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SUMMARY: In human platelets, thrombin activates Ca 2+ -activated, 
phospholipid-dependent protein kinase (protein kinase C) and mobi- 
lizes Ca2+ concomitantly, whereas 12-O-tetradecanoylphorbol-13- 
acetate (TPA) may be intercalated into membranes and directly acti- 
vates protein kinase C without mobilization of Ca2+ in sufficient 
quantities. A series of experiments with TPA and Ca2+-ionophore 
(A23187) indicates that activation of protein kinase C is a pre- 
requisite requirement for release of serotonin, and that this 
enzyme activation and Ca2+ mobilization act synergistically to 
elicit a full cellular response. Both cyclic AMP and cyclic GMP 
inhibit activation of protein kinase C by prohibiting the signal- 
dependent breakdown of inositol phospholipid to produce diacyl- 
glycerol, but none of these cyclic nucleotides prevents the TPA- 
induced activation of this enzyme. 

TPAL' is well known as a potent tumor promoter, and a number 

of kinetic studies with various cell types appear to suggest that 

the biochemical target of this phorbol ester is located on mem- 

branes (for a review, see Ref. 1). A recent analysis in this labo- 
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ratory (2) has suggested that protein kinase C-phospholipid complex 

2/ is a TPA receptor itself- , and evidence has been presented that 

the tumor promoter may be intercalated into the phospholipid 

bilayer, where it activates this enzyme directly. Under normal 

conditions protein kinase C is activated by diacylglycerol, which 

is transiently produced from PI in a signal-dependent manner (4-G). 

In general, such PI breakdown is associated with immediate 

mobilization of Ca 2+ . The present studies with human platelets 

will show that, under appropriate conditions, TPA and Ca 2+ -ionophore 

selectively and independently induce protein kinase C activation 

and Ca2+ mobilization, respectively. Thus, it is possible to 

demonstrate that activation of protein kinase C is a prerequisite 

requirement for release of serotonin, and that protein kinase C 

act:l.vation and Ca 2+ mobilization act synergistically to elicit a 

full cellular response. This communication will also show that 

the TPA-induced activation of protein kinase C is not susceptible 

to feedback control by cyclic nucleotides, although the thrombin- 

induced activation of this enzyme is inhibited by both cyclic AMP 

and cycli~c GMP. These cyclic nucleotides prevent the signal- 

dependent phospholipid breakdown, and thereby counteract activation 

of cellular functions and proliferation (7-9). 

EXPERIMENTAL PROCEDURES 

Washed human platelets were prepared by the method of Baenziger 
and Majerus (10). 40K protein was partially purified from human 
platelets as described earlier (6). A homogeneous preparation of 
protein kinase C was prepared from rat brain soluble fraction as 
describeId (11). Bovine thrombin and SNP were products of Mochida 
Pharmaceutical Co. and Nakarai Chemicals, respectively. TPA, DBcAMP 
and 8BrcGMP were products of Sigma. PGEl was donated by Ono Pharma- 
ceutical Co., and A23187 was a product of Calbiochem. Other chemi- 
cals and materials were obtained from commercial sources. The 
platelets were prelabeled with either t3H]arachidonic acid, 32Pi or 
[2-14C]serotonin under the conditions described by Rittenhouse- 

L/ This proposal has been supported recently by Niedel et al. (3), who show -- 
that a phorbol ester binding protein may be copurified with protein kinase C. 
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Simmons (12), Haslam et al. (13) and Haslam and Lynham (14), respec- 
tively. The radioactiveplatelets were stimulated as indicated in 
each experiment. The radioactive phospholipids and diacylqlycerol 
were directly extracted from the platelets by the method of Bliqh 
and Dyer (15), subjected to silica gel G plate thin layer chro- 
matography, and quantitated as described by Rittenhouse-Simmons 
(12). Radioactive platelet proteins were subjected to SDS-poly- 
acrylamide slab gel electrophoresis, stained, dried on a filter 
paper, and then exposed to an X-ray film to prepare an autoradiograph. 
The electrophoresis was carried out under the conditions specified 
by Laemmli (16). The relative intensity of each band was quantitated 
by densitometric tracing at 430 nm using a Shimadzu chromatogram 
scanner, Model CS-910. The release of radioactive serotonin from the 
platelets was determined by the method of Costa and Murphy (17). The 
radioactive protein was isolated by SDS-polyacrylamide gel electro- 
phoresis, and two-dimensional mapping of the tryptic peptides was 
performed by the method of Beemon and Hunter (18). 

RESULTS AND DISCUSSION 

Although both thrombin and TPA equally induced rapid phospho- 

rylation of an endoqenous platelet protein having a molecular weight 

of about 40,000 dalton (40K protein), TPA did not provoke PI break- 

down nor produce diacylqlycerol as described earlier (2). In addi- 

tion, when platelets were stimulated with TPA alone, the rate and 

extent of release of serotonin were insufficient, and the full 

physiological response was not observed. To ascertain whether pro- 

tein kinase C lies on a common pathway leading to the phosphoryla- 

tion of 40K protein, human platelets were labeled with jLPi and 

stimulated by either thrombin or TPA. The radioactive 40K protein 

was isolated by SDS-polyacrylamide gel electrophoresis, and then 

subjected to tryptic digestion. The fingerprint mapping patterns of 

tryptic phosphopeptides shown in Fig. 1 suggest that the sites in 

40K protein phosphorylated during TPA and thrombin actions were 

identical. A similar mapping pattern was also obtained for the 40K 

protein which was phosphorylated in a purified cell-free system with 

a homogeneous preparation of protein kinase C. The results provide 

an additional evidence that TPA may be intercalated into platelet 

membranes and directly activate protein kinase C. 

Next, a series of experiments was conducted to examine if the 

protein phosphorylation catalyzed by protein kinase C is a pre- 
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Tryptic phosphopeptide mapping of 40K protein phosphorylated in intact Fig. I. 
platelets which were stimulated by either thrombin or TPA. The platelets 
prelabeled with 33Pi were stimulated for 30 s at 37°C by either thrombin (0.4 
unit/ml) or TPA (ZOO rig/ml). The radioactive 40K protein was extracted from the 
gel, digested with trypsin, and subjected to cellulose-coated thin layer plate 
electrophoresis in the horizontal dimension (negative pole left; positive pole 
right) followed by ascending chromatography in the vertical dimension as 
described under "EXPERIMENTAL PROCEDURES". A, stimulated by thrombin; B, 
stimulated by TPA. Arrowhead indicates the origin. 

requisite requirement for eliciting a physiological response such as 

release reaction. It has been repeatedly shown that, when platelets 

are activated by natural messengers such as thrombin, myosin light 

chain that has a molecular weight of 20,000 dalton (20K protein) is 

also heavily phosphorylated (14,19). A specific calmodulin-dependent 

prc,tein kinase is responsible for this protein phosphorylation, and 

the reacftion absolutely depends upon Ca 2+ mobilization (20). In 
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Fig. 2. Effects of thrombin, 
mosphorylation. 

TPA and A23187 concentrations on 40K and 20K pro- 
The platelets prelabeled with 32Pi were stimulated for 1 

min at 37'C by various concentrations of either thrombin, TPA or A23187. Pro- 
tein phosphorylation was assayed as described under "EXPERIMENTAL PROCEDURES". 
A, stimulated by thrombin; &, stimulated by TPA; 5, stimulated by A23187. 
(o-----o), 40K protein phosphorylation; (H ), 20K protein phosphorylation. 

fact, as shown in Fig. 2A, thrombin induced concomitant phosphoryla- 

tion of both 40K protein and 20K protein, indicating that the 

natural messenger induced inositol phospholipid breakdown and Ca 2+ 

mobilization simultaneously. When platelets were stimulated by TPA, 

40K protein was phosphorylated to an extent that was very similar to 

that induced by thrombin, whereas 20K protein was phosphorylated 

only slightly as shown in Fig. 2B. Conversely, 20K protein was 

phosphorylated preferentially by the addition of A23187, and the 

phosphorylation of 40K protein was less significant particularly at 

lower concentrations of the ionophore as shown in Fig. 2C. The 

results suggest that under appropriate conditions activation of 

protein kinase C and mobilization of Ca 2+ 
may be induced selectively 

and independently by TPA and A23187, respectively, without interaction 

with natural cell surface receptors. 

In the experiment given in Fig. 3, human platelets were 

incubated with various concentrations of TPA in the presence and 

absence of a low concentration of A23187. Under these conditions 
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Effects of TPA and A23187 on 40K and 20K protein phosphorylation and Fig. 3. 
serotonin release. The platelets prelabeled with 32Pi or [l‘JC]serotonin were 
preincubated with various concentrations of TPA for 30 s at 37”C, and then 
stimulated by 0.2 &i A23187 for 30 s at 37’C in the presence of 0.5 mM CaC12. 
Protein phosphorylation and serotonin release were assayed as descriGd under 
“EXFERIMENTAL PROCEDURES”. 
release; 2, 

A, 40K protein phosphorylation; B, serotonin 
?OK protein phosphorylation. c-3 -> C--r), 

stimulated by TPA plus A23187; (o-, b--n, O-----u), stimulated by TPA. 

40X protein was phosphorylated by the addition of TPA irrespective 

of the presence and absence of A23187 (Fig. 3A). In contrast, 

serotonin was not released sufficiently by the addition of TPA 

alcjne, and the full cellular response was observed in the simul- 

tar.eous presence of TPA and Ca 2+ -ionophore (Fig. 3B). This 

ionophore alone at the concentration employed (0.2 w) did not cause - 

PI breakdown, diacylglycerol formation and 40K protein phosphoryla- 

tion, nor did it induce release of serotonin. However, A23187 at 

higher concentrations per se induced the phosphorylation of 40K -- 

protein in addition to 20K protein as well as the release reaction. 

This is presumably owing to an enhancement of non-specific degrada- 

tion of phospholipid and also to activation of protein kinase C by a 

large increase in Ca 2+ concentrations (21,221. Likewise, TPA alone 

at higher concentrations (more than 100 rig/ml) caused release of 

serotonin in significant quantities, but the exact reason of this 

enhancesd release reaction s not known. Perhaps, TPA itself per- 
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turbed the membrane structure, resulting in the degradation of various 

phospholipids. The phosphorylation of 20K protein that was induced 

by A23187 was not significantly affected by TPA under the given 

conditions (Fig. 3C). The results presented above seem to indicate 

that activation of protein kinase C is a prerequisite requirement 

for release of serotonin, and that under certain conditions protein 

phosphorylation and Ca2+ mobilization are equally indispensable and 

act synergistically for eliciting a full cellular response. 

Bidirectional control systems occur in many tissues such as 

platelets. In these tissues receptors that produce cyclic AMP 

generally antagonize activation of cellular functions and prolifera- 

tion (for a review, see Ref. 23). It has been shown earlier (7) 

that PGEl as well as DBcAMP inhibits the thrombin-induced PI break- 

down to produce diacylglycerol, and thereby counteracts protein 

kinase C activation. Evidence has been also presented suggesting 

that cyclic GMP similarly inhibits the thrombin-induced PI breakdown, 

and thus provides an immediate feedback control that prevents over- 

I I I I I I I I 1 
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Fig. 4. Effects of PGEl, DBcAMP, SNP and SBrcGMP on thrombin-induced and 
‘TPA-induced 40K protein phosphorylation. The radioactive platelets were pre- 
incubated with either PGEI, DBcAMP, SNP or 8BrcGMP as indicated for 5 min at 
37”C, and then stimulated by thrombin (0.1 unit/ml) or TPA (ZOO rig/ml) for 1 min 
at 37°C. Protein phosphorylation was assayed as described under “EXPERIMENTAL 
PROCEDURES”. A, with PGEI; g, with DBcAMP; C, with SNP; g, with 8BrcGMP. 
(o----o), stiklated by thrombin; (o----o), stimulated by TPA. 
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response (8). The results summarized in Fig. 4 show that PGEl, 

DBcAMP, SNP and 8BrcGMP were all inhibitory for the thrombin-induced 

phosphorylation of 40K protein, whereas none of these agents blocked 

the TPA-induced reaction. Thus, it may be conceivable that, under 

physiological conditions, diacylglycerol is produced only transient- 

ly ,and disappears rapidly when cell surface receptors are stimulated. 

In 'contrast, TPA is intercalated into the membrane for a prolonged 

period, and when Ca2+ is available, the cell tends to function and 

proliferate since protein kinase C is always active despite the 

feedback control by cyclic nucleotides. 
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