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1. Introduction 

A rise in the intracellular concentration of free 

Ca2+ has been implicated as a key event in the initia- 
tion of insulin secretion [ 1,2] but the mechanism by 
which Ca2+ triggers exocytosis is not known. In other 
Ca”-regulated processes, Ca2+ exerts a controlling 
influence by binding to specific proteins, e.g., 
troponin C in the initiation of muscle contraction, 

and phosphorylase kinase in the activation of glyco- 
genolysis [3,4]. On the basis of amino acid sequence 
and X-ray crystallographic data a family of 5 homolo- 
gous Ca”-modulated proteins: calcium dependent 
regulator (calmodulin); troponin C; myosin light 

chains; muscle pervalbumin; and intestinal calcium 
binding protein, has been described [S]. Binding of 
Ca2+ is suggested to depend on the presence of homol- 
ogous a-helical domains referred to as EF-hands [S]. 
Calmodulin may be of special significance as a general 
intracellular Ca’+-receptor protein in view both of its 
ubiquitous tissue distribution in eukaryotes and of 
the variety of proteins to which it confers sensitivity 
to Ca’+. Originally discovered [6] as a heat-stable 
protein activator of brain cyclic nucleotide phospho- 
diesterase (PDE), calmodulin has been shown inter alia 
to activate a detergent-solubilized preparation of 
brain adenylyl cyclase [7] and a Ca2’-ATPase in 
erythrocyte membranes [8] and to be a component 

Abbreviations: PDE, cyclic nucleotide phosphodiesterase 
(EC 3.1.4.1); cyclic AMP, cyclic adenosine-3’,5’-monophos- 
phate; EGTA, ethylene glycol bis @aminoethyl)tetraacetic 
acid 
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of phosphorylase kinase [9] and of myosin light 
chain kinase [lo] in skeletal muscle. In these studies 
we have investigated the hypothesis that calmodulin 
may play a role in Ca2’-dependent insulin secretion. 
Extracts of rat islets of Langerhans were shown to 
contain a heat-stable activator of brain PDE. Activa- 
tion was dependent on the presence of Ca2+ and was 
abolished by trifluoperazine, a specific inhibitor of 
calmodulin [ 111. Trifluoperazine also inhibited 
glucose-stimulated insulin release but not islet glucose 
oxidation. These findings demonstrate the presence 
of calmodulin in islets of Langerhans and suggest its 
possible involvement in stimulus-secretion coupling 
in the o-cell. 

2. Materials and methods 

2.1. Reagents 
Bovine albumin (fraction V), 5’-nucleotidase and 

collagenase (type I) were obtained from Sigma 
(London) Chemical Co. Cyclic AMP was from the 
Boehringer Corp. (London) Ltd. (12’I)Insulin, 
cyclic [8-3H] AMP and [U-‘4C]glucose were from 
the Radiochemical Centre, Amersham. QAE- 
Sephadex was from Pharmacia (GB) Ltd. Guinea pig 
anti-porcine insulin serum was obtained from Well- 
come Reagents Ltd. All other chemicals were from 
BDH Chemicals and were of the highest purity avail- 
able. Trifluoperazine (Stelazine) was a gift from 
Smith, Kline and French Labs. 

Calmodulin prepared from phosphorylase kinase 
[9,12] was a generous gift from Dr P. Cohen (Depart- 
ment of Biochemistry, University of Dundee). Cal- 
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modulin-deficient phosphodiesterase, prepared from 
bovine brain cortices by the method in [i 31, was a 
gift from Dr P. H. Sugden (Department of Clinical 
Biochemistry, University of Oxford). 

2.2. Preparation of islets 
Islets were prepared using collagenase digestion 

(141 from the pancreases of 200-300 g male albino 
Wistar rats fed ad libitum on a standard laboratory 

diet. 

2.3. Output of 14C02 
The rate of formation of 14C02 from [U-r4C]glucose 

was measured as in [ 151. 

2.4, Insulin release 
Batches of islets were incubated in vitro for 2 h 

and insulin release measured as in [ 16,171. Radio- 
imnlunoassay of insulin was performed as in [ 17] 
except that Wellcome guinea pig anti-insulin serum 
was used as antibody. 

2 5. Assay of phosphodiesterase 
PDE assays were performed in IO0 ~1 final vol. 

containing 50 mM Tris-HCI, (pH 8.0), 3 mM MgC&, 
0.1 mg bovine ~lbunl~n~rlll, cyclic [3H] AMP (30 Ci/ 
mmol; -1 X lo6 dpm) and unlabelled cyclic AMP at 
0.1 mM final cont. Activator-dependent activity was 

measured in the presence of 0.05 mM CaClz and 
appropriate amounts of calmodulin or islet extracts. 

Tubes were i~~cubated for 1.5 min at 30°C and the 
reaction terminated by placing the tubes in a boiling 
water-bath for 2 min. In all experiments the amount 
of enzyme caused hydrolysis of < 35% of the sub- 
strate. 2 ~1 snake venom 5’nucleotidase (50 units/ml) 
were added to each tube. The tubes were then 
incubated for 15 min at 3O*C and the reaction termi- 

nated by boiiing as above. 0.4 ml 0.1 mM adenosine 
in 20 mM ammonium formate (pH 7.5) were added 
to each tube. Tritiated adenosine was separated from 
unreacted cyclic AMP by passing the contents of each 
tube over a column (0.5 X 1 .O cm) of quaternary 
aminoet~ly~ (QAE)-Sephadex (A-25) in the formate 
form. The tubes were rinsed with 1.5 ml 20 mM 
ammonium formate (pH 7.5) which was also passed 
over the column. The effluent (2.0 ml) was collected 
and 0.8 ml aliquots counted in 18 ml methoxyethanol 
scintiilation fluid 1181. 
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2 6. Preparation of islet extracts for assay of calmodulin 
Islets were placed into 10 mM Tris-MCI, (pH 8.0) 

and disrupted by sonication with three intervals of 5 s 
at position 2 on a Dawe Soniprobe. Islet sonicates 
were diluted with 10 mM Tris-HCl (pH 8.0) to a 
concentration equivalent to-O.25 islets/PI and placed 
in a boiling water bath for 3 min. This procedure was 

found to conlpleteiy inactivate islet phosphodiesterase. 
The boiled samples were centrifuged for 15 s in an 

Eppendorf 3200 centrifuge and S--50 ~1 aliquots of 
the supernatants assayed for calmodulin activity by 
activation of PDE. 

3. Results 

3.1. Assa.y of calmodulin 
In these experiments PDE activity was measured 

as the formation of ]3H]adenosine from cyclic 3’,5’- 
[3H]AMP according to the equation: 

Cyclic 3’,5’-AMP --E+ 5’-AMP 

5~-nuc~eotidase~ adenosine __ 

Conditions were chosen such that the time course of 
[3H]adenosine formation was linear and the rate was 
proportional to the concentration of PDE. The 
activity of a fixed amount of calmodulin-free PDE 
(4 X 10T5 units) was increased by the addition of 
L-100 ng calmodulin; a typical activation curve is 

shown in fig.1. Half-maximal activation required 
10 ng calmodulin. The mean maximal activation was 
-6-fold. Activation of PDE by calmodulin required 
the presence of Cd2+; in the absence of added Ca’+ 
and with EGTA present to chelate traces of Ca’+ in 
the reagents, calmodulin did not stimulate PDE 
(fig.1). Trifluoperazine has been shown to bind to 
brain calmodulin [ 111. The effects of increasing con- 
centrations of trifluoperazine on the activation of 
PDE by 20 ng calmodulin are shown in fig.2.60 I.IM 
trifluoperazine lowered PDE activity to values seen in 
the absence of calmodulin. Half-maximal inhibition 
under these conditions required 12 PM trifluopera- 
zine. 

These observations form the basis for the criteria 
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Fig.1. The Ca”dependent activation of PDE by calmodulin. 

PDE activity was measured in the presence of varying 

amounts of calmodulin. Results are expressed as a percentage 

of the PDE activity in controls with no added calmodulin 

(37 pmol/min). The closed circles refer to assays conducted 

in the presence of Ca’+ (SO wM) and the open circles are 

values obtained in the absence of added CaZC and the presence 

of EGTA (1 mM). 
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Fig.2. Effect of trifluoperazine on calmodulin-activated Fig.3. Activation of PDE by islet extracts. The effect of 
PDE. The activity of PDE stimulated by 20 ng calmodulin varying amounts of islet extract equivalent to the number 
was measured in the presence of varying concentrations of of islets shown was tested on the activity of PDE as described 

trifluoperazine. The PDE activity is expressed as a percentage in section 2. The PDE activity is expressed as a percentage 

of its value in the absence of tritluoperazine (147 pmol/ of its value in the absence of added extract (42 pmol/min). 

min). The dotted line indicates the activity of PDE in the The results are the mean values for 3 separate preparations 

absence of calmodulin. of islet extract. 

used to demonstrate the presence of calmodulin in 
rat islets of Langerhans, viz.: 
(i) The activation of PDE by extracts of rat islets; 

(ii) The stability of the activating factor to boiling; 
(iii) The dependence of activation on the presence 

of Ca*+; 

(iv) Abolition of activation by trifluoperazine. 

3.2. Calmodulin in extracts of rat islets of Langerhans 
Extracts of rat islets prepared by sonication were 

boiled for 3 min and tested for their ability to activate 
brain PDE. Activation occurred (fig.3) to a maximum 

extent of 6-fold, i.e., equivalent to the maximum 
activation achieved with authentic calmodulin. Islet 

calmodulin was measured by using amounts of islet 
extract that gave sub-maximal activation of PDE. Islet 

calmodulin content could thus be quantitated by 
comparison with standard curves for PDE activation 
constructed using authentic calmodulin which were 
included in each experiment. The calculated amounts 
of calmodulin measured in this way were linearly 
related to the amount of islet extract assayed (fig.4). 
A mean value for 9 separate preparations of islets of 
1.8 + 0.2 ng calmodulin/islet was found. Assuming a 
mean intracellular volume of 3 nl/islet [19] and 
calmodulin mol. wt 16 700 [9], this corresponds to a 
mean of 36 I.~M calmodulin. 
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Fig.4. Islet content of calmodulin. Aliquots of islet extract 

corresponding to 2.5 15 islets were assayed for their ability 
to activate PDE. The islet content of calmodulin was calculated 

from PDE-activation curves using authentic calmodulin. The 
results are the mean values for 3 separate preparaiions of islet 
extract. 

Activation of PDE by islet extract was totally 
dependent on addition of Ca’+: three separate prepara- 
tions of islet extract producing a mean activation of 
PDE of 2.4-fold in the presence of Ca*+ elicited no 
significant stimulation in the absence of Ca2+ and in 
the presence of EGTA (93 + 4% of control activity in 

the absence of extract). 
The lowest concentration of trifluoperazine that 

completely prevented activation of PDE by authentic 
calmodulin was tested on the activation of PDE by 
varying amounts of islet extract containing G 25 ng 
calmodulin. Figure 5 shows that 60 /..LM trifluopera- 
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Fig.5. Inhibition by trilluoperazine of PDE activated by islet 

extract. Varying amounts of islet extract were assayed for 

their ability to activate PDE. The calmodulin in the extracts 

was quantified using PDE-activation curves with authentic 

calmodulin. The closed symbols refer to assays conducted in 

the absence of trifluoperazine and the open symbols to 

assays in which 60 PM trifluoperazine was included. Each 

symbol-type refers to a separate experiment with one islet 

extract and standard curve. 

zine abolished the activation of PDE by varying 

amounts of islet extract containing G 25 ng 
calmodulin. Trifluoperazine did not reduce the basal 
PDE activity observed in the absence of Ca’+. 

3.3. Effects of trijluoperazine 012 intact islets 

Results are given in table 1. 
Insulin release stimulated by 20 mM glucose was 

-50% inhibited by 25 ,uM trifluoperazine but basal 

Table 1 
Effects of trifluoperazine on glucose-stimulated insulin release and [U-“‘Clglucose oxidatibn by isolated islets 

Parameter 

Insulin release 

[U-‘4C]Glucose 

Units Glucose Trifluoperazine (PM) 

20 mM 

0 25 50 
___ 

PU .islet“ .h-’ _ 31 + 3(44) 28 + 4 (10) 108 i- 16 (9)a 
+ 222 ? 17 (45) 132 * 25 (15)a 125 * 14 (44)b 

‘3C0, pmol .islet-’ .h-’ + 40 + 3 (8) 36 f 3 (8) 44 + 4 (7) 

a P G 0.01 

b P Q 0.001 

Batches of S-10 islets were incubated at 37°C for 2 h in Krebs bicarbonate medium containing albumin (2 mg/ml) and the addi- 

tions shown. Insulin release was determined by radioimmunoassay and the formation of 14C0, from [UJ4C]glucose (3 mCi/mmol) 

by liquid scintillation spectrometry. Results are given as mean * SEM for the number of batches of islets stated in parenthesis. 
The significance of differences from the controls (no trifluoperazine) was assessed by Student’s t-test 
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release was not affected. In the presence of 50 PM tri- 
fluoperazine basal release was enhanced but no 
stimulation by 20 mM glucose was observed. Since 
glucose-stimulated release is dependent on the ability 
of the islets to metabolize the sugar [20], the effect 
of trifluoperazine on the rate of oxidation of [U-r4C]- 
glucose by isolated islets was also tested. Neither 
25 PM nor 50 PM trifluoperazine affected the rate of 
oxidation of 20 mM glucose. 

4. Discussion 

These studies demonstrate that rat pancreatic islets 
contain a heat-stable activator of brain cyclic nucleo- 
tidephosphodiesterase. Activationisdependent on the 
presence of Ca*+ and is abolished by tritluoperazine. 
The maximum activation is similar to that observed 

with muscle calmodulin. The findings constitute 
strong evidence for the existence of calmodulin in 

rat pancreatic islets. The amount of calmodulin 
measured in islet extracts is 300-450 mg/kg wet 
tissue (assuming 5-6 /lg mean islet wet wt). This is 
close to the value reported for rabbit skeletal muscle 
[21] but considerably higher than that found in 
several other tissues tested [21]. 

Glucose-stimulated insulin release was impaired 
by a low concentration (25 PM) of trifluoperazine 
that did not affect islet glucose oxidation. This find- 
ing is consistant with the hypothesis that cahnodulin 
may play a role in stimulus-section coupling in the 
P-cell. Interpretation of the results obtained with 
50 FM trifluoperazine is more difficult since although 
the response to glucose was abolished, basal release 
was elevated. The possible nature of the involvement 
of calmodulin in insulin release is not known but con- 
sideration of the function of calmodulin in other 
systems raises several possibilities. For example the 
activation of both adenylyl cyclase and PDE by 
calmodulin might implicate the participation of 
calmodulin in the Ca”-dependent regulation of islet 
cyclic nucleotide concentrations: activation of 
adenylyl cyclase at the cell membrane by Ca*+- 
calmodulin followed by activation of PDE as Ca*+ 
diffuses into the cytosol could underlie the transient, 
Ca*‘-dependent increase in islet cyclic AMP observed 
in islets exposed to glucose [22]. However evidence 
has been presented that cyclic AMP acts as a poten- 

tiator rather than a direct trigger for glucose-induced 
insulin release [23] and thus alternative or additional 
roles of calmodulin are likely. 

Several studies have implicated a role for micro- 
tubules in the cxocytotic discharge of insulin [24-261; 
it is therefore relevant to note that, in rat brain, 
evidence has been presented that calcium regulates 
the assembly -disassembly of microtubules through 
the action of calmodulin [27]. Regulation of mem- 
brane ion fluxes is a further plausible function in 
exocytosis. Calmodulin has been shown to stimulate 
a Ca*‘-ATPase in erythrocyte membranes [8] and 
ATP-dependent Ca*+-transport in dog cardiac sarco- 
plasmic reticulum [28]. Furthermore, calmodulin 
influences Ca*‘-dependent anion flux across rabbit 
ileum [29]. Finally it has been demonstrated that 
calmodulin mediates Ca*‘-dependent protein phos- 
phorylation in membranes from various tissues [30]. 
Since Ca*‘-dependent protein phosphorylation has 
been demonstrated in mast cells stimulated with the 
Ca*‘-ionophore A23 187 [3 1 ] it is tempting to 
speculate that phosphorylation events may partici- 
pate in the membrane-membrane interactions 
involved in exocytosis. The cyclic AMP-indepen- 
dent protein phosphorylating activity recently demon- 
strated in rat pancreatic islets [32] may constitute 
a possible locus of action for islet calmodulin. Inves- 
tigation of the effects of Ca*+ and calmodulin on this 
activity could substantiate such a hypothesis. 

Acknowledgements 

These studies were supported by grants from the 
Medical Research Council and the British Diabetic 
Association. 

References 

111 

[21 

[31 

(41 

Malaisse, W. J., Herchuelz, A., Devis, G., Somers, G., 

Boschero, A. C., Hutton, J. C., Kawazu, S. and Sener, A. 

(1978) Ann. NY Acad. Sci. 307,562-581. 
Helhnan, B. (1978) Proc. 1 lth FEBS Meet. vol. 42, 

symp. Al, 41-50. 
Kretsinger, R. H. (1976) Ann. Rev. Biochem. 45, 

239-266. 

Nimmo, H. G. and Cohen, P. (1977) Adv. Cyclic Nucl. 

Res. 8, 146-266. 

99 



Volume 105, number 1 FEBS LETTERS September 1979 

[S] Kretsinger, R. H. (1977) in: Calcium-Binding Proteins 
and Calcium Function (Wasserman, R. H. et al. eds) 
p. 63, Elsevier/North-Holland, Amsterdam, New York. 

[6]Cheung, W. Y. (1970) Biochem. Biophys. Res. Commun. 
38,533-538. 

[7] Cheung, W. Y., Bradham, L. S., Lynch, T. J., Lin, Y. M. 
and Taiiant, E. A. (1975) Biochem. Biophys. Res. Com- 
mun. 66,1055-1062. 

[8] Gopinath, R. M. and Vincenzi, F’. F. (1977) Biochem. 
Biophys. Res. Commun. 77, 1203-1209. 

[9] Cohen, P., Burchell, A., Foulkes, J. G., Cohen, P. T. W., 
Vanaman, T. C. and Nairn, A. C. (1978) FEBS Lett. 
92,287-293. 

[IO] Wang, J. M., Tco, T. S., Ho, H. C. and Stevens, F. C. 
(1975) Adv. Cyclic Nucl. Res. 5, 179-194. 

[ 111 Levin, R. M. and Weiss, B. (1977) Molec. Pharmacol. 
13,690-697. 

[12] Cohen, P. (1973) Eur. J. Biochem. 34, l-14. 
[ 13] KIee, C. B. and Krinks, M. H. (1978) Biohemistry 17, 

120-126. 
1141 Co11 Garcia, E. and Gill, J. R. (1969) Diabetologia 5, 

61-66. 
[15] Ashcroft, S. J. H., Hedeskov, C. J. and Randle, P. J. 

(1970) Biochem. J. 118,143-154. 
[ 161 Ashcroft, S. J. H., Weersinghe, L. C. C. and Randle, 

P. J. (1973) Biochem. J. 132,223-231. 
jl7] Ashcroft, S. J. H. and Crossley, J. R. (1975) Diabcto- 

logia II, 279-284. 
[ 18 ] Severson, D. L., Denton, R. M., Bridges, B. J. and 

Randle, P. J. (1974) Biochem. J. 140, 225-237. 
[ 191 Sener, A. and Malaisse, W. J. (1978) Diab. Metabol. 

(Paris) 4, 127-133. 

[ZO] Ashcroft, S. J. H. (1976) CIBA Found. Symp. 41 (new 
series) pp. 117-l 39, Elsevier/Excerpta Medica, Amsterl 
dam. 

1211 Grand, R. J. A., Perry, S. V. and Weeks, R. A. (1979) 
Biochem. J. 177,521-529. 

1221 Zawahch, W. S., Karl, R. C., Ferrendelli, J, A. and 
Matschinsky, F. M. (1975) Diabetologia 11,231-235. 

[23] Cooper, R. H., Ashcroft, S. J. H. and Randle, P. J. 
(1973) Biochem. J. 134,599-605. 

(241 Orci, L., Like, A. A., Amherdt, M., Bland+& B., 
Kanazawa, Y., Marliss, E. B., Lambert, A. E., Wollheim, 
C. 13. and Renold, A, E. (1973) J. Ultrastruct. Res. 43, 
270- 297. 

[25] Malaisse, W. J., Malaisse-Lagae, F., Walker, M. 0. and 
Lacy, P. E. (1971) Diabetes 20, 257-265. 

[ 26) Somers, G., Van Obberghen, E., Devis, G., Ravazzola, M., 
Malaisse-Lagae, F. and Malaisse, W. J. (1974) Eur. J. 
Clin. Invest 4, 229-305. 

(27f Marcum, J. M., Dedman, J. R., Brinkley, B. R. and 
Means, A. R. (1978) Proc. Nat!. Acad. Sci. USA 75, 
3771-3775. 

[28] Katz, S. and Remtulla, M. A. (1978) Biochem. Biophys. 
Res. Commun. 83,1373-l 379. 

[29] Ilundain, A. and Naftalin, R. J. (1979) Nature 279, 
446-448. 

1301 Schuhnan, H. and Greengard, P. (1978) Proc. Natl. 
Acad. Sci. USA 75,5432-5436. 

[31 J Sieghart, W., Theoharides, T., Alper, S. L., Douglas, 
W. W. and Greengard, P. (1978) Nature 275, 3299331. 

[32] Sugden, M. C., Ashcroft, S. J. H. and Sugden, P. H. 
(1979) Biochem. J. 180,219-229. 

100 


