ca 2+ + Mg 2+ )-ATPase is similar in its bio- 
chemical characteristics to enzymes prepared from 
a variety of non-skeletal cells, including erythro- 
cytes, adipocytes, macrophages, liver cells and 
corpus luteum [20,36-39]. These enzymes have 
congruent pH optima, a high affinity for Ca 2+ , 
and ATP and Mg 2+ dependency. On the other 
hand, previous studies have provided little infor- 
mation concerning skeletal Ca2+-dependent  
ATPase activity. Rodan and Bourret [23} found 
such activity in microsomal preparations from rat 
calvaria, but that activity was not characterized. 
Messer et al. [22] described a cation-dependent 
ATPase from chick femur in which Ca 2+ and 



Mg 2+ were interchangeable in promoting enzyme 
activity. In that study 0.3 mM Ca 2+ activated the 
enzyme, but lower Ca 2+ concentrations were ap- 
parently not tested. Whether these enzymes are 
representative of the bone cell enzyme described in 
our studies remains to be determined. 

Calmodulin is known to be a proximate media- 
tor of many Ca 2+ -regulated intracellular events, 
such as Ca 2+ -dependent cyclic AMP phos- 
phodiesterase, adenylate cyclase, protein kinase, 
and in some systems (Ca 2+ + Mg 2+)-ATPase (see 
Ref. 40 for review). Efforts to establish a role for 
calmodulin have included the use of trifluopera- 
zine, a phenothiazine which binds to and in- 
activates calmodulin [41]. However, trifluoperazine 
is known to modify calmodulin-independent cell 
functions which may be important in determining 
Ca 2÷ access and binding [42]. Consequently, in- 
hibition by trifluoperazine per se is not proof of 
calmodulin involvement. For this reason, we ex- 
amined the effects of added calmodulin on bone 
cell ATPase activity. Exogenous calmodulin caused 
only modest stimulation of ATPase activity which 
was not enhanced by extensive prior washing of 
the membrane fraction with EGTA. Because the 
membranes contained appreciable calmodulin de- 
spite exposure to EGTA, we examined the effect 
of exogenous calmodulin on trifluoperazine-treated 
membranes, as described by Kotagal et al. [33]. In 
fact, it was possible to demonstrate substantial 
and consistent stimulation by calmodulin under 
those conditions. Neither our findings nor those of 
Kotagal et al. [33] can be attributed definitely to 
the dissociation of endogenous calmodulin, since 
actual decreases in membrane calmodulin have not 
been shown. More importantly, the low concentra- 
tion of trifluoperazine used in preparing the mem- 
branes did not decrease basal (Ca 2+ +Mg2+)-  
ATPase activity. In addition, removal of calmodu- 
lin alone would not explain the alterations in 
kinetic parameters caused by exogenous calmodu- 
lin in the trifluoperazine-washed membranes. 
Hence, phenothiazine treatment may have in- 
creased calmodulin responsivity by modifying 
membrane structure in an as yet unknown fashion. 

Calmodulin-mediated stimulation of ATPase 
activity requires the presence of a greater con- 
centration of Mg 2+ than was needed to demon- 
strate the high-affinity component (vide supra). 

237 

Consequently, we cannot exclude an effect of 
calmodulin on the 'low-affinity' component which 
is evident at high Mg 2+ levels. Two observations 
make this possibility unlikely: first, our studies 
disclose a distinct low affinity component that did 
not appear to be altered by calmodulin; and sec- 
ond, marked dependency on low Ca 2 ÷ concentra- 
tions is clearly evident, and indeed magnified in 
the presence of calmodulin. 

An actual contribution of the high affinity 
(Ca2+ + Mg2+)-ATPase to bone cell physiology 
remains to be established. It is possible to ex- 
trapolate from other systems in speculating that 
the plasma membrane species of this enzyme pro- 
vides the impetus for active Ca 2+ extrusion from 
the cell. By the same token, an endoplasmic re- 
ticulum enzyme, if present, could mediate the in- 
tracellular scavenging of cytosolic Ca z+ , perhaps 
in association with cellular contraction. There is 
evidence that an ATP-dependent mechanism in 
bone cells is more important than Ca 2+ -Na + ex- 
change in mediating Ca 2+ exodus from bone cells 
[43]. The present results provide a background for 
elucidating the role of the enzyme in regulating 
bone cell function. The fact that cultured osteo- 
genic sarcoma cells, which resemble osteoblasts in 
many properties, also contain a high affinity 
(Ca 2+ + Mg 2+)-ATPase suggests that these cells 
will be useful in studying the biological signifi- 
cance of the enzyme and its role in mediating 
hormone effects. 
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