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Abstract

GBy-mediated PKD activation has yet to be addressed.

chemotaxis on Jurkat T-cells.

stimulatory action.

Background: Protein kinase D (PKD) constitutes a novel family of serine/threonine protein kinases implicated in
fundamental biological activities including cell proliferation, survival, migration, and immune responses. Activation
of PKD in these cellular activities has been linked to many extracellular signals acting through antigen receptor
engagement, receptor tyrosine kinases, as well as G protein-coupled receptors. In the latter case, it is generally
believed that the Ga subunits of the G, family are highly effective in mediating PKD activation, whereas little is
known with regard to the ability of GBy dimers and other Ga subunits to stimulate PKD. It has been suggested that
the interaction between Gy and the PH domain of PKD, or the GRy-induced PLCB/PKC activity is critical for the
induction of PKD activation. However, the relative contribution of these two apparently independent events to

Results: In this report, we demonstrate that among various members in the four G protein families, only the Ga
subunits of the G, family effectively activate all the three PKD isoforms (PKD1/2/3), while Ga subunits of other G
protein families (G, G;, and Gy5,) are ineffective. Though the Ga subunits of G; family are unable to stimulate PKD,
receptors linked to G; proteins are capable of triggering PKD activation in cell lines endogenously expressing
(Hela cells and Jurkat T-cells) or exogenously transfected with (HEK293 cells) GRy-sensitive PLC[3,,5 isoforms. This
indicates that the Gi-mediated PKD activation is dependent on the released GRy dimers upon stimulation. Further
investigation on individual Gy combinations (i.e. GB; with Gy;_;3) revealed that, even if they can stimulate the
PLCP activity in a comparable manner, only those GB,y dimers with v, Y3, Y4 Vs, Y7, and y;o can serve as effective
activators of PKD. We also demonstrated that G-mediated PKD activation is essential for the SDF-1a-induced

Conclusions: Our current report illustrates that GBy dimers from the G; proteins may activate PKD in a PLCB3,5-
dependent manner, and the specific identities of Gy components within GBy dimers may determine this
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Background

Protein kinase D (PKD) constitutes a novel family of
diacylglycerol (DAG)-responsive serine/threonine pro-
tein kinases with different structural, enzymological and
regulatory properties from the protein kinase C (PKC)
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family members [1-3]. To date, three members of the
PKD family have been identified: human PKDI1 (its
mouse ortholog being PKCp), and the more recently
identified PKD2 and PKD3 (also named PKCv), among
which PKD1 is the most extensively characterized iso-
form. Emerging studies have revealed that PKDs are
implicated in a complex array of fundamental biological
activities, including cell survival [4], migration [5], proli-
feration [6], and immune responses [7]. In addition,
growing evidence links PKDs to signal transduction
pathways in tumor development and cancer progression.
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In many cases, specific PKD isoforms are dysregulated
in cancer cells [8].

All PKDs share a common modular structure, with a
tandem repeat of zinc finger-like cysteine-rich motifs at
their NH, termini that display high affinity for DAG or
phorbol ester, a pleckstrin homology domain (PH do-
main) for negative regulation of kinase activity [9], and
a C-terminal catalytic domain containing transphos-
phorylation and autophosphorylation sites. Activation of
PKD isoforms is generally attributed to phosphorylation
at a pair of highly conserved serine residues (for human:
Ser’*® and Ser’*” in PKDI; Ser’ and Ser’" in PKD2;
Ser’”?! and Ser’” in PKD3) in the activation loop of the
kinase domain by PKC. As PKC can be activated by
many extracellular signals, stimulation of PKD isoforms
has been demonstrated by antigen receptor engagement
[10], stimulation of receptor tyrosine kinases (RTKs)
such as platelet-derived growth factors (PDGF) receptors
[11] and vascular endothelial growth factor (VEGF) re-
ceptors [12], as well as activation of various G protein-
coupled receptors (GPCRs). Among the large GPCR
family, receptors with preferential coupling to Gg, in-
cluding those responsive to bombesin, vasopressin,
endothelin, bradykinin [13], cholecystokinin [14], tachy-
kinin [15] and angiotensin II have been demonstrated to
activate PKD in a variety of cell types. Other G protein
members like G;, and G;3 have also been proposed to
activate PKD3 in a PKC- and Rac-dependent manner
[16]. In addition, it has been reported that Gy, G; and
Gio/13 may cooperate in LPA-induced PKD activation
[17], but the relative contribution of specific G protein
subunits (e.g. Ga; versus GPy) to PKD activation remains
undefined.

The functional specificity of G proteins was originally
accredited to the Ga subunits, with the GBy dimers be-
ing viewed as negative regulators of G protein signaling.
Yet, there is growing evidence that GBy dimers can also
act as active mediators in signal transduction, thus con-
ferring an additional level of signal specificity [18-20].
The Gp identity in the GPy dimer imparts selectivity on
its interaction with effectors like phospholipase Cp [21],
as well as in the regulation of neutrophil function [22].
Moreover, since the Gy component is structurally and
expression-wise diverse, it imposes additional complexity
in signal transduction. For instance, only certain Gy
combinations (mainly those containing y», Y4, Y7 or o)
are linked to significant STAT3 activation [23]. Func-
tional selectivity of Gy subunits has also been reported
[24-26]; deletion of the Gng3 gene leads to increased
susceptibility to seizures in mice with significant reduc-
tions in G, and Ga;3 subunit levels in certain brain re-
gions [25], whereas knock-out of the Gng”7 gene is
associated with reductions in the Gog; subunit content
and adenylyl cyclase activity of the murine striatum [24].
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These observations demonstrate that members of the
Gy subunit family are not functionally interchangeable.

It has been suggested that the interaction between
GpPy and the PH domain of PKD [27], or the Gpy-
induced PLCB/PKC activity is critical for the induction
of PKD activation [28].However, the relative contribu-
tion of these two apparently independent events to
Gpy-mediated PKD activation has yet to be addressed.
Recently, GBy combinations containing Gy, (i.e. Gp1y»
and Gp3y,) have been shown to be effective activators
for PKD [29], but the relevant capabilities of other Gy
dimers remain unclear.

In this report, we demonstrated that all family mem-
bers of the Gq subfamily (Gg, G11, Gi4, and Gy) can in-
duce PKD1, PKD2 and PKD3 activation. G, cannot elicit
a PKD response, whereas G; members may induce PKD
activation in a GPy-dependent manner. For the Gpfy-
induced PKD activation, even in the presence of PLCP,
or PLC3, only certain GPy dimer combinations are cap-
able of activating the kinase effectively. Moreover, we
showed that this selective Gy dimer-mediated PKD ac-
tivation is accompanied by enhanced interaction be-
tween the two components when PLCP,/3 is present.

Materials and methods

Materials

HEK293 and Jurkat T-cells were obtained from American
Type Culture Collection (Rockville, MD). Pertussis toxin
(PTX) was purchased from List Biological Laboratories
(Campbell, CA). Cell culture reagents including
Dulbecco’s phosphate-buffered saline (PBS), trypsin, fetal
bovine serum (FBS), penicillin-streptomycin mixture,
RPMI 1640 medium, minimum essential medium
(MEM), Dulbecco’s modified Eagle’s medium (DMEM)
and Lipofectamine PLUS™ were obtained from
Invitrogen (Carlsbad, CA). The cDNAs encoding PLCf,
PLCPB, and PLCP3; were obtained from Dr. Richard Ye
(University of Illinois at Chicago). Flag-tagged human
Gp; and Gf,, HA-tagged human Gy;, Gy, Gys, Gya,
Gys, Gy7, Gys, GYe, Gyioo Gy11, Gyi2 and Gy;3 cDNA
constructs were obtained from UMR cDNA Resource
Center (Rolla, MO). Antiserum including anti-Flag and
anti-HA were purchased from Roche Molecular Bio-
chemicals (Indianapolis, IN). Cell culture reagents in-
cluding Lipofectamine Plus™ were obtained from
Invitrogen (Carlsbad, CA). Myo-[?’H] inositol was pur-
chased from DuPont NEN (Boston, MA). M2 affinity
gels and protein A-agarose were obtained from Sigma
(St. Louis, MO). HA-PKD1 and FLAG-PKD2 con-
structs were gifts from Dr. J. Van Lint (Katholieke
Universiteit Leuven, Belgium), and Myc-PKD3 con-
structs were kindly provided by Dr. Q. J. Wang
(University of Pittsburgh, PA).
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Cell culture and transfection

HEK293 cells were cultured in MEM supplemented with
10% (v/v) EBS, 50 units/ml penicillin, and 50 pg/ml
streptomycin. Jurkat T-cells were cultured in RPMI1640
containing 10% (v/v) FBS. For PLC assays and co-
immunoprecipitation assays, HEK293 cells were seeded
at 60% confluency into 12-well plates or 6-well plates,
respectively. Transfection was performed on the follow-
ing day using Lipofectamine PLUS™ reagents. For the
establishment of stable cell lines (293/BK,R, 293/B,AR
and 293/fMLPR), exponentially growing HEK293 cells
were transfected with ¢cDNA of BK,R, B,AR or fMLPR
in pcDNA3.1-zeo using Lipofectamine PLUS™. The cells
were then selected with Zeocin (50 pg/mL). 293/fMLPR-
Gayg cells were established by transient transfection of
293/fMLPR stable cell lines with G in pcDNA3.

In vitro PKD Assay

Twenty-four hours after transfection, HEK293 cells were
serum-starved overnight and then treated with 500 pl
(per well) of ice-cold detergent-containing lysis buffer
(50 mM Tris—HCI, pH 7.5, 100 mM NaCl, 5 mM EDTA,
40 mM Na,P50-, 1% Triton X-100, 1 mM dithiothreitol,
200 uM NazVOy,, 100 uM phenylmethylsulfonyl fluoride,
2 pg/ml leupeptin, 4 pg/ml aprotinin, and 0.7 pg/ml
pepstatin). Lysates obtained were subjected to in vitro
PKD kinase assay. Fifty pl of each supernatant was used
for the detection of PKD isoform expression and stimu-
latory phosphorylation, and the remaining lysate (450 pl)
was incubated overnight at 4°C with specific affinity gels
to immune-precipitate the corresponding PKD isoform
(anti-HA for HA-PKDI; anti-FLAG for FLAG-PKD2;
and anti-Myc for Myc-PKD3). The resulting immuno-
precipitates were washed twice with lysis buffer and
twice with kinase assay buffer (30 mM Tris—HC],
pH 74, 10 mM MgCl, and 1 mM DTT). Washed
immunoprecipitates were resuspended in 40 pl of
kinase assay buffer containing 2.5 mg/ml of Syntide-2
(PLARTLSVAGLPGKK), and the kinase reactions were
initiated by the addition of 10 pl of ATP buffer containing
1 uCi of [y-**P]-ATP per sample. After 10-min incubation
at 30°C with occasional shaking, the reactions were termi-
nated by adding 100 pl of 75 mM H3PO, and spotting
75 ul of the reaction mix onto P-81 phosphocellulose
paper. Free [y->’P]-ATP was separated from the labelled
substrate by washing the P-81 paper four times (5 min
each) in 75 mM H3PO,. The papers were dried and the
radioactivity incorporated into Syntide-2 was determined
by scintillation counting.

Electroporation

The knock down of PKDI1, PKD2 and PKD3 was
performed by introducing the corresponding PKD
isoform-specific siRNA from Invitrogen (Carlsbad, CA,
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USA) using Nucleofector® Kit V from Lonza (Basel,
Switzerland). Briefly, 1x10° cells per sample were
resuspended in Nucleofector® Solution and supplement
provided at room temperature. siRNA against PKDI,
PKD2 or PKD3 (200 pmol each) was added to the sam-
ples and then electroporated using the Nucleofector®.
Electroporated cells were then incubated at room
temperature for 10 min before transferring them into
the 12-well plate with culture medium. The knock down
of PLCPB;, PLCP, and PLCP; was performed in similar
manner, with the corresponding isoform-specific siRNA
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Western blotting analysis

Cells in 12-well plate were lysed in 300 pl of ice-cold
lysis buffer (50 mM Tris—HCI, pH 7.5, 100 mM NaCl,
5 mM EDTA, 40 mM NaP,0O, 1% Triton X-100, 1 mM
dithiothreitol, 200 pM NazVO, 100 pM phenyl-
methylsulfonyl fluoride, 2 pg/ml leupeptin, 4 pg/ml
aprotinin and 0.7 pg/ml pepstatin). Clarified lysates were
resolved on 1 p2% SDS-polyacrylamide gels and then
transferred to nitrocellulose membranes (Westborough,
MA). Stimulatory phosphorylation of PKDI1, PKD2,
ERK and CREB were detected by their corresponding
antisera and horseradish peroxidase-conjugated second-
ary antisera. The immunoblots were visualized by chemilu-
minescence with the ECL kit (Amersham Biosciences).
Antibodies sources are as follows: anti-phospho-PKD1-
Ser”*7*8 | anti-phospho-PKD1-Ser®* (also recognize human
PKD1-Ser?®7* and Ser®, respectively), anti-phospho
-ERK-Thr***/Tyr**, anti-PKD1 were obtained from Cell Sig-
naling Technology (Beverly, MA). Anti-phospho-PKD2-
Ser®”® and anti-PKD2 were purchased from R & D Systems
(Minneapolis, MN). Anti-PKD3 was obtained from Bethyl
Laboratories (Montgomery, TX).

Measurement of intracellular Ca®* transient by FLIPR®
Jurkat T-cells were serum-starved overnight in the ab-
sence or presence of PTX (10 ng/ml) and then washed
with Hank’s balanced salt solution (HBSS). Washed cells
(1x10° cells/ml) were preloaded with Fluo-4 (AM)
followed by incubation at 37°C for 1 h. These labeled
cells were then transferred to a black-walled and clear-
bottomed 96-well plate (1x10° cells/well) placed in the
Fluorometric Imaging Plate Reader (FLIPR), and 50 pl of
HBSS (with or without agonists) was added to each well.
The resulting fluorescent signals that reflect the intracel-
lular Ca®* transients were monitored by an excitation
wavelength of 488 nm and detection with the emission
wavelength from 510 to 570 nm.
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Co-immunoprecipitation assay

Transfected cells were lysed in the lysis buffer as de-
scribed before. Cell lysates were centrifuged (12000 g,
4°C, 5 min) to remove cellular debris. Lysates were incu-
bated at 4°C overnight with M2 affinity gels (20 ul/ sam-
ple) for the binding with Flag-tagged G subunits. The
resulting immunoprecipitates were collected by centrifu-
gation at 1,000 g, 4°C, for 3 min and then washed three
times with 500 pl lysis buffer. Bound proteins were
eluted by 50 pl of lysis buffer and 10 pl of 6x SDS-
containing sample buffer, and boiled pfor 5 min prior to
separation by 12% SDS-polyacrylamide gel electrophor-
esis (PAGE). Flag-tagged Gp, HA-tagged Gy subunits,
PLCB, and PKD1 in the immunoprecipitates were
detected by their corresponding antisera followed with
horseradish peroxidase-conjugated secondary antisera in
Western blotting analysis.

Chemotactic assay

The chemotactic ability of Jurkat T cells was evaluated
using transwell plates (Costar, Cambridge, MA) with
polycarbonate inserts with 5-pm pores (Costar 3421).
Lower chambers were loaded with 600 pl of migration
media alone or containing SDF-1a at the concentration
of 100 nM. Cells (0.1 ml) at 1 x 10°/ml were added to
the top chamber of a 24-well transwell (6.5-um diameter,
5-um pore size) and incubated for 4 h at 37°C. The cells
which passed through the membranes and migrated to
the lower chambers were quantified under microscopy.

Statistics

The values shown in each figure represent mean + SEM
from at least three individual experiments. Statistical
analyses were performed by ANOVA, followed by the
Bonferroni’s post test. Differences with a value of
P < 0.05 were considered statistically significant.

Results

Previous studies on Ga subunit-induced activation of
PKD isoforms were primarily performed on the PKD1
prototype with Gag [30,31], leaving the activation profile
of the PKD family rather incomplete. Most of these
studies employed aluminum tetrafluoride (AlFy) to elicit
G protein-mediated activation of PKD. Although AlF;
can selectively stimulate heterotrimeric G proteins over
monomeric GTPases [32,33], AlF; activates multiple
heterotrimeric G proteins simultaneously and thus can-
not be used to identify the specific G proteins involved
in the activation of PKD. On the basis of these consider-
ations, we aimed to firstly define the role of different Ga
subunits in promoting the activation of all three PKD
isoforms. We performed screening on Ga subunit-
mediated PKD1 phosphorylation. HEK293 cells were
transfected with wild-type (WT) or constitutively active
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(RC/QL) Ga subunits (Gag, Goyp, Gage, Gage, Gago,
Gays, Gayy, Gap, Gagz, Ga, and Gag) and then assayed
for PKD phosphorylation by phospho-PKD-specific anti-
bodies. HEK293 cells have previously been shown to
express all three PKD isoforms [34].

The phosphorylation of a pair of highly conserved
serine residues in the activation loop (Ser’*® and Ser”*?
in PKD1; Ser’? and Ser’!? in PKD2; Ser’®! and Ser’®® in
PKD3) plays a crucial role in human PKD activity [35].
Some early studies on PKD targeted the autophosphoryl-
ation sites (Ser’*® in PKD1 and Ser®”® in PKD2) as sur-
rogate markers of mouse PKD activity, though a recent
report has demonstrated that this site is not required for
activation [36]. Therefore, anti-phospho-PKD1 Ser”**/748
and Ser’'® antibodies (also recognize human PKDI at
Ser’3¥742 and Ser'°, respectively) were both adopted for
the evaluation of PKD1 activation. As shown in Figure 1,
expression of WT Ga subunits did not induce significant
PKD1 phosphorylation as compared to the vector con-
trol, although expression of Ga;; or Gayy slightly en-
hanced the basal PKD phosphorylation. Conversely,
prominent phosphorylation of PKD1 was observed in
cells expressing one of the constitutively active mutants
from the Gag subfamily (Gag, Goyi, Goys or Goyg).
Western blot analysis verified that the expression levels
of PKD1 were similar and that both WT and constitu-
tively active Ga subunits were expressed at comparable
levels (Figure 1). In contrast, there was no detectable
phosphorylation of PKD1 by constitutively active mu-
tants from G;, Gs, or G, subfamilies (Figure 1). This is
consistent with earlier studies demonstrating that the
constitutively active mutants of Ga, and Ga;sz did not
induce PKD activation in COS-7 cells [30].

To examine whether Ga subunits from the Gq sub-
family are all capable of inducing activation of all three
isoforms of PKD, HEK293/HA-PKD1, HEK293/FLAG-
PKD2 and HEK293/Myc-PKD3 stable cell lines were
established and then transiently transfected with WT or
the RC/QL mutants of Ga subunits (Gag, Gayi, Gotya,
Gaye), followed by in vitro [32P]-kinase assays using
syntide-2 as an exogenous substrate for PKD. As shown
in Figure 2A, PKD isoforms isolated from all three stable
cell lines transfected with vector control or plasmids en-
coding the WT Ga subunits exhibited low catalytic ac-
tivity. In contrast, those immunoprecipitated from stable
cell lines overexpressing a constitutively active mutant
displayed marked increase in PKD kinase activity. Com-
parable expressions of Ga subunits and PKD isoforms in
the various transfectants were confirmed by Western
blot analyses (Figure 2B). We also examined the
phosphorylation of specific PKD isoforms in the
same samples. Since anti-phospho-PKD17%¥7%2 exhibits
some cross-reactivity with PKD2 and PKD3, anti-
phospho-PKD1°'® was also employed to detect PKD1
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Figure 1 Constitutively active mutants of G, family members stimulate PKD1 phosphorylation. HEK293 cells were transfected with
pcDNA3, wild type (WT) or constitutively active (RC or QL) Ga subunits of Gq, Gy, Gy and G families. Transfectants were then lysed, and proteins
were subjected to SDS-PAGE and immunoblotting with antibodies against phospho-PKD1, PKD1, and specific Ga subunits.

phosphorylation. Likewise, anti-phospho-PKD2%° was

used for PKD2. As PKD3 lacks the phosphorylation site
equivalent to phospho-PKD1°'%, only the phosphoryl-
ation at PKD3”*"73> was monitored. In agreement with
the results from the in vitro kinase assay, stimulatory
PKD phosphorylation for all three PKD isoforms was
enhanced in the presence of constitutively active Ga
mutants from the Gy subfamily (Figure 2B). Unlike
members of the G4 subfamily, constitutively active Ga;;
failed to stimulate the kinase activity of all three forms
of PKD (Figure 2A) or elevate their level of phosphory-
lation (Figure 2B). Similar results were obtained with
other members of the G; (Gay, Gy, Gaga, Goy Goyg,
and Goy), Gs (Gag, and Gogy) and Gy (Gp and Gi3)
families (Additional file 1: Figure S1 and Additional file 2:
Figure S2). Collectively, these results demonstrated that
PKD1, PKD2 and PKD3 can be specifically activated by
the constitutively active Ga subunits from the G4 family,
but not by those of G;, G, or G1, families.

The preceding experiments suggest that the Ga sub-
units from the G family contribute to elevated PKD
phosphorylation. To examine in more detail the stimula-
tion of PKD by G protein signaling, we tested different
Gg-, Gs- and Gj-coupled receptors for their ability to ac-
tivate PKD1 in HEK 293 cells. HEK293 cells were
transfected with the G4-coupled bradykinin BK, receptor
(Figure 3A), Gs-coupled [B,-adrenergic receptor (Figure 3B)
or Gj-coupled fMLP receptor (Figure 3C), and the
transfectants subsequently examined for agonist-induced
PKD1 activation. Phosphorylation of CREB or ERK was
simultaneously monitored as positive controls of G- and
Gi-signaling, respectively. In line with the data in
Figures 1 and 2, only bradykinin (which stimulates the
Gg-coupled BK, receptor) rapidly and potently stimu-
lated PKD1 phosphorylation (Figure 3A), while iso-
proterenol and fMLP failed to induce any detectable

PKD activation despite obvious phosphorylation of
CREB or ERK (Figure 3B and C). Since many G;-coupled
receptors including the fMLP receptor are capable of
interacting with Gaye [37], it is expected that co-
expression of Ga;e would turn on Gg-related signals,
thus allowing effective stimulation of PKD1 phosphoryl-
ation. As illustrated in Figure 3D, prominent fMLP-
induced PKD1 phosphorylations at both Ser”**7*? and
Ser”'? were observed in HEK293 cells co-expressing the
Gj-coupled fMLP receptor and Goa; (Figure 3D); the
fMLP-induced response was readily detected by 2 min
and was maintained up to 30 min. These results further
confirmed the specificity of Gag-mediated PKD activa-
tion and implied that many GPCRs are capable of
regulating the function of PKD through members of the
Gq subfamily. This may have particular relevance to
hematopoietic cells since the promiscuous Go;e and
Gay4 are mainly expressed in immune cells and are cap-
able of recognizing a large number of GPCRs [38,39].
Next, we investigated whether PKD phosphorylation
can be induced upon activation of G4-coupled receptors
that are endogenously expressed in HeLa cells. Serum
starved HeLa cells were treated with various agonists
targeting Gg-, Gi- and Gs-coupled receptors for various
durations, and PKD1 phosphorylation was determined
by Western blot analysis. As expected, bradykinin and
histamine acting on Gg-coupled receptors effectively in-
duced a marked increase in PKD phosphorylation at the
activation loop (Figure 4A). Agonists that act on G-
coupled B-adrenergic receptor (isoproterenol) and GLP
receptor (glucagon-like peptide) failed to activate PKD,
even when stimulatory phosphorylation of ERK was
clearly detected (Figure 4B). Unexpectedly, stimulation
of Gj-coupled a,-adrenergic receptor (by UK14304) and
CXCRy receptor (by SDF-1a) led to observable PKD ac-
tivation. This is in contrast to the result presented in
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Figure 2 All Ga subunits from the G, subfamily can activate PKD1, PKD2 and PKD3. (A) Stably expressed and epitope-tagged PKD isoforms
were immunoprecipitated from HEK293 cells transiently co-transfected with Ga subunits, and syntide-2 phosphorylation assays were carried out
as described under “Materials and Methods”. Results are the average of at least three independent experiments, and presented as fold of control
(£S.EM.). (B) Cell lysates from HEK293 transfectants as described in (A) were subject to Western blot analysis using antibodies against specific Ga

results were obtained in three separate experiments.

subunits (except anti-Gag which cross reacts with Gay;), phosphorylated PKD isoforms, PKD1, 2, 3 as well as their corresponding tag. Similar

Figure 3C where stimulation of the Gj-coupled fMLP
receptor in HEK293 cells failed to promote PKD
activation.

The ability of Gj-coupled receptors to stimulate PKD
phosphorylation in HeLa cells was contrary to the results
obtained with either GoyQL (Figures 1 and 2) or the G;-
coupled fMLP receptor in HEK293 cells (Figure 3C).
Given that Gag-induced activation of PKD is known to
be mediated via PLCB/PKC [30], and that Ga; appa-
rently could not activate PKD, we hypothesized that
PKD activation by the Gj-coupled receptors in HeLa
cells was mediated by the Gy subunits, presumably via
Gpy-sensitive PLCpB, or PLCP3. GPy-induced activation of

PKD in HeLa cells have indeed been reported [27]. To test
this hypothesis, we first examined the endogenous expres-
sion of PLCP, and PLCB; in both HEK293 and HeLa cells.
Western blot analysis revealed that HEK293 cells
expressed barely detectable levels of PLCB, and PLCjs,
whereas PLCB; (but not PLC[,) was abundantly expressed
in HeLa cells (Figure 5A).

To determine the importance of Gpy-sensitive PLCp,/3
in GPy-mediated PKD activation, HEK293/Gy, stable cells
were transiently transfected with FLAG-Gf;_,, in the ab-
sence or presence of PLCP,/3. Because consistent ex-
pression of Gy subunits (~6 kDa) is more difficult to
achieve in transient transfections, HEK293 cells stably
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expressing Gy, were employed in these assays. As
expected, co-expression of various combinations of Gy
alone did not induce any stimulatory phosphorylation as
compared to the vector control in HEK293 cells
(Additional file 3: Figure S3A). Upon co-expression with
PLCB3, however, both Gp;y, and Gp,y, markedly en-
hanced the level of PKD phosphorylation; the expres-
sion of PLCP; alone had no significant effect on PKD
phosphorylation (Figure 5B). Likewise, co-expression of
GP1y2 or GP,y, with PLCB, induced significant PKD
phosphorylation (Figure 5C). These results not only
suggest the crucial role of PLCpB,/3 in GBy-mediated PKD
activation, but also help to explain the differences in G;-
mediated PKD phosphorylation in HEK293 and HeLa
cells.

Since the Gy subunit identity has been shown to affect
signaling specificity [24-26], we determined whether
other Gf;y dimer combinations can effectively induce
PKD1 activity in the presence of PLCp,/;. Hence,
HEK293 cells were transfected with pcDNA3 (vector
control) and one of the twelve combinations of Gy,
dimer, with or without PLCp,. As shown in Figure 5D
(lower panel), transfection of GBy dimers alone did not
significantly enhance the phosphorylation of PKD1 be-
yond the vector control. Among all of the Gp;y, combi-
nations tested, GP1y2, GP1ys, GPiys GP1ys, GP1y7 and
GP1y10 consistently triggered strong and significant

PKD1 phosphorylation upon co-expression with PLC],,
however, there was no significant change in PKD1 phos-
phorylation in other Gf;y,/PLCp,-overexpressing cells
(Figure 5D, lower panel). Comparable expressions of all
Gp1Yyx combinations and PLCPB, were detected in the
transfectants (data not shown), resulting in elevated
levels of IP3 formation (Figure 5D, upper panel) as
reported previously [21]. We also tested whether se-
lected Gp;yx/PLCP, combinations can induce in vitro
kinase activity of the different PKD isoforms (PKD1-3).
In agreement with the Gp;y,/PLCP,-induced PKD1
phosphorylation profile, Gp,y»/PLCB, and Gp,y,/PLCP,
induced significant PKD kinase activity with all three
PKD isoforms, while Gp;ys/PLCB, failed to do so
(Additional file 3: Figure S3B). Similar Gf;y,-mediated
PKD activation profile was obtained with PLCP3 (data
not shown). As expected, Gf,y, failed to induce PKD
phosphorylation with PLC(; which is insensitive to Gy
(Additional file 3: Figure S3C).

Having demonstrated that certain Gp;y,/PLCp,/3 com-
binations were more effective in triggering PKD activity
in HEK293 cells, we asked if similar Gy, selectivity for
PKD phosphorylation could be observed in HeLa cells
that endogenously express high level of Gpy-sensitive
PLCP; (Figure 5A). Due to the relatively low levels of
endogenously expressed PKD1 [34], HeLa cells
were transiently co-transfected with ¢cDNAs encoding
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PKD1 and Gp1ys, GPi1ys or GPiye, followed by serum
starvation and subsequent immuno-detection of stimula-
tory phosphorylated PKD. The results obtained with en-
dogenous PLCp3-expressing HeLa cells (Figure 5E) were
essentially similar to those obtained from the PLC[,/3-
transfected HEK293 cellular background (Figure 5D,
lower panel). This further indicates that the identity of
the Gy subunit may confer specificity to GBy-mediated
PKD phosphorylation.

It has previously been suggested that GPy activates
PKD through direct interaction at its PH domain [27].
However, overexpression of GPy dimers failed to stimu-
late PKD phosphorylation in HEK293 cells (Figures
5B-D and Additional file 3: Figure S3A-B) unless Gpy-
responsive PLC[,/;3 was co-expressed (Figures 5D and
Additional file 3: Figure S3B-C). Despite the fact that all
of the functional Gp;y, dimers tested are capable of
stimulating PLCP activity [21], only certain Gp;yy dimers
(e.g. GP1Y2) effectively stimulated PKD phosphorylation
in the presence of PLCP,/3 (Figure 5D, lower panel).
Hence, we hypothesized that the presence of PLCP,3

may allow specific Gy to associate with PKD. For this,
HEK293 cells were transiently transfected with pcDNA3
(vector control), GB1yx (GB1Y7 GP1Ys) with or without
PLCB,. FLAG-tagged Gf; was immunoprecipitated from
the lysates of the transfectants, and the immune
complexes were subjected to SDS-PAGE, followed by
Western blotting for any PKD co-immunoprecipitated
with Gp;. As shown in Figure 6, phosphorylated PKD1
was clearly detectable in the immunoprecipitates
prepared from transfectants expressing both Gpiy;
dimer and PLCp,, but not when PLCp, was absent. Des-
pite comparable expressions of the various constructs
(Figure 6, right panel), hardly any PKD1 was pulled
down by the FLAG-tagged Gp; in cells expressing Gp1yo
with or without PLCp, (Figure 6, left panel). It should be
noted that both GB;y,; and Gy, were able to interact
with PLCP, in a comparable manner because the latter
was detected in the immunoprecipitates (Figure 6, left
panel). As the current data showed that GPy dimers
alone are ineffective in the co-immunoprecipitation with
PKD, hence, our findings not only demonstrate the
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crucial role of PLCP, for the effective binding between
GPy dimers and PKD, but also implicate that only spe-
cific GBy dimers are capable of interacting and activating
PKD in the presence of PLCp,.

Having established that PKD1-3 activation is promoted
by ectopic expression of certain Gy complexes, we inves-
tigated whether Gpy-mediated PKD activation was impli-
cated in Gj-linked biological function. Cell migration [34]

and invasion [40] represent some of the known cellular
functions of PKD. Since Jurkat T-cells express the Gj-
coupled receptor CXCR, and it is responsive to stromal
cell-derived factor 1a (SDF-1a) for chemotaxis [41], it ap-
pears to be a good cellular system for this investigation.
First of all, we examined whether PLCp, and PLCp; are en-
dogenously expressed in Jurkat T cells. Indeed, Jurkat
T-cells endogenously express both PLCP, and PLC[3
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Figure 6 G, interacts with PKD1 in the presence of specific Gy subunits and PLCB,. HEK293 cells were transiently transfected with
pcDNA3, PLCB,, and different GBy combinations as indicated, followed by serum starvation. Cell lysates were subjected to immunoprecipitation
by FLAG-tagged affinity gel and SDS-PAGE to resolve for proteins bound to FLAG-G,. Black lines represent positions at which images from the
same blot but on different lanes were merged.

isoforms, with the former being more abundant (Figure 7A).
Next, we used PTX (which ADP-ribosylates G; proteins) to
confirm that SDF-1a-induced signaling and chemotaxis in
Jurkat T-cells are mediated via G; proteins. Both SDF-1a-
induced intracellular Ca** mobilization (Figure 7B) and
chemotaxis (Figure 7C) in Jurkat T-cells were completely
abolished upon PTX pretreatment. These results imply that
CXCR, utilizes G; proteins to stimulate chemotaxis and
PLCB-mediated Ca®* mobilization in Jurkat T cells. The
latter response was presumably mediated by GPy dimers
released from activated G; proteins [42,43].

To determine whether PKD contributed to SDF-la-
induced chemotaxis in Jurkat T cells, we asked if this
chemotactic response can be inhibited by the PKD
inhibitor, G66976. We were able to demonstrate that
SDF-la-induced chemotaxis could be suppressed by
pretreatment with G66976 (Figure 7D). In agreement
with a previous report [41], the PI3K inhibitor
wortmannin (Figure 7D) also inhibited the SDF-la-
stimulated chemotaxis. Next, we assessed if PKD can
be activated by the Gj-coupled CXCR4. Jurkat T-cells
were pretreated with or without PTX, followed by
SDF-1a stimulation. Since Jurkat T-cells predominantly
express PKD2 [44], only PKD2 phosphorylation was
determined. SDF-1a stimulated PKD2 phosphorylation
became evident within 10 min and peaked at 15 min after
agonist addition (Figure 7E). The response was effectively
abolished by PTX pretreatment of Jurkat T-cells. As a
control, phospho-ERK was similarly monitored; SDF-1a
also stimulated ERK phosphorylation in a PTX-sensitive
manner (Figure 7E).

To substantiate that SDF-la-induced chemotaxis in
Jurkat T-cells is PKD2-dependent, we used specific vali-
dated siRNA oligonucleotides to knock down the ex-
pression of PKD2. As shown in Figure 7F, control and
scrambled siRNAs had no effect on PKD2 expression,
while silencing of PKD2 led to a remarkable reduction in
PKD2 expression; siRNAs targeting either PKD1 or

PKD3 did not affect the expression of PKD2. The
siRNA-mediated knockdown of PKD2 effectively inhi-
bited the SDF-1la-induced chemotaxis, whereas the con-
trols and siRNAs targeting PKD1 and PKD3 did not
significantly suppress chemotaxis (Figure 7F). Further-
more, silencing of PLCB,,3 but not PLCp; resulted in the
suppression of SDF-la-induced chemotaxis in Jurkat
T-cells, illustrating the importance of Gpy-responsive
PLCB isoforms in this activity (Figure 8A). As
SDF-1a also acts on Gj-coupled CXCR4 receptor in
HeLa cells for PKD activation (Figure 4C), we then
performed similar knockdown treatment to verify the pos-
sible PLCpB,/3-dependency. Our result demonstrated that
this Gj-induced signaling also required the Gpy-responsive
PLCB,/3 isoforms to stimulate the PKD activation
(Figure 8B).

Discussion

Extending from prior reports on the regulation of PKD1
by Gq [30,45], the present study demonstrates unequivo-
cally that each and every member of the Gq subfamily
(i.e., Gog, Gayy, Goyg and Goye) are capable of inducing
the kinase activity of all PKD isoforms (Figure 2). The
ability to P stimulate PKD activity is apparently unique
to the Gay members because other Ga subunits belong-
ing to the G;, G, or G, subfamilies all failed to induce
PKD phosphorylation or kinase activity (Figures 1, 2,
Additional file 1: Figure S1 and Additional file 2: Figure S2).
However, it should be noted that addition of AlF,; to
cells co-expressing PKD and wild type Gays can lead to
PKD activation [46]. Such an observation is confounded
by the fact that AlF; may activate multiple G proteins
simultaneously. The lack of effect on PKD by the consti-
tutively active mutant of Goys has in fact been reported
[30]. Hence, it is reasonable to conclude that only mem-
bers of the Gq subfamily are efficiently linked to PKD
activation.



Lau et al. Cell Communication and Signaling 2013, 11:22
http://www.biosignaling.com/content/11/1/22

Page 11 of 17

A HEK293
v D B
&Q\S’%Q\S’% &
PLcp2 [ WS |
PLCB3 [ e |
C 12
g 10 1
E 8 |:| Basal
T 6 B SsDF-1a
% 4.
2 4
0 ™M
Con PTX
E
10 nM Con PTX

P-ERK | — enemepen - = = = — |
ERK | s emamm e s |
P-PKD2576 | [ e e o s s |
PKD2 | ==

—— |

1.6
1.4
1.2
1.0
0.8
0.0

|:| Con *
M PTX

P-PKD2
(Fold-induction)

0 5 10 15 30
Time/min

SDF-1a-induced Ca®*

siRNA (siCon), siPKD1,

SDF-10. 0 5 101530 0 5 10 15 30 (min)
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Despite the preponderance of G4 in mediating GPCR-
induced activation of PKD, stimulation of Gj-coupled re-
ceptors in HeLa cells resulted in PKD phosphorylation
(Figure 4). This may be explained by the observation
that HeLa cells endogenously express Gpy-responsive
PLCP,,3 [28], thereby allowing GPy released from acti-
vated heterotrimeric G; proteins to mediate PKD activa-
tion through the GBy/PLC/PKC axis. One would expect

that stimulation of Gj-coupled receptors will result in
PKD activation in cells endowed with PLC[,,5. However,
if the endogenous PLCp,/3 is responsive to Gy dimers
and all active G protein heterotrimers liberate free Gy
dimers, then it remains puzzling why stimulation of G-
coupled receptors cannot activate PKD via PLCB,/3
(Figure 4B). A recent report has revealed that differential
dissociation may exist among different G proteins [47],
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Figure 8 Requirement of GfRy-responsive PLCB,,3 isoforms in SDF-1a-induced signaling activities in Jurkat T-cells and Hela cells.
(A) Jurkat T-cells were transfected with the vehicle control (RNase free water), scrambled siRNA (siCon), siPLCB;, or siPLCB, and siPLCB3
oligonucleotides for 72 h prior to chemotactic assay upon SDF-1a treatment. Cells lysates were subjected to Western blot analysis with specific
antibody against various PLCB isoforms. B-actin was used as loading control. *Simultaneous knockdown the GRy-responsive PLCB3, and PLCRs
isoforms resulted in significant suppression of SDF-1a-induced chemotaxis. (B) Hela cells subjected to similar PLC3 knockdown profiles were
examined for SDF-Ta-induced PKD activation, the levels of phospho-PKD1 in cell lysates were detected by Western blot analysis. The
fold-induction represents the ratio of band intensities (phospho-PKD1) with respect to the basal (1.00) of the control group. Similar results were
obtained in two independent experiments.

though it has long been thought that active G protein
heterotrimers readily dissociate into Ga-GTP subunits
and GPy dimers [48]. Activated G,5 heterotrimers can
seemingly dissociate more readily than activated Gy
heterotrimers, and this may account for Ga-specific acti-
vation of Gpy-sensitive effectors [47]. Alternatively, the
lack of Gs-induced PKD activation may be attributed to
insufficient release of GPy dimers as most Gpy-dependent
signaling appeared to require substantial amounts of free
Gpy, which is most often achieved by stimulating the more
abundantly expressed G; proteins [42,43].

Another interesting observation in the present study
pertains to the requirement of PLCP,,3 for GPy-induced
PKD activation (Figure 5). At first sight, our finding
seems to suggest a concept different from the previous
belief that GPy dimers alone can activate PKD through
interaction with the PH domain [27]. However, since the
cellular model (i.e. HeLa cells) used in Jamora’s report
expresses significant amount of GPy-sensitive PLCPBy/3, it
is possible that the presence of PLCP,,3 enables specific
GPy dimers to act on the PH domain of PKD. It has
been demonstrated that Gy prenylation is one of the im-
portant factors for Gy interaction with PLC isoforms,
as the presence of farnesyl lipid motif in Gy;, Gys and

Gy;; may lead to a weaker PLC activation as compared
to GPy dimers containing other Gy components with
geranylgeranyl lipid motif [49]. Indeed, we have observed
that GB1y1, GPi1yo and Gpiy;; are associated with a
weaker PLC activation and all of them are incapable of
effectively stimulating PKD (Figure 5D and 5E). Hence,
the possible influence of Gy prenylation status cannot be
neglected. However, Gy, and Gf;y; induce PLC activ-
ities of similar magnitude as those of GB;y;> and GB1Y13,
but only the former two are capable of stimulating PKD.
As Gy, Gys, Gy, and Gy;3 are commonly incorporated
with the geranylgeranyl lipid motif, factors other than
Gy prenylation and PLC activity may also be important
for governing the specificity of Gpy-mediated PKD acti-
vation. It can be observed that only certain GB;y dimers
(i.e., those containing Yo, Y3, Y4 Ys Y7 and yjp) but not
others (i.e., those containing yi, Ys, Yo Y11 Y12o and yi3)
could effectively activate PKD in the presence of PLCp,/3
(Figure 5D, lower panel). Yet, all combinations of GBiyx
dimers are capable of activating PLC[, [21]. The diffe-
rential ability of various Gp;y dimers to stimulate
PKD is thus unlikely to solely depend on their PLC]
activity alone. It can also be observed that the expression

levels of GBiya, GBiy7 GPiys, GP1y1r and GPiyi2 appear
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to be increased upon PLC[, co-expression (Additional file
4: Figure S4). However, such increased GPy expression is
not necessarily related to the subsequent PKD activation,
as increased Gf1yo, GP1y11 and GPyy1» expressions do not
effectively stimulate PKD in the presence of PLCp,,
whereas GP1Y2, GP1Y3, GPrys and Gpiyio trigger the kin-
ase activation without increased levels of subunit expres-
sions (Additional file 4: Figure S4). Hence, Gpy-mediated
PKD activation seems to be a specific function in response
to unique Gy combinations.

In fact, the ability of specific GBy dimers to stimulate
PKD phosphorylation may depend on their ability to
form a complex with PKD, since only those Gpy
dimers that can stimulate PKD (e.g., Gf;y;) could be
immunoprecipitated with PKD (Figure 6). The require-
ment of PLCP,/3 in GPy-mediated PKD signaling might
be explained if PLC[,,3 is an essential component of the
signaling complex that stabilizes the interaction between
GPy and PKD. The possible existence of a GBy/PLCp,,3/
PKD signaling complex is supported by the fact that
GPy dimers serve as direct activators for PLC,3 [50],
probably through the binding of GBy to the PH domain
of PLCP,/3 [51], while GBy/PKD-mediated Golgi frag-
mentation can be inhibited by a sequester peptide with
identical sequence of the GpPy-binding PH domain in
PKD [27]. Indeed, we have preliminary data suggesting
that PLCP, can be co-immunoprecipitated with all three
PKD isoforms, while PLCp; fails to do so (Additional file
5: Figure S5). Apparently the reported capabilities of
Gpy to interact with PLCB,/3 and PKD seem to support
the notion for the formation of a Gpy/PLCp,,3/PKD sig-
naling complex. However, it is unclear as to whether a
single GPy dimer binds to the PH domains of PLCPy3
and PKD sequentially or simultaneously. Similarly, we
cannot rule out the possibility that there may be differ-
ent pools of GPy dimers for GBy-PLCP and GPy-PKD
interactions, respectively, and that they may subse-
quently cooperate with each other to stimulate PKD.
Further studies are required to examine the precise in-
teractions between Gy, PLCf,/3 and PKD.

The assembly of a GBy/PLCp,,3/PKD signaling com-
plex may require the participation of scaffolding pro-
teins. In this regard PKD isoforms have been shown to
interact with the PDZ domains of a scaffolding protein
family named NHERF [52]. Coincidently, PLC(,/3 can
also interact with different NHERF members [53,54].
Hence, NHEREF, as well as other similar scaffold proteins,
may act as a nexus for GPy/PLCB/PKD signaling
(Figure 9), in which intracellular scaffold may facilitate
or determine the formation of functional complexes
among the signaling players. Scaffolding proteins (e.g.
NHERFs and others) may form functional complexes
with specific PLCp isoforms and PKDs, and perhaps only
those complexes containing PLCPR,,;3 will enable Gy
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dimers to be recruited for interaction with PKDs. Such
activation mechanism is not feasible for PLCB; which is
Gpy-insensitive. The GPy/PLCp,/3-induced DAG pro-
duction leads to confirmation changes of PKDs as well
as PKC-mediated phosphorylation on the kinases. As
demonstrated in the current report, enhanced Gpy-
induced PLCp,/3 stimulation alone does not guarantee a
successful PKD activation, it is possible that only specific
GPy dimers (e.g. GP1Y») are compatible with the PH do-
main of PKDs for productive conformation changes,
which result in functional activation of PKDs. In fact,
our unpublished data showed that PKD activation trig-
gered by Gj-coupled receptors is sensitive to inhibitors
for PLCP (e.g. U73122) as well as to Gy subunit scav-
engers (e.g. transducin). Since only specific Gy dimers
are capable of stimulating PKD in the presence of
PLCP,/3, our results actually suggest a dual requirement
of functional PLCP activity and compatible Gy dimers
for Gj-mediated PKD activation. It remains unclear if all
the members in the G4 family (i.e. Gag, Gayy, Goya, and
Goae) also activate PKD in a similar manner. However, it
should be noted that another scaffold protein named
PAR3 have been suggested as a Gg-specific signaling
component with selective recruitment of PLC;, while
PLCB,/3 isoforms may have high preferences towards
NHERF members in G;-mediated signaling [53,54]. The
involvement of different scaffold proteins may also ex-
plain the differential observation that, Ga subunits of
the Gy family (much stronger activators for PLCQ
isoforms as compared to GPy dimers) are capable of
stimulating PKD in a GPy-independent manner.

PKD mediates a diverse array of normal biological
functions and pathological activities, including cell pro-
liferation and differentiation, cell motility, regulation of
cell vesicle trafficking, secretion, and polarity, inflamma-
tory responses, cardiac hypertrophy and cancer [55].
Therein, the transport of protein from the Golgi to
plasma membrane is regulated via GPy signaling
[27,28,56]. From our results, it is postulated that stimu-
lation of Gj-coupled receptor leads to the liberation of
free GPy dimers, which then interact with PLCpB,/3 and
activate PKD. This may help to elucidate part of the
mechanism regarding secretory activities regulated by
receptor-induced Gy translocation between the Golgi
and plasma membrane [57], and the characteristic of
Golgi as one of the major cellular locations for activated
PKD [58]. Indeed, GPy dimers are known to mediate
many cellular responses and signaling pathways involved
in multiple aspects of cellular function. Previous studies
have reported that SDF-1a-induced activation of CXCR4
receptor induces chemotaxis in Jurkat T cells [41]. Here,
our results showed that this Gj-coupled chemotactic re-
sponse may be mediated by the GPy/PLCB/PKD axis
(Figure 7). However, further investigations are needed to
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determine whether these components act in concert.
The activation of STAT3, which is an important tran-
scription factor, is also regulated by Gpy-mediated sig-
naling [23]. Similar to PKD, only distinct combinations
of GPy can effectively activate STAT3. Nevertheless, the
panel of STAT3-activating Gy dimers is not identical to
the PKD-stimulatory GPy complexes; only Gp;ys and
Gp1YP; are effective activators for both pathways. Taken
together, our results suggested that PKD may be impli-
cated in diverse cellular activities, including those
mediated by Gy.

Functional redundancy is a common feature among
isoforms of biological molecules. However, it is not al-
ways the case. Though the three PKD isoforms are highly

conserved and our results showed that all three PKD
isoforms (PKD1, PKD2 and PKD3) are activated equally
well by Ga subunits from the G, family, as well as by spe-
cific GByyx with PLCPB,/3, they may have unique functions.
For example, PKD1 plays a non-redundant role in patho-
logical cardiac remodeling, and the homozygous germline
deletion of PKD1 causes embryonic lethality [59]. As for
PKD2, it has a unique role in endothelial cells [6], lymph-
oid cells [7], and monocytes [34]. Recent studies have re-
vealed the essential role of PKD3 in the progression of
prostate cancer [60] and insulin-independent basal glucose
uptake in L6 skeletal muscle cells [61]. Further studies are
necessary to elucidate the mechanisms behind GPCR-
mediated activation of the three PKD isoforms.
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Conclusion

Collectively, among various members of G proteins, only
the Ga subunits of the G4 family effectively activate all
three PKD isoforms (PKD1/2/3), while Ga subunits of
other G protein families (G, G;, and G;,) are inefficient
in these kinase activations. However, receptors linked to
G; proteins are capable of triggering PKD activation in
cell lines endogenously expressing (HeLa cells and Jurkat
T-cells) or exogenously transfected with (HEK293 cells)
Gpy-sensitive PLCP,/3 isoforms, indicating the involve-
ment of GBy dimers for the G;-mediated PKD activation.
Although the presence of PLCP,/3 is highly important,
only those GP;y dimers with Yo, Y3, Y4 Y5, Y7 and yig
are effective activators of PKD, and the specific inter-
action between Gy, PKD and PLCp,,3 may play a piv-
otal role in this Gpy-mediated PKD signaling pathway.
Furthermore, the biological significance of G;-mediated
PKD activation is illustrated by SDF-la-induced chemo-
taxis on Jurkat T-cells, in which the chemotaxic activity
is abolished by pretreatment with PTX and knockdown
of PKD. Taken together, our current report illustrates
that GBy dimers from G; proteins may activate PKD in a
PLCP,/3-dependent manner, and the identity of Gy of
the GPy dimer being a determinant.

Additional files

Additional file 1: Figure S1. Constitutively active Ga subunits from the
G; subfamily failed to induce PKD activation. (A) HEK293 cells were
transiently transfected with pcDNA3 or WT/QL forms of Ga subunits from
the G; subfamily. Cell lysates were subjected to SDS-PAGE. Ga subunits,
phospho-PKD173¥7%2 phospho-PKD1°', total PKD1, tag of PKD1 (HA)
were analyzed by Western blotting using respective specific antibody. (B)
HA-PKD1, FLAG-PKD2 and Myc-PKD3 were immunoprecipitated from cell
lysates described in (A), and subjected to in vitro PKD kinase assays in
terms of syntide-2 phosphorylation. Results are the average of at least
three independent experiments, and represented as fold increase over
pcDNA3 control (£S.EM.).

Additional file 2: Figure S2. Constitutively active Ga subunits from the
G, and Gy, subfamilies failed to induce PKD activation. (A) HEK293 cells
were transiently transfected with pcDNA3 or WT/QL forms of Ga subunits
from the Gy and G, subfamilies. Cell lysates were subjected to SDS-PAGE.
Ga subunits, phospho-PKD172%742 phospho-PKD1°'°, total PKD1, tag of
PKD1 (HA) were analyzed by Western blotting using respective specific
antibody. (B) HA-PKD1, FLAG-PKD2 and Myc-PKD3 were
immunoprecipitated from cell lysates described in (A), and subjected to
in vitro PKD kinase assays. Results are the average of at least three
independent experiments, and represented as fold increase over pcDNA3
control (+S.EM.).

Additional file 3: Figure S3. PLC[3, and specific Gy subunits are
required in GRy-induced PKD activation in HEK293 cells. (A) HEK293 cells
stably transfected with pcDNA3 or HA-Gy, were transfected with
pcDNA3, FLAG-GB; or FLAG-GB,. Cell lysates were subjected to SDS-
PAGE. FLAG-GB, HA-Gy, phospho-PKD17¥742 phospho-PKD1°'° and total
PKD1 were analyzed by Western blotting using respective specific antibody.
(B) HEK293 cells were transiently transfected with vector control, PLC,,
various GRy dimers and tagged PKD isoforms (HA-PKD1, FLAG-PKD2 and
Myc-PKD3). The cultures were then lysed, and the tagged PKD isoforms
were immunoprecipitated for in vitro PKD kinase assay. (C) HEK293 cells
transiently transfected with pcDNA3, GB, Gy, GBy combinations with or
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without PLCB; or PLCP, were lysed, and analyzed by Western blotting for
PKD1 phosphorylation.

Additional file 4: Figure S4. The expression profiles of GBy dimers and
the corresponding PKD activation in the presence of PLCB,. HEK293 cells
were transfected with pcDNA3, PLCB,, various combinations of GBy with
or without PLCB,. Transfectants were lysed, and the lysates were
subjected to Western blotting using antibodies against phosphorylated
PKD1, PKD, PLCP,, Flag-tagged GB, and HA-tagged Gy subunits.

Additional file 5: Figure S5. PLC(3,, but not PLC(;, can be co-
immunoprecipitated with various PKD isoforms. HEK293 cells were
transiently transfected with pcDNA3, PLCR,, with tagged PKD1/2/3 as
indicated. HA-PKD1, FLAG-PKD2 and Myc-PKD3 were immunoprecipitated
from cell lysates with their respective affinity gels and further analyzed by
Western blotting for the possible interaction with PLCB .

Abbreviations

BK,R: Bradykinin type Il receptor; B,AR: B>-adrenergic receptor;

DAG: Diacylglycerol; fMLPR: N-formyl-methionyl-leucyl-phenylalanine
receptor; GPCR: G protein-coupled receptor; PLCR: Phospholipase Cp;
PKD: Protein kinase D; PTX: Pertussis toxin.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

WWIL and ASLC carried out the experiments participated in the design of

the study and wrote the manuscript. LSWP and JZ carried out some of the
experiments. YHW participated in the design of the study and revised the

manuscript. All authors read and approved the final manuscript.

Acknowledgements

We thank Drs. J. Van Lint, Q. J. Wang, and Dr. R. Ye for the provision of
cDNAs. Supported by the Hong Kong RGC (HKUST 660107, 660108, 660109),
UGC (T13-607/12R), and the Hong Kong Jockey Club.

Received: 20 November 2012 Accepted: 22 March 2013
Published: 5 April 2013

References

1. Johannes FJ, Prestle J, Eis S, Oberhagemann P, Pfizenmaier K: PKCp is a
novel, atypical member of the protein kinase C family. J Biol Chem 1994,
269:6140-6148.

2. Valverde AM, Sinnett-Smith J, Van Lint J, Rozengurt E: Molecular cloning
and characterization of protein kinase D - a target for diacylglycerol and
phorbol esters with a distinctive catalytic domain. Proc Natl Acad Sci USA
1994, 91(18):8572-8576.

3. Van Lint JV, Sinnett-Smith J, Rozengurt E: Expression and characterization
of PKD, a phorbol ester and diacylglycerol-stimulated serine protein
kinase. J Biol Chem 1995, 270:1455-1461.

4. Storz P, Toker A: Protein kinase D mediates a stress-induced NF-kappaB
activation and survival pathway. EMBO J 2003, 22(1):109-120.

5. Peterburs P, Heering J, Link G, Pfizenmaier K, Olayioye MA, Hausser A: Protein
kinase D regulates cell migration by direct phosphorylation of the cofilin
phosphatase slingshot 1 like. Cancer Res 2009, 69(14):5634-5638.

6. Hao Q Wang L, Zhao ZJ, Tang H: Identification of protein kinase D2 as a
pivotal regulator of endothelial cell proliferation, migration, and
angiogenesis. J Biol Chem 2009, 284:799-806.

7. Matthews SA, Navarro MN, Sinclair LV, Emslie E, Feijoo-Carnero C, Cantrell
DA: Unique functions for protein kinase D1 and protein kinase D2 in
mammalian cells. Biochem J 2010, 432(1):153-163.

8. LaValle CR, George KM, Sharlow ER, Lazo JS, Wipf P, Wang QJ: Protein
kinase D as a potential new target for cancer therapy. Biochim Biophys
Acta 2010, 1806(2):183-192.

9. lglesias T, Rozengurt E: Protein kinase D activation by mutations within its
pleckstrin homology domain. J Biol Chem 1998, 273(1):410-416.

10.  Matthews AA, Rozengurt E, Cantrell D: Protein kinase D - A selective target
for antigen receptors and a downstream target for PKC in lymphocytes.
J Exp Med 2000, 191:2075-2082.


http://www.biomedcentral.com/content/supplementary/1478-811X-11-22-S1.pdf
http://www.biomedcentral.com/content/supplementary/1478-811X-11-22-S2.pdf
http://www.biomedcentral.com/content/supplementary/1478-811X-11-22-S3.pdf
http://www.biomedcentral.com/content/supplementary/1478-811X-11-22-S4.pdf
http://www.biomedcentral.com/content/supplementary/1478-811X-11-22-S5.pdf

Lau et al. Cell Communication and Signaling 2013, 11:22
http://www.biosignaling.com/content/11/1/22

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Eiseler T, Schmid MA, Topbas F, Pfizenmaier K, Hausser A: PKD is recruited
to sites of actin remodelling at the leading edge and negatively
regulates cell migration. FEBS Lett 2007, 581(22):4279-4287.

Ha CH, Wang W, Jhun BS, Wong C, Hausser A, Pfizenmaier K, McKinsey TA,
Olson EN, Jin ZG: Protein kinase D-dependent phosphorylation and
nuclear export of histone deacetylase 5 mediates vascular endothelial
growth factor-induced gene expression and angiogenesis. J Biol Chem
2008, 283(21):14590-14599.

Zugaza JL, Waldron RT, Sinnett-Smoith J, Rozengurt E: Bombesin,
vasopressin, endothelin, bradykinin, and platelet-derived growth factor
rapidly activate protein kinase D through a PKC-dependent signal
transduction pathway. J Biol Chem 1997, 272:23952-23960.

Chen LA, Li J, Silva SR, Jackson LN, Zhou Y, Watanabe H, Ives KL, Hellmich
MR, Evers BM: PKD3 is the predominant protein kinase D isoform in
mouse exocrine pancreas and promotes hormone-induced amylase
secretion. J Biol Chem 2009, 284(4):2459-2471.

Poole DP, Amadesi S, Rozengurt E, Thacker M, Bunnett NW, Furness JB:
Stimulation of the neurokinin 3 receptor activates protein kinase C
epsilon and protein kinase D in enteric neurons. Am J Physiol Gastrointest
Liver Physiol 2008, 294(5):G1245-G1256.

Yuan J, Yuan, Rozengurt: Activation of protein kinase D3 by signaling
through Rac and the a-subunit of the heterotrimeric G proteins G;, and
Gy3. Cell Signal 2006, 18(7):1051-1062.

Yuan J, Slice LW, Gu J, Rozengurt E: Cooperation of Gg, G, and Gyy/3 in
protein kinase D activation and phosphorylation induced by
lysophosphatidic acid. J Bio/ Chem 2003, 278(7):4882-4891.

Smrcka AV: G protein By subunits: central mediators of G protein-
coupled receptor signaling. Cell Mol Life Sci 2008, 65:2191-2214.
Robishaw JD, Schwindinger WF, Hansen CA: Handbook of Cell Signaling.
In, Volume 3 Edited by Bradshaw RA, Dennis EA. San Diego: Academic
Press; 2009:623-629.

Dupré DJ, Robitaille M, Rebois RV, Hébert TE: The role of GBy subunits in
the organization, assembly, and function of GPCR signaling complexes.
Annu Rev Pharmacol Toxicol 2009, 49:31-56.

Poon LS, Chan AS, Wong YH: G forms distinct dimers with specific Gy
subunits and preferentially activates the B3 isoform of phospholipase C.
Cell Signal 2009, 21(5):737-744.

Zhang Y, Tang W, Jones MC, Xu W, Halene S, Wu D: Different roles of G
protein subunits 3; and 3, in neutrophil function revealed by gene
expression silencing in primary mouse neutrophils. J Biol Chem 2010,
285(32):24805-24814.

Yuen JW, Poon LS, Chan AS, Yu FW, Lo RK, Wong YH: Activation of STAT3
by specific Ga subunits and multiple GBy dimers. Int J Biochem Cell Biol
2010, 42(6):1052-1059.

Schwindinger WF, Betz KS, Giger KE, Sabol A, Bronson SK, Robishaw JD: Loss
of G protein y7 alters behavior and reduces striatal o, level and cAMP
production. J Biol Chem 2003, 278(8):6575-7579.

Schwindinger WF, Giger KE, Betz KS, Stauffer AM, Sunderlin EM,

Sim-Selley LJ, Selley DE, Bronson SK, Robishaw JD: Mice with deficiency of G
protein ys are lean and have seizures. Mol Cell Biol 2004,

24(17):7758-7768.

Schwindinger WF, Mirshahi UL, Baylor KA, Sheridan KM, Stauffer AM, Usefof
S, Stecker MM, Mirshahi T, Robishaw JD: Synergistic roles for G-protein ys
and y; subtypes in seizure susceptibility as revealed in double knockout
mice. J Biol Chem 2011, 287(10):7121-7133.

Jamora C, Yamanouye N, Van Lint J, Laudenslager J, Vandenheede JR,
Faulkner DJ, Malhotra V: GBy-mediated regulation of Golgi organization is
through the direct activation of protein kinase D. Cell 1999, 98(1):59-68.
Diaz Afel AM: Phospholipase C B3 is a key component in the GRy/PKCn/
PKD-mediated regulation of trans-Golgi network to plasma membrane
transport. Biochem J 2007, 406(1):157-165.

Diaz Afel AM, Malhotra V: PKCn is required for 31y2/B3y2- and PKD-
mediated transport to the cell surface and the organization of the Golgi
apparatus. J Cell Biol 2005, 169(1):83-91.

Yuan J, Slice L, Walsh JH, Rozengurt E: Activation of protein kinase D by
signaling through the alpha subunit of the heterotrimeric G protein Gg.
J Biol Chem 2000, 2275(3):2157-2164.

Waldron RT, Innamorati G, Torres-Marquez ME, Sinnett-Smith J, Rozengurt E:
Differential PKC-dependent and -independent PKD activation by G
protein a subunits of the Gq family: selective stimulation of PKD Ser748
autophosphorylation by Gagq. Cell Signal 2012, 24(4):914-921.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 16 of 17

Kahn RA: Fluoride is not an activator of the smaller (20-25 kDa)
GTP-binding proteins. J Biol Chem 1991, 266(24):15595-15597.

Barritt GJ, Gregory RB: An evaluation of strategies available for the
identification of GTP-binding proteins required in intracellular signalling
pathways. Cell Signal 1997, 9(3-4):207-218.

Tan M, Hao F, Xu X, Chisolm GM, Cui MZ: Lysophosphatidylcholine
activates a novel PKD2-mediated signaling pathway that controls
monocyte migration. Arterioscler Thromb Vasc Biol 2009, 9:1376-1382.

Rykx A, De Kimpe L, Mikhalap S, Vantus T, Seufferlein T, Vandenheede JR,
Van Lint J: Protein kinase D: a family affair. FEBS Lett 2003, 546(1):81-86.
Rybin VO, Guo J, Steinberg SF: Protein kinase D1 autophosphorylation via
distinct mechanisms at Ser744/Ser748 and Ser916. J Biol Chem 2009,
284(4):2332-2343.

Wu EH, Lo RK, Wong YH: Regulation of STAT3 activity by G;¢-coupled
receptors. Biochem Biophys Res Commun 2003, 303(3):920-925.

Su Y, Ho MK, Wong YH: A hematopoietic perspective on the promiscuity
and specificity of Ga signaling. Neurosignals 2009, 17(1):71-81.

Ho MK, Yung LY, Chan JS, Chan JH, Wong CS, Wong YH: Ga4 links a
variety of G;- and G,-coupled receptors to the stimulation of
phospholipase C. Br J Pharmacol 2001, 132(7):1431-1440.

Jackson LN, Li J, Chen LA, Townsend CM, Evers BM: Overexpression of
wild-type PKD2 leads to increased proliferation and invasion of BON
endocrine cells. Biochem Biophys Res Commun 2006, 348(3):945-949.
Sotsios Y, Whittaker GC, Westwick J, Ward SG: The CXC chemokine stromal
cell-derived factor activates a Gi-coupled phosphoinositide 3-kinase in T
lymphocytes. J Immunol 1999, 163:5954-5963.

Liu G, Robillard L, Banihashemi B, Albert PR: Growth hormone-induced
diacylglycerol and ceramide formation via Ga;s and GBy in GH4 pituitary
cells. Potentiation by dopamine-D, receptor activation. J Bio/ Chem 2002,
277(50):48427-48433.

Kam AY, Chan AS, Wong YH: Rac and Cdc42-dependent regulation of
c-Jun N-terminal kinases by the §-opioid receptor. J Neurochem 2003,
84:503-513.

Irie A, Harada K, Tsukamoto H, Kim JR, Araki N, Nishimura Y: Protein kinase
D2 contributes to either IL-2 promoter regulation or induction of cell
death upon TCR stimulation depending on its activity in Jurkat cells.

Int Immunol 2006, 18(12):1737-1747.

Sinnett-Smith J, Zhukova E, Hsieh N, Jiang X, Rozengurt E: Protein kinase D
potentiates DNA synthesis induced by Gg-coupled receptors by
increasing the duration of ERK signaling in swiss 3T3 cells. J Biol Chem
2004, 279(16):16883-16893.

Yuan J, Slice LW, Rozengurt E: Activation of protein kinase D by signaling
through Rho and the a-subunit of the heterotrimeric G protein G13.

J Biol Chem 2001, 276(42):38619-38627.

Digby GJ, Sethi PR, Lambert NA: Differential dissociation of G protein
heterotrimers. J Physiol 2008, 586(14):3325-3335.

Gilman AG: G proteins: transducers of receptor-generated signals.

Annu Rev Biochem 1987, 56:615-649.

Myung CS, Lim WK, DeFilippo JM, Yasuda H, Neubig RR, Garrison JC:
Regions in the G protein y-subunit important for interaction with
receptors and effectors. Mol Pharmacol 2006, 69(3):877-887.

Runnels LW, Scarlata SF: Determination of the affinities between
heterotrimeric G protein subunits and phospholipase C-f effectors.
Biochemistry 1999, 38:1488-1496.

Wang T, Dowal L, E-Maghrabi MR, Rebecchi M, Scarlata S: The pleckstrin
homology domain of phospholipase C-f, links the binding of GBy to
activation of the catalytic core. J Biol Chem 2000, 275(11):7466-7469.
Kunkel MT, Garcia EL, Kajimoto T, Hall RA, Newton AC: The protein scaffold
NHERF-1 controls the amplitude and duration of localized protein kinase
D activity. J Biol Chem 2009, 284(36):24653-24661.

Choi JW, Lim S, Oh YS, Kim EK, Kim SH, Kim YH, Heo K, Kim J, Kim JK, Yang
YR, Ryu SH, Suh PG: Subtype-specific role of phospholipase C-8 in
bradykinin and LPA signaling through differential binding of different
PDZ scaffold proteins. Cell Signal 2010, 22(7):1153-1161.

Kim JK, Lim S, Kim J, Kim S, Kim JH, Ryu SH, Suh PG: Subtype-specific roles
of phospholipase C-B via differential interactions with PDZ domain
proteins. Adv Enzyme Regul 2011, 51(1):138-151.

Rozengurt E: Protein kinase D signaling: multiple biological functions in
health and disease. Physiology (Bethesda) 2011, 26(1):23-33.

Saini DK, Karunarathne WK, Angaswamy N, Saini D, Cho JH, Kalyanaraman V,
Gautam N: Regulation of Golgi structure and secretion by receptor-



Lau et al. Cell Communication and Signaling 2013, 11:22
http://www.biosignaling.com/content/11/1/22

induced G protein By complex translocation. Proc Natl Acad Sci USA 2010,
107(25):11417-11422.

57. Saini DK, Chisari M, Gautam N: Shuttling and translocation of heterotrimeric
G proteins and Ras. Trends Pharmacol Sci 2009, 30(6):278-286.

58.  Gautam N: Real time analysis of protein location and function: a
Golgi-specific PKD sensor. Biotechnol J 2012, 7(1):17-18.

59. Fielitz J, Kim MS, Shelton JM, Qi X, Hill JA, Richardson JA, Bassel-Duby R,
Olson EN: Requirement of protein kinase D1 for pathological cardiac
remodeling. Proc Natl Acad Sci USA 2008, 105:3059-3063.

60. LaValle CR, Zhang L, Xu S, Eiseman JL, Wang QJ: Inducible silencing of
protein kinase D3 inhibits secretion of tumor-promoting factors in
prostate cancer. Mol Cancer Ther 2012, 11(7):1389-1399.

61. Chen J, Lu G, Wang QJ: Protein kinase C-independent effects of protein
kinase D3 in glucose transport in L6 myotubes. Mol Pharmacol 2005,
67:152-162.

doi:10.1186/1478-811X-11-22

Cite this article as: Lau et al.: GBy-mediated activation of protein kinase
D exhibits subunit specificity and requires GBy-responsive
phospholipase CB isoforms. Cell Communication and Signaling 2013 11:22.

Page 17 of 17

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Materials and methods
	Materials
	Cell culture and transfection
	In vitro PKD Assay
	Electroporation
	Western blotting analysis
	Measurement of intracellular Ca2+ transient by FLIPR®
	Co-immunoprecipitation assay
	Chemotactic assay
	Statistics

	Results
	Discussion
	Conclusion
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


