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Abstract

Protein kinase D (PKD) consists of a family of three structurally related enzymes that are co-

expressed in the heart and have important roles in many biological responses. PKD1 is activated 

by pro-hypertrophic stimuli and has been implicated in adverse cardiac remodeling. Efforts to 

define the cardiac actions of PKD2 and PKD3 have been less successful at least in part because 

conventional methods provide a general screen for PKD activation but are poorly suited to resolve 

activation patterns for PKD2 or PKD3. This study uses Phos-tag SDS-PAGE, a method that 

exaggerates phosphorylation-dependent mobility shifts, to overcome this technical limitation. 

Phos-tag SDS-PAGE resolves PKD1 as distinct molecular species (indicative of pools of enzyme 

with distinct phosphorylation profiles) in unstimulated cardiac fibroblasts and cardiomyocytes; as 

a result, attempts to track PKD1 mobility shifts that result from agonist activation were only 

moderately successful. In contrast, PKD2 and PKD3 are recovered from resting cardiac fibroblasts 

and cardiomyocytes as single molecular species; both enzymes display robust mobility shifts in 

Phos-tag SDS-PAGE in response to treatment with sphingosine-1-phosphate, thrombin, PDGF, or 

H2O2. Studies with GF109203X implicate protein kinase C activity in the stimulus-dependent 

pathways that activate PKD2/PKD3 in both cardiac fibroblasts and cardiomyocytes. Studies with 

C3 toxin identify a novel role for Rho in the sphingosine-1-phosphate and thrombin receptor-

dependent pathways that lead to the phosphorylation of PKD2/3 and the downstream substrate 

CREB in cardiomyocytes. In conclusion, Phos-tag SDS-PAGE provides a general screen for 

stimulus-specific changes in PKD2 and PKD3 phosphorylation and exposes a novel role for these 

enzymes in specific stress-dependent pathways that influence cardiac remodeling.
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1. INTRODUCTION

Protein kinase D (PKD) consists of a family of three structurally-related stress-activated 

enzymes (PKD1 or PKDμ, PKD2, and PKD3 or PKDν) that regulate a large number of 

fundamental biological processes involved in cell proliferation, differentiation, apoptosis, 

immune regulation, cardiac contraction, cardiac hypertrophy, angiogenesis, and cancer [1–

3]. PKD isoforms share a common modular domain structure consisting of a C-terminal 

kinase domain and an N-terminal regulatory domain consisting of tandem C1A/C1B motifs 

that anchor full-length PKD to diacylglycerol-/phorbol ester-containing membranes and a 

pleckstrin homology (PH) motif that participates in intramolecular autoinhibitory 

interactions that regulate enzyme activity (Fig 1). PKD activation is generally attributed to 

growth factor-dependent mechanisms that promote diacylglycerol accumulation and co-

localize PKD with allosterically-activated novel protein kinase C (nPKC) isoforms at lipid 

membranes. nPKCs then trans-phosphorylate PKD at conserved serine residues in the 

activation loop. However, PKC-independent activation loop autophosphorylation also can 

contribute to PKD1 activation under specific stimulatory conditions [4, 5]. Activated forms 

of PKD1 and PKD2 (but not PKD3) then autophosphorylate at a PKD consensus 

phosphorylation motif (in a PDZ domain-binding motif) at the extreme C-terminus - this 

modification regulates interactions with scaffolding proteins, trafficking to distinct cellular 

subdomains, and the amplitude/tempo of PKD signaling responses [6, 7].

While individual PKD isoforms display similar in vitro substrate specificities and share 

some overlapping cellular responses, these enzymes are not necessarily functionally 

redundant under all stimulatory conditions or in all cell types. Some of the major structural 

differences between these enzymes that could underlie PKD isoform specificity are 

summarized in Figure 1 and listed below:

1. PKD1 and PKD2 contain a C-terminal autophosphosphorylation site that 

is not conserved in PKD3.

2. PKD isoforms are highly divergent at their extreme N-termini. This region 

is apolar alanine/proline-rich in PKD1, proline-rich in PKD2, whereas it 

contains a large number of phosphorylation sites in PKD3.

3. The N-terminal variable region of PKD1 contains a Tyr residue (Y95) that 

is flanked by a minimal PKCδ-C2 domain binding motif [pY-(Q/R)-X-

(Y/F)] [8]. PKD1 is phosphorylated at this Tyr residue during oxidative 

stress, generating a docking site for the PKCδ-C2 domain and leading to 

PKCδ-dependent PKD1 phosphorylation/activation [9]. A tyrosine residue 

is conserved at this position in PKD2, but not in PKD3; the Y-F 

substitution at this site in PKD3 prevents redox/PKCδ-dependent 

activation [9].

4. All three enzymes contain a large number of Ser/Thr phosphorylation sites 

in their C1A/C1B interdomains. Autophosphorylation sites at Ser205/

Ser208 and Ser219/Ser223 in the C1A/C1B interdomain of PKD1 have been 

characterized as 14-3-3 protein binding sites that regulate PKD1 activity 

[10]. The Ser205/Ser208 phosphorylation sites are conserved in PKD3 
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(Ser219/Ser223 is not), whereas PKD2 contains phosphorylation sites 

flanked by more variable motifs at this and several other positions in this 

region of the enzyme.

5. The PKD1 C1B-PH domain interface contains sites for trans 
phosphorylation by PKC (Ser412 [11]) and protein kinase A (Ser421 [12]) 

that are conserved in PKD2 and PKD3. This region also is phosphorylated 

at Ser397 by p38MAPK [13]; a Ser at this position (with a +1 Pro) is 

phosphorylated in PKD3, but this sequence is not conserved in PKD2.

6. A phosphorylation site in the PH domain of PKD1 (Tyr463) disrupts PH 

domain mediated autoinhibitory regulation and is conserved in PKD2 and 

PKD3 [14]. Other phosphorylation sites (of unknown significance) also 

have been identified in the PH domain PKD1, and to a lesser extent in 

PKD2.

This brief summary serves to emphasize that in addition to the canonical phosphorylation 

motifs in the activation loop and C-tail, all three PKD isoforms contain a large number of 

additional phosphorylation sites in other regions of the enzyme. In some cases, 

phosphorylation at these other sites has been implicated as a mechanism that controls PKD’s 

cellular actions. However, our current understanding of the controls and consequences of 

PKD multi-site phosphorylation remains quite limited, at least in part because methods to 

track phosphorylation at these non-canonical sites remain rather costly and cumbersome. For 

this reason, we became interested in Phosphate binding tag (Phos-tag) acrylamide gel 

electrophoresis as a method to separate various phosphorylated and nonphosphorylated 

forms of individual isoforms of PKD [16–20]. Phos-tag forms complexes with 

phosphomonoester dianions bound to Ser, Thr, or Tyr residues. Since this slows the 

electrophoretic migration of phosphorylated forms of a given protein, Phos-tag SDS-PAGE 

can be used as a general screen for phosphorylation at any residue (Ser, Thr, or Tyr) in 

individual PKDs.

PKD1, PKD2, and PKD3 are detected at the mRNA level in various cardiac preparations 

[21–23]. PKD activation has been implicated in both cardioprotection against ischemia/

reperfusion (I/R) injury [24] and in adverse cardiomyocyte remodeling, the latter generally 

attributed to the phosphorylation of proteins that control gene transcription (such as class II 

histone deacetylases and cAMP response element binding protein [21, 25]) or cardiac 

contraction (such as cardiac troponin I and cardiac myosin-binding protein C [26]). We 

previously identified distinct agonist-dependent activation mechanisms for PKD1 and PKD2 

in cardiomyocytes [4]. These results could suggest that individual PKD isoforms play 

distinct roles in different cardiomyocyte effector responses. PKDs could in theory also 

regulate cardiac remodeling through actions in cardiac fibroblasts, since PKD1 activation 

has been linked to the induction of procollagen, type I, alpha 2 (Col1a2) gene expression and 

cardiac fibrosis [27]. However, PKD isoform expression and activation patterns in cardiac 

fibroblasts have never been examined.

PKD isoform-specific activation profiles typically are resolved using immunoprecipitation/

Western blotting methods and/or PKD isoform knockdown strategies. While these methods 
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have been used to considerable advantage in many cell types, they are cumbersome, 

immunoprecipitation/Western blotting studies are reagent limited (since available 

phosphorylation site-specific antibodies can only track phosphorylation at the common 

phosphorylation motifs in the activation loop and C-terminus) and the specificity/efficiency 

of gene knockdown methods is imperfect; we previously identified an underappreciated 

effect of PKD1 knockdown to induce a compensatory increase in PKD2 activity in 

cardiomyocytes [4]. Therefore, this study adopts Phos-tag SDS-PAGE methods to resolve 

receptor and redox-dependent pathways that activate PKD1, PKD2, and PKD3 in cardiac 

fibroblasts and cardiomyocytes.

2. MATERIALS AND METHODS

2.1 Reagents

Antibodies were from the following sources: PKD1-Ser(P)744/Ser(P)748 (Cat. #2054), 

PKD1-Ser(P)916 (Cat. #2051), PKD1 (Cat. #2052), and PKD3 (Cat. #5655) were from Cell 

Signaling Technologies. PKD2 (Cat. ab57114, a monoclonal antibody raised against 

residues 1–110 at the N terminus of human PKD2) was from Abcam. C3 exotoxin was from 

Cytoskeleton, Inc. GF109203X and Gö6976 were from Enzo Life Sciences. S1P was from 

Avanti Polar Lipids. Thrombin, Endothelin-1, norepinephrine, platelet-derived growth factor 

(PDGF) and PMA were from Sigma. All other chemicals were regent grade.

2.2 Cell Culture

Cardiomyocytes were isolated from hearts of 2-day-old Wistar rats by a trypsin dispersion 

procedure that uses a differential attachment procedure followed by irradiation to enrich for 

cardiomyocytes [28]. Cells were plated on protamine sulfate-coated culture dishes at a 

density of 5 × 106 cells/100-mm dish and grown in MEM (Invitrogen, BRL) supplemented 

with 10% fetal calf serum for 4 days and then serum-deprived for 24 h prior to experiment. 

Nonmyocyte fibroblast-like cells, derived from the cells that adhered to the plastic culture 

dishes during the preplating step, also were prepared according to methods described 

previously for some experiments [25]. Primary cardiac fibroblast cultures were maintained 

in MEM supplemented with 10% fetal calf serum for 6 days and then serum-deprived for 24 

h prior to experimental protocols.

2.3 SDS-PAGE and immunoblot analysis

Standard Laemmli SDS-Polyacrylamide gel electrophoresis (PAGE, 8% (w/v) 

polyacrylamide) was performed according to standard methods as used in our previous 

studies [25].

The method for Mn2+-Phos-tag SDS-PAGE is virtually identical to the methods used for 

conventional SDS-PAGE, with the exception that 5 μM of acrylamide-pendant Phos-tag 

ligand (Phos-tag® Wako Pure Chemical Industries) and 10 mM of MnCl2 are added to 6% 

(w/v) polyacrylamide separating gels before polymerization [17]. The use of a relatively low 

concentration of Phos-tag for these studies was based upon preliminary experiments 

showing that these conditions provide optimal separation of phosphorylated and non-

phosphorylated forms of PKD2 [18]. Protein separations were carried out at 4°C for 16 
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hours (80 V) using an electrophoresis running buffer (pH 8.4) containing 25 mM Tris, 192 

mM glycine and 0.1% (w/v) SDS. Mn2+-Phos-tag SDS-PAGE gels were then soaked in a 

solution containing 25 mM Tris, 192 mM glycine, 10% (v/v) MeOH, and 1.0 mM EDTA for 

10 min followed by a second soaking in 25 mM Tris, 192 mM glycine, and 10% (v/v) 

MeOH for 30 min. The EDTA soaking to chelate manganese ions is a critical additional step 

since Mn2+-Phos-tag in the gels causes inefficient electroblotting [16–18].

Immunoblotting was performed on cell extracts according to the methods described 

previously or manufacturer's instructions [25]. In each figure, each panel represents the 

results from a single gel (exposed for a uniform duration); detection was with enhanced 

chemiluminescence. All results were replicated in 3 to 6 experiments on separate culture 

preparations.

3. RESULTS

3.1 PKD isoform regulation in Cardiac Fibroblasts

Fig 2 compares the electrophoretic mobilities of phosphorylated and non-phosphorylated 

forms of PKD1, PKD2, and PKD3 using conventional Laemmli SDS-PAGE (Panel A) and 

Mn2+-Phos-tag SDS-PAGE (phosphate affinity gel electrophoresis; Panel B). The 

experiment is performed on lysates prepared from cardiac fibroblasts exposed to a panel of 

profibrotic agonists that are predicted to activate PKD through distinct molecular 

mechanisms, including the G protein-coupled receptor agonists sphingosine-1-phosphate 

(S1P), endothelin-1 (ET-1) and thrombin (Thr) and the tyrosine kinase receptor agonist 

platelet-derived growth factor (PDGF) [29–32]; phorbol 12-myristate 13-acetate (PMA), 

which bypasses the receptor machinery and directly activates PKD is included as a control in 

the experiments. Figure 2A shows that S1P, Thr, PDGF, and PMA induce similar increases 

in PKD phosphorylation at Ser744/Ser748 and Ser916 and that conventional SDS-PAGE 

methods resolve a subtle shift in the mobility of PKD2 (and perhaps less convincingly 

PKD3), but no discernable change in the mobility of PKD1. This is consistent with previous 

observations that phosphorylation at some (but not all) sites slows the mobility of some 

proteins in normal SDS-PAGE - and that the magnitude of most phosphorylation-induced 

mobility shifts in conventional Laemmli SDS-PAGE is modest (even when gel cross-linking 

and other conditions are adjusted to optimize mobility shifts). It is worth noting that the 

negative results for PKD1 also may be attributable to the fact that most commercially 

available anti-PKD1 protein antibodies were raised against a synthetic peptide 

corresponding to an epitope at the extreme C-terminus (i.e., sequence flanking the Ser916 

autophosphorylation site). These antibodies preferentially recognize the inactive form of 

PKD1 that is not phosphorylated at Ser916 [25, 33]; they are not well suited to detect the 

phosphorylated/slower migrating forms of PKD1.

Fig 2B shows that the Phos-tag SDS-PAGE method exposes additional heterogeneity in the 

PKD isoform phosphorylation profiles. First, while PKD2 and PKD3 each migrate as a 

single molecular species in resting cardiac fibroblasts, Phos-tag SDS-PAGE resolves PKD1 

as distinct molecular species in resting unstimulated cardiac fibroblasts. The molecular 

heterogeneity detected by the anti-PKD1 antibody cannot be attributed to cross-reactivity 

with PKD2 for the following reasons: [1] We previously showed that an Ad-PKD1-RNAi 
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silencing vector (that does not influence the abundance of PKD2) virtually eliminates PKD1 

protein immunoreactivity; these results argue that the anti-PKD1 antibody does not cross-

react with PKD2 [4]. [2] Western blot experiments performed on lysates from cells that 

heterologously overexpress PKD1, PKD2, or PKD3 show that the anti-PKD1 antibody 

specifically recognizes PKD1 and does not cross-react with PKD2 or PKD3, whereas the 

anti-PKD2 and anti-PKD3 antibodies show similar specificity for their cognate enzymes 

(Fig 2C). [3] The alignment of the proteins detected by the anti-PKD1, anti-PKD2, anti-

PKD3 antibodies (Fig 2D) emphasizes that the protein recognized by the anti-PKD2 

antibody in resting cells migrates considerably faster than any protein recognized by 

antibodies raised against PKD1 or PKD3. These results effectively exclude the trivial 

explanation that the molecular heterogeneity detected with the anti-PKD1 antibody results 

from cross-reactivity with PKD2. Rather, the results suggest that the molecular 

heterogeneity detected with the anti-PKD1 antibody is indicative of pools of enzyme with 

distinct phosphorylation profiles; the relative abundance of any individual band provides a 

measure of the stoichiometry of phosphorylation at sites not captured by conventional 

Western blotting methods with available phosphorylation site-specific antibodies (PSSAs,) 

since none of these bands are recognized by the PSSAs directed at Ser744/Ser748 or Ser916.

The Phos-tag SDS-PAGE method effectively captures S1P- and Thr-dependent upshifts in 

PKD1 mobility, but the identification of certain other agonist-dependent changes in PKD1 

phosphorylation proved to be more challenging since activation resulted in a marked 

decrease in PKD1 immunoreactivity. PKD1 immunoreactivity is marked decreased or 

virtually absent in lysates from cardiac fibroblasts treated with PDGF or PMA, respectively. 

Similar agonist-dependent decreases in PKD1 band intensity have been noted in studies 

using normal SDS-PAGE [25]; they are amplified by the Phos-tag SDS-PAGE method that 

enhances band smearing due to molecular heterogeneity. The loss of PKD1 

immunoreactivity also is attributable to the aforementioned limitation of the anti-PKD1 

protein antibody, which preferentially recognizes inactive/unphosphorylated enzyme. PKD1 

protein immunoreactivity is recovered following sample treatment with alkaline phosphatase 

(Fig 2E).

The Phos-tag SDS-PAGE method was most effective at capturing agonist-dependent 

increases in the phosphorylation profiles (i.e., electrophoretic mobility shifts) for PKD2 and 

PKD3. Fig 2B shows that treatment with S1P, Thr, or PDGF results in a large decrease in the 

electrophoretic mobility of PKD2. These agonist-dependent mobility shifts are maximal at 5 

min and they are sustained (to a variable extent) for up to 60 min of agonist stimulation. Of 

note, Phos-tag SDS-PAGE resolves a difference in PKD2’s electrophoretic mobility 

following agonist treatments for 5 versus 60 min that cannot be attributable to gross 

differences in phosphorylation at Ser744/Ser748 or Ser916 (which is quite high at both time 

points); these results suggest that PKD2’s phosphorylation profile at other sites is 

reconfigured with more chronic agonist activation. Fig 2 also shows that endothelin-1 

(another pro-fibrotic G protein-coupled receptor agonist that increases collagen production 

in cardiac fibroblasts [34]) also activates PKD, but in a manner that is quite distinct from 

S1P and Thr. ET-1 induces a modest decrease in the electrophoretic mobilitiy of PKD3, with 

no obvious effect on PKD2, at 5 min. ET-1 induces a minor decrease in PKD2 mobility only 

at late time points (30–60 min).

Qiu and Steinberg Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An alignment of the anti-PKD1, anti-PKD2, anti-PKD3 immunoblots (Fig 2D) also 

emphasizes the generally underappreciated point that while the inactive/non-phosphorylated 

form of PKD2 migrates considerably faster than PKD1 or PKD3, all three PKD isoforms 

migrate quite similarly (even when subjected to Phos-tag SDS-PAGE methods) following 

agonist activation. This fact may undermine some of the previous conclusions regarding 

PKD isoform specificity based exclusively on differences in electrophoretic mobility in 

immunoblots with PSSAs.

Stimulations were performed with GF109203X (a PKC inhibitor that does not inhibit PKD 

catalytic activity) to resolve PKD phosphorylations that are mediated by (or require) PKC 

activity. Fig 2B shows that GF109203X pretreatment completely abrogates all agonist-

dependent increases in PKD-pSer744/Ser748 immunoreactivity. GF109203X pretreatment 

also blocks most (but not all) agonist-dependent decreases in PKD isoform electrophoretic 

mobility. The fact that some S1P- and Thr-dependent PKD2 electrophoretic mobility shifts 

persist in GF109203X-pretreated cultures indicates that these agonists activate PKD2 

phosphorylation through both PKC-dependent and PKC-independent mechanisms (either an 

autocatalytic reaction that does not require a prior stimulatory phosphorylation at the 

activation loop or trans-phosphorylation by a GF109203X-insensitive enzyme).

Oxidative stress is a profibrotic stress that also has been implicated as an activator of certain 

PKD isoforms [9, 35, 36]. Therefore, cardiac fibroblasts also were treated with H2O2. Fig 

2B shows that H2O2 induces a dose- and time-dependent activation of all three PKD 

isoforms. A relatively low H2O2 concentration (0.1 mM) induces a transient increase in 

PKD phosphorylation at Ser916 (with little-to-no associated increase in PKD-Ser744/Ser748 

phosphorylation) in association with a modest decrease in the electrophoretic mobility of 

PKD2 and PKD3. Since PKD3 lacks the C-terminal autophosphorylation site, the PKD3 

band shift detected by Phos-tag SDS-PAGE must be indicative of phosphorylation elsewhere 

in the enzyme; it is the only readout that tracks activation of PKD3. Responses to 0.1 mM 

H2O2 are maximal at 30 min and wane with more prolonged stimulations. At a 10-fold 

higher concentration (1 mM), H2O2 induces time-dependent decreases in the electrophoretic 

mobilities of PKD1, PKD2, and PKD3. These mobility shifts are associated with marked 

increases in PKD phosphorylation at the PKC (Ser744/Ser748) and autophosphorylation 

(Ser916) sites and they are inhibited by pretreatment with GF109203X (Fig 2F).

S1P receptors couple to Gα12/13 and activate PKD through a pathway that involves the 

synergistic actions of PKC and RhoA (a member of the Rho family of small GTPases) in 

some cell types [37, 38]. While Thr also signals through the Gα12/13-RhoA pathway in 

many cell types, this mechanism for Thr-dependent PKD activation has never been reported 

and the notion that the RhoA-dependent pathway might specifically activate only certain 

isoforms of PKD has never been considered. Therefore, PKD isoform activation was 

examined in cardiac fibroblasts pretreated with the C. botulinum C3 toxin, which 

specifically ADP-ribosylates and functionally inactivates Rho proteins [39]. Figure 3 shows 

that C3 toxin pretreatment completely abrogates S1P- and Thr-dependent activation of 

PKD2 and PKD3, as evidence by a complete block of the agonist-dependent PKD2 and 

PKD3 band shifts and increases in Ser744/Ser748 and Ser916 phosphorylation. Of note, PKD 

isoform activation by PDGF also is attenuated by C3 toxin, whereas PKD isoform activation 
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by H2O2 or PMA is largely preserved in C3 toxin-treated cultures. These results identify a 

specific role for Rho in the PKD2 and PKD3 activation pathway triggered by Gα12/13-

coupled S1P and Thr receptors and show that Rho is not required for PKD2 and PKD3 

activation during oxidative stress.

3.2 PKD isoform regulation in Cardiomyocytes

We applied a similar approach to resolve agonist-dependent changes in PKD isoform 

phosphorylation in cardiomyocytes. We previously reported that α1-adrenergic receptor 

activation with norepinephrine (NE) leads to the selective activation/phosphorylation of 

PKD1 (and not PKD2), whereas thrombin and PDGFR preferentially active PKD2 and 

endothelin and PMA are dual activators of PKD1 and PKD2 [4]; the previous studies did not 

consider possible regulation of PKD3. Lysates from cardiomyocytes stimulated with the 

aforementioned agonists, as well as S1P and H2O2 (which were not included in the previous 

study), were subjected to Phos-tag SDS- PAGE and immunoblot analysis to probe for 

phosphorylation-dependent mobility shifts for PKD1, PKD2, and PKD3.

The Phostag-SDS-PAGE analysis for PKD1 was generally disappointing. While agonist-

dependent mobility shifts (particularly for ET-1, PMA, NE and H2O2) were detected in 

isolated experiments (see Fig 4A), in most experiments PKD1 migrated as a smear and 

agonist-induced band shifts (including for PMA) were not convincing. We attribute this 

failure to [1] the properties of the native PKD1 enzyme, which displays a high level of 

molecular heterogeneity - indicating that PKD1 exists as a mixture of species with a 

continuum of phosphorylation profiles - even in unstimulated cardiomyocytes), [2] the 

properties of the anti-PKD1 protein antibody, which preferentially recognizes inactive/

unphosphorylated - and not active/phosphorylated – enzyme, and [3] the Phos-tag SDS-

PAGE method, which enhances band smearing due to molecular heterogeneity. Since efforts 

to further optimize the experimental conditions to detect agonist-dependent PKD1 mobility 

shifts in Phos-tag SDS-PAGE (by changing the source of antibody, the Mn2+-Phos-tag 

concentration, and/or electrophoresis conditions) proved unsuccessful, Laemmli SDS-PAGE 

blots of PKD1 protein were obtained and used as loading controls but; further attempts to 

use Phos-tag SDS-PAGE to track PKD1 mobility shifts (phosphorylation) in cardiomyocytes 

were abandoned.

Phos-tag SDS-PAGE exposed very robust agonist-dependent changes in the electrophoretic 

mobility of cardiomyocyte PKD2. PKD2 migrates as a single ~80 kDa species in resting 

cardiomyocytes, but as a mixture of high (~80-kDa) and low (~105-kDa) mobility species in 

cardiomyocytes treated with physiologic agonists such as S1P, Thr, ET-1, PDGF, and H2O2 

(Figs 4A and 4B). PKD2 is fully (stoichiometrically) converted to the highly phosphorylated 

(low mobility) species following pharmacologic activation by PMA; it is not influenced by 

NE, consistent with the previous observation that cardiac α1-ARs activate PKD1 with no 

associated effect on PKD2 [4]. The striking difference in PKD2’s electrophoretic mobility in 

response to physiologic (receptor agonists) versus pharmacologic (PMA) stimuli exposed by 

the Phos-tag SDS-PAGE method (which allows for the simultaneous detection of 

phosphorylated and dephosphorylated forms of a single protein) emphasizes the frequently 
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overlooked fact that PMA may be an imperfect surrogate for receptor-dependent 

mechanisms that activate PKD.

Fig 4B shows the time course for the receptor-induced PKD2 mobility shifts. In each case, 

the receptor-dependent responses are rapid (maximal at 5 min) and wane with more 

prolonged agonist stimulations, whereas H2O2 responses are concentration- and time-

dependent. Of note, a low concentration of H2O2 (0.1 mM), which is associated with a 

significant upshift in PKD2’s electrophoretic mobility in cardiac fibroblasts, does not alter 

PKD2 mobility in cardiomyocytes. Rather, PKD2’s phosphorylation profile is altered only 

with considerably higher concentrations of H2O2 (1–5 mM) in cardiomyocytes, suggesting 

that the cardiomyocyte PKD2 enzyme requires a higher level of oxidative stress for 

activation (compared with PKD2 activation in cardiac fibroblasts).

PKD3 has been detected at the mRNA and protein level in mouse heart during 

embryogenesis [22, 23], but (with the exception of a single recent study that failed to detect 

PKD3 protein expression in unstimulated neonatal or adult rat cardiomyocytes [40]) PKD3 

protein expression and/or actions in postnatal cardiac tissues has not been examined. In this 

regard, Fig 4 shows that PKD3 protein is readily detected in neonatal rat cardiomyocyte 

cultures and Phos-tag SDS-PAGE analysis exposes agonist-dependent changes in the 

electrophoretic mobility of PKD3 that are qualitatively similar (albeit quantitatively more 

modest) to those identified for PKD2.

Stimulations were performed in the presence of GF109203X to identify the role of PKC 

activity in agonist-dependent mechanisms that regulate PKD. Fig 4C shows that all of the 

agonists used in this study (including ET-1, Thr, PDGF, and H2O2 which induce obvious 

changes in the electrophoretic mobilities of PKD2 and PKD3 and NE which selectively 

activates PKD1 with little-to-no associated effect on the electrophoretic mobilities of PKD2 

or PKD3) induce robust increases in PKD-pSer744/Ser748 immunoreactivity; all agonist-

dependent increases in PKD-pSer744/Ser748 immunoreactivity are inhibited by GF109203X. 

These results indicate that PKC plays a common role in the agonist-dependent pathway that 

lead to the activation of PKD1, PKD2, and PKD3. GF109203X also blocks all of the rapid 

agonist-dependent PKD2 and PKD3 electrophoretic mobility shifts. However, the more 

chronic effect of ET-1 to slow the electrophoretic mobility of PKD2 at the 30 min time point 

persists in GF109203X-pretreated cultures. This finding confirms our previous conclusion 

that the more chronic phase of PKD2 regulation by ET-1 is via a PKC-independent 

mechanism [4].

A previous study showed that overexpression of constitutively active (Q63L) RhoA 

increases PKD phosphorylation and affords cardioprotection against ischemia/reperfusion 

injury in neonatal rat cardiomyocyte cultures [24]. Since the PKD isoform(s) downstream of 

RhoA in this pathway were not identified, agonist treatments also were performed in 

cardiomyocytes pretreated with C3 toxin. Fig 5 shows that the effects of PDGF, Thr, and 

S1P to slow the electrophoretic mobility of PKD2 and PKD3 (and to increase PKD-

Ser744/Ser748 and Ser916 phosphorylation) are abrogated by the C3 toxin pretreatment, but 

that C3 toxin has little-to-no effect on responses to ET-1 or PMA. C3 toxin also does not 

prevent the NE-dependent increase in PKD-Ser916 phosphorylation, which signals activation 
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of PKD1 (Fig 5B). These results identify a specific role for Rho in the agonist-dependent 

pathways that activate PKD2/PKD3 - and effectively exclude a role for Rho in NE-

dependent activation of PKD1 - in cardiomyocytes.

We previously demonstrated that PKD phosphorylates cAMP response element binding 

protein (CREB) at Ser133 and that PKD mediates the Thr- and α1-adrenergic receptor-

dependent increase in CREB-S133 phosphorylation in cardiomyocytes [4, 25]. Fig 5C uses a 

similar pharmacologic approach to extend these observations and show that Thr, S1P, and 

NE increase CREB-S133 phosphorylation and that these agonist-dependent increases in 

CREB-S133 phosphorylation are blocked by GF109203X (an inhibitor of both conventional 

and novel PKC isoforms) and Gö6976 (an inhibitor of PKD and conventional – but not novel 

- PKC isoforms). These results suggest that a nPKC-activated PKD enzyme plays a common 

role to couple NE-, Thr-, and S1P-activated receptors to CREB-Ser133 phosphorylation. 

However, the observation that Thr and NE induce morphologically distinct forms of cardiac 

hypertrophy [41] suggests that receptor-specific elements also must be present to distinguish 

these signaling pathways. Therefore, we examined whether the stimulus-specific differences 

PKD isoform activation exposed by C3 toxin might translate into differences in the 

recruitment of the CREB-Ser133 phosphorylation pathway. In fact, Fig 5D shows that Thr 

and S1P (agonists that effectively activate PKD2/PKD3) promote CREB-S133 

phosphorylation through a mechanism that is completely blocked by C3 toxin. In contrast, 

the NE-dependent CREB-S133 phosphorylation pathway (that involves PKD1, and not 

PKD2/3) is not blocked by C3 toxin. Collectively, these results identify a specific role for 

Rho in the S1P/Thr receptor-PKD2/3 pathway, but not the α1-adrenergic receptor-PKD1 

pathway, that leads to CREB-S133 phosphorylation in cardiomyocytes (schematized in Fig 

5E).

4. DISCUSSION

This study uses Phos-tag SDS-PAGE to identify PKD2 and PKD3 activation mechanisms in 

cardiac fibroblasts and cardiomyocytes. This method, which involves the incorporation of 

Phos-Tag into polyacrylamide gel matrices prior to SDS-PAGE and Western blotting, 

separates phosphoproteins from their nonphosphorylated counterparts. In the case of a 

protein that is phosphorylated at a single site, the Phos-tag SDS-PAGE method will resolve 

the monophosphorylated and nonphosphorylated species as two separate bands. However, 

since PKD family enzymes undergo multi-site phosphorylation, this type of clear separation 

of inactive (presumably non-phosphorylated) and activated (phosphorylated) species might 

not necessarily be expected. In this context, we showed that a 5 min with S1P, Thr, or PDGF 

induced a marked upshift in PKD2 mobility in cardiac fibroblasts - to a single discrete band 

with an electrophoretic mobility that is markedly slower than the inactive species isolated 

from unstimulated cells. These results indicate that these receptors trigger a set of 

synchronized/coordinated phosphorylations at the activation loop, C-terminus and 

potentially other sites within this enzyme. This contrasts markedly with PKD1, which 

migrates as multiple bands with distinct electrophoretic mobilities (in cardiac fibroblasts) or 

a heterogeneous smear (in cardiomyocytes). While this heterogeneity in PKD1’s 

phosphorylation profile represents a limitation for studies using the Phos-tag SDS method, it 

provides novel evidence that PKD1 exists as pools of enzyme with distinct phosphorylation 
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profiles even under unstimulated conditions and it provides a rationale for future more 

detailed MS-based phosphoproteomic analysis.

The Phostag SDS-PAGE method identifies agonist-dependent up-shifts in the electrophoretic 

mobilities of PKD2 and PKD3 that coincide with phosphorylations at the activation loop and 

C-terminal phosphorylation sites (phosphorylation sites that can be tracked with 

commercially available PSSAs). However, the Phos-tag SDS-PAGE method, which provides 

a more sensitive/unbiased screen for PKD phosphorylation, is uniquely suited to also detect 

phosphorylations that are not captured by available PSSAs. Our studies identify three 

examples of the power of this approach:

1. The Phos-tag SDS-PAGE approach was essential to detect agonist-

dependent changes in the phosphorylation of the endogenous PKD3 

enzyme. PKD3 has generally been neglected in previous studies, at least in 

part due to the technical challenges associated with tracking its activation. 

PKD3 lacks the C-terminal autophosphorylation site. The activation loop 

phosphorylated (activated) form of PKD3 also is not unambiguously 

identified in Western blotting studies with the anti-PKD-pSer744/Ser748 

PSSA (which recognizes all three PKD isoforms) since the activated form 

of PKD3 co-migrates with activated forms of PKD1 and PKD2. While the 

dynamic range for PKD3 electrophoretic mobility shifts are not as 

impressive as those detected for PKD2, the Phos-tag SDS-PAGE method 

provides unequivocal evidence that PKD3 is a stimulus-regulated kinase in 

cardiac fibroblasts and cardiomyocytes.

2. Phos-tag SDS-PAGE detects slowly migrating/phosphorylated forms of 

PKD (particularly PKD2) that are not phosphorylated at the activation 

loop or C-terminal autophosphorylation sites (i.e., site recognized by 

Western blotting with conventional PSSAs) in agonist-activated cells that 

have been pretreated with GF109203X. Of note, while these 

electrophoretic mobility shifts clearly signal changes in PKD 

phosphorylation profiles, the functional significance of these agonist-

dependent changes in PKD phosphorylation (which likely include sites in 

N-terminal regulatory regions of these enzymes, see Fig 1) is not at all 

obvious. Any assumptions that these agonist-dependent phosphorylations 

can be used as general screens (i.e., surrogates) for enzyme activation 

would be imprudent, since phosphorylations that exert inhibitory controls 

on catalytic activity have been identified for other enzymes [42] and may 

also be pertinent to PKDs.

3. Phos-tag SDS-PAGE provides a sensitive readout for redox-dependent 

activation of PKD. The fact that H2O2 induces striking up-shifts in the 

mobilities of all three PKD isoforms indicates that this technique would be 

particularly useful in cell types where H2O2-dependent increases in PKD 

activity are associated with relatively modest or nominal increases in 

phosphorylation at activation loop or C-terminal autophosphorylation sites 

[43].
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Finally, this study shows that PKD1, PKD2 and PKD3 are detected and activated in an 

isoform-specific manner in both cardiac fibroblasts and cardiomyocytes. Studies in 

cardiomyocytes confirm (and extend) the previous observation that NE selectively activates 

PKD1, but not PKD2 or PKD3. This study provides novel evidence that S1P, thrombin, 

PDGF, and H2O2 effectively activate PKD2 and PKD3 in both cardiomyocytes and cardiac 

fibroblasts. Of note, all of the heptahelical receptor agonists used in our study recruit the 

Gαq-dependent pathway that activates phospholipase C-β (PLCβ), but S1P and Thr are 

unique in that they also couple to Gα12/13-RhoA and the activation of phosphatidylcholine-

selective phospholipase D (PLD) or phospholipase C-ε (PLCε) [37]. This study identifies a 

role for Rho in the S1P and thrombin receptor-dependent pathways that selectively activate 

PKD2 and PKD3 in both cardiac fibroblasts and cardiomyocytes. We also show that this 

Rho-PKD2/3 pathway leads to an increase in CREB-S133 phosphorylation in 

cardiomyocytes. These results suggest that PKD isoforms are not entirely functionally 

redundant in the heart, and that PKD1 cannot substitute for PKD2 and PKD3 in certain 

agonist-dependent pathways that influence cardiac remodeling. These results provide the 

rationale to target the complex cellular machinery that contributes to this PKD isoform 

signaling specificity for therapeutic advantage.
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Abbreviations

CREB cAMP response element binding protein

ET-1 endothelin-1

NE norepinephrine

PMA phorbol 12-myristate 13-acetate

Phos-tag Phosphate binding tag

PDGF platelet-derived growth factor

PH domain pleckstrin homology domain

PAGE polyacrylamide gel electrophoresis

PKC protein kinase C

PKD protein kinase D

S1P sphingosine-1-phosphate

Thr thrombin
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Highlights

• Phostag SDS-PAGE can be used to resolve protein kinase D isoform 

activation.

• S1P, thrombin, PDGF, and H2O2 activate PKD2 and PKD3 in cardiac 

cells.

• Rho links S1P and thrombin to PKD2/3-dependent CREB activation in 

cardiomyocytes.
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Figure 1. Domain structure and phosphorylation sites on PKD1, PKD2, and PKD3
Top: The cartoon depicts the common domain structure of PKD isoforms with conserved 

C1A-C1B and PH domains in the regulatory region, the kinase domain in the catalytic 

region, the activation loop phosphorylation motif (conserved in all there PKD isoforms), and 

the C-terminal phosphorylation site (conserved in PKD1 and PKD2, but not PKD3). Bottom: 
Sequence alignments for PKD isoform the N-termini, C1A-C1B interdomains, C1B-PH 

interdomains, PH domains, activation loops and C-termini, with phosphorylation sites at the 

activation loop, the C-terminus, and other sites that have been the focus of studies in the 

literature in red. Phosphorylation sites identified in high throughput phosphoproteomic 

studies (curated by Phosphosite [15]) are depicted in blue.
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Figure 2. Agonist-specific activation patterns for PKD1, PKD2 and PKD3 in cardiac fibroblasts
Cardiac fibroblasts were challenged with S1P (5 μM), Thr (1 U/ml), or PDGF (50 ng/ml) for 

5 min or 200 nM PMA for 20 min (Panel A). Treatment with these agonists as well as ET-1 

(100 nM), or H2O2 (at the indicated concentrations) was for the indicated intervals following 

a pretreatment for 45 min with vehicle or 10 μM GF109203X (GFX) in Panels B and F. 
Lysates were subjected to Laemmli SDS-PAGE followed by immunoblot analysis for PKD 

isoform expression and phosphorylation in Panel A. Proteins were separated according to 

the Mn2+-Phos-tag SDS-PAGE method for the PKD1, PKD2, and PKD3 blots in Panels B 
and D, for the PKD1 blot in Panel E, and for all blots except PKD1 in Panel F. Labels in 

shaded boxes in this Figure (as well as in Figs 3–5) denote immunoblots performed 

following protein separation by Mn2+- Phos-tag SDS-PAGE. In each panel, the results are 

from a single gel (or a set of gels run in parallel, in Panel B) exposed for a uniform duration. 

The results are representative of data obtained in separate experiments on three separate 

culture preparations. Panel C: Lysates from cardiomyocytes infected with adenoviral vectors 

that drive expression of PKD1, PKD2, or PKD3 were probed with PKD isoform-specific 

antibodies. Panel F: PKD1 dephosphorylation was accomplished by incubating lysates from 

PMA-treated cardiac fibroblasts (0.5 mg) in a reaction mixture containing 20 mM Tris HCl, 

1 mM MgCl2 and bovine intestinal mucosa alkaline phosphatase (0.5 μg/ml) for 12 hr at 

37°C. Lysates were then subjected to immunoblot analysis for PKD1 protein and Ser744/

Ser748 phosphorylation.
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Figure 3. The Rho inhibitor C3 toxin prevents PKD2 and PKD3 activation by S1P and thrombin, 
but not by PMA or H2O2, in cardiac fibroblasts
Cardiac fibroblast cultures were pretreated with 2 μg/ml C3 toxin or vehicle for 3 hrs and 

then challenged for 5 min with S1P (5 μM), Thr (1 U/ml), PDGF (50 ng/ml), or ET-1 (100 

nM) or for 30 min with PMA (200 nM; Panel A). Treatment was for 5 min with 5 μM S1P or 

for the indicated intervals with 1 mM H2O2 in Panel B. Lysates were subjected to Mn2+-

Phos-tag SDS-PAGE followed by immunoblot analysis for PKD2 or PKD3, or Laemmli 

SDS-PAGE followed by immunoblot for PKD1 and PKD isoform phosphorylation at 

Ser744/Ser748 or Ser916. Similar results were obtained in separate experiments on four 

separate culture preparations.
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Figure 4. PKD2 and PKD3 are activated in an agonist-specific manner in cardiomyocytes
Cardiomyocytes were challenged with S1P (5 μM), Thr (1 U/ml), ET-1 (100 nM), NE (10 

μM), PDGF (50 ng/ml), PMA (200 nM), or H2O2 (5mM, unless stated otherwise) as 

indicated in individual panels. Treatments were for 5 min (for S1P, Thr, ET-1, PDGF) or 20 

min (for PMA) in Panel A or as indicated in Panels B and C. Agonist treatments followed a 

pretreatment for 45 min with vehicle or 10 μM GF109203X (GFX) in Panel C. Lysates were 

subjected to Mn2+-Phos-tag SDS-PAGE followed by immunoblot analysis for PKD isoform 

expression/mobility and PKD Ser744/Ser748 phosphorylation. In each panel, the results are 

from a single culture preparation and a single gel (or sets of gels run in parallel, in Panel C) 

exposed for a uniform duration. Results are representative of data obtained in separate 

experiments on four separate culture preparations.
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Figure 5. C3 toxin prevents S1P- and thrombin-dependent phosphorylation of PKD2/PKD3 and 
CREB in cardiomyocytes; C3 toxin does not inhibit the NE-PKD1-CREB-Ser133 

phosphorylation pathway
Panels A, B and D: Cardiomyocytes were pretreated with vehicle or 2 μg/ml C3 toxin for 4 

or 18 hrs and then challenged for 5 min with ET-1 (100 nM), PDGF (50 ng/ml), Thr (1 U/

ml), S1P (5 μM), NE (10 μM), or H2O2 (5 mM) or for 30 min with PMA (200 nM) as 

indicated. Lysates were subjected to Mn2+-Phos-tag SDS-PAGE and probed for PKD2/

PKD3 protein or Laemmli SDS-PAGE and probed for PKD1 or CREB protein and PKD or 

CREB-Ser133 phosphorylation as indicated. Results for CREB-Ser133 phosphorylation, 

corrected for any minor differences in CREB protein levels and normalized to the NE-

induced increase in CREB-Ser133 phosphorylation in vehicle-pretreated cultures, are 

depicted in Panel D (mean +/− SEM, n=3, * p<0.05 compared with corresponding vehicle-

pretreated sample). Panel C: Agonist treatments followed a 45 min pretreatment with 

vehicle, 10 μM GF109203X or 10 μM Gö6976. Panel E: Schematic of agonist- and PKD 

isoform-specific pathways that increase CREB-Ser133 phosphorylation in cardiomyocytes.
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