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Abstract

Protein kinase D (PKD) is a member of the protein kinase C (PKC) superfamily with distinctive structural, enzymological and regulatory
properties. Identification of the cellular function(s) of PKD has been hampered by the absence of a selective inhibitor. Recently, Stewart
et al. [9] showed that resveratrol inhibited PKD, but not various PKC isoforms, in vitro. Here we confirmed that the activity of PKD is indeed
inhibited in vitro by resveratrol (IC50 � 200 �M). Additionally, we assessed the inhibition by resveratrol of PKD activity in intact cells,
by Western blotting with a phosphospecific PKD antibody which recognizes the autophosphorylated enzyme. In this setting, very high
concentrations of resveratrol were required to achieve inhibition of PKD autophosphorylation (IC50 � 800 �M). Since resveratrol produces
other pharmacological effects (e.g., cyclooxygenase inhibition) at lower concentrations than those required to inhibit PKD in intact cells,
its value as a selective tool to investigate the cellular function(s) of PKD is questionable. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Protein kinase D (PKD†) is a recently identified serine/
threonine kinase [1] which has distinct structural and enzy-
matic properties and is found in most tissues (see review by
Rozengurt et al. [2]). PKD, which is also known as protein
kinase C (PKC)� [3], has a catalytic domain that is distantly
related to Ca2�-regulated kinases and shows little similarity
to the highly conserved regions of the kinase subdomains of
the PKC superfamily. Consistent with this, PKD does not
phosphorylate a variety of substrates utilized by PKCs [1,4],
indicating that PKD is a protein kinase with distinct sub-
strate specificity. The N-terminal region of PKD contains a
tandem repeat of cysteine-rich motifs which bind phorbol
esters with high affinity [1,4] and immunopurified PKD is
stimulated in vitro by either diacylglycerol or biologically
active phorbol esters in the presence of phosphatidylserine
[4]. More recently, a second mechanism of PKD activation
has been identified, which involves phosphorylation of PKD
via a PKC-dependent pathway [5]. Following the exposure
of cells to agonists which activate PKC, PKD is rapidly

phosphorylated, resulting in an activation which, unlike
diacylglycerol-mediated activation, persists through an im-
munoprecipitation procedure. The finding that PKD can be
activated in parallel with or downstream of PKC raises the
possibility that some cellular responses that are thought to
arise from PKC activation may be mediated by PKD.

Resveratrol is a phenolic compound with antitumour
properties [6], which has been shown to exhibit potent
antagonism of phorbol ester-mediated cellular responses
[6–8] through unknown mechanisms. Recently, Stewart et
al. have shown that resveratrol inhibits the autophosphory-
lation of PKD but not the autophosphorylation of the PKC
isoforms PKC�, �1, �, �, � or �, following activation with
diacylglycerol and phosphatidylserine in vitro [9]. On this
basis, the authors suggested that PKD may be the intracel-
lular target through the inhibition of which resveratrol an-
tagonises the effects of phorbol esters. The discovery of a
selective inhibitor of PKD would represent a significant
advance, since the absence of such a pharmacological tool
has hampered the determination of the cellular function(s)
of PKD. Although several functions of PKD have been
proposed [10–12], these have been based on the conse-
quences of overexpressing PKD or its kinase-inactive mu-
tants. Such overexpression may lead to inappropriate local-
isation or regulation of PKD, leading to complications in
interpreting the data. In the present study, we have investi-
gated the ability of resveratrol to inhibit PKD both in vitro
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and in intact cells, to determine whether it might provide an
alternative, pharmacological approach to the study of the
cellular function(s) of PKD.

2. Materials and methods

2.1. Materials

[�-32P]ATP (370 MBq/mL), protein A-sepharose, poly-
vinylidene difluoride (PVDF) membrane, donkey anti-rab-
bit horseradish peroxidase-conjugated secondary antibody
and Enhanced Chemiluminescence reagents were from Am-
ersham Pharmacia Biotech. Resveratrol was from Calbio-
chem-Novabiochem Ltd. PhosphoSer916 PKD antibody
(catalogue no. 2051) was from New England Biolabs, USA.
Dulbecco’s modified Eagles medium and fetal bovine serum
were from Life Technologies. Phorbol 12-myristate-13-ac-
etate (PMA) was from Sigma.

2.2. Cell culture

Stock cultures of COS-7 cells were maintained at 37° in
a humidified atmosphere containing 5% CO2, in Dulbecco’s
modified Eagles medium supplemented with 10% fetal bo-
vine serum. For experimental purposes, cells were plated in
12 well tissue culture plates at a density of 5 � 104 cells/
well.

2.3. In vitro kinase assay of PKD activity

Cells were exposed to 10 nM PMA for 5 min prior to
harvesting. Ethanol, the vehicle for PMA, had no effect on
PKD activity at its final concentration of 0.1% (data not
shown). Following treatment, cells were washed with ice-
cold phosphate buffered saline, and scraped into 1 mL of
lysis buffer, which contained 50 mM Tris/HCl (pH 7.5), 2
mM EGTA, 2 mM EDTA, 1 mM dithiothreitol, 10 �g/mL
aprotinin, 10 �g/mL leupeptin, 1 mM 4-(2�-aminoethyl)-
benzenesulfonyl fluoride hydrochloride and 1% Triton
X-100. Following centrifugation (11,000 g for 30 min at
4°), PKD was immunoprecipitated from the supernatant
(100 �L per tube) at 4° for 3 h with the PA-1 antiserum
(1:100 dilution) [1,10,13]. Immune complexes were recov-
ered by the addition of 50 �L protein A-sepharose (100
mg/mL), and pellets were washed three times with lysis
buffer and three times with assay buffer (30 mM Tris/HCl
(pH 7.5), 10 mM MgCl2 and 1 mM dithiothreitol). The final
pellet was resuspended to a total volume of 40 �L with
assay buffer. Resveratrol or vehicle (dimethylsulphoxide,
which had no effect on PKD autophosphorylation at its final
concentration of 0.1%) was added to samples, followed by
mixing and incubation for 10 min at room temperature. To
initiate the phosphorylation reaction, 10 �L of phosphory-
lation mix (assay buffer containing 100 �M [�-32P]-ATP;
400–600 cpm/pmol) was added. The mixture was incubated

at 30° for 5 min, and the reaction terminated by the addition
of an equal volume of hot 2� Laemmli buffer. After boiling
for 5 min, the samples were subjected to SDS-PAGE on
7.5% acrylamide gels; the gels were then dried and exposed
to film for 6–18 hours at �80°.

2.4. Western blot analysis of PKD autophosphorylation

Cultured cells were pretreated with resveratrol for 10–60
min, followed by exposure to PMA (10 nM) for 5 min prior
to harvesting. The cells were washed three times with ice-
cold phosphate buffered saline and lysed in 100 �L of 1 �
Laemmli buffer. Samples of cell lysate (15 �L) were then
subjected to SDS-PAGE (7.5% acrylamide gel) and trans-
ferred to PVDF membrane, using a Pharmacia LKB Mul-
tiphor II transfer apparatus (0.8 mA/cm2 for 90 min). Mem-
branes were probed with a rabbit polyclonal antibody that
recognizes PKD only when phosphorylated at Ser916 (1:
500 dilution; procedure as recommended by the supplier),
which has been previously shown to be a site of autophos-
phorylation upon activation [14,15]. Donkey anti-rabbit
horseradish peroxidase-conjugated antibody (Amersham)
was used at a dilution of 1:2000 to label bound antibody,
and the antibody complex was detected using the Amer-
sham Enhanced Chemiluminescence system, as recom-
mended by the manufacturer.

3. Results and discussion

3.1. In vitro inhibition of PKD activity by resveratrol

To confirm that resveratrol inhibits PKD in vitro, cells
were exposed to PMA, following which PKD was immu-
noprecipitated and assayed for activity by measuring its
autophosphorylation in the presence of 0, 100 or 300 �M
resveratrol. In this in vitro kinase assay, autophosphoryla-
tion of PKD was inhibited by the presence of resveratrol, as
illustrated in Fig. 1 with 50% inhibition at approximately
200 �M. This confirms the findings of Stewart et al. [9],
although the PKD inhibitory potency of resveratrol in the
present study was somewhat less than that observed in that
study (IC50 � 50 �M). In the present study, an intracellular
method of PKD activation (by exposure of cells to PMA)
was employed. It is possible that PKC-mediated activation
of PKD in the present study (which potentially occurs
through the phosphorylation of regulatory sites in the acti-
vation loop of PKD [16]) may interfere with the binding of
resveratrol to PKD.

3.2. Ser916 phosphorylation status as an index of cellular
PKD activity

Determination of PKD activity by the in vitro kinase
assay would not be appropriate for determination of the
PKD-inhibitory efficacy of resveratrol in intact cells, since
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resveratrol would be lost during the immunoprecipitation
procedure. Therefore, we validated an alternative method of
indexing cellular PKD activity. Recently a phospho-specific
antibody which recognises PKD only when phosphorylated
at Ser916 has become commercially available, and Ser916
has previously been shown to be autophosphorylated upon
the activation of PKD [14,15]. To test whether the antibody
was suitable for assessing cellular PKD activity, COS-7
cells were exposed to different concentrations of PMA, and
cell extracts were subjected to Western blot analysis. Fig.
2A shows a representative Western blot; as shown, there
was little phosphorylated PKD detected in the absence of
PMA treatment, but such treatment produced a dose-depen-
dent increase in PKD phosphorylation. Quantitative data
from these experiments (Fig. 2B) revealed an EC50 of 7 nM
for PMA-induced PKD activation, which is comparable
with EC50 values previously reported from alternative as-
says [1,13]. Thus, the present data show that PKD auto-
phosphorylation in intact cells can be detected by Western
blot analysis using the phospho-Ser916 antibody, and that
the phosphorylation status is a good index for cellular PKD
activity.

3.3. Inhibition of cellular PKD activity by resveratrol

To determine whether resveratrol was able to inhibit
cellular PKD activity, COS-7 cells were pretreated with
resveratrol (300 �M) for 10–60 min prior to exposure of
cells to PMA (10 nM for 5 min). The results are shown in
Fig. 3A. No significant inhibition of PKD autophosphory-
lation was observed with such pretreatment with resveratrol.
To establish whether higher concentrations of resveratrol
would be more effective, a dose-response analysis was also
performed. Cells were pretreated with resveratrol (0–2000
�M) for 30 min prior to exposure of cells to PMA (10 nM
for 5 min). The results are shown in Fig. 3B. A dose-
dependent inhibition of PKD autophosphorylation was ob-
served, with an IC50 of 760 �M. This is substantially higher
than the IC50 estimated from our in vitro experiments (see
Fig. 1B), possibly reflecting a limited access of resveratrol
to PKD within the cell. An alternative explanation may be
partial degradation of resveratrol during the 30 min incuba-

Fig. 1. In vitro inhibition of PKD by resveratrol. COS-7 cells were exposed
to 10 nM PMA for 5 min, and lysed in lysis buffer. PKD was immuno-
precipitated with PA-1 antiserum, and PKD activity was assessed follow-
ing pretreatment with 0, 100 and 300 �M resveratrol, as indicated. The
autoradiogram shown is representative of 4 independent experiments. The
bar chart values are the mean � S.E.M. (n � 4) of PKD activity obtained
from scanning densitometry, expressed as a fraction of the DMSO-treated
control.

Fig. 2. PKD activation by PMA in intact cells. A: Western blot of protein
from PMA-treated cells. COS-7 cells were exposed to various concentra-
tions of PMA, as indicated. Equal amounts of protein were separated by
SDS-PAGE, and subjected to Western blot analysis using the phos-
phoSer916 PKD antibody. The Western blot is representative of 4 inde-
pendent experiments. B: Quantitative analysis of PKD phosphorylation.
The results shown are the mean � S.E.M. (n � 4) of PKD activity obtained
from scanning densitometry, expressed as a fraction of the maximum
increase in phosphorylation.
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tion period; however, this seems unlikely since 60 min
incubation with 50 �M resveratrol has been shown to in-
hibit protein tyrosine phosphorylation and mitogen-acti-
vated protein kinase activation by PMA in HeLa cells [17].

Although resveratrol has been shown to inhibit PMA-
induced cellular responses in several cell types at concen-
trations of 15–50 �M [6–8,17], the mechanism by which
this is achieved is not yet clear. Subbaramaiah et al. have
shown that, in 184B5/HER cells, 15 �M resveratrol is
sufficient to prevent PMA-induced redistribution of PKC
activity from cytosolic to membrane fractions [7]. In addi-
tion, Yu et al. [17] have recently shown an inhibitory effect
of resveratrol (IC50 � 50 �M) on the activity of PKC

isolated from HeLa cells. These findings are at odds with the
results reported by Stewart et al. [9], and suggest that PKC,
rather than PKD, may be the key intracellular target through
the inhibition of which resveratrol antagonises the effects of
phorbol esters.

3.4. Conclusion

The concentrations of resveratrol required to inhibit PKD
activity in intact cells are much higher than those previously
shown to block PMA-induced biological effects [6–8,17],
suggesting that PKD is not a mediator of these effects. The
high concentrations of resveratrol required to obtain signif-
icant inhibition of PKD activity in intact cells also cast
considerable doubt on the usefulness of resveratrol as a
pharmacological tool to study the cellular function(s) of
PKD, since resveratrol is already known to inhibit (e.g.,
PKC translocation and cyclooxygenase activity [7]) or pro-
mote (e.g., caspase activation [18]) other cellular processes
at lower concentrations. Nevertheless, resveratrol may be of
limited value as a pharmacological tool for the in vitro
inhibition of PKD activity.
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