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Ca 2+ binding properties of purified zymogen granule membranes of pig pancreas have been measured: 
Binding increased linearly with Ca 2+ concentration in the medium up to the micromolar range; in the 
millimolar range a sharp rise in binding capacity was observed. Binding increased with pH both at low and 
high concentrations of Ca 2+. It was insensitive to Na + and K + ions at concentrations up to 100 mM. Mg 2+ 
was inhibitory in the mUlimolar range whereas La 2 + and Tb 3 + were inhibitory in the micromolar range. The 
Ca 2+ binding components of zymogen granule membranes were identified by two methods: (1) by measuring 
45Ca2+ binding after counter-ion electrophoresis and (2) by Stain's-all (forms a complex with Ca 2+ binding 
proteins absorbing maximally at 600 nm), after SDS-polyacrylamide gel electrophoresis. The first method, 
counter-ion electrophoresis, indicated that most of the 45Ca2+ was associated with an acidic band which could 
be subsequently subfractionated by SDS-polyacrylamide gel electrophoresis in five bands: 66, 57, 30, 27 and 
22.5 kDa. The second method, Stain's-all, revealed six positive polypeptides after SDS-polyacrylamide gel 
electrophoresis of native zymogen granule membranes' two were unreactive after neuraminidase treatment 
(130 and 92 kDa, respectively), whereas four other bands were still reactive (66, 57, 43, 30 kDa, respectively.) 
Ca 2+ binding was also measured on intact zymogen granules: the binding capacity was higher than for 
zymogen granule membranes. Among the Ca 2+ binding proteins of the zymogen granule membrane only one 
is apparently located on the granule external surface: the 30 kDa polypeptide, if Ca 2+ directly facilitates 
fusion of zymogen granules with plasma membrane by a Ca2+-protein interaction, then this protein is a 

presumptive candidate to play such a key role. 

Introduct ion  

The action of cholinergics or pancreozymin-like 
peptides on the pancreatic acinar cell is believed to 
be in great part mediated by a rise in cytosol Ca 2+ 
[1]. Binding of the secretagogue to the cell surface 
causes depolarization and mobilization of Ca 2÷ 
from one or several intracellular pools [2]. During 

* To whom correspondence should be addressed. 
Abbreviation: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid. 

this initial phase of secretion, concentration of 
Ca 2+ in the cytosol rises from 0.1 ~M up to about 
1.0/xM [3-6]. 

In the past few years, considerable work has 
been devoted to the comprehension of the molecu- 
lar mechanisms which elicit the exocytosis phe- 
nomenon. Despite these research efforts, this cellu- 
lar phenomenon is still poorly understood. Various 
modes of action have been proposed for Ca 2+ in 
different secretory cells: (a) binding of calcium to 
fusion sites would neutralize surface charges, 
thereby reducing the energy barrier limiting mem- 
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brane-membrane interaction [7,8]; (b) calcium 
could be implicated in the fusion process by inter- 
acting with the microfilament network; microfila- 
ments would prevent zymogen granule to reach the 
luminal plasmalemma [9]; (c) calcium could favor 
formation of bridges between secretory granules 
and plasma membrane as observed in bovine 
adrenal medullary gland [10]; such connections 
between zymogen granule and luminal plasma 
membrane have been observed in pancreatic exoc- 
rine cells (unpublished observations); (d) calcium 
could also stimulate phosphorylation reactions of 
zymogen granule membrane proteins [11]. 

The main purposes of the present work were (a) 
to examine the Ca 2+ binding properties of the 
zymogen granule membrane and to evaluate some 
of the parameters which could influence this bind- 
ing and (b) to identify the Ca 2+ binding compo- 
nents of zymogen granule membrane. 

Materials and Methods 

Materials 
Hepes, unlabelled calmodulin and ionophore 

A23187 were purchased from Calbiochem-Behring 
Corp., La Jolla, CA, U.S.A. Hepes buffer was 
passed through a Chelex-100 column to suppress 
traces of Ca 2+ according to Crouch and Klee [12]. 
Chelex-100 column, and all the material used for 
electrophoresis were bought from Bio-Rad Lab, 
Richmond, CA, U.S.A. Tergitol (Nonidet P40) 
and neuraminidase isolated from Clostridium per- 
fringens were obtained from Sigma Chemical Co., 
St. Louis, MO, U.S.A. Ca 2÷ solutions were pre- 
pared from dehydrated CaCO 3. Calmodulin 
[125I]RIA kit and 45Ca 2+ (4-30 Ci/g)  were sup- 
plied by New England Nuclear, Lachine, Qu6bec, 
Canada.  Scintillation solutions, Bio-Solv-3, 
Ready-Solv-NA and toluene were provided by 
Beckman Instruments Inc., Montr6al, Qu6bec, 
Canada. Stain's-all was bought from Eastman 
Kodak, Rochester, NY, U.S.A. All other reagents 
were commercial preparations of the highest ob- 
tainable purity. Solutions were freshly prepared 
with bidistilled deionized water the conductivity 
of which was superior to 15 MI2. 

Methods 
Zymogen granule and membrane preparations. 

Pig pancreases were obtained from a local slaugh- 
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terhouse; pancreases were removed within 5 rain 
after death, and kept at 0°C in a Krebs-Ringer- 
phosphate medium supplemented with 0.2 mM 
CaC12 and 0.2% glucose. Upon arrival at the 
laboratory (60 min later), excess fat was removed 
and the tissue was minced in a meat grinder. 
Homogenization, preparation of zymogen gran- 
ules, and zymogen granule membranes were car- 
fled out according toP~quet et al. [13], except that 
the final zymogen granule membrane 240 000 × g 
pellet was suspended in 20 mM Hepes (pH 7.4), 
and zymogen granules were suspended in 0.65 M 
sucrose in the same buffer. Prior to assays, Ca 2+ 
was removed by passing the zymogen granule 
membranes onto a Chelex-100 column [12]. Col- 
umn efficiency was tested by adding 45Ca 2+ to the 
homogenate and measuring the residual Ca 2+ in 
purified zymogen granule membrane. Less than 
0.0045% of the 45Ca2+ added to the homogenate 
was found in the zymogen granule membrane 
preparation after treatment. Zymogen granule 
membranes were used immediately for binding 
studies or stored at - 2 0 ° C  for electrophoresis 
experiments. To prevent proteolytic digestion, 0.1 
mM phenylmethylsulfonyl fluoride (PMSF) was 
routinely added to all the solutions. 

45Ca2 + binding assay. For the assays on zymo- 
gen granule membranes, unless otherwise stated, 
about 15 ~tg of protein were suspended in 20 mM 
Hepes buffer (pH 7.4), containing 45Ca2+ in a final 
volume of 1 ml. Non-specific binding was mea- 
sured by subtracting the 45 Ca2+ binding observed 
in the presence of 300 mM Ca z + from total 45 C a  2 + 

binding. Incubation was carried out in 1.5 ml 
Eppendorf centrifuge tubes at 37°C for 30 min 
with gentle shaking. For the assays on intact 
zymogen granules, 1-2 mg of protein were sus- 
pended in 20 mM Hepes (pH 6.0), containing 0.65 
M sucrose and 10/xM Ca 2÷ in a final volume of 1 
ml. Incubation was carried out at room temper- 
ature (21°C) for 30 min. Non-specific binding was 
measured by adding 300 mM Ca 2+ as for the 
zymogen granule membranes. After centrifugation 
at 14000 × g  for 20 min with a Sorvall RC-SB 
equiped with GSA rotor, the supernatants were 
discarded and the pellets were either suspended in 
a mixture of Bio-Solv-3/ toluene/Ready Solv-NA 
(1 : 2 : 3, v /v )  for radioactivity counting, or in an 
appropriate buffer for protein, or for ATP diphos- 
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phohydrolase assays. The assays were carried out 
in triplicate. 

Identification of Ca-" + binding protein bands after 
counter-ion electrophoresis. To identify the Ca 2+ 
binding components of the zymogen granule mem- 
brane, counter-ion electrophoresis was carried out 
according to Ueng and Bronner [14] and Schibeci 
and Martonosi [15] under non-denaturing condi- 
tions with Nonidet P-40. Stacking gel acrylamide 
concentration was 5% at pH 6.8; whereas in sep- 
arating gel, it was 8% or 12% acrylamide at pH 
8.3: Ca C12 (1 /,tM, spec. act. 10 to 30 /xCi /mmol )  
was added to the lower buffer; zymogen granule 
membrane proteins (70-150 /xg) were solubilized 
in 2% Nonidet P-40/mg of protein per ml and 
were introduced on top of each cylindrical gel. 
Methyl green was used as a tracking dye, but since 
it bound Ca 2+ it was not included with the sam- 
ples on the gels where 45Ca 2+ binding was mea- 
sured. Denatured zymogen granule membranes 
(90°C for 2 min) were also run in each series of 
experiments. For each series, four gels were cut in 
3-mm thick slices with a Bio-Rad slicer (model 
190) and slices were dissolved in 1 ml of 2% 
periodic acid, for 30 rain, at room temperature. 
Radioactivity was measured with the scintillation 
solution described in the preceding section. 
Duplicate gels were treated for 1 h with 10% 
trichloroacetic acid and stained with Coomassie 
blue for 3 to 4 h. Gels were destained and scanned 
on a Gilford spectrophotometer 240 equipped with 
a gel scanner module. 

Subfractionation of the Ca e+ binding bands by 
SDS-polyacrylamide gel electrophoresis. For the 
molecular weight determinations of the Ca 2 + bind- 
ing bands separated by counter-ion electrophore- 
sis, protein from the band located at the extremity 
of the gel were eluted from the gel according to 
Hunkapiller et al. [18]: after dialysis against 1 mM 
Tris (pH 8.5), samples were lyophilyzed and sep- 
arated by SDS-polyacrylamide gel electrophoresis 
according to Laemmli [17]. For this purpose, an 
acrylamide gradient from 8 to 15% was used. 
Proteins were either stained by Coomassie blue or 
by the cationic dye Stain's-all [18]. The dye stock 
solution 0.1% (w/v)  was prepared in formamide. 
Staining was carried out as follows: gels were 
washed in 25% isopropanol (v /v)  for 48 h then 
Stain's-all was added at 0.0025% in 25% isopro- 

panol, 7.5% formamide and 30 mM Tris at pH 8.8 
for 48 h. Staining and destaining steps were car- 
ried out in the dark. Gels were rinsed in distilled 
water for 48 h and finally scanned with a Beckman 
DU 8B spectrophotometer. 

Influence of neuraminidase treatment on staining 
by Stain's-all. For these experiments, zymogen 
granule membranes were incubated in the presence 
of Stain's-all, 0.001% in l% formamide and 10 mM 
Tris (pH 8.0) for 60 rain at room temperature. 
Alternatively zymogen granule membranes were 
stained after neuraminidase treatment according 
to King and Morrison [19]: zymogen granule 
membranes (70 to 100 /~g of pro te in /ml)  were 
incubated for 3 h at 30°C with 1 mM CaC12, 150 
mM NaCI, 0.1 mM PMSF, 10 mM Tris (pH 7.0) 
and 0.1 unit (NAN-lactose) of neuraminidase/ml.  
Solutions were then centrifuged at 200000 x g for 
1 h. Pellets were suspended in water and kept at 
- 2 0 ° C  until used. Controls were run without 
neuraminidase. This treatment removes sialic acid 
residues which give a positive reaction with 
Stain's-all. 

Binding of Ca 2+ to phospholipids. Zymogen 
granule membranes (75 /*g of p ro te in /ml )  were 
incubated with 100 #M CaC12 (1.0-1.2 /xCi) in a 
volume of 8 ml for 30 rain at 37°C. Incubation 
media were then centrifuged at 14000 x g for 20 
rain. Supernatants were discarded, and pellets were 
extracted three times with a mixture of methanol /  
chloroform ( l : 1 ,  v /v )  according to Burger et al. 
[20]. Insoluble proteins were recovered as a pellet 
after a 1000 x g centrifugation for 10 min. Protein 
extract was heated at 90°C for 30 rain in 1 M 
NaOH to solubilize protein for radioactivity 
counting. Lipid extract was mixed with chloroform 
and water according to Folch et al. [21]. Organic 
phosphorus and Ca 2+ radioactivity were measured 
in the lipid extract, protein and 45Ca2 ~ radioactiv- 
ity were determined in the protein, and in the 
aqueous phases after evaporation of the organic 
solvents. Radioactivity was measured in a mixture 
of Bio-Solv-3/ toluene/Ready-Solv-NA (1 : 2 : 3, 
v / v )  as a scintillation cocktail. 

Biochemical assays. Proteins were determined 
according to Lowry et al. [22] after 10% trichloro- 
acetic acid precipitation at 4°C. Bovine serum 
albumin was used as protein standard. ATP- 
diph0sphohydrolase was assayed according to 



Lalibert6 et al. using ADP as the substrate [23]. 
Inorganic phosphorus was measured by the method 
of Bartlett [24]. Calmodulin was detected with 
[t25I]RIA kit according to Chafouleas et al. [25] 
and Dedman et al. [26]. Assays were carried out in 
triplicate. 

R e s u l t s  

Kinetic of Ca'- + binding to zymogen granule mem- 
brane 

The influence of Ca 2+ concentration on its 
binding by purified zymogen granule membrane 
was first studied. Total binding varied from one 
preparation to the other. Table I describes the 
variations observed in 12 different preparations. 
The binding curve followed essentially the pattern 
illustrated in Fig. 1. A linear relationship between 
binding and concentration was observed at con- 
centration up to the micromolar range (inset), 
then it increased sharply in the millimolar range. 
It was independent of protein concentration be- 
tween 5 to 75 ttg p ro t e in /ml  (data not shown), it 
was fast and reached a plateau within 20 rain of 
incubation. To make sure that the apparent bind- 
ing did not correspond to an uptake of 45Ca 2+ by 
closed vesicles, the ionophore A23187 was added 
to the incubation medium. Binding was not re- 
duced by the ionophore at Ca 2+ concentrations of 
10 and 100 ttM, whereas it was slightly increased 
at 1 /zM. Binding varied linearly with pH at the 
three concentrations tested: between pH 6.2 and 
8.2 it increased by 3-fold at 100 luM (47 vs. 145 
n m o l / m g  of protein) by 8-fold at 10 ttM (5 vs. 41 
n m o l / m g  of protein) and by 20-fold at 1 ttM 
Ca 2+ (0.2 vs. 4.4 n m o l / m g  of protein). At con- 
centrations ranging from 1 ttM to 100 mM, Na + 

TABLE I 

Ca 2+ BOUND BY ZYMOGEN GRANULE MEMBRANE 
AT DIFFERENT CONCENTRATIONS 

The figures are presented as means_+ S.E. of 12 preparations. 

Ca 2 + Ca 2 + bound 

( tL M) ( nmol /mg  protein) 

l 2.1_+0.1 
10 14,9_+1.0 

100 76£ _+ 3.8 
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Fig. 1. Ca 2+ binding to zymogen granule membrane as a 
function of Ca 2+ concentration. Protein concentration was 9 
t tg/ml.  Inset: linear relationship between binding and low 
Ca 2+ concentration. Conditions of the assays are described in 
Materials and Methods. Each point is the mean of a triplicate 
determination. 

and K + ions did not affect 45Ca2+ binding ob- 
served at 1, 10 or 100/xM. Higher concentrations 
of the monovalent cations decreased Ca 2 + binding 
at the three concentrations tested (data not shown). 
In contrast an inhibition of 95% was observed 
with 10 mM Mg 2+ (Fig. 2). As expected 1 #M 
La 3+ reduced Ca 2+ binding at 1 and 10 ttM Ca 2~ 
whereas a higher concentration of La 3+ (10 /zM) 
was required to produce a significant inhibitory 
effect at 100/~M Ca 2+ (Fig. 3). Terbium produced 
essentially the same type of inhibition as La (data 
not shown). 
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Fig. 2. Effect of Mg 2+ on Ca 2+ binding to zymogen granule 
membrane at 1, 10 and 100 p,M Ca 2+. Protein concentration 
was 15 p,g/ml. Each point is the mean of a triplicate de- 
termination. The replicates were within 5% of the highest value. 
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Fig. 3. Effect of La 2+ on Ca 2+ binding to zymogen granule 
membrane at 1. 10 and 100 ttM Ca :+. Protein concentration 
was 15 t tg /ml .  Each point is the mean of a triplicate de- 
termination. The replicates were within 5% of the highest value. 

Identification of the C a  2 + binding sites of zymogen 
granule membrane after counter-ion electrophoresis 

Ca 2+ binding on zymogen granule membrane 
can be attributed to polypeptides or lipids. In the 
micromolar range very little Ca= + is expected to be 
bound by phospholipids, even at 100 #~M as shown 
in Table II, 65% of total Ca 2+ was associated to 
protein. To identify the protein components re- 
sponsible for Ca 2+ binding, electrophoresis in 
non-denaturing conditions was carried out. Fig. 4 
shows a typical electrophoretogram of Nonidet 
P-40 solubilized proteins separated on an 8% 
DATD-acrylamide gel. Six major bands and several 
minor bands were revealed by Coomassie blue 
staining, 45Ca 2+ binding is also illustrated. Net 

TABLE lI 

DISTRIBUTION OF 45Ca2+ B OUND TO Z YM OGEN 
G R A N U L E  M E M B R A N E  F O L L O W I N G  PHOSPHOLIPID 
EXTRACTION 

Zymogen granule membranes were incubated with 100 #~M 
Ca -~+ as stated in Materials and Methods. Protein concentra- 
tion was 75 t tg /ml .  After centrifugation following the incuba- 
tion in the presence of 45Ca, the pellet was extracted. These 
experiments were done in triplicate on two different zymogen 
granule membrane preparations, n.d., not determined. 

Fraction Amount  recovered (% of total) 

Ca 2 + Proteins Pi 

Aqueous phase 2, 8 n.d. n.d. 
Protein extract 65, 6 95 n.d. 
Organic phase 31, 5 n.d. 96, 6 
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Fig. 4. Polyacrylamide gel electrophoresis (8%) of zymogen 
granule membrane proteins solubilized in Nonidet P-40. 
Coomassie blue stained gels were scanned with a Gilford 
spectrophotometer. Dashed line: radioactivity of corresponding 
gel slices. Solid line: a sample of 100 #zg of protein was loaded 
onto the gel. Other details of the procedure are described in 
Materials and Methods. A, absorbance. 

counts were obtained after subtracting the counts 
measured for denatured zymogen granule mem- 
brane which gave an identical electrophoretogram. 
Most of the Ca 2+ bound was associated to a highly 
mobile protein band, the peak of radioactivity 
coinciding with a minor band revealed by 
Coomassie. The latter was not detected on electro- 
phoretograms of the zymogen granules content. 
Binding components were not lipids since after 
electrophoresis, in a more reticulated gel (12% 

. G 6 ~  t A 3000 ? 
0.4 • 

0,2 i 
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Fig. 5. Polyacrylamide gel electrophoresis (12%) of zymogen 
granule membranes.  45Ca 2+ binding is illustrated (dashed line). 
See details of the procedure in Fig. 4. A, absorbance. 



acrylamide), radioactivity was found in several 
bands located in the middle instead of the extrem- 
ity of the gel (Fig. 5). In addition, after extraction 
of phospholipids from the zymogen granule mem- 
brane, most of the Ca 2+ remained associated with 
protein (Table lI). The possibility that one of the 
polypeptides was calmodulin was verified: on a 8% 
acrylamide gel, calmodulin migrated at level of the 
tracking dye. In parallel with these experiments 
calmodulin radioimmunoassays indicated that 
zymogen granule membrane contained 20 to 35 ng 
of calmodulin per mg of protein. That amount 
would not be detectable after Coomassie staining. 
Considering the amount of calmodulin and its 
binding capacity, its contribution in the zymogen 
granule membrane binding assay was negligible. 

Stain's-all identification of C a  2 + binding protein 
The Ca 2 + binding proteins were identified with 

Stain's-all, a stain which absorbs between 600 and 
650 nm. Calmodulin staining increased non lin- 
early with concentration up to 5/~g per ml, whereas 
with zymogen granule membrane a linear relation- 
ship was observed up to 570/~g of protein per ml. 
Glycoprotein sialic acid residues react with the 
stain and absorb at 600 riM. As indicated in Table 
III treatment of zymogen granule membrane with 
neuraminidase caused a slight reduction of the 
absorbance at this wavelength but it was not re- 
lated to the amount of zymogen granule mem- 
brane proteins. 

Having confirmed that some of the proteins of 
zymogen granule membranes were forming corn- 

TABLE III 

EFFECT OF NEURAMIN1DASE ON THE STAINING 
(STAIN'S-ALL) OF ZYMOGEN GRANULE MEMBRANE 
(ZGM) 

Values are the means of two separate experiments carried out 
on different zymogen granule membrane preparations. Assays 
were done in triplicate. 

ZGM Absorbance (600 nm) 

(/L g of protein/ml) control + neuraminidase 

20 0,029 0,020 
30 0,054 0,047 
40 0,088 0,074 
60 0,151 0,139 

o2L 
353 

0.1 

< 

- -  Control 500nm 

. . . .  Contro l  600nm 

....... Neurominidase 600nm ~ /~ 

- - - - C o n t r o l  450nm I /  t 

....... ~- , ~ ~ ~ - - -  

A B C D E F P 

o ~o 100 140 
DISTANCE (ram) 

Fig. 6. SDS-polyacrylamide gel electrophoresis of zymogen 
granule membranes. Electrophoretogram after staining with 
Stain's-all at 500 nm (red) 600 nm (blue) or at 450 nm (yellow). 
By comparison with standards the molecular weights are: Band 
A, 130000; B, 92000; C, 66000; D, 57000; E, 43000 and F, 
30000. Phospholipids are identified by the letter P. 100 /~g of 
protein were applied on the gel. A, absorbance. 

plexes with Stain's-all we then separated the poly- 
peptides by two different electrophoretic systems. 
Firstly the system used for counter-ion electro- 
phoresis (see Fig. 4) was tested. As shown by the 
absorbance at 600 nm a major band was observed 
at the extremity of this gel confirming the results 
of 45Ca binding. Secondly zymogen granule mem- 
branes were separated by SDS-polyacrylamide gel 
electrophoresis and stained with Stain's-all (Fig. 
6). Six major bands were revealed after scanning at 
600 nm: Bands (A) 130, (B) 92, (C) 66, (D) 57, (E) 
43, and (F) 30 kDa, respectively. After neu- 
raminidase treatment of the zymogen granule 
membrane, the peaks corresponding to poly- 
peptides A and B disappeared indicating that they 
were sialoglycoproteins. When these gels were 
scanned at 450 nm, a large peak appeared at the 
extremity confirming the presence of phospholi- 
pids. Finally at 500 nm all the Ca 2+ binding 
polypeptides and several other polypeptides as 
well as phospholipids were revealed. To determine 
if the Ca 2+ binding band located at the extremity 
of the gel after counter-ion electrophoresis could 
be subfractionated by SDS-polyacrylamide gel 
electrophoresis (see Fig. 4) the band was eluted, 
submitted to electrophoresis, and stained with 
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Fig. 7. SDS-polyacrylamide gel electrophoresis of the protein 
band responsible for Ca 2+ binding. The band which binds 
Ca 2 + on counterion electrophoresis gel was eluted from ten gels 
dialyzed, and submitted to SDS separation. SDS gel was treated 
with Stain's-all. As evaluated by densitometry, five protein 
bands are revealed at 600 nm: (66 kDa), D (57), F (30), G (27) 
and H (22.5). A, absorbance. 

Stain's-all. As shown in Fig. 7 the band was a 
complex of five polypeptides corresponding to C, 
D, F of Fig. 6 and two other bands G (27 kDa) 
and H (22.5 kDa). 

We also compared Ca 2+ binding on intact 
zymogen granule with that of purified zymogen 
granule membrane. Because of their instability, 
granules could not be washed on the Chelex col- 
umn, and binding could not be carried out at 
alkaline pH. Secondly granules contained large 
amounts of secretory proteins as compared to 
membrane proteins. To circumvent these problems 
binding was carried out on intact zymogen gran- 
ule, at pH 6.0, and results were expressed on the 
basis of their content in ATP diphosphohydrolase 
activity. Determinations were carried out on dif- 
ferent preparations of zymogen granule and 
zymogen granule membrane. At a concentration of 
10 /LM Ca 2+ 82.9_+ 8.7 nmol of Ca 2+ were bound 
per unit of ATP diphosphohydrolase whereas in 
isolated zymogen granule membrane there were 
38.6 +_ 5.0 n m o l / u n i t  of enzyme. 

Discussion 

In the first part  of this study we have shown 
that zymogen granule membrane can bind Ca 2+ in 
the submicromolar range and that this binding 
was not attributable to phospholipids. The possi- 
bility that this apparent binding would correspond 
to an uptake by closed vesicles was ruled out by 

adding the ionophore A23187 to the assay medium. 
Ca 2+ binding increased with pH, changes were 

relatively important especially at 1.0 ttM Ca 2+, 
where a 20-fold increase in specific binding was 
observed with a 100-fold reduction in H ÷ con- 
centration. Since we noticed that pH also affected 
binding at higher concentration of Ca 2+, but to a 
lesser degree, it suggests that there has been some 
structural modifications of the membrane favoring 
the access of the cation to its binding sites. Bind- 
ing was relatively insensitive to large fluctuations 
of Na + and K + whereas with Mg 2+ binding was 
inhibited in the millimolar range. In that range it 
cannot be excluded that the divalent cation would 
have induced some structural alterations of the 
membrane such as membrane stacking thereby 
impairing Ca 2+ binding. In contrast, the trivalent 
cations La 3+ and Tb 3 ÷ were inhibitory in the mi- 
cromolar range. Even though lanthanide ions are 
known to possess structural characteristics and 
chemical properties similar to those of Ca 2+, such 
as calmodulin activation [27], they do not appear 
to totally displace the Ca 2+ ions. In the present 
study there was a lanthanide-resistant component, 
i.e. sensitive to the La 3 + concentration. In relation 
to the above-mentioned properties, it is note- 
worthy that in isolated mouse pancreas acini, 
secretagogues do not modify the intracellular con- 
centration of total Na + and exchangeable K + and 
C1 and do not influence cell pH [28]. 

To our knowledge, Ca 2+ binding to zymogen 
granule membrane has not yet been reported in 
the literature, but it has been studied with micro- 
somal membranes of rat pancreas [29]. These 
authors separated the microsomes in a light and a 
heavy fraction, the light fraction presumably con- 
tains some zymogen granule membrane. In the 
latter fraction, they found two classes of binding 
sites. 

In this work we identified the Ca 2+ binding 
polypeptides by two different methods. Stain's-all 
and counter-ion electrophoresis with 45Ca. Coun- 
ter-ion electrophoresis of the zymogen granule 
membrane using 8% and 12% polyacrylamide gel 
concentrations indicated that in the micromolar 
range most of the radioactive 4SCa was bound by 
several protein bands. We ruled out the possibility 
that calmodulin was among these after measuring 
its concentration with a radioimmunoassay. In- 



deed its level was extremely low and thereby would 
not account for the Ca 2+ binding properties of 
zymogen granule membrane. Secondly we found 
that the electrophoretic properties of calmodulin 
were different from the protein bands detected on 
our gels. With these same electrophoretic systems 
and extraction studies we also ruled out the possi- 
bility that phospholipids would contribute signifi- 
cantly to the binding of Ca 2+ by zymogen granule 
membrane. Stain's-all, the dye used to identify the 
C a  2+ binding protein [18], was applied after SDS- 
polyacrylamide gel electrophoresis of zymogen 
granule membrane. Six polypeptides reacted with 
the stain (A, B, C, D, E, F). Treatment with neu- 
raminidase caused the disappearance of the 92 (A) 
and 130 kDa (B) polypeptide staining on gels, 
these must therefore be considered as sialo- 
glycoproteins. The 92 kDa band is presumably the 
protein originally described as GP 2 by Ronzio et 
al. [30-32], these authors measured about 102 
nmol of sialic ac id /mg  of zymogen granule mem- 
brane protein in the rat [30]. When the Ca 2+ 
binding band, obtained by counter-ion electro- 
phoresis in 8% non-denaturing gel, was submitted 
to SDS-polyacrylamide gel electrophoresis five 
polypeptides were separated (C, D, F, G, H). 
These are not necessarily Ca 2+ binding proteins, 
but as mentioned above, three of them C, D and F 
behave as such with Stain's-all. The D polypeptide 
has been recently identified as the ATP diphos- 
phohydrolase (Vachereau et al., manuscript in pre- 
paration). 

One can wonder if and how these proteins, that 
bind Ca 2+, are related to the exocytosis phenome- 
non? Several years ago, Milutinovic et al. [33] 
reported a Ca-dependent interaction between 
plasma membrane and zymogen granules of rat 
pancreas. They found an apparent K m for Ca 2 + of 
6.5 ~tM at pH 6.6 for the interaction between these 
membranes. From their study they proposed that 
this interaction could reflect the initial event in the 
fusion process between zymogen granules and 
plasma membrane. In the present study intact 
zymogen granules bind large amounts of Ca 2+, 
probably more than isolated zymogen granule 
membranes. Among the proteins that react posi- 
tively to Stain's-all after SDS gel electrophoresis, 
and among the polypeptide that are associated 
with the Ca 2 + binding band after counter-ion elec- 
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trophoresis, only one would apparently have access 
to the external surface of the zymogen granule 
[34]. This is band F the 30 kDa polypeptide. 
Therefore, this protein would be responsible for 
the Ca 2+ binding to intact zymogen granules and 
would be a presumptive candidate to play a role if 
a Ca2+-binding protein is involved in the fusion of 
zymogen granules with luminal membrane. 

What are the mechanisms that elicit fusion of 
these membranes? In 1970 Matthews proposed the 
hypothesis that in the islet cells the secretory gran- 
ules and inner surface of the cell membrane are 
equally charged, then an electrostatic repulsive 
force field would be generated when a secretory 
particle approached the membrane. Unless the 
kinetic energy of translational motion exceeds the 
electrostatic energetic barrier, contact-collision of 
the granule would not occur [34,36]. It was pos- 
tulated that one function of Ca 2+ ions in exocyto- 
sis was to partially neutralize the surface negative 
charges and consequentially diminish the energetic 
barrier; only those granules with sufficiently large 
kinetic energies would make lasting contact with 
the membrane thus permitting adhesion. It was 
found later that 1 mM Ca 2+ reduced by only 11% 
the surface charge of isolated guinea pig granules 
[37]. A fortiori, a concentration of 1 I~M Ca 2÷ 
would not reduce significantly the surface charge 
of the zymogen granules. From these observations 
one can propose that if Ca 2 + is directly involved in 
the interaction of zymogen granules with luminal 
membrane it is not through a neutralization of 
surface charges. Perhaps there is another way by 
which Ca 2+ could be directly involved: as a chelat- 
ing agent, it could favor the intra and the inter- 
membrane aggregation of a specific protein (for 
example the 30 kDa protein) thereby facilitating 
the anchoring of the zymogen granules to plasma 
membrane. 

While this work was in progress Haase et al. 
[38] detected by electron microscopy the occa- 
sional presence of Ca 2+ deposits at the zymogen 
granule surface when the acinar cell was stimu- 
lated by carbachol. These deposits were not seen 
in unstimulated cells. These observations substan- 
tiate the possibility of a direct interaction of Ca 2 + 
with a Ca 2+ binding protein in the zymogen gran- 
ule membrane during stimulation. 
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