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ABSTRACT: The regulation of Ca®" influx through the phosphorylation of the L-type Ca®" channel, Ca, 1.2, is
important for the modulation of excitation—contraction (E—C) coupling in the heart. Ca,1.2 is thought to be
the target of multiple kinases that mediate the signals of both the renin-angiotensin and sympathetic nervous
systems. Detailed biochemical information regarding the protein phosphorylation reactions involved in the
regulation of Ca,l1.2 is limited. The protein kinase C (PKC) family of kinases can modulate cardiac
contractility in a complex manner, such that contractility is either enhanced or depressed and relaxation is
either accelerated or slowed. We have previously reported that Ser'**® in the C-terminus of o, was a target for
PKCa, -£, and -¢ phosphorylation. Here, we report the identification of seven PKC phosphorylation sites
within the o, subunit. Using phospho-epitope specific antibodies to Ser'®’* and Ser'***, we demonstrate that
both sites within the C-terminus are phosphorylated in HEK cells in response to PMA. Phosphorylation was
inhibited with a PKC inhibitor, bisindolylmaleimide. In Langendorff-perfused rat hearts, both Ser'®™* and
Ser'** were phosphorylated in response to PMA. Phosphorylation of Ser'®™*, but not Ser'**%, is PK C isoform
specific, as only PKCa, -A1, -A11, -y, -0, and -6, but not PKCe, -, and -7, were able to phosphorylate this site.
Our results identify a molecular mechanism by which PKC isoforms can have different effects on channel

activity by phosphorylating different residues.

Ca”*" homeostasis in the heart is maintained through the
actions of channels and pumps, tuned to increase cardiac
contractility in response to neurohormonal stimulation. Treat-
ment of several major cardiovascular diseases, including hyper-
tension, heart failure, and cardiac hypertrophy, is dependent, in
part, upon the modulation of neurohormonal pathways. Ca,1.2,
the L-type, voltage-gated calcium (Ca®") channel present in the
sarcolemma of cardiomyocytes, is required for excitation—con-
traction (E—C)" coupling in the heart (/). It is well established
that Ca,l.2 plays a key role in modulating cardiac function in
response to classic signaling pathways, such as the renin-angio-
tensin system (RAS) and sympathetic nervous system (SNS) (2).
Typically, these pathways alter cellular function by regulating
kinases. Ca, 1.2 is thought to be the target of multiple kinases that
mediate the signals of both the RAS and SNS.
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The PKC family comprises 12 different isoforms, which are
broadly classified according to their activation characteristics (3).
In heart, PKC isoforms are activated by membrane receptors
coupled to phospholipase C via Gq/Gl1 heterotrimeric G
proteins (4, 5). Phospholipases activated via G protein-coupled
receptors result in hydrolysis of inositol phospholipids and
production of diacylglycerol (DAG). Tumor-promoting phorbol
esters act as an analogue of DAG. PKC isoforms are differen-
tially responsive to neurohormones, suggesting that they play
distinct and specific roles in cardiac function. Numerous agonists
(phenylephrine, norepinephrine, ATP, carbachol, endothelin,
angiotensin, and thrombin) accelerate phosphoinositide turnover
in cardiac muscle, thereby leading to PKC activation (6). Angio-
tensin 11 and endothelin-1 have been reported to increase (7—9),
decrease (10), or have no effect (//) on basal I, in the heart. The
coupling of o, s-adrenoceptor with the Gq/11-PLC-PKC-CaM-
KII pathway potentiates Ic,, whereas o g-adrenoceptor interacts
with G, of which the fy complex might directly inhibit channel
activity (12). Several direct activators of PKC have variable
effects on Ca, 1.2, including activation, inhibition, and activation
followed by inhibition in cardiomyocytes (/3—17). Techniques
that preserve the cytoplasmic environment appear to preserve the
upregulation of I, in response to agonists.

Although all PKC isoforms preferentially phosphorylate peptides
with hydrophobic amino acids at position 1 C-terminal of the
phosphorylated serine and basic residues at position —3, individual
PKC isoforms have distinct optimal substrates (/8). PKC, purified
from avian brain, has been shown to phosphorylate the o and S,
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subunits in vitro (19). A systematic study of the phosphorylation of
o by different PKC isoforms has not been completed. Several
studies have suggested that the N-terminus of o, is important for
PKC upregulation of channel function (20, 21). Phosphorylation of
e Thr*” and Thr®' was proposed, on the basis of electrophysio-
logical studies utilizing heterologous expression of mutant channels,
to mediate PKC-induced inhibition of channel activity (22). No
biochemical evidence exists for the phosphorylation of these residues
in cells or in the heart. Recently, we reported that o Ser'™® was
phosphorylated by PKCoa, PKCe, and PKCZ (23). Here, we
demonstrate the PKC phosphorylation of several targets within
the o protein, in an isoform specific manner. We demonstrate that
the phosphorylation occurs in response to a PKC activator in a
heterologous expression system and in cardiac myocytes. The results
suggest that the o subunit can be differentially regulated by the
different PKC isoforms, based upon phosphorylation of specific
residues.

EXPERIMENTAL PROCEDURES

¢DNA Clones and Site-Directed Mutagenesis. The rabbit
o subunit (NCBI accession number X15539) and the f3,,
subunit (NCBI accession number X64297) in pcDNA3 (Invitro-
gen) were used for HEK cell expression. The preparation of the
rabbit o4, —GST fusion proteins was described previously (23).
Site-directed mutagenesis was performed using the QuikChange
XL kit (Stratagene). All clones were sequenced on both strands
prior to use. Transfections into HEK293 cells were performed
with Lipofectamine 2000 (Invitrogen).

Preparation of Phospho-Epitope Specific Antibodies.
The general oy, o4 phospho-Ser'®?®, phospho-Ser’®, and
phospho-Ser™ antibodies have been previously described (23, 24).
The phospho-Ser'®”* (pS1674) antibody was prepared at Zymed
utilizing the peptide NH,-CEQGLVGKPpSQRN-COOH. The
phospho-PKC substrate antibody was purchased from Cell
Signaling Technology (catalog number 2261).

PKC Kinase Assay. For PKC kinase reactions, samples were
washed twice with PKC washing buffer [for conventional PKCs,
20 mM HEPES (pH 7.4), 10 mM MgCl,, and 100 uM CaCly; for
novel and atypical PKCs, 20 mM HEPES (pH 7.4), 10 mM
MgCly, and 100 uM EGTA]. Conventional PKC kinase assays
were performed in 15 uL of phosphorylation buffer containing
20 mM HEPES (pH 7.4), 10 mM MgCl,, 100 uM CaCl,, 1 mg/
mL phosphatidylserine (PS), 200 ug/mL DAG, and 100 uM
ATP. Novel and atypical PKC isoform phosphorylation assays
were performed with an identical buffer except the Ca’" was
replaced with 100 uM EGTA. [y-**P]ATP (5 uCi) was added to
the assay buffer to radiolabel the substrates of the kinase assay as
indicated. Phosphorylation reactions, which were optimized for
individual PKC isoforms (Panvera, Invitrogen), were performed
for 10—30 min at 30 °C. Samples were size-fractionated via SDS—
PAGE, extensively washed, stained with Coomassie, fixed, and
dried. [y-*P]JATP was detected using autoradiography. All in
vitro kinase assays were repeated at least three times.

PKD Kinase Assay. Samples were washed twice with PKD
washing buffer containing 12.5 mM Tris (pH 7.5), 10 mM MgCl,,
1 mM EGTA, 0.5 mM Na3VOy, 5 mM f-glycerophosphate, and
0.01% Triton X-100. The PKD assay was conducted in phos-
phorylation buffer by adding 2.5 mM DTT, 100 uM ATP, and
100 ng of PKDI in washing buffer at 30 °C for 10—30 min.

Cardiac Perfusion. All animal care and procedures were
approved by Columbia University College of Physicians and
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Surgeons Institutional Animal Care and Use Committee and
were in accordance with the National Institutes of Health and
institutional guidelines. Rats were injected with heparin and then
anesthetized with pentobarbitol. The hearts were rapidly excised
and placed in ice-cold Tyrode solution containing 134 mM NaCl,
5.4 mM KCI, 1.0 mM MgCl,, 10 mM HEPES, 10 mM glucose,
and 2 mM CaCl, (pH adjusted to 7.4 with NaOH). The aorta was
cannulated and mounted on a Langendorff perfusion apparatus.
The hearts were perfused for 5 min with Tyrode solution,
followed by perfusion for 15 min with Tyrode solution containing
50 nM calyculin, 0.5 uM PMA and 50 nM calyculin, 0.5 uM 4a-
phorbol and 50 nM calyculin, or a control solution (without
PMA and calyculin). Perfusions were conducted at 36 °C.

Preparation of Heart Lysates. PKCa-overexpressing trans-
genic (C57), PKCa knockout (FVB), and corresponding litter-
mate control hearts were obtained from 12-month-old mice
(25). Hearts were homogenized in 1% Triton 100/RIPA buffer
containing 1% (v/v) Triton X-100, 50 mM Tris-HCI (pH 7.4),
150 mM NaCl, 10 mM EDTA, 10 mM EGTA, phosphatase
inhibitor cocktail, and protease inhibitors (complete mini-tablet,
calpain I and II inhibitors, Roche).

Immunoblots. Proteins were transferred to a nitrocellulose
membrane and probed with the phospho specific and general
antibodies, followed by anti-rabbit HRP-conjugated secondary
antibody and ECL (Pierce). Detection was performed with a
CCD camera (Carestream). Image quantification was performed
using ImageQuant.

Immunoprecipitations. Immunoprecipitations were per-
formed overnight in a modified RIPA buffer as previously
described (23).

Statistical Analysis. Bar graphs with error bar data show
means + standard deviations. The sample size was at least three
in all cases. Statistical analysis was performed with a Student’s
unpaired ¢ test.

RESULTS

The brain and liver contain virtually all PKCs, but most other
tissues express only certain PKC isoforms. It is known that
different isoforms mediate diverse cellular responses, defined by
different resting and stimulus-induced subcellular localization
and different target substrates, based upon optimal phosphory-
lation consensus sequences (26). Cardiomyocytes coexpress
conventional (PKCa), novel (PKCo and PKCe), and atypical
(PKCA) isoforms; conventional PKCpS has also been variably
detected by some investigators. Our prior work established that
o Ser™* was phosphorylated by PKCa, PKCe, and PKCC. We
also showed that PKCa, but not PKCe and PKCG¢, phosphory-
lated unidentified residue(s) within a GST fusion protein contain-
ing rabbit o subunit amino acid residues 1509—1905 (23).

We utilized a panel of GST fusion proteins that encompassed
all major intracellular regions as substrates for in vitro PKC
phosphorylation. The small intracellular loops between trans-
membrane segments (S2—S3 and S4—S5) do not contain con-
sensus PKC phosphorylation sites and were thus not included in
the panel. The a;-containing GST fusion proteins were differ-
entially phosphorylated by PKC isoforms (Figure 1). Many of
the conventional PKC isoforms, namely, PKCa, PKCpI,
PKCpII, and PKCy, all phosphorylated the GST fusion protein
[-1I1 loop and residues 1509—1905 and 1906—2170. PKCa and
PKCy also phosphorylated GST fusion protein 70—154. The
novel PKC isoforms phosphorylated the GST fusion proteins to
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Ficure 1: PKC isoforms phosphorylate the o subunit. (A) Schematic of the o subunit with the intracellular segments used to construct GST
fusion proteins. (B) o, subunit—GST fusion proteins bound to glutathione-Sepharose were subjected to PKC kinase reaction with [y->?P]JATP.
The amount of PKC isoform used for each kinase assay was normalized on the basis of the number of moles of phosphate transferred to test
substrate. The amount of GST fusion protein utilized is shown in the Coomassie-stained gel. The bands at ~80—100 kDa are autophosphorylated
PKC. All blots are representative of three or more similar experiments.

different extents. PKCO phosphorylated 1906—2170, 1509—1905,
the I—I1I loop, and 70—154. PKC6 phosphorylated 1906—2170
and 1509—1905 and to a modest extent the I—II loop. PKCe
phosphorylated 1905—2170 and the I—II loop, but not 1509—
1905. PKCy did not phosphorylate any GST fusion protein.
The atypical PKC isoform, PKCE, phosphorylated GST fusion
protein 1905—2170, but not 1509—1905, and only weakly phos-
phorylated 70—154 and the I-I1I loop. Protein kinase D (PKD),
which is activated by PMA and is downstream of PKC, primarily
phosphorylated the 1906—2170 fusion protein. These results
suggest that the individual PKC isoforms can phosphorylate
distinct regions within the a;. subunit. The differential
phosphorylation of the a;. subunit by PKC isoforms may
represent an important regulatory control mechanism for fine-
tuning the L-type Ca>" channel response to distinct neuro-
hormonal stimulation.

Identifying Phosphorylated Residues in the N-Terminus
and the I—II Loop. Several studies have suggested that the
N-terminus of o is important for PKC upregulation of channel
function (20, 21). Phosphorylation of oy Thr*” and Thr’' was
proposed, on the basis of electrophysiological studies utilizing
heterologous expression of mutant channels, to mediate PKC-
induced inhibition of channel activity (22). Both of these residues
are within GST fusion protein 1—80, which was not phosphory-
lated by any of the tested PKC isoforms in the in vitro kinase
assays (Figure 1), although it is conceivable that the folding of the
GST fusion protein is different in the full-length channel. GST

fusion protein 70—154 was phosphorylated by several PKC
isoforms, although in comparison to GST fusion protein
1905—2170, which is predominantly phosphorylated on a single
residue (Ser'**) (23), the amount of [y-**P]JATP incorporation
was significantly smaller. This suggests that the equivalent of less
than one site is phosphorylated within the 70—154 fusion protein.
To test which site(s) was phosphorylated by PKCa, we created
Ala substitution mutants at amino acid residues 107—109 (SST to
AAA), 124—126 (STT to AAA), and 138 (T to A) and expressed
the fusion proteins. For all three mutant GST fusion proteins, no
significant change in the modest amount of phosphorylation was
detected (data not shown). This suggests that multiple sites are
weakly phosphorylated in this region.

An examination of the amino acid sequence within the I-1I
loop revealed several potential phosphorylation sites. We cre-
ated, by site-directed mutagenesis, single and double Ala sub-
stitution mutants of the potential PKC phosphorylation residues
within the I-1T loop (Figure 2A). The level of radiolabeling of the
GST I-II'loop fusion protein was reduced with each of the single
mutants and was nearly completely abrogated by the double Ala
substitution of Ser’® and Ser’* (Figure 2B). We previously
developed phospho-epitope specific antibodies for Ser’* and
Ser>** (24), which were designed to report the phosphorylation of
Ser’”® (pS528) and Ser™* (pS533), respectively, by protein kinase
G (PKG). The antibodies detected the appropriate phosphory-
lated residue (Figure 2C,D). The pS533 antibody weakly recog-
nized the I—II loop under nonphosphorylated conditions, as
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FIGURE 2: PKC phosphorylates o Ser™?® and Ser®>?. (A) Schematic demonstrating the PKC phosphorylation sites in the o, I-1I loop. (B) The

top panel shows an autoradiogram of PKCaLin vitro kinase reaction performed with [y-**PJATP and GST-fused WT, S528A, S533A, and S528A/
S533A I—1I loop. PKC phosphorylated Ser®?® and Ser>*. The bottom panel shows Coomassie staining of an autoradiogram demonstrating the
amount of fusion protein used. (C and D) In the top panels, the WT GST fusion protein was phosphorylated with PKCa, size-fractionated on a
SDS—polyacrylamide gel, transferred to nitrocellulose, and immunoblotted using anti-phospho-Ser®>® and -Ser®*? antibodies (pS528 and pS533,
respectively). PKC phosphorylates Ser”?® and Ser®*? in the GST fusion protein I—1I loop. The bottom panels show Ponceau staining which
indicates equivalent loading of GST fusion proteins. (E and F) pS528 and pS533 immunoblots of in vitro kinase reactions of eight PKC isoforms.
The bottom panels show Ponceau staining which indicates equivalent loading of GST fusion proteins. (G) Extracts from HEK cells transfected
with WT or S528A were prepared, followed by preimmune or ;. immunoprecipitation and PKCo kinase reaction as indicated. Samples were size-
fractionated on a SDS—polyacrylamide gel, transferred to a nitrocellulose membrane, and probed with anti-phospho-Ser™>® antibody (top panel)
or o antibody (bottom panel). (H) Extracts from HEK cells transfected with WT a.;, in the presence or absence of /35, subunit, were prepared,
followed by a;. immunoprecipitation and PKCa kinase reaction as indicated. Samples were size-fractionated on a SDS—polyacrylamide gel,
transferred to a nitrocellulose membrane, and probed with anti-phospho-Ser®** antibody (top panel) or o, antibody (bottom panel). All blots are

representative of three or more similar experiments.

previously reported (24). Having validated the specificity of the
pS528 and pS533 antibodies, as reagents for tracking PKC
phosphorylation, we used them to examine the phosphorylation
of the GST I-II loop fusion protein by the different PKC
isoforms. Consistent with our results using [y-"PJATP incor-
poration (Figure 1B), we found that both Ser**® and Ser”* were
phosphorylated by multiple PKC isoforms (Figure 2E,F). The
specificity of the antibodies is demonstrated by the lack of
significant signal in the nonphosphorylated lanes (right-most
lanes, Figure 2E,F). These results suggest that Ser**® and Ser>*
account for the PKCa phosphorylation of the GST fusion
protein I=II loop (Figure 1B) and are potential PKC phosphory-
lation sites within the full-length ;. subunit.

Having validated the specificity of the antibodies in tracking
PKC phosphorylation of the I-11 loop, we used them to examine

phosphorylation of full-length recombinant oy, coexpressed
with the f3,, subunit in HEK293 cells. Recombinant channels
were immunoprecipitated by an anti-a;. antibody from HEK cell
extracts and subjected to the PKCa in vitro kinase assay. In
contrast to the GST fusion proteins, Ser>*® (Figure 2G), but not
Ser>*® (Figure 2H), demonstrated significant PKC phosphoryla-
tion. The specificity of Ser’* phosphorylation was demonstrated
by the lack of a pS528 signal in the preimmune serum lane, in the
Ala-substituted . lane, and in the lanes to which PKCa had not
been added (Figure 2G). The lack of Ser”* phosphorylation in
the full-length recombinant channel compared to the GST I-II
loop fusion protein may be due to the coexpression of the 5,
subunit, which may sterically block access to PKC and/or change
the I-II loop conformation. The a-interaction domain (AID)
does not overlap with the phosphorylation sites on the I—II loop.
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FIGURE 3: PKC phosphorylates o Ser'!”, Ser'®’, and Ser . (A) Schematic demonstrating the PKC phosphorylation sites within the
1509—1905 GST fusion protein. (B) The top panel shows the autoradiogram of the PK Cat in vitro kinase reaction performed with [y-**P]JATP and
GST-fused 1509—1905, 1509—1642, 1642—1778, and 1776—1905. The bottom panel shows Coomassie staining of the autoradiogram
demonstrating the amount of fusion protein used. (C) The top panels show autoradiograms of PKCa in vitro kinase reactions performed with
[y->?PJATP and WT and Ala-substituted GST-fused 1509—1642, 1642—1778, and 1776—1905 proteins. Arrowheads indicate full-length GST
fusion protein; lower bands are truncated GST proteins. The bottom panel shows Coomassie staining of the autoradiogram demonstrating the
amount of fusion protein used. (D) WT GST-fused 1509—1905 fusion protelns were phosphorylated with PKCa, size-fractionated on a SDS—

polyacrylamide gel, transferred to nitrocellulose, and immunoblotted usm% anti-phos 1pho -Ser'®
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All blots are representative of three or more similar experiments.

We found that Ser™* was not phosphorylated even in the absence
of the f,, subunit (Figure 2H), suggesting that the I—II loop
adopts a different, more inaccessible conformation in the full-
length channel compared to the GST fusion protein.
Identifying Phosphorylated Residues in the GST 1509—
1905 Fusion Protein. We divided the 1509—1905 GST fusion
protein into three fragments [1509—1642, 1642—1778, and 1776—
1905 (Figure 3A)] to facilitate identification of the phosphoryla-
tion site(s), expressed each as a GST fusion protein in Escherichia
coli, and purified the protein on glutathione-Sepharose. The
purified fusion proteins were subjected to in vitro kinase assays
with [y-*PJATP. All three fusion proteins were labeled in the
in vitro kinase assay by PKCao; however, the 1776—1905 protein
demonstrated less **P incorporation than 1509—1642 and 1642—
1778 (Figure 3B). An examination of the amino acid sequence
within each of these GST fusion proteins revealed several
potential phosphorylation sites. We created, by site-directed
mutagenesis, single Ala substitution mutants of the potential
PKC phosphorylation residues. The level of radiolabeling of
the 1509—1642 GST fusion protein was reduced by Ala substitut-
ion of Ser'!”, as demonstrated by the lack of phosphorylation of
the truncated GST fusion products and significant reduction of
the level of phosphorylation of the full-length product
(Figure 3C). In a similar fashion, we found that a single Ala
substitution of Ser'®™* substantially reduced the level of phos-
phorylation of 1642—1778 and that a double Ala substitution of
Ser'® and Ser'™ abrogated phosphorylation of 1776—1905.

-Ser'®™, and Ser!®2/1843 4 ntibodies (pS1517,

,and Ser!842/1843, (E) Extracts from HEK cells transfected with WT

674

Ala substitution of Ser'’* and Thr' "™ did not substantially affect
incorporation of phosphate into the GST fusion protein. There-
fore, our results suggest that Ser'>'7 Ser'®™ Ser'™? and Ser!®*
are phosphorylated by PKCoa within the GST 1509—1905
fragment. Mutation of these sites within GST 1509—1905 did
not completely abrogate phosphorylation but reduced by >80%
the level of **P incorporation (data not shown), suggesting
that other, potentially minor, sites within this fragment are
unidentified.

We developed three phospho-epitope specific antibodies, de-
signed to report the phosphorylation of Ser'*!” (pS1517), Ser'®"*
(pS1674), and Ser'**/"3 (pS1842/3). The antibodies detected the
appropriate phosphorylated residue (Figure 3D). The pS1842/3
antibody weakly recognized the full-length GST 1509—1905
fusion protein under nonphosphorylated conditions.

Having validated the specificity of these antibodies, we used
them to examine phosphorylation of full-length recombinant a.;,
coexpressed with the 3, subunit, in HEK293 cells. Recombinant
channels were immunoprecipitated by an anti-; antibody from
HEK cell extracts and subjected to the PKCa in vitro kinase
assay. In contrast to the GST fusion proteins, Ser'®”, but not
Ser'™!" or Ser'®*/Ser'®*, demonstrated significant PKCa. phos-
phorylation. These results suggest that PKCa phosphorylates
Ser'®™ in full-length recombinant a;.. The lack of phosphoryla-
tion of Ser'>'” by PKCat in the full-length channel may be due to
lack of accessibility of PKCat to Ser'>'” in the full-length channel
(Figure 3E).
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FIGURE 4: PKC isoforms phosphorylate o, Ser'?*®. (A) GST fusion proteins (WT and S1928A 1906—2170 fragment) were phosphorylated by
PKC isoforms and PKD, size-fractionated, transferred to nitrocellulose, and immunoblotted with a phospho specific antibody recognizing
phosphorylated Ser'**® (pS1928). (B) Extracts from HEK cells transfected with WT or S1928A were prepared, followed by o, immunoprecipita-
tion and kinase reaction by the different PKC isoforms and PKD. Samples were size-fractionated on a SDS—polyacrylamide gel, transferred to a
nitrocellulose membrane, and probed with anti-phospho-Ser1928 antibody (top panel) or a.;. antibody (bottom panel).

PKC isoforms can differentially phosphorylate GST 1509—
1905; specifically, we showed that PKCo, PKCpAI, PKCAII,
PKCy, PKC9, and PKC6, but not other PKC isoforms, can
substantially phosphorylate GST 1509—1905 (Figure 1B) in anin
vitro kinase assay. To test whether phosphorylation of Ser'¢’*
was PKC isoform specific, we performed an in vitro kinase assay
for each PKC isoform (equivalent specific activity of 1500 nmol
of phosphate transferred to substrate per minute per milligram of
protein) and detected phosphorylation using the pS1674 anti-
body. We found that PKCa, -A1, -pI1, -y, and -0 phosphorylated
Ser'*; PKCo and PKCE very weakly phosphorylated Ser'®”,
and PKCe and PKCy did not phosphorylate Ser'®™. These
results demonstrate that o, Ser'®’* is differentially phosphory-
lated by PKC isoforms (Figure 3F).

Ser'? Is Phosphorylated by Conventional, Novel, and
Atypical PKC Isoforms and PKD. We have previously
reported that PKCa, PKCe, and PKCC phosphorylated the C-
terminus of o, at residue Ser'*® (23). In Figure 1, we showed
that PKD and all tested PKC isoforms except PKCy phosphory-
lated GST 1906—2170. To demonstrate whether Ser'**® was
phosphorylated by the other PKC isoforms, we utilized a
phospho-epitope specific antibody developed to specifically
detect Ser'”® phosphorylation (23). Prominent immunoreactive
bands were detected (with a range of mobilities corresponding to
the GST-fused full-length protein as well as truncated/proteolytic
fragments) using eight PKC isoforms and PKD (Figure 4A). No
anti-phospho-Ser'*® antibody immunoreactivity was detected
when a single Ala substitution of Ser'**® was introduced into the
GST fusion protein.

Having determined that PKD and these PKC isoforms can
phosphorylate Ser'**® in GST fusion proteins, we next asked
whether these kinases can phosphorylate Ser'* in full-length ot
We coexpressed 55, and WT or Ala-substituted Ser'*?® 0. in
HEK cells. ;. immunoprecipitates were subjected to immune
complex kinase assays with PKD and PKC isoforms. PKD
and PKC isoforms a, 51, A1, v, 0, ¢, 0, and ¢ phosphorylated

Ser'”® in full-length o, (Figure 4B), thus indicating that
Ser'¥?® is a target for conventional, novel, and atypical PKC
isoforms.

o Ser'®”* and Ser'®?® Are Phosphorylated by PKC in
HEK Cells. We assessed . phosphorylation in HEK cells
transfected with WT or the Ala-substituted Ser’?®, Ser'®”*, or
Ser'%% form, in the absence or presence of overexpressed PK CAI.
Incubation of HEK cells transfected with o, and f,, with PMA,
prior to lysis, led to phosphorylation of Ser'®’* and Ser'**®
(Figure 5B,C), but not Ser’® (Figure 5A). The PMA-induced
phosphorylation of Ser'®”* was inhibited by bisindolylmaleimide
(Bis), indicating that the phosphorylation was mediated by PKC
(Figure 5B). The level of PMA-induced phosphorylation of
Ser'™ and Ser'””® was increased by the overexpression of
PKCp1 in HEK cells (Figure 5B,C). In contrast, PMA-induced
Ser’*® phosphorylation was not detected with the endogenous
PKC isoforms expressed in HEK cells (data not shown) or after
PKCpI overexpression (Figure 5A). Taken together, these results
suggest that in HEK cells, Ser'®”* and Ser'*?® can be phosphory-
lated in a cellular context.

a;. Ser'®”* Is Phosphorylated by PKC in Cardiomyo-
eytes. We have previously shown that o Ser'** is phosphory-
lated by PKC in cardiomyocytes (23). We tested whether Ser™,
which is not PKC phosphorylated in HEK cells (Figure 5A) but
can be phosphorylated by PKC isoforms in vitro, and Ser'’*
could be phosphorylated by PKC isoforms in cardiomyocytes. To
induce PKC phosphorylation, we mounted rat hearts on a
Lagendorff apparatus and perfused through the aortic root for
15 min calyculin A, calyculin A and PMA, or calyculin A and
4a-phorbol (which does not activate PKC). The hearts were then
frozen in liquid nitrogen and extracts prepared. To ensure that
under these conditions infusion of PMA induced PKC activation
and subsequent phosphorylation of targets within cardiomyo-
cytes, we first examined the phosphorylation of multiple targets
using a phospho-Ser PKC substrate antibody, which detects many
cellular proteins only when phosphorylated at serine residues
surrounded by Arg or Lys at the —2 and 2 positions and a
hydrophobic residue at the 1 position. PMA (Figure 6A), but not
4a-phorbol (Figure 6B), increased the level of phosphorylation of
many PKC targets in the heart, assessed using the PKC phospho-
Ser antibody. Of six hearts treated with PMA, we excluded two
hearts because a significant increase in phosphoproteins was not
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FIGURE 5: Reconstitution of PMA- and PKC-mediated phosphorylation of Ser'®”* and Ser'**® in HEK cells. (A) Recombinant WT a;. was
transiently coexpressed with 55, and PKCf1 in HEK293 cells. Cells were exposed to PMA (1 uM) and calyculin A (Cal, 50 nM) for 10 min.
Bisindolylmaleimide (Bis, 0.5 M) was preincubated for 1 h at 37 °C. Cells were harvested 24—48 h after transfection and lysed in the presence of
phosphatase inhibitors. Lysates were size-fractionated on a SDS—polyacrylamide gel, transferred to nitrocellulose membranes, and blotted with
anti-phospho-Ser™>® [pS528 (top panel)] or a; (middle panel) antibodies. The arrowhead denotes the size of the anticipated phosphorylated band.
Representative of three similar experiments. The bottom panel shows activation of PKC by PMA had no effect on Ser®® phosphorylation. Mean
+ standard deviation. (B) Recombinant WT or Ala-substituted Ser'®”™* (S1674A) o, was transiently coexpressed with 35, in HEK 293 cells, in the
absence or presence of PKCf1 as indicated. The methodology is identical to that described for panel A except nitrocellulose membranes were
blotted with anti-phospho-Ser'®™ [pS1674 (top panel)] or o (middle panel) antibodies. The specificity of the pS1674 antibody is shown using the
S1674A o,. mutant. Representative of three similar experiments. The bottom panel shows activation of PKC by PMA increased the level of
phosphorylation of o, Ser'®”®. Phosphorylation of Ser'®™ was caused by PKC because bisindolylmaleimide (Bis) prevented Ser'¢”*
phosphorylation. (C) Recombinant WT or Ala-substituted Ser'?® (S1928A) a,c was transiently coexpressed with 5, in HEK293 cells, in the
absence or presence of PKCf1 as indicated. The methodology is identical to that described for panel A except nitrocellulose membranes were
blotted with anti-phospho-Ser!** [pS1928 (top panel)] or o (middle panel) antibodies. Re][:)resentative of three similar experiments. The bottom
panel shows activation of PKC by PMA increased the level of phosphorylation of o Ser'*?®. The asterisk indicates p < 0.05.

observed (data not shown). a,;. immunoprecipitates of the un- phosphorylation, since the PKCo null mice have decreased levels
treated and calyculin A-, PMA-, and 4o-phorbol-treated heart of Ser'®® phosphorylation compared to the littermate control
extracts were probed with pS528 and pS1674 antibodies. Exposure (Figure 7D). In comparison, Ser'’* demonstrates minimal basal
of the heart to the combination of PMA and calyculin A induced phosphorylation (Figure 7A,B). Ser**® phosphorylation is not

phosphorylation of Ser'®”™ (p = 0.02, n = 4), whereas Ser™™ present in these mice (data not shown).
demonstrated only a modest increase in signal (p = NS, n = 4).

Calyculin A and the combination of 4a-phorbol and calyculin A DISCUSSION
had no effect on the phosphorylation of Ser'®™ (Figure 6D). The regulation of Ca*" influx through Ca, 1.2 phosphorylation
To further support the idea that Ser'®™ is phosphorylated in is important for the modulation of E—C coupling in the heart.
heart, we studied the hearts from PKCa knockout mice and Despite prior electrophysiological characterization of the mod-
transgenic mice overexpressing PKCa (25). There are no com- ulation of Ca,1.2 by phosphorylation, the underlying molecular
pensatory changes in the expression and function of other PKC mechanisms remain largely unknown (2). This has been exem-
isoforms in the PKCa null mouse (25). Heart extracts were plified recently with the findings that an Ala substitution at
prepared from littermate control, knockout, and TG mice. o, Ser'®® in knockin mice retained S-adrenergic agonist upregula-
immunoprecipitates were size-fractionated via SDS—PAGE and tion of Ca*" current (27). Ser'**® has been postulated to be one of
probed with pS1674 and pS1928 antibodies. PKCa TG mice the residues in Ca,l.2 responsible for PKA upregulation of
demonstrated markedly increased levels of Ser'®”* phosphoryla- channel activity (28—31). The scarcity of this transmembrane
tion compared to littermate controls (Figure 7A; p < 0.05,n=3). protein, the difficulties performing biochemical experiments, and
Similarly, PKCa TG mice had increased levels of phosphoryla- reconstituting regulation in heterologous expression systems
tion of Ser'*** compared to littermate control mice (Figure 7C; p (oocyte and mammalian cells) have led to limited progress (2).
< 0.05, n=13). Ser'* is phosphorylated under basal conditions We have identified several new PKC phosphorylation sites

(Figure 7C.,D); the basal phosphorylation may be due to PKC within the o, subunit of the L-type Ca®* channel. These sites are
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FIGURE 6: Ser'®” is phosphorylated in cardiomyocytes. Rat hearts

were perfused on a Langendorff apparatus with Tyrode solution in
the absence or presence of PMA (0.5 uM) with calyculin A (Cal,
50 nM) or 4 a-phorbol (0.5 uM) with calyculin A as indicated. Hearts
were flash-frozen in liquid nitrogen and lysates prepared. (A and B)
Lysates were size-fractionated via SDS—PAGE, transferred to ni-
troceullose, and blotted with anti-phospho-PK C substrate antibody.
(C and D) a;. immunoprecipitates were size-fractionated via SDS—
PAGE, transferred to nitrocellulose, and blotted with anti-pS528
(top panel) and anti-pS1674 (top panel) antibodies or anti-o;. anti-
body (middle panels). The bottom panels show bar graphs of
densitometric quantification of Ser®*® and Ser'®’* phosphorylation
(normalized to control; n=3—5). The asterisk indicates p <0.025 for
PMA with calyculin compared to control or p <0.05 for PMA with
calyculin compared to calyculin A.

distinctly phosphorylated by PKC isoforms, suggesting that the
L-type Ca*" channel function may be differentially regulated.
The rabbit o subunit has many consensus PKC phosphoryla-
tion sites in the intracellular, transmembrane, and extracellular
domains. Using GST fusion proteins incorporating only the
intracellular regions, which are exposed to cellular kinases and
phosphatases, we avoided studying sites that cannot be modu-
lated in a cellular context. The disadvantage of this approach is
that the fusion proteins may not fold correctly. For these in vitro
kinase assays, we used nine PKC isoforms, representing conven-
tional, novel, and atypical forms, as well as PKD. We found that
the first portion of the amino-terminal segment of the rabbit o,
(residues 1—80) was not phosphorylated by any PKC isoform;
two residues within this segment were proposed to be responsible
for PKC-induced inhibition of channel activity, based upon
cellular electrophysiology experiments (22). We found that the
second portion of the amino-terminal segment of the o subunit
could be weakly phosphorylated by several PKC isoforms;
mutagenesis of all potential sites, either as single, double, or
triple Ala substitutions, failed to significantly reduce the level of
phosphorylation. This suggests that residues within this fragment
do not represent significant phosphorylation sites in vitro.
Significant phosphorylation by several PKC isoforms was found
for the I-1I loop and for two segments within the C-terminus,
1509—1905 and 1905—2170.
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IGURE 7: Ser and Ser phosphorylation is altered in PKCa

transgenic and knockout mice. Heart extracts were prepared from
PKCa transgenic and knockout mice, and o, or preimmune (PI)
immunoprecipitates were size-fractionated via SDS—PAGE, trans-
ferred to nitrocellulose, and blotted with (A and B) anti-pS1674 or (C
and D) anti-pS1928 antibodies (top panels) or anti-o. antibody
(middle panel). Bar graphs of densitometric quantification of relative
levels of pS1674 and pS1928 phosphorylation (normalized to o
immunoprecipitation; littermate control normalized to 1; n=3; *p <
0.05).

Within the I-1II loop, we identified Ser’*® and Ser’* as PKC
phosphorylation sites. In addition to Ser'**® in the 1905—2170
fusion protein (23), we identified residues within the 1509—1905
fusion protein, Ser'7 Ser'®™ and Ser'®**"®% that are PKC-
phosphorylated. We generated phospho-epitope specific antibo-
dies for each of these sites and found that Ser'®™* and Ser'**® are
phosphorylated in HEK cells and cardiomyocytes in response to
direct PKC activators. Whereas Ser'**® is strongly phosphory-
lated by all PKC isoforms tested except PKCy, Ser'*™* demon-
strates variable PKC phosphorylation and is primarily
phosphorylated by PKCa, -f1, -p11, -y, and -6.

Both Ser'’* and Ser'**® are modulated in the PKCa. trans-
genic and knockout mice. Mouse animal models with altered
cardiomyocyte PKC isoforms, induced by either transgenic or
gene ablation approaches, have demonstrated important roles for
PKC isoforms in the regulation of cardiac contractility and the
development of cardiac hypertrophy (reviewed in ref 5). Hemo-
dynamic overload can produce significant changes in PKC
activity (32, 33); for instance, aortic banding in Sprague-Dawley



6682  Biochemistry, Vol. 48, No. 28, 2009

rats caused an ~3-fold increased level of expression of PKCa,
which correlated with the degree of left ventricular hypertrophy
(LVH). PKCo levels increased ~6-fold at 24 weeks, and its level of
autophosphorylation increased in LVH and heart failure (34). In
the failing human heart, the expression and activity of Ca’>"
sensitive PKCa and -f isoforms are elevated (35). Postnatal
cardiac specific expression of PKCf2 caused a cardiomyopathy
characterized by LVH, myocardial fibrosis, and reduced LV
function (36). In contrast, mice with cardiac specific PKCe
overexpression demonstrated concentric hypertrophy with
normal cardiac function, implying that PKC isoforms may play
different roles in cardiac hypertrophy and failure (37). Whereas
transgenic overexpression of PKCa causes reduced cardiac con-
tractility, PKCo deficient mice demonstrated enhanced cardiac
contractility (25). Therefore, PKCa, the most strongly expressed
of the myocardial PKC isoforms, may be more important as a
regulator of myocardial contractility than cardiac hypertrophy.

L-Type Ca>" channel currents recorded from the cardiomyo-
cytes from PKCa null mice demonstrated a rightward shift in the
current—voltage relationship, compared to that of littermate
control mice (25). The molecular mechanism responsible for this
shift in channel characteristics is not clear. PKCa directly
phosphorylates protein phosphatase inhibitor-1 (I-1), which
alters its inhibitory activity protein phosphatase 1 (PP1). PKCa
null mice undergo a >30% decrease in PP1 specific activity, but
no change in PP2A activity (25). In contrast, the PKCa TG mice
experience an increase in PP1 activity in the heart. Thus, our
findings of a decreased level of phosphorylation of Ser'®™ and
Ser'”® in the PKCa null hearts and an increased level of
phosphorylation of these residues in the PKCa TG hearts are
not due to a change in phosphatase activity, but rather most likely
due to a direct effect of PKCa phosphorylation of the channel.

The role of phosphorylation of Ser'**® in mediating f-adre-
nergic agonist upregulation of L-type Ca>" current has recently
been explored using adenoviral-mediated overexpression in car-
diomyocytes and a knockin mouse. Ala substitution of Ser'**®
did not prevent S-agonist upregulation of current, implying that
other molecular mechanisms are responsible. It is not known
whether Ser'**® plays a role in mediating PKC modulation of L-
type Ca>"channel function in the heart. The assessment of the
functional effects of PKC phosphorylation of these newly
identified sites will likely require either overexpression in cardi-
omyocytes or generation of knockin animals.

The L-type Ca*" channel o and f subunits are phosphorylated
by several kinases, including Ca>"/calmodulin-dependent kinase
(CamKII) (38, 39), PKA (40), PKC (23, 40), and PKG (24, 41).
Many of the phosphorylation sites for these kinases have been
identified, although in some cases, the sites can be phosphory-
lated by several of these kinases [Ser'®*® can be phosphorylated
by PKA (42), PKC (23),and PKG (24)]. Further work is required
to determine whether in a cellular context, specificity can be
imparted by differential phosphorylation of these sites. Taken
together, our findings identify additional PKC regulatory sites
within the o subunit of the L-type Ca’" channel. The sites are
differentially phosphorylated by PKC isoforms, suggesting a
molecular mechanism that could lead to highly specific fine-
tuning of channel activity.
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