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Abstract-The effects of inhibitors of protein kinase C on the activities of the intact enzyme, the 
proteolytically-generated catalytic domain, and [3H]phorbol 12,13-dibutyrate (PDBu) binding were 
compared in an effort to evaluate this approach for clarifying mechanisms of inhibitor action. Stauro- 
sporine, H-7 [1-(5-isoquinolinylsulfonyl)-2-methylpiperazine], and quercetin inhibited the catalytic 
fragment with similar potencies as for the intact enzyme while having little or no effect on binding, 
consistent with reports that they are competitive with ATP. Adriamycin, trifluoperazine, and tamoxifen, 
suggested to disrupt hydrophobic interactions between the regulatory domain of protein kinase C and 
phospholipid, were all most effective on the intact enzyme. They appear to possess a mixed mechanism, 
however, inhibiting activity of the catalytic domain with approximately 3-fold lower potencies. Gossypol 
inhibited intact enzyme, catalytic fragment, and PDBu binding with similar potencies. In light of multiple 
apparent sites of action for such protein kinase C inhibitors, comparison of their activities on the 
individual functional domains of the kinase may provide a useful complement to studies with the intact 
enzyme. 

The intracellular receptor of the phorbol ester tumor 
promoters is protein kinase C [ 1,2], which mediates 
one arm of the message transduction pathway for a 
large class of hormones and other cellular effecters 
which act by inducing phosphatidylinositol 45 
bisphosphate breakdown [l, 31. Protein kinase C 
possesses separate regulatory and catalytic domains 
[2,4]. Proteolytic treatment generates the activated 
Ca2+/phospholipid-independent form, i.e. catalytic 
fragment of protein kinase C, as well as the regu- 
latory fragment which possesses the phospholipid 
and phorbol ester binding sites [S-7]. 

A variety of compounds have been reported to 
inhibit protein kinase C [8-161, and some of them 
were shown to work as anti-tumor-promotors 
[17-191. Most inhibitors have been simply classified 
as interacting with the regulatory domain or the 
catalytic domain based on analysis using intact pro- 
tein kinase C to determine whether inhibition was 
competitive or noncompetitive with respect to 
phospholipid, calcium, and ATP. However, this 
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approach is both involved and, in the case of ligands 
with multiple sites of action, difficult to interpret. 
Multiple sites of action may not be unusual for cur- 
rently described inhibitors. For example, Inagaki et 
al. [20] have shown that naphthalenesulfonamides, 
which were known as calmodulin inhibitors, 
inhibited protein phosphorylation by protein kinase 
not only by inhibition of enzyme activation but also 
by inhibition of the catalytic activity, using in their 
analysis the catalytic fragments of myosin light chain 
kinase and protein kinase C. In the present study, 
we have broadened this approach to compare the 
effects of several inhibitors on histone phosphor- 
ylation by intact protein kinase C and by its catalytic 
fragment and on [jH]phorbol 12,13-dibutyrate 
(PDBu(]) binding to intact protein kinase C. Our 
results suggest that this approach may provide a 
useful screening method in the development of 
inhibitors of protein kinase C as well as for under- 
standing their inhibitory mechanisms. 

MATERIALS AND METHODS 

Materials. PDBu, phosphatidylserine, histone III- 
S, fatty acid free bovine serum albumin, bovine 
gamma globulin, quercetin, gossypol, tamoxifen, 
trifluoperazine, and adriamycin were purchased 
from Sigma (St. Louis, MO). H-7 [1-(5isoquinolinyl- 
sulfonyl)2-methylpiperazine] was from Seikagaku 
America (St. Petersburg, FL). ATP was obtained 
from Boehringer Mannheim (Indianapolis, IN). 
Sphingosine was a product of Calbiochem (La Jolla, 
CA). [20-3H]PDBu (15.8 Ci/mmol) and [Y-~~P]ATP 
(3000 Ci/mmol) were from New England Nuclear 
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(Boston, MA). Staurosporine was a gift from the 
Kyowa Hakko Kogyo Co. (Tokyo, Japan). 

Protein kinase C and its catalytic fragment. Protein 
kinase C was purified from mouse brain cytosol 
according to the method of Jeng et al. [21]. The last 
step using a Phenyl-S-PW column was omitted, but 
the purity of protein kinase C was high (approxi- 
mately 95%) at this Mono Q/ATP step [21]. The 
catalytic fragment of protein kinase C was obtained 
and purified by Mono Q column chromatography as 
described previously [22]. 

Protein kinase assay. Protein kinase C was assayed 
by measuring 32P transferred from [Y-~*P]ATP to 
histone Hl (Sigma III-S). The reaction mixture con- 
tained, in a total volume of 50~1, 0.01 to 0.05 pg 
enzyme, 80 mM Tris-Cl, pH 7.4,7.5 mM magnesium 
acetate, 750 pg/ml histone Hl, 250 ,ug/ml bovine 
serum albumin (fatty acid free), 1 mM dithiothreitol, 
either 100,uM added calcium chloride or ethylene 
glycol bis(beta-aminoethyl ether)-N,N,N’,N’-tetra- 
acetic acid (EGTA), and 25 pg/ml phosphatidyl- 
serine and 12 nM PDBu, if used. Since a Ca’+- 
EGTA buffer system was not used, the actual free 
Ca*+ concentration might differ from the nominal 
concentration. The drugs were dissolved in water or 
dimethyl sulfoxide (final 0.4%) and added to the 
reaction mixture. The reaction mixture was pre- 
incubated at 30” for 5 min. After addition of 25 PM 
[Y-~*P]ATP (100-150 cpm/pmol), the reaction mix- 
ture was further incubated for 3 min. Reactions were 
terminated by cooling to 4”, and the incorporated 
32P was determined using phosphocellulose paper as 
described [23]. 

[3H]PDBu binding assay. The conditions for the 
[3H]PDB~ binding assay were similar to those of the 
kinase assay, except that the reaction volume was 
25O,ul, 0.15 to 0.25 pg enzyme was used, and the 
reaction mixture contained 12 nM [3H]PDB~ instead 
of non-radioactive PDBu. The reaction mixture was 
incubated for 5 min at 30” and then cooled to 4”. The 
bound and free [3H]PDB~ were measured using the 
polyethylene glycol precipitation method. To pro- 
mote precipitation, bovine gamma globulin (1000 pg) 
was added to the tube just before the addition of 
polyethylene glycol. For estimation of non-specific 
binding, 30 PM cold PDBu was added to the mixture. 

RESULTS 

The catalytic fragment of protein kinase C 
phosphorylates histone Hl at pH 7.4 in a calcium- 
and phospholipid-independent fashion. Figure 1 
shows the effects of various compounds on histone 
phosphorylation by the catalytic fragment of protein 
kinase C. Quercetin and fI-7 potently inhibited 
activity of the catalytic fragment. Gossypol showed 
slight enhancement of phosphorylation at low con- 
centrations (10-30 ,uM) and complete inhibition at a 
high concentration (300 PM). Trifluoperazine, 
tamoxifen, and adriamycin showed partial but 
significant (P < 0.05, Student’s t-test) inhibition of 
histone phosphorylation at high concentrations. It 
has been reported that sphingosine does not interact 
with the catalytic domain of protein kinase C [16]. 
In the present study, sphingosine potently inhibited 
histone phosphorylation by the catalytic fragment of 
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Fig. 1. Effects of various inhibitors on histone phos- 
phorylation by the catalytic fragment of protein kinase C. 
After preincubation of the reaction mixture containing each 
inhibitor and the catalvtic fragment of protein kinase C for 
5 min at 30”, histone phosph&ylation was measured by the 
addition of [Y-~~P~ATP and incubation for 3 min in the 
absence of cofactors, i.e. calcium and phosphatidylserine, 
and in the presence of EGTA (0.1 mM). Protein kinase 
activity in the absence of ligand was 273 f 24nmol/mg/ 
min (mean + SD. N = 12) which represents 100%. Each 
point is the mean of duplicate determinations. Each inhi- 
bition curve is a representative result from two to three 
separate experiments. Symbols: (0) quercetin; (0) tamox- 
ifen; (A) trifluoperazine; (A) adriamycin; (m) H-7; (0) 

gossypol; and (0) sphingosine. 

protein kinase C (Fig. 1). However, as shown in Fig. 
2, the inhibition by sphingosine was less potent in the 
presence of 25 pg/ml phosphatidylserine. Moreover, 
the inhibition was not observed in the presence of 
250 pg/ml phosphatidylserine or 0.3% Triton X-100 
in the reaction mixture. Staurosporine caused inhi- 
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Fig. 2. Effect of sphingosine on histone phosphorylation by 
the catalytic fragment of protein kinase C in the presence 
of phosphatidylserine or Triton X-100. Reaction conditions 
were similar to those in Fig. 1 except that the reaction 
mixture contained phosphatidylserine (25 and 250 pg/ml) 
or Triton X-100 (0.3%). Protein kinase activity in the 
absence of sphingosine represents 100% and corresponds 
to 320,380, and 420 nmol/mg/min resoectivelv. Each ooint 
is the mean of duplicate’determinatibns. A Similar iesult 
was obtained in another experiment. Symbols: (0) 25 pg/ 
ml phosphatidylserine; (Cl) 250 pg/ml phosphatidylserine; 

and (0) 0.3% Triton X-100. 
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Fig. 3. Effect of staurosporine on histone phosphorylation 
by the catalytic fragment and intact protein kinase C (A), 
or on [)H]PDBu binding activity (B). Each result is the 
mean of duplicate determinations, and similar results were 
obtained in another experiment. Symbols: in panel A, (0) 
histone ph~pho~lation by catalytic fragment; (a) histone 
phospho~lation by intact protein kinase C in the presence 
of O,l mM calcium, 25 ~~rnl phosphatidylse~ne and 12 nIvi 
PDBu; and (0) histone phospho~lation by intact protein 
kinase C in the presence of 0.1 mM calcium and 25 pg/ml 
phosphatidylserine; in panel B, (a) (3H]PDB~ binding 

activity. 

bition of histone phosphorylation by the catalytic 
fragment at very low concentrations (Fig. 3A, open 
squares). The interactions between trypsin-treated 
protein kinase C and trifluoperazine or H-7 have 
been reported previously [ 11,241 and were found to 
be similar to the present results. 
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Fig. 4. Effects of various compounds on histone phos- 
phorylation by intact protein kinase C. After preincubation 
of the reaction mixture containing each inhibitor and intact 
protein kinase C for 5 min at 30”, histone phosphorylation 
was measured by the addition of [y-3ZP]ATP and incubation 
for 3 min in the presence of cofactors, i.e. 0.1 mM calcium, 
25 &ml phosphatidylserine and 12 nM PDBu. Protein 
kinase C activity in the absence of test compound was 
240 it 19 nmol/mg/min (mean zz SD, N = 8) and rep- 
resents 100%. Each point is the mean of duplicate deter- 
minations. Each inhibition curve is a representative result 
from two to three separate experiments. Symbols: same as 
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Fig. 5. Effects of various inhibitors on [3H]PDBu binding 
activity to protein kinase C. [‘H]PDBu binding activity in 
the absence of test compound was 4089 t 576 pmol/mg 
(mean C SD, N = 7) and represents 100%. Each result is 
the mean of duplicate determinations, and each inhibition 
curve is a representative result from two to three separate 

in Fig. 1. experiments. Symbols: same as in Fig. 1. 

Figure 4 shows the effects of various compounds 
on histone phospho~lation by intact protein kinase 
C in the presence of calcium, phosphatidylserine, 
and PDBu. Quercetin, H-7, gossypol, trifluoper- 
azine, and tamoxifen inhibited histone phosphoryl- 
ation by intact protein kinase C at lOO-3OOpM. 
Sphingosine inhibited activity at less than 100pM. 
Adriamycin inhibited activity at 300-1000 ,uM. Low 
concentrations (10-30 PM) of gossypol had a tend- 
ency to enhance histone phosphorylation by protein 
kinase C. Inhibition of protein kinase C by stauro- 
sporine was observed in the nanomolar range 
{Fig. 3A, open and closed circles) as reported pre- 
viously [15]. 

The highly purified protein kinase C from mouse 
brain used in the present study was fully activated 
by calcium (0.1 mM) and phosphatidylse~ne (25 pg/ 
ml) under our assay conditions, and further stimu- 
lation of phosphorylation upon the addition of PDBu 
at 12 nM (Fig. 3) or higher concentrations (120 and 
1200 nM) (data not shown) was not evident in this 
system. Similar results have been reported by others 
[25-271. The effects of all inhibitors used in the 
present study were similar if assayed in the absence 
of PDBu (data not shown) rather than in its presence. 

In many reports, the effects of inhibitors on protein 
kinase C enzymatic activity and [3H]PDB~ binding 
activity have been studied using different incubation 
conditions, compIicating compa~son. Inhibition of 
[3H]PDBu binding activity was therefore determined 
using the same incubation conditions as for the kinase 
assay. Gossypol and sphingosine inhibited [3H]- 
PDBu binding (Fig. 5) at concentrations very 
similar to those inhibiting activity of the intact kinase. 
Trifluoperazine and quercetin showed slight inhi- 
bition of [3H]PDBu binding at high concentrations 
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(Fig. 5). Adriamycin and H-7 (Fig. 5) and stauro- 
sporine (Fig. 3B) did not show inhibition. Similar 
results were obtained under incubation conditions of 
37” and 30 min. 

DISCUSSION 

Quercetin, H-7, and staurosporine were shown to 
be potent inhibitors for the catalytic fragment of 
protein kinase C and to have little or no activity on 
the binding domain. Inhibition of the intact kinase 
was similar to that for the catalytic fragment. These 
results are consistent with earlier evidence that these 
compounds interact at the active site of the intact 
enzyme as shown by competition with ATP [ll, 281 
and lack of competition with phospholipid [15]. 

Tamoxifen, gossypol, trifluoperazine, and adri- 
amycin contain lipophilic or non-polar regions, and 
these compounds have been thought to inhibit pro- 
tein kinase C by their ability to interfere with a 
hydrophobic interaction between phospholipid and 
the enzyme without an interaction with the catalytic 
site [8, 10,12, 131. The present results show that 
these compounds in fact caused inhibition of histone 
phosphorylation by the catalytic fragment. Although 
the ICKY value for the catalytic fragment was bigger 
than that for intact protein kinase C, the difference 
was only 2- to 3-fold in each case. Interaction at 
the catalytic domain should therefore be partially 
responsible for the overall inhibition observed with 
the intact enzyme. A similar result was reported 
forN-(6-aminohexyl)-5-chloro-l-naphthalenesulfon- 
amide (W-7); W-7 inhibited the trypsin-treated myo- 
sin light chain kinase and protein kinase C in a 
competitive fashion with respect to ATP, although 
it also inhibited the native enzymes in a compet- 
itive fashion with respect to calmodulin and phos- 
pholipid [20]. 

Sphingosine has been reported recently to inhibit 
protein kinase C activity and [3H]PDB~ binding by 
interfering with the function of its regulatory domain 
[16], and the possible physiological role of sphing- 
osine as a negative effector of protein kinase C has 
been suggested [19]. However, the interaction of the 
catalytic fragment with sphingosine was determined 
using the mixed micellar assay which includes 0.03% 
Triton X-100. Under such conditions or in .the pres- 
ence of high concentrations of phosphatidylserine, 
we likewise observed no inhibition of histone 
phosphorylation by the catalytic fragment. However, 
in the absence or at low concentrations of phos- 
phatidylseririe, sphingosine inhibited the catalytic 
fragment with a potency comparable to H-7. The 
difference presumably reflects sequestration of the 
sphingosine in the hydrophobic phase at high lipid 
and detergent concentrations. Unless assay con- 
ditions are carefully evaluated, sphingosine therefore 
ought not to be regarded as a simple negative effector 
of protein kinase C with a single site of action. 

Inhibition of [3H]PDBu binding to the phorbol 
ester binding site on protein kinase C is one index 
of the interaction between a compound and the 
regulatory domain of the kinase. On the one hand, 
tamoxifen and adriamycin inhibited protein kinase 
C activity without inhibiting [3H]PDBu binding 
activity, suggesting that these compounds interfere 

with the interaction between phospholipid and the 
regulatory domain at a site independent of the phor- 
bol ester binding site. On the other hand, inhibition 
by gossypol correlated well with inhibition of 
[ H]PDBu binding, and trifluoperazine was inter- 
mediate. These latter compounds may either inter- 
fere directly with the phorbol ester binding site or 
else with the lipid requirement for binding. 

The present results showed that we could detect 
direct interaction of inhibitors with the active site 
of the enzyme by using the catalytic fragment to 
eliminate actions on the regulatory domain, Com- 
parison of inhibitory activity on intact protein kinase 
C, on its catalytic fragment, and on [3H]PDBu bind- 
ing may be a useful screening method for assessing 
the mechanism of protein kinase C inhibitors. 
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