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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-
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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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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

6734 JOURNAL OF BIOLOGICAL CHEMISTRY

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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Hanks’ balanced salt solution at room temperature as shown.
Cells were lysed in 50 mm Na,HPO,, 1 mm Na,P,0,, 20 mMm
NaF, 2 mm EDTA, 2 mm EGTA, 1% Triton X-100 (supple-
mented with 1 mm dithiothreitol, 200 um benzamidine, 40 ug
ml ™! leupeptin, 300 um phenylmethylsulfonyl fluoride, and 1
M microcystin) and cleared by a high speed spin. The cleared
lysates were analyzed by Western blotting to determine the
relative amounts of PKD S744/748 (activation loop) and PKD
S916 (autophosphorylation) phosphorylation. Western blots
were developed using chemiluminescence.

RESULTS

Design of DKAR—W e have designed a genetically encoded
fluorescent reporter, DKAR, to monitor the kinetics of PKD-
catalyzed phosphorylation in live cells. This reporter maintains
the same modular structure as the previously described PKA,
Akt/protein kinase B, and PKC activity reporters, A kinase
activity reporter, B kinase activity reporter, and C kinase activ-
ity reporter, respectively (9, 12, 13). The primary distinction is
that the substrate phosphorylation sequence was modified to
make it a phosphorylation sequence for PKD. Specifically,
DKAR consists of the FRET pair mCFP (cyan fluorescent pro-
tein rendered monomeric by the mutation A206K) and mYFP
(the yellow fluorescent protein citrine (14), likewise with
A206K) bracketing an FHA2 phosphothreonine-binding
domain and a consensus PKD phosphorylation sequence (Fig.
1A). The consensus substrate sequence, LSRQLTAAVSE,
where the T is the phospho-acceptor residue, was designed
based on a combination of data describing optimal PKD phos-
phorylation consensus sequences and information identifying
which residues are critical for FHA2 domain binding (15-18).
Analysis of this sequence using Scansite (scansite.mit.edu) sug-
gested that PKD is the preferred kinase to phosphorylate it. As
with our previous kinase reporters, unphosphorylated DKAR
exists in a conformation resulting in FRET from the donor mol-
ecule CFP to the acceptor YFP. Phosphorylation of the threo-
nine within the substrate sequence triggers an intramolecular
clamp with the FHA2, leading to a decrease in FRET (Fig. 1A).

Phosphorylation of DKAR by PKD in Vitro—To determine
whether DKAR can serve as a PKD substrate, DKAR was
expressed in bacterial cells as a His-tagged fusion protein, puri-
fied, and subjected to in vitro phosphorylation by purified PKD.
A phosphorylation state-specific antibody, which detects phos-
phorylations at the optimal PKD sequence motif (15), revealed
phosphorylation of DKAR following incubation with the pure
kinase (Fig. 1B). Importantly, this antibody did not reveal phos-
phorylation by PKD when a modified DKAR, in which the
phospho-acceptor threonine was mutated to alanine (DKAR-
T/A), was used. This establishes that PKD specifically phospho-
rylates the threonine within the designed substrate sequence of
DKAR.

Because the phorbol ester PdBu was used to stimulate PKD
activity in living cells, we wanted to ensure that PKC, which is
potently activated following phorbol ester treatment, was not
able to phosphorylate DKAR at the consensus threonine. As
seen in Fig. 1B, incubation of pure PKCPII with pure DKAR in
an in vitro kinase assay did not result in phosphorylation of the
reporter at the consensus threonine. These results reveal that
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FIGURE 1. Design of DKAR. A, DKAR consists of mCFP, the FHA2 domain of
Rad53, a consensus PKD phosphorylation sequence (red), and mYFP. In the
unphosphorylated state, mCFP and mYFP are in a proximity and orientation
resulting in FRET. Once phosphorylated by PKD at the threonine within the
substrate sequence (underlined), the FHA2 domain binds the phosphorylated
sequence resulting in a conformational change that alters the FRET ratio. B, in
vitro kinase assay monitoring reporter phosphorylation of DKAR or DKAR-T/A
(in which the phospho-acceptor site was mutated to Ala) following 30 min of
incubation with purified PKD1 or PKCBII. Western blots show phosphoryla-
tion detected with the anti-phospho-PKD substrate antibody (top panel), and
total reporter present was detected with the anti-GFP antibody (bottom
panel). Autophosphorylation of PKD1 can be observed at the 30-min time
point (arrow).

PKD, and not PKC, phosphorylates DKAR at the threonine
within the substrate sequence.

DKAR Reports PKD Activity in Live Cells—Having demon-
strated that pure PKD can recognize and phosphorylate DKAR
on the threonine within its substrate sequence in vitro, we next
wanted to test the ability of DKAR to function as a reporter to
visualize PKD signaling in living cells. COS-7 cells overexpress-
ing both DKAR and PKD1 were analyzed following PdBu stim-
ulation. In Fig. 24, the ratio of cyan emission to yellow emission
(FRET ratio) was monitored for a few minutes to establish a
baseline FRET ratio before stimulating with PdBu. Following
PdBu treatment, the FRET ratio increased reflecting the con-
formational change induced by phosphorylation of the reporter
at the consensus threonine. The phospho-acceptor mutant
DKAR (DKAR-T/A) did not undergo a FRET ratio change in
response to PdBu, confirming that the FRET ratio change
results from phosphorylation of the threonine in the designed
substrate sequence (Fig. 24).

To test whether DKAR is able to report PKD signaling medi-
ated by endogenous PKD, we expressed only DKAR in COS-7
cells and monitored the FRET ratio change following stimula-
tion with PdBu. PdBu treatment caused the FRET ratio to
increase, however, the rate of increase was slower than that
observed when PKD was overexpressed (half-time of ~7 min
compared with 2 min), and the magnitude of the change was
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FIGURE 2. DKAR reversibly reports signaling by PKD. A, COS-7 cells over-
expressing PKD1 and DKAR or DKAR-T/A (in which the phospho-acceptor site
was mutated to Ala) were treated with PdBu (200 nm), and the ratio of cyan
emission to yellow emission was monitored with time. FRET ratios were nor-
malized and plotted over time. Images (right) show pseudocolor representa-
tions corresponding to the basal and maximal FRET levels where blue/green
represents unphosphorylated DKAR (0-min PdBu) and red reflects phospho-
rylated DKAR (15-min PdBu). B, COS-7 cells expressing DKAR were imaged
during stimulation with PdBu and then treated with the PKD inhibitor Go
6976. C, COS-7 cells expressing DKAR were first treated with PdBu and then
treated with the PKC inhibitor G6 6983 followed by treatment with the PKD
inhibitor G 6976 as indicated (black diamonds). COS-7 cells expressing DKAR
were pre-treated with G6 6983 for 5 min, imaged, and then treated with PdBu
(open circles). FRET ratios were normalized and plotted over time.
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lower (0.05 relative unit compared with 0.20, Fig. 2, compare A
with B). Next, the ability of DKAR to reversibly report PKD
signaling was examined by subsequently treating the cells with
the PKD inhibitor G6 6976. Following PKD inhibition, the
FRET ratio change induced by PdBu treatment reversed (Fig.
2B). Not only does the reversibility of the response indicate that
DKAR can act as a readout of both kinase activation and deac-
tivation, but this result also confirms the specificity of PKD as
the kinase responsible for phosphorylating DKAR. Thus,
DKAR is a sensitive, reversible, and specific reporter of PKD
signaling.
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The specificity of the DKAR response was further confirmed
using a distinct pharmacological agent, G6 6983, that inhibits
all PKC isoforms but does not inhibit PKD. Previously we used
Go6 6976, which inhibits not only PKD, but also conventional
PKC isoforms. Importantly, G6 6976 does not inhibit the novel
PKC isoforms, which catalyze the activating phosphorylation of
PKD. Thus, in the following experiments, cells treated with G6
6983 would prevent the activating phosphorylations on PKD by
novel PKCs, and PKD signaling would be blocked. In Fig. 2C
(black diamonds), cells were treated first with PdBu and moni-
tored until the DKAR FRET ratio reached its maximal response.
Subsequent addition of G6 6983 caused a modest drop in the
FRET ratio. Note that this small decline is an artifact resulting
from emission of the red-colored inhibitor into the FRET chan-
nel,® and a similar decline can be observed following Go 6983
addition in unstimulated cells. Taking this into account, G
6983 did not significantly reverse the DKAR response. Only
after subsequent addition of G6 6976 did the FRET ratio
reverse. On the other hand, pretreatment of cells for 10 min
with the PKC inhibitor G6 6983 significantly blocked the
DKAR response to PdBu (Fig. 2C, open circles). Together, these
results verify the role of the novel PKCs in PKD signaling, and
furthermore, they validate the specificity of DKAR as a PKD
reporter.

DKAR Reports Signaling Downstream of Endogenous G Pro-
tein-coupled Receptors—DKAR was designed to provide a real-
time readout of PKD signaling in live cells; therefore, we wanted
to monitor DKAR following stimulation of endogenous signal-
ing pathways. To verify that the stimulus used in our study
would lead to PKD activation, the phosphorylation state of the
activation loop site of PKD was examined following receptor
activation. The nucleotide UTP can stimulate phospholipase
C-coupled P2Y receptors in many different cell types (19, 20).
Treatment of COS-7 cells with PdBu or UTP both resulted in
activation of PKD signaling as observed through the induction
of phosphorylation of its activation loop site by upstream
kinases (Fig. 3A). Histamine has been shown to activate G pro-
tein-coupled receptors in HeLa cells, and similarly, treatment
of HeLa cells with PdBu or histamine resulted in PKD activation
as seen by Western analysis of the PKD activation loop
sequence (Fig. 3B).

Having demonstrated the ability of UTP and histamine to
activate PKD in COS-7 and HelLa cells, respectively, we next
wanted to examine whether DKAR would report PKD activa-
tion following stimulation of these signaling pathways. COS-7
cells expressing DKAR were stimulated with UTP resulting in a
rapid and sustained increase in the FRET ratio (Fig. 44). Impor-
tantly, pretreatment of COS-7 cells for 10 min with the PKD
inhibitor G6 6976 completely blocked this increase confirming
the specificity of DKAR as a reporter for PKD signaling down-
stream of UTP treatment (Fig. 44). When the consensus thre-
onine within the PKD substrate sequence of DKAR was
mutated to an alanine (DKAR-T/A), treatment of cells with
UTP resulted in no change in the FRET ratio (Fig. 4B). Although
PKD signaling in HeLa cells was also observed using DKAR, the

3 L. L. Gallegos and A. C. Newton, unpublished data.
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FIGURE 3. UTP and histamine activate PKD in COS-7 and Hela cells,
respectively. A, lysates from COS-7 cells treated for 10 min with 200 nm PdBu
or for the designated times with 100 um UTP were analyzed by Western blot-
ting for PKD activation using a phospho-specific antibody toward the activa-
tion loop of PKD (a-PKD pS744/748). B, lysates from Hela cells treated for 10
min with 200 nm PdBu or for the designated times with 10 um histamine were
analyzed by Western blotting as in A.

kinetics of the response was slightly different than the kinetics
of the response observed in COS-7 cells following UTP treat-
ment. Specifically, when HeLa cells expressing DKAR were
stimulated with histamine, the FRET ratio change observed was
rapid but began to decay within 2 min (Fig. 4C). However, the
response did not fully reverse to baseline levels, even after PKD
inhibition with G6 6976 (data not shown). In accordance with
this observation, pre-treatment of HelLa cells for 10 min with
Go6 6976 followed by treatment with histamine resulted in a
slower FRET ratio change that reached the same level as the
new baseline observed from histamine treatment alone (Fig.
4C). Therefore, there exists either: 1) nonspecific phosphoryla-
tion by a distinct, G6 6976-insensitive kinase, or 2) a pool of
PKD within HeLa cells that cannot be inhibited by G6 6976
treatment, which results in a ~20% of maximal increase in the
FRET ratio from DKAR. As a control, histamine did not cause a
change in FRET ratio of DKAR-T/A expressed in HeLa cells
(Fig. 4D). Interestingly, whereas the phosphorylation at the
activation loop site on PKD was much more pronounced fol-
lowing PdBu treatment compared with UTP or histamine treat-
ment (see Fig. 3), the kinetics of the DKAR response triggered
by these ligands was considerably faster compared with the
response triggered by PdBu (compare Fig. 2B with 44 and 4C).
In summary, UTP or histamine treatment of COS-7 or HeLa
cells, respectively, activates the PKD pathway resulting in a
rapid and readily observed FRET ratio change by DKAR in live
cells.

Calcium Stimulates DKAR Phosphorylation—DKAR was
designed to be a specific reporter of PKD signaling, and analysis
of the substrate sequence by Scansite supported this specificity:
a medium stringency scan indicates that PKD is the preferred
kinase to phosphorylate DKAR. However, Ca*>*/calmodulin-
dependent protein kinase II (CaMKII) is predicted by Scansite
to be the next most likely kinase to phosphorylate the sequence.
To examine the possibility that CaMKII activation may result in
a FRET ratio change by DKAR, HeLa cells expressing the
reporter were treated with the sarcoplasmic/endoplasmic retic-
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FIGURE 4. DKAR reports PKD signaling in response to endogenous recep-
tor activation. COS-7 (A) or Hela (C) cells expressing DKAR were treated with
UTP or histamine, respectively (black diamonds), or pre-treated with G6 6976
and then treated with UTP or histamine (open circles), and the ratio of cyan
emission to yellow emission was monitored with time. FRET ratios were nor-
malized and plotted. COS-7 (B) or HeLa (D) cells expressing DKAR-T/A were
treated with UTP or histamine, respectively.

ulum Ca®*-ATPase pump inhibitor thapsigargin. Thapsigargin
treatment leads to an increase in intracellular Ca®"*, a condition
that would activate CaMKII within the cells. Following thapsi-
gargin treatment of HeLa cells, DKAR displayed a significant
and transient increase in the FRET ratio that returned to a new
baseline (Fig. 54). To assess whether CaMKII was mediating
this Ca®>"-induced FRET response from DKAR, we treated
HeLa cells with the CaMKII inhibitor KN-93 before adding
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FIGURE 5. Calcium induces a FRET change from DKAR. A, Hela cells expressing DKAR were treated with
thapsigargin, and the ratio of cyan emission to yellow emission monitored with time. B, HeLa cells express-
ing DKAR were pre-treated with KN-93 (black triangles) or G6 6976 (open circles) and then treated with
thapsigargin. FRET ratios were normalized and plotted. C, COS-7 cells expressing DKAR were treated with
thapsigargin followed by treatment with G6 6976. D, DKAR-expressing COS-7 cells were treated with
ionomycin, and the ratio of cyan emission to yellow emission was monitored with time. £, COS-7 cells
expressing DKAR were imaged in Ca®*-free saline containing 5 mm EGTA and treated with ionomycin

followed by introduction of 10 mm Ca**.

thapsigargin. As seen in Fig. 5B (closed triangles), pretreatment
of cells with the CaMKII inhibitor KN-93 was not able to block
the thapsigargin-induced DKAR FRET ratio change, therefore,
CaMKII is not responsible for the FRET change by DKAR fol-
lowing Ca®" release. Instead, pretreatment with the PKD inhib-
itor GO 6976 prevented this thapsigargin-induced FRET ratio
change (Fig. 5B, open circles). Because the DKAR response to
increasing Ca®>* was blocked by G& 6976 but not KN-93, these
data reveal that the Ca>" effect on DKAR is a result of PKD
activity not CaMKII activity.

To address whether the activation of PKD by Ca®" is a gen-
eral phenomenon, we asked whether elevation of Ca*>" also
regulated PKD activity in a different cell line. Treatment of
COS-7 cells with thapsigargin resulted in a slow and sustained
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becomes catalytically competent
and catalyzes its autophosphoryl-
ation at Ser-916 within its C termi-
nus. Thus, this C-terminal site
serves as a readout for the intrinsic
catalytic activity of PKD. To
directly address whether Ca®*
activates PKD, we analyzed the
phosphorylation state of the activation loop and C-terminal
sites of PKD following an increase in intracellular Ca®*.
Western blot analyses of PKD from both COS-7 and HeLa
cells that were treated for up to 15 min with thapsigargin
revealed that PKD is not only phosphorylated by its
upstream kinases at the activation loop site, but PKD also
autophosphorylates following a rise in intracellular Ca*"
(Fig. 6). Thus, as suggested by the DKAR imaging experi-
ments, PKD is activated by increasing Ca®>* levels in the cell.

The phosphorylation of the activation loop site on PKD has
been reported to be catalyzed by novel PKCs, however, novel
PKCsare activated (as is PKD) through the production of DAG,
and both novel PKCs and PKD are insensitive to Ca>". There-
fore, the mechanism by which Ca®>* triggers the phosphoryla-
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FIGURE 6. Calcium can activate PKD in COS-7 and Hela cells. Lysates
from cells treated for the indicated times with thapsigargin were analyzed
by Western blotting for PKD activation using an «-PKD pS744/748 anti-
body (activation loop phosphorylation) and an a-PKD pS916 antibody
(autophosphorylation).

tion and activation of PKD cannot be through direct stimula-
tion of novel PKCs or PKD. This led us to ask whether Ca®*
could trigger the production of the known upstream messenger
DAG. To this end, we employed a FRET-based assay designed
in our laboratory that takes advantage of a membrane-tethered
CFP (MyrPalm-CFP) domain and a YFP-tagged DAG-binding
domain (YFP-C1b-Y123W) (21). Generation of DAG engages
the C1 domain on the membrane, resulting in a FRET increase.
The DAG-binding domain used was a mutant Clb domain
from PKCp that was shown to bind DAG with higher affinity
than the wild-type C1b domain (11).

We coexpressed MyrPalm-CFP and YFP-C1b-Y123W in
COS-7 cells and treated them with thapsigargin to elevate intra-
cellular Ca®". Thapsigargin caused a robust increase in the
FRET ratio between MyrPalm-CFP and YFP-C1b-Y123W (Fig.
7A, black diamonds), indicating the accumulation of DAG at
the plasma membrane. Normalizing to the maximal FRET
change evoked by phorbol esters, as described in a previous
study (11), revealed that the thapsigargin-induced increase in
DAG was on the same order of magnitude as an agonist-evoked
increase (data not shown). Thus, one mechanism by which
increasing Ca®" leads to activation of PKD is through the pro-
duction of the second messenger DAG at levels comparable to
those elicited by Gg-coupled receptor stimulation. Subse-
quently, DAG binds and activates both the upstream kinases
(the novel PKCs) and PKD itself. To assess whether increasing
Ca®" results in the production of DAG via stimulation of phos-
pholipase C activity, we pre-treated cells with the phospho-
lipase C inhibitor edelfosine and then stimulated Ca>" release
with thapsigargin. Inhibition of phospholipase C prevented the
production of DAG at the plasma membrane following a rise in
intracellular Ca>* (Fig. 7A, open circles).

Having established that Ca®* release results in the produc-
tion of DAG via phospholipase C activation, we next asked
whether the mechanism of the response of DKAR to increas-
ing Ca®>* was also through phospholipase C activation.
COS-7 cells expressing DKAR were pre-treated with the
phospholipase C inhibitor edelfosine and then subsequently
stimulated with thapsigargin. In contrast to the results
observed in Fig. 5C, inhibition of phospholipase C activity
with edelfosine completely blocked the DKAR FRET ratio
change following thapsigargin treatment (Fig. 7B). Thus,
increasing intracellular Ca®>" leads to phospholipase C acti-
vation which, in turn, leads to the production of DAG, which
results in the membrane recruitment and activation of both

MARCH 2, 2007« VOLUME 282+-NUMBER 9

Ca’* Regulation of PKD Signaling

A 1.20
5 .% 1.15
"E c 110 o -o- edelfosine
5.2 thapsigargin pre-treated
<
= 1.05
g @
O
(=] -2_: 1.00

0.95
o 1 2 3 4 5 6 7 8
time (min)
B 1.06
2 1.04
© ) )
g 102 thapsigargin —— edelfosine
:g 100 pre-treated
E 0.98
=
O 0.96
0.94
0 4 8 12 16
time (min)
C
100 -
@
o
=
m
£
o
L 50 |
© —&—calcium
= -0-DAG
g --DKAR
@
o

0 2 4 6 8 10 12
time (min)

FIGURE 7. Calcium mobilization activates PKD signaling via the produc-
tion of DAG at the plasma membrane. A, DAG production was monitored in
the absence and presence of the phospholipase C inhibitor edelfosine by
analyzing the FRET ratio increase between a YFP-tagged DAG-binding
domain and CFP tethered at the plasma membrane in response to thap-
sigargin treatment. B, COS-7 cells expressing DKAR were pre-treated with
edelfosine and then treated with thapsigargin while monitoring the FRET
ratio. C, average Ca?*, DAG, and DKAR responses following thapsigargin
treatment were plotted as the percentage of maximal ratio change. Data
are the average * S.E. from at least three different experiments.

the upstream kinases, the novel PKCs, and PKD. Concurrent
imaging of intracellular Ca®>" levels (Fig. 7C, closed trian-
gles), plasma membrane DAG (Fig. 7C, open circles), and
activation of PKD as reported by DKAR (Fig. 7C, black dia-
monds) revealed that thapsigargin causes a rapid rise in
intracellular Ca®" that is closely followed by a robust rise in
DAG at the plasma membrane, which is followed by PKD
activation.

Calcium Plays a Role in PKD Signaling—Having established
that Ca®* increases can lead to production of DAG and thus
PKD activation, we were interested in examining the role of
Ca®" in the context of PKD signaling downstream of endoge-
nous GPCR activation. To this end, COS-7 cells expressing
DKAR were left untreated or pre-loaded with BAPTA (to buffer
intracellular Ca®™ levels), stimulated with UTP, and the FRET
ratio was monitored. Analysis of data from multiple experi-
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FIGURE 8. Calcium plays a role in the dynamics of PKD signaling. COS-7
cells expressing DKAR were stimulated with UTP (black diamonds) or pre-
loaded with BAPTA for 15 min and then stimulated with UTP (open circles),
and the ratio of cyan emission to yellow emission was monitored. FRET ratios
were normalized and plotted. Data are the average = S.E.from 9-10 different
experiments.

ments (1 = 9) revealed that UTP-stimulated DKAR phospho-
rylation was delayed by 2 min and then proceeded at a 5-fold
lower rate in Ca®"-buffered cells compared with unbuffered
cells (Fig. 8). Taken together, these results demonstrate that
Ca®" playsalarge role in the activation of PKD by regulating the
production of DAG.

DISCUSSION

Here we describe the generation and use of DKAR, a novel
reporter to visualize PKD activity in live cells. We show that
DKAR is a specific, reversible, and sensitive reporter that allows
real-time monitoring of activation and deactivation of endoge-
nous PKD signaling. Historically, PKD has been described as
being activated downstream of phospholipase C activity, that s,
following DAG production at the plasma membrane. However,
through the design and characterization of DKAR, we have dis-
covered a novel aspect of PKD signaling: Ca>* drives the rapid
activation of PKD. Visualization of DAG levels reveals that
Ca®>” is sufficient to produce DAG at the plasma membrane
thereby activating the PKD pathway. Thus, Ca®>* actively par-
ticipates in PKD signaling by increasing phospholipase C-gen-
erated DAG.

Differential Signaling by PKD—The reversibility of DKAR
FRET changes reflects the balance between PKD activity and
phosphatase activity acting on DKAR within the cell. This
reversibility allowed us to examine the kinetics of both signal
initiation and signal termination in PKD signaling. We found
that the rate of activation was consistently rapid, but the dura-
tion of signaling varied among cell types. Specifically, in COS-7
cells, stimulation of cell surface P2Y receptors by UTP results in
a rapid and prolonged response by DKAR, whereas in HeLa
cells, histamine receptor stimulation causes a fast, but transient
response (see Fig. 4). The prolonged versus transient nature of
PKD signaling downstream of these two distinct G -coupled
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receptors may reflect the differential control of intracellular
phosphatases within the two cell types. That is, differences in
basal or stimulated phosphatase activity in HeLa compared
with COS-7 cells could account for the different rates of signal
termination in these two cell types. Consistent with this, the
response by DKAR following increases in intracellular Ca*"
displayed a similar profile to GPCR stimulation within each cell
line: thapsigargin treatment in COS-7 cells resulted in a sus-
tained DKAR response, whereas the response to thapsigargin in
HeLa cells was transient. Thus it seems likely that the different
responses by DKAR from the two cell types are regulated at the
level of cellular phosphatase activity and downstream of the G
proteins or GPCRs.

Interestingly, the rate of the DKAR response to G,-coupled
receptor activation (by UTP in COS-7 cells or histamine in
HeLa cells) is much faster than that observed following PdBu
stimulation or thapsigargin treatment. This is not a reflection of
slower incorporation of PdBu into membranes, because we
routinely observe rapid (15-30 s) translocation of C1 domains
to all membranes following PdBu addition (21), nor is this a
reflection of a delay in the Ca®>* increase by thapsigargin as
Ca?" increases maximally within 15 s of drug addition (Fig. 7).
Rather, this faster response may be because PKD is not simply
diffuse throughout the cell, but rather, PKD is pre-localized to
scaffolds within the cell. Carnegie and colleagues (22) have
demonstrated that PKD can exist at a signaling scaffold termed
AKAP-Lbc, which pre-localizes PKD and its upstream kinase
along with a number of other proteins. Thus, potential pre-
localization of PKD to a scaffold containing the upstream
kinase at or near the respective G,-coupled receptor could
account for the rapid DKAR response observed following
receptor stimulation that is not seen following PdBu treatment
or Ca®" mobilization alone. It is also tempting to speculate that
activation of G,-coupled GPCRs leads to an acute inhibition of
local phosphatases; this would explain why we observe a much
faster DKAR response following GPCR stimulation compared
with PdBu or thapsigargin treatment. Consistent with this, we
have shown that phosphatases are highly active in the cell under
resting conditions (21). Thus, stimulation of GPCRs may lead to
temporary inhibition of their activity to enhance the effect of
kinases activated downstream thereby leading to a more rapid
response from DKAR.

Calcium Regulates PKD—During the characterization of
DKAR as a PKD reporter, the ability of Ca®>" to trigger the
production of DAG and hence activate PKD was revealed. Ini-
tially we had sought to address the possibility that CaMKII
might be able to phosphorylate DKAR, and, in fact, following
Ca®" release from intracellular stores using thapsigargin, we
observed a very clear FRET ratio change from DKAR. However,
a CaMKII inhibitor had no effect on this response; only follow-
ing the addition of the PKD inhibitor were we able to block or
reverse the thapsigargin-induced FRET ratio increase (Fig. 5).
Thus the pharmacological evidence suggested that the Ca**-
induced FRET ratio change of DKAR was the result of PKD
phosphorylation on the reporter. Examination of the phospho-
rylation state of PKD (a readout of its activation state) con-
firmed the finding that the observed DKAR response was
indeed a result of PKD activation. These results were surprising,
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FIGURE 9. Model describing novel role of Ca* in PKD activation. Stimula-
tion of G,-coupled receptors leads to the activation of phospholipase Cj,
which hydrolyzes phosphatidylinositol bisphosphate (PIP,) to form the two
second messengers diacylglycerol (DAG) and inositol trisphosphate (IP;).
DAG within the plasma membrane results in the recruitment and activation of
the upstream kinases of PKD, the novel PKCs (nPKCs), and PKD itself. IP5 stim-
ulates the release of Ca®" from intracellular stores. Ca>* can act to positively
feedback on phospholipase C activity resulting in increased production of
DAG and IP,. Importantly, Ca®* alone can stimulate production of DAG, pre-
sumably through stimulation of phospholipase C activity in the cell (dotted
line).

because, to date, the critical component in stimulating the PKD
pathway downstream of GPCRs has been described as the sec-
ond messenger DAG, not Ca®". The upstream kinases of PKD
(the novel PKCs) and PKD itself both contain DAG-binding C1
domains that mediate their translocation to the plasma mem-
brane where the novel PKCs are activated and able to phospho-
rylate their substrates, including PKD. Thus, our finding that
Ca®" alone was sufficient to activate phosphorylation of PKD at
its activation loop site (the novel PKC site) raised the question
of whether Ca®" itself could lead to the production of DAG.
Indeed, we verified this by using a FRET-based assay recently
designed in our laboratory (11, 21). Using this system, we
clearly observed the production of DAG at the plasma mem-
brane in response to increases in intracellular Ca*>* (Fig. 7).
Thus, the mechanism by which Ca®" activates PKD is still via
the production of DAG.

The simplest mechanism by which Ca®" can lead to DAG
production would be through direct activation of phospho-
lipase Cs in the cell. Although phospholipase Cp is the phos-
pholipase activated by G,-coupled receptors, there are a num-
ber of other phospholipase C isozymes that could also confer
this response to Ca>*. Indeed binding of Ca®" within their cat-
alytic core is essential for activity of all the phospholipase C
isozymes (23). Furthermore, there is a report showing that
phospholipase C§, but not other phospholipase C subtypes, is
responsive to stimulation by rises in intracellular Ca** (23, 24).
Thus it is possible that the activation of PKD through increasing
intracellular Ca®" is through direct stimulation of phospho-
lipase C activity.

The observation that Ca®>" can activate the PKD pathway has
not yet been described. The canonical activator of PKD is DAG.
In experiments in the context of the Ca>" chelator BAPTA, the
phospholipase C activation by G, proteins downstream of the
GPCRs would remain intact. However, in our experiments, a
role of Ca®>" on PKD activity was unveiled. Following UTP
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treatment of COS-7 cells expressing DIKAR, where Ca*" levels
are maintained below resting levels, we observed an average
2-min delay in PKD activation and 5-fold reduction in rate of
activation as reported by DKAR (Fig. 8). Under the Ca®>" che-
lation conditions of our experiments, the G, protein activated
by GPCR stimulation activates phospholipase C@3, which leads
to the production of DAG and IP;. IP; leads to the release of
Ca®" from intracellular stores, however, in the presence of
BAPTA, this Ca®" response is buffered. It is interesting that the
DKAR response is blunted under these conditions. Our results
imply that Ca®" is acting within this pathway to regulate phos-
pholipase CB. Indeed many studies have described positive
feedback by Ca®* on G,-coupled receptor signaling pathways
(25-29). Our findings do not rule out a role of Ca*>* released via
IP, receptor stimulation acting on a distinct phospholipase C
subtype, such as phospholipase C8, but they confirm a role of
Ca®" in regulating DAG production as a whole.

Fig. 9 depicts a model for the proposed role of Ca®>* in the
PKD activation pathway. Stimulation of G-coupled recep-
tors leads to the activation of phospholipase Cf, which
hydrolyzes phosphatidylinositol bisphosphate to form the
two second messengers DAG and IP;. DAG production at
the plasma membrane results in the recruitment and activa-
tion of PKD, both via translocation and activation of its
upstream kinases, the novel PKCs, and through transloca-
tion of PKD itself. Once in proximity to the novel PKCs at the
membrane, PKD becomes phosphorylated and thereby acti-
vated. Concurrently, IP, stimulates the release of Ca®>" from
intracellular stores, and this Ca®>* provides positive feedback
on phospholipase C activity. This positive feedback control
of phospholipase C drives the rapid activation of PKD. Addi-
tionally, Ca®>" alone can stimulate production of DAG, most
likely through direct stimulation of phospholipase C activity
in the cell. Thus, Ca®>* plays a major role in PKD activation
via modulation of phospholipase C activity resulting in the
production of the lipid messenger DAG.
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