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(Ca2+ + Mg2+)-ATPase enzyme activity of a purified plasma membrane preparation from a glucose responsive rat 
insulinoma, was characterized as Ca2+-dependent dephosphorylation of [y-32p]ATP. A high-affinity enzyme with a 
Km(ATP ) ranging from 20 to 30 pM and a Km(Ca 2+) of 1 pM was identified. Glucose inhibited this high-affinity 
enzyme in a dose-dependent manner, with no significant inhibition at a concentration between 0 and 5 mM, 50% 
inhibition at 13.3 mM and 94.5% inhibition at 30 mM. The inhibitory effect of glucose was immediate and rapidly 
reversible. The effect was stereospecific for the a-anomer. These findings support the concept that glucose acts directly 
at the t-cell plasma membrane and is involved in the maintenance of elevated intracellular free calcium concentrations 
associated with insulin release by directly or indirectly inhibiting energy-dependent calcium efflux. Glyceraldehyde (20 
raM) increased enzyme activity 3-fold, while other metabolic fuels had no effect. This suggests that inhibition of the 
enzyme is not an obligatory requirement for insulin release. Calmodulin stimulated the enzyme activity in caimodulin- 
depleted but not in undepleted membranes. Trifluoperazine (30-100 pM) inhibited (Ca2++ Mg2+)-ATPase in a 
dose-dependent manner (14-61% activity) and the activity was also inhibited by vanadate (0.1-1.0 mM) and NaCI (150 
mM). 

Introduction 

Calcium plays an important role in the regulation of 
insulin release from the fl-cell. A rise in cytosolic free 
calcium has been implicated as a trigger of insulin 
release. Glucose stimulates the influx and initially in- 
hibits the efflux of calcium [1,2] and leads to an increase 
in cytosolic free calcium concentrations [3]. The control 
of efflux at the plasma membrane may, therefore, be an 
important regulator of insulin release. Efflux of Ca 2+ 
may be controlled by ion exchange mechanisms such as 
N a + / C a  2+ and CaE+/Ca 2+ exchange. It might also be 
regulated by the 'calcium pump' which is a (Ca2++ 
MgE+)-ATPase, although it has been shown recently 
that total (Ca 2+ + MgE+)-ATPase activity does not nec- 
essarily concur with total CaE+-transport activity [4-8]. 

Abbreviations: EGTA, ethyleneglycol bis(fl-aminoethyl ether)- 
N,N,N',N'-tetraacetic acid; CDTA, cyclohexane-l,2-diamine-N,N, 
N',N'-tetraacetic acid; Pipes, 1,4-piperazinediethanesulfonic acid; 
SDS, sodium dodecylsulfate; TFP, trifluoperazine dehydrochloride. 

Correspondence: M. Hoenig, University of Georgia, College of 
veterinary Medicine, Department of Physiology and Pharmacology, 
Athens, GA 30602, U.S.A. 

This enzyme has been characterized in islet cell homo- 
genate, subcellular fractions and a plasma membrane 
enriched fraction [9-11]. Glucose, the major physio- 
logical stimulus of insulin release, inhibited the enzyme 
at stimulatory and non-stimulatory concentrations in 
one study [11], but had no effect in another study [10]. 
Since a prompt inhibitory effect of glucose on the 
plasma membrane (Ca2++ MgE)-ATPase was seen in 
human erythrocytes [12], we investigated the effect of 
glucose and other secretagogues on (CaE++Mg2+)  - 
ATPase activity in a glucose-responsive rat insulinoma, 
taking advantage of this plentiful source of islet cell 
material which allows purification of plasma mem- 
branes. 

This work was presented, in part, at the 23rd Annual 
Meeting of the EASD, Leipzig, G.D.R., September 
15-19, 1987 (Abstract 222). 

Materials and Methods 

Materials  
[y-32p]ATP was obtained from ICN Pharmaceuticals 

(Irvine, CA). Calmoduhn was obtained from Behring 
Diagnostic (San Diego, CA) and TFP  was purchased 
from Aldrich Chemical Company (Milwaukee, WI). 
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Hanks' solution and culture medium were obtained 
from Gibco (Grant Island, NY). All other chemicals 
were obtained from Sigma Chemical Company (St. 
Louis, MO). The a-D-glucose used contained less than 
5% of the fl-anomer, while fl-D-glucose contained less 
than 2% of the a-anomer. Values for purity were sup- 
plied by manufacturer and confirmed by Dr. H.K. 
Desai, Department of Chemistry, University of Georgia 
(Athens, GA). Anomers were prepared and kept on ice 
until added to the assay mixture. A calcium ion elec- 
trode with reference electrode was obtained from Orion 
Research (Cambridge, MA). 

Animals 
A radiation-induced rat insulinoma which has been 

shown by electron microscopic examination to contain 
mainly fl-cells, was transplanted under the right kidney 
capsule of male New England Deaconess Hospital 
(NEDH) rats weighing 300-400 g as described in detail 
elsewhere [13]. The tumor was maintained by serial 
transplantations in this strain of rats. 

Tumor digestion and fl-cell purification 
The digestion procedure for tumor tissue has been 

described [3]. Each tumor yielded approx. (100-200)- 
10 6 cells with a viability of > 95% when tested for 
Trypan blue exclusion. One to two tumors were used for 
each experiment. The fl-cells were then separated from 
the other cells by mixing the cell pellet with 6 ml of 27% 
(w/w) Ficoll in Hanks' buffer (pH 7.5). Over this were 
layered successively 3 ml each of Hanks' buffer contain- 
ing 23.3, 20.5 and 12.2% (w/w) Ficoll (pH 7.5). The 
discontinuous gradient was centrifuged at 700 x g for 
30 rain. The tissue from one tumor was generally ap- 
plied to 4 gradients. The fl-cells were harvested from the 
12.2/20.5% interface, consolidated into a large tube 
and washed twice (40 ml each) with Hanks' buffer to 
remove the Ficoll. 

Purification of plasma membranes 
Purified plasma membranes were prepared according 

to the method by Naber et al. [14] with minor modifica- 
tions. The plasma membrane fraction (B 1) was frozen at 
- 7 0  o C, and used within 4 weeks without loss of activ- 
ity. Protein was measured according to the method 
described by Bradford [15]. The plasma membrane 
marker enzyme 5'-nucleotidase was approximately l l -  
fold purified in the plasma membrane fraction (26.1 + 
2.8 and 278.2 + 18.7 nmol /mg  per rain in homogenate 
and plasma membrane fraction respectively, n = 16). 
The endoplasmic reticulum marker enzyme N A D H - c y -  
tochrome-c reductase activity ranged from 21.7 to 93.6 
nmol /mg  per min in the homogenate fraction, while it 
ranged from undetectable to 29.0 nmoi /mg  per min in 
the B 1 fraction. 

Ca 2 + measurements 
CaC12 stock solutions were standardized using a 

Ca 2+ specific electrode (Orion Research, Cambridge, 
MA). The endogenous Ca 2+ and Mg 2+ content of the 
plasma membrane preparations was measured by atomic 
absorption spectrometry. Free Ca 2+ concentrations in 
the assay mixtures were buffered with EGTA, and were 
calculated using a computer program written according 
to Pershadsingh and McDonald using a Ca-EGTA as- 
sociation constant of 10 7.832 at pH 7.5 [16]. 

Measurement of (Ca 2 + + Mg 2 + )-ATPase activity 
(Ca2++ Mg2+)-ATPase activity was determined as 

the Ca 2 +-dependent dephosphorylation of [7- 32 P]ATP 
[10]. Briefly, the assay medium consisted of 50 mM 
Tris-Pipes (pH 7.5 at 37 o C), 20 mM NaN 3, 30/xM ATP 
(Mg salt), 1 /~Ci of [7-32p]ATP/tube and 0 -2  mM 
EGTA _+ CaC12. CaC12 was varied to give the required 
free Ca 2+ concentrations. The endogenous Ca 2+ con- 
centrations varied from 0.56 to 0.58 n m o l /m g  protein, 
while the endogenous Mg 2+ concentration ranged from 
1.9 to 4 .2 /~mol/mg protein. Although generally 0.25/~g 
protein was used per reaction, the reaction rate was 
linear from 0.1 to 1 /~g of protein (see Results). The 
final assay volume was 100 #1 and the reaction was 
started by addition of ATP and terminated after 10 min 
by addition of 50/~1 of 3% SDS followed by a double 
charcoal sedimentation method [17]. A 0.5 ml aliquot 
was removed from the supernatant fraction and counted 
in a scintillation counter (Beckman Instruments, Inc., 
Palo Alto, CA). In experiments investigating the effect 
of different secretagogues or other substances the free 
Ca 2+ concentration used was 5.47 ~tM and the plasma 
membrane fractions were pre-incubated with the 
secretagogue for 30 rain at 37 °C unless stated other- 
wise. The Ca2+-dependent hydrolysis of ['y-32p]ATP 
into ADP a n d  [32p]p i was measured by subtracting the 
hydrolysis of ATP obtained in the presence of EGTA 
from that obtained in the presence of Ca 2 + and EGTA. 

Statistical analysis 
All data are expressed as the mean + S.E. unless 

otherwise stated. The significance of difference between 
means was determined by Student's t-test. N refers to 
the number of experiments done in triplicate from 
separate plasma membrane preparations. 

Results 

Characterization of the plasma membrane (Ca2++ 
Mg 2 + )-A TPase activity 

The (Ca2++ Mg2+)-ATPase activity increased in a 
linear fashion with increasing amounts of plasma mem- 
brane protein, as is shown in Fig. 1. The activity of the 
enzyme was also linear with time (Fig. 2). Background 
ATPase activity was 26.5 + 1.4% (n = 42) of that ob- 
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Fig. 1. Protein dependence of (Ca 2+ + M g  2+ )-ATPase activity. The 
enzyme activity was determined as the Ca2+-dependent dephospho- 
rylation of [7-32p]ATP at a free Ca 2+ concentration of 5.47 #M at 

increasing protein concentrations. 

tained with 5.47 #M free calcium. The analysis of Lin- 
eweaver-Burk plots were consistent with a low- and a 
high-affinity (Ca2++ Mg2+)-ATPase. In the presence 
of 5.47/~M free Ca 2+, the K m for ATP ranged from 
20.9 to 29.2 #M ( n - - 3 )  for the high-affinity (ATP) 
enzyme, while it was 427.7 + 65.0 /~M (n = 3) for the 
low-affinity (ATP) enzyme. At an ATP concentration of 
30/~M, the K m for Ca 2+ ranged from 0.47 to 0.94/~M 
(n = 2). The high-affinity enzyme also was dependent 
upon the presence of magnesium. This was shown using 
the chelator CDTA as described elsewhere by Pershad- 
singh et al. [18]. A Ca-CDTA buffer system was used 
and compared to a Ca-EGTA buffer system. At 
equimolar concentrations CDTA reduced Ca2+-stimu- 
lated enzyme activity completely (i.e., to baseline con- 
centrations obtained with calcium chelator and no 
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Fig. 2. Time dependence of (Ca 2+ +Mg2+)-ATPase  activity. The 
enzyme activity was determined as the CaZ+-dependent dephospho- 
rylation of [y-3epIATP at a free Ca 2+ concentration of 5.47 #M. The 
protein used per reaction was 0.25 #g. The reaction was started by 
addition of ATP and terminated at different time intervals by addition 

of 3% SDS as described in Materials and Methods. 
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Fig. 3. The immediate inhibitory effect of 30 mM a-o-glucose on 
(Ca 2+ + Mg 2+ )-ATPase is seen in less than 1 min and is not different 
at 30 min of exposure to high glucose. This inhibition is completely 
reversible in less than 1 min. The preincubation time of the membrane 
protein with glucose was varied from less than 1 min to 30 min in 
experiments investigating the rapidity of the glucose effect, while in 
experiment studying the reversibility of the effect, membrane protein 
was prepared in 30 mM glucose (A) or 3 mM glucose (B). Part of A 
was then diluted 10-fold, while part was used undiluted and aliquos of 
A and B were then assayed at various incubation times (less than 1 
rain to 30 min). The part of A that was diluted 10-fold and B showed 
no inhibition and were not different from the control which did not 

contain glucose. 

calcium added) compared with the activity obtained in 
a Ca-EGTA buffer at the same free calcium concentra- 
tions. 

Effect of glucose on plasma membrane (Ca2++ Mg2+)- 
A TPase activity 

When the plasma membranes were pre-incubated in 
the absence of 30 mM a-D-glucose, the enzyme specific 
activity was 71.9 + 10.2 nmol /min  per mg protein while 
30 mM D-glucose decreased (Ca 2÷ + Mg2+)-ATPase ac- 
tivity to 4.89 + 1.10 nmol /min  per mg protein (n = 14, 
P < 0.001). The inhibitory effect of glucose on the en- 
zyme activity was evident also in less than 1 min of 
pre-exposure to glucose (i.e., as fast as glucose could be 
added) and was not significantly different at 1 min of 
preincubation than at 30 min (91.0 + 1.3% inhibition vs. 
91.3 + 3.6% inhibition, n = 4, Fig. 3). When the dose 
dependence of the inhibitory effect of glucose was 
investigated it was found that 2.5 and 5 mM glucose 
had no effect on (Ca2+ + Mg2+)-ATPase activity when 
compared to control, 15 mM glucose inhibited by 54.4 
+ 6.7%, 20 mM inhibited by 89.3 ___ 2.7%, and, at 30 
mM glucose inhibited by 94.5 + 1.7% (n = 3) (Fig. 4). 
Half-maximal inhibition of the enzyme was calculated 
to be at 13.3 mM glucose. The immediate inhibitory 
effect of glucose on the enzyme activity was rapidly 
reversible. In less than 1 minute after dilution of the 
glucose concentration (3 mM), the activity of (Ca2+ + 
Mg2+)-ATPase ranged from 97.4 to 104.8% of the con- 
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Fig. 4. Dose dependence of the inhibitory effect of glucose on 
(Ca 2+ +Mg 2÷ )-ATPase activity. The membrane protein was prein- 
cubated for 30 min with varying concentrations of a-D-glucose and 
(Ca 2+ +Mg 2÷ )-ATPase activity assayed as described in Materials 

and Methods. 

trol (n = 2). The stereospecificity of the inhibitory effect 
of glucose on enzyme activity was then further invest- 
gated, a-D-Glucose and t-D-glucose (30 mM each) were 
either prepared and kept on ice until used in the assay 
or both anomers were allowed to equilibrate for 10 min 
at 37 ° C. This method of sample handling was identical 
to that used when the composition of the glucose 
anomers was determined by polarimetry. After the 10 
min equilibration period a-D-glucose constituted 46.2% 
and t-D-glucose 53.8% of total glucose concentration. 
When the anomers were kept on ice and added to the 
membranes, the inhibition of (Ca2++ Mg2+)-ATPase 
activity seen with a-D-glucose ranged from 64.5 to 80.8% 
compared to the enzyme activity without addition of a 
secretagogue, while that seen with t-D-glucose ranged 
from 3.1 to 11.0% (n = 2). However, when both glucose 
anomers were allowed to equilibrate, inhibition seen 
with a-D-glucose was 38.4 and 33.9%, and was 36.1 and 
42.2% with t-D-glucose. 

Effect of other insulin secretagogues and modifiers of 
insufin secretion on plasma membrane (Ca 2 + + Mg 2 +)- 
A TPase activity 

20 mM DL-glyceraldehyde had a stimulatory effect 
on the activity of the (Ca 2÷ + Mg2+)-ATPase (176.8 _ 
36.8% stimulation vs. control, n = 5; P < 0.05). 

No effect on (Ca2++ Mg2÷)-ATPase activity was 
seen with 30 mM a-ketoisocaproate and with glucose 
6-phosphate at 10 and 30 mM. No effect was also seen 
with 20 mM mannose, galactose, fructose, or manno- 
heptulose. The muscarinic agent carbachol (2 mM) did 
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Fig. 5. Dose dependence of the inhibitory effect of TFP on (Ca 2+ + 
Mg 2+ )-ATPase activity. The membrane protein was incubated with 
TFP for 30 min and (Ca2++Mg2+)-ATPase activity assayed as 

described in Materials and Methods. 

not affect the enzyme activity, nor did calmodulin at 
concentrations between 1 and 5 0 / t g / m l  in the presence 
or absence of EGTA at various calcium concentrations. 
However, in calmodulin-depleted membranes [19] 
(Ca2++ Mg2+)-ATPase activity was stimulated 2-fold 
by addition of 25 /~g/ml calmodulin (180.2 + 6.8% of 
control, n = 3). 30 mM mannitol or 33% sucrose also 
did not lead to a change in enzyme activity, nor did 
ouabain (1 mM). 

In addition, the effect of TFP and vanadate on 
(Ca2++ Mg2+)-ATPase activity was studied as they 
will lead to inhibition of the plasma membrane (Ca 2÷ + 
Mg2+)-ATPase in other systems and might be used in 
the differentiation of enzyme origin i.e. plasma mem- 
brane or endoplasmic reticulum. In the present study, a 
decrease in the activity of (Ca 2+ + Mg2+)-ATPase ac- 

0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 . 2  
vanadate concentrat ion,mM 

Fig. 6. Inhibitory effect of vanadate on (Ca2++Mg2+)-ATPase 
activity in the presence (E I )  and absence (O O) of 2 
mM MgC12. The membrane protein was incubated with vanadate in 
the absence and presence of 2 mM MgC12 and (Ca2++Mg2+) - 
ATPase activity was assayed as described in Materials and Methods. 



tivity was seen with TFP  (10-100 /xM; Fig. 5) and 
vanadate (0.1-1.0 mM; Fig. 6). The effect of vanadate 
was magnesium-dependent as has been described in the 
red cell [20]. 

Discussion 

The present results demonstrate that plasma mem- 
branes purified from a glucose-responsive rat in- 
sulinoma exhibit Ca2+-activated Mg2÷-dependent 
ATPase activity. The enzyme was stimulated by 
calmodulin in calmodulin depleted membranes but not 
in undepleted membranes suggesting that calmodulin 
was present in untreated membranes at a concentration 
sufficient for the full expression of enzyme activity. 
Calmodulin dependence is a characteristic of the plasma 
membrane Ca2+-ATP enzyme in other systems (for 
review, see Ref. 21), while the calcium pump activity of 
the endoplasmic or sarcoplasmic reticulum is indepen- 
dent of calmodulin [6,16,22,23]. In addition, the 
calmodulin antagonist trifluoperazine inhibited (Ca2+ + 
MgZ+)-ATPase activity in a dose-dependent manner. 
The exact role of calmodulin in insulin release is un- 
clear. Although calmodulin inhibitors such as trifluo- 
perazine have been shown to inhibit insulin release 
[24-26] they also interact with other enzymes and in- 
hibit Ca2+-uptake making the interpretation of the re- 
lease data difficult. 

Inhibition of the enzyme was also seen with vana- 
date, one of the most commonly used inhibitors of the 
Ca 2+ pump of plasma membranes. Vanadate increases 
its inhibitory effect greatly in the presence of Mg 2+ in 
the insulinoma similar to findings in the red blood cell 
[20]. Vanadate, however, is not specific, but inhibits 
most cation-transport ATPases. Since it inhibits the 
Ca2+-ATPase from sarcoplasmic reticulum with much 
lower affinity than the CaZ+-ATPase from plasma mem- 
branes, it has been used to differentiate both Ca 2+- 
ATPases. It is interesting that vanadate has been shown 
to normalize blood glucose concentrations in diabetic 
rats, however, this seems to be due to an increase in 
glucose uptake by target tissues and not due to an 
increase in insulin release [27]. 

The (Ca 2+ + MgZ+)-ATPase is likely to be involved 
in the regulation of cytosolic free calcium concentra- 
tions in the t-cell. Cytosolic free calcium concentrations 
rise when t-cells are stimulated with certain secreta- 
gogues [3]. It is thought that closing of the ATP-depen- 
dent K + channel leads to depolarization of the mem- 
brane thereby opening voltage-sensitive calcium chan- 
nels which allow the rapid influx of calcium into the cell 
[28]. These studies have shown that a-D-glucose, which 
is a more potent stimulus of insulin release than r-D- 
glucose [29], has an immediate inhibitory but rapidly 
reversible effect on the (Ca 2+ + Mg2+)-ATPase. Of all 
fuels studied, a-D-glucose was the only substance which 
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caused inhibition. Therefore, it is hypothesized that 
a-D-glucose either binds non-covalently to a site on the 
enzyme directly or that it binds to a membrane receptor 
which, via rapid transduction, produces inhibition of 
the enzyme. The physiological importance of this inter- 
action is manifested by the rapidity, reversibility, stereo- 
specificity and dose-dependence of the glucose effect. 
The dose dependence is in accordance with the effect of 
glucose in these cells on insulin release. No stimulated 
release is seen up to 5 mM glucose, while 30 mM 
glucose elicits a maximal response [3]. 

Glyceraldehyde led to almost a tripling in enzyme 
activity, while no effect on (Ca 2+ + Mg2+)-ATPase ac- 
tivity was seen with other fuel stimuli. This is surprising, 
since glyceraldehyde leads to a similar increase in in- 
sulin release and rise in cytosolic free Ca 2+ concentra- 
tion in this insulinoma as glucose does [3]. In addition, 
a-ketoisocaproate is a much more potent stimulus for 
insulin release than glucose [13], however, no effect was 
shown on (Ca2++ Mg2+)-ATPase. This suggests that 
inhibition of the enzyme is not a necessary requirement 
for insulin release in certain cases. However, further 
studies are necessary to elucidate the importance of 
enzyme modification for stimulation of insulin secre- 
tion. 

It has been suggested that in the red cell glucose 
inhibits the enzyme via glycosylation of membrane pro- 
teins, since in the presence of tunicamycin, an inhibitor 
of enzymatic protein glycosylation, the effect of glucose 
is blocked [12]. We also used tunicamycin but did not 
see any effect on glucose inhibition (data not shown). 
The rapid reversal of the effect of glucose is also not 
consistent with covalent modification of membrane pro- 
teins by glucose. 

In several tissues, it has now been shown that the 
high-affinity Ca2+-ATPase may not be related to the 
ATP-dependent Ca 2÷ pump. In liver, the plasma mem- 
brane Ca 2÷ pump has a phosphorylated intermediate of 
M r 100000 which is different from that of the Ca 2÷- 
ATPase (M r 140000) [3]. In corpus luteum plasma 
membranes, the properties of the Ca 2+ pump and the 
phosphorylated intermediate were also quite different 
from those of the high-affinity Ca2+-ATPase [7]. Dis- 
crepancies between both have also been seen in the 
neutrophil [8] and smooth muscle [6]. With these 
reservations, we believe that these data provide strong 
evidence for a direct effect of glucose on calcium-depen- 
dent plasma membrane functions. Investigations in 
plasma membrane vesicles from this insulinoma are 
necessary to examine whether glucose also has an 
inhibitory effect on ATP-dependent Ca 2÷ uptake. 
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