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ABSTRACT

The role of protein kinase C (PKC) in stimulus-secretion coupling ina
number of endocrine and exocrine tissues remains poorly understood. In this
study, the activation of a specific PKC isozyme during cAMP-mediated
secretion from rat parotid acini has been examined. Hydroxylapatite
chromatogfaphy and immunoblotting studies, with a specific antibody against
PKC-$ utilizing a sensitive enhanced chemiluminescence detection system,
indicated that the B form was the major PKC isoenzyme in rat parotid gland.
Isoproterenol (ISO, 0.1 pum), a P-adrenergic agonist, stimulated the
translocation of PKC-$ from the cytosolic to the particulate fraction. A time—
course study with this agonist showed that total particulate PKC increased
from 50% (resting level) to about 80% during 30 minutes of sﬁmulation,
accompanied by a decrease from 50% to 20% in the cytosolic distribution. At
low concentrations (up to 0.1 uM), ISO caused significant redistribution of
PKC-f during 30 min of stimulation in a dose—dependént manner (Kd=10
nM). The rate of amylase release evoked by ISO (0.1uM) was linear during
30 minutes, in good correlation with the translocation of PKC—f from cytosol
to membrane. A permeant cyclic AMP derivative (dibutyryl cAMP) also
caused the translocation of PKC—f in a dose~dependent manner (Kd<50
KM). Stimulation with the phorbol ester PMA (10 nM, 100 nM) resulted in
both PKC translocation and amylase secretion. Total PKC activity was
assayed using a specific peptide substrate and yielded a similar pattern of
stimulation of PKC translocation in response to these secretagogues. The
accumulated evidence suggests that PKC-f§ becomes activated and
translocates during B-adrenergic-stimulated amylase secretion from rat
parotid acini. Therefore PKC—f activation may be the commion pathway for



stimulus~secretion coupling during stimulation by agonists that cause cAMP
synthesis or PIP2 hydrolysis.
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L1 THE RAT PAROTID GLAND

1.1.1 Model system for the study of stimulus-secretion coupling

The parotid gland is a branched acinar gland. It consists of the dl;Ct
system and the secretory endpiece. The secretory portion of rat parotid gland
is composed almost exclusively of serous cells. The secretory granules are
rich in proteins and have a high amylase activity. Amylase is synthesized by
classical route common to most secreted proteins. A lot of effort has been
focused on understanding the composition and properties of the storage
granules of the rat parotid gland. Through the early efforts of Schramm and
~ collaborators (Schramm, 1961), this tissue was shown to be especially
favorable for investigating stimulus—dependent exocrine secretion and for
studying isolated cells that are nominally free of major proteolytic and lipolytic
activities (Mangos, 1975; Putney et al, 1976). Parotid acinar cells normally
devote most of their protein synthetic capability to manufacturing proteins for
export, and recent studies suggest that ~85% of this production is destined for
intracellular storage in granules as a reserve for stimulus—dependent release.
The 1 pm diameter granules occupy nearly 30% of éytoplasmic volume
(Bloom et al, 1979), and in response to B-adrenergic agonists undergo
massive discharge by exocytosis (Amsterdam et al, 1969) at the apical lumen
(~12% of the cell surface).

Parotid gland is known to receive both sympathetic innervation from
the principal neurons of the superior cervical ganglion (SCG), and

parasympathetic innervation originates in postganglionic fibers of the otic



ganglion (Lundberg et al, 1988; Shepherd, 1988) on the blood vessels and
exocrine elements. Earlier ultrastructural study (Hand, 1970) revealed that
unmyelinated axons, with or without their Schwann cell sheath, penetrated the
basal membrane surounding the acini and came into close apposition to the
acinar cells. The close apposition was made with only one cell, or in the
intercellular space between adjacent acinar cells, where two or more cells were
apposed. The terminals contained mitochondria, large dense—cored vesicles,
and smaller vesicles resembling synaptic vesicles. The nerve terminals were
often embraced by cytoplasmic folds of the acinar cell. Al-Hadithi
demonstrated &iﬁt the presence of nerve endings in the two sites in rat parotid
gland. Those located beneath the basement membrane of acinar cells have
been called hypolemmal terminals and those outside the basement membrane,
epilemmal (Al-Hadithi, 1988). Both cholinergic and adrenergic terminals have
been reported to contact the same cell (Hand, 1970) but Young reported that
most hypolemmal terminals in the parotid gland were cholinergic (Young,
1978). It has now been shown that the co-localization of the peptides
substance P (SP) and vasoactive intestinal polypeptide (VIP) occurs in the
large dense—cored vesicles in the same nerve terminal. Their ultrastructure is
similar to the cholinergic nerve terminals which are characterized by an
abundance of small agranular vesicles and some large dense—cored vesicles in
a ratio of about 9:1 (Al-Hadithi, 1988; Lundberg, 1981).

Stimulation of either sympathetic or parasympathetic nerves to the
parotid gland stimulates salii/ary secretion, but the effects of the
parasympathetic nerves are stronger and more long lasting (Kutchai, 1990).
Parasympathetic stimulation with the co-release of acetylcholine (ACh), SP
and VIP results in vasodilation and greatly increased blood flow to the glands,

in addition to prodigious waterly saliva secretion from acinar cells through the
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muscarinic cholinergic and substance P receptor—me&iated Ca2+ pathway. On
the other hand, sympathetic stimulation and circulating catecholamines
. stimulate transient secretion of saliva that is rich in amylase, K+, and HCO3-.
The amylase release will be discussed in the following section (1.1.2). In
addition, sympathetic stimulation (Norepinephrine / Neuropeptide Y)
constricts blood vessels, with consequent reductions in parotid gland blood
flow (Lundberg, 1983).

1.1.2 Stimulus-secretion coupling

Many cell types are specialized to synthesize and secrete specific
proteins. In certain cells, proteins are synthesized and secreted ina continuous
fashion without prior exposure to a stimulant. Examples include albumin
secretion from the liver and collagen secretion from fibroblasts. Other cell
types have devised an organized machinery for regulated secretion that allows
the secretory products to be stored in discrete membrane-bound compartments
(granules), awaiting a specific trigger for exocytosis. Examples include
secretion of neurotransmitters and peptide hormones from neurons and
endocrine cells and release of digestive enzymes from salivary glands and the
exocrine pancreas. These cells are programmed to direct more than 90% of
 their biosynthetic effort toward the production and storage of a mixture of
many different enzyme precursors. The ability of parotid acinar cells to
respond to a given stimulus with the coordinated release of the secretory
granule content implies the existence of intracellular messengers capable of
transducing the external signal into an increased rate of vesicle membrane
fusion. The term stimulus—secretion coupling , coined by Douglaé and Rubin

in 1961, defines the various steps that, following the interaction of a stimulus



with its specific plasma membrane receptor, will eventually bring about the
accelerated discharge of secretory products (Douglas & Rubin, 1961).

Protein and fluid secretion in rat parotid acinar cells are regulated by
two separate pathways: (1) B-adrenergic receptor stimulation leads to the
formation of cyclic AMP (cAMP) via- activation of adenylyl cyclase by G
protein (Butcher et al, 1980); amylase exocytosis is mostly induced by this
pathway; (2) muscarinic—cholinergic, o—adrenergic and substance P receptor
stimulation cause phosphatidylinositol turnover via G protein leading to the
formation of inositol 1,4,5—trisphosphate and a rise in cytosolic free Ca2+
([Ca2+];) (Putney et al, 1986; Baum et al, 1987; Sugiya et al, 1989); these
receptors are primarily linked to ion secretion.

Amylase release from the parotid gland is stimulated by cAMP- and
CaZ+-modulating agonists (Butcher et al, 1980). In the parotid gland, the
cAMP-modulation system stimulates amylase release more strongly than the
Ca2+—system. Several studies have indicated a rise in intracellular cAMP—
dependent protein kinase (PKA) activity when the parotid gland is incubated
with a B-adrenergic agonist, and phosphorylation by PKA is suggested to be
an essential step for amylése release (Baum et al, 1981; Kanamori et al, 1980;
Baum et al, 1981; Jahn et al, 1981; Spearman et al, 1984; Quissell et al,
1985). On the other hand, there is little evidence to support a role for Ca2+-
dependent kinases in secretion. Ca2+—dependent kinases have been detected
in exocrine tissue, however a definite link between secretion and Ca2+—
dependent phosphorylation has not been established. Because of the generally
accepted importance of Ca2+ in secretory processes (Rubin, 1982)» there has
been a continuing interest in the possible role of Ca_2+ in the action of B—
adrenoceptor agonists in the parotid gland (Butcher et al, 1980). Evidence that
Ca2+ was involved in this pathway was several-fold: (1) prolonged depletion
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of cellular CaZ+ stores with chelating agents partially inhibited the secretory
response to B-adrenoceptor agonists or to cAMP analogues (Selinger et al,
1970; Putney et al, 1977); (2) B-adrenoceptor agonists and cAMP stimulated
efflux of 45Ca2+ from acinar cells (Putney et al, 1978) and (3) B-
adrenoceptor agonists, albeit at high concentrations, caused a modest rise in
cytosolic [CaZ+] (Homn et al, 1988; Takemura et al, 1985).

It has recently been reported that the treatment with Ca2+-chelators is
inappropriate to evaluate the role of Ca2+, because it also suppresses cellular
ATP levels (Hincke, 1988; 'I‘ojyb et al, 1990). In addition, the depletion of
cytosolic Ca2+ did not completely suppress amylase release even in saponin—
permeabilized parotid cells. Results from most recent studies demonstrate that
the concentration of B—adrenoceptor agonist, isoproterenol, required for
Ca2+—mobilization are much higher than those required for stimulating
amylase secretion (Mangos et al, 1975; Takuma et al, 1988); high
concentrations of isoproterenol (from 0.02 mM to 1 mM) activate o—
adrenoceptors as well as f—adrenoceptors and therefore cause a rapid increase
in cytosolic ivee Ca2+ in rat parotid acinar cells; while low concentration of
isoproterenol (0.1 uM) evokes the maximum amylase secretion without any
effect on cytosolic Ca2+ (Hughes et al, 1989; Tanimura et al, 1990). This
suggests that large increases in cytosolic Ca2+ are not necessary for B~
adrenoceptor agonists—induced amylase release.

Adenosine-5'—triphosphate (ATP) is stored and co—secreted with many
neurotransmitters and, similarly to its metabolite adenosine, may act as a
neuromodulator (Richardson et al, 1987; Bumstock et al, 1981). The effects
of extracellular ATP on cells appear to be mediated throﬁgh specific P2-type
purinergic receptors or ectokinases, and are pharmacologically distinct from
effects mediated by adenosine (via P1-type receptors) (Gordon et al, 1986).
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Although a large number of cell types respond to extracellular ATP, the
potency and effectiveness of ATP and its analogues vary widely among the
systems studied (Burnstock et al, 1985). Different subtypes of P2 purinergic
receptors undoubtedly contribute to the diffefences in observed responses to
ATP. Elevation of [Ca2+]j appears to be a common effect of ATP in many

tissues. Gallacher originally reported that the electrophysiological response of
parotid glands from mice (but not rats) to ATP was indistinguishable from that
to other Ca2+—mobilizing agonists (Gallacher et al, 1982). When the effect
was re—examined in dispersed rat parotid acinar cells, it was found that ATP
elevated [Ca2+]i in these cells in a highly specific and reversible manner

consistent with the activation of a P2-type purinergic receptor (McMillian et
al, 1988). This effect on [Ca2+); was similar to that observed with carbachol,
which acts via muscarinic receptors in parotid cells. Despite a larger effect on
[Ca2+)j, ATP was much weaker than known phospholipase C-linked

receptor agonists in stimulating accumulation of [3HJinositol phosphates, and
barely stimulated amylase exocytosis, although it activated Ca2+—dependent
ion conductances. This suggested that diacylglycerol is crucial for effects of
phospholipase C-linked receptor agonists on exocytosi‘s. In contrast to
carbachol, the increase in [Ca2+]j evoked by ATP appeared to be independent
ofa G prdfein, and there was partial additivity between maximal ATP and
carbachol effects on [Ca2+];. Although the mechanism by which extracellular
ATP elevates [Ca2+];j in parotid cells is unclear, those results suggest that it
acts through a pathway distinct from that shared by parotid muscarinic, o—

adrenergic and substance P receptors.



L2 PROTEIN KINASE C

1.2.1. Members of the family

In 1977, protein kinase C (PKC) was first identified in Nishizuka’s
laboratory as a novel and widespread serine— and threonine—directed
phosphokinase that can be proteolytically activated: many tissue extracts
contained far more protein kinase C than cyclic AMP-dependent protein
kinase if assayed with histone H-I as substrate (Takai et al, 1981; Nishizuka,
1983; 1984). Soon it became apparent that the intact enzyme requires calcium
and phospholipid, particularly phosphatidylserine, in order to express its
activity. Moreover, it is active at physiological intracellular Ca2+
concentrations (approx. 0.1 uM) only if the activating lipid includes a small
proportion of 1,2-diacylglycerol. On the basis of this 1979 observation ,
Nishizuka and his colleagues proposed that the 1,2-DAG liberated during
inositol lipid breakdown acts as a second messenger, with protein kinase C as
its target. The mechanism by which 1,2-DAG acts is to increase the
sensitivity of protein kinase C to Ca2+ by as much as one thousand—foid, so
that the normally inactive ‘‘holoenzyme’’ can bzcome fully active even at
cytosolic Ca2+ concentrations present in resting cells: thus Ca2+ is an
essential requirement of the enzyme but is not the key regulator of its activity.
Although the 1,2-DAG that is liberated during hydrolysis of inositol lipid(s)
will be mainly the 1-stearoyl, 2-arachidonoyl species, protein kinase C can be
activated by other pools of diacylglycerol (Billah & Anthes, 1990) .

PKC is ubiquitous in rat tissues and is normally recovered from the
soluble fraction as an inactive form and is translocated to the membrane in a

Ca2+—dependent fashion when cells are stimu-lated. The results of
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chromatographic studies on rat brain and rabbit brain (Jaken & Kiley, 1987;
Kiley et al, 1990) revealed that the three activities, which are eluted from
hydroxylapatite (HTP) and are called type I, II and Il PKC, correspond to
gamma, beta I + beta IT and alpha subspecies respectively. The beta I and beta
IT forms show nearly identical kinetic properties and cannot be separated by
HTP chromatography. Epsilon PKC co—chromatographs with PKC beta
(Ohno et al, 1988; Schaap et al, 1989). At last count, 8 subspecies of PKC
have been found. Four conventional PKCs (alpha, beta I, beta II, gamma)
emerged from the initial screening of a variety of complementary DNA
libraries. More recently, at least three further novel PKCs (nPKC delta, —
epsilon, —zeta) have been isolated from a rat brain library by using a mixture
of alpha, beta II and gamma complementary DNAs as probes under low
stringency conditions (Ono et al, 1987; 1988). These subspecies have a
common structure closely related to but clearly distinct from the four
subspecies initially described. Protein kinase C consists of a single (ie., -
PKC 77 kDa) polypeptide chain with two functional domains that can be
separated by protease action. The hydrophilic catalytic fragment is fully active
in the absence of the normal activators, so it appears that Ca2+, phospholipid
and 1,2-DAG must activate the intact enzyme through interactions with the
smaller, hydrophobic domain. The main difference between the PKC
subspecies is that the delta, epsilon and zeta subspecies lack the second
conserved region C2. The BI and BII subspecies seem to be derived from a
single mRNA by alternative splicing; they differ from each other only in ~50
amino acid residues at their carboxy—-terminal end regions, V5, and even in
this area they possess a high degree of sequence homology (Ono et al, 1987,
Knopf et al, 1986; Kubo et al, 1987). The conserved region C1 contains a

tandem repeat of a cysteine—rich sequence. This sequence is similar to the
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consensus sequence of a cysteine-zinc-DNA binding finger that is found in
many DNA-binding proteins that are related to transcriptional regulation. The
C—terminal half contain regions C3 and C4 that are part of the catalytic
domain. The C3 has an ATP-binding sequence. Although the conserved
region C4 contains a similar sequence with C3, its significance is unknown.
The sites involved in binding to calcium, diacylglycerol and phospholipid are
presumably contained in C1 and C2, but they have not been identified with
any certainty. The region V3 is a important area because PKC can be activated
by limited proteolysis with the Ca2+-dependent neutral protease~calpain. This
cleavage occurs at one or two specific sites in the region V3. It may be related
to down-regulation of PKC molecular itself. Osada reported that a new
member of the protein kinase C family nPKC eta, predominantly expressed in
lung and skin, contains a characteristic cysteine-rich repeat sequence (Cl
region) and a protein kinase domain sequence (C3 region), both of which are
conserved among PKC family members. However, nPKC eta lacks a putative
CaZ+ binding region (C2 region) that is seen in conventional PKCs, but not in
novel PKCs. nPKC-eta shows the highest sequence similarity to nPKC
epsilon (59.4% identity). The similarity extends to the NH2-terminal
sequence (E region) which corresponds to one of the divergent regions (D1
region) (Osada et al, 1990).

Proteolytic activation of PKC As described, protein kinase C is
composed of two functionally different domains, one is a Cal+,
phospholipid-binding regulatory domain (M r 32,000—-38,000) found in the
amino-terminal side and-the catalytic protein kinase domain (M r 45,000~
50,000) (Hoshijina et al, 1986; Lee & Bell, 1986; Huang & Huang, 1986;
Nishizuka, 1988). Separation of these two domains is usually achieved by

limited proteolysis using trypsin or calpain and generates a CaZ+,
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phospholipid-independent catalytic fragment (Huang & Huang, 1986; Inoue
et al, 1977; Kishimoto et al, 1983; Melloni, 1985; Hashimoto, et al, 1988).
This was originally reported as protein kinase M (Takai et al, 1977). During
the study of protein kinase C isolated from rat liver plasma membrane, two
protease-activated forms of this enzyme with M y 80,000 and M [ 50,000,
were found respectively (Hashimoto et al, 1977). Although the smaller form
was identified as protein kinase M, the exact mechanism of generating the
larger form remains obscure. Protein kinase C contains a pseudosubstrate
region near the amino-terminal end of the regulatory domain (House &
Kemp, 1987), suggesting that this sequence (-R—K~G-A-L-R-) inhibits
protein kinase C by interaction with its active site in the absence of Ca2+ and
phospholipid. Recently, It was shown (Hashimoto et al, 1990) that the
protease—activated form of M y 80,000 was generated by limited proteolysis of
protein kinase C at or around the pseudosubstrate region near the amino—
terminal end of this enzyme.

Limited proteolysis of thé three protein kinase C (o, B, and ) isozymes
generates distinctive fragments for each isozyme, indicating that each isozyme
has different trypsin-sensitive sites. In addition, the various protein kinase C
isozymes have different susceptibilities to proteolysis in vitro, when tested
with trypsin, as well as with endogenous proteases in intact cells. Kishimoto
also reported that several subspecies of PKC co—expressed in a single cell
type disappear at different rates upon treatment with phorbol ester PMA,
which may reflect the substrate specificity of the calpain action (Kishimoto et
al, 1988; Ase et al, 1988).
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1.2.2. Distinct expression and localization

Early studies or tissue distribution using tritiated phorbol-12, 13-
dibutyrate as a probe for PKC revealed an uneven distribution of PKC in the
brain (Worley et al, 1986). Northern blot analysis with specific
oligonucleotide probes has suggested that some PKC subspecies are
expressed specifically in certain tissues (Knopf et al, 1986; Coussens et al,
1986; Ohno et al, 1987; Ohno et al, 1988), as has in situ messenger RNA
hybridization (Brandt et al, 1987). By using biochemical, immunological and
cytochemical procedures with subspecies—specific antibodies, the relative
activity and individual pattern of expression of multiple PKC subspecies in
several tissues have recently been extensively examined (Wood et al, 1986;
Shearman et al, 1988; Hidaka et al, 1988). Much is known abm_nt the
distributions of alpha, beta and gamma, rather less about the delta, epsilon and
zeta subspecies. The most striking result is that in the rat, the gamma-—
subspecies appears to be expressed mostly in the central nervous system after
birth (Hashimoto et al, 1988; Yoshida et al, 1988), and is particularly
concentrated in the hippocampus, cerebral cortex and amygdaloid complex
(Roth et al, 1989). In addition, ultrastructure studies showed that it is
associated with membranous structures of the cell in general except for the
nucleus and mitochondria, which contain little PKC. Although it seems
premature to discuss the function of PKC gamma, it may be important in
specialized neuronal processes, such és long—term potentiation in the
hippocampus (Roth et al, 1989). The beta subspecies is found in both the
brain and peripheral tissues and accounts for the highest percentage of specific
activity in the brain (Kikkawa et al, 1987; Shearman et al, 1987). The tissue

distribution of the beta I and beta Il subspecies shows that there is much more
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beta II than beta I in the brain and many other tissues, including endocrine
tissues such as pancreatic islets and the pituitary gland. Cytochemical analysis
with polyclonal antibodies that distinguish the two subspecies reveals a
distinct pattern of cellular expression in certain tissues (Ase et al, 1988; Huang
et al, 1987). For example, in the rat cerebellar cortex the beta I subspecies is
present mainly in the granule cell body and the beta II subspecies primarily in
the molecular layer where it is localized in the presynaptic nerve endings
terminating on the dendrites and cell body of the purkinje cells. Most tissues
including liver, kidney, spleen, lung, heart and testis contain beta subspecies
in variable ratios, but the alpha subspecies of PKC is the most widely
distributed (Shearman et al, 1987; 1988). The alpha—, beta— and gamma-PKC
are diffusely localized in the brain in part overlapping, but clearly distinct
regions. There are also differences in localization to different subcellular
compartments (Ase et al, 1988; Hosoda et al, 1989; Saito et al, 1989; Ito et al,
- 1990). This may suggest that different isoforms of PKC might be important in
specialized neuronal function. The expression of PKC isotypes in different
endocrine, steroidogenic cell types has been examined by using high—
performance liquid chromatography and specific antipeptide antibodies against
each enzyme (Pelosin et al, 1991). Their results showed that bovine and rat
adrenocortical cells, as well as porcine Sertoli cells expressed only the type ITI
PKC (alpha PKC); by contrast, Leydig cell expressed each of the isotypes I,
IT and IIT (gamma, beta and alpha) at similar levels. Taking into account the
biological effect observed in .nese various cell types upon PKC activation, it
was suggested that the PKC alpha is involved in the steroidogenic activation
pathways, whereas the expression of the beta—, gamma- and alpha—~PKC, in
Leydig cells, may contribute to a different array of cross-talk regulation

pathways in these cells.
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1.2.3. Enzymatic properties of different subspecies

It is now known that sn—1,2—-diacylglycerol, generated by receptor
mediated hydrolysis of membrane phospholipids, particularly
phosphatidylinositol 4,5-bisphosphate, activates PKC by increasing its
affinity for calcium ions. This achieves full activation at physiological calcium
concentration. Thus, the activation of PKC is thought to be biochemically
dependent on Ca2+, but under some conditions physiologically independent
of Ca2+,

Protein kinase C can also be activated by “tumor promoters’’ such as
phorbol myristate acetate (usually abbreviated as PMA) (Catagna et al, 1982).
The most active tumor promoters are the most effective activators of protein
kinase C, in accord with the idea that protein kinase C activation might be
essential to the actions of these compounds. The diacyl portion of PMA is
structurally analogous to 1,2-DAG and kinetic studies showed that PMA, like
1,2-DAG, activates protein kinase C by greatly increzising its Ca2+
sensitivity. Thus there is good evidence (Nishizuka, 1984) that PKC is the
physiological receptor for tumor promoters, Tumor promoters had long been
known to mimic, partially or fully, the cellular effects of receptors linked to
inositol lipid breakdown in various tissues (e.g. platelet aggregation and
secretion, neutrophil secretion and oxygen radical generation, lymphocyte
proliferation), but the mechanism was not previously understood.

PKC can also be activated by Ca2+, phospholipid (especially

phosphatidylserine), and limited proteolysis with calpain. But, the activities of
| gamma, beta and alpha PKC are subi!y different. There are kinetic variations

among the subspecies: the gamma and alpha—subspecies are much less
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activaied b)" DAG in the presence of phosphatidylserine than is the mixture of

beta I and beta II. which showed substantial activity in the absence of Ca2+
(Nishizuka, 1988). By contrast the beta form of PKC is poorly activated by
free arachidonic acid, whereas the gamma form is activated by micromolar
concentrations of arachidonic acid. The alpha subspecies responds to high
concentrations of arachidonic acid but only at elevated concentrations of
Ca2+, The kinetic properties of alpha, beta, and gamma subspecies of PKC
are different in the presence of several fatty acids (Shinomura et al, 1991).
Although responses of the purified alpha, beta, and gamma subspecies to the
lipids slightly differed from one another, the reaction velocity of these
subspecies was significantly eniianced by synergistic action of diacylglycerol
and a cis—unsaturated fatty acid. Arachidonic, oleic, linoleic, linolenic, and
decosahexaenoic acids were active in this role, whereas saturated fatty acids
such as palmitic and stearic acids were inactive. Elaidic acid was also inactive.
In the presence of both phosphatidylserine and diacylglycerol, the cis—
unsaturated fatty acids increase further an apparent affinity of PKC for Ca2+
and allow the enzyme to exhibit almost full activation at nearly basal levels of
Ca2+ concentration. The concentration of fatty acid giving rise to the
maximum activation of enzyme was approximately 20-50 uM. This implies
that the receptor-mediated release of unsaturated fatty acids from
phospholipids may result, in synergy with diacylglycerol, in the activation of
PKC even when the Ca2+ concentration is low. Therefore, the activation of
PKC might be an integral part of the signal-induced degradation cascade of
various membrane phospholipids, which is initiated by the actions of
phospholipase C and phospholipase A2.
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Therefore, protein kinase C can be divided into two categories: 1)
Ca2+- and DAG~dependent, like alpha and gamma isoforms; 2) Ca2+-
independent (requires DAG élone), like delta, epsilon, and zeta isoforms
which lack the Ca2+ binding region C2; The beta form may also be placed in
this category because of its substantial activity in the absence of Ca2+
(Nishizuka, 1988).

1.3 SIGNAL TRANSDUCTION PATHWAYS THAT
REGULATE PROQTEIN KINASE C

1.3.1 The roleji".i of G protein

In some tfénsmembmne signaling systems, detection of the extracellular
stimuli, such as neurotransmitters, hormones, epidermal and nerve growth
factors, and generation of an intracellular response are properties of the same
protein or protein complex. Rodbell and his collaborators were the first to
provide evidence for a more complex class of signaling pathway where the
sensor and intracellular effector are separate proteins that communicate
through a guanine nucleotide—dependent regulatory protein or G protein
(Rodbell et al, 1971). The G proteins that transmit information from receptors
to their intracellular effector systems belong to a large homologous family of
trimeric proteins each with an a subunit that binds guanine nucleotides, and §§
and 7y subunits that are always tightly associated (Casperson et al, 1987,
Gilman et al, 1987; Holbrook et al, 1989). Different G proteins are most
readily distinguished by their o subunits, though there are also more subtle
structural and functional differences in some B and y subunits (Cerione et al,

1987). Figure 1 shows the G protein cycles between inactive GDP--bound and
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active GTP-bound forms. The activation of G protein involves dissociation of

the o from the By subunits. Stimulation of a receptor by its agonist
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Figure 1. Scheme for G protein signal transduction. From the
unliganded state (), receptor binds agonist A (for example, isoproterenol,
carbachol) which produces a change (I) in receptor-G protein interaction,
allowing GTP, in the presence of Mg2+, to replace GDP on the o-subunit.
The activated 0~GTP subunit and the By subunits dissociate and one or both
interacts with effectors (for example, adenylyl cyclase, phospholipase C)
(). Altemnatively, free By may bind other o subunit. The intrinsic GTPase
activity of the o subunits hydrolyses GTP to GDP, releasing inorganic
phosphate (Pi), and a~GDP recombines with By, ending the activation cycle
(M) (adapted from Neer & Clapham, 1988).



Receptor I

Figure 1
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initiates a cascade of biochemical processes that produce an intracellular
signal, which ultimately causes a change in the behavior of the cell. One class
of receptors, including the phototransducing molecule rhodopsin, the
muscarinic acetylcholine receptor and the B-adrenergic receptors, operates by
activating the G protein. The developments that followed Rodbell’s pioneering
studies have established that many different receptors regulate many
intracellular effectors through a family of closely related G proteins ( Citri et
al, 1980; Rodbell et al, 1980; Schramm et al, 1984; Levitzki et al, 1988).
There are several G proteins, regulating different intracellular pathways that
result in changes in the activity of specific effectors, such as ion channels in
plasma membrane, enzymes of phosphatidylinositol and phosphatidylcholine
metabolism (phospholipase C/D) (Besterman et al, 1986; VanBlitterswijk et
al, 1991), or adenylyl cyclase stimulated by f-adrenoceptor agonists to
induce the formation of cAMP, therefore activates protein kinase A to initiate a

series of cellular responses.
1.3.2 Diacylglycerol activates protein kinase C

Now it is believed that receptor-mediated hydrolysis of inositol
phospholipids is a common mechanism for transducing various extracellular
signals into the cell, such as those from certain hormones, neurotransmitters,
antigens, some growth factors and many other biologically active substances.
As early as 1953, Hokin and coworkers reported the response of inositol
phospholipids to the stimulation of cell surface receptors (Hokin et al, 1953).
They first showed that acetylcholine induced a rapid incorporation of 32P into
phosphatidylinositol (PI) and phosphatidic acid. This incorporation resulted
from the enhanced breakdown and resynthesis of inositol phospholipid (Fig.
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2). Berridge and his co—workers demonstrated that inositol-1,4,5—
trisphosphate (InP3), one of the earliest products of phosphatidylinositol 4,5~
bisphosphate (PIP2) hydrolysis is a mediator of Ca2* mobilization from
an internal store (Berridge et al, 1984). And later, Nishizuka suggested that
the other product of PIP9 hydrolysis: 1,2—diacylglycerol (DAG), remains in
the plasma membrane, and initiates the activation of protein kinase C (PKC)
(Nishizuka, 1986). It is generally accepted that both events, activation of
protein kinase C and the increase in intracellular free Ca2+, are produced in a
fashion by any agonist that activates inositol phospholipid metabolism.
However, recent evidence indicates that diacylglycerol formation and protein
kinase C activation can occur independently from inositol phospholipid
turnover in a variety of cell types (Rosoff et al, 1988; Augert et al, 1989).- In
fact, it has been suggested that the breakdown of phosphatidylcholine (PC)
might be more important than that of inositol phospholipids in some signal—
transducing pathways that activate protein kina.se C. The list of agonists that
induce PC hydrolysis is extensive, as is the number of cells and tissues
showing the response (Exton et al, 1988). In 1981, {t was first reported by
Mufson that tumor promoter phorbol esters also stimulate PC hydrolysis
(Mufson et al, 1981). They observed that phorbol esters stimulated the release
of labeled choline and P—choline from mouse embryo fibroblasts previously
incubated with [3H]choline and concluded from measurements of labeled
phospholipids that the source was PC, Similar results were later obtained by
other groups utilizing other cells (Besterman et al, 1986; Daniel et al, 1986;
Liscovitch et al, 1987; Schrey et al, 1987; Cabot et al, 1985; Muir et al, 1987;
Takuwa et al, 1987). In 1985, the first evidence that hormones promoted PC
hydrolysis was presented (Bocckino et al, 1985). It was observed that the
time-course of accumulation of DAG in hepatocytes stimulated with Ca2+-
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Figure 2. Turnover of inositol pilospholipids and signal
transduction. Inositol phospholipids appear to be in equilibrium in
membranes, although polyphosphoinositides are normally very minor
components. PI, phosphatidylinositol; PIP2 phosphatidylinositol 4,5—
bisphosphate; DAG, 1,2-diacylglycerol; IP3, inositol 1,4,5-trisphosphate;
PA, phosphatidic acid; CDP-DAG, cytosine diphosphate—diacylglycerol; I,
inositol; P, phosphoryl group; and R] and R2, fatty acyl groups.
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mobilizing agonists was very different frorﬁ that of IP3 (Bocckino et al, 1985;
Charest et al, 1985). In addition, high pressure liquid chromatographic
analysis of DAG in control and stimulated cells showed two peaks, both of
which had higher contents of palmitic, oleic, and linoleic acids expected from
the breakdown of PIP2, which is enriched in stearic and arachidonic acids
(Bocckino et al, 1985). The fatty acid composition of the later eluting DAG
peak was particularly different from PIP2, and it was suggested that PC was
the source (Bocckino et al, 1985). The potential of alternative pathways of
phospholipid turnover in hormonal signal transmission has only recently been
appreciated. As shown in Figure 3 DAG can be generated directly via
phospholipase C (PLC) or by the action of phospholipasé D (PLD) to yield
phosphatidic acid (PA), which is then cleaved to DAG by PA
phosphohydrolase (PAP). In addition, hydrolysis of PC by pﬁospholipase A2
(PLA2) produces lyso—-PC and arachidonic acid, an immediate precursor of
-eicosanoids. Lyso-PC may be re—esterified to PC or catabolized to
glycerophosphocholine (GPC), which can be further degraded to glycerol 3-
- phosphate (G3P) and choline. G3P can be converted back to DAG via PA
synthesis. DAG then can react with CDP—choline to complete the PC turnover
cycle.

| A novel G protein, Gp, has been implicated in the coupling of hormone
receptor activation to the breakdown of inositol phospholipids by PLC
(Cockroft et al, 1987). Similarly, a G protein appears to mediate the P2-
purinergic-induced stimulation of PLC activity towards PC (Irving & Exton,

1987). GTP and related guanine—containing analogues were shown to
_stimulate PC catabolism whereas other nucleotide triphosphates had little or no
effect (Irving & Exton, 1987). It seems likely from the widespread occurence
of agonist-stimulated PC breakdown that it serves some physioldgical
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function(s). One probable function relates to its ability to generate DAG for a
prolonged period of time (Cabot et al, 1985; Bocckino et al, 1985: Uhing et
al, 1989; Pessin et al, 1989; Agwn et al, 1989; Augert et al, 1989) and thus
cause sustained activation of protein kinase C. This implies that the
mechanisms involved are not subject to negative feedback and it is reasonable
to propose that PC breakdown is involved in cellular control mechanisms that
require prolonged activation of protein kinase C. The fact that the cellular
content of PC is several hundred—fold higher than that of PIP2 agrees with the
observation that PIP2 hydrolysis yields a relatively small amount of DAG for
a short peﬁod of time compared with PC hydrolysis (Augert et al, 1989;
Pessin et al, 1989). Based on analysis of the molecular species of PC (Patton
et al, 1982) and of DAG sampled at late times of agonist stimulation (Pessin et
al, 1989; Augert et al, 1989), PC hydrolysis produced species of DAG that
are very effective activators of protein kinase Cin vitro (Go et al, 1987). With |
the discovery of multiple forms of protein kinase C that vary in their tissue
and subcellular distribution, substrate specificity, translocation and regulation
(see section 1.2), it is possible that different molecular species of DAG may

exert differential effects on various forms of protein kinase C.
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Figure 3. Phosphatidylcholine cycles for generation of second
messenger diacylglycerol. The diacyiglycerols (DAG) can be generated
directly via phospholipase C (PLC) or by the action of phospholipase D
(PLD) to yield phosphatidic acid (PA), which is cleaved to DAG by PA
phosphohydrolase (PAP). Alternatively, the phospholipase A2 (PLA2)-
catalysed hydrolysis of PC provides for the production of lyso-PC and
arachidonic acid. The lyso-PC may be re-esterified to PC or catabolized to
glycerophosphocholine (GPC), which can be further degraded to glycerol 3~
phosphate (G3P) and choline. G3P can be converted back to DAG via PA
synthesis. DAG can react with CDP—choline to complete another PC turnover
cycle (adapted from Pelech & Vance, 1989).
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1.3.3 Dual action and down regulation of protein kinase C

There have been several suggestions of possible functions for PKC,
including involvement in secretion and exocytosis, modulation of ioa
conductance, regulation of receptor interaction with components of the signal
transduction apparatus, smooth muscle contraction, gene expression and cell
proliferation (Nishizuka, 1986). In addition to these positive stimulatory
actions, a large body of evidence has now accumulated to indicate that PKC
provides negative feedback control over various steps of the cell-signaling
processes operating in both short-term and long—term responses of the cell. In
the short term, for example, PKC appears to be important in decreasing the
inositol-1,4,5—trisphosphate—induced elevation of intracellular Ca2+ levels,
an effect that may occur at different points in the signaling pathway
(Nishizuka, 1988). PKC may inhibit Ca2+ mobilization by blocking the

receptor-mediated hydrolysis of inositol phospholipids and hence production
of IP3 and diacylglycerol, or by stimulating the hydrolysis of IP3 by

activating an IP3 phosphatase (Connolly et al, 1986). Alternatively, PKC may

stimulate the removal of intracellular Ca2+ by activation of the Ca2+-transport
ATPase and Na+/Ca2+ exchange protein (Nishizuka, 1986). The negative
feedback role of PKC may be extended to long—term responses, such as cell
proliferation. The epidermal growth factor (EGF) receptor has been shown to
be phosphorylated by PKC, bpf.h in vivo and in vitro (Schlessinger et al,

1986). This dual action of PKC provides a versatile regulatory system that is
finely tuned by the transient generation of second messengers such as
diacylglycerol. It is clear, however, that agents that persistently activate the
enzyme, such as phorbol ester, can promote more complex and fundamental

changes in its activity.
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It is now well known that tumour—promoting phorbol esters (PMA)
elicit pleiotropic cellular responses through selective binding to protein kinase
C as a receptor (Castagna et al, 1982; Niedel et al, 1983; Leach et zﬂ, 1983).
The phorbol ester promotes the translocation of PKC to the membrane and its
tight binding there. This translocation is associated with activation of protein
kinase C (Kraft et al, 1982; 1983) and may result in eventual proteolytic
degradation or “‘down-regulation”’ of this enzyme (Rodriguez—Pena et al,
1984; Ballester & Rosen, 1985), a process thought to be involved in the
secretory exocytosis of human platelets and neutrophils (Tapley et al, 1985
Melloni et al, 1986). This phorhol ester-induced down-regulation of protein
kinase C is caused by an accelerated rate of degradation of the protein kinase
C molecule. In 1989 Huang investigated the differential down-regulation of
highly purified rat brain protein kinase C isozymes with trypsin. Their results
showed that under identical conditions trypsin caused preferential degradation
of types I and II enzymes, whereas the type III enzyme was relatively-resistant
to tryptic proteolysis (Huang et al, 1989). Degradation of the type I enzyme
by trypsin could be facilitated with the addition of Ca2+, phosphatidylserine,
and dioleoylglycerol.

F PROTEIN KI E :

Protein kinase C has been implicated in the regulation of receptor-
mediated cellular events in a variety of tissues (Nishizuka, 1986). Agonist—
directed redistribuition of PKC activity from cytosol to membrane is
considered the initial step in PKC activation (Jaken et al, 1975; Drust et al,
1985; Fearon et al, 1987; Jaken et al, 1985; Kraft et al, 1983). Agonist—
stimulated phosphatidylinositol turnover in pituitary cells (Fearon et al, 1985)
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has been correlated with a time— and dose—dependent decrease in soluble PKC
activity, while the particulate form of the activity increases. Hirota studied the
effect of a stimulus on protein kinase C distribution in a nonpermanent cell
culture system (rat pituitary gonadotrophs) and found a shift of protein kinase
into the membrane fraction within 10~20 min following stimulation with
gonadotropin—releasing hormone (Hirota et al, 1985). Naor demonstrated the
direct initiation of an exocytotic response by insertion of purified brain PKC~
o and PKC-f into permeabilized rat pituitary cells that specialize in releasing
luteinizing hormone (Naor et al, 1989), while PKC—y was not effective in
stimulation of the hormone secretion. This suggests that different PKC
isozymes may have different effect on different cellular functions. In
electropermeabilized bovine chromaffin cells, phorbol esters increase
exocytosis, implying an involvement of protein kinase C. And also, in intact
or digitonin—permeabilized bovine adrenal chromaffin cells, phorbol esters
which activated PKC increased membrane-bound PKC activity from less than
10 to 20-50% within 30 min and stimulated secretion and protein
phosphorylation (Terbush & Holz, 1986). In experiments with permanent
cultured cell lines various groups have shown that receptor-mediated
stimulation involving the polyphosphoinositide cycle indeed leads to a shift of
protein kinase C from the cytosol to the membrane fraction (McCaffrey et al,
1984; Kraft et al, 1982; Kraft & Anderson, 1983). In the parotid gland, PKC
may play a role in excitation—secretion coupling because phorbol myristate
acetate (PMA) stimulates exocytosis and the release of amylase (Putney et al,
1984; Takuma et al, 1986). In addition, one of the PKC inhibitqrs, H-7,
inhibited amylase secrétion from rat parotid gland stimulated by PMA or the
combination of phosphotidylserine and 1,2-diolein (Shimomure et al, 1988).

Isoproterenol (20 uM) stimulates the release of amylase, but did not
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significantly affect intracellular distribution of protein kinase C during the
observation time of 30 min in guinea pig parotid gland (Domenech & Soling,
1987). There are three possible reasons for their inability to detect an effect of
isoproterenol on the distribution of protein kinase C: 1) The total PKC activity

was measured instead of examination of the change of a specific isoform of

PKC 2) This high concentration of isoproterenol activates o—adrenoceptors as

well as B-adrenoceptors, 20 pM ISO is not an appropriate stimulus for
finding the real role of PKC; 3) And also, species difference should be taken
into consideration for this inability to measure the change of PKC activity.
Soling also demonstrated in guinea pig parotid that the transmission of the
signal process within the cell following stimulation with either f-adrenergic
or muscarinic agonists was associated with an increased de novo synthesis of
DAG which started within the first 10 s after stimulation and retumed almost
to the basal level within 2 min (Soling et al, 1987; 1989). Pandol measured
the effect of various pancreatic secretagogues on the PKC translocation and
amylase release in dispersed pancreatic acini frolr-ﬁ ‘the guinea pig and
concluded that 1,2-DAG and protein kinase C do not have a stimulatory role
in pancreatic exocytosis (Pandol & Schoeffield, 1986). Some other groups
failed to observe a decrease in cytosolic protein kinase C enzyme activity
during insulin treatment in several tissues (Cooper et al, 1987; Walaas et al,
1987; Egan et al, 1989; Draznin et al, 1988; Glynn et al, 1986). Although a
great deal of evidence have shown that in a wide variety of cell types, i.e. rat
pancreatic acini (Matozaka & Williams, 1989); cultured fibroblasts (Wright et

al, 1988); BC3H-1 myocytes (Farese et al, 1988); hamster fibroblasts .

(Magnaldo et al, 1986); smooth muscle cells (Griendling et al, 1986); Swiss
3T3 cells (Habenicht et al, 1981), DAG formation increases in response to

various stimuli, data concerning the distribution behavior of protein kinase C

I
it
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and the regulatory role in rat exocrine glands in the presence of different
stimuli is little and is not good enough to interprete the mechanism involved.
Although the activation of protein kinase C has been shown (Takuma,
1986; Terbush & Holz, 1986; Shinomura et al, 1988; Soling et al, 1989;
VanBlitterswijk et al, 1991) during secretion by measuring the change of total
activity of PKC, data concerning specific isozyme(s) of protein kinase C in
stimulus—secretion coupling in rat exocrine gland is missing. In addition, there
is methodological discrepency in the determination of PKC activation pattemns.
Cooper demonstrated that the choice of chromatography medium used to
purify protein kinase C determined whether increases or decreases in cytosolic
enzyme activity were observed following insulin treatment (Cooper et al,
1990). The traditional ways of measuring PKC activity are: 1) the enzyme(s)
is extracted from membranes with detergents, partially purifiéd, reconstituted
with phosphatidylserine, and its activity measured with a histone substrate,
histone IIIS (Kikkawa et al, 1982; Takai et al, 1979); 2) the enzyme(s) is also
extracted with detergents, but the extracted enzyme activity is measured
directly without partial purification using a modified histone H-I (Halsey et al,
1987); 3) the cells are permeabilized with digitonin to release soluble PKC,
both the soluble and residual membrane-associated enzyme are partially
trypsinized, and their activities assayed using histone H-I substrate in the
presence of a cyclic AMP—dependent protein kinase inhibitor (Pelech et al,
1986); 4) PKC activity is directly measured in vitro while it is still associated
with its native membrane, using a murine lymphoma cell extract containing a
PKC-specific 85 kDa protein substrate (Chakravarthy et al, 1989). It is
important to point out that the disad;zantage of all of these assays is that they
lack sensitivity and specificity to measure changes in a specific isoform of

protein kinase C.
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2, OBJECTIVES OF THE PROJECT

In order to explore the role of one specific isoform of protein kinase C,
PKC-B, in the stimulus—secretion coupling in rat parotid gland, the present
study includes:

1. Comparative studies of hydroxylappatite chromatographical characteristics

of protein kinase C in rat parotid gland, submandibular gland and brain.

2. Do selopment of specific procedures to measure PKC- translocation -

during stimulation with different secretagogues in rat parotid acinar cells.

3. Time—course and dose-response relationship of PKC—f stimulated with

different secretagogues in rat parotid acinar cells.

4. Determination of the relationship of PKC-P activation and amylase

exocytosis during stimulation with different secretagogues in rat parotid acinar

cells.
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3.1, MATERIALS

90 male Wistar strain rats (125-150 g) were used in this study. The o~
amylase reagent was from Biotrol (Laboratory Imports Co., Downsview,
Ont., Canada). 100% pure corn starch (Canada) was bought from a local
grocery store. Procion yellow, Basal medium Eagle (BME) (with Eagle’s
Salts, L-glutamine and 25 mM hepes), isoproterenol, dibutyryl cAMP, tissue
culture grade sodium bicarbonate, egg white protein, leupeptin, d-biotin,
phorbol 12—myristate 13-acetate (PMA) and phenylmethyisulfonyl fluoride
(PMSF) were obtained from Sigma Chemical Co. (St. Louis, USA). Fatty
acid free bovine serum albumin (BSA, fraction V) was from ICN
(Mississauga, Ont., Canada). Collagenase (CLS2) was frdm Worthington
(St. Laurent, Que., Canada). AquaSil and BCA protein assay reégents were
purchased from Pierce (Rockford, IL, USA). Polyoxyethulene sorbitan
monolaurate (tween-20), gelatin, nitrocellulose membrane and blotting filter
paper were from Bio-Rad Laboratories (Mississauga, Ont., Canada).
Dithiothreitol (DTT) , sodium azide, sodium choloride and sodium dodecyl
sulphate (SDS) were from BDH (Toronto, Ont., Canada). Sodium phosphate
dibasic and sodium phosphate monobasic was from Fisher Scientific Co.
(Nepean, Ont., Canada). Anti-rabbit biotinylated species-specific IgG,
streptavidin-horseradish peroxidase conjugate antibody, enhanced
chemiluminescence (ECL) reagents and PKC assay kit were obtained from
Amersham (Oakville, Ont., Canada). Anti-rabbit PKC—f antiserum (raised to

the synthetic peptide sequence: RAKIGQGTKAPEEKTANTISK which is
equal to the amino acid residues 307-327 in V3 region) was given generously
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by Dr. Bryan L. Roth (Roth & Mehegan, 1989) Adenosine—5'-
[32P]triphoshate was from Dupont (Mississauga, Ont., Canada). A Bio-Tek
EL311 SL microplate reader was utilized in conjunction with software
designed to analyze kinetic absorbance data (KinetiCalc, Bio-Tek
Instruments, Inc.). The instrument was connected to the serial port of an IBM
clone XT microcomputer via its RS-232 communications port. The

spreadsheet software used to calculate the percentage of amylase release was
from Borland Intemnational (Quattro).

3.2, METHOQDS
3.2.1. Tissue preparation and digestion

For each experiment, two fasted rats Lwere used. Rats were anesthetized
with 0.2 ml euthynal and then exsanguinated following cardiac puncture. The
parotid glands were placed into ice-cold BME. The cleaned tissue was finely
minced and incubated for 75 min in 5 ml/gland of BME containing collagenase
(2.36 units per mg tissue). The suspensions were continuously gassed
(02/CO2; 95 : 5) and shaken in a shaking incubator (Versa~Bath S, model
224; Fisher Scientific Co.) at 370 C. At 15 min intervals the mixture was
drawn up and down four times through a pasteur pipette. Following
digestion, the suspension was washed four times with BME containing 0.2%
BSA. The tissue was incubated for a further 45 min in the same medium and
then filtered through a nylon sieve (mesh opening 420 microns). After
washing once with 0.2% BSA/BME, the tissue was incubated for another 45
min. These parotid cell aggregates were utilized for the expérimental protocols

described below. Cell preparations were assessed for viability by examining
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their ability to exclude trypan blue, and functionally, by meésuring their ability
to secrete amylase in reponse to a stimulus of 0.1 uM isoproterenol in each

experiment.
3.2.2. Measurement of amylase release

After digestion with collagenase and final washing, cell aggregates
were resuspended in BME containing 0.2% BSA and 2.0-ml aliquots were
placed in siliconized glass vials for gassing (95% O2 : 5% CO2) at 370 C.
Secretagogues (100X concentration) were prepared and diluted in 10 mM
ascorbic acid. At timed intervals during the 30-min stimulation period (every
10 min), 50 pl supernatant was removed from the control vial and diluted into
450 pl of medium while 100 pl supernatant was taken from all the other vials
- and diluted in 400 pl of medium. This suspension was rapidly centrifuged
(Eppendorf centrifuge model 5415) (10 s, 5000 rpm) and 10—l duplicate
samples of supernatant were removed for assay of secreted amylase. At the
end of the experiment, the glass vials, containing most of the cells and
medium, were frozen (—200 C) and then thawed. Distilled water (4.0 ml) was
added to each vial, and the contents were sonicated (Biosonik sonicater,
Bronwill Scientific.) (probe intensity was 12). After diluting a sample 5 times
with 0.2% BSA/BME, duplicate aliquots of 10 pl were then removed from
each vial for measurement of totai activity with two methods.

Amylase activity was measured with one of two methods, which gave
equivalent result: '

1. Kinetic microplate assay. This is microplate reader-based kinetic
determination of c—Amylase activity. Activity was quantified by monitoring

the cleavage of p —nitrophenol from a chemically defined substrate at 405 nm.
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The rate of increase in absorbance at 405 nm is directly proportional to the o
Amylase activity. The assay was started by rapidly pipetting 200 ui of the
reconstituted reagent into each well of a microplate which contained 10 pl of
sample. The microplate was then placed in the reader. The microplate reader
was operated in the dual wavelength mode and the absorbance (405 nM—650
nm) measured at 1.5-min intervals for a total period of 10.5 min.
2. Procion Yellow (PY) starch assay (Jung, 1980). This method is
based on the use of chemically modified starch substrate to determine amylase
activity. The procion yellow chromogen, liberated from the substrate by
enzymatic hydrolysis for a fixed period of time, gives a very stable color, and
it has a maximum absorbance at 420 nm. Samples (10 pl) were collected in
eppendorf tubes instead of microplate well. When ready to start, 0.4 ml of
starch suspension was added at 15 sec intervals to the tubes, which were then
capped and vortexed. Throughout the assay, the tubes were inverted. After 15
min reaction, 0.4 ml of 0.1 N HC] was added to the tubes at 15 sec intervals.
The tubes were vortexed and then centrifuged (1 min, 14,000 rpm). 300 pl of
each supernatant was then transfered to the wells of a microplate and the
absorbance at 405 nm was measured. The absorbance is proportional to the
amylase activity, and has a linear range from 0.05 to 1.5 Abs..

The results for either assay were used in calculations to convert amylase
activity (AA405 nm/min) to release as a percentage of total cellular amylase
performed using spreadsheet software (Soor and Hincke, 1990)).

3.2.3. Preparation of particulate and soluble protein kinase C

Cell aggregates were resuspended in BME containing 0.2% BSA, and

then preincubated in the same solution for 45 min. The cell aggregates were
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washed 3 times with BME in order to remove BSA, and then diluted in BME
to an appropriate volume before they were aliquoted out into reaction vials.
" The reaction was started by adding 1 ml of cells to a vial containing 1 ml BME
and different secretagogues (20 pl from 100 x stock). At the designated times,
1 ml of cells was sampled from the reaction vials and pipetted into labelled
Eppendorf tubes. Each tube was centrifuged for 10 sec, 5,000 rpm
(Eppendorf centrifuge model 5415). The supernatant was aspirated and the
pellets was immediately frozen in liquid nitrogen. At the end of the -
experiment, frozen cells were thawed on ice and sonicated (1 sec each, 3 sec
total, instrument output on lowest setting) after adding ice~cold STOP buffer
(20 mM Tris-HC], pH 7.4, 2.0 mM Na-EDTA, 1mM DTT, 10 pg/ml
leupeptin, 0.1 mM PMSF). The eppendorf tubes were centrifuged at 40C,
14,000 rpm for 30 min (eppendorf centrifuge model 5415). Higher speed
centrifugation was tryed and no additional pellets was found. It was assumed
that the particulate PKC fraction contained nuclei, mitochondria, membranes
and secretory granules although it was not analyzed. 500 pl of the supernatant
was transfered to labelled eppendorf tubes and 250 pl SDS-buffer (sample
buffer : 0.125 M Tris—-HCI, pH 6.8, 4% SDS, 20% glycerol) was added to
each supernatant. The rest of the supernatant was completely removed and
stored in freezer (~800C) for measurement of PKC activity. To the pellets,
250 ul STOP-buffer was added and sonicated (Biosonik sonicater) (1 sec
each, 5 times, output on lowest set). The suspension was vortexed again and
then quantitatively transfered (50 ul) to eppendorf tubes which were stored in
freezer (—-80°0C) for measurement of PKC activity. Finally, 200 pl SDS-
STOP was added to the rest of the pellets suspension. Supernatant and pellet
samples in SDS-Stop were vortexed and heated exactly 5 min (950C-1000C)
and stored in the refrigerator.
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In some preliminary experiments, samples were precipitated with 10%
trichloroacetic acid for 10 min on ice. Precipitates were collected by
centrifugation at 14,000 rpm for 30 min, 40C, and the supernatant was
removed completely. The precipitates were washed 4 times in diethyl ether

and dryed under nitrogen. In some cases, it was necessary to adjust the pH
with 1 M Tris.

3.2.4. Bicinchoninic acid protein assay

Bicinchonipic acid (BCA) protein assay was performed according to the
manufacturer's instruction using bovine serum albumin as standard. Different
concentrations of BSA from 1 mg/ml to 10 mg/m] were prepared, based on
E280nm (1%) = 6.0, and used as standard. Standards (plus a blank) and
samples (10 yl) were assayed in duplicate. After adding 200 pl of working
reagent, the microplate was incubated for 1 hour at room temperature and the

absorbances were then read in the microplate reader at 562 nm.
3.2.5. Immunoblot analysis

Electrophoresis. SDS-PAGE (10% running gel; 4.5% stacking gel)
was performed as described (Laemmli, 1970) on a protean dual vertical slab
cell following the manufacturer's recommendations. DTT (to 50 mM) and
bromopherol blue (to 0.0125%) were added to samples prepared in SDS-
buffer. Samples (50 ug protein) were applied to the gel and run at constant
voltage 60 V, overnight. Prestained standards were used for molecular weight

determination and to permit visualization of transfer.
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Western Blotting with Specific ECL System. The next day, the
gel was equilibrated in cold, degased Towbin buffer (20 % methanol, 25 mM
Tris base, 192 mM glycine, pH 8.3) for 20 min. and apposed to nitrocellulose
membrane (NC) for transblotting .(Towbin et al, 1979). Proteins were
transfered at 100 V for 1 hour at 40C, The NC was then equilibrated in
phosphate buffered saline (PBS; 20 mM Na phosphate, pH 7.2, 0.9% NaCl)
containing 0.1% Tween-20 (TPBS) for 10 min at RT and subjecfed toa
double blocking procedure. The membrane was first blocked with solution A
(TPBS containing 3% gelatin and 1.5% egg white protein) for 3 hours,
washed in TPBS for 15 min (5§ min x 3 times), and then incubated in solution
B (TPBS containing 5% nonfat dry milk and 0.01% biotin) for 2 hours. The
NC was then extensively washed with TPBS for 30 min (10 min x 3 times).
The membrane was incubated with 1:800 anti PKC—f (2% BSA, PBS) 4
hours at RT or overnight at 40C. After 30 min-wash with TPBS, the NC was
incubated with 1:200 anti—rabbit biotinylated Ig-G (1% BSA, PBS) for 45
min at RT and washed (10 min x 3 times) afterwards, followed by 1:500
streptavidin~HRP (1% BSA, PBS) for 30 min at RT. Following thorough
washes, the NC was incubated with the chemiluminescent substrate (ECL
reagent, A:B = 1:1) for exactly 1 min and then exposed to Kodak x-ray slow
film for 5 min. The immunoblot control was performed by incubating NC
with the diluted antibody after it had been preabsorbed by overnight
incubation with 1 uM synthetic peptide to which the anti-PKC-f antibody
had been raised. The 78 Kda immunoreactive band was completely absent in
samples from rat braiﬂ,_: })arotid and submandibular glahd under these
conditions.
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3.2.6. Quantitative densitometry

Standard curve. Parotid tissue sample was diluted in a range from
full strength to 1/16, and analyzed by SDS-PAGE and Western Blotting (Fig.
4-5). The 78 Kda immunoreactive bands were scanned with the densitometer
(LKB 2222-020 ultrascan XL Enhanced Laser Densitometer, LKB
Bromma.). A standard curve was made using the integrated intensity of image
(weight of peak) and dilution of parotid sample (Fig. 6). The relative quantity
of PKC-f derived from the standard curve under the carefully controlled
experimental conditions was defined as a PKC unit. |

Preli;ninary results suggested that the film became saturated within 10
min exposure to ECL signal. As seen in Figure 7, ECL signal was long-
lasting, but was greatest during the first 5 min. For these reasons, the
exposure time was carefully standardized in order to yield reproducible results
that could be quantitated using the same standard curve.

Quantitative analysis of the result from immunoblotting.
Following film development, the bands were measured with the LKB
Scanning Laser Densitometer. The 78 kDa peaks from the plotted
densitometry were cut out and weighted. The data was converted to PKC unit
us.ing the standard curve, and the percentage of PKC unit in the particulate and
soluble samples and the total PKC units in 100 pg protein in the original
samples were calculated.
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Figure 4. Immunoblot analysis of the translocation of PKC-f with
specific anti-PKC-J serum during 30 min stimulation with
secretagogues. A and B represent soluble and particulate PKC-f

respectively. Dispersed rat parotid acinar cells were incubated with different
concentrations of isoproterenol: control (lane 1, 9), 3 nM ISO (lane 2, 1G),, 10
nM (lane 3, 11), 30 nM ISO (lane 4, 12), 0.1 pM ISO (lane 5, 13), 1IpM ISO
(lane 6, 14), and 10 uM ISO (lane 7, 15). Lane 8 and 16 represent samples
stimulated with 0.4 mM dibutyryl cAMP, |
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Figure' 5. Immunoblot analysis different dilutions of protein
kinase C in rat parotid gland. Parotid tissue sample was diluted from
full strength (lane 6) to 1/2 (lane 5), '114 (lane 4), 1/8 (lane 3), 1/12 (lane 2)
and 1/16 (lane 1). |
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Figure 6. Standard curve for quantitative analysis of the
translocation of rat parotid PKC-f during stimulation with
different agonists. Dilutions of rat pardtid samples were analyiéd with
SDS-PAGE and Western—Blotting as described under “Methods”. Integrated
intensity of 78 Kda immunoband scanned by densitometer reflected the
amount of PKC—p in each sample.
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Figure 7. Relationship between time of film exposure to
nitrocellulose membrane and the intensity' of 78 Kda
immunoband from densitometry. Two dilutions of parotid samples
were examined: (M) undiluted and (A) 1/4 dilution. The nitrocellulose
membrane was exposed to films for 8 successive 5 min periods, and the

image was quantitated by densitometry.



0.151
0.10
0.057
0.00

(pueq g—-DMd) A)sudju] pajessaju]

40

30

20

10

Time (min)

Figure 7



-G 7=

3.2.7. Separation of protein kinase C isozymes by

hydroxylapatite chromatography

Protein kinase C was purified from fresh rat parotid gland,
submandibular gland and brain by a modification of published procedure
(Hincke, 1988). Eight rats were killed as described above. All procedures
were quickly performed at 4°0C. Tissues were dissected free of fat and
connective tissue in a dissection solution containing 0.3 M sucrose, 20 mM
Hepes, pH 7.4, 10 mM EGTA, 2 mM EDTA, 1 mM DTT, 10 pg/ml soybean
trypsin inhibitor. Tissues were homogenized in 8 volumes of homogenization
solution (dissection solution containing 10 pg/ml leupeptin), and the
homogenate was centrifuged at 40,000 rpm for 40 min (Beckman L8-70
ultracentrifuge, Beckman Instruments Inc.). The supernatant was applied to
DEAE-Sephacel column (5 x 1.5 cm), which was equilibrated with 100 ml of
DEAE buffer (20 mM Hepes, pH 7.4, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM
DTT). The column was then washed with DEAE buffer until the absorbance
(280 nm) was back to below 0.02. The PKC activity was batch eluted with 25
ml DEAE buffer containing 10 pg/ml leupeptin and 0.3 M NaCl

The semi—purified sample from the DEAE column was applied to HTP
column (15 cm x 1.5 i.d.) equilibrated with buffer A and connected to a
Pharmacia FPLC (Fast Protein Liquid Chromatography) system as previously
described (Ono et al, 1987;). The whole FPLC system was equilibrated with
HTP buffers: A and B (A, 10 mM K phosphate, pH 7.5, 10% glycerol, 0.5
mM K EGTA, 0.5 mM K EDTA, 1 mM DTT; B, 10% glycerol, 0.1 mM
EGTA, 0.1 mM EDTA, 1 mM DTT, 300 mM K phosphate, 10 pg/ml
leupeptin). After washing the HTP column with 20 ml buffer A, PKC activity
was eluted with a 270 m! gradient from 10 to 300 mM K2HPO4 and collected
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as ~2-ml fractions. HTP fractions were assayed for kinase activity. The
conductivity of fractions was measured (YSI conductivity meter) in order to

determine the phosphate concentration at which the PKC peaks eluted from

the column.

3.2.8. Protein kinase C assay

During the separation of PKC isozymes by HTP chromatography,
protein kinase C was assayed by measuring the incorporation of 32Pi into
histone IIIs from [7—32P] ATP in the presence of phosphotidylserine, diolein
and Ca2+ (Hincke, 1988). The Ca2+-- and phospholipid-independent activity
was measured under the same condition without Ca2+ and phospholipid but
containing 1 mM EGTA. For the kinase assay, 20 pl of column fraction was
mixed with 30 pl of 2 times kinase assay mixture on ice. The phosphorylation
reaction was initiated by adding 10 pl [32P] ATP and placing the tubes in a
300C water bath for 10 min. 20 pl aliquot from each tube was then pipetted
onto Whatman 3MM paper squares and dropped into ice—cold 10%
trichloroacetic acid, 2% sodium pyrophosphate. The bath was changed every
10 min (4 times) and the wet squares were counted by cerenkov emission
(Beckman LS9000 liquid scintillation counter, Beckman Instruments Inc.).
The final concentrations of reagents in the standard assay rriixture were 50
mM Na Hepes, pH 7.4, 5 mM DTT, 1 mig/m! histone IIs, 10 mM MgCl,
0.1 mM CaCl2, 0.0625 mg/ml leupeptin, 50 uM/ml phosphatidylserine and
2.5 wi/ml 1,2-diolein. [32P]-ATP was added to a final concentration of 0.6
mM ATP to obtain a specific activity of about 400 cpm/pmol. One unit of

protein kinase activity is defined as the amount of enzyme catalyzing the

e
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incorporation of 1 pmol of phosphate from ATP into histone IIIs per min
under the standard assay condition.

3.2.9. Amersham protein kinase C assay

'The assay was performed according to the manufacturer's instructions
to assay soluble and particulate PKC activity in parotid samples. The assay is
designed to detect PKC that will catalyze the transfer of the y—phosphate of
ATP to the threonine group on a peptide which is a specific substrate for
protein kinase C. The dose~response and time—course were tested to
determine the optimal conditions under which the assay gave a linear dose—
dependence with the parotid samples.

Soluble and particulate PKC activities were expressed as a percentage
of the total PKC activity.

3.2.10. Statistical analyses
Values are expressed as means * SD and the significance of the

difference between mean and control was determined using Student’s paired ¢

-test. P<0.05 was considered significant; n is the number of experiments.
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4, RESULTS
4 R PATITE CHROMATOQGR R

TWQ PEAKS FROM PAROTID HOMOGENATES

Hydroxylapatite chromatography is a biochemical method by which the
major PKC isozymes (o, B and ) found in rat brain can be separated (Jaken
& Kiley, 1987; Huang et al, 1986; Sekiguchi et al, 1987; Kiley et al, 1990).
Previous studies have demonstrated that rat brain PKC isolated by polylysine—
agarose column chromatography was separated into three isozymic forms by
hydroxylapatite chromatography (Huang et al, 1986). The three kinase activity
peaks that eluted at phosphate concentrations of 0.07 M, 0.08 M and 0.15 M
were designated as type I (), IL (B I + B II), and III (o) PKC, respectively.
Results from preliminary experiments in our laboratory suggested that the p—
form of PKC was the major PKC isozyme in rat parotid gland. In the present
studies, fresh homogenates of rat brain, parotid and submandibular glands
were subjected to unexchange and HTP chromatography in order to separate
protein kinase C isozymes. Two peaks of PKC activity were resolved by HTP
chromatography of parotid gland (Fig. 8). HTP peak 1 was eluted with 60
mM phosphate and peak 2 was eluted with 180 mM phosphate, However,
Immunoblots with specific anti-PKC—p antibody indicated that B—PKC was
present in both fractions (not shown). Figure 9 shows the corresponding HTP
chromatography of sample from brain homogenate. Peak 1 was eluted with 60
mM phosphate and peak 2 was eluted with 240 mM phosphate. Immunoblots
indicate that only peak 1 contains PKC-f. Data from HTP chromatbgraphy of
submandibular gland (Fig. 10) showed that one single peak was eluted with
~220 mM phosphate, which also had high levels of phospholipid and Ca2+~
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independent Histone ITls kinase activity. This suggested that the isozyme(s) of
PKC in rat submandibular gland is/are different from that those of parotid
gland, although immunoblotting showed this peak did contain the f§ form of

protein kinase C (not shown).
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Figure 8. FPLC hydroxylapatite chromatography of partially
purified PKC from rat parotid gland. PKC activity was assayed as
described (section 2.2.7.) with 0.1 mM Ca2+ in the abéence (O) or presence
(@) of PS and diolein. The two peaks of kinase activities have been labeled /

and 2 according to order of elution,
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Figure 9. FPLC hydroxylapatite chromatography of partially
purified PKC from rat brain. Hydroxylapatite chroniatography was
performed as described under “Methods”. Kinase activity was assayed in the
absence (Q) or presence (@) of PS and diolein. The two peaks of kinase
activities separated from brain homogenates have been labeled / and 2
according to order of elution. Data shown are from single experiment. Four

independent experiments yielded similar results.
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Figure 10. Hydroxylapatite chromatography of partially purified
PKC from rat submandibular gland. Protein kinase C from rat
submandibular gland was prepared as described before (section 2.2.7.) and
chromatographed on hydroxylapatite. Fractions were assayed in the absence
(O) or presence (@) of PS and diolein.
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4.2 TRANSL TI

P DIBUTYRYL _CAMP
ESTER,

PKC is a phospholipid and Ca2+-dependent enzyme activated by 1,2—
diacylglycerol (DAG) in response to many agonists, neurotransmitters,
hormones, growth factors and electrical stimulation (Nishizuka, 1984:
Nishizuka, 1986). The DAG can be generated directly via phospholipase C
catalysed the hydrolysis of phosphatidylinositol 4,5~bisphosphate or by the
action of phospholipase D to yield phosphatidic acid (PA) from
phosphatidylcholine cycles, which is cleaved to DAG by PA
phosphohydrolase without an effect on cytoplasmic Ca2+ level (Ase et al,
1988). Some recent studies showed that both sources of DAG activated PKC
in different tissues (Hosoda et al, 1989; Saito et al, 1989; Ito et al, 1990). In
vitro studies suggest that the majority of nonactivated protein kinase C is
located in the cytosolic fraction of the resting cell and tends to relocate to the
membrane upon activation (Drust & Martin, 1985). Thus, agonist-directed
. redistribution of PKC activity from cytosol to membrane has been used as an
index of PKC activation (Jaken, 1985; Drust &Martin, 1985; Fearon &
Tashijian, 1985; Fearon & Tashijian; Kraft & Anderson, 1983).

4.2.1. Dose-response of the translocation of B protein kinase C
stimulated with ISO

In order to investigate whether PKC—f} in rat parotid acinar cell is
activated during the amylase exocytosis stimulated with isoproterenol (ISO), a

B-adrenergic receptor agonist, different concentrations of ISO from 3 nM to



-51-

10 uM were applied to the incubation media after the cells were dispersed and
washed as described under “Material and Methods”. Data from immunoblots
with specific anti-PKC-§ antibody and densitometry showed that in the range
of concentrations from 3 nM up to 0.1 uM, ISO caused significant
redistribution of PKC—B from cytosolic to membrane fraction during 30
minutes of stimulation in a dose—dependent manner (Kd=10 nM) (n=4, P <
0.05); the total units of particulate PKC—J increased from 0.264 + 0.022, the
resting state, to 0.348 £ 0.013. The percentage of PKC—f} increased from
41.5% to 55.48% (Fig. 11A); while the total unit of soluble PKC-B decreased
from the resting state of 0.374 £ 0.042 to 0.279 £ 0.02. The percentage of
PKC-f decreased from 58.75% to 44.53% (Fig. 11B). These figures reveal
that 0.1 uM ISO caused maximal translocation of PKC-.
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Figure 11 (A). Dose-response of translocation of particulate PKC-
B during 30 min of stimulation with isoproterenol in rat parotid
acinar cells. Dispersed acini were incubated with different concentrations
from 3 nM to 10 UM isoproterenol as described in section 2.2.3.. Data is
expressed as percent PKC-f (& SD, n=4). (*), P< 0.01; (#*), P< 0.05.
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Figure 11 (B). Dose-response of translocation of soluble PKC-f
during 30 min of stimulation with isoproterenol in rat parotid
acinar cells. Dispersed acini were incubated with different concentrations
from 3 nM to 10 uM isoproterenol as described in section 2.2.3.. Data is
expressed as percent PKC-f (£ SD, n=4). (%), P< 0.01; (%), P< 0.05.
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4.2.2. Time—course relationship of the translocation of B protein
kinase C stimulated with isoproterenol

In order to examine more closely whether PKC—B is involved during
amylase release stimulated with ISO in rat parotid cells, the time—course of
translocation of PKC-f§ was determined. In addition, the activity of total
soluble and particulate protein kinase C was assayed with a specific peptide
substrate over the same time interval. Data from immunoblots and
densitometry showed that 0.1 uM ISO caused rapid translocation of PKC-f
from cytosol to membrane. The total particulate PKC-P increased from 0.372
£ 0.024 to 0.76 + 0.085 units, translocation was progressive and continued
for up to 30 min (49.9% £ 2.99 to 78.5% * 4.95); while the total units of

soluble PKC-J decreased from 0.373 £ 0.032 to 0.205 + 0.035 (50.12% *
2.99 to 21.5% + 4.95) (Fig. 12). -

The PKC activity was measured with a specific peptide substrate as
described in the methods. Within 10 minutes, the total activity of particulate
PKC increased from 3.65 £ 0.3 to 6.09 £ 0.52 pmol/min/mg (27.9% £ 2.2 to
53.7% * 3.6); while the total activity of soluble PKC decreased from 9.44 %
0.32 to 5.26 £ 0.58 pmol/min/mg (72.1% * 2.2 to 46.3% % 3.6) (n=4, P <
0.05) (Fig. 13). Between 10 and 30 minutes of stimulation, the total activity
of particulate PKC and soluble PKC recovered to resting levels.
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Figure 12. Time-course of translocation of PKC-§ stimulated with
isoproterenol (0.1 pM) in rat parotid acinar cells. ([0), resting level
of PKC—3; (W), particulate PKC—f3; (A), soluble PKC- (£ SD, n=4).
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Figure 13. Effect of isoproterenol on total PKC activity in rat
parotid acini. Particulate PKC activity (solid bars) and soluble PKC
activity (hatched bars) stimulated with 0.1 uM isoproterenol for different
designated times were measured with a specific peptide substrate
(Amersham). Data is expressed as the percent PKC activity (£ SD, n=4). (¥),
P< 0.01; (»*), P< 0.05.
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4.2.3. Dibutyryl cAMP activated  protein kinase C

translocation

These time—course and dose—response studies indicate cyclic AMP
generated through beta~adrenoceptor action is a critical modulator for both
PKC—f activation and amylase secretion by the rat parotid gland. I wished to .
further explore 1) whether the increase in cAMP levels brings about the
activation of PKC-B, or 2) it is brought about by another intracellular effector
when rat parotid is stimulated with isoproterenol. Therefore, the effect of
dibutyryl cAMP, a permeant cAMP derivative, on PKC- and amylase
release was examined. Dibutyryl cAMP evoked the redistribution of PKC-f8
in a dose~dependent manner (Fig. 14); data from immunoblots and
densitometry showed that the total units of particulate PKC- increased from
0.463 £ 0.01 to 0.68 £ 0.06, while the total unit of soluble PKC-f decreased
from 0.59 £ 0.02 to 0.408 = 0.02.

The PKC activity was also measured after cells were stimulated with
dibutyryl cAMP, as above. The total activity of particulate PKC increased
significantly from 11.67 £ 1.9 to 28.45 £ 6.4 pmol/min/mg (9.9% £ 1.9 to
30.2% * 7.2) (Fig. 15); while the total activity of soluble PKC decreased
from 105.82 % 6.4 to 66.08 £ 7.9 pmol/min/mg (90.3% to 69.8%).
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Figure 14. Effect of dibutyryl cAMP on the translocation of PKC-
B. Translocation of PKC-f during 30 min of stimulation with dibutyryl
cAMP was examined with SDS-PAGE and Western—Blotting. Data from
densitometry was analyzed and converted to percent PKC—} (£ SD, n=4).
(@), particulate PKC—8; (A), soluble PKC-8.



70

PKC-8 (%)

30
0.0

Figure 14

0.1

0.2 0.3

[DibcAMP], (mM)

0.4



-59-

Figure 15. Effect of dibutyryl cAMP on total PKC activity in rat
parotid acini. PKC activity stimulated with dibutyryl cAMP was assayed
with a specific peptide substrate (Amersham). Both particulate PKC (solid
bars) and soluble PKC (hatched bars) were measured after 30 min of

stimulation. Data is expressed as percent PKC activity (£ SD, n=4).
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4.2.4. PMA stimulated B protein kinase C translocation

It is known that the tumour promoter phorbol ester (PMA) can activate
and cause the translocation of protein kinase C. Data from immunoblots and
densitometry showed that PMA (10 nM and 100 nM) caused significant
translocatibn of PKC—f during the observation time of 30 min (Fig. 16). At
the same time, the PKC assay indicated that the total particulate PKC
increased from 11.89 £ 0.25 to 28.45 * 6.4 pmol/min/mg (£ SD, n=4, P <
0.01) (9.9% % 1.9 to 30.2% £ 7.2); the soluble PKC decreased from 108.15
£4.8 10 60.08 £10.2 (P <0.01) (90.1% + 0.46 to 72.4% * 2.9) (Fig. 17).
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Figure 16. Effect of phorbol ester on the translocation of PKC-3
in rat parotid acini. Translocation of PKC—B from cytosolic (hatched
bars) to membrane fraction (solid bars) during 30 min of stimulation with

PMA was tested as described. Data from densitometry was analyzed and
converted to percent PKC— (£ SD, n=4). (*), P< 0.01.
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Figure 17. Effect of phorbol ester on total PKC activity. Rat parotid
particulate (solid bars) and soluble (hatched bars) PKC activity stimulated
with PMA for 30 min was measured with a specific peptide substrate (* SD,
n=4). (*), P< 0.01.



000000
mmmmm

*
]
w—t
N

[PMA], (nM)



-63-

E
P DIBUTYRYL CAMP HORB

ESTER

4.3.1. Isoproterenol evoked linear amylase release within 30

minutes

The time—course of amylase release caused by 0.1 uM ISO was
studied. During 30 minutes of stimulation, the amylase was released at a
constant rate (Table 1) and correlated with the translocation of PKC—f from

cytosol to membrane.

4.3.2. Dibutyryl ¢cAMP increased amylase release in a dose-

dependent manner
Amylase release was stimulated by dibutyryl cAMP in a dose-
dependent manner (Kd<50 pM) (Fig. 19); 0.4 mM dibutyryl cAMP caused

the maximum amylase release from rat parotid acini (n=4, £ SD).

4.3.3. Phorbol ester stimulated amylase release from rat parotid

acini

PMA caused potent amylase release from parotid acini (Fig. 20).
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Figure 18. Dose-response of amylase release evaked b; dibutyryl
cAMP from rat parotid acinar cells,
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Figure 19. Amylase release from rat parotid acinar cellsin
response to phorbol ester (PMA) The percent of amylase release per

min was measured as described (section 2.2.2.) (£ SD, n=4).
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4.4, THE EFFECT OF BOVINE SERUM ALBUMIN ON
YLASE RE E

Since Comell reported BSA increased translocation of phosphocholine
cytidylyltransferase from cytosol to membrane in Hela cells due to its ability to
bind DAG (Comell & Vance, 1987), and my preliminary result also indicated
that BSA had unproducible effect on the translocation of PKC-f in dispersed
rat parotid cells, BSA was washed away from incubation media just before
stimulation. To determine whether medium BSA affected the amylase release
evoked by secretagogue, different concentrations of BSA was added to the
incubation media. Data from four independent experiments showed that BSA

did not alter the rate of amylase release stimulated by ISO or dibutyryl cAMP
(Fig. 21-22) .
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Figure 20. Effect of different concentrations of bovine serum
albumin (BSA) on amylase release stimulated by isoproterenol
from rat parotid acinar cells. 2 mg/ml BSA (O, @); 0.5 mg/ml BSA
(01, M); 0 mg/ml (A, A). The open symbols represent control and the closed

symbols represent 0.1 pM isoproterenol.
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Figure 21. Effect of different concentrations of bovine serum
albumin (BSA) on amylase release stimulated by dibutyryl cAMP
(DibcAMP) from rat parotid acinar cells. 2 mg/ml BSA (O, ®); 0.5
mg/m! BSA (O, W); 0 mg/ml BSA (A, A). The open symbols represent
control and the closed symbols represent 0.4 mM dibutyryl cAMP.
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3. DISCUSSION

The protein kinase C enzyme family is involved in the transduction of
external signals. Molecular cloning and biochemical studies indicate that the
members of the PKC family exhibit differential patterns of expression in a
variety of cell types and suggest that different isotypes play different roles in
the cellular responses to external stimuli (Kikkawa et al, 1989). The results
reported here are a exploring study of protein kinase C in rat parotid acini,
Hydroxylapatite chromatography suggested that B-isoform was the major
form of PKC in rat parotid gland. The presence of PKC—f was verified by
Western blotting with an antibody raised to a specific synthetic peptide
sequence of PKC—f (Roth et al, 1989). It had high specificity and sensitivity
and recognized only the 78-kilodalton form of PKC.

There has been some evidence that some isoforms of PKC have very
similar enzymatic properties (Kiley et al, 1990). For example, in clonal
GH4CI1 rat pituitary cells, it was found that the PKC~B and PKC-¢
cochromatographed in the same peak. Therefore, the ability of HTP
chromatography to resolve partially purified PKC into its component
isozymes should be further re-evaluated. My results indicate that
immunoblotting is a specific and sensitive method to determine the presence of
PKC isoforms in rat parotid tissue.

Although some chromatographic studies on rat brain and rabbit brain
(Jaken & Kiley, 1987; Kiley et al, 1990) show that there are three activities
eluted from HTP column, my results from rat brain PKC only showed two
peaks instead of three. The possible alternative explanations are that 1) lack of
enough prepurification chromatography-DEAE—cellulose, phenyl-Sepharose,
Sephacryl 8-200, and polylysine-agarose (Huang et al, 1986; Kiley et al,
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1990); 2) because PKC—y is more sensitive to proteolysis, this enzyme might
be degraded during tissue processing, since the brain tissue was removed
from the animals following the dissection of parotid glands. Moreover, the
HTP column used by some other groups (Jaken & Kiley, 1987; Huang et al,
1986; Kiley et al, 1990; Nishizuka, 1988) was from a specific manufacturer
that gave the best resolution of kinase activity.

During preliminary experiments, a lot of effort was put into developing
feasible protocols to measure translocation of PKC—P after stimulations. It
was found eventually that bovine serum albumin (BSA) had an unpredictable
effect on the translocation of PKC~J probably due to its ability to bind DAG
(Cornell & Vance, 1987)."In order to get the exact picture of the real
distribution of PKC—8 in'parotid acinar cells, BSA was washed away from
the incubation media just before stimulation. My data showed that omitting
BSA at this stage did not affect amylase release stim'ulated'by ISO or dibutyryl
cAMP (Fig. 21-22). 1t is likely that homogenizing the cells in a medium
containing BSA lead to post-  movement of PKC due to DAG binding to
BSA. Based on these preliminary results, a practical protoco! was developed
to pursue the project, i.e. specifically monitor the transiocation of PKC-Bin
response to stimulation with different secretagogues. As described under
“Materials and Methods”, a large number of steps were involved in
performing Western blotting analysis of all the samples in addition to the non-
linear relationship between the film and the signal strength. It was therefore
necessary to prepare a standard curve for a standardized analysis of all
. samples during different experiments. However, this analysis is relatively
quantitative and it gave reproducible detennination of the change in cytosolic
and particulate PKC-f.
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Protein phosphorylation stimulated by various protein kinases has been
generally recognized to play crucial roles in the regulatory mechanism of
diverse cellular functions. thfects of cyclic AMP are also believed to be
mediated by the activation of cyclic AMP-dependent protein kinase (PKA)
and the subsequent phosphorylation of specific proteins (Greengard, 1978;
Krebs & Beavo, 1979). Several studies have reported that PKA was activated
when the parotid gland is incubated with a f—adrenergic agonist, and
phosphorylation by PKA is suggested to be an essential step for amylase
release (Baum et al, 1981; Kanamori & Hayakawa, 1980; Baum et al, 1981;
Jahn & Soling, 1981; Spearman et al, 1984; Quissell et al, 1985). It is well
known that cyclic AMP generated through beta—adrenoceptor action appears to
be a critical modulator of amylase secretion by the rat parotid gland. Although
the activation of protein kinase A and the phosphorylation of some proteins
are observed concurrently with amylase release evoked by B—adrenerglc
agonists or cychc AMP analogues, there is conflicting evidence against direct
involvement of cyclic AMP-dependent protein phosphorylation in the
exocytosis of amylase. Takuma and coworkers examined the effect of H-8, a
membrane-permeable inhibitor of cyclic nucleotide~dependent protein
kinases, and PKI-(5-24)-peptide and PKI-(14-24)-amide, peptide
fragments of the heat-stable protein kinase inhibitor (PKI), on amylase release
and protein phosphorylation (Takuma, 1988). Their results demonstrated that
H—-8 and PKI—(5-24)-peptide strongly inhibit cyclic AMP—dependent protein
phosphorylation in rat parotid cells without affecting .cyclic AMP~evoked
amylase release. This implies that cyclic AMP—-dependent protein
phosphorylation is not directly involved in the exocytosis of amylase. On the
other hand, Ca2+—mobi1izing agonists that exert their actions through

muscarinic—, alpha—adrenergic and substance P receptors cause a
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predominance of water and electrolyte release (Butcher & Putney, 1980).
Activation of this latter pathway takes place via stimulation of phospholipase
C and resu!ts in the production of inositol 1,4,5~trisphosphate (IP3) and
diacylglycerol. IP3 mobilizes cellular Ca2+ which together with diacylglycerol
activates phospholipid—dependent protein kinase C to modulate physiological
responses, including secretion (Berridge, 1984; Nishizuka, 1984).
Experimentally, phorbol esters or synthetic diacylglycerol derivatives activate
PKC by translocating it from cytosol to membrane fraction (Nishizuka,
1984). A previous study conducted on rat parotid slices has shown that
phorbol 12,13-dibutyrate (PDBu) modestly stimulates amylase release
without activating adenylyl cyclase or Ca2+ mobilization (Putney et al, 1984);
Recently, Soling's group reported that in rat (Shimomura et al, 1988) and
guinea pig (Soling et al, 1987; 1989) parotid glands, phorbol esters and
isoproterenol initiated the activation of PKC and stimulation of amylase
release. This suggests a role for protein kinase C in salivary amylase
secretion. Neither the activity nor the translocation of the specific isozyme(s)
of PKC have been determined. Mechanism and relationship between protein
kinase C activation and amylase secretion stimulated by B-adrenergic
secretagogues has not been established. In the present study, the change of
distribution and the activity of PKC—J in response to a range of ISO are
depicted in Figure 6-7. Analysis of this dose~response indicated that at
relevant concentrations (3 nM to 0.1 tM), there was significant activation of
PKC—f during 30 minutes of stimulation, especially 0.1 uM ISO caused rapid
translocation of PKC-B from cytosol to membrane which was still not
complete at 30 minutes. These values coincide with the time period over

which ISO evoked amylase exocytosis constantly. Taken together, these
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results reveal that optimal secretory activity of isoproterenol in rat parotid
acinar cells is accompanied by protein kinase C activation.

Further insight into the mechanism involved was provided by the
finding that 1) the stimulatory action of dibutyryl cAMP was also
demonstratable as it (0.4 mM) brought about maximal redistribution of PKC-
B and amylase release; 2) PMA stimulated amylase secretion and PKC-f
activation to a very similar extent.

This confirmed and supported the concept that cAMP-dependent
protein kinase A is not the scle factor in the f—adrenergic mechanism of
salivary amylase release. Also, this results agrees with other reports (Takuma
& Ichida, 1986; McKinney & Rubin, 1938) that-PMA is a potent secretagogue
as well as isoproterenol and dibutyryl cAMP. McKinney and Rubin (1983)
demonstrated that the amount of amylase released by a combination of phorbol
ester and isoproterenol was substantially greater than the sum of the release by
the agents given alone. They showed that the enhancement of ISO-evoked
amylase release was a function of the phorbol ester concentration. The 1SO-—
induced amylase secretion was abolished in the presence of 1 uM propranoloi,
indicating that the effect of ISO was mediated by beta adrenoceptors. They
also showed that ISO produced a time-dependent increase in cAMP.
accumulation over a 15-minutes interval. But phorbol ester failed to elevate
cAMP levels above basal values. The conclusion was that phorbol ester
caused a potentiation of ISO-stimulated amylase secretion from isolated
parotid cells. The effect of phorbol ester on ISO-induced amylase release is
attributed to its ability to activate protein kinase C, since the degree of
enhancement was related to the phorbol ester concentration and inactive
phorbol ester 40~PDD did not potentiate ISO—induced amylase secretion.
Unfortunately, McKinney did not measure the change of diacylglycerol. Some
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other previous studies (Dreux et al, 1986; Oron et al, 1978; Spearman et al,
1982; Takemura, 1984; Buatcher & Putney, 1980) found that carbachol
potentiated isoproterenol-evoked amylase release, but not the accumulation of
cAMP. Recently, Soling demonstrated the early effects (0~120 s) of the B—
adrenergic secretagogue, isoproterenol (2 x 10-5 M), on various parameters of
lipid and phospholipid metabolism in isolated guinea pig parotid acinar cells
(Soling et al, 1987). They found that ISO stimulated DAG increased 2~3 fold
over control level and interpreted the finding that ISO did not lead to a
significant translocation of protein kinase C from the soluble to the particulate
fraction because it stimulated preferentially the formation of 2,3-sn -DAG
which reportedly does not activate protein kinase C (Nomura et al, 1986; Boni
& Rando, 1985; Kando & Young, 1984). It is important to point out that
comparing to ours, Soling’s method for measuring total activity of protein
kinase C is not specific or sensitive enough to show the real change in
distribution of isozymes of PKC in guinea pig parotid acinar cells.

Cooper et al (1990) reported that there was a discrepancy among
different methods of measuring and purifying PKC from tissues. They found
that endogenous DAG remained in equilibrium with cytosolic protein kinase C
following fractionation and partial purification by DEAE-Sephacel column
. chromatography. The traditional method for PKC assay which used Histone
HIs as substrate only measured the activity of total PKC, not any specific
form of PKC, and it cannot detect PKC-¢ (Schaap & Parker,1990).
However, my results with a specific anti- PKC antibody showed that in rat
parotid acinar cells, 0.1 pM ISO caused significant translocation of PKC—8
and also stimulated maximum amylase exocytosis. Cook’s study suggested
that isoproterenol could activate phospholipase C (Cook & Day, 1988). But
other studies in rat parotid (Aub & Putney, 1985) and submandibular glands
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(Doughney et al, 1987) demonstrated that there was no production of IP3
observed following ISO stimulation, i.e., ISO did not activate the breakdown
of phosphatidylinositol. The species difference and the difference of
concentrations of isoproterenol used for stimulation should be taken for
consideration when results are compared, because high concentrations of
isoproterenol (0.02 mM to 1 mM) activate a—adrenoceptors as well as p—
adrenoceptors while low concentration of isoproterenol (0.1 pM) evokes the
maximum amylase secretion without any effect on cytosolic Ca2+ (Hughes et
al, 1989; Tanimura et al, 1990).

Although the source of diacylglycerol was not investigated in the
present study, my preliminary results showed that stimulation with low
concentration of isoproterenol (0.1 uM) for 10 min caused 2~3 fold increase
of 1,2-sn— diacylglycerol from basal level of 95.3 pmol/mg (not shown).
This increase in DAG coincides with the time—course of PKC-P activation,
suggesting that PKC—f could be activated by this increase in 1,2-DAG.
Although the source of DAG could not be confirmed in the present study, the
magnitude of the change in total DAG is in line with Soling’s report in 1989,
Therefore, another source of diacylglycerol than PIP2 breakdown should be
considered. For example, Soling showed in guinea pig parotid gland
homogenates that cyclic AMP stimulated de novo synthesis of DAG. On the
other hand, evidence is now accumulating to indicate that other membrane
phospholipids are also degraded following cell activation. The evidence is
particularly strong for phosphatidylcholine, which, unlike PIP2, is probably
hydrolysed by both a phospholipase C and a phospholipase D (Billah &
Anthes, 1990) (Fig. 3). Evidence is now beginning to emerge which suggests
that phospholipase D which is present in a number of tissues may have a

functional role in signal transduction. Although the demonstration that
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phospholipase D can be activated by both a protein kinase C—dependent route
and an increase in Ca2+ has prompted many investigators to suggest that
phospholipase D activation is dependent upon PIP2 hydrolysis, Ca2+
mobilization and protein kinase C activation (Komabayashi et al, 1991;

Thompson et al, 1990), there are two reports in which phospholipase D
activation can be clearly dissociated from PIP7 hydrolysis. One is in collagen—

stimulated platelets treated with aspirin to inhibit thromboxane formation. In
these cells phospholipase D activation occurs in the absence of significant
PIP2 hydrolysis (Narita et al, 1985; Randall et al, 1990). The other is in
epidermal growth factor (EGF)-stimulated Swiss 3T3 fibroblasts, in which
phospholipase D activation occurs in the absence of IP3 formation. Inhibiting
the tyrosine Kinase activity of the EGF receptor blocks the activation of
phospholipase D, sﬁggesting that phospholipase D activation is mediated by
tyrosine phosphorylation in these cells (Thompson et al, 1991). Although data
from other cell lines might not be apﬁropriate for interpreting the experimental
phenomenon in an exocrine system, it is bécoming clear that phospholipase D
may bind to receptors by several different mechanisms and that these may
vary among different cell types or between different receptors in the same cell.
Hydrolysis of phosphatidylcholine can clearly provide an alternative source of
diacylglycerol, and this pool may not activate protein kinase C in the same
way as that derived from PIP2 hydrolysis. Leach (1991) have demonstrated
that in intact, thrombin-stimulated IIC-9 fibroblasts, diacylglycero! derived
from phosphatidylcholine does not translocate the ai-isoform of protein kinase
C. Also, it does not stimulate phosphorylation of the 80 kDa endogenous
protein kinase C substrate in the same way as diacylglycerol derived from
PIP2, However, a PKC activity from these cells can be activated in vitro by

phosphatidylcholine—derived diacylglycerol extracted from the same cells. One
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possible explanation for this is that the predominant diacylglycerol species
derived. from phosphatidylcholine may preferentially activate a Ca2+-
independent isoform of protein kinase C (beta, zeta, epsilon or deta) for which
the 80 kDa protein may not be a physiological substrate in intact cells. There is
now clear evidence that phorbol ester PMA can stimulate the breakdown of
phosphatidylcholine (Thompson et al, 1991). We do not yet know whether
isoproterenol or cAMP can activate phospholipase D and stimulate the
formation of diacyiglycerol in rat parotid gland. Further experiments are
needed to investigate the sources of diacylglycerol in this bifurcating signal
transduction pathway. |
Figure 23 summarizes what my findings suggest:

1) protein kinase C-B and cAMP are sequential cellular signals for
exocytosis; , _
2) the B-adrenergic secretagogue activates PKC, leading to amylase secretion
in rat parotid cells, through increases in cAMP levels and activation of protein
kinase A.

The conclusion is that in rat parotid gland, activation of PKC-f} could be a
common pathway for stimulus—secretion coupling in response to both cAMP-

generating and Ca2+—mobilizing secretagogues.
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Figure 22. Schematic diagram of apparent roles played by B

protein kinase C and protein kinase A mediating the biological
effects of secretagogues which act through cyclic AMP and
diacylglycerol in stimulus—secretion coupling in rat parotid
gland. Several pathways exist in rat parotid gland: B-adrenergic agonists

(ISO) activate adenylyl cyclase via G protein to produce cAMP, which
activates protein kinase A to cause protein phosphorylation and bring about its
physiological responses. One of these is an increase in DAG, which activates
protein kinase C. Muscarinic—cholinergic, o.—adrenergic and substance P
receptor stimulation cause phosphatidylinositol turnover leading to the
formation of DAG and activation of protein kinase C. The tumour promoter
PMA activates and binds to protein kinase C directly. All events that activate
PKC bring about protein secretion, whereas elevation of cellular Ca2+ levels

leads to fluid and ion secretion through opening of ion channels.
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