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Chapter 3

Protein kinase Cα‐mediated phosphorylation of
cardiac troponin reduces maximal force and
increases Ca2+‐sensitivity in human cardiomyocytes
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Abstract
Αlpha‐adrenergic receptor activated protein kinase C α (PKCα) is able to modify cardiac
contractile function via phosphorylation of several myofilament proteins and is implicated in
heart failure. This study aimed to determine the specific effects of PKCα‐mediated
phosphorylation of human cardiac troponin (cTn) on myofilament function in human failing
cardiomyocytes. Endogenous cTn in permeabilized cardiomyocytes from patients with end‐
stage idiopathic dilated cardiomyopathy was partially exchanged (~69%) with PKCα‐treated
recombinant human cTn (cTn(DD + PKCα)). In this complex, the protein kinase A (PKA) sites
Ser23/24 on cTnI are mutated into aspartic acids (D) to rule out in vitro cross‐phosphorylation of
these sites by PKCα. Cardiomyocytes in which endogenous cTn was exchanged with cTn(DD)
2+
served as controls. Isometric force was measured at various [Ca ] after exchange. Exchange of

endogenous cTn with cTn(DD + PKCα) increased Ca2+‐sensitivity of force (pCa50=5.59±0.02) in
comparison with exchange using cTn(DD) (pCa50=5.51±0.02). In contrast, subsequent incubation
of the cells exchanged with cTn(DD + PKCα) with PKCα reduced pCa50 to 5.45±0.02. The maximal
2
force generating capacity (Fmax) in the cTn(DD + PKCα) group (17.1±1.9 kN/m ) was significantly
2
reduced in comparison with the cTn(DD) group (26.1±1.9 kN/m ). Subsequent incubation of the

exchanged cells with PKCα did not restore Fmax. Western blot analysis of cTn incubated with
PKCα revealed phosphorylation at known PKC sites on cTnI, Ser42 and Thr143. Furthermore,
two novel phosphorylation sites were identified using mass spectrometry: Ser199 on cTnI and
Ser179 on cTnT. In conclusion, specific PKCα‐mediated phosphorylation of cTn increases
2+
myofilament Ca ‐sensitivity and decreases maximal force. In addition, subsequent incubation of

the exchanged cardiomyocytes with PKCα decreased Ca2+‐sensitivity, but did not alter maximal
force. Phosphorylation at the newly identified PKC sites in human troponin may contribute to
the intricate effects of PKCα on myofilament function.

PKCα-MEDIATED PHOSPHORYLATION OF CTN

Introduction
Alpha‐adrenergic receptor activated protein kinase C is able to modify cardiac function via
phosphorylation of several thin and thick myofilament proteins. The thin filament proteins
troponin T (cTnT) and I (cTnI)
(cMyBP‐C)

24

24

and the thick filament proteins, myosin binding protein C

and myosin light chain 2 (MLC‐2) 93 as well as titin 56 are known PKC substrates. The

exact effects of PKC‐mediated phosphorylation of these proteins on contractile function, in
particular in human myocardium, are yet unclear. The PKC family consists of approximately 12
different isozymes, which are differently expressed among species and co‐localize with different
target proteins within cardiomyocytes 43,44.
The troponin complex is an important substrate of PKC and both positive and negative
inotropic and lusitropic effects have been reported (reviewed by Metzger et al. 2004 and
Layland et al. 2005). Our previous studies revealed a decrease in Ca2+‐sensitivity of force upon
incubation of single permeabilized human cardiomyocytes with the catalytic subunit of PKC, and
the PKCε and PKCα isoforms, while no changes in isometric force at saturating Ca2+‐
concentration were observed

24,57

. Direct application of PKCα to permeabilized human myocytes

showed phosphorylation of cTnT and cTnI, but also of cMyBP‐C, making it impossible to
establish the functional consequences of PKCα‐mediated troponin phosphorylation.
Mass spectrometry (MS) is a powerful tool to identify phosphorylation residues on
proteins. In a bottom‐up proteomics approach, the protein is broken up into peptides prior to
MS analysis. The MS analysis is performed on the individual peptides, and the information is
then ‘stitched’ together to reveal protein identity and possible post‐translational modifications
such as phosphorylation. In this way, a number of phosphorylation sites have been identified on
cTnI and cTnT. Known PKC sites on cTnI are Ser42 and Ser44, Thr143 and Ser76 (or Thr77), and
on cTnT Ser1, Thr194, Ser198, Thr203 and Thr284 (human sequence, cTnT isoform 3) (Figure 4;
Chapter 1)

45,46,94

. Site‐specific effects of phosphorylation on contractile properties have been

reported, mostly by using transgenic animals with cTn phosphorylation mimicking charge
mutations. Phosphorylation of Ser42 and/or 44 on cTnI resulted in a depression of the
responsiveness of myofilaments to Ca2+ evident from the reductions in maximal force and Ca2+‐
sensitivity 49,51,52. In contrast, sensitization of the myofilaments to Ca2+ has been associated with
phosphorylation of Thr143 on cTnI

55

. In addition, Sumandea et al.

85

reported that Thr206 in

mice, which corresponds with Thr194 in human cTnT isoform 3, is a functionally critical cTnT
PKC phosphorylation residue. Pseuso‐phosphorylation at this cTnT site resulted in a significant
reduction of maximal isometric tension and Ca2+‐desensitization of force.

45
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Previous studies revealed an important role for PKCα in the development of cardiac
hypertrophy and heart failure in humans

54,62,63

. Therefore, this study aimed to identify the

specific role of PKCα‐mediated phosphorylation of cTn in cardiomyocytes from end‐stage heart
95
failure patients. To this end, our previously described cTn exchange method was applied . This

method allows determination of the direct effects of PKCα‐mediated cTn phosphorylation on
contractility in human cardiac preparations without altering the phosphorylation status of other
contractile proteins. PKCα‐treated cTn complex was exchanged in failing tissue in which the
endogenous cTnI phosphorylation levels are low. In the recombinant cTn complex the protein
kinase A (PKA) sites on cTnI Ser23/24 were mutated into aspartic acids (cTn(DD)) to rule out in
vitro cross‐phosphorylation of these PKA sites by PKCα. To complement this data, we
investigated the substrates of PKCα in human recombinant cTn using site‐specific phospho‐
antibodies and MS.
Our results showed that exchange using PKCα‐treated cTn resulted in a sensitization
of the myofilaments to Ca2+ and a depression of the maximal force generating capacity (Fmax) of
the cardiomyocytes. Interestingly, subsequent incubation of the cardiomyocytes with PKCα
resulted in a desensitization of the myofilaments to Ca2+. Site‐specific phospho‐antibodies
revealed that the known PKC sites Ser42 and Thr143 on cTnI were phosphorylated after
incubation of the cTn complex with PKCα. Moreover, liquid chromatography (LC) MS/MS
analysis of purified human recombinant cTn complex treated with PKCα identified two ‘novel’
24
phosphorylation sites in human recombinant cTn: Ser199 located on cTnI and Ser179 on cTnT ,

which may contribute to the complex effects of PKCα‐mediated phosphorylation observed in
human myocardium.

Materials and methods
Phosphorylation of human recombinant troponin and failing cardiac tissue with
PKCα
The human cardiac troponin subunits, cTnI, cardiac troponin C (cTnC) and cTnT were expressed
and purified as described previously

75

. The troponin subunits were reconstituted into the full

troponin complex by mixing the subunits in a 1:1:1 molar ratio. Recombinant cTn complex is
used in which the PKA sites Ser23/24 are mutated into aspartic acid (D) to rule out cross‐
phosphorylation of these sites, which occurs in vitro [unpublished observation]. The pseudo‐
phosphorylated cTn (cTn(DD)) was expressed and purified using the same protocol as for wild
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type cTnI, with the minor adjustment that NaCl was omitted from the buffer during binding to
the cTnC affinity column. The purified protein was finally dialysed in 50 mM Tris (pH 7.5), 500
mM NaCl, 1 mM MgCl2, 5 mM CaCl2 and 2 mM dithiothreitol (DTT).
Cardiac Tn(DD) complex was maximally phosphorylated by human recombinant PKCα
isozyme (Sigma, P1782). Thereafter, PKCα was added (final concentrations: 24 μg/ml PKCα, 1
mM Na2ATP, 4 mM MgCl2, 6 mM DTT, PMA (phorbol 12‐myristate 13‐acetate; Sigma), 10 μl/ml
phosphatase inhibitor cocktail (PhIC, Sigma, P5726), and 5 μl/ml protease inhibitor cocktail (PIC,
Sigma, P8340) for 180 minutes at 30°C. Samples were taken at different time–points. The
phosphorylated cTn(DD) complex (cTn(DD + PKCα)) was dialysed overnight in order to remove
ATP.

Protein analysis
Protein analysis of PKCα‐mediated phosphorylation of recombinant cTn(DD) complex was
assessed on a 4‐15% gradient gel (Biorad) stained with Pro‐Q Diamond and Sypro (Molecular
24
Probes) . To determine site‐specific phosphorylation of cTnI, the gel was blotted (Biorad; semi‐

dry transfer cell) onto a polyvinylidene difluoride (PVDF) transfer membrane (Hybond) using the
protocol supplied by the manufacturer in 1.5 hour at 100mA. Specific monoclonal antibodies
against phosphorylated cTnI at sites Ser42 and Thr143 (Abcam; dilution 1:2000 and 1:500,
respectively) in conjunction with a secondary horseradish peroxidase labeled goat‐anti‐rabbit
antibody (DakoCytomation; dilution 1:1000) were used to detect phosphorylated cTnI by
chemiluminescence (ECL, Amersham Biosciences).

MS analysis of human recombinant cTn complex incubated with PKCα
In‐gel digestion
Coomassie‐stained protein bands were excised and processed for in‐gel digestion according to
the method of Shevchenko

96

. Briefly, protein bands were washed in 50 mM ammonium

bicarbonate (ABC, pH 7.9) and dehydrated three times in 50 mM ABC and 50% acetonitrile
(ACN). Subsequently, cysteine bonds were reduced with 10 mM DTT for one hour at 56°C and
alkylated with 50 mM iodoacetamide for 45 minutes at room temperature in the dark. After two
subsequent wash/dehydration cycles the protein bands were dried 10 minutes in a vacuum
centrifuge (ThermoFisher, Breda, the Netherlands) and incubated overnight with 6.25 ng/µl
trypsin in 50 mM ABC at 25°C. Peptides were extracted once in 100 µl 1% formic acid and

47
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subsequently two times in 100 µl 50% ACN in 5% formic acid. The volume was reduced to 50 µl
in a vacuum centrifuge prior to LC‐MS/MS analysis.

LC‐MS/MS analysis
Peptides were separated using an Ultimate 3000 nanoLC system (Dionex LC‐Packings,
Amsterdam, The Netherlands) equipped with a 20 cm x 75 µm ID fused silica column custom
packed with 3 µm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH, Ammerbuch‐Entringen,
Germany). After injection, peptides were trapped at 6 µl/min on a 20 mm x 100 µm ID
precolumn packed with 5 µm 120 Å ReproSil Pur C18 aqua at 2% buffer B (buffer A: 0.05%
formic acid in MQ; buffer B: 80 % ACN + 0.05% formic acid in MQ) and separated at 300 nl/min
in a 10‐40% buffer B gradient in 60 min. Eluting peptides were ionized on‐line at 1.7 kV in a
Nanomate Triversa Chip‐based nanospray source using a Triversa LC coupler (Advion, Ithaca,
NJ). Intact peptide mass spectra and fragmentation spectra were acquired on a LTQ‐FT hybrid
mass spectrometer (Thermo Fisher, Bremen, Germany). Intact masses were measured at a
resolution of 50,000 in the ICR cell using a target value of 1 x 106 charges. In parallel, following
an FT pre‐scan, five highest‐intensity precursor‐ion signals (charge‐states 2+ and higher) were
submitted to MS/MS in the linear ion trap (3 amu isolation width, multistage activation, 30 ms
activation, 35% normalized activation energy, Q value of 0.25 and a threshold of 5,000 counts).
Dynamic exclusion was applied with a repeat count of 1 and an exclusion time of 30 sec.

Database searching
MS/MS spectra were searched against the human IPI database 3.48 (71401 entries) using
Sequest (version 27, rev 12), which is part of the BioWorks 3.3 data analysis package (Thermo
Fisher, San Jose, CA). MS/MS spectra were searched with a maximum allowed deviation of 10
ppm for the precursor mass and 1 amu for fragment masses. Methionine oxidation, serine,
threonine and tyrosine phosphorylation and cysteine carboxamidomethylation were allowed as
variable modifications, two missed cleavages were allowed and the minimum number of tryptic
termini was 1. After database searching the data files were imported into Scaffold 2.01
(Proteomesoftware, Portland, OR). Scaffold was used to organize the data and to validate
peptide identifications using the PeptideProphet

97

algorithm. Only identifications with a

probability >95% were retained. Subsequently, the ProteinProphet 98 algorithm was applied and
protein identifications with a probability of >99% with 2 peptides or more in at least one of the
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96,97

samples were retained

. Proteins that contained similar peptides and could not be

differentiated based on MS/MS analysis alone were grouped.

Exchange of cardiac troponin complex in failing human cardiomyocytes
In the exchange experiments, left ventricular samples (n=6) from end‐stage failing idiopathic
dilated myocardium (IDCM, NYHA Class IV) were used. In previous studies, we observed that
cTnI phosphorylation status in these failing samples is low 23,24.
Single cardiomyocytes were isolated, Triton X‐100 permeabilized and exchanged with
recombinant cTn complex as described before with a few adjustments 95. Single cardiomyocytes
were mechanically isolated in ice‐cold rigor solution (132 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10
mM Tris, 5 mM EGTA, 1 mM NaAzide, pH 7.1) and permeabilized by addition of 0.5% Triton X‐
100 for 5 minutes 59,99. After permeabilization, cells were washed twice with rigor solution and
finally washed in exchange solution (10 mM imidazole, 5 mM MgCl2, 3 mM CaCl2, 2.5 mM EGTA,
pH 6.9). Cardiomyocytes were subsequently incubated overnight at 4°C in exchange solution
containing 1.0 mg/ml recombinant human cTn(DD) or cTn(DD + PKCα) complex, 4 mM DTT, 5
μl/ml PIC, 10 μl/ml PhIC, 50 nM CalA (Calyculin A; Sigma) and 100 μM PKC inhibitor (Sigma,
P3115). PKC inhibitor was added to block any remaining PKCα activity in order to maintain the
endogenous phosphorylation levels. The following day, the cardiomyocytes were washed twice
in rigor solution and finally in relaxing solution (5.95 mM Na2ATP, 6.04 mM MgCl2, 2 mM EGTA,
139.6 mM KCl, 10 mM Imidazole, pH 7.0). Cardiomyocytes kept in exchange solution, without
cTn complex added were used to obtain untreated reference values.

Isometric force measurements in single human cardiomyocytes
Force measurements in cardiomyocytes exchanged with cTn complex were performed as
described previously

. Sarcomere length was adjusted to 2.2 μm. Different pCa (‐log10[Ca2+])

59,75

values ranging from 9 (relaxing) to 4.5 (maximally activating) were used to determine the
2+
passive force (Fpas) and maximal force (Fmax), the Ca ‐sensitivity of force development (pCa50)

and the redevelopment of force (Ktr) after a slack test

100

. After these initial force

measurements, myocytes were incubated for 60 minutes at 20°C in pCa 6.0 solution with 1 μg
PKCα, 10 μM PMA, 6 mM DTT and 50 nM CalA added
measurements were repeated.

24

. After these incubations, force

49
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Data analysis
Data analysis was performed using the Hill equation to fit force‐pCa relations: F(Ca2+)/F0=
[Ca2+]nH/(Ca50nH+ [Ca2+]nH), where F is steady‐state force, F0 the steady‐state force at saturating
[Ca2+], nH a measure of the steepness of the relationship and Ca50 represent the midpoint of the
relation. Ktr was determined from an exponential curve fit of force redevelopment after the
slack test. Comparions between the cTn(DD)and cTn(DD + PKCα) groups were analysed using an
unpaired Student t‐test. Values are given as means ± S.E.M. of n myocytes.

PKCα-MEDIATED PHOSPHORYLATION OF CTN

Results
Protein analysis of PKCα‐mediated phosphoryation of cTn
Incubation of cTn(DD) complex with PKCα resulted in phosphorylation of both cTnT and cTnI.
The Pro‐Q gel shown in Figure 1A indicated that saturation of cTnT and cTnI phosphorylation
was reached after 90 minutes of incubation. The amplitudes of the increase in cTn
phosphorylation suggest that the number of PKCα sites on cTnT is 3 times larger than on cTnI.
The time constant of the exponential fitted to the data points was 46 minutes for cTnT and 30
minutes for cTnI. This indicates that the affinities of the subunits for PKCα are rather similar.
Using western blotting with phospho‐specific antibodies it appeared that Ser42 and Thr143 on
cTnI (Figure 1B) were phosphorylated after 90 minutes incubation with PKCα. The blots are
representative of four cTn incubations with PKCα.

A

B

cTnI Ser42

cTnI Thr143

Figure 1: PKCα‐mediated phosphorylation of human recombinant cTn complex (cTn(DD)). (A) Time
course of PKCα‐mediated phosphorylation of recombinant cTn(DD) complex. Samples were taken at
different time points and run on a 1D gradient gel stained with Pro‐Q Diamond and with Sypro Ruby
(lower panel). Time constant of the exponential fitted to the data points in the upper panel: 46
minutes for cTnT and 30 minutes for cTnI phosphorylation. (B) Western blotting of the cTn(DD)
complex incubated with PKCα (cTn(DD + PKCα)) showed phosphorylation at cTnI sites Ser42 and
Thr143 with phospho‐specific antibodies. The blot represents four cTn incubation of PKCα.
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52 CHAPTER 3

2+

PKCα‐mediated phosphorylation of cTn increases Ca ‐sensitivity
Exchange experiments were conducted in 6 samples from different end‐stage failing hearts.
Previous results showed that with the experimental conditions used the endogenous cTn in
permeabilized failing cardiomyocytes was exchanged (~69%) by recombinant human cTn(DD)
[Chapter 5].
Table 1. Overview of cardiomyocyte force measurements
Failing
Fmax

Fpas

pCa50

nH

Ktr‐max

5.60±0.01

2.6±0.2

0.69±0.03

6 hearts; 35 myocytes
Reference

25.2±2.3

2.9±0.3

6 hearts; 34 myocytes (5 hearts; 13 myocytes after incubation)
cTn(DD)

26.1±1.9

2.3±0.3

5.51±0.02#

2.5±0.1

0.62±0.02

+ PKCα incubation

22.4±2.2

2.0±0.3

5.43±0.02*

2.5±0.1

0.64±0.05

5 hearts; 25 myocytes (4 hearts; 9 myocytes after incubation)
cTn(DD + PKCα)

17.1±1.9#

2.7±0.3

5.59±0.02

2.8±0.1

0.67±0.04

+ PKCα incubation

17.2±3.1

1.8±0.2

5.45±0.02*

2.4±0.1

0.59±0.09

Reference denotes results obtained from cardiomyocytes kept in exchange buffer without
cTn complex added.
#

P<0.05, Control, cTn(DD), cTn(DD+PKCα) in unpaired t‐test.

*P<0.05, before vs. after incubation in paired t‐test.
Abbreviations: Fmax, maximal force per cross‐sectional area at saturating calcium concen‐
tration (pCa 4.5) in kN/m2; Fpas, passive force per cross‐sectional area in pCa 9 in kN/m2; nH,
steepness of the force‐pCa curves; Ktr, the rate of force redevelopment during maximal
activation in s‐1.
Measurements at various [Ca2+] in single cardiomyocytes were performed to assess
the effects of PKCα‐mediated phosphorylation of the cTn complex on Ca2+‐sensitivity of force.
Figure 2A shows that exchange using 1.0 mg/ml unphosphorylated cTn(DD) complex (n=34
2+
myocytes) resulted in a significant decrease of the Ca ‐sensitivity compared to the reference

cells (ΔpCa50=0.09±0.02), which were kept in exchange solution without cTn complex added.
This is in agreement with the observation that PKA‐phosphorylation mimicked by aspartic acid
lowers myofilament Ca2+‐sensitivity in failing cardiomyocytes 101.
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Exchange of PKCα‐pretreated cTn, cTn(DD + PKCα) resulted in a significant increase in
2+

Ca ‐sensitivity compared to exchange with cTn(DD) (ΔpCa50=0.08±0.02). The cardiomyocytes
exchanged with cTn(DD + PKCα) were subsequently incubated with PKCα to determine the
effects of additional PKCα‐mediated protein phosphorylation. Surprisingly, the experiments
2+
showed a significant decrease in myofilament Ca ‐sensitivity upon incubation with PKCα

(ΔpCa50=0.14±0.03) (Figure 2B). In Table 1 an overview of these results is presented.
A
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Figure 2: Effect of cTn(DD) and cTn(DD + PKCα) exchange on the Ca2+‐sensitivity of force production
in failing (n=41) cardiomyocytes. (A) The pCa50, the Ca2+‐sensitivity derived from the midpoint of the
force ‐ pCa relationship, decreased in the failing cardiomyocytes exchanged with cTn(DD) compared
to the reference group (no protein added to the exchange buffer). The Ca2+‐sensitivity increased upon
incubation with cTn(DD + PKCα). *P<0.05, reference vs. cTn(DD) exchange and cTn(DD) exchange vs.
cTn(DD + PKCα) exchange in unpaired t‐tests. (B) Subsequent incubation of PKCα of the
cardiomyocytes exchanged with cTn(DD + PKCα) significantly reduced Ca2+‐sensitivity of force
development. *P<0.05 cTn(DD + PKCα) vs. cTn(DD + PKCα) + PKCα in paired t‐test.
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PKCα‐mediated phosphorylation of cTn depresses maximal force generation
Exchange of endogenous cTn with cTn(DD) did not change the maximal isometric force (Fmax) at
saturating Ca2+ concentration (pCa 4.5) compared to untreated reference cells (Figure 3A).
However, cardiomyocytes exchanged with cTn(DD + PKCα) showed a significant reduction in the
Fmax compared to cells exchanged with cTn(DD) (Figure 3A). Passive force measured at pCa 9 did
not significantly differ between the three groups (Figure 3B).
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Figure 3: Effects of cTn(DD) and cTn(DD + PKCα) exchange in failing cardiomyocytes. (A) The maximal
force generating capacity of the cardiomyocytes was significantly reduced in the cells exchanged with
cTn(DD + PKCα) compared to the reference group and the cTn(DD) group. *P<0.05, t‐test. The passive
force, as well as the steepness of the force–pCa relation (nH), and the rate of force redevelopment (Ktr)
was not significantly different among the groups.

Furthermore, no significant differences were observed in the steepness of the force‐pCa
relation (nH) and the force redevelopment (Ktr) measured at pCa 4.5 upon exchange with
cTn(DD) or cTn(DD + PKCα) (Fig. 3C, D). These results are summarized in Table 1. The combined
effects of the changes in absolute force per cross‐sectional area and in pCa50 values are shown
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in figure 4. This figure illustrates that isometric force is depressed at all Ca2+ concentrations in
the cTn(DD + PKCα) group compared to the cTn(DD) group. Thus, the cumulative effect (Fmax
and pCa50) of PKCα‐mediated phosphorylation of cTnI and cTnT is negative.
To determine if PKCα‐mediated phosphorylation lowers maximal force in human
cardiomyocytes after exchange with cTn(DD) additional force measurements were performed
before and after incubation with PKCα. These results did not show a decrease in Fmax after
2
incubation with PKCα (Fmax= 22.4±2.2 kN/m ) compared to the Fmax before incubation (Fmax=
2
25.2±3.1 kN/m ) (P=0.08, n=13). This indicates that in vitro phosphorylation of the cTn complex

prior to exchange is required to observe an effect of PKCα on Fmax.

Figure 4: Force per cross‐sectional area expressed at different pCa values. The maximum force at
saturating Ca2+‐concentration was significantly reduced in the cardiomyocytes exchanged with
cTn(DD + PKCα). The combined effects of cTn exchange on maximal force and Ca2+‐sensitivity resulted
in a depressed force in the cTn(DD + PKCα) group compared to the cTn(DD) group at maximal and
submaximal Ca2+ concentrations.

Novel PKCα sites on human recombinant cTnI and cTnT
In order to investigate the sites potentially responsible for the observed changes in pCa50 and
Fmax, mass spectrometry was performed on PKCα‐treated cTn. Unphosphorylated recombinant
human cTn complex and PKCα‐phosphorylated cTn complex were run on a 4‐15% gradient gel
and the cTnT and cTnI bands were cut out. Proteins in the gel were subjected to in‐gel digestion
and the resulting peptide mixtures were analysed by nanoLC‐MS/MS. The sequence coverage of
cTnT was 47% and of cTnI 40%. The difference in m/z ratio of the precursor ion of PKCα‐treated
2+
cTnI, peptide NIDALsGMEGR ([M + 2H] , m/z 621.76), and that of the unphosphorylated

peptide ([M + 2H]2+, m/z 582.28) amounted to 39.48. This value and the b and y fragment ions
identify Ser199 as a target for PKCα (Figure 5A, B).
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A

B

Figure 5: Newly identified PKCα phosphorylation sites on cTnI: Ser199 identified in human
recombinant cTn complex. (A) MS/MS spectrum of the m/z 528.28 unphosphorylated peptide (B)
MS/MS spectrum of the m/z 621.76 phosphorylated peptide.

The difference in m/z ratio of the precursor ion of PKCα‐treated cTnT, peptide
2+
ALsNMMHFGGYIQK ([M + 2H] , m/z 838.87), and that of the unphosphorylated peptide([M +

2H]2+, m/z 799.39) amounted to 39.48. This value and the b and y fragment ions identify Ser179
as a target for PKCα (Figure 6A, B). Thus, two novel phosphopeptides were identified in the
excised gel bands from the cTn complex incubated with PKCα: Ser199 on cTnI and Ser179 on
cTnT.
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A

B

Figure 6: Newly identified PKCα phosphorylation site on cTnT: Ser179 identified in human
recombinant cTn complex. (A) MS/MS spectrum of the m/z 799.39 unphosphorylated peptide (B)
MS/MS spectrum of the m/z 838.87 phosphorylated peptide.

Discussion
This study aimed to investigate the direct effects of PKCα‐mediated phosphorylation of cTn in
human end‐stage failing cardiomyocytes. Our results show that the net results of PKCα‐
2+
mediated phosphorylation of cTnI and cTnT is an increase in Ca ‐sensitivity of force and a

reduction in the maximal force generating capacity (Fmax). Subsequent incubation of the
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cardiomyocytes with PKCα reduced the Ca2+‐sensitivity but did not restore Fmax. Furthermore,
with the use of mass spectrometry two novel phosphorylation sites were discovered on human
cTn, Ser199 on cTnI and Ser179 on cTnT, which may contribute to the observed effects on
myofilament function.

2+

Specific PKCα‐mediated phosphorylation of troponin increases myofilament Ca ‐
sensitivity
Our results showed an increase in myofilament Ca2+‐sensitivity in cardiomyocytes exchanged
with cTn(DD + PKCα) when compared to the cTn(DD) group. This indicates that there are one or
2+
more sites on cTnT and/or cTnI that are responsible for an increase in myofilament Ca ‐

sensitivity. Interestingly, Wang et al. have reported an increase in Ca2+‐sensitivity due to
phosphorylation of cTnI by PKC‐βII 55. They observed that PKC‐βII increased cardiac myofilament
2+
Ca ‐sensitivity by direct phosphorylation of cTnI at site Thr143, a unique residue in the

inhibitory region of cTnI. Figure 1 shows that Thr143 was phosphorylated by PKCα in the
recombinant human cTn(DD) complex. This is the first direct evidence that this site can be
2+
phosphorylated in human cTn. This site might be responsible for the increase in Ca ‐sensitivity

after exchange with cTn(DD + PKCα) in failing cardiomyocytes. However, a recent study using
2+
pseudo‐phosphorylation of Thr144 (mouse sequence) in cTnI showed no change in Ca ‐

sensitivity upon incorporation of the recombinant complex into skinned cardiac muscle fibers
from mice

102

. Phosphorylation of cTnI has also been associated with a decrease in Ca2+‐

sensitivity of force. Figure 1 shows that Ser42 on cTnI in the recombinant cTn(DD) complex is
phosphorylated upon incubation with PKCα. Burkart et al. found in mice that pseudo‐
phosphorylation of Ser43 and Ser45 on cTnI resulted in a desensitization of the myofilaments to
2+ 49

Ca

.
Jideama et al. reported a reduction in myofilament Ca2+‐sensitivity upon

phosphorylation of cTnT by PKCα
alkaline phosphatase

46

, which is in agreement with our previous results using

24

. It must be noted, however, that Jideama et al. also reported PKCζ

2+
phosphorylation of two unknown sites on cTnT, which resulted in an increase in Ca ‐sensitivity
46

. Possibly PKCα phosphorylates the PKCζ sites in recombinant cTn complex and underlies the

2+
observed increase in Ca ‐sensitivity of the myofilaments. Our novel identified phosphorylation

site, Ser179, might be one of the unidentified PKCζ sites reported by Jideama et al. 46.
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Thus, even though Ser43 and Ser45 on cTnI (mouse sequence) have been shown to
reduce the Ca2+‐sensitivity of force, our study shows that the net result of phosphorylation of
cTnI and/or cTnT by PKCα is an increase in the sensitivity of the myofilaments to Ca2+. This
suggests that the effects of phosphorylation of other sites overrule the effects of Ser42 and
Ser44 phosphorylation.
2+
Previously, we reported a decrease in myofilament Ca ‐sensitivity of force in failing

cardiomyocytes incubated with PKCα

24

. Incubation of the cardiomyocytes with exogenous

PKCα resulted in an increase in phosphorylation of both cTnI and cMyBP‐C. Dephosphorylation
of cTnT with alkaline phosphatase made it apparent that PKCα‐mediated phosphorylation of
2+
cTnT resulted in a decrease of Ca ‐sensitivity in human cardiac tissue. These differences are

most likely attributable to differences in effects of the various myofilament protein targets of
PKCα within the cardiomyocyte. Apart from cTnI and cTnT it is likely that also cMyBP‐C and titin
can be phosphorylated by PKCα. In cMyBP‐C Ser265, Ser300 and Ser169 are identified as PKC‐
sites

32,33

, but the effects of PKCα‐mediated phosphorylation of cMyBP‐C on contractility are

unclear. Ser170 and Ser26 in the PEVK region of titin have recently been identified as PKCα
substrates

56

. This study also showed that PKCα‐phosphorylation of titin increased passive

2+
tension. Whether PKCα‐mediated phosphorylation of titin might influence myofilament Ca ‐

sensitivity of force in human cardiomyocytes remains to be established.
2+
In conclusion, the increase in Ca ‐sensitivity of force might be due to in vitro

phosphorylation of Thr143 on cTnI or phosphorylation of our newly identified sites on cTnI and
cTnT. Subsequent incubation of the exchanged cardiomyocytes with PKCα decreased the Ca2+‐
sensitivity of force, which is in agreement with our previous study

24

and might be caused by

phosphorylation of Ser42/Ser44 on cTnI, cTnT or phosphorylation of other target proteins of
PKCα (e.g. cMyBP‐C and titin).

PKCα‐mediated phosphorylation of troponin reduces the maximal force generating capacity
Exchange of endogenous cTn in failing cardiomyocytes with cTn(DD + PKCα) complex decreased
the maximal force generating capacity of the cardiomyocytes. Several studies in rodents
reported that phosphorylation of Ser43 and Ser45 (mouse sequence) on cTnI by PKC reduces
the maximal force generating capacity of cardiac muscle cells

49,51,52

. Noland et al. reported that

phosphorylation by PKC of wild type cTnI, but not cTnI mutant S43/45A (serines substituted for
alanines) caused a marked reduction in the maximal activity of Ca2+‐stimulated MgATPase

51

.

Mouse fibers reconstituted with pseudo‐phosphorylated PKC sites on cTnI with glutamic acid
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(S43E/S45E) showed a decrease in maximum tension by 27% compared to the control fibers 49.
In Figure 1 we showed, using a specific phospho‐antibody, that Ser42 is phosphorylated in
human cTn(DD) complex incubated with PKCα. Therefore, it is be possible that phosphorylation
of cTnI Ser42 in recombinant cTn(DD + PKCα) underlies the decreased maximal force.
Apart from cTnI, cTnT has also been reported to be a regulator of isometric tension.
Jideama et al. showed that PKCα phosphorylation of cTnT decreased the maximal activity of
46
MgATPase . Furthermore, phosphorylation of Thr206 (mouse sequence which equals Thr203 in

the human isoform 3 sequence) by PKCα or replacement with glutamic acid to mimic
85
phosphorylation, showed a significant reduction in the maximal force . Unfortunately, our MS

analysis did not provide information regarding this site.
The reduction in maximal force was not observed in cardiomyocytes that were
incubated with PKCα. Moreover, the decrease in Fmax in the cTn(DD + PKCα) group could not be
corrected by subsequent incubation with PKCα. One explanation for the lack of decrease in
maximal force in the human myocytes directly incubated with PKCα might be that certain PKC
sites (eg. Ser42/44 on cTnI and Thr203 on cTnT) are only exposed and phosphorylated in
recombinant cTn protein but not when the cTn complex is part of the intact filaments.
Alternatively, coincident phosphorylation of other myofilament proteins (eg. cMyBP‐C), which
exerts an opposing effect on the maximal force generating capacity in intact myofilaments, may
be involved.

Implications of the findings
The present study shows that PKCα‐mediated phosphorylation of troponin increases
2+
myofilament Ca ‐sensitivity and decreases the maximal force generating capacity in human

cardiomyocytes. The net result is a depression of force at all Ca2+‐concentrations (Figure 4).
These effects may at least in part be explained by phosphorylation of Ser42, Thr143 on cTnI and
the newly identified PKC sites in human recombinant cTnI (Ser199) and cTnT (Ser179). The
(patho) physiological role of phosphorylation of these newly discovered sites remains to be
established and more research is warranted to determine the functional effects on the human
myofilament contractile properties. Overall, our study identified several candidate sites for the
effects of PKCα in failing myocardium but also demonstrated the complexity of the effects of
PKCα phosphorylation on myofilament function in human myocardium. It suggests that the in
vivo outcome of PKCα‐mediated phosphorylation depends on the phosphorylation status of the
target proteins at the time of receptor activation.
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