Contractile Function
of the Human Myocardium
Impact of Troponin Phosphorylation

Viola Kooij

ISBN:

978‐90‐8570‐716‐5

Cover:

Schematic representation of the cardiac thin filament

Printed by:

Wöhrmann Print Service

Acknowledgements:
Financial support by the Netherlands Heart Foundation and the J.E. Jurriaanse Stichting for the
publication of this thesis is gratefully acknowledged. Additional financial support was kindly
provided by the Dondersfonds.

VRIJE UNIVERSITEIT

Contractile Function of the Human Myocardium
Impact of Troponin Phosphorylation

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. L.M. Bouter,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de faculteit der Geneeskunde
op dinsdag 15 februari 2011 om 13.45 uur
in de aula van de universiteit,
De Boelelaan 1105

door

Viola Kooij

geboren te Rotterdam

promotor:

prof.dr. G.J.M. Stienen

copromotor:

dr. J. van der Velden

Contents
Chapter 1:

General introduction and outline of the thesis ............................................................9

Chapter 2:

PKCα and PKCε phosphorylation of troponin and myosin binding protein C
2+
reduce Ca ‐sensitivity in human myocardium ..........................................................23

Chapter 3:

Protein kinase Cα‐mediated phosphorylation of cardiac troponin reduces
maximal force and increases Ca2+‐sensitivity in human cardiomyocytes...................43

Chapter 4:

Effect of troponin I Ser23/24 phosphorylation on Ca2+‐sensitivity in human
myocardium depends on the phosphorylation background ......................................63

Chapter 5:

Comparison of the contractile effects of PKA mediated phosphorylation and
pseudo phosphorylation of cardiac troponin I in human cardiomyocytes.................87

Chapter 6:

Conclusions & Future perspectives ..........................................................................103

Chapter 7:

Summary & Samenvatting........................................................................................107

Chapter 8:

Bibliography .............................................................................................................115
List of publications ...................................................................................................133
Dankwoord...............................................................................................................135
Curriculum vitae.......................................................................................................139

Chapter 4

Effect of troponin I Ser23/24 phosphorylation on
Ca2+‐sensitivity in human myocardium depends on
the phosphorylation background
Viola Kooij, Martina Saes, Kornelia Jaquet, Ruud Zaremba, D Brian Foster, Anne M
Murphy, Cris dos Remedios, Jolanda van der Velden, Ger JM Stienen

Journal of cellular and molecular cardiology, 2010, 48(5): 954‐963.

64 CHAPTER 4

Abstract
Protein kinase A (PKA)‐mediated phosphorylation of Ser23/24 of cardiac troponin I (cTnI) cause
a reduction in Ca2+‐sensitivity of force development. This study aimed to determine whether the
2+
PKA‐induced modulation of the Ca ‐sensitivity is solely due to cTnI phosphorylation or depends

on the phosphorylation status of other sarcomeric proteins. Endogenous troponin (cTn)
complex in donor cardiomyocytes was partially exchanged (up to 66±1%) with recombinant
unphosphorylated human cTn and in failing cells similar exchange was achieved using PKA‐
(bis)phosphorylated cTn complex. Cardiomyocytes immersed in exchange solution without
complex added served as controls. Partial exchange of unphosphorylated cTn complex in donor
tissue significantly increased Ca2+‐sensitivity (pCa50) to 5.50±0.02 relative to the donor control
value (pCa50=5.43±0.04). Exchange in failing tissue with PKA‐phosphorylated cTn complex did
not change Ca2+‐sensitivity relative to the failing control (pCa50=5.60±0.02). Subsequent
2+
treatment of the cardiomyocytes with the catalytic subunit of PKA significantly decreased Ca ‐

sensitivity in donor and failing tissue. Analysis of phosphorylated cTnI species revealed the same
distribution of un‐, mono‐ and bis‐phosphorylated cTnI in donor control and in failing tissue
exchanged with PKA‐phosphorylated cTn complex. Phosphorylation of myosin‐binding protein‐C
in failing tissue was significantly lower compared to donor tissue.
These differences in Ca2+‐sensitivity in donor and failing cells, despite similar
distribution of cTnI species, could be abolished by subsequent PKA‐treatment and indicate that
other targets of PKA are involved the reduction of Ca2+‐sensitivity. Our findings suggest that the
sarcomeric phosphorylation background, which is altered in cardiac disease, influences the
impact of cTnI Ser23/24 phosphorylation by PKA on Ca2+‐sensitivity.
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Introduction
During exercise and stress, β‐adrenergic receptors stimulation causes an increase in cardiac
output to meet the demands of the body. Stimulation of β‐adrenergic receptors leads to an
increased level of intracellular cAMP, which in turn activates protein kinase A (PKA)

50,103

.

Cardiomyocyte contractility is increased by PKA‐mediated phosphorylation of proteins involved
in calcium handling and myofilament proteins. The increase in heart rate requires faster
myocardial relaxation, which is in part caused by increased re‐uptake of cytosolic calcium into
the sarcoplasmic reticulum. Myofilament proteins such as cardiac troponin I (cTnI), cardiac
myosin‐binding protein‐C (cMyBP‐C) and titin are substrates for PKA 39,104. PKA phosphorylation
2+
of cTnI at Ser23/24 reduces Ca ‐sensitivity of the myofilaments, which is also considered to be

beneficial for relaxation of the heart 23,105,106.
In cardiac disease, the β‐adrenergic receptor pathway is chronically over‐stimulated to
maintain cardiac output. However, chronic over‐stimulation results in desensitization of the β‐
adrenergic receptor pathway and this could even lead to a reduced phosphorylation of the PKA
target proteins. Indeed, previous studies showed reduced phosphorylation of cTnI and cMyBP‐C
in end‐stage failing human hearts compared to non‐failing donor myocardium

22,24,30,31,107

. In

addition, reduced phosphorylation of myosin light chain 2 (MLC‐2) has been reported in
diseased myocardium
expression

76

which has been associated with increased protein phosphatase 1

76,108,109

. As a consequence of the disturbed balance between kinases and

phosphatases, baseline phosphorylation of myofilament proteins differs between failing and
donor hearts. To assess if a difference in baseline phosphorylation background alters the
myofilament response to PKA‐mediated cTnI phosphorylation, we investigated myofilament
response to alterations in Ser23/24 cTnI bis‐phosphorylation in non‐failing donor and end‐stage
failing myocardium.
The elegant cardiac troponin (cTn) exchange method was applied to explore the direct
effects of cTnI phosphorylation by PKA. The advantage of this technique is that it allows
determination of the direct effects of cTnI phosphorylation by PKA on contractility in human
cardiac preparations without alteration of phosphorylation of other contractile proteins.
Endogenous cTn in non‐failing donor tissue, which has a high baseline cTnI phosphorylation
level, was replaced by unphosphorylated recombinant human cTn complex. PKA‐pretreated, bis‐
phosphorylated cTn complex was exchanged in failing tissue, in which cTnI is largely
unphosphorylated. Our data show that baseline phosphorylation of myofilament proteins
influences the impact of PKA phosphorylation of cTnI on Ca2+‐sensitivity. These results suggest

65

66 CHAPTER 4

that the other myofibrillar targets of PKA, cMyBP‐C and/or titin, play an important role in
2+
modulating the effect of cTnI phosphorylation on Ca ‐sensitivity in human myocardium.

Materials and methods
Phosphorylation of recombinant human troponin complex with protein kinase A
Human cardiac troponin I (cTnI), cardiac troponin C (cTnC) and cardiac troponin T (cTnT) were
expressed and purified as described previously

75

. The troponin subunits were reconstituted

1:1:1 into complex. Cardiac TnI was maximally phosphorylated by the catalytic subunit of
protein kinase A from bovine heart (PKA, Sigma, P2645; batch 35H9522). To this end, 320
Units/ml of PKA were added to 1 mg/ml human cTn complex in the presence of 1 mM Na2ATP, 4
mM MgCl2, 6 mM EGTA, 6 mM dithiothreitol (DTT), a phosphatase inhibitor cocktail (10 μl/ml
PhIC, Sigma, P5726), and a protease inhibitor cocktail (5 μl/ml PIC, Sigma, P8340) for 90 minutes
at 30°C. The phosphorylated cTn complex was dialyzed overnight in order to remove ATP.

Exchange of cardiac troponin complex in human cardiomyocytes
In the experiments, left ventricular samples from explanted non‐failing donor (n=5) and
idiopathic end‐stage failing dilated myocardium (IDCM, NYHA Class IV; n=7) were used.
The donor tissue was obtained from hearts where no suitable recipient was found. The donors
had no history of cardiac disease. Biopsies of the transplanted hearts were directly transferred
to liquid nitrogen for storage. In donor cardiomyocytes the endogenous cTn complex,
predominantly containing phosphorylated cTnI, was replaced by unphosphorylated cTn
complex, while in failing cells, endogenous cTn was replaced by phosphorylated cTn complex as
described earlier 75,110‐112, with several adjustments.
Single cardiomyocytes were mechanically isolated with a glass tissue homogenizer
59,99

. The samples were disrupted for a few seconds 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), which resulted in a
suspension containing single cardiomyocytes. Cardiomyocytes were permeabilized in rigor
solution using 0.5% Triton X‐100 for 5 minutes. After permeabilization, cells were washed twice
with rigor solution and finally washed in exchange solution (5 mM imidazole, 25 mM Tris/HCl,
250 mM NaCl, 3 mM MgCl2, 4 mM CaCl2, 1.25 mM EGTA, 1 mM DTT). Cardiomyocytes were
subsequently incubated overnight at 4°C in exchange solution containing the appropriate
concentration of recombinant human cTn complex (0.5 or 1.0 mg/ml) with the addition of 4 mM
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DTT, 5 μl/ml PIC, 10 μl/ml PhIC, 50 nM Calyculin A (Sigma) and 50 μM PKA inhibitor 6‐22 amide
(PKI, Calbiochem). PKI was added to block any remaining PKA activity in order to maintain
endogenous cTnI phosphorylation. The next 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). The cardiomyocyte suspension was either used to measure
isometric force, to quantify the level of exchanged cTn complex using an ELISA (Enzyme‐Linked
Immuno Sorbent Assay) or to assess the phosphorylation status of the sarcomeric proteins
(described below). Donor and failing cardiomyocytes kept in exchange solution without cTn
complex added served as controls.

Isometric force measurements in single human cardiomyocytes
Force measurements in cardiomyocytes exchanged with cTn complex were performed as
described previously 59,75. Sarcomere length was adjusted to 2.2 μm. Different pCa (‐log10[Ca2+])
values ranging from 9 (relaxing) to 4.5 (maximally activating) were used to determine the
passive force (Fpas) and maximal force (Fmax) and calcium sensitivity of force development
(pCa50). After these initial force measurements, myocytes were incubated for 40 minutes at
20°C in relaxing solution with 40 U/ml PKA and 6 mM DTT. After PKA incubation, the force
measurements were repeated.
The concentration dependence of the effect of PKA on force development was studied
in single cardiomyocytes isolated from end‐stage failing tissue. After the initial series of force
measurement at different Ca2+‐concentrations, myocytes were incubated for 40 minutes at 20°C
with different concentrations of PKA (in the range of 0‐320 U/ml). After these incubations, force
measurements were repeated.

Protein analyses
Baseline myofilament protein phosphorylation
For the preservation of the protein phosphorylation status, the suspension of cells was
trichloroacetic acid (TCA) treated as described previously 81. After TCA treatment, tissue pellets
were freeze‐dried and homogenized in 1D‐sample buffer containing 15% glycerol, 62.5 mM Tris
(pH 6.8), 1% (w/v) SDS and 2% (w/v) DTT (final concentration 2.5 μg dry weight/μL).
To determine the phosphorylation status of myofilament proteins, tissue samples (20
μg/lane) were separated on gradient gels (Criterion Tris‐HCl 4‐15% gel, BioRad) and stained with
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Pro‐Q Diamond in conjunction with Sypro Ruby (Molecular Probes). The phosphorylation signals
were normalized to the intensities of the Sypro Ruby stained myosin binding protein C (cMyBP‐
C) bands to correct for differences in protein loading. Intensities were quantified using the
luminescent image analyzer LAS‐3000 (Fuji Science Imaging Systems) and Aida image analyzer
software (Isotopenmeβgeräte GmbH, Staubenhardt, Germany) 81.

Determination of troponin exchange
To visualize the exchange of endogenous cTn by exogenous unphosphorylated cTn complex (in
donor cells) and PKA‐phosphorylated cTn complex (in failing cells), phosphorylation of cTnI was
analyzed by Western blotting. Proteins were separated on a one‐dimensional 15% SDS‐
polyacrylamide gel and blotted onto a nitrocellulose membrane (Hybond) using the protocol
supplied by the manufacturer in 1 hour at 100 V. A specific monoclonal antibody against bis‐
phosphorylated cTnI at PKA sites Ser23/24 (Cell Signaling; dilution 1:500) was used to detect
phosphorylated cTnI by chemiluminescence (ECL, Amersham Biosciences).
Quantification of the exchange was performed using ELISA as described previously 57.
The calculation was based on the level of phosphorylated cTnI after cTn exchange. The specific
monoclonal antibody against bis‐phosphorylated cTnI at PKA sites Ser23/24 (Cell Signaling;
dilution 1:1000) was used for quantification in combination with a secondary horseradish
peroxidase labeled goat‐anti‐rabbit antibody (DakoCytomation; dilution 1:1000). All samples
were applied in triplicate on a 96‐wells plate for an accurate quantification. Optical density was
measured using the EL800 plate reader and KC junior software (BIO‐TEK instruments).
The distribution of phosphorylated forms of cTnI were analyzed using the recently
developed Phos‐tagTM acrylamide gels (FMS Laboratory; Hiroshima University, Japan)

113,114

.

2+

Phosphorylated cTnI species were visualized using alkoxide‐bridged dinuclear metal (Mn )
complex as phosphate‐binding tag (Phos‐tag) molecule. Mn2+‐Phos‐tag molecules preferentially
capture divalent phosphomonoester anions bound to Ser, Thr and Tyr residues. The
unphosphorylated, mono‐ and bis‐phosphorylated forms of cTnI were separated in 1D‐PAGE
with polyacrylamide‐bound Mn2+‐Phos‐tag. After TCA treatment, tissue pellets were freeze‐
dried and homogenized in 1D‐sample buffer. SDS‐PAGE gels were cast in an empty criterion
cassette (Bio‐rad) with 10% acrylamide (29:1 acrylamide:bis‐acrylamide) with 50 μM Mn‐Phos‐
tag

TM

for the running gel and 4.5% acrylamide (29:1 acrylamide:bis‐acrylamide) for the stacking

gel. Gels were run for 3 hours at 20 mA and transferred to Western blots and visualized by
means of a specific antibody against cTnI (clone 8I‐7, Spectral Diagnostics). Separate Western
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blots using specific antibodies for unphosphorylated cTnI (Spectral Diagnostics) and bis‐
phosphorylated cTnI (Cell Signaling) confirmed the identity of unphosphorylated and bis‐
phosphorylated bands.

Determination of phosphorylation levels of PKA‐treated failing tissue
Failing tissue was freeze‐dried and homogenized in relaxing solution supplemented with 10%
glycerol, 6 mM DTT and 0.05% Triton X‐100 (final concentration 2.5 μg/μl). This homogenate
was divided and incubated with up to 320 U/ml of PKA for 40 min at 20oC. Thereafter,
homogenates were treated with a 2‐D Clean‐Up Kit (Amersham Biosciences) and solubilized in
sample buffer to a final concentration of 2.5 μg/μl. Phosphorylation of myofilament proteins
was determined using Pro‐Q Diamond, Western Immunoblotting and Phos‐tag as described
above.

Data analysis
Data analysis was performed as previously described 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 the steepness of
the relationship and Ca50 (or pCa50) represent the midpoint of the relation.
Data in non‐failing donor and failing samples were compared using an unpaired Student t‐test.
Effects of PKA incubations were tested with paired Student t‐test. The effects of the cTn
exchange in combination with PKA effects were tested using two‐way ANOVA followed by a
Bonferroni post‐hoc test. Values are given as means ± S.E.M. of n myocytes.
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Results
Table 1. Characteristics of donor and end‐stage failing hearts.
Sex

Age

LV ejection fraction (%)

Donor 1

Male

14

‐

Donor 2

Male

56

‐

Donor 3

Male

55

‐

Donor 4

Male

37

‐

Donor 5

Female

46

‐

IDCM 1

Female

52

15

IDCM 2

Male

56

20

IDCM 3

Male

62

23

IDCM 4

Female

50

36

IDCM 5

Male

53

25

IDCM 6

Male

58

22

IDCM 7

Male

53

15

IDCM, idiopathic dilated cardiomyopathy. All patients were treated with digoxin, β‐
blocker, ACE‐inhibitor and diuretics.

Phosphorylation of sarcomeric proteins and recombinant cTn complex
Baseline phosphorylation was determined in donor and failing heart samples separated by 1D
gel electrophoresis, stained with Pro‐Q Diamond in conjunction with Sypro Ruby as shown in
Figure 1A. As described previously

23,100

, the major differences in phosphorylation between

tissue from donor and end‐stage failing patients observed reside in the level of cMyBP‐C and
cTnI phosphorylation, which are significantly lower in failing samples (Figure 1B). Phos‐tag
analysis yields the distribution between un‐, mono‐ and bis‐phosphorylated species in the donor
and failing tissue. Donor tissue shows high mono‐and bis‐phosphorylation whereas failing tissue
shows most dominantly the un‐phosphorylated cTnI form (Figure 1C).
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A

B
Donor
Failing

cMyBP‐C

*

Phosphorylation (a.u)

1.75

Desmin
cTnT

cTnI

1.50
1.25
1.00
0.75

*

0.50
0.25

MLC‐2

0.00

ProQ

cMyBP-C Desmin

cTnT

cTnI

MLC-2

Sypro

C

D

ProQ
Sypro
5` 10` 15` 30` 45` 90` 120` 150` 180`

Figure 1. Endogenous phosphorylation of donor and failing tissue and PKA‐mediated
phosphorylation of recombinant troponin complex. A. 1D gradient gel, stained with Pro‐Q Diamond
and Sypro Ruby, shows the expression and phosphorylation of myofilament proteins from healthy
donor and end‐stage failing tissue. B. Endogenous phosphorylation of myosin binding protein C
(cMyBP‐C) and troponin I (cTnI) was significantly lower in failing (n=7) compared to donor (n=5)
samples. Phosphorylation of myofilament proteins was expressed relative to the Sypro Ruby‐stained
cMyBP‐C bands to correct for differences in protein loading. *P<0.05, donor vs. failing in unpaired t‐
test. cTnT, troponin T; MLC‐2, myosin light chain 2. C. The distribution of un‐ (0P), mono‐ (1P) and bis‐
phosphorylated (2P) cTnI in donor (n=5) and in failing (n=7) tissue determined using Phos‐tagTM
acrylamide 1D gels. D. Time course of PKA‐mediated phosphorylation of recombinant human cardiac
troponin complex. Samples were taken at different time points and run on a 1D gradient gel stained
with Pro‐Q Diamond in conjunction with Sypro Ruby staining. Time constant of the exponential fitted
to the data points: 32 minutes.
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The catalytic subunit of PKA was used to selectively phosphorylate recombinant human cardiac
cTn at the PKA‐mediated phosphorylation sites Ser23/24 of cTnI. Samples were taken at
different time points to assess the rate and extent of phosphorylation. The time course, shown
in Figure 1D, indicates that cTnI phosphorylation saturated after 90 minutes of incubation.
Hence, this incubation time was used to obtain phosphorylated cTn complex used during the
exchange experiments.

Exchange of recombinant cTn complex in donor and failing tissue
Exchange experiments were performed in different donor (n=5) and failing (n=5) patients (Table
2). One‐way ANOVA analysis showed no significant difference in cardiomyocyte force
measurements between patients (Table 2). Western blot analysis indicated that the level of bis‐
phosphorylated cTnI decreased in donor upon exchange with unphosphorylated cTn complex,
while cTnI bis‐phosphorylation increased in failing samples upon exchange with phosphorylated
cTn complex (Figure 2A). Overnight incubation of donor tissue in exchange solution without
added cTn complex (control) resulted in dephosphorylation of cTnI by ~19%, relative to the
phosphorylation level in untreated donor tissue (Figure 2A). Exchange with 0.5 and 1.0 mg/ml
unphosphorylated cTn complex decreased bis‐phosphorylation respectively to 44.1±7.0% and
28.8±3.5% of the value in untreated donor tissue.

CTNI SER23/24 PHOSPHORYLATION

cTnI Ser23/24 Bis-phosphorylation (%)

A

B

C

Untreated control
Control
0.5 mg/ml cTn
1.0 mg/ml cTn
120
100
80
60
40
20
0

Donor

Failing

Donor

Failing

Figure 2. Changes in cTnI phosphorylation in donor and failing cells upon exchange of cTn‐complex. A.
Western blot analysis of donor (n=2) tissue, exchanged with unphosphorylated cTn, and failing (n=2)
tissue, exchanged with bis‐phosphorylated cTn, using a Ser23/24 phosphospecific cTnI antibody.
Ser23/24 bis‐phosphorylation was expressed relative to actin to correct for differences in protein
loading. The Ser23/24 signal obtained in untreated donor (n=2) tissue was set at 100%. Control denotes
results obtained in tissue kept in exchange buffer without recombinant complex added. Exchange using
unphosphorylated cTn resulted in a decrease in Ser23/24 phosphorylation in donor tissue, while
exchange using phosphorylated cTn in failing tissue resulted in an increase in Ser23/24 phosphorylation.
B. The effect of cTn exchange on the distribution of un‐ (0P), mono‐ (1P) and bis‐phosphorylated (2P)
cTnI in donor (n=4) and (C.) in failing (n=4) tissue. Note that the distribution of phospho species in failing
tissue after exchange with 1 mg/ml bis‐phosphorylated cTn was very similar to distribution in control
donor tissue.
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Bis‐phosphorylation of cTnI in failing tissue kept overnight in exchange solution without added
cTn complex (failing control) amounted to 5.8±1.8%. Exchange of PKA phosphorylated cTn
(cTn+P) in failing cardiomyocytes increased bis‐phosphorylated cTnI levels to 37.9±6.6% (0.5
mg/ml cTn+P) and 74.7±8.0% (1.0 mg/ml cTn+P) of the values observed in untreated donor
tissue. Quantification of the degree of exchange in donor (n=4) and failing (n=6) tissue was
performed using ELISA with the same cTnI Ser23/24 bis‐phosphorylation antibody as used for
Western blotting. To determine the percentages of exchange, the phosphorylation level of the
donor control (no cTn complex during overnight incubation in exchange solution) was set at
100%, to correct for the loss of phosphorylation during the overnight incubation. In donor tissue
addition of 0.5 mg/ml cTn resulted in 52.6±6.1% and 1.0 mg/ml cTn in 65.9±0.9% exchange.
Addition of 0.5 mg/ml cTn+P resulted in 36.6±2.6% and 1.0 mg/ml cTn+P in 69.0±1.1% exchange
in failing tissue. These latter values did not differ significantly from the corresponding values in
donor tissue. The distribution between un‐, mono‐ and bis‐phosphorylated species in the donor
and failing exchange samples was determined using Phos‐tag gels. Exchange using 1.0 mg/ml
unphosphorylated cTn in donor cells decreased mono‐ and bis‐phosphorylated cTnI and
resulted in a similar pattern as observed in control failing cells (no complex during overnight
incubation). Exchange using 1.0 mg/ml phosphorylated cTn complex in failing cardiomyocytes
increased mono‐ and bis‐phosphorylated cTnI and resulted in a similar distribution as found in
control donor cells (Figures 2B and C). Some dephosphorylation of sarcomeric proteins occurred
o
during overnight incubation in exchange solution at 4 C, despite the presence of high

concentrations of phosphatase inhibitor cocktails in the solution. Phosphorylation levels of
myofilament proteins were analyzed using Pro‐Q Diamond in conjunction with Sypro stained
gels from donor (n=6) and failing (n=12) samples. In addition to the differences in cTnI
phosphorylation described above, cMyBP‐C showed a significantly lower phosphorylation level
in failing compared to donor tissue. The phosphorylation levels of cMyBP‐C and cTnT after
overnight exchange were the same as the basal levels shown in Figure 1B. However, Desmin and
MLC‐2 were significantly dephosphorylated after overnight incubation, but the reductions in
phosphorylation in donor and failing tissue were similar (data not shown). Hence, the baseline
differences in phosphorylation status between donor and IDCM tissue were largely preserved.
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Table 2. Overview of cardiomyocytes force measurements
Donor
Incubation

Fmax

Control

pCa50

ΔpCa50

nH

Ktr

5 donor hearts; 13 myocytes

Basal

26.8±3.8

5.43±0.03

After PKA

24.8±3.7

5.40±0.03

cTn [0.5mg/ml]

0.03±0.01

2.7±0.2

0.67±0.07

2.6±0.2*

0.92±0.10*

2.9±0.2

0.66±0.05

2.8±0.2

0.69±0.04

2.6±0.2

0.64±0.03

2.8±0.3

0.62±0.05

nH

Ktr

3.6±0.3

0.59±0.04

3.9±0.3

0.75±0.10

2.9±0.1

0.65±0.06

2.9±0.1

0.66±0.06

3.3±0.2

0.71±0.10

3.3±0.3

0.64±0.04

5 donor hearts; 19 myocytes

Basal

26.7±3.2

5.55±0.02

After PKA

23.1±2.5*

5.46±0.02*

cTn [1.0mg/ml]

0.10±0.01

5 donor hearts; 14 myocytes

Basal

21.1±3.2

5.50±0.02

After PKA

20.0±3.0

5.41±0.02*

0.10±0.01

Failing
Incubation

Fmax

Control

pCa50

ΔpCa50

5 failing hearts; 15 myocytes

Basal

31.5±3.8

5.60±0.01

After PKA

30.1±4.0

5.50±0.01*

cTn+P [0.5mg/ml]

0.10±0.01

5 failing hearts; 18 myocytes

Basal

21.4±1.6

5.57±0.02

After PKA

18.4±1.5*

5.44±0.02*

cTn+P [1.0mg/ml]

0.13±0.01

5 failing hearts; 17 myocytes

Basal

20.9±2.3

5.60±0.02*

After PKA

20.1±2.0

5.48±0.02

0.12±0.02

Control denotes results obtained from cardiomyocytes kept in exchange buffer without
cTn complex added. Abbreviations: Fmax, maximal force at saturating calcium
concentration in kN/m2; pCa50 and nH, midpoint and steepness of the force‐pCa curves,
respectively; Ktr, rate of tension redevelopment (s‐1) at saturating calcium concentration.
*P<0.05, effect of PKA in paired t‐test.
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2+

Ca ‐sensitivity after exchange is altered in donor cells but not in failing cells
In Figure 3A and Table 2 the results are presented of the force measurements in permeabilized
cardiomyocytes at different Ca2+‐concentrations. It can be seen that in cardiomyocytes from
donor tissue, Ca2+‐sensitivity (pCa50) significantly increased after exchange with 0.5 mg/ml and
1.0 mg/ml unphosphorylated cTn complex. The pCa50 values were increased to 5.55±0.02 (0.5
mg/ml cTn) and 5.50±0.02 (1.0 mg/ml cTn) relative to the values obtained after control
incubation: 5.43±0.03. However, pCa50 was not altered in failing cardiomyocytes upon exchange
with 0.5 mg/ml and 1.0 mg/ml phosphorylated cTn (cTn+P). In failing tissue pCa50 values were
5.57±0.02 (0.5 mg/ml cTn+P), 5.60±0.02 (1.0 mg/ml cTn+P) and 5.60±0.01 in control (Figure 3B).
These results indicate that even though exchange of 1.0 mg/ml cTn+P in failing tissue resulted in
a similar phosphorylation pattern as found in donor control (no cTn complex during overnight
incubation), pCa50 did not decrease to the level of the donor control. After these measurements
the cardiomyocytes were treated with PKA to achieve maximal PKA‐mediated phosphorylation
of the contractile proteins. Figure 3C illustrates the effects of subsequent PKA incubation on
Ca2+‐sensitivity. The control donor cells showed only a small decrease in pCa50 by 0.03±0.01.
The effect of PKA was significantly larger in donor cells exchanged with 0.5 and 1.0 mg/ml cTn
compared to the donor control (in both cases ΔpCa50 amounted to 0.10±0.01). All failing cells
(control and exchanged with cTn+P) showed a strong response to PKA as illustrated by the shift
in pCa50 (control 0.10±0.01; 0.5 mg/ml cTn+P 0.13±0.01; 1.0 mg/ml cTn+P 0.12±0.02). PKA
incubation decreased pCa50 values in failing cells to the level of the donor control, suggesting
the involvement of PKA targeting proteins other than cTnI in the regulation of Ca2+‐sensitivity.
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Figure 3. Effect of cTn exchange on the Ca2+‐sensitivity of force production in donor (n=33) and
failing (n=35) cells. A. Isometric force plotted as a function of the free Ca2+ concentration. B. Ca2+‐
sensitivity derived from the midpoint of the force – pCa relationship (pCa50) increased upon exchange
with unphosphorylated cTn complex in donor tissue, while exchange with phosphorylated cTn
complex in failing cells did not result in a decrease in pCa50. *P<0.05, control vs. 0.5 mg/ml cTn and
1.0 mg/ml cTn in paired t‐test. C. The effect of subsequent PKA incubation on Ca2+‐sensitivity after
exchange. In donor tissue, PKA incubation resulted in a decrease in Ca2+‐sensitivity (ΔpCa50), which
was more pronounced after exchange with unphosphorylated cTn complex than after the control
incubation. In failing tissue, the PKA‐induced shift (ΔpCa50) was similar in all groups. *P<0.05, control
vs. 0.5 mg/ml cTn and 1.0 mg/ml cTn in paired t‐test.
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Maximal force in donor and failing cells exchanged with 0.5 mg/ml cTn was slightly but
significantly decreased upon incubation with PKA, but not in the cells exchanged with 1.0 mg/ml
cTn. PKA incubation of the donor control cells resulted in a significant decrease of the steepness
of the force – pCa relation (nH) and resulted in a significant increase in the rate of tension
redevelopment (Ktr). However, Ktr did not differ significantly in the other donor and failing
groups (Table 2).
In a limited set of experiments (n=2 in both donor and failing tissue; 10
cardiomyocytes each), we tested the effects of the exchange of phosphorylated cTn (0.5 mg/ml)
in donor cells and of unphosphorylated cTn in failing cells. In both cases Ca2+‐sensitivity after
exchange did not differ from the values obtained in the control groups, before as well as after
subsequent PKA incubation.
2+

Impact of PKA incubation on Ca ‐sensitivity in end‐stage failing tissue
The lack of an effect of phosphorylated cTn exchange on Ca2+‐sensitivity in failing tissue could at
least partly be due to the fact that higher levels of cTnI phosphorylation would be required than
achieved after exchange. Therefore, the concentration dependence of the effect of PKA on Ca2+‐
sensitivity was studied in failing cardiomyocytes after incubation with PKA for 40 minutes. In
parallel experiments the effect of the incubation on cTnI and cMyBP‐C phosphorylation was
assessed by Pro‐Q Diamond staining, Western blotting and Phos‐tag. Pro‐Q Diamond staining
showed that cTnI and cMyBP‐C phosphorylation increased with an increase in PKA (0‐320 U/ml),
whereas cTnT phosphorylation remained constant. Saturation of cTnI phosphorylation was
reached after incubation with 80 U/ml PKA, whereas cMyBP‐C phosphorylation reached
saturation already after incubation with 10 U/ml (Figure 4A and B). The distribution between
un‐, mono‐ and bis‐phosphorylated cTnI after the incubations was determined using Phos‐tag
gels. These results showed a decrease of unphosphorylated cTnI, while bis‐phosphorylated cTnI
gradually increased upon incubation with PKA (Figure 4C). Mono‐phosphorylated cTnI showed a
biphasic time course. It initially increased, but at larger concentrations it eventually decreased,
most likely because it became bis‐phosphorylated.
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A

B

Figure 4. PKA‐mediated phosphorylation of cTnI and cMyBP‐C in failing tissue. A. Failing tissue was
incubated with increasing concentrations of PKA up to 320 U/ml. The phosphorylation of cTnI and
cMyBP‐C, determined from the Pro‐Q‐ and Sypro‐stained gels increased in a concentration
dependent manner. The increase in cTnI bis‐phosphorylation was also analysed using Western
blotting by means of a Ser23/24 cTnI antibody. The level of cTnI bis‐phosphorylation was expressed
relative to actin to correct for differences in protein loading. B. The effect of PKA incubation on the
distribution of cTnI phosphospecies using Phos‐tagTM acrylamide gels. 0P, unphosphorylated cTnI; 1P,
mono‐phosphorylated cTnI; 2P, bis‐phosphorylated cTnI.

ΔpCa50 (differences of midpoints of force‐pCa curves) plotted against cTnI and cMyBP‐
2+
C phosphorylation indeed confirmed that the effect of PKA on the Ca ‐sensitivity was largest at

40 U/ml of PKA and above (Figure 5A), when cTnI and cMyBP‐C were highly phosphorylated
(Figure 5B and C). However, these experiments do not account for the difference in Ca2+‐
sensitivity between control donor cells and failing cells after exchange with 1 mg/ml
phosphorylated cTn, where the distributions of un‐, mono‐ and bis‐phosphorylated cTnI are very
similar.
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Figure 5. Effect of PKA incubation on Ca2+‐sensitivity of force development in failing
cardiomyocytes. A. PKA incubation for 40 minutes resulted in a rather abrupt decrease in Ca2+‐
sensitivity (ΔpCa50) between 20 and 40 U/ml. B. ΔpCa50 plotted as a function of the phosphorylation
levels of cTnI and cMyBP‐C determined by Pro‐Q Diamond and Sypro‐staining. C. ΔpCa50 plotted as a
function of the cTnI Ser23/24 bis‐phosphorylation determined by Western blotting.

Discussion
Our data show that the phosphorylation background of myofilament proteins influences the
impact of PKA phosphorylation of cTnI on Ca2+‐sensitivity. These results suggest that the other
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myofilament targets of PKA, notably cMyBP‐C and/or titin might play an important role by
modulating the effect of cTnI phosphorylation on Ca2+‐sensitivity in human myocardium.

Differences in endogenous phosphorylation between donor and failing tissue
In agreement with previous studies

22,30,31,107

, current study clearly showed differences in the

endogenous levels of protein phosphorylation between explanted donor and idiopathic dilated
end‐stage failing tissue (IDCM). Pro‐Q Diamond staining revealed a more than two‐fold decrease
in the overall cMyBP‐C phosphorylation and a six‐fold decrease in cTnI phosphorylation,
whereas the phosphorylation of desmin, cTnT and MLC‐2 were rather similar. Desensitisation of
the β‐adrenergic receptors observed in failing hearts 115 could result in a reduction of the PKA‐
mediated phosphorylation of target proteins such as cMyBP‐C and cTnI. In addition, a reduction
of PKA activity could increase PP‐1 activity

108

, and thereby indirectly reduce MLC‐2

76

phosphorylation , which however was not evident in this patient group. Moreover, it has been
reported that the activities of Ca2+‐dependent calmodulin kinase II 116 and protein kinase C

61,62

are increased in failing human hearts. The functional significance of this latter observation is still
a matter of debate

87,92,117

. Our data shows similar TnT phosphorylation in donor and failing

tissue while cTnI phosphorylation in failing was much smaller than in donor tissue. However, it
should be noted that overall phosphorylation levels do not completely rule out the possibility of
differences in phosphorylation between sites. Moreover, we would like to emphasize that the
phosphorylation status observed in donor tissue might be influenced by the inotropic support
used and therefore does not necessarily represent the baseline values in healthy tissue.
Nevertheless, it is clear that marked and potentially site specific differences are present in the
phosphorylation background of donor and IDCM samples. This allowed us to investigate the
functional effects of cTnI Ser23/24 phosphorylation as the difference in phosphorylation
background between both groups was largely preserved after exchange.
2+

Differences in baseline Ca ‐sensitivity in donor and failing tissue
Our study showed a marked difference in baseline Ca2+‐sensitivity between control donor (pCa50
5.43±0.03) and failing tissue (pCa50 5.60±0.01) (Table 2). This difference is rather similar to the
difference in untreated donor and failing tissue 100,118 indicating that protein dephosphorylation
that occurred during overnight incubation in exchange solution did not affect the baseline Ca2+‐
sensitivity to a significant extent. These previous studies also showed, in agreement with our
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2+
current findings, that the difference in Ca ‐sensitivity in these human preparations could be

eliminated or largely reduced by application of the catalytic subunit of PKA.
In our control donor cells, with high endogenous phosphorylation levels, PKA
treatment resulted in a small reduction in Ca2+‐sensitivity (ΔpCa50 = 0.04), suggesting that
2+
compensation of the ~19% loss in cTnI phosphorylation had little effect on Ca ‐sensitivity.

The effect of cTn exchange in donor and failing tissue
Our results showed that a decrease in bis‐phosphorylation of cTnI at Ser23/24 in donor tissue
did result in an increase in Ca2+‐sensitivity, whereas unexpectedly, an increase in bis‐
phosphorylation of cTnI at Ser23/24 in failing tissue did not result in a decrease in Ca2+‐
sensitivity.
2+
Subsequent incubation with exogenous PKA after cTn exchange decreased Ca ‐

sensitivity both in donor and in failing cardiomyocytes. It should be noted that the maximum
levels of cTn exchange reached using 1 mg/ml cTn complex amounted to 65% and 69% in donor
and failing tissue, respectively. It is plausible that there is a threshold that must be reached in
order to decrease Ca2+‐sensitivity. Since the level of cTnI bis‐phosphorylation in failing tissue
reached 75% of the level observed in untreated donor myocardium (Figure 2A), there is a
sufficient reserve (~25%) for exogenous PKA‐mediated cTnI phosphorylation to explain the
decrease in Ca2+‐sensitivity in failing tissue exchanged with bis‐phosphorylated cTn (Figure 3C).
However, careful analysis of cTnI phosphorylation profile in failing tissue after
exchange indicates that phosphorylation of cTnI is not the only determinant of Ca2+‐sensitivity in
human myocardium. After exchange using 1.0 mg/ml cTn complex in failing tissue the level of
bis‐phosphorylated cTnI was comparable to the level found in donor controls (Figure 2A). To
assess the distribution of un‐, mono‐ and bis‐phosphorylated forms of cTnI Phos‐tag analysis
was performed. Exchange using 1 mg/ml phosphorylated cTn complex in failing cardiomyocytes
resulted in a similar distribution as found in control donor cells. Despite these correspondences,
Ca2+‐sensitivity of force development differed markedly under these conditions. Since
subsequent PKA treatment after the exchange largely reduced these differences in Ca2+‐
sensitivity, we conclude that PKA‐mediated phosphorylation of myofilament proteins other than
cTnI is involved. An other explanation could be a difference in mono‐phosphorylation between
the donor and failing cells.
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2+

The involvement of PKA substrates in the alteration of the Ca ‐sensitivity
The human cTn complex used for the exchange experiments was completely unphosphorylated
to start with and within this trimeric complex is cTnI the only target of PKA. This implies that
upon exchange, the overall phosphorylation of cTnT is reduced in the cardiomyocytes. However,
the endogenous cTnT phosphorylation levels in donor and failing tissue were very similar and
since the degrees of exchange were also very similar, we consider it highly unlikely that
differences in cTnT phosphorylation would contribute to the observed differences in Ca2+‐
sensitivity between donor and failing tissue. From the correspondence in MLC‐2
phosphorylation levels in our donor and failing samples we conclude that this is also not the
case for MLC‐2. Since exchange may also result in a loss of other post translational modifications
within the cTn complex, we also tested the effects of the exchange of phosphorylated cTn in
donor cells and of unphosphorylated cTn in failing cells. In both cases Ca2+‐sensitivity after
exchange did not differ from the values obtained in the control groups, before as well as after
subsequent PKA incubation. This strongly suggests that post translational modifications other
than PKA‐mediated phosphorylation that may occur as a result of the use of recombinant cTn
during the exchange have little impact on Ca2+‐sensitivity.
Ryanodine receptors, L‐type calcium channels, phospholamban, cMyBP‐C and titin are
known sarcomeric PKA target proteins and might therefore be candidates to cooperate with
cTnI to decrease Ca2+‐sensitivity. Cardiomyocytes were permeabilized in a solution containing
0.5% Triton X‐100. This solubilized the sarcolemmal and sarcoplasmatic membranes. Hence the
involvement of ryanodine receptors, L‐type calcium channels and phospholamban in our
experiments was ruled out.
The endogenous cMyBP‐C phosphorylation level was significantly lower in failing than
in donor samples. PKA treatment in failing tissue caused an almost two‐fold increase in cMyBP‐C
phosphorylation (Figure 4A), indicating that cMyBP‐C phosphorylation could play a role in the
functional effects of PKA on Ca2+‐sensitivity. Previous studies using transgenic approaches
indicated that cMyBP‐C and its phosphorylation status are critical to regulation of cardiac
function 36,105,119‐121 and that PKA‐mediated phosphorylation of cMyBP‐C caused an acceleration
of crossbridge kinetics involved in stretch activation

37

. Kentish et al.

105

showed in transgenic

mice, overexpressing the unphosphorylatable slow skeletal Tn in the myocardium that the effect
of PKA on Ca2+‐sensitivity was absent, but they mentioned that this did not rule out a potential
permissive effect, in which phosphorylation of cMyBP‐C is necessary for the effects of TnI
phosphorylation to be seen. A pioneering study of Hofmann et al. 122 showed that extraction of
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2+
cMyBP‐C increased Ca ‐sensitivity. Together, these data suggest that cMyBP‐C phosphorylation
2+
may influence Ca ‐sensitivity by increasing the likelihood of crossbridge attachment.

Titin is the predominant determinant of cardiomyocyte passive stiffness over the
physiological sarcomere length range
reduced stiffness

15

. Phosphorylation of titin by PKA and protein kinase G

39,40,91

, whereas PKCα‐mediated phosphorylation increased passive stiffness 56.

In failing human myocardium an elevated cardiomyocyte stiffness was observed

41,89

, which

could be corrected by exogenous PKA and was associated with reduced phosphorylation of the
stiff N2B isoform

80

. These data indicate that PKA‐mediated phosphorylation of titin may be

altered in end‐stage failing human myocardium. Indeed, Kruger et al.

91

reported a clear trend

towards decreased basal titin phosphorylation in end‐stage failing tissue compared to donor
tissue. It has been proposed that titin‐based passive tension impacts Ca2+‐sensitivity in rat
myocardium by a reduction of lattice spacing, which increases the likelihood of actomyosin
interaction

123

. Thus a difference in the titin phosphorylation might underlie the diverse PKA‐

mediated effects on Ca2+‐sensitivity observed in the present study as well.

2+

Titration of the effect of Ser23/24 phosphorylation on Ca ‐sensitivity
The maximal reduction in Ca2+‐sensitivity upon incubation of failing tissue with increasing PKA
activity was found at relatively high phosphorylation levels of Ser23/24 (Figure 4A). Mono‐
phosphorylation decreased with increasing PKA activity, while bis‐phosphorylated cTnI steadily
increased. Previous studies showed that the mono‐phosphorylated cTnI is phosphorylated at
Ser24 28,124. Phosphorylation at Ser23 occurs only after phosphorylation of Ser24 and at a slower
rate. Evidence suggests that phosphorylation of both serine residues is required for the
reduction in Ca2+‐sensitivity

18,27,124

. This is supported by the rather abrupt reduction in Ca2+‐

sensitivity observed between 20 U/ml and 40 U/ml PKA in failing myocytes (Figure 5A) where
the balance between mono‐ and bis‐phosphorylated cTnI was shifted to the latter form, and the
mono‐phosphorylated form started to decrease (Figure 4B).
PKA‐mediated phosphorylation of cMyBP‐C was saturated faster than cTnI
phosphorylation. Despite saturated cMyBP‐C phosphorylation, the maximal reduction in Ca2+‐
sensitivity was not attained (Figure 5A and B). These data indicate that the PKA sites on cMyBP‐
C are largely phosphorylated when the maximal effect of PKA on Ca2+‐sensitivity can be
observed. However, they do not exclude the possibility that the maximum effect can also be
obtained through complete phosphorylation of both serine residues on cTnI.
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Functional implications
This study shows that the PKA‐mediated decrease of Ca2+‐sensitivity through cTnI depends on
the phosphorylation background and that other targets of PKA besides cTnI are involved. This
phosphorylation background is determined by the balance between site‐specific kinase and
phosphatase activity. The origin as well as stage of heart failure might influence this balance of
kinases and phosphatases 125. The coordinated nature of the effects of β‐adrenergic stimulation
may eventually cumulate into an increased Ca2+‐sensitivity in end‐stage failing myocardium,
2+
resulting in an enhanced contraction even if Ca ‐handling is compromised.
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