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Interaction of protein kinase C with chromaffin granule
membranes: effects of Ca’*, phorbol esters and temperature reveal
differences in the properties of the association
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Keith W. Brocklehurst and Harvey B, Pollard

Laboratory of Cell Biology and Genetics, National Institute of Diabetes, Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD (U.S.A.)

{(Received 1 August 1988)

Key words: Adrenal medulla; is; Stimulus ion; Ci

granule: Protein phosphorylation; Protein kinase C

mmdmumcmwmgnmiemnbrmeshasbeenstudledasamemsoimvesnganngthe
translocation of protein kinase C from cytosol to i Hul: rf: which is believed to occur during
mmmc.maﬁtﬂm;ﬂsﬂuﬂeﬁaﬁmwﬂsiﬁmmblm ibly to granule b

in a Ca’*-dependent fashion. Associ: and dissociati eventsweresensmvetoCa“concemﬁonsmthlow
micromelar range, and the Ca®* sensitivity of both p was i d when the b had been preincubated
with the protein kinase C-activating phorbol ester, 48-phorbol 12-myristate 13-acetate (TPA). Binding of protein kinase
C to granule membranes occired at 0 and 37°C, irvespective of whether the membranes had been preincubated with
TPA. However, dissociation of protein kinase C from granule membranes that had been preincubated with TPA
occurred only at 37°C and not at 0°C, even though dissociation of the from b which had not been
preinmbﬁe‘mth’l’l’Awoddoean'atboﬁiﬂand0°C.'ﬂ:eseelfeﬂsol“Awerenotreprodmedby4a-pbmbol
lLB—didemte(hPDDXap«nrbdedoesmtmateprmanhnaseC.So!ublepro!emkmaseCacnmy
also associated with chromaffin granules in a Ca?*-dependent manner in an adrenal Hary

that can pete with other i by for the binding of protein kinase C. Results obtained with
this model system differ from other systems where the interaction of protein kinase C with plasma membranes has been

studied and have general implications for studies perfs d on the locati

of protein kinase C in intact cells and

for the role of protein kinase C in stimulus-secretion coupling in the chromaffin cell.

Introduction

There i is compcllmg ev:dence that protein kinase C, a
Ca?*. dent protein kinase,
is involved in sngnal in secretory and other
cell types [1). It has been proposed that the second
mssenger for protein kinase C activation |s dl-

yiglycerol, a prod of the

of polyphosphoinositid: atlheplasmamem—
brane, since diacylglycerol increases the affinity of the

Abbreviations: TPA, 48-phorbol 12-myristate 13-acetate; 4aPDD,
4a-phorbol  12,13-didecanoate; EGTA, ethylenc glycol bis(8-
aminoethyl ether)-N, N "-teirzacetic acid.

C KWw. L of Cell Biology and
Genetics, National Institute of Diabetes, Digestive and Kidney Dis-
eases, National Institutes of Health, Bethesda, MD 20892, US.A.

enzyme for both Ca®* and phospholipid {1}. The phor-
bol ester, TPA, has also been shown to activate protein
kinase C in a manner analagous to diacylglycerol [2]
and it appears that the cellular receptor for TPA is
protein kinase C [3]. It has become clear recently that
there are several subspecies of protein kinase C that
have subtle variations in biochemical properties and
different tissue distributions {1].
Activation of protein kinase C in many cell types is
d with location of the from the
cytosol to a b fraction. The stimulus-induced
translocation of protein kinase C is thought to be occa-
sioned by the production of diacylglycerol in the plasma
membrane and this translocation event can also be
induced by TPA [4-10]. In the bovine adrenal medullary
h ffin cell, h s ivation of the Yy
mechanism by the physnologwal secre(agogue.

acet, pp to be d by
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holinergi h the turnover of
by muscarinic
cholmerg:c receptors lll l"] Thus 1f prolem kmase C
plays a role in ni
from bovine chromaffin cells, it is unlikely to be media-
ted by an increased diacylglycerol content of the plasma
membrane, but may mslead be mediated by the rise in
li t ht about by nico-
tine-induced Ca2+ influx [13]. If this is the case, then
intracellular membranes other than the plasma mem-
brane may be targets for the stimulus-induced translo-
cation of protein kinase C and, given the large surface
area of ch affin granule inside the celi,
these membranes are an obvious potential target. In-
deed it has previously been shown that protein kinase C
will iate with isolated ch ffin granule mem-
branes [14].

It was the aim of this investigation to study further
the interaction of protein kinase C with chromaffin
granules in an attempt to model in vitro the events
associated with protein kinase C activation in the chro-
maffin cell. For these studies, the source of protein
kinase C used was a soluble fraction prepared from
bovine adrenal medulla, previously shown to contain
high levels of protein kinase C activity {15-17}, which
has been fully characterized [15,16). This fraction was
chosen as the source of protein kinase C, rather than the
purified enzyme, because the high levels of protein
kinase C present in the bovine adrenal medulla com-

ared to other tissues makes it possible to study the

1 h dinted

the SS-34 rotor. The pellet was then resuspended in 40
ml of 0.3 M sucrose and again centrifuged at 20000 rpm
for 15 min. The pellet was this time resuspended in 0.5
m! of 0.3 M sucrose, and centrifuged for 10 min in an
Eppendorf microfuge. The pellet from this centrifuga-
tion was finally resuspended in 0.25 ml of 0.3 M sucrose.
The protein concentration of the granule membrane
preparauon was determined [19] using bovine serum
\l; (Calbiochem-Behsi San Diego, CA) as
standard. The preparation was then diluted with 0.3 M
sucrose to give a protein concentration of 25 mg/ml.
In the preparation of an adrenal medullary soluble
fraction, medullae from ten fresh adrenal glands were
processed as described above, except that after centrifu-
gation of the homogenate at 13000 rpm the supernatant
was taken and further centrifuged at 50000 rpm for 30
min in a Beckman SW60 rotor. The yellow lipid film
found floating on top of the tubes was removed with
tissue paper and the remaining supernatant con-
centrated approx. 5-fold using Centricon 10 microcon-
centrators (Amicon, Danvers, MA). Typically, the con-
centrated fraction had a protein concentration of be-
tween 50 and 85 mg/ml.

General protocol for the of the ible
association of protein kinase C with chromaffin granule
membranes

Aliquots (20 pl) of granule membranes were prein-
cubated for 10 min at 37°C with 80 gl of a solution of
0.3 M sucrose containing, when required, an ap-

of the enzyme with ch ffin les in
the context of a protein environment reminiscent of that
found inside the cell.

Materials and Methods

Preparation of subcellular fractions

Chromaffin granule membranes were prepared at
4°C by a modified version of the method of Bartlett
and Smith [18). Meduliae from four fresh bovine adrenal
glands were disrupted for 6 s in a Waring blender and
then homogenized with a loose-fitting Teflon pestle in a
glass homogenizer in 40 ml of homogenization buffer
containing 10 mM Mes-Tris (pH 6.5)/0.3 M sucrose/1
mM EGTA /1 mM phenylmethylsulfonyl fluoride. The
homogenate was filtered through surgical gauze and the
filiratc was centrifuged at 2000 rpm for 10 min in a
Sorvall SS-34 rotor. The supernatant was then centri-
fuged at 13000 rpm for 30 min in the SS-34 rotor and
the Iting pellet was ded in 2 ml of homo-
genization buffer This suspension was layered on top of
6 ml of h ization buffer ing 1.6 M -
instead of 0.3 M - sucrose in a Beckman type 40 rotor
tube and centrifuged at 40000 rpm for 50 min. The
granule peliet was lysed in 40 ml of regular homogeniza-
tion buffer and centrifuged at 20000 rpm for 15 min in

of phorbol ester (obtained from
Slgma and stored as 1 mM stock solutions in dimethyl-
sulfoxide. Control preincubations contained a corre-
di of dimethylsulfoxide alone). The
membranes were isolated by centrifugation for 10 min
at 4°C in an Eppendorf microfuge. The pellets were
resuspended in 50 ul of a solution containing 5 pl of
adrenal medullary soluble fraction and 50 mM Mes-Tris
(pH 6.7)/0.27 M sucrose/1 mM MgCl,/0.1 mM di-
thiothreitol/5 mM EGTA and various concemrauons
of CaC]z (free Ca?* i wr're Iculated as
ly described [15]) and incubated for 10 min at
37°C. The b were again isolated by centrifu-
gation and in experiments performed to measure bind-
ing the supernatants were assayed for removai of pro-
tein kinase C acnvny
In exp d to the sut
dissociation of bound protein kinase C from mem-
branes, the pellets from the last centrifugation were
resuspended in 50 pl of a solution containing 50 mM
Mes-Tris (pH 6.7)/0.3 M sucrose/1 mM MgCl,/0.1
mM dithiothreitol/5 mM EGTA and various con-
centrations of CaCl,. After incubation for 10 min at
37°C the b were again isolated by centrifuga-
tion and the supernatant assayed for released protein
kinase C activity.




Incubation times of 10 min were used for both
binding and release experiments as steady-state condi-
tions were achieved by this time (data not shown).

Comparison of the binding of protein kinase C to chromaf-
fin granules in an adrenal medullary homogenate and in a
reconstituted system of granule membranes and a
medullary soluble fraction

Medullae from ten fresh adrenal glands were dis-
rupted in 40 ml of homogenization buffer and a 2000
rpm supernatant prepared as described above. Aliquots
(2 ml, corresponding to approx. 25 mg of protein) of
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mM EGTA, in the absence or presence of 5 mM CaCl,.
The were sep d by ifugation at
20000 rpm for 15 min and the pellets were resuspended
in 0.5 ml of resuspension buffer in the absence or
presence of 5 mM CaCl,. After centrifugation for 10
min in the microfuge, both pellets were resuspended in
0.15 ml of resuspension buffer in the absence of CaCl,
and incubated at 37°C for 10 min. The membranes

TABLE 1
Effect of

membranes on (a} the binding of protein kinase C and on (b} the

and TPA-p of granule

this sup were then incubated at 37°C for 10 dissociation of bound protein kinase C

min in a final vol. of 20 mi of a sol ing in - granule were bated in the absence or
addition 50 mM Mes-Tris (PH. 6-7)/‘ 027 M sucrose/1 presence of a final concentration of 10~ 7 M TPA and the membranes
mM MgCl,/5 mM EGTA, cither in the at or ifugation. The were then treated as

presence of 5 mM CaCl,. The granules from each
incubation mixture were then isolated at 4°C either in
the absence or presence of CaCl,. The incubation mix-
tures were centrifuged at 13000 rpm for 30 min and the
resulting pellets were suspended in 2.5 ml of resuspen-
sion buffer, consisting of 50 mM Mes-Tris (pH 6.7)/0.3
M sucrose/1 mM MgCl,/5 mM EGTA, either in the
absence or presence of 5 mM CaCl,. These suspensions
were then layered on top of 6 ml of the same respective
solutions except that the sucrose concentrations were
1.6 M instead of 0.3 M. After centrifugation at 40000
rpm for S0 min, the granule pellets were lysed in 20 ml
of regular resuspension buffer, again either in the ab-
sence or presence of 5 mM CaCl,. The suspensions
were then centrifuged at 20000 rpm for 15 min and the
pellets were resuspended in 0.5 ml of resuspension
buffer minus or plus 5 mM CaC!;. After further centri-
fugation for 10 min in a microfuge, both pellets were
resuspended in 0.15 ml of resuspension buffer in the
zbsence of CaCl, and incubated for 10 min at 37°C.
The membranes were finally separated by centrifuga-
tion for 10 min in the microfuge and the resulting
supernatants were assayed for released protein kinase C
activity.

Concurrently with the above procedure, two more
aliquots (2 ml) of 2000 rpm medullary supernatant were
used to prepare granule membranes. To each aliquot
was added 18 ml of homogenization buffer and the
suspensions were centrifuged at 13000 rpm for 30 min.

follows. (a) The binding of protein kinase C was measured in the
absence or presence of $ mM CaCl, either at 0 or 37° C. Results were

asa of the i activity ining in the
supernatant for each experiment and are shown as mean+S.E. for
three separaie experinzents. (b) The pellets were incubated with adrenal
medullary soluble fractivn in the absence or presence of 5 mM CaCl,
and either at 0 or 37°C aad the membranes were again isolated by
centrifugation. The pellets were then resuspended in the absence of
CaCl, at 0 or 37°C and the released protein kinase € activity
measured. Results were as a of the i
activity released in each experiment and are shown as mean + S.E. for
three separate experiments,

{a) Binding

Granule membranes CaCl, present  Binding Protein kinase C

pretreated during binding temperature activity

with TPA incubatinn (°0) remaining in
supernatant
(% of maximum)

- - o 85410

- - 37 89+ 6

- + 0 15+ 0

- + 3 0+ 0

+ - 0 84+10

+ - 37 81+ 1

+ + [ 0+ 0

+ + 37 6+ 0

(b} Dissociation

Granule membraaes CaCl, present Binding/  Protein kinase C

The pellets were resuspended in 2.5 ml of h
tion buffer and layered on top of 6 ml of homogeniza-
tion buffer containing 1.6 M sucrose. After centrifuga-
tion at 40000 rpm for 50 min, the pellets were resus-
pended in 20 ml of regular homogenization buffer and
again centrifuged at 20000 rpm for 15 min. The pellets
were then resuspended and incubated for 10 min at
37°C in 20 ml of a solution containing 1.76 ml of
adrenal dullary soluble fraction (p d
scribed below from the same homogenate) and 50 mM
Mes-Tris (pH 6.7)/0.27 M sucrose/1 mM MgCl,/5

pretreated during binding elution activity
with TPA incubation temperature released into
0 supernatant
(% of maximum)
- - 0/0 T+ 4
- 37737 6+ 2
= + 00 9+ 8
- + 0/371 100+ 0
- + 371/0 64+ 8
- + 31737 79+ 3
+ - 0/0 9% 2
+ - 31/371 16+ 8
+ + 0/0 3+ 1
as de- + + 0737 78+ 4
+ + 37/0 ax 1
+ + 37/37 74+ 4
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were finally isolated by centrifugation for 10 min in the
microfuge and the supernatants were assayed for re-
leased protein kinase C activity.

The adrenal medullary soluble fraction used in the
reconstitution experiment was prepared from the re-
mainder of the 2000 rpm supernatant as described in
the previous section. The volumes of the 2000 rpm
supernatant and final soluble fraction were measured in
order to calculate the volume of soluble fraction equiv-
alent to 2 ml of 2000 rpm supernatant, and this value
was found to be 1.76 ml (typically equivalent to approx.
10-15 mg of protein).

The protein content of the final four granule mem-
brane pellets in the above experiment were measured
and the results presented in Table III are corrected for
the slightly different yields of membrane protein ob-
tained under the different conditions (typically, the
recovered membrane protein was approx. 2-3 mg).

Protein kinase C assay

Samples for assay were diluted 10-fold with H,0 1o
reduce their EGTA /CaCl, concentrations. Aliquots (10
pl) were then assayed in a final reaction vol. of 50 pl as
previously described [15], with the exception that the
EGTA and CaCl, concentrations contributed by the
reaction mixture were 0.5 and 1 mM, respectively. Sam-
ples were assayed in the presence of 40 pg of phos-
phatidylserine/ml and in the absence or presence of
CaCl,.

The protein kinase activity in the absence of CaCl,
was subtracted from that in the presence of CaCl, to

§

Protein Kinase C Activity in Supematant
1% of maximum)
8
T
L

40 -
20+ 4
o, L . s L 1]
] 2 3 e ] 0
[Granuls membrans protsin) (mg/mi)
Fig. 1. Effect of granule protein

on the binding of proicin kinase C. Aliquots (0-20 pl) of chromaffin
granule membranes were made up to a final vol. of 0.1 m! with 0.3 M
sucrose and centrifuged for 10 min at 4°C in an Eppendosf micro-
fuge. The binding of protein kinase C present in an adrenal medullary
soluble fraction to the membranes in the presence of 5 mM CaCl,
(free Ca* concentration of approx. 30 gM) was then measured as
described in Materials and Methods. Results were calculated as a
percentage of the maximum activity observed remaining in the super-
natant in each experiment (which was approx. 80 pmol phosphate
transferred to histone/min in each case) and are shown as the
means = sanze for two experiments. The final protein concentration of
the soluble fraction in the incubation mixtures in these experiments
was 4.9 mg/ml.

adrenal medullary soluble fraction by granule mem-
branes was Ca®* dependent as illustrated in Fig. 2a,

give the protein kinase C activity. None of the )!
assayed showed Ca®*-dependent histone kinase activity
in the at of phosphatidyl and since control

bati in the p of p hatidylserine of
sample or lnstone alone in the assay dld not show
Ca?*-dep ion of radioactivity into tri-

chlomaceuc—acld-precnpnable material, it was not neces-
sary to correct for themn to obtain the protein kinase C
activity of the sample.

Results
Adrenal medullary soluble fraction was incubated
with i i ations of ct ffin granule

membranes for 10 min at 37°C in the presence of 30
¢M free Ca?* and the membranes then isolated by
centn[ugauon. It was found that, as the membrane
s was d, the amount of protein
kinase C activity remaining in the supernatant de-
creased until no soluble activity remained (Fig. 1). For
all subsequent binding experiments an excess of mem-
brane protein was routinely used to ensure complete
binding of protein kinase C activity under optimal
conditions.

The removal of protein kinase C activity from the

with half- imat 1 of activity being apparent at
a free Ca®* concentration of approx. 7 M. However, if
the membranes had been preincubated with 10~7 M
TPA before incubation with the medullary soluble frac-
tion, then the Ca®* concentration dependence of the
removal of protein kmase C activity was shifted to the
left, such that half- I now d at
approx. 1 pM free Ca?*.

The Ca’*-dependent binding of protein kinase C to
granule membranes was found to be reversible upon
removing Ca®* from the incubation medium. Mem-
branes which had been incubated with the medull
soluble fraction in the presence of 30 pM free Ca®*.

d by centrifi and then ded in the
absenoe of Ca?*, released 65 + 9% (mean + S.E.; n=4)
of the activity that was d from the dullary
soluble fraction (no activity was released under these
conditions if the membranes had not been preincubated
with the scluble fractmn) lt is of interest that the
results of p a simi-
lar Ca? *—dependenl bmdmg of protein kinase C present
in the adrenal medullary soluble fraction to phosph:
dylserine liposomes, but only a small percemage (3- 24%)
of the bound activity was eluted from the liposomes
upon removing Ca*>* from the medium.
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Fig. 2. Effect of TPA of granule
on the Ca®* concentration dependency of (a) the binding of protein
kinase C and on {B) the dissociation oi bound protein kinase C.
Cl granule were cither with (@) or
without () 10~7 M TPA. After separation by centrifugation the
membranes were then treated as follows. (a) The binding of protein
kinase C was measured at various concentrations of CaCl;. Results
were asa of the activity observed
in the in each exp and are shown as the
mean+S.E. for four separate experiments. (b) Protein kinase C was
allowed to bind to the membranes by incubating with adrenal
medullary soluble fraction in the presence of 5 mM CaCi,. After
ion of the they were resus-
pended in the presence of various concentrations of CaCl, and the
released protein kinase C activity measured. Results were calculated
as a percentage of the maximum activity observed released into the
supernatant in each experiment and are shown as the mean +S.E. for

five separate experiments.

On examination of the Ca?* dependency of the
release of protein kinase C from chromaffin granule
membranes, progressively less activity was released as
the Ca?* ion of the medium was
(Fig. 2b). Half. I release of activity was
achieved at approx. S pM free Ca“ However, if the

t had been p bated with 10-7 M TPA
before incubation wnh the adrenal medullary soluble
fraction, then the Ca* d y of

the b was reduced so that half: imal re-
lease was now achieved at approx. 0.2 pM.

The effect of TPA concentration during the prein-
cubation of granule membranes on the subsequent bind-
ing of protein kinase C is shown in Fig. 3a. For this
experiment a free Ca>* concentration of approx. 2 pM
was chosen at which tc measure binding to best il-
Iustrate the effect of TPA. As the TPA concentration of
the p b di was i d, there was a
progressive increase in the amount of protein kinase C
activity which bound to membranes. Similarly, Fig. 3b
illustrates the effect of TPA concentration during the
preincubation with granule membranes on the dissocia-

Protein Kinase C Activity in Supernatant
(% of maximum)

06 168 107

S
(TPA] (M)

- T T T}
§ 100 T ) 4
i oo : -
e I
o5 1
§§
£ 20r 4
¥
g %60 08 o7 0o

(TPA] (M)

Fig. 3. Effect of TPA concentration during pretreatment of chromaf-
fin granule membranes on the binding of protein kinase C and on the
dissociation of bound protein kinase C. Chromaffin granule mem-
branes were preincubated in the presence of various concentrations of
TPA. Alter separasion by ion the were then
treated as follows. (a) The binding of pmlem kinase C was measured
in the presence of 3.8 mM CaCl, (free Ca®* concentration of approx.
2 gM). Resulis were as ap of the

activity observed ining in the in each

and are shown as the mean + S.E. for three separate experiments. (b}
Protein kinase C was allowed to bind to the membranes by incubating
with adrenal meduilary soluble fraction in lhe presence of 5 mM
CaCl,. After separation of the i i |hey
were resuspended in the presence of 3.8 mM CaCl, (free Ca®*
concentration of approx. 3 pM) and the relcased protein kinase C
activity measured. Results were calculated as a percentage of the
maximum activity observed released into the supernatant in cach

the subsequent release of protein kinase C acnvny from

and are shown as mean+S.E. for four separate experi-
ments.
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tion of protein kinase C activity from membranes. Again
for this experiment a free Ca®* concentration of the
dissociation medium of approx. 3 pM was chosen that
would make readily apparent the effect of TPA. The
two TPA concentration dependencies shown in Fig. 3
are very similar to half-maximal effects seen at around
50 nM.

To i i the depend of bind-
ing of plolem kinase C to chromaffin granule mem-
branes the extent of the binding reaction at an optimal
free Ca’* concentration was compared at 0°C and
37°C (Table la). Virtually no difference was found
between the extent of binding observed at the two
temperatures and there was no difference in this respect
between membranes that had been preincubated with
TPA and those which had not. Similarly, the effect of

on the di ion of protein kinase C
fmm granule membranes is shown in Table I(b). It was
found that for membranes which had not been prein-
cubated with TPA, dissociation of protein kinase C in
the absence of added Ca®* occurred equally well at
0°C and 37°C. However, it was of great interest to
discover that, for the membranes that had been prein-
cubated with TPA, the subsequent elution of protein
kinase C was apparent only at 37°C and did not take
place at 0°C, irrespective of whether the prior binding
reaction had been conducted at 0°C or 37°C.

The effects of TPA on the interaction of protein
kinase C with ch ffin granule t were
compared with those of the phorbol ester, 4aPDD,
wmch |s mcapahle of activating protein kinase C [2].

of ch ffin granule b wuh

TABLE Il

Comparison of the effects of TPA- and 4aPDD-pretreatment of chro-
maffin granule membranes on (a) the binding of protein kinase C and on
(b) the dissociation of bound protein kinase C at 0°C

Ch granule were d in the absence of
phorbol ester or in the presence of a final concentration of 10~7 M
TPA or 4aPDD and the membranes were then isolated by centrifuga-
tion. The pellets were then treated as follows. (a) The binding of
protein kinase C was measured in the presence of cither (i) ¢ mM-, (i)
3.8 mM- (free Ca®* concentration of approx. 2 gM) or {ui) S mM
CaCl, (free Ca®* concentration of approx. 30 pM). Results were

asa of the activity ining in the
supernatant for each experiment and are shown as the mean+ S.E. for
three separate experiments. (b) Protein kinase C was allowed to bind
to the membranes by incubating with adrenal meduflary soluble
fraction i in the presence ol S mM CaCl, at 37°C. After separation of

the by ion, they were in the ab-
sence of CaCl, and incubated at 0° C. Released protein kinase C was
Results were asa of the

activity released in each experiment and are shown as the mean +S.E.
for three separate experiments.

10’ M TPA resulted in virtually the plete bi
of protein kinase C upon incubation with adrena]
medullary soluble fraction at a free Ca?*

of approx.. 2 pM. However, the bmdmg observed after
t with an eq ion of
4uPDD was slight and equivalent to that seen with
untreated membranes (Table II (a)). Similarly, whilst
membranes that had been preincubated with TPA did
not release bound protein kinase C activity in the
absence of Ca®* at 0°C, membranes which had been
preincubated with 4aPDD released an  equivalent
amount of protein kinase C activity to that released
from untreated membranes (Table 11b).
In order to determine whether soluble protein kinase
C present in an adrenal medullary homogenate would
become iated with ch ffin in the pres-
ence of Ca®*, given the presence of other possible
competing membrane surfaces, the following experi-
ment was undertaken. Aliquots of a post-nuclear homo-
genate were incubated with or without Ca®* and the
granules present in the homogenate were then respec-
tively prepared as membranes with or without Ca®*
present during the isolation procedure. The membranes
from both preparations were finally incubated in the

(a) Binding

Pretreatmentof  [CaCl,] of Protein kinase C activity

g’anulc i i ining in

membranes mixture (mM) (% of maximum)

- ] 97+2

- 38 8248

- 50 0+0

TPA o 93+4

TPA 38 4+1

TPA 50 0+0

4aPDD o 97+3

4aPDD 38 78%5

4aPDD 50 010

(b) Dissociation

F of granule Protein kinase C activity

membranes released into supernatant
(% of maximum)

- 84+11

TPA 2+ 1

4aPDD 95+ 5

absence of Ca®* and the supernatants of these incuba-
tions assayed for released protein kinase C activity
(Table III). Granule membranes isolated from the ho-
mogenate that had been incubated with Ca®* were
found to release protein kinase C actmty under these
diti t the b lated from the
homogenate that had been incubated without Ca?* did
not. Also show in Table III are the results of a parallel
experiments in which the granule membranes and solu-
ble fraction prepared from an equal volume of post-
nuclear were her without
b and the b g of protein kinase

Cto membranes was studied under |denucal conditions.
Again, as would be expected, Ca®* was required for the
association of protein kinase C activity with the granule
membranes. It can also be seen that, in the homogenate




TABLE 11

Comparison of the effects of Ca** on the binding of protein kinase C to
chromaffin granules in an adrenal medullary homogenate and in a

ituted system of in granule and an adrenal
medullary soluble fraction

For details see Materials and Methods. In each case, results are
expressed as a percentage of the total initial soluble protein kinase C
activi.y p-esent in the binding incubations (which varied from 5000 to
7000 parci/ ain for the different experiments) and are shown as the
mean +S.E. for three separate experiments.

Binding conditions Protein kinase
C activity eluted
from membranes
(% of total initial
soluble activity)
(a) Homogenate
-cacl, 02101
+CaCl, 72412
(b) Membranes + soluble fraction
—CaCl, 02400
+CaCiy 165434

incubation, the amount of protein kinase C activity that
associated with granules was approx. 45% of the amount
of activity that associated with the granules in (he
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pretreated with TPA. However, it was of great interest
to discover that, whilst the dissociation of protein kinase
C from membranes which had not been pretreated with
TPA occurred both at 0°C and 37°C, the dissociation
of enzyme activity from membranes which had been
pretreated with TPA would only occur at 37°C and not
at 0°C. The hani hereby TPA medi this
effect is not known, but may reflect a profound effect of
TPA on membrane structure. Again this effect of TPA
was not reproduced by 4aPDD.

In the intact chromaffin cell there are many mem-
brane surfaces other than the chromaffin granule mem-
brane which may compete for the binding of cytosolic
protein kinase C. However, it was observed that soluble
protein kinase C would still associate with chromaffin
granules toa sngmﬁcam degree in an adrenal medullary

ina Ca®*-d d The extent of
association was found to be approx. 45% of that
observed when corresponding amounts of soluble frac-

tion and ffin granule L to those pre-
sent in the hc were d togetk

Thus, it app that ct ffin les can effec-
tively with other b surfaces in the cell

for the binding of protein kinase C. It should be remem-
bered, though, that this experiment does not take into

reconstituted system, which is devoid of
membranes.

P =]

Di jon

The experiments reported here were undertaken in
order to Charactenze the interaction of protein kinase C
with ch in an pt to model in
vitro the events associated with protein kinase C activa-
tion in the chromaffin cell. It was thus found that
protein kinase C present in lhe adrenal medullary solu-
ble fraction binds ibly to ch ffin granule

t in a Ca?*-dependent manner. Furthermore,
TPA was found to increase the Ca®* sensitivity of both
the binding and elution events in a concentration-de-

binding to nuclei, which are removed along
with cell debris before incubation, nor binding to the
inner leaflet of the plasma membrane, since plasma
membrane vesicles in the homogenate are likely to be
oriented outside-out.

The results obtained from this in vitro model have
two lmporlanl general |mp||cauons for studies on the
racellul location and ion of protein
kinase C in intact cells. Firstly, complexes formed be-
tween pmtem kinase C and membranes solely as a
result of an in the cytosolic Ca®*
are unlikely to be d d after h of cells
with Ca?* chelators. And secondly. in order to demon-
strate the intracellular translocation of protein kinase C
from cytosol to membrane mduced by TPA or perhaps

pendent fashion. This effect of TPA was not duced

the of diacy glye L, it

by 4¢PDD. The range of Ca>* concentrations effective
in promoting the binding of protein kinase C to granule
membranes is consistent with the levels of cytosolic
Ca?* achieved on stimulation of ck ffin cells with
acetylcholine [13). Although the Ca®* sensitivities of
both binding and dissociation of prc!em kinase C from

may be essemlal to homogemze the cells on ice; for-
tunately, this appears to have been the standard tech-
nique for this type of experiment. Examples of the first
of these two poinis are already apparent. Thus, in GH,
pituitary cells, lhyrotropin—releasing hormone, which
promotes phosphoinositide turnover in these cells, phos-

chromaffin granule i is approxi ly the
same in the ab of TPA p for mem-
branes which have been preincubated with TPA, the
Ca?"* sensitivity of protein kinase C dissociation from
the membranes is greater than the Ca®* sensitivity of
binding of the enzyme to the memb

The binding of protein kinase C to chromaffin gran-
ule membranes was found to occur both at 0°C and
37°C, irrespective of whether the membranes had been

holip C, a permeable diacylgiycerol and TPA all
induced 2 cytosol to membrane translocation of protein
kinase C [4). This eifect was not seen; however, when
the cells were stimulated with K* or Ba®*. Moreover, in
the bovine chromaffin cell, TPA has been shown to
cause a substantial translocation of protein kinase C
from cytosol to membrane, but a nicotinic agonist had a
much smaller effect [20]. In the same study, the leakage
of protein kinase C from digiionin-permeabilized chro-
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maffin cells was investigated. It was found that Ca®*
caused retention of protein kinase C activity in the
permeabilized cells, the enzyme presumably having be-
come iated with i but, after

t h i in the p of EGTA,
most of the protein kinase C activity remaining in the
cells was found to be soluble.

Other model systems have been developed for study-
ing the interaction of protein kinase C with membranes.
For example, Wolf et al. [21,22] used inside-out human
erythrocyte vesicles and protein kinase C purified from
rat brain. They also showed that phorbol ester, in this
case phorbol 12,13-dibutyrate, increased the Ca>* sensi-
nv:ly of both the binding of protem kmase C 10 the

phosphorylation in intact chromaffin cells occur in the
absence of extracellular Ca?* [24), and this is also made
apparent by the fact that TPA-induced activation of
tyrosine hydroxylase can occur in the absence of ex-
tracellular Ca®* [25,26]. However, the effects of TPA on
catecholamine secretion from intact cells require the
presence of extracellular Ca®* and are most marked in
the p of an i in the cytosolic Ca®* con-
centration [15,24,27,28]. Similarly, the effects of TPA on
catecholamine release from permeabilized chromaffin
cells are Ca®* dependent [24,29,30]. These results imply
that the translocation and activation of protein kinase C
induced by TPA in chromaffin cells can occur at the
resting cytosolic Ca®* concentration even in the absence

and its subseq n. H of llular Ca®*, and that a separate Ca®*-depen-
in the erythwcyle membrane syslem, in the presence of dent step is needed to allow exocytosis to occur. The
the phorbol ester i pl ion of (hg y resling ytosolic Ca2* ion in ch ffin cells
from the b d upon g Ca’* is normally of the order of 0.1 pM [13] and is probably
from the medi and lete release of even lower in the ab of Hlular Ca?*.

y
activity was achieved only in the presence of ATP. Since
neither the amount of protein kinase C activity which
binds to chromaffin granule membranes at satuiating
Ca®* concentrations, nor the amount of activity which
subsequently dissociates from the granule membranes in
the presence of EGTA, is affected by TPA, it thus
appears that chromaffin granule membrancs may have
properties different from plasma membranes with re-
spect 1o interactions with protein kinase C.

In another system the binding of partially purified

in the model system described here the bmdmg of
protein kinase C to granule membranes in the presence
of TPA was half-maximal at around 1 pM Ca*. This

pancy may possibly be d for by the pres-
ence of Ca>* bound to negauvely charged groups on the
intracellular surface of granule membranes in situ, which
may be sufficient to allow the binding of protein kinase
C in the presence of TPA. However, a translocation of
protein kinase C from the cytosol to granule membranes
during nicotine-induced secretion would require the in-

bovine brain protein kinase C to parietal yolk sac crease in cytosolic Ca®* produced by this
membranes was found not to occur in lhe of 8
Ca®* and TPA unless h idylserine Evid that an i 1l 1 of pro-

was added [23]. The authors of this study distinguished
two types of mteracuon of protem kinase C with mem-
branes: a superfi le, Ca’*-dependent bind-
ing and a more stable binding, seen in the presence of
TPA, which was still apparent in the presence of chela-
tor. The latter type of association was observed in
subcellular fractions enm:hed in plasm membranes and
nuclen. but not in or
The TPA-induced binding was also slower
at 4°C than at 25°C, wk Ca”*-induced bindi
was temperature independent.
Thus, the properties exhibited by these other two
model systems indicate that there may even be dif-
b plasma b from different cell
types in the nature of their interactions with protein
kinase C. The relative irreversibility of the Ca®*-depen-
dent association of protein kinase C with phosphati-
dylserine liposomes reported in this communication also
indicates that the association of protein kinase C with
chromaffin granules is not merely mediated by phos-
phatidylserine present in the granule membrane.
The results reported here also offer insight into the
role of protein kinase C in stimulus-secretion coupling
in the chromaffin cell. The effects of TPA or protein

tein kinase C from cytosol to secretory granules may be
important in the process of exocytosis has been pro-

vided by the d of the of protein
kinase C sut tated with insuli y
les 31,32}, adenoh h 18 izi; hon'none

y les {33] and p i

[34). Association of prolem kinase C wuh secretory
granule membmnes may howe\er also serve to activate
the enzy b 10
be the case for the 37000 M, subslrale CB9 in the
chromaffin cell [14,35]. 1t is also worthy to note that a
pecific phospholij C present
in the soluble fraction of bovine adrenal medulla has
been shown to bind to chromaffin granule
in a Ca®*-dependent manner [36). Association of this
with ch ffis: granul diated by an in-
crease in the cytosolic Ca®* concentration may there-
fore result in the production of diacylglycerol in the
granule membrane, which may further regulate the as-
sociation of protein kinase C with the granule.

Thus, the model system described kere for investigat-
ing the events associated with protein kinase C activa-
tion during stimulus-secretion coupling has yielded re-
sults of to the i ion of studies on the




of the enzyme in intact cells.
In particular, the observation that TPA differentially
affects the binding and dissociation of protein kinase C
from granule membranes may be an important clue to
the effects of TPA on membrane structure. Further
i igations into the phosphorylated as a
result of the binding of protein kinase C to chromaffin
granules and other possible mechanisms, such as pro-
teolysis, i d in the If of this i i
may provide more insight into the mechanism of exoc-
ytosis.
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