
Biochimica e! Biophysica Acta, 979 (1989) 157-165 
ELsevier 

157 

BBA 74311 

Interaction of protein kinase C with chromaffin granule 
membranes: effects of Ca 2÷, phorbol esters and temperature reveal 

differences in the properties of the association 
and dissociation events 

K e i t h  W .  B r o c k l e h u r s t  a n d  H a r v e y  B. Po l l a rd  

Labormory of Cell Biolog). and Genetic.s, National Institute of Diabetes. Dig,~'tive and Kidney Diseases, National Institutes of Health. 
Belhesda, MD (U.S.A.) 

(Received l August 1988) 

Key words: Adrenal medulla; Exoeytosis; Stimulus secretion; Chromaffin granule: Protein phosphorylation: Protein kinase C 

Interaction of protein kinase C with chromaff'm wanule membranes has been studied as a means of investigating the 
transiocation of protein kinase C from cytosol to intracelinlar membrane surfaces, which is believed to occur during 
secretion. Protein kinase C in an adrenal medullary soluble fraction was found to bind reversibly to granule 
in a CaZ+-dependent fashion. Association and dissociation events were sensitive to Ca z+ concentrations in the low 
micrmndar range, and the Ca -'+ sensitivity of  bole woce~ses was increased when the membranes had been preincubated 
with the protein kinase C-activating phorbol ester, ~ 12-myristate 13-acetate (TPA). Binding of protein kinase 
C to granule memimmes occm-red at 0 ond 37° C, irrespective of whether the ntembranes had been preinenbated with 
TPA. However, dissociation of protein kinase C from granule membranes that had I~en preincubated with TPA 
occurred only at ~ff°C aml not at 0°C ,  even though dissociation of the enzyme from membranes which bed not been 
weinenbated with TPA would oeeur at both 37 and 0 °C .  These effects of TPA were not reproduced by 4,v-phorbol 
12,13-didecanante (4aPDD), a l~,ocbol ester which does not activate protein kinase C. Soluble protein kinase C activity 
also associated with cinmnaffm granules in a CaZ+-dependent manner in an adrenal medullary homogenate, indicating 
that grmmles can compote with other intrecelinlar membganes for the binding of protein kinase C. Results obtained with 
this modd system differ frem ather systems where the intoractinn of protein kinase C with plasma membranes has heen 
studied and have general ~ for studies performed on the translocation of protein kinase C in intact cells and 
for the role of proteln kinase C in sthmdm-secretion ~ in the chromaffin cdl. 

lntroductinn 

There is compelling evidence that protein kinase C, a 
Ca2+-activated phospbolipid-dependent protein kinase, 
is involved in signal transduction in secretory and other 
cell t~pes [1]. It has been proposed that the second 
messenger for protein kinase C activation is di- 
acylglycerol, a product of the receptor-mediated 
turnover of polyphosphoinositides at the plasma mem- 
brane, since diacylglyccrol increases the affinity of  the 

Abbreviations: TPA, 4/~.~horbol 12-myristate 13-acetate; 4aPDD, 
4a-phorboi 12,13-didecanoate; EGTA. ethylene glycol bls(,8- 
aminoethyl ethcO-N.N~-tc~'~.~efic acid. 
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enzyme for both Ca 2+ and phospholipid [1]. The phor- 
bol ester, TPA, has also been shown to activate protein 
kinase C in a manner analagous to diacyiglycerol [2] 
and it appears that the cellular receptor for TPA is 
protein kinase C [3]. It has become clear recently that 
there are ~veral subspecies of protein kinase C that 
have subtle variations in biochemical properties ~md 
different tissue distributions [1[. 

Activation of protein kinase C in many cell t ' y ~  is 
associated with translocation of the enzyme from the 
cytosol to a membrane fraction. The stimuhis-induced 
translocation of protein kinase C is thought to be occa- 
sioned by the production of diacvlglycerol in the plasma 
membrane and this translocation event can also be 
induced by TPA [4-10]. In the bovine adrenal medullary 
chromaffin cell, however, activation of the secretory 
mechanism by the physiological secretagogue, 
acetylcholine, appears to be primarily mediated by 
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nicotinic cholinergic receptors, whereas the turnover of 
polyphosphoinositides is mediated by muscarinic 
cholinergic receptors [11,12]. Thus, if protein kinase C 
plays a role in nicotine-induced catecholamine secretion 
from bovine chromaffin cells, it is unlikely to be media- 
ted by an increased diacylgiycerol content of the plasma 
membrane, but may instead be mediated by the rise in 
cytosolic Ca 2+ concentration brought about by nico- 
tine-induced Ca -'+ 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 chromaffin granule membrane inside the cell, 
these membranes are an obvious potential target. In- 
deed it has previously been shown that protein kinase C 
will associate with isolated chromaffin 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 thc 
purified enzyme, because the high levels of protein 
kinase C present in the bovine adrenal medulla com- 
pared to other tissues makes it possible to study the 
interaction of the enzyme with chromaffin granules 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]. Medullae 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 phenylmethylsulfonyi fluoride. The 
homogenate was filtered through surgical gauze and the 
filtrate was centrifuged at 2000 rpm for 10 rain in a 
Sorvall SS-34 rotor. The supernatant was then centri- 
fuged at 13000 rpm for 30 rain in the SS-34 rotor and 
the resulting pellet was resuspended in 2 ml of homo- 
genization buffer. This suspension was layered on top of 
6 ml of homogenization buffer containing 1.6 M - 
instead of 0.3 M - sucrose in a Beckman type 40 rotor 
tube and centrifuged at 40000 rpm for 50 rain. The 
granule pellet was lysed in 40 ml of regular homogeniza- 
tion buffer and centrifuged at 20000 rpm for 15 rnin in 

the SS-M 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 
ml 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 
preparation was determined [19] using bovine serum 
albumin (Calbiochem-Behring, 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 ~drenol glands were 
processed us 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 SWt0 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 he- 
twcen 50 and 85 mg/ml.  

General protocol for the measurement of  the reversible 
association of  protein kinase C with chromafjTn granule 
membranes 

Aliquots (20/tl) of granule membranes were prein- 
cubated for 10 rain at 37°C with 80/~1 of a solution of 
0.3 M sucrose containing, when required, an ap- 
propriate concentration of phorbol ester (obtained from 
Sigma and stored as 1 mM stock solutions in dimethyi- 
sulfoxide. Control preincubations contained a corre- 
sponding amount of dimethylsulfoxide alone). The 
membranes were isolated by centrifugation for 10 rain 
at 4 ° C  in an Eppendorf microfuge. The pellets were 
resuspended in 50 Itl of a solution containing 5/~1 of 
adrenal medullary soluble fraction and 50 mM Mes-Tris 
(pH 6.7)/0.27 M sucrose/1 mM MgCI2/0.1 mM di- 
thiothreitol/5 mM EGTA and various concentrations 
of CaCi 2 (free Ca 2+ concentrations were calculated as 
previously described [15]) and incubated for I0 ~An at 
37°C. The membranes were again isolated by centrifu- 
gation and in experiments performed to measure bind- 
ing the supernatants were assayed for removal of pro- 
tein kinase C activity. 

In experiments designed to measure the subsequent 
dissociation of bound protein kinase C from mem- 
hranes, the pellets from the last centrifugation were 
resaspended in 50/~1 of a solution containing 50 mM 
Mes-Tris (pH 6.7)/0.3 M suerose/1 mM MgClz/0.1 
mM dithiothreitol/5 mM EGTA and various con- 
centrations of CaCl 2. After incubation for 10 min at 
37 °C the membranes were again isolated by centrifuga- 
tion and the supernatant assayed for released protein 
kinase C activity. 



Incubat ion  times o f  10 min  were used for  bo th  
b ind ing  a n d  release exper iments  as s teady-state  condi-  
t ions were achieved by  this t ime (da ta  not  shown).  

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

Medullae f rom ten fresh adrenal  g lands  were dis- 
rup ted  in 40 ml o f  homogeniza t ion  buffer  a n d  a 2000 
r p m  superna tan t  p repared  as  descr ibed above.  Ai iquots  
(2 ml, cor responding  to  approx.  25 mg of  protein)  o f  
this  s u p e m a t a n t  were  then incubated  a t  3 7 ° C  for  10 
min in a final voL of  20 ml o f  a solut ion con ta in ing  in 
addi t ion  50 m M  Mes-Tris ( p H  6 .7 ) /0 .27  M suc rose /1  
m M  M g C i 2 / 5  m M  EGTA,  ei ther  in the absence  o r  
presence o f  5 m M  CaCI 2. The  granules  f rom each  
incubat ion  mixture  were then isolated a t  4 ° C  either in 
the absence  o r  presence o f  CaC!  2. The  incuba t ion  mi,-- 
t u f t s  were cent r i fuged a t  13000  r p m  for  30 rain a n d  the 
result ing pellets were  suspended  in 2.5 ml o f  resuspen-  
sion buffer,  consis t ing o f  50 m M  Mes-Tris ( p H  6 .7 ) /0 .3  
M suc rose /1  m M  M g C l 2 / 5  m M  EGTA,  ei ther in the 
absence  o r  presence o f  5 m M  CaCi  2. These  suspensions  
were  then layered o n  top  o f  6 ml  o f  the same respective 
solut ions except  tha t  the sucrose concen t ra t ions  were 
1.6 M instead o f  0.3 M. Af ter  cent r i fugat ion a t  4 0 0 0 0  
r p m  for  50 rain, the granule  pellets were lysed in 20 ml 
o f  regular  resuspension buffer,  aga in  ei ther in the ab-  
sence or  presence o f  5 m M  CaC!  2. The  suspensions  
were then cent r i fuged a t  20000  r p m  for  15 rain a n d  the 
pellets were re.suspended in 0.5 ral o f  resuspension 
buf fe r  minus  o r  p lus  5 m M  C a C ! : .  Af ter  fur ther  centr i -  
fugat ion  for  10 rain in a microft ,  g¢, bo th  pellets were 
resuspended in 0.15 ml o f  resuspension buffer  in the 
absence o f  CaCI 2 a n d  incubated  for  10 min  a t  3 7 ° C .  
The  membranes  were  finally separa ted  b y  cent r i fuga-  
t ion for  10 min  in the microfuge  a n d  the result ing 
.,;upernatants were assayed for  released prote in  kinase C 
activity. 

Concurren t ly  with the above  procedure ,  two more  
al iquots  (2 ml) o f  2000 r p m  medul la ry  supe rna tan t  were 
used to  prepare  granule  membranes .  T o  each a l iquot  
was  added  18 ml o f  homogeniza t ion  buffer  a n d  the 
suspensions were centr i fuged a t  13000  r p m  for  30 min.  
The  pellets were resuspended in 2.5 ml  of  homogeniza-  
t ion buffer  a n d  layered o n  top o f  6 ml o f  homogeniza-  
t ion buffer  con ta in ing  1.6 M sucrose. After  centr i fuga-  
t ion a t  4 0 0 0 0  r p m  for  50 min,  the pellets were resus- 
pended  in 20 ml o f  regular  homogeniza t ion  buffer  a n d  
aga in  centr i fuged a t  20000  r p m  for  15 min.  The  pellets 
were then resuspended a n d  incubated  for  10 min a t  
3 7 ° C  in 20 ml  o f  a solut ion con ta in ing  1.76 ml o f  
adrena l  medul la ry  soluble f ract ion (prepared  as de-  
scribed below f rom the same homogenate)  a n d  50 m M  
Mes-Tris ( p H  6 .7) /0 .27  M suc rose /1  m M  M g C I z / 5  
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m M  E G T A ,  in the absence  o r  presence o f  5 mM CaCi  2. 
The  membranes  were separa ted  by  centr i fugat ion a t  
20000  r p m  for  15 min a n d  the pellets were resuspended 
in 0.5 ml o f  resuspension buffer  in the absence  or  
presence of  5 m M  CaCi  2. Af ter  centr i fugat ion for  10 
min in the microfuge,  bo th  pellets were resuspended in 
0.15 ml of  resuspension buffer  in the absence o f  CaCI 2 
a n d  incubated  a t  3 7 ° C  for  10 min. The  membranes  

TABLE I 

Effect of temperature and TPA-pretreatment of chromaffin granule 
membranes on (a) the binding of protein kinase C and on (b) the 
dissociation of bound proteist kinase C 

Chromaffin granule membranes were preincubated in the absence or 
presence of a final concentration of 10- 7 M TPA and the membranes 
separated by centrifugation. The membranes were then treated as 
follows. (a) The binding of protein kinase C was measured in the 
absence or presence of 5 mM CaCl 2 either at O or 37°C. Results were 
calculated as a percentage of the maximum activity remaining in the 
supernatant for each experiment and are shown as mean+S.E, for 
three separate experin~ents. (b) The pellets were incubated with adrenal 
medullary soluble fractio.n in the absence or presence of 5 mM CaCI 2 
and either at 0 or 37°C aad the membranes were again isolated by 
centrifugation. The pellets were then resnspended in the absence of 
CaCI2 at 0 or 37°C and the released protein kinase C activity 
measured. Results were calculated as a percentage of the maximum 
activity released in each experiment and are shown as mean +_ S.E. for 
three separate experiments. 

(a) Binding 

Granule membranes CaCI2 present Binding Protein kinase C 
pretreated during binding temperature activity 
with TPA incubati.3n ( o C) remaining in 

supernatam 
(% of maximum) 

- - 0 85+10 
- - 37 89+ 6 

- + 0 15:]= 0 

- + 3 7  0=1= 0 

+ - 0 84 + 10 
+ - 37 81 :t: 1 
+ + 0 Od: 0 
+ + 37 O+ 0 

(b) Dissociation 

Granule membraaes CaCI2 present Binding/ Protein kinase C 
pretreated during binding elation activity 
with TPA incubation temperature released into 

( o C) supematant 
(% of maximum) 

- - 0/0 7+ 4 

- - 37/37 6+ 2 
- + 0 / 0  7 9 +  8 

- + 0/37 100+ 0 
- + 37/0 64+ 8 
- + 37/37 79+ 3 
+ - 0/0 9+ 2 
+ - 37/37 16+ 8 
+ + 0/0 3 + I 
+ + 0/37 78+ 4 
+ + 37/0 4+ 1 
+ + 37/37 74.+. 4 
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were finally isolated by centrifugation for 10 rain 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 
supematant  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 he 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 condit ions (typically, the 
recovered membrane protein was approx. 2 - 3  mg). 

Protein kinase C assay 
Samples for assay were diluted 10-fold with H 2 0  to 

reduce their  E G T A / C a C I  2 concentrations. Aliquots (10 
/d) were then assayed in a final reaction vol. of 50 p.I as 
previously described [15], with the exception that  the 
EGTA and CaCI 2 concentrations contributed by the 
reaction mixture were 0.5 and 1 mM, respectively. Sam- 
ples were assayed in the presence of 40 / tg of phos- 
pha t idy lser ine /ml  and in the absence or presence of 
CaCl 2- 

The protein kinase activity in the absence of CaCi 2 
was sublracted from that  in the presence of CaCl 2 to 
give the protein kinase C activity. None of the samples 
assayed showed Ca  2 +-dependent histone kinase activity 
in the absence of phosphatidylserine, and since control  
incubations in the presence of phosphatidylserine of 
sample or histone alone in the assay did not  show 
Ca2+-dependent incorporation of radioactivity into tri- 
chloroacetic-acid-precipitable material,  it was not  neces- 
sary to correct for them to obtain the protein kinase C 
activity of the sample. 

Results 

Adrenal  medullary soluble fraction was incubated 
with increasing concentrations of chromaffin granule 
membranes for 10 rain at  3 7 ° C  in the presence of 30 
laM free Ca 2+ and the membranes then isolated by 
centrifugation. It  was found that, as the membrane 
concentration was increased, 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 
b inding of protein kinase C activity under opt imal  
conditions. 

The removal of protein kinase C activity from the 

i 
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Fig. t. Effect of  chromaffin ~rmzule membrane protein concentration 
on the binding of protein kina.se C. Aliquots (0-20 pl) of chromaffin 
granule membranes were made up to a final vol. of 0.l ml with 0.3 M 
sucrose and centrifuged for l0 min at 4°C in an Eppendoff micro- 
fuge. The binding of protein kinase C present in an adrenal medullary 
soluble fraction to the membranes in the presence of 5 mM CaCI 2 
(free Ca 2÷ concentration of approx. 30 itM) was then measured as 
d~ribed in Materials and Methods. Results were calculated as a 
percemage of the maximum activity observed remaining in the super- 
namn! in each experiment (which was approx. 80 pmol phosphate 
tr:msferred to histone/min in each case) and are shown as the 
means ± range for two experiments. The final protein concentralion of 
t~.e soluble fraction in the incubation mixtures in these experiments 

was 4.9 mg/ml. 

adrenal  medul lary soluble fraction by granule mem- 
branes was Ca  2+ dependent  as i l lustrated in Fig. 2a, 
with half-maximal  removal of activity being apparent  at  
a free Ca  z+ concentrat ion of approx. 7 p.M. However, if 
the membranes  had been preincubated with 10 -~ M 
TPA before incubat ion with the medullary soluble frac- 
tion, then the Ca  2+ concentrat ion dependence of the 
removal of protein kinase C activity was shifted to the 
left, such that  half-maximal  removal now occurred at  
approx.  1 p.M free Ca  2÷. 

The Ca2+-dependent b inding of protein kinase C to 
granule membranes  was found to be reversible upon 
removing Ca  2+ from the incubation medium. Mem- 
branes which had been incubated with the medullary 
soluble fraction in the presence of 30 p.M free Ca 2+, 
separated by centrifugation and then resuspended in the 
absence of Ca  2+, released 65 +_ 9% (mean _ S.E.; n = 4) 
of the activity that  was removed from the medullary 
soluble fraction (no activity was released under these 
condit ions if the membranes had not been preincubated 
with the soluble fraction). I t  is of interest that  the 
results of prel iminary experiments demonstrate  a simi- 
lar Ca2+-dependent binding of protein kinase C present 
in the adrenal  medul lary soluble fraction to phosphati-  
dylserine liposomes, but  only a small percentage (3-24%) 
of the bound activity was eluted from the liposomes 
upon removing Ca  2÷ from the medium. 
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Fig. 2. Effect of TPA pretreatment of chromaffin granule membranes 
on the Ca 2 + concentration dependency of (a) the binding of protein 
kinase C and on (B) the dissociation of bound protein kinase C. 
Chromaffin granule membranes were preincubated either with (o) or 
without (o)  l0 -7 M TPA. After separation by centrifugation the 
membranes were then treated as follows. (a) The binding of protein 
ldnase C was measured at various concentrations of CaCIz. Results 
were calculated as a percentage of the maximum activity observed 
remaining in the supematant in each experiment 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 CaCIz- After 
separation of the membranes by centrifugation, they were re.sus- 
pended in the presence of various concentrations of CaCIz 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. 

O n  e x a m i n a t i o n  o f  the  C a  z+ d e p e n d e n c y  o f  the  
re lease  o f  p r o t e i n  k i n a s e  C f r o m  c h r o m a f f i n  g r a n u l e  

m e m b r a n e s ,  p rogres s ive ly  less ac t iv i ty  w a s  re leased  as  

the  C a  z+ c o n c e n t r a t i o n  o f  the  m e d i u m  w a s  inc reased  

(F ig .  2b). H a l f - m a x i m a l  re lease  o f  e n z y m e  ac t iv i ty  w a s  
ach i eved  a t  a p p r o x .  5 p M  free  C a  z+. H o w e v e r ,  i f  the  
m e m b r a n e s  had  b e e n  p r e i n e u b a t e d  w i t h  10 - 7  M T P A  

b e f o r e  i n c u b a t i o n  wi th  the  a d r e n a l  m e d u l l a r y  so luble  

f rac t ion ,  t hen  the  C a  2+ c o n c e n t r a t i o n  d e p e n d e n c y  o f  
the  s u b s e q u e n t  re lease  o f  p ro te in  k i n a s e  C ac t iv i ty  f r o m  

1 6 1  

the  m e m b r a n e s  w a s  r e d u c e d  so  tha t  h a l f - m a x i m a l  re-  
lease w a s  n o w  ach i eved  a t  a p p r o x .  0.2 ~aM. 

T h e  e f fec t  o f  T P A  c o n c e n t r a t i o n  d u r i n g  the  pre in-  
e u b a t i o n  o f  g r a n u l e  m e m b r a n e s  on  the  s u b s e q u e n t  b ind -  
ing  o f  p r o t e i n  k i n a s e  C is s h o w n  in Fig.  3a. F o r  th is  
e x p e r i m e n t  a f ree  C a  2+ c o n c e n t r a t i o n  o f  approx .  2 / z M  

was  chosen  at  wh ich  to m e a s u r e  b i n d i n g  to bes t  il- 

lus t ra te  the  e f fec t  o f  T P A .  A s  the  T P A  c o n c e n t r a t i o n  o f  

the  p r e i n c u b a t i o n  m e d i u m  w a s  increased ,  there  w a s  a 
p r o g r e s s i v e  inc rease  in the  a m o u n t  o f  p ro te in  k i n a s e  C 
ac t iv i ty  wh ich  b o u n d  to m e m b r a n e s .  S imi lar ly ,  Fig .  3b 

i l lus t ra tes  the  e f f ~ t  o f  T P A  c o n c e n t r a t i o n  d u r i n g  the  
p r e i n c u b a t i o n  w i t h  g r a n u l e  m e m b r a n e s  on  the  d i s soc ia -  

'~i 8~100 -'~'J,, (l~ 

I 10 o 10 e 10 7 10 e 
[TPAI (MI 

i "I"//, , , 

~.~ ® 

~ o ~'6-, 1;)-o 6-,  64 
(TPAI (M) 

Fig. 3. Effect of TPA concentration during pretreatmcut 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. After separalion by ccutrifugation the membranes were then 
treated as follows. (a) The binding of protein kinase C was measured 
in the presence of 3.8 mM CaCI z (free Ca z÷ concentration of approx. 
2 /~M). Results were calculated as a percentage of the maximum 
activity observed remaining in the supernatant in 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 medullary soluble fraction in the presence of 5 mM 
CaCI z. After separation of the membranes by centrifugation, they 
were resuspended in the presence of 3.8 mM CaCI z (free Ca 2÷ 
concentration of approx. 3 ,aM) 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 mean+S.E, for four separate experi- 

ments. 
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tion of  prote in  kinase C activity f rom membranes .  Aga in  
for  this exper iment  a free C a  2+ concen t ra t ion  o f  the 
dissociat ion med ium of  approx.  3 / t M  was chosen  tha t  
would  make  readi ly  appa ren t  the effect o f  TPA.  The  
two T P A  concent ra t ion  dependencies  shown in Fig. 3 
a re  very similar  to  hal f -maximal  effects seen a t  a r o u n d  
50 nM. 

T o  investigate the tempera ture  dependence  o f  b ind-  
ing of  pro te in  kinase C to  ch romaf f in  granule  mem-  
branes  the extent  o f  the b ind ing  react ion a t  a n  op t imal  
free C a  2+ concent ra t ion  was  c o m p a r e d  a t  0 ° C  a n d  
3 7 ° C  (Table la). Virtually n o  difference was  found  
between the extent  o f  b ind ing  observed a t  the two 
temperatures  a n d  there was  no  difference in this respect  
between membranes  tha t  had  been p re incuba ted  with 
T P A  a n d  those which  h a d  not.  Similarly, the effect o f  
t empera ture  o n  the dissociat ion o f  pro te in  kinase C 
f rom granule  membranes  is shown in Table  l(b). I t  was  
found  that  for  membranes  which  h a d  not  been  prein-  
cuba ted  wi th  TPA,  dissociat ion o f  pro te in  kinase  C in 
the absence o f  added  C a  -'+ occur red  equal ly  well a t  
0 ° C  a n d  3 7 ° C .  However ,  it was  o f  great  interest to 
discover that ,  for  the membranes  tha t  h a d  been prein-  
cuba ted  with TPA,  the subsequent  elut ion of  p ro te in  
kinase  C was  a p p a r e n t  only  a t  3 7 ° C  a n d  did  not  take  
place  a t  0 ° C ,  irrespective of  whether  the p r io r  b ind ing  
react ion h a d  been conduc ted  a t  0 ° C  or  3 7 ° C .  

The  effects o f  T P A  o n  the in teract ion o f  pro te in  
kinase C with  ch romaf f in  granule  membranes  were  
compared  with those o f  the phorbol  ester, 4 a P D D ,  
which  is incapable  of  ac t ivat ing pro te in  kinase C [2]. 
Pre incubat ion  o f  chromaff in  granule  m e m b r a n e s  wi th  
10 -7  M T P A  resulted in vir tual ly the comple te  b ind ing  
o f  prote in  kinase C upon  incuba t ion  with adrena l  
medul la ry  soluble f ract ion at  a free C a  2+ concen t ra t ion  
o f  approx.  2 p M .  However ,  the  b ind ing  observed af te r  
p re incuba t ion  wi th  a n  equivalent  concen t ra t ion  o f  
4 a P D D  was  slight a n d  equivalent  to tha t  seen wi th  
un t rea ted  membranes  (Table 1I (a)). Similarly,  whilst  
membranes  that  h a d  been p re incuba ted  with T P A  did  
not  release b o u n d  prote in  kinase C activity in the 
absence  o f  C a  2+ a t  0 ° C ,  membranes  which  h a d  been  
pre incubated  with 4 a P D D  released a n  equivalent  
a m o u n t  of  prote in  kinase C act ivi ty to tha t  released 
f rom unt rea ted  membranes  (Table l ib).  

In order  to  de termine  whether  soluble pro te in  kinase 
C present  in a n  adrena l  medul la ry  homogena te  would  
become associated with ch romaf f in  granules  in the pres-  
ence of  C a  2+, given the presence o f  o ther  possible 
compe t ing  m e m b r a n e  surfaces, the fol lowing experi-  
men t  was  under taken .  Al iquots  o f  a pos t -nuclear  h o m o -  
genate  were incubated  with or  wi thout  C a  2+ a n d  the 
granules  present  in the homogena te  were then respec- 
tively p repared  as membranes  with o r  wi thout  C a  2"~ 
present  du r ing  the isolation procedure .  The  membranes  
f rom both  p repara t ions  were finally incuba ted  in the 

TABLE II 

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

Chromaffin granule membranes were preincobated 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- 
lion. The pellets were then treated as follows. (a) The binding of 
protein kinase C was measured in the presence of either (i) ~ raM-. (ii) 
3.8 raM- (free Ca -'+ concentration of approx. 2 laM) or t~d) 5 mM 
CaCI 2 (free Ca 2+ concentration of approx. 30 taM). Results were 
calculated as a percentage of the maximum activity remaining in the 
supemataat for each experintcnt and are shown as the mean 4- S.E. for 
three separate experiments. (b) protein kinas¢ C was allowed to bind 
to the membranes by incubating with adrenal medullary soluble 
fraction in the presence of 5 mM CaCI2 at 37 o C. After separation of 
the membranes by canuifugation, they were resaspended in the ab- 
sence of CaC12 and incubated at 0 ° C. Released protein kinase C was 
measured. Results were calculated as a percentage of the maximum 
activity released in each experiment and are shown as the mean-+S.E 
for three separate experiments. 

(o) Binding 
Pretreatment of [CaCi 2 ] of Protein kinase C activity 
grannie incubation remaining in supematant 
membranes mixture (mM) (% of maximum) 

- 0 974-2 
- 3.8 82-+8 
- 5 . 0  0 - + 0  

TPA 0 93-+4 
TPA 3.8 4 -+ l 
TPA 5.0 0-+0 
4aPDD 0 97-+  3 
4aPDD 3.8 78-+5 
4aPDD 5.0 04-0 

(b) Dissociation 
pretreatment of granule Protein kinase C activity 
membranes released into supemalant 

{% of maximum) 

84-+ l l  
TPA 24- l 
4aPDD 95--+ 5 

absence  o f  C a  2+ a n d  the superna tan t s  o f  these incuba-  
t ions assayed for  released prote in  kinase C activity 
(Table  l iD.  G r a n u l e  membranes  isolated f rom the  ho- 
mogena te  tha t  h a d  been incubated  with C a  2+ were 
found  to  release pro te in  kinase  C activity u n d e r  these 
condi t ions ,  whereas  the  membranes  isolated f rom the 
homogena t e  tha t  h a d  been incuba ted  wi thout  C a  2+ d id  
not .  Also  show in Tab le  III are  the results of  a parallel  
exper iments  in which  the granule  membranes  a n d  solu- 
ble f rac t ion  p repa red  f rom a n  equal  volume of  post-  
nuclear  homogena t e  were  reconst i tu ted together  wi thout  
compe t ing  m e m b r a n e s  a n d  the b ind ing  o f  pro te in  kinase 
C to m e m b r a n e s  was  s tudied u n d e r  identical  condit ions.  
Again ,  as would  be  expected,  C a  z+ was  required for  the 
associat ion o f  p ro te in  kinase C activity with the granule  
membranes .  It c an  a lso  be  seen that ,  in the homogena te  



TABLE I!1 
Comparison of the effects of Ca: + on the binding of protein kinase C to 
chromaffin granules in an adrenal medullary homogenate and in a 
reconstituted system of chromaffin granule membranes 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 
acfi~fi~ p" ,sent in the binding incubations (which varied from 5000 to 
70(10 p,;~.4/:.'fin for the different experiments) and are shown as the 
mean 4- S.E. for three separate experiments. 

Bind ttg cmtditions Protein ldnase 
C activity elutec! 
from membranes 
(~ of total initial 
soluble activity) 

(a) Homogenate 
-CaCI 2 0.2+0.1 
+CaCI 2 7.24-1.2 

(b) Membranes + soluble fraction 
-CaCI 2 0.24-0.0 
+CaCI 2 16.5_+3.4 

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 the 
reconstituted system, which is devoid of competing 
membranes. 

Disgussion 

The experiments reported here were undertaken in 
order to characterize the interaction of protein kinase C 
with chromaffin granules in an attempt to model in 
vitro the events associated with protein kinase C activa- 
tion in the chromaffin cell. It was thus foand that 
protein kinase C present in the adrenal medullary solu- 
ble fraction binds reversibly to chromaffin granule 
membranes in a Ca2+-dependent manner. Furthermore, 
TPA was found to increase the Ca 2+ sensitivity of both 
the binding and elution events in a concentration-de- 
pendent fashion. This effect of TPA was not reproduced 
by 4aPDD. The range of Ca 2+ concentrations effective 
in promoting the binding of protein kinase C to granule 
membranes is consistent wilh the levels of cytosolic 
Ca 2+ achieved on stimulation 05" chromaffin cells with 
acetylcholine [13]. Although the Ca 2+ sensitivities of 
both binding and dissociation of protein kinase C from 
ehromaffin granule membranes is approximately the 
same in the absence of TPA pretreatment, for mem- 
branes which have been preincubated with TPA, the 
Ca 2+ sensitivity of protein kinase C dissociation from 
the membranes is greater than the Ca 2+ sensitivity of 
binding of the enzyme to the membranes. 

The binding of protein kinase C to ehromaffin gran- 
ule membranes was found to occur both at 0 ° C  and 
37°C, irrespective of whether the membranes had been 
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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 mechanism whereby TPA mediates 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 sarfaces 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 to a significant degree in an adrenal medullary 
homogenate in a Ca a +-dependent manner. The extent of 
association was found to be approx. 45% of that 
observed when corresponding amounts of soluble frac- 
tion and chromaffin granule membranes to those pre- 
sent in the homogenate were reconstituted together. 
Thus, it appears that chromaffin granules can effec- 
tively compete with other membrane surfaces in the cell 
for the binding of protein kinase C. It should be remem- 
bered, though, that this experiment does not take into 
account 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 important general implications for studies on the 
intracelhilar translocation and activation of protein 
kinase C in intact cells. Firstly, complexes formed be- 
tween protein kinase C and membranes solely as a 
result of an increase in the cytosolic Ca 2 + concentration 
are unlikely to be detected after homogenization of cells 
with Ca 2+ chelators. And secondly, in order to demon- 
strate the intracellular translocation of protein kinase C 
from cytosol to membrane induced by TPA or perhaps 
the receptor-mediated production of diacylgT~ycerol, it 
may be essential to homogenize the cells on ice; for- 
tunately, this appears to have been the stamlard tech- 
nique for this type of experiment. Examples of the first 
of these two points are already apparent. Thu~s, in GH3 
pituitary cells, thyrotropin-releasing hormone, which 
promotes phosphoinositide turnover in these cells, phos- 
pholipase C, a permeable diacylglycerol and TPA all 
induced a cytosol to membrane translocation of protein 
kinase C [4]. This eifect was not seen; however, when 
the cells were stimulated with K + or Ba 2+. 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 digitonin-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, Lhe enzyme presumably having be- 
come associated with intracellular membranes, but, after 
subsequent homogenization in the presence 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- 
tivity of both the binding of protein kinase C to the 
membranes and its subsequent dissociation. However, 
in the erythrocyte membrane system, in the presence of 
the phorbol ester incomplete dissociation of the enzyme 
from the membranes occurred upon removing Ca z+ 
from the medium, and complete release of enzyme 
activity was achieved only in the presence of ATP. Since 
neither the amount of protd~ kinase C activity which 
binds to chromaff'm granule membranes at saturating 
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 membranes may have 
properties different from plasma me~.branes with re- 
spect to interactions with protein kinase C. 

In another system the binding of partially purified 
bovine brain protein kinase C to parietal yolk sac 
membranes was found not to occur in the presence of 
Ca :+ and TPA unless exogenous phosphatidyiserine 
was added [23]. The authors of this study distinguished 
two types of interaction of protein kinase C with mem- 
branes: a superficial, reversible, Ca2+-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 
subeellular fractions enriched in plasma membranes and 
nuclei, but not in fractions containing mitochondria or 
microsomes. The TPA-induced binding was also slower 
at 4°C than at 25°C, whereas Ca:+-induced binding 
was temperature independent. 

Thus, the properties exhibited by these other two 
model systems indicate that there may even be dif- 
ferences between plasma membranes 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 membran,~. 

The results reported here also offer insight into the 
role of protein kinase C in stimuhis-seeretion coupling 
in the chromaffin ceil. The effects of TPA on protein 

phosphorylation in intact chromaffin cells occur in the 
absence of extracelhilar Ca 2+ [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 2+ [25,26]. However, the effects of TPA on 
catecholamine secretion from intact cells require the 
presence of extracelhilar Ca 2+ and are most marked in 
the presence of an increase in the cytosolic Ca 2+ con- 
centration [15,24,27,28]. Similarly, the effects of TPA on 
catecholamine release from permeabilized chromaffin 
cells are Ca 2+ 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 2+ concentration even in the absence 
of extracellular Ca 2+, and that a separate Ca2+-depen- 
dent step is needed to allow exocytosis to occur. The 
resting cytosolic Ca 2+ concentration in chromaffin cells 
is normally of the order of 0.1/zM [13] and is probably 
even lower in the absence of extracellular Ca 2+, whereas 
in the model system described here the binding of 
protein kinase C to granule membranes in the presence 
of TPA was half-maximal at around 1 jam Ca 2+. This 
discrepancy may possibly be accounted for by the pres- 
ence of Ca 2+ bound to negatively charged groups on the 
intracellular surface of granule membranes in situ, which 
may be sufficient to allow the binding of protein Idnase 
C in the presence of TPA. However, a translocation of 
pro~,ein kinase C from the cytosol to granule membranes 
during nicotine-induced secretion would require the in- 
crease in cytosolie Ca 2+ concentration produced by this 
secretago~e. 

Eviden~.e that an intracellular translocation of pro- 
tein kinase C from cytosol to secretory granules may be 
important in the process of exocytosis has been pro- 
vided by the demonstration of the existence of protein 
kinase C snbstrates associated with insulin-secretory 
granules [31,32], adenohypophyseal luteinizing hormone 
secretory granules [33] and pancreatic zymogen granules 
[34]. Association of protein kinase C with secretory 
granule membranes may howevcr also serve to activate 
the enzyme towards cytosolic substrates, as appears to 
be the case for the 37000 M r substrate CB9 in the 
chromaffm cell [14,35]. It is also worthy to note that a 
phosphatidylinnsitoi-specific phospholipase C present 
in the soluble fraction of bovine adrenal medulla has 
been shown to bind to chromaft'm granule membranes 
in a Ca2+-dependent manner [36]. Association of this 
enzyme with chromaff'n: granules mediated by an in- 
crease in the cytosolic Ca 2+ 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 hcre for investigat- 
ing the events associated with protein kinase C activa- 
tion during stimulus-secretion coupling has yielded re- 
sults of relevance to the interpretation of studies on the 



in t race l lu la r  t r ans loca t ion  o f  the  e n z y m e  in in tac t  cells.  
I n  pa r t i cu la r ,  the  o b s e r v a t i o n  tha t  T P A  d i f fe ren t i a l ly  
a f f ec t s  t he  b i n d i n g  a n d  d i s soc ia t ion  o f  p r o t e i n  k i n a s e  C 
f r o m  g r a n u l e  m e m b r a n e s  m a y  b e  a n  i m p o r t a n t  c lue  to  
the  e f fec t s  o f  T P A  o n  m e m b r a n e  s t ruc tu re ,  F u r t h e r  
i nves t i ga t i ons  in to  the  subs t r a t e s  p h o s p h o r y l a t e d  as  a 
resul t  o f  t he  b i n d i n g  o f  p r o t e i n  k i n a s e  C to c h r o m a f f i n  

g r a n u l e s  a n d  o t h e r  poss ib l e  m e c h a n i s m s ,  such  as  p r o -  

teolysis ,  i nvo lved  in the  r egu la t ion  o f  th is  i n t e rac t ion  
m a y  p r o v i d e  m o r e  in s igh t  in to  the  m e c h a n i s m  o f  exoc-  
y tos is .  
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