
Diabetologia 10, 427--430 (1974) 
�9 by Springer-Verlag 1974 

Surface Electrostat ic -Charge  Measurements  on Islet and Z y m o g e n  
Granules : Effect  of Calcium Ions 

P.M. Dean* 

Department of Pharmacology, University of Cambridge, Cambridge, England 

Received: February 25, 1974, and in revised form: May 27, 1974 

Summary. Particle mieroelectrophoresis has b,.~en used 
to measure the surface charge of secretory granules iso- 
lated from the exocrine and endocrine pancreas of guinea- 
pigs. Zymogen granules were found to have a surface 
charge density of 2378 esu.em -2 and islet granules 4177 
esu.cm -2. Calcium ions decreased the surface charge den- 
sity of both types of granule; binding of calcium at the 

zymogen granule surface was found to fit a Langmuir 
adsorption isotherm. The results are discussed with re- 
spect to the role of calcium in exoeytosis. 
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Electrostatic repulsive and Van der Waals attrac- 
tive forces may  be a major  determinant in controlling 
adhesion of insulin secretory granules to the cell mem- 
brane prior to secretion by  exoeytosis [8, 9]. In  order 
to test  this idea it is necessary to measure the electro- 
static charge at  the surface of the secretory granule. 
Particle microelectrophoresis is a simple quanti tat ive 
method which can readily be applied to this problem 
and has already been employed successfully to investi- 
gate the ionogenic nature of the ehromaffin granule 
surface [11]. Calcium ions are of critical importance 
in the mechanism of exocytosis and in this paper the 
effects of these divalent ions on surface charge have 
been studied using secretory granules isolated from the 
islets of Langerhans and zymogen granules from the 
acinar tissue of guinea-pig pancreas. 

Methods 

Isolation of Secretory Granules 
a) Islet Granules. In  each experiment the panereata 

from two guinea-pigs (800 g weight) were used; the 
animals had previously been fed ad libitum. Islets of 
Langerhans were isolated by  eollagenase digestion of 
the surrounding acinar tissue, using the method of Lacy 
and Kost ianovsky [1]. Approximately 150 islets were 
isolated from each pancreas. The isolated islets were 
homogenized in 0.r ml of sucrose solution (0.3 M) at  
4 ~ C and buffered with sodium phosphate (5 mM) at 
pH 6.0; secretory granules were harvested by  the cen- 
trifugation procedure of Howell et al. [5]. The pellet 
of islet secretory particles was resuspended by  homo- 
genization in 0.8 ml sucrose (0.3 M) at  p H  6.0 and 
maintained at 4 ~ C. No further subdivision of the islet 
granule fraction was at tempted.  

b) Zymogen Granules. Two guinea-pigs of either sex 
and weighing 800 g were used for each preparation. 
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The panereata were removed and the zymogen granu- 
les isolated from them by  the method of Jamieson and 
Palade [6]. 

The pur i ty  of the secretory granule pellet for both 
the islet and acinar granule fractions was checked by 
electron microscopy. 

Electrophoretic Mobility Determinations 
The electrokinetic properties of the secretory gra- 

nules wore studied with a micro-eleetrophoresis appa- 
ratus;  the method has been described previously [11]. 
Mobility determinations were made in 0.16 M KC1 and 
the p H  of the solution adjusted to 6.0 for islet granules, 
or 7.0 for zymogen granules, by  adding appropriate 
amounts of 0.16 M K O I t  or 0.16 M HC1. Mean mobi- 
lities of the secretory granules, using forward and re- 
verse polarity, were determined at  25 ~ C from 10 read- 
ings on 4 separate granule preparations;  mobil i ty val- 
ues are expressed in ~m.s-l.cm.v -1. In  studying the 
effect of Ca 2+ ions on mobility, aliquots of a Ca CI~ solu- 
tion (1M) were added to a solution of KC1 to maintain 
a constant ionic strength of 0.16 eq.lit -1. 

Theory 

A charged particle placed in an ionic solution ad- 
sorbs a layer of ions on to its surface, forming a relati- 
vely fixed layer; ions further away from the surface are 
mobile. The eleetricM potential  in the slipping plane 
between the fixed and flowing liquid is determinative 
for eleetrokinetie phenomena. This potential  is called 
the zeta potential  and is related to the mobili ty of the 
particle in an electric field by the equation: 

= 4~n~ (1) 
8 

where ~ is the zeta potential  in volts, ~ is the viscosity 
of the solution in Poise, S is the electrophoretic mobi- 
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lity cm s:ec -1. V-lcm, s is the dielectric constant of the 
solution. When ~ is <25  mV the measured zeta poten- 
tial approximates to the surface potential. The surface 
charge density of the particle, a in esu.cm -2, is related 
to the mobility by the equation: - -  

0 (2) 
= t 2 ~ - 0 ~  ~--  ~k  T 

where N is the Avogadro number, k is Boltzman's con- 
stant erg/K ~ 9" is the temperature K ~ C~ and Zi are 
respectively the molar concentration and the valency 
of ions of the ith species and e is the electron charge in 
e s u .  

Usings Stem's  model [13] for the adsorption of ions 
on to charged surfaces, an expression for the decrease 
in surface charge density caused by adsorption of 
counter-ions can be obtained: 

2eNa 
Aaca~+ = 2 e nca~§ = 1 + exp (-- AGea/k T)/)Cea (3) 

where Ac~ ~§ is the decrease in surface charge den- 
sity, nc~ ~§ is the number of adsorbed Ca 2+ ions cm -~, 
N~ is the number of available adsorption sites, AGc~ ~§ 
is the electrochemical free energy of adsorption of 
Ca 2+, and gc~ is the molar fraction of Ca 2+, equal to 
concentration Of Ca ~+ ion/55.6, where 55.6 is the mole 
fraction water. Substituting K for the expression: 

exp. (AGea~+/kT) �9 55.6 m equation (3) and rearranging 

yields equation (4), the linear form of the Langmuir 
adsorption isotherm 

1 1 1 1 (4) 
Aaca~+ 2e Na Cc~2+ 2e N a K  

Hence, if a plot of 1/Ac~ ~§ against a 1/Cca ~§ yields 
a straight line, the number of available calcium ion 
binding sites on the granule surface can be obtained 
(3). The same method has also been applied by Seaman, 
Vassar and Kendal [12] to the erytrocyte surface. 

R e s u l t s  

Secretory granules from the islets of Langerhans had 
an eleetrophoretie mobility of --1.17 ~ SEM0.06 (n=  
4) compared with a lower value of --0.67 :[: SEN 0.04 
(n ~ 6) for the zymogen granules. Proportionate dif- 
ferences were found for the zeta potential, i.e., --15.0 
4- 0.8 mV, --8.6 • 0.6 mV and surface charge density 
i.e., 4177 4- 214 esu.em -2, 2378 -t: 154 esu.cm -2 respec- 
tively for islet and zymogen granules. 

Progressively increasing the Ca ~+ concentration of 
the suspending KC1 solution decreased the electropho- 
retie mobility of both types of secretory granule�9 The 
relationship between surface charge density and eal- 
einm concentration is shown in Figure 1. A plot of the 
reciprocal of the decrease in surface charge density 
against 1/Ca 2+ concentration produced a straight line 
for zymogen granules, with a slope of 0.33 • 10 -5 esu. -i 

em -2 moles. 1. -~ and an intercept of 0.41 • 10 -a esu. -i 
cm 2 (Fig. 2). The number of available calcium binding 
sites was calculated from equation 4 to be 2.51 • 10 ~2 
cm -2 and the electrochemical free energy of calcium 
ion adsorption, AGca, was --5.23 KCals. mole -i. A 
similar double reciprocal plot for calcium binding to 
islet granules did not yield a straight line and analo- 
gous calculations could not be made. 
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.Fig. 1�9 The effect of calcium-ion concentration on electro- 
static surface charge density of islet granules (broken 
line) and zymogen granules (full line). The surface charge 
density of the granules in 0.16 M KC1 in the absence of 
calcium is shown to the left of the curves. SEM's (n = 40) 

shown by the vertical bar 
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Fig. 2. Langmuir adsorption isotherm for the binding of 
calcium ions to zymogen granules. Double reciprocal plot 
of decrease in surface charge density against calcium con- 

centration 

D i s c u s s i o n  

A surface negative charge appears to emerge as 
characteristic of isolated secretory granules; islet 
granules, zymogen granules, chromaffin granules [11, 
3), and neurohypophyseal granules (unpublished data), 
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all have negative zeta potentials between --8 mV and 
--16 InV. The contribution of surface cationic groups 
to the total charge has yet to be determined, although 
like red cells [4] the ehromaffin granule surface be- 
haves essentially as a polyanion. Structural instability 
of islet and zymogen granules at low p t I  precluded 
measurements of surface pK values; chromaffin gran- 
ules, on the other hand, have a pK~ which is consist- 
ent with ionization of surface earboxyl groups. 

The islets of Langerhans contain two major types 
of secretory granule, /?-granules containing stored in- 
sulin and ~-granules containing glucagon. No at tempt 
has been made in this study either to separate the two 
fractions or to assess the relative contribution of each 
type to the measurement of mean granule mobility. 
The standard deviation for 40 determinations of mobil- 
i ty was small, 15%, and of a single distribution, indi- 
cating either that  one type of granule is predominant, 
or that  the surface charge of e- and/?-granules is equi- 
valent. Any at tempt to consider this data as pertaining 
to/?-granules alone must be viewed with caution. Dif- 
ferent calcium binding properties of the two granule 
types may have been the cause of the non-linearity of 
the Langmuir adsorption isotherm; a similar plot for 
the monodispersed preparation of zymogen granules 
produced the expected straight line. 

Nevertheless, if, as seems likely, one can assume 
that  the surface potential arises from discrete electron 
charges [11, 3], it is possible (knowing the granule size) 
to estimate the net number of surface ionic groups. For 
guinea-pig zymogcn granules of diameter 391 nm 
(Dean, unpublished data) there would be 23,777 elec- 
tronegative sites per granule, with a mean area per site 
of 20 nm s, and a mean anionic site separation of 4.8 rim. 
In  these terms the number of Ca 2+ binding sites on the 
zymogen granule surface is 12,100. Correspondingly, 
islet granules, of diameter 290 nm [1], have 22,980 ex- 
cess charges, a mean site area of 11.5 nm 2 and inter- 
site separation distance of 3.6 nm. These values assume 
importance in any consideration of the mechanism of 
binding of secretory granules to the cell membrane, 
e.g. calcium cross-linkage, in the adhesion stage of 
exocytosis [8]. For example, in the simplest case, 
consider the zymogen granule to be a rigid sphere 
binding to a planar surface by calcium bridges: the 
number of anionic sites present on a polar cap 0.2 nm 
thick (the calcium ionic diameter) can be calculated 
to be 12, and an upper limit of 6 specific calcium-ion 
binding sites may reasonably be expected to be avail- 
able for adhesive cross-linking. By the same reasoning 
the number of electronegative sites presented by the 
pole of an islet granule to a planar surface would be a 
maximum of 16. Such calculations necessarily assume 
an even surface distribution of ionogenic sites and 
would not apply if significant clustering could be de- 
monstrated. 

Islet granules were more sensitive to Ca 2+ ions than 
the zymogen granules ; at 1 mM Ca 2+ the surface charge 
was reduced by 25% and 11% respectively. I t  has pre- 

viously been shown from eleetrophysi01ogical studies 
of islet cells that  substances which induce insulin se- 
cretion evoke an electrically gated Ca 2+ influx across 
the cell membrane [2]. The quanti ty of Ca 2+ entering 
a cell during the action potential can be estimated to 
be 0.1 pmole/cm ~ [10], and one action potential would 
increase the total  cellular Ca 2+ by 0.68 ~3/I. However 
the concentration transient close to the membrane 
inner surface during the time course of the action po- 
tential is likely to be considerably larger than 0.68 ~M. 
The finding that  Ca 2+ binds to secretory granule sur- 
faces in solutions of total  ionic strength comparable 
with that  expected intraeellnlarly poses the important 
question of the role of Ca e+ in the excitation-secretion 
coupling mechanism of exoeytosis. Matthews [8, 9] 
first proposed the hypothesis that  if in the islet cells 
the secretory granules and the cell membrane inner 
surface are equally charged, then an electrostatic re- 
pulsive 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. I t  was postulated that  one function of Ca 2+ 
ions in exocytosis is to neutralise partially 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. In  order to 
test this hypothesis, the attractive force constant be- 
tween granules and the cell membrane has to be ascer- 
tained before it is possible to build a kinetic model for 
secretion by exocytosis based on the energetic conside- 
rations of granule-membrane interaction. 
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