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Summary. A factor derived from the supernatant of adipocyte plasma membranes 
which mimics the effects of insul in on mitochondrial pyruvate dehydrogenase 
(Kiechle, F.L., Jarett ,  L., Kotaga], N., and Popp, D,A. (1981) J. Biol. Chem. 
256, 2945-2951) was shown to activate a high a f f i n i t y  (Ca2 + + Mg2+)-ATPase 
and ATP-dependent Ca2 + transport of adipocyte plasma membranes. Fractiona- 
t ion of the supernatant by G25 Sephadex chromatography separated the material 
into four inactive and one active f ract ion.  All of the fract ions behaved 
ident ica l ly  in terms of act ivat ion of pyruvate dehydrogenase, (Ca2 + + 
Mg2+) - ATPase, and Ca 2+ transport,  suggesting that the active fract ion 
responsible for st imulating mitochondrial pyruvate dehydrogenase was also 
responsible for st imulating the plasma membrane Ca2+-dependent processes. 

The nature of the effector mechanisms which are activated following the 

interact ion of insul in with i ts  target cel ls has remained elusive (1). Two 

recent lines of investigation show promise in aiding the understanding of 

these effector mechanisms. F i rs t ,  a low molecular weight, acid stable and 

water-soluble material recovered from both insul in- t reated cel ls and more 

recently from isolated adipocyte plasma membranes simulated the action of 

insul in on mitochondrial pyruvate dehydrogenase ac t i v i t y  in isolated ra t  adi- 

pocyte mitochondria (2-9). Second, the interaction of insul in with adipocytes 

(10) or the i r  isolated plasma membranes ( i i )  resulted in the inh ib i t ion of a 

high a f f i n i t y  (Ca 2+ + Mg2+)-ATPase which appears to serve as the enzymatic 
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basis for a high a f f i n i t y ,  calmodul in-sensit ive plasma membrane Ca 2+ 

transport system (12,13). 

In th is  communication, i t  is demonstrated that : 1) the supernatant 

derived from adipocyte plasma membranes stimulates both high a f f i n i t y  

(Ca 2+ + Mg2+)-ATPase and ATP-dependent Ca 2+ transport ac t i v i t i es  in adi- 

pocyte plasma membranes, and 2) the ef fects of chromatographically separated 

f ract ions of the supernatant from adipocyte plasma membranes have simi lar 

ef fects on (Ca 2+ + Mg2+)-ATPase ac t i v i t y ,  Ca 2+ transport ,  and pyruvate 

dehydrogenase. 

Materials and Methods. Adipocytes were prepared from the epididymal fa t  pads 
of 120 g male Sprague-Dawley rats as described previously (14). Plasma mem- 
branes and mitochondria were prepared as previously described e i ther  with (15) 
or without (16) EDTA in the homogenization and f rac t ionat ion buf fers.  The 
supernatant derived from adipocyte plasma membranes was obtained by resuspend- 
ing the plasma membranes in 50 mM phosphate buf fer ,  pH 7.4 to a f ina l  concen- 
t ra t ion  of 1-3 mg protein/ml.  Af ter  incubating 30 sec at 37°C, the plasma 
membranes were pel leted in a Beckman microfuge for  45 sec (5). The resul tant  
supernatant was rapid ly  frozen at -70°C for use in the assays (50 mM phosphate 
buffer was used in control incubations) or was fur ther  f ract ionated by Sepha- 
dex G25 chromatography as described by Kiechle et al .  (5). Fractions I-V as 
previously described (3,5) were di luted in 60 ml 0.05 M formic acid, l yoph i l -  
ized, and reconst i tuted in 1.5 ml of 0.001M formic acid before addit ion to 
the assays. All  assay controls contained an equivalent amount of material 
prepared by l yoph i l i z ing  60 ml of 0.05 M formic acid followed by 
reconst i tu t ion in 1.5 ml of 0.001 M formic acid. 

(Ca 2+ + Mg2+)-ATPase assays were performed with isolated adipocyte 
plasma membranes as previously described (13) in a standard assay buffer con- 
ta in ing 10-20 ug protein/ml,  2 mM Tris/EGTA, 1.8 mM CaCl 2 (0.143 uM calcu- 
lated free [Ca2+]), i mM Na2ATP (with tracer [32p]-ATP), 20 mM NAN3, 
and 12.5 mM Tr is /1,4-p iperaz ine-d iethanesul fon ic  acid, pH 7.5, at 35°C. 
Ca2+-stimulated a c t i v i t y  was determined af ter  a 30 min incubation at 37°C by 
subtracting values obtained with EGTA alone from those obtained with Ca2 + 
plus EGTA. 

ATP-dependent Ca2 + transport in adipocyte plasma membranes was per- 
formed as described previously (12). The standard assay medium contained 
30-40 ~g protein,  200 mM sucrose, 20 mM NAN3, 10 mM Tr is /oxa la te ,  2 mM 
MgCl 2, 2 mM Tris/EGTA, 1.8 mM CaCl 2 (with tracer 45CAC121, and 10 mM 
Tr is / l ,4 -p iperaz ine-d ie thanesu l fon ic  acid, pH 7,5, at 37 C. As in the ATPase 
buf fer ,  the calculated free [Ca2 +] in th is  system is 0.143 uM. The added 
oxalate has no e f fec t  on this concentration because EGTA is the pr inc ipal  buf- 
fer for Ca 2+. Incubation time was 20 min at 37:C. Assays were terminated 
by rapid f i l t r a t i o n  and washing, ATP-dependent uptake was determined by 
subtract ing values obtained in the absence of ATP from those obtained in the 
presence of ATP. 

Pyruvate dehydrogenase assays were performed using mitochondria iso la-  
ted from adipocytes (3). In these experiments 50 ul of each f rac t ion obtained 
from Sephadex G25 f rac t ionat ion of the plasma membrane supernatant material 
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TABLE I 

Stimulation of (Ca2 + + Mg2+)-ATPase by the Supernatant from 
Adipocyte Plasma Membranesl 

Experiment 
(Ca 2+ + Mg2+)-ATPase Activi ty 
Control + Supernatant 

nmol Pi/mg protein/min 

1 17.9 * i , I  180.7 • 5.8 
2 21.6 * 2.7 69.8 • 10.4 
3 41.3 * 8.8 204.9 i 34.9 
4 82.7 * 2.9 253.9 m 8.2 

• SEM 40.9 * 12.9 177.3 * 33.7 

1ATPase assays were performed in t r ip l icate as described in the Methods 
using four different plasma membrane preparations prepared in the absence of 
EDTA. The supernatant (from four different preparations) was added at a con- 
centration of 100 ul/ml. The supernatant contained no detectab|e (Ca2 + + 
Mg2+)-ATPase act iv i ty.  

was preincubated with 150 ~I containing 250-500 ~g mitochondrial protein, 
50 ~M MgCl2, and 50 ~M CaCl2 in 50 mM potassium phosphate buffer,  pH 7,4, 
for 5 min at 37°C (5). The assay was i n i t i a ted  by the addition of 0.25 mM 
1-14C pyruvate (1 mCi/mM), 0.5 mM NAD, 1 mM coenzyme A, 0.1 mM cocarboxyl- 
ase, and 0.1 mM d i t h i o t h r e i t o l  in 50 mM phosphate buffer,  pH 7.4. After 2 
min, the assay was stopped by the addition of 200 ~l of 6 M H2S04, and 
enzyme a c t i v i t y  was quantitated by measuring the amount of 14C02 produced 
(3). 

Results. The unfractionated supernatant derived from adipocyte plasma mem- 

branes markedly stimulated the high a f f i n i t y  (Ca 2+ + Mg2+)-ATPase ac t i v i t y  

(Table I ) .  In these experiments the membranes had been stored at -70°C for 

0-14 days, which most l i ke l y  accounted for the variable (Ca 2+ + Mg2+)- 

ATPase ac t i v i t y  in the control experiments (13). Nevertheless, the addition 

of the supernatant material c lear ly stimulated ac t i v i t y  from three to ten-fold 

in each experiment. Furthermore, heating the supernatant material for 10 min 

at 100°C abolished the stimulatory effect on enzyme ac t i v i t y ,  indicating that 

the supernatant factor responsible for this stimulation was neither calmodulin 

(which is heat-resistant)  nor inorganic ions (such as Ca 2+ or Mg2+), which 

would be unaffected by boi l ing.  Heating the supernatant material for 10 min 

at I00°C also abolished the st imulatory effect on pyruvate dehydrogenase 

ac t i v i t y  (data not shown). The a b i l i t y  of the supernatant material to stimu- 
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TABLE II 

Stimulation of ATP-Dependent Ca2 + Transport by the Supernatant 
from Adipocyte Plasma Membranesl 

Ca 2+ Transport 
Experiment Control + Supernatant 

nmol CaZ+/mg prote~n/lO min 

1 3.3 * 0.2 6.6 ± 0.5 
2 7.2 * 0.1 11.0 * 0.1 
3 11.0 • 2.6 28.1 * 1.1 

• SEM 7.2 * 1.8 15.2 * 5.4 

iCa 2+ transport assays were performed in triplicate as described in the 
Methods. Experiment number I utilized plasma membranes prepared in the 
presence of I mM EDTA while Experiments number 2 and number 3 utilized dif- 
ferent membranes prepared in the absence of EDTA. Supernatant (three dif- 
ferent preparations) was added at a concentration of 50 ~I/ml. 

late the (Ca 2+ + Mg2+)-ATPase was also concentration-dependent. In one 

experiment, 20 ~l of supernatant stimulated (Ca 2+ + Mg2+)-ATPase act iv i ty  

by 64.2% or 29.6 nmol Pi/mg/min, whereas 100 ~l stimulated act iv i ty  by 396% 

or 163.6 nmol Pi/mg/min. A similar concentration-dependence has been shown 

for the stimulation of pyruvate dehydrogenase by the supernatant (5). 

The supernatant from adipocyte plasma membranes simi lar ly stimulated 

ATP-dependent Ca 2+ transport in adipocyte plasma membranes (Table I f ) .  In 

three separate experiments the percent stimulation of Ca 2÷ transport ranged 

from 52.7% to 155.5%, with a mean value of 102.7%. In experiment number 1 the 

plasma membranes were prepared in EDTA, which may account for the lower level 

of transport in the controls. EDTA wi l l  remove calmodulin, which has been 

shown to stimulat~ transport (12), resulting in a lower level of basal trans- 

port. As in the ATPase experiments, boiling the supernatant for 10 min com- 

pletely abolished the stimulatory effect, indicating that neither calmodulin 

nor inorganic ions were responsible for the observed stimulation by the active 

component of the supernatant. 

Finally, fractionation of the supernatant by Sephadex G25 chromatogra- 

phy yielded 5 fractions as previously described (5,6) which behaved simi lar ly 
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Figure I: 
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The effects of the fractions from Sephadex G25 chromatography of 
the supernatant from adipocyte plasma membranes on pyruvate dehy- 
drogenase, (Ca 2+ + Mg2+)-ATPase and ATP-dependent Ca 2+ trans- 
port. The plasma membrane supernatant was prepared and fractiona- 
ted by Sephadex G25 chromatography as described in "Materials and 
Methods". Equal aliquots of each fraction were added to all assays 
as outlined in "Materials and Methods". Results are expressed as 
the difference between the values obtained with each fraction and 
the control values. Each assay was performed in triplicate and the 
bars represent the SEM. 

in three different assays: (Ca 2+ +Mg2+)-ATPase, Ca 2+ transport, and 

pyruvate dehydrogenase (Figure 1). As can be seen, the ab i l i ty  to stimulate 

all three act iv i t ies was observed only in fraction IV. Fractions I, I I ,  I l l ,  

and V altered the act iv i ty of all three parameters only s l ight ly.  These data 

therefore suggest that the same active fraction of the supernatant from adipo- 

cyte plasma membranes which is responsible for activating pyruvate dehydrogen- 

ase is also responsible for activating (Ca 2+ + Mg2+)-ATPase and ATP- 

dependent Ca 24 transport in adipocyte plasma membranes. 

Discussion. A putative chemical mediator of insulin with an apparent molecu- 

lar weight of 1000-1500 (3,5,7) has been part ia l ly  purified from several 

sources and has been shown to mimic insulin action on several enzyme systems 

including glycogen synthase (7) and pyruvate dehydrogenase (8). Insulin 

increased the act iv i ty or quantity of the mediator from skeletal muscle (7), 

adipocytes (3), and adipocyte plasma membranes (5). The recent demonstration 

that insulin could direct ly inhibit  a high a f f in i ty  (Ca 2+ + Mg2+)-ATPase 
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in adipocyte plasma membranes (10) has suggested that this enzyme and the 

associated Ca 2+ transport system could play an important primary role in the 

mechanism of insulin action. I t  was therefore logical to test the effect of 

the putative chemical mediator of insulin action on the (Ca 2+ + Mg2+) - 

ATPase/Ca 2+ transport system in adipocyte plasma membranes. 

The unchromatographed supernatant stimulates both (Ca 2+ + Mg2+) - 

ATPase (Table I) and Ca 2+ transport (Table I I ) .  Furthermore, the active 

fraction of the chromatographed supernatant which stimulated mitochondrial 

pyruvate dehydrogenase was also the fraction which stimulated both (Ca 2+ + 

Mg2+)-ATPase and Ca 2+ transport (Figure 1). In contrast, the direct addi- 

tion of insulin to isolated plasma membranes or insulin treatment of intact 

adipocytes prior to isolation of the plasma membranes resulted in an inhibi- 

tion of (Ca 2+ +Mg2+)-ATPase compared to control plasma membranes (10,11). 

Therefore, the plasma membrane (Ca 2+ + Mg2+)-ATPase is apparently 

modulated in opposing directions by the insulin molecule i t se l f  and its puta- 

tive chemical mediator. There are several possible explanations for these 

opposing effects. First, the binding of insulin to its receptor may release 

both a mediator and an antimediator (17), thereby providing its own sel f -  

regulating negative feedback system. Therefore under conditions in which 

direct addition of insulin to plasma membranes inhibits (Ca 2+ + Mg2+) - 

ATPase act iv i ty,  production of antimediator may be favored. Second, the bind- 

ing of insulin to its receptor on the plasma membrane may direct ly inhibit  the 

(Ca 2+ + Mg2+)-ATPase. The chemical mediator may overcome this inhibit ion, 

i f  produced in suff icient quantity, but with the plasma membrane concentration 

used in the (Ca 2+ + Mg2+)-ATPase assay i t  is unlikely that such quantities 

of the mediator are produced. 

It  is clear that calmodulin is not the factor in the supernatant that 

is responsible for the stimulation of the (Ca 2+ + Mg2+)-ATPase/Ca 2+ 

transport system. First, the stimulatory act iv i ty of the supernatant on pyru- 

vate dehydrogenase, (Ca 2+ ÷ Mg2+)-ATPase, and Ca 2+ transport were all 
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abolished by heating at 100°C for 10 min. Calmodulin is heat-stable and is 

not inactivated by boi l ing (18). Second, the active fract ion (Fraction IV, 

Figure i )  is a low molecular weight compound (5), whereas calmodulin has a MW 

of approximately 17,000 (18). However, the chemical mediator may cause ac t i -  

vation of the (Ca 2+ + Mg2+) - ATPase/Ca 2+ transport system through 

membrane-bound calmodulin. Calmodulin has been shown to stimulate the Ca 2+ 

transport system. Therefore both the inh ib i t ion of the (Ca 2+ + Mg2+) - 

ATPase by insul in and/or the stimulation caused by the chemical mediator could 

be caused by local al terat ions in the plasma membrane bound calmodulin and/or 

other plasma membrane associated regulator molecules, which then affects the 

(Ca 2+ + Mg2+)-ATPase/Ca 2+ transport system. The chemical mediator has 

been shown to exert i ts  primary regulatory effects through phosphorylation and 

dephosphorylation (6), and calmodulin appears to act through regulation of 

phosphorylation (18). The insulin-mediated regulation of the (Ca 2+ + 

Mg2+)-ATPase appears to involve the phosphorylation of i i0,000 dalton phos- 

phorylated intermediate of the (Ca 2+ + Mg2+)-ATPase (19,20). The mecha- 

nisms whereby the supernatant factor,  calmodulin, and insul in regulate this 

phosphoprotein is unknown. However, continued investigation of these mecha- 

nisms should yield important information about the molecular mechanism of 

insul in action at the plasma membrane. 
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