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In crude cell lysates of the cellular slime mould Dictyosiefium discoideum we identified a protein kinase C (PKC)-like

enzyme activity. This activity, measured as phosphorylation of a synthetic EGF-receptor-derived peptide [(1987) J. Biol.

Chem. 262, 772-777), was regulated by Ca?*, phosphatidylserine (PS), 1,2-dioleoyl-rac-glycerol (DG) and the phorbol

ester PMA. PS and DG stimulated the enzyme in a synergistic manner. The stimulation by these lipids was, in contrast

to what has been found for ‘classical’ mammalian PKC, not dependent on Ca?*. The D. discoideum enzyme was strongly
stimulated by nanomolar concentrations of PMA, and inhibited by PK C-inhibitor staurosporine.

Protein kinase C; Chemotactic recepter; cAMP receptor; (Dictyostelium discoideum)

1. INTRODUCTION

Protein kinase C (PKC), as first described by
Nishizuka and co-workers [1,2], is a phospholipid-
and Ca’*-dependent serine/threonine protein
kinase, In vivo, the enzyme is activated by
diacylglycerol [3]. This second messenger is tran-
siently produced by the breakdown of membrane
phospholipids in response to extracellular signals.
Tumor-promoting phorbol esters, like phorbol
12-myristate 13-acetate (PMA), are able to mimick
diacylglycerol in activating PKC [4].
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PKC is believed to play a major role in cellular
regulation. Its function has been implicated in
many cellular processes, including cell growth, dif-
ferentiation, gene expression, and regulation of
cell surface receptors. Thus far, identification of
the enzyme has been restricted to tissues and
organs of mammals and other higher eukaryotes
[5-71.

For the lower eukaryote Dictyostelium
discoideum, effects of the phorbol ester PMA on
regulation of chemotactic cAMP receptors have
been described [8-10], suggesting the involvement
of a PKC-related enzyme.

Our present study confirms this suggestion. Us-
ing a synthetic oligopeptide as a substrate, we were
able to identify a PKC-related kinase activity in D.
discoideum cells. The enzyme activity was found to
be regulated by Ca2*, phosphatidylserine (PS),
1,2-dioleoyl-rac-glycerol (DG) and PMA. PS and
DG stimulated the enzyme in a synergistic manner.
Stimulation by these lipids was, in contrast to the
reg;ﬂation of ‘classical’ PKC, not dependent on
Ca’*.

00145793/89/$3.50 © 1989 Federation of European Biochemical Societies 71



Volume 253, number 1,2

2. MATERIALS AND METHODS

2.1. Culture conditions and cell {ysis

D. discoideum cells (strain AX2) were grown in HL-5
medium [11], that contained maltose instead of glucose. Cells
were harvested in the late logarithmic growth phase at a density
of approximately 5 x 10° cells/ml. Cells were washed with lysis
buffer (20 mM Tris-Cl, pH 7.4, 2 mM EDTA, 0.5 mM EGTA,
S mM g-mercaptoethanol, 2 mM PMSF) and suspended at a
density of 1 x 10® cells/ml in lysis buffer containing 0.15 M
sucrose and the following protease inhibitors: 10 4g/ml leupep-
tin, 20 gg/ml aprotinin, 50 zg/ml trypsin inhibitor, 2 xzg/ml an-
tipain, 5 mM benzamidin (final concentrations). Subsequently,
cells were lysed by nitrogen cavitation [12].

2.2. Partial purification of an EGF-receptor-peptide kinase

The crude cell lysate (1 ml, 1 x 10® cell equivalents/ml) was
treated with Nonidet P-40 (1% final concentration) for 2 min
on ice, and applied to a DE52-cellulose (Whatman, England)
column (0.4 ml) pre-equilibrated with lysis buffer. The column
was washed with 3 bed volumes of lysis buffer and eluted with
a NaCl siep-gradient (0200 mM). Fractions were collected and
immediately assayed for kinase activity. Immediate assaying
was essential because the enzyme activity, after cell lysis, was
quite unstable. All procedures were carried out at 4°C and frac-
tions were kept on ice until assaying.

2.3. Assay of protein kinase activity

Protein kinase activity was assayed (at 30°C for 7 min) by
measuring the incorporation of *P; from [y-32PJATP into the
synthetic EGF-receptor-derived peptide Val-Arg-Lys-Arg-Thr-
Leu-Arg-Arg-Leu-NH: (EGF-R-peptide; Auspep, Australia;
[13]). The assay conditions were adapted from Kikkawa et al.
[6]. The reaction mixture (80 «1) contained: DES2 column frac-
tion (5 ag of protein), 20 mM Tris-Cl, pH 7.4, 7.5 mM MgCla,
0.1 mg/ml EGF-receptor peptide, 10sM ATP, 0.5.Ci
[»-2PJATP (5 x 10° ¢cpm), 2 mg/ml BSA (fatty acid free),
5 mM NaF, protease inhibitors as listed above, and, when in-
dicated in the text, 96 zg/ml PS (lipid products, England),
3.2 yg/mi DG (Sigma, USA), PMA (Sigma, USA; concentra-
tions between 1 and 500 nM}, 1 mM EGTA, and/or 10 mM
Ca®*/EGTA buffer vielding free Ca** concentrations between
107 and 107* M [14].

PS and DG were stored under nitrogen at — 20°C, solubilized
in  chloroform/methanol  {l1:1). Before |use, the
chloroform/methanol was vaporized under nitrogen and the
lipid residue was suspended in 20 mM Tris-Cl, pH 7.4, and
sonicated for 3 min. When both PS and DG were to be used in
the assay, both activators were mixed before the
chloroform/methancl was removed. PMA (stored as 8.1 mM
stock solution in DMSO) was mixed with sonicated lipid befare
being added to the reaction mixture, according to Castagna et
al. [4]. The final concentration of DMSQO in the reaction mix-
ture was maximally 0.01%. This concentration of DMSO did
not affect kinase activity.

The phosphotransferase reaction was stopped by addition of
120 4l of 25% ice-cold TCA. The mixture was kept on ice for
at least 30 min. Subsequently, the TCA-precipitated protein
was sedimented by centrifugation at 10000 x g for 2 min in a
microfuge at 4°C. Portions (150 zl) of the supernatant, con-
taining the EGF-R-peptide substrate, were spoited onto
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phosphocellulose P81 strips (Whatman, England), according to
the procedure described by Roskoski [15]. Strips were washed
3 times for 3 min in a large volume of 75 mM phosphoric acid.
Subsequently, *P was measured by liquid scintillation spec-
trometry.

Background *2P-labeling of proteins other than the peptide
substrate was determined in assays lacking the substrate. For
each assay condition, this background value (between 300 and
500 cpm) was measured and subtracted from the total *2P-
incorporation, to give the substirate-specific labeling. The
substrate-specific labeling was generally 3 to 6 times the
background labeling.

3. RESULTS AND DISCUSSION

Protein kinase C (PKC) has proven to be a ubi-
quitous enzyme in mammalian cells, pivotal in
various control processes. Recently, also several
PKC-related enzymes have been characterized
[16-21]. Properties of these enzymes are similar,
but not identical to those of the classical enzyme.

Indirect evidence has been presented that the
lower eukaryote D. discoideum also contains PKC
or a PKC-related enzyme. We have reported ef-
fects of PMA, Ca®* and ATP on the regulation of
chemotactic cAMP receptors in lysates of D,
discoideum [B]. In addition, Thiery et al. [9]
recently showed that PMA modulates the cAMP-
induced light-scattering response of intact D.
discoideum cells, probably by reducing the number
of cAMP receptors. These findings suggest a role
of a PKC-like activity in cAMP-receptor regula-
tion of D. discoideum.

Our present work was aimed at identifying such
an activity in crude cell lysates of 2. discoideum.
As substrate for this putative kinase we used a syn-
thetic oligopeptide of the EGF receptor, known to
be a specific substrate of mammalian PKC in vitro
[13]. The peptide corresponded to a PKC
phosphorylation site sequence of the intact EGF-
receptor molecule. We studied regulation of the
putative enzyme activity by Ca®*, phospholipid
and phorbol ester, being characteristic regulators
of classical mammalian PKC.

Fig.1 shows the fractionation of a protein kinase
activity from D. discoideum cell lysates by
DES52-cellulose chromatography. The column frac-
tions were assayed for kinase activity with the
EGF-R-peptide as substrate. The kinase activity,
measured as 2P incorporation into the substrate,
was determined in the absence and presence of
Ca“, PS and DG. In the absence of Ca** and lipid
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Fig.1. DE52 elution pattern of EGF-R-peptide kinase activity.

Protein kinase activity was assayed as described in section 2.3,

in the presence of either 10™* M Ca* (open bars), or 96 xg/ml

PS plus 3.2 xg/ml DG (filled bars). Kinase activity is expressed

as the amount (cpm) of P incorporation into the EGF-R-
peptide. Shown is a typical experiment.

(i.e. in the presence of 1 mM EGTA), no signifi-
cant EGF-R-peptide kinase activity was seen in any
of the column fractions (results not shown). In the
presence of either 107* M Ca®*, or PS plus DG,
considerable activity was observed in the 70 mM
and 90 mM NaCl fractions. When, however, all
three activators, i.e. Ca®*, PS and DG, were pre-
sent together, the activity in these fractions was
reduced (results not shown in fig.1).

We conclude that D. discoideum lysates contain
a protein kinase that is able to phosphorylate a
synthetic PKC substrate. The kinase activity is
regulated by Ca’* and lipid, and elutes from a
DE352-cellulose column at pH 7.4 between 40 mM
and 90 mM NaCl. A similar elution pattern has
been found for several members of the PKC fami-
ly, such as classical PKC [6], nPKC [17] and PAK
11 [16].

In fig.2 the Ca®*/lipid regulation of D.
discoideum EGF-R-peptide kinase was studied in
more detail. In the absence of PS and DG, as well
as in the presence of either one of these lipids
alone, the kinase activity was Ca**-dependent. In
the absence of Ca®*, a basal activity was measured;
when the free Ca®* concentration was increased up
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Fig.2. Regulation of EGF-R-peptide kinase activity by Ca®*,
PS, DG and PMA. Kinase activity was measured in the
4090 mM NaCl DES2-column fraction as a function of the
free Ca?* concentration, in the presence of 96 xg/m! PS (4),
3.2 ug/ml DG (), 96 xg/ml PS plus 3.2 ug/ml DG (o),
96 1g/ml PS plus 500 nM PMA (x), or in the absence of lipid

(&).

to 107% M, the activity increased 2—3-fold. Further
elevation of the Ca?* concentration up to 107 M
reduced the activity again. Furthermore, the D.
discoideum EGF-R-peptide kinase was greatly
stimulated by the synergistic action of PS and DG.
The stimulation by these lipids was maximal in the
absence of Ca’*, and decreased when the Ca®*
concentration was elevated.

In conclusion, like classical PKC, the D.
discoideum EGF-R-peptide kinase is regulated by
Ca’*, PS and DG. The type of regulation is,
however, somewhat different from that of the
classical PKC activity. In the absence of lipid, the
D. discoideum enzyme is strongly stimulated by
Ca’*, while mammalian PKC under these condi-
tions only shows a minor Ca** dependency [22).
Furthermore, in the presence of PS plus DG, the
activity of the D. discoideum enzyme is inhibited
by Ca®*, while the PS/DG stimulation of mam-
malian PKC is potentiated by Ca®*. In this respect,
the D. discoideum kinase more closely resembles a
group of PKC-related enzymes that have been
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shown to be phospholipid-dependent, but
Ca“-independent [17,18,20] or Ca’*-inhibited
[16,19].

We found that the D. discoideum kinase, like
mammalian PKC, was strongly stimulated by
phorbol ester PMA (fig.2). PMA was added
together with PS. The enzyme was already con-
siderably activated in the absence of Ca®**, but its
activity was further increased by addition of Ca*.
The dose-response curve in fig.3 shows half-
maximal stimulation at approx. 40 nM PMA.
Similar PMA concentrations have been shown to
affect cAMP receptors in D. discoideum cell
lysates [8]. Somewhat lower PMA concentrations
have been found to activate mammalian PKC [2].
In the absence of PS, the D. discoideum kinase was
stimulated by PMA to some extent.

The microbial alkaloid staurosporing is'a potent
inhibitor of classical mammalian PKC [23]. Fig.4
shows that, like mammalian PKC, the D.
discoideum EGF-R-peptide kinase was inhibited
by staurosporine. Both the lipid-induced activity
and the Ca**-induced activity were almost com-
pletely inhibited by 100 nM staurosporin. The
basal, i.e. Ca?*/lipid-independent kinase activity
was not affected by the inhibitor. It is possible that
the Ca®* /lipid-dependent and -independent kinase
activities reflect different enzymes. Although the
specificity of staurosporine has been questioned
[24], we consider the results of fig.4 as additional
evidence for the presence of a PKC-like activity in
D. discoideum.

In summary, our present work indicates that the
cellular slime mould D. discoideum contains an
EGF-R-peptide kinase activity with properties
typical for protein kinases of the PKC family in
higher eukaryotes. Like classical mammalian
PKC, the D. discoideurn enzyme (i) phos-
phorylates the synthetic EGF-R-peptide; (i) is
regulated by Ca?*, PS and DG; (iii) is stimulated
by phorbol ester; and (iv) is inhibited by stauro-
sporine. Unlike classical PKC, which is a strictly
Ca®*-dependent enzyme, the lipid-activated form
of the D. discoideum enzyme is inhibited by Ca®*.
Earlier work has suggested that the D. discoideum
enzyme may be involved in regulation of the
chemotactic CAMP receptor.

To our knowledge, this is the first time that a
PKC-related activity is identified in a lower
eukaryote. This finding further strengthens the no-
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Fig.3. Effect of PMA on EGF-R-peptide kinase activity. Kinase

activity was measured in the 40—-90 mM NaCl DES2-column

fraction, in the presence of 96 zg/ml PS, 107 M free Ca?*,
plus different concentrations PMA.

tion [25,26] that transmembrane signalling
mechanisms in higher and lower eukaryotes are
very similar.
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Fig.4. Effect of staurosporine on EGF-R-peptide kinase
activity. Kinase activily was measured in the 40-90 mM NaCl
DES2-column fraction, in the absence {open bars), or presence
(filled bars) of 100 nM staurosporine, with further additions as
indicated in the figure. Final concentrations: PS, 96 zg/ml;
DG, 3.2 pg/ml; Ca®*, 1074 M.
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