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The protein kinase C (PKC) was secreted from
thrombin-stimulated human platelets in a time- and
dose-dependent manner. The PKC specific inhibitors
R031-8220 (0.05 M) and GF 109203X (0.5 uM) totally
inhibited the secreted kinase activity. Western blot
analysis of the secretory components showed reactiv-
ity to PKCa, PKCBII, and PKCé antibodies, but not to
PKCBI, and p42/44 MAPK, although they were present
in lysed platelets. The fractionation of platelets se-
creted components showed that PKC activity in-
creased in both soluble and microparticle fractions
after thrombin treatments. This is the first report dem-
onstrating that activated human platelets selectively
secrete protein kinase C isozymes. Protein kinase C
secreted by platelets in this unique manner may have
an extracellular role in the plasma, and may regulate
cellular functions, including remodeling of vascular
endothelial cells. © 2001 Academic Press
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croparticles; secretion; protein kinase C isoenzymes;
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Upon vascular wall injury, platelets become acti-
vated resulting in shape change, aggregation, and se-
cretion (1-3). In addition to their role in thrombosis,
platelets are also involved in atherosclerosis (4). The
interactions among platelets, leukocytes and endothe-
lium play pivotal roles in vascular homeostasis and
competent immune-inflammatory response in vivo and
in vitro (5-7). The stimulation of platelet aggregation
results in the generation of membrane derived micro-
particles and secretion of a multitude of inflammatory
and vasoactive substances including mediators (5-HT),

Abbreviations used: MAPK, mitogen-activated protein Kinase;
PKC, protein kinase C; LDH, lactate dehydrogenase; PDGF, platelet-
derived growth factor; PKA, protein kinase A; MBP, myelin basic
protein; PRP, platelet rich plasma; HPB, Hepes platelet buffer;
FITC, fluorescein isothiocyanate conjugated; DTT, dithiothreitol;
TBST, Tris-buffered saline-Tween 20.
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nucleotides (ADP, ATP), ions (Ca*", Mg*"), proteins
(von Willebrand's factor), and growth factors (e.g.,
PDGF). These platelet-derived molecules or micropar-
ticles have been shown to contribute to complementary
signaling in leukocytes and endothelial cells to regu-
late leukocyte and endothelial cell gene expression dur-
ing vascular inflammatory responses (8-12).

Recent studies have shown secretion of protein ki-
nase A (PKA) and casein kinase from activated plate-
lets. PKA secreted by human platelets can act as an
exo-protein kinase and phosphorylates vitronectin, a
protein secreted by activated platelets (13). Casein ki-
nase has been shown to phosphorylate the plasma pro-
tein C3. The protein kinase C isozymes are one class of
intracellular signaling mediators involved in multiple
functions in cells including platelets (14-16). In plate-
lets, several PKC isozymes have been identified includ-
ing PKCs «a, B, 8, {, m and 6 (17), but their secretion
from activated platelets is not known. We have inves-
tigated the secretion of protein kinase C from thrombin
activated human platelets.

MATERIALS AND METHODS

Materials. Human platelet concentrate was obtained from the
regional American Red Cross facility in Columbia, Missouri. Protein
kinase A inhibitor was purchased from Sigma Chemical Co. Myelin
basic protein (MBP) was purchased from GIBCO-BRL. Protein ki-
nase C antibodies were purchased from Santa Cruz. FITC-
conjugated Annexin-V was purchased from PharMingen. Ro-31-8220
and GF 109203X were purchased from BioMol. [y-*P]ATP (specific
activity 3000 Ci/mmol) was bought from DuPont-NEN. Nitrocellu-
lose and goat-anti [rabbit 1gG] secondary antibody were purchased
from BioRad.

Isolation of washed platelets. Human platelet concentrate was
centrifuged at 250g for 8 min at 25°C to remove red blood cell
contamination. The platelet rich plasma (PRP) was collected and the
red blood cells discarded. The PRP was centrifuged at 750g and
platelets were washed with Hepes platelet buffer (pH 7.1) containing
the following: (5 mM Hepes, 148 mM NaCl, 2.5 mM KCI, 1 mM
KH,PO,, 5 mM glucose, and 0.1 mM EGTA). This step was repeated
and the washed platelets were then counted using a Coulter counter
and brought to a final concentration of 2.0 X 10°/ml for treatment
with thrombin. These platelets were viable as routinely monitored by
their aggregation and [*H] serotonin secretion responses to throm-
bin.
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FIG. 1.

Protein kinases present in the secretory component. Washed platelets (2 X 10° cells/ml) were stimulated for differing time periods

with 1 unit/ml thrombin (A) or with differing concentrations of thrombin (0.005-5 units/ml) for 4 min (B). After stimulation, platelets were
centrifuged and 10 ul of resulting supernatant was used for an in-gel protein kinase assay using MBP and [y-*P] ATP (see Materials and

Methods). Data are from one of three similar experiments.

Platelet activation and collection of secretory products. Washed
platelets were treated with thrombin (0.01-5 units/ml) for varying
lengths of time (5 s—30 min). After treatments, platelets were cen-
trifuged at 750g for 15 min. The resulting secretory component was
collected and microparticles were isolated as described previously
(18). Briefly, supernatant was centrifuged at 13,000g for 45 min at
4°C and the resulting platelet secretory and microparticle compo-
nents were collected and placed immediately on ice. Both fractions
were used for flow cytometry (Becton-Dickinson FACS Vantage
TurboSort) to characterize distribution of the microparticles by using
2 um beads. The flow cytometer was set to gate 5,000 events in the
2 pm range as described previously (19). The ratio of events in the
microparticle region versus the bead region were used to calculate
the concentration of microparticles.

Lactate dehydrogenase (LDH) assay. In a disposable cuvette,
1500 wl of phosphate buffer (50 mM phosphate, pH 7.5, and 0.63 mM
pyruvate) and 50 ul of secretory component were added. To start the
reaction, 25 ul of 11.3 mM B-NADH buffer was added. Spectropho-
tometer readings at wavelength 340 nm were taken every 30 s for 3
min. LDH activity was expressed as units per liter (U/L).

Assay for protein kinases. The filter-binding assay was performed
as described previously (20). Ro31-8220 (0.05 M) and GF 109203X
(0.5 uM) were used as inhibitors of protein kinase C in corresponding
reaction mixtures and their concentrations were selected based on
reported values. The in-gel protein kinase assay was performed by
SDS electrophoresis in a 10% polyacrylamide resolving gel contain-
ing 5 mg/ml MBP as described earlier (21).

SDS-PAGE and immunoblotting. The proteins contained in 10
wl of secretory component in Laemmli buffer were separated by SDS
electrophoresis in a 10% polyacrylamide resolving gel. Proteins were
electrophoretically transferred to nitrocelluluse membrane and
probed with specific PKC antibodies or p42/p44 MAPK antibody.
Autoradiograms were obtained with enhanced chemiluminescense
(ECL) using Pierce Super Signal Reagent.

RESULTS

Protein Kinase C Activity in Secretions Derived
from Thrombin Activated Platelets

Thrombin (0.01-5 units/ml) treatment for 5sto 5
min was used to induce platelet aggregation and
secretion. At 1 unit/ml thrombin, maximal [* H] se-
rotonin secretion was observed within 30 s, whereas
aggregation was complete by 60 s (results not
shown). The secreted component was utilized for pro-
tein kinase C assay. First, to decipher what kinases
are being secreted by platelets, an in-gel MBP kinase

assay of the secretory component was performed.
Upon autoradiography, the in-gel MBP kinase assay
showed sharp bands at around 80 kDa intensifying
in both a time- (Fig. 1A) and thrombin dose-
dependent manner (Fig. 1B). PKC isozymes have
similar molecular weight. The phosphorylation of
MBP did not appreciably increase until 30 s after
stimulation, but increased steadily thereafter (Fig.
1A). The phosporylation of MBP was detected at as
low as 0.05 and 0.1 units/ml of thrombin but in-
creased appreciably at thrombin concentrations of
0.5 units/ml or higher (Fig. 1B). An aliquot of the
secretory component was used for lactate dehydro-
genese (LDH) assay. It was evident that the above
treatments did not result in platelet lysis as shown
by the lack of LDH release (Fig. 2).

Treatment of the secretory component with the ki-
nase reaction mixture containing MBP and [* P] ATP
resulted in a time-dependent phosphorylation of MBP
(Fig. 3). We also employed a PKC specific substrate
peptide (acetylated MBP 4-14 aa) derived from the
myelin basic protein sequence (GIBCO-BRL, Grand
Island, NY) in these assays and similar results were
obtained. Treatment of the secretory component with
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FIG. 2. Determination of lactate dehydrogenase activity in plate-
let secretory fraction. Washed platelets (2 X 10°cells/ml) were stim-
ulated with thrombin (1 unit/ml) for different times (0—5 min), cen-
trifuged, and 50 ul of secretory product was used for lactate
dehydrogenase (LDH) assay (see Materials and Methods). A similar
aliquot of platelet lysate was also assayed for total LDH activity. The
figure is representative of five separate experiments.
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FIG. 3. Detection of protein Kinase activity in secretory components. Washed platelets (2 X 10° cells/ml) were stimulated with thrombin
(2 unit/ml) for varying lengths of time, centrifuged, and 12.5 ul of secretory component was used for kinase activity using a MBP filter-binding
assay. The inhibitors Ro31-8220 (0.05 M) and GF 109203X (0.5 wM) were added to the reaction mixture as indicated under Materials and

Methods. The results are mean = SE of three experiments.

the PKC specific inhibitors Ro31-8220 (0.05 uM) or GF
109203X (0.5 uM) resulted in near complete inhibition
of the kinase (Fig. 3). Taken together, these results
suggest that PKC is being secreted by human platelets
upon thrombin stimulation.
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Characterization of PKC Isozymes Secreted by
Thrombin-Stimulated Human Platelets

Equal amounts of secretory component from
thrombin-stimulated platelet samples were electropho-
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FIG. 4. Western blot analysis of the dose-dependent (A) and time-dependent (B) secretion of PKC isoenzymes. Washed platelets (2 X 10°
cells/ml) were stimulated with thrombin (0.005-5 units/ml) for 4 min (A) or were stimulated with 1 units/ml thrombin for varying times (0—4
min) (B). Following stimulation, secretory components were obtained (see Materials and Methods) and their equal volumes were subjected
to 10% SDS—-PAGE and analyzed using antibodies raised against PKCa, PKCBII, and PKC3. The figure is representative of three separate

experiments.
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FIG. 5. Western blot analysis of thrombin (1 unit/ml)-induced
secretion of PKCpB1 (A) and p42/44 MAPK (B). Washed platelets (2 X
10° cells/ml) were stimulated with thrombin (1 unit/ml) for 5 min.
Equal volumes of the secretory components were subjected to 10%
SDS-PAGE and analyzed using antibodies raised against PKCpI
and p42/44 MAPK; secretory component following 5 min stimulation
(lanes 1 and 2) and lysed platelets used for positive control (lanes 3
and 4). The figure is representative of three separate experiments.

resed and probed with PKC specific primary antibod-
ies. Three PKC isozymes, PKC «, PKC Il, and PKC &
were detected. These isozymes were secreted in both a
thrombin dose- (Fig. 4A) and time-dependent (Fig. 4B)
manner. The secretion of PKC did not change until
thrombin concentrations of 0.5 unit/ml and higher
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were used (Fig. 4A). Further, PKC secretion did not
appreciably increase until 30 s but increased steadily
thereafter (Fig. 4B). PKCpI, another isozyme, was
present in lysed platelets but not in the secretory com-
ponent (Fig. 5A). MAPK (p42/p44) was present in the
platelet lysate, but was not found in the secretory
component isolated from the activated platelets
(Fig. 5B).

Protein Kinase C Activity in Microparticles

The platelet secreted fraction was separated into
soluble and microparticle fractions. The flow cytometry
data showed that the concentration of microparticles in
the supernatant fraction was negligible (data not
shown). The distribution of PKC activity within these
components was determined. Significant activity of
protein kinase C was found in the stimulated platelet
soluble fraction, which was 4.5-fold higher than the
control supernatant (Fig. 6A). However, protein kinase
C activity was also present in the microparticle frac-
tion. Microparticles derived from activated platelets
showed threefold higher PKC activity compared to the
control microparticles (Fig. 6A). The microparticles
were lysed in 1% Triton X-100, sonicated, and PKC
activity determined in the Triton treated portion ver-
sus the native microparticle fraction (Fig. 6B). The
Triton X-100 treated microparticles had a sixfold in-
crease in PKC activity as compared to the native mi-
croparticle fraction. This concentration of Triton X-100
does not directly affect PKC enzyme activity. The re-
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FIG. 6. The distribution of protein kinase C activity within the soluble supernatant and microparticle fractions. (A) Thrombin (1 unit/ml)
activated human platelets were centrifuged at 750g for 15 min at 4°C. Supernatant was collected and subsequently centrifuged at 13,0009
for 45 min at 4°C. Soluble and microparticle fractions were isolated and their protein kinase activity determined using filter-binding assay
(see Materials and Methods). Microparticle fraction was normalized to the number of microparticles present in both the control and
thrombin-activated fractions. The figure is representative of three separate experiments. (B) The microparticle fractions of both control and
thrombin-activated platelets were subjected to treatment with 1% Triton X-100. Protein kinase C activity was determined in native
microparticle fractions and Triton solublized fractions by the filter-binding assay (see Materials and Methods). The figure is representative

of one of four separate experiments.
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sults suggest that PKC is present both inside and at
the surface of microparticles.

DISCUSSION

This is the first report of protein kinase C secretion
by thrombin-activated human platelets in a time- and
dose-dependent manner. The kinase activity of the en-
zymes secreted by the platelets was inhibited by the
PKC specific inhibitors Ro31-8220 (0.05 uM) and GF
109203X (0.5 uM) suggesting the secreted kinase is
protein kinase C. It was further established that PKC
isozymes «, BI1, and & were secreted in both time- and
dose-dependent manner. PKC Bl was not secreted even
though it was present in the platelet lysate. These
results demonstrated selectivity of protein kinase C
secretion. Although MAPK (p42/44, kDa) is abun-
dantly present in platelets, it was also not secreted.
The lack of secretion of PKCB; or MAPK or of LDH
release also ruled out lysis in these experiments. The
time dependent secretion of PKC has an interesting
characteristic in that it was detectable 20 to 30 s after
thrombin activation of platelets and increased thereaf-
ter. In contrast, serotonin secretion was maximal by
30 s. This delayed secretion of PKC may have impor-
tant bearing upon its physiological role at the site of
platelet plug and the injured endothelium. It is also
noteworthy that human platelets are activated by PKC
antibody and a role for surface phosphorylation by
PKC in hemostasis has been proposed (22). The secre-
tion of protein kinase C isozymes is an exciting devel-
opment considering the recent discovery of exo- and
ecto-protein kinase activities and their role in cellular
regulation (13, 23, 24). Potential functions of secreted
protein kinase C in phosphorylations of plasma com-
ponents, e.g., fibrinogen and vitronectin (25-27) or cell
surface proteins of blood cells and endothelial cells can
be envisaged. Platelet secreted PKC may have a piv-
otal role in phosphorylating proteins critical to im-
mune, inflammatory and remodelling responses.
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