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ACTIVATION OF CALCIUM-ACTIVATED, PHOSPHOLIPID-DEPENDENT
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SUMMARY: A small quantity of unsaturated diacylglycerol (DG) sharply
decoreased the Ca2+ and phospholipid concentrations needed for full
activation of a Ca2+-activated, phospholipid~dependent multifunction-
al protein kinase described earlier (Takai, Y., Kishimoto, A., Iwasa,
Y., Kawahara, Y., Mori, T. and Nishizuka, ¥. (1979) J. Biol. Chem,
254. 3692-3695). In the presence of unsaturated DG and micromolar
order of Ca2+,. phosphatidylserine (PS) was most relevant with the ca-
pacity to activate the enzyme, whereas phosphatidylethanolamine and
phosphatidylinositol (PI) were far less effective. . Phosphatidylcho-
line was practically inactive. It is possible, therefore, that un~
saturated DG, which may be derived from PI turnover provoked by vari-
ous extracellular stimulators, acts as a messenger for activating the

enzyme, and that Ca2+ and varicdus phospholipids such as PI and PS seem

to play a role cooperatively in this unique receptor mechanism.

\ Hokin and Hokin (1) first presented evidence that Pil/ turns
over very rapidl& in response to acetflcholine. Early work on such
PI turnover waé carried out with various types of secretory tissues
such as bancreas (1,2), salivary gland (3) and salt;secreting gland
(4) . Subsequehf studiés developed by many investigatdrs {for reviews
see Refs. 5,6) have shown that the PI response can be provoked in a

vafiety of tissues which are activated by various extracellular stim—

ulators ingluding o~adrenergic and muscarinic choliherg;c neurotrans-—

_ * This investigation has been supported in part by research grants from the Sci-
entific Research Fund of Ministry of Education, Science and Culture, Japan (1979),
the Intractable Diseases Division, Public Health Bureau,.the Ministry of Health
and Welfare, Japan (1979), the Yamanouchi Foundation for'Research on Metabolic Dis~
orders (1979) and from the Foundation for the Promotion bf Research on Medical Re-
sources, Japan (1977-1979). - .
+ On leave from the Faculty of Nutrition, Kobe Gakuin University, Kobe 673.
1/ Abbreviations used are: PI, phosphatidylinositol; PS, phosphatidylserine; PE,
phosphatidylethanolamine;.and PC, phosphatidylcholine. :
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mitters as well as some peptide -hormones. Nevertheless, ail attempts
to clarify the physiological significance of such PI turnover have
been thus far uniformly unsuccessful. .In preceding reports from this
laboratory (7,8) a new species of multifunctional protein kinasé has

been identified in mammalian tissues which may be selectively acti-

2+

vated by the simultaneous presehce of Ca and phospholipid. This

communication will present evidence suggesting that PI turnover may
be coupled with the activation of this protein kinase, and possible
roles of various phospholipids inrthis receptor mechanism will be pro-
posed. In order td reiate‘to our previous papers (7,8) the Ca2+-actif
vated, phospholipid-dependent pfotein_kinase will be referred to as

protein kinase C.

EXPERIMENTAI PROCEDURES

Protein kinase C.was purified partially from rat brain cytosol
as described previously (9),. and the preparation used was essentially
free of endogenous phosphate acceptor proteins and interfering enzymes.
The enzyme was_assayed with Hl histone as phosphate acceptor in the '
presence of Ca2t, phospholipid and neutral lipid. The detailed con-
ditions are given in each experiment. PI (pig liver) was purchased
from Serdary Research Laboratories, and was purified by thin layer
chromatography on a Silica Gel H (E. Merck) plate as. described previ-
ously (8). PS (bovine brain), PE and PC (human erythrocyte) were gen-
erous gifts of Dr. T. Pujii and Dr. A. Tamura, Kyoto College of Phar-~
macy. All samples employed were ¢hromatographically pure. Mono-, di-
and triacylglycerols employed were synthetic products which were ob-
tained from commercial sources. Unless otherwise specified each sam-
ple of diacylglycerol was a mixture of 1,2- and 1,3-diacyl derivatives
as judged by thin layer -chromatography. l-Stearoyl-2«0leoyl diglyce-
ride and l-stearoyl-2-linocleoyl diglyceride were products of Serdary
Research Laboratories. Samples of monoacylglycerols were also mixtures
of 1- and 2-acyl derivatives. Hl histone was prepared from calf thy-
mus as described earlier (10). [y-32P]ATP was prepared by the method
of Glynn and Chappell (11). All materials and reagents employed for
the present studies were taken up.in .water which was—prepared by a
double distillation apparatus followed by passing through a Chelex-
100 column to remo_ve‘Ca2+ as much as possible as specified by Teo and
Wang (12). Protein was determined by the method of Lowry et al. (13)
with bovine serum albumin as a standard protein. T

. RESULTS AND DISCUSSION

Protein kinase C normally present as an inactive form in the
soluble fraction of mammalian tissues was activated by reversible

assoclation with membranes in the presence of Ca2+‘(7). The active
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Fig, 1, Effect of dioclein on reaction velocity of protein kinase C at various
concentrations of CaClp. The complete reaction mixture (0.25ml) contained 5
umol of Tr1s/HCl at pH 7.5, 1.25 umol of magne51um nitrate, 50 ug of Hl histone,
2.5 nmol of [Y- 2p1ATP (5 x 104 cpm/nmol) 0.4 ug of prote1n kinase C, 2 ug
each of phospholipid indicated, and various concentrations of CaClz as indicated.
Where indicated diolein (0.2 ug/tube] was added. Each phospholipid was first
mixed with diolein in a small volume of chloroform. After chloroform was- re-
moved in vacuo, the residue was suspended in. 20 mM Tris/HC1 at pH 7.5:by sonica-
tion with a Kontes sonifier K881440 for 5 min at " 0°C,~and employed. for the as-
say. The incubation was carried out for 3 min at 30°C., The reactions were
stopped by the addition of 25% trichloroacetic acid, and ac1d—pre01p1tab1e ma-
terials were collected on a Toyo-Roshi membrane f11ter {pore size, 0,45 um).

The radioactivity was determined as descrlbed (14). Abscissa indicates the
final concentration of CaCls added. Where indicated with an arrow, ethylene
glycol bis(B-amincethyl ether) N,N,N',N'-tetraacetic acid (0.5 mM at final con-
centration) was added instead of CaClz. A, with PS; B, with PE; C, with PI;
D, with PC; and E, with diolein alone. {@&—a), assayed in the presence of
d101e1n, and (0-——«3), assayed in the absence of diolein.

factor in membranes was identified as phospholipid; particularly PI

and PS were most effective to support‘enzymatic activity (8). Sub-

sequent,analysis on the mechanism of action of phospholipid revealed

that coexistence of a very small guantity of diacylglycerol possess-

ing unsaturated fatty acid particularly at the position 2 greatly

enhanced the phospholipid-dependent activation of enzyme especially
24

at lower concentrations of Ca“’. A typical result of such experiménts

is shown in Fig. l.. In this figure the reaction velocities in the

: ] +
presence and absence of diolein were plotted against Ca2 concentra-
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tions in a logarithmic scale. The enhancement of reaction.by diolein
was most remarkable when PS was employed (Fig. lA). Namely, supple-
ment of a small gquantity of diolein to PS greatly enhanced the reac-
tion velocity with the concomitant decrease in Ca’’ concentrations
giving rise to full activation of the enzyme. If, however, PE or PI
was employed'instead of PS, only reaction velocity was accelerated

by the addition of diolein and relatively higher concentrations of

2+

ca“” were needed for activation of the enzyme (Fig. 1,B and C). BC

wds practically ineffective to support enzymatic activity irrespec-
tive of the presence and absence of diolein (Fig. 1D). Diolein alone
showed a very little or no effect over a wide range of Ca2+ concent~-
rations (Fig. 1lE).

The enhancement of reaction by diolein in the presence of PS
did no£ éppear to be attributed simply to.the increase in reaction
velocity but was accompanied by the decrease in Ca?+ concentration
which was needed for full activation of tﬁe enzyﬁe as déscribed above.
Kinetic énalysis indicated that the addition of diolein greatly.in-

creased an apparent affinity of the enzyme for PS as well as for Ca2+.

+ '
2 . the concentra-

In the experiments shown in Fig. 2, Ka value for Ca
tion needed for half maximum activation, was plotted agaipst mono-,
di- or triolein which was added together with either PS ox PI., The
results.shpwed that, when PS was employed, Ka value for Ca2+ was
decreased from about 5 x 10—5 M sharply to the micromolar order, and
that diolein in an amount of less than 10% of that of PS showed re~
markable effect (Fig. 23). Again, diolein showed a very little effect
when PS was replaced by PI (Fig. 2B). It may be noted that monoolein
and tflolein did not enhance reaction velocity nor decreased Ka value
for Ca2+ under comparable conditions. .Such a unique effect of neu~

tral lipid was specific for diacylglycerol possessing unsaturated fat-

ty acid, and essentially similar results were obtained for dilinolein,
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Fig. 2. Effects of mono-, di-.and triolein on Ka value for Ca?* of protein kinase
" C. The reaction mixture contained a fixed amount (2 ug each) of either PS or PI,
and varipus amounts of glyceride as indicated. Other assay conditions were the
same to those described in Fig. 1, and Xa value for Ca2* was estimated. A, with
PS; and B, with PI. (@—@), assayed in the presence of diolein; (®~—@), as-
sayed in the presence of monoolein; and (O—~~O), assayed in the presence of tri-

olein.

diarachidonin, l—stearoyl—z—oleoyl diglyceride and also for l-stearoyl-
2-~linoleoyl diglyceride as shown.iﬁ Table I. Both dipalmitin and di-
stearin were less effective. Monoacylglycerol and triacylglycerol
tested thus fﬁr were totally ineffective irrespective of the fatty
écyl moieties. Neither cholestercl nor glycolipid could substitute
for unsaturated diacyiélycerdls mentioned above.

‘It appears to- be established that PI turnover which is provoked
by various extracellular éfimulators is.iﬁitiated by hydrolysis of
the phosphodiester .linkage in a manner of phospholipase C (15-20).
Thus, the primary product 6f this reaction is expected to be diacyl-
glycerol which is very effective to potentiate the Ca2+ and phospho-

lipid-dependent activation of protein kinase C, since PI of most
1222
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Table I

Effects of various d‘iacylghlycerols on Ka value for C‘a2+
and reaction veloelty of protein kingse ¢

Diacylglycerol added. ‘ Ka for Ca2+ Pro:cei{llv}ici;ase
(uM} - (cpm)
None 50 970
Diolein 2 6,830
" Dilinolein 3 5,040
Diarachidonin 6 4,270
1-Stearoyl-2-cleoyl diglyceride 4 4,890
1-Stearoyl-2-1inoleoyl diglyceride 5 6,630
Dipalmitin 20 2,340
Distearin 50 950

The reéaction mixture contained PS (2 ug) and diacylglycerol indicated (0.1
ug each). Other conditions were the same to those described in Fig. 1, and Ka
value for Ca?* was estimated. The protein kinase activity at 6.4 x 1079 M CaCl,
is given. )

mammalian origins is well known to be éomposed of unsaturated fatty
acid such as arachidonic or ‘oleic acid particularly at.thelpositioh

2 (21). CTherefore, PI turnovér may be directly reiated to the’acti—
vation of this ﬁnique protein kinase in suéh a ﬁay that signals of
extracellular stimulators induce the activation of a phospholipase
C-type enzyme which is presumably specific for PI. This activation

of phospholipase C may initiate PI turnover on one hand and, on the
other hand, the resulting unsaturated diacylglycerol may serve as a
messénger which in turn activates protein kinase C in the presence
of.Ca2+ and phospholipid. At‘lower concentrations of Ca2+ the high-
est ené&métic adtiﬁity was obtained with the combination of P8 and
unsaturated diacylglycerol as aéscfibed above. Presumably, some lipid
bilayer'structure is necessary for rendering the enzyme more active,
and better physioldgicai picture will be clarified by further investi-
gations. Nevertheless, Ca2+ and various phospholipids such as PI and

PS seem to play a role cooperatively in this unique receptor mechanism.

1223
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It may also be emphasized that in this mechanism protein kinase C éan
be activated without net increase in Ca2+ concentrations within the
cell, since the unsaturated diacylglycerol markedly increases the

affinity of this protein kinase system for this divalent cation.
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Activation of Calecium and
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Ca**-activated, phospholipid-dependent protein ki-
nase from various mammalian tissues (Takai, Y., Kish-
imoto, A., Twass, Y., Kawahara, Y., Mori, T., and Nish-
izuka, Y (1979) J. Biol. Chem. 254, 36892-3695) was
greatly stimulated by the addition of diacylglycerol at
less than 5% (w/w) the concentration of phospholipid.
This stimulation was due to an increase in the apparent
affinity of enzyme for phospholipid and to a concomi-

tant decrease in the K, value for Ca®" from about I X

10~* M to the micromolar range. Diacylglycerol alone
showed little or no effect on enzymatic activity over a
wide range of Ca’" eoncentrations. This effect was
greatest for diacylglycexol which contained unsatu-
rated fatty acid at least at position 2. The active diac-
ylglycerols so far tested included diolein, dilinolein,
diarachidonin, 1-stearoyl-2-oleeyl diglyceride, and 1-
stearoyl-2-linoleoyl diglyceride. In contrast, diacylglyc-
erols containing satarated fatty acids such as dipalmi-

_tin and distearin were far less effective. Triacyl- and
monoacylglycerols were totally ineffective, irrespec-
tive of the fatty acyl moieties, Cholesterol and free fatty
acids were also ineffective. Based on these observa-
tions, a possible coupling is proposed between the pro-
tein kinase activation and phosphatidylinositol turn-
over which can be provoked by various extracellular
messengers.

A recent report from this 1aboratbry {1) has described a new
species of cyclic nucleotide-independent multifunctional pro-
tein kinase, which is selectively activated by the simultaneous
presence of Ca®** and phospholipid. Membranes themselves
from various sources such as brain synapses and hepatocytes
are capable of supporting the enzymatic activity, and evidence
has been presented that the enzyme may be activated by

* This investigation has been supported in part by research grants
from the Scientific Research Fund of Ministry of Education, Science
and Culture, Japan (1979), the Intractable Diseases Division, Public
Health Bureau, the Ministry of Health and Welfare, Japan (1979},
the Yamanouchi Foundation for Research on Metabolic Disorders

{1977-1979), the Foundation for the Promotion of Research on Med-

ical Resources, Japan {1977-1979), and the Princess Takamatsu Can-
cer Research Fund {1977). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.8.C. Section 1734 solely to indicate this fact.

% On Jeave from the Faculty of Nutrition, Kobe-Gakuin University,
Kohe 673.
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reversible association with membranes in the presence of Ca®
{2). During the analysis of this mode of activation, we have
noticed that the concentration of Ca** necessary for enzyme
activation largely depends on the membranes employed and
that, although the enzyme shows a marked preference for
phosphatidylinositol arid phosphatidylserine among various
chromatographically pure phospholipid samples, an unfrac-
tionated total lipid fraction is most effective particularly at
lower concentrations of Ca®. Subsequent analysis to clarify
the reason for these observations has revealed that, in addition
to phospholipid, a small quantity of diacylglycerol, particu-
larly which contains unsaturated fatty acid, greatly enhances
the reaction velocity with a concomitant decrease in the Ca®*
concentration giving rise to maximum enzyme activation.
Sinece the first product of phosphatidylinositol breakdown is
expected to be a diacylglycerol with an unsaturated fatty acid
such as arachidonic or oleie acid (3-5), it is conceivable that
the activation of newly found protein kinase may be directly
related to phosphatidylinositol turnover which has been de-
scribed first by Hokin and Hokin (8) and subsequently studied
extensively by many investigators {for reviews see Refs. 7 to
5). The protein kinase to be discugsed here will be referred to
as protein kinase C,

EXPERIMENTAL PROCEDURES

Materials and Chemicals—-Protein kinase C was prepared from
rat cerebral cytosol as described previously (10). The enzyme prepa-
ration employed in this study was practically free of endogenous
phosphate acceptors and intexfering enzymes. Oleic acid, menoolein,’
diolein, triolein, stearic acid, monostearin, distearin, tristeavin, pal-
mitic acid, monopalmitin, dipalmitin, tripalmitin, arachidonic acid,
and cholesterol were purchased from Nakarai Chemicals, Kyoto.
Linoleic acid, monolinolein, dilinolein, trilinolein, and triarachidonin
weré obtained from Gasukuro Kogyo, Tokyo. Lipase (Rhizopus de-
lemar) was purchased from Seikagaku Kogyo, Tokyo. 1-Stearoyl-2-
oleoyl diglyceride and 3I-stearoyl-2-linoleoyl diglyceride were pur-
chased from Serdary Research Laboratories. Monoarachidonin and

- diarachidonin were prepared from triarachidonin by treaiment with

lipase and were purified by thin layer chromatography. The solvent
system vsed was ligroin/ethyl ether/acetic acid (70:30:1). With this
solvent system 1,2- and 1,3-diacylglycerols could be separated from
sach other. Calf thymus H1 histone was prepared as described pre-
viously {12). [v-*P]ATP was prepared by the method of Glynn and
Chappell (13). :

Extraction and Fractionation of Lipid—Total lipid was extracted
from human erythrocyte ghosts with chloroform/methanol (2:1) as
described by Folch et al. (14), Neutral lipid, glyeolipid, and phospho-
lipid were fractionated from the tota} lipid on a silicic acid (Unisil,
100 to 200 mesh, Clarkson Chemical Co.} column as described by
Rouser et al. (15). The phospholipid fraction employed for the present
studies was free of diacylglycerol as judged by thin layer chromatog- .
raphy.

Enzyme Assay—Protein kinase C was assayed by measuring the
incorporation of 2P, into H1 histone from [y-*PJATP. All reactions
were carried out in plastic tubes. The standard reaction mixture (0.25
ml) contained 5 pmol of Tris/HCl at pH 7.5, 1.25 pmol of magnesium
nitrate, 50 g of H1 histone, 2.5 nmol of [y-*PJATP (5 to 15 x 10'
epm/nmol), 0.5 ug of protein kinase C, and various concentrations of

' Unless otherwise specified, monoacylglycerol and diacylglycerol
employed for the present study were mixtures of 1- and 2-monoacyl-
glycerols, and 1,2- and 1,3-diacylglycerols, respectively, Diarachidonin
enzymatically prepared as described in the text was mostly 1,2-diae-
ylgtycerol as judged by thin layer chromatography, Nevertheless, it
has been reported that the isomers are convertible from each other
under nonenzymatic conditions (11).
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F1c. 1. Response of protein kinase C to Ca®* in the presence
of various lipids. Total Epid, neutral lipid, glycolipid, and phospho-
lipid were separately suspended in 20 mm Tris/HCI at pH 7.5 by
sonication with a Kontes sonifier K881440 for 5 min at 0°C. Protein
kinase was assayed under the standard conditions except that lipids
and CaCl; were added as indicated. Where indicated with an arrow,
EGTA? (0.5 mM at final concentration) was added instead of CaCly,
®—®, with total lipid (5.8 pg; this total lipid was composed of
phospholipid (4.1 ug), neutral lipid (1.4 pg), and glycolipid (0.3 pg)):
O—0, with phospholipid (16.4 ug); A——A, with phospholipid (8.2
p1g); O—0, with. phospholipid (4.1 pg); W---M, with neutral Lipid
(6.7 pg); L1 --00, with glycolipid (1.2 pg).

Ca®™ and lipid as indicated in each experiment. The incubation was
carried out for 3 min at 30°C. The reaction was stopped by the
addition of 25% trichloroacetic acid, and acid-precipitable materials
were collected on a Toyo-Roshi membrane filter (pore size, 0.45 pm).

Removal of Ca®* from Reagents—Ca® -free reagents were obtained
by passing them through Chelex 100, a resin specific for chelating
divalent cations, as described by Teo and Wang (16). Double-distilled
water, Tris/TICl buifer at pH 7.5, and a solution of [y-PJATP were
separately passed through a Chelex 100 column (3 X 0.5 cm). H1
histone was dissolved in Chelex 100-treated, double-distilled water,
and was passed through a Sephadex G-25 column (20 X 0.5 cm)
equilibrated with the same water, Plastic columns and connections
were used throughout these procedures. Spectrograde magnesium
nitrate containing less than 100 ppm of Ca®* was purchased from
Merck, E.G. and was dissolved in Ca*"-free water, Protein kinase O
and lipid preparations were diluted 100 to 1000 times with Ca®-fres
buffer and employed. These reagents were stored in plastic tubes,

Determinations—The radioactivity of ?P-labeled samples was de-
termined using a Nuclear Chicago Geiger Muller gas flow counter,
model 4338 as described (17). Protein was determined by the method
of Lowry et al. (18) with bovine serum albumin as a standard,

RESULTS AND DISCUSSION

" The response of protein kinase C to Ca®* concentrations
varied markedly with the mmembranes used. For instance, with
rat brain synaptic and human erythrocyte membranes, the

*The abbreviation used js: EGTA, ethylene glyeol bis(8-amino-
ethylether) N,N,N',N'-tetraacetic acid.

Activation of Protein Kinase by Diacylglycerol

concentrations of Ca®* needed for half-maximum activation
(K} were 5% 107" M and 2 X 107° u, respectively. A series of
experiments to clarify the reason of this difference revealed
that lipid composition of membranes significantly influenced
the response of enzyme to Ca®*. In fact, although the active
lipid component was previously identified as phospholipid,
particularly phosphatidylinositol and phosphatidylserine (1),
unfractionated total lipid was more effective than any of the
chromatographically pure samples of phospholipids, espe-
cially at lower concentrations of Ca®*. In the experiment
shown in Fig. 1, the reaction velocity in the presence of various
lipids was measured and plotted against Ca®* concentrations
on a logaxithmic scale, In the presence of phospholipid alone,
relatively higher concentrations of Ca®* were needed irrespec-
tive of the amount of phospholipid employed; the reaction
velocity was accelerated by increasing amounts of phospho-
lipid added. In the presence of a saturating amount of phos-
pholipid (about 25 pg/tube), full enzymatic activity was ob-
served even though the K. value for Ca®* remained high.
Neither neutral lipid nor glycolipid alone showed a significant
effect on enzyme activation over a wide range of Ca*" concen-
trations. However, supplement of the phospholipid with neu-
tral lipid markedly enhanced the reaction velocity and con-
comitantly decreased the Ca®* concentration necessary for
enzyme activation.® Kinetic analysis indicated that this en-
hancement of the reaction velocity by neutral lipid was due to
an increase in apparent affinity of enzyme for both phospho-
lipid and Ca?*. Glycolipid could not substitute for neutral lipid
for this enhancement,. : _

Analysis of the neutral lipid fraction resulted in the identi-
fication of diacylglycerol containing unsaturated fatty acid as
the active component which enhanced the phospholipid-de-
pendent activation of protein kinase C. In thé presence of
phospholipid alone, higher concentrations of this cation were
needed, and the reaction velocity was relatively slow (Fig. 2)..
If, however, a small quantity of diclein was added in addition
to phospholipid, the reaction velocity was greatly enhanced.
Concomitantly, the response of enzyme to Ca®* shifted mark-
edly and full enzymatic activity was obtained at much lower
concentrations of this cation. Diolein alone showed practically

" no effect. Diolein at less than 5% (w/w) the concentration of

phospholipid showed significant effect, decreasing the appar-
ent K, value for Ca™ from 7 X 107 M to the micromolar range
(Fig. 34). At lower concentrations of Ca?*, the reaction veloc-
ity was markedly enhanced by the addition of diolein {Fig.
38). Diolein employed for the assay mentioned above was not
phosphorylated or otherwise altered during the incubation. In
addition, 1,2- and 1,3-dioleins were equally active, suggesting
that diolein itself was the activating factor because these
isomers of diacylglycerol should not be metabolized in the
same manner (19). Neither triolein nor moncolein increased
reaction velocify or decreased Ca®* concentrations required
for activation,

This unique effect of neutral lipid was greatest for diacyl-
glycerol containing an unsaturated fatty acid. Essentially sim-
ilar results were obtained with dilinolein, diarachidonin, 1-
stearoyl-2-oleoyl diglyceride, and 1-stearoyl-2-lincleoyl diglye-
eride instead of diolein. Table I summarizes experiments
which examined various synthetic neutral lipids. Diolein, di-
linolein, diarachidenin, 1-stearoyl-2-oleoyl diglyceride, and 1-
stearoyl-2-linoleoyl diglyceride were equally effective, whereas
dipalmitin and distearin were far less effective in stimulating
the Ca?* and phospholipid-dependent activation of protein

* Neutral lipid was inactive even when dispersed in Triton X-100
unless phospholipid was added. Thus, it was unlikely that the inability
of neutral lipid to activate the enzyme was due to its insolubility.
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Fic. 2. Effects of neutral lipid and diolein on reaction veloc-
ity of protein kinase C at various concentrations of Ca’*
Phospholipid was first mixed with neutral lipid or diolein in a small
volume of chloroform. After the chloroform was removed in vacuo,
each mixture was suspended in 20 my Tris/HCI at pH 7.5 by soni-
cation as described in Fig. 1. Protein kinase was assayed under the
standard conditions except that lipids and CaCl, were added as
indicated. Where indicated with an arrow, EGTA. (0.6 mM at final
concentration) was added instead of CaCl;, O——0O, with phospho-
lipid (4.1 jig} alone; M- -M, with diolein (0.28 pg) alone; A---A, with
neutral lipid (1.4 ug) alone; @@, with phospholipid (4.1 pg) plus
?iolein (0.28 pg); L3—J, with phospholipid (4.1 ug) plus neutral lipid

1.4 pg).

kinase' C.* Triacyl- and monoacylglycerols were ineffective
irrespective of the fatty acy! moieties including palmitic,
stearic, oleig, linoleic, and arachidonic acids. Cholesterol and
free fatty acids were also ineffective under similar conditions.
Hokin and Hokin (6) presented the first evidence,that
phospholipid, particularly phosphatidylinositol, twrns over
very rapidly in response to various extracellular messengers.
Early work on such phosphatidylinositel turnover was carried
otit with various acetylcholine-sensitive glands (20-23). Sub-
sequent studies have shown that this phospholipid tonover
can be stimulated in virtually any type of tissue stimulated by
a variety of extracellular messengers including c-adrenergic
and muscarinic cholinergic stimulators (for reviews see Refs,
7 to 9). Tt is well known that phosphatidylinositol in mam-
malian tissues is composed of mainly unsaturated fatty acids
such as arachidonic and oleic acids, particularly at the position
2 (24). Since the first product of phosphatidylinositol turnover
is expected to be such an active diacylglycerol (3-5), an
enzyme which cleaves the phospholipid like phosphelipase C

* The differing activation by different diacylgiycerols did not appear
to be due to solubility problems rather than enzyme specificity,
Dipalmitin and distearin were less effective over a wide range of
concentrations even when added together with Triton X-100. The
exact amount of diacylglycerols in the sonicated lipid bilayers is not
known at this time.
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Fic. 3. Effects of mono-, di-, and triolein on K, value for Ca**
and reaction velocity of protein kinase C. The reaction mixture
contained & fixed amount of phospholipid (41 pg) and varying
amounts of glyceride as indicated. Other assay conditions were the
same to those described in Fig. 2, A, K. value for Ca®* was plotted
against concentration of glyceride added. B, reaction velocity at a
fixed concentration of Ca®* (6.4 X 107° M) was plotted against concen-

tration of glyceride added. —®, with diolein; O---0, with mon-
oolein; & —-@, with triolein.

TaBLE I

Effects of various diglycerides on K, value for Ca®* and reaction
veloeity of protein kinase C
The reaction mixture contained phospholipid (4.1 pg), diglyceride
indicated (0.2 pg), and varying concentrations of Ca®*. Other condi-
tions were the same to those described in Fig. 2. The protein kinase
activity at 6.4 X 107 M CaCl; Is given.

K, for Ca®* Protein kinase activity

M cpm

None 70 980

Diolein 4 6500

Dilinolein 7 5510

Diarachidonin 4 6220

" 1-Stearayl-2-oleoyl di- 8 4610

glyceride

1-Stearoyl-2-lincleoyl 6 5670
diglyceride

Dipalmitin 30 1760

Distearin 70 350

appears to be of crucial importance for initiating both activa-
tion of protein kinase C and phosphatidylinositol turnover.
Bell ot al. (25) has recently proposed that arachidonic acid is
released from thrombin-stimulated human platelets through

-12-
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two consecutive reactions catalyzed by phosphatidylinositol-
specific phospholipase C and diglyceride lipase. Although the
direct relationship between this proposal and the activation
of protein kinase C described above has remained unexplored,
it is reasonable to assume that the diacylglycerols produced
by various extracellular messengers may also serve as sub-
strates to produce unsaturated fatty acids which are in turn
converted to prostaglandins. Unsaturated fatty acids, as well
as prostaglandins, have been shown to stimulate guanylate
cyclase, and the phosphatidylinositol turnover appears to
parallel with the increase in cyclic GMP in many tissues (for
reviews see Refs. 8 and 26).

It may also be emphasized that in the mechanism described
in the present paper protein kinase C may be activated with-
out a net increase in the intracellular Ca®* concentrations,
since the small quantity of diacylglycerol which results from
the phosphatidylinositol hydrolysis would sharply increase
affinity of the newly found protein kinase system for this
divalent -cation, It has been repeatedly documented that the
response of cells to some hormones requires the entrance of
Ca® into the cell (for reviews see Refs. 27 and 28), Neverthe-
less, the precise role of Ca®*, as well as of various lipid,
involved in such an unique mode of activation of protein
kinase C remains to be.explored. Although phosphatidylino-
sitol and phosphatidylserine stimulated enzymatie activity
more than other phospholipids, an unfractionated mixture of
phospholipids was almost equally as effective as pure phos-
phatidylinositol and phosphatidylserine (1). Likewise, the ef-
fect of diacylglycerol was greatest when unfractionated phos-
pholipid was employed. The exact structural features required
for the specificity of the phospholipid are not yet known.
Possibly, a lipid bilayer structure is important for rendering
the enzyme more active.

Acknowledgments—We are grateful to Mrs. S. Nishiyama and
Miss K. Yamasaki for their skillful secretarial assistance.

" REFERENCES

1. Takai, Y., Xishimoto, A., Iwasa, Y., Kawahara, Y., Mori, T, and
Nishizuka, Y. (1979) .J. Biol, Chem. 254, 3692-8695

2. Takai, Y., Kishimoto, A., Iwasa, Y., Kawahara, Y., Mori, T,
lehlzuka, Y., Tamura,A and Fan T. (1979) J. chhem 86,
575-578

3

3. Hokin, M. R,, and Hokin, L. E. (1964) in Metabolism and Phys-
iological Significance of Lipids (Dawsen, R. M. O, and
Rhodes, . N, eds) pp. 423-434, John Wiley & Sons, Ltd.,
London

4. Durell, J., Garland, J. T, and Friedel, R. O. (1968) Science 165,
862-866

5. Dawson, R. M, C,, Freinkel, N., Jungalwala, F. B, and Clarke, N.
(1971) Biochem. J. 122, 605-607

6. Hokin, L. E, and Hokin, M. R. (1955) Biochim. Biophys. Acta
18, 102-110

7. Hawthorne, J. N,, and White, D. A. (1975) Vitam. Horm. 33, 529-

573

. Michell, R. H. (1875) Biochim. Biophys. Acta 415, 81-147

. Michell, R. H. (1979) Trends Biochem, Sci, 4, 128-131

. Inoue, M., Kishimoto, A., Takai, Y., and Nishizuka, Y. (1977) JJ.

Biol. Chem. 252, 7610-7616
11. Serdarevich, B, {1967) J. Am. Oil Chem. Soc. 44, 381-393
12. Hashimoto, E., Takeda, M., Nishizuka, Y., Hamana, K., and Iwai,
K. (1976) J. Biol. Chemn. 251, 6287-6293
13. Glynn, I. M., and Chappell, J, B. (1964) Biochem. . 90, 147-149
14. Folch, J., Lees, M., and Stanley, G. H. 8. (1957) J. Biol Chem.
226, 497-509

(=T -1 .. I

15. Rouser, G., Kritchevsky, G., and Yamamoto, A. (1967) in Lipid

Chromatographic Analysis Vol 1, pp. 93-162, Marcel Dekker
Inc., New York

18, Teo, T. S., and Wang, J. H. (1973) J. Biol, Chem. 248, 5950—5955.

17. Takai, Y., Kishimoto, A., Inoue, M,, and lehlzuka, Y (1977) J.
Biol, C'hem. 252, 7603—7609

18. Lowry, O. H,, Rosebrough, N. J., Farr, A. L., and Randal], R. J.
{1951) oJ. .Bzol Chem. 193, 265-275

19. Hokin, M. R., and Hokin, L. E. {1959} J. Biol, Chem., 234, 1381-

1286

20. Hokin, L. E,, and Hokin, M. R. (1958) J, Biol, Chem. 233, 805~
810

21. Eggman, L, D., and Hokin, L. E. (1960) J. Biol. Chem. 235, 2569—
. 2571

22. Hokin, L. E, and Hokm,M R. (1960) . Gen. Physiol. 44, 61-85

23. Hokin, L. E,, Hokin, M. R., and Lobeck, C. C, (1963} J Clin,
Invest. 42, 1232—1237

24, Holub, B. J., Kuksis, A., and Thompson,W (1970} J. Lipid Res,
11, 558-564

25. Bell, R. L., Kennexly, D. A, Stanford N., and Majerus, P. W,
(1979) Prac Natl, Acad. Sci. U. S, A. '76 3238-3241

26. Murad, F., Arnold, W, P., Mittal, C. K. and Braughler, J. M,
(1979) Adv. Cyclic Nucleotide Res. 11, 175-204

27. Berridge, M. J. (1975) Adv. Cyelic Nuecleotide Res. 6, 1-98

28. Rasmussen, H., and Goodman, D, B. P, (1977) Physiol. Rev. 57,
421-509

_13_



24

-

:‘ | | 3
i

1

fe

-J. Biochem. 91, 427-431 (1982)

! Specificity of the Fatty chrl Moieties of Diacylglycerol. for
- the Activation of Calcinm-Activated, Phospholipid-Dependent
Protein Kinase! |

‘ Terutoshi MORIL% * Yoshimi TAKAL* Binzur"YU 8 #
' ‘ Juro TAKAHASHL* * Yasutomi NISHIZU]E{A5 *
and Takashi FUJIKURA®#*

*Department of Biochemistry, Kobe University School of Medicine,
Kobe, Hyogo 650, and Department of Cell Biology, National Institute
for Basic Biology, Okazaki, Aichi 444, and **Central Research
Laboratories, Yamanouchi Pharmaceutical Co., Lid,,

Itabashi-ku, Tokyo 174

Received for publication, July 25, 1981

The specificity of the fatty acyl moieties of diacylglycerol for the activation of Ca**-
activated, phospholipid-dependent protein kinase was investigated. Diacylglycerol
_ has been previously shown to activate this enzyme by increasing the affinity for Ca?*+
and phospholipid, both of which are indispensable for the enzyme activation. Di-
i acylglycerols containing at least one unsaturated fatty acid at either position 1 or 2
are fully active in this capacity, irrespective of the chain length of the other fatty acyl
moiety in the range tested, C; to Cys. Diacylglycerols containing two saturated
fatty acids such as dipalmitin and distearin are far less effective. Mono- and triacyl-
i glycerols‘ and free fatty acids are tofally inactive, indicating that the diacylglycerol
: structure is essential,

It has been well establised that Ca?" plays roles mneurotransmitters (for reviews see Refs. I and 2).
in various cellular activations by a wide variety In general, such extracellular signals that increase
of -extracellular signals such as hormones and cytosolic Ca** concentrations stimulate phgspha-
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tidylinositol turnover in their target cell mem-
branes (for reviews see Refs. 3-5). Preceding
reports from this laboratory described a new
species of multzfunctlonal .protein kinase which
can be activated by the simultansous - -presénce of

Ca?+, phospholipid, and: diacylglycerol (6-I0).

This diacylglycero! appears to be derived from
phosphatidylinositol during its receptor-linked
turnover. Kinetic analysis has revealed that
diacylglycerol activates the enzyme by increasing
its affinity for Ca®* as well as for phospholipid
(8). The present studies were undertaken to-ex-
plore the structural specificity of fatty acyl moieties
esterified to glycerol with various synthetic prod-
ucts. The protein kinase will be referred to
hereafter as protein kinase C.

EXPERIMENTAL PROCEDURE

Materials and Chemicals—Protein kinase C
was partially purified from rat brain as described
previously (I7). Phospholipid was extracted from
bovine brain with chloroform-methanol (2 : 1) by
the method of Folch et al. (12) and fractionated
by silicic acid column chromatography as described
by Rouser et al. (I3)." Diacylglycerols containing

oleic acid at position 1 and various fatty acids at"

position - 2 were synthesized by thé method of

Buchnea (74). An outline of this procedure is
For: thi§ procedure, 1-monio-*

shown in -Fig. 1.
olein was employed as a starting mateérial. - The
monoacylglycerol ‘was ‘dissolved in a mixture of

anhydrous ‘pyridine and benzene (1 :1). A solu-

tion of triphenylmethyl chloride in benzene was
added under strictly anhydrous conditions,
the reaction mixture had been kept at 40°C for

 tone was prepared as described earlier (15).

After

. T. MORI, Y. TAKAL B. YU, J. TAKAHASHI, Y. NISHIZUKA, and T. FUJIKURA

24 h, the reaction product, 1-monoacyl-3-triphenyl-
methylglycerol (1), was isolated. This product was
then acylated with the desired fatty acid chloride
at the free 2-hydroxy group of the molecule; . The
resulting 1,2-diacylglycerol (IIT) was isolated and
purified by chromatography on-a silicic acid-boric
acid column, which also removed, the protective
triphenylmethyl group. Diacylglycerols confaining
oleic acid at position 2 and various acyl moieties
at position 1 were similarly synthesized. Other
diacylglycerols, tri- and monoacylglycerols, and
free fatty acids employed were obtained from
commercial sources. All synthetic products were
chromatographically pure, Calf thymus H1 his-
[y-
32PJATP was prepared by the method of Glynn
and Chappell (16). ‘

Protein Kinase Assay—Protein kinase C was
assayed with a combination of unfractionated
phospholipid and various synthetic diacylglycerols
by measuring the incorporation of radioactive
phosphate into H1 histone from [y-*?PJATP. All
reactions were carried out in plastic tubes. The
standard reaction mixture (0.25 ml) contained 5

* umol of Tris-HCl, pH 7.5, 1.25 umol of magnesium

nitrate, 50 ug of HI1 histone, 2.5 nmol of [y-32P]- .
ATP (1 x 10 cpm/nmol), 0.5 ug of protein kinase
C, 4 ug of unfractionated phospholipid, and vari-
ous concentratiofis of Ca?+ and the diacylglycerol
to be assayed: “All reagents except CaCl, were
taken up in water which was’ prepared with a
double distillation apparatus followed*by passing
through a Chelex-100 column to remove as much
Ca? as possible, as described previously (9).
Phospholipid was first mixed with diacylglycerol
in a small volume of chloroform. After the

HzC—O C0-R1 Hz2C-0-C0-R1
{CeHs5)3C-C] _'_ Ra2-C0-C1
HO-C-H HO-C-H i
1 Pyridine 1 . Pyridine
H20~0H Ha¢-0-C{CeHs) 3
{Monoacylglycerol} n
" Ha2C-0-C0-Ry HaC-0-CO0-R1. -
8 ] I
nz-oc-o-r':-u llliclc Acld B:tr:c Acld | R2-0C-0-C-H
1 N .
Hal-0-C{CeHs)a. Petroleun Ether H2G-OH |

{In
Fig. 1.
saturated fatty acyl moieties, respectively.

An- outline of diacylglycerol synthesis.

am _
R1-CO- and R2-CO- indicate oleoyl gnd

|
|
J. Biochem, |
\
|
1
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chloroform was removed in vacuo, the mixture

was_suspended in 20 mm Tris-HCl at pH 7.5 by

sonication as deséribed previously (8), and then
subjected to the assay. Imcubation was carried
out for 3 min at 30°C. The reaction was stopped
by the addition of 25% trichloroacetic acid, and
acid-precipitable radioactive materials were col-
lected on a Toyo-Roshi membrane filter.
Determinations—The radioactivity -of 32P-
samples was determined with a Nuclear Chicago
Geiger Muller gas flow counter, Model -4338.
Protein was determined by the method of Lowry

et al. (17) with bovine serum albumin as a refer-

ence protein,

RESULTS AND DISCUSSION -

‘When protein kinase C was assayed in the presence

of phospholipid alone, relatively higher concen<
frations of Ca%+’ were needed and the: reactxon:’: :
velocity was slow. " If, however, small amount of

diolein was added to the reaction mixture, _Atha
enzymatic activity was markedly ex;hanc_ed _with a.

TABLE 1. Effects of various neutral llplds on the’ Ka

values for Ca* and redction velocities of’ protem kmase

C. Protein kinase Cwas assayed with' 0.8 ﬂg]ml each‘
of various neutral lipids ‘and various concentrauons of e
CaCl, under the standaid conditions, -and the K, values™

for Ca®* were obtained: " Fach sample of diacylglycerols
was a mixture of 1,2- and 1,3-diacyl derivatives, and
that of monoacylglycerols was a mixture of 1- and 2-
monoacyl derivatives. '

Proiein kinase

Neutral lipid K, for Ca** activity at
4 x107% M CaCl,
(un) P incory orated,
pmol/min

* None S0 ’ -5
Triolein 90 6
Diolein 8 29
Monoolein %0 ‘

* Tripalmitin 90 7
Dipalmitin 50 10
Monopalmitin 90
iji:stéarin 90 5
Dilinclein 7 33

. Diarachidonin 4 3

- Vol. 91, No. 2, 1982
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concomitant decrease in the K. value for Ca’,
the concentration of Ca** needed for the half
maximum activation of the enzyme. Kinetic
analysis indicated that diolein "greatly increased
the apparent affinity of the enzyme for Ca®*t as
well as for phospholipid, and thereby activated
the enzyme, particularly at lower concentrations
of this divalent cation. The experiment shown in
Table I indicated that essentially similar effects
were observed for unsaturated diacylglycerols in-
cluding dilinolein and diarachidonin but not for
saturated diacylglycerols such as dipaimitin and
distearin - as described previously (8, 9). It was
noted that neither mono- nor triacylglycerols were
active in supporting enzymatic activity irrespective
of the fatty acyl moieties.. Further analysis shown
in Fig, 2 with various synthetic diacylglycerols

TABLE II. ~ Effects of various diacylglycerols on the
K, values for Ca®* and reaction velocities of protein
“ kinase C. The X, values for Ca** and protein kinase

activities at 4X10~¢ M CaCl, were obtained from the
“'data in Fig. 1. All protein kinase activities were assayed
* with 0.8 pg/ml of the diacylglycerol indicated,

" Protein kinase
activity at
4x10-¢ M CaCly

‘Diacylglycerol

R1-CO-¢ R2.CO.a o forCa¥

" (M) (**P incorporated,

pmol/min)
" MNone 90 4
Cgat Ciau 8 26
Cisa  Cusn 2 53
Coa  Cisa 2 46
Cia:s Cioio 1 48

Cia  Coa 1 a7
C1.&:1 CG:O 1 30
Ciax Ciuo i 45
Cun  Can 1 42
Cs:o Ciana 8 28
Ciz:o Cist 4 37
Cuoeo Cu:t 3 40
Cao Cian 4 38
Cmo Cmu <j 58
Ciio Cuian’ 1 47
Cz:o Cxa:: 1 44

% R1-CO- and R2-CO- indicate acyl moieties esterified
at position 1 and 2 of glycerol, respectively.
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Fig. 2, Effects of various synthetic diacylglycerols on reaction velocltms of_ -
protein kinase C at various concentranons of CaCl,. Protein kinase was assayed
with 0.8 pg/ml each of var:ous dlacylglycerols at various concentrations of
CaCl, under the standard condmons A O, phosph011p1d alone; @, phos-
pholipid plus DG (Cysy Cusl); . 3 A, phospholipid plus DG (Cisia Cm o) Y,
phospholipid plus DG (Clg 1 Cize); A, phospholipid plus DG (Cis:y Ciowo);
@, .phospholipid plus DG (Cys.q Ca:p); ©, phospholipid plus DG (Cia:1 Co:0);
<>, phospholipid plus DG (Cis.1 Cy0); ¥, phospholipid plus DG (Cyey Caro;
1, phospholipid plus DG (Cis:o Cis:o); M, phospholipid plus triolein; X,

phospholipid plus mondolein, B: 0, phosphohpld alone; . @, phosphohpld

plus DG (Cys.y Cusen): /_\ phospholipid plus DG (Cia:p Cyser);- ¥, phospholipid
Plus DG (Cyaio Cis); A, phospholipid plus DG (Cyoup Cuaea); @, phospholipid °
plus DG (Cyp Cy:r); ©, phospholipid plus DG (Ceyp Cigna); <, phospholipid

plus DG (Cyp Cign); v, phospholipid plus DG (Cye Cisi). DG indicates

diacyiglycerol,

showed that diacylglycerols containing one ‘un_sat'-
urated fatty acid at ejther position 1 or 2 were
all able to activate protein kinase C. Namely,
diacylglycerols with oleic acid at one positior and
saturated fatty acids of various chain lengths from
C; to Cy4 at the other position were similazly or
even more effective than diolein. In the absence
of phospholipid none of these diacylglycerols
listed was active in supporting the activation of
protein kinase C in a wide range of Ca?* concen-
trations, The K, values for Ca’* and relative
reaction velocities in the presence of various di-
acylglycerols are summarized in Table II. Free
unsaturated fatty acids so far tested were all
ineffective.

The results briefly presented above indicate
that protein kinase C appears to distinguish spe-

cifically -the dxacylglycerol structure from other
neutral lipids, and that only one unsaturated fatty
acyl moiety esterified to glycerol seems to play a

. role of crucial importance in the enzyme activation.

Apparently, unsaturated fatty acyl moieties esteri-
fied at position 1 and 2 are equally active, and
the enzyme does not appear to recognize the
structure of the second fatty acyl moiety. - How-
ever, the unsaturated diacylglycerol does not serve
simply "as an allosteric activator of the enzyme,
and kinetic analysis indicates that it sharply in-
creases the affinity of the enzyme for Ca? as well
as for phospholipid, both of which are mdlspen-
sable for enzyme activation. Preliminary analysis
has revealed that the enzyme is composed of at
least two distinct domains; one is a hydrophobic
phospholipid-binding domain and the other is a

J. Biochem.
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hydrophilic catalytic domain (unpublished obser-
vation). It is likely, therefore, that the unsaturated
fatty acyl moiety of diacylglycerol may be inter-
calated into the membrane phospholipid bilayer
and seriously modulates it structure making the
specific protein-lipid interaction more feasible.
However, under physiological conditions, it is
possible that this hydrophobic interaction may be
modified more finely depending upon the structure
of the unsaturated fatty acyl moiety esterified to
glycerol. The detailed specificity of the unsatu-
rated fatty acyl moiety and a more precise picture
of this protein-lipid interaction remain for further
investigations.

The authors are grateful to Mrs. S. Nishiyama and
Miss K. Yamasaki for thgir skillful secretarial assistance,
REFERENCES

1. Berridge; M.J. (1975) Adv. Cyclic Nucleotide Res.
6, 1-93

2. Rasmussen, H. & Goodman, D.B.P. (1977) Physiol. '

Rev. 57, 421-509

3. Michell, R.H. (1975} Biochem. Biophys. Acta 415,
81--147

4. Hawthorne, J.N. & White, D.A. (1975) Vitam.
Horm. 33, 529-573

5. Michell, R.H. (1979) Trends Biochem. Sci. 4, 123~
131

Vol. 91, No. 2, 1982

431

. Takai, Y., Kishimoto, A., Iwasa, Y., Kawahara, Y.,

Mori, T., & Nishizuka, Y. (1979)J Biol, Chem. 254,
3692-3695

. Takai, Y., Kishimoto, A., Iwasa, Y., Kawahara, Y.,

Mori, T., Nishizuka, Y., Tamura, A., & Fujii, T.

. {1979) J.- Biochem. 86, 575-378

10.

11.

12.

i3.

14,

15.

16,

17.

-18-

. Takai, Y., Kishimoto, A., Kikkawa, U., Mori, T.,

& Nishizuka, Y. (1979) Biochem. Biophys. Res.
Commun. 91, 1218-1224

. Kishimoto, A., Takai, Y., Mori, T., Kikkawa, U,,

& Nishizuka, Y. (1980) J. Biol. Chem.: 255, 2273~
2276

Minakuchi, R., Takai, Y., Yu, B., & Nishizuka, Y.
(1981} J. Biochem. 89, 1651-1654

Inoue, M., Kishimoto, A., Takai, Y., & lehlzuka
Y. (1977) J. Biol. Chem. 252, 7610-7616

Folch; J., Lees, M., & Stanley, G.HLS. (1957) J. Biol.
Chem. 226, 497-509 .
Rouser, G., Kritchevsky, G., & Yamamoto, A.
(1967) in Lipid Chromatographic Analysis Vol. 1,
pp. 99-162, Marcel Dekker, Inc., New York
Buchnea, D. (1971) Lipids 6, 734-739

Hashimoto, E., Takeda, M., Nishizuka, Y., Hama-
na, K., & Iwai, K. (1976) J. Biol. Chem. 251, 6287-
6293

Glynn, LM, & Chappell, J.B. (1964} Biochem. J. 90,
147-149

Lowry, O.H., Rosebrough, N.J., Farr, AL, &
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275



THe JoURNAL oF BioroolcAL CHEMISTRY
Vol. 257, No, 13, lasue of July 10, pp, 7847-7851, 1982

Printed in U.S.A. -

Direct Activation of Calcium-activated, Phospholipid-dependent
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Tumor-promoting phorbol esters such as 12.0O-tetra-
decanoylphorbol-13-acetate {TPA) directly activate in
vitro Ca**-activated, phospholipid-dependent protein
kinase (protein kinase C), which normally requires un-
saturated diacylglycerol. Kinetic analysis indicates
that TPA can substitute for diacylglycerol and greaﬂjr
increases the affinity of the enzyme for Ca** as well
as for phospholipid. Under physiological conditions,
the activation of this enzyme appears to be linked to
the receptor-mediated phosphatidylinositol break-
down which may be provoked by a wide variety of
extracellular messengers, eventually leading to the ac-
. tivation of specifie cellular functions or proliferation.
Using human platelets as a model system, TPA is shown
to enhance the protein kinase C-specific phosphoryla-
tion associated with the release reaction in the total
absence of phosphatidylinositol breakdown. Various
phorbol derivatives which have been shown to be ac-
tive in tumor promotion are also capable of activating
this protein kinase in in viiro systems.

Although the cellular targets for the action of tumor-pro-
moting phorbol esters have not been definitely identified,
studies in cell culture systems strongly suggest that 12-O-
tetradecanoylphorbol-13-acetate may act directly on cell sur-
face membranes (for review, see Ref. 1). One of the earliest
biological effects of phorbol esters is the induction of platelet
aggregation agsociated with release reaction (2-5), and the
structural requirements of tigliane-type diterpenes for tumor
promotion appear to be similar to those for platelet activation
(3, 4). A series of recent reports from this laboratory (6-8) has
shown that a Ca*"-activated, phospholipid-dependent protein
kinase is activated by unsaturated diacylglycerol which may
be transiently formed during the receptor-mediated turnover
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of phosphatidylinositol. It is suggestive that in hurman plate-
lets the enzyme activated in this way plays roles in serotonin
release, presumably through the phosphorylation of one pro-
tein having M; ~ 40,000 (9, 10). This protein kinase is present
in a wide variety of tissues, and shows apparently neither
tissue nor species specificity (11, 12). The enzyme requires
absolutely Ca®*" and phospholipid, particularly phosphatidyl- .
serine for its activation (7, 13), Kinetic analysis indicates that
diacylglycerol sharply increases the affinity of enzyme for
Ca®" as well as for phospholipid, and thus initiates the selec-
tive activation of this protein kinase (7, 8), We wishi to describe
here that in human platelets tumor-promoting phorbol esters
such as TPA! can substitute for unsaturated diacylglycerol
and, thus activate the protein kinase directly without provok-
ing phosphatidylinositol turnover. Ca**-activated, phospho-
lipid-dependent protein kinase and cyclic AMP-dependent
protein kinase will be referred to &s protein kinase C and
protein kinase A, respectively. .

EXPERIMENTAL PROCEDURES '

Materials and Chemicals—Protein kinase C and Ca**-dependent
protease were prepared from scluble fraction of rat brain as described
previously (14). The catalytic fragment (protein kinase M) of protein
kinase C was prepared by limited proteclysis with Ca**-dependent
protease under the conditions specified earlier (14). Rabbit muscle
glycogen phosphorylase kinase was prepared by the method of Cohen
(15}, Rabbit muscle protein kinase A was prepared as described
previously {16). These enzyme preparations were free of each other

. and of endogenous phosphate acceptor proteins. A mixture of phos-

pholipids used for the present studies was extracted from bovine brain
by the method of Folch et al (17) and fractionated on a silicic acid
column as described by Rouser ef ol, (18). Human platelet-rich plasma
and washed platelets were prepared by the method of Baenziger and
Majerus (19}. TPA and other phorbol derivatives were obtained from
P, Borchert, Eden Praire, MN. Diolein and dimethyl sulfoxide were
purchased from Nakarai Chemicals. [*H]Arachidonic acid {78.2 Ci/
mmol) and [*CJserotonin {58 mCi/mmol}) were obtained from New

" England Nuclear and Amersham, respeciively. Bovine thrombin was

obtained from Mochida Pharmaceuticel Co. [y-"PJATP, calf thymus °
H1 histone, and other materials and chemicals were prepared as
described earlier (6, 8). St ,
Enzyme Assays—Protein kinase C was assayed by measuring the
incorporation of **P into H1 histone from [y-*PJATP, The standard
reaction mixture {0.25 ml) contained 5 pmol of Tris/HCI at pH 7.5,
1.26 pmol of magniesium nitrate, 50 ug of H1 histone, 2.5 nmol of [y-
ZPIATP (5 to 15 X 10° cpm/nmol), and 0.5 pg of protein kinase C.
Phospholipid, diolein, phorbol esters, and Ca®* were added as indi-
cated in each experiment. All reagents were taken up in water which
was prepared by a double distillation apparatus followed by passing
through a Chelex 100 column to remove as much Ca®** as possible as
specified earlier (8). All reactions. were carried out in plastic tubes.
After incubation for 3 min at 30 °C, the reaction was stopped by the
addition of 25% trichloroacetic acid, and acid-precipitable materials

! The abbreviation used ist TPA, 12-O-tetradecanoylphorbol-13-
acetate.

7847

..19_



7848

were collected on a Toyo-Roshi membrane filter (pore size, 0.45 pmy).
The catalytic fragment of protein ldnase ¢ was assayed similarly
except that Ca®™, phospholipid, and diolein were omitted. Protein
kinase A was assayed under similar conditions except that 250 pmol
of cyclic AMP was added instead of Ca’*, phospholipid, and diclein.
Glycogen phosphorylase kinase was assayed by measuring the incor-
poration of *P into phosphorylase from [y-2P]ATP as specified
earlier (20). Ca*-dependent protease was assayed with "*I-labeled
casein as a substrate (21).

Assay for Platelet Protein Phosphorviation—The washed plate-
lets (4 % 10° cells) were labeled with 1 mCi of carrier-free P in 2 ml
- of Buffer A (0.14 M NaCl, 15 mm Tris/HC] at pH 7.5, and 5.5 mm
glucose) as described by Lyons et al. (22). The radioactive platelets
(6 X 10°/ml) were then stimulated by thrombin or TPA as indicated
in each experiment. The incubation was terminated by the addition
of a half volume of a stop solution which contained 9% sodium dodecyl]
sulfate, 6% 2-mercaptoethanol, 15% glycerol, 0.186 Tris/HCl at pH
6.7. The sample was boiled in a water bath for 3 min, 8hd subjected
to sodium dodecyl sulfate-polyacrylamide slab gel efé{::trophoresis
under the conditions deseribed by Laemmli (23). The separating and
stacking gels contained 11 and 3% acrylamide, respectively. The gel
was stained with Coomassie brilliant blue, After destaining, the gel
wag dried on 2 Whatman No. 1 filter paper, and exposed to an x-ray
film to prepare the autoradiograph. The relative intensity of each
band was quantitated by densitormetric tracing of the autoradiograph
using a Shimadzn dual wavelength chromatogram scanner, Model
Cs-910, .

Assays for Diacylglycerol Formation and %2p Incorporation into
Phospholipid—The platelet-rich plasma (36 ml) was incubated with
25 uCi of [*H)arachidonic acid as described by Rittenhouse-Simmons
{24), and platelets were isolated and washed as described (19), The
radioactive platelots thus obtained were suspended in Buffer A (6x
10° cells/mi) and stimulated by thrombin or TPA as indicated i each
experitnent. The incubation was terminated by the addition of chlg-
roform/methancl (1:2) and the radioactive ipid was extracted by the
method of Bligh and Dyer (25). Diacylglycerol was separated from
the other lipids by Silica Gel G plate thin layer chromatography with
a solvent system of benzene/diethylether/ethanol /ammonia water
(50:40:20:0.1). The area corresponding to diacylglycerol was scraped
into a vial and the radioaetivity was determined.

In another set of experiments to measure phosphatidylinesitol
turnover, the platelets which were separately labeled with **P; were
suspended in Buffer A (6 X 10° cells/ml), and stimulated by thrombin
or TPA. At various periods of time, the incubation was terminated by
the addition of chloroform/methanol (L:2). Phospholipids were then
extracted and isolated by Silica Gel G plate thin layer chromatogra-
phy with a solvent system of chloroform/methanol/acetic acid/H.O
(25:15:4:2). The areas corresponding to each phospholipid were
scraped into a vial and the radioactivity was determined.

Assay for Serotonin Release—The platelet-rich plasma (20 ml)
was incubated with 1 pCi of [“Clserotonin as described by Haslam
and Lynham (26), and platelets were isolated and washed as described
(19). The radioactive platelets thus obtained were suspended in Buffer
A (6 X 10° cells/m]) and stimulated by thrombin or TPA as indicated
in each experiment. The incubation was terminated by the addition
of formaldehiyde followed by, centrifagation at 10,000 X g for 40 5 by
the method of Costa and Murphy (27). The radioactive serotonin
released was determined,

Determinations—The radioactivity of P-, *H-, and “C-labeled
samples was determined using a Packard Tri-Carb liquid scintillation
spectrometer, Model 3320, Protein was determined by the method of
Lowry et al, (28) with bovine serum albumin as a standard,

RESULTS AND DISCUSSION

Among various lipids tested so far, including monoacyl-,
diacyl-, and triacylglycerols and free fatty acids, only unsatu-
rated diacylglycerol was effective in the activation of protein
kinase C (7, 8). However, it was found that, when TPA instead
of unsaturated diacylglycerol was directly added to the reac-
tion mixture, the enzymatic activity was greatly enhanced
with the concomitant decrease in the Ca2+ concentration that
was necessary for enzyme activation as shown in Fig. 1.
Phospholipid was indispensable, and TPA alone was unable
to activate the enzyme. Kinetic analysis indicated that TPA,
like unsaturated diacylglycercl (7, 8), greatly increased the
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Fig. 1. Activation of protein kinase C by TPA and unsatu-
rated diacylglycerol st various concentrations of CaCly. Protein
kinase C was assayed under the standard conditions in the presence
of CaCl; as indicated. TPA, diolein, and phospholipid were added as
specified. Diolein, phospholipid, or both were dissolved in a small
valume of chloroform. After ehloroform was removed in vacuo, the
residue was suspended in 20 mm Tris/HCl at pH 7.5 by sonication as
described {7), TPA, which was dissolved in dimethy! sulfoxide, was
directly mixed with phospholipid suspended in the buffer before being

. added to the reaction mixture. The final concentration of dimethyl

sulfoxide in the reaction mixture was 0.01%. Where indicated with an
arrow, ethylene glycol bis(8-amincethyl ether)-N, N, N*, N'-tetraace-
tic acid (0.5 1M at a final concentration) was added instead of CaCls.
O-—0, in the presence of 20 ug/ml of phospholipid alone; C1- - -0,
in the presence of 10 ng/ml of TPA alone: A~- -4, in the presence of
0.8 pg/mi of diolein alone; @——®, in the presence of 20 pg/ml of
phospholipid plus 10 ng/ml of TPA; B——, in the presence of 20
pe/ml of phospholipid plus 0.8 ug/ml of diolein.

apparent affinity of enzyme for Ca®" as well as for the phos-

-pholipid, and thus enhanced the enzyme activation. Namely,

in the presence of phospholipid alone, relatively higher con-
centrations of Ca®" were needed irrespective of the amount of
phospholipid present, and the reaction velocity was acceler-
ated by increasing amounts of phospholipid employed. When
a saturating amount of phospholipid (about 100 pg/m?) was
added, full enzymatie activity was obtained even though the
K, value for Ca**, the concentration needed for half-maximum
activation, remained higher (about 7 X 107° ). If, however, a
small amount of either TPA or diolein was supplemented to
phospholipid, the K, value for Ca®* was dramatically de-
creased to be 107 M range. For instance, in the presence of
TPA (10 ng/ml} or diclein (0.8 sig/ml} in addition to phospho-
lipid (20 pg/ml), approximate X, values of 2 X 10°¢ and 8 %
10~ M were obtained for this divalent cation, respectively;
here diolein was not saturated. With saturating amount of
TFPA (more than 10 ng/ml) or diclein (more than 1.5 pg/ml),
the same Ca® titration curves were obtained for these acti-
vators. In addition, TPA and diolein did not act as synergistie
allies, and in the presence of a saturating amount of one of
these two activators, no further enhancement of the reaction
was observed by the addition of the other. However, at sub-
maximal concentrations, the effects of TPA and diolein were
apparently additive. '

It has been described previously (14) that protein kinase C
may alternatively be activated through limited proteolysis by
Ca**-dependent neutral protease. The enzyme activated in

[
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this way (protein kinase M) was catalytically fully active in
the absence of Ca**, phospholipid, and diacylglycerol and was
- not susceptible to TPA. The result seems to indicate that the
tumor promoter does not interact with the catalytically active
site of the enzyme. Rather, it is suggestive that TPA may
associate with lipid lamellae or micelles and modify the phos-
pholipid-enzyme interaction to express full catalytic activity
at physiologically lower concentrations of Ca?*, Ca®*.depend-
ent neutral protease was not affected by TPA as assayed with
casein as a substrate. Experiments shown in Fig. 2 indicated
that low concentrations of TPA.in the order of nanograms/mt
showed significant effects; this tumor promoter at an amount
of roughly one-to five-thousandths of that of diacylglycerol

fully activated the protein kinase in vitro, Dimethyl sulfoxide

itself showed practically no effect at the concentrations em-
ployed in these experiments, In similar in vitro systems,
neither protein kinase A nor calmodulin-dependent protein
kinase such as glycogen phosphorylase kinase was affected by
TPA. ‘

The next set of experiments was conducted to examine
whether in intact cells TPA activates directly protein kinase
C and causes some cellular response in an analogous manner
to receptor-linked natural extracellular messengers. For this
purpose, human platelets were employed, Preceding reports
from this laboratory (9, 10) have proposed that in thrombin-
stimulated platelets protein kinase C is activated by diacyl-
glycerol which is derived from the receptor-linked breakdown

of phosphatidylinositol and that the enzyme thus activated is .

probably responsible for the release of serotonin, In the ex-
periment given in Fig. 3, washed human platelets were prein-
cubated with **P;, and then stimulated by either thrombin or
TPA. Consistent with the recent observations made by Chiang
et al. (5), when platelets were activated by TPA, some endog-
enous platelet proteins were rapidly phosphorylated; in the
present experiment, most predominantly 40-kilodalton protein
and to some extent another protein having M; ~ 20,000 were
labeled. It has been described earlier (9) that 40-kilodalton

. protein serves as a preferred substrate for protein kinase C in
vitro and that the phosphorylation of this particular protein
is most likely related to release reaction? In fact, in all
experiments thus far done with intact platelets, the diacyl-

. glycerol formation that was induced either by thrombin (Fig.
44) or by exogenously addeéd phospholipase C.{9) was always
‘associated with 40-kilodalton protein phosphorylation as well
as with serotonin release, On the other hand, 20-kilodalton
protein has been identified as myosin light chain, and another
species of protein kinase, that is Ca**-calmodulin-regulated
myosin light chain kinase, has been proposed to be responsible
for the phosphorylation of this protein (30, 31). It is evident
from the autoradiograph that 20-kilodalton protein was phos-
phorylated only slightly, when platelets were stimulated by
TPA. It is likely that Ca®* influx or movement may be limited
at least in the early phase of the TPA-induced platelet act-
vation. The rapid disappearance of diacylglycerol shown in
Fig. 4A was probably due to the conversion to phosphatidie
acid and also to further degradation to arachidonic acid and
its metabolites. :

In a marked contrast to thrombin, TPA induced serotonin
release in parallel with 40-kilodalton protein phosphorylation,
but did not produce diacylglycerol under similar conditions as
shown in Fig. 4B. In the experiments shown in Fig. 4, 4 and

*This 40-kilodelton protein corresponds to the 47-kilodalton pro-
tein designated by other workers (for review, see Ref. 29). It is noted
that the sites of phosphorylation in the purified irn vitro 40-kilodalton
protein-protein kinase C system are shown to be identical with those
in the thrombin-stimulated platelet system in vive as judged by
fingerprint analysis (manuscript in preparation).
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F16. 2. Dose-dependent activation of protein kinase C by
TPA and diolein. Protein kinase C was assayed under the standard
conditions in the presence of 20 pg/ml of phospholipid, 1 X 10~° u
CaCly, and various amounts of either TPA or diolein as indicated, A, .
with TPA; B, with diclein, @—@, in the presence of phospholipid ™
plus CaCly; O- - -0, in the presence of CaCl; and without ‘phospho-
Iipid. The enzymatic activity obtained in the presence of phospholipid
and without CaCl; was nearly the same as that obtained in the

Jresence of CaCl; and without phospholipid {data not shown).

Fie. 3. Autoradiograph of TPA-induced platelet protein
rhosphorylation. The platelets, which were labeled with %Py, were
stimulated at 87 °C by 0.25 unit/m! of thrombin or by 100 ng/ml TPA
for various periods of time as indicated. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and autoradiography were done as
deseribed under “Experimental Procedures.” Lane 1, control; Lane 2,
with thrombin for 60 s; Lane 3, with TPA for 10 s; Lane 4, with TPA
for 30 s; Lane 5, with TPA for 60 s; Lane 6, with TPA for 90 s; Lane
7, with TPA for 120 s,

B, however, the rates and extents of the release of serotonin
were different, although the extents of 40-kilodalton protein
phosphorylation in both systems were roughly the same, The
reason for this difference is not known, but it is possible that
Ca?* plays some roles in the secretory process of serotonin,
Another possibility which may not be ruled out is that diac-
yiglycerol has additional roles during the platelet activation.
For instance, diacylglycerol is known as a membrane fusigen
(32, 88) and also serves as a precursor to ionophoric phospha-
tidie acid (for review, see Ref. 34) as well-as to arachidonic
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Fra. 4. Time courses of diacylglyceral formation, 40-kilodal-
ton protein phosphorylation, and serotonin release in plate-
leis. The platelets, which were labeled with either [*H]arachidonic
acid, ®P;, or [“Cserotonin, were stimulated at 37 °C by 0.25 unit/ml
of thrombin or by 100 ng/ml of TPA for various periods of time as
indicated. Diacylglycercl formation, 40-lilodalton protein phospho-
rylation, and serotonin release were assayed as described under
“Experimental Procedures” 4, with thrombin; B, with TPA.
&——8, diacylglycerol formation; O-- -0, 40-kilodalton protein
phosphorylation; A——A, serotonin release.
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Fic. 5. Effect of TPA concentration on diacylglycerol for-
mation, 40-kilodalton protein phosphorylation, and serotonin
release in platelets. The platelets, whick were labeled with either
[*H]arachidonic acid, *P;, or ["#Clserotonin, were stimulated for 1
min at 37 °C by various amounts of TPA as indicated, Diacylglycerol
formation, 40-kilodalton protein phosphorylation, and serotonin re-
lease were assayed as described under “Experimental Procedures.”
The symbols are the same as those given in Fig. 4,
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acid which is rapidly converted to thrombozane (35). Fig. 5
shows dose responses to TPA for such 40-kilodalton protein
phosphorylation and release reaction. It is shown that the
concentration of TPA necessary for platelet activation was
roughly 10 times higher than that required for protein kinase
C activation in vitro. Presumably, in intact platelets, more
TPA is necessary to intercalate into the lipid bilayer structure
leading to the protein kinase activation. Again, essentially no
diacylglycerol was produced over a wide range of TPA con-
cenirations. The results seem to indicate that this tumor
promoter directly activates protein kinase C without provok-
ing phosphatidylinositol breakdown. Further evidence sup-
porting this assumption was provided by the fact that the
incorporation of radioactive inorganic phosphate into phos-
phatidylinositol and phosphatidic acid (phosphatidylinositol

Activation of Protein Kinase by Phorbol Esters

twrnover) was markedly accelerated by thrombin but not by
TPA, although 40-kilodalton protein was actively phospho-
rylated and serotonin was released under the same conditions
(data not shown). It has been described that TPA enhances
the incorporation of radioactive choline into phosphatidylcho-
line in mouse epidermis (36) and bovine Iymphocytes (37)
several minutes or hours after stimulation, presumably as a
result of increased membrane perturbation, However, in hu-
man platelets which were stimulated by TPA, the degradation
of phosphatidylcholine as well as the incorporation of #P into
this phospholipid was negligible at least at early phase of the
platelet activation. The activation of platelets by TPA was
usually completed within 1 min, and the appearance of lyso-
phospholipids, if any, was negligible under the present condi-
tions, Using human neutrophils (38), it has been recently
reported that TPA shows no effect on arachidonate release at
doses which maximally stimulate both degranulation and
oxidative metabolism. Probably, the effect of TPA on phos-
phatidyicholine metabolism may largely depend on cell types
employed and/or may be observed at a later phase of TPA
actions. The detailed metabolic cascade of various phospho-
lipids that might occur after the addition of TPA remains to
be explored. - : .

Table I shows relative activities of various phorbol deriva-
tives to activate protein kinase C in in vitro systems, It was
noted that phorbol derivatives showing tumor-promoting ac-
tivity could activate protein kinase C as well. The structural
requirements of phorbol-related diterpenes for tumor promo-
tion on mouse skin (for review, see Ref. 39) appear to be
roughly similar to those for protein kinase C activation.

A number of kinetic studies using a variety of cell systems
appear to suggest that the biochemical target of phorbol esters
leading to activation of specific cellular functions or prolifer-
ation may be located on membranes. The pleiotropic actions
as well as the structure-activity relations of these tumor
promoters seem to be compatible with the supposition that
there is a specific cell surface receptor that is widespread on
various tissues and organs. The results presented above seem
to indicate that one of the possible targets of TPA actions is
protein kinase C, although it is not knowm at present whether
the activation of this enzyme is directly related to the mech-
anism involved in the tumor promotion. Under normal con-

" ditions, the activation of this enzyme appears to be induced

by a large number of hormones, neurotransmitters, and many
other biclogically active substances including epidermal
growth factor and lymphocyte mitogens of plant origin, which
are all able to provoke phosphatidylinesitol turnover (34).
However, this may not Tnecessarily rule out a role of protein
kinase C in the tumor promotion, It is possible that the tumor-

Tasre I
Effects of various phorbol derivatives on activation of protein
kinase C in vitro
Protein kinase C was assayed under the standard conditions in the
presence of 20 ug/ml of phospholipid, 1 X 106 a CaCly, and 10 ng/ml
each of various phorbel derivatives.

: Protein

Phorbol derivative kinase C

activity

%

TPA 100
Phorbol-12,13-didecanoate 81
Phorbol-12,13-dibutyrate a8
Phorbol-12,13-dibenzoate 100
Phorbol-12-tetradecanoate 0
Pherbol-13-acetate 0
4a-Phorbol-12,13-didecanoate ]
Phorbot 0
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promoting phorbol ester once intercalated into membranes
remains active for prolonged periods of time, since the diter-
pene is hardly metabolizable (1). In contrast, diacylglycerol,
the natural activator of this enzyme, cccurs transiently during
the " phosphatidylinositol turnover and disappears very
quickly. Nevertheless, possible roles of this protein kinase in
the regulation which may be essential to the activation of
specific functions or proliferation of mammalian cells remain
largely unexplored.

Acknowledgments—We are grateful to 8. Nishiyama and K. Ya-
masaki for their skillful secretarial assistance.

REFERENCES

1. Blumberg, P, M. (1980) CRC Crit. Rev. Toxicol. 8, 153-234
2, Zucker, M., Troll, W,, and Belman, S. (1974) J. Cell Biol. 60,
325-336
8. White, J. G., Rao, G. H. R, and Estensen, R. D. (1974) Am. J.
Pathol. 75, 301-314
4. Mufson, R. A., Kulkarni, P., Ealdns, K. B., and Weinstein, 1. B.
(1979) Cancer Res. 39, 3602-3606
5. Chiang, T. M., Cagen, L. M., and Kang, A. N. (1981) Throm®.
Res. 21, 611-622
6. Takai, Y., Kishimoto, A., Iwasa, Y., Kawahara, Y., Mori, T\, and
Nishizuka, Y. (1979} J, Biol. Chem. 254, 3602-3695
7. Takai, Y., Kishimoto, A., Kikkawa, U., Mori, T., and Nishizuka,
Y. (1979) Biochem. Biophys. Res. Commun. 91, 1218-1224
8. Kishimoto, A., Takai, Y., Mori, T., Kikkawa, U., and Nishizuka,
Y. (1980) . Biol. Chem. 255, 2273-2276
9. Kawahara, Y., Takai, Y., Minakuchi, R., Sano, K., and Nishizuka,
Y. (1980) Biochem. Biophys. Res. Commun. 97, 309-317
Takai, Y., Kaibuchi, K., Matsubara, T., and Nishizuka, Y. (1981)
Biochem. Biophys. Res. Commun. 101, 61-67
Minakuchi, R., Takai, Y., Yu, B, and Nishizuka, Y. (1881) J.,
Biochem. (Tokyo) 89, 16511654
Kue, J. F., Andersson, R. G. G., Wise, B, C.,, Mackerlova, L.,
Salomonsson, I, Brackett, N. L., Katoh, N., Shoji, M., and
Wrenn, R. W. (1980) Proc. Natl. Acad. Sci. U. 8. A. 77,
T039-7043
Kaibuchi, K., Takai, Y., and Nishizuka, Y. (1981) JJ. Biol, Chem.
258, 7146-7149 )
Inoue, M., Kishimoto, A., Takai, Y., and Nishizuka, Y. (1977) .
Biol*Chem. 252, T610-7616
Cohen, P. (1973) Bur. J. Biochem. 34, 1-14

10.
11.
12

13,
14,
15.

16.
17,
18.

19.
20.
21.

22

23.
24,
25.
26.

27,
28.

29.

30.
31.
32.
3s.
85.
38.

37.
38.

39.

78561

Yamamura, H., Nishiyama, K., Shimomura, R., and Nishizulka,
Y. (1978) Biochemistry 12, 856-862

Folch, d., Lees, M., and Stanley, G. H. 8. (1957} J. Biol, Chem.
2286, 497-509 :

Rouser, G., Kritchevsky, G., and Yamamoto, A. (1967) in Lipid
Chromatographic Analysis, Vol. 1, pp. 99-162, Marcel Dekker,
Ine., New York i :

Baenziger, N. L., and Majerus, P. W. (1974} Methods Enzymol.
31, 149-155

Sakai, K., Matsumura, 8., Okimura, Y., Yamamura, H., and
Nishizuka, Y. (1979) J. Biol. Chem. 254, 66316637

Kishimoto, A., Kajikawa; N., Tabuchi, H., Shiota, M., and Nish-
iruka, Y. {1981) J. Biochem. (Tokyo) 90, 839-892

. Lyons, R. M., Stanford, N., and Majerus, P. W. (1975) J. Clin.
Invest. 56, 924-936

Laemmb, U. K. (1970) Nature (Lond.) 227, 680-685

Rittenhouse-Simmors, 8. (1979) J. Clin. Invest. 63, 580-587

Bligh, E. G., and Dyer, W. J. {1959) Can. J. Biochem. Physiol.
37, 911017 ’

Haslam, R. J., and Lynham, J. A. (1377) Biochem. Biophys. Res.
Commun. 7%, 714-722 .

Costa, J. L., and Murphy, D. L. (1375) Nature 255, 407408

Lowry, O. H., Rosebrough, N. J.,, Farr, A, L., and Randall, R, J.
(1951) . Biol. Chem. 193, 265-275

Haslam, R. J., Salam, 8, E, Fox, J. E B, Lynham, J. A., and
Davidson, M. M. L. (1980} in Celiular Response Mechanisms
and their Biological Significance (Rotman, A., Meyer, F. A,,
Gilter, C., and Silberberg, A., eds) pp. 213-231, John Wiley &
Sons Ltd, New York

Daniel, J. L., Holmsen, H., and Adelstein, R. 8. (1977) Thromb.
Haemostas, 38, 984-989

Hathaway, D. R., and Adelstein, R. S. (1979) Proc. Natl, Acad.
Sei. U. 8. A. 76, 1653-1657

Allan, D., and Michell, R. A. (1976) Nature 258, 3458-349

Allan, D., Billah, M. M., Finean, J. B., and Michell, R. H. (1978)
Nature 261, 58-60 .

. Michell, R. H. (1975} Biochim. Biophys. Acta 415, 81-147

Bell, R. L., Kennerly, D. A., Stanford, N., and Majerus, P, W,
(1979) Proc. Natl. Acad. Sci. U. S. A. 76, 3238-3241

Rohrschneider, L: R., O'Brien, D. H., and Boutwell, R. K. (1972)
Biochim. Biophys. Acta 280, 57-70

Wertz, P. W., and Mueller, G. C. (1978} Cancer Res. 88, 2900~2904

Walsh, C. E., Waite, B. M., Thomas, M. J., and DeChatelet, 1. R.
(1981) J. Biol. Chem. 256, 7228-7234

Hecker, E. (1978} in Carcinogenesis (Slaga, T. dJ., Sivak, A., and
Boutwell, R, K, eds) Vol. 2, pp. 11-48, Raven Press, New York

_23_



Communication

Synergistic Functions of Protein
Pho's.phorylation and Calcium
Mobilization in Platelet
Aci_;ivation* '

(Received for publication, February 28, 1983)

Xozo Kaibuchi,} Yoshimi Takai,

Makoto Sawamura, Masahiko Hoshijima,

Takashi Fujikura,§j and Yasutomi Nishizuka

From the Department of Biochemistry, Kobe University
School of Medicine, Kobe 650, the Department of Cell
Biology, National Institute for Basic Biology, Okazoki 444,
and the §Central Research Laboratories, Yamanouchi
Pharmageutical Co., Tokyo 174, Jopan

When human platelets were stimulated by synthetic
diacylglycerol such as 1-oleoyl-2-acetyl-glycerol,
which was a potent activator in vitro of Ca®**-activated,
phospholipid-dependerit protein kinase (protein kinase
C) (Mori, T., Takai, Y., Yu, B,, Takahashi, ., Nishi-
zuka, Y., and Fujikura, T. (1982} J. Biochem. (Tokyo)
91, 427-481), a protein having M, ~ 40,000 {(40-
kilodalton protein) was rapidly phosphorylated, fust as
it was by natural extracellular messengers such as
thrombin. Fingerprint analysis appeared to indicate
that protein kinase C was indeed responsible for this
40-kilodalton protein phosphorylation in intact plate-
Jets. Under these conditions, neither inositol phospho-
lipid breakdown nor endogenous diacylglycerol for-
mation was observed, indicating that the synthetic di-
acylglycerol intercalated into the membrane and di-
rectly activated protein kinase ¢ witkout interaction
with cell surface receptors. During this process, the
diaeylglycerol was converted in situ to the correspond-
ing phosphstidate, 1-oleoyl-2-acetyl-glyceryl-8-phos-
phoric acid. Experiments with the synthetic diacyl-
glyecerol and Ca®** ionophore A2318%7 suggested that
the protein phosphorylation catalyzed by protein ki-
nase C was a prerequisite requirement for the release
of serotonin, and that the receptor-linked protein phos-
phorylation and Ca** mobilization acted synergisti-
eally to elicit the full physiological cellular response.

A wide variety of neurotransmitters, peptide hormones,
secretagogues, and many other biologically active substances
have been repeatedly shown to provoke inositol phospholipid
turnover in their target tissues (see for reviews, Refs. 1-3). In
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solely to indicate this fact,
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general, the stimulation of most of these receptors immedi-
ately mobilizes Ca**, and this divalent cation appears to play
crucial roles in the cellular response to these extracellular
messengers. A series of recent studies in our laboratories has
suggested that diacylglycerol derived from this inosito] phos-
pholipid breakdown is ditectly involved in the transmembrane
control of protein phosphorylation through activation of Ca®*-
activated, phospholipid-dependent protein kinase (protein ki-
nase C) (4-9). Nevertheless, neither the relationship between
the phospholipid degradation and Ca®* mobilization nor the
biological role of this receptor-linked protein phosphorylation
has yet been definitely established. This communication will

"describe that under appropriate conditions a synthetic diac-

ylglycerol exogenously added to intact platelets may interca-
late into membranes and directly activates protein kinase C
without inducing the phospholipid degradation and Ca** mo-
bilization. Thus, using diacylglycerol and Ca*" ionophore, it
is possible to show that either the protein phosphorylation or
Ca’* mobilization alone is a prerequisite but not a complete
requirement, and both are synergistically effective for causing
the full physiological cellular response such as release of
serotonin. : ‘

EXI:ERIMENTAL PROCEDURES

Mauterials and Chemicals—Human platelet-rich plasma and washed
platelets were prepared by the method of Baenziger and Majerus (10).
OAG! and AOG were synthesized as described previously (11). 1-
Oleoyl-2-acetyl-sn-glyceryl-3-phosphorie acid was’ synthesized from
1-oleoyl-2-acetyl-sn-glyceral by the method of Lammers and Van
Boom (12). These synthetic products were chrometographically pure.
Bovine thromhin was obtained from Mochida Pharmaceutical Co.
(Tokyo, Japan). A23187 was a product of Calbiochem, [H)Arachi-
donic acid (78.1 Ci/mmol), carrier-free H:*PO,, and [“Clserotonin
(58 mCi/mmol) were obtained from New England Nuclear, Japan
Radioisotope Association, and Amersham, respectively. [y-P]JATP
and calf thymus H1 histone were prepared as described earlier (13}.
Other materials and chemicale were obtained from commercial
SOUrces.

Assay for Lipid Metabolism—The platelet-rich plasma (36 ml) was
labeled with 25 xCi of [*H]arachidonic acid under the conditions
described by Rittenhouse-Simmons (14), and platelets were isolated
and washed as deseribed (7-9). The radioactive platelets were stim-
utited by either thrombin, synthetic diacylglycerol, or A23187 as
indicated in each experiment. The incubation was terminated by the
addition of chloroform/methanol (1:2), and the radioactive lipids were
directly extracted by the method of Bligh and Dyer (15). Phospho-
lipids, diacylglycerol, and arachidonic acid metabolites were separated
by Silica Gel G plate thin layer chromatography. The solvent systems
employed were methyl acetate, n-propancl, chioroform, methanol,,
0.25% aqueous KC1 (26:26:25:10:9) for phospholipids; benzene/dieth-
ylether/ethanol/ammonia water (50:40:2:0.1) for diacylglycercl; and
the top phase of ethylacetate/2,2 4-trimethylpentane/acetic acid/
water (9:5:2:10) for HETE and HHT. The area corresponding to each
lipid was scraped into a vial, and the radioactivity was determined.

Tn another set of experiments, the washed platelets (4 X 10° cells)
were labeled with 1 mCi of carrier-free **P; under the conditions
described by Lyons et al. (16). The radicactive platelets were then
stimulated by thrombin or synthetic diacylglycero] and the reaction
was terminated by the addition of chloroform/methanol (1:2). The
radioactive phospholipids were directly extracted, and separated by
two-dimensional Silica Gel G plate thin layer chromatography using

1The sbbreviations used are: OAG, l-oleoyl-2-acetyl-glycerol;
AOG, 1-acetyl-2-oleoyl-glycerol; HETE, 12-L-hydroxy-5,8,10,14-€i-
cosatetraenoic acid; HHT, 12-hydroxy-5,8,10-heptadecatriencic acid;
SDS, sodium dodecy! sulfate, .
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chloroform, methanol, 7 N ammonia water (12:7:1) as a 1st dimen-
sion solvent system, and chloroform/methanol/acetic acid/water
(25:15:4:2) as a 2nd dimension solvent system. Under these condi-
tions, 1-oleoyl-2-acetyl-glyceryl-8-phosphoric acid was well separated
from other phospholipidy, The plate was then exposed to a Kodak
Royal X-Omat film to prepare an autoradiograph.

Assay for Protein Phosphorylation—The washed platelets were
labeled with *F; as described above, and stimulated by either throm-
bin, synthetic diacylglycercl, or A23187 under the eonditions specified
in each exzperiment. The radioactive platelets were then directly
subjected to 8DS-polyacrylamide gel electrophoresis, stained, dried
on a Whatman No, 1 filter paper, and exposed to a Kodak Royal X-
Omat film to prepare an awtoradiograph. The relative intensity of
each band was quantitated by densitometric tracing at 430 nm using
a Shimadzu dual wavelength chromatogram scannsr, Model CS-910.

Assay for Serotonin Release--The platelet-rich plasma (20 ml) was
incubated with 1 xCi of [*Clserotonin as described by Haslam and
Lynham (17), and platelets were isolated and washed as described

-earlier (7-9). The radioactive platelets were stimulated by either
thrombin, synthetic diacylglycerol, or A23187. The incubation was
terminated hy formaldehyde followed by centrifugation at 10,000 X g
for 40 s, and the radicactive serctonin released was determined as
described by Costa and Murphy (18). .
. Other Procedures—Fingerprint analysis of the #P-labeled platelet
proteins was carried out under the conditions described previously
(8, 9). Two-dimensional mapping of the tryptie phosphopeptides was
made by the method.of Beemon and Hunter (19). Protein kinase C
was routinely assayed with calf thymus H1 histone as a phosphate
acceptor (20). Lactic dehydrogenase was assayed by the method of
Kornberg (21), The radicactivity of **P-, ’H-, and #C-labeled sampies
was determined using a Packard Tri-Carb liquid scintillation spec-
trometer, Mode] 3320.

RESULTS AND DISCUSSION -

Protein kinase C absolutely requires Ca** and phospholipid
for enzymatic activity, and it was shown that unsaturated
diacylglycerol increased its affinity for Ca** dramatically to
the 107 M range, and thereby rendered this enzyme fully
active at physiologically lower concentrations of Ca®" (5, 6,
22). Tt was also described that various synthetic diacylglycer-
ols such as OAG, AOG, and diolein were equally active in this
capacity when tested in in vitro enzymatic reactions (11). In
the experiment shown in Fig. 14, OAG was suspended in a
small amount of 1% dimethylsulfoxide solution, sonicated to
prepare micelles, and then directly added to intact platelets.
It was found that an endogenous protein having an approxi-
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Fi1G. 1. Time courses of diacylglycerol formation and 40-
kilodalton protein phosphorylation in platelets. The platelets,
which were labeled with [*H]arachidonic acid or *P;, were stimulated
at 37 °C by 50 pg/m! of OAG or 0.2 unit/ml of thrombin for various
periods of time indicated, The final concentration of dimethylsulf-
oxide was 0.1%. Diacylglvcerol formation and 40-kilodalton protein
phosphorylation were assayed as described under “Experimental Pro-
cedures.” A, with- OAG; B, with thrombin. HM—M, diacylglycerol
formation; @—®, 40-kilodalton protein phosphorylation,
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Fig. 2. Autcradiographof two-dimensional thin layer ¢hro-
matograph of **P-labeled plibspholipids of platelets. The plate-
lets prelabeled with P, wete stimulated at 37 °C for 8 min by 50 g/
ml of OAG or-62 unit/m! of thrombin as indicated. The final
concentratior”of dimethylsulfoxide was ¢.1%. Thin layer chromato-
graph and autoradiograph were made as deseribed under “Experi-
mental Procedures.” The spot shown by an errow indicates 1-oleoyl-
Z2-acetyl-glyceryl-3-phosphoric acid. PC, PS, PI, and PA indicate
phosphatidylcholine, phosphatidylserine, phosphatidylinositol, and
phosphatidic acid, respectively. A, with OAG; B, control; C, with
thrembin, ’ .

mate molecular mass of 40,000 daltons (40-kilodelton protein)
was rapidly phosphorylated just as it was by natural extracel-
luler messengers. As shown in Fig, 1B, when platelets were
stimulated by thrombin, 40-kilodalton protein was phospho-
rylated, and this reaction was preceded by transient formation
of endogenous diacylglycerol. Quantitative analysis of various
phospholipids suggested that this diacylglycerol was derived
most likely from the receptor-linked breakdown of phospha-
tidylinositol as previously described (7-9, 14).2 The rapid
disappearance of the diacylglycerol was presumably due to its
conversion to phosphatidylinositol by way of phosphatidate
and also due to its fyrther degradation to arachidonic acid for
thromboxane synthesis. In a marked contrast to thromhin,
OAG did not produce endogenous diacylglycerol nor did it
induce phosphatidylinositol breakdown. There was no sign
for arachidenic acid release or thromboxane synthesis, and
neither HETE nor HHT was detected under these conditions.
Dimethylsulfoxide alone showed no effect on platelets at the

- concentration employed for the present studies. The radjo-

active 40-kilodalton protein was isolated from the platelets
which were stimulated by OAG and also from those stimulated

. ? Polyphosphoinositides were not qu;mtitated in the present stud-
ies.
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Fic. 3. Effects of thrombin, A23187, and OAG concentra-
tions on phosphorylation of 40-kilodalton and 20-kilodalton
proteins. The platelets prelabeled with **P, were stimulated at 37 °C
for 1 min hy various amounts of either thrombin, A23187, or OAG.
The final concentration of dimethylsulfoxide was fixed at 0.1%. The
phosphorylation of 40-kilodalton and 20-kilodalton proteins was as-
sayed as described under “Expertmental Procedures.” A, with throm-
bin; B, with A28187; C, OAG. @—®, 40-kilodalton protein phos-
phorylation; l——M, 20-kilodalton protein phosphorylation.

0

by thrombin using SDS-polyacrylamidé gel electrophoresis,

and both preparations were subjected to fingerprint analysis..

The mapping patterns of the tryptic phosphopeptides thus
obtained were identical with the pattern obtained from the
40-kilodalton protein preparationwhich was phosphorylated
in vitro by a homogeneous prepﬁ,ation of protein kinase C in
the presence of Ca®", phospholipid, and diacylglycerol.

"The results presented above seem to iﬁ‘d_icatg that OAG
may intercalate into the phospholipid bilayér .and directly
activates ]grotein kinase C without interaction with any of cell
surface receptors. The observed effect of OAG did not appear
. to be simply due to the damage aof platelet membranes, since
cytoplasmic enzymes such as lactic dehydrogenase did not
leak into the medium. It was noted that the exogenously

added diacylglycerol was rapidly converted in situ to the,

corresponding phosphatidate, that is 1-oleoyl-2-acetyl-glyec-
eryl-3-phosphoric acid, presumably by the action of diacyl-
glycerol kinase. The large spot shown by an arrow in Fig. 24
was identified as such by comparison with an authentic sam-
ple of the synthetic product. This unique compound was not
found in the resting platelets nor in the platelets stimulated
by thrombin (Fig. 2, B and C). The rapid phosphorylation of
the 40-kilodalton protein-in platelets was also observed with
AOG instead of OAG. Diacylglycerols possessing two long
fatty acyl moieties such as diolein were practically ineffective
to induce 40-kilodalton protein phosphorylation in vivo, pre-
sumably due to their inability to intercalate into the mem-
brane, although this diacylglycerol was highly active to sup-
port enzymatic reaction in vitro as described earlier (5, 6, 11).

The next series of experiments was designed to examine if
the protein phosphorylation catalyzed by protein kinase C or
CaZ* mobilization or both were essential for eliciting physio-
logical response such as release of serotonin. It was repeatedly
shown that, when platelets were activated by natural messen-
gers such as thrombin, collagen, and platelet-activating factor,
an additional protein having a molecular mass of 20,000
dalton (20-kilodalton protein) was also phosphorylated (7-9,
16, 17). This protein was identified as myosin light chain, and
a specific calmodulin-dependent protein kinase was proposed
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to be responsible for its phosphorylation (23). In fact, as
shown in Fig. 34, thrombin induced the phosphorylation of
both 40-kilodalton and 20-kiledalton proteins in a parallel
manner, indicating that the natural messenger provoked ino-
sitol phospholipid breakdown as well as Ca?* mobilization. If,
however, platelets were stimulated by low concentrations of
A23187, only 20-kilodalton protein was significantly phospho-
rylated as shown in Fig, 3B, This.ionophore at lower concen-
trations did not induce 40-kilodalton protein phosphorylation
nor produced endogenous diacylglycerol. Om the other hand,
OAG induced the phosphorylation of 40-kilodalton protein to
the extent that was induced by thrombin, whereas 20-kilodal-
ton protein was not phosphorylated under the conditions

- given in Fig. 3C. These results seem to provide the rationale

that, under the given conditions, the activation of protein
kinase C and mobilization of Ca®** may be independently
induced by the exogenous addition of the synthetic diacyl-
glycerol and Ca®" ionophore, respectively. In the experiments
shown in Fig. 4, human platelets were stimulated by OAG in
the presence or absence of a low concentration of A23187. It
was found that the 40-kilodalton protein phosphorylation
reaction proceeded by the addition of OAG irrespective of the
presence and absence of the Ca** ionophore (Fig. 44). In a
marked confeast to this protein phosphorylation, serotonin
was not sufficiently released by the addition of OAG alone,
and the full physiological response was observed when both
OAG and A23187 were added (Fig. 4B). This ioncphore per
se at the concentration employed (0.4 pmM) did not induce
endogenous diacylglycerol formation and 40-kilodalten pro-
tein phosphorylation nor caused serotonin release. At higher
concentrations (more than 0.5 pM), A23187 alone caused the
phosphorylation of 40-kilodalton protein in addition to 20-
kilodalton protein, and released serctomin concomitantly.
This is presumably due to nonspecific degradation of phos-
pholipids and/or to activation of protein kinase C by a large
increase in the Ca?* concentration (5, 8, 22). Likewise, OAG
alone at higher concentrations (more than 50 ug/ml) caused
the release of a significant quantity-of serotonin. The exact
reason for this enhancement is not known, but it is possible
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Tic. 4. Synergistic effects of synthetic diacylglycerol and
CaZ* ionophore on platelet activation. The platelets, which were
labeled with 2P, or: [**Clserctonin, were preincubated with various
concentrations of OAG as indicated for 1 min at 37 °C, and then
stimulated by 2 mm Ca®* plus 0.4 pM A23187 at 37 °C for 30 s. The
final concentration of dimethylsulfoxide was 0.1%. The phosphory-
lation of 40-kilodalton and 20-kilodalton proteins and serotonin
release were determined as described under “Experimental Proce-
dures.” A, 40-kilodalton protein phosphorylation; B, serotonin re-
lease; C, 20-kilodalton protein phosphorylation, &—-@, with OAG
and A23187; M- — -, with OAG alone. 4
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that the diacylglycerol may act as a merabrane fusigen in this
exocytotic process (24). Under the given éonditions, the phos-
phorylation of 20-kilodalton protein induced by Ca®** iono-
phore was not significantly affected by the addition of OAG
{Fig. 4C). )

The present studies seem to provide additional evidence
that the receptor-mediated breakdown of inositol phospho-
lipid is directly coupled to the activation of protein kinase C,
which is responsible for the phosphorylation of 40-kilodalton
protein. It is evident that the phosphorylation of this protein,
if not a sole target ‘of protein kinase C, is a prerequisite for
the full physiological response that is release of serotonin,
although the precise role of 40-kilodalton protein in platelet
activation remains unknown. It -is also conceivable that
thrombin, like various other extracellular messengers which
provoke inositol phospholipid turnover, immediately mobi-
lizes Ca®* as judged by the phosphorylation of 20-kilodalton
protein, Obviously, Ca®*" may play diverse roles in the acti-
vation of cellular functions, but the present experiments with
synthetie diacylglycerol and Ca®* ionophore strongly suggest
that the receptor-linked protein phosphorylation and Ca®
mobilization act synergistically to elicit the full physiological
cellular response. Nevertheless, the evidence described above
is insufficient to discuss the relationship between the phos-
phohpni degradation and Ca®* mobilization. The event occur-
nng immediately after stimulation of the receptors also re-
mains unknown.
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