
336 B ~ i m i ~  ~ Biophysica Aaa 860 (198~ ~ 6 - 3 4 4  
~ f i ~  

BBA 73239 

The ~ r ~ t i o n  ~ protein ~ n ~ e  C and other ~ e ~ f i c  ~ ~ m ~  protons 
with phospholipid bilayers 

G.T. Snoek ~, I. Ro~nberg b, S.W. de Laat  a and C. Gifler b 
~ H ~  ~ b o r a m ~  ~ t ~ M  Emb~ologi~ Ins~ute, Uppsalalaan & 3584 CT ~ m ~  ( ~ e  ~ n ~  ~ d  

b Departm~t ~Membra~  R ~ r c h ,  We~ma~ Institu~ ~ ~ h o v ~  ~ m ~  

(R~N~d ~bma~ ~ 1 ~  

K~ w ~ :  MNd~m~n in~m~n; P m ~  ~n~e C; Ph~pholi~d ~p~ome; Ph~M~d~g 

The r~e ~ ~ d  ~ m ~ t i ~  in t ~  interaction of p ~ e d  p r ~ n  ~nase C ~ t h  la r~  u ~ m d a r  veeries 
was ~ r m ~  ~ t ~  ~ m  ~ p ~ t o l ~ g  ~ ~ e  e~yme ~ ~ [ ~ i ~ a p h t h a i ~ e  l-~ide. The 
~ n  ~ n ~ e  C w~ o~y ~ f l y  l a ~ H ~  w~n  e x ~ s ~  ~ phosph~dylcholi~ ~ l i ~ m e ~  The 
~ t i o n  ~ ~ o r ~ l  l ~ m y d s ~  13-ace~te ~MA)  or of ~ y ~ e r o l  to the PC l i ~ m e s  enhanced 
~ ~ y  the ~ l l i n g  ~ the prote~ kinase C ~ low Cal~um concen~ations. A further ~ e m e m  ~ 
the photola~Hi~ ~ lhe proton kin~e C w~ ~ e d  ~ ~ m ~  ~ n ~  1% p h o s p h ~ i ~ r i n e  ~S) .  
At ~w c ~ u m  c o n ~ n ~ n ~  ~e  ~n~ng ~ ~ e  e~yme ~ t ~  H ~ m ~  ~ c ~  ~ ~ e  ~ e n ~  ~ 
added PMA or ~ ~ e r o l .  R ~ n g  the ~v~s of PS ~yond  2% ~ the l i ~ m e s  ~d n~  ~ n ~  the 
~n~ng ~ the p ro~n  kinase C. How~e~ when ~e  e~ymatic ~ t i ~  ~ ~e  ~ o ~  ~ n ~ e  C was me~u~d  
u~ng ba~c ~ s ~ n ~  ~ s u b s ~ a ~  ma~mum p h o s p h o ~ l ~  w~ o ~ n e d  in ~ m ~  ~ a PC ~ PS 
ratio of 1. The f ~ t  that the ~ ~  ~ the protein ~nase C from ~ f i o n  ~ the surf~e of the 
l i ~ m e s  ~ d  ~ mo~tored by ~s ~ l ~ n g  ~ ~ i ~ a p h t h a l ~ e  l - ~ e  ~om~ed  ~ ~ ~ r m ~ e  
whet~r ~ r  ~ m ~  p r o ~  might ~a re  ~ pro~rty. The ~ r ~ t i o n  ~ ~ m ~  p ~  from 
HeLa c ~ s  ~ PC f i~som~ gave ~ e  ~ l l i n g  i~espec~e ~ w h e ~  c ~ u m  w~ ~ d ~ .  W ~ n  ~e  
HeLa c ~  ~ m ~  p r o ~  we~ ~ o w ~  ~ ~ r ~ t  ~ ~ m ~  ~ n ~ g  P ~  ~ e l ~ e  ~ 
i~onaphth~ene-l-~ide ~ o l a ~ l l i n g  w~ o b e y e d  in ~sfin~ pro~ns.  Ad~fion ~ c ~ u m  ~ d  ~ PMA 
or ~ ~ e r o l  m ~  the ~ l l i n g  ~ some but not ~ ~ ~ese ~ n ~  These r e s ~  suggest that the 
me th~o lo~  developed ~gh t  s e r e  to identify p ro~ns  ~a t  move to t ~  membrane dudng stim~ation of 
c ~ s  ~ p ~ r ~ l  ~ ~ ~ ~ o ~ h  h c ~  w ~  i n ~  ~ e  ~ f i ~  ~ ~ ~ e r o l .  The~  ~ s ~  ~ 
~ g ~  a m~  f ~  ~ e  ~ p h o l ~ d  ~ m ~ s ~  ~ ~e  ~ m a  m e m ~ a ~  ~ r  any ~ ! ~  memb~nO ~ 
the m ~  ~ the ~ ~  ~ s e s  ~ s~cific ~ ~ i d - ~ n ~  pro~ns,  ~ ~ c u l ~  ~otein 
~nase C 

l n ~ o d u c f i o n  

The p h o ~ h o l i ~ d e p e n d e n ~  C~%activ~ed 
protein ~nase ~rotein ~nase C) has been im- 

Abbre~afions: PMA, phorb~ 12-myfista~ l ~ a c ~  PMSF, 
phen~meth~sulphon~ fluofid~ P~ phosphafidyhefine; PI, 
phosphatid~ino~tol; PA, phosphafidic add; PC, phosphafi- 
dy~hofine; PE, phosphatid~ethanolamine; INA, 5-iodonaph- 
th~ene 1-azide; LUV, large urfilamellar veeries; SUV, small 
unilamd~r veeries; FSBA, fluorosulphon~benzoyladeno~n~ 

plica~d as a ~gM~ory dement in fignN ~an~ 
duction [1] and is invN~ed ~ ~gMation of growth 
cellMar ~ff~enfiafio~ early embryo~c devdop- 
ment and tumour promotion [~. During NgnN 
transducfion, induced by figand-receptor Nndin~ 
phosphNnoNfid~ a~  hydrMy~d ~ the pNsma 
membrane [3,~. D iac~yce rM ~ ~anfienfly pro- 
duced in the plasma membrane and it induces the 
activation of protein ~nase C. TNs activation 
probably is a two-s~p process: in cells, the sfimu- 

~ ~ / ~  © 1~6 ~ ¼ ~  ~ ~ ~ ( ~ o ~  ~ A ~ )  



lation of phosphoinofitide hydrolyfis or the ad- 
dition of exogenous diacyl~ycerol induces asso~- 
ation of protein kinase C with the plasma mem- 
brane (Refs. 5, 6; Clevers and SnoeL unpublished 
data). In addition, it has been demon~rated that 
diacyl~ycerol increases the affinity of protein 
kinase C for Ca ~ ÷ in vitro [7]. As a result, protein 
kinase C is fully activated by interaction with 
phospholipids at phyfiologic~ Ca 2÷ concentra- 
tions. Fu~hermore, another product of pho~ 
phoinositide hydrolysi~ inositol tfiphosphate (IP3~ 
is shown to increase the inUacdlular Ca ~÷ con- 
cengation by rdea~e ~om in~acdlular stores [8,9]. 
The tumou~promoting phorbol e~er phorbol 12- 
myfi~ate 13-acetate (PMA) has been shown to 
activate protein kinase C directly, bypasfing the 
phosphoinofifide hydrolyfis [10]. In many cells, 
shortly a~er incubation with PMA, most of the 
cytoplasmic protein kinase C activity has disap- 
peared and is found in the part~ulate fraction 
(Refs. 5, 6; Clevers and Snoek, unpub~shed data). 

The mechanism of activation of protein kinase 
C is far from resolved. In vi~o, protein kinase C 
has been reposed to be activated by exposure to 
~posomes cont~ning negativdy charged pho~ 
pholipids such as phosphatidylsefine (PS), pho~ 
phatidylinofitol (PI) and phosphatidic add (PA) 
in combination with caloum, net by ~posomes 
composed of uncharged phospholipids like pho~ 
phatidylcho~ne (PC) and phosphatidylethanola- 
mine (PE) [11,12]. In addition, this activation ~ 
enhanced by diacylglycerol or PMA [10,1]. Cabot 
[13] has shown that in vivo binding of phorbol 
esters to human promydocytic ~ukaemia cells 
was ~rongly influenced by the phospholipid com- 
pofition of the plasma membrane. It must be 
concluded that the nature of the phospho~pid 
bflayer is impo~ant for the asso~ation process of 
protein kina~e C and i~ activation. Recently it has 
been demons~ated by Boni and Rando [14] that 
different phyfiologic~ forms of synthet~ pho~ 
pholipid bHayer~ i.e., small or large unilamdlar 
verities or multilamellar vefide~ are differentially 
capable of complying with the phospholipid re- 
quirement of proton kinase C. 

In the present study we repo~ that the interac- 
tion of proton kinase C with ~posomes can be 
determined by the extent of photolabelfing of the 
enzyme with 5{~I]iodonaphthalene 1-azide [15]. 
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In addition, we present methodology that should 
allow the identification of other cytoplasmic pro- 
tons that bind to the plasma membrane due to 
specific in~racfions with membrane fipids. 
[~I]INA, a photoacfivatable labdfing reagenL has 
been shown to be restrict& by i~ insolubifity in 
wate~ to the ~pid core of the phospholipid bi- 
~yer. Therein, the reactive nicene upon radiation 
attaches covMently to protons embedded in the 
fipid bflaye~ Ufing large unihmellar verities 
(LUV) as modd~ we have investigated the effect 
of phospho~pid compositiom Ca 2 + concen~ation 
and the presence of d h c ~ y c e r o l  or PMA on the 
a~odafion of protein kinase C with phospholipid 
bihye~. We repo~ here that the presence of nega- 
fivdy charged PS is essenfiM for i n , r a t i o n  of 
phospholipid bilayers with proton kinase C and 
that PMA and di~cyl~cerol are able to stimulate 
this interaction. 

Betides protein kinase C, there are other known 
proteins that are activated by a~o~ation with 
phospholipids, for examp~ proteinases [16], a- 
actinin [17] and thrombin [18,1~. Ufing the same 
sys~m as for protein kinase C we have identified 
a group of cytoplasmic protons in HeLa cells 
which can be induced to associa~ with the phos- 
pholipid bilayer when the necessary phosp~ofipids 
are present. 

The resul~ in this paper suggest that in the 
activating proces~ in which a~ooafion of protein 
kinase C with the plasma membrane is essenti~ 
for activation, the phospholipid compofition of 
the membrane, the av~lability of Ca ~+ and the 
presence of endogenous (diac~ycerol)  or exoge- 
nous (PMA) activators are impo~ant factors de- 
termining the ra~ of asso~ation and activation of 
proton kinase C. This mechanism of activation 
and regulation is probab~ ~so effective for other 
speofic protons. 

M ~ h ~ s  

Preparation of HeLa cytoplasm~ protein fra~ion 
HeLa cells were grown to confluency in 

D~becco's mo~fied Ea~Cs me,urn  c o n t ~ n g  
7.5% foet~ c~f serum. M o n d a y , s  were washed 
twice with C~  ÷, Mg2~ffee phosphate-buffe~d 
s~ine and suspended in 8 mM EGTA in C ~  ÷, 
M g 2 ~ e e  phospha~-buffered sa~ne. After 
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centrifugation, calls were r~uspended ~ ~fis 
buf~r (20 mM Hep~ (pH 7 . ~ / 2  mM EDTA/0.5 
mM EGTA/1 mM PMSF/330 mM su~cse/5  
mM ~t~othreitolL homoge~zed by 20 strokes in 
a Dounce homoge~zer and centrifuged for 1 h at 
100000 × g. 

Purification of protein kindle C 
Proton ~nase C was partially purified from 

mouse br~n as described by Inoue et ~. [16]. 
Mufine brans were homoge~zed ~ 20 mM Tris 
(pH 7.5)/250 mM su~ose/2  mM EDTA/10 mM 
EGTA and centrifuged for 90 min at 21 500 rpm 
in a Beckman SW 27 roto~ The sup~n~ant  was 
appfied to a DE-52 c~umm eq~fib~md with 20 
mM Tfis (pH 7.5)/2 mM EDTA/5 mM EGTA/  
50 mM fl-m~capme~an~. The enzyme w~ duted 
by appfication of a hnear NaC1 concentration 
gradient ~-0 .4  M) ~ ~e  same b u f ~  The frac- 
tions c o n t ~ n g  protein ~nase C acti~ff were 
po~e~  concentrated and applied to a Sephadex 
G-100 c~umn equil~rated in 20 mM Tris (pH 
7.5)/0.5 mM EGTA/50  mM f l -m~cap~e~an~.  
Elm~n was carried out with the same buf~r and 
the protein-~nase-C-cont~ng f r a ~ n s  we~ 
po~ed and concentrated. Be~re ad~ng the pro- 
t~n ~nase C p ~ p ~ n  ~ lipid ~efide~ the 
buffer was exchanged for a buf~r contai~ng 20 
mM Hep~ (pH 7.5)/2 mM E D T A / ~ 5  mM 
EGTA/5  mM &thimhreit~/330 mM su~ose by 
passage ~rough a Sephadex G-25 c~umn. 

P r ~ n  kinase C assay 
The Ca z~ and phospholipid-dependent protdn 

~nase acti~ty was assayed by adding ~1-1 ~g of 
purified protein kinase C to a reaction mixture 
(fin~ vdume 125 ~1) of 20 mM Tris (pH 7.5)/7.5 
mM MgAc/10 ~g. ml -a ~upeptin/200 ~g- ml -~ 
h i ,one  IIIs/10 ~M ATP/96 ~g.ml  -~ phos- 
phatid~serine (PS)/3.2 ~g. ml -~ dioldn/1  mM 
CaC1 z. The control v~ue was d~ermined in the 
same reaction mixture without PS, diolein and/or  
C a C l 2 ,  with 1 mM EGTA added. The mixtures 
were preincuba~d for 5 min at 30°C. The reac- 
tion was sta~ed by the addition of ATP and 
[y-~P]ATP (10 #M, 2.10 6 cpm per incubation) 
and ~ w e d  to proceed at 30°C for 4 min. The 
reaction was stopped by pip~ting 100 #1 of the 
reaction mixture into 1 ml ~ c ~ d  25% tfic~oro- 

acetic add. The predpita~d protein was collec~d 
on a Mi~po~  filter (0.45 ~m) and washed five 
times wi~ 3 ml ~ c ~ d  10% tric~oroacetic a d d /  
10 mM so~um p y r o p h o s p h ~  

Labe~ng procedures 
[ 1 ~ I N A  was s y n t h ~ e d  as described by Ra¼v 

et ~. [2~. The partit~n confident into the hquid 
hp~  phase cf b~ lo~c~  membran~ is mcre than 
1 • 1 0  7 and it has been demon~ra~d that [l~I]INA 
partitions more than 99.9% into ~f f~ent  mem- 
branes [20]. All op~ations wi~ [1~I]INA were 
under subdued fight to prevent a~Nation. Phos- 
p h a t i d ~ f i n e  (PS) and phosphatid~choline (PC) 
were mixed in various ratios (fin~ p h o s p h ~  
concen~ation 20 mg/m~ and ~spe~ed in 25 mM 
Hepes (pH 7~) /50  mM NazSO 4 and so~c~ed 
for 9 min (3 × 3 min with 1 min ~ r v ~ .  ~he 
hposom~ w~e frozen ~ hq~d ~trogen and a ~  
thawing sonic~ed for 30 s to yidd large u ~ m d -  
lar veeries (LUV). LUV (200 ~g phospholi~d) 
were incubated for 5 rain at room ~mperature (in 
subdued fight) with proton ~nase C (40 ~ or 
the HeLa cytoplasmic fraction (100 ~g protein), 
with or without C~  + (CaCl2) in 25 mM Hepes 
(pH 7.5)/50 mM NazSOa, fin~ concentrat~ns 10 
~M ~ or 1 mM). The ~ c u b ~ n  vo~me was 200 #1 
and in all cases 5 mM ~u~thione was added. 
Reduced ~ u t ~ o n e  is a quencher of unreacted 
[~UINA [20]. [~I ] INA was added (2.10 6 cpm 
in ethane, fin~ ethan~ concen~ation 0.5%) and 
incubated at room ~ m p ~ u r e  for 5 min. Then 
the suspen~on was ~ra~a~d for 5 min with the 
314 nm line of a M~cury lamp (M~0). A filt~ 
(Md~s Griot WG305) was used to ~move light 
b row  300 rim. D i ~ n  (fin~ concentration 32 
~g/ml) or PMA (fin~ concentration 10 ~g/m~ 
were added to the LUV, ~ v e d  in DMSO. An 
eq~v~ent v~ume of DMSO (fin~ concentrat~n 
0.5%) was added to the conu~s. ARer kra~ation, 
50 #1 of each sample was mixed wi~ 50 ~1 sam~e 
buf~r and SD~p~yacrylamide gd de~ropho~-  
fis was p~formed as described by Laemmfi [21] 
with minor mo~fications. The gds were ~ n e d  
with Coomas~e bfilfiant blue R, dried and autora- 
diography of the gds was p ~ r m e d  u~ng XAR-5 
film (Kodak). The autora~ograms w~e ~anned 
with a Chromo~an 30oyce  Loeb~. The 70 kDa 
areas (10 × 7 mm) were scanned and integra~d. 



[14C]FSB~ ~be~ng  of proton Mnase C 
P a r f i ~  purified p r ~ n  hnase  C (50 ~g pro- 

t ~  was ~ c u b ~ e d  with 2 ~1 5~-f luoros~- 
p h o n ~ b e n z o y l [ a d e n m ~ 8 - 1 4 C ] a d e n ~  ([~4C]- 
FSBA, 0.2 mCi/ml,  41.9 m C i / m m d ,  New En- 
~and  NudeaO, 1 mM CaC12, fiposomes cont~n- 
ing 96 ~ g /m l  PS and 3.2 # g / m l  & d ~ n  for 1 h at 
room temper~ure. Aspedfic ~ n ~ n g  ~ [14 Q FSBA 
was determined ~ ~ e  presence of 5 ~M un- 
hbelled FSBA. The sam~es were anMyzed by 
S D S ~ o ~ a c ~ l a m i d e  gd  dectrophoresis and auto- 
radiography was per~rmed as described for ~ e  
[1~ I]INA4abelled samples. 

R e s ~  

Characterization of purifiedprotein kinase C 
The purified protein ~nase C had a very high 

C ~  +- and phospholipid-dependent p ro ton  ~nase 
ac t i~U (spedfic ac t i~ff  was 16000 p m d  phos- 
pha~  per min per mg protein). No cAMP- or 
cGMP-dependent pro tdn  ~nase actifiU was de- 
tectable. Proton  ~ M i n g  of the SDS pdyacryl-  
amide gds of the protein ~nase C preparation 
showed one s~on~y  ~ n e d  70 kDa band (Fig. 
1A, lane 1). To determine wh~her this band rep- 
resented protein ~nase C, we hbelled the pro tdn  
hnase  C preparation with the ATP an~ogu~ 
[14C]FSBA. During this procedure the [~4C]FSBA 
is covalendy bound to the ATP-binding ~te of a 
~nase  [22,23]. In Fig. 1B, lane 2, it can be seen 
that the 70 kDa band is hbelled s~on~y  by 
[14C]FSBA. The labelling is ~nas~spedf i~  be- 
cause in the presence of a high concentration of 
u~abelled FSBA (5 ~M) no proteins are h b d ~ d  
(Fig. 1B, lane 1). We concluded from these r e s d ~  
that the 70 kDa band ~presen~ protein ~nase C. 

Promin kinase C-  phospholipid i n ~ r a ~ n  
Effect of diacylglycerol or PMA and Ca 2 + on the 

intera~mn of proton ldnase wi~ PC liposomes. The 
incubation, under subdued fight, of [~HINA-con-  
tMning PC fiposomes with the purified protein 
kinase C, followed by photolyfi~ resulted in minor 
incorporation of the labd into the enzyme (Fig. 2). 
Addition of c ~ d u m  did not increase the h b d h n ~  
Howeve~ addition of PMA to the PC fiposomes 
resul~d in an enhanced binding of the enzyme as 
evidenced by a rise in the incorporation of 
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~g  1. (A) SD~po~ac~lamide gd dec~ophoregrams of puri- 
fied pr~on ~nase C 0ane 1) and HeLa cy~asmic pr~ons 
0ane ~. Coomasfie ~ue st~mng (B) Au~ra~ogram of SD~ 
p~yac~lamide dec~opho~gram of pr~on ~nase C hbelled 
with [~C]FSBA in the presence 0ane 1) or absence 0ane ~ of 
5 #M FSBA as described iu M~hods. The gd has been 
au~ra~o~aphed ~r 14 days. 

[I~I]INA into the protein kinase C. The binding 
was highest in the presence of 10 #M Ca 2+. Sig- 
nificant labelling of the protein kinase C also 
resulted from the addition of diacylglycerol to the 
PC fiposomes at 0 or 10 #M calcium. The pres- 
ence of 1 mM Ca 2+ resulted in inhibition of the 
incorporation of [ 1 ~ I N A  into the protein kinase 
C (Fig. 2). 

Effect of diacylglycerol or PMA and Ca 2 + on the 
interaction of protein kinase C with PS, PC lipo- 
somes. The addition of increasing levels of PS to 
PC fiposomes resumed in a marked enhancement 
in the labelhng of the protein kinase C. The de- 
pendence on PS reached a maximum at 2% of PS. 
Therea~e~ raifing the level of PS did not fignifi- 
candy increase the degree of labelling. For this 
reason, we report only the effect of 2% PS. It can 
be observed (Fig. 2) that the presence of PS re- 
sulted in labelling that was much higher than that 
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+PMA + DAG 

+PMA + DAG + PMA + DAG 

Fig. 2. (A) Autoradiogram of SDS polyacrylamide electrophoregram of protein kinase C incubated with LUV of variable composition 

(100% PC and 98% PC/Z% PS) and labelled with [ ‘251]INA as described in Methods. Ca2+, PMA or diacylglycerol (DAG) were 

added as shown in the figure. The gels have been autoradiographed for 5 days. (B) Relative quantification of the 70 kDa bands on the 
autoradiograms in (A). The films were scanned as described in Methods. The integrated area is 10 X 7 mm. 

recorded in the presence of PC liposomes. The ment in the photolabelling of the protein kinase C 

degree of [‘251]INA incorporation into the protein (Fig. 2). Highest labelling was observed at 0 and 

kinase C was equivalent in the absence or pres- 10 PM Ca’+. The presence of 1 mM Ca2+ in- 

ence of 10 FM calcium. hibited the labelling to a greater extent in the 

The addition of PMA or diacylglycerol to the presence of added PMA. Some other proteins 

PS, PC liposomes resulted in a further enhance- were labelled under various conditions. They might 



represent minor contaminants present in the pro- 
t6n  kinase C preparation or partiM breakdown 
products derived from protein kinase C. 

Effec~ of liposome composition on the a c t i ~  of 
proton kinase C. The protein kinase C catMysed 
phosphorylation of h i , one  IIIs increased hneafly 
with PS content of the fiposomes until the ratio of 
PS to PC was 1 (Fig. 3). The acti~ty decreased 
slightly when pure PS was used. The acfi~ty mea- 
sured at 2% of PS in the presence of 10-fold Mss 
diacyl#ycerol than that used in the labelhng ex- 
periments was found to be about 3% of that at the 
optimM PS concen~ation. 

The m~ractwn of phospholipids wi~ cytoplasm~ 
proteins 

Effe~ of ~ a c y ~ c e m l  or PMA and Ca 2 + on the 
m~ra~Mn of HeLa ~toplasm~ proteins wi~ PC 
liposomes. The ~cubation, under subdued fight, of 
[ ~ I N A - c o n t M ~ n g  PC fiposom~ with HeLa- 
cell-derived c~oplasmic p r ~ n ~  f ~ w e d  by 
p h o t ~ y ~  ~ s d ~ d  in minor ~corporation of the 
Mbd ~ t o  bands with apparent m ~ e c ~ a r  w~ghts 
of 57, 31 and 33 kDa (Fig. ~ .  The ad~t ion of 
cMdum decreased t~s  labdhng slighdy. When, ~ 
addition to PC, ~ e  l ~ o s o m ~  contMned PMA, 
one band of 44 kDa was MbdMd ~ the absence of 
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Fig. 3. Activation of a purified proton kinase C preparation 
with LUV of variable compoMdo~ The total phospholipid 
concentration ~ 96 #g/ml; 3.2 #g/ml diol~n k added. The 
proton kinase C activity ~ determined as described in Meth- 
ods. 

C ~  +. With 10 mM C ~  +, s~ong labdHng was 
observed in the 57 kDa band o~y.  Ad~t ion  of 
~ a c ~ g ~ c e r ~  to the PC hposom~ ~ s ~ d  in 
decreased labd~ng of all bands (Fig. ~ ,  irrespec- 
tive of wheth~ C ~  ÷ was present. 

Effect of diacylglycerol or PMA and Ca 2+ on the 
m~ra~Mn of HeLa cytoplasm~ protons with P& 
PC lip~omes. The ad~t ion of 2% PS to ~ e  PC 
~posom~ ~ s ~ d  ~ a m~ked  Mbdhng of HeLa 
c y ~ # a s m i c  p r ~ n s  of apparent m ~ e c ~ a r  mas~s 
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Fi~ • Autoradiograms of SDSopolyacrylamide gel dectrophoregram of HeLa cytoplasmic proteins incubated with LUV of variable 
compofidon (100% PC, 98% PC/2% PS and 80% PC/20%PS) and labelled with with [125I]INA as described in Methods. (A) 100% 
PC; (B) 98% PC/2% PS; (C) 80%PC/20%P~ Ca 2+, PMA or diacylglycerol (DAG) was added as shown in the figur~ The gels have 
been autoradiographed for 4 days 
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of 92, 88, 57, 44, 33 and 
C~ + (Fig. 4). At 10 ~M 
~bdfing decreased and 
teins were not ~belled. 

The addition of 20% 

31 kDa in the absence of 
Ca ~÷ the intenfity of the 
the 92 and 88 kDa pro- 

PS to the PC fiposom~ 
resul~d in an increased number of h b d ~ d  pro- 
tons, including thcse which were hbelled at 2% 
PS. Ca 2+ at 10 ~M only had a s~ght effe~ on the 
hbdfing of sever~ bands (Fig. 4). 

In the presence of PMA in the 2% PS, PC 
~posomes, the number of hbelled bands was less 
than those hbelled with PS, PC ~posomes ~one. 
In additiom the degree of labeling was ~ss, with 
the exception of the 44 kDa band, which was 
s~on~y ~ b ~ d  when the C~ ÷ concen~ation w~s 
10 #M (Fig. 4). The addition of d i ac~yce ro l  to 
2% PS/PC ~posomes did not affe~ the ~bellin~ 

In 20% PS/PC liposomes, PMA and di- 
acylglycerol spe~ficaHy affected labelling of some 
prot~n~ For exampl~ the hbdfing of the 92, 88, 
31 ~nd 33 kDa proteins ~as inhibi~d by PMA in 
the presence of 10 ~M C~ ÷. D i ac~yce r o l  had 
the same ef~ct as PMA but to a ~ e r  ex~nt. The 
high Ca 2÷ concentration inhibi~ labd~ng under 
~1 condition~ 

D ~ c u s ~ o n  

The involvement of the breakdown of poly- 
phosphoinofitides in the fign~ transduction in- 
duced by agoni~-receptor interaction has been 
generally accepted. As a result of the interaction, 
second messengers are produced, including di- 
acylglycerol, which causes the activation of pro- 
tein kinase C. The assodation of proton kinase C 
with the plasma membrane is an essenti~ step in 
the activation process. So fa~ the molecular mech- 
anisms involved in the assodation of piotein kinase 
C with the plasma membrane are only poorly 
understood. Knowledge of these mechanisms is of 
great importance, fince the tumou~promoting 
phorbol esters ~so act through binding to protein 
kin~se C, cau~ng its redi~ribution ~om lhe cyto- 
plasm to the plasma membran~ directly followed 
by i~ activation. 

Proton kinase C is dependent on interaction 
with phospholipids for its activation and it has 
been demon~rated that the activation is depen- 
dent on the type of phospholipid present in the 

liposomes [11]. On~ negafivdy charged phos- 
pholipid~ such as PS, PI and PA, are ab~ to 
activate protein kinase C in ~ o ;  n e u ~  pho~ 
pholipids such as PC and PE are unable to activate 
protein kinase C. The protein kinase C activation 
in fi~o can ~so be manipulated by varying the 
compofition and structure of the fipid bilayers. 
Boni and Rando [1~ have demonmra~d that pro- 
tdn kinase C activation is more effioent by large 
un ihmdhr  verities (LUV) when compared with 
activation by small unilamellar v e s t , s  (SUV). On 
the other hand, Cabot [13] has shown that binding 
of phorbol dibutyrate to promydocyt~ leukaemia 
cells can be manipul~ed by chan~ng the phos- 
pholipid compofition of the plasma membran~ 
The nature of the i n , r a t i o n  b~ween phosph~b 
pids and proton kinase C is not dear. It has been 
demon~ra~d that there is a variation in the 
reversibility of the a~ooation of proton kinase C 
with the plasma membran~ The a~ooation 
induced by hydrolyfis of phosphoinositides is 
completely reverfib~ within 30 min, whi~ the 
PMA-induced association seems to be irreversible 
[6]. Chdating agents fike EGTA are not ab~ to 
i n ~ u p t  the protein kinase C-plasma mem- 
brane/LUV assooation, but de~rgen~ ~ke Non- 
idet P-40 or Triton X-100 are ab~ to separate the 
phospholipids ~om proton kinase C [6], indicab 
ing a s~ong infraction b~ween protein ~nase C 
and phospholipids in lhe bilayer. 

We have ~udied the phyfic~ infraction b~ 
tween proton kinase C and phospholipid bihyers 
by spedfically hbd~ng the pan of the protein 
that is embedded in the bflaye~ For this purpose 
we have used the photoactiv~ed labelling agent 
[~I]iodonaphth~ene a~de [15]. Direct hbelling 
by [~UINA of these minor proteins in intact calls 
was found to be difficult because many intrinfic 
membrane proteins were heafily hbelled. It was 
deride& therefor~ to determine wh~her p~otein 
~nase C could be h b d ~ d  by [~I ] INA upon 
interaction with LUV under conditions known to 
~ad to an enhancement in its enzymatic activit~ 
In LUV composed of the neu~M phospholipid 
PC, protein kinase C is not inserted into the 
b~ayer and thus not hbelled by [~I]INA. This 
result ~so indicates that [~I] INA does not labd 
proteins outride a phospho~pid bilayer. Incorpo- 
ration of PS into the LUV greatly increased the 



protein kinase C-phcspholipid bil~yer interactiom 
even at a very low PS concen~ation. Addition of 
PMA or d iac~ycero l  to the LUV fu~her in- 
creased the interaction of protein kinase C with 
the fipid b~aye~ Both in the actNation of proton 
kinase C and the formation of phorbol dibuty- 
rat~protein kinase C-phosphofipid complexes in 
~ 0 ,  the presence of Ca 2÷ is e~enti~ [1~. How- 
eve~ the a~o~ation of protein kinase C with 
LUV does not require exogenous c ~ u m .  On the 
con~ary, the a~o~ation is inhibi~d by Ca 2+. Our 
own experience indicates that c o m m e r ~  PS pre- 
parations may be contamina~d with C~ + and 
that this ion is not easily removed by wate~s~u- 
b~ chdating agents fike EGTA. This might be a 
reason why no exogenous Ca 2+ is needed to insert 
protein kinase C into the fipid b~aye~ On the 
other hand, addition of exogenous Ca ~÷ might 
affect inhibition of a~o~ation of proton kinase C 
with the fipid b~ayer by ionic interaction b~ween 
the negativdy charged PS and Ca 2+, thus shidd- 
ing PS from protein kinase C. 

We have found a d~crepancy b~ween PS d~ 
pendency of protein kinase C activation and as- 
so~ation of a fipid bilayer with protein kinase C. 
For opfim~ acti~ty, a rdativdy high percentage 
(50%) of PS in the LUV is necessary, while the 
a~o~ation of protein kinase C with a fipid b~ayer 
is Mready optim~ when 2% PS is incorporated in 
the LUV. These resul~ suggest that assochfion of 
protein kinase C with a phospholipid bilayer and 
activation of proton kinase C are d~so~ab~ 
proce~e~ indicating that a~o~ation without im- 
media~ activation is posfibl~ Such a mechanism 
has ~so been suggested for the C~ Cinduced pro- 
t~n kinase C binding to membranes by Wolf ~ ~. 
[2~. These findings indicate that, for zctivation of 
proton kinase C, a phospholipid bilaye~ an 
acfivato~ Ca 2+ and cytophsmic protein ~nase C 
are necessary factor; howeve~ a more detailed 
regulation of the protein kinase C activation is 
posfible by variations in the compofition of the 
hpid bilaye~ Tog~her with changes in the 
in~acdlular Ca 2÷ concen~ation and the in- 
~amembrane diacyl~ycerol concentration induced 
by hydrolysis of phosphoinofitides, the compofi- 
tion of the fipid bilayer might be an impo~ant 
regulatory favor in a~o~ation and activation of 
protein kinase C. 
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Betides proton kinase C, sever~ other protdns 
are known to be activated by assooafion with a 
lipid b~ayer, e.g., prothrombin, a-acfinin 
~ 1 ~ 2 5 ] .  These protons are dependent on the 
presence of PS (prothrombin) or diacyl~ycerol or 
fauy aods (a-actinin) in the fipid bihyer as shown 
in experiments wilh [~I]INA labdfing ~ 1 ~ 2 ~ .  
In flew of these result~ we were in , reded  in the 
presence of a class of protons in cellular cyto- 
plasm able to a~odate with the plasma membrane 
upon stimulation of the cell. They may function as 
activa~d enzymes, like kinase~ phosphatases, pro- 
teinase~ or as substrate molecules for membran~ 
bound, activated enzymes. In the present pape~ 
we have shown that there is indeed a class of 
proteins in the cytoplasm ~om HeLa cells that is 
assodated with a hpid bilayer when PS is present. 
We have ~so found some spedfic effects of di- 
acyl~ycerol, PMA and Ca 2+, both stimulatory 
and inhibitory. The nature of these protons re- 
mains to be resolved. 
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