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ABSTRACT: The binding of protein kinase C (PKC) to membranes and appearance of kinase activity are 
separable events. Binding is a two-step process consisting of a reversible calcium-dependent interaction 
followed by an irreversible interaction that can only be dissociated by detergents. The irreversibly bound 
PKC is constitutively active, and the second step of binding may be a major mechanism of PKC activation 
[Bazzi & Nelsestuen (1988) Biochemistry 27, 75891. This study examined the activity of other forms of 
membrane-bound PKC and compared the effects of phorbol esters and diacylglycerols. Like the mem- 
brane-binding event, activation of PKC was a two-stage process. Diacylglycerols (DAG) participated in 
forming an active PKC which was reversibly bound to the membrane. In this case, both activity and 
membrane binding were terminated by addition of calcium chelators. DAG functioned poorly in generating 
the constitutively active, irreversible PKC-membrane complex. These propreties differed markedly from 
phorbol esters which activated PKC in a reversible complex but also promoted constitutive PKC activation 
by forming the irreversible PKC-membrane complex. The concentration of phorbol esters needed to generate 
the irreversible PKC-membrane complex was slightly higher than the concentration needed to activate PKC. 
In addition, high concentrations of phorbol esters (250 nM) activated PKC and induced irreversible 
PKC-membrane binding in the absence of calcium. Despite these striking differences, DAG prevented binding 
of phorbol esters to high-affinity sites on the PKC-membrane complex. Taken together, the results may 
suggest that a low-affinity interaction between PKC, phorbol esters, and/or the membrane component was 
responsible for the irreversible membrane-binding event that produced the constitutively active kinase. These 
different behaviors of DAG and phorbol esters may be consistent with their different and complex effects 
in whole cells and tissues. 

Phorbol  esters are potent tumor-promoting agents that elicit 
a variety of biological responses (Blumberg et al., 1984; 
Ashendel, 1985; Blumberg, 1988) which may stem from their 
effect on potein kinase C (PKC).' The activity of this enzyme 
is sensitive to calcium and diacylglycerol and is believed to 
be involved in signal transduction by the phosphatidylinositol 
cycle (Nishizuka, 1986a,b; Kikkawa & Nishizuka, 1986). 
Phorbol esters and diacylglycerol (DAG) are often thought 
to exert their function via the common mechanism of PKC 
activation. The more pronounced effects of phorbol esters may 
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stem from the rate of metabolism. DAG is rapidly metabolized 
and will activate PKC in a transitory fashion while phorbol 
esters are degraded very slowly and can activate PKC over 
a longer time (Nishizuka, 1986a). 

Phorbol esters alter the cellular distribution of PKC by 
producing a stable membrane-associated form that can only 
be solubilized with detergents (Kraft et al., 1982; Kraft & 

I Abbreviations: BSA, bovine serum albumin; DAG, diacylglycerol; 
EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol his(@- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid; OAG, 1 -oleoyl-2-acetyl- 
sn-glycerol; PC, phosphatidylcholine; PDBu, phorbol 12,13-dibutyrate; 
PKC, Ca2+- and phospholipid-dependent protein kinase; PMA, phorbol 
12-myristate 13-acetate; PS, phosphatidylserine. 

0 1989 American Chemical Society 



9318 

Anderson, 1983; Gopalakrishna et al., 1986). Tissue frac- 
tionation revealed the presence of two forms of membrane- 
bound PKC, reversible and irreversible complexes (Kikkawa 
et al., 1982; Shearman, 1987). Reversible and irreversible 
membrane-bound forms of PKC have also been generated in 
purified systems. This shows that the in vivo observations may 
arise entirely from the properties of PKC, without participation 
of other cellular components. It was further shown that, in 
a pure system, the activity of membrane-inserted PKC was 
not influenced by calcium or phorbol esters (Bazzi & Nel- 
sestuen, 1988). This raises the possibility that formation of 
membrane-inserted PKC is the major or only mechanism of 
PKC activation. 

This study was initiated to compare the effects of DAG and 
phorbol esters on PKC, and to determine if active PKC could 
be generated in a reversible membrane-bound complex. The 
results showed major differences in the ability of the two 
cofactors to form the irreversible PKC-membrane complex. 
DAG activated PKC largely in a reversible membrane complex 
while phorbol esters functioned largely by forming the irre- 
versible complex. These differences and other observed 
properties may help to explain the different effects of phorbol 
esters and DAG on pure PKC and on whole cells. 

EXPERIMENTAL PROCEDURES 
Materials. Histone 111-S, Triton X- 100, bovine serum 

albumin (BSA), diolein, and protamine sulfate were purchased 
from Sigma Chemical Co. Diolein consists of a mixture of 
isomers containing approximately 15% 1,2-sn-dioleoylglycerol 
(manufacturer's estimate). [ T - ~ ~ P I A T P  (3 Ci/mmol) was 
purchased from Amersham Corp. 1-Oleoyl-2-acetyl-sn- 
glycerol (OAG) was purchased from Avanti Polar Lipids. 
Bovine brain phosphatidylserine (PS) and egg yolk phospha- 
tidylcholine (PC) were obtained from either Avanti Polar 
Lipids or Sigma Chemical Co. Phorbol 12-myristate 13- 
acetate (PMA), phorbol 12,13-dibutyrate (PDBu), and 4-a- 
phorbol 12,13-dibutyrate (4-a-PDBu) were purchased from 
LC Services Corp. 45Ca (44.5 mCi/mg) and [3H]PDBu 
(1 5-20 Ci/mmol) were purchased from New England Nu- 
clear. Polycarbonate filters (0.1 pm pore size) were purchased 
from Nucleopore Corp. Other chemicals and reagents were 
of the highest grade available. 

PKC was purified from bovine brain according to a pub- 
lished procedure (Bazzi & Nelsestuen, 1987). The enzyme 
activity was assayed by 32P incorporation into histone 111-S. 
The activity measurements were performed in the presence 
of either phospholipid vesicles as reported by Kikkawa et al. 
(1 982) or Triton-PS mixed micelles as reported by Hannun 
et al. (1985). 

Measuring Irreversibility of PKC-Phospholipid Interaction. 
Upon insertion into membranes, the activity of PKC becomes 
Ca2+ independent (Bazzi & Nelsestuen, 1988). This property 
was utilized to measure the formation of the irreversible 
PKC-membrane complex (membrane-inserted PKC). The 
formation of the irreversible PKC-membrane complex was 
confirmed in each case by gel filtration chromatography of 
the mixture in the presence of EGTA (see below). 

Initially, the Ca2+-dependent and -independent activity of 
PKC was monitored as a function of time. PKC was mixed 
with phospholipids [vesicles (0.2 mg/mL) or Triton mixed 
micelles (containing 10 mol % PS) f phorbol esters or di- 
acylglycerols] in buffer containing (unless otherwise specified) 
20 mM Tris (pH 7.5), 10 mM MgC12, 0.2 mg/mL histone, 
0.1 mM CaCI,, and 0.1 mM EGTA. Under these conditions, 
the free calcium concentration, calculated as described by 
Storer and Cornish-Bowden (1976), was approximately 0.6 

Biochemistry, Vol. 28, No. 24, 1989 Bazzi and Nelsestuen 

pM. The phosphorylation reaction was initiated by the ad- 
dition of [32P]ATP (final concentration 15 pM), and product 
was measured at timed intervals. Aliquots (250 pL each) were 
withdrawn from the reaction mixture, and phosphorylation was 
terminated by the addition of 1 mL of 20% TCA. To ter- 
minate Ca2+-dependent phosphorylation, a large volume of this 
incubation mixture was withdrawn and made 2.0 mM in 
EGTA, and phosphorylation was continually monitored as 
outlined above. 

Formation of the irreversible PKC-phospholipid complex 
was also measured as a function of the concentrations of 
various activators in the medium. In this case, PKC was mixed 
with phospholipid vesicles (0.2 mg/mL) in buffer containing 
20 mM Tris (pH 7.5), 10 mM MgCl,, 0.25 mM CaC12, 0.25 
mM EGTA (free calcium concentration was approximately 
1.4 pM), and a specified concentration of either PMA, PDBu, 
or OAG. The mixture was incubated for 30 min at room 
temperature, and two aliquots were withdrawn. EGTA was 
added to one aliquot to give a final concentration of 2.0 mM. 
The mixture was incubated for 20 min to allow complete 
dissociation. The kinase activity of each aliquot (plus EGTA 
and plus calcium) was then assessed after addition of 15 pM 
[32P]ATP and histone (0.2 mg/mL). 

Dissociation of Calcium from Membrane-Inserted PKC. 
PKC was mixed with phospholipid vesicles in buffer containing 
20 mM Tris (pH 7.5), 10 mM MgC12, 50 nM PDBu, and 2 
pM 45Ca. After the mixture (250 pL total volume) was in- 
cubated for 30 min at room temperature, EGTA was added 
to a final concentration of 2.0 mM. The sample was incubated 
for an additional 20 min and was then applied on a Sephacryl 
S-300 column (1 .O X 40 cm) equilibrated and eluted (1-mL 
fractions) with buffer containing 20 mM Tris (pH 7.5), 1.0 
mM EGTA, 1 .O mM EDTA, 30 mM @-mercaptoethanol, 10% 
(v/v) glycerol, and 0.5 mg/mL BSA. The kinase activity in 
each fraction (100-pL aliquots) was measured by using pro- 
tamine sulfate as the substrate (Takia et al., 1977). The 
concentration of Ca2+ in the elution profile was determined 
from the radioactivity present in each fraction (25-pL aliquots) 
and the known specific radioactivity of 45Ca. 

PKC-PDBu Binding. The binding of PDBu to PKC was 
measured under equilibrium conditions by using gel filtration 
chromatography (Hummel & Dryer, 1962) as described 
previously (Bazzi & Nelsestuen, 1989). Bio-Gel A 1.5-m 
(Bio-Rad) columns (1.0 X 40 cm) were equilibrated and eluted 
with buffer consisting of Tris (20 mM, pH 7.5), glycerol (10% 
v/v), 0-mercaptoethanol(30 mM), Ca2+ (0.5 mM), [3H]PDBu 
(2 nM), and BSA (0.5 mg/mL). PKC was mixed with 0.6 
mL of the equilibration buffer and phospholipid vesicles 
[composed of 25% PS and 75% PC f 10% or 30% OAG (w/w 
with respect to total lipid)]. The samples were incubated for 
30 min at room temperature and then applied on the gel 
filtration columns. The concentrations of PDBu (250-pL 
aliquots) and the kinase activity of each fraction (100-pL 
aliquots) were measured as described previously (Bazzi & 
Nelsestuen, 1989). Total yield of enzyme activity from the 
columns was greater than 80%. 

Phospholipid Preparations. Unilammelar vesicles composed 
of PS/PC/diolein (25:75:0 or 25:65:10) were prepared by 
several cycles of freeze-thaw followed by sonication in a bath 
(Laboratory Supplies Inc., Hicksville, NY). The phospholipids 
were dried from organic solvents under a stream of nitrogen 
and suspended in aqueous buffer (20 mM Tris, pH 7.5) by 
agitation. The suspension was frozen in dry ice, thawed at 
room temperature, and suspended by brief bath sonication. 
This cycle was repeated at least 5 times. When needed, OAG 
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FIGURE 1: Reversible and irreversible activation of PKC by phos- 
pholipid vesicles. Activity of PKC was measured by using phospholipid 
vesicles (0.2 mg/mL) composed of PS/PC/diolein (25:75:0 or 
25:65:10) and in the presence of 0.6 rM free Ca2+ as described under 
Experimental Procedures. All panels show the activity of PKC in 
the presence (0) or the absence (0) of PKC activators. After 4 (0, 
dashed lines) or 9 min (A, dashed lines), EGTA was added (2 mM 
final concentration) to aliquots of the assay mixture to inhibit the 
activity of the reversible PKC-membrane complex. The PKC activator 
was either 10% (w/w) diolein (panel A), 50 nM PDBu (panel B), 
or 10% (w/w) OAG (panel C). 

was dissolved in ethanol (at either 5 or 50 mg/mL) and de- 
livered to prepared phospholipid vesicles. The concentration 
of ethanol in the final mixture never exceeded 8% (v/v). 
Phospholipid concentrations were determined from organic 
phosphate (Chen et al., 1956) by using a phosphorous to 
phospholipid weight ratio of 1 :25. 

RESULTS 
Difference between Diacylglycerols and Phorbol Esters in 

Activating PKC. Previous studies showed two forms of 
membrane-associated PKC, reversible and irreversible com- 
plexes (Gopalakrishna et al., 1986; Bazzi & Nelsestuen, 1988). 
While the irreversible complex was active in the presence or 
the absence of both Ca2+ and/or phorbol esters (Bazzi & 
Nelsestuen, 1988), it was not known whether reversible com- 
plexes were active. 

The results in Figure 1A show the incorporation of 32P into 
histone as a function of time. At 4 or 9 min, EGTA terminated 
the kinase activity in the mixture containing DAG (Figure 
1A). These results suggested that the majority of active PKC 
was bound reversibly to the membrane. Gel filtration of a 
product of this incubation (see below for an example) showed 
that, indeed, virtually all the PKC was dissociated from the 
membrane by EGTA. 

Activation of PKC by phorbol esters showed different 
properties (Figure 1B). Like diolein, phorbol esters (50 nM 
PDBu) activated PKC, but this activation was largely unin- 
hibited by later addition of EGTA. Bocckino and Exton 
(1 986) also reported that calcium was needed to initiate PKC 
activity but was not needed to maintain the activity in the 
presence of PMA. Gel filtration experiments (see below) 
showed that the calcium-independent activity arose from 

FIGURE 2: Reversible activation of PKC by Triton-PS mixed micelles. 
The activity of PKC was measured in the presence of 0.15 mM Ca2+ 
by using Triton-PS mixed micelles as the lipid source. The activity 
was measured with micelles containing 10 mol % PS without (0) or 
with (0) 2.5 mol % diolein (panel A), 50 nM PDBu (panel B), or 
2.5 mol % OAG (panel C). At 4 (0, dashed lines) or 9 min (A, dashed 
lines), EGTA was added to portions of the assay mixture and the 
activity of PKC was monitored as a function of time. 

membrane-inserted PKC and was not due to proteolytic 
degradation of PKC. These results suggested a critical dif- 
ference between the activation of PKC by diolein and phorbol 
esters. 

The experiments in Figure lA,B were performed with two 
preparations of phospholipid vesicles (& 10% diolein). To 
eliminate possible differences in individual phospholipid 
preparations, OAG was used as the activator since it was added 
to preformed vesicles. OAG behaved in a manner similar to 
diolein so that activity was terminated by EGTA (Figure IC). 
This showed a major difference between DAG and phorbol 
esters in that the tumor-promoting agent, PDBu, was more 
efficient in producing membrane-inserted PKC, a constitutively 
active kinase. 

The reversibility of PKC activation was also examined by 
using Triton-PS mixed micelles as the lipid source (Figure 
2). The activity was monitored in the presence of 10 mol % 
PS and either 2.5 mol 9% diolein (Figure 2A), 50 nM PDBu 
(Figure 2B), or 2.5 mol % OAG (Figure 2C). As in the case 
of phospholipid vesicles, activation by diolein (Figure 2A) or 
OAG (Figure 2C) was dependent on the presence of Ca*+. 
However, unlike the case with phospholipid vesicles, activation 
by phorbol esters was also dependent on the continuous 
presence of Ca2+ (Figure 2B). These results showed that some 
activation properties of PKC were dependent on whether the 
phospholipids were provided in the form of vesicles or micelles. 
It is possible that the dynamic nature of micelles prevented 
formation of irreversible protein-phospholipid complexes. 

Dissociation of Calcium from Membrane-Inserted PKC. 
It has been proposed that the irreversible PKC-membrane 
complex arises from tight calcium binding. To test this pos- 
sibility, PKC was incubated with phospholipid vesicles in the 
presence Ca2+ and phorbol esters at room temperature to 
induce maximum insertion of PKC into vesicles. The sample 
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FIGURE 3: Dissociation of calcium from membrane-inserted PKC. 
PKC (32 pmol) was mixed with 62.5 pg of phospholipid vesicles 
composed of PS/PC (50:SO) in 0.5 mL of buffer containing 20 mM 
Tris (pH 7 3 ,  10% glycerol, 10 mM MgC12, 0.5 mg/mL BSA, 30 
mM 8-mercaptoethanol, 50 nM PDBu, and 2 pM 4SCa. The sample 
was incubated for 30 min at room temperature to allow insertion, made 
2 mM EGTA, incubated for an additional 20 min to allow dissociation, 
and then applied on a Sephacryl S-300 column (1 X 40 cm) equil- 
ibrated with a buffer containing 20 mM Tris, pH 7.5, 0.5 mg/mL 
BSA, 1 .O mM EGTA, 1 .O mM EDTA, 30 mM j3-mercaptoethano1, 
and 10% glycerol. The kinase activity (0) and 45Ca concentration 
(0) associated with each fraction are shown. 

was dissociated by the addition of EGTA, and the components 
were separated by gel filtration. The elution profile (Figure 
3) indicated that the majority of PKC became inserted into 
membrane under these conditions and eluted at the exclusion 
volume of the column. A smaller fraction of the PKC eluted 
at the position of the free kinase (M,  = 80000). A very small 
amount of 45Ca eluted with membrane-inserted PKC. The 
45Ca/PKC ratio in these fractions was slightly variable in 
different experiments but was always less than 0.1 (the data 
shown in Figure 3 corresponded to 0.02 mol of 45Ca/mol of 
PKC). Experiments that measured background (PKC was 
omitted) showed a similar elution profile for Ca2+ (data not 
shown). Consequently, the mol ratios of Ca2+/PKC obtained 
in Figure 3 represented an upper limit. These results indicated 
that the stability of the irreversible PKC membrane complex 
was not dependent on residual Ca2+ in the complex. 

Dependence of PKC-Membrane Insertion on the Concen- 
tration of Activators. The ability of phorbol esters to activate 
and induce insertion of PKC into membranes was examined 
as a function of phorbol ester concentration. At the Ca2+ 
concentration used in Figure 4 (1.6 pM free calcium), PDBu 
was essential for PKC activation and insertion into membranes. 
These graphs plot total rather than free PDBu concentrations 
and cannot be used to estimate equilibrium binding parame- 
ters. Nevertheless, the results (Figure 4A) showed a difference 
in the relative amounts of PDBu needed to produce activity 
and membrane insertion. These titrations suggested the 
presence of a reversible, calcium-dependent PKC-mem- 
brane-PDBu complex that was active. 

PMA also activated PKC and was even more efficient than 
PDBu in causing irreversible PKC-membrane binding (Figure 
4B). For example, the same level of calcium-independent 
activity (30000 cpm, for example) required 2 nM PMA versus 
8 nM PDBu. This was consistent with the known efficacy of 
PMA and PDBu in producing biological responses (Blumberg 
et al., 1984). 

Activation and insertion of PKC into membranes were also 
examined with OAG. In agreement with the results in Figure 
1, OAG activated PKC in the presence of calcium but induced 
little insertion into membranes (Figure 4C). Low levels of 

A 

Y t . .  0 I 

FIGURE 4: Dependence of PKC-membrane insertion on phorbol ester 
concentration. PKC was incubated with phospholipid vesicles in the 
presence of 1.4 pM free Ca2+ and a specified concentration of either 
PDBu (panel A), PMA (panel B), or OAG (panel C). The vesicles 
were composed of PS/PC (25:75), and all assays contained 0.2 mg/mL 
concentrations of these vesicles. After a 30-min incubation, two 
aliquots were withdrawn and EGTA was added to one aliquot to give 
a final concentration of 2.0 mM. The kinase activities of both aliquots 
[plus calcium (0) and plus EGTA (O)] are shown. 

calcium-independent activity were obtained with amounts of 
OAG that approached the amount of phospholipid. The latter 
may therefore be due to nonspecific events such as structural 
alteration of bilayers by OAG. 

Ca2+-independent kinase activity can be generated by in- 
sertion of PKC into the phospholipid bilayer (Bazzi & Nel- 
sestuen, 1988). However, a proteolytic fragment of PKC, 
PKM (M,  = 55  000), also exhibits Ca2+-independent kinase 
activity (Kishimoto et al., 1983; Huang & Huang, 1986). 
Reaction mixtures similar to those shown in Figures 1-4 
(above) were subjected to gel filtration chromatography to 
assess whether the Ca2+-independent activity was generated 
from membrane-inserted or proteolytically cleaved PKC. After 
PKC was incubated with phospholipid under various condi- 
tions, mixtures were made 2.0 mM in EGTA and chromato- 
graphed on columns equilibrated with buffer containing 
EGTA. A typical result is shown in Figure 5 .  When PKC 
was incubated in the presence of 50 nM PDBu or PMA, the 
majority of the PKC became inserted into membranes and 
eluted with the phospholipid vesicles at the exclusion volume 
of the column. As expected, incubation of PKC with phos- 
pholipid vesicles containing OAG (10% w/w with respect to 
phospholipids) resulted in little membrane-inserted PKC. 
Since both Ca2+ (Figure 3) and PDBu (Bazzi & Nelsestuen, 
1989) dissociate from membrane-inserted PKC, the differences 
between DAG and phorbol esters did not arise from the 
presence of residual cofactors. Results of these experiments 
showed that Ca2+-independent activity observed in the presence 
of phorbol esters (Figures 1-4) was due to the formation of 
membrane-inserted PKC. 

To test the specificity of the PKC-membrane insertion 
event, titrations were carried out with PDBu and/or 4-a-PDBu 
(Figure 6). Two titrations were performed. In both cases, 
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FIGURE 5 :  Reversible and irreversible association of PKC with 
phospholipid vesicles. PKC was incubated with phospholipid vesicles 
composed of B/PC (25:75) in 20 mM Tris buffer (pH 7.5) containing 
10 mM MgClz, 0.25 mM EGTA, 0.25 mM CaC12, and either 50 nM 
PMA (A, solid line), 50 nM PDBu (0, dashed line), or 10% OAG 
(w/w with respect to phospholipid) (w, dashed-dotted line). The 
sample was incubated at room temperature for 30 min, made 2.0 mM 
with EGTA, and then applied on a Sephacryl S-300 column (1 X 40 
cm) equilibrated and eluted with a buffer containing 20 mM Tris (pH 
7.9, 0.5 mg/mL BSA, 1.0 mM EGTA, 1.0 mM EDTA, 30 mM 
j3-mercaptoethanol, and 10% glycerol. The activity associated with 
each fraction (1 mL) was measured by using protamine sulfate as 
the substrate. 
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FIGURE 7: Ca2+-independent insertion of PKC into membranes. Panel 
A shows comparison of Ca2+-dependent and -independent insertion. 
PKC was incubated at the given concentration of PDBu with phos- 
pholipid (0.2 mg/mL of PS/PC, 25:75) in the presence of either 0.15 
mM Ca2+ (0) or 3.0 mM EGTA (0). Incubations without phos- 
pholipid (+EGTA) are shown for reference (A). After a 30-min 
incubation, EGTA or Ca2' was added to give the same final con- 
centrations in all assays. After an additional 10 min, the Ca2+-in- 
dependent activity was measured. Panel B shows formation of 
CaZt-independent activity in membranes containing DAG. PKC was 
incubated with phospholipid vesicles (0.2 mg/mL) for 30 min in a 
buffer containing 20 mM Tris (pH 7 . 9 ,  10 mM MgC12, 0.2 mg/mL 
histone, 3.0 mM EGTA, and the concentration of PDBu that is given. 
The phospholipid vesicles (25% PS) contained 5% OAG (W) or 10% 
diolein (O), and the remaining lipid was PC. To assure complete 
chelation of contaminating Ca2', all reagents were made 3 mM in 
EGTA before addition of PKC. The kinase activity was measured 
as described under Experimental Procedures. 
phospholipids (Figure 7A) and required preincubation of PKC 
with phospholipid before addition of substrate. The latter 
aggregated the phospholipid and made it less accessible to the 
kinase. Gel filtration experiments such as those shown in 
Figure 5 showed virtually complete association of PKC with 
the vesicles a t  high PDBu concentrations (data not shown). 

It was possible that DAG may have altered the vesicles so 
that formation of the irreversible PKC-membrane complex 
was not possible. Alternatively, DAG might destabilize the 
complex once it was formed. The results in Figure 7B showed 
that this was not the case. PDBu promoted formation of 
irreversible PKC complexes with vesicles containing high 
concentrations of DAG. Furthermore, PDBu was able to form 
the irreversible PKC-membrane complex even in the presence 
of high levels of both DAG and EGTA. 

Previous reports indicate that DAG and phorbol esters 
compete for the same site on PKC (Sharkey et al., 1984). 
However, the differences between these cofactors observed in 
this study suggested the need to reexamine this property with 
the materials used in this study. In agreement with the earlier 
result, binding of phorbol esters to PKC was inhibited by high 
levels of OAG (Figure 8). Thus, OAG appeared to bind to 
the high-affinity PDBu binding site on the PKC-membrane 
complex. 
DISCUSSION 

Both phorbol esters and DAG are known to activate PKC, 
and their similarities have suggested analogous, if not identical, 
functions. For example, both compounds reduce the Ca2+ 
concentration required for in vitro activation of PKC, and in 



9322 Biochemistry, Vol. 28, No. 24, 1989 

10 

Bazzi and Nelsestuen 

' L o b  Y I x  
2030 2s 

B 

B 
E 
g 
8 

CI 

L 

C 
Y 

E c 

PKC enzyme (Bazzi & Nelsestuen, 1988). 
Some properties of the phorbol ester-PKC interaction 

suggested multiple interactions. Activation and insertion of 
PKC into the membrane arose from specific interactions but 
required different concentrations of phorbol esters (Figure 4). 
In addition, high concentrations (about 50 nM) of phorbol 
esters caused irreversible association of PKC with membranes 
in the absence of calcium (Figure 7). It should be emphasized 
that 50 nM PDBu was adequate to activate PKC but was still 
very low compared to the concentration of phospholipid (-250 
pM), Furthermore, both activation and insertion of PKC into 
the membrane represented stereospecific interactions, and 
4-a-PDBu was ineffective (Figure 6). Thus, both of the 
phorbol ester induced events involved highly specific interac- 
tions rather than general disruption of membrane structure. 
In general, insertion events required higher concentrations of 
phorbol esters than activation. These properties may be 
consistent with the observation that different concentrations 
of phorbol esters elicit different biological responses (Blumberg, 
1988) and with the report of calcium-independent, phorbol 
ester induced formation of the chelator-resistant PKC-mem- 
brane complex in cell membranes (Gopalakrishna et al., 1986). 

Explanation of the phorbol ester effects may require two 
phorbol ester binding events consisting of a high-affinity in- 
teraction which is calcium- and membrane-dependent and a 
low-affinity interaction which is calcium-independent. Re- 
versible activation would result from the high-affinity PKC- 
phorbol ester interaction. This would be the association that 
is easily observed in binding measurements [Bazzi and Nel- 
sestuen (1989) and references cited therein]. A low-affinity 
interaction might be responsible for PKC-membrane insertion. 
The existence of a second interaction of PKC and/or mem- 
branes with phorbol esters represents speculation based ex- 
clusively on unexplained PKC behavior. Previous studies failed 
to detect more than one binding site for PDBu on the PKC- 
membrane complex (Kikkawa et al., 1983; Tanaka et al., 1986; 
Bazzi & Nelsestuen, 1989). In addition, no phorbol ester 
binding to soluble PKC was detected in the absence of calcium 
(Sando & Young, 1983; Dougherty & Niedel, 1986; Huang 
& Huang, 1986; Bazzi & Nelsestuen, 1988). Calcium-in- 
dependent binding of phorbol esters to PKC occurs with 
membrane-inserted PKC (Bazzi & Nelsestuen, 1989) and also 
to soluble PKC in the presence of polycationic materials (Bazzi 
& Nelsestuen, 1989; Thompson et al., 1988). These conditions 
did not appear relevant to the titrations in Figures 4 and 7. 
Nevertheless, the second phorbol ester induced event is an 
irreversible process so that product formation is not repre- 
sentative of total binding. Filling of an extremely small portion 
of the sites, followed by efficient protein-membrane insertion, 
would lead to accumulation of PKC in the membrane. In fact, 
binding affinity could be so low that direct evidence for such 
an interaction could be difficult to obtain. 

The preparation of PKC used in this study probably con- 
tained a mixture of PKC isozymes (Huang et al., 1986; Jaken 
& Kiley, 1987), and differences between the PKC isozymes 
have been observed (Huang et al., 1988; Nishizuka, 1988). 
While quantitative differences between the isozymes with 
respect to the propreties documented here may exist, this study 
and previous studies (Bazzi & Nelsestuen, 1989) showed that 
nearly all of the PKC molecules became inserted into mem- 
branes (Figure 4) and the reported behavior should apply 
qualitatively to all of the isozymes present in these prepara- 
tions. 

It has been proposed that the tight association of PKC with 
membranes results from increased affinity for CaZ+ (Bell, 



Effects of Phorbol Esters and Diacylglycerols on PKC 

1986). However, this study showed that added calcium dis- 
sociated from the irreversible PKC-membrane complex 
(Figure 3). In addition, irreversible PKC-membrane binding 
occurred in the presence of high concentrations of EGTA 
(Figure 7). Previous studies (Bazzi & Nelsestuen, 1989) 
showed that phorbol esters also dissociated from the irreversible 
PKC-membrane complex. Thus, the irreversible mem- 
brane-bound form of PKC must involved interactions such as 
insertion of protein components into the hydrocarbon region 
of the bilayer. While such interactions may also occur between 
PKC and phospholipids dispersed in Triton micelles, the dy- 
namic nature of micelles may render such interactions unst- 
able. Activation of PKC by lipids in detergent micelles re- 
quired the continual presence of calcium (Figure 2), and this 
system may not be useful for study of the irreversible stage 
of PKC-membrane binding. 

The current study showed complex in vitro behavior of PKC 
which may be consistent with the in vivo behavior of the 
relevant second messengers, tumor promotors, and PKC. 
Further studies will be needed to determine whether other 
factors participate in the similar events that occur in vivo. 
Especially important are questions of how PKC becomes ir- 
reversibly associated with cell membranes under normal 
physiological conditions; the second messenger, DAG, had low 
efficacy in the in vitro system used here. 
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