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Protein kinase D (PKD) regulates many diverse cellular func-
tions in response to diacylglycerol. To monitor PKD signaling in
live cells, we generated a genetically encoded fluorescent
reporter for PKD activity, DKAR (D kinase activity reporter).
DKAR expressed in mammalian cells undergoes reversible flu-
orescence resonance energy transfer changes upon activation
and inhibition of endogenous PKD. Surprisingly, we find that
agonist-evoked activation of PKD is driven not only by diacyl-
glycerol production, but by Ca>*. Furthermore, elevation of
intracellular Ca2*, in the absence of any other stimulus, is suffi-
cient to activate PKD. Concurrent imaging of Ca>*, diacylglyc-
erol, and PKD activity reveals that thapsigargin-mediated eleva-
tion of intracellular Ca** is closely followed by a robust increase
in diacylglycerol production, in turn followed by PKD activa-
tion. The Ca®*-induced production of diacylglycerol and
accompanying PKD activation is dependent on phospholipase C
activity. These data reveal that Ca>" is a major contributor to the
initiation of PKD signaling through positive feedback regulation
of diacylglycerol production, unveiling a new mechanism in
PKD activation.

Protein kinase D (PKD)? comprises a family of three isoforms
belonging to the Ca®"/calmodulin-dependent kinase group of
serine/threonine protein kinases. PKD plays a role in numerous
processes, including cell proliferation, cell survival, immune
cell signaling, gene expression, vesicle trafficking, and neuronal
development (1). PKD transduces signals that generate the sec-
ond messenger diacylglycerol (DAG). This ligand has two roles
in the activation of PKD: it activates novel protein kinase C
(PKC) family members, which catalyze an activating phospho-

* This work was supported by National Institutes of Health PO1 Grants
DK54441 (to A.C.N.), CA075134 (to A.T.), and DK07233 (to M.T.K.). The
costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' To whom correspondence should be addressed: Dept. of Pharmacology,
University of California at San Diego, Leichtag 282, 9500 Gilman Dr., La
Jolla, CA 92093-0721. Tel.. 858-534-4527; Fax: 858-822-5888; E-mail:
anewton@ucsd.edu.

2The abbreviations used are: PKD, protein kinase D; CFP, cyan fluorescent
protein; CaMKIl, calcium-calmodulin-dependent protein kinase Il; DAG,
diacylglycerol; DKAR, D kinase activity reporter; FRET, fluorescence reso-
nance energy transfer; PdBu, phorbol 12,13-dibutyrate; PKC, protein
kinase C; YFP, yellow fluorescent protein; BAPTA, 1,2-bis(2-aminophe-
noxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis; GPCR, G protein-coupled
receptor; IP;, inositol trisphosphate; DKAR-T/A, DKAR with phospho-ac-
ceptor Thr mutated to Ala.

MARCH 2, 2007« VOLUME 282+-NUMBER 9

rylation of PKD, and it directly binds PKD thus recruiting it to
the membrane.

PKD isoforms comprise a conserved catalytic core and
N-terminal regulatory moiety. The regulatory region contains
two cysteine-rich (C1) domains and a pleckstrin homology
domain, and this region as a whole acts in an inhibitory manner
on the kinase (2). C1 domains are membrane-targeting mod-
ules that typically bind DAG and the functional analogues,
phorbol esters (3). They are found in a number of proteins, most
notably PKC, and provide a mechanism for proteins to be
reversibly recruited to membranes in response to DAG. In the
case of PKD, binding to either phorbol ester or DAG results in
its membrane recruitment and activation.

In addition to membrane recruitment by DAG, activation of
PKD requires phosphorylation at two sites within its catalytic
core (4). Thus, although DAG production leads to activation of
PKD, it is not simply through the Cl-mediated membrane
binding and removal of autoinhibition by the regulatory region
by which PKD becomes active. In addition, the upstream
kinases, the novel PKCs, must phosphorylate PKD within its
activation loop at Ser-744 and Ser-748 to promote its activity.
This phosphorylation event is the rate-limiting step in PKD
activation, and once phosphorylated, PKD remains active even
after disengaging from DAG (5). Interestingly, the novel PKCs
themselves contain C1 domains, so that phorbol ester treat-
ment or DAG production leads to PKD activation through
coincident activation of the novel PKCs and localization of PKD
near its upstream kinases. Hence, activation of phospholipase
C-coupled receptors (such as certain G protein-coupled recep-
tors (GPCRs) or receptor tyrosine kinases) leads to PKD activa-
tion via a signaling cascade: stimulation of phospholipase C
activity results in the cleavage of the membrane phospholipid
phosphatidylinositol bisphosphate to produce the second mes-
sengers inositol trisphosphate (IP;) and DAG. DAG production
leads to activation of the novel PKCs, and thus PKD. Although
IP, stimulates the release of Ca®>* from intracellular stores, this
consequence of phospholipase C activation is not considered to
control PKD activation, because neither the novel PKCs nor
PKD bind Ca*>".

To examine PKD signaling in live cells, we generated a genet-
ically encoded fluorescent reporter designed to respond specif-
ically to PKD activity. Such kinase activity reporters generally
consist of two different fluorescent proteins flanking a phos-
phoamino acid-binding domain and a kinase substrate
sequence (6—8). Phosphorylation of the substrate sequence
causes intramolecular complexation by the phosphoamino
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Ca®* Regulation of PKD Signaling

acid-binding domain altering fluorescence resonance energy
transfer (FRET) between the fluorescent proteins. The result-
ing change in FRET enables the visualization of kinase signaling
in real time in live cells. Current methods for assaying PKD
activation include Western blotting to probe for the activating
phosphorylations on PKD and kinase assays of immunoprecipi-
tated PKD. Both of these approaches are effective; however,
they can only reveal snapshots of PKD signaling. Design of a
genetically encoded fluorescent reporter would allow the mon-
itoring of PKD activity in live cells.

Here we describe the design and use of a PKD reporter,
DKAR (D kinase activity reporter), for visualizing agonist-stim-
ulated PKD activation in live cells. We show that DKAR is a
sensitive and reversible reporter of endogenous PKD activity.
The reporter reveals differences in the kinetics and duration of
PKD signaling downstream of distinct GPCRs in two different
cell lines; both responses occur rapidly following GPCR stimu-
lation, but in one cell line the signal is sustained whereas in the
other cell line the response is transient. Lastly, we show that
Ca>”" is a major contributor to the agonist-evoked activation of
PKD and that it, alone, is sufficient to activate PKD. Visualiza-
tion of DAG levels reveals that Ca*" stimulates DAG produc-
tion though positive feedback of phospholipase C, thus accel-
erating the rate of agonist-induced activation of PKD. In
addition, Ca*>* can act on its own to stimulate DAG production,
thus activating PKD. These data reveal a previously unde-
scribed regulatory input in controlling cellular PKD activity
through Ca®*-regulated DAG production.

EXPERIMENTAL PROCEDURES

Materials—Phorbol 12,13-dibutyrate (PdBu), G6 6983, Go
6976, thapsigargin, ionomycin, edelfosine (ET-18-OCHj;), and
BAPTA/AM were obtained from Calbiochem. KN-93 was
obtained from Sigma. Fura 2/AM was obtained from Molecular
Probes (Eugene, OR). Antibodies to PKD, to the phosphoryla-
ted activation loop of PKD (PKD P-§744/748), to the C-termi-
nal autophosphorylation site of PKD (PKD P-S916), and to
phospho-(Ser/Thr) PKD substrates were obtained from Cell
Signaling Technology (Beverly, MA). Purified PKD1 (formerly
known as PKCpu) was obtained from Upstate. HyBlot CL film
used for Western analyses was from Denville Scientific (Plain-
field, NJ). All other materials were reagent grade.

Plasmid Constructs—DKAR was generated through substi-
tution of a PKD substrate sequence, LSRQLTAAVSE, for the
substrate sequence within C kinase activity reporter (9) by PCR.
The phospho-acceptor threonine was mutated to an alanine to
create DKAR-T/A following the QuikChange protocol (Strat-
agene). For in vitro experiments, DKAR was subcloned into the
bacterial expression vector pRSET B (Invitrogen). MyrPalm-
CFP and has been previously described (10). YEP-C1b-Y123W
is described in Dries et al. (11).

Protein Purification—DKAR and DKAR-T/A were expressed
and purified from bacteria as described before (12). In brief, a
single colony of BL21(DE3) Escherichia coli containing pRSET-
DKAR or pRSET-DKAR-T/A was grown for 2 days at room
temperature. Pelleted cells were resuspended in 20 mm HEPES,
pH 7.5, containing 1 mm dithiothreitol, 300 nm phenylmethyl-
sulfonyl fluoride, 10 uM bestatin, 500 nm benzamidine, and 500
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ng/ml leupeptin, and lysed by Dounce homogenization fol-
lowed by French press. DKAR was purified from cleared lysates
by nickel chelation chromatography using nickel-nitrilotriace-
tic acid-agarose (Qiagen) in the presence of 10 mm imidazole.
Following washes, DKAR was eluted in 20 mm HEPES, pH 7.5, 1
mM dithiothreitol containing 200 mm imidazole. Imidazole was
removed by dialysis. Protein yield was estimated by CFP
absorption at 434 nm.

Kinase Assays—For kinase assays, 1 ug of purified DKAR or
DKAR-T/A protein was incubated with 50 units of pure PKD1
or pure PKCBIIin a reaction volume of 40 ul at 30°C for 30 min.
Buffer compositions were: 50 mm Tris, 2 mm dithiothreitol, 200
uM ATP, 10 mm MgCl, for PKD and 20 mm HEPES, 2 mm
dithiothreitol, 5 mm MgCl,, 200 um ATP, 500 mm CaCl,, with
140 pum phosphatidyl-serine/3.8 um DAG vesicles for PKC.
Reactions were quenched in sample buffer and analyzed by
SDS-PAGE and Western blotting. Blots were probed with the
phospho-(Ser/Thr) PKD substrate antibody and analyzed by
chemiluminescence using SuperSignal (Pierce).

Cell Transfection—CQOS-7 and HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium (Cellgro) containing 10%
fetal bovine serum and 1% penicillin/streptomycin at 37 °C in
5% CO.,. Cells were plated onto sterilized glass coverslips in
35-mm dishes prior to transfection. Transient transfection was
carried out using FUGENE 6 (Roche Applied Science). Cells
were imaged within 24 h following transfection.

Cell Imaging—Cells were washed one time in Hanks” bal-
anced salt solution (Cellgro) and imaged in Hanks’ balanced salt
solution in the dark at room temperature. In pre-treatment
experiments, cells were either preincubated with 500 nm G6
6976 or 250 nm G6 6983 for at least 10 min, 15 um BAPTA for at
least 15 min at room temperature, 5 um KN-93 for 20 min at
37 °C, or 10 uM edelfosine for 30 min at 37 °C. Cells were stim-
ulated with: 200 nm PdBu, 100 um UTP, 10 M histamine, 5 um
thapsigargin, or 1 uM ionomycin where indicated. Data were
collected on a Zeiss Axiovert microscope (Carl Zeiss Microim-
aging, Inc.) using a MicroMax digital camera (Roper-Princeton
Instruments) controlled by MetaFluor software (Universal
Imaging Corp.). All optical filters were obtained from Chroma
Technologies. Data were collected through a 10% neutral den-
sity filter. CFP and FRET images were obtained every 15 s
through a 420/20 nm excitation filter, a 450 nm dichroic mirror,
and a 475/40 nm or 535/25 emission filter for CFP and FRET,
respectively. A YFP image was obtained as a control for photo-
bleaching through a 495/10 nm excitation filter, a 505 nm dich-
roic mirror, and a 535/25 nm emission filter. Excitation and
emission filters were switched in filter wheels (Lambda 10-2,
Sutter). Integration times were 200 ms for CFP and FRET and
100 ms for YFP. For Ca®" imaging, COS-7 cells were incubated
with Fura-2 AM for 30 min at 37 °C and washed two times with
saline prior to imaging. Data were collected every 10 s through
a 10% neutral density filter. Images were obtained through a
350/10 nm and a 380/10 nm excitation filter, a 450 nm dichroic
mirror, and a 535/45 nm emission filter.

Western Blotting—COS-7 or HeLa cells were grown to con-
fluency in 60-mm dishes. Cells were washed once in Hanks’
balanced salt solution and then treated for the indicated times
with PdBu, UTP (COS-7 cells), or histamine (HeLa cells) in
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