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The influence of the phospholipid con)position and fluidity on protein kinase A and protein kinase (" activities in rat liver plasma 
membranes was studied. We observed that enrichment of membranes with phosphatidylglycerol, phosphalidylserine, phospha- 
tidylethanolamine and dioleoylphosphatidylcholine caused activation of both protein kinases. Phosphatidylglycerol was fimnd to 
be most effective activator. The enrichment of plasma membranes with dipahnitoylphosphatidylcholine and sphingomyelin led to 
decrease in protein kinase A and C activities. The stinmlatory effect of phosphatidylglycerol was confirmed in plasma membranes 
pretreated with exogenous phospholipases A 2, C and D, and subsequently enriched with phosphatidyiglycerol. We suggest that 
besides the specific presence of definite phospholipids protein kinascs A and C require a more fluid membrane lipid bilayer to 
display an optimal activity. 

Introduction 

Protein kinases are known to be major mediators in 
the response of cells and tissues to hormonal influ,.'nce 
as well as in the control of cell growth and develop- 
ment [I]. Many protein kinases either span the plasala 
membranes or are associated with the inner lipid 

~4 monolayer [2]. Protein kinase C is a C a - -  arm 
phospholipid-dependent enzyme, which is activated by 
diacyl#ycerols [2-4]. Protein kinase C is considered to 
be active when associated with the lipid bilayer [5]. 
Wolf el al. [6] have shown that t.he intracel!u!ar calcium 
concentration regulates the process of association-dis- 
sociation of the enzyme to and from the lipid bilayer. 
The mechanisms underlying the phospholipid-induced 
activation of protein kinase C have recently been ex- 
tensively studied [7-10]. Of the various phospholipids 
tested, phosphatidylserine (PS) appeared to be indis- 
pensable whereas other anionic phospholipids such as 
phosphatidic acid (PA), phosphatidylglycerol (PG), 
phosphatidylinositol (Pi) and diphosphatidyiglycerol 
(DPGt were less effective [8,9]. These findings indicate 
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that tile membrane phospholipids and their asymmetric 
nlcmbrane distribution might play a significant role in 
protein kinase C regulatkm and l llat each phospholipid 
could display a specific effect [ll]. 

The major receptor for cAMP in eukaryotic cells is 
the regulatory subunit of cAMP-dependent protein 
kinase (protein kinase A)[12]. Some cAMP-dependent 
protein kinases and phosphate-acceptor proteins are 
integral components of plasma membranes, sarco- 
pla~;mic reticulum, nuclei ano ,;I:osomes [12]. There- 
fore it is not unlikely that the membrane lipid composi- 
tion and physical state arc of certain importance t0r 
their activities. 

Recently, Klemm ct al. [13] reported that PG is a 
strong mediator of another protein kinasc-protcin ki- 
nase P. 

There is a lot of evidence concerning the role of the 
membrane phe.sph,,;!ipid compo~iti-m and physico- 
chemical properties in regulation of the: activities of 
many membrane-bound enzymes such as adenylate- 
cyclase [14], Na +/K+-ATPase [15], phospholipase A,  
[ 16], neutral sphingomyelinase [ 17], 5'-nucleotidase [ 18) 
etc. 

The purpose of our experiments was to study the 
effect of different phospholipids on protein kinase A 
and protein kinase C activities in rat liver plasma 
membranes. 



Materials and Methods 

,4nimais 
Male Wistar rats weighing about 21111 g and fed 

standard laboratory diet have been uscd in all experi- 
ments. 

Reagellts 
Phospholipase A,  (from Vipera ruswli), phospho- 

lipase C (from Clostr;,dium pelfringens), phospholipase 
D (from Cabbage), 3-sn-phosphatidyletimnolaminc 
(PE), 3-sn-phosphatidyl-ol.-glycerol (PG), sphingo- 
myelin (SM), 3-sn-phosphatidyl-i.-serine (PS), 1,2-di- 
palmitoyl-sn-glycero-3-plaosphocholine (DPPC), 1,2-di- 
oleoyi-sn-glycerol, ATP, Histone II A, Histonc I!! S, 
cAMP, theophylline, leupeptin were purchased from 
Sigma Chemical Co., St. Louis, MO) and i,2-dioleoyl- 
sn-glycero-3-phosphocholine (I)OPC), 1,5-diphcnyl- 
1,3,5-hexatriene (Fluka ('heroic AG, Buch, Switzcr- 
hind). 

[-y-a'P]ATP (31111(1 Ci/n ln lo l )  wils purchascd from 
Amershanl International. 

Isolation of rat lirer plasma memhr:mes 
Liver plasma membranes have been isolated by the 

procedure described by Wisher and Evans [19]. This 
method includes membrane flotation through discon- 
tinuous sucrose gradient in a Sorvali OTD-5(I ultracen- 
trifuge, rotor AH-627 at 96111111 × g h}r 3 h. The purity 
of the membrane fraction was assessed by the specific 
activities of marker enzymes (5'-nucleotidase, glucose- 
6-phosphatase, succinate-cytochromc-r reductasc and 
acid phosphatase) as well as by electron microscopy. 
The membranes obtained were used fl}r investigations 
without being frozen. 

Em'ichnwnt of the plasma membranes with phospholipids 
12oi 

Incubations were performed for I or 2 h at 37°C in 
the presence of partially purified lipid transfer proteins 
(i.,TP). The incubation mcdiunl contained LTP/mcm- 
brane protein/phospholipid liposomes at a ratio 
1:1:11.4 (w/w/w). LTP of different origin wcrc used 
lbr enrichment of thc membrane fractions as folk)ws: 

for enrichment witll sphingomyclia (SM)-LTP from 
chicken liver, 

for enrichment with DPPC and PG-LTP from rat 
lung, 

for enrichment with DOPC, PE, PS-LTP from rat 
liver. 

The enriched membranes were washed twice with II1 
mM Tris-HCi bt, ffer (pH 7.4) and used Lor further 
investigat!ons. Electron microscopy study showed no 
liposome,J attached to the plasma membranes after 
double washing and that membrane integrity was pre- 
served. 

Partial puriJ'iration of L 77' 
The postmitochondrial 1115 0(1(1 × g supernatant was 

adjusted to pH 5.1 with 3 M HCI. Alter 1 h, the 
precipitate was sedimentcd by centrifugation for 15 
rain at 1411(10 ×g under refrigeration and discarded. 
Thc pH of the supernatant was readjusted to 7.4 with I 
M Tris-HCI. Solid ammonium sulfatc was added slow'ly 
to the supernatant to 90% saturation and the mixture 
was stirred (wernight. The precipitate was sedimented 
by ccntrifugation for 15 rain at 14111111 × g, dissolved in 
5 mM sodium phosphate/Ill mM /3-mercaptoethanol 
(pH 7.2) and dialyzed for 24 h against the same buffer. 
Protein precipitated during dialysis was removed by 
centrifugation. The supernatant was used as LTP 
SOU I'ce. 

Wrealm¢'tll of ]il'er phisnla membranes with exogenous 
pho,~7diolilmses (" 1201 

Incubations were carried OUl with the exogenous 
phospholipase C for 211 rain at 37°C as Ik~llows: 5 traits 
of the enzyme were incubated with plasma membranes 
(i/.tM phospholipids)in 5 mM CaC]2~ II)mM Tris-HCI 
bulTer (pH 7.4). The reaction was terminated by chill- 
ing and centrifugation of plasma membranes in refrig- 
erated centrifuge at 8|100 X g for 31) min at 4°C. The 
pellet was washed twice in !11 mM Tris-HC[ I~uft'er (pH 
7.4~ and the partially delipidated plasma membranes 
were used for enrichment with different phespholipids, 
which was performed for 2 h at 37°C. 

Assay of protein kinase actil'io, 
The assay of cAMP-dependent protein kinase A was 

essentially as described by Sharoni el al. [21]. The 
reaction mixture at final wdumc of 1).! ml o)ntained 51) 
mM potassiunl I~hosphatc bulTcr (pH 6.5), 11) mM 

h . , ~  ~ i .  I-v-I t ' , ' , .~  nlaglleSiuln acetate, I ; ' nM  f,.,.,,,,.,.~,.,,.,., !a~M cAMP, 
0.2 mg Flistone 11 A and 211 ~,M [?-~2P]ATP (50tl 
cpm/pmol). 

Ca'4-phospholipid-dependent protein kinase C was 
assayed as described by Peifrey and Wassem [22]. The 
reaction mixture at final volume of I1.1 ml contained 511 
mM Tris-HCI, 5 mM MgSO4, I mM Ca-EGTA buffer 
(pH 7.4), free C 2+ at a concentration of 5 raM, 25 
/~g/ml phosphatidylserine, 211 # g / m l  1,2-dioleoyl-sn- 
glycerol, 1).2 mg/ml Histone Ill S, 40 ~g/ml  leupeptin 
and 211/zM ['y-~2P]ATP (51111 cpm/pmol). 

Aliquots of mer~',brane preparations (511 ~g of pro- 
tein) were used as sources of enzyme activity. The 
reaction continued for 111 min at 30°C in a shaking 
water-bath and was stopped by adding 2 ml of 11)% 
trichloroacetic acid. Samples were poured onto glass- 
fibre filters and washed five times with 5% trichloro- 
acetic acid, dried and countc:d on a Rackbeta I! (LKB) 
scintillation counter. 

The protein kinase activities 
pmoles [y-~2 P]ATP incorporated 
membrane protein. 

were calculated as 
per min per mg of 



330 

TABLE I 

Protein kinase actiuities and structural order parameter (Sore t) in liter 
plasma membranes enriched with diffi, rent phospholipids by the aid of 
lipid transfer proteins 

Values are means ± S.D. (n = 8). Enrichment was presented as % of 
incorporated phospholipid in comparison to the initial level of the 
same phospholipid in the membrane. (For more details see Materials 
and Methods). PS, phosphatidylserine; PG, phosphatidylglycerol; PE, 
phosphatidylethaaolamine; DOPC, dioleoylphosphatidylcholine; 
DPPC, dipalmito3']phosphatidylcholine; SM, sphingomyelin. 

Enrichment Sori. Activity (pmol min - ~ m g -  t) 

PL, t % pr.,tein kinase A protein kinase C 

None - 0.680 q 1,8 :t: 4,9 95,4 ± 13,1) 
PS 83 l),f~52" 178.2± 11.9 ~ 279,1 ± 16.3 c 
PG 80 0.f~23" 518,4 ± 27,q ~' 388,3 ± 49.11" 
PE 70 0,609 t, q5,4 ± 6,7 122.4± 13.7 t, 
DOPC 70 0.589 ~' 203,4 ± 18.5 " 178,2 ± I 7. I " 
DPPC 74 (),t¢27" 70,2 ± 12,4 ' 88.2 ± 8,6 
SM 84 11,'168" 7tl,2 ± 8, I ' 86,4 ± 9,0,, 

'~ P < (},05, t, p < 0,01, " P < 0,11111. 

Analytical methods 
Lipids were extracted from plasma membranes by 

the method of Foich et al. [23]. The phospholipid 
content was determined in the total lipid extract [24]. 
The individual phospholipids were chromatographed 
on Silica gel 60 thin-layer plates (Merck AG, Darm- 
stadt, Germany). Chloroform/methanol/isopropan- 
e l /0 .25% KCI/triethylamine (30: 9: 25 : 6: 19, by vol.) 
were used as developing solvents [25]. The protein 
content of plasma membran,'.s was determined by the 
method of la, wry et al. [26]. 

Fhlort,.~'c¢,nce ¢l&~ay,~' 
1 , 6 - D i p h e . y l - l , 3 , 5 - h e x a t r i e n e  ( D P H )  w a s  u s e d  a s  a 

fluorescent probe for estimation of plasma membrane 

fluidity. The steady-state anisotropy of fluorescence 
(r~) of DPH was estimated from the equation [27]: 

r~ = 1111- I j  ) / ( i l l  + 2 1 , )  

The lipid structural order parameter (SDP|i) was 
calculated by an empirical method described by Van 
Biitterswijk et al. [28]. 

Fluorescent measurements have been performed at 
355 nm (excitation beam) and 425 nm (emission beam) 
on a Perkin-Elmer 3000 fluorescence spectrometer. 

Statistical analysis was performed using Student's 
t-test. 

Results 

Table ! presents the changes in the structural order 
parameter (Sin,,,) and protein kit~ase A and C at.tivi- 
ties induced by incorporation of different phospho- 
lipids into rat liver plasma membranes in the prese~ce 
of lipid transfer proteins. Incubation of plasma mem- 
branes with different phospholipids caused marked 
elevation of the corresponding phospholipid fraction 
(Table I). The percent of this enrichment was approxi- 
mately similar for all phospholipid fractions - about 70 
to 80%. ~n addition the incorporation of the exogenous 
phosphotipids into the membrane induced alteration in 
the lipid structural order parameter (Sm,ll) of the 
bilayer (Table !). 

Our data showed a great similarity in the effect of a 
given phospholipid fraction on protein kinase A and C 
activities. Phosphatidylglycerol (PG) was found to be 
the most effective activator, followed by phosphatidyl- 
scrine (PS) and dioleoylphosphatidylcholine (DOPC). 
The effect of sphingomyelin (SM) and dipalmitoylphos- 
phatidylcholine (DPPC) was particularly interesting. 

TABLE II 

tqrw~hatidylglycend conl('nl, slnwtuml onh'r inmtmetcr (SI)I,II) and protein kbmse actirith,s b~ pn'tn'ated with exogenous phoqdudipases A :. C and 
D li~'er plasma membmnt's 

Values are means ± S,D, (n = 8), For more technical details see Materials and Methods. PLC. phospholipase C: PLA 2, phospholipase A 2: PLD, 
phospholil~se D, PKA, protein kinase A: PK(', protein kinase C: PG, phosphatidylglycerol. 

Treatment Enrichment PG (~g /mg ,  St)p.  
with PG protein) 

Activity (pmol min - i mg- ' ) 

PKA PKC 

Control - 15.67 ± 1.07 
+ 23,50 ± 2,(M ~" 

PLC - 7.14 ± 1,03 
+ 14,90 ± !,34 c 

PLA2 - 7.31 ±2.16 
+ 13.15+_ 1.68 c 

P L D  

0,712 ~ 11,111}2 94.6 ± 4.2 
0.697 ± 11.11112 c 518 4 ± 2731 ~" 

11.802 ± 11.11119 35.6 ± 1.4 
11.722 ± 0.1X)7 c 242.11 ± 29. I c 

11.754 ± 0.007 52. I ± 7.7 
0.703 + 0.006 c 251.5 ± 2(}.7 " 

- 10.66 ± 0,811 0.732 ± 0.003 73.2 ± 4.2 
+ 16.44± !.45 " 0.697±11.1109 c 284.1 + 17.4 " 

102.1 ± 5.2 
3148.3 + 49 (I" 

153.1 +_ 4.9 
463.3 ± 65.5 ~" 

61.5± 4.8 
354.5 + 13.2 c 

89.6± 5.2 
333.6± 14.5 c 

c p <0.001.  



These two phospholipids reduced the activity of both 
protein kinases, their effect being more pronounced 
for protein kinase A, which was inhibited by about 
25%. 

Since PG turned out to be the most efficient phos- 
pholipid effector we studied in detail its role in the 
activation of the two protein kinases. 

The changes in the level of PG in membranes treated 
with exogenous phospholipases A 2, C and D are shown 
in Table I1. Phospholipase treatment of plasma mem- 
branes reduced the PG level by about 50%. The subse- 
quent enrichment of partially delipidated plasma mem- 
branes with PG led to a complete restoration to the 
control level and it always induced membrane fluidiza- 
tion (i.e. diminution of St~pmm). 

Treatment of plasma membranes with exogenous 
phospholipases was accompanied by marked inhibition 
of protein kinase A which corresponded well to the 
decrease of PG in these membranes (Table !1). The 
restoration of the PG level augmented about 3-fold the 
enzyme activity. Partial delipidation with exogenous 
phospholipases A 2 and D also induced reduction of 
protein kinase C activity, in phospholipase-C-treated 
membranes, however, a significant activation of prtoein 
kinase C was observed. Membrane enrichment with 
PG led to reactivation of this enzyme of about 3-4- 
times. This effect was more pronounced in membranes 
pretreated with phospholipase C. 

Discussion 

The role of protein kinases in the control of cell 
growth and development [1,2] makes tile investigation 
of their regulation particularly important. Since these 
enzymes are known to a~sociate with the membranes 
under definite conditions the influence of the lipid 
environment is of special interest. There is a great deal 
of evidence illustrating the essential role of PS for 
protein kinase C activation [2,8-11]. However, the role 
of different phospholipids in the regulation of protein 
kinases has been investigated so far mainly by addition 
of phospholipid liposomes to the incubation mixture. 
In contrast, the approach we used was to enrich rat 
liver plasma membranes with definite phospholipids, 
thus modulating the enzyme lipid environment. 

Our results indicated that PG was the most effective 
activator of membrane-bound protein kinases A and C. 
This was confirmed in the experiments using PG-en- 
riched plasma membranes, as well as membranes in 
which PG and most of the other phospholipids have 
been significantly reduced by exogenous phospho- 
lipases A 2, C and D. Partial delipidation of mem- 
branes was accompanied by a significant inactivation of 
both protein kinases A and C. The only exception was 
protein kinase C in membranes treated with. phospho- 
lipase C. However, this result was not unexpected. 
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Protein kinase C exhibited quite a high activity in these 
membranes, in comparison with the native membranes. 
This was apparently due to the enhanced coniem of 
diacylglycerols caused by phospholipase C treatment. 
There arc many papers devoted to the activating effect 
of diacylglyeerols on protein kinase C [2-4,29]. Our 
data further confirmed this effect. The accumulation of 
diacylglycerols (due to phospholipase C treatment of 
plasma membranes) followed by enrichment with ex- 
ogenous PG induced a strong activation of protein 
kinase C. In addition, we observed that some other 
phospholipids, which were incorporated into the mem- 
branes, such as PS, DOPC and PE, also activated 
protein kinase C, whereas SM and DPPC exhibited a 
slight inhibitory effect. It should be pointed out that PS 
and DOPC displayed a similar effect on protein kinase 
A activity. Membrane enrichment with SM and DPPC, 
which are known to reduce membrane fluidity was 
accompanied by marked inhibition of this protein ki- 
nase. The augmentation of the structural order param° 
eter SDp n, due to membrane treatment with exogenous 
phospholipases was also followed by a significant inhi- 
bition of protein kinase A activity. Therefore it seems 
likely that the activity of this enzyme was influenced by 
membrane fuidity. Similar effect was also observed for 
protein kinase C. In this respect Szamel et al. [30] 
reported that the incorporation of polyunsaturated fatty 
acids into plasma membrane phospholipids resulted in 
long-term activation of protein kinase C. The more 
fluid or destabilized bilayer might allow protein kinase 
C to penetrate deeper into the membrane, altering the 
protein conformation and changing its activity, in addi- 
tion diacylglycerols can act as fluidizers increasing the 
lipid spacing, thus promoting penetration of protein 
kinase C into the lipid bilayer [31,32]. Protein kinase C 
has been reported to associate and subsequently pene- 
trate lipid monolayers [33] and bilayers [34] which 
might provoke alteration of the protein conformation 
and results in an active lipid-protein complex. Protein 
kinase C was established to have numerous cystine 
residues in its regulatory region which are important 
for lipid and phorbol ester binding [35,36]. The lipid 
composition of membranes appears to influence the 
selection of different interacting cystine rich regions 
[331. 

o u r  results imply that in addition to membrane 
fluidization PG most probably acts as a specific activa- 
tor of membrane-associated protein kinase C. Thus, if 
PS is necessary tor the initial activation of this enzyme 
as well as for its attachment to the membrane, it seems 
quite likely that PG, which is also negatively charged 
like PS, performs an additional activation for achieve- 
ment of optimal enzyme activity. In this respect, we 
agree with Prumfeld and Lester [32] who suggested 
that a reconsideration of the mechanism of protein 
kinase C activation is required. 
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Unfortunately there are no data available in litera- 
ture showing that protein kinase A is  phospholipid- 
dependent. Our experiments indicated that this en- 
zyme was greatly activated by PG and significantly 
inhibited by SM and DPPC. 

In conclusion, we suggest that besides some specific 
phospholipid activators, protein kinases C and A pre- 
fer a more fluid lipid environment in order to display 
an optimal activity. 
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