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Summary. Prel iminary character izat ion of  calcium 
binding was de te rmined  in a h ighly-enr iched islet-cell 
p lasma m e m b r a n e  fract ion using a m e m b r a n e  filtra- 
t ion technique.  Equi l ibr ium calcium binding was 
specific, concent ra t ion  dependen t  and saturable.  
Scatchard analysis indicated the existence of more  
than one class of calcium binding sites. The  affinity 
constants  and max i m um  binding capacities were  1.14 
x 105 M -1 and 1.2 picomol/~tg prote in  and 1.17 x 
l 0  s M -1 and 64.8 picomol/~tg for  the high and low 
affinity sites, respectively.  B o u n d  45Ca2+ was dissoci- 
a ted f rom the p lasma m e m b r a n e s  in a biphasic man-  
ner  in the presence  of excess unlabel led calcium. 

Key words: Islets of Langerhans ,  p lasma membrane ,  
calcium binding, 4Scalcium. 

The  plasma m e m b r a n e  of  pancreat ic  islet cells may  
part icipate in the regulat ion of cat ion m o v e m e n t s  
involved in insulin secretion. Of  part icular  impor-  
tance is the regulat ion of calcium which has been  
established as an essential r equ i rement  for  this p ro-  
cess [1]. Studies with islets isolated f rom obese-  
hyperglycemic  mice suggest that  the islet-cell p lasma 
m e m b r a n e  contains a labile calcium pool  which may  
be involved in the acute regulat ion of  insulin secre- 
t ion [2]. In  addition, ul t rastructural  studies of 
py roan t imona te  precipitates have indicated localiza- 
t ion of calcium at the beta-cel l  p lasma m e m b r a n e  in 
response  to condit ions which st imulate insulin release 
[3, 4]. Such observat ions  suppor t  the general  concept  
that  the p lasma m e m b r a n e  part icipates in regulat ion 
of the free cytoplasmic calcium level which m a y  link 
st imulat ion to secret ion in various cells [5, 6]. 

Use  of a purif ied islet-cell p lasma m e m b r a n e  
fract ion provides  one  means  for  direct  investigation 
of its calcium handl ing propert ies.  T he  purpose  of 

this study, therefore,  was to conduct  pre l iminary 
character izat ion of calcium binding in a purified, 
islet-cell p lasma m e m b r a n e  fraction. This was done  
in o rder  to provide  a rat ional  basis for  fur ther  investi- 
gations of p lasma m e m b r a n e  funct ions re la ted to 
islet-cell calcium metabol i sm and insulin secretion. 

Materials and Methods 

Plasma Membrane Isolation 

lslet Isolation. Islets for each experiment were obtained from a 
single preparation of 15-20 rat pancreata using a modification of 
the digestion-filtration method of Shibata et al. [7]. Instead of 
using a single digestion chamber, as originally described, four 
chambers containing wire mesh screens (8.0 x 1.7 cm diameter) 
were employed simultaneously to accommodate the large mass of 
pancreatic tissue during the collagenase digestion. The islets were 
then separated from the digested tissue by centrifugation (800 • 
g, 10 min) on ten identical discontinuous Ficoll gradients contain- 
ing 8 ml of 25 %, and 4 ml each of 23%, 20.5% and 11% Ficoll (w/ 
w). The islets were then harvested from the 20.5%-23% and 
11%-20.5% interfaces using a siliconized transfer pipette. In 
order to remove the Ficoll, the islets were consolidated into a large 
tube, washed twice (40 ml each) with ice-cold Hank's solution and 
centrifuged (960 x g, 2 rain) after each wash. A single wash and 
centrifugation (960 • g, 2 rain) in 10 ml of ice-cold homogeniza- 
tion buffer (described below) was performed before homogeniza- 
tion. 

Homogenization and Centrifugation. A schematic diagram of the 
islet fractionation procedure is shown in Figure 1. The washed islet 
pellet was resuspended in 1 ml of ice-cold homogenization buffer 
containing 50retool/1 2-(N-morpholino)ethane sulfonic acid 
(MES), pH 6.0, 250 retool/1 sucrose, and 1 retool/1 EDTA and 
then transferred to a close-tolerance (0.05-0.10mm), Teflon- 
glass, Potter-Elvehjem tissue grinder (size 19; Kontes Biomedical 
Products, Vineland, NJ, USA). Islet-cell disruption was accom- 
plished at 0 ~ with 20 strokes of the homogenizer using a motor 
drive for the pestle at 1170 rpm. A 50 ~tl aliquot of the homoge- 
nate was removed for assay purposes and the remainder was trans- 
ferred to a polycarbonate tube (7.7 x 1.1 cm diameter) and cen- 
trifuged at 600 x g for 5 min (4 ~ in order to remove nuclei and 
cell debris. The nuclear pellet (P1) was then resuspended in 0.5 ml 
of homogenization buffer and stored on ice. The supernatant ($1) 
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Fig. 1. Flow diagram for the procedure used for fractionation of rat 
islets 

was transferred to a second polycarbonate tube and centrifuged at 
20,000 • g for 20 min (4 ~ in order to form a crude particulate 
pellet (P2). P2 was then resuspended in 0.5 ml of centrifugation 
buffer (10mmnl/1 MES, pH 6.0, lmmol/1 EDTA) with four 
strokes of the homogenizer (1170 rpm, 0 -4  ~ A 50 ~tl aliquot of 
resuspended P2 was retained for assay purposes. The remainder of 
the resuspended pellet was layered on the surface of a discontinous 
sucrose gradient (1 ml each of densities 1.14, 1.16, 1.18 1.20 pre- 
pared in centrifugation buffer) prepared at 4 ~ in a nitrocellulose 
tube (5.1 • 1,3 cm diam., Beckman No. 305050). The gradient 
was centrifuged at 150,000 x g for 90 min (4 ~ in a Beckman 
L2-65B ultracentrifuge using a SW 50.1 rotor. Four discrete bands 
(B1-B4)  were then removed individually by aspiration with a 
syringe and needle from the top of each sucrose layer, placed in 
individual nitrocellulose tubes (4.2 x 0.5 cm diam., Beckman 
No. 305528), diluted to tube capacity with centrifugation buffer, 
mixed and centrifuged at 150,000 • g for 60 min in order to 
concentrate the material. The pelleted bands were resuspended in 
media appropriate for the various biochemical assays. 

Analyses 
Protein. The protein content of all fractions was measured by the 
method of Lowry et al. [8] with bovine serum albumin as standard, 

5'-Nucleotidase. The 5'-nucleotidase (EC 3.1.3.5) was measured 
by a modification of the technique of Avruch and Wallach [9]. 
Duplicate samples of approximately 10 ~l of each fraction, con- 
taining 2 to 20 Ixg of protein, were each added to 100 ~tl of buffer 
(50 mmol/1 Tris, pH 8.4, 1.5 mmol/1 MgC12, 0.12 mg/ml bovine 
serum albumin, 0.2 mmol/1 [3H]AMP, 11.1 MBq/mmol) and incu- 
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bated for 60 min at 37 ~ in a 1.5 ml Beckman Microfuge-B tube. 
Incubation was terminated by addition of 20 ~tl of 0.3 mol/1ZnSO 4 
and 25 ~tl of 0.3 tool/1 Ba(OH)z to each tube. Following a l-rain 
centrifugation in a Beckman Microfuge-B, the same volumes of 
0.3 tool/1 ZnSO 4 and 0.3 mol/1 Ba(OH)2 were again added; the 
mixture was centrifuged for 1 min and 100%d samples of the 
supernatants were counted for 3H in a liquid scintillation counter. 
The 5'-nucleotidase activity was expressed as nmoles AMP hy- 
drolyzed/60 rain per ug protein. 

12sl-Wheat Germ Agglutinin Binding. Ovomucoid-Sephadex- 
purified wheat germ agglutinin (WGA) was kindly provided by Dr. 
Roslyn Kornfeld of the Hematology Department, Washington 
University, and was iodinated in our laboratory. The iodination 
reaction mixture contained 10 ~g of WGA (1.3 mg/ml), 50 [~1 of 
0.3 tool/1 sodium phosphate buffer, pH 7.5, and 74 MBq of Na125I. 
Iodination was accomplished by adding 1 ~tg of freshly prepared 
chloramine-T (50 gg/ml 0.3 mol/1 sodium phosphate buffer) to 
this mixture and allowing the reaction to proceed for 3 min at 
room temperature with occasional shaking. The resultant molar 
ratio of chloramine-T : iodide : WGA was 8.4 : 2.2 : 1.0. The iodi- 
nation reaction was stopped by addition of 2 lxg of freshly prepared 
NazS205 (20 ~tg/ml 0.3 mol/l sodium phosphate buffer), After 
i min, 1 mg of KI (10 mg/ml 0.3 tool/1 sodium phosphate buffer) 
was added and the entire mixture was placed on top of a 0.9 • 
18 cm G-25 Superfine Sephadex column. The 125I-WGA was 
eluted from the column, separate from free iodide, with 0.03 mol/1 
sodium phosphate, pH 7.5. 

To measure ~25I-WGA binding to islet-cell fractions, the iso- 
lated islets from 13 rats were incubated for 30 min at room tem- 
perature with 1.14 • 10-Smol/1 ~25I-WGA (481 MBq/mg) in 
1 ml of Krebs-Ringer bicarbonate (KRB) buffer, pH 7.4, contain- 
ing 0.5% bovine serum albumin. The incubation was terminated 
by washing the islets 3 times with 3 ml of ice-cold KRB per wash. 
The islets were then fractionated according to the protocol 
described above (Fig. 1) and the results were expressed as 125I- 
WGA cpm/~g protein. 

Succinic and NADH Cytochrome-C Reductase. The microsomal 
content of all fractions was measured using the NADH cyto- 
chrome-C reductase assay described by Dallner et al. [10]. 
Mitochondrial distribution was evaluated using a succinic cyto- 
chrome-C reductase assay [I 1]. These activities were expressed as 
nmol cytochrome-C reduced/rain per mg protein using the extinc- 
tion coefficient of 18.5 mmo1-1 . I �9 cm -a. 

lmmunoreactive Insulin. Distribution of immunoreactive insulin 
(IRI) throughout the islet-cell fractions was determined in acid- 
ethanol extracts of each fraction by the insulin assay method of 
Wright et al. [12], using purified rat insulin as the standard. The 
insulin content of each fraction was expressed as ng insulin/~tg 
protein. 

Microscopy. Morphologic evaluation of the composition of each 
fraction was accomplished by phase-contrast or electron micros- 
copy or both. After the final centrifugation, the fractions collected 
from the sucrose gradient were fixed in the cellulose nitrate tubes 
by adding 0.5 ml 2% cacodylate buffered glutaraldehyde (pH 7.4, 
4 ~ and allowing the tubes to stand overnight at room tem- 
perature. The fixed fractions were transferred to a 0.4 ml Beckman 
Microfuge-B tube so that the reagents used for fixation and sample 
preparation could easily be changed by pelleting the fixed material 
after each step. The fractions were post-fixed for 1 h in 1% 
osmium tetroxide, rinsed in phosphate buffer, dehydrated in 
ethanol, and embedded in Spurr resin [13]. Thin sections, stained 
with uranyl acetate and lead citrate, were examined in a Philips 
EM 200 electron microscope. 

Measurement o f  Calcium Binding 

Modifications in Plasma Membrane Isolation. EDTA was omitted 
from the centrifugation buffer in order to prevent possible inter- 
ference in the calcium binding assay due to the presence of residual 
EDTA in the plasma membrane fraction. Therefore, when prepar- 
ing plasma membranes for calcium binding experiments, PI was 
resuspended and briefly sonicated in order to thoroughly disperse 
the preparation for density gradient centrifugation. P1 was resus- 
pended in 0.5 ml of homogenization buffer and sonicated for 2 sec 
(30 watts; 20,000 cycles/sec) while surrounded by an ice bath. The 
sonicate was then centrifuged at 600 • g for 5 rain and the super- 
natant was combined with S1. This modification did not affect the 
purity or yield of the plasma membrane preparation, as deter- 
mined by 5'-nucleotidase activity and protein recovery. Mor- 
phologic evaluation of the various fractions by phase-contrast and 
electron microscopy indicated a normal appearance of the 
organelles. 

Calcium Binding Assay. Calcium binding was measured in freshly 
prepared plasma membrane vesicles. The assay buffer contained 
25 mmol/1 Tris, pH 7.0, 0.1 mol/l KC1, 4,0 gmol/1 to 2.5 retool/1 
CaC12 and 37 kBq 45CAC12. The Calcium content of the buffer was 
determined by atomic absorption spectroscopy. Incubations were 
conducted in polystyrene tubes (Falcon No. 2038) at 37 ~ with 
constant shaking (25 cycles/rain). The assays were initiated by the 
addition of 1-2 ug of plasma membrane protein (in 5 gl of buffer 
without 45CAC12) to 95 ~tl of prewarmed buffer. At the appropriate 
intervals, the assay was stopped by suction filtration (Gelman 4204 
filter funnel) of 90 ~tl of the incubation mixture through cellulose 
filters (HAWP, Millipore Corp., Bedford, MA) and immediately 
washed twice with 7.5 ml of 0.25 mol/l sucrose to remove unbound 
45Ca 2+. Appropriate blank tubes without plasma membranes were 
assayed to correct for non-specific binding of 45Ca2+ to the filters. 
The filters were dried in liquid scintillation vials, covered with 
10 ml of scintillation mixture (Omniflour, New England Nuclear, 
Boston, MA) and counted. Determination of total radioactivity in 
the buffer was made by counting 4 to 6 ~tl samples on a filter. The 
results were expressed as picomoles of calcium bound per micro- 
gram of protein. The protein content of the plasma membrane 
fraction was measured by the method of McKnight [I4], using 
bovine serum albumin as the standard. 

Results 

Plasma Membrane Isolation 

A s s e s s m e n t  of  t h e  i s l e t - ce l l  f r a c t i o n a t i o n  p r o c e d u r e  

was  m a d e  by  m e a s u r i n g  t h e  d i s t r i b u t i o n  of  b i o c h e m i -  

cal  m a r k e r s  in  t h e  v a r i o u s  f r a c t i o n s  ( T a b l e  1). 

A p p r o x i m a t e l y  1 2 %  of  t h e  to t a l  h o m o g e n a t e  5 ' - n u -  

c l e o t i d a s e  ac t iv i ty  a n d  a p p r o x i m a t e l y  1 %  of  t h e  t o t a l  

p r o t e i n  w e r e  r e c o v e r e d  in B 1, t h e  p l a s m a  m e m b r a n e  
f r ac t ion .  T h e  b i n d i n g  of  a 2 5 I - W G A  p e r  un i t  p r o t e i n  

was  e n h a n c e d  m o r e  t h a n  1 1 - f o l d  in B 1 c o m p a r e d  to 

t h e  h o m o g e n a t e  a n d  t h e  r e c o v e r y  of  b o u n d  125I- 

W G A  in B1  was  5 . 0 %  of  t h e  to t a l  in t h e  h o m o g e -  
na te .  T h e  m e a n  e n r i c h m e n t  o f  5 ' - n u c l e o t i d a s e  

spec i f ic  ac t iv i ty  in B1  was  10.2 + 2 .4  fo ld  (n = 6). In  

a d d i t i o n ,  t h e r e  was  1 %  o r  less r e c o v e r y  o f  e a c h  o f  t h e  

o t h e r  e n z y m a t i c  m a r k e r s  in B 1, a n d  n o  o r  o n l y  s l ight  
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Fig. 2. Time course of calcium binding. Calcium binding was 
measured by the procedure outlined in "Materials and Methods". 
The total calcium concentration was 7.0 gmol/1. In each of three 
experiments all eight time points were determined in duplicate. 
Each point represents the mean _+ SEM of 6 observations 

enrichment of their specific activities as compared  to 
homogenate  values. By electron microscopy, fraction 
B1 contained an abundant  population of smooth 
membranous  vesicles with little contamination by 
heavier organelles. 

Preliminary Characterization of Calcium Binding 

Bound calcium demonstrated a linear dependence on 
added plasma membrane  protein over a range of 0.4 
to 4.3 ~g of protein per  assay tube in the presence of 
7 ~tmol/1 total calcium. An equilibrium level of cal- 
cium binding was achieved within 15 sec and this 
level of binding was maintained for at least 30 min 
(Fig. 2). All subsequent equlibrium binding experi- 
ments were conducted by using a 20-rain incubation 
period. 

Calcium binding was inhibited 50% by the addi- 
tion of 18 mmol/1 LaC13 to the incubation medium 
which contained 4 ~tmol/1 total calcium. La 3+ has a 
very high positive charge density and should have a 
greater  electrostatic attraction for negatively charged 
binding sites than Ca 2+ [15]. The high La  3+ concen- 
tration required to cause a 50% inhibition of calcium 
binding suggests that this binding is not a non-specific 
charge phenomenon.  Similar results have been 
observed in other studies [16]. 

The dependence of calcium binding on the total 
calcium concentration in the incubation medium is 
shown in Figure 3 A. Equilibrium calcium binding in 
the isolated islet-cell plasma membrane  vesicles was 
concentrat ion-dependent  and saturable. Calcium 
binding reached a plateau value of approximately 27 
picomol/~tg protein between 1.0 and 2.5 mmol/1 total 
calcium. Scatchard analysis [17] of a representative 
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Fig. 3. A Dependence of calcium binding on calcium concentra- 
tion. Calcium binding measurements were performed following a 
20-min incubation as described in "Materials and Methods". The 
incubation medium contained from 4.0 ~d/1 to 2.5 mmol/1 total cal- 
cium. The results are expressed as the mean _+ SEM of 4 to 12 
observations. B Scatchard plot of a representative calcium binding 
experiment. The experiment (included in 3 A) was conducted in a 
medium containing 4.0 ~tmol/l to 1.0 mmol/1 total calcium. The 
curve was analyzed by the hand estimation method of Rosenthal 
(18) which is used for data with a limited number of observations. 
The affinity constants (Ka) and maximum binding capacities (Bmax) 
were determined from the slope and extrapolated x-intercept of 
each straight line 

experiment  resulted in a curvilinear plot (Fig. 3 B), 
indicating the existence of more  than one order of 
calcium binding sites. The affinity constants (Ka) and 
maximum binding capacities (Br,~,) were determined 
directly f rom the Scatchard plot by the method of 
Rosenthal  [18]. Ka was 1.14 • 105 M -1 for the high 
affinity site and 1.17 • 103 M -1 for the low affinity 
site. The corresponding Bma x values were 1.2 and 
64.8 picomol/~tg protein for the high and low affinity 
sites, respectively. 

In order to confirm the presence of two classes of 
calcium binding sites in these islet-cell plasma mem-  
brane preparations,  a kinetic analysis of the dissocia- 
tion of bound 45Ca 2+ was also conducted. In these 
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Fig. 4. Dissociation of 45Ca2+ from islet-cell plasma membranes. 
The membrane vesicles were incubated for 20 min in the presence 
of 10 gmol/1 total calcium (37 kBq 45CAC12). At the completion of 
this period, an aliquot was removed and filtered to determine the 
100% level of calcium binding. Unlabelled calcium (10 mmol/1) 
was then added to the membranes and samples were taken for 
assay by filtration at 15, 30, 90 s, 5 and 10 min. The results are 
expressed as the means of duplicate observations 

experiments, calcium binding to the membrane vesi- 
cles was allowed to reach equilibrium and then excess 
(10 mmol/1), unlabelled CaC12 was added in order to 
displace the bound 45Ca 2+. The results of these 
experiments revealed the presence of a biphasic cal- 
cium dissociation curve (Fig. 4). Approximately 70% 
of the calcium bound at equilibrium was dissociated 
from the membrane vesicles in the initial, rapid phase 
and, presumably reflected that from the high affinity 
sites. 

The addition of 20 mmol/1 D-glucose to the assay 
buffer did not affect the amount of calcium bound in 
the presence of 7 ~tmol/1 total calcium. The value was 
2.23 _+ 0.09 picomol/~g protein (n -- 20) in the pres- 
ence of 20mmol/l D-glucose and was 2.07 _+ 0.11 
picomol/~tg protein (n = 20) in the absence of D- 
glucose. 

Discussion 

The plasma membrane-enriched fraction obtained by 
the procedure detailed in this study was comparable 
to plasma membrane fractions obtained from other 
endocrine and neuroendocrine cell types with regard 
to enrichment and recovery of 5'-nucleotidase activ- 
ity, as well as morphologic criteria [19-22]. In par- 
ticular, the present preparation is equivalent to the 
islet-cell plasma membrane preparation of Lernmark 
et al. [23] in terms of protein recovery in the plasma 

membrane fraction, recovery and enrichment of both 
bound 125I-WGA and 5'-nucleotidase activity. 

Calcium binding to the islet-cell plasma mem- 
branes was concentration-dependent and saturable. 
When analyzed by both equilibrium and kinetic 
methods, calcium binding consisted of at least two 
apparent classes of binding sites. The location of the 
calcium binding sites with respect to the orientation 
of the plasma membrane vesicles, was not deter- 
mined. The results are in accord with the observation 
of calcium binding to two distinct classes of sites in 
isolated plasma membrane systems of adipocytes 
[16], brain [24], liver [25], myocardium [26], 
placenta [27], erythrocytes [28] and skeletal muscle 
[29]. The association constants for the high (1.14 ;4 
105 M -1) and low (1.17 • 103 M -1) affinity sites in 
the islet-cell plasma membranes fall within the range 
of values reported for these other plasma prepara- 
tions. Furthermore, the maximum binding capacities 
of the islet-cell plasma membrane binding sites (1.2 
picomoles/~tg, high affinity; 64.8 picomoles/~tg, low 
affinity) are quite similar to those reported for adipo- 
cyte plasma membranes (6.6 and 36.5 picomoles/~g; 
high and low affinity, respecitvely) [16]. In addition, 
the dissociation rate constant for the high affinity site 
of the islet-cell membranes, as determined by kinetic 
analysis, was 2.8 • 10 .3 sec -1, which agrees closely 
with the high affinity dissociation rate constant of 9.2 
x 10 -3 sec -1 reported for adipocyte plasma mem- 
branes [16]. It appears, therefore, that the prelimi- 
nary calcium binding data obtained for the islet-cell 
plasma membranes is consistent with similar data for 
well-established plasma membrane preparations 
from other cell types. 

Binding measurements are made without added 
ATP and, as demonstrated here, reach equilibrium 
within seconds. Therefore, the membrane-associated 
45Ca2+ measured here represents calcium accumu- 
lated by simple binding rather than by processes such 
as active transport or diffusion. These have a much 
longer time course and result in substantially greater 
calcium accumulation [30]. Recently, a high affinity 
Ca2§ has been indentified in islet-cell 
plasma membranes prepared by the present techni- 
que [31]. This enzyme appears to be identical to a 
Ca2+-ATPase described in adipocyte plasma mem- 
branes [32] and may represent a Ca 2+ extrusion 
pump in the islet-cell plasma membrane. 

At present it is difficult to propose a specific 
physiological role for calcium binding in the islet-cell 
plasma membrane. Indirect evidence using chlorote- 
tracycline suggests that regulation of calcium homeo- 
stasis by the beta-cell plasma membrane may be an 
integral step in insulin secretion [33]. Physiological 
concentrations of insulin alter the capacity for the 
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adipocyte  p lasma m e m b r a n e  [34] and the sar- 

c o l e m m a  [35] to bind calcium. By  analogy,  it is pos-  

sible that  a l tera t ions  in calc ium binding may  occur  in 

the be ta-ce l l  p lasma m e m b r a n e  in associat ion with 

insulin secret ion.  
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