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Abstract

Our experiments investigated associations of specific isoforms of protein kinase C (PKC) with
individual proteins in the cardiac troponin complex. Troponin I (cTnl) associated with PKC ¢ and
¢ and troponin T (cTnT) associated with PKC a, , and . Based on its association with cTnl, we
hypothesized that PKC{ is a major regulator of myofilament protein phosphorylation. To test this,
we infected adult cardiac myocytes with adenoviral constructs containing DsRed monomer-tagged
wild type (WT) and the following constitutively active forms of PKC{: the pseudo-substrate region
(A119E), 3'-phospho-inositide-dependent kinase-1 (T410E), and auto-phosphorylation (T560E).
The A119E and T410E mutants displayed increased localization to the Z-discs compared with WT
and T560E. Immunoprecipitations were performed in myocytes expressing PKC{ using PKC
phospho-motif antibodies to determine the phosphophorylation of cTnl, cTnT, tropomyosin, myosin-
binding protein C, and desmin. We did not find serine (Ser) phosphorylation of cTnl or cTnT.
However, we observed a significant decrease in threonine (Thr) phosphorylation of cTnl and cTnT
notably by PKC{ T560E. Ser phosphorylation of tropomyosin was increased by all three active
mutants of PKC{. Ser/Thr phosphorylation of myosin-binding protein C increased primarily by
PKC{ A119E. Both PKC{ A119E and T410E mutants increased desmin Ser/Thr phosphorylation.
To explain the apparent Thr dephosphorylation of cTnl and ¢cTnT, we hypothesized that PKC{ exists
as a complex with p21-activated kinase-1 (Pak1) and protein phosphatase 2A (PP2A), and this was
confirmed by immunoprecipitation Western blot. Our data demonstrate that PKC{'is a novel regulator
of myofilament protein phosphorylation.

The protein kinase C (PKC)2 pathway participates in cardiac myofilament protein
phosphorylation in association with hypertrophic signaling (1,2). The eleven or so PKC
isoforms are classified as conventional (e, g, S, y), novel (4, ¢, 1, 6), and atypical (¢, /4).
Conventional isoforms are regulated by Ca?* and diacylglycerol (DAG); novel PKCs are
activated by DAG alone; and atypical PKC isoforms are neither Ca?* nor DAG-dependent.
However, all three types are regulated by phosphatidylserine, 3'-phosphos-inositide-dependent
kinase-1 (PDK1), and auto-phosphorylation (3). Using transgenic approaches, up-regulation

*This work was supported by an American Heart Association pre-doctoral fellowship and National Institutes of Health Training Grants
T32 HL07692-17 (to S. C. W.) and R01 HL64035 and PO1 HL62426 (to R. J. S.).

SThe on-line version of this article (available at http://www.jbc.org) contains supplemental Fig. S1.

1Towhom correspondence should be addressed: Dept. of Physiology and Biophysics (M/C 901), University of Illinois at Chicago College
of Medicine, 835 South Wolcott Ave., Chicago, IL 60612-7342, Tel.: 312-996-7620; Fax: 312-996-1414; E-mail: solarorj@uic.edu.
2The abbreviations used are: PKC, protein kinase C; cTnl, cardiac troponin I; cTnT, cardiac troponin T; cTnC, cardiac troponin C; Tm,
tropomyosin; MyBP-C, myosin-binding protein C; PKA, protein kinase A; PKD, protein kinase D; Pak1, p21-activated kinase 1; PP2A,
protein phosphatase 2A; WT, wild type; GST, glutathione S-transferase; Un, uninfected; IP, immunoprecipitation; DsRedM, DsRed
monomer; DAG, diacylglycerol; PDK1, 3'-phospho-inositide-dependent kinase-1.


http://www.jbc.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Solaro

Page 2

of conventional (5 and I1) or novel (5 and &) PKC isoforms has been shown to increase cardiac
troponin | (cTnl) and/or cardiac troponin T (¢TnT) phosphorylation in addition to promoting
hypertrophy (4-7). The atypical PKC{ has also been found in the heart (8), but its role in cardiac
function remains unknown.

PKC also regulates myofilament activity. Although PKC phosphorylation sites have been
identified in cTnl and cTnT (9), their functional significance has only been elucidated recently.
Phosphorylation of cTnl, the major inhibitor of the actin-myosin cross-bridge reaction,
regulates the activity and Ca?* sensitivity of tension and actomyosin MgATPase rate in vitro
(10) and alters maximum tension level and thin filament sliding speed, which then ultimately
affect force development, myofilament activation, cross-bridge cycling rate, and cardiac
dynamics (10,11). In cTnT, which transduces the Ca?* signal between the troponin complex
and tropomyosin, PKC phosphorylation inhibits tension development, Ca2* sensitivity, and
cooperativity (12). However, the exact PKC isoforms that functionally modulate thin filament
proteins remain unclear.

In the current study, we demonstrate isoform-specific interactions with PKC to cTnl and ¢TnT.
We identified the atypical PKC{ isoform to associate specifically with cTnl in untreated adult
rat ventricular cardiac myocytes. To determine whether PKC{ modulates myofilament protein
phosphorylation, we used adenoviral expression of PKC{ in adult rat ventricular myocytes.
Because the upstream regulators of PKC¢are unclear and the atypical PKC isoforms are neither
DAG nor Ca?*-dependent (3), we generated three constitutively active forms with mutations
in the pseudo-substrate (A119E) domain (13), the 3'-phospho-inositide-dependent kinase-1
(PDK1) phosphorylation site (T410E), and the auto-phosphorylation site (T560E) (14). We
determined the localization of active PKC{ in adult rat ventricular myocytes and the states of
Ser and Thr phosphorylation by PKC( of the thin filament proteins cTnl, ¢cTnT, tropomyosin
(Tm), the thick filament protein myosin-binding protein-C (MyBP-C), and the intermediate
filament/Z-disc protein desmin. Our data indicate that the activation of PKC{is a significant
control mechanism regulating both phosphorylation and dephosphorylation of myofilament
proteins.

EXPERIMENTAL PROCEDURES

Isolation and Culturing of Adult Rat Cardiac Ventricular Myocytes

All experiments were performed in compliance with animal care policies of the Animal Care
Committee at the University of Illinois at Chicago. Isolated adult rat cardiac ventricular
myocytes from 200 —250 g male Sprague-Dawley rats (Harlan) were isolated as described
previously (15). Rod-shaped Ca2* tolerant myocytes were counted and assayed for viability
by trypan blue exclusion assay. Myocytes were plated in M199 (Mediatech) and supplemented
with 5 mmol/liter creatine, 2 mmol/liter L-carnitine, 5 mmol/liter taurine (Sigma), 50 units of
penicillin, and 50 units of streptomycin (Mediatech) at a density of 1.4 x 10 cells per 35-mm
dish (Falcon) or a one-chambered slide (Nalge) coated with 15 g of mouse laminin
(Invitrogen). After two hours of plating at 37 °C, 5% CO, unattached cells were removed by
two washes with media, leaving only attached rod-shaped viable myocytes.

Gluathione S-Transferase (GST)-Troponin Expression and Purification

cDNAs encoding cTnl, ¢cTnT, and cTnC were amplified by polymerase chain reaction (PCR)
and subcloned into the GST vector pGEX 5X-1 (Amersham Biosciences) in frame to generate
the constructs GST-cTnl, GST-cTnT, and GST-cTnC, which were sequence verified. GST
protein expression and purification were performed as described previously (16).
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GST Pulldown Assay, Immunoprecipitations, and Western Blot

Lysates from cultured myocytes were prepared in ice-cold 1xradioimmune precipitation assay
(50 mmol/liter Tris-HCI, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxy-cholate, 150 mmol/
liter NaCl, 1 mmol/liter EDTA, 1 mmol/liter phenylmethylsulfonyl fluoride, 1 mg/ml each of
aprotinin, leupeptin, pepstatin, 1 mmol/liter NagVVO,4, 1 mmol/liter NaF). For GST pulldown
assays, five ug of GST protein was added to 100 wg of cell lysate and incubated overnight at
4 °C. 30 ul of 50% glutathione-agarose slurry was added and incubated for one hour.
Glutathione agarose containing bound GST-troponin complexes were collected by
centrifugation and washed three times with ice-cold 1x radioimmune precipitation assay buffer,
then resuspended in 2x sample buffer (Alliance for Cell Signaling (AfCS) solution protocol
00000437), and boiled for 5 min. For immunoprecipitation assays, phospho-antibodies
recognizing either the PKC Ser phosphorylation motif (R/K)X(S)X(R/K) or Thr
phosphorylation TXR motif (Cell Signaling) were incubated with lysates overnight at 4 °C.
Protein complexes were immunoprecipitated with protein A/G-agarose (Santa Cruz
Biotechnology) and were collected by centrifugation and washed three times in ice-cold
phosphate-buffered saline. All protein complexes were resolved by SDS-PAGE and transferred
to 0.2-micron polyvindyline difluoride membrane (PVDF) membrane (Bio-Rad). Primary
antibodies were as follows: protein kinase A catalytic subunit (PKAc) (BD Biosciences), PP2A
(Upstate), PKC isoforms a, fll, 4, &, { (Santa Cruz), PKCu/protein kinase D (PKD) (Abgent),
cTnl (Research Diagnostics, Inc), cTnT (CT3), and Tm (CH1) (Developmental Studies
Hybridoma Bank, University of lowa), MyBP-C (a gift from Richard Moss), and desmin
(Biomeda). Secondary antibodies conjugated to horseradish peroxidase (Jackson
ImmunoLabs) were used for detection. Western blots were developed with enhanced
chemiluminescence and exposed to film (Amersham Biosciences). Data obtained were from
six different experiments.

Adenoviral Construction, Production, and Expression of PKC(

Human PKC{ cDNA (17) was purchased from American Type Culture Collection (ATCC
MGC-10512). PKC{ cDNA was amplified by PCR and subcloned into pDsRed monomer-C1
(Clontech) in frame to generate the construct DsRed monomer PKCIWT (wild type). This
construct was used as a template to generate constitutively active mutations in the pseudo-
substrate (A119E) (13), the PDK1 phosphorylation site (T410E) (14), or the auto-
phosphorylation site (T560E) (14) of PKC{ using the QuikChange site-directed mutagenesis
kit (Stratagene). All PKC( constructs were transferred to the AdEasy (18) system for
adenovirus production and were sequence verified. Adenoviruses were amplified up to four
times in low passage 293 cells (ATCC) then purified using the ViraKit AdenoMini-4 kit
(Virapur) according to manufacturer’s recommendations. Viral titers were determined by
cytopathic effect assay (19). Cardiac myocytes cultured for two hours were infected with
adenoviruses with titers at 108-1011 plaque forming units (pfu) per ml at a multiplicity of
infection (MOI) of 100 overnight and cultured for 2 days at 37 °C, 5% CO,. Adenoviral
PKC({ construct expression was verified by Western blot with a PKC{ antibody (Santa Cruz).

Confocal Microscopy of Ventricular Myocytes

Adenovirus infection of cultured myocytes with PKC{ constructs were performed as described
above. Cells were fixed in 70% ice-cold methanol in 1x phosphate-buffered saline,
permeabilized in 0.25% Triton X-100 in phosphate-buffered saline, and blocked with 8%
bovine serum albumin fraction V (Roche). A primary mouse monoclonal antibody for a-actinin
(Upstate) in 1% bovine serum albumin was used for detection of Z-discs in myocytes. For the
secondary antibody, a chicken anti-mouse 1gG Fluor 488 (Alexa) in 1% bovine serum albumin
was used for green fluorescence. Cells were mounted using Fluoromount-G (SouthernBiotech)
with glass coverslips. Image acquisition was performed as described previously (20). Images
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from at least six different myocytes per treatment from three different myocyte cultures were
taken.

Data Analysis

RESULTS

Association

Localization

All images were analyzed using National Institutes of Health (NIH) ImageJ software. Data are
presented as means £S.E. One-way analysis of variance (ANOVA) was used for multiple
comparisons when appropriate. p <0.05 was considered significant.

of Protein Kinase C to Cardiac Troponins Is Isoform-specific

To determine the relevant PKC isoforms that may regulate the proteins of cardiac troponin
complex, we developed a GST-troponin pulldown assay. First, we tested antibody specificity
and verified the presence of various kinases and the protein phosphatase, PP2A. Using lysates
from untreated isolated and cultured adult rat ventricular myocytes and rat brain as control,
PKA, PP2A, and the PKC isoforms a, fll, 6, ¢, {and PKD were found in both brain and
ventricular myocytes (supplemental Fig. S1). We first tested the ability of GST-cTnl to pull
down the catalytic subunit of protein kinase A. As seen in Fig. 1A (left panel), only GST-cTnl
bound specifically to endogenous PKA. Endogenous PP2A was pulled down by GST-cTnl and
GST-cTnT (Fig. 1A, right panel). The GST-troponin assay was then used to test the hypothesis
that PKC associates with cardiac troponins in an isoform-specific manner. Of the conventional
PKCs (Fig. 1B, top panel), only PKCa associated with GST-cTnT alone. PKCSII did not
associate with any GST protein, though it was detected in myocyte lysates (supplemental Fig.
S1). With the novel PKCs, the ¢ isoform associated with only GST-cTnT. PKCe associated
with both GST-cTnl and GST-cTnT (Fig. 1B, middle panels). We found the atypical PKC{ to
be specifically associated with only GST-cTnl (Fig. 1B, bottom left). The related kinase PKD
was also associated with only GST-cTnl (Fig. 1B, bottom right). No kinases or PP2A were
found to associate with GST alone or GST-cTnC.

of PKCZ in Cardiac Myocytes Is Dependent on Its State of Activation

Based on the finding that endogenous PKC{ pulled down with GST-cTnl (Fig. 1B), our initial
goal was to characterize the role of PKC{ in cardiac myocytes. Adenoviral constructs of
PKC{ were tagged with DsRed monomer (DsRedM), and their localization was examined by
confocal microscopy. Expression of the constitutively active mutants along with the wild type
(WT) and DsRedM alone are compared in data shown in Fig. 2. PKC{'WT and the T560E
mutant were localized in the myofilaments. When either the A119E pseudo-substrate or the
PDK1 phosphorylation T410E mutation was introduced, there was increased translocation to
the Z-discs of cardiac myocytes. This was confirmed by counter-staining with an antibody
against a-actinin, a Z-disc protein. Expression of the DsRed monomer alone was diffused
throughout the cell.

Thin Filament Protein Phosphorylation by Protein Kinase Cg

The amino acid sequences of cTnl, cTnT, and Tm were examined, and motifs were found that
could serve as substrates for PKC-dependent phosphorylation. To determine whether PKC{
can affect the phosphorylation states of thin filament proteins and to correlate the state of
PKC{ activation with thin filament protein phosphorylation, we performed
immunoprecipitations (IP) with PKC phospho-motif antibodies in lysates of cardiac myocytes
expressing adenoviral PKC{. IP complexes were resolved by SDS-PAGE and were then blotted
for cTnl, cTnT, and Tm. Uninfected (Un) myocyte lysates were used as controls. With cTnl
(Fig. 3A, top) and cTnT (3B, top), no Ser phosphorylation was observed. Surprisingly, Thr
phosphorylation of cTnl (Fig. 3A, middle panel) and cTnT (3B, middle panel) was decreased
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with PKC( activation, especially by the T560E auto-phosphorylation PKC{ mutant. With Tm,
Ser phosphorylation was increased by 50% in all constitutively active PKC{ mutants compared
with controls (Fig. 3C, top). No Thr phosphorylation of Tm was observed (Fig. 3C, middle
panel). Expression of DsRed monomer only or PKC{'WT did not alter Ser or Thr
phosphorylation compared with uninfected myocytes. Total cTnl, cTnT, and Tm protein levels
were unchanged with PKC{ expression.

Myosin Binding Protein-C Phosphorylation Is Increased by PKCZ Activation

To determine whether thick filament protein phosphorylation is altered by PKC{ activation,
MyBP-C was assessed. As seen in Fig. 4A, MyBP-C contains a number of PKC phospho-serine
and phospho-threonine motifs. When myocytes were infected with the different constitutively
active PKC{ constructs, the levels of Ser (Fig. 4B, top panel) and Thr (4B, middle panel)
phosphorylation of MyBP-C were significantly increased with only the PKC{ pseudo-substrate
AL19E mutant. There were increased Ser and Thr phosphorylations of MyBP-C observed in
the wild type, T410E, and T560E PKC{ constructs, but they did not reach significance. Total
MyBP-C protein levels were unchanged by adenoviral PKC{ expression (Fig. 4B, bottom
panel).

PKCg Phosphorylation of Desmin

To determine whether the translocation of PKC{ to the Z-discs results in changes in
phosphorylation of Z-disc proteins, we examined the Z-disc/intermediate filament protein
desmin. As seen in Fig. 5A, desmin contains a number of phospho-PKC Ser and Thr motifs.
Without changing total desmin protein levels (Fig. 5B, bottom panel), expression of the pseudo-
substrate A119E and the PDK1 phosphorylation T410E constitutively active mutants of
PKC{increased both Ser (5B, top panel) by up to 50% (5C, top panel) and Thr phosphorylation
(5B, middle panel) by up to 60% (5C, bottom panel). No significant changes in Ser or Thr
phosphorylation by PKC{WT or the auto-phosphorylation mutant were observed. Taken
together, translocation of the constitutively active PKC{ mutants A119E and T410E to the Z-
discs (Fig. 2) results in increased desmin protein phosphorylation.

Evidence for PKCZ Involvement in the Pak1/PP2A Pathway

To explain the apparent threonine dephosphorylation of cTnl and ¢cTnT by expression of
activated PKC{ (Fig. 3), we tested the hypothesis that PKC{ is involved in the Pak1/PP2A
pathway (20) by demonstrating that PKC{ exists in a complex with Pakl1 and PP2A. Using
myocyte lysates as well as brain as a control, IPs were first performed with a PKC{ antibody
(Fig. 6A). Western blotting was performed with the protein complexes resolved by SDS-PAGE
and found to have Pak1l (left panel) and PP2A (middle panel). Conversely, IPs in myocyte
lysates with an antibody that recognizes Pak1 (Fig. 6B) resulted in identification of an
association with PKC{ (left panel) and PP2A (middle panel). Finally, IPs with a PP2A antibody
(Fig. 6C) in myocyte lysates were found to have PKC{ (left panel) and Pak1 (middle panel)
associated with PP2A. Together with the Thr dephosphorylation of cTnl and cTnT reported in
Fig. 3, these results indicate that PKC{ is involved in the Pak1/PP2A pathway leading to Thr
dephosphorylation of ¢cTnl and cTnT.

DISCUSSION

Our data provide the following novel results: 1) The demonstration that there are PKC isoform-
specific associations with individual cardiac troponins and 2) the definition for diverse roles
for PKC('in controlling sarcomeric protein phosphorylation and dephosphorylation in cardiac
myocytes. To our knowledge, our data are the first to report endogenous PKCq association
with ¢cTnT and PKC{ association with cTnl.
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Identification of the relevant kinases and phosphatases that modulate troponin phosphorylation
has been attempted with varying results (8,9,21). Jideama et al. (9) using recombinant PKC
isoforms a, d, ¢, and {'to phosphorylate purified troponin complex demonstrated that « and ¢
isoforms preferentially phosphorylated cTnl over cTnT, whereas PKC{ preferentially
phosphorylated cTnT. PKCe phosphorylated both cTnl and cTnT (9). It has been reported that
in cardiac-targeted PKCe over-expressing mice, PKCe associates in a complex with cTnl and
cTnT (21). To better identify the relevant signaling molecules, we developed a GST-troponin
pulldown assay with the idea that an endogenous kinase or phosphatase can be identified by
its affinity to its substrate. We found that endogenous PKA pulled down by GST-cTnl in
myocyte lysates (Fig. 1B, left panel), consistent with PKA phosphorylation of cTnl (22).
Protein phosphatase 2A has been shown to dephosphorylate cTnl (23), and this was confirmed
by GST-cTnl pulldown of PP2A. In addition, GST-cTnT also pulled down PP2A, suggesting
PP2A also dephosphorylates cTnT (Fig. 1B, right panel). Of the PKC isoforms examined,
GST-cTnT associated with PKCs «, J, and ¢ (Fig. 1C). GST-cTnl associated with PKCe, PKD,
and PKC{ (Fig. 1C). With respect to PKCe, these data agree with the previous findings in the
studies of cTnl and cTnT phosphorylation associated with transgenic mice over-expressing
PKCe (21). PKD pulldown by GST-cTnl is consistent with results reported by Haworth et
al. (24), where PKD association with cTnl was identified by yeast two-hybrid. Of particular
interest is that neither GST-cTnl nor GST-cTnT pulled down PKCAII (Fig. 1C), though it was
found in myocytes (1A). Increased cTnl phosphorylation has been shown in constitutively
active PKCpII transgenic mice (6) as well as in vitro (25). More recently, p90 ribosomal S6
kinase has been shown to also phosphorylate cTnl by H,O»-induced PKCpII activation (26).
Though PKCpII can phosphorylate cTnl in vitro (25), we believe PKCgII works upstream of
p90 ribosomal S6 kinase to phosphorylate cTnl in cultured myocytes and would explain our
findings.

Our demonstration of robust interaction of PKC{ with cTnl prompted further investigation of
the signaling associated with this atypical isoform, which has not been well characterized in
myocardium. Yet because the exact extrinsic signaling pathways leading to PKC{ activation
are unknown in cardiac myocytes, we therefore generated three constitutively active mutants
of PKC(¢because it is neither Ca2* nor DAG sensitive (3). When either PKCC'WT or the T560E
auto-phosphorylation mutant was expressed in cardiac myocytes, they were localized diffusely
in the myofilaments (Fig. 2). Upon introduction of the A119E or T410E mutation, there was
an increase in localization to the Z-discs, as confirmed by co-localization with the Z-disc
protein, a-actinin (Fig. 2). This is consistent in part with a report of Kang and Walker (27) who
observed PKCs ¢ and ¢ translocation to the Z-discs upon phobol ester treatment. In addition,
disruption of the Z-disc protein network perturbed PKC signaling in the myofilaments by a
modest reduction in the cardiac actin capping protein CapZ (28). Taking into account all these
data, we conclude that the constitutively active mutants of PKC(, A119E (pseudo-substrate)
and T410E (PDK1 phosphorylation) are most representative of PKC( activation. Though the
T560E auto-phosphorylation mutant did not translocate to the Z-discs, but was still activated,
we think this is a conformational change of PKC( that may act as a signal for other pathways,
which alter myofilament protein phosphorylation (see below).

In our studies of phosphorylation of thin filament proteins, active PKC{ induced
phosphorylation of Thr but did not induce Ser phosphorylation in either cTnl or cTnT (Fig. 3,
A and B). Previous studies identified PKC phosphorylation sites in cTnl and cTnT (29). In
cTnl, Ser-43 and Ser-45 and Thr-144 are PKC phosphorylated as well as the nominal PKA
sites Ser-23 and Ser-24, notably by PKCo (9). Kobayashi et al. (30) observed that PKCe also
phosphorylated recombinant cTnl in vitro at the PKA sites. In ¢TnT, Ser-201 and Thr-197,
Thr-206, and Thr-287 were identified and found to be phosphorylated by PKCs «, 6, ¢, and {
(9). We think the differences between our data reported here and previous studies is that they
were performed in vitro and not in cardiac myocytes.

J Biol Chem. Author manuscript; available in PMC 2008 December 8.
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Data reported here support previous findings that Thr phosphorylation of cTnl and cTnT is
significant (8,11,25) and demonstrate that these sites can be altered by PKC{ activation (Fig.
3). Our laboratory previously implicated Thr-206 of cTnT, located in the region where cTnT
interacts with cTnl and cTnC, to be a particularly critical and functionally relevant PKC site
(12). In studies using the in vitro motility assay, we have also previously reported that cTnl
phosphorylation at Thr-144, found in the inhibitory region (1), leads to decreased Ca2*
sensitivity (11). However, Wang et al. (25) have indicted that phosphorylation of cTnl at
Thr-144 by PKCAII in vitro leads to an increase in Ca2* sensitivity. The significance of Thr-144
in cTnl has been further implicated by Malhotra et al. (8), who reported persistent Thr
phosphorylation of cTnl with elevated PKC{ activity in myocytes treated with high glucose.

Inview of findings reported in Figs. 3 and 6, we propose a novel aspect of regulation of troponin
phosphorylation involving an induction by active PKC{ of dephosphorylation of cTnl at
Thr-144 and cTnT at Thr-206 through a PKC{-Pak1/PP2A pathway. There are a number of
examples where the activation of upstream kinases can lead to modulation of protein
phosphatase activity, which in turn can lead to either a change in total protein phosphorylation
or changes in the state of phosphorylation of specific cardiac regulatory proteins. We observed
that expression of the auto-phosphorylation PKC{ mutant (T560E) led to Thr
dephosphorylation of cTnl (Fig. 3A) and cTnT (3B). In Fig. 6, we have demonstrated PKC{
exists as a complex with Pak1 and PP2A in cardiac myocytes. Recently a Pak1/PKC{ pathway
has been found in non-muscle cells to regulate myosin I1-B phosphorylation and filament
assembly (31). Studies from our laboratory have demonstrated that activation of PP2A by
constitutively activated Pak1 lead to total dephosphorylation of cTnl and myosin-binding
protein C (20). Moreover, activation of p38-MAPK leads to dephosphorylation of a-
tropomyosin and cTnl by PP2C, but does not dephosphorylate cTnT or myosin light chain-2
(32).

We also examined PKC{ phosphorylation of Tm, MyBP-C, and desmin. Tropomyosin exists
as an a-helical dimer arranged head-to-tail along the actin filament. Upon Ca2* binding to
cTnC, the inhibitory effect of cTnl is relieved, allowing cTnT to interact with Tm and overall
allow myosin cross-bridges to react with actin (reviewed in Ref. 1)). Tm phosphorylation at
Ser-283 has been implicated to increase the MgATPase activity of myosin and to promote the
head-to-tail interactions of Tm along the actin filament (33). In our examination of the Tm
sequence, we identified a PKC phospho-serine motif at Ser-215 (Fig. 3C, top). Activation of
PKC{led to increased Ser phosphorylation of Tm (Fig. 3C, bottom left). Ser-215 may represent
a novel PKC site in Tm. It is also possible that the head-to-tail interactions of Tm create a
unigue phosphorylation motif at Ser-283.

Our data are the first to demonstrate PKC phosphorylation of MyBP-C in cardiac myocytes.
Expression of the constitutively active PKC{ A119E pseudo-substrate mutant most profoundly
increased Ser and Thr phosphorylation of MyBP-C and to a lesser extent the T410E and T560E
mutants (Fig. 4, B and C). MyBP-C is a large 150-kDa-protein thick filament protein attached
to myosin at the head-to-neck region. Phosphorylation of MyBP-C by PKA along with cTnl
has been associated with decreased Ca2* sensitivity of force (reviewed in Ref. 1). Mohamed
et al. (34) identified the PKA and PKC phosphorylation sites in a loop region near the N
terminus of MyBP-C (Ser-286, Ser-295, and Ser-315 of rat MyBP-C). Our analysis of this
region has revealed a PKC phospho-serine motif at Ser-315 (Fig. 4A), which is also a PKA
phosphorylation site. We believe that Ser phosphorylation of MyBP-C by PKC{ mainly occurs
in the loop region at Ser-315, supporting the idea that this area is a major regulatory region for
MyBP-C (34). Our data are the first to demonstrate Thr phosphorylation of MyBP-C by
PKC({ (Fig. 4, B and C). We identified eleven putative PKC phospho-threonine sites in rat
MyBP-C and only one, the loop region that is unique to rats (Fig. 4A). We cannot exclude the
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possibility that PKC may phosphorylate other regions of MyBP-C because it has other PKC
phospho-motifs (Fig. 4A).

We determined the phosphorylation of the intermediate filament/Z-disc protein desmin by
PKC{to correlate its translocation to the Z-discs upon its activation. Both the A119E and
T410E PKC¢ mutants significantly increased desmin Ser and Thr phosphorylation (Fig. 5, B
and C) and also displayed increased translocation to the Z-discs (Fig. 2). Previous studies have
determined the PKA (Ser-35 and Ser-50) and PKC (Ser-12, Ser-38, and Ser-56)
phosphorylation sites, with Ser-29 phosphorylated by both PKA and PKC to be toward the N
terminus in the non a-helical head domain of chicken desmin (35). In our examination of the
rat desmin sequence, Ser-45 and Ser-60 are corresponding PKA sites, and Ser-13, Ser-48, and
Ser-68 are corresponding PKC sites (Fig. 5A). We believe that most of the Ser/Thr
phosphorylation of desmin by activated PKC{ occurs in the non a-helical head domain. We
found four PKC phospho-threonine sites in desmin and only one is in the head domain (Thr-50)
(Fig. 5A). We therefore think that PKC Thr phosphorylation is most likely at Thr-50 of desmin.

Roles for PKC{ in the heart are beginning to emerge. PKC{ has been shown to elevate atrial
natriuretic factor at the transcriptional level (13). In adiabetic model, only PKC(is not inhibited
by the angiotensin receptor antagonist losartan, which corresponds with maintained Thr
phosphorylation of cTnl (8). Recently Pakl has been shown to interact with PKC( to
phosphorylate myosin I1-B in non-muscle cells (31), and our data in part support this idea in
cardiac myocytes (Fig. 6). However, we think that PKC{ activation leads to dephosphorylation
of cTnl and cTnT (Fig. 3, A and B) because of its interaction with Pakl and PP2A. Whatever
the case, our data emphasize the importance for a complete understanding of PKC({ as a
regulator of cardiac function via myofilament protein phosphorylation.
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FIGURE 1. GST-troponin pulldown assays
A, PKA¢ pulldown by GST-cTnl (left panel) and PP2A pulldown by GST-cTnl and GST-cTnT
(right panel). B, PKC pulldowns. G, GST only; I, GST-cTnl; T, GST-cTnT; C, GST-cTnC.
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FIGURE 2. Localization of PKC{ in cultured adult rat ventricular myocytes

WT and mutants PKC{'cDNAs were tagged with DsRed monomer (DsRedM) and adenovirally
expressed. Fixed cells were counter-stained with an a-actinin antibody (Upstate) and visualized
by confocal microscopy. Data are representative of three independent experiments of >30 cells
per experiment. Scale bar represents 10 microns.

J Biol Chem. Author manuscript; available in PMC 2008 December 8.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Wu and Solaro Page 12

A
IP:PKC phosgiheawine % Tnl Thr Phosphorylation
40.
1009 —
c
8
% lgn- 1
IP: PKC phospho-threonine I
o $ 51 5
[}
o woe
% £ 254
Lysate only 8
" s e s ey sy
) N eﬁ“ ¢ & ‘9@ §
& P4
# J '
% Ad PKC ¢ constructs
Un  DsRedM WT  AM1E T410E  TS6OE
B AVEEEDGEAE PDPEGEAZAZ EDRAEEV
VLEAZ I
IP: PKC ho-seri :
“ S % TnT Thr Phosphorylation
’ 10—
£
9
40. .; 754
IP: PKC phospho-threonine E
50 25
]
£ o
T — g — &25_
40 _ £
E
Lysate only & |l’
50 Ll T T T T T
: § ‘é\‘ & \g@ \Q@ &
§ P
 — — — — ¢ a
4§ AdPKC ¢ constructs
DsRedM  WT  AMSE T410E  TSG0E
c
IP:PKC phospho-serne % Tm Ser Phosphorylation
40.
—— e el "o
2 1604
- f;us-
IP: PKC phospho-threonine _g 104
4 8 751
£
‘; 01
5. ® %
Lysate only ® N
40. O ¢y & &
N
| — | e | & N
¢ L
2. Ad PKC { constructs

Un  DsRedM WT  AM19E T410E  TS6OE

FIGURE 3. Thin filament protein phosphorylation by PKC¢

A, cTnl:PKC phospho-motifs are highlighted (Ser) and underlined (Thr), representative IP-
Westerns of cTnl Ser and Thr phosphorylation (left), quantification of Thr phosphorylation of
cTnl (right). B, cTnT:PKC phospho-motifs are highlighted (Ser) and underlined (Thr),
representative IP-Westerns of cTnT Ser and Thr phosphorylation (left), quantification of cTnT
Thr phosphorylation (right). C, Tm:PKC phospho-motifs are highlighted (Ser) and
underlined (Thr), representative IP-Westerns of Tm Ser and Thr phosphorylation (left
panels), quantification of Ser phosphorylation (right panel). *, p < 0.05 versus Un, **, p < 0.01
versus un.
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FIGURE 4. MyBP-C phosphorylation by PKC¢
A, PKC phospho-maotifs are highlighted (Ser) and underlined in MyBP-C. B, representative
IP-Westerns of MyBP-C phosphorylation: PKC phospho-serine IP-Western (top panel); PKC
phospho-threonine IP-Western (middle panel); lysate only (bottom panel). C, quantification
of PKC Ser (top panel) and Thr phosphorylation (bottom panel). *, p < 0.05 versus Un; **, p
< 0.01 versus Un.
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FIGURE 5. Desmin phosphorylation by PKC¢

A, desmin amino acid sequence with PKC phospho-motifs highlighted (Ser) and underlined
(Thr). B, representative IP-Westerns of desmin phosphorylation: PKC phospho-serine IP-
Western (top panel), PKC phospho-threonine IP-Western (middle panel), lysate only (bottom
panel). C, quantification of PKC Ser (top panel) and Thr (bottom panel) phosphorylation. *,
p < 0.05 versus Un, **, p < 0.01 versus Un.
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FIGURE 6. IP of PKC{, Pakl, and PP2A in brain (B) and myocyte (M) lysates

A, IP with an antibody to PKC{ and blotted for Pak1, PP2A, and PKC{. B, Pakl
immunoprecipitation followed by blotting for PKC{, PP2A, and Pak1. C, immunoprecipitation
with PP2A antibody followed by PKC{, Pak1, and PP2A antibodies.
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