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ABSTRACT

The present study provides evidence that rat brain protein kinase C
elicits a phosphotransferase activity towards histone and undergoes au-
tophosphorylation in the absence of phosphatidylserine. The tumor pro
moter 12-0-tetradecanoylphorbol-13-acetate binds to and activates pro
tein kinase C in a phospholipid-free reaction. The apparent activation
constant (A1,,= 2.7 IIM) is not modified by the absence of phospholipid

but the maximum velocity is greatly decreased. The phosphotransfer
reaction to exogenous substrates occurs in 0.5 HIM ethylene-
bis(oxyethylenenitrilo)tetraacetic acid, although autophosphorylation in
these conditions requires the presence of ( a'*. The protein kinase C

inhibitor (l-(5-isoquinolinesulfonyl)-2-methylpiperazine inhibits the re
action, whereas the cAMP-dependent protein kinase inhibitor is ineffec
tive. In contrast to diacylglycerol, which is a poor activator, unsaturated
fatty acids potently activate the phospholipid-free reaction. Moreover,
the substrate specificity is markedly changed, e.g., myelin basic protein
and histone types VI-S and VII-S appear to be relatively better substrates
in the phospholipid-free reaction. The data presented indicate that protein
kinase C (or some individual isoforms) may function, at least partially,
without binding to membrane phospholipid and suggest that this novel
characteristic of phorbol esters may account for their tumor-promoting
activity.

INTRODUCTION

Protein kinase C,1 identified by Nishizuka and co-workers as
a Ca2+-activated phospholipid-dependent enzyme, plays a key

role in the transduction of many extracellular signals, including
hormones, neurotransmitters, and mitogens, which enhance
polyphosphoinositide breakdown (1-3). Although some steps
remain to be elucidated, the initial events of this signaling
pathway are now understood. Upon ligand-surface receptor
interaction, phospholipase C-catalyzed hydrolysis of phospha-
tidylinositol 4,5-biphosphate generates inositol 1,4,5-trisphos-
phate and DAG, which serve as second messengers. It is gen
erally assumed that, once formed, the neutral lipid enables
protein kinase C association with the plasma membrane, with
subsequent activation. However, an enzyme translocation from
membrane to cytosol in adenocorticotropin- or concanavalin
A-treated cells has also been described, as well as an enzyme
redistribution from the cytosol to the nucleus in response to
anti-la antibodies (4-6). In various cell types, over 50 protein
substrates have been specifically identified which are spread out
in all cellular organdÃes (as reviewed in Ref. 2), suggesting that
overall protein kinase C-catalyzed phosphorylation may not
exclusively occur at the plasma membrane level. It has also
been shown that labeled tumor-promoting phorbol esters,
known to be potent activators of protein kinase C via their
interaction with the DAG binding site, display an ubiquitous
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cellular distribution (7-10). In addition, immunocytochemical
as well as biochemical studies have demonstrated widespread
occurrence of protein kinase C in different cell compartments
(11-13),4 particularly in the nucleus, where the enzyme was

detected as being tightly bound to a chromatin fraction. Alter
natively, the possibility that protein kinase C-catalyzed phos
phorylation is due not only to a membrane-associated enzyme
has been raised. Several reports have shown that a proteolytic
fragment of protein kinase C (M fragment), generated by a
cysteine protease active at low concentrations of Ca2+, does not

require phospholipid for activity and it has been suggested that
this catalytic fragment may have a physiological role (14-17).
Furthermore, a number of papers have reported that unsatu
rated fatty acids, retinoic acid, lipoxin A, and oxygenated
metabolites may activate protein kinase C in the absence of
phospholipid (18-23). The present work confirms that protein
kinase C as a holoenzyme may be partially activated without
being associated with phospholipid and provides evidence for a
tumor-promoting phorbol ester-induced activation of protein
kinase C which does not require phospholipid.

MATERIALS AND METHODS

Materials. The following materials were purchased from the indi
cated sources: [7-"P]ATP from New England Nuclear: histone types
III-S, V-S, VI-S, and VII-S, protaminc, myelin basic protein, PtdSer,
bovine brain extract type VII, 1,2-DAG, oleic acid, arachidonic acid,
the cAMP-dependent protein kinase inhibitor H7. and phorbol 12-
retinoate-13-acetate from Sigma: TPA, PDBu, 4/i-phorbol didecanoate,
4-O-methyl-TPA from CCR Inc.; mezerein from LC Service Corpo
ration: and lipid-free BSA from Miles. Teleocidin B was kindly donated
by Dr. T. Sugimura (National Cancer Center, Tokyo). DAG, fatty
acids, and related methyl esters were solubilized in chloroform, dried,
and sonicated at 4Â°Cfor 5 min in 20 ITEMTris-HCI. at pH 7.5, under

nitrogen.
Enzyme Preparation. Protein kinase C was purified from the cytosol

of 10 rat brains essentially by the three-step procedure of Kitano et al.
(24), ion-exchange chromatography on DEAE-cellulose followed by
affinity chromatography on threonine-Sepharose and phenyl-Sepha-
rose. The peak of enzyme which came off between 0.6 and 0.8 M NaCl
from the threonine-Sepharose column was collected before being loaded
onto the phenyl-Sepharose column. The enzyme preparation yielded a
specific activity within the range of 1.5 to 2 units, with 1 unit transfer
ring I iiinol of phosphate/min/mg protein in our assay conditions. The
enzyme was stored at -80Â°C in 10% (w/v) glycerol and 0.05% (w/v)

Triton X-100.
Protein Kinase C Assay. Enzyme activity was assayed according to a

previously described technique (25) modified as follows: the reaction
mixture contained, in 125 u\, 2.5 ^mo\ Tris-HCI buffer at pH 7.5, 0.6
umo\ magnesium acetate, 15 jug histone type III-S, 2.5 nmol |-r"P]-
ATP (approximately 5 to 6 x 10* cpm). and 20 ng enzyme (unless

otherwise indicated), diluted in distilled water. PtdSer, EGTA, and
Ca!+ were added as stated. Incubations were carried out at 30Â°Cfor 5

min unless otherwise specified. Phorbol esters and mezerein were added
directly to the incubation mixture, whereas DAG was added as a
sonicated suspension. To stop the reaction, a 50-/jl aliquot of the
incubation mixture was loaded onto squares of Whatman P81 paper,
which were soaked in 1% phosphoric acid and washed as described in

4 A. VirÃ³nand M. Castagna, unpublished data.
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(26). For enzyme autophosphorylation, the reaction was carried out
under the same conditions, except that histone was omitted. Radioac
tivity was quantitated by Cerenkov counting.

[â€¢'HJPDBuBinding to Protein Kinase C. The assay was performed

according to a modification of the technique of Niedel et al. (27), which
involves rapid separation of bound and free ligand by gel filtration.
Five-^1 aliquots of all fractions eluted from the phenyl-Sepharose
column were added to 95-^1 reaction mixtures containing 10 pmol of
[3H]PDBu in 20 mM Tris-HCI, at pH 7.5, 4.4 m\i CaCl2, BSA at 1

mg/ml and, when present, PtdSer at 16 Mg/ml. This mixture was
incubated at 30Â°Cfor 30 min and applied to a 3-ml AcA 44 column

that was equilibrated with 20 mM Tris-HCl, at pH 7.5, and then washed
with the same buffer at 4Â°C.The first 2 ml contained protein kinase C-
bound ['HjPDBu. Results are reported as specific (saturable) binding.

Nonsaturable binding was assessed in the presence of a 100-fold excess
(10 Â¿IM)of nonradioactive PDBu. Radioactivity was measured in a
liquid scintillation counter LKB (efficiency, 28%).

Phospholipid Extraction, Assay, and Detection. The extraction of
highly purified enzyme (2 to 10 ^g) was carried out according to the
procedure described in Ref. 28. The dried lipids were redissolved in
chloroform/methanol (1/1; v/v) and applied to a silica gel G60 plate.
The solvent used, hcxane/diethyl ether/acetic acid (100/30/1; v/v),
allows the separation of neutral lipids from phospholipids. Lipids were
localized by ninhydrin or dichlorofluorescein spraying (29) and com
pared with phospholipid standards. For a quantitation of phospho
lipids, the dried lipid extract was digested with sulfuric acid and assayed
for inorganic phosphate, using the technique by Anner and Moosmayer
(30).

Measurements of |3H|TPA Partition between Lipid and Aqueous
Phases. One pmol of ['HjTPA (0.01 Â¿iCi)was incubated, in a total

volume of 400 n\, with lipid vesicles (2 mg) in the presence or absence
of protein, either lipid-free BSA or brain cytosolic extract. Vesicles
were obtained by sonication of the whole brain lipid extract (type VII
from Sigma) at 4Â°Cfor 5 min in PBS. The supernatant of a 100,000 x

g centrifugaron for l h of a mouse brain homogenate in 5 volumes of
PBS was referred to as cytosolic fraction. The concentration of protein
in the cytosolic fraction was 1.6 mg/ml. The lipid film at the surface of
the supernatant was carefully discarded. Incubation was performed at
37'C for 10 min and the suspension was then centrifuged at 150,000 x

g for 40 min in a microrotor (Airfuge, Beckman), in order to separate
the supernatant (aqueous phase) from vesicles (lipid phase). Vesicles
were taken up in 400 n\ of PBS and both phases were counted in a
scintillation liquid counter LKB (efficiency 28%).

RESULTS

Evidence for a Phospholipid-free Activity of Protein Kinase C.
Throughout the various purification steps, protein kinase C
elicits a phosphotransferase activity toward histone in the ab
sence of PtdSer. As evidenced in the elution profile of protein
kinase C from the DE52 chromatography column, a small but
reproducible histone phosphotransferase activity was detected
when PtdSer was omitted (Fig. 1). This activity was superim
posable on the major peak of phospholipid-activated protein
kinase C activity eluting at NaCl concentrations of approxi
mately 70 mM and corresponding to the protein kinase C
holoenzyme (M, 80,000). The activity profile on the DE52
column of our rat brain preparations did not reveal any peak
exclusively associated with a phospholipid-free activity of pro
tein kinase C. It should be stressed that protein kinase M, the
catalytic fragment of protein kinase C which Ã©lÃ»tesfrom the
DE52 column at approximately 0.25 mM NaCl (31, 32), was
not present in our enzyme preparations. The basal protein
kinase C activity detected in the phospholipid-free reaction was
activated by the phorbol ester TPA. To further investigate the
phorbol ester-mediated activation of protein kinase C, we stud
ied the binding of ['H]PDBu to the enzyme. Using the gel

filtration technique for separating bound from free ligand, we
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Fig. 1. Elution profile of DEAE-cellulose chromatography of rat brain cytosol.

The crude extract (12 mg protein) was applied to a DE52 column (0.8 x 1.5 cm)
equilibrated with buffer A (20 mM Tris-HCI. at pH 7.5. containing 0.5 mM
EGTA, 0.5 mM EDTA, and 10 mM /3-mercaptocthanoI). The column was washed
with 15 ml of buffer A and the enzyme was eluted with a 0-0.3 M NaCl gradient
in a total volume of 20 ml. One-mi fractions were collected and 10 /il of each
were assayed as described in "Materials and Methods." The reaction mixture

contained 40 Â»ig/mlPtdSer plus 10 ng/ml TPA plus 0.5 mM EGTA (A) or 10
ng/ml TPA plus 0.5 mM EGTA (A) or 0.5 HIMEGTA (â€¢).

were able to obtain a peak of ['HJPDBu binding activity asso

ciated with the peak of protein kinase C activity in the phos
pholipid-free assay, as shown in the protein kinase C elution
profile from the phenyl-Sepharose Chromatographie column
(Fig. 2). However, at saturating conditions, the amount of
bound ['HjPDBu recovered in the phospholipid free-reaction

was less than expected on the basis of a 1/1 stoichiometry. The
same results were obtained using different methods for assaying
[3H]PDBu binding, suggesting that the association formed by

the phorbol ester and the enzyme is rather unstable. Interest
ingly, the addition of unsaturated fatty acids efficiently stabilize
the ['H]PDBu binding in the absence of PtdSer.5

Results of kinetic analysis of TPA-mediated activation using
a purified preparation of the enzyme are given in Fig. 3. The
reaction in the presence and absence of PtdSer occurred with
the same apparent activation constant (Ka = 2.7 HM).However,
the maximal velocity was much lower when PtdSer was omitted
(f^max= 0.2 ÃÃmol/mgenzyme). The time courses of activation

in the presence or absence of PtdSer did not show major
differences when the reactions were carried out in 0.1 mM CaCl2
or 0.5 mM EGTA. Nevertheless, it should be noted that Ca2*

increased the reaction rate in the presence of PtdSer when TPA
was omitted, while this ion slightly slowed the reaction in the
absence of PtdSer, TPA being present (Fig. 4).

The possibility that some phospholipid remained attached to
the enzyme during the purification procedure and that this may
interfere with the reaction has been examined. Using large
amounts of highly purified enzyme (up to 10 Â¿ig),we extracted
lipids and analyzed them for phospholipid content. The phos
phate of these extracts was assayed by the technique of Anner
and Moosmayer (30), and the phospholipid content of the
enzyme preparations was equal to 0.82 Â±0.32 ng/ng of enzyme.
Therefore, the amount of phospholipid present per assay was

5 \. Huang. C. Da Silva, and M. Castagna, manuscript in preparation.
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Fig. 2. Phenyl-Scpharose chromatography. The active fractions from the
threonine-Sepharose step of the enzyme purification were pooled and applied to
a phenyl-Scpharose CL-4B column (2.0 x 0.6 cm) equilibrated with 1.0 M NaCI
in buffer A, as described in RÃ©f.18. The column was washed with 5 ml of the
same buffer and the enzyme was cluted by decreasing the concentration of NaCI
from 1.0 M linearly to O M in 7 ml of buffer A. followed by 5 ml of buffer A
without NaCI. at a flow rale of 0.3 ml/min. Fractions (0.6 ml) were collected and
were assayed for protein kinasc C and |3H]PDBu-binding activity. The kinase

activity (2 nl) was assayed in 0.5 mM EGTA and 50 ng/ml TPA in the absence
(*) or the presence ( ) of 16 Â»jg/mlPtdSer. |'H]PDBu binding activity (5 ><l)was
assayed in the absence (A) or the presence (A) of 16 ,<;-ml PtdSer, as described
in "Materials and Methods."
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Fig. 3. Kinetic analysis of TPA-mediated protein kinase C activation. In A.

highly purified enzyme was assayed in 0.5 mM EGTA at varying concentrations
of TPA. as indicated in the legend to Fig. 1, either in the presence (A) or absence
(A) of 40 ^g/rnl PtdSer. B, double-reciprocal plots of the results, the activity
obtained in the absence of TPA being subtracted. The data are mean values of
four separate experiments.

less than 20 ng. The phospholipid content of the enzyme buffer
supplemented with 10% glycerol and 0.05% Triton X-100,
which was used as controls, almost accounted for the phosphate
of the enzyme preparations. The detection with ninhydrin and
dichlorofluorescein of phospholipids purified by thin layer chro-
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Fig. 4. Time courses of protein kinasc C activation in 0.5 rriM EGTA (A) or
0.1 mM CaClj (fi). The incubation mixtures were supplemented of 10 ng TPA
(A). 40 â€ž¿�gPtdSer (D). 40 ^g PtdSer plus 10 ng TPA (A), or nothing ( ). Highly
purified enzyme at the concentration of 4.5 ng/assay was assayed as indicated in
"Materials and Methods."

matography confirmed the estimation of the phospholipid con
tamination assayed by phosphate determinations. In addition,
we have tested the possibility that Triton X-100 and glycerol,
which are added to the enzyme for storage, might have a
stimulating effect on protein kinase C. We found that glycerol
was devoid of effects, whereas Triton X-100, which was slightly
activating within the range of 0.002 to 0.01% (w/v), became
strongly inhibiting at higher concentrations (data not shown).
In our assays, the concentration of detergent was between
0.0002 and 0.001%. It should be stressed that the PtdSer-free
activation of protein kinase C occurs in fresh as well as stored
enzyme preparations, although the activation tends to decrease
after a few weeks of storage at â€”¿�80Â°C.

Effects of Various Effectors of Protein Phosphorylation on the
PtdSer-free Reaction. We tested H7. an inhibitor of protein
kinase C acting at the catalytic site (33). Since it has been shown
that H7 is also an inhibitor of the cAMP-dependent protein
kinase, the effect of the specific protein inhibitor of this enzyme
(cAMP-dependent protein kinase inhibitor) was also investi
gated. As shown in Table l, H7 appeared to be equally potent
in the PtdSer-free and PtdSer-activated reactions. Moreover it
has been shown that cAMP-dependent protein kinase was not
involved in the reaction, since the inhibitor was ineffective at
doses which completely inhibited the enzyme. In the presence
of 0.5 mM Ca2+, calmodulin did not affect protein kinase C

activity in either the PtdSer-free or PtdSer-activated reactions.
In addition, the effect of positive effectors was also examined.
Diolein (diC18:l) and cell-permeable dicaprin (diC10:0) were
poor activators in the absence of PtdSer, suggesting that the
high hydrophobicity of DAG and/or its relatively poor affinity
may impair the interaction with protein kinase C. For purposes
of comparison, unsaturated fatty acids, such as oleic acid and
arachidonic acid, were examined for their effects in both reac
tions. These fatty acids were revealed as being much more
effective than TPA in activating the PtdSer-free reaction (Table
1).

Substrate Specificity and Enzyme Autophosphorylation. The
assay was routinely carried out using histone type III-S as
substrate. We compared the potency of various positively
charged proteins to be used as substrates in the PtdSer-free and
PtdSer-activated reactions. The results obtained with TPA as
an activator showed that the substrate specificity was modified
when phospholipid was omitted (Table 2). The ratio of PtdSer-
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Table 1 Effects of various effectors of protein phosphorylation in the
phospholipid-free and phospholipid-dependent reactions

The enzyme activity was assayed in the presence of 0.5 mM CaCI2. The PtdSer
concentration was 40 Mg/ml. TPA, when present, was at 16.6 nM. The incubation
time was 10 min. The figures in parentheses represent the percentage of activity
assayed without addition of any effector.

Protein kinase C activity
(pmol/min)AdditionNoneH

720
MM

80MM(

almodulin
0.4MM4

(JMPKI*

120MM1.2
MMDiolein

1 Mg/ml
4fig/mlDicaprin

1 Â»ig/ml
4Mg/tnlOleic

acid
50MM500

MMArachidonic

acid50
MM500

MMPtdSer-free1.6(100)0.7

(44)
0.2(13)NDÂ°

Nl)NDN

D1.9(119)

2.0(125)2.1(131)

2.2(138)5.8

(363)
7.2(450)5.5

(344)
4.5(281)PtdSer-free

+TPA3.7(100)2.3

(62)
1.1(30)3.8(103)

2.9(78)3.6

(97)
3.6 (97)
3.5(95)NDNDN

D
NDND

NDND

NDPtdSer-

activated19.2(100)11.0(57)

3.4(18)19.9(104)

19.0(99)19.1

(99)
19.9(104)
20.1(105)22.5(117)

24.4(127)27.1

(141)
29.4(153)24.9(130)

22.1(115)23.2(121)

15.8(82)
' ND. not detected.
* PKI. cAMP-dependent protein kinase inhibitor.

Table 2 Effects of various protein substrates on protein kinase C activity assayed
in the presence or absence of phospholipid

Protein kinase C was assayed in 0.5 mM EGTA plus 10 ng/ml TPA. as
described in "Materials and Methods." either in the presence or in the absence of

40 Mg/ml PtdSer. Various protein substrates were added at 0.2 mg/ml.

Protein kinase Cactivity(pmol/min)SubstrateProtamineMyelin

basicproteinHistonc
III.SMisione

V.SMisione
Vl.SMisione

VII.SPtdSer-activated55.3

Â±4.7Â°49.5

Â±1.822.6
Â±0.420.8
Â±1.86.4
Â±0.421.1
Â±1.0PtdSer-free51.9

Â±6.019.2
Â±0.83.8

Â±0.35.0
Â±0.32.3
Â±0.55.7
Â±0.4PtdSer-activatedPtdSer-free1.12.65.94.22.83.7

â€¢¿�Means Â±SD.

stimulated to PtdSer-free enzyme activity varies within the
range of 1.1 to 5.9. Protamine, which fully activated the enzyme
in the PtdSer-free medium, was the best substrate. Myelin basic
protein was also a good substrate in both reactions. The order
of potency of histones was histone III-S > VII-S > V-S > VI-
S in the PtdSer-activated reaction, whereas it was histone VII-
S > V-S > III-S > VI-S in the PtdSer-free reaction. Therefore,
PtdSer affected the substrate specificity, with histone VI-S,
histone VII-S, and myelin basic protein being relatively more
active in the PtdSer-free reaction.

Protein kinase C undergoes autophosphorylation in the pres
ence of phospholipid, at at least two different sites (34). The
requirement of this reaction for phospholipid has been exam
ined in a series of experiments in which TPA and mezerein
were used as activators (Fig. 5). The autoradiogram of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis of the en-

Mr x 10

116.

92_

66_

45_

PtdSer --+-_ + _ +
CaCl2 +++____
EGTA ---++ + + +
TPA -++-+ + --
Mezerein ----__ + +

Fig. 5. Autoradiogram of autophosphorylated protein kinase C. Samples were
incubated without any addition of exogenous protein substrates in various auto
phosphorylation mixtures, as described in "Materials and Methods." prior to
being electrophoresed on 7.5% sodium dodecyl sulfate/polyacrylamide gels.
PtdSer, CaCI,. EGTA. TPA, and mezerein were used at the concentrations of 40
Mg/ml. 0.1 mM. 0.5 mM, 10 ng/ml. and 10 ng/ml, respectively.

zyme previously incubated in the absence of exogenous sub
strates revealed a band at approximately M, 80,000, corre
sponding to protein kinase C (35, 36). It was shown that the
omission of phospholipid in the incubation mixture did not
prevent autophosphorylation in the presence of either 0.1 mM
CaCl2 or 0.5 mM EGTA. However, it should be noted that,
under the EGTA conditions, this intrapeptide reaction was
markedly attenuated. This is at variance with the phosphoryl-
ation of exogeneous substrates, which is activated whatever the
Ca2* concentration (Fig. 4). In addition, it is shown in Fig. 5

that mezerein was less effective in activating the autophosphor
ylation of protein kinase C than the phosphotransfer reaction
to histone, in either the presence or absence of PtdSer.

Potency of Various Tumor Promoters to Mediate Phospho
lipid-free Protein Kinase C Activation. We have examined the
ability of several chemicals which elicit varying promoting
activities to mediate protein kinase C activation. In the PtdSer-
free reaction, strong tumor promoters such as TPA, 4/i-phorbol
didecanoate, and teleocidin B potently activated the kinase,
whereas 4-phorbol didecanoate and 4-O-methyl-TPA, which
are devoid of tumor-promoting effects, failed to alter enzyme
activity (Table 3). Interestingly, mezerein, a resiniferonol deriv
ative identified as a weak and incomplete promoter (37) but a
potent activator of protein kinase C in the PtdSer-activated
reaction, elicited a rather poor response in the phospholipid-
free incubation mixture. As shown in Table 3, mezerein was
significantly less potent in the PtdSer-free reaction than TPA
at 10 ng/ml, a dose at which TPA fully activated the enzyme.
In contrast, both chemicals were similarly active in the PtdSer-
dependent reaction. Similarly, phorbol dibenzoate and phorbol
dibutyrate, which have more than 10-fold less promoting activ

ity in mouse skin than TPA (38), displayed a relatively lower
activity in the PtdSer-free reaction. However, phorbol retinoate

acetate, which has moderate complete promoting activity in
SENCAR mice (39), could not be clearly distinguished from
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Table 3 Potency of various tumor promoters in activating protein kinase C in the
phospholipid-free and phospholipid-depertJent reactions

Protein kinase C was assayed under standard conditions as described in
"Materials and Methods" in the presence or absence of 40 fig/ml PtdSer. The

drugs to be tested were added at the concentration of 100 nM. The figures in
parentheses arc the percentage of the protein kinase C activity, as assayed in the
presence of PtdSer and TPA.

Protein kinase C activity
(pmol/min)

AdditionTPAâ€¢t

. l'Imi Uil didecanoate

Phorbol dibutyrate
Phorbol dibcnzoate
Teleocidin B
4a-Phorbol didecanoate
4-O-Methyl TPA
Mezerein
Phorbol retinoate acetatePtdSer-free3.5

Â±0.2Â°(14.7)

3.2 Â±0.4(13.4)
1.4 Â±0.3(6.0)
1.5 Â±0.3(6.4)
2.8 Â±0.4(11.7)
0.3 Â±0.1(1.4)
0.4 Â±0.1(1.8)
1.7 Â±0.3 (7.1)*
2.7 Â±0.4(11.2)'PtdSer-activated24.1

Â±0.4(100)
24.8 Â±0.5(103.1)
16.8 Â±0.7(69.9)
19.4 + 0.6(80.3)
17.1 Â±0.8(71.0)

1.3 Â±0.3(5.3)
1.5 Â±0.2(6.4)

23.0 Â±1.0(95.6)
25.1Â±0.6(104.1)"

Mean values Â±SD.
* y < 0.001.
r/>>0.05.

Table 4 Distribution off'/IJTPA between aqueous and lipid phases

Addition

Recovered radioactivity
in aqueous

phase (cpm)

Recovered radioactivity
in lipid

phase (cpm)

None
BSAO.l mg/ml
BSA 1 mg/ml
Cytosolic fraction*918

Â±81(6.8)"

1.201 Â±14(8.9)
2.200 Â±432 (16.3)
1,215 Â±27(9.0)11,

273 Â±594 (83.5)
10.976 Â±162(81.3)
10.004 Â±162(74.1)
11,003 Â±122(81.5)

" The results are mean values Â±SD of three independent experiments. The
values in parentheses represent the percentage of the added |'H]TPA radioactivity.

* Protein concentration in cytosolic fraction was 1.6 mg/ml.

TPA on the basis of its ability to activate protein kinase C in
both reaction mixtures.

Distribution of |'H]TPA between Lipid and Aqueous Com

partments. We used different experimental models in order to
estimate the partition of TPA (an amphiphatic tetracyclic di-
terpene ester) between cell membranes and cytosol. The lipid
phase consisted of the whole brain lipid extract, whereas the
aqueous phase consisted of either BSA or the brain cytosolic
fraction in PBS, as described in "Materials and Methods." In
the absence of protein, 6.8% of added |'H]TPA was recovered

in the aqueous phase. This percentage was increased in the
presence of lipid-free BSA or cytosolic fraction (Table 4). These
data provide evidence that, when incorporated into the cell, a
measurable amount of phorbol ester is soluble or loosely bound
to proteins.

DISCUSSION

The present findings provide evidence that the requirement
of protein kinase C for phospholipid is not an absolute one,
since the holoenzyme is catalytically active in the phospholipid-
free assay. The reaction is activated by tumor promoters such
as phorbol esters and teleocidin B and is inhibited by H7, an
inhibitor of the catalytic site of protein kinase C. Under these
assay conditions, the two DAG, diolein and dicaprin, were
poorly active. The PtdSer-free reaction occurs in the presence
of 0.5 HIMEGTA. A similar activation of protein kinase C has
been recently reported in rat lacrimal gland (40). The addition
of PtdSer to the reaction mixture markedly stimulated the
activity in our standard conditions (e.g., with histone 1II-S as
substrate). Similarly, unsaturated fatty acids activated protein
kinase C in the PtdSer-free reaction, whatever the Ca2+ concen

tration.
It has been reported that protein kinase C dependence on

phospholipid varies greatly with the phosphate acceptor protein

(41, 42). The results presented in Table 2 provide evidence that
the substrate specificity is modified in the phospholipid-free
reaction. Actually, the ratio of PtdSer-stimulated to PtdSer-
free enzyme activity varies greatly, ranging from 1.1 to 5.9 in
response to the tested phosphate acceptor proteins. Protamine
phosphorylation was not significantly affected by the addition
of PtdSer, whereas histone VI-S, histone VII-S, and myelin
basic protein appeared to be better substrates in the absence of
PtdSer than its presence. It should be noted that PtdSer-free
activation of the brain enzyme also occurred in autophosphor-
ylation experiments, which is a reaction free of exogenous
substrates. This intrapeptide reaction (34) was Ca2+ activated

in the absence of PtdSer, which is at variance with the PtdSer-
free reaction in which histone was used as phosphate acceptor.

Molecular cloning and sequence analysis have recently shown
that protein kinase C consists of a family of multiple isoforms
having closely related structures (43-48). A number of reports
have dealt with the specific cofactor requirements of the indi
vidual isoforms. Thus, Huang et al. (49) have shown that type
I enzyme, which has been isolated by hydroxyapatite column
chromatography, displayed a noticeable activity in the absence
of PtdSer. In addition, Ono et al. (48) and Nishizuka (50) have
studied the characteristics of minor isoforms expressed in Cos-
7 cells after specific complementary DNA transfection and
showed that <5and < isoforms are potently active in a reaction
mixture devoid of PtdSer and DAG. Isoforms <5and e lack the
second conserved region, C2, of the regulatory domain (47) and
it is tempting to suggest that this structural feature may account
for the specific characteristics of these enzymes. Differences in
the requirements of the isoforms for phospholipid have also
been observed in response to proteolytic treatment, since iso-
form Â«,in contrast to isoforms ÃŸand 7, was not degraded
unless phospholipid was present (51). Therefore, the various
isoforms display different degrees of response to phospholipid.
which could be correlated with varying degrees of dependency
on association with the membrane for activity. In the light of
these previous studies, our present data, which provide evidence
for a phospholipid-free activity of protein kinase C in brain,
raise the possibility that the enzyme may function without
binding to membrane phospholipid and phosphorylate addi
tional target proteins. Preliminary results obtained on partially
purified isoforms suggest that the PtdSer-free activity is asso
ciated with all the protein kinase C isoforms.

Although tumor-promoting phorbol esters interact with pro
tein kinase C on the DAG binding site, these agents trigger
specific long term effects which are not mimicked by either
physiological ligands or several protein kinase C activators,
such as cell-permeable dioctanoylglycerol and bryostatins (52,
53). Moreover, it has been shown that DAG and phorbol esters
evoke quantitatively and qualitatively different patterns of phos-
phorylated protein targets (54). Phorbol esters bypass the upper
part of the polyphosphoinositide pathway and this feature may
account, at least partially, for the observed differences in the
triggering of intracellular events between these agents and phys
iological signals (2, 3). Furthermore, phorbol esters display
some physical properties which may explain their specific be
havior; TPA is an amphipathic diterpene ester which rapidly
incorporates into the plasma membrane and diffuses into all
the cell components (7, 8, 10). A recent report on the distribu
tion of dansyl-TPA by fluorescence microscopy also supports
the possibility of a pleiotropic distribution of TPA in mouse
fibroblasts (55). Our measurements of ['H]TPA partition be

tween aqueous and lipid phases in model systems allow us to
predict that a nonnegligible amount of TPA is present as a
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soluble or loosely bound form within the cell. It is conceivable
that tumor promoters like TPA may bind and activate protein
kinase C in the various cell compartments and consequently
modify the spectrum of protein substrates for this enzyme.

Finally, we have examined the response in the PtdSer-free
reaction of potent protein kinase C activators in the standard
PtdSer-activated system, which are known to be weak tumor
promoters. Under these conditions, we found that mezerein
was significantly (P < 0.001) less active than TPA. However
phorbol retinoate acetate was not significantly (P > 0.05) less
potent than TPA in the PtdSer-free incubation mixture. Never
theless, it is suggested that these distinctive features of phorbol
esters, which enable an alternative mode of activation of protein
kinase C and possibly provide additional substrates to the
enzyme, may account at least partially for the tumor-promoting
activity of these agents. Interestingly, unsaturated fatty acids,
which also mediate a phospholipid-free activation of protein
kinase C, are known to be tumor promoters (56).
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