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CHAPTER 1

GENERAL INTRODUCTION

General introduction
Structure and function of the exocrine
pancreas
In mammals, the pancreas has both an
endocrine and an exocrine function. The
largest part of the mammalian pancreas consists of exocrine tissue, while only about 2%
of the total tissue volume has an endocrine
function delivering its products directly into
the blood. The endocrine cells are organized
in small clusters of cells, well known as the
islets of Langerhans, and are dispersed
throughout the exocrine tissue. These endocrine cells synthesize and secrete the hormones
insulin and glucagon, which regulate the
blood glucose level and cellular glucose
metabolism. Pancreatic polypeptide and
somatostatin are also secreted by these cells.
The exocrine part, consisting of about 90% of
the pancreatic tissue [1 J, is responsible for the
secretion of an alkaline, bicarbonate-rich fluid
containing digestive enzymes. The enzymes
of the pancreatic juice can be subdivided
according to the hydrolysed type of molecule
into amylase (starch), the proteolytic (proteins), lipolytic (fats) and nucleolytic (nucleic
acid) enzymes.
The major part (ca 95%) of the exocrine
tissue consists of cells with a pyramidal
shape, the acinar cells, which are responsible
for the synthesis, storage and secretion of the
digestive enzymes present in the pancreatic
juice. The smallest functional unit of the
exocrine pancreas, the acinus, is formed by
several acinar cells situated around a common
lumen. The acinar cells are characterized by a
highly developed endoplasmic reticulum and
Golgi apparatus and contain a large number
of zymogen granules, in which the digestive
enzymes are stored. The zymogen granules
are located near the apical site of the cell
adjacent to the lumen, in which the enzymes
are released by exocytosis. Apart from the
acinar cells, the acinus also contains a few

cells, the centro-acinar cells, which are morphologically completely different from the
acinar cells, but which are very similar to the
ductular cells, which border the ducts [2].
These latter cells have a normally developed
endoplasmic reticulum, while zymogen granules are completely absent. The centro-acinar
cells border on a ductule, which connects the
acinar lumen with the duct system. This duct
system is formed by numerous small ducts
converging into larger ducts, and finally
resulting in one or more main ducts, which
end in the duodenum. The centro-acinar cells
and duct cells are reponsible for the secretion
of a bicarbonate-rich fluid [3].

Physiological regulation of pancreatic
secretion
Secretion of the pancreatic juice is a process, which can be divided in two separate
processes: secretion of pancreatic bicarbonate-rich fluid mainly by the ductular cells
and secretion of the digestive enzymes by the
acinar cells. Both processes are regulated by
different physiological stimuli.
Pancreatic fluid secretion. In mammals
regulation of the pancreatic bicarbonate-rich
fluid secretion is generally thought to be
mainly under control of the hormone secretin.
Secretin is secreted by the endocrine cells of
the duodenal mucosa after acidification of the
duodenum resulting in enhanced plasma concentrations of this hormone [4]. The main target of secretin was found to be the ductular
cell [3]. Vasoactive intestinal peptide (VIP), a
polypeptide isolated from the small intestine
of pig, which has structural similarities with
secretin [5], was also found to stimulate fluid
secretion but much higher doses than secretin
were required [6,7]. Contribution of the acinar cells to fluid secretion induced by chole-
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cystokinin is variable and species-dependent
[8-11] In rat and guinea pig there is a large
contribution of acinar chloride-nch fluid
secretion to total fluid secretion, but in other
species like cat and rabbit this contribution is
small
Panaeatic enzyme secretion Secretion
of digestive enzymes from the acinar cells of
the pancreas is generally thought to be both
under neuronal and hormonal control Neuronal stimulation of the exocrine pancreas, by
mere observation of food as postulated by
Pavlov [12] or by food ingestion, is exerted
by the neurotransmitter
acetylcholine,
released upon stimulation of the vagus nerve
Cholecystokmin (CCK), formerly called pancreozymin, is the classical hormone stimulating pancreatic enzyme secretion [13] CCK is
secreted into the bloodstream by the endocrine cells of the duodenal mucosa, when food
passes from the stomach into the duodenum
[14] The hormones, secretin and VIP, which
prunanly act on the fluid secretion process,
have also been shown to mcrease enzyme
secretion [15], but this stimulating effect
appears to be very species-dependent [ 16]

Signal transduction mechanisms in
pancreatic enzyme secretion
The physiological stimuli of pancreatic
enzyme secretion are supplied by the bloodstream at the serosal site of the acinar cell
These stunuli are water-soluble molecules
and are not able to penetrate the plasma membrane Therefore, receptors on the serosal
plasma membrane are needed to transduce the
signal This in contrast to hormones, like steroids, which because of their hydrophobic
nature can pass the plasma membrane and
bind to cytosolic receptors via which they
exert their physiological response All receptors have a very high specificity and affinity
for one type of signaling molecules At
present several types of cell surface receptor
proteins have been described and can be

divided into receptors with and without an
intrinsic activity
Receptors containing
endogenous activity include for instance the
receptors for insulin and epidermal growth
factor, whose intracellular domains possess
tyrosine kinase activity, and receptors, which
have intrinsic ion channels, such as the
GABA, glycine and nicotinic receptor
Receptor proteins that do not have such an
intrinsic enzyme activity or ion channel need
the help of other proteins, mtracellularlyassociated with the plasma membrane, to
transduce the signal When the signaling
molecule binds to such a receptor, the
receptor-hgand complex is thought to undergo a conformational change, which, with the
intervemence of a transducer protein, leads to
the activation of an amplifier enzyme that
generates intracellular signal molecules,
called second messengers The physiological
response is then intracellularly initiated by
these second messengers via a cascade of
each other influencing events Despite the
wide variety of plasma membrane receptors
utilizing the above signal transduction system, they can generally be divided m two
groups, based on the second messenger molecule that is formed after receptor activation
(1) stimuli that alter intracellularly the concentration
of
adenosine
cyclic
S'.S'-monophosphate (cAMP) and (2) stimuli
that activate an enzyme, which hydrolyzes
phosphatidylinositol
4,5-bisphosphate
(PtdIns(4,5)P2), generating the second messengers,
inositol
1,4,5-trisphosphate
(Ins(l,4,5)P3) and 1,2-sn-diacylglycerol

cAMP as a second messenger
transduction

in signal

In 1957 Sutherland & Rail were the first
to discover cAMP as second messenger in the
action of glucagon and epinephrine in glycogenolysis The formation of cAMP from ATP
was found to be catalyzed by the enzyme adenylate cyclase, which is intracellularly associated with the plasma membrane [17] There-
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after, a great number of physiological stimuli
has been found to alter intracellular levels of
cAMP[18, 19]
In addition to the hormone receptor and
the adenylate cyclase, a third plasma
membrane-associated protein is needed for
hormone-induced regulation of adenylate cyc
lase activity This protein is called G-protein
because it binds guanosine phosphates (GTP
or GDP) Its role in this process was first sug
gested by Rodbell et al [20], who showed the
requirement for GTP of hormonal activation
of adenylate cyclase Subsequently, it was
found (i) that hormones, which activated
membrane-bound adenylate cyclase also stim
ulated a GTPase activity [21], (n) that nonhydrolyzable analogues of G I P activated adenylated cyclase without the need for hormone
[221 and (in) that GTP decreased the affinity
of receptors for agonists but not for antago
nists [23]
At the moment the working hypothesis is
that agonist-induced activation of the receptor
promotes the interaction of the receptor with
one or more specific G-proteins
This
G-protein then becomes able to bind GTP by
exchanging the tightly-bound GDP, upon
which it is activated The activated (GTPbound) G protein in its tum modulates the
activity of the appropriate intracellular effec
tor protein, such as the adenylate cyclase The
endogenous GTPase activity of the G-protem
is responsible for the mactivation of the
G-protein Dissociation of the thereby formed
GDP is the rate-lumting step and is controlled
by the activated hormone-receptor complex
[for review see 24] The G-protein is com
posed of three subunits, α, β and γ, with a
molecular mass of about 40 - 46 kDa, 37 - 39
kDa and 8 4 kDa, respectively The above
mentioned binding of GTP takes place at the
a-subunit of the G-protem and is believed to
promote the dissociation of ot-subumt/GTP
from the βγ-complex It is the dissociated
α-subunit/GTP-compIex that mteracts with
and regulates the adenylate cyclase and that
possesses the GTPase activity At the moment
nine genes encoding for G-protein a-subunits

have been identified [25] Among these are
a-subumts of G s and G^ which are responsi
ble for stimulating and inhibiting adenylate
cyclase activity, respectively Thus depending
on the honnone-receptor complex activated,
levels of cAMP can be increased or
decreased
It is generally believed that all effects of
cAMP are mediated by the activation of a
specific cellular enzyme, cAMP-dependent
protein kinase (protein kinase A) Protein
kinase A consists of two different subunits
Cyclic AMP binds to the regulatory subunit
(R), which is distmct from the catalytic subu
nit (C), inducing conformational changes that
lead to dissociation of the holoenzyme
(R2C2) The active dissociated catalytic subu
nit catalyzes the transfer of a phosphate group
from ATP to a senne or threonine residue of
specific substrate proteins [26, 27] The covalent phosphorylation of these proteins causes
them to gam or lose activity, thus leading to
the physiological response of the hormone
[28]

The role of cAMP as a second messenger in
pancreatic enzyme secretion
The involvement of cAMP m pancreatic
enzyme secretion is complex and appears to
be species-dependent Secretin and VIP
increase астат cAMP levels by hormonemduced activation of adenylate cylase m
guinea pig, dog, cat, rat, mouse and rabbit but
enzyme secretion is only stimulated by these
two compounds m rat and guinea pig [16,
29-34] Moreover, compounds that mercase
acinar cAMP levels without receptor activa
tion, either by stimulating adenylate cyclase
activity or by inactivating cyclic nucleotide
phosphodiesterases, have only been shown to
elicit enzyme secretion m rat and guinea pig
Cholera toxm, which activates adenylate cyc
lase by covalent modification of the stimula
tory G-protem, mcreases cytosolic cAMP but
enzyme secretion is stimulated only m gumea
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pig pancreas [35-37]. Forskolin, a diterpene
isolated from Coleus forskohlii roots, which
is a potent activator of adenylate cyclase and
acts directly on the catalytic subunit, has been
shown to increase cellular cAMP levels both
in rat [38] and rabbit [39] but in rabbit, in
contrast to rat acinar cells, forskolin was
without effect on enzyme secretion. Similar
results were obtained when inhibitors of cycl
ic nucleotide phosphodiesterases were used to
prevent the enzymatic breakdown of cAMP,
or when synthetic derivatives of cAMP were
added to increase acinar cAMP levels [15,
40-42].
The above observations suggest that in
most species cAMP is not involved in acinar
enzyme secretion. In all species tested, how
ever, an increase in cAMP level has been
shown to exert a markedly potentiating effect
on pancreatic enzyme secretion stimulated by
secretagogues, such as cholecystokinin and
acetylcholine,
which
act
through
PtdIns(4,5)P2 hydrolysis [15, 33, 38, 39,
43-46].

Phosphoinositide metabolism and signal
transduction: IPj and diacylglycerol as
second messengers
In addition to cAMP, another major sig
naling system, which increases intracellular
C a 2 + , appears to play a central role in stimu
lus secretion coupling of a wide variety of
hormones
and
neurotransmitters.
The
agonist-induced mobilization of cytosolic
Ca2 + can be due to either an influx of Ca^4"
from the extracellular space or a release of
Ca^ + from intracellular Ca^ + stores, both of
which have been suggested to be under hor
monal control [47]. Here we will focus on
the Cdr+ mobilization from internal stores.
In 1975 Micheli [48] postulated the hypothe
sis that the agonist-dependent hydrolysis of
an inositol phospholipid, which later turned
out to be PtdIns(4,5)P2, would play some role
in the intracellular rise in calcium. Evidence

that the inositol lipids might play a role in
stimulus secretion coupling had emerged
from the experiments of Hokin & Hokin in
1953, who found that acetylcholine stimulat
ed the incorporation of radioactive phosphate
into phosphatidylinositol of pancreas slices
[49, 50]. It was not before the last decade that
it became evident that this agonist-induced
incorporation of radioactivity resulted from
an enhanced breakdown and resynthesis of
PtdIns(4,5)P2 that occurred in many stimulat
ed cells in a wide variety of tissues [51-59],
including pancreatic acini [60-62]. There is
increasing evidence that, analogous to the
cAMP signaling system, hormone-induced
activation of the PtdIns(4,5)P2 specific phos
phodiesterase is also regulated by a
G-protein, called Gp [63-67] but the proper
ties of this putative G-protein still remain
unknown.
At the moment, it is generally established
that
agonist-induced
increases
in
[32p]-iabelling of phosphatidylinositol and
phosphatidic acid are due to receptormediated hydrolysis of PtdIns(4,5)P2, gener
ating Ins(l,4 > 5)P3 [58] and diacylglycerol
[68]. The water-soluble Ins(l,4,5)P3 diffuses
into the cytosol to release intracellular stored
Ca , while the hydrophobic diacylglycerol
remains in the plasma membrane, where it
activates the Ca^ + - and phospholipid-dependent protein kinase С (Fig. 1) [for reviews,
see 69-74]. The two branches of the bifurcat
ing phosphoinositide signaling system, the
Ins(l,4,5)P3/Ca2 + pathway and diacylglycerol/protein kinase С pathway, will be dis
cussed separately.

The Ins(l,4¿)P3lCt¿+

branch

Using permeabilized pancreatic
cells, Berridge and his colleagues
showed that Ins(l,4,5)P3 could release
from an intracellular non-mitochondrial
Similar observations have since then
made in a large number of cells using a

acinar
[75]
Ca^"1"
store.
been
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Fig 1 Summary of agonist-dependent phosplwmasitide metabolism The activated receptor (R) trans
duces the information through a G-protein (Gp) to activate a Pldlns(4,5)P2 specific phosphodiesterase
(PIP2 PDE) P1P2 PDE hydrolyzes PIP2 i n t 0 'he second messengers inositol(l,4,5)tnsphosphate
(І(1,4,5)Рч) and diacylglycerol (DAG) І(1,4,5)Рч releases C a 2 + from an inuacellular store ](1,4,5)Рз is
degraded rapidly lo IP2 by a specific phosphatase but can also be phosphorylated lo IP4 by a specific
kinase IP4 is ultimately also degraded by phosphatases to free inositol (I) The DAG remains in the plas
ma membrane, where it activates protein kinase С The membrane phospholipid phosphatidyisenne (PS)
and Ca*-+ are cofaciors for the activation of protein kinase С Phosphorylation of substrate proteins by
piotein kinase С and/or a Ca^+/CaM dependent protem kinase may ultimately lead to the physiological
response (Figure slightly modified from ref 69)

variety of permeabdization techniques or by
injecting Ins(l ,4,5)Рз into intact cells [70, 71,
76-78] The Ins( 1,4,5)P3-sensitive intracellu
lar Ca^ + store is considered to be the endo
plasmic reticulum, or at least a part of it
Recently, these stores have been found to be
discrete organelles, referred to as calciosomes
[79], whereas immunocytochemical studies
have revealed that the [ns(l,4,5)P3 receptor is
localized on parts of the endoplasmic reticu
lum, including the nuclear envelope [80]
Іпь(1,4,5)Рз releases Ca^ + from these stores
by binding to a receptor [81], which then
opens a channel, allowing Ca^ + to flow into
the cytosol This Ins(l,4,5)Рз-controlled cal
cium channel can not be blocked by classic
calcium channel blockers, such as mtrendtpine, nifedipine, verapamil, dantrolene and
ddtiazem [82, 83]

The release of C a 2 + by Ins(l,4,5)P3 is
transient due to the rapid metabolization of
Ins(l,4,5)P3 via complicated pathways,
which ultimately end with the formation of
free inositol [84, 85] Apart from being
dephosphorylated to Ins(l,4)P2, Ins(l,4,5)P3
can also be phosphorylated to inositol
1,3,4,5-tetrakisphosphate (Ins(l,3,4,5)P4) by
the Ca 2+ -sensitive
Ins(l,4,5)P3-3-kinase
(Fig 1) [86-88] The rapid metabolism of
Ins(l,3,4,5)P4 in stimulated tissues [87-89]
makes it a more likely candidate for being a
second messenger than its breakdown product
Ins(l,3,4)P3, another mositol tnsphosphate
At the moment the physiological role of
Ins(l,3,4,5)P4, which per se does not release
C a 2 + from intracellular stores [90], is unclear
but it is thought to promote the flow of C a 2 +
from the outside of the cell directly into the
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Ins(l,4,5)P3-sensitive Ca^ + stores orto direct
the Ca^ + flow between internal Ca^ + stores
[85, 91-93] However, it is also possible that
the inflow of Car+ into the stores is regulated
by the Cer+ concentration in the stores itself
as suggested by Putney [94]
Also inositolpentakisphosphate (InsPs)
and inositolhexakisphosphate (InsPf)) have
been shown to be present in mammalian cells
but their function is unknown although the
finding that Ins(l,3,4)P3 can be converted
into InsPs may link the latter one to the inositol pathway discussed above [95] Finally,
cyclic inositol phosphates (cycIns(l-2,4)P2
and cycIns(l-2,4,5)P3), of which the latter
one has the ability to mobilize Ca^ + [90, 96],
has been found to increase upon hormoneinduced stimulation of PtdIns(4,5)P2 hydrolysis [97, 98] The physiological significance of
these cyclic inositol phosphates is not known
although, given the slow accumulation and
slower metabolism, cycIns(l-2,4,5)P3 is suggested to serve as a 'long-term active
Ins(1.4,5)P3 [85]
The
availability
of
Ca^+-sensitive
fluorescent indicators made it possible to
measure the agonist-induced nse in the intracellular Car+ concentration in cell suspen
sions, which elucidated some of the processes
described above However, it is only recently
that techniques have been developed for
measuring the intracellular Ca¿+ concentration m single cells It was found that upon
stimulation cells often displayed oscillations
in the intracellular Car+ concentration, which
were undetectable in cell suspension probably
because of the absence of synchronicity of the
Ca^ + signals [for review see 99] It was
subsequently shown that in some cells the frequency of these calcium osculations varied
with the agonist concentration [100-103] suggesting a frequency rather than an amplitude
modulation of the physiological response by
the generated Сл^+ signal These Ca^ + oscil
lations may originate from а Сяг+ influx by
opening and closing of voltage-dependent
C a 2 + channels in the plasma membrane or

+

from a Ca? release from intracellular stores
The latter type of oscillations is frequently
associated with stimuli that act through the
phosphoinositide pathway [99] The cellular
basis of these oscillations is unknown but at
the moment there are four models to explain
+
the Car oscillations and they can be divided
into a two receptor-controlled models involv
ing feedback loops inducing fluctuations in
the Ins(l,4,5)P3 concentration and two sec
ond messenger-controlled models suggesting
+
regulation of Car concentration at the level
of the stores [71, 99, 104] Cobbold and col
leagues [105] proposed a receptor-controlled
model, in which agonist-activated protein
kinase С negatively influences the hydrolysis
of PtdIns(4,5)P2 thereby ceasuig the
Ins(l,4,5)P3 and diacylglycerol production,
whereas Meyer & Stryer [106] suggested that
calcium may be a positive regulator of
Ins(l,4,5)P3 formation However, the fact
that a non-metabolisable Ins(l,4,5)P3 deriva
tive, applied through a patch pipette into
mouse pancreatic acini, mumced acetylcho
line induced Сэг+ pulses argues against a
role for Ins(l,4,5)P3 fluctuations in Ca^ +
oscillations
[107]
The two second
messenger-controlled oscillator models, on
the other hand, are based on a steady state
level of Ins(l,4,5)P3 inducing Сяг+ oscilla
tions occurring at the level of the Сзг+ stores
either by a negative feedback of Car+ on the
Ins(l,4,5)P3-sensitive C a 2 + channel [102,
108, 109] or by an interplay of
Ins(l,4,5)P3-sensitive and insensitive C a 2 +
stores In the latter model, the increase in
cytosohc
Car+
from
the
Ins(l,4,5)P3-sensitive store initiates C a 2 +
induced
Car+
release
from
an
Ins(l,4I5)P3-msensitive store, resulting in an
oscillatory C a 2 + concentration [99, 110,
111]

The diacylglycerollprotein kinase С branch
Diacylglycerol, the other immediate prod
uct of the agonist-induced phosphodiesteratic

cleavage of PtdIns(4,5)P2, remains in the
plasma membrane There it also functions as
a second messenger in that it is the most
potent physiological activator of protein
kinase С [68, 112] thereby activating the sec
ond branch of the bifurcating phosphoinositide signaling pathway (Fig 1 ) Protein kinase
С was initially identified in 1977 as protein
kinase M, a serine/threonine protein kinase,
which was activated by the Ca^ + -dependent
thiol protease [113,114] In 1979 Takai et al
[115] found that the enzyme, isolated m the
presence of Car+ chelators to prevent proteo
lysis, required Ca^"·" and an acidic phosphohpid, particularly phosphatidylserine, for its
activation The link with the phosphoinositide
signaling pathway was made when diacylglycerols were shown to dramatically increase
the affinity of protein kinase С for Ca^ + ,
thereby rendering it fully active without a net
increase in the cytosohc Ca^ + concentration
[116, 117] Diacylglycerol is thought to bind
to the enzyme, causing it to be translocated to
the membrane Here, in the presence ofphosphatidylsenne and (sub)micromolar Ca^ + the
kinase is activated [72-74, 112] The interest
in protein kmase С was further increased in
1982, when Castagna et al [118] found that
the stimulatory activity of diacylglycerols on
protein kinase С could be completely mimiced by the tumor promoting phorbol esters
[119] In the subsequent years protein kmase
С activity and phorbol ester binding sites
were shown to copunfy [120-123] and diacyl
glycerol was found to compete for the phor
bol ester bmdmg site [124], supporting the
idea that protem kmase С is the prime and
probably sole target for the action of the phor
bol esters [125]
Protem kinase С is widely distributed m
animal tissues, but most abundant both m
quantity and m variety in the bram tissues
[72] Recently, molecular clonmg of several
cDNAs of protem kmase С [126-131], as well
as biochemical analysis and purification of
protem kmase С isozymes [132-134] have
established the molecular diversity of the pro

tein kmase С family At present at least six
genes encoding for seven subspecies of pro
tem kmase С have been identified, which,
based on the sequence at several coding
regions, can be divided into two groups [135,
136] Initially, only the first group, containing
the a, the alternatively spliced ßi and βπ and
the γ subspecies, was known The codmg
sequences of this group all contam four con
served (CI - C4) and five variable (VI - V5)
regions The carboxy-temunal half of each
enzyme, containing the C3 and the C4 region,
seems to be the catalytic domain since the
conserved C3 region has a sequence, which is
typical for ATP-bindmg sites and is shared by
many other protem kinases The arrunoterminal half of these isozymes, containing
the conserved regions CI and C2, is thought
to be the regulatory domam The CI region
contams a pseudosubstrate sequence, ArgLys-Gly-Ala-Leu-Arg-Gln-Lys, which may
be responsible for maintaining the enzyme m
the mactive cytosohc form when Ca^ + , dia
cylglycerol and phospholipids are absent
[137] The CI region also contams two tan
dem repeats of a cysteme-nch sequence,
which resemble the consensus of a so-called
zinc-finger that is found m many metalloprotems, steroid receptors [138] and DNAbinding protems, which are related to tran
scriptional regulation [139] This CI region
has also been shown to contam the phorbol
ester-binding site [140] The other group of
protem kmase С isozymes contams the δ, e
and ζ subspecies The isozymes of the latter
group lack the conserved C2 region m the
regulatory domam Smce these isozymes are
also independent of Ca^ + for activity
[129-131], it is likely that this C2 region
plays a role m the Ca^ + -dependence of the
enzymes All protem kmase С subspecies are
composed of one smgle polypeptide chain of
approximately the same molecular mass (77
kDa) except for the ε and the ζ subspecies,
which are 83 kDa and 68 kDa respectively
The V3 region contams the calpain- and
trypsm-sensitive site [141, 136] and proteo
lytic degradation yields a Ca^/phospho-
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lipid-uisensitive protein kinase, previously
called protein kinase M [113], and a
+
Ca^ -mdependent, phosphohpid-dependent
phorbol ester-binding protein [142, 143] The
physiological significance of proteolytic acti
vation of protein kinase С is unclear although
it is suggested to play a role in TPA-induced
degradation, called down-regulation, of pro
tein kinase С since it was found that the dif
ferent subspecies had different susceptabilities to the calpain action [141]
The expression of the protein kinase С
isozymes is not unifonnly distributed
throughout different tissues and cell types
The distribution of the α, β and γ isozymes
has been examined extensively after it was
shown that the protein kinase С types Ι, Π and
ΙΠ, separated by hydroxylapatite chromatog
raphy, were derived from the γ, β and α
genes, respectively [142] Type Π (β) and
type III (a) appear to be commonly present in
various tissues, but type Ι (γ) was found only
in the brain and spinal cord [135, 144] The
relative abundance of the protein kinase С
isozymes α and β also varies with the tissue
studied In rat, the α subspecies appears to be
the predommant one in lung, heart and kid
ney, while the β subspecies is more abundant
in spleen and testis [144]
Protein kinase С types I, II and III not
only vary in their tissue distribution but also
have subtle differences in their enzymatic
properties Protein kinase С type I and HI are
much less activated by diacylglycerol m the
presence of phosphatidylsenne, when Сгг+ is
absent, than is type II [135, 145] These three
isozymes also display differences in the
responsiveness to arachidomc acid and cardiohpin and have different substrate specifici
ties [146, 147] Moreover, the in vitro depen
dency of protein kinase С on Car+,
diacylglycerol and phosphatidylsenne for
activity has been shown to vary with the subs
trate used, such as in extremo protamine,
which can be phosphorylated by protein
kinase С m the absence of Ca^ + , phosphati
dylsenne and diacylglycerol [146, 148]

These differences m enzymatic properties
may not only be restncted to different iso
zymes in the same tissue but also between the
"same" type isozyme in different tissues
[144]
The tissue distribution and biochemical
properties of the protein kinase С isozymes δ,
e and ζ have not yet been clanfied despite the
fact that their mRNAs are abundant in brain
[129-131] but the protein kinase С isozymes
of this group have been shown to display
activities independent of Сзг+ They also
appear to have a substrate specificity distinct
from the other group, as histone was shown to
be a poor substrate, which could also explain
why so far they have escaped detection [128,
129] It may be speculated whether agonists
can selectively activate or inhibit (downregulate) the individual protein kinase С iso
zymes, which then with their preferred subs
trates can generate specific cellular processes
In examining the physiological role of
protein kinase С in signal transduction two
approaches are readily used One could either
pharmacologically activate protein kinase С
by phorbol esters and penneable diacylglycerols or inhibit protein kinase С m agonist
stimulated processes Therefore, beside the
search for activators of protein kinase С much
attention has also been paid on developing
specific inhibitors of protein kinase С Many
compounds, such as chlorpromazine [149],
trifluoperazine, polymyxme В [150], sphmgosine [151], tamoxifen [152], calphostin С
[153], H7 [154] and staurosporme [155] have
been reported to inhibit protein kinase С
Most of these compounds act by interfering
with the lipophyhc cofactor binding to protein
kinase С and are of low potency and specific
ity since they inhibit also calmodulindependent protein kinases H7 and staurospo
rme appear to interact with the catalytic
domain of the enzyme H7 inhibits protem
kinase С by competition with ATP [154]
However, since the ATP binding site for all
protem kinases is highly conserved, the selec-
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tivity of this drug is doubtful, which is also
reflected by similar inhibition constants for
other protein kinases [154]
Since the first demonstration that protein
kinase С plays a stimulatory role in serotonin
secretion from platelets [156], its role has
been shown for the release and exocytosis
from a wide variety of cell types and for
many other cellular processes, such as cell
proliferation and differentiation [72-74]
However, protein kinase С can also be inhibi
tory active A negative feedback control by
protein kinase С has been suggested to play a
role m receptor down-regulation [157] and
inhibition of agonist-induced hydrolysis of
2+
PtdIns(4,5)P2
and
Ca
mobilization
[158-163] Moreover, protem kinase С has
been shown to phosphorylate the epidermal
growth factor receptor, resulting in a rapid
decrease in high affinity binding for bGF and
an inhibition of tyrosine kinase activity [164]

Role of the phosphoinositide
pancreatic enzyme secretion

pathway

in

Pancreatic acinar cells possess receptors
for the C a 2 + mobilizing secretagogues cholecystokmm, acetylcholine, bombesin and physalaemin [165] For studying pancreatic
enzyme secretion the secretagogues cholecystokinm, the structurally related caerulein, and
carbamoylcholine are most frequently used
The involvement of C a 2 + in pancreatic
enzyme secretion has been demonstrated in
many studies Early observations showed that
incubation of pancreatic fragments in C a 2 +
free medium inhibited the response to these
secretagogues [166-168], suggestmg that
C a 2 + entry across the plasma membrane was
necessary to induce secretion In later studies
with isolated acini it was found that in the
absence of Сгг+ initially a normal secretory
response could be obtained but that the sus
tained (long-term) secretion was inhibited
[169-171] Further evidence for the role of
cytosolic C a 2 + in triggermg enzyme secretion

2+

is provided by studies, m which a C a lonophore, like A23187 or lonomycin, is used to
artificially increase the intracellularly free
+
+
Cir concentration These Сгг lonophores
initiate enzyme secretion even in the absence
+
+
of extracellular Cdr , suggesting Сл^ mobi
lization from an intracellular store [62,
+
172-175] C?r dependent stimulation of
enzyme secretion was also induced m acinar
cells permeabilized by high electric field dis
charges [176] Subsequently, using either
+
Ca2 -sensitive microelectrodes [177] or
2+
fluorescent C a
indicators, such as Qum2
and more recently Fura [162, 163, 178-182],
it was shown that cholecystokmin and carba
moylcholine
dose-dependently mcreased
2+
cytosolic C a transiently m the intact acinar
cell Recently, utilizing microspectrofluorometry of Fura-2 to measure the intracellular
2
Ca "*" concentration in single acmar cells, the
2+
Ca
level has been shown to display an
oscillatory behavior in réponse to secretagogues [183-186]
At the moment, the phosphoinositide
pathway is thought to be involved m the
cholecystokmin- and carbachol-induced C a 2 +
mobilization Agonist-induced hydrolysis of
[ 32 P]PtdIns(4,5)P2 h a s been shown to take
place within seconds after agonist exposure to
acini [60-62, 163] The water-soluble hydrolysis product Ins(l,4,5)P3 has been shown to
release intracellularly sequestered C a 2 + from
permeabilized acinar cells [75, 187] and the
kinetics of receptor-mediated formation of
Ins(l,4,5)P3 are consistant with an agonistinduced release of internal C a 2 + [188-191]
Agonist-induced dose-dependent formation of diacylglycerol has also been described
for pancreatic acini [192-195] The initial diacylglycerol peak was shown to comcide with
the Ins(l,4,5)P3 peak suggesting an origin in
the hydrolysis of Ptdlns(4,5)P2 but the larger
and sustained formation of diacylglycerol is
suggested to originate from hydrolysis of
phosphatidylcholine [195], maintaining protem kinase С activation without Ins(l,4,5)P3
production Agomst-mduced hydrolysis of
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phosphatidylcholine has been suggested pre
viously in various tissues [196-199] In addi
tion, there is evidence that protein kinase С
regulates phosphatidylcholine hydrolysis as
phorbol esters have been shown to increase
diacylglycerol in several cell types, which
increase coincided with the generation of cho
line or phosphocholine [196, 197]
Protein kmase С is postulated to be the
major target of diacylglycerol liberated by
receptor-mediated
hydrolysis
of
PtdIns(4,5)P2 [72-74] and protein kinase С
activity has been described in guinea pig and
rat pancreas [200, 201] Evidence that activa
tion of protein kuiase С can stimulate enzyme
secretion has come primarily from work with
phorbol esters, which mimic the stimulatory
effect of diacylglycerol on protein kinase С
[202-205] Phorbol ester-induced enzyme
secretion is not accompagmed by a rise in
intracellular C a 2 + [180, 20^, 206] indicating
that activation of protein С at restmg Car+
concentration is enough to trigger enzyme
secretion and suggesting a major positive
stimulatory role for protein kinase С in pan
creatic enzyme secretion In addition, a major
+
role for an elevation of intracellular Car as a
necessary event in the stimulus secretion
coupling of caerulem- or carbamoylcholineinduced amylase release in rat pancreas has
been questioned by Bruzzone et al [182]
In assessing the contribution of each limb
of the bifurcating phosphomositide pathway
in vivo, the drugs 12-O-tetradecanoylphorbol
13-acetate (TPA) and A23187 have frequent
ly been used to activate protein kmase С and
to mercase intracellular C a 2 + , respectively,
without receptor activation [74] In most
species studied, these agents alone stimulate
amylase release to a much lesser extent than
an optimal concentration of CCK or carbamoylcholine [62, 203, 204], although in guin
ea pig pancreas TPA alone is a potent secretagogue [180, 202] We have shown that, at
least in the rabbit concomitant activation of
both
the
Ins(l,4,5)P3/Ca 2 +
and
the
diacylglycerol/protein kinase С pathway by

these drugs leads to full stimulation of pan
creatic enzyme secretion [204], which may
reflect that both limbs act synergistically m
generating the physiological response and/or
may suggest that in vivo as in vitro diacylgly
cerol and C a 2 + act synergistically to activate
protein kinase С
In addition to its stimulatory role in pan
creatic enzyme secretion protein kinase С
may also have a negative feedback role Pretreatment of pancreatic acmi with TPA has
been shown to inhibit the secretory response
to CCK and carbamoylcholme [161, 207], an
effect paralleled by an impaired calcium
response [162, 163, 187, 207] Since similar
effects on InsUASJPvmduced release of
C a 2 + from permeabilized pancreatic cells
were obtained after pretreatment with CCK or
TPA [187], a role for protein kinase С in
receptor-mediated desensitization is suggest
ed

Aim of this study
The purpose of this study is to obtam
more insight in the role of protem kinase С in
and its contribution to pancreatic enzyme
secretion Previous studies usmg the phorbol
ester 12-O-tetradecanoylphorbol 13-acetate
(TPA) have already presented evidence that
protem kinase С is involved m pancreatic
enzyme secretion [200-205] and that activa
tion of protem kmase С m conjunction with
an increase in intracellular C a 2 + by a C a 2 +
lonophore leads to a secretory response that is
equal to hormonal stimulation [204] How
ever, the individual role of protem kmase С m
hormone-mduced enzyme secretion is not yet
elucidated and some investigators have sug
gested an inhibitory role for protem kinase С
rather than a stimulatory one [193]
To study the role of protem kmase С m
pancreatic signal transduction on a intracellu
lar level, the kmetic characterization of rabbit
pancreatic protem kmase С is required In
chapter 2 we describe the purification of pro-
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tem kinase С from rabbit pancreas and the
characterization of its main kinetic properties
Since protein kinase С exerts its physiological
action by phosphorylation of acinar proteins,
we examined the substrates of pancreatic pro
tein kinase С both in vitro (chapter 3) and in
vivo (chapter 4) It was found that m vitro
pancreatic protein kinase С phosphorylated
predominantly low molecular mass (17 - 19
kDa) proteins of cytosolic origin In this
study, we also showed that cAMP, which has
a potentiating effect on CCK- or TPAinduced amylase secretion, synergistically
increased the phosphorylation of these low
molecular mass proteins (chapter 2) In vivo,
however, hardly any secretagogue-mduced
phosphorylation was found, although at short
stimulation tunes the phosphorylation of a 17
kDa protein was observed when the acini
were stimulated with CCK or with TPA
(chapter 4) In chapter 5 we investigated the
inositol lipid metabolism and found that the
activity of phosphatidylinositol kinase, an
enzyme that plays an important role m the
formation of PtdIns(4,5)P2, was increased by
addition of phospholipids whereas the phorbol ester TPA inhibited its activity
Activation of protein kinase С by diacylglycerol in intact cells is generally thought to
coincide with translocation of the enzyme
from the cytosol to the membrane fraction
[74, 208] In chapter 6 we studied transloca

tion of protein kinase С in pancreatic acini in
response to TPA and the secretogogue cholecystokimn and it was found that TPA induced
a dose-dependent translocation coinciding
with enzyme secretion, while cholecystokimn
did not or hardly induced such a translocation
at a concentration optimal for enzyme secre
tion On the basis of these results the value of
translocation as a measure for activation of
protein kinase С in vivo is questioned
Finally, in the last two chapters we stud
ied the involvement of protein kinase С in
cholecystokinin-mduced enzyme secretion by
modulating its activity Protein kinase С
activity was either inhibited (chapter 7) or
stimulated (chapter 8) during cholecy
stokimn-induced stimulation of pancreatic
acini Both approaches revealed a stimulatory
role for protein kinase С in pancreatic
enzyme secretion Moreover, it was shown
that at cholecystokimn concentrations maxi
mal for enzyme secretion the diacylglycerol/
protein kinase С pathway was not maximally
stimulated yet since additional stimulation of
protein kinase С potentiated optimal cholecystokinm-induced enzyme secretion from rab
bit pancreas
The main purpose of this thesis is thus to
investigate the role of protein kinase С and to
elucidate its mode of action in hormoneinduced enzyme secretion from rabbit pancre
as
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Purification and characterization of rabbit pancreas
protein kinase С
A. G. H. EDERVEEN, S. E. VAN EMST-DE VRIES, L. H. С BURGERS and J. J. H. H. M. DE
PONT
Department of Biochemistry, University of Nijmegen, The Netherlands

Protein kinase С was purified 6900-fold from rabbit pancreas with a total yield
of 15% by a procedure involving ammonium sulfate fractionation, DEAE ion
exchange chromatography, hydroxylapatite chromatography and finally protamineagarose affinity chromatography. After these purification steps the protein kinase С
preparation contained two major protein bands as judged by silver staining after
SDS/PAGE: a 80 kDa and a 69 kDa band. Monoclonal antibodies directed against
bovine brain protein kinase С (α- and ß-subtype) recognized one of these bands, the
80 kDa band. On the other hand, both the 80 kDa and the 69 kDa protein were recognized by a polyclonal monospecific antibody directed against rat brain protein
kinase C. Analysis of rabbit pancreas protein kinase С subtypes by means of
hydroxylapatite chromatography showed the presence of two subtypes, protein
kinase С isozyme type II (β) and III (a), of which the latter type was the major one
as judged by histone-Hi phosphorylation.
The enzyme depended absolutely upon the presence of both phosphatidylserine
and Ca^ + for its activity, with apparent K a values of 3.1 μg/ml and 247 μΜ for
phosphatidylserine and Car+, respectively. When dioctanoylglycerol or the phorbol
ester 12-O-tetradecanoylphorbol 13-acetate was present the K a value for Сяг+
decreased to 10 μΜ and 18 μΜ, respectively. In the presence of the phorbol ester
pancreatic protein kinase С could be activated without added Ca^ + . The enzyme
also required Mg^ + for its activity. The K a value was 3.6 mM and maximal activity
was reached at 10 mM Mg2 + . Pancreatic protein kinase С activity showed a broad
pH-dependence, with an optimum at pH 6.75. The K m value for ATP and for
histone-Hl was 8.5 μΜ and 20.4 μg/ml1 respectively. The present study shows that
the kinetic properties of protein kinase С purified from rabbit pancreas closely
resemble those found in other tissues. However, in contrast with others, we found
that pancreatic tissue contains at least two protein kinase С isozymes.

INTRODUCTION
Protein kinase С is an ubiquitous Сгг+
and phospholipid-dependent protein kinase
which is thought to play a role in a wide
variety of cellular processes involved in
hormone-induced cell activation [1]· In pan
creatic acini, like in most tissues, the activa
tion of protein kinase С appears to be linked
with the secretagogue-induced turnover of
phosphoinositides in the plasma membrane

[2-5]. Interaction of a hormone, like cholecystokinin, or a neurotransmitter, such as acetyl
choline, with its plasma membrane receptor
stimulates a phospholipase С activity that
cleaves phosphatidylinositol 4,5-bisphosphate
leading to the generation of two important
second
messengers,
inositol
1,4,5-trisphosphate [6, 7] and diacylglycerol
[8, 9]. Inositol 1,4,5-trisphosphate stimulates
the release of Car* from intracellular stores
recently referred to as calciosomes [10]. The
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other
breakdown
product,
1,2-sn+
diacylglycerol, increases the Car affinity of
protein kinase С [1, 11], leading in conjunc
+
tion with the increase in intracellular Ca^ to
activation of protein kinase С
Protein kinase С is predominantly cytosohc in a variety of cell types and has a ubiq
uitous distribution, with brain being one of
the richest sources, containing about 50-fold
more protein kinase С per mg protein than
pancreas [1, 12 J Since the initial purifica
tion of protem kinase С from rat brain [П]
and bovine heart [14] it has been purified to
near homogeneity from many sources [15-19]
but protein kinase С from pancreatic tissue
has only been partially purified (100-fold)
[20] The protem kinase С gene has recently
been cloned and appeared to belong to a gene
family [1, 21, 22] In brain there are at least 6
different genes encoding for 7 protem kmase
С isozymes The gene products of 3 of these
genes have been separated by hydroxylapatite
Lolumn chromatography [23], type Ι (γ), Π
(β 1+2) and ΠΙ (α) In rabbit bram these three
isotypes are present, whereas in rat pancreas
only one protem kinase С isozyme (type III)
has been found [24] Understanding the role
of protem kmase С m pancreatic signal trans
duction mechanism requires the kinetic char
acterization and subtype identification of rab
bit pancreatic protem kmase С Therefore,
we chose to purify protein kinase С from rab
bit pancreas
In the present study, we report the
6900 fold purification of protem kmase С
from rabbit pancreas and the characterization
of its mam kinetic properties We have also
examined the subtypes of protem kmase С
present in rabbit pancreas and we show that
as judged by hydroxylapatite chromatography
both type II (β) and III (a) are present

MATERIALS AND METHODS
MATERIALS
TPA, aprotinin, leupeptm, soybean trypsm inhibitor and histone-Hi (type III-S) were
purchased from Sigma, St Louis, MO,
U S A Hepes and cyclic AMP were obtained
from
Boehnnger,
Mannheim, F R G ,
dithioerythntol and
phenylmethylsulfonyl
fluoride from Serva Fembiochemica, Heidel
berg, F R G , [γ-32ρ]ΑΤΡ, tnethylammomum
salt (3 0 Ci/mmol) from Amersham, Bucking
hamshire, U К and phosphatidylserme (PS)
from Lipid Products, Nutfield nurseries, Sur
rey, U К The polyclonal protem kmase С
antibody was donated by К L Leach All
other products were from Merck, Darmstadt,
FRG
Phenylmethylsulfonyl fluoride was
dissolved m 2-propanol as a 100 mM stock
In assays all vehicle concentrations were
maximally 0 5%

METHODS
Purification of rabbit pancreatic
protein kmase С
Rabbit pancreata were obtamed from a
local slaughterhouse and directly processed
o
All procedures were carried out at 0-4 C
Prepai ation of the crude extract About
80 rabbit pancreata (55 ml) were, after dissec
tion and separation from other tissue, brought
m 5 volumes ice-cold homogemzation solu
tion contammg 20 mM Tns/HCl, pH 7 5,0 25
M sucrose, 10 mM EGTA, 2 mM EDTA, 0 2
mg/ml soybean trypsin inhibitor, 5 mM
dithioerythntol, 1 mM phenylmethylsulfonyl
fluoride, 10 μg/ml aprotinin and 20 μΜ leu
peptm The chelators and the protease inhib
itors were added to prevent proteolysis by
Ca2 + -dependent proteases [25] The rabbit
pancreata were subsequently homogenized at
4 0 C usmg a Polytron (3 bursts) followed by 7
strokes at 1400 rpm m a Potter-Elvehjem
homogemzer (glass-teflon) The homogenate

23
was centrifuged for 1 hour at lOO.OOOxg, fil
tered through glass wool and employed as
crude extract
Ammonium sulfate fi actional ion To the
crude extract 100% saturated (51 5% mass/
vol at 0 o C) ammonium sulfate in 20 mM
Tns/HCl, pH 7 5 was added to give a final
saturation of 40% The proteins were allowed
to precipitate on ice for 15 mm and the pre
cipitated proteins were subsequently removed
by centnfugation (20 mm, 20,000xg) The
resulting supernatant was then brought to
60% saturation After precipitation by centnfugation the 40 - 60% ammonium sulfate pel
let was resuspended in homogemzation solu
tion and desalted on a Sephadex G25 column
(1 8 cmx 34 cm)

kinase С activity and protein was determined
The fractions containing protein kinase С
activity were adjusted to 0 01 % TntonX-100 in buffer В and collected for further
purification

DEAE-cellulose tolumn chromatogiaphx
The desalted 40 - 60% ammonium sulfate
fraction was applied to an ion exchange col
umn of Bio-Gel TSK DEAE-5-PW (7 5 mm χ
75 mm) equipped to a HPLC system, previ
ously equilibrated with buffer A (20 mM
Tns/HCl, pH 7 5, 2 mM EGTA, 2 mM EDTA
and 2 5 mM dithioerythritol) The column
was washed with 20 ml buffer A at a flow
rate of 1 0 ml/mm The active enzyme was
eluted from the column by increasing the KCl
concentration linearly from 0 to 400 mM in
24 ml buffer A Fractions (1 ml), which con
tained protein kinase С activity, were collect
ed for further purification

Protamine-agarose column chromatogi aphv
The pooled hydroxylapatite fractions
containing protein kinase С activity were des
alted on a Sephadex-G25 column ( 1 8 cm χ
34 cm) equilibrated with buffer С (20 mM
Tns/HCl pH 7 5, 0 5 mM EGTA 0 5 mM
EDTA, 0 1 M KCl and 1 mM dithioerytritol)
The desalted fractions were applied directly
to a protamine-agarose column (1 ml), previ
ously equilibrated with buffer С The
protamine-agarose column chromatography
was performed slightly modified from a pro
cedure described by Wooten et al [19] After
loading of the sample, the column was
washed with 15 ml 1 M KCl in buffer С at a
flow rate of 36 ml/h followed by 5 ml 0 3%
(vol/vol) Tnton-X-lOO in buffer С in order to
wash off the aspecifically bound protein
After another wash step consisting of 10 ml
buffer
С supplemented with
I mM
ATP/10 mM MgCl2 protein kinase С activity
was eluted from the protamine-agarose col
umn with 30 ml buffer С containing 1 mM
ATP, 10 mM MgCl2 and 0 7 M KCl The
active fractions (3 0 ml) were brought to 0 25
M sucrose and 0.01% Triton-X-100 and
stored at -20 o C These fractions remained
active for several months

Hvdroxylapatite column chromatogiaphy
The pooled DEAE-cellulose fractions were
adjusted to buffer В (20 mM K2HPO4, pH
7 5, 10% (vol/vol) glycerol, 0 5 mM EGTA,
0 5 mM EDTA and 1 mM dithioenthritol)
The mixed solution was applied to a hydroxylapatite column (Bio-Gel, DNA grade HTP,
15 mm χ 70 mm) equilibrated with buffer В
and the column was washed with 40 ml of the
same solution Then, the protein was eluted
from the column with a 170 ml K2HPO4 gra
dient (20 - 200 mM) m buffer В at a flow rate
of 11 ml/h Of each fraction (3 7 ml) protein

Determination of pana eatic protein kinase С
activity
Protein kinase С activity was determined
m a reaction mixture (200 μΐ) containing 20
mM Hepes, pH 6 75, 10 mM MgCl2, 20 μΜ
[γ- 3 2 Ρ]ΑΤΡ (spec act 0 12 Ci/mmol), 10 μζ
histone-Hi (type ΠΙ-S), 1 mM EGTA and 1 3
2+
2+
mM С а (approximately 0 3 mM free C a )
with or without phosphatidylserine (20 μg)
and TPA (50 nM) After thennoequilibration
(4 min, 30 o C) the reaction was started by
addition of 20 μΐ enzyme solution After 10
mm the reaction was stopped by addition of
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2 5 ml ice-cold stopsolution (5% (mass/vol)
trichloroacetic acid/0 1 M H3PO4) The acidprecipitable material was collected on a
Schleicher & Schuil AE-95 membrane filter
(pore size 1 2 μτη) and washed three times
with S ml ice-cold stopsolution The filter
was then added to 4 ml Aqualuma-Plus
(Lumac/3M, Schaesberg, The Netherlands)
and radioactivity was determined by liquid
scintillation counting Protein kinase С activ
ity was defined as the phosphatidylserme/
TPA-dependent increase in histone-Hi phos
phorylation Unless stated otherwise the
protein kinase С preparation obtained after
protamine-agarose affinity chromatography
was used
SDSIPohacrylamide
gel
elearophoreus
(SDS/PAGE)
Separation of the phosphoproteins was
performed by SDS/PAGE according to
Laemmli [26| at pH 8 8 (stackmg gel pH 6 8)
except that a linear acrylamide gradient (8 15%) was used as separating gel The TCAprecipitated samples were resuspended m
SDS-sample buffer (50 mM Tns/HCl, pH 6 8
containing 2 5% dtthioerythritol, 2% SDS,
10% glycerol, 10 mM EGTA and 0 006%
bromophenol blue as tracking dye) and left
overnight at room temperature to solubilize
the proteins Aliquots of 10 μΐ were layered
on the SDS/polyacrylamide slab gels (95 mm
χ 155 mm χ 0 75 mm) After electrophoresis
the gels were stained with 0 17% coomassie
brilliant blue in 50% methanol, 10% acetic
acid and destained overnight at 60°C by dif
fusion in 5% methanol, 7 5% acetic acid
accordmg to Webei & Osbom [27]
Silver staining of proteins was performed
after SDS/PAGE and coomassie brilliant blue
staining as described above The slab gel was
incubated for 1 h with 10% (vol/vol) glutaraldehyde After 20 h thorough washing with
water the gel was mcubated for 10 mm in λ 4
mM К2СГ2О7 in 3 2 mM HNO3 followed by
a second wash step Thereafter, the gel was
brought in a 0 2% (mass/vol) AgN03 solu
tion (1 4% (vol/vol) NH3 and 21 mM NaOH

in water) and mcubated for 30 min Subse
quently, the gel was washed 2 - 3 times with
water and the proteins were stained with
0 05% (mass/vol) sodium citrate in water sup
plemented with 0 1% (vol/vol) formaldehyde
per gel The staining of the protein bands was
stopped with a 1% (vol/vol) acetic acid solu
tion
The apparent molecular mass of the pro
teins was determined by comparing the electrophoretic migration of these proteins with
that of standards of the Pharmacia calibration
kit (Phosphorylase b, 94 kDa, bovine serum
albumin, 67 kDa, ovalbumin, 43 kDa, carbon
ic anhydrase, 30 kDa, soybean trypsin inhib
itor, 20 1 kDa, a-lactalbumm, 14 4 kDa)
There was a linear relationship between
log(molecular mass) and Rf in the 94 - 14
kDa range
Immunoblotung
Purified protein kinase C, which was
resolved on a 8 - 15% gradient SDS/
Polyacrylamide gel as described above, was
subsequently transferred electrophoretically
to nitrocellulose [28] The blots were mcu
bated first for 2 hours with phosphate buff
ered saline (PBS) containing 1% (mass/vol)
gelatin and 0 05% (mass/vol) Tween 20
(Buffer I) to block nonspecific reactive sites,
then for 16 hours with 1 100 dilutions of
monoclonal anti-protein kmase С MC5
(Amersham) m Buffer I After washing five
times m PBS with 0 05% (mass/vol) Tween
20 (Buffer II) the blots were mcubated for 1
hour with 1 250 dilutions of rabbit-antimouse immunoglobulin (Dakopatts, Den
mark) m Buffer I, washed again with Buffer
II and mcubated for another hour with 1 250
dilution of mouse peroxidase-antiperoxidase
immunoglobulin (Dakopatts, Denmark) m
Buffer I Finally the blots were washed with
Buffer II and unmunoreactive protem kmase
С was detected by incubation with a substrate
solution (60 mg 4-chloro-naphtol, 60 μΐ 30%
hydrogen peroxide, 20 ml methanol, 100 ml
PBS)

25
Othei methods
Protein was determined by the method of
Bradford [29] using bovine serum albumin as
a standard

RESULTS

Part A. Purification of rabbit
protein kinase С

pancreatic

Pieparation of the crude extract
We
have previously demonstrated the presence of
protein kinase С and endogenous substrates
for protein kinase С in a crude extract and in
subcellular fractions of the rabbit exocrine
pancreas [30] In the present study, using
histone-Hi as a substrate we show the purifi
cation of protein kinase С from rabbit pancre
as utilizing its phosphatidylserme (PS)- and
12-O-tetrailecdnoylphorbol
13-acetate
(TPA)-dependence for activation Protein
kinase С has been shown to be a mainly solu
ble enzyme, which, depending on its activa
tion, associates with intracellular membranes
in a reversible manner [31] Under the
homogemzation conditions mentioned m the
"Materials and Methods" section about 80%
of the total protein kinase С activity in the
rabbit exocrine pancreas was present in the
high speed supernatant (lOO.OOOxg) [32]
This high speed supernatant, called the crude
extract, was used for further purification
Ammonium sulfate fractionation Ammo
nium sulfate fractionation proved to be a very
useful step in eliminating kinases not depend
ing on TPA/PS for activation In a fraction of
proteins precipitating between 40% and 60%
2+
saturation Ca -dependent but TPA/PSindependent activity was almost completely
absent leaving only 7% of this type of activity
present in the crude extract
Of the
2+
Ca -independent kinase activity approxi
mately 1")% was left (not shown)
DEAE-ion exchange column chromatog
raphy Protein kinase С activity, present in
the desalted 40%-60% ammonium sulfate

Fraction number

Fig 1 Elution profile of protein kinase С activity
from TSK DEAE-5-PW column The ammonium
sulfate fraction (40 - 60% saturation) of rabbit
pancreas extract was applied to a TSK
DEAE-5-PW column The protems were eluted
from the column with a 24 ml linear KCl gradient
(0 - 400 mM) starling from fraction number 2
Fractions of 1 ml were collected and analyzed for
protein (triangles). Protem kinase activity was
determined in the absence (open circles) or in the
presence of PS and TPA (closed circles) as
described in the "Materials and Methods" section

fraction, eluted from the TSK DEAE-5-PW
column usually as two major peaks at 54 ± 2
and 103 ± 8 mM KCl (mean ± SD, n=6),
respectively (Fig 1 ) So far we were not able
to discriminate between the two fractions
Addition of 0 3% (vol/vol) Tnton-X-100 to
the elution buffers in order to remove possi
bly adhering phospholipids did not change the
elution profile Elution of protem kinase С
activity from DEAE-cellulose has been
reported at similar positions (0 1 M KCl) for
rat brain [13], bovine heart [14] and rabbit
kidney protein kinase С [15] For further puri
fication both peak fractions were pooled
These fractions were completely devote of
other Ca 2+ -dependent and Ca^ + -mdependent
protem kinase activities The combination of
ammonium sulfate fractionation followed by
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Fig 2 Elution profile of protein kinase С actn itv
from Itydioxylapatite column The pooled DEAE
fractions were applied lo a hydroxylapatile col
umn and protein kinase С activity was eluted by a
phosphate gradient as indicated Fractions of 3 7
ml were collected and analyzed for prolein (trian
gles) and protein kinase С activity (circles) as
described in the "Materials and Methods" section
DEAE-ion exchange chromatography thus
proved to be useful in separating protein
kinase
С
activity
from
other
Ca^ + -(m)dependent phosphorylation activi
ties
A third peak containing protein kinase С
activity, elutmg at 237 ± 12 niM KCl, coeluted with the major peak of phosphohpidindependent protein kinase activity These
fractions were omitted for further purification
because of the high TPA/PS-mdependent
phosphorylation
H\drox\ lapante chromatography
The
pooled DEAE-ion exchange fractions were
applied to a hydroxylapatite column Figure 2
shows that protein kinase С from rabbit pan
creas eluted from this column in a major peak
at 115 mM K2HPO4, which was preceded by
a minor peak, containing protein kinase С
activity, at about 70 mM K2HPO4 So far,
hydroxylapatite chromatography has not been
used for the purification of protein kinase С
but it has been used extensively for determin
ing the subtypes of protein kinase С present
[23, 24J Protein kinase С from bram was
shown to elute from the hydroxylapatite col-
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Fig 3 Elution profile of protein kinase С adivity
pom piotaniine-af>arose column The pooled and
desalted hydroxylapatite fractions were applied to
a prolamine-agarose column equilibrated with
bulfer С (arrow 1) As desenbed in the 'Materials
and Methods" section, the affinity column was
subsequently eluted with buffer С + 1 M KCl
(arrow 2), buffer С + 0 3% (vol/vol) Tnton-X-lOO
(arrow λ), buffer С + Mg2+/ATP (arrow 4), buff
er С + 700 mM KCl, Mg2+/ATP (arrow 5) Frac
tions of ì 0 ml were collected and analyzed for
protein (triangles) and protein kinase С activity
(cueles)

umn at 50 (type I), 80 (type II) and 150 mM
K2HPO4 (type Ш), respectively [23, 24]
(unpublished observation) Therefore, it is
concluded from figure 2 that as judged by the
elution profile pancreatic protein kinase С
consists m majority of protein kinase С isoen
zyme type III, while isozyme type II appeared
to be also present but this type made out only
about 4% of the total amount of protein
kinase С activity present The lower K2HPO4
concentration at which protein kinase С iso
zyme type ΠΙ from pancreas elutes from the
hydroxylapatite column in contrast with brain
(115 mM versus 150 mM) may mdicate that
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Table I Summary of the purification ofprotein kinase С from rabbit pancreas
80 freshly dissected rabbit paucreala were used as starting material Protein kinase С activity was deter
mined with histone-Hi (type Ш-S) as substrate under reaction conditions as described in the "Matenals
and Methods" section Protein kinase С activity was defined as the phosphatidylsenne- and TPAdependent increase in histone-Hi phosphorylation
Fraction

Crude extract
(NH4)2S04
TSK-DEAE-5-PW
Hydroxylapatite
Protamine-agarose

Volume
(ml)
200
32
120
40
15

Protein
(mg)

1360
313
24
2 63
0 029

Total activity Specific activity Purification Yield
(nmol/min)
(nmol/min per mg)
(-fold)
(%)
300
141
86
60
44

protein kinase С isozymes from pancreas and
brain are slightly different
Pi otamme-agarose
chromatography
Protamine is a protein kinase С substrate,
which
is
phosphorylated
in
a
Ca^+/PS-mdependent manner This substrate
has been used before for affinity chromatog
raphy 119] and protein kinase С was shown to
bind to this unmobilized substrate, while oth
er protems eluted from the column Subse
quent elution with a Mg^+/ATP solution
resulted in the phosphorylation of protamine,
upon which the enzyme was released We
have slightly modified this chromatography
step After application of the hydroxylapatite
peak fractions, the column was eluted with a
high KCl (1 M) concentration followed by a
detergent solution (0 3% (vol/vol) TntonX 100) in order to remove all aspecific lonogenic and hydrophobic contaminations After
these elution steps approximately 99% of the
protein was eluted from the column, whde all
protein kinase С activity was still bound
Thereafter, the enzyme was eluted from the
column by two Mg^ + /ATP solutions contaming 0 1 M KCl and 0 7 M KCl, respectively,
upon which averagely 73% of the protein
kinase С activity was recovered Protamineagarose chromatography resulted in a very
high purification factor with high yield of
enzyme activity
A summary of the purification procedures

0 22
0 45
36
22 7
1520

1
2
16
103
6906

100
47
29
20
15

is given in Table I Protein kinase С from
rabbit pancreas was purified nearly 7000-fold
from the crude extract with an overall recov
ery of 15% Rabbit pancreatic protein kinase
С purified by the above procedure was free
from contamination of other enzymes, such as
ATPases and cAMP-dependent, cGMPdependent,
Ca^ + -dependent
and
+
Ca^ -mdependent kinases (not shown) The
highly purified enzyme was stable for several
months, when stored in 0 25 M sucrose and
0 0 1 % Tnton-X-100 at -20oC
Identification of purified pancreatic protein
kinase С
The final protein kinase С preparation,
which was obtained from rabbit pancreas
after the above purification procedures, con
tained protein bands of 80 6 ± 1 3 kDa (n=5)
and of 69 kDa (n=2), as judged by silver
staining after SDS/PAGE (Fig 4, lane A)
The two fainter bands of lower molecular
mass are due to aspecific staining of the gel
In figure 4 (lane B) is also shown that with
immunoblot analysis, the 80 6 kDa protem
band was recognized by the commercially
available monoclonal antibody MC5 This
antibody recognizes residues 312-323 of
bovine brain protein kinase C, which residues
are present both in protein kinase С isozyme
type II (β) and type ΠΙ (α) The antibody has
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Fig 4 SDS/PAGE (A) and іттипоЫотпц (В) of
protein kinase С purified from rabbit pam reas
The punficd pantreatic protein kinase С prepara
tion (proumine-agarose fraction) was applied to a
SDS/poIyacrylamine gel and electrophoresis was
tamed out as described in the "Materials and
Methods section Subsequently the gel was
stained with coomassie bnlliam blue followed by
silver staining (A) or subjected to immunoblolling
(B) with the monoclonal antibody MC5, recogmz
ing protein kinase С isozymes type II and III The
molecular mass markers are indicated on (he left
The 80 6 kDa (1) and the 69 kDa (2) protein band
arc marked with an arrow

been shown to recognize protein kinase С
from human, bovine, rat, mouse and rabbit
origin However, this monoclonal antibody
did not detect the 69 kDa component In con
trast, both protein bands were detected by a
polyclonal monospecific antibody directed
against rat brain protein kinase С [33] (not
shown) Therefore, the identification of the 69
kDa protein band as protein kinase С is still
doubtful and more data are needed to clarify
this discrepancy

Part B. Kinetic properties of rabbit
pancreatic protein kinase С
Rabbit pancreatic protein kinase С
appeared to be totally dependent on the com

bined presence of Ca^ " and PS for activity
In the absence of PS enzyme activity was less
than 1% Half-maximal activity was obtained
with 3 1 μg/ml PS (Fig 5) Figure 6 shows
that m the presence of PS pancreatic protein
kinase С activity increased with increasing
Ca^"*" concentrations and was maximal at I 0
mM free Ca^"*" A further increase in the
Ca2 +
concentration rapidly
decreased
enzyme activity Addition of the phorbol ester
TPA (50 nM) enhanced maximal protein
kinase С activity by 30-40% and the affinity
for Ca2 + was drastically increased resulting
in a shift to the left of the dose-response
curve leading to maximal activity at 0 3 mM
free Са2 + Moreover, in the absence of added
Ca2 + , TPA increased protein kinase С activi
ty to about 14% of maximal activity at 0 3
mM Сгг+ Approximately the same results
were obtained when the diacylglycerol dioctanoylglycerol (DC8) was added, although the
stimulation of enzyme activity in the absence
of Ca^ + was less than with TPA In the pres
ence of PS alone the apparent K a value for
Ca2 + was 247 μΜ When in addition the
phorbol ester TPA or the diacylglycerol DC8
was present the apparent K a value for C a 2 +
was decreased drastically to 18 μΜ and 10
μΜ, respectively (inset fig 6), while maximal
activity (Vfn) was not affected by both com
pounds Half-maxunal stimulating TPA con
centrations proved to be dependent on the
C J 2 + concentration and were 3500, 1260 and
2+
70 pM TPA at 3, 30 and 300 μΜ C a ,
respectively (not shown)
In addition to C a 2 + , another divalent met
al ion, M g 2 + , was needed for enzyme activi
ty Maximal activity was reached at a M g 2 +
concentration of 10 mM, when the enzyme
was assayed in the presence of either C a 2 +
(500 μΜ) and PS or in the presence of C a 2 +
(25 μΜ), PS and TPA (50 nM) (not shown)
2+
In the absence of M g enzyme activity was
undetectable (less than 1%) The apparent K a
value for M g 2 + was 3 6 mM and 3 7 mM, in
the absence and presence of TPA, respective
ly With increasing M g 2 + concentration pro
tein kinase С activity decreased under both
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Fig S Determination of the apparent Ka for
pliosphatiilvlsenne (РЧ) of protein kinase С puri
fied fiom rabbit pancreas Rabbit pancreatic pro
tein kinase С activity was determined as
descnbed in the "Malenals and Methods" section
except that the PS concentration was as indicated
The inset shows a double-reciprocal plot of this
ligure
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Fig 7 Determination of the apparent Km for
ATP of protein кіпаче С purified from rabbit pan
creas Rabbit pancreatic protein kinase С activity
was determined as descnbed in the 'Malenals and
Methods" section except that the [γ-^2ρ]ΑΤΡ
concentration was as indicated The inset shows a
double-reciprocal plot of this figure Due to the
high ATP cocenlrations present in the protamineagarose purified protein kinase С preparations,
the hydroxylapatite fractions were used

P r o l e η k i n a s e С a c l ν ty I p m o l / m η)
300

Э
2
l o g i c a ' ] free IMI

Fig 6 Determination of the apparent Ka for
Ctr+ of rabbit pancreatic protein kinase С m the
absence or presence of TPA or Jioctarwylglycerol
(DCS) Rabbit pancreatic protein kinase С activi
ty was determined in the absence (closed circles)
or presence of TPA (50 nM, open circles) or DC8
(10 μΜ, triangles) as described in Ihe 'Malenals
and Methods section except lhat the Ca^ + con
centration was as indicated The inset shows a
double-reciprocal plot of this figure with the same
symbols and conditions

20

LO
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100

Histone H l/jg/ml)

Fig 8 Determination of the apparent Km for
lustone-Hi of protein kinase С purified from rab
bit pancreas Rabbit pancreatic protein kinase С
activity was determined as descnbed in the
' Matenals and Methods" section except that the
histone-Hi (type III-S) concentration was as indi
cated The inset shows a double-reciprocal plot
of this figure
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conditions reaching at 40 mM Mg^ less than
50% of maximal activity obtained at 10 mM
2+
Mg .
+
In the presence of Ca^ , TPA and PS pro
tein kinase С facilitated the transfer of phos
phate from ATP to histone-Hj. Figure 7
shows the activity of rabbit pancreatic protein
kinase С as a function of the ATP concentra
tion. The apparent Km value for ATP was
found to be 8.5 μΜ as shown by the inset of
this figure. Protein kinase С is usually
assayed utilizing the lysine-rich histone-Hi as
a substrate [12-20]. Rabbit pancreatic protein
kinase С also readily phosphorylated this
substrate with an apparent K m for histone-H [
of 20.4 Mg/ml (Fig. 8).
As reported before [30], pancreatic pro
tein kinase С displayed a broad pH depen
dence with an optimal activity at pH 6.75,
while 50% of maximal activity was reached
at pH 5.2 and 8.7 (Fig. 9).

DISCUSSION
Large accumulation of evidence seems to
suggest that the activation of protein kinase С
is directly linked to the receptor-mediated
hydrolysis of the inositol! ipids [1,2] and the
subsequent transient generation of diacylglycerol, which increases the affinity of protein
2+
kinase С for C a [1, 11]. In understanding
the role of protein kinase С in pancreatic sig
nal transduction mechanism the kinetic char
acterization and subtype identification of rab
bit pancreatic protein kinase С is required.
Therefore, we chose to purify protein kinase
С from rabbit pancreas, which resulted in the
above purification procedure. Several purifi
cation schemes have been described for pro
tein kinase C. However, most of these reports
are dealing with protein kinase С from brain
tissue (13, 17-19]. Protein kinase С from
peripheral tissue is less dealed with. More
over, protein kinase С from peripheral tissue
lacks at least one protein kinase С subtype
(type I) as compared to protein kinase С puri
fied from brain tissue [22-24].

Relative protein kinase С activity •
100

80

60-

40

20'

50

60

7.0

8.0

9.0
pH

Fig. 9. pH dependence of rabbit pancreatic pro
tein kinase С activity. Rabbit pancreas protein
kinase С activity was determined as described in
the "Materials and Methods" section except that a
40 mM Tris/Mes buffer of the indicated pH was
used. The pH value obtained at pH 7.0 was set at
100%

The purification procedure, described in
this paper, gives a nearly 7000-fold purifica
tion of protein kinase С from rabbit pancreas.
A high yield of total activity was gained with
this purification procedure, despite the fact
that pancreas contains much less protein
kinase С per gram tissue than brain [12]. The
two consecutive purifications steps, ammoni
um sulfate fractionation and DEAE ion
exchange HPLC, proved to be very useful.
These two steps, which, combined, gave a
16-fold purification and a 29% yield of pro
tein kinase С activity, completely removed all
the
Ca 2+ -independent
and
the
Ca 2+ -dependent but TPA/PS-independent
protein kinase activities. This resulted in a
very low background phosphorylation. The
protamine-agarose chromatography step gave
the highest purification (67-fold) with more
than 73% recovery of protein kinase С activi
ty. The tight binding of protein kinase С to
the substrate protamine made it possible to
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remove contaminating proteins, while the
lesser binding to the phosphorylated protamme resulted m a high recovery of total
activity [19] The efficiency of this affinity
chromatography step may be due to a combi
nation of the properties of the basic protamme
as a substrate and its ion-exchange properties
Protein kinase С purified from rabbit pan
creas could be activated by the combmed
presence of Ca^ + and PS The optimal Ca^ +
concentration proved to be 1 0 mM Ca^ + ,
while at higher concentrations of the divalent
cation enzyme activity was progressively
inhibited Optimal pancreatic protem kinase С
activity could be enhanced 30-40% by the
addition of the phorbol ester TPA or the diacylglycerol DC8 Both compounds also dras
tically (Π-23-fold) increased the affinity of
the enzyme for Car+, which resulted m
apparent K a values of 10 - 18 μΜ In the
presence of the phorbol ester TPA, protem
kmase С could be activated at submicromolar
Ca^ + concentrations resulting m 16% of
maximal activity at 300 nM C a 2 + ATP
proved to be a good phosphate donor with an
apparent Km of 8 5 μΜ and histone-Hi was
readily phosphorylated by the enzyme (Кщ of
20 4 μg/ITll) All the above data are m line
with previous reports dealing with this
enzyme in other tissues
Protein kmase С differs between different
tissues m activity [12] and the presence of
isozymes [22] In bram three isozymes (type I
(γ), II (β) and ΠΙ (α)) have been separated
using hydroxylapatite chromatography [23]
While type I was only found m the central
nervous tissue, types Π and III appeared to be
commonly present m various tissues [22]
Type II isozyme appeared to be more abun
dant than typ« ΠΙ m spleen and testis, where
as type ΙΠ was predominant m lung, liver,
heart and kidney In the latter two organs the
amount of type II was very low Wooten &
Wrenn [24], using hydroxylapatite chroma
tography, reported that rat pancreas contained
only isozyme type Ш In the present study,
we show that protem kinase С purified from
rabbit pancreas contained at least two iso

zymes (type II and ΙΠ), although type Π was
only 4% of total protem kmase С activity as
judged by histone-Hi phosphorylation activi
ty
Interestingly, the final preparation of puri
fied pancreatic protem kmase С contained
two protem bands, which both were recogniz
ed by a polyclonal monospecific protem
kmase С antibody This antibody was direct
ed against rat bram and was also reported to
recognize a 80 kDa and a 67 kDa protem
band m lymphocytes [33] On the other hand,
only the 80 6 kDa band was recognized by a
monoclonal antibody, which was raised
against bovine bram protem kmase С This
monoclonal antibody was directed against the
protem kmase С residues 312 - 323 recogniz
ing both protem kmase С isotype III (α) and
II (β) Therefore, the 80 6 kDa protem band
was identified as protem kmase C, whose
molecular mass is m agreement with previous
reports [13-19]
However, the nature of the 69 kDa com
ponent is unclear The ammo acid residues
312 - 323 are located m the V3 region of pro
tem kmase C, which is susceptable to break
down by Car+ dependent proteases [1, 21] It
is unlikely, however, that the 69 kDa protem
is a breakdown product of the 80 6 kDa pro
tein, smce a cleavage m the V3 region would
result m a peptide of approximately 50 kDa
The presence of protem kmase С related protems of approximately the same molecular
mass has been reported previously Schatzman et al [16] reported the purification of
protem kmase С from frozen spleen yielding
a homogeneous protem of apparent molecular
mass of 67 kDa with protem kmase С activi
ty Girard et al [34], using a polyclonal as
well as a monoclonal antibody, showed the
presence of a 67 kDa unmunoreactive protem
band m a rat bram extract, which they
assumed to be derived from the native protem
kmase С (80 kDa) In another report, with
monospecific antibodies raised against this 67
kDa component they showed that for all rat
tissues except spleen, the major species of
protem kmase С present was the 67 kDa frag-

ment. while the 80 kDa native enzyme was
present in lesser amounts [35] In rat pancreas
the 67 kDa fragment appeared to be present in
much larger amounts than the 80 kDa protein
Their conclusion was that the 67 kDa protein
was a catalytically active breakdown product
of the native enzyme The presence of this
protein could not be prevented by homogeniz
ing tissue in hot SDS, which inhibits all pro
teases This indicates that this fragment is
present in vivo On the other hand, it is also
possible that this protein is the ζ-subspecies
of protein kinase С recently detected m rat
brain, which has a predicted molecular mass
of 67,740 Da and which has instead of two
just one of the characteristic cysteine rich
zinc finger like sequences [36] In rat brain,
this protein showed an approximate molecu
lar mass of 64 kDa upon SDS/PAGE At
present, too little data are available to discnmuiate between the above stated possibili
ties or the possibility that this protein is a
contaminating protein
In summary, this paper describes the puri
fication of protein kinase С from rabbit pan
creas and the characterization of its main
kinetic parameters The kinetic data proved to
be in line with protein kinase С purified from
oilier tissues and/or species and pancreatic
protein kinase С was estimated to have an
apparent molecular mass of 80 6 kDa How
ever, in contrast with others, we have found
that pancreatic tissue contains at least two
protein kinase С isozymes (type II and III)
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Phosphorylation of low molecular mass cytosolic proteins by protein kinase С
and protein kinase Л in the rabbit exocrine pancreas
Anionic G II Ι ΠΙ R\I I N Jos \ Μ \ΛΝ Ш R I I I S F S|uicl I VAN t MST IM VRII S and Jan locpll H VI Dl POM
IX'pirimeni of Biochemisir\ L'niycrsit) ol Nijmepcn
(Receded Λρπΐ 17 June l(> 1489) - IJB 89 0484

Subcellular Iractionation ol rabbit pancreatic acini was peilormed to studv the distribution ol endogenous
substrates lor protein kinase С Substrates loi protein kinase С weie lound to be predominanti) low molecular
7
mass proteins ol cvlobolic origin At least three ol these soluble substrates with molecular masses ol I
19kDa
were relativeK heavil} phosphorslaled b> endogenous as well as purified pancreatic protein kinase С In the same
molecular mass range I n - 18 kDa soluble proteins were also phosphorylated b> protein kinase A Moreover
addition ol escile AMI' under conditions that activated protein kinase С gave a more than additive labelling ol
these low molecular mass proteins I he latter observation may be ol interest in view ol the potentiating ellecl
evehc- \ M P activated protein kinase A has on amvlase secretion stimulated bv seeretagogucs which increase liée
2
cvlosohc С a
and activate protein kinase (

It is geneiallv accepted that an alteration in the slate ol
phosphorvlation ol specific proteins is a general mechanism
b\ which neuiotransmitters and hormones elicit their biologi
cal cllects |IJ Studies conducted in (he exocrine pancreas
indie ile that one ol the earliest events in secretagogue-induced
eii/vniesecielion is the Indiolvsis ol phosphalidvlinositol4 4bisphosphate [2 1] generating 'wo intracellular messengers
inositol I 4 's-lrisphosphale | 4 - 6 ] and I 2-diaevl-s/i elvcerol

evei the inlracellulai locah/alinn and function ol these pro
teins is generally unknown It is also not clear which protein
kinase is responsible lor this ш i n « phosphorvlation 1 heielore we studied the endogenous protein phosphorvlation in
homogenales and subcellular Iraclions ol rabbit pancreatic
acini under conditions that aclivaled the endogenous С a 2 '
dependent protein kinases in general and protein kinase С m
particulai We also investigated the cyclic- \MP-dependent
(protem-kinase-A-mediated) phosphoiylation since in the
Π
I he hvdiolvsis product inositol 1 4 S-insphosphate in exocrine pancreas cyclic A M P has a potentiating elicci on
creases mtiacellular I ree calcium bv releasing С а г I rom intra amylase secretion induced b\ eholecvslokinin carbamvlchohne or 1 PA [21 — 28] The mechanism ol this potentiating
cellular οι s melles recentk relerred to as calciosomes |8]
Iheic is considerable évidence in lavour ol the hvpolhesis eflcct is not clear but it may take place at the level ol protein
phosphorvlation
that mtiacellulai ( a 2 is an important mediator ol acetvlThe results presented here show the presence of seveial
chohne and eholecvslokinin action in the exocrine pancreas
mainlv low moleculai mass protein substiates loi protein
(4-111 ( a 2
mav regulate protein phosphorvlation b>
kinase С which are located predominantly in the cytosolic
means ol I a 2 calmodulm-dependent protein kinases and or
fraction Protein kinase A phosphorylates endogenous pro
phosphatases [12] In paiallel to Ca 2 ' 1 2-diacvl vi-clvcerol
mav also regulate protein phosphorvlation since 1,2-diacvl- teins of the same molecular mass range and protein kinases
sii glveerol increases (he С a - affimtv ol the С a 2 '-activated A and ( appear to have a synergistic elfect on the
phosphorvlation of the 17 19-kDa proteins
phospholipid dependent protein kinase ( thus activating it
at phvsiological C a 2 ' concentiaiion [ П 14] 12-O-letradecanovlphorbol Π-acelale (ΊΡΛ) a tumor-promoting
phorbol ester which minucks I 2-diaevl-sn-glvecrol
in
activating protein kinase С [14] has been lound to induce MATFRIALS A N D MFT HODS
en/vme secretion in pancreatic acini [IS 17] while no in MAT! RIALS
crease in intracellular C a 2 f , as measured bv Quin2 occurred
TPA. aprotmin leupeptin and senbean trypsin inhibitor
[18]
Several studies have shown an increased phosphoivlation were purchased from Sigma St Louis MO USA Hcpes
of endogenous proteins when choleevstokinin or cholinergic evehc AMP and evehc G M P were obtained from Uoehrmger
agonists were administered to pancreatic acini [19- 22] How- Mannheim. L-RG dithioerythnlol and phenvlmethvlsullonvl
fluoride from Serva [ einbiochemica Heidelberg l-RG.
Cont^poiukmL ¡o J J II H M De Pont Department ol Bio
[- , 2 P1A1P
tnethylammomum salt Ο (Κ ι mmol) from
ehemislrv PO Ho ν 9101 NI 6s00 UB Nijmegen I he Nclhcrlands Amersham Buckinghamshire UK and phosphatidylscrine
4hhn\uiti<m\ iBuMtXan ^ isobulvl 1 nielhvhanthine Quin2
from Lipid Products Nutfield nurseries Surrev UK All
¡2 [2 bb(Laibo\\meihvl)amino Ί mclhvlphenoxv] inelhvl', 6 melh
other products were from Merck
Darmstadt f-RG
ovv 8 bis(carb()\\lniethvl)aminoquinolmL
TP\
12 O telratleea
Phcnylmethylsullonvl fluoride was dissolved in 2-propanol as
no>lphorhol 11 acetate
a 100 mM slock
fn.inu Protein kinase С (I С 2 7 1 17)
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Preparation and suhi ellului f) ш lionalion of pam η ala at mi

Rabbit pancreatic acini were prepared using a modified
method from Amsterdam and Jamieson [29] as described by
Willems el al [21] Aller a punllcation step by which the
pancreatic acini wereccnlnluged through a 4 % albumin layer
the pelleted acini were washed three times in 10 vol ice-cold
homogcni7alion solution (20 mM I ns HCl pH 7 Ч 0 25 M
sucrose lOmM COTA 2 mM LD1<\ 0 2 mg ml so\bean
trypsin inhibitor 5 mM dithioervthntol I mM phenylmcthvlsulfonvl fluoride
lO^igml apiolimn and 20 μ M
Icupeptin) I he chelators and the protease inhibitors were
added to present proleolvsis b\ Ca"'-dependent proteases
[10]
The acini were subsequentlv resuspended in 1 vol ice-cold
homogeni7ation solution and homogeni/ed at 4 С using a
Pottcr-F Ivchjem homogeni/er (glass teflon) by five strokes at
1000 rpm I he crude acini homogenale was centnluged lor
l i mm at 200 χ g to remove cellular debris and nuclei I his
supernalanl relcrred to as the crude homogenale was submit
ted to subcellular Iracdonation essenlialK as described earlier
[21] I he homogenale was centnluged at І2М)0хі;Іог l i m m
(I2500xi» pellet neh in /vmogin granules and mitochon
dria)
I he resulting supernatant was recentnluged at
100000 χ ν (or M) mm vickling a UK)000 χ ι; pellet (rich in light
microsomes) and a 100000 χ ι; supernatant containim: mamlv
the soluble (cvtosolic) molecules Both pellets were washed
once in homogeni/ation solution and resuspended bv sonicalion in liomogenizalion solution containing 0 4% I n l o n
X 100 Alter 45 mm on ice the non-solubili/ed material was
removed b\ ti 2 min centi ilugation in an 1 ppcntloil mimfuge
Protein was determined bv the method ol Biadlord [11]
using bovine sei urn albumin as a standard
/ iiilogi mni\ pi oli in plio\phiir\ latitili
Phosphoiylalion ol endogenous substrate proteins was
carried out in a reaction mixture (200 |il) containing 20 mM
Hcpcs p H 6 7 5 l O m M M g C I , 10 цМ [,- , : : P]ATP 0 5 mM
phcnylmclhylsullonyl fluoride 5() μρ ml aprotmm 0 1 mM
Icupeptin and 10% (20 μΙ) homogeni/ation solution contain
ing 60 μρ sample protein Due to the 10"» honiogeni7ation
solution I mM LGTA 0 2 m M FDTA and 0 5 mM
dithioervthntol was present m the reaction mixture ami where
indicated the following additions were made C'a 2 ' (2 mM),
РиіЬег(50цр) T P A ( 1 μΜ) cyclic A M P (5 μΜ), cyclic CiMP
(5 μΜ) and iBuMeXan (100 μΜ)
After preincubation at 10 С tor 4 mm the reaction was
started by the addition of the sample protein The reaction
was stopped by addition ol 0 4 ml ice-cold trichloroacetic
acid ( 5 % final concentration) after 4 mm ol incubation The
precipitated proteins were spun down by rapid centnfugation
(2 mm fcppendorf mmifugc) The pellets were washed once
with ice-cold acetone to remove the remaining trichloroacetic
acid and prepared for SDS Polyacrylamide gel electro
phoresis
SDSpol\acr\lamidegelelettrophon

ws

Separation of the phosphoproteins was performed by
SDS PAGF according to Laemmli [12] at pH 8 R (stacking gel
pH 6 8) except that a linear acrylamide gradient ( 1 2 - 2 0 %
or 15 — 20%) was used as separating gel The precipitated
samples were resuspended to I mg protein ml SDS sample

butfer (50 mM Tris HCl pH 6 8 containing 2 5 % dithio
ervthntol 2%SIXS 10%glvcerol, 10 mM b G T A a n d O 006%
bromophenol blue as tracking dye) and left overnight at room
temperature to solubilize the proteins Ahquots of 40 μ| (40 μg
protein) were lavcred on the SDS Polyacrylamide slab gels
(95 mm χ 155 mm χ 0 75 mm) Alter electrophoresis the gels
were stained with 0 17% Coomassie brilliant blue in 50%
methanol 10°« acelie acid and destained overnight at 60 С
b\ diffusion in 5% methanol 7 5% acetic acid according to
Weber and Osborn [11] The gels were subsequently dried
under vacuum and heat
Autoradiography ol ihe dried gels was performed with a
Konica medical X-ra) film at room temperature The molee
,2
ular mass ol
P-labelled proteins was determined b\
comparing the electrophorctic migration of these proteins
with that of standards ol the Pharmacia calibration kit (Phos
phorylase h 94 к Da bovine scrum albumin 67 Ш а
ovalbumin 41 kDa carbonic anhvdrase K) kDa sovbean
trypsin inhibitor 20 1 kDa ι lacl.ilbumin 144 kDa) Therewas a linear relationship between log(molecular mass) and R,
in the 94— 14 kDa range Bands ol interest were cut out ol
Ihe dried gels bv using the auloradiographs as a guide and
radioactmtv was measured b\ liquid scintillation counting
Iwo dimensional gel electrophoresis was performed as
desenbed bv О bariell |141 Isoelectric locusing in the first
dimension was performed in 2% ampholines (one part pH
1 5 10 lour parts pH 6 - 8 ) 2% Nonidel P-40 and 9 M urea
lor approximately 8000 Vh The isoelectric locusing tube gels
were equilibrated in SDS sample buller for 60 mm and SDS
P A C J L in the second dimension was pcilormed on a 16" о
aeivlamide gel
Pnpaiation

otpailiall\

pmilitilpiotan

kmasi С

Protein kinase С was partially purified Irom rabbit ρ ul
ereas essentially as described b\ Noguehi el al [15] Whole
rabbit pancreata were homogenized m 1 — 5 vol ol the above
homogcm/alion solution at 4 С using a Poly Iron (three
bursts) lollowcd by seven strokes at 1400 rpm in a Potici
Plvch|cm homogem/er (glass teflon) The homogenale was
centnluged lor I h a t 100 000 χ ç
To the lOOOOOxy supernatant 100% saturated (51 5%
mass/vol at 0 С ) ammonium sulphate 20 mM I ns ПС 1
pH 7 5 was added to give a final saturation ol 50% The
proteins were allowed to precipitate on ice lor 15 mm and the
precipitated proteins were subsequently icmoved by eenlnfugation (20 mm, 20000 χ g) Ihe resulting supernatant was
then brought to 60% saturation After precipitation bv
centnfugation the 50 — 60% ammonium sulphate pellet was
resuspended in homogcmzation solution and desalted bv a
Sephadex G-25 column The desalted 50—60% ammonium
sulphate fraction was applied to a Sephacryl S-200 column
(13 mm χ 400 mm) equilibrated with buflcr A (20 mM Tris
HCl, pH 7 5, 2 mM EGTA, 2 mM EDTA and 2 5 mM
dithioerythntol) The en7ymc was eluted from the column
with the same bufler at a flow rate of 0 24 ml mm 1 he frac
tions with protein kinase С activity were pooled
The pooled Sephacryl S-200 fractions were applied to
an ion-exchange column ol Bio-Gel TSK. DEAE-5-PW
(75 mm χ 7 5 mm) equipped to a HPLC and equilibrated with
buffer A The column was washed with buffer A at a (low
rate of 1 0 ml mm The active enzyme was eluted from the
column by increasing the KCl concentration linearly over 0 400 mM in 24 ml buffer A b r a d i o n s (1 ml) which contained
protein kinase С activity were brought to 10% glvcerol and
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Fig 1 Autoradiography of чиЫ ellular /rat íunn oj ¡tam natii ант after endogenous phosphor) latum with {γ* Ρ]ΑΤΡ, Subcellular fractionation.
incubation conditions for phosphorylation and subsequent SDS PAGE, and autoradiography were as described in Materials and Methods
(A)Crudehomogcnalc;(B) 12 500 χ ^ pellet (rich m mitochondria and zymogen granules). (C) 100000 χ j ; supernatant. (D) 12500- 100000 χ c
pellet (microsomal traction) 40 )ig protein lane was added, and. apart Irom I mM EGTA that was present in all the assays, the following
:
!
2
additions were made lane I. 2 mM С a ' (I m M free Ca ' ) . lane 2. 2 mM Ca ' and 50 μg PldSer. lane 3. 50 Mg PtdSer In all fractions.
PtdSer alone had no effect on the phosphorylation of the endogenous proteins

stored at —20 С These fractions remained active for several
+
months and uere free of C a ' and cyclic-nucleotide-dcpcndent protein kinase activities.
Protein kinase С assay
Protein kinase С assay was carried out essentially as de
scribed for the endogenous protein phosphorylation with
minor modifications. Histone HI (type lll-S. H ^ g ) was in
cluded in the assay as a substrate and 20 μΜ [/-"PIATP
(specific activity 0.12 Ci mmol· was added. Protein kinase
С activity was discriminated as the increase in histone HI
phosphorylalion due to PtdSer ( 2 ( ^ g ) addition when C a 2 +
was present. After a 4-min preincubation the reaction was
started by addition of 20 μΐ enzyme solution. At 2 mm the
reaction was stopped by addition of 2.5 ml ice-cold 5%
trichloroacetic acid 0 1 Μ Η,ΡΟ.^ The acid-precipitable ma
terial was collected on a Schleicher and Schuil AF-95 mem
brane filter (pore size 1.2 μιη) and washed three times with
5 ml ice-cold 5% trichloroacetic acid/0 1 Μ Η ,ΡΟ,, The filter
was then added to 4 ml Aqualuma-Plus (Lumac/3M.
Schaesberg. the Netherlands) and radioactivity was deter
mined.

RESULTS
Intracellular localization
of endogenous protein kinase С substrates
In the present study the phosphatidylserme dependence of
protein kinase С was used to identify endogenous protein
kinase С substrates in a crude homogenale and subcellular
fractions of rabbit pancreatic acini. With histone HI as a
substrate a partially purified protein kinase С preparation
was obtained from rabbit pancreas, which contained no C a 2 + and cyclic-nucleotide-dependent protein kinase activities. The
purification was essentially as described by Noguchi et al. [35].
This protein kinase С preparation was used to optimize the
assay conditions for endogenous protein phosphorylation
The pH dependence for PtdSer-dependent histone phosphor
ylation proved to be rather broad for pancreatic protein
kinase С with an optimum at pH 6.5—7.0, while 50% of

maximal activity was reached at pH 5.2 and 8.7, This pH
optimum differs from that of rat brain protein kinase С
(pH 7.5 — 8,0) [30] but is comparable to the bovmc heart prep
aration ¡36]. At submicromolar C a 2 + concentrations (! mM
EGTA: no C a 2 ' added) no PtdSer-dependent increase in
histone phosphorylation was observed, whereas with increasing C a 2 + concentration PtdSer-dependent
phosphorylation
increased, became maximal at approximately I mM free Ca 2 *
and markedly decreased thereafter down to 20% of maximal
activity at 10 mM Ca 2 *, In the presence of the phorbol ester.
TPA. the dose-response curve for Ca 2 ' -activated, PtdSerdependent histone phosphorylation was shifted to the left,
resulting m a significant phosphorylation activity (10% of
maximal Ca 2 * PtdSer activity) at submicromolar Ca 2 ' concentration (1 mM EGTA; no C a 2 ' added) as reported formerly for rat brain [14] and guinea pig pancreas protein kinase
С [35],
The assay conditions for endogenous protein phosphor
ylation by protein kinase С were adjusted to the findings
described above except that the exogenous substrate histone
HI was omitted. Both in the presence of C a 2 * alone, and
C a 2 ' in combination with PtdSer, the 3 2 P incorporation into
endogenous proteins of a crude homogenate reached a plateau
value within 4 mm at 30 С Without additional protein kinase
C, PtdSer-dependent phosphorylation occurred, indicating
the presence ol endogenous protein kinase С activity PtdSerdependent phosphorylation of endogenous substrates was
already maximal withm 2 mm, remained virtually unchanged
during the next 2 mm and only slightly decreased thereafter.
PtdSer-dependent endogenous phosphorylation was not sig
nificantly affected when 10 mM glycerol 2-phosphate was
added. This indicates that phosphatase activity, if present,
does not influence the PtdSer-dependent phosphorylation of
the endogenous proteins
The next set of experiments was performed to identify
the putative endogenous protein kinase С substrates. Their
subcellular distribution was investigated in a later set of exper
iments. The endogenous proteins in the crude homogenate
which were phosphorylated in the presence of either C a 2 + ,
C a 2 + and PtdSer, or PtdSer alone were analyzed by means of
SDS/PAGE Fig. 1 A shows that addition of C a 2 + selectively
increased the phosphorylation of a 95-kDa protein (Fig. 1,
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lig 2 Autoradiogruph ihowbtg the effect o/ cofacton on endogenom
phosphorylation ofpanereath antun cell homogenate !ncub<uion condllions lor phosphuryUiluin and subscqin-'nl SDS PACih and
autoradiography were as described in Materials and Methods 40 ng
protein/lane was added. In addition to 1 niM EGTA that was present
in all the assays the following additions were made lane I. no additions. lane 2. 2 mM Ca2 ' (1 mM free C'a* * ); lane 3. 2 mM Ca2 +
and 50 Mg PtdScr: lane 4. 50 (ig PldScr. lane 5. 50 pg PtdScr and
1 μΜ ΤΡΛ; lane 6. Ι μΜ TPA: lane 7. 100 μΜ iBuMeXan. lane 8.
10(1 pM iBuMeXan and 5 μΜ cyclic AMP

lane I versus lane 3). PtdSer alone had no effect on the
phosphorylation of any of the endogenous proteins as com
pared to EOTA alone (hig 2. lane 4 versus lane 1) In the
presence of C'a2 ' and PtdScr several proteins were selectively
phosphorylalcd by protein kinase C: a 10-kDa and 12-kDa
doublet, a triplet of 17-kl)a, IS-kDa and 19-kDa proteins.
and the 26-kDa. 55-kDa and 78-kDa proteins (Fig 1 A. lane 2
versus lanes 1 and 3). Among these putative protein kinase С
substrates, the labelling of the 17-kDa. 18-kDa and 19-kDa
proteins was most prominent.
The heavily phosphorylated compounds which migrated
along with the tracking dye did not have a peptide nature and
proved to be labelled phospholipids consisting of about 90%
phosphatidylinositol 4-| ! 2 Plpliosphatc (not shown).
The subcellular distribution of the above putative protein
kinase t ' substrates was studied in more detail by means of
differential centrifugation of the crude homogenate yielding
three subcellular fractions [21]: a 12500 x ^ pellet (rich in
zymogen granules and mitochondria: Fig IB), a 12500 —
100000 χ g pellet (rich in light microsomes: Fig. 1 D) and a
100000 χ if supernatant containing the soluble molecules and
free nbosomes (Fig. 1С'). Fig. 1 B — D shows that both the
95-kDa C a 2 ' -dependent phosphoprotcin and its kinase were
retained in the high-speed (100000 χ g) supernatant (Fig. 1C).
indicating the eytosolic origin of both proteins The putative
protein kinase С substrates, which were found in the crude
homogenate, were also present in the microsomal fraction
(Fig. I D , lane 2), whereas in the 12 500 χ g pellet only the
12-kDa, 17-kDa, 18-kDa and 78-kDa protein were found
(Fig. 1 B, lane 2) The high-speed supernatant contained pro
tein kinase С itself and most of its substrates, which were
found in the crude homogenate (Fig. 1С, lane 2), with the
exception of the 10-kDa, 26-kDa and 78-kDa proteins In
addition 36-kDa and 28-kDa protein kinase С substrates were
found in the high-speed supernatant (Fig. 1 C) A decrease in
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Molecular mass (kDa)
big 3. /•-//<'</ of protein kinase С addition on the phosphoryiatUw oj
proteins m the subcellular fractions Afier m yuro phosphoryi.ilion
and SDS PAGE the phosphorylaled protein bands were cul oui and
eounled. The bars represent the protein kinase С activity in the corre
sponding protein band with (open bars) or without (hatched bars)
exogenously added protein kinase C' (0 5 pg) Sup 100000 ç represenis the supernatant obtained after a 1 -h 100000 χ s centrifugation,
as described in Malcriáis and Methods Protein kinase С activity was
expressed as the difference in [32P]phosphate incorporation in the
presence of Ca 2 +/PtdScr and Ca 2 ' alone

phosphorylation was observed in the 1 2 5 0 0 x ? pellet where
in the presence of C a 2 * the phosphorylation of a 50-kDa
protein was reduced (Fig. 1 C. lanes 1 and 2 versus lane 3).
At submicromolar C a 2 * concentration (1 mM EGTA,
no C a 2 + added). TPA increased the phosphorylation of the
17-kDa, 18-kDa. 19-kDa and 26-kDa proteins (Fig. 2. lanes 5
and 6 versus lane 4) indicating that these substrates can be
phosphorylated by protein kinase С at physiological C a 2 +
concentrations. Moreover, the crude homogenate of pancre
atic acini apparently contained enough endogenous negatively
charged phospholipids (phosphatidylsenne, phosphatidylinositol) to give a slight activation of protein kinase С when
TPA was added (Fig. 2, lane 6).
The effect of exogenously added protein kinase С
In order to check whether the lower phosphorylation level
of endogenous proteins in the particulate fractions was due
to a lower protein kinase С content, partially purified protein
kinase С was added. In Fig. 3 the phosphorylation of en-
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Fig. 4. Autoradfograph showing two-dimensional PACE analysis ofendogenom proteiru phosphorylated in the presence of Ca2*
PldSer (Bi. cyclic AMP (С) and Ca2 " PídStr and< yetíí 4MP (Dì Acinar cell homogenales were phosphorylated m Miro with
and analysed by two-dimensional PAGE Ampholmcs in the pll range 3.5—10 and 6 — 8 were mixed in a ratio of 1 4 The
conditions were identical to those of Fig. 2. The 17-kDa substrates for protein kinase CO) and protein kinase A (2) arc marked with

dogenous protein kinase С substrates was quantified by cut
ting out and counting the bands of interest Protein kinase С
activity is expressed as the net increase in phosphorylation
due to PtdSer addition In all subcellular fractions the 17
19-kDa endogenous proteins were phosphorylated by protein
kinase С but their main localization appears to be in the
cytosolic fraction Fig. .1 also shows that upon addition of
protein kinase С an increased phosphorylation of protein
kinase С substrates was found, which was most pronounced
in the high-speed supernatant This means that the lesser
labelling of these substrates in the particulate fractions was
not due to a lower protein kinase С content. As was observed
with histone phosphorylation, protein kinase С addition had
no effect on protein phosphorylation in the absence of either
C a 2 * or PtdSer nor did autophosphorylation of protein
kinase С in the presence of C a 2 ' and PtdSer occur (not
shown).
С vi lic-nucleotide-depemlent
of endogenous prolans

phosphorylation

Upon addition of cyclic A M P we found an increased pro
tein phosphorylation in the crude homogenate of at least three
bands: 16-kDa, 17-kDa and IX-kDa (Fig. 2, lane 8 versus
lane 7), which, with the exception of the 16-kDa protein, were
of cytosolic origin (not shown).
Cyclic G M P did not enhance the phosphorylation of any
of the proteins in the subcellular fractions (not shown)

(/ti Ca1*/
[7-3iP]ATP
incubation
an arrow

Since two of the endogenous protein kinase С substrates
(17-kDa and IX-kDa) also seemed to be phosphorylated by
protein kinase A. two-dimensional gel electrophoresis was
performed to check whether these proteins are substrates for
protein kinase С as well as for protein kinase A. Fig. 4 rep
resents two-dimensional SDS PAGE analysis of phosphatelabelled proteins from a crude homogenate The proteins were
labelled under conditions that activate protein kinase С and/
or protein kinase A The 10-kDa and 12-kDa protein kinase
С substrates and the 16-kDa and 18-kDa protein kinase A
substrates, however, were not visualized with this technique
and were probably lost during the equilibration step after
isoelectric focusing The 17-kDa substrate for protein kinase
С is marked with the number I and the 17-kDa protein kinase
A substrate with the number 2. It was observed that the
protein kinase A substrate, labelled in the presence of cyclic
AMP, has a pi value different from the protein kinase С
substrate (Fig. 4 D ) . This means that the 17-kDa protein
kinase С substrate and the 17-kDa protein kinase Л substrate
are in fact two different proteins.
The synergistic effect of cyclic AMP and Ca2* ¡PldSer
on prolan
phosphorylation
In order to study the effect of hgands on the degree of
phosphorylation of the endogenous proteins quantitatively
prominent bands in the gel were carefully cut out using the
autoradiograph as a guide and the radioactivity was deter-
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Tabic l ТЫ г//tit of ι и lu 4MP on thí pho\phor\ìatioH о/ ai таг proti tm /rom the iriuk' hornos nate antier \arioas lomhtitm^
АГісг endogenous phosphorylation under Ihc conditions mentioned Ihe phosphorylalcd proteins were separated by SDS PAGI I he h.mtls
ofinleresl wcrceul oui and counted The values represen! the phosphorylation under the conditions menlioned in the absence ol cyclic Λ Μ Ρ
(control) and the increase in phosphorylation due lo addition ol i μΜ cyclic AMP ( IcAMP) and are expressed as percentages or percuiiagc
increases rcspcclivcly of the С a 2 ' 'PldScr salue of the corresponding band (mean ± SbM, н = 1) Significance is determined using Suulenl s
unpaired / (est
С ondinons

Phosphorylation ol proteins of apparent molecular mass
17 Ш а
control

IK 19kt)a
-IcAMP

control

270 + 26
210+S 9
460 + 4 6 '

16 1 •( 104
22 1 ±11 0
100

9"! kDa
tcAMP

conlrol

IcAMP

%
KiIA
Ca'
Ca 2 1 PldScr
J

127171
IK6 + S-1
НЮ

ΗΟ + Ί Ί
120+ I "i
4S 8 ± 1 Г

IStllS
874+47
ИХ)

72129
I 7 ±0S
Μι_08

сЛМР induced increase signilicantly dilTcrcnl from 1 CjTA or Ca 2 ' (/»<() 01)

mined by liquid scmlillation counting Hor each ol the bands
the radioactivity m the presence ol Ca" ' /PtdSer was sei at
100% Table 1 shows that in the 17-kDa and IX 19-kDa
bands Ihe level ol phosphorylation was not increased upon
addition ol ( a 2 ' and was S — ft limes higher in the combined
presence of C a 2 ' and PtdSer The phosphorylation ol the Ч1)klXi band however was already enhanced by C a 2 ' alone
and was nol much furlher increased by addition ol PldSer
Under all three conditions, addition of cyclic AMP had
no с I fix I on the phosphorylation ol the 9'S-kl)a band and
strongly increased Ihe [ J 2 l > ]phosphale incorporation in the
low molecular mass bands Table I shows that the cychcЛМР-depcndcnl increase in labelling ol the 17-kDa and IK —
19-kDa bands was signillcanlly higher in the presence ol bolh
Ca 2 ' and PldSer as compared to Ihe phosphorylation m the
presence of 1 ( J IA or С a 2 ' alone 1 his more than addilne
effect of cyclic AMP was not observed in case of the C'a2 ' dependent phosphorylation ol Ihe 9S-kDa protein

DISCUSSION
Pancreatic acini contain а С a 2 ' -activated, PtdSer-dcpendenl protein kinase (protein kinase C) |15, 17) The phorbol
ester, TPA which activates protein kinase C, slimulalcs pan
creatic enzyme secretion [ И 18]. which may indicate thai
protem-kinase-C-depcndenl protein phosphorylation plays a
role in triggering pancrealic cn/yme secretion Understanding
the role ol protein kinase С in signal transduction requires
as an initial step the identification and localization of its
endogenous substrates for phosphorvlalion It is generally
agreed that the protein kinase С lamily has a very broad
substrate specificity and a wide variety ol protein substrates
have been identified, including receptor proteins and other
membrane proteins, contractile and cytoskelclal proteins and
various enzymes [ П . IX, 19] In pancreatic acini only protein
kinase С isozyme type III has been shown to be present [17]
(unpublished observations), this is in contrast to brain [17]
1 hereforc m pancreatic exocrine tissue, phosphorylations de
pendent on b o t h ( a 2 ' and PldSer can be ascribed to this type
ol protein kinase С isozyme
Pancreatic prolcin-kinasc-C-specific substrates have been
investigateli in glands from different species after m m o and
in \ttrti phosphorylation In an in mo study using mouse

pancreatic tissue, a correlation between cholinergic receptor
activation, amvlasc secretion and the increase in phosphoryla
tion ol a I6-kDa and 21-kDa protein was observed [19] I he
carbachol concentiadon that caused a maximal change ш
phosphor)lalion was similar to the concentration required lo
give maximal enzyme secretion in mouse acini I lowe\er w hen
mouse cylosol was phosphoiylated in the presence ol t a 2 1
and PtdSer only a 40-kDa and 60 к Da protein was louiui lo
lie labelled On the other hand, Wrenn el al |4()| showed
the C a 2 1 - and PldSer-dependcnt phosphoi) latum ol I S-kDa
IX-kDa 22-kDa and 10-kDa endogenous prolems
In our experiments the in iiiro activation ol protein kinase
С led to the phosphorvlalion of several prolems in pailicular
ol three low molecular mass proteins with apparent moleculai
masses ol 17— 19 kDa These subslrales appeared lo have
mainly a cytosohc origin with the cxceplion ol Ihe 10-kDa
protein, which was recovered exclusively m the microsomal
traction (IOOOOOXJJ pellet) It is reasonable lo assume that
these proteins arc substrates of protein kinase С since their
phosphorylation is increased upon addition ol PldSer in (he
presence ol C a 2 1 , while additional protein kinase С increased
the phosphorylation even more Moreover Ι РЛ increased
the phosphorylation ol the 17 19-kDa proteins at submicromolar C a 2 1 concentrations, indicating that they can
also be phosphorylalcd at physiological C a 2 * concenlrations
Both in mo and in MHO phosphorylation of 17 19-kDa
endogenous proteins by protein kinase С have been reported
lor several other cell lypes (41 - 4 5 ] . which may indicate that
these phosphoproleins are more general protein kinase С
subslrales
In order to prevent degradation ol protein kinase C" and
its subslrales, a mixture of protease inhibitors was used in
combination with high concentrations of calcium chelating
agents The presence of these chelators, however leads lo a
decrease in membrane association of protein kinase (' and
thus to a reduction of protein kinase С in the pellet (raclions
Similar observations have been reported by Melloni el al
[46], who found that C a 2 ' added during homogenizalion of
neutrophils and platelets increased the binding ol prolein
kinase С lo a particulate fraction and Wolf et al [47]. who
reported a ('a 2 ' -concentration-dependent binding of the en
zyme to inside out erythrocyte vesicles Therefore, additional
exogenous protein kinase С was included in all the subcellular
fractions to exclude a possible negative finding We show
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that in all fractions there is an endogenous protcin-kinasc-Cdependent phosphorylation of endogenous proteins, which
upon addition of exogenous protein kinase С is increased,
indicating that the lesser labelling in the particulate fractions
was not due to a lower protein kinase С content,
The role of cyclic A M P and the cyclic-AMP-dependcnt
protein kinase A in enzyme secretion of the exocrine pancreas
is unclear and appears to be species dependent. The presence
of protein kinase A has been reported in the exocrine pancreas
by Jensen and Gardner [48] and cyclic A M P can increase
amylase secretion in rat and guinea pig [49] but in the rabbit
pancreas a rise in cyclic AMP alone does not elicit secretion
¡23]. In all species tested, however, cyclic AMP has a
potentiating effect on pancreatic enzyme secretion stimulated
by sccrelagogues which increase free cytosolic calcium and
activate protein kinase С [23-28]. In the present study upon
addition of cyclic A M P a 16-kDa, 17-kDa and 18-kDa en
dogenous protein was phosphorylatcd. Of particular interest
appeared to be the 17-kDa and 18-kDa proteins, since proteins
of the same apparent molecular mass were also phosphor
ylatcd by protein kinase С Moreover, we showed that in
2
the combined presence of cyclic AMP and C a '/PldScr the
labelling of these endogenous proteins was higher than the
sum of the labelling under the separate conditions. This syner
gistic effect on the phosphorylation of these endogenous pro
teins did not occur when PtdScr was omitted, indicating that
both protein kinase С and protein kinase A had to be active.
The potentiation of the phosphorylation was restricted to the
low molecular mass (17-19-kUa) proteins. The mechanism
of this synergistic cffecl is unclear but one way to explain it is
to assume that such a protein, phosphorylatcd by the one
protein kinase, is a better substrate for the other protein
kinase. Previous reports have shown that protein kinase A
and С can react with the same phosphate-acceptor protein
[50-52]. We showed with two-dimensional SDS/PAGF.
analysis, however, that at least one of these proteins, the 17kDa protein, is not a common substrate for protein kinase A
and for protein kinase C'. Other possible explanations arc that
the one protein kinase directly or indirectly affects the activity
of the other protein kinase or that specific phosphatases are
inhibited, which can both lead to an increased labelling of
these proteins. However, the fact that protein-kinase-C-depcndenl endogenous phosphorylation was not influenced by
glycerol 2-phosphate suggests that inhibition of phosphatases
does not play a role. Purification of both protein kinases
and its substrates is necessary to elucidate more about this
mechanism.
In summary we show in this paper that activation of pro
tein kinase С leads to the phosphorylation of several endoge
nous proteins, in particular of three low molecular mass pro
teins (17—19 kDa). The substrates are in majority cytosolic.
C a 2 * alone only increased the phosphorylation of a 95-kDa
cytosolic protein. Cyclic A M P selectively increased the
phosphorylation of endogenous proteins in the same molec
ular mass range as the major protein kinase С substrates.
Moreover, when both protein kinase С and protein kinase
A were active the labelling of the 17 — 19 kDa proteins was
increased by more than their sum. Further studies have to be
undertaken to elucidate (he nature of these proteins and their
putative role in pancreatic enzyme secretion before a physio
logical role can be ascribed to these low molecular mass
cytosolic proteins but it is tempting, however, to speculate
that the synergistic effect of cyclic A M P and C a 2 * /PtdSer on
protein phosphorylation we observe might be related to the
potentiating effect cyclic A M P has on protein-kinase-C-me-
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diated enzyme secretion. At the moment we arc purifying
these low molecular mass substrates and their kinases to lest
this hypothesis.
The authors wish to thank Dr Peter Willems for his advice and
for carefully reading of the manuscript. This work was supported in
part by the Foundation for Medical Research (Stichting voor medisch
onderzoek en gezondheidsonderzoek. MF.DIGON ; grant no. 900-546028).
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Effects of stimulants of enzyme secretion on endogenous
phosphorylation of proteins and lipids in rabbit pancreatic
acini
A. G. H. EDERVEEN, S. E. VAN EMST-DE VRIES and J. J. H. H. M. DE PONT
Department of Biochemistry, University of Nijmegen, The Netherlands

Secretagogue-induced protein phosphorylation was studied in vivo in isolated
pancreatic acini of the rabbit. Sodium dodecvl sulfate Polyacrylamide gel electro
phoresis was used to examine the pattern of [32P]-labelled proteins of acini incubat
ed with cholecystokinin or phorbol ester. Here we report that the phosphorylation of
a 17 kDa and a 34 kDa protein was enhanced when rabbit pancreatic acini were
stimulated with cholecystokinin. The [ 32 P]-labelling of these two proteins was also
increased when the acini were stimulated with the phorbol ester or with forskolin,
suggesting that these endogenous proteins can be phosphorylated by protein kinase
С as well as by protein kinase A. This is in line with the in vitro phosphorylation of
the 17 kDa proteins by both kinases, which we reported recently. The increase of
[32P]-label into the proteins upon stimulation was in all cases very small, while the
cholecystokinin-induced l^^PJ-labelling of phosphatidic acid and phosphatidylinositol was markedly increased. This suggests that secretagogue-induced protein phos
phorylation is a quantitatively small feature but it may still provide a mechanism, by
which cholecystokinin regulates pancreatic enzyme secretion.

INTRODUCTION

One of the earliest events in secretagogueinduced pancreatic enzyme secretion, which
is common to a variety of cells following
hormone-induced receptor activation, is an
enhanced metabolism of phosphoinositides.
The amount of p2p]-labelled phosphatidylinositol 4,5-bisphosphate (PIP2) is decreased
rapidly after treatment of pancreatic acini
with the major secretagogues acetylcholine
and cholecystokinin [1, 2]. Receptormediated hydrolysis of PIP2 leads to the rapid
formation of the intracellular messengers,
inositol 1,4,5-trisphosphate [3, 4, 5] and
1,2-sn-diacylglycerol
[6.
7].
Inositol
1,4,5-trisphosphate stimulates the release of
Ca^ + from intracellular stores recently
referred to as calciosomes [8], whereas diacylglycerol
activates
the Ca2"1"- and

phospholipid-dependent protein kinase (pro
tein kinase C) by increasing the C a 2 + affinity
of the enzyme [9, 10]. Increased formation of
the latter intracellular second messenger mol
ecule is reflected by the enhanced incorpora
tion of [3 2 P]phosphate in phosphatidic acid
due to the rapid conversion of diacylglycerol
to phosphatidic acid by the enzyme diacylgly
cerol kinase.
Evidence for the involvement of the
diacylglycerol-activated protein kinase С in
the mechanism of action of calcium mobiliz
ing pancreatic secretagogues is implicated by
studies
demonstrating
secretagogue-like
action of tumour-promoting phorbol esters,
such as 12-O-tetradecanoylphorbol 13-acetate
(TPA) [11 - 13], which can substitute for dia
cylglycerol in sensitizing protein kinase С to
C a 2 + [10]. This may indicate that protein
kinase C-dependent protein phosphorylation
plays a role in triggering pancreatic enzyme
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secretion
In addition, the secretagogue+
rnduced increase in cytosolic Car might
+
activate other Ca^ -dependent protein kinas
es or influence protein phosphorylation by
means of Car+-dependent phosphatases [14]
Protein
kinase
С
[15,
32]
and
Ca^+/calmodul in-dependent protein kinase
[16] as well as a Ca^ + -dependent phospha
tase [17] have been purified from pancreatic
acmi
There is now increasing evidence that
protein phosphorylation is involved in medi
ating the effects of a variety of actions of hor
mones in various physiological processes
[18], including secretagogue-induced enzyme
secretion in pancreatic acini [19 - 23] Cho
linergic analogues have been shown to alter
the phosphorylation of specific proteins in
mouse [19-21] and lat [22] pancreas
In the present study, we investigated the
effect of cholecystokinin, a secretagogue that
acts through the phosphoinositide pathway,
on the phoshorylation of proteins and lipids in
intact isolated acini, to gain further insight in
the mechanism of action of cholecystokinin in
the rabbit exocrine pancreas and to determine
whether protein phosphorylation mediates the
biological action of this secretagogue

MATERIALS AND METHODS
MATERIALS
TPA, bovine serum albumin and soybean
trypsin inhibitor were purchased from Sigma,
St Louis, MO, U S A , forskolin was
obtained from Calbiochem, La Jolla, CA,
USA,
hyaluromdase from Boehrmger,
Mannhemi, F R G , collagenase from Cooper
Biomedical Ine, Malvern, PA, U S A ,
orthop2p]phosphate (carrier free) from New
England Nuclear, Boston, MA, U S A ,
HPTLC plates silica gel 60 from Merck,
Darmstadt, F R G All other chemicals were
of analytical grade TPA was dissolved in
dunethylsulfoxide
All vehicle concentra
tions were maximally 0 1%

METHODS
Prepaiatwn of rabbit pancreatic acmi
Rabbit pancreatic acini were prepared as
previously described [23]
Phosphorylation of proteins and lipids
in rabbit pancreatic acini
Isolated rabbit pancreatic acini were
preincubated for two times 15 mm in a KrebsRinger bicarbonate medium, pH 7 4, contain
ing 119 mM NaCl, 3 5 mM KCl, 1 2 mM
KH2PO4, 25 mM NaHC03, 1.2 mM СаСІ2,
1 2 mM MgCl2, 5 8 mM glucose, 0 5%
(mass/vol) bovine serum albumin, an ammo
acid mixture according to Eagle [24] and 0 2
mg/ml soybean trypsin inhibitor and incubat
ed at 37 0 C Subsequently the acini were incu
bated at 37 0 C in the above medium without
the phosphate but containing 150 - 200 цСі/
ml [32p]p 1 Hormones and other agonists
were then added to 0 2 ml aliquots After a
specified time ice-cold medium was added to
these aliquots and the acini were subsequently
pelleted (10 s, Eppendorf mimfuge) The
supernatant was removed and to the cell pel
let ice-cold homogenization solution (20 mM
Tns/HCl, pH 7 5, 0 25 M sucrose, 10 mM
EGTA, 2 mM EDTA, 0 2 mg/ml soybean
trypsin inhibitor, 5 mM dithioerythritol, 1
mM phenylmethylsulfonyl fluoride, 10 μg/ml
aprotimn, 20 μΜ leupeptin, 100 mM NaF, 2
mM sodium pyrophosphate and 0 2 mM sodi
um vanadate) was added The chelators and
the protease inhibitors were added to prevent
proteolysis by Ca^ + -dependent proteases
[25]
The acmi were immediately homogenized
at 4 0 C using a somcator (15 s) and centnfuged for 30 mm m an Eppendorf mimfuge
(16,000xg) The pellet fraction was resuspended in the same homogenization solution
and dissolved by somcation These superna
tant and pellet fractions were used for the
determination of [-^pj-iabelled protems or
phospholipids by SDS/PAGE and thin layer
chromatography, respectively
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SDS/polyacrylamide
gel
electrophoresis
(SDSIPÁCEJ
Separation of the phosphoproteins was
perfonned by SDS/PAGE according to
Laemmli [26] at pH 8.8 (stacking gel pH 6.8)
except that a linear acrylamide gradient
(12-20%) was used as separating gel. The
[32p]-iabelled proteins were precipitated with
ice-cold trichloroacetic acid (5% final concentration). The precipitated proteins were
spun down by rapid centrifugation (2 min;
Eppendorf minifuge). The pellets were
washed once with ice-cold acetone to remove
the remaining trichloroacetic acid. The precipitated samples were resuspended to 1 mg
protein/ml SDS sample buffer (50 mM Tris/
HCl, pH 6.8, containing 2.5% dithioerythritol,
2% SDS, 10% glycerol, 10 mM EGTA and
0.006% bromophenol blue as tracking dye)
and left overnight at room temperature to
solubilize the proteins. Aliquot s of 50 μΐ (50
pg protein) were layered on the SDS/
Polyacrylamide slab gels (95 mm χ 155 mm χ
0.75 mm). After electrophoresis the gels
were stained with 0.17% Coomassie Brilliant
Blue in 50% methanol, 10% acetic acid and
destained overnight at 60 o C by diffusion in
5% methanol, 7.5% acetic acid according to
Weber and Osbom [27]. The gels were subse
quently dried under vacuum and heat.
Autoradiography of the dried gels was
performed with a Konica medical X-ray film
at room temperature. The molecular mass of
•^P-labelled proteins was determined by
comparing the electrophoretic migration of
these proteins with that of standards of the
Pharmacia calibration kit (Phosphorylase b,
94 kDa; bovine serum albumin, 67 kDa; oval
bumin, 43 kDa; carbonic anhydrase, 30 kDa;
soybean
trypsin
inhibitor, 20.1 kDa;
a-lactalbumin, 14.4 kDa). There was a linear
relationship between log(molecular mass) and
Rf in the m = 94 - 14 kDa range. Bands of
interest were cut out of the dried gels by
using the autoradiographs as a guide and
radioactivity was measured by liquid scintil
lation counting.

Analysis of ^P-labelled phospholipids
After labelling of the acini with
32
ortho[ P]phosphate,
the
phospholipids
present in the supernatant fractions (0.2 ml)
were extracted by addition of 0.9 ml extrac
tion medium (dichloromethane/methanol/
concentrated HCl = 20 : 40 : 1) and was vig
orously mixed. After standing for 30 min at
0
25 C phase separation was obtained by add
ing 0.2 ml dichloromethane and 0.2 ml water
followed by centrifugation (5 min; 700xg).
The lower organic phase was collected and
the aqueous phase was extracted again. The
combined organic phases were blown to dry
ness with nitrogen. The dried lipid extracts
were then dissolved in dichloromethane/
methanol/H20 (75 : 25 : 2) and the phospho
lipids were separated on oxalate-treated high
perfonnance thin layer chromatography plates
(Merck) with
a medium
containing
dichloromethane/methanol/methylamine
(20% vol/vol) (60 : 36 : 10), separating phos
phatidyl inositol 4,5-bisphosphate
(PIP2),
phosphatidylinositol 4-monophosphate (PIP)
and phosphatidic acid. Radioactive spots were
localized by means of autoradiography. Unlabelled standards were used to identify the
[ 32 P]-labelled spots.
Other methods
Protein was detennined by the method of
Bradford [28] using bovine serum albumin as
a standard.

RESULTS
Effect of CCK-8 on the [32P]-labelling of
endogenous proteins in pancreatic acinar
cells
In the present study, the effect of cholecystokinin C-terminal octapeptide (CCK-8)
on the phosphorylation of endogenous pro
teins was investigated. When rabbit pancreat
ic
acini
were
incubated
with
ortho[ 32 P]phosphate,
the
l 3 2 P]-label
appeared to be incorporated into a number of
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proteins, which could be resolved by
SDS/PAGE and autoradiography. Fig. 1
shows
an
autoradiograph
of
the
p2p]-iabelled proteins, which are present in a
supernatant fraction obtained after 30 min
centrifugal ion in an Eppendorf minifuge
(16,000xg). The basal ppj-labelling of a
number of proteins (lanes 1 and 4) is interest
ing since proteins of similar molecular misses
are also phosphorylated in vitro with
[γ-^Ρ]ΑΤΡ m a homogenate of pancreatic
acini 129]. They include a 17 kDa, 19 kDa, 26
kDa and 34 kDa protein. After stimulation of
pancreatic acini with CCK-8 for 1.5 min the
["pj-labelling of at least two proteins was
increased: a 17 kDa protein and a 34 kDa pro
tein (Fig. I ; lanes 2 and 5 versus lanes 1 and
4, respectively). Densitometrie scanning of
the autoradiographs revealed a 2-fold increase
in labelling of these bands (not shown). The
ССК-8-mduced labelling of these proteins
was still evident when the acini were incubat
ed with CCK-8 for 11 min but the relative
amount of label incorporated into these pro
teins was not much further increased. Despite
the presence of compounds which inhibit the
action of phosphatases, the secretagogueinduced increase in labelling of the above
proteins was very low. Basal labelling of
these endogenous proteins increased with
time and the amount of label incorporated
into the substrate proteins did not increase
much upon prolonged time of stimulation
with
CCK-8.
Only
with
a
short
[- ^P|-labelling period was it possible to visu
alize the effect of CCK-8 on the phosphoryla
tion of these proteins.
Effect of CCK-8 on the I32Ρ]-labelling
phospholipids in pancreatic acinar cells

of

The most pronounced effect of CCK-8 on
endogenous P^P]-labelling was seen in a
spot in each lane of the SDS-gel, which
migrated along with the tracking dye (Fig. 1 ).
The compounds in this spot did not appear to
have a peptide nature as they did not stain
with Coomassie Brilliant Blue and phospholi-

Fig. 1. Autoradiograph showing the ejfect of
CCK-8 on the endogenous protein phosphoryla
tion in rabbit pancreatic acini. Rabbil pancreatic
acini were incubated in the presence of
orthop^Plphosphate for 9 min (1, 2) or 23 min (3
- 5) at 37CC. The acini were stimulated without
(1, 4) or with (2, 3, 5) 10-7M CCK-8 for 1.5 min
(1, 2, 4, 5) or 11 min (3). Thereafter, ice-cold
medium was added and the acini were collected
by centrifugation. The acini were dissolved in
homogenizalion solution by sonication and sub
jected to a 30 min centrifugation in an Eppendorf
minifuge. The resulting supernatant was prepared
for SDS/PAGE followed by autoradiography as
described in the "Materials and Methods" section

pid analysis of the supematant fractions
revealed that they were [-^PHabelled phos
pholipids.
Fig. 2 shows the effect of CCK-8 on the
[^P]-labelling of acinar phospholipids. This
figure shows that 0.5 min after stimulation
with CCK-8 the incorporation of label into
phosphatidic acid (PA) was
strongly
increased, while a decrease in P^pj-labelling
of PIP and ΡΙΡ2 was observed. These findings
are consistent with the action of secretagogues, like CCK-8, that act through the
phosphoinositide pathway as described previ
ously [2, 3]. With time the ССК-8-induced
increase in phosphatidic acid labelling was
even more enhanced as was the labelling of
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Fig. 2. Autoradiograph showing the effect of CCK-8 on the endogenous [•>*PI-labelling ofphospholipids
in rabbit pancreatic acini. Rabbit pancreatic acini were incubated in the r32,
presence of orthoP2P]phosphate
for 15 min at 37°С. Subsequently, the acini were stimulated without (-) or with (+) 10' 7 M CCK-8. At the
times indicated, ice-cold medium was added and the acini were collected by centnfugation. The acini
were dissolved in homogenization solution by sonication and subjected to a 30 min cenlrifugation in an
Eppendorf minifuge. The resulting supernatant was used for extraction of the phospholipids. Details on
phospholipids extraction and the separation of the phospholipids are given in the "Materials and Methods"
section. The positions of the indicated phospholipids were determined by unlabelled standards
phosphatidylinositol (PI).

DISCUSSION

Effect of TP A and forskolin on the
endogenous protein phosphorylation in
rabbit pancreatic acinar cells

Hormones and neurotransmitters which
regulate pancreatic enzyme secretion have
been shown to alter the state of phosphoryla
tion of proteins in the exocrine pancreas
[19-22, 30]. In mouse pancreatic acini a cor
relation between cholinergic receptor activa
tion, amylase secretion and the increase in
phosphorylation of a 16 kDa and 23 kDa pro
tein was observed [19]. Recently, Bumham
et al. [20] found that TPA and the C a 2 + - ionophore A23187 together matched the effect of
carbamoylcholine on acinar protein phospho
rylation in mouse and guinea pig.
In the present study, we used isolated aci
ni from rabbit pancreas to examine the effects
of agonists of enzyme secretion, such as cho
lecystokinin C-terminal octapeptide (CCK-8)
and the phorbol ester TPA, on the phosphory
lation of endogenous proteins. We show in
this paper that when the acini were stimulated
with CCK-8 an enhanced phosphorylation of

Stimulation of pancreatic acini with
CCK-8 leads to the generation of diacylglycerol and inositol 1,4,5-trisphosphate. Acti
vation of protein kinase С by diacylglycerol
can be mimiced by the phorbol ester 12-0tetradecanoylphorbol 13-acetate (TPA). Fig.
3 shows that addition of the phorbol ester
increased the P^PHabelling of a 17 kDa pro
tein in vivo (lane 2 versus lane 1) as well as
the 34 kDa protein, both of which were also
found to be enhanced by cholecystokinin.
Forskolin, which compound elevates the cycl
ic AMP content in pancreatic acini [23], also
enhanced the labelling of the latter two pro
teins (Fig. 3, lane 3 versus lane 1) but to a
smaller extent than was found with the phor
bol ester.
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Fig. 3. Autoradiograph showing the effect of TPA
and forskolin on the endogenous protein phospho
rylation in rabbit pancreatic acini. Rabbit pan
creatic acini were incubated in the presence of
ortho[32P]phosphate for 30 min at 370C. Subse
quently. the acini were stimulated with solvens
(lane 1). 10-5M TPA (lane 2) and 10-5M forsko
lin (lane 3). After a 10 min stimulation period,
ice-cold medium was added and the acini were
collected by centrifugation. The acini were dis
solved in homogeni/.ation solution by sonication
ami subjected to a 30 min centrifugation in an
Eppcndorf minifuge. The resulting supernatant
was prepared for SDS/PAGE followed by autora
diography as described in the "Materials and
Methods" section. The position of the 17 kDa
phosphoprotein is indicated on the right

at least two proteins was found in vivo, which
were also found to be labelled in vitro [29]; a
17 kDa protein and a 34 kDa protein.
Increased phosphorylation of a 29 - 34 kDa
protein, in response to CCK-8 or carbachol,
has been reported in rat pancreatic lobules
[22], in rat acini [30] and in mouse pancreatic
acini [19 - 21]. This protein is suggested to
be identical with the ribosomal protein So
that may be involved in the translational con
trol of protein synthesis. In pancreatic acini,
this protein was shown to be phosphorylated
by Ca^+/calmodulin-, cyclic AMP- as well as

by
Ca^ /phospholip id-dependent protein
kinases both in vivo [22] as well as in vitro
[31]. In line with previous studies, we found
this protein to be phosphorylated after stimu
lation with CCK-8, the phorbol ester TPA,
known to activate the Ca^+/phospholipiddependent protein kinase С in a diacylglycerol-like manner [9, 10], and foskolin,
shown to elevate cyclic AMP [23].
Evidence
that
the
calciumand
phospholipid-dependent protein kinase С
mediates, at least in part, the stimulatory
effect of calcium mobilizing pancreatic secretagogues comes mainly from studies in which
phorbol esters are shown to stimulate diges
tive enzyme secretion [11 - 13]. Recently, we
reported that in rabbit pancreas the in vitro
activation of protein kinase С led to the phos
phorylation of several endogenous proteins,
in particular in the molecular mass range of
1 7 - 1 9 kDa [29]. We now describe that in
pancreatic acini stimulated with CCK-8 in
vivo there is an enhanced phosphorylation of
a 17 kDa protein. However, the increased
labelling of this protein in the presence of
secretagogues is very minute and can only be
visualized when short labelling conditions are
chosen. The secretagogue-induced increase in
phosphorylation can no longer be seen at
longer prelabelling times due to a considera
ble basal incorporation of [-^pj-label into the
endogenous proteins in the unstimulated aci
ni. This basal phosphorylation is not surpris
ing if these proteins are involved in the secre
tory mechanisms, because rabbit pancreatic
acini display a significant basal release of
amylase in the unstimulated state. It is unlike
ly that the small increase in phosphorylation
of these endogenous proteins is caused by a
very low [ 3 2p]P i -uptake or [ 32 P]-labelled
ATP synthesis due to an inferior condition of
the acini since the ССК-8-induced increase in
labelling of phosphatidic acid and phosphatidylinositol was in all cases very pronounced.
The in vivo phosphorylation of the 17
kDa protein is of special interest since its
phosphorylation is shown to be enhanced
when the acini are stimulated with CCK-8,
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the phorbol ester TPA and with forskolin,
indicating that this protein is phosphorylated
under conditions activating protein kinase С
and protein kinase A Recently, we have
reported that, in vitro, both protein kinases
phosphorylated proteins of the same molecu
lar mass [29] Two dimensional gelelectrophoresis revealed that it were two different
proteins Further experiments, including two
dunensional gelelectrophoresis, are needed to
examine whether these 17 kDa proteins,
phosphorylated m vivo, are identical with the
ones fonner reported to be phosphorylated m
vitro and to further investigate a putative role
for
these
endogenous
proteins
in
secretagogue-induced enzyme secretion from
rabbit exocrine pancreas
In summary, the present study shows that
upon addition of CCK-8, a secretagogue of
the Ca^ + mobilizing type, to intact pancreatic
acini there is an enhanced phosphorylation of
endogenous proteins with molecular masses
of 17 kDa and 44 kDa, which proteins have
also been shown to be phosphorylated in vitro
with [γ- 2p]ATP However, more expenments are needed to investigate whether
changes in the phosphorylation of these pro
teins may underlie the mechanism of action
of this secretagogue in the rabbit exocrine
pancreas
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EfTects of phospholipids and phorbol ester on
rabbit pancreatic phosphatidylinositol kinase
A. G. H. EDERVEEN, S. E. VAN EMST-DE VRIES
and J. J. H. H. M. DE PONT

Department of Biochemistry, University of Nijmegen,
P.O. Box 9101, 6500 HB Nijmegen, The Netherlands
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Conespondence to J J H H M de Pont, Department of Biochemistry, P O Box 9101,
NL-6500 HB Nijmegen, The Netherlands
Abbieviations
PA, phosphatidic acid, PC, phosphatidylcholine, PDD, 4a-phorbol
12,13-didecanoate, PE, phosphatidylethanolamine, PIP, phosphatidylinositol monophosphate,
PIP2, phosphatidylinositol
4,5-bisphosphate,
PS, phosphatidylsenne,
TPA,
12-0tetradecanoylphorbol 13-acetate
Enzymes PI kinase (EC 2 7 1 67), PIP kinase (EC 2 7 1 68), Protein kinase С (EC 2 7 I 37)
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Effects of phospholipids and phorbol ester on rabbit
pancreatic phosphatidylinositol kinase
A G H EDERVEEN.S E VAN EMST-DE VRIES and J J H H M DEFONT
Department of Biochemistry, University of Nijmegen, The Netherlands

The capacity of homogenates and microsomal fractions from rabbit pancreatic
acini to phosphorylate phospholipids has been studied in vitro This in vitro phos
phorylation with [γ-32ρ]ΑΤΡ resulted mainly in the phosphorylation of endogenous
phosphatidylinostol to form phosphatidylinositol monophosphate, while in pancreat
ic acini prelabelled with " P j all phosphoinositides were labelled Phosphatidylino
sitol 4,5-bisphosphate was only labelled in vitro when the substrate PIP was added
to the reaction mixture indicating that PIP kmase is present m the microsomal frac
tion of pancreatic acini but that apparently the concentration of the substrate for this
kinase was too low
Pancreatic PI kinase appeared to have an apparent Km value for ATP of 120 μΜ
and a Km for the exogenous substrate phosphatidylinositol of 0 24 mM Further
more, it was found that the activity of PI kinase was largely increased when phos
pholipids were added to the incubation medium An increase in activity of PI kinase
was also observed when the Tnton-X-100 concentration was increased These find
ings suggest that PI kinase needs a lipid environment, possibly in the form of a lipidsubstrate-kuiase complex, for maximal activity
In the combined presence of the phorbol ester TPA and the phospholipid phosphatidylsenne, conditions that activate pancreatic protein kinase C, PI kinase activi
ty was decreased by 20%

INTRODUCTION

The metabolism of the phosphoinositides
is thought to play an important role in the sig
nal transduction of a wide variety of neuro
transmitters, hormones and growth factors In
pancreatic acini, breakdown of phosphatidyli
nositol 4,^-bisphosphate
(PIP2) by
a
hormone-activated specific phosphodiesterase
is believed to be one of the earliest events in
cholecystokinm-stimulated enzyme secretion
[1,2] resulting in the generation of two intra
cellular messengers inositol 1,4,5-trisphosphate [3, 4, 5] and 1,2-sn-diacylglycerol [6,
7] One of the hydrolysis products, mositol
1,4,5-trisphosphate, has been shown to stimu
late the release of Ca^ + from intracellular
organelles recently referred to as calciosomes

[8] The other breakdown product of PIP2,
1,2-diacylglycerol, is generally thought to ini
tiate protein phosphorylation by activating
protem kinase С through an increase in the
Ca -affinity of protem kinase С [9, 10]
Increased formation of the latter intracellular
second messenger molecule can be visualized
by
enhanced
incorporation
of
ortho[32p]phosphate into phosphatidic acid
(PA), due to the rapid conversion of diacylglycerol to phosphatidic acid by the enzyme
diacylglycerol kinase
PIP2 is synthesized by the sequential step
wise phosphorylation of PI by the activities of
the PI and PIP kinases [11] It has been pro
posed that, concomitant with the hydrolysis
of this minor phosphoinositide, there is an
enhanced flux of PI to PIP and finally to PIP2
enabling the continued generation of the two
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second messengers [12, Π ] Since PI kinase
catalyzes the first step of this sequential trans
formation of PI, it is proposed that this
enzyme might be under regulatory control
[14-16] Several lines of evidence support
this hypothesis The phorbol esters, which
activate protein kinase C, and agents that ele
vate cyclic AMP stimulate phosphatidylinositol (PI) phosphorylation in intact human pla
telets [14, 15], while in guinea pig neutrophils
the conversion of PI to PIP2 is suppressed by
cyclic AMP and by phorbol ester [16] More
over, a link between phosphoinositide metab
olism and the control of cell proliferation has
been suggested since growth factors and
oncogene products also seem to stimulate the
PI pathway and a tight physical association
between PI kinase and several activated pro
tein tyrosine kinases has been found [for a
review see 17] PI kinase has been found to
be present in membrane fractions in brain [18,
19|, hver [20, 21], neutrophils [16] and rat
ß-cell tumor [22], but the properties and distribution of this enzyme in pancreatic acinar
cells is unknown
In the present study, endogenous phosphorylation of lipids was investigated and it
was found that whereas several phospholipids
were phosphorylated in vivo, only PIP was
phosphorylated in vitro This has led us to
study PI kinase and to investigate the effects
of phospholipids, Ca^ + and the phorbol ester
TPA on PI kinase activity as possible regulators of this kinase

MATERIALS AND METHODS
MATERIALS
TPA, aprotinin, leupeptin, bovine serum
albumin and soybean trypsin inhibitor were
purchased from Sigma, St Louis, MO,
U S A Hepes from Boehringer, Mannheim,
F R G , orthop2p]phosphate (earner free)
from New England Nuclear, Boston, MA,
U S A , HPTLC plates silica gel 60 from
Merck, Darmstadt, F R G , dithioerythntol

and phenylmethylsulfonyl fluonde from Serva Feinbiochermca, Heidelberg, F R G ,
2
[γ-^ Ρ]ΑΤΡ, tnethylammonium salt (3 0 Ci/
mmol) from Amersham, Buckinghamshire,
U К and phospholipids from Lipid Products,
Nutfield nursenes, Surrey, U К All other
chemicals were of analytical grade TPA was
dissolved in dimethylsulfoxide and phenylmethylsulfonylfluonde was dissolved in
2-propanol as a 100 mM stock All vehicle
concentrations were maximally 0 1%

METHODS
Prepai anon and чиЬсеІШаг fractionation of
pana eattc acini
Rabbit pancreatic acini were prepared as
desenbed by Willems et al [23] After a
purification step by which the pancreatic acini
were centnfuged through a 4% albumin layer,
the pelleted acini were washed three tunes in
ten volumes ice-cold homogenization solution
(20 mM Tns/HCl, pH 7 5, 0 25 M sucrose, 10
mM EGTA, 2 mM EDTA, 0 2 mg/ml soybe
an trypsin inhibitor, 5 mM dithioerythntol, 1
mM phenylmethylsulfonyl fluonde, 10 Mg/ml
aprotinin and 20 μΜ leupeptin) The chelators
and the protease inhibitors were added to pre
vent proteolysis by Ca 2+ -dependent proteases
[24]
The acini were subsequently resuspended
m 3 volumes ice-cold homogenization solu
tion and homogenized at 4 0 C using a PotterElvehjem homogemzer (glass-teflon) by five
strokes at 1000 rpm The crude acini homogenate was centnfuged for 15 mm at 200xg to
remove cellular debris and nuclei This super
natant, refened to as the homogenate, was
submitted to subcellular fractionation essen
tially as described earlier [25] The homogen
ate was centnfuged at 12,500xg for 15 mm
(12,500xg pellet, rich in zymogen granules
and mitochondna) The resulting supernatant
was recentnfuged at lOO.OOOxg for 60 mm
yielding a lOO.OOOxg pellet (rich m light
microsomes) and a lOO.OOOxg supernatant
containing mainly the soluble (cytosolic)
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molecules Both pellets were washed once in
homogemzation solution and resuspended by
somcation in homogemzation solution con
taining 0 3% Tnton X-100 After 45 mm on
ice the non-solubdized material was removed
by a 2 mm centnfugation m an Eppendorf
minifiige
Endogenous lipid phosphorylation
Phosphorylation of endogenous lipids was
carried out m a reaction mixture (200 μΐ) con
taining 20 mM Hepes, pH 6 75, 10 mM
MgCl2, 20 μΜ [γ- 3 2 Ρ]ΑΤΡ, 0 5 mM phenylmethylsulfonyl fluoride, 50 μg/ml aprotinin,
0 1 mM leupeptin and 10% (20 μΐ) homogenization solution containing 30 μg sample pro
tein Due to the addition of sample 1 mM
EGTA, 0 2 mM EDTA, 0 03% (mass/vol)
Tnton-X-lOO and 0 5 mM dithioerythntol
was present m the reaction mixture After
preincubation at 30°C for 4 mm the reaction
was started by the addition of the sample pro
tein Unless stated otherwise, PI- and PIPkinase activities were assayed simultaneously
using the endogenous lipids as substrates
After 2 mm of incubation the reaction was
stopped by the addition of 0 9 ml extraction
medium (dichloromethane/methanol/concentrated HCl = 20
40
1) and vigorously
mixed -^H-labelled PIP was added to the
extraction medium for recovery measure
ments After standing for 30 mm at 25 0 C
phase separation was obtained by adding 0 2
ml dichloromethane and 0 2 ml water fol
lowed by centnfugation (5 mm, 700xg) The
lower organic phase was collected and the
aqueous phase was extracted again The com
bined organic phases were blown to dryness
with nitrogen The dned lipid extracts were
then dissolved m dichloromethane/methanol/
water (75
25
2) and the phospholipids
were separated on oxalate-treated high per
formance thin layer chromatography plates
(Merck)
with
a
medium
containing
dichloromethane/methanol/methylaimne
(20% vol/vol) (60 36 10 vol/vol), separat
ing PIP2, PIP and phosphatidic acid (PA)
Radioactive spots, localized by means of

autoradiography, were scraped off, mixed
with 10% water m scintillation fluid
(Aqualuma-Plus, Lumac/3M, Schaesberg,
The Netherlands) and radioactivity was deter
mined by liquid scintillation analysis
Other methods
Protein kinase С activity was determined
as described previously [25] Protem was
determmed by the method of Bradford [26]
using bovme serum albumin as a standard

RESULTS

Endogenous lipid phosphorylation in
pancreatic acini
Phospholipids were extracted from pan
creatic acini labelled for 15 nun with 32p 1
and subsequently analyzed by means of thm
layer chromatography The major radioactive
lipids were identified as PIP2, PIP, PI and PA
(Fig 1, lane A) suggesting that the turnover
of these phospholipids is higher than of other
phospholipids In a typical experiment, the
distribution of [32p]-label was almost equally
distributed over PI, phosphatidic acid, PIP
and PIP2 Unlabelled standards were used to
identify the labelled spots and a different
(acidic instead of alkaline) elution system
revealed the same results (not shown) The
addition of 10 nM cholecystokinin octapeptide (CCK-8) drastically increased the labell
ing of PA and PI over a 2 5 mm period of
time (Fig l.laneB)
When a homogenate or subcellular frac
tions of pancreatic acini were mcubated m a
Hepes
buffer
(pH
6 75)
containing
2+
[γ-32ρ]ΑΤΡ and M g only one of the above
mentioned phospholipids was substantially
labelled (Fig 1, lane C) These [ 32 P]-labelled
endogenous phospholipids consisted for
85-90% of PIP, for less than 5% of PA and
for 5-10% of an unknown product The
"P-labelling of PIP was much less pro
nounced
m the microsomal
fraction
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Fie. 1. Autoradiograph
of
TLC-separated
[•^Ρ]-labelled phospholipids from pancreatic
acini m vivo and in vitro. Lane A, B.
["p]-iabelled phospholipids were extracted from
inlacl pancreatic acini after incubation with 32pj
0
for 13 min at 37 C. Pancreatic acini were stimu
lated for 2.5 min without (A) or with (B) 10 nM
cholecystokinin. Lane C, D. Homogenate of
pancreatic acini was incubated in the presence of
[ γ . 3 2 ρ ] Α Τ ρ f o r 2 min а, зо°С without (С) or with
(D) 0.20 mg/ml PS. Details on incubation, phos
pholipid extraction and separation are given in the
"Materials and Methods" section. The positions
of PA, PI. PIP and ΓΙΡ2 indicated were deter
mined by unlabcllcd standards

( lOO.OOOxg pellet) (not shown). PIP2 was not
found to be labelled in the homogenate or
microsomal fraction even after a 20 min incu
bation (not shown). In the microsomal frac
tion labelling of PIP2 was only found after
addition of exogenous substrate. In the pres
ence of 2 μΜ PIP about 1 % PIP2 (as percent
age of PIP-formation) was formed. This was
increased to 2 2 % after addition of 200 μΜ
PIP
Since PIP was the main endogenous phos
pholipid labelled in vitro, the fonnation of
this membrane phospholipid was studied in
more detail. The time course of PIPformation by PI-kinase in the microsomal
fraction of pancreatic acini is shown in Fig.
2A. This figure shows that in the absence of
exogenous PI as substrate there is a progres
sive incorporation of [-^PJ-radioactivity into

Fig. 2. The time-course of [^PJPIP-formation in
the microsomal faction of pancreatic acini. A.
The microsomal fraction of pancreatic acini (30
32
o
pg) was incubated with [γ- Ρ)ΑΤΡ at 30 C. At
the times indicated the reaction was stopped and
phospholipids were extracted, separated and the
amount of [^PJPIP formed was quantified as
described in the"MateriaIs and Methods" section.
Data are the mean of 2 experiments. B. The
microsomal fraction (triangles) or the homogenate
(closed circles) were incubated and processed as
described above except that 0.2 mg/ml PI, as
additional substrate, was added to the incubation
medium

PIP, resulting in a linear increase in PIPformation during the first 2 min. When 0.2
mg/ml PI was added to the incubation medi
um the activity of PI kinase was increased
profoundly (Fig. 2B). The period of linearity
of the PIP fonnation was
accordingly
increased to at least 4 min. For all experi
ments an incubation time of 1-2 min was
used. These results suggest that the lower
activity of PI kinase in the microsomal frac
tion in the absence of exogenous PI is due to
a lower endogeous PI concentration.

Effects of phospholipids
PI kinase activity

and Ca^+

on

From Fig. 3 it can be seen that addition of
phospholipids to the incubation medium
increased the activity of PI kinase present in
the microsomal fraction. The negatively
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Fig 1 The effect of phospholipid? on PI kinase
activity Microsomal fraction of rabbit pancreatic
acini (40 pg) was incubated m the presence of
various phospholipids (PE, closed cirkels, PC,
open cirkels, PS, triangles) at the concentrations
indicated After 1 mm of incubation at Ì00C the
reaction was slopped and phospholipids were
extracted The amount of [32p]pip formed was
quantified as described in the "Materials and
Method" section The value obtained in the
absence of exogenous phospholipids was set at
100%, to which all other values are related The
values presented are the mean of three expenmenls

charged phosphatidylserine (PS) did not
increase the amount of PIP formed as much
as the neutral phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
The potentiating effect of phospholipids on PI
kinase activity was also observed for PIP
kinase In the presence of 0 2 mg/ml PS
PIP2-formation was increased from 1 to 7 %
and from 22 to 43% PIP2 (as percentage of
PIP formed) with 2 μΜ and 200 μΜ PIP,
respectively, as exogenous substrate

10

100
1000
[ C a ' * ] free I / J M )

+

Fig 4 The effect ofCa^ on PI kinase activity
Microsomal fraction of rabbit pancreatic acini (30
pg) was incubated in the absence (closed sym
bols) or presence of PS (0 2 mg/ml, open sym
bols) at the Ca2 + concentrations indicated After
1 mm of incubation at 30°C the reaction was
stopped and phospholipids were extracted. The
amount of [^P]PIP formed was quantified as
described in the "Materials and Method" section
The value obtained in the absence of exogenous
phospholipids was set at 100%, to which all other
values are related
Fig 4 shows the effect of Ca^+ on PI
kinase activity and it appeared that in the
absence of PS micromolar concentrations of
free C a 2 + slightly stimulated PI kinase reach
ing maximum activity (165%) at 3 μΜ Cifi+
With further increasing C a 2 + concentrations
the activity of PI kinase gradually decreased
leavmg 80% activity of control at 1 mM free
C a 2 + In the presence of PS, PI kinase activi
ty did not increase at micromolar C a 2 + con
centrations but still decreased at higher con
centrations
This decrease was more
pronounced than in the absence of PS leavmg
only 60% activity at 1 mM free C a 2 +
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Table 1 Effect ofphorbol ester TPA in the presence or absence of PS ση the [^ Ρ¡PIP formation in a
microsomal fraction of pancreatic acini Microsomal fraction of rabbit pancreatic acini was incubated
with [γ-32Ρ]ΑΤΡ for 1 mm at 30oC ш the absence or presence of PS and/or TPA Details on incubation,
phospholipid extraction and separation are given in the "Materials and Methods" section. The [ 32 P]PIP
formed m the presence of PS was set at 100%, to which all other values have been related. The values
presented are the mean ± SE of 7 experiments Δ PS represents the increase in [32pjpip formation due to
PS addition.
TPA (M)
control
IO"8
IO"6

control
36.4 ±5.5
41 7 ±6.0
42 6 ±6.3

PS
100
82 0 ±2.2
78 6 ±3.0

Δ PS
63.6 ±5.5
44.1 ± 3 6*
35.2 ±4.5*'

* ρ < 0 006 significantly different from PS alone
*+ ρ < 0 002 significantly different from PS alone

Using the microsomal fraction as a source
for PI kinase activity, we obtained an appar
ent K m value for ATP of approximately 120
μΜ, which is in agreement with previous
reports in different tissues [21, 22, 27] The
apparent K1Tl value for PI as exogenous subs
trate was found to be 0.24 mM (taking an
average molecular mass of 750 Da for this
phospholipid)
In all experiments described so far, the
detergent Triton X-100 was present in the
incubation medium at a concentration of
0 03% due to the sample addition When the
Tnton-X-100 concentration was increased to
0 18%, PI kinase activity increased from 41.1
± 3 7 t o 8 4 1 ± 3 9 pmol/min per mg protein
(mean ± SD for n=4) At a higher Tnton
X-100 concentration (0 33%) PI kinase activi
ty decreased again to 67 7 ± 5 0 pmol/min per
mg protem

known to activate protein kinase С directly
We showed before that in the microsomal
fraction of rabbit pancreatic acini protem
kinase С can be activated in the combined
presence of TPA and PS without additional
calcium (e g at submicromolar free Ca^"1"
concentration) leadmg to the phosphorylation
of specific protem kinase С substrates [25]
Table 1 shows that m the absence of PS the
phorbol ester tends to have a slightly stimu
lating effect on the PI kinase activity How
ever, in the combined presence of TPA and
PS, conditions activating pancreatic protein
kinase С m vitro, PlP-formation is signifi
cantly reduced Since the actions of the phor
bol esters are generally ascribed to protein
kinase С activation it is concluded that pro
tem kinase С directly or indirectly inhibits PI
kinase A phosphorylation of PI by protem
kinase С itself was mied out since partially
purified pancreatic protem kinase С did not
phosphorylate PI (not shown).

Effect ofphorbol ester on PI kinase activity

DISCUSSION

In order to investigate a possible involve
ment of protein kinase С in the regulation of
PI kinase activity we incubated the microso
mal fraction with the phorbol ester, 12-0tetradecanoylphorbol
13-acetate
(TPA),

In a number of tissues, stimulated secre
tion has been shown to be accompagmed by
an mercase in the turnover of the phosphoinositides, which was preceded by a receptoractivated breakdown of PIP2 [1, 2, 12, 13]

Othei kinetic aspects of pancreatic PI kinaie
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In vivo in the unstimulated cell, there is an
equilibrium between the amounts of PI, PIP
and PIP2 due to a balance in the synthesis
(phosphorylation) and breakdown (dephosphorylation) of PIP and PIP2 The steadystate level of PIP2, essential for the amount of
PIP2 available for hormone-induced break
down, is regulated at least in part by the activ
ities of both PI kinase and PIP kinase These
kinases are generally considered to be plasma
membrane-localized [28]
In the present
study, we show that in vivo in intact rabbit
pancreatic acini the P^p] labelling of PA, PI,
PIP and PIP2 is fast when compared to the
[ " P ] labelling of other phospholipids sug
gesting a high turnover rate of these lipids in
the unstimulated pancreatic cell We further
demonstrate that in vitro the synthesis of PIP,
one of the Ρ ^P]-polyphosphoinositides,
occurred rapidly in pancreatic acinar cell
homogenates and in microsomal fractions
incubated with [y-^^pjATP There appeared
to be a much greater accumulation of
[ 32 P]-label mto PIP than into PA, PI or PIP2
over the time span studied This preferential
formation of [^P]PIP may reflect a greater
PI kinase activity than PIP kinase activity but
it may also be that the lack of PIP2 formation
is due to a loo low concentration of endoge
nous substrate since after addition of exoge
nous substrate for PIP kinase the in vitro for
mation of [-'2p]piP2 could be observed
Pancreatic PI kinase present in the micro
somal fraction of rabbit pancreatic acini
appeared to have apparent K m values for
ATP and for PI of 120 μΜ and 0 24 mM,
respectively, correlating well with previously
reported values in other tissues [21, 22, 27]
In the presence of exogenous phospholipids
the activity of PI kinase was increased drasti
cally This increase in activity was less pro
nounced m the presence of the negatively
charged PS than m the presence of the neutral
lipids (PE and PC) The reason for this activa
tion tan be a general increase m hydrophobicity by the phospholipids thus improving the
physicochemical state of the enzyme, e g the
formation of suitable physical forms of the

lipid-substrate-kinase complex On the other
hand, it is possible that the added phospholi
pids disturbed the vesicular structure of the
microsomal fraction thus liberating occluded
PI kinase leading to increased PlP-formation
Both possibilities are in line with the finding
that a moderate increase in the Triton-X-100
concentration also mcreased PIP-formation
A similar effect of detergents on PI kinase
activity has been found in astrocytoma plas
ma membranes [27]
Micromolar Сзг+ slightly increased PI
kinase activity but at Сгг+ concentrations
higher than 50 μΜ the enzyme was gradually
inhibited These results are in line with previ
ous reports, in which PI kinase from other tis
sues was inhibited at Car+ concentrations
higher than 100 μΜ [17, 29] Hou et al using
purified PI kinase from porcine liver micro
somes reported an IC50 of 0 4 mM Сяг+
[211 The possibility of the presence of a
Ca -dependent PIP phosphatase, maximally
active at 40 μΜ Ca2"1", as reported by Tooke
et al in plasma membranes of rat ß-cell tumor
[22] cannot be excluded
A possible involvement of protein kinase
С in the regulation of PI kinase activity was
studied by means of the phorbol ester, 12-0tetradecanoylphorbol
13-acetate
(TPA),
which can activate protein kinase С probably
because of a structural analogy of TPA and
diacylglycerol [10] When a homogenate or
subcellular fractions of rabbit pancreatic acini
were incubated with [γ-32ρ]ΑΤΡ phosphory
lation of endogenous proteins was found We
recently reported the presence of specific
endogenous substrates for protein kinase C,
which were labelled in the presence of TPA
and PS [25] Under the same mcubation con
ditions, we now found a 20% inhibition of the
PI kinase activity, while in the absence of PS
a slight but non-significant increase in PI
kmase activity was detected Moreover, at 1
mM free Car+ and m the presence of PS,
conditions which activate protein kinase C, PI
kinase activity was decreased 25% as com
pared to the activity in the absence of PS
These experiments suggest a negative action

for protein kinase С on PI kinase Both stim
ulatory and inhibitory effects of phorbol
esters on PI kinase have been reported
[14-161 depending on the tissue studied In
pancreatic
acini,
TPA
inhibits
the
ССК-8-induced labelling of both PI and
phosphatidic acid but does not seem to have
an effect on PIP-formation [30] Therefore, a
possible link between the inhibitory effect of
TPA on PI kinase activity in vitro and the
desensitizing
effect
of
TPA
on
cholecystokmin-induced enzyme secretion
that has been found upon preincubation of
pancreatic acmi with TPA [31] is not likely.
More experiments are needed to elucidate the
mechanism of tins TPA-mduced inhibition of
PI kinase
In conclusion, we show the presence of
both PI- and PIP kinase activity in rabbit pan
creatic acinar cell homogenates and microso
mal fractions The kinetic properties of pan
creatic PI kinase with respect to ATP and PI
dependence closely correlate with those
reported for PI kinase from other tissues with
the additional finding that the activity of PI
kinase can be markedly increased by the pres
ence of phospholipids. We also show that in
the presence of PS the phorbol ester TPA
inhibits PI kinase activity Further study has
to be undertaken to elucidate the nature of
this phorbol ester induced inhibition of PI
kinase
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Effects of phorbol ester and cholecystokinin on the
intracellular distribution of protein kinase С in rabbit
pancreatic acini
A G H EDERVEEN, S E VAN EMST-DE VRIES, J J H H M DE PONT and
Ρ H G M WILLEMS
Department of Biochemistry. University of Nijmegen, The Netherlands

Treatment of rabbit pancreatic acmi with the phorbol ester, 12-0tetradecanoylphorbol 13-acetdte (TPA), resulted in a time- and dose-dependent
decrease of soluble protein kinase С activity coinciding with an increase of protein
kinase С activity in the paniculate fraction After 5 min, soluble protein kinase С
activity had decreased to almost 10% of the corresponding control Total extractable protein kinase С activity, however, remained unchanged, indicating that the
decrease of soluble protein kinase С activity was not due to TPA-induced inactivation of the enzyme The biologically inactive phorbol ester, 4a-phorbol
12,13-didecanoate, did not induce such a translocation of protein kinase С The halfmaximal concentration for TPA-induced translocation of protein kinase С was 40
nM, and was equal to that for TPA-induced amylase secretion from isolated acini
This suggests that translocation of protein kinase С to the particulate fraction is an
important step in TPA-induced activation of protein kinase С and enzyme secretion
On the other hand, cholecystokinin, a secretagogue of the calcium mobilizing type,
whose secretory action is thought to be mediated, at least in part, by protem kinase
C, did not change the subcellular distribution of protein kinase С In the presence of
R59022
(6-|2-[(4-fluorophenyl)phenyImethylene]-l-piperidinyl|-ethyl-7-meÜiy]SH-thiazoloP^-alpyrimulm-S-one), an inhibitor of diacylglycerol kinase activity,
cholecystokinin produced a small but significant translocation of protem kinase C,
suggesting that the inability of the hormone to mduce translocation is not due to a
rapid conversion of the diacylglycerol formed mto phosphatidic acid

INTRODUCTION
Studies carried out in the exocrme pancreas have shown that stimulation of enzyme
secretion by the secretagogue cholecystokinin
is paralleled by a rapid receptor-mediated
hydrolysis
of
phosphatidylinositol
4,5-bisphosphate [1-3], leading to the generation of two intracellular messengers mositol
1,4,5-tnsphosphate
[4-7]
and
1,2-sndiacylglycerol [7-9] The hydrolysis product,
mositol 1,4,5-trisphosphate, has been shown
to stimulate the release of Ca^ + from intracellular organelles, recently referred to as calcio-

somes [10] The other breakdown product of
the
polyphosphoinositide,
1,2-sndiacylglycerol, is generally thought to be the
endogenous activator of the Ca^ + - and
phospholipid-dependent protem kinase С and
acts by increasing the Ca^+-affinity of the
enzyme [11, 12]
Evidence for the involvement of protem
kmase С m pancreatic enzyme secretion has
come from several types of experiments.
Recently we showed that in the presence of
R59022, an inhibitor of diacylglycerol kinase
activity [13], the secretory response to chole
cystokinin C-termmal octapeptide (CCK-8) is
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markedly potentiated, suggesting an addition
al activation of protein kinase С by increased
diacylglycerol levels [14] Moreover, staurosporme, an inhibitor of protein kinase С
activity [15], was shown to inhibit maximal
ССК-8-mduced amylase secretion from iso
lated pancreatic acini by approximately 50%,
indicating that the stimulatory effect of
CCK-8 is for a considerable part mediated by
protein kinase С [16, 17] Best evidence for a
role of protein kinase С in pancreatic enzyme
secretion comes from studies in which phorbol esters, like 12-O-tetradecanoylphorbol
13-acetate (TPA), have been shown to stimu
late enzyme secretion [18, 19] TPA activates
protein kinase С by mimicking the stimulato
ry effect of diacylglycerol on protein kinase С
[12]
Another feature of phorbol esters is that
they induce a shift in the intracellular distri
bution of protein kmase С from the cytosol to
the membrane Since the first reports on this
phenomenon by Kraft et al [20, 21], phorbol
ester-induced translocation of protein kinase
С has been demonstrated in many cell types,
including rat pancreatic acini [22, 23] It has
been suggested that translocation of protein
kinase С to the membrane compartment is an
early step in activation of the enzyme [24] If
translocation is an essential step in protein
kinase С activation, translocation should
occur when pancreatic acini are stimulated
with CCK-8 At present, however, the data
concerning an intracellular redistribution of
protein kmase С in response to Сгг+ mobiliz
ing pancreatic secretagogues are contradicto
ry A moderate translocation of protein kmase
С in response to carbamoylcholine has been
reported in guinea pig pancreatic lobules [25]
Complete translocation was observed m rat
pancreatic acmi stimulated with caemlem or
carbdmoylcholme [26] On the other hand,
only a minor change m the distribution of
protein kmase С activity in caemleinstunulated rat pancreatic acini has been
described by Bruzzone et al [27] No translo
cation of protem kinase С activity, however,
was found m carbamoylcholine- or CCK-

stunulated murine pancreatic acini [28]
In the present paper we studied the effects
of the phorbol ester TPA and the pancreatic
secretagogue CCK-8 on the intracellular dis
tribution of protem kmase С in isolated rabbit
pancreatic acmi It was found that TPA dosedependently decreased soluble protem kmase
С activity, whereas CCK-8, at a concentration
maximal for enzyme secretion, did not
change the cellular distribution of the
enzyme

MATERIALS AND METHODS
MATERIALS
TPA, aprotinin, leupeptin, histone-Hl,
bovine serum albumin and soybean trypsin
inhibitor were purchased from Sigma, St
Louis, MO, U S A lonomycin was obtamed
from Behring Diagnostics, La Jolla, CA,
U S A , Hepes and hyaluromdase from Boehringer, Mannheim, F R G , collagenase from
Cooper Biomedical I n e , Malvem, PA,
U S A , dithioerythritol and phenylmethylsulfonylfluonde from Serva Feinbiochermca,
Heidelberg, F R G , [γ- 3 2 Ρ]ΑΤΡ, tnethylammonium salt (3 0 Ci/mmol) from Amersham,
Buckinghamshire, U K and phosphatidylserine from Lipid Products, Nutfield nurseries,
Surrey, U K R59022 was obtamed from
Janssen Life Science Products, Beerse, Belgi
um The Phadebas test kit was purchased
from Pharmacia, Uppsala, Sweden All other
chemicals were of analytical grade TPA and
lonomycm were dissolved m dimethylsulfoxide (DMSO), phenylmethylsulfonylfluonde
was dissolved m 2-propanol as a 100 mM
stock All solvent concentrations were maxi
mally 0 1%

METHODS
Préparation of rabbit pancreatic acmi
Rabbit pancreatic acini were prepared as
previously described [29]
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Amylase sei retían experiments
For amylase secretion experiments, rabbit
pancreatic acini were resuspended in a KrebsRrnger bicarbonate medium (pH 7 4) containing 119 mM NaCl, T i mM KCl, 1 2 mM
KH2PO4, 25 mM NaHC03, 1 2 mM СаСІ2,
1 2 mM MgCl2, 5 8 mM glucose, 0 1 %
(mass/vol) bovine serum albumin, an ammo
acid mixture according to Eagle [30] and 0 2
mg/ml soybean trypsin inhibitor and were
incubated at 37 0 C The stimulants were added
as indicated in the legends to the figures and
samples of the incubation medium were
removed at appropriate times for determmation of amyldse activity At the end of the
experiment an aliquot of the suspension was
removed and the acini were homogenized for
determination of total amylase activity Amy
lase activity was measured by means of the
Phadebas test and medium amylase activity
was expressed as percent of total amylase
present in the acini at the beginning of the
incubation
Fi actionation of pancreatic acmi
Isolated rabbit pancreatic acini were
resuspended m the above Krebs-Rmger bicar
bonate medium (pH 7 4) and incubated in the
presence of various concentrations of CCK-8
and 12-O-tetradecanoylphorbol
13-acetate
(TPA) for the times indicated The incubation
was stopped by the addition of 1 volume of
ice cold Krebs-Ringer bicarbonate medium,
from which bovine serum albumin was
absent The cell suspension was centnfuged
for S mm at lOOxg (4 0 C) The cell pellet (typ
ically 1 mg protem) was washed once with
ice-cold albumm-free Krebs-Rmger bicarbo
nate medium and subsequently resuspended
m ice-cold homogemzation solution, contamrng 20 mM Tns/HCl, pH 7 5, 0 25 M suc
rose, 10 mM EGTA, 2 mM EDTA, 2 5 mM
dithioerytritol, 0 2 mg/ml soybean trypsin
inhibitor, 1 mM phenylmethylsulfonylfluoride, 10 Mg/ml aprotmm, 20 μΜ leupeptm and
10 mM NaF The cell suspension was soni

cated m an ice-bath and centnfuged (4 0 C) m
an Eppendorf centrifuge (15,000xg) for 15
mm The resulting supernatant (soluble frac
tion) was assayed for protem kmase С activi
ty and protem content To measure protem
kmase С activity m the particulate fraction,
the pellet was sonicated m homogemzation
solution containing 1% (vol/vol) TntonX-100, kept on ice for 1 hour, and centnfuged
m an Eppendorf centrifuge for 15 mm The
resultmg supernatant, containing the solubilized protem kinase С activity, was referred to
as the particulate fraction
Determination of protein kinase С actn it\
Protem kmase С was determined m a
reaction mixture (200 μΐ) contammg 20 mM
Hepes, pH 6 75, 10 mM MgCl2, 20 μΜ
[γ-^2Ρ]ΑΤΡ (spec act 0 12 Ci/mmol), 10 μg
histone-Hi (type III-S), 1 mM EGTA and 1
mM C a 2 + (approximately 25 μΜ free Ca2"1")
with or without phosphatidylserme (40 μg)
and TPA (50 nM) Protein kinase С activity
was defined as the phosphatidylserme- and
ΓΡΑ-dependent mercase in histone-Hl phos
phorylation The reaction mixture was preincubated for 4 mm at 30°C and the reaction
was started by the addition of 20 μΐ enzyme
solution After 2 mm the reaction was stopped
by addition of 2 5 ml ice-cold 5% tnchloroacetic acid/0 1 M H3PO4 and the actdprecipitable material was collected on a
Schleicher & Schuil AE-95 membrane filter
(pore size 1 2 μιη) The filters were washed
three times with 5 ml ice-cold 5% tnchloroacetic acid/0 1 M H3PO4, added to 4 ml
Aqualuma-Plus (Lumac/3M, Schaesberg, The
Netherlands), and counted by liquid scintilla
tion analysis
Other methods
Protem was deterrmned by the method of
Bradford [31] using bovine serum albumin as
a standard
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RESULTS

Soluble protein kinase С activity
(7o of control)

Effects of TPA on amylase secretion and
intiaiellular distribution of piotein kinase С
in panireatic acini
Fractionation of isolated rabbit pancreatic
acini yielded a soluble fraction and a particu
late fraction Total protein kinase С activity
(soluble plus particulate) in the unstimulated
control was 125 (SE = IS, η = 4) pmol phos
phate transferred per mm per mg of acinar
protein In control cells 65% (SE = 9%, η = 3)
of total extractdble protein kinase С activity
was in the soluble fraction, indicating its
cytosohc origin (see also Fig 2) TPA, at a
concentration of 100 nM, caused a rapid
decrease of protein kinase С activity in the
soluble fraction (Fig 1) At 30 s, already 60%
of soluble protein kinase С had disappeared
and the maximal effect, 90% decrease of
soluble protein kinase С activity, was reached
within 5 mm of stimulation with the phorbol
ester Fig 2 shows that the TPA-induced
decrease in soluble protein kinase С activity
was paralleled by an increase of enzyme
activity ui the particulate fraction The rntracellular redistribution of protein kinase С
activity was measured after 7 5 mm of stimu
lation with TPA During this period total pro
tein kinase С activity did not change, indicat
ing that all the protem kmase С activity that
hail disappeared from the soluble fraction was
translocated to the particulate fraction The
effect of TPA on the cellular redistribution of
protein kinase С activity was dose-dependent
and half-maximal translocation was observed
at 40 nM The biologically inactive phorbol
ester, 4a-phorbol 12,13-didecanoate, when
used at the rather high concentration of 3 μΜ
had no effect on the intracellular distribution
of protem kmase С activity (Fig 2)
Membrane-associated protem kmase С
could not be measured directly and was
extracted from the membranes by treatment
with 1% (vol/vol) Tnton-X-100 for 1 hour at
4 0 C (see Methods) After a centnfugation

Time (mm)
Fig 1 Time соигче of TPA-induced intracellular
ι edistrtbution of protein kinase С activity in iso
lated pancreatic acmi Pancreatic acini were
incubated with either TPA (100 nM, open sym
bols) or with the solvent dimelhylsulfoxide
(closed symbols) At the limes indicated the acini
were processed as desenbed in the "Materials and
Methods" section to yield the soluble fractions, m
which protein kinase С activity was determined,
In each experiment the total protein kinase С
activity in the soluble fraction at zero time control
was set at 100%, to which all other values are
related The values presented are the mean of 2-4
experiments
step to remove the non-extracted membranes,
the extract (particulate fraction) was assayed
directly for protem kmase С activity The
detergent, at the final concentration of 0 1%,
did not interfere with the protem kmase С
assay The practically complete recovery of
protem kmase С activity after translocation
indicates that membrane-bound protem kmase
С is effectively extracted by the procedure
used
The dose-response curve for TPA-induced
redistribution of protem kmase С activity
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Fig 2 Effect of TPA on the mnaiellulai disti ιbution of protein kinase С aaivity in isolated panLieatu acmi Pancreatic acini were incubated
with TPA (circles), at the concentrations indicat
ed, or with 3 μΜ 4a-phorbol 12,13-didecanoate
(PDD, mangles) for 7 5 mm at 370C. The acmi
were subsequently processed as described in the
"Materials and Methods' section to yield the solu
ble and particulate fractions Protein kinase С
activity was determmed m the soluble (open sym
bols) and particulate fractions (closed symbols)
and was expressed as pmol phosphate incorporat
ed m hisione-Hl per mm. In each expenment,
loul protein kinase С activity in the unstimulated
controls is set at 100%, to which all other values
are related The values presented are the mean ±
SE of 3 experiments
(Fig 2) closely resembles that for TPAmduced enzyme secretion (Fig 3) For both
processes the half-maximally stimulatory
concentration of TPA is 40 nM This sug
gests that there is a close correlation between
TPA-induced translocation and TPA-mduced
enzyme secretion The biologically inactive
phorbol ester, 4a-phorbol 12,13-didecanoate,
which had no effect on the intracellular distri
bution of protein kinase С activity (Fig 2),

ι
8

ι
7

ι
1
6
5
-logCTPAl/M
Fig. 3 Dosc-reponse tiin>e for TPA-mduced
amylase secretion from rabbit pancreatic acini
Acini were incubated for 20 mm at 370C TPA, at
the indicated concentrations, was added at 10
mm. The increase in amylase release al 20 mm
was measured, corrected for basal release at that
time and expressed as percentage of the total
amylase content of the acini at the beginning of
the incubation. The values are the mean ± SE of 3
experiments

also had no effect on amylase secretion (not
shown)
Effect ofCCK-fi on the intracellular dmtubuttoit of ac inai cell protein kinase С actixity
Stimulation of isolated pancreatic acini
with 10 nM CCK-8, a concentration optimal
for amylase secretion, did not lead to a
change in soluble protein kinase С activity
(Fig 4) One explanation for the inability of
CCK-8 to induce translocation of protein
kinase С might be a rapid conversion of the
diacylglycerol formed into phosphatidic acid
To test this possibility, the experiments were
repeated in the presence of R59022, an inhib
itor of diacylglycerol kinase activity [14|
R59022 alone did not change protein kinase
С activity in the soluble fraction (Fig 5)
Stimulation of acini with 10 nM CCK-8 in
the presence of 10 μΜ R59022 led to a small,
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Soluble protein kinase С activity
(%, of control)

100 H gr"

—
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tor 5 mm and then stimulated with 100 nM
TPA Both preincubation conditions did not
affect the TPA-mduced decrease in soluble
protein kinase С activity (not shown)
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Fig 4 EffcLt of stimulation mth tholecvstokimn
on the intiaiellulai distiibution of protein kinase
С actmn in isolated pana catiL acmi Pancreatic
acmi were mcubaled wilhout (open symbols) or
with (closed symbols) 10 nM CCK-8 At (he
limes indiialed the acini were processed as
described m Ihe Malenals and Methods section
to yield soluble fraclions, in which protein kinase
С aclivity was deiermined In each experiment,
protein kinase С activity in the unstimulated con
trol at 30 s was set at 100 %, to which all other
values are related The values presented are the
mean ± SE of 2 "5 experiments
but statistically bignifitant decrease in soluble
protein kinase С activity In all the expenments, TPA (100 nM), used as a positive con
trol, gave a maximal translocation of protein
kinase С activity (not shown)
Another explanation for the inabdity of
CCK-8 to induce a decrease in soluble protein
kuiase С activity might be that cytosolic
Ca , which rises upon receptor activation,
interferes with the process of translocation
To test this possibility acini were premcubated with the calcium lonophore, lonomycin
(1 μΜ), or the secretagogue, CCK-8 (10 nM),

Stimulation of pancreatic acini, prelabelled with З 2 ?,, by CCK-8 has been shown
to lead to an almost immediate increase of the
acinar cell [32p]phosphatidic acid content
[14], which reflects the rapid formation of
di асу 1 glycerol due to the the receptormediated hydrolysis of phosphatidylinositol
4,5-bisphosphate Diacylglycerol is generally
thought to be the endogenous activator of
protein kinase C, an enzyme implicated in
many receptor-mediated cellular processes
[II, 42J Evidence has been provided that
activation of protem kuiase С involves its
translocation from the cytosol, where it is in
the inactive form, to the membrane, and that
it is the membrane-bound form which is
enzymatically active [33] So far, however,
no firm evidence is available on the occur
rence of receptor mediated translocation of
protein kinase С in pancreatic acinar cells In
the rat, for instance, the experimental data are
conflicting in that in one study both caerulein
and carbamoylcholme induced an almost
complete translocation of acinar cell protem
kinase С activity [26], whereas in another
study caerulein had only a small effect on the
intrdcellular distribution of the enzyme [27]
And whereas in guinea pig carbamoylcholme
induced a moderate translocation of acinar
cell protem kinase С activity [25], neither car
bamoylcholme nor cholecystokinin had an
effect on the intracellular distribution of the
enzyme in mouse [28] In the present study,
we compared the effects of the pancreatic
secretagogue CCK-8, which activates the ino
sitol phospholipid pathway leading to the for
mation of diacylglycerol, and TPA, which,
probably because of its structural analogy
with diacylglycerol, is a potent activator of
protem kinase С [12], on the intracellular dis-
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of 40 nM Moreover, the inactive phorbol
ester, 4a-pliorbol 12,13-didecanoate (PDD),
failed both to induce translocation of protem
kinase С and to increase the rate of enzyme
secretion Stimulation with CCK-8, however,
did not lead to any change in the cellular dis
tribution of protem kmase С activity CCK-8
was used at a concentration maximal for
enzyme secretion and it has recently been
shown that stimulation of pancreatic acmi
with a maximally stimulatory concentration
of CCK-8 leads to a 2 5-fold increase m aci
nar cell diacylglycerol content within 5-10
mm of stimulation [7] Therefore, the inabili
ty of CCK-8 to mduce translocation of acinar
cell protem kmase С activity does not seem to
be due to a rapid conversion of the diacylgly
10
20
30
40
50
cerol formed This is consistent with our
R 59022 lyuM)
observation that in the presence of R59022,
Fig 4 EffcLt of the diat-}li>h<-erol kinase inhib an inhibitor of diacylglycerol kmase activity
[П], CCK-8 produced only a small, if any,
itor RÏ9Ü22 alone and in tombtnation with iholecMtokmm on the intracellular redistribution of decrease of soluble protem kmase С activity
piote m kinase С actnity in isolated pancreatic
In addition, we could not provide any evi
acini Pancreatic acini were incubated for 12 mm
dence that some other intracellular pathway
0
at 17 C 1^9022, at the concentrations indicated,
activated by CCK 8, for instance due to the
was added al the beginning of the incubation
CCK 8-mduced mercase in free cytosolic cal
CCK-8 (10 nM, trianglfs) or solvens (circles) was
cium, interfered with the process of transloca
added al 6 min At 12 min the acini were collect
ed and subsequently processed as described in Ihe
tion, since preincubation with CCK-8 or the
Materials and Methods section to yield the solu
calcium lonophore, A23187, had no effect on
ble fractions, in which protem kinase С activity
subsequent translocation mduced by TPA
was determined In each expenmenl the total pro
tein kinase С activity in the soluble fraction of the
It seems likely that the abUity of TPA and
unstimulated conti ol was sel at 100%, to which
the inability of ССК-8-generated diacylgly
all other values are related The values presented
cerol to induce translocation of protem kmase
are the mean ± SE oM expenmenls
С has to be explained by differences m tight
ρ < 0 045 Value significanüy different from
ness with which both compounds bind protein
control (Student's t-lesl for paired samples)
kmase С In pilot experiments, aimed at find
ing the optunal extraction conditions for this
study, we have noticed that the distribution of
tribution of acinar cell protein kinase С activ
the protem kmase С activity between the
ity Using a simple fractionation procedure,
soluble and the particulate fraction depended
stimulation with TPA was shown to result in
on the presence of the bivalent cations chela
a rapid and dose-dependent shift of protein
tors (EGTA, EDTA) used When EGTA and
kinase С activity from the soluble to the par
EDTA were omitted from the homogemzaticulate fraction There also appeared to be a
tion solution, 65% m stead of 35% of total
close correlation between the dose-reponse
extractable acmar cell protein kmase С activi
curve for TPA-induced translocation of pro
ty
was found to be present m the particulate
tein kinase С from the soluble to particulate
fraction A similar Ca2+-dependence of the
fraction and for TPA-induced enzyme secre
binding of protem kmase С to membranes has
tion with equal half-maximal concentrations
Soluble protein kinase С activity
(·/. ot control)
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been reported for erythrocytes, neutrophils,
platelets and adrenal chromaffin cells [34-36]
In our experiments, we have used a homogenization solution containing both EGTA and
EDTA to give an optimal extraction of
membrane associated protein kinase С activi
ty from control acini thus allowing TPA- and/
or ССК-8-induced translocation to be meas
ured The fact that, despite the massive
TPA-induced translocation, total extractable
protein
kinase
С
activity
remained
unchanged, shows the reliability of the
extraction procedure and indicates that no fur
ther purification steps, as used by others
[2^-27], are necessary
Our results suggest that under these con
ditions protein kinase С is readily extracted
from membranes in which diacylglycerol is
increased, whereas the enzyme is more tightly
bound to membranes in TPA-treated acinar
cells This is in line with the findings of Bazzi & Nelsestuen 137], who showed that m
vitro phorbol esters induced a sustained acti
vation ot protem kinase С by forming an irre
versible protein kinase C/membrane complex,
while diacylglycerol activated protein kinase
С prmiarily tlirough a reversible protein
kinase C/membrane complex They showed
that this irreversible complex appeared to be
resistent to calcium chelators The reversible
complex was not resistent to calcium chela
tors leading to a termination of membrane
binding and an mam vat ion of protem kinase
С in the presence of these agents
Protein kinase С in the rabbit pancreas is
for 96% of type III (a) [ 16] This means that
the effects of TPA and cholecystokimn on
protein kinase С distribution reported in this
study are due to effects on this subtype A dif
ferent behaviour of other protem kinase С
subtypes cannot be excluded
Our results with TPA are m so far consis
tent with those obtained by Ishizuka et al
[26] that the phorbol ester induced an almost
complete disappearance of protem kinase С
activity from the soluble fraction But, where

as in our study TPA treatment did not change
total extractable protem kinase С activity,
Ishizuka et al described a loss of total extrac
table enzyme activity, which they explained
by a proteolytic cleavage of protein kinase С
yielding protein kinase M In our expenments, however, we found no evidence for
such a proteolytic cleavage of protein kinase
С In contrast with others [25, 26], we found
also no evidence for the occurrence of
hormone-mduced translocation of protein
kinase С in the pancreatic acmar cell At the
moment we have no explanation for this dis
crepancy since essentially the same method
was used to measure the intracellular distribu
tion of protein kinase С
In summary, we show that m exocrine
pancreas TPA-induced translocation of pro
tein kmase С from the soluble to the particu
late fraction and TPA-induced enzyme secre
tion
are
closely
correlated,
with
approximately the same half-maximal TPA
concentrations In contrast, CCK-8, at a con
centration optimal for maximal enzyme secre
tion, did not change the cellular distribution
of protein kmase С activity under the condi
tions used in this study to measure transloca
tion Therefore, the question may be raised
whether the tightness of binding of protem
kinase С to the membranes, as expressed by
the degree of translocation, and protem kmase
С activation are actually correlated or that
binding of protem kinase С to the mem
branes, irrespective of the strength of the
binding, is enough to activate protem kmase
С
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Dissimilar effects of the protein kinase С inhibitors,
staurosporine and H7, on cholecystokinin-induced
enzyme secretion from rabbit pancreatic acini
A. G. H. EDERVEEN, S. E. VAN EMST-DE VRIES, J. J. H. H. M. DE PONT and
P. H. G. M. WILLEMS
Department of Biochemistry, University of Nijmegen, The Netherlands

The effects of two putative inhibitors of protein kinase С activity, staurosporine
and H7, on partially purified protein kinase С and amylase secretion from isolated
rabbit pancreatic acini were investigated. Staurosporine dose-dependently inhibited
amylase release stimulated by an optimal concentration of cholecystokinin
C-terminal octapeptide. At a concentration of 100 nM, the drug inhibited the secre
tory response to the secretagogue by approximately 50%. At the same concentration,
staurosporine inhibited 12-O-tetradecanoylphorbol 13-acetate (TPA)-stimulated
enzyme secretion by 90%. Moreover, the potentiating effect of TP A on
cholecystokinin-induced amylase release was completely abolished in the presence
of staurosporine. Interestingly, amylase release was decreased to the level observed
with the combination of cholecystokinin and staurosporine. In contrast, H7, potenti
ated rather than inhibited cholecystokinin-stimulated enzyme secretion, whereas the
secretory response to TPA was not affected by the drug. Both staurosporine and H7,
however, inhibited protein kinase С purified from exocrine pancreatic tissue. Kinet
ic analysis revealed that both compounds inhibited protein kinase С competitively
with respect to ATP. The Kj values for staurosporine and H7 were 0.55 nM and 13.5
μΜ, respectively. Our results obtained with staurosporine are in line with a stimula
tory role of protein kinase С in cholecystokinin-induced enzyme secretion from the
exocrine pancreas. The results obtained with H7 emphasize that care has to be taken
in interpreting the biological effects of this drug.

INTRODUCTION
+

Protein kinase С is an ubiquitous Сзг and phospholipid-dependent protein kinase
which is thought to play a role in a wide
variety of cellular processes involved in
hormone-induced cell activation [1]. In pan
creatic acini, like in most tissues, the activa
tion of the enzyme appears to be linked to the
secretagogue-induced turnover of phosphoinositides in the plasma membrane [2 - 5].
Interaction of a hormone, like cholecystoki
nin, or a neurotransmitter, such as acetylcho
line, with its membrane receptor stimulates a
phospholipase С activity that cleaves phos-

phatidylinositol 4,5-bisphosphate leading to
the generation of two important second mes
sengers, inositol 1,4,5-trisphosphate [6, 7]
and
diacylglycerol
[8,
9].
Inositol
1,4,5-trisphosphate stimulates the release of
+
Ca^ from intracellular stores [10]. Diacyl
glycerol increases the Ca2+-affinity of pro
tein kinase С [1, 11], leading in conjunction
with the increase in intracellular C a ^ + to acti
vation of protein kinase C.
Evidence for the involvement of the
diacylglycerol-activated protein kinase С in
the mechanism of action of calcium mobiliz
ing pancreatic secretagogues has come prima
rily from studies with phorbol esters. These

82
compounds, such as 12 O-tetradecanoylphorbol 13-acetate (TPA), mimic the stimula
tory effect of diacylglycerol on protein kmase
С 111] and stimulate pancreatic enzyme
secretion [12 - 14] However, phorbol esters
can also be inhibitory active For instance, in
TPA-pretreated pancreatic dcinar cells the
secretory response to calcium mobilizing
secretagogues is significantly inhibited [IS,
16], an effect paralleled by an impaired Ca^+
response [15, 17, 18] This suggests a role for
protein kinase С in receptor-mediated desensitization In order to study the role of protein
kinase С in cholecystokinin-induced pan
creatic enzyme secretion in more detail we
can either pharmacologically activate or
uihibit protein kinase С Recently, we pro
vided evidence that additional activation of
piotein kmase С by TPA leads to potentiation
ot cholecystokinin-induced amylase secretion
119) These results are compatible with a
stimulatory role for protein kinase С in
cholecystokinin-induced amylase release In
contrast, Pandol & Schoeffield [8] reported
thtit
I (*> isoqumolinesulfonyl)-2-methylpiperazine (H7), an inhibitor of protem kinase
С activity, potentiated rather than inhibited
setretagogue-induced enzyme secretion from
gumea pig pancreatic acmi suggestmg a neg
ative feedback role for protem kmase С
Many compounds, such as chlorpromazine, trifluoperazine, polymyxm B, sphmgosme and isoqumolinesulfonamides like H7,
have been reported to inhibit protem kinase С
[20 221 None of these agents is considered
satisfactory for studymg the role of protem
kinase С m cellular processes some of them
are membrane perturbants unlikely to act
directly on protem kmase С and others are of
low potency and specificity H7 has been
reported to inhibit phorbol ester-stimulated
processes m several tissues [21] However,
Ihe selectivity of this compound for protein
kmase C-mediated effects is doubtful because
of almost equal Ki values for protem kmase A
(3 0 μΜ), protem kmase G (5 8 μΜ) and pro
tem kmase С (6 0 μΜ) [23] So far the most
promising protem kmase С inhibitor is stau-

rosporme, a microbial alkaloid with antifun
gal properties Staurosporme is inhibitory
active at nanomolar concentrations, does not
prevent protem kmase С bmdmg to phospho
lipids and phorbol esters, and acts on the cata
lytic domam of the enzyme [24]
In the present study, we have mvestigated
the effect of both staurosporme and H7 on
partially purified protem kmase С and
enzyme secretion from rabbit pancreatic aci
ni It was found that H7 potentiated rather
than inhibited the secretory response to
cholecystokinm-octapeptide, while staurospo
rme dose-dependently inhibited the secretorv
response to this secretagogue However, both
compounds were shown to inhibit acmar pro
tem kmase С activity The suitability of H7
and staurosporme as tools m studymg the role
of protem kmase С in cellular processes is
discussed

MATERIALS AND METHODS
MATERIALS
TPA, H7, bovme serum albumin, histoneHi (type Ш-S) and soybean trypsin inhibitor
were purchased from Sigma, St Louis, MO,
U S A Hepes, staurosporme and hyaluromdase from Boehrmger, Mannheim, F R G ,
collagenase from Cooper Biomedical Ine,
Malvern, PA, U S A , [γ- 32 Ρ]ΑΤΡ, tnethylammomum salt (3 0 Ci/mmol) from Amersham, Buckinghamshire, U К and phosphatidylserme from Lipid Products, Nutfield
nurseries, Surrey, U К The Phadebas test kit
was purchased from Pharmacia, Uppsala,
Sweden All other chemicals were of analyt
ical grade TPA and staurosporme were dis
solved m dimethylsulfoxide The final dimethylsulfoxide concentration was maximally
0 1% (vol/vol)
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METHODS
Preparation of rabbit pancreatic acini
Rabbit pancreatic acini were prepared as
previously described [25].
Amylase secretion experiments
For amylase secretion experiments, rabbit
pancreatic acini were resuspended in a KrebsRinger bicarbonate medium (pH 7.4) contain
ing 119 mM NaCl, 3.5 mM KCl, 1.2 mM
KH2PO4. 25 mM NaHCOs, 1.2 mM СаСІ2,
1.2 mM MgCl2, 5.8 mM glucose, 0.5 %
(mass/vol) bovine serum albumin, an amino
acid mixture according to Eagle [26] and 0.2
mg/ml soybean trypsin inhibitor and were
incubated at 37 0 C. The stimulants were added
as indicated in the legends to the figures and
samples of the incubation medium were
removed at appropriate times for determina
tion of amylase activity. At the end of the
experiment an aliquot of the suspension was
removed to determine total amylase activity.
Amylase activity was measured by means of
the Phadebas test and medium amylase activi
ty was expressed as percent of total amylase
present in the acini at the beginning of incu
bation.
Preparation of partially purified
protein kinase С
Protein kinase С was purified from rabbit
pancreas essentially as previously described
[27]. Further purification was achieved by a
hydroxylapatite column chromatography step
as described by Huang et al. [28]. In the
final preparation protein kinase С was puri
fied more than 100-fold resulting in a specific
activity of 23 nmol phosphate transferred to
histone-Hi per min per mg protein. Accord
ing to the elution profile on the hydroxylapa
tite column and from the reaction with a spe
cific monoclonal antibody we conclude that
the protein kinase С used in this study is of
the α (III) type, which is in rabbit pancreas
the major protein kinase С type (>96%; Ederveen et al. unpublished observations).

Determination of pancreatic protein kinase С
activity
Protein kinase С activity was determined
in a reaction mixture (200 μΐ) containing 20
mM Hepes, pH 6.75, 10 mM MgCl2, 20 μΜ
[γ- 3 2 Ρ]ΑΤΡ (spec. act. 0.12 Ci/mmol), 10 Hg
histone-Hi (type ΠΙ-S), 1 mM EGTA and 1.3
mM C a 2 + (approximately 0.3 mM free C a 2 + )
with or without phosphatidylserine (20 μg)
and TPA (50 nM). After a 4 min preincuba
tion period the reaction was started by addi
tion of 20 μΐ enzyme solution. After 10 min
the reaction was stopped by addition of 2.5
ml ice-cold stop solution containing 5%
(mass/vol) trichloroacetic acid and 0.1 M
H3PO4. The acid precipitable material was
collected on a Schleicher & Schuil AE-95
membrane filter (pore size 1.2 μπι) and
washed three times with 5 ml ice-cold stop
solution. The filter was then added to 4 ml
Aqualuma-Plus (Lumac/3M, Schaesberg, The
Netherlands) and radioactivity was deter
mined by liquid scintillation counting. Pro
tein kinase С activity was defined as the
phosphatidylserine/TPA-dependent increase
in histone-Hi phosphorylation.
Statistical analysis
Except where indicated otherwise, the
results are expressed as the mean ± SE. Statis
tical comparisons were made using Student's
t-test for unpaired samples.

RESULTS
Effect of H7 on ССК-8-stimulated amylase
secretion
Isolated rabbit pancreatic acini released
approximately 10% of their total amylase
content at a relatively constant rate when
incubated in the absence of any hormone or
drug for 65 min at 37 0 C (Fig. 1). The
C-terminal octapeptide of cholecystokinin
(CCK-8), added at the optimal concentration
of 10 nM [19], produced a linear increase in
amylase release with time during the first 30
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Fig 1 Effet-t of H7 alone and in combination
Hith CCK H on amylase release from rabbit pan
cicatH anni Acini were incubated for 65 mm at
470C At 20 mm eithei H7 (100 μΜ, closed sym
bols) or solvens (open symbols) was added
CCK 8 (10 nM, squares) or saline (circles) was
added at 25 mm or m the case of H7 alone at 50
mm Amylase secretion was measured at the
tunes indicated and is expressed as percentage of
the total amylase content of the acini at the begin
ning of the incubation The values presented are
the mean ± SE of 3 separate experiments

mm In the presence of H7, at the concentra
tion of 100 μΜ, basal amylase release
remdined virtually unchanged However, the
secretory response to CCK 8 was markedly
potentiated in the presence of the drug This
potentiation was still present after 30 mm of
preincubation with H7, indicating that H7 had
no deteriorating effect on the acmi In the
presence of H7, TPA-stimulated enzyme
secretion was not affected (not shown)

Fig 2 Dose-inlubmon curve for staurosporme
on ССК-8-induced amylase secretionfromrabbit
pancreatic acini Acmi were incubated for 55
mm at 370C The indicated concentrations of stau
rosporme were added at 20 min CCK-8 at a con
centration of 10 nM was added at 25 mm and the
increase in medium amylase activity was meas
ured over the next 30 mm of incubation In each
experiment, ССК-8-mduced amylase release in
the absence of staurosponne is set at 100%, to
which all other values are related All values were
corrected for basal amylase release and are pre
sented as the mean ± SE of 4 separate experi
ments
Effect erf 'staurosporme on amylase secretion
stimulated b\ CCK-8, TPA and CCK-8 in
combination with TPA
In contrast with the potentiating effect of
H7, the other putative protem kinase С inhib
itor, staurosporme, at a concentration of 100
nM, significantly inhibited the secretory
response to the optimal concentration of
CCK-8 (Table 1) Fig 2 shows the dosemhibition curve
of
staurosporme on
ССК-8-mduced enzyme secretion Halfmaximal inhibition was achieved at approxi
mately 100 nM staurosporme At the maximal
concentration of the drug used, inhibition of
the stimulatory effect of CCK-8 amounted to
65% When pancreatic acmi were mcubated
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Table 1 Effect of staurosporine on amylase secretion from rabbit pancreatic acini stimulated by CCK-8,
TPA and CCK 8 in combination with TPA Isolated rabbit pancreatic acini were incubated for 55 mm at
0
37 C At 20 mm 100 nM staurosporine was added CCK-8 (10 nM). TPA (300 nM) and CCK-8 m combi
nation with TPA was added at 25 mm The secretagogue-induced increase in medium amylase activity
over (he next 30 mm was measured and expressed as percentage of the total amylase content at the begin
ning of the incubation Release values are corrected for basal amylase secretion Staurosporine did not
significantly change the rale of secretion The values presented are the mean ± SE of 3 separate experi
ments Basal amylase release per 30 mm was 4 7 ± 0 6% of total In the last column the percent inhibition
of amylase secretion obiamed with 100 nM staurosporme is given The release value m the absence of
staurosporine was set at 100%
Amylase secretion (% of total/30 mm)
control
staurosporine
inhibition
(100 nM)
(%)

conditions
CCK-8 (10 nM)
CCK-8 (10 nM)/TPA (300 nM)
TPA (300 nM)

103±1 1
a
15 5 ± 1 7
36±1 0

4 3 ± 1 7b
44±23b
04±0 3b

58
72
89

a

value sigmfitanlly dilferenl from CCK-8 alone (p < 0 05)
b values significantly decreased in the presence of staurosporine (p < 0 05)

Protein kinase С activ ty Ipmol/mm)

ч
\

150
200
H 7 [fiMÌ

9
θ
7
6
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Fig 3 Dose-inlnbinon cunei for H7 and stau'ospoiim on piotem ктаче С ас ti\ ttyfromrabbit
pamrea1! Protein kinase C, partially purified
from rabbit pancreas, was assayed in the presence
of either H7 (A) or staurosporme (B) as desenbed
in the Materials and Methods" section The
(γ 32 P]ATP concentration was either 100 μΜ (in
angles and circles) or 10 μΜ (squares)

with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA, 300 nM), known to
activate protein kinase С directly, medium
amylase activity increased with 3 6% over a
30 mm period of time (Table 1) The stimula
tory effect of the phorbol ester was 90%
inhibited by 100 nM staurosporme Recently,
we showed that when acini were stimulated

with the optimal concentration of CCK-8,
amylase release could be further enhanced by
additional activation of protein kinase С with
TPA [19] Table 1 shows that this potentiat
ing effect of the phorbol ester was completely
abolished in the presence of 100 nM stauros
porme and that the secretory level reached
equals that of CCK-8 (without TPA) m com
bination with staurosporme
The above results with staurosporine are
compatible with an inhibitory action of the
drug on protem kmase С activity leading to
an impaired secretory response
Inhibition of partially purified pancreatic
protein kinase С by H7 and staurosporine
Potentiation
of
hormone-stimulated
enzyme secretion by H7 has also been report
ed by Pandol & Schoeffield [8] We now
show, however, that another putative inhibitor
of protem kmase С activity, staurosporine,
does inhibit hormone-stimulated enzyme
secretion These contradictory effects of the
two drugs on the intact acmar cell have led us
to investigate the inhibitory activity of both
H7 and staurosporme on the activity of pro
tem kmase С partially purified from rabbit
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pancreas As depicted in Fig 3, both com
pounds inhibited the activity of the partially
purified enzyme At the highest concentra
tion used, H7 (200 μΜ) inhibited the enzyme
by only 50% (Fig ЗА) Inhibition by stauros
ponne occurred at much lower concentrations
and was complete at a 200 fold lower concen
tration of 1 μΜ (Fig 3B) Fig 3B also shows
that the potency with which staurosponne
inhibits the activity of protein kmase С was
markedly increased at a 10-fold lower ATP
concentration of 10 μΜ Therefore, we inves
tigated the ATP-dependence of the inhibitory
effect of both H7 and staurosponne m more
detail Fig 4A shows that the inhibitory activ
ity of both compounds decreased with
increasing ATP concentration Kinetic analy
sis by double-reciprocal plotting of ATP con
centration and reaction rate (Lineweaver
Burk) revealed that both for H7 and
staurosponne the inhibition of protein kinase
С activity was competitive with respect to
ATP (Fig 4B) The average Ki values, deter
mined by secondary replots of the slopes of
the lines in the double reciprocal plot of Fig
4B as a function of the inhibitor concentra
tion, were 13 5 μΜ and 0 55 nM for H7 and
staurosponne, respectively

DISCUSSION

Fig 4 Effea of H7 and staurosponne on the
ATP dependente of pam ι eatic protein kinase С
attnm
Protein kinase C, partially punfied from
rabbit pancreas was assayed as desenbed in the
Materials and Methods section except for the
varying concentrations of ATP and in the absence
(closed circles) or presence of either H7 (50 μΜ,
triangles, 100 μΜ triangles upside down) or stau
rosponne (1 nM circles, 10 nM, squares) A.
Normal linear plot
B. Double reciprocal
(Lmeweaver-Burk) plot of reciprocal velocity
versus reciprocal ATP concentration All symbols
and conditions are as described above The lines
have been calculated using linear regression anal
ysis and indicate competitive inhibition

It is generally agreed that diacylglycerol
produced upon the receptor-mediated cleav
age of phosphoinositides is the endogenous
activator of protein kinase С In many phar
macological studies on the role of protem
kmase С m receptor-mediated cell activation
diacylglycerol has been replaced by tumor
promoting phorbol esters, known to mimic
the stimulatory effect of diacylglycerol on
protein kmase С [1, 11] In the process of
secretagogue-mduced pancreatic digestive
enzyme secretion this approach has revealed
that protem kmase С exerts both a positive
stimulatory role [12-14] and a negative feed
back role [15-18] In addition, further activa
tion of protem kinase C, either directly by
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TPA or indirectly by the diacylglycerol
kinase inhibitor. R59022, leads to potentia
tion of the secretory response to CCK-8 [19],
which is in line with the stimulatory role of
protein kinase С
Recently, much attention has been paid on
developing selective inhibitors of protein
kinase С activity
Amongst the drugs
described to inhibit protein kinase С activity
and receptor mediated or phorbol esterstimulated cellular processes are the isoquinohnesulfonamide, H7 [21, 29], and the
microbial alkaloid, staurosporme [24, 30),
both of which are used in the present study
Partially purified protein kinase С from rabbit
pancreas, was used to measure the inhibitory
activity of these two compounds With
histone-Hi as a substrate, staurosporme
proved to be more potent than H7 in inhibit
ing protein kinase С activity In the presence
of 100 μΜ ATP almost 100% inhibition
could be reached with 0 1 μΜ staurosporme,
whereas H7 at a concentration of 200 μΜ
inhibited protein kinase С activity by no more
than ^0% Although the inhibitory action of
both compounds on pancreatic protein kinase
С activity is obvious opposite effects of the
drugs were found on enzyme release
ССК-8-stimulated pancreatic amylase secre
tion was potentiated by H7 (100 μΜ) and
uihibited by staurosporme ( 100 nM) Potenti
ation by H7 of secretagogue- and TPAstimulated amylase release has been reported
by Pandol & SchoefField [8], who concluded
that protem kinase С exerted a negative feed
back role in receptor-mediated pancreatic
enzyme secretion This explanation, however,
is not supported by the present findings with
staurosporme, since this drug effectively
inhibits CCK-8- (50%) as well as TPA(90%) stimulated enzyme secretion These
findings are m line with the effects recently
described in guinea pig pancreas by Verme et
al [31] Therefore, we conclude that the
potentiating effect of H7 is not likely to be
ascribed to inhibition of acinar cell protem
kinase С activity and we want to emphasize
that experimental results obtamed with this

compound should be treated with caution On
the other hand, the data obtamed with stauros
porme are compatible with the postulated
stimulatory role of protem kinase С m
receptor-mediated pancreatic enzyme secre
tion
The data obtamed with staurosporme are
interesting for two reasons Firstly, m that the
drug at a concentration of 100 nM almost
completely (90%) inhibits the secretory effect
of TPA and only partially (50%) inhibits the
secretory response to CCK-8 Secondly, m
that staurosporme not only completely abol
ishes the potentiating effect of TPA on
ССК-8-stimulated secretion but also lowers
the rate of amylase release to that observed m
the presence of CCK-8 (without TPA) Tak
en together these results suggest that the resi
dual release m the presence of staurosporme
is independent of protein kinase С The fact
that the secretory response to CCK-8 is even
more inhibited at higher concentrations of
staurosporme may reflect the susceptibility of
other systems mvolved m receptor-mediated
enzyme secretion to higher concentrations of
the drug
Kmetic analysis revealed that the inhib
ition of protem kmase С activity by both stau
rosporme and H7 was competitive with
respect to ATP The respective K! values
were 0 55 nM and Π 5 μΜ The intracellular
concentration of ATP is m the order of 2 mM
[32] and the K m for ATP of protem kinases,
including pancreatic protem kmase C, is
about 4 - 1 0 μΜ [33] Therefore, considering
the type of inhibition, an IC50 0 ^ HO - 275
nM for staurosporme and 2700 - 6750 μΜ for
H7, respectively, would be required for inhib
iting protem kmase С activity m the mtact
acmar cell (calculated with the equation
IC5o=(l+[S]/K m )K 1 ) This means that for
staurosporme the IC50 value for inhibition of
protem kmase С activity m the mtact cell
(calculated above) and for the inhibition of
ССК-8-mduced enzyme secretion (experi
mentally determmed) correlate well In the
case of H7, however, concentrations much
higher than those which have been reported to

exert biological effects [8, 2 1 , 29] would be
necessary to cause an inhibition of protein
kinase С activity It is therefore unlikely that
the
potentiating
effect
of
H7
on
cholecystokinm-induced amylase release is
mediated by inhibition of protein kinase С
activity In the same paper, in which Pandol
& Schoeffield [8] show the potentiating effect
of H7 on ССК-8-induced enzyme secretion,
they report that the Car* lonophore A23187
inhibits the secretory response to the hor
m o n e In view of these results a possible
explanation could be that H7 inhibits a
C a ^ + - d e p e n d e n t enzyme, which is inhibitory
with respect to the hormonal response, result
ing in potentiation of receptor-mediated
enzyme secretion
In summary, w e show that both staurosp o n n e and H7 inhibit protein kinase C, par
tially purified from rabbit pancreas, in a com
petitive manner with respect to A T P
Staurosporme proved to be much more potent
in inhibiting protein kinase С activity than
H7 On the basis of the data obtamed with
the partially purified enzyme, we conclude
that the inhibitory effect observed with stau
rosporme on ССК-8-induced amylase secre
tion from isolated pancreatic acini reflects
inhibition of acinar cell protem kinase С
activity On the other hand, the potentiating
effect of H 7 is not likely to be explained by
such an inhibition Our results with stauros
porme are in line with a stimulatory role of
protein kinase С in cholecystokinm-induced
enzyme secretion from the exocrine pancreas
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The diacylglycerol kinase inhibitor, R59022,
potentiates cholecystokinin-induced enzyme secretion from rabbit pancreatic acini
AnloineG 11 l-DFRVI [ N, Sjcncl I- VAN 1 MST-Db VRIF-S. Jjn Jocp H H M DE PONT and Peler II G M WILLEMS
Department of Biochemistry, University of Nijmegen. Nijmegen. The Netherlands
(Received July 20 September 9, 1989) - IJB 89 089«

The putative inhibitor ofdiacylglyccrol kinase activity, 6-j2-[(4-nuorophenyl)phenylmcthylene]-l-ptperidinyl}ethyl-7-methyl-5H-thi.i/.ol()[3,2-rf]pyrimidin-5-onc (R59022), markedly potentiated cholecystokmin-C-tcrminaloclapcptidc(CCK-8-)slimulalcd enzyme secretion from isolated rabbit pancreatic acini Maximal potentiation
occurred when acini were stimulated in the presence of 5 —10 μΜ R59022 Potentiation depended both on the
concentration of R59022 and CC'K-H No potentiation was observed when acini were half-maximally stimulated,
whereas the secretory response to maximal and supramaximal concentrations of sccrelagogue was increased by
5 0 - 6 0 % R59022 alone had no effect on basal enzyme secretion and the drug did not potentiate the secretory
2
response to the C a ' lonophorc A23187 or to the phorbol ester, 12-(9-lctradecanoylphorbol 13-acctate Moreover.
no increase in basal secretion was observed when acini were incubated in the presence of both R59022 and
forskolm These observations strongly suggest that receptor-mediated activation of the inositol phospholipid
pathway is required for R59022-induced potentiation R59022 inhibited the ССК-8-stimiilaled incorporation of
32
P , into phosphalidic acid dose dependenlly, without affecting the ССК-8-stimulated hydrolysis of , 2 P-labelled
phosphatidylmositol 4,5-bisphosphale This is consistent with an inhibitory effect of RVX)22 on acinar cell
diacylglycerol kinase activity The potentiating effect of R59022 was mimicked by 12-(Mctradec,inoylphorbol
13-acelate added simultaneously with CCK-8
Therefore, it is concluded that in the presence of 5 10 μΜ R59022 the receptor-mediated increase in acinar
cell diacylglycerol content is enhanced leading to enhanced activation of protein kinase С and to potentiation of
the secretory response The fact that the secretory response to maximal and supramaximal concentrations of
CCK-8 is potentiated by R59022 suggests that at these concentrations of secretagogue the diacylglyccrol/prolein
kinase С branch of the signal-transduction route is ratc-limitmg

intracellular messenger molecule is reflected by the enhanced
incorporation of " P , into phosphalidic acid due to the rapid
conversion of diacylglycerol to phosphalidic acid by the en
zyme diacylglycerol kinase
Evidence for the involvement of the diacylglycerolactivated protein kinase С m the mechanism of action ofcalcium-mobilizing pancreatic secretagogucs has come primar
ily from studies in which phorbol esters, like 12-0tetradecanoylphorbol 13-acetale (TPA), which rmmick the
stimulatory effect of diacylglycerol on protein kinase С [10].
are shown to stimulate pancreatic enzyme secretion [11—13]
However, phorbol esters can also have inhibitory effects in
that following preincubation of acinar cells with ГРА the
secretory response to calcium-mobilizing sccrelagogues is in
hibited [14. 15], an effect paralleled by an impaired C a 2 '
Correspondence to Ρ H G M Willems, DeparlmcnlorBiochem- response [14, 16, 17], suggesting a role for protein kinase С in
istry, Ρ Ο Box 9101, NL-6500 HB Nijmegen, The Netherlands
receptor-mediated desensitization To study the role of protein
Abbreviations CCK-8, cholecystokinin C-lerminal oclapcplide, kinase С in pancreatic enzyme secretion in more detail, puta
H7 l-(5-isoquinolinesulfonyl)-2-melhylpipcra7ine,
Ι^(1,4,5)/Ί. tive inhibitors of protein kinase С activity, such as l-(5inositol 1,4,5-trisphosphatc. Pldlns4f. phosphatidylmositol 4- isoquinolinesulfonyl)-2-melhylpiperazine (H7), as well as
,
phosphate, PtdIns(4,5)/ 2, phosphatidylmositol 4,5-bisphosphalc,
exogencously applied diacylglyccrols, such as oleoylR59022, 6-{2-[(4-nuorophenyl)phcnylmcihylcne] l-pipcndinyl}-ethylacctylglycerol and diolcoylglycerol, have been used but
7-incihyl-5H-thia/olo[3,2-a]pyrimidin-5-one, TPA. 12-O-tclradc
gave conflicting results H7 potentiated rather than inhibited
canoylphorbol 13-acetatc
the secretory response lo TPA or hormone ¡6], while
Ьп:)те Protein kinase С (EC 2 7 1 37)
One of the earliest events in cholecystokinm-stimulated
pancreatic enzyme secretion is the activation of a phospho
diesterase with specificity for phosphatidylmositol 4,5-bisphosphate [PtdIns(4,5)/>2] [1, 2] Receptor-mediated hydroly
sis of PtdIns(4,5)/ > 2 leads to the rapid formation of the intra
cellular messengers, inositol lAS-tnsphosphatellnsOASJ/'j]
[ 3 - 5 ] and 1,2-jf!-diacylglycerol [6, 7] Inositol 1,4,5-trisphosphate stimulates the release о Г С а 2 + from intracellular
stores, recently referred to as calciosomes [8], whereas
diacylglycerol activates the calcium- and phosphohpid-dependent protein kinase (protein kinase C) by increasing the C a 2 *
affinity of the enzyme [9,10] Increased formation of the latter
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oleoyldcetjlglyccrol in contrast to dioleo>lgl)cerol (11] did not
mimiek the stimulatory elicci of TPA on pancreatic enzyme
secretion [6]
Recently the compound R59022 has been shown to inhibit
diacylglycerol kinase activity in red blood cell membrane!, as
well as in intact platelets and neutrophils [18 20] leading to
increased agonist-induced diacylglycerol levels and to poten
tiation of agonist-induced responses In the present study
we have used R'59022 in an attempt to assess the role of
diacylglycerol-aclivated protein kinase С in receptor-mediated
pancreatic enzyme secretion in more detail II diacylglycerol is
a second messenger with a role in pancreatic en/yme secretion
then the inhibition of its metabolism should potentiate enzvme
secretion by receptor agonists such as cholecyslokimn anal
ogous to methyUanthine potentiation of cyclic-AMP-mediatcd responses
The present study shows that R59022 inhibits dose
32
dependently the receptor-mediated incorporation ol P into
phosphatidic acid indicating that diacylglycerol kinase ac
tivity is indeed inhibited The secretory response to the
C-terminal octapcptide ol cholecyslokimn is markedly poten
tiated by R59022 which is consistent with a stimulatory role
for receptor-activated protein kinase t in pancreatic enzyme
secretion

MAI

LRIALS AND M E T H O D S

Mawnals
R59022 was obtained I rom Janssen Lile Science Products
Beerse Belgium TPA bovine serum albumin and soybean
trypsin inhibitor were purchased Irom Sigma St Louis MO
USA forskolm and A23187 were obtained Irom С albiochem
La Jolla CA
USA, hyaluromdase from Boehnnger
Mannheim b R G collagenasc from Cooper Biomedical Ine
Malvern PA USA 3 2 P , Irom New England Nuclear Boston
MA USA high-performance TLC plates silica gel 60 from
Merck Darmstadt I RO I he Phadcbas test kit was pur
chased from Pharmacia Uppsala Sweden All other chenu
cals were of analytical grade RS9022 was dissolved in ethanol
as a 5 mM stock solution TPA and A21187 were dissolved in
dimethylsulloxide All solvent concentrations were less than
0 1%
Methods
Preparalum of tahhil pam natii

мни

Rabbit pancreatic acini were prepared as previously de
scribed [17 21]
Anuíase

suiiiion

e

<

20
Time (min)

40

I ig I ïl/ut of RS9022 ulimc and m conihintitinn with CCA f ot
forskolm општІіі\і KUIISÍ /ют nihbii pamri ont ант Лсіш were
pruncubltcd lor 20 min al 17 С then incubilcd for M) mm m the
ibsenct (open s\mboK)or pre SCULL (LIOSLU symbols) of S μ M RS9022
CCKSdOnM
Τ) lorskolin (ΙΟΟμΜ
A) or solvent
(
· ) \ ν ^ iddetl il 2Ì mm Лт>1 ISL secretion was measured lithe
times indie lied and is expressed as a percLiilage ol the lolal amvl ise
eonlenl ol ihL lenii al the beginning ol the incubation The values
presenlLd are Ihe me in ol (our sepirale expenmenls *** ν dues
signihe inlh diflerent Irom CCk 8 alone (p < 0 001)

Amylase activity was measured by means of the Phadcbas
test and amylase activity in the medium was expressed as a
percentage ol the lolal amylase present in the acini at the
beginning of incubation
,1

Anali sis ol

P-lahilkilphosplwlipuh

Labelling of the* acini with ' " P , extraction of the various
phospholipids and I LC wcie essentially the same as reported
previously [14] with the exception that the phospholipids were
separated on high-perlormancc T I C plates (Merck) with
a medium containing dichloromelhane acetone methanol
acetic acid water (40 15 13 12 8 by vol) separating phosphalidylmositol 4 "i-bisphosphate [Ptdlns(4 '>)/',] phospha
tidylinositol 4 monophosphate (PtdIns4/ > ) and phosphatidic
acid Radioactive spots localized by means ol auto
radiography were scraped olf and counted as described pre
viously [14] Unless staled otherwise the amount of 1 2 P labcllcd phospholipid was expressed as a percentage of the
amount extracled Irom control acini

expirmwnts

Lor amylase secretion experiments rabbit pancreatic acini
were resuspended in a Krebs-Ringer bicarbonate medium
( p H 7 4 ) containing l l 9 m M NaCI 1 5 mM KCl 1 2 mM
KH2P04 2 5 m M N a H C 0 1 l 2 m M C a C I 2
12inMMgCU
5 8 mM glucose 0 5" о bovine serum albumin an ammo acid
mixture according to bagle [22] and 0 2 mg ml soybean trypsin
inhibitor and incubated at 37 С The stimulants were added
as indicated in the legends to the ligures and samples of the
incubation medium were removed at appropriate times lor
determination ol amylase activity At the end of the exper
iment an aliquot of the suspension was removed and the acini
were homogenized for determination of total amylase activity

Staltstual

anah sis

I xcept where indicated otherwise the results arc expressed
as the mean _L SbM Statistical comparisons were made using
the Student's f-tcst for unpaired samples

RLSULTS
blfeit of R'i9022 on CCK-8-imhuedunnlase

mrelion

Ihe increase m amylase secretion from isolated rabbit
pancreatic acini induced by С С K-8 was virtualK linear with
time lor the first 2S mm as dcpieled in big 1 The di-
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Pig 2 h ULLI OÍ R59tì22 υη the (hsL η s/wtm ti/ru ftn С С A V miìm t d Lim\ hu tLkase fnmi rtihhit panirtütu mint (A) Acini were incubtHul
for IS mm al 17 С RS9022 [5 μΜ (•! ΙΟμΜΙΑ) 2 5 μ ν ΐ ( Τ ) ^ΟμΜ ( · ) | nr suivent ( ) was added al (ht biginning of Ihc mcub.ilion
CCK 8 al Ihe eoneenlrations mdieatcd was added al *> mm Amylase aetivtt> in the medium was measured al t S mm and is expressed as a
pereenlage ol the lolal amylase eonlenl of the acmi al ihc bepmnmg of Ihe meubation In each experiment dm>lasc release induced by 10 nM
( С К К was sel al 1(X)% Io which al] other values have been related The ν lines presenled are Ihe mein ol 4 S separale espemnents each
of which was performed in duplicale (В) Dose response curve lor RS9022 on С ( Κ H slimulaled amvlase secretion Acmi were slimulated
with CC к S |1(ИІ nM ( A) IO nM ( · ) 1 nM (•) 0 I nM ( Т ) | m ihe absence (open symbols) or presence (closed symbols) of RS4022 as
described in (Л) In each cxpcrimenl imylase release induced b\ 10 nM ( С К К was sci al 100% lo which ill other ν dues h не been rclaicd
I he values presenled arc Ihc mean ol 4 S separate cxpcnmcnls each of which was performed in duplicale * ρ < 0 OS ** ρ * 0 02 ***
ρ < 0 001 Values signilicantlv différent from CC К 8 alone

acylglycerol kinase inhibitor R59()22 (5 μΜ) which by itself
had no clfect on basal acinar amylase secretion markedk
potentiated the secretory response to 10 nM CCK 8 (big 1)
This potentiation of ССК-8-induccd amylase secretion
obtained after a 5-min incubation of the acini with R59022
was still observed when the cells were incubated with ІЪ9022
for 30 mm (not shown)
The ellects ol К Д)22 were lurthcr examined in а С С К 8
dose response curve In acini incubated with increasing con
centrations of С С K.-H amylase secretion was increased with
a maximal cflect at 10 nM CCK-8 beyond which it decreased
(I ig 2A) Addition ol 5 μΜ and Κ) μΜ R59022 significantly
potentiated the stimulatory effect of CCK-8 at suboptimal
(I nM) optimal (10 nM) and supraoptimal (UH) nM) concen
trations of CCK-8 (big 2) In absolute terms the potentiating
effect of R59022 was maximal at the optimal concentration ol
CCK-8 N o potentiation of CCK-8 induced enzyme secretion
was observed at concentrations below 1 n M C C K - 8 ( b i g 2A)
With increasing concentration RS9022 lost its potentiating
cflect and al a concentration of 50 μΜ the drug markedly
inhibited the secretory response to C ( K - 8 Ihe effect of
R59022 appears to be dependent on both the CCK-8 and the
R59022 concentration (I ig 2B) In spue ol Us effects on
ССК-8-induced amylase secretion R59022 did not change
Ihe shape of the dose-response curve lor CCK-8 in that the
secretory response to 10 nM and 100 nM CCK-8 remained
maximal and supramaximal respectively (big 2A)
bffea of RW022 on forskolm- TPAaiid А23І87-т<Іш ed aim law lecreium
We have shown before that forskolm elevates the cyclic
A M P content of pancreatic acini [21] and that increases in

cellular cyclic A M P lead to a potentiation of the secrclorv
response lo TPA |23] In order lo investigale the possibility
that in tinslimulaled acinar cells diacvlglycerol was increased
and protein kinase ( was activated by R59022 alone acini
were incubated in the presence ol 5 μΜ R59022 and 100 μΜ
lorskolin In line with earlier observations |2I | amylase release
from pancreatic acini was not enhanced bv 100 μΜ lorskolin
alone (big I) whereas the secretory response to CCK-8
added at 50 mm was significami) potentiated (not shown)
indicating that the cyclic A M P levels were indeed increased
No change in the rate ol amylase release was lound, however
when 100 μΜ forskolm was added to acini incubated m the
presence of 5 μΜ R59022 (big 1)
Stimulation of pancreatic acini with CCK-8 leads to the
generation of diacylglyccrol and lns(1 4.5)/Ί Activation of
protein kinase С by diacylglyccrol and mobilization of C a 2 *
by Ins(l 4 5)/^) can be mimicked by TPA and the C a 2 '
lonophore A21I87 respectively big 3 shows that both TPA
and the C'a 2 * lonophore A23187 increased amylase release
from pancreatic acini However the presence ol R59022
(5 μΜ) did not significantly alter TPA- or A23187-induced
amylase secretion (big 3), indicating that the potentiating
effect of R 59022 does not lake place beyond the level of C a 2 '
mobilization and, or protein kinase С activation
Inhibition ol phosphatidic acid formation by RS9022
Rabbit pancreatic acini were labelled for 60 mm with J 2 P ,
Addition of CCK-8 to these acini resulted in a lime-dependent
increase of [ J 2 P]phosphatidic acid (I ig 4A) Fig 4B shows
thatR59022 added 10 mm before CCK-8 addition inhibited
dose dependenlly [ 1 2 P]phosphatidic acid formation induced
by 10 nM CCK-8 at the three time points studied In relative
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Fig. 3. Effect of R59022, ahm· and in combinalUm with 423187 or
TP A. on aniylaw seiretion from rabbit pancreatic acini. Acini were
incubated for 20 min at 37 С then incubated for 30 min in Ihe absence
(open symbols) or presence (closed symbols) of 5 μΜ R59022. ΤΡΑ
[300 nM (Λ. Α)).Α23ΙΚ7[! μΜ (V. •)] or solvent (Π. «twasadded
at 25 min. Amylase secretion was measured ut the limes indicated and
is expressed as a percentage of the total amylase content of the acini
at the beginning of the incubation. The values presented are the
mean ± SUM of lour separate experiments
terms, R59022 inhibited the ССК-8-.stimulaled increase in
["PJphosphatidic acid content most еГГесіі еІу during the first
30 s following stimulation, as also found by de ChalToy de
Courcelles et al. 118). R59022 alone had no effect on the
labelling of [ 3 2 P]phosphalidic acid from unstimulated control
acini. At the concentrations tested. R59022 also had no effect
on the 3 2 Ρ labelling of other phospholipids such as Ptdlns,
Pldlns4/' (not shown) and Ptdlns(4,5)/ , 2 or on the CCK.-8induced hydrolysis of Pldlns(4.5)/', (Table I). This indicates
that the inhibition of ССК-8-induced [ J 2 P]phosphatidic acid
formation by R59022 is not due to an inhibition of CCK8-induced Ptdlns(4.5)/ > 2 hydrolysis but to an inhibition of
diacylglycerol kinase activity as was also reported [18].
Role of protein kinase С in R59022-indiiced
of amylase release

polenlialion

In order to investigate whether the potentiating effect of
R59022 on ССК-8-induccd enzyme secretion was exerted via
an elevated diacylglycerol content leading to an increased
activation of protein kinase C, the effects of TPA, a direct
activator of protein kinase C, were studied. Simultaneous
addition of TPA (300 nM) and optimal CCK-8 (10 nM) to
pancreatic acinar cells further increased the secretory response
to the hormone to the same extent as observed with 5 μΜ
R59()22 (Fig. 5). Furthermore, in the presence of TPA, the
response to the optimal concentration of CCK-8 (10 nM)
appeared to be more enhanced than to the suboptimal CCK8-concentration (1 nM). Potentiation of the secretory re
sponse to the maximal concentralion of CCK-8 by TPA and
R59022 supports the idea that at maximal concentrations of
secretagogue, protein kinase С is not maximally activated and
that further activation of protein kinase С leads to enhanced
enzyme secretion. The inactive phorbol esler, 4a-phorbol
12.13-didccanoüte did not have any effect on TPA- or CCK8-induced enzyme secretion (nol shown).
DISCUSSION
Evidence lhal the calcium- and phospholipid-dcpcndent
protein kinase С mediates, at least in part, the stimulatory
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32
f P]phosphati(jic acidformation in rabbit pancreatic acini. Pancreatic
acini were labelled with J! P¡ for 60 min at 37 Γ. (A) Open symbols
,!
show the time-dependem increase in С'СК-8-slimukited [ P|pliosphalidic acid (["PJPtdA) formation in the absence of R59022. (B)
Closed symbols show three dose-inhibition curves of R59022 on CCK8-induccd IJ-P]phosphalidic acid formation al 0.5 min. 1.5 min and
3 min after stimulation with CCK-8 in (he presence of (he indicated
concentrations of R59022. R59022 or solvent was added 10 min before
stimulation with 10 nM CCK-8. In each experiment, the C'CK-8induced incorporation of label in phosphatidic acid during the first
30 s of stimulation in the absence of R59022 was set al 100%. to
which all other values have been related. Details on phospholipid
extraction and [-^PJphosphatidic acid analysis are given under Ma
terials and Methods. The values presented are the mean ± SI:.M of
3 - 4 experiments, each of which was performed in duplicate

effect of calcium mobilizing pancrealic sccrelagogues comes
mainly from studies in which phorbol esters known to activate
protein kinase С in a diacylglyccrol-like manner (9, 10] are
shown to stimulate digestive enzyme secretion [11 — 13]. How
ever, in addition lo this stimulatory effect, phorbol eslers also
have an inhibitory effect in that incubation with phorbol esters
inhibits secretagogue-induced enzyme secretion [14, 15]. The
latter effect is paralleled by an impaired calcium response [14,
16, 17] and suggests a role for protein kinase С in receptormediated desensitization.
In the present study, (he role of diacylglycerol-activated
protein kinase С was examined using R59022, an inhibitor of
diacylglycerol kinase activity. R59022 was found to inhibit
the ССК-8-stimulated [•,2P]phosphatidic acid formation dose
dependently, which is consistent wilh an inhibitory effect on
diacylglycerol kinase as found in platelets, where 10 μΜ
R59022 inhibited thrombin-induced phosphatidic acid forma
tion resulting in markedly increased diacylglycerol levels [18,
19]. In the presence of 5 - Ι 0 μ Μ R59022, ССК-8-induced
labelling of phosphatidic acid was reduced most effectively
during the first 30 s after the onsel of stimulation. This
suggests that the initial rate of ССК-8-stimulaled diacyl
glycerol formation, and thereby the rate of protein kinase С
activation, is markedly increased in the presence of R59022.
At the same concentrations, R59022 significamly potentiated
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Γιρ ì ttledof ГР4 itlotieandmumihmUHmwith ( С Κ Η ttnani\ías{
пкач from rabbit pani η atte acini Acini were incubated Гог 20 min
al 17 ( (hen incubateci Гог 10 mm with ТРЛ (100 nM closed svm
bols) or dimLih)kullo4idc (open s)mbols) in combmaimn wilh С С К
8|10nM(A
) 1пМ(Т
)]orsdlinc(·
) Am>lasc secrmon
was measured al ihc times indicated and is expressed as a pcrceniagc
ol the total amylase content оГ the acini at the beginning оГ the
incubation 7 he values presented arc Ihc mean i SfcM ol lour separ
ale experiments
the secretory response to maximal (10 nVI) and supramaximal
(100 nM) concentrations of CCK-8 This potentiation of
С CK 8-induccd enzyme release was also seen when simulta
neously with the addition of CCK-8 protein kinase С was
activated by exogenously applied TPA 1 he inactive phorbol
ester 4a-phorbol 12 13-didccanoate however, was without
ctlect Therefore the similar potentiating effect of R59022
and TPA on ССК-8-induccd enzyme secretion has led us
to conclude that additional diacylglyccrol is formed in the
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presence of R59()22 and С С K-8 leading to enhanced acti
vation of protein kinase С and to potentiation o f e n z j m e
secretion
At higher concentrations the drug also cflcctisely inhibited
CC К 8-stimulated phosphaddic acid labelling The secretory
response to all concentrations оГССК-8 tested however was
dramatically reduced by "¡0 μΜ RS9022 In the light ofcarlier
findings that Τ PA-mduced activation of protein kinase С leads
to inhibition of sccrctagogue-induced enzyme secretion [14
15] one could speculate that R59022-indiiced increases in the
rate at which protein kinase ( is activated may lead to
feedback inhibition ol the secretory elleet of CCK-8 It is
unlikely however that the inhibitory eflect of R59022 is mc
dialed by protein kinase С since TPA when used at the rather
high concentration of 100 nM and added simultaneously with
CC K-8, did nol mimic this inhibitory effect of the drug
Cytotoxic ellects of R59022 are nol likely since trypan blue
exclusion was not impaired in the presence of the drug More
over a normal pattern ol phospholipid labelling was observed
in the presence ol 50 μΜ R59()22 (not shown), and the С CK
:12
8-induccd breakdown ol | P]Pldlns(4 S)/>2 was also not
impaired in acini treated with 50 μΜ R59022 for 10 mm
Moreover effects of R59022 not related to inhibition of
diacvlglycerol kinase activitv have been reported in several
oilier tissues for concentrations higher than 10 μΜ | I 8 19
24] In platelets lor instance 50 μΜ R59022 inhibited the
llirombin-induced araehidomc acid mobili7alion an elicci
which was ascribed to the inhibitory action ol R59022on both
phosphohpase Λ7 and diacvlglycerol lipase activity [24] Since
inhibition ol the 5-lipoxygcnase pathway has been shown to
lead to an inhibition ol pancreatic enzvme secretion |25] one
might speculate thai the inhibitory elfecl ol R59022 on С С К
8 induced amylase secretion observed in the present study
may at least in part be due lo an inhibition ol С ( K-8
stimulated araehidomc acid mobili/alion However more
detailed investigations arc needed 10 lest this hypothesis
In contrast wilh TPA, R59022 alone had no elicei on
the basal rate ol cn/ymc secrelion Moicover, addition ol
forskolm to acini incubated in the presence ol R59022 also
had no effect on the rale ol cn/ymc secrelion whereas the
secretory response to Τ PA is significantly potentiated in acinar
cells in which cyclic A M P is increased [21] This indicates that
R59022 alone does not directly or indirectly activate protein
kinase С The same conclusion can be drawn from the fact
that R59022 did not enhance the secretory response to the
C a 2 < lonophore А2Ч187 as would be expected when protein
kinase С was activated [12] Therefore addition of R59022
alone does not seem to lead to increased diacylglyccrol levels
and to subsequent activation of protein kinase С On the other
hand potentiation by R59022 is obvious when the inositol
phospholipid pathwav is hormonally activated, which is eon
sisient with increased diacylglyccrol levels due to an inhibitorv
efTccl on diacylglvccrol kinase activity Moreover the fact that
neither the response lo A21187 nor to TPA is potentiated by
R59022 indicates that this potentiating effect of the drug docs
not occur at a level beyond C a ' h mobilization and or protein
kinase С activation
Interestingly the shape of the dose-response curve for
ССК-8-slimulatcd amylase secretion is virtually the same for
acini stimulated in the presence or absence of R59022 Under
both conditions, enzyme secretion reached a maximum with
10 nM CCK-8, beyond which it declined This suggests that
the reduced efficacity of supramaximal concentrations of the
secretagogue on enzyme secretion is not likely lo be due to
supramaximal activation of the diacylglyccrol protcin-kinase-
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С pathway This is in agreement with Nakanishi et al [7] who
suggested that supramaximal tontentrationsofC С K-8 inhibit
2ч
the secretory process beyond the protein Unase-C Cd sys
(ems and contradicts the hypothesis of Pandol el al [6] who
ascribed the inhibitory eflcct of supramaximal secretagogue
concentrations to a supramaximal activation ol protein
kinase С
Mthough R59022 significantly potentiated the secrclorv
response to maximal and supramaximal concentrations of
CC K-8 no potentiating effect was observed when acini were
stimulated with a half-maximal concentration of sccre
lagogue The reason for this lack ol eflcct ol 1^9022 is unclear
but one explanation may be that some intracellular messenger
other than diacylglycerol is ralc-limiling in submaximal stimu
lation
In previous work we showed that the secrelon response
to the optimal concentration ol ( С K-8 (10 nM) is not lurlher
increased when pancreatic acini were prelreatcd with ΓΙΆ
[14] We now show that the response to the optimal concen
tration of С ( К 8 is lurther increased when I PA and С С K-8
are added simultaneousK These observations arc consistent
with the inhibilorv cflecl ol ТРЛ treatment on С С К 8-in
dueed Ca' ' mobili/alion [14] and show thai in the case ol
maximal aclivation of the diacvlgKccrol protein kinase С
patliway the lns(l 4 S)/1, Ca 2 ' pa<lma\ pl.ns an impoitant
modulalorv role Ihis is supported bv cxpenmenls in which
intracellular [ C a 2 ' ) buflering b\ intiaccllularh applied
chelators is shown to result in impaned secretagogue induced
en/ymc secretion (26 27|
In summarv the combined findings ol the present studv
provide evidence that diacvlgKccrol activated protein kinase
( plavs a stimulatorv role in pancreatic cn/vme secretion
elicited bv sccrelagogues that act through the inositol
phospholipid pathway
and that at concentrations ol
scerclagoguc ranging Irom maximal to supramaximal with
respect Incn/vmc secretion the diacvlgKccrol piolein kinase
( palhway is not vet maximally activated This suggests thai
a mechanism lor regulating diacylglycerol metabolism itself
or en/ymes regulating the diacylglycerol metabolism can play
an important modulatory role in CCK-induccd cn7vme re
lease On the other hand protein kinase-C-medialed inhi
bition ol sccrctagogue-induccd cn7ymc secretion requires
prior activation ol protein kinase С since no inhibition is
observed when R<i9022 is used to enhance the hormonal acti
vation of protein kinase С or when the phorbol ester and the
secretagogue are added simultaneously

This work was supported m part by the I ound ilion for Medic il
Rcscireh (SliihtiiHï \oormalisdi umhizoik ai ^i.omtliLUÌwmkr-tHk
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General discussion and summary
Introduction
The evolution of multicellular organisms
depends upon the ability of individual cells to
communicate with each other Communica
tion between cells is necessary to control and
cooidinate (.ellular processes, such as growth,
differentiation and metabolic activity This
flow of information from one cell to another,
the primary function of intercellular commu
nication, can be provided by gap junctions or
plasma membrane bound molecules if these
cells have cell-to-cell contact When cell-tocell contact is absent or communication over
longer distances is needed, the signalling cell
releases a signalling molecule that is recog
nized by the target cell, in which it induces
the appropnate response If this signalling
molecule is water-soluble, which include neulotiansmitters and peptide hormones, it will
buid to a specific plasma membrane receptor
that transduces and amplifies the external sig
nal In most cases receptor activation will
lead to the formation of intracellular signall
ing molecules, called second messengers,
which control many cellular processes
Phis study deals with the regulation of
enzvme secretion from the rabbit exocrine
pancreas Pancreatic enzyme secretion can be
stunulated by several water-soluble secretagogues which, depending on the second mes
senger molecule formed after receptor activa
tion can be divided into two groups [1-6]
I lie first group of secretagogues, which
uulude secretin and vasoactive intestinal pep
tide (VIP), has been shown to increase acinar
cAMP levels by hormone-induced activation
of the adenylate cyclase However, enzyme
secretion is only stimulated by these two
secretagogues in rat and guinea pig pancreas
[4 7-H] On the other hand, cAMP is sug
gested to play a modulatory role in pancreatic
enzyme secretion, smce in all species tested
an increase m the cAMP level has been

shown to exert a markedly potentiating effect
on pancreatic enzyme secretion stimulated by
other secretagogues [12, 14-20]
The second group of secretagogues con
sists of cholecystokinin (CCK) and its
structurally-related peptides caenilein and
gastrin, the muscarinic cholinergic agonists
acetylcholine and carbamoylcholme, bombe
sin and the related peptide litonn, physalaemm and the physalaemin-related peptides
substance Ρ and eledoisin [4, 4] Activation
of one of the four types of receptors leads to
an increase in the intracellular cytosolic Ca^ +
concentration [21, 22] At the moment, there
is a general consensus that Ca^ + mobilizing
agents initiate the receptor-mediated hydroly
sis of an inositol lipid, phosphatidylinositol
4,5-bisphosphate
(PtdIns(4,5)P2), by
a
PtdIns(4,5)P2 specific
phosphodiesterase,
whose activation is probably preceded by the
activation of a G-protein [23-30] This hydro
lysis leads to the formation of two second
messengers,
inositol
1,4,5-trisphosphate
(Ins(l,4,5)Pi)
[23-26],
and
1,2-sndiacylglycerol [27-30]
CCK and acetylcholine are the major
physiological stimulants for digestive enzyme
secretion from pancreatic acmi [22] and it is
well established that CCK and cholinergic
agonists stimulate the above mentioned
hydrolysis of PtdIns(4,5)P2 [31-35] generating Ins(l,4,5)P3 [36-38] and diacylglycerol
[39-42] The water-soluble Ins(l,4,5)P3 dif
fuses into the cytosol, where it initiates a rap
+
+
id release of Ca^ from an internal Ca^
store [43 -46] The hydrophobic diacylglycer
ol remams in the plasma membrane, where, in
the presence of phosphatidylserme, it acti
vates the Ca^/phospholipid-dependent pro
+
tein kinase С at (sub)micromolar Ca^ con
+
centration by increasing the Ca^ affinity of
the enzyme [47-49] The increase in cytosol
ic Ca^ + and the phosphorylation of specific
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acinar substrate proteins by protein kinase С
may induce changes in the activity of cellular
proteins leading ultimately to the discharge of
the digestive enzymes-containing zymogen
granules by exocytosis

Protein kinase С and pancreatic
secretion

enzyme

The <um of this study is to extend our
knowledge about the intracellular role of
diacylglycerol-activated protein kinase С by
elucidating its contribution m hormoneinduced pancreatic enzyme secretion (chaptci ν 6, 7 and 8) and by obtaining insight in the
molecular mechanism, by which protein
kinase С affects amylase release (chapters 2 ï)
Evidence for the involvement of protein
kinase С in pancreatic enzyme secretion was
dlieatly presented by studies, in which the
phoibol
ester
12-O-tetradecanoylphorboI
n-acetate (TPA), known to activate protem
kinase С directly by mimicing the stimulatory
effect of diacylglycerol [50], was found to
stimulate amylase release without an increase
in Ca^ + [51-55] Furthermore, experiments
descnbed by De Pont & Fleuren-Jakobs [54]
showed that amylase release was stimulated
synergistically by both branches of the bifur
cating phosphatidylinositol pathway leading
to a secretory response equal to hormonal
stimulation However, a positive stimulatory
role for protein kmase С in pancreatic
enzyme secretion has not yet been established
and evidence against such a role for protein
kinase С was provided by experiments, in
which pretreatment of pancreatic acini with
the phorbol ester TPA was shown to inhibit
the Ca·'·4" response to C a ^ + mobilizing secretagogues resulting in an impaired secretory
response [45, 44, 56, 57] Since pretreatment
of acmi with CCK or TPA both resulted m a
reduced Ins(l,4,5)P4-induced release of C a ^ +
from the internal С<г+ store, it was suggested
that the diacylglycerol/protem kinase С path

way plays an important role m receptormediated desensitization by exerting a neg
ative feedback action on the Ins(l,4,5)P3/
C a 2 + pathway at the level of the
Ins(l,4,5)P3-operated C a 2 + channel [44]
Furthermore, Pandol & Schoeffield [40]
reported that l-(5-isoquinolmesulfonyl)-2methylpiperazine (H7), an inhibitor of protein
kmase С activity [58], potentiated rather than
inhibited the secretory response to the hor
mone or TPA, suggesting an inhibitory role
for the diacylglycerol/protem kmase С path
way in pancreatic enzyme secretion
In order to mvestigate the role of protem
kmase С m agonist-mduced enzyme secre
tion, we either pharmacologically inhibited
(t hapter 7) or activated protem kmase С durrng agonist exposure (chapter 8)
Diacylglycerol, the endogenous activator
of protem kmase C, has been shown to
mercase dose-dependently m pancreatic acmi
after agonist exposure [49-42] and recently an
initial transient early diacylglycerol peak was
shown to coincide with the Ins(l,4,5)P3 peak
[42] The diacylglycerol released upon
PtdIns(4,5)P2 hydrolysis is rapidly converted
into phosphatidic acid by the enzyme diacyl
glycerol kmase, which thereby controls the
intracellular concentration of this second
messenger and thus may act as a regulator of
protem kmase С activity [29, 30] In chapter
8 we have used R59022, an inhibitor of dia
cylglycerol kmase activity [59], to elevate the
level of diacylglycerol liberated durmg CCKmduced receptor activation We found that
R59022 inhibited the CCK-stunulated incor
poration of [-"PJphosphate into phosphatidic
acid dose dependently without affecting
PtdIns(4,5)P2 hydrolysis, which is consistent
with an inhibitory effect on diacylglycerol
kmase activity Similar results have been
reported for platelets and neutrophils [59-61]
The same concentrations of R59022 markedly
(50% - 60%) potentiated CCK-mduced
enzyme secretion from rabbit pancreatic aci
ni On the other hand, basal- TPA- and
Ca -lonophore (A23187) induced enzyme

102
release were not affected by R59022, indicat
ing that the potentiating effect of R59022
does not take place beyond the level of
+
Ca^ -mobilization and/or protein kinase С
activation. Moreover, potentiation of CCKinduced enzyme secretion was mimiced
when, simultaneously with the addition of
CCK, protein kinase С was additionally acti
vated by the phorbol ester TPA. These results
suggest that R59022 enhances the receptormediated increase in diacylglycerol content
and that this increase leads to an enhanced
activation of protein kinase C, which in its
turn potentiates the secretory response to the
honnone. Therefore, we conclude that diacyl
glycerol and diacylglycerol-activated protein
kinase С play a stimulatory role in pancreatic
enzyme secretion elicited by Ca^ + mobilizing
secretagogues. Diacylglycerol kinase or other
enzymes affecting the diacylglycerol level
might play a modulatory role in agonistinduced secretory responses. This is also sug
gested by Kanoh et al. [62], who described
several distinct subspecies of diacylglycerol
kinase in different tissues.
The observation that pretreatment of acini
with TPA inhibits CCK-induced enzyme
secretion, while TPA added simultaneously
with CCK potentiated the secretory response,
suggests that preactivation of protein kinase С
is required to exhibit its negative feedback
feature. The results obtained with R59022
are consistent with the above hypothesis.
Therefore, it may be speculated that protein
kinase С provides a dual effect. An initial
short-tenn positive effect of protein kinase С
may be followed by a long-term negative
feedback role [29, 30], in which protein
+
kinase С decreases the intracellular Cdr
concentration by receptor inactivation (57,
63] or by a desensitization of the
+
Ins( 1,4,5 )P3-sensitive Ca^ channel [44].
The dose-response curve for the action of
CCK on amylase release has a biphasic con
tour. Enzyme secretion reaches a maximum at
10 nM, beyond which it decreases. This
reduced efficacy of the hormone at a higher

concentration is called supramaximal stimula
tion. The phenomenon of supramaximal
stimulation has been ascribed to increased
activation of the diacylglycerol/protein kinase
С pathway [40]. However, the fact that
R59022 potentiated the secretory response to
these supramaximal CCK concentrations sug
gests that increased activation of protein
kinase С is not likely to underlie the mecha
nism of supramaximal stimulation. In line
with Gardner et al. [64, 65] showing high and
low binding-sites for CCK, one could specu
late that pancreatic acini possess high and low
affinity receptors, of which the high affinity
receptors stimulate enzyme secretion through
PtdIns(4,5)P2 hydrolysis, while occupation of
the low affinity receptors at supramaximal
CCK concentrations inhibit amylase release
by a different mechanism. This is in line with
Nakanishi et al. [41], who suggest that supra
maximal CCK concentrations inhibit the
secretory process beyond the Ca^ + mobiliza
tion and protein kinase С activation.
The second approach in studying the role
of protein kinase С in CCK-induced pancreat
ic enzyme secretion was to inhibit protein
kinase С activity during agonist exposure.
Among the drugs, described to inhibit protein
kinase С in vitro or to inhibit receptormediated or phorbol ester-stimulated cellular
processes in vivo, are the isoquinolinesulfonamide H7 [58, 66] and the microbial alkaloid
staurosporine [67, 68] most frequently used.
In cliapter 7 we show that both compounds
inhibit the activity of protein kinase C, puri
fied from rabbit pancreas, and that this inhib
ition is competitive with respect to ATP for
both compounds. However, opposite effects
of the two drugs were found on CCKstimulated amylase release. While staurospo
rine was found to inhibit the secretory
response to CCK, H7 potentiated CCKinduced enzyme secretion from rabbit pan
creatic acini. Based on similar results with H7
in guinea pig pancreatic acini, Pandol &
Schoeffield [40] postulated an inhibitory role
for protein kinase С in enzyme secretion.

1(П
However, our results with R59022 contradict
their hypothesis (chapter 8) Moreover, the
dose-dependent inhibition of CCK-induced
amylase release and the almost complete
abolishment of both TPA-induced enzyme
secretion and the potentiating effect of TPA
on CCK stunulated amylase release by stauгоьроппе are in line with a stimulatory role
for protein kinase С in pancreatic enzyme
secretion Based on the above mentioned
effects of staurosporine, it may even be spec
ulated that the residual secretory activity in
the presence of staurosporine is independent
of protein kinase С activity
The effects of H7 may be explained by a
difference in the sensitivity of various iso
zymes of protein kinase С to H7 However, in
vitro no such a difference was found in the
IC'so values of the vanous isozymes present
ui rabbit brain and human platelets [69] The
discrepancies found with H7 may be related
to its lack m specificity for inhibiting protein
kinase С |701 Moreover, in Τ cell prolifera
tion a non-protein kinase-related effect of H7
was suggested [71J Therefore, biological
effects of this drug may be related to other
than protein kinase-C-mediated processes
In uitact cells, translocation of protein
kinase С from the cytosol, where it is in inac
tive form, to the plasma membrane is thought
to be related to its activation by diacylglycerol or TPA [29, 30, 72, 73] The mechanism of
this activation process has been studied in m
vitro studies From these studies, it is suggest
ed that protein kinase С is activated as a com
ponent of a quatemairy complex consisting of
the enzyme, Car+, diacylglycerol/phorbol
ester and phosphatidylserine, associated with
cellular membrane structure, [74] Transloca
tion of protein kinase С in intact cells due to
agonist-induced receptor activation is usually
studied using the subcellular fractionation
method, yielding after centrifugaron a super
natant and a particulate fraction In chapter 6
we showed that in unstimulated rabbit pan

creatic acmi protein kinase С is mainly a
soluble enzyme and that the phorbol ester
TPA induced a dose-dependent translocation
of protein kmase С from the cytosohc to the
particulate fraction The degree of TPAinduced translocation correlated well with the
degree of TPA-induced amylase secretion,
both having equal half-maximal stimulating
concentrations, suggesting that translocation
of protein kmase С to the particulate fraction
is an important step m TPA-induced activa
tion of protem kmase С and enzyme secre
tion However, a CCK concentration maximal
for enzyme secretion did not lead to any
change m the intracellular distribution of pro
tem kmase С Since protem kmase С activa
tion has been shown to be involved m CCKinduced enzyme secretion (chapters 7 and 8),
the lack of CCK-mduced translocation may
be due to the fact that with the separation
technique protem kinase С is extracted from
the membranes despite the presence of diacylglycerol, while m the presence of TPA it is
not This suggests that the strength of binding
of protein kmase С to the membranes is not a
measure for protem kmase С activation as is
often assumed [27, 75-77] This is m Ime with
Bazzi & Nelsestuen [98], who showed that m
vitro phorbol esters mduced a sustamed acti
vation of protem kmase С by forming an irre
versible protem kmase C/membrane complex,
while diacylglycerol activated protem kmase
С primarily through a reversible protem
kmase C/membrane complex They showed
that this irreversible complex appeared to be
resistent to calcium chelators The reversible
complex, however, was not resistent to calci
um chelators leadmg to a termmation of
membrane binding and an mactivation of pro
tem kmase С m the presence of these agents
Perhaps a more promising technique for
measuring translocation of protem kmase С is
mununocytochemistry using monoclonal anti
bodies raised against protem kmase С [78]
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Protein kinase С: a biochemical view
The second main theme m this thesis concemmg the involvement of protein kinase С
ш acinar enzyme secretion is the understand
ing of the events following protein kinase С
activation, ι e the biochemical characteriza
tion of the protein kinase C-mediated process
es involved in acinar enzyme secretion This
requires the kinetic characterization and sub
type identification of rabbit pancreatic protein
kinase С and an elucidation of the nature of
its substrates Therefore, as a first step we
chose to purify protein kinase С In chapter 2
we describe the purification of protein kinase
С trom rabbit pancreas The kinetic proper
ties of protein kinase C, punfied from rabbit
pancreas appeared to resemble closely those
tound in other, mainly brain, tissues [79-86]
Analysis of subtypes by means of hydroxylapatite chromatography showed the presence
of only two subtypes, isozyme II (β) and ΙΠ
(a) This is in contrast with brain tissue,
which in addition contains subtype Ι (γ)
188 90] Moreover, in rabbit pancreas more
than 95% of the total protein kinase С activity
was due to isozyme type III The low amount
of protein kinase С type II present in rabbit
pancreas may be the reason for its reported
absence in rat pancreas [99J
Regarding the proposed stimulatory role
for protein kinase С in pancreatic enzyme
secretion, it is of interest to identify the
endogenous substrates of the enzyme in rabbit
pancreas Protein kinase С has been shown to
have a very broad substrate specificity [27,
29,90] In an m viti о study (с hapter 3) using
subcellular fractions of rabbit pancreas, we
showed that protein kinase С phosphorylated
predominantly low molecular mass, 1 7 - 1 9
kDa, cytosolic proteins Some of these were
also present in lesser amounts in the particu
late fractions In chapter 4 we showed that at
least one of these low molecular mass pro
teins, the 17 kDa protein, also was phospho
rylated m vivo after addition of the pancreatic
secretagogues, CCK or TPA Endogenous

proteins of similar molecular mass, 17 - 19
kDa, have been reported to be phosphorylated
by protem kinase С m several other cell types
both in vitro and in vivo [91-95]
The fact that cAMP, which has a potenti
ating effect on CCK- or TPA-stunulated pan
creatic enzyme secretion [14-20], increased
the phosphorylation of endogenous proteins
of the same molecular mass range and, more
over, that protein kinase С and protem kinase
A appeared to have a synergistic effect on the
phosphorylation of the 1 7 - 1 9 kDa proteins,
suggests a role for these protems in pancreatic
enzyme secretion (chapter 3) However, the
nature and function of these low molecular
mass protems and the physiological signifi
cance of their phosphorylation remains to be
established At the moment these protem
kinase С substrates are being purified to elu
cidate more about their nature and physiologi
cal significance
The phosphomositide metabolism is
thought to play an important role in signal
transduction PtdIns(4,5)P2, hydrolysed after
receptor activation, is resynthesized by the
stepwise phosphorylation of phosphatidylinositol
(Ptdlns)
to
phosphatidylmositol
4-monophosphate (PtdlnsP) by the activity of
Ptdlns
kinase
and
subsequently
to
PtdIns(4,5)P2 by the activity of PtdlnsP
kinase 123-26] In chapter 5 Ptdlns kinase
activity in the microsomal fraction of rabbit
pancreas was studied It was found that the
kinase activity was markedly mcreased when
phospholipids were added to the incubation
medium, suggesting that a lipid environment
is unportant for maximal activity of Ptdlns
kinase In the presence of TPA and the phos
pholipid phosphatidylserine, conditions acti
vating protem kmase C, Ptdlns kinase activity
was, however, decreased by 20% This may
suggest that protem kmase С exerts a neg
ative feedback action on pancreatic Ptdlns
kmase impairing the facilitated flux of Ptdlns
to polyphosphoinositides after agonist stimu
lation as reported for neutrophds [96] In the
mtact acinar cell, however, preincubation
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with TPA was without effect on CCKinduced | '2p|-labelling of PtdlnsP whereas
32
the CCK-induced [ P]-labelling of Ptdlns
and phosphatidic acid was inhibited [97]
Therefore, the nature of this TPA induced
inhibition of Ptdlns kinase activity is not clear
although a role m TPA-induced desensitization of pancreatic enzyme secretion may not
be excluded

enzyme may influence protem kinase С activ
ity and ultimately enzyme secretion Since the
diacylglycerol/protein kinase С pathway
appears to be submaximally activated at opti
mal hormone concentrations, the diacylgly
cerol kinase may play a modulatory role in
hormone stimulated pancreatic enzyme secre
tion by regulatmg the diacylglycerol content

In summarv pancreatic secretagogues of
the calcium mobilizing type, like cholecystokinin and acetylcholine, induce the
receptor-mediated
hydrolysis
of
Ptdlns(4,'S)P2 by a specific phosphodiesterase
yielding
the two
second
messengers
Ins( 1,4,ΌΡΊ, which liberates C a 2 + from
inlucellular stores, and diacylglycerol The
inciease in diacylglycerol together with the
increase in mtrdcellular free Ca2"*" may cause
a translocation of the Ca 2+ /phospholipiddependent protein kinase С from the cytosol
to the plasma membrane thereby activating
the enzyme This kinase appears to phosphorylate mainly low molecular mass cytosohc
proteins, which may play a role in the follow
ing events leading to stimulation of pancreatic
enzyme secretion Protein kinase С presum
ably acts in conjunction with other kinases,
such as the Ca 2+ /calmodulin-dependent
kinases, to elicit maximal hormone effect
+
The synergistic effect of the Сгг lonophore
and the phorbol ester TPA on pancreatic
enzyme secretion may be explained in this
way although a synergistic effect of C a 2 +
and TPA on protein kinase С alone may not
be excluded
Protein kinase A has only a modulatory
effect on honnone-mduced enzyme secretion
m the rabbit pancreas and a role for the low
molecular mass protem kinase С substrates in
cAMP-dependent potentiation of the hormon
al response is suggested
The enzyme
diacylglycerol
kinase
removes in part the protem kinase С activat
ing diacylglycerol from plasma membrane by
phosphorylatmg it to phosphatidic acid By
modulating the diacylglycerol content the

Future perspectives
Future studies in our department concern
ing the way of action of protem kinase С in
pancreatic enzyme secretion will concentrate
on the following themes
Firstly, the endogenous substrates for pan
creatic protem kmase С will be purified m
order to elucidate more about their nature and
their putative physiological significance
Secondly, the metabolism of diacylglycer
ol, the physiological activator of protem
kinase C, and its role m signal transduction is
studied Changes m phospholipid metabolism
are also being studied to elucidate the ongm
of diacylglycerol, produced upon hormonereceptor activation Recently, Matozaki &
Wdliams [421 found that an initial diacylgly
cerol peak comcided with the Ins(l,4,5)P3
peak, suggesting an ongm m the hydrolysis of
PtdIns(4,5)P2 But they also found a larger
and more sustamed formation of diacylgly
cerol, which appeared to originate from
hydrolysis of phosphatidylcholine Diacylgly
cerol from the latter ongm may mamtam pro
tem kinase С activation without Ins(l,4,5)P3
production, possibly at resting C a 2 + concen
trations This suggests a predominant role for
protem kmase С m sustamed pancreatic
enzyme secretion
Thirdly, purified protem kmase С will be
used to investigate its role m a negative feed
back mechanism acting by an inhibition of
[nsUA'iJPvmduced release of C a 2 + from
permeabilized pancreatic acmi [44] or micro
somal fractions enriched m endoplasmic reti
culum membranes It is currently under inves
tigation whether protem kmase С acts directly
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by desensitizing the Ins(l,4)5)P3-receptor or
indirectly, e.g. by affecting Ins(l,4,5)P3
metabolism.
Fourthly, the presence of protein kinase С
in the nucleus and its role in pancreatic
growth will be investigated. Recent papers
have shown the presence of protein kinase С
in the nucleus [100, 101]. This nuclear pro
tein kinase С appeared to differ in kinetic
properties from non-nuclear protein kinase C.
Furthemiore, protein kinase C, like steroid
hormone receptors, has so-called zinc-fingers,
suggesting a direct interaction of protein
kinase С with DNA [87]. TPA-induced phos
phorylation of histones [102] and of the
nuclear cytoskeleton protein lamín В [103]
has also been reported. Moreover, transfection of fibroblasts with the protein kinase С

gene, leading to expression of protein kinase
C, has been shown to increase mitotic activity
and reduce contact inhibition [104, 105].
Therefore, it may well be that protein kinase
С plays a role in the control of certain tran
scription factors and ultimately in the control
of pancreatic growth, since the hormone CCK
apart from stimulating enzyme secretion also
stimulates pancreatic growth.
Future investigations on the role of pro
tein kinase С in signal transduction will prob
ably concentrate more on the various sub
types, their individual, possibly different,
effects and the interactions between the induvidual protein kinase С subtypes and other
messenger systems, such as the cAMP mes
senger system.
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Samenvatting en discussie
Communicatie en signaalgeleiding
Communicatie tussen cellen is een zeer
belangrijk proces Zonder een voortdurende
uitwisseling van informatie zou het ontstaan
en voortbestaan van de huidige organismen
onmogelijk zijn Kanker, bijvoorbeeld, ontstaat mogelijk doordat de kankercellen niet
meer reageren op groeicontrolerende prikkels
uit de omgeving
Als cellen geen direct contact met elkaar
hebben zal deze communicatie moeten verlopen via signaalmoleculen, die specifieke
informatie voor bepaalde cellen bevatten
Deze signaalmolekulen binden aan specifieke
receptoren, zoals een sleutel, die slechts op
één slot past Als de signaalmolekulen wateroplosbaar zijn, zoals eiwithormonen en
neurotransmitters, kunnen ze de celmembraan
met passeren en zullen de receptoren op de
celmembraan aanwezig moeten zijn om het
signaal door te kunnen geven Ondanks de
grote verscheidenheid aan signalen blijken er
slechts een klein aantal mechanismen te zijn
waarop zo η signaal in de cel tot een gepaste
fysiologische reactie wordt verwerkt In veel
processen stimuleert de geactiveerde receptor
via een koppelingseiwit, het G-eiwit, een
enzym in de cel Hierdoor gaat dit enzym in
de cel boodschappermolekulen, genaamd
second messengers, aanmaken, die zorgen
voor een versterking en snelle verspreiding
van de boodschap door de cel Deze second
messengers op hun beurt veranderen de acti
viteit van weer andere enzymen, die bijdragen
aan de voor die cel specifieke fysiologische
reactie
Structuur en functie van de pancreas
In zoogdieren heeft de alvleesklier, of
pancreas, twee totaal verschillende functies,
een endocrine en een exocrine functie De

endocrine cellen, die gegroepeerd liggen in de
eilandjes van Langerhans, zorgen o a voor de
synthese en afgifte van de hormonen insuline
en glucagon, welke beide samen verantwoor
delijk zijn voor de regulatie van de bloedsuikerspiegel en het cellulaire glucosemetabolisme Het grootste deel van de pancreas (ca
95%) echter bestaat uit exocrine cellen, die
verantwoordelijk zijn voor de productie en
afgifte van het pancreassap aan het darmka
naal, waar het betrokken is bij de spijsverte
ring Anatomisch gezien bestaat de pancreas
uit een zich steeds verder en fijner vertakkend
stelsel van afvoerkanaaltjes, die uiteindelijk
uitmonden in blaasvormige ruimten De wan
den van de afvoerkanaaltjes worden gevormd
door de ductulaire cellen en de blaasvormige
ruimten, genaamd acini, bestaan voornamelijk
uit acineuze cellen Beide celtypen samen
zorgen voor de productie van het pancreassap, dat bestaat uit een bicarbonaat-njke
vloeistof met daarin de spijsverteringsenzy
men De ductulaire cellen zijn verantwoorde
lijk voor de productie van de basische
bicarbonaat-njke vloeistof, welke dient om de
zure maaginhoud, als deze in de twaalfvingenge darm is geloosd, te neutraliseren De
spijsvertermgsenzymen worden geproduceerd
en afgegeven door de acineuze cellen en zor
gen voor de afbraak van o a zetmeel, eiwit
ten, vetten en nucleinezuren in de darm
Regulatie van de enzymafgifte door de
pancreas
De afgifte van de spijsvertermgsenzymen
door de pancreas staat onder de controle van
zowel hormonen, aangevoerd via het bloed,
als van neurotransmitters, die door zenuwuiteinden worden afgegeven Een voorbeeld van
de neuronale controle van de afgifte van pan
creassap is de geconditioneerde reflex van
Pavlov bij honden Het hormoon cholecysto-
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kmrne (CCK), vroeger
pancreozymine
genaamd, wordt door endocrine cellen in de
darmwand aan het bloed afgegeven, wanneer
de zure voedselbnj van de maag in de twaalfvingenge darm terecht komt
Zowel CCK als de neurotransmitter acetylcholine stimuleren de afgifte van spijsvertermgsenzymen door de acmeuze cellen Beide
stimuli zijn water-oplosbaar en hebben dus
een receptor op de acmeuze cel nodig om de
informatie door te geven Het is algemeen
geaccepteerd dat zowel CCK als acetylcholine gebruik maken van een zeer wijd verbreid
signaalgeleidingsmechanisme, waarbij een
verhoging van de intracellulaire calciumconcentratie optreedt In het kort gebeuren de
volgende processen binding aan de receptor
activeert via een koppelingseiwit (G-eiwit)
een enzym dat een specifiek membrddnlipide,
PIP2 afbreekt, waarbij er twee afbraakpro
ducten ontstaan Beide afbraakproducten
functioneren als second messengers (intracellulaire boodschappers) Het ene afbraakproduct, inositoltnsfosfaat (IP3), is in staat om
uit uitracelluldire calciumopslagplaatsen calcium vnj te maken, hetgeen leidt tot een verhoging van de vnje cytosolische calciumconcentratie
Het
andere
afbraakproduct,
diacylglycerol, blijkt een bepaald enzym, het
proteïne kinase С, te activeren (zie ook figuur
1 op bladzijde 6) Protem kmases zijn enzy
men die fosfaatgroepen aan andere eiwitten
(enzymen) koppelen, hetgeen men fosforyleren noemt Fosforylenngen worden m de cel
vaak gebruikt om enzymen te activeren en te
inactiveren De verhoging van de intracellu
laire calciumconcentratie en de fosforylenn
gen door het proteme kinase С van specifieke
eiwitten leiden mogelijk tot veranderingen in
de activiteit van celeiwitten, wat vervolgens
via een aantal tot nu toe nog onbekende stap
pen leidt tot de afgifte van de spijsverteringsenzymen

Protein kinase С en enzymsecretie door de
pancreas
Het doel van dit onderzoek was om meer
inzicht te krijgen in de rol die het proteïne
kinase С speelt in de door hormonen gestimu
leerde enzymsecretie door de pancreas en om
tevens na te gaan op wat voor manier dit
gebeurt ofwel welke mechanismen hieraan
ten grondslag liggen
Bij de start van dit onderzoek waren er al
aanwijzingen dat het proteïne kmase С een
rol speelt bij de enzymafgifte Om de rol van
het proteïne kinase С te bestuderen wordt
vaak gebruik gemaakt van forbolesters, zoals
het
12-O-tetradecanoyIforbol 13-acetaat
(TPA) Forbolesters zijn tumor-bevorderende
stoffen, die het proteïne kinase С direct kun
nen activeren, waarschijnlijk vanwege een
grote overeenkomst in molekulaire structuur
tussen de forbolesters en diacylglycerolen
Omdat deze forbolesters vetoplosbaar zijn
kunnen ze de celmembraan passeren en het
proteïne kinase С activeren buiten de hor
moon geactiveerde receptor om Wanneer de
forbolester TPA wordt toegevoegd aan acineuze cellen van de pancreas, dan leidt dit tot
een toename m de enzymsecretie, hetgeen er
op wijst dat het proteme kmase С betrokken
is bij de enzymsecretie door de pancreas
Om de rol van pancreas protem kmase С
in eiwitfosforylering te kunnen bestuderen,
moeten eerst de enzymkmetische eigenschap
pen van pancreas protein kmase С worden
bepaald In hoofdstuk 2 wordt de zuivering
van het proteïne kmase С uit de konijnepan
creas beschreven Het pancreas proteme kma
se C, dat na 4 zuivermgsstappen bijna
7000-voudig gezuiverd is, blijkt qua grootte
en enzymkinetisch grote overeenkomsten te
vertonen met het proteme kmase C, dat m de
hersenen voorkomt Echter m tegenstelling tot
hersenweefsel werden in de pancreas slechts
twee 1 ρ ν drie subtypes (type II en III)
gevonden
In een homogenaat van de konijnepancre
as bleken eiwitten door proteme kmase С
gefosforyleerd te worden De 3 endogene
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eiwitten, die het sterkst door proteïne kinase
С gefosforyleerd werden, hebben een mole
cuulgrootte van 1 7 - 1 9 kDa en bleken voor
namelijk cytosohsche, met-membraan gebon
den eiwitten te zijn (hoofdstuk 3)
Wanneer intacte pancreascellen met het
hormoon CCK werden gestimuleerd, was er
echter maar nauwelijks een toename waar
neembaar in de fosforylenng van eiwitten
Alleen bij een korte (± 1 mm) stimuleringstijd
was er een toename in de fosforylenng te zien
van onder andere een 17 kDa eiwit (hoofdstuk
4) De fosforylenng van dit 17 kDa eiwit trad
ook op wanneer de phorbolester TPA werd
gebruikt om in intacte cellen het proteïne
kmase С te activeren Deze kleine eiwitten
zijn ook om een andere reden nog interessant
Ze bleken namelijk ook gefosforyleerd te
worden als het cAMP afhankelijk proteïne
kmase geactiveerd werd Nu kan een toename
in cytosohsch cAMP alleen de enzymsecretie
niet stunuleren maar een verhoging van de
cAMP concentratie in de cel leidt wel tot een
versterking van het effect van het hormoon
Mogelijk spelen deze 17 - 19 kDa eiwitten
hierbij een rol (hoofdstukken 3 en 4)
In hoofdstuk 5 is het onderzoek naar de
fosforylenng van membraanlipiden beschreven Het PIP2, waaruit d m v splitsing de
twee intracellulaire boodschappers IP4 en
diacylglyterol worden gevonnd, ontstaat zelf
uit het fosfatidylmositol (PI), dat door een
dubbele fobforylenng via het PIP in het PIP2
wordt omgevormd Het PI-kinase is verantwoordelijk voor de fosforylenng van het PI
tot het PIP Het pancreas PI-kinase bleek zeer
sterk m activiteit verhoogd te worden als er
behalve het substraat PI nog andere fosfohpiden werden toegevoegd Het enzym bleek
verder door proteïne kinase С in activiteit
geremd te worden Het is echter nog onduide
lijk of m de intacte cel het proteme kmase С
op deze manier via een negatieve terugkoppeImg de hoeveelheid PIP2 kan beïnvloeden
De activering van het proteme kmase С
wordt gedacht gepaard te gaan met een bin
ding aan de plasmamembraan, hetgeen een

verschuivmg van de proteïne kmase С activi
teit van de oplosbare fractie (cytosol) naar de
membraanfractie teweeg brengt Dit ver
schijnsel noemt men translocatie van het
proteïne kmase <2 In hoofdstuk 6 is de translocatie van proteme kmase С onder invloed
van de forbolester TPA en onder invloed van
het hormoon CCK onderzocht TPA bleek
een duidelijke tijd- en concentratie afhankelij
ke translocatie van proteme kmase С te ver
oorzaken en er bleek bovendien een correlatie
te zijn tussen deze translocatie en de stimule
ring van de enzymsecretie. Het hormoon
CCK echter gaf deze translocatie niet te zien
terwijl de enzymsecretie steik gestimuleerd
was De verklaring voor deze tegenstrijdig
heid is onzerzijds dat de methode om translo
catie te meten met de juiste is Met de
gebruikte methode meet men namelijk alleen
de sterkte van binding van het protem kmase
С aan de membranen, terwijl de bmdmg op
zich, ongeacht de sterkte, al voldoende zou
kunnen zijn voor proteïne kmase С active
ring De recente berichten dat het TPA een
sterke, met-reversibele bmdmg van proteme
kmase С aan de membranen veroorzaakt, ter
wijl het door diacylglycerol gevormde proteïne kmase C/membraan complex gemakkelijk
door stoffen, die specifiek calcium binden,
verbroken kan worden, bevestigen deze hypothese
Uit de experimenten beschreven m hoofdstukken 7 en 8 van dit proefschrift is duidelijk
geworden dat het proteme kmase С ook m
honnoon (CCK) gestimuleerde enzymsecretie
een belangrijke stimulerende rol speelt In
hoofdstuk 7 worden experimenten beschre
ven, waarm een remmer van proteme kmase
С activiteit, staurosporme, werd toegevoegd
aan de acmi, die dan vervolgens gestimuleerd
werden met het hormoon CCK De hormoon
afhankelijke enzymsecretie van deze cellen
bleek aanzienlijk geremd te zijn, hetgeen
duidt op een positieve betrokkenheid van het
proteme kmase С bij de door hormonen gesti
muleerde afgifte van de spijsverteringsenzy
men door de pancreas In hoofdstuk 8 zijn
experimenten beschreven, waarm gebruik
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gemaakt werd van R59022. R59022 is een
remmer van het diacylglycerolkinase. Het
diacylglycerolkinase zorgt voor de fosforylering van het diacylglycerol tot het fosfatidezuur Hierdoor wordt de concentratie van het
diacylglycerol verlaagd en zal de activering
van het proteïne kinase С afnemen. Wanneer
R59022 samen met het hormoon CCK werd
toegediend bleek er een sterke toename van
de enzymsecretie op te treden Dit kan ver
klaard worden door aan te nemen dat er door
R59022, omdat het de omvorming van diacyl
glycerol tot fosfatidezuur remt, een ophoping
ontbtaat van het diacylglycerol, dat o ι v.
CCK is vrijgemaakt Deze verhoging van de

diacylglycerol concentratie leidt vervolgens
tot een extra activering van het proteine kinase С Deze toename van de hormonaal gesti
muleerde enzymsecretie trad namelijk ook op
wanneer TPA tegelijk met het hormoon CCK
werd toegediend. De experimenten met
R59022 en TPA tonen derhalve aan dat een
extra activering van het proteine kinase С tij
dens hormonale stimulatie van de acini leidt
tot een verhoogde enzymsecretie Op grond
van de resultaten beschreven in hoofdstukken
7 en 8 wordt derhalve geconcludeerd dat het
proteïne kinase С een stunulerende rol speelt
bij de hormonaal gestimuleerde enzymsecre
tie m de pancreas
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