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FORMATION OF [*H]PDBu-BINDING FRAGMENT

dylserine), bovine serum albumin (1 mg/ml), 30 nm [*H]PDBu, and
each protein preparation to be assayed. CaCl, was added to give a final
concentration of about 0.5 mM in each experiment. The incubation was
carried out for 5 min at 37°C and terminated by the addition of 5 ml
of ice-cold 20 mm Tris-HCl at pH 7.5. Bound [°'H]PDBu was collected
on a Whatman glass microfiber filter GF/B, and free [’HJPDBu was
removed by washing the filter with the same buffer four times. The
filter was then dried by heater, and the radioactivity was determined.
In Method B, [*H]PDBu-binding activity was assayed in a reaction
mixture (1.6 ml) containing 20 mm Tris-malate at pH 6.8, 0.1 M KCl,
0.15 mm CaCl,, 0.78 uM EGTA, 6.4 mg of bovine serum albumin, 160
ug of phosphatidylserine, 0.5% dimethyl sulfoxide, 30 nm [*H]PDBu,
and each protein preparation to be assayed. The incubation was carried
out for 20 min at 37°C and terminated by the addition of 5 ml of ice-
cold 20 mm Tris-malate at pH 6.8 containing 0.5% dimethyl sulfoxide.
Bound [*H]PDBu was determined by rapid filtration using a polyeth-
ylenimine-treated filter (27). Essentially similar results were obtained
when the [*H]PDBu-binding activity of the purified protein kinase C
was assayed by both methods.

For the nonspecific binding assay, 3 uM unlabeled PDBu was added
to the reaction mixture in both methods. Specific binding activity
represents the difference between total and nonspecific binding activi-
ties. Nonspecific binding activity was less than 20% of the total binding
activity for both methods.

Protein Kinase C Assay. Protein kinase C was assayed by measuring
the incorporation of 3P into H1 histone from [y-*’P]JATP in the
reaction mixture (0.25 ml) containing 20 mMm Tris-HCI at pH 7.5, §
mM magnesium acetate, H1 histone (0.2 mg/ml), 10 uM [y-’PJATP
(5-15 x 10* cpm/nmol), diolein (0.8 ug/ml), a mixture of phospholipids
(40 ug/ml), and an enzyme preparation to be assayed. CaCl; and EGTA
were added to give final concentrations of about 0.5 and 1 mMm,
respectively, in each experiment. The incubation was carried out for 3
min at 30°C and the reaction was stopped by the addition of 25%
trichloroacetic acid. Acid-precipitable materials were collected on a
Toyo-Roshi membrane filter (pore size, 0.45 um), and the radioactivity
was determined.

Determinations. The molecular weights of proteins were estimated
by either gel filtration on a TSK G-3000SW column (Toyo Soda) as
indicated in the legend to Fig. 1 using glycogen phosphorylase b (M,
97,400), glutamate dehydrogenase (M, 55,400), lactate dehydrogenase
(M, 36,500), and trypsin inhibitor (M, 20,100) as reference proteins, or
5-18% gradient SDS-polyacrylamide gel electrophoresis using the same
reference proteins. SDS-polyacrylamide gel electrophoresis was carried
out by the method of Laemmli (28). The radioactivities of *H- and *?P-
labeled samples were determined using a Packard Tri-Carb liquid
scintillation spectrometer, Model 3330. Protein was determined by the
method of Lowry et al. (29) with bovine serum albumin as a standard.

RESULTS

Separation of [*H]PDBu-binding and Catalytic Activities of
Protein Kinase C by Treatment of Platelets with A23187. When
washed human platelets were disrupted by sonication in the
presence of EGTA, both the catalytic and [’H]JPDBu-binding
activities of protein kinase C were recovered in the soluble
fraction and were not detected in the particulate fraction (Table
1). It was previously described that protein kinase C activity in
the particulate fraction of rat brain was detected only in the
presence of Triton X-100 and could not be detected in the
absence of the detergent (17). In the particulate fraction of
platelets, protein kinase C activity could not be detected even
in the presence of Triton X-100. Upon TSK G-3000SW column
gel filtration of the soluble fraction, the catalytic and [’H]PDBu-
binding activities were eluted in the same fraction with the
recovery of more than 90% (Fig. 1). This peak showed a
molecular weight of about 87,000, and its catalytic activity was
dependent on the simultaneous addition of diolein, Ca**, and
phospholipid. Similar observations were made when the cata-

Table | Subcellular distribution of catalytic and [°H]PDBu-binding activities of
protein kinase C in platelets after stimulation by A23187

Platelets (7.5 x 10* eells). which were suspended in 1.5 ml of Buffer A (15 mm
Tris-HClat pH 7.5 eonmnlng 0.14 M NaCl and 5.5 mm glueose), were stimulated
by 2 um A23187 or saline in the presence of 3 mm CaCl, for 5 min at 37°C. After
stimulation by A23187, platelets (equivalent to 5 x 10* eells) were collected by
centrifugation at 8750 x g for 40 s and disrupted by sonication in 0.5 ml of Buffer
B (20 mm Tris-HCl at pH 7.5 containing 0.25 M sucrose, 10 mm 2-mercaptoeth-
anol, 2 mm EDTA, 5 mMm EGTA, and 2 mm phenylmethylsulfonylfluoride) for
10 s twice at 4°C. The homogenate (0.4 ml) was centrifuged at 100,000 x g for
60 min at 4°C. The particulate fraction was suspended in 0.4 ml of Buffer B. Ten-
ul aliquots of the homogenate, soluble, and particulate fractions (14, 5.5, and 5.4
ug of protein, respectively) were assayed for the catalytic activity of protein kinase
C under the standard conditions except that diolein, Ca*, and phospholipid or
EGTA were added as indicated, and 60-x! aliquots of each fraction were assayed
for [’H]PDBu-binding activity by using assay Method A.

Catalytic activity
With diolein,
Ca®, and With [*H]PDBu-binding
phospholipid EGTA activity
Treatment  Fraction (cpm) (cpm) (cpm)
None Homog- 7860 + 260° 1110 + 200 7810 £ 170
enate
Soluble 7910 £ 210 950 + 190 6380 + 250
Particulate 870 + 40 740 £ 20 230 + 20
A23187 Homog- 4020 + 480 3650 + 560 5840 + 260
enate
Soluble 3430 £ 390 3340 £ 470 100 + 10
Particulate 630 + 80 500 + 30 5300 + 190

¢ Mean + SE for results from three separate experiments.
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Fig. 1. Gel filtration analysis of catalytic and [P HJPDBu-binding activities of
protein kinase C in platelets. Platelets (2 x 10" cells) were suspended in 1 ml of
Buffer B (see legend to Table 1) and disrupted by sonication for 10 s twice at 4°C.
The homogenate was centrifuged at 100,000 X g for 60 min. The soluble fraction
was subjected to a TSK G-3000SW column (7.5 x 300 mm) which was equilibrated
with 20 mm Tris-HCI buffer at pH 7.5 containing 0.5 mm EGTA, 0.5 mm EDTA,
0.1 M NaCl, and 6 mm 2-mercaptoethanol. Elution was carried out with the same
buffer at a flow rate of 0.7 ml/min, and fractions of 0.7 ml each were collected.
Ten-ul aliquots of each fraction were assayed for the catalytic activity of protein
kinase C, and 60-ul aliquots of each fraction were assayed for [*’H]PDBu-binding
activity under the standard conditions except that diolein, Ca**, and phospholipid
or EGTA were added as indicated. @, catalytic activity with diolein, Ca®*, and
phospholipid; O, catalytic activity with EGTA; B, [°’H|PDBu-binding activity.
The data are typical of three separate experiments.

lytic and [*H]PDBu-binding activities in the soluble fraction
were analyzed on DEAE-cellulose column chromatography and
isoelectrofocusing electrophoresis (data not shown). These re-
sults indicate that the catalytic and [*’H]PDBu-binding activities
observed in the soluble fraction are attributed to protein kinase
C itself.

When platelets were first incubated with Ca®*-ionophore
A23187 for 5 min at 37°C in the medium containing 3 mm
CaCl,, the catalytic and [’ H]PDBu-binding activities of protein
kinase C were separately recovered in the soluble and particulate
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FORMATION OF [*H]PDBu-BINDING FRAGMENT

fractions, respectively (Table 1); moreover, the catalytic activity
recovered in the soluble fraction markedly decreased and be-
came independent of diolein, Ca**, and phospholipid. The
failure to detect the catalytic activity in the particulate fraction
was not simply due to the assay conditions used since even
when the catalytic activity in the particulate fraction was as-
sayed in the presence of Triton X-100, it could not be detected
(data not shown). Under these assay conditions, the catalytic
and [*H]PDBu-binding activities of purified protein kinase C
exogenously added to the particulate fraction were adequately
measured in the presence or absence of Triton X-100. Separa-
tion of the catalytic and [*H]PDBu-binding activities of protein
kinase C into the soluble and particulate fractions, respectively,
was observed only when platelets were treated with A23187 in
the medium containing CaCl, and was not observed when
treated in the medium containing no exogenously added CaCl,
(data not shown). Fig. 2 shows the time courses of changes of
the catalytic and [*’H]JPDBu-binding activities after incubation
of platelets with A23187 in the medium containing 3 mm CaCl..
The catalytic activity, which was dependent on diolein, Ca?*,
and phospholipid, decreased gradually and finally disappeared.
Inversely, the catalytic activity which was independent of di-
olein, Ca?*, and phospholipid was increased transiently but
disappeared finally. In contrast, the [*’H]PDBu-binding activity
was preserved even after the catalytic activity was completely
destroyed.

The protein kinase independent of diolein, Ca®*, and phos-
pholipid, which was produced in the soluble fraction after
stimulation of platelets with A23187, was subjected to gel
filtration on a TSK G-3000SW column under the conditions
described in the legend to Fig. 1. The enzyme was recovered as
a single peak, and the molecular weight was calculated to be
about 50,000. The K, values of this enzyme for ATP and H1
histone were about 2 X 10~° M and 70 ug/ml, respectively, and
the optimum Mg?* concentration was 5-10 mMm. These prop-
erties of this protein kinase were very similar to those described
previously for the catalytic fragment of rat brain protein kinase
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Fig. 2. Time courses of changes in catalytic and [’H]PDBu-binding activities
of protein kinase C after stimulation of platelets by A23187 in the presence of
CaCl,. Platelets (5 x 10® cells/ml), which were suspended in Buffer A (see legend
to Table 1), were stimulated by 2 uM A23187 at 37°C in the presence of 3 mm
CaCl, for various periods of time indicated. The catalytic and [*H]PDBu-binding
activities in the homogenate were assayed as described in the legend to Table 1.
@, catalytic activity with diolein, Ca?*, and phospholipid; O, catalytic activity
with EGTA; W, [*H]PDBu-binding activity. Results are mean (points) + SE (bars)
of three separate experiments.

C produced by limited proteolysis with Ca?*-dependent protease
in a cell-free system (19-21).

It has previously been described that Ca**-dependent protease
is present in a large amount in platelets (30, 31). Evidence is
also available that protein kinase C is hydrolyzed by this type
of protease to produce a catalytic fragment with a molecular
weight of about 51,000 in a cell-free system, which is fully
active in the absence of diolein, Ca?*, and phospholipid (2, 18-
21); therefore, the results presented above suggest that when
platelets are incubated with A23187 in the presence of 3 mm
CaCl, in the medium, protein kinase C is hydrolyzed by Ca?*-
dependent protease resulting in the generation of catalytic and
[*H]PDBu-binding fragments. The catalytic fragment produced
in this way might be further degraded presumably by other
nonspecific proteases. The [*H]PDBu-binding fragment was
resistant to further degradation probably due to its tight inter-
action with the membrane, since the binding activity in the
particulate fraction was not solubilized by EGTA and was partly
solubilized by 0.5% Triton X-100 (data not shown).

Formation of PH]PDBu-binding Fragment from Protein Kinase
C in a Cell-free System. In order to confirm that a [*'H]JPDBu-
binding fragment is produced from protein kinase C, the en-
zyme highly purified from the soluble fraction of rat brain was
digested with trypsin and the generation of a hydrophobic
[*H]PDBu-binding fragment was analyzed. Purified protein ki-
nase C was mixed with phosphatidylserine in the presence of
Ca?* and PDBu to make a quarternary complex (12) and then
digested with a small amount of trypsin for various periods of
time at 37°C. After tryptic digestion, the catalytic activity of
protein kinase C was assayed under standard conditions except
that phosphatidylserine and PDBu were used instead of phos-
pholipid and diolein. The catalytic activity of protein kinase C
which depended on PDBu, Ca®*, and phosphatidylserine de-
creased rapidly and disappeared completely within 20 min after
trypsin digestion as shown in Fig. 34. In contrast to the catalytic
activity, [’ H]JPDBu-binding activity remained intact for 20 min
after tryptic digestion as shown in Fig. 34; however, further
digestion of the enzyme for 4 h resulted in the reduction of
[*H]PDBu-binding activity to the level of about one-half of that
of the control.

Fig. 3B shows the protein staining patterns of digested pro-
tein kinase C on SDS-polyacrylamide gel electrophoresis. An
intact preparation of protein kinase C was slightly contami-
nated by several proteins. It is not clear whether these proteins
might be proteolytic products of protein kinase C during the
purification or might not be related to the enzyme. Digestion
of the enzyme with trypsin resulted in the reduction of an intact
enzyme with concomitant generation of several fragments with
various molecular weights. Among these fragments observed 1,
5, and 20 min after tryptic digestion, the fragment with a
molecular weight of about 35,000 was most prominent; partic-
ularly, 20 min after tryptic digestion, the major band observed
on the gel was this M, 35,000 fragment. Four-h digestion caused
the degradation of the M, 35,000 fragment and the concomitant
generation of a new fragment with a molecular weight of about
20,000. This degradation of the M, 35,000 protein was associ-
ated with the reduction of [*H]JPDBu-binding activity. The
affinity of protein kinase C for [*HJPDBu binding did not
change before or after tryptic digestion. The K, values of the
intact and digested enzymes for this phorbol ester were about
4.8 + 0.2 (SE) and 5.0 £ 0.3 nM (of 3 experiments), respectively.

In this series of experiments, protein kinase C complexed
with phosphatidylserine in the presence of Ca®>* and PDBu was
digested with trypsin, since when the free enzyme, which did
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Fig. 3. Time courses of changes in catalytic and [*H]PDBu-binding activities
of protein kinase C after tryptic digestion in a cell-free system and their protein
staining patterns on SDS-polyacrylamide gel electrophoresis. Protein kinase C
purified from rat brain (30 ug of protein in 3 ml of 10% glycerol and 0.05%
Triton X-100) was incubated for 5 min at 37°C with 12 mg of phosphatidylserine
and 1.8 nmol [’HJPDBu in 10 ml of 20 mm Tris-HCI buffer at pH 7.5 containing
1 mm CaCl; and 3.6% dimethyl sulfoxide. Then, 150 ng trypsin were added to
the reaction mixture and the incubation was carried out at 37°C for the various
periods of time indicated. The tryptic digestion was terminated by transferring
each 1-ml aliquot to a test tube containing 45 ng trypsin inhibitor. A 20-l aliquot
of the reaction mixture was then assayed for the catalytic activity of protein
kinase C as described under “Materials and Methods.” Another 40-ul aliquot was
assayed for [*H]PDBu-binding activity by using assay Method B. A 900-l aliquot
was quickly frozen, lyophilized, resolved in 40 ul of 62 mm Tris-HCI buffer, pH
6.7, containing 3% SDS, 2% 2-mercaptoethanol, and 5% glycerol and subjected
to SDS-polyacrylamide gel electrophoresis under the condition described by
Laemmli (28). The gel was stained with Coomassie brilliant blue and dried on
Whatman No. 1 filter paper. A4, catalytic and [*HJPDBu-binding activities of
protein kinase C; @, catalytic activity; B, [P H]PDBu-binding activity. Results are
mean (points) + SE (bars) of three separate experiments. B, protein-staining
patterns of digested protein kinase C on SDS-polyacrylamide gel electrophoresis.
Arrows, position of M, 82,000 (protein kinase C), 35,000 and 20,000 proteins.
Result is typical of three experiments. kDa, kilodaltons (now expressed as either
M, or molecular weight).

not bind to the phospholipid, was digested under the compa-
rable conditions described above, both the catalytic and [*H]-
PDBu-binding activities were rapidly degraded; accordingly,
the basal catalytic activity of protein kinase C could not be
assayed after tryptic digestion, since PDBu, Ca?*, and phospha-
tidylserine, which were included in the digestion mixture, were
transferred to the assay mixture.

DISCUSSION

This paper demonstrates that the phorbol ester-binding and
catalytic fragments are separated by proteolysis of protein ki-

nase C with Ca?*-dependent protease during the action of Ca®*-
ionophore A23187 in intact platelets; moreover, it is shown
that the tryptic digestion of protein kinase C purified from rat
brain in a cell-free system causes the generation of a fragment
which has a [PH]PDBu-binding activity but no catalytic activity.
These results indicate that protein kinase C is composed of at
least two functionally different domains, phorbol ester- or di-
acylglycerol-binding and catalytic domains. It has been de-
scribed that the molecular weights of protein kinase C and its
catalytic fragment in rat brain are about 77,000-87,000 and
51,000, respectively (1, 17-21). Consistent with these observa-
tions, the molecular weights of protein kinase C and its catalytic
fragment in platelets are about 87,000 and 50,000, respectively.
Although the molecular weight of the [*H]PDBu-binding frag-
ment in platelets has not been determined because it was
difficult to solubilize it from the particulate fraction, evidence
has been obtained that the minimum molecular weight of the
[*H]PDBu-binding fragment of rat brain protein kinase C pro-
duced by tryptic digestion in a cell-free system is about 35,000.
It has previously been described that protein kinase C shows
no tissue specificities in physical, kinetic, and catalytic proper-
ties (1, 32); therefore, these results suggest that protein kinase
C with a molecular weight of 77,000-87,000 may consist of
about M, 35,000 activator-binding and M, 50,000 catalytic
domains; however, in order to resolve the definitive structure
of protein kinase C, the complete amino acid sequence of this
enzyme should be determined.

It may be noted that the phorbol ester-binding fragment binds
to the membranes even in the presence of EGTA under the
conditions where protein kinase C binds to the membranes only
in the presence of Ca?* and the catalytic fragment does not bind
to the membranes even in the presence of Ca?*; moreover, this
phorbol ester-binding fragment is not completely solubilized
from platelet membranes by treating with Triton X-100. It is
conceivable that the phorbol ester-binding fragment becomes
more hydrophobic due to the removal of the hydrophilic cata-
lytic region of the enzyme and interacts with the membranes
more tightly. It has previously been described that intact protein
kinase C binds to membrane phospholipid in the presence of
Ca?* to make a ternary complex (2, 3). Diacylglycerol produced
in membranes or phorbol ester intercalated into membranes
may interact with this ternary complex to form a quaternary
complex, resulting in the activation of the enzyme (12). The
results presented in this paper together with these earlier ob-
servations indicate that the M, 35,000 domain may be respon-
sible for the interaction with these three activators. It is not
known whether protein kinase C has three separate binding
sites for phorbol ester or diacylglycerol, Ca?*, and phospholipid
or one site which recognizes the complex of these activators.
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