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Protein kinase C stimulates dense tubular Ca?* uptake in the
intact human platelet by increasing the V,, of the Ca**-ATPase
pump: stimulation by phorbol ester, inhibition by calphostin C
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The effects of protein kinase C (PKC) on Ca?* transport were investigated in human intact platelets. The indicator quin2 was
used to the free Ca?* ion ([Ca?*],,) and to search for possible PKC effects on the Ca®*-ATPase
extrusion pump located in the plasma The Ca?* indi line (CTC) was used to study PKC effects on
the dense tubular Ca?*-ATPase uptake pump. The activity of PKC was d by phorbol 12 i 13-acetate (PMA) and
was inhibited with calphostin C. Neither PKC activation nor inhibition had any effect on [Ca?*],, or the Ca?* extrusion pump.
Substantial activation of the dense tubular pump was cbserved with PMA. In resting platelets bathed in 2 mM external Ca?*
giving [Ca?*],,, = 102-106 nM, activation of PKC by PMA (100 nM) increases the rate and extent of dense tubular Ca** uptake
to 1.62 + 0.35 and 1.25 £ 0.3 times control value (vespectivily). The ¥, of the dense tubular pump was measured by using
ionomycin to manipulate [Ca’*]m. It is shown that PMA increascs the V by a factor of 1.7 £ 0.4 but has no effect on the X
value (= 180 nM). Au unexpected finding was that PKC activity supports a portion of the basal activity of the dense tubular Ca%*
pump in resting platels L with the inhibif Iphostin C (100 nM) d the rate and extent of dense tubular
Ca®* uptake in resting platelets by 38 + 5% and 29 + 21% (respectively). This is due to a 28 + 9% decrease in the V, of the
dense tubular pump. This suggests that there is a low level of stimulation of dense tubular Ca?* pump mediated by PKC in

resting platelets.
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cAMP, cyclic ine-3',5'- h cGMP,

denosine 3',5"-cyclic PKC, protein kinase C; PMA,

phorbol 12-myristate i3-acctate; PM, plasma memhrane. ROC, re-

Introduction

It is widely accepted that intracellular Ca?* plays a
key role in the activation of platelets. Protein kinase C
(PKC) is an enzyme which plays a pivotal role in
stimulus-response coupling in many cells [1). Under
physxologlcal condmons, protein kinase C is stimulated

ceptor-activated channel; [Ca?* ], the external Ca®* by 1ol | and by Ca2* [2], although more

[Ca%* )y, the free Cionized) Ca?* ion in the r:lcent .y oo “{“ some[sal’bs ec‘ef of pro-
[Ca?* 1y, the free Ca** concentration in the dense lnhular lumen; N . 2. P p .

DT, dense tubules, quind, >2lisent }-5.methyl. tein kinase C are not Ca’-dependent [3]. Protein

thoxy-8lbis(cark hyDaminoquinolis kinase C can be stimulated by phorbol ester at basal

quin2/AM, tetraacetaxymethyl ester form of quin2; CTC, chlo;ot;— cellular [Ca?*],, level [4]. The influence of the protein

EGTA, 8 i kinase C syst>m on Ca?* transport has been an active

NNN'N ‘9"‘:1?;"‘ A‘:‘"’  Hepes, 4-(2- hydmy‘“"” 1 "'"’::z':;; area of interest. The present study describes the effects

i At

after Ca®* addition: Ay, time-resolved CI‘C fluorescence change
after Ca?* addition; Rere. ‘CTC ralio’ = Ay, /Agyi V and V,,,
the velocity and maximal velocity (respectively) of the Ca®*-ATPase
pump located in the dense tubular membrane; K, the {Ca?* Tt
giving half-maximal rate of extrusion (V); K.y g rate constant for
Ca?* leakage from the dense tubulur lumen; K.upm Tate constant
for Ca?* leakage across the PM.

of PKC stimulation by phorbo! 12-myristate 13-acetate
(PMA) on the Ca?* punips and channels in the intact
human platelet. ThlS mformauon will be applied to the
more li 1 d ding PMA ef-
fects on agonist d Ca2 .
Present evidence suggests that both increases in
lasmic free Ca®* ion ([Ca?*],,) and
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protein phosphorylation are necessary to achieve
platelet activation. When human platelets are treated
with PMA, a number of proteins are phosphorylated
[5,6]. Among these are a 20 kDa protein identified as
the myosin light chain [7,8] and a 47 kDa protein
named pleckstrin [9,10]. The latter is considered a
marker for protein kinase C activation [1,11]. Early
studies d evid that of platel
with PMA increases the sensitivity of platelet aggrega-
tion to Ca®*. The observations were that PMA lowers
the threshold agonist concentration for aggregation
[12-14). These same studles showed that the sensmza-
tion is correlated with an i in agonist
secretion.

However, the various effects of PMA are seemingly

dictory. Other experil ion has shown that

PMA can d latelets to physiol I activa-
tors. For example, Powling and Hardisty [14] showed
that 1 nM PMA can letely inhibit aggregati
induccd by 10 nM platelet activating factor in the
presence of 1 mM external Ca2*. Several groups have
reported that stimulation of PKC with PMA decreases
the amplitude and shortens the duration of the tran-
sient increase in free cytoplasmic Ca®* ([Ca?*],,) fol-
lowing stimulation with thrombin [15,16] and platelet
activating factor [14,17]. Thus, PKC can also be consid-
ered to work against actwauon

Studies in blized lets and isolated dense
tubules can be mterpreled to suggest that the above-
described of Ca?* t may be at-

tributable to increased dense tubular Ca®* uptake.
Yoshida and Nachmias [16] showed that PMA stimu-
lates the rate of *Ca®* uptake into the dense tubules
of i bilized platelets by a factor of 2-3.
This finding was corroborated in a study using
chlorotetracycline (CTC) to monitor dense tubular
Ca?* uptake in digitonin-permeabilized platelets [18].
Studies of “°Ca?* uptake by a microsomal fraction
isolated from platelets showed that PMA increases the
rate of Ca®* uptake by a factor of 1.8 [19]. It was also
shown that PMA and dilauroylglycerol stimulate
Ca?*-ATPase activity of internal plasma membrane
[20].

The present study reports the effects of PKC stimu-
lation and inhibition on the in situ behavior of the
Ca?*-ATPase pumps of the dense tubular system and
plasma membrane. We manipulate the PKC of the
intact platelet not only by stimulation but also inhibi-
tion, It has been recently reported that calphostm Ca
newly isol; d from Cladc i
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Fig. 1. Ca?* handling systems of the platelet considered in the

present study. Stimulatory effects of PKC on the tubular pump

{(denoted by zig-zag arrow) are shown in the present study. ROC
denotes receptor-activated channel.

to other protein kinases such as cAMP-dependent ki-
nase and tyrosine specific kinase [23]. Its inhibitory
effect has been reported to be light dependent [24].

The present study is the fourth in a series describing
the effects of second messengers on the Ca* handling
in intaci human platelets. These studies [25-27] are
based on p Is using the lasmic Ca?* indica-
tor quin2 [27] and the dense tubular Ca2* indicator
chlorotetracycline (CTC); Jy and Haynes [28,29) to
study the plasma membrare Ca?* extrusion pump and
the dense tubular Ca?* uptake pump, respectively. The
Ca** handling systems in the human platelet are rep-
resented schematically in Fig. 1. Calcium homeostasis
across the plasma membrane (PM) is maintaired by
the bal passive leak across the PM
(Process A) and active extrusion by the PM Ca?*-
ATPase pump and the Na*/Ca®* exchanger (Process
B). Similarly, dense tubular uptake depends on the
balance between Ca?*-ATPase-mediated uptake (Pro-
cess C) and passive leakage across the dense tubular
membrane [26,29].

We study these processes in the intact platelets by
the use of fl di for L and
dense tubular Ca®*. The kinetics of Ca** extrusion
across the plasma membrane (PM) are studied in
quin2-‘overloaded’ platelets by a 1 whereby the
dye plays the dual role of [Ca®*],, mdlcator and linear

rioides, is a specific and potent inhibitor of PKC [21,22].
Calphostin C has several unique and useful features: It
inhibits phorbol ester binrding to PKC but does not
compete with Ca?* or phospholipid. It interacts with
the regulatory domain of the enzyme [23)]. It has been
reported to bc 1000-times more inhibitory to PKC than

of the number of Ca’* moved across the
plasma b First the 1

quin2 is saturated with Ca®* by addition of 1 uM
ionomycin to quin2 loaded platelets in the presence of
2 mM external Ca?* ([Ca?*],). Then further influx is
halted by the addition of EGTA, and the kinetic char-
acteristics of the active extrusion ‘machinery’ (Ca?*-




ATPase pump and Na*/Ca®* exchanger; Process B,
Fig. 1) are determined from the rate of Ca?* removal
vs, {Ca?*],,. Dense tubular Ca®* uptake (Process C,
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at the end of the isolation procedure. When EGTA

was added to remove Ca?*, an EGTA stock solution

with pH pread]usted to 7.5-8.0 was used. This degree
of

Fig. 1) is studied using the fluorescent indi
chlorotetracycline (CYC) which monitors the free Ca2*+
concentration in the dense tbules ({Ca®*)y,) {28,291
The kinetics of the dense tubular uptake are analyzed
in conjunction with [Ca“]m values which are obtained
in paraliel experiments with quin2. Ionomycin, to-
gether with programmed sequences of Ca®* addition
and ], is used to manipulate the Ca®* concen-
trations within cytoplasmic and dense tubular compart-
ments.

Maierials and Methods

Materials

Phorbol 12-myristate 13-acetate (PMA), EGTA,
Hepes, quin2, glucose, chlorotetracychne (CTC) and

kolin were p d from Sigma Ch I Co., St.
Louis, MO. lonomycm from Calbiochem, La Jolla, CA.
Calphostin C from Kamiya Biomedical Co., Thousand
Oaks, CA. The reagents used in the preparation of
Tyrode’s solution were supplied by Mallinkrodt Inc.,
Paris, KY.

Platelet isolation

Blood was drawn from normal dorors into anti-
coagulant citrate dextrose. Washed platelets were pre-
pared as described previously [29]. Cells were resus-
pended and experiments were performed in a nomi-
nally Ca?*-free Tyrode’s solution of the following com-
position: 138 mM NaCl/3 mM KCl/10 mM glucose/2
mM NaHCO,/25 mM Hepes with the pH adjusted to
7.35. After isolation, platelets will lose Ca2* as they
approach a new steady state with this low [Ca?*],. The
cells are therefore referred to as being Ca“‘-depleted

TABLE 1

the H* release resulting from
Ca* binding to EGTA, so that the standard pH of
7.35 is maintained.

Fluorometry
All fluorescence measurements were made using a
Perkin-Elmer fluorimeter (Model MPF-3L). The fluo-
rescence instrumentation, the use of CTC and the
description of its mechanism of response, the wave-
lengths and filters used, and precautions taken against
possible artifacts for CTC and quin2 measurement
have all been described [29). CTC and quin2 excita-
tion/emission wavelengths were 390/530 nm and
340/490 nm, respectively. A platelet concentration of
1.6+ 107 per ml was used for fluorometric experimenta-
tion. This was routinely measured turbidimetrically as
an OD(mm"=020 using a Beckman DB-G grating
and ionally verified with a
Bnght-lme hemacytometer (American Optical). No
dark or low-light experimentation was attempted with
calphostin C.

Protocols measuring absolute rate of Ca®™ extrusion and
rate of dense tubular Ca®* uptake

Quin2 experimentation was carried out as described
previously [25,30]. The quantitative measurement of
the kinetics of Ca?* extrusion was done by using quin2
overload/Ca?* extrusion protocol [25,30]. In this ex-
periment, platelets are incubated with 20 pM
quin2/AM to obtain i llular dye
of about 3 mmol per liter cell volume, such that its
Ca** buffer capacity is much larger than the Ca**
buffer insic to the A number of
publications from this laboratory [18,28,31,32] have de-

ation:

Lack of effect of PMA on the kinetic parameters of the Ca®* extrusion pump, the Na* / Ca?* exchanger the resting [Ca®* ], and the rate constant

for Ca?* leukage (K ey o) across the plasma membrane
K

Constant Vaiue Unit
control PMA-treated
Vpn extrusion pump (PM) * H1r +£19 105 13 #M min~!
27+ 05 25+ 03 nmol mg~! min~'?
K., extrusion pump (PM) * 90 9% M
Na*/Ca®* exchanger (PM) ©
WV, /K, ratio) 4 14 37 x10 min~!
981 34)10°¢ ©.1+ 2510 liter mg =¥ min =1 ®
Resting {Ca’* ¢ 106 +10 102 11 aM
Kieapm [Caz’L,(PM)‘ 2 +9 58 £ 7 pmol min~!

® Determined from experiments shown in Fig. 2 by analysis of eight experiments from different donors, Where indicated, PMA (100 nM) was

preincubated with platelets for 15 min prior to the Ca®* addition step.

® Rate expressed per mg membrane protein.

© The K,, of the Na*/Ca®* exchanger is sufficiently high that only the ¥V, /K, ratio could be determined.
4 The *resting’ [Ca?* )yt value was determined in the presence of 2 mM [Caz’ ), as described in the text,
© The product of ke, py- the rate constant for Ca?* leakage across the PM, and when [Ca?* ), = 2 mM.
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scribed the use of chlorotetracycline (CTC) as a mea-
sure of the free Ca** concentration in the dense tubu-
lar lumen ([Ca?*],,). The measurement of the V;, and
K., of the dense tubular pump was carried out as
described in a recent publication {26]. Since that proto-
col produced high [Ca“]m values which can enable
mitochondrial Ca?* uptake, 4 uM rotenone and 4
wg/ml oligomycin were added [26],

Statistics

All data were expressed as the mean + S.D., except
where noted. statistical analysis using Student’s ¢-test
were carried out with the aid of EPISTAT (copyright
Tracy L. Gustafson). Best fit curves were pioduced
using ASYSTANT (Macmillan Software Company).

Results

PMA has no effect on resting [Ca®*],,, or Ca®* extru-
sion kinetics

The free ion of cytoplasmic Ca?*
([Ca**],,,) was measured under resting conditions in
the presence and absence of 100 nM phorbol 12-myri-
state 13-acetate (PMA). As described previously [29,30],
resting values of [Caz*]m are determined by the bal-
ance between Ca?* influx via the passive leak (Process
A, Fig. 1) and active Ca?* extrusion across the PM
(Process B, Fig. 1). In these particular experiments
platelets were loaded at an ‘indicator’ level of quin2:
The platelets were preincubated with 5 M quin2/AM
to achieve cytop/asmic quin2 ions of 0.82 -
0.23 mM. A platelet was p bated for
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Fig. 2. Lack of effect of 100 nM PMA or 160 nM calphostin C on the
kinetics of Ca?* extrusion. The experimentation was carried out
ding a protocol i i [30]. Quin2 L
platelets (entrapping approx. 3.6 mmol quin2/liter cell volume) were
incubated with 2 mM externa! Ca®* for 15 min. Where indicated 1
1M ionomycin was added causing rapid Ca* influx. At the point
where the cytoplasmic quin2 was approx. 98% saturated, external
Ca?* was removed by EGTA complexation. The decrease in fluores-
cence is proportional to the number of Ca®* removed from the
cytoplasm by the pump and exchanger. Calculated [Ca"]‘y, values
are given by the non-linear scale on the left. Control experiments
(not shown) were carried out with CTC to confirm that the dense
tubules did not make a significant contribution to Ca®* removal
under these conditions (Fig. 3 of Ref. 25). In the PMA- and calphostin
C-treated cases, these agents were added 15 and 20 min before the
Ca?* addition, respectively.

the kinetic constants of the extrusion sysiem and the

15 min with and without 100 nM PMA, then 2 mM
Ca?* was added and [Ca“]m was measured after an
additional 15 win. Six paired experiments gave resting
[Ca?*],,, values of 106 + 10 (S.D) nM for control and
102 + 11 nM for PMA treatment. This result is entcred
in Table 1.

The lack of a PMA effect on [Ca®* Jey Sugests that
neither the extrusion process nor the passive influx is
altered by PKC stimulation. This was directly tested, by
studying active Ca* extrusion into a Cu?*-free medium
with quin2-overloaded platelets according to a protocol
described previously [30]. Fig. 2 presents a typical ex-
periment comparing the progress curves for Ca®* ex-
trusion trom PMA-treated and control platelets. The
experiment gives no indication of any effect of PMA
treatment on the extrusion process. The kinetic con-
stants of the extrusion systems were as described previ-

dy-state value of [Ca®*],, [25]. Since none of the
above values ch with PMA Kicak.pm 1S
also unchanged.

PMA increases the rate of uptake and resting level of
dense tubular Ca®* concentration

Qur previous studies [26,28,29,33] have shown that
the chl line (CTC) fi signal is a
linear measure of the free Ca** concentration in the
dense tubular lumen ([Ca?*],,). Fig. 3 is a typical CTC
experiment showing that PMA increases the rate and
extent of dense tubular Ca®* uptake in resting platelets.
Fig. 3 shows that PMA increases both the initial rate
and maximal extent of dense tubular Ca®* uptake in
resting platelets bathed in 2 mM external Ca?*. In the
presented experiment, 100 nM PMA was preincubated
with the platelets 15 min before the indicated addition
of external Ca2*. The data of Table 11 show that this

ously [30]. Table 1 presents the results of analysis of 8
repetitions of this experiment. The table shows that
PMA is without effect on the V,, or K, of the plasma
membrane (PM) Ca®* extrusion pump and the has no
effect on the V, /K, ratio of Na*/Ca’* exchanger.
The rate constant for passive Ca?* leak across the
plasma membrane (k. pyy) can be determined from

rep a imally effective ation and
preincubation time.

Eight repetitions of the experiment of Fig. 3 show
that PMA enhances the initial ratc and maximal extent
of dense tubular Ca?* uptake in the ‘resting’ platelet
by a factors of 1.62 + 0.35 and 1.25 + 0.30, respectively.
These data are presented in Table III.
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TABLE 1

Prei ion time and

depend of the PMA-induced stimulation of the rate and maximal extent of dense tubular Ca** uptake

The experiment of Fig. 2 was performed at variable PMA concentration and preincubation time (mirutes before Ca?* addition). Where
indicated, 500 nM it in was added si with Ca?*. All of the presented (n = 6-8) data are expressed in terms of ‘CTC units’
whereby the observed rate and maximal extent are divided by A, the amplitude of the instantaneous phase. The latter is a constant which
reflects only the area of plasma membrane outer leaflet exposed to the external medium [26,28,29,33).

[PMA] Preincubation Control Tonomycin-treated
(nM) time initial rate max, extent initial rate max. extent
(snin) (units/min) (Repe) (units/min) (Rere
(units) Cunits)
0 - 0.121£0.02 0.2040.03 0.85+0.20 0.80+0.09
3 15 0.15+005° 0.22+004 % 1164025 " 0.84+005%
100 1 0.17+003° 0.21£0.06 1.10£0.18* 0388+005°
100 15 0.20+£0.05° 0.25+£0.08° 1401018* 10410127
100 45 0203004 % 0251006 " 140£0.22 ¢ 1054007 *
500 15 0.20+005* 0.25+0.07° 135020 ¢ 1044006

2 Significantly greater than control (P < 0.05).

PMA increases the V,, of dense tubular Ca®* pump

As developed previously [26], measured levels of
dense tubular Ca** uptake depend on the balance
between active uptake and passive leakage as described
in the following equation:

ica®* it

— 2+
(K,',."+[Ca“]'m) Ky lCa?* I

V=Vaa

CTC Fluorescence
[I——

A A

cte cad’

10 minutes

Fig. 3. Effect of PMA (100 nM) on the rate of dense tubular Ca®*
uptake in intact platelets i d with CTC The

where V,, 4, is the maximal velocity of the dense tubu-
lar pumps at saturating [Ca*],,,, where K, is the
[Ca**],,, for half-maximal velocity, where the exponent
1.4 is the Hill coefficient for the process and where
K\euar I8 the rate constant for passive Ca®* leakage of
Ca?* across the dense tubular membrane [26]. 1t fol-
lows that PMA effect of Fig. 3 and Table III could be
attributed to either an increased V,,, a decreased K.,
of dense tubular Ca?* pump or decreased k., of
dense tubules. We have shown [26] that V,,, can be
measured by an ‘ionomycin challenge’ protocol, in
which the experiment of Fig. 3 is repeated with iono-
mycin at concentrations chosen to raise {Ca’*}y, to
saturating levels without seriously short-circuiting the
dense tubular pump.

TABLE HI

Stimulation and inhibition of rate and extent of dense wbular Ca®*
uptake by PMA and calphostin C

PKC was stimulated in Ca?*-depleted platelets by 15 min preincuba-
tion in the cuvette with 100 nM PMA and inhibited by 20 min
prein ion with 100 nM C. CTC (10 pgM), 4 uM
rotenone and 4 pg/ml oligomycin were also present during the
preincubation. Then 2 mM Ca®* was added to initiate dense tubular
uptake which was monitored by CTC fluorescence. Where indicated,
500 nM i in was added sit ly. The initial rate (Vi)
and CTC ratios (Repe) were determined. The table presents the
ratio of these quantities for the treated vs. control cases. The

standard protocol of Jy and Haynes [28,29] was used. Washed Ca?*-
depleted platelets (1.6-107/ml) were introduced into the cuvette and
10 #M CTC was added together with 4 uM rotenone and 4 pg/ml
oligomycin. Where indicated, PMA was also added at this time.

[4 d values are means for 6-8 paired experiments+S.D.

[lono}] PMA-treated
(M)

Calphostin C-treated

Vi / Ve Rereomn/  Vema/ Ve Rereama/

Ca?* (2 mM) was added where indicated. Active uptake is CTCeom Retc.oom
by the time resolved increase in CTC fluoresence after registration of ) 1.6240.35 1.25+0.3 0.62+0.05 0.7110.21
the instantaneous increase (amplitude is denoted A,y after Ca?* 500 1.70£040°  135+022  0.72:009% 085+0.15

addition. The amplitude of dense tubular uptake is denoted A,
Quantitation of [Ca*]y, is by means of the *CTC ratio’ (Reqe)
which is calculated as Ay, / Ay as illustrated in the figuse.

“ Identical to ratio of Vy,pma / Vaeonts
* 1dentical to ratio of Vi caphouin¢ Vracont:
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Controt

Asiow

Fluorescence

[} 4
c1c ca?* + tonomycin

Fig. 4. Effect of PMA on Ca?* uptake at high [Cal“!,,l values
icited by 500 nM ionomycin. The experiment is identical to that of
ig. 3 except that i in was added si with the

Ca?t

- A
emMA

12
1.0 J

cs -1 Control

0.6 -]

INITIAL RATE( CTC unit/min )
a
L

0.2+

o T L 1 T T

O 250 500 750 1000

{lonomycin] (nM)
Fig. 5. Effect of jonomycin on initial rates of dense tubular Ca?*
uptake measured by CTC fluorescence in the presence and absence
of PMA. The experiment was identical to that of Fig, 3 except that
the ionomycin concentration was varied. The initial rate, determined
over the first 10 s, is expressed as V = (dFl/dr)/ Ay, The data are
the average (+8.D.) of cight paired experiments. The ascending
portion of the curve reflects the ionomycin-induced increase in
lCaz‘]m, the small decline phase observed between S00 nM and
1000 nM ionomycin reflects some short-circuit of dense tubular
uptake by the ionophore.

0.8 <

CTC Ratlo

0.5 Control

0.4 4

0.2

0 v T L Al L)

250 500 750 1000

o

{lonomyein] {(nM)
Fig. 6. Effect of ionomycin on maximal extent of dense wbular Ca?*
uptake measured by CTC fluorescence in the presence and absence
of PMA. The 'CTC ratio’ is the ratio of amplitudes of the slow phase
to the instantaneous phase (A, / Ay, following Ca2* addition to
platelets. It is proportional 1o [Ca®* Jar- The data are from the same
experiments as in Fig. 5.

Fig. 4 shows the PMA effect on the initial rate and
maximal extent of dense tubular Ca** uptake at 500
oM i in, a ¢ ion which had previously
been shown to be optimal for this purpose [26]. Fig. 5
confirms that 500 nM ionomycin has produced suffi-
cient elevation of [Ca%*],,, to allow the ¥, of the pump
to be expressed. This is also reflected in Fig. 6 which
shows the maximal extent of uptake in the same experi-
ments. The above data show that PMA increases the
V¥, of the dense tubular pump by a factor of 1.70 + 0.40.
These data and the aft ioned data are p d
in ‘Table 111

PMA does not affect the K, of the dense tubular pump
The effect of PMA on :he K of dense tubular
pump can be d rated ion of Eqn.
1. mgether with the knowledge of V,» the initial rate
and [Ca?*), ., at the instant that 2 mM Ca’* is added
26}, In Ca® +-depleted platelets [Ca%*],,, = 50 nM and
the resting [Ca?*)y, is very low. Thus, the second term
of Eqn. 1 does not contribute to the kinetics of dense
tubular Ca?* uptake in the initial phase. For the dense
tubular pump operating unopposed by leakage we have
derived [26] from Eqn. 1 the following equation,

— x4

Kp=lCa?* lm(lT-) @

where X is defined as the degree of saturation of the
pump with cytoplasmic Ca* (X =V/V,,) The V and
Vi values are taken from Fig. 5 for 0 nM and 500 nM
ionomycin, respectively. Using this and the above-men-
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Lack of effect of PMA on kinetics of the dense tubular Ca®* pump and Ca®* leak across the dense tubular membrane

[Ca?* Ly values are for the ‘resting’ state in the presence of 2 mM Ca?* [25]. The ¥,, vi ues (CTC units/min) are calculated from the initial rate
at [fono]= 0.5 M as described in the text. The K, values are calculated as described i1 the text. [Ca?* ]y, is the measured Rere value (Fig. 6).
X is the degree of saturation of the pump in steady state, calculated from Eqn. 3 of Ret 26, using steady state [Ca®* )., and K, value. Reremn
(CTC units) is the experimental value for 0.5 xM ionomycin or the theoretical valu. (Repe /X) for no ionomycin. Ky .y / Vo stands for
(Kyean + K panollono))/ ¥, (min~1) which is identical to X /Repc (Eqn. 6 of Ref. 26). K.y 4 / Vi (CTC units™ 1) was caleulated from &y / Vi
USINg Kigno = 034 Kyeqye (M~ [26). Finally, k), (min~") was calculated from the preceding column using the appropriate ¥, value.

State flono]  [Ca**]y Ky Vi Ca?* ]y X Retcmm Kokt kieak Kk
(M) (M) (nM) (CTC units) {CTC units) T .17""- (min~")
Control 0 106 180 0385 020 230 0.67 - 127 110
Control 05 21000 180 085 0.80 100 080 125 L1o 0.94
PMA 0 102 182 i4 025 03 0.83 - 103 140
PMA 0.5 21000 182 14 1.08 100 1.08 0.93 079 L1
tioned [Ca”’]‘y1 value (50 nM), we obtain the following experi ion p d in Table V shows that this

Ky, values: 180 nM, control; 182 nM, PMA-treated.
Thus, PMA is without influence on the K, of the
dense tubular CaZ* pump. We note that the derived
control value is in excellent agreement with the K
value obtained in digitonin-permeabilized platelets [29].
The K, values are entered in Table IV.

Lack of effect of PMA on the k., of dense tubules

We have previously shown that the values of k., o
can be calculated from the values of [Ca*], in
steady-state at rest [26]. The calculation is analogous to
the determination of k., pm Presented in an earlier
section. Table IV shows that PMA has no significant
effect on &y qe

PMA and cAMP have no additive effect on the V,, of
dense tubuiar Ca** uptake

Like PMA, cAMP has been shown to increase the
V,, but have no effect on K,, of dense tubular Ca?*
uptake [26]. it is thus of interest to determine whether
c¢AMP could produce any additional effect in the pres-
ence of a maximally-effective PMA concentration. The

TABLE V
Lack of additional effect of forskolin after PMA activation

dense tubular Ca2*
uptake were carried out as in Fig. 4 except that PMA (100 nM) was
preincubated with p'atelets with or without forskolin (10 wM) for 15
min prior to addition of ionomycin and Ca?*,

Agent Initial rate Max, extent
(units/min)} (units)
Control 0.8240.18 0.80+0.09
PMA 1.38+0.12° 104£0.12%
Forskolin 1.36+0.14° 1.04£0.10 *
PMA + forskolin 1.37£021° 104£0.14°

o Signifirantly different fram control (P < 0.05).
b Not significantly different from PMA (P> 0.1),

is not the case.

Effect of calphostin C on the Ca?* transport processes
To further study the effects of PKC on the Ca®*
transport, we made use of the newly isolated, highly
specific PKC inhibitor, calphostin C. The inhibitor has
no effect on the resting value of [Caz"]m in the pres-
ence of 2 mM external Ca®*. The results from six
paired experiments with 100 nM calphostin C preincu-
bation gave an average [Ca?*],, value of 102 + 8 nM
vs. 100 £ 10 for control (P> 0.1). These values are
entered in Table VI. The lack of effect on resting
[Ca?*],, is not unexpected, since PMA was also un-

A Gontrol
8 Calphastin A
“[Paiow

Arast

10 1. anutes

CTC Fiuorescence

s

4

cre of
Fig. 7. Effect of calphostin C on the rate and extent of dense tubular
Ca?* uptake in resting platelets. The experiment was carricd out as
in Fig. 3 except that the platelets were preincubated with 160 nM
calphastin C for 20 min before the Ca®* addition. The inhibitor did
not change the Ca?* sensitivity of CTC as demonstrated by the tack
of effect on the amplitude of the fast phase of CTC fluorescence in
resting platelets. Also, the experiment was repeated with S0 nM
calphostin C (not shown) and progress curves were identical to those

observed for 100 nM calphostin C.
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Fig. 8. Effect of ionomycin on initial rate of dense tubular Cy’

uptake measured by CTC fluorescence in the presence and absence

of calphostin C. The standard protocol was used as shown in Fig. 3.
Platelets were preincubated with 100 nM calphostin C for 20 min.

to change this quantity. Calphostin C also had no effect
on the Ca’* extrusion pump. This is shown in Fig. 2
and is tabulated in Table VI. The progress curves for
extrusion in the control, calphostin C and PMA-treated
cases are superimposable.

Calphostin C did have a substantial cffect on dense
tubular Ca®* uptake. Fig. 7 is a typical experiment
showing that 100 nM calphostin C decreases both the
initial rate and extent of dense tubular Ca* uptake in
resting platelets. The experiment was repeated six times
and the data are entered in the right-hand portion of
Table 111. The data indicate that calphostin C inhibits
the rate of Ca®* uptake in resting platelets by 38% and
inhibits the extent by about 30%. We repeated the
ionomycin challenge protocol described for PMA in
Figs. 5 and 6 to determine whether the calphostin C
effect was on the V,, or K. Fig. 8 shows that a
maximally-effective concentration of calphostin C de-
creases the V,, of the dense tubular pump by 30%. Fig.
9 shows that calphostin C has a similar effect on the
maxima! extent of Ca?* uptake (15% decrease). We
calculated the K, values for the data at zero iono-

TABLE VI

Control
T Caiphastin C

0.8 4

CTC Ratio

0.6

0.4 4

0.2 4

T T T T T

0 250 500 750 1000
llonomygin} (nM)
Fig. 9. Effect of ionomycin on maximal extent of dense tubular Ca®*
uptake measured by CTC fluorescence in the presence and absence
of calphostin C. The standard protocol was used as shown in Fig. 3.
Platelets were prei with 100 nM in C for 20 min.

mycin by the method described in the previous section.
Calphostin C was without effect on the K, (203 + 12
aM, n=35 vs. 184 + 36 nM, control, n=7, P>0.1).
The results are entered in Table V1.

Discussion

The principal results of this study are summarized in
Table VI. Protein kinase C stimulation by PMA in-
creases the rate and extent of Ca®* aptake by the
dense tubular pump but does not affect the Ca®*
transport mechanisms in the plasma membrane. Com-
bining this with our previous findings shows that each
of the three protein kinases has a diffcrent pattern of
effects on the PM vs. dense tubular pump: Protein
kinase A stimulates both pumps [25,26], protein kinase
and stimulates the PM pump only [27] and protein
kinase C stimulates the dense tubular pump only. It is
interesting to note that the maximally PKC-stimulated
dense tubular pump can not be further stimulated by
protein kinase A (forskolin, present study). An unex-

Summary of kinetic constants of the Ca®* pumps in three states of PKC activation

The presented values are means for 6-8 paired experiments £S.D. or estimate of uncertainty (for Ay .u)

State Plasma membrane Dense tubular membrane
Vi Ko Kt (Cu?* ]y, Vo Ko Kok [Cal* ]y,
{pM-min~") (M) (min ") (M) (CTC units) (M) (min~") (CTC units)
Inhibited 119 Wi 314 02+ 8 078£007 " 203+12 1.2£0.01 0.1510.01°
Basal 115 904 10 314 103+ 10 0.95+0.10 222 12x0.11 0204002
Stimulated 105413 w0+ 9 29%3 02+ 8 140£0.18 ¢ 182+ 8 1440.12 0.25+008"

“ Significantly different from basal (control) ( P < 0.01).



pected observation of the present study is that PKC is
responsible for a portion of the dense tubular Ca®*
uptake in the reating state of untreated platelets. This
observation was made using the new specific PKC
inhibitor calphostin C.

Mechanism of PMA stimulation of the dense tubular
pump

Our findings show that PMA increases the rate and
extent of dense tubular Ca®* uptake in the intact
platetet, This is in agreement with previous finding of
PMA stimulation of Ca?*-ATPase [20] and Ca®* up-
take in platelet microsomal fractions [19] and with
observation with d bilized platel
[16,18). The present study shows that the stimulation is
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fits well with our finding that PKC does not stimulate
the rate of the Ca®* extrusion pump located in the
PM. By analogy to the cardiac sarcolemmal pump, the
expected molecular weight of this protein would be 130
kDa [43]. As we have prcviously noted, a 130 kDa
protein in platelets is phosphorylated by both cAMP
and cGMP [44], agents which stimulate the Ca®* extru-
sion pump [25,27). Published gel patterns of PMA-
stimulated phosphorylation do not show labelling of a
protein in this range {6].

Iationichin

ip PKC-depend. imulation of the
dense tubular Ca’* pump and pro- and anti-activation
effects of PMA

expressed as a V), effect. The K., is not altered. The
effect of PMA on dense tubular Ca®* pump does not
seem to be mediated by increasing the cAMP level
because PMA has been reported to have no effect on
the latter [19).

It is of interest to consider the stimulation of the
dense tubular pump in relation to what is known about
regulatory phosphorylation of platelet proteins induced

A detailed consideration of PMA effects on platelet
Ca?* handling is important since PKC is stimulated by
diacylglyceride during the course of platelet activation.
As described in the Introd both pro-;
and anti-activation effects of PMA have been reported.

PMA-stimulated protein pt ylation is impor-
tant to the pro-activation effects of this agent. As
presented by others, protein phosphorylation is a suffi-

by PKC. In human platelets it has been known that
cAMP-dependent phosphorylation of a 22 kDa protein
stimulates Ca®* uptake of dense tubules [34,35). This
protein has physicochemical similarity to phospholam-
ban [36-38), a 22 kDa protein which regulates the
activity of the Ca2*-ATPase pump of the cardiac mus-
cle sarcoplasmic reticnlum. Phespholamban is
phosphorylated by a cAMP-dependent protein kinase
[37,381, by calmodulin [39], and by PKC [40]. All three
agents are capable of increasing the rate of the cardiac
SR Ca?* pump in a phospholamban-mediated process
[40).

Yoshida and Nachmias [16,41,42] have addressed
the question of whether phosphorylation of the 22 kDa
protein is the mechanism by which PMA stimulates
dense tubular Ca?* uptake and have concluded that it
is not. Their reasoning was based on the finding that 20
nM PMA produced less phosphorylation of a 23 kDa
protein than of a 27 kDa protein. However, the gel
patterns of *2P-labelled proteins did show the presence
of a 23 kDa label led protein in the unstimulated state
[16,41). Furthermore, the presented gels did (in our
judgement) show some increase in phosphorylation of a
23 kDa protein with treatment of intact platelets with
20 nM PMA. PMA-stinulated phospherylation of pro-
teins in the 20-22 kDa range has also been reported by
others [6]. In light of our finding of PKC-mediated
stimulation of the dense tubular Ca®* uptake in the
basal state, and considering our observation that PKA
and PKC stimulation of uptake are not additive, we
believe that this question is worthy of further consider-
ation.

The phosph

ylation/ ylation pattern

cient explanation for the pro effects [11-
14,47] at low agonist concentrations or low {Ca®*],,,.
Important protein substrates are the 20 kDa myosin
light chain [7,8] and 47 kDa pleckstrin [9], which have
been linked to the shape change and serotonin release
reactions [5,45,46).

The present findings are in agreement with the
anti-activation effects of PMA. Although PMA in-
creases the resting level of Ca?* in the dense tubules
(present study), it also inhibits IP, formation [48,49]
and stimulates the di dation of IP, {S0]. App 1
the effect on IP, outweighs the effect on {Ca®*],. A
decrease in the amplitude of the IP, signal would be
sufficient to explan the finding that PMA decreases
the amplitude of the Ca?* transients evoked by throm-
bin, ADP and PAF [14,15). Other workers have re-
ported that PMA increases the rate at which the cal-
cium signal returns to the baseline {14,15,17). Our
finding of increased rates and extents of dense tubular
Ca?* uptake is a sufficient explanation for this, Our
study offers no support for suggestions that extrusion
across the PM membrane is stimulated by PMA *. Tt
would be of interest to determine whether diacylglyc-
erol released during activation affects the time course
of the Ca®* transient.

* Pollock ct al. [52] showed that PMA increases the rate of fluores-
cence decrease after adding fura-2 loaded platelets to an EGTA-
containing solution ([Ca?*}, <10-% M) and then adding iono-
mycin. However, since the ionomycin concentration was not var-
ied, it is not clear that dense rubular uptake was completely
short-circuited under their conditions.
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1t is possible that the PKC effect on dense tubular
Ca?* levels serves as a sort of ‘integrator’ of previous
stimulation by agonists. Our finding of partial inhibi-
tion of dense tubular uptake by calphostin C suggests
that basal PKC activity partially supports the dense
tubular Ca?*-ATPase pump, and further supports rest-
ing (and releasable) [Ca®*],. Relevant to this are
published gel patterns showing some phosphorylation
of protein in the 20-23 kDa range in the basal state of
resting platelets [16,41]. Phosphorylation and ‘activa-
tion’ in the basal state may prove to be a result of basal
activity of PKC or of basal activity of the phosphalipase
C which stimulates it. This is interesting in light of the
finding that the platelet contains 3 or 4 isoforms of
PKC and that binding to membrane increases with
activation [S1]. A better understanding of these rela-

20 Adunyah, S.E. and Dean, W.L. (1986) Cell Calcium 7, 193-202.

21 lida, T., Kobayashi, E., Yoshida, M. and Sano, H. (1989} J.
Antibiot. 42, 1475-1481.

22 Kobayashi, E., Ando, K., Nakano, H., lida, T., Ohno, H., Mori-
moto, M. and Tamaoki, T. (1989) J. Antibiot. 42, 1470-1474.

23 Kobayashi, E., Nakano, H., Morimoto, M. and Tamaoki,
(1989) Biochem. Biophys. Res. Commun. 159, 548-553.

24 Bruns, R.F., Miller F.D., Merriman, R.L,, Howbert, J.J., Heath,
W.E., Takahashi, I., Tamaoki, T. and Nakano, H (1991) Biochem.
Biophys. Res. Commun. 176, 288-293.

25 Johansson, 1.S., Neid, L.E. and Haynes, D.H. (1992) Biochim.
Biophys. Acta 1105, 19-28.

26 Tao, J.G., Johansson, J.S. and Haynes, D.H. (1992) Biochim.
Biophys. Acta 1105, 29-39.

27 Johansson, 1.S. and Haynes, D.H. (1992) Biochim. Biophys. Acta
1105, 40-50.

28 Iy, W. and Haynes, D.H. (1984) Circ. Res. 55, 595-608.

29 3y, W. and Haynes, D.H. (1987) Biochim. Biophys. Acta 929,
88-102.

30 1.S. and Haynes, D.H. (1988) J. Membr. Biol. 104,

tionships must await a ic study of calphostin C
effects on protein phosphorylation in the human
platelets.
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