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Characteristics of an adenylate cyclase enhancing factor

from mouse pancreatic islet cytosol
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Summary. The role of cytosolic components in the regulation
of mouse pancreatic islet adenylate cyclase activity was stud-
ied. Addition of mouse islet cytosol (27000 g supernatant of
mouse islet sonicate), devoid of adenylate cyclase activity it-
self, increased adenylate cyclase activity by 93+17% (n=9)
in the 27000 g total particulate fraction of mouse islets. Addi-
tion of GTP stimulated adenylate cyclase activity by 91+ 11%
(n=13) or to the same degree as cytosol. Like GTP, the sub-
stance causing the enhancing activity of the cytosol was found
to be dialysable, resistant to heat, sensitive to charcoal treat-
ment and alkaline phosphatase and insensitive to digestion
with trypsin. However, in contrast to the stimulation by GTP,
the stimulation by cytosol was not inhibited by guanosine

5'-0-(2-thiodiphosphate), and furthermore, the effects of cyto-
sol and GTP were additive. Neither NAD nor phosphoenol-
pyruvate stimulated adenylate cyclase activity. The cytosolic
factor did not confer sensitivity towards glucose, Ca’* or
Ca?*-calmodulin on adenylate cyclase. The results demon-
strate that mouse pancreatic islets contain a phosphocom-
pound (or several compounds) distinct from GTP and capable
of markedly stimulating adenylate cyclase. The identity of the
compound and its physiological significance remain to be es-
tablished.
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The adenylate cyclase system (ATP pyrophosphate
lyase (cyclizing) EC 4.6.1.1.) is a key factor in the action
of many different hormones. Major components of the
hormonal machinery located in the plasma membrane
include the hormone receptor, the guanine nucleotide
regulatory unit, and the adenylate cyclase enzyme itself
[1]. The most widely recognized endogenous regulator
of adenylate cyclase is the guanine nucleotide, GTP,
which has been shown to be an absolute requirement
for the expression of hormone-sensitive adenylate cyc-
lase activity in many different tissues [1]. Beside the gua-
nine nucleotides, a number of other cytosol-derived fac-
tors, usually not identified, have been implicated as
potential intracellular regulators of several adenylate
cyclases [2-8].

A recent study dealing with the effects of Ca’* and
calmodulin on pancreatic islet adenylate cyclase [9] led
us to prepare EGTA-washed particulate fractions of
mouse and rat pancreatic islets. During preparation of
particulate fractions, a loss in adenylate cyclase activity
was observed when compared with whole homogenates
and which, by analogy with similar observations in a
number of other tissue preparations [2-8], might be ex-
plained by the removal of cytosolic factors capable of

stimulating adenylate cyclase. In the present report, we
describe the experiments which demonstrate (1) activa-
tion of mouse pancreatic islet adenylate cyclase by islet
cytosol, and (2) preliminary characteristics of the cyto-
solic activator(s) in comparison with GTP.

Materials and methods

Materials

Crude bacterial collagenase, creatine kinase, phosphocreatine, cyclic
AMP, GTP, guanosine 5'-(f,y-imino)triphosphate (GMPPNP), gua-
nosine 5'-0-(2-thiodiphosphate) (GDP-#-S), and alkaline phospha-
tase were obtained from Boehringer, Mannheim, FRG. 2-((2-hy-
droxy-1-1,-bis-(hydroxymethyl)-ethyl)-amino)ethanesulphonic  acid
(Tes buffer), ethylene glycol bis-(f-aminoethyl ether)-N,N,N’,N’,-
tetraacetic acid (EGTA), activated charcoal and ATP (A2383) were
purchased from Sigma Chemicals, St. Louis, MO, USA. Nitrilotriacet-
ic acid (NTA) was obtained from E.Merck, Darmstadt, FRG. 3-iso-
butyl-1-methylxanthine (IBMX) was from EGA-Chemie, Steinheim/
Albuch, FRG. Human serum albumin was from Behringswerke, Mar-
burg, FRG. Dextran T 100 was from Pharmacia, Uppsala, Sweden.

All other chemicals were of analytical grade obtained from ordi-
nary commercial sources.
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Table 1. Effect of cytosol on adenylate cyclase activity

Added agents Activity Number  p(versus
(% of of experi-  control)
control) ments

Nil 100

Cytosol 193+17 9 <0.001

Heated cytosol 184+ 8 12 <0.001

Dialysed cytosol 118+ 9 5 NS

GTP (10 pmol/1) 19111 13 <0.001

GTP (10 umol/1) + cytosol 263 +25 7 <0.001;

<0.022

Phosphatase-treated 105+ 5 6 NS

heated cytosol

Charcoal-treated 104+ 3 4 NS

heated cytosol
Phosphatase-treated 109+ 2 5 <0.02
GTP (10 umol/1)

Charcoal-treated 105+ 8 4 NS
GTP (10 wmol/T)

GTP (10 umol/1) 185+ 5 4 Ns?
+ phosphatase-treated
heated cytosol

Results are given as mean + SEM of the control value (617 + 54 pmol;
n=19) of cyclic AMP/60 min per mg islet particulate protein.
@ Versus GTP-stimulated activity

Preparation of islets

Islets were prepared by collagenase digestion [10] of the pancreases of
male albino mice (approximately 26 g weight) fed ad libitum on a
standard laboratory diet.

Preparation of islet particulate and soluble fractions

A group of 500 islets was collected in 125-250 ul of Tes buffer
(25mmol/1; pH7.6) containing MgCl, (S5mmol/l), and EGTA
(1 mmol/1). A homogenate was prepared by sonication (10s, 40 W).
The homogenate was centrifuged for 20 min at 27000 g at 4°C. The
supernatant (cytosol) was retained for later use and the pellet was re-
suspended and centrifuged twice more in 500 pul of the same Tes buf-
fer. After the last centrifugation and resuspension, the particulate
fraction and the cytosol were frozen in liquid N, and stored at —80°C
until the next day. Protein was measured with bovine serum albumin
as standard as described by Groves et al. [11].

Assay of adenylate cyclase

The assay was based on that described previously [9]. The reaction
mixture (80 ul) contained ATP (3 mmol/1), IBMX (1 mmol/1), 0.15%
human serum albumin, NTA (20 mmol/1), EGTA (1 mmol/1), MgCl,
(26.7mmol/1), Tes buffer (25mmol/l; pH7.6), phosphocreatine
(5 mmol/1), 0.5 mg of creatine kinase/ml, 3-4 ug of islet particulate
protein (corresponding to 10 islets), with or without 10 ul of islet cyto-
sol or treated cytosol (corresponding to 20 islets) and further additions
as indicated in the tables. The reaction was carried out at 30°C for
60 min and terminated by heating at 95°C for 3 min. After cooling,
60 ul of ZnSO, (0.4mol/1) and 60ul of Na,CO; (0.4mol/l) were
added for precipitation of ATP. After centrifugation at 6000g for
10 min, the supernatants were stored at —20°C until assayed for cy-
clic AMP. The activity was proportional to the amount of islet particu-
late protein and was linear with time for at least 75 min in all experi-
mental conditions tested. Cyclic AMP was measured by a competitive
protein binding assay [12]. Neither cytosol nor other components in
the adenylate cyclase assay interfered with this assay. Thus the aver-
age recovery of 2 pmol of cyclic AMP added to the incubate after heat
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inactivation was 98 £4% (n=3) in control samples and 100+ 8%
(n=3) in samples incubated with cytosol.

Treatment of cytosol

Dialysis: Cytosol (100 ul) was dialysed at 4°C for 18 h against 150 ml
of Tes buffer (25 mmol/1; pH 7.6) containing MgCl, (5 mmol/1), and
EGTA (1 mmol/1).

Heat: Cytosol (100-200 ul) was heated to 95 °C for 5 min. Denatured
material was removed by centrifugation at 6000 g for 10 min.
Alkaline phosphatase: Heated cytosol, GTP solution or buffer (100 ul)
were incubated at 37°C for 30 min with 10 ul (2 units) of alkaline
phosphatase in Tes buffer (25mmol/l; pH7.6) containing MgCl,
(5mmol/1), and EGTA (1 mmol/1). The reaction was terminated by
heating at 95 °C for 5 min after which the samples were centrifuged at
6000 g for 10 min. Control incubations at 37°C of heated cytosol,
GTP or buffer were carried out with heated alkaline phosphatase.
Charcoal: A mixture of 100 mg charcoal, 10 mg human serum albu-
min, and 10 mg Dextran T100 was prepared in 1ml of Tes buffer
(25mmol/1; pH7.6) containing MgCl, (5mmol/l), and EGTA
(1 mmol/1). Portions (20 pl) of the charcoal suspension were centri-
fuged at 6000 g for 10 min. The resultant supernatants were removed
and 50 ul samples of heated cytosol, GTP or buffer were added to the
charcoal pellets and mixed thoroughly. The samples were then centri-
fuged to separate the charcoal from the treated samples.

Expression of results

Results are given as mean £ SEM with n=number of experiments.
Statistical evaluation of the data was made by Student’s paired t-test.
NS =not significant (p > 0.05).

Results

Effect of cytosol on adenylate cyclase activity

Addition of cytosol (27 000 g supernatant of mouse islet
sonicate) devoid of adenylate cyclase activity itself in-
creased the particulate adenylate cyclase activity 93 £
17% (n=9) above controls (Table1). This maximal
stimulation was obtained upon addition of cytosol
corresponding to 20islets. The cytosol dependence of
the activity exhibited saturation kinetics with half-maxi-
mum stimulation obtained by addition of cytosol corre-
sponding to approximately five islets (not shown).
Double-reciprocal plots of the adenylate cyclase activi-
ty versus the ATP concentration revealed that the cyto-
sol increased the V,,,, of the enzyme without affecting
the apparent K, for ATP (117 £3 umol/1, n =4).

The stimulatory effect of the cytosol was retained
after heating but lost upon dialysis of the cytosol
(Table 1). GTP at 10 umol/l, which was a maximum
stimulating concentration, increased the adenylate cyc-
lase activity 91+11% (n=13) above controls or to
the same degree as cytosol. In combination GTP
(10 umol/1) and cytosol increased the activity 163 £25%
(n="7) above control values. The stimulatory effect of
cytosol was not significantly affected by the presence of
GTP. Thus, in the presence of GTP the activity due to
cytosol was 65+19% (n=7) of controls without GTP
and cytosol. These results suggest that the cytosolic ef-
fect should not solely be attributed to GTP.
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Effect of alkaline phosphatase and charcoal

The adenylate cyclase-enhancing activity of the cytosol
was sensitive to alkaline phosphatase digestion
(Table 1). Exposure under the conditions described
caused a total abolition of the enhancing activity of the
cytosol. Similarly, exposure to charcoal totally abol-
ished the capacity of cytosol to stimulate adenylate cyc-
lase, suggesting that the stimulation might be dependent
on endogenous GTP. However, GTP (10 umol/1) failed
to re-establish the combined effect of GTP (10 umol/1)
and cytosol when added to the phosphatase-treated cy-
tosol (Table 1). Glucagon is dialysable, heat-stable and
dependent on GTP for stimulation of adenylate cyclase
and therefore would be a likely candidate in a prepara-
tion of pancreatic islet cytosol. However, it did not seem
to be present in sufficient concentration in the cytosol
preparation to stimulate adenylate cyclase, since both
trypsin and glucagon antiserum failed to affect the abili-
ty of cytosol to stimulate adenylate cyclase (not shown).

Effect of quanosine 5’-0—(2—thiodiphosphate)

To confirm the separate effects of cytosol and GTP on
adenylate cyclase, we took advantage of the availability
of the GDP analogue GDP-§-S. GDP-$-S has been
shown to be resistant to hydrolysis and phosphorylation
by a number of membrane preparations and to inhibit
GTP- and hormone-stimulation of adenylate cyclase [3,
13, 14]. In mouse islet particulate fractions GDP-S-S
(1mmol/1) stimulated basal adenylate cyclase activity
(601 6%, n=>5; Table 2). The nature of this stimulation
is not clear. A conversion of GDP-£-S to the stimulatory
guanosine triphosphate form seems unlikely, since these
experiments were performed in the absence of creatine
kinase and phosphocreatine [13], and since the adenyl-
ate cyclase activity in the presence of GDP-§-S was lin-
ear with time throughout the incubation period (not
shown). However, GDP-£-S (1 mmol/1) totally prevent-
ed stimulation by GTP (10umol/1) or GMPPNP
(10 umol/1), but did not affect the stimulation by heated
cytosol. Thus, in the presence of GDP-f-S the activity
due to heated cytosol was 72+17% (n=>5) of control
values without GDP-$-S and heated cytosol. GDP-$-S
did not restore the combined effect of GDP-$-S and
heated cytosol when 1 mmol/1 of GDP-8-S was added
to phosphatase-treated cytosol (not shown).

Further characteristics of the cytosolic factor

The results suggest that pancreatic islets contain a phos-
phocompound distinct from GTP and capable of mark-
edly stimulating adenylate cyclase. NAD and phospho-
enolpyruvate have been shown to stimulate adenylate
cyclase under certain conditions {15, 16]. However, nei-
ther NAD nor phosphoenolpyruvate stimulated the ad-
enylate cyclase activity in the absence or presence of cy-
tosol, phosphatase-treated cytosol, GTP or GTP plus
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Table 2. Effect of GDP-£-S on the ability of heated cytosol to enhance
adenylate cyclase activity

Added agents Activity Number p (versus
(% of of experi-  control)
control) ments

Nil 100

Heated cytosol 198+ 23 5 <0.01

GTP (10 umol/1) 194+ 19 5 <0.005

GMPPNP (10 umol/1) 823+ 111 3

GDP-4-S (1 mmol/1) 160+ 6 5 <0.001;

. <0.05%

GDP-$-S (1 mmol/1) 232+ 17 5 <0.01°

+heated cytosol

GDP-$-S (1 mmol/T) 155+ 10 5 NSsb

+GTP (10 umol/1)

GDP-4-S (1 mmol/1) . 179+ 26 3

+GMPPNP (10 umol/1)

Results are given as mean + SEM of the control value (569 + 84 pmol;
n=T) of cyclic AMP/60 min per mg islet particulate protein. Ade-
nylate cyclase activity was determined in the absence of creatine ki-
nase and phosphocreatine.

 Versus GTP-stimulated activity. ® Versus GDP-8-S-stimulated ac-
tivity

phosphatase-treated cytosol (not shown). The islet cyto-
solic factor did not confer sensitivity upon adenylate
cyclase towards glucose, Ca?* or Ca?* plus calmodulin
(not shown). '

Discassion

The present findings demonstrate that pancreatic islets
contain a phosphocompound (or several compounds)
distinct from GTP and capable of stimulating adenylate
cyclase. The preliminary characterization of this com-
pound shows that it shares several properties with GTP
and appears to be dependent on phosphate groups for
stimulation. Thus it was dialysable, resistant to heat,
sensitive to charcoal treatment, sensitive to treatment
with alkaline phosphatase and insensitive to tryptic di-
gestion. However, in contrast to the stimulation by GTP,
the stimulation by the cytosolic factor was not inhibited
by GDP-$-S, and furthermore, the effects of GTP and
cytosolic factor were additive.

Cytosolic factors have recently been reported to ac-
tivate adenylate cyclase or to restore hormone-respon-
siveness of adenylate cyclase in several tissues including
rat reticulocytes, rat osteosarcoma, rat liver, pig lym-
phocytes and human platelets [2-7]. It is impossible to
find unique properties shared by these various factors
and the present pancreatic islet factor. The islet factor is
heat-stable, as that of rat liver [6] and pig lymphocytes
[7] while those reported for rat reticulocytes [2], rat os-
teosarcoma [5] and human platelets [5] are sensitive to
heat treatment. The factor described in [7] is dialysable
as the islet compound, but the factors in [2, 5, 6] are not
or only partially lost upon dialysis. The islet factor, as
those from human platelets and rat osteosarcoma [5], is
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totally lost on exposure to alkaline phosphatase, where-
as that described for rat reticulocytes [2] is insensitive to
alkaline phosphatase. Like the lymphocyte factor [7] the
present factor was dialysable and heat-stable, but in
contrast to the lymphocyte factor, it was not bound to
concanavalin A-Sepharose (results not shown).

It is well-established that glucose increases the pan-
creatic islet content of cyclic AMP. Furthermore, it is
agreed that cyclic AMP enhances the islet f-cell insulin
response [17]. However it is a matter of debate whether
glucose has any direct effect on adenylate cyclase in the
islets. Some evidence suggests that the raised intracellu-
lar Ca?*-concentration in response to glucose is respon-
sible for stimulation of adenylate cyclase but, as recent-
ly reported by us, neither Ca?*nor Ca?* plus calmodu-
lin stimulate mouse islet adenylate cyclase activity [9].
The cytosolic factor described in the present report was
not dependent on Ca?* for its enhancing activity and
did not confer sensitivity towards glucose, Ca’* or
Ca?* plus calmodulin upon adenylate cyclase. These
results confirm our recent results obtained on whole
homogenates of mouse islets [9].

The cytosolic factor appears to exist in great excess
in the islets. Assuming equal distribution of the factor in
the intracellular waterspace and a total waterspace of
approximately 2-3 nl/islet, the cytosolic factor was di-
luted 1000-2000-fold in the adenylate cyclase assay. It
is conceivable that the factor is not truly cytoplasmic in
origin, but is loosely bound to the inner aspect of the
cell membrane and eluted from it during preparation of
particulate fractions. Alternatively, the factor may be
compartmentalized in the cytoplasm or between differ-
ent cell types in the islets.

Only preliminary characteristics of the factor have
been obtained so far and the physiological significance
of the factor remains to be established. However, it is
not unreasonable to speculate that it may have an im-
portant réle in regulation of islet adenylate cyclase ac-
tivity. Indeed identification of the islet factor might as-
sist in unravelling the mechanism by which glucose
increases intracellular cyclic AMP in pancreatic islets.
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