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Abstract
Cardiac troponin I (cTnI) has two phosphorylatable serines (Ser23/24), which are specific targets
of protein kinase A (PKA), the down‐stream kinase of the β‐adrenergic receptor. PKA‐mediated
phosphorylation of Ser23/24 causes a reduction in Ca2+‐sensitivity of force development.
Pseudo‐phosphorylation through charge mutations is often used to study the structural and
functional implications of cTnI phosphorylation. In this method, Ser 23 and 24 are replaced by
aspartic acids (D). The present study aimed to determine whether the pseudo‐phosphorylation
of Ser23/24 mimics the physiological effects of PKA‐mediated cTnI phosphorylation in human
cardiomyocytes. To this end, the endogenous cTn complex in permeabilised single human
cardiomyocytes from healthy donor and end‐stage failing tissue was exchanged with either PKA‐
treated bis‐phosphorylated cTn (cTn(PKA)) or pseudo‐phosphorylated cTn (cTn(DD)). The
maximum percentage exchange of endogenous cTn complex amounted to ~70%. The maximum
force generating capacity and the rate of force redevelopment at saturating Ca2+‐concentration
2+
(pCa 4.5; pCa = ‐log10[Ca ]) and the passive force measured at pCa 9 were not altered upon

exchange with cTn(PKA) or cTn(DD) relative to control. In donor cells no significant effect on the
Ca2+‐sensitivity of force (pCa50) was observed. However, in failing cells exchange with cTn(DD)
significantly decreased pCa50 from 5.60±0.01 in control to 5.50±0.03, whereas exchange with
cTn(PKA) had no effect. These results indicate that pseudo‐phosphorylation largely mimics the
physiological effects of PKA‐mediated bis‐phosphorylation of cTnI in human myocardium.

CTNI(DD) VS. CTN(PKA)

Introduction
Beta‐adrenergic receptor stimulation causes an increase in cardiac output to meet the demands
of the body during stress or exercise, through activation of PKA. This enzyme has multiple
targets within the cardiac cell, including the thin filament protein cTnI, which plays an important
role in the regulation of contraction in health and disease 18,23,42,50,105,106. This inhibitory unit of
the troponin complex is bound to the thin filament at regular intervals and inhibits actomyosin
interactions at low intracellular Ca2+ levels. During systole, a rise in intracellular Ca2+ results in
Ca2+ binding to cardiac troponin C (cTnC), which induces a conformational change that relieves
the inhibitory action of cTnI, thereby promoting strong binding of myosin heads to actin 9. Upon
2+
2+
a decline of the cytosolic Ca concentration during diastole, Ca dissociates from cTnC and the

inhibitory action of cTnI is restored. Over the years our understanding of the role of cTnI
phosphorylation in myocardial contractile function has been enhanced by studies using a variety
of in vitro and in vivo approaches.
Cardiac troponin I has two phosphorylatable serines (Ser23/24), located in the cardiac
specific N‐terminal region, which are specific targets of PKA

18,42,50

. Phosphorylation of cTnI by

2+

PKA at Ser23/24 reduces the Ca ‐sensitivity of the myofilaments, which is considered beneficial
for the relaxation of the heart

23,105,126

. One of the approaches used to study the role of cTnI

phosphorylation is pseudo‐phosphorylation

53,101,126‐128

, in which a negative charge is added to

the protein moiety comparable to the addition of a phosphate group. Transgenic models have
been used to study the effects of constitutive pseudo‐phosphorylation in the in vivo situation
53,126,128

. In addition, biochemical studies and exchange of pseudo‐phosphorylated cTnI have

been used to determine the effects in vitro

95,101,127

. These studies indicated that cTnI

phosphorylation exerts an important role in cardiac relaxation.
In a previous study we showed that phosphorylation of myofilament proteins
influences the impact of PKA‐mediated cTnI phosphorylation on Ca2+‐sensitivity. Partial
exchange of endogenous phosphorylated cTn complex by unphosphorylated cTn in donor tissue
2+
significantly increased Ca ‐sensitivity, but exchange of endogenous (mostly unphosphorylated)

cTn in failing tissue with PKA‐treated cTn complex did not change Ca2+‐sensitivity. These results
suggested that the other myofilament targets of PKA (cardiac myosin binding protein C (cMyBP‐
C) and/or titin) play an important role by modulating the effect of cTnI phosphorylation on Ca2+‐
sensitivity in failing human myocardium 95.
The present study aimed to compare the functional effects of PKA‐phosphorylated cTn
(cTn(PKA)) and pseudo‐phosphorylated cTn in which Ser23/24 on cTnI are mutated into aspartic
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acids (cTn(DD)). Therefore, the endogenous cTn complex was exchanged with recombinant
cTn(PKA) or cTn(DD) in single human cardiomyocytes from healthy donor hearts and from end‐
stage failing tissue. The advantage of the exchange technique is that it allows determination of
the direct functional effects of modifications of the cTn complex in human cardiac preparations
without alterations in other contractile proteins.
Our force measurements in exchanged human cardiomyocytes showed a significantly
reduced Ca2+‐sensitivity of the myofilaments in failing cardiomyocytes exchanged with cTn(DD)
whereas, in line with our previous study, it remained unaltered after exchange with cTn(PKA).

Materials and methods
Recombinant human troponin complex formation
Human cardiac troponin I (cTnI), troponin C (cTnC) and troponin T (cTnT) were expressed,
purified and reconstituted in the trimeric complex (cTn) as described previously

75

. PKA bis‐

phosphorylated cTn (cTn(PKA)) was obtained as before by incubation of the cTn complex with
the catalytic subunit of protein kinase A from bovine heart (PKA, Sigma, P2645; batch 35H9522)
95

. The pseudo‐phosphorylated cTn in which Ser23/24 on cTnI are mutated into aspartic acids

(cTn(DD)) was expressed and purified using the same protocol as for wild type cTnI, with the
minor adjustment that NaCl was omitted from the buffer during binding to the cTnC affinity
column.

Exchange of cardiac troponin complex in human cardiomyocytes
In the experiments, left ventricular samples from non‐failing donor (n=5) and end‐stage failing
idiopathic dilated myocardium (IDCM, NYHA Class IV; n=6) were used. Human cardiac tissue
collection was approved by the Human Research Ethics Committee of The University of Sydney
(#7326). Tissue samples of the explanted hearts were directly transferred to liquid nitrogen for
storage. A suspension of both donor and failing cardiomyocytes was treated with Triton X‐100
(1 min; 0.5% v/v) to permeabilise the cells. The endogenous cTn complex was replaced by 1.0
mg/ml PKA‐phosphorylated cTn complex (cTn(PKA)) or 0.5 mg/ml and 1.0 mg/ml pseudo‐
phosphorylated cTn complex (cTn(DD)) as described earlier

95

. PKA inhibitor 6‐22 amide (PKI,

Calbiochem) was added to the exchange solution containing PKA‐treated cTn in order to block
any remaining PKA activity in the cell suspension and to maintain endogenous cTnI
phosphorylation levels. Donor and failing cardiomyocytes kept in exchange solution without cTn

CTNI(DD) VS. CTN(PKA)

complex served as controls. The exchange solution contained a protease inhibitor cocktail (5
μl/ml PIC, Sigma, P8340, containing: AEBSF, aprotinin, leukocyte elastase, bestatin
hydrochloride, E‐64, leupeptin hemisulfate salt and pepstatin A), a phosphatase inhibitor
cocktail (10 μl/ml PhIC, Sigma P5726, containing: sodium orthovanadate, sodium molybdate,
sodium tartrate and imidazole) and Calyculin A (Sigma).

Quantification of troponin exchange
To visualize and to determine the exchange of endogenous cTn by exogenous cTn(DD) complex,
proteins were separated on a gradient gel (Criterion Tris‐HCl 4‐15% gel, BioRad) and stained
with Pro‐Q Diamond in conjunction with Sypro Ruby staining (Molecular Probes). cTn(DD) is not
stained by Pro‐Q Diamond and, therefore, the endogenous cTnI phosphorylation levels in donor
cells are decreased upon cTn(DD) exchange. The phosphorylation signals were normalized to
the intensities of the Sypro Ruby stained 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.
To visualize cTnI Ser23/24 bis‐phosphorylation, the donor samples were run 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 75 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).
To test if phosphorylation of the PKA‐phosphorylated cTn complex is preserved during
the exchange protocol, protein samples were taken from the recombinant PKA phosphorylated
cTn complex in solution, before and after exchange. After exchange, cardiomyocytes were spun
down at 100g for 1 minute and 10 μl of the supernatant was diluted in 90 μl sample buffer. The
subunits of the cTn complex were separated on a gradient gel and stained with Pro‐Q Diamond
in conjunction with Sypro Ruby staining. Intensities were quantified as described above.
The distribution of phosphorylated forms of cTnI were analyzed as described before
with Phos‐tagTM acrylamide gels (FMS Laboratory; Hiroshima University, Japan)

95,113

. The

unphosphorylated, mono‐ and bis‐phosphorylated forms of cTnI were separated on 1D‐PAGE
with polyacrylamide‐bound Mn2+‐Phos‐tag. 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 blots using specific antibodies for unphosphorylated cTnI
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(Spectral Diagnostics) and bis‐phosphorylated cTnI (Cell Signaling) confirmed the identity of
unphosphorylated and bis‐phosphorylated bands.

Isometric force measurements in single human cardiomyocytes
Cardiomyocyte force measurements were performed as described previously

59,75

. Sarcomere

length was adjusted to 2.2 μm and the temperature of the solutions was kept at 15oC. Different
2+
pCa (‐log10[Ca ]) values ranging from 9 (relaxing) to 4.5 (maximally activating) were used to

determine the maximal force (Fmax), passive force (Fpas), the rate of force redevelopment (Ktr),
the calcium sensitivity of force development (pCa50) and the steepness of the force‐pCa relation
(nH).

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 (or pCa50) represent the
midpoint of the relation. Ktr was determined from an exponential curve fit of force
redevelopment after a slack test

100

. Comparisons between groups were made using one‐way

ANOVA followed by a Bonferroni post‐hoc test. Values are given as means ± S.E.M. of n
myocytes.

CTNI(DD) VS. CTN(PKA)

Results
Exchange quantification of cTn(DD) in donor cardiomyocytes
Figure 1 shows a 1D gradient gel, stained with Pro‐Q Diamond and Sypro Ruby, illustrating the
phosphorylation and expression of myofilament proteins in donor myocardium from the
control, cTn(PKA) and cTn(DD) groups. cTn(DD) is not stained by Pro‐Q Diamond and, therefore,
phosphorylation levels in cardiomyocytes from donor tissue are decreased as result of the
cTn(DD) exchange. The phosphorylation level of the donor tissue kept in exchange solution
without cTn complex added (no cTn complex during overnight incubation in exchange solution)
was used as control value. In donor cardiomyocytes, exchange of 1.0 mg/ml cTn(PKA) resulted in
a slight (5.4%) increase in phosphorylation and exchange of 1.0 mg/ml cTn(DD) complex
decreased the phosphorylation level to 29.9% of the control value (Figure 1A). This latter value
indicates that exchange of endogenous cTn complex by cTn(DD) in donor cardiomyocytes
amounts to 70.1%, which is in excellent agreement with our previous experiments 95. Moreover,
it indicates that this exchange value also applies to the other experimental groups included in
this study. The slight (5.4%) increase in phosphorylation in donor tissue indicates that the
endogenous cTn complex in the tissue was already largely phosphorylated
To determine cTnI Ser23/24 bis‐phosphorylation levels, a sample was analysed using
western blot with an antibody against bis‐phosphorylated cTnI at PKA sites Ser23/24. Exchange
of cTn(PKA) and cTn(DD) resulted in a decline of bis‐phosphorylation to respectively 84% and
36% of the control value (Figure 1B). This discrepancy between the Pro‐Q stained gels and the
western blot might be due to mono‐phosphorylation, which might not have been stained on the
western blot with the antibody against bis‐phosphorylated cTnI Ser23/24. Also Pro‐Q Diamond
staining might not reflect the actual phosphorylation state due to background staining.
Figure 1C shows the phosphorylation levels of the PKA‐treated recombinant cTn
complex before the exchange procedure and of the complex recovered after the exchange. The
intensity of the PKA‐pretreated cTn complex was approximately 11% higher than that of the
value observed prior to exchange, suggesting that phosphorylation of the cTn(PKA) complex was
preserved during the exchange procedure.
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Figure 1. Quantification of cTn(DD) exchange in healthy donor tissue. A: A one‐dimensional gradient
gel, stained with Pro‐Q Diamond (left) and Sypro Ruby (right), shows the phosphorylation and
expression of myofilament proteins from healthy donor exchanged with cTn(PKA) and cTn(DD). The
control represents the results obtained on cardiomyocytes, which were kept in exchange buffer
without cTn complex added. The level of cTnI phosphorylation is decreased markedly after exchange
with the endogenous pseudo‐phosphorylated cTn(DD), which confirms reduced phosphorylation at
Ser23 and 24 in cTn(DD). B: The same samples were analysed using a Ser23/24 phospho antibody.
Ser23/24 bis‐phosphorylation was expressed relative to actin to correct for differences in protein
loading. C: Recombinant cTn(PKA) complex before and after exchange in donor cardiomyocytes was
analysed using Pro‐Q Diamond (left) and Sypro Ruby staining (right). The solution after exchange
contained in addition to the cTn complex some cell debris on the Sypro Ruby stained gel.
Phosphorylation of the cTn(PKA) complex was preserved during the exchange protocol. Abbreviations
used: MHC, myosin heavy chain; cMyBP‐C, myosin binding protein‐C; cTnT, cardiac troponin T; cTnI,
cardiac troponin I; MLC, myosin light chain.

CTNI(DD) VS. CTN(PKA)

2+

Force generation at saturating Ca concentration is not altered upon exchange with
cTn(PKA) or cTn(DD)
Table 1. Overview of cardiomyocyte force measurements
Donor
Fmax
control

Fpas

pCa50

nH

Ktr

5.46±0.03

2.7±0.2

0.71±0.06

5.49±0.02

2.5±0.1

0.56±0.06

5.50±0.03

2.8±0.1

0.61±0.04

pCa50

nH

Ktr

5.60±0.01

2.6±0.2

0.69±0.03

5.60±0.02

3.3±0.2*

0.69±0.08

5.50±0.03#

2.4±0.1

0.66±0.02

5.53±0.02#

2.7±0.3

0.70±0.07

5 hearts; 17 myocytes
23.7±3.3

4.1±0.5

cTn(PKA)

3 hearts; 18 myocytes

1.0mg/ml

20.3±1.6

cTn(DD)

3 hearts; 18 myocytes

1.0mg/ml

21.8±4.7

3.4±0.4

2.9±0.8

Failing
Fmax
control

Fpas

6 hearts; 35 myocytes
25.2±2.3

2.9±0.3

cTn(PKA)

5 hearts; 20 myocytes

1.0mg/ml

20.1±1.9

cTn(DD)

6 hearts; 21 myocytes

1.0mg/ml

25.7±2.7

cTn(DD)

4 hearts; 16 myocytes

0.5mg/ml

19.7±2.1

3.8±0.5

3.1±0.5

2.7±0.3

The control indicate results obtained from cardiomyocytes kept in exchange buffer
without cTn complex added. Abbreviations: cTn(PKA) denotes recombinant troponin
complex incubated with PKA; cTn(DD) denotes recombinant troponin complex in which
the cTnI Ser23/24 are mutated into aspartic acid; Fmax, maximal force in kN/m2; Fpas,
passive force 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 vs control, effect of cTn exchange in one‐way ANOVA, followed by Bonferroni
post‐hoc test. #P<0.05 vs control and cTn(PKA).
To study the effects of exchange of cTn(PKA) and cTn(DD) on force development, cTn(PKA) and
cTn(DD) complex were exchanged in a concentration of 1.0 mg/ml in healthy donor and end‐
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stage failing cells. Cardiomyocytes kept in exchange solution without cTn served as control. In
Table 1 an overview of these results is presented. In both donor and failing cardiomyocytes,
maximal isometric force and the rate of force redevelopment measured at pCa 4.5 and passive
force measured at pCa 9 were not significantly different between the control, cTn(PKA) and
cTn(DD) groups.
These results indicate that exchange of cTn(PKA) or cTn(DD) with endogenous cTn
complex from either donor or failing cardiomyocytes does not affect the intrinsic contractile
function reflected in Fmax, Fpas and Ktr.
2+

Exchange with cTn(DD) alters Ca ‐sensitivity in failing cardiomyocytes
Force measurements at submaximal [Ca2+] were performed to determine whether exchange of
cTn(PKA) and cTn(DD) affected the Ca2+‐sensitivity of force production (pCa50) or the steepness
of the force–pCa relation (nH).
A

B

C

D

Figure 2. Effect of cTn(PKA) and cTn(DD) exchange on the Ca2+‐sensitivity of force production in failing
and donor cardiomyocytes. Ca2+‐sensitivity derived from the midpoint of the force–pCa relationship
(pCa50) did not alter upon exchange with cTn(PKA) (A) or cTn(DD) (B) in donor cardiomyocytes. In
failing cardiomyocytes, pCa50 remained unaltered after exchange with cTn(PKA) (C), but the Ca2+‐
sensitivity was significantly decreased upon exchange with cTn(DD) (ΔpCa50=0.10; D).

CTNI(DD) VS. CTN(PKA)

Measurements in donor cardiomyocytes did not show a difference in pCa50 between the
control, cTn(PKA) and cTn(DD) groups (Figure 2A,B and Table1). However, in failing
cardiomyocytes a significant difference was observed upon exchange with pseudo‐
phosphorylated cTn complex, evident from a rightward shift in cTn(DD) relative to control
(ΔpCa50= 0.1) (Figure 2D; Table 1). This effect was not observed in failing cells exchanged with
cTn(PKA) (Figure 2C; Table 1). Thus, in failing cardiomyocytes, a dissimilar effect was observed
upon cTn exchange with cTn(PKA) and cTn(DD) (Figure 3A,C).
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Figure 3. Functional effects of cTn(PKA) and cTn(DD) exchange in donor and failing cells. The pCa50
value did not differ significantly between the control, cTn(PKA) and cTn(DD) group in donor cells (A),
but differed significantly between cTn(DD) and control and between cTn(DD) and cTn(PKA) in failing
cells (C). The steepness of the force–pCa relation, nH, did not differ between cTn(PKA) and cTn(DD) in
donor cells (B). However, nH did significantly differ between control and cTn(PKA) as well as between
cTn(PKA) and cTn(DD) in failing cells (D). *P<0.05, one‐way ANOVA with a Bonferroni post‐hoc test.

In failing cardiomyocytes, significant differences were also observed in the steepness of the
force – pCa relation. The nH value was significantly increased in cardiomyocytes that were
exchanged with cTn(PKA) when compared to cells exchanged with cTn(DD) and to the control
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(Figure 3D; Table 1). This minor increase was not observed in our previous study 129 and might
be caused by differences in the endogenous phosphorylation levels in this patient group
compared to the patient group used in the previous study.
Our previous study

95

indicated that despite the inclusion of phosphatase inhibitor

cocktails the endogenous cTnI was dephosphorylated by ~19% during the overnight exchange.
Dephosphorylation during the exchange protocol would induce a discrepancy in
phosphorylation levels between the 1.0 mg/ml cTn(DD) and cTn(PKA) groups, because only the
cTn(PKA) complex will be prone to dephosphorylation. This is illustrated in Figure 4A. The left
side of Figure 4A illustrates the endogenous distribution between un‐, mono‐ and bis‐
phosphorylated species in the donor (n=5) and failing (n=6) tissue used in the experiments
determined by phos‐tag analysis. Donor tissue shows high bis‐phosphorylation whereas failing
tissue contains predominantly the un‐phosphorylated cTnI form. Also, a schematic diagram is
shown illustrating the exchange with 1.0 mg/ml cTn(DD) (bar 1) and cTn(PKA) (bar 2) in failing
tissue on the right side of the bar graph. Exchange of 1.0 mg/ml cTn(DD) results in ~70%
exchange of cTn(DD) and the un‐, mono‐ and bis‐phosphorylated cTnI species will be reduced to
~30% of the total cTnI. Bar 2 shows the distribution between un‐, mono‐ and bis‐
phosphorylated species after 19% dephosphorylation, which results in ~56.7% exchange of
cTn(PKA). Based on these calculations, there would be a small but potentially important
difference in cTnI phosphorylation after exchange with cTn(DD) and cTn(PKA) and the absence
of an effect of cTn(PKA) exchange on Ca2+‐sensitivity may be due to a slightly lower cTnI
phosphorylation status after exchange. To address a possible difference in phosphorylated cTnI,
force measurements were performed in cells exchanged with 0.5 mg/ml cTn(DD), which would
result in even less cTnI phosphorylation compared to the cTn(PKA) exchanged cardiomyocytes
as shown in bar 3 of Figure 4A. On the basis of previous experiments (Chapter 4) 95, it can be
estimated that under these conditions approximately 45% of the endogenous complex will be
exchanged. Exchange with 0.5 mg/ml cTn(DD) significantly decreased the pCa50 value compared
to the cTn(PKA) group (ΔpCa50= 0.07). Moreover, no significant difference was observed
between 0.5 mg/ml and 1.0 mg/ml cTn(DD) exchange (ΔpCa50= 0.03) (Figure 4B; Table 1). These
results indicate that exchange of 0.5 mg/ml cTn(DD) already exerted an effect on pCa50, which
was not observed while an even larger level of Ser23/24 bis‐phosphorylation was reached when
cTn(PKA) was used during the exchange.

CTNI(DD) VS. CTN(PKA)

Figure 4. The distribution of un‐, mono‐, and bis phosphorylation species under endogenous
conditions and after cTn(DD) and cTn(PKA) exchange. A: The left side of the bar graph shows the
endogenous distribution of un‐, mono‐, and bis phosphorylation of donor and failing tissues analyzed
with phos‐tag. The right side of the bar graph shows a schematic representation of failing tissue
exchanged with either 1.0 mg/ml cTn(DD), 1.0 mg/ml cTn(PKA) or 0.5 mg/ml cTn(DD). 1. denotes
failing cells for ~70% exchanged with 1.0 mg/ml cTn(DD); 2. denotes failing cells for ~70% exchanged
with 1.0 mg/ml cTn(PKA); 3. denotes failing cells for ~45% exchanged with 0.5 mg/ml cTn(DD) B:
Effect of exchange with 0.5 mg/ml cTn(DD) complex on the Ca2+‐sensitivity of force production in
failing cardiomyocytes. Exchange with 0.5 mg/ml cTn(DD) complex significantly reduced the pCa50
compared to the cTn(PKA) group. In addition, no significant difference in pCa50 value between 1.0
mg/ml cTn(DD) and 0.5 mg/ml cTn(DD) exchange was observed. *P<0.05, one‐way ANOVA with a
Bonferroni post‐hoc test.

Discussion
A direct comparison between the effects of exchange of PKA treated bis‐phosphorylated cTn
(cTn(PKA)) and pseudo‐phosphorylated cTn (cTn(DD)) revealed that the contractile properties of
the human cardiomyocytes at saturating Ca2+‐concentration as well as the passive properties at
low Ca2+‐concentration were preserved upon exchange with cTn(PKA) or cTn(DD). However, the
results showed differences in Ca2+‐sensitivity of force development after exchange between bis‐
phosphorylated cTn(PKA) and pseudo‐phosphorylated cTn(DD) in failing cardiomyocytes.
Moreover, the effects observed on the Ca2+‐sensitivity by exchange with cTn(DD) was more
pronounced in failing than in donor cardiomyocytes.
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The phosphorylation of sarcomeric proteins has been the subject of intense research
in past years. Many studies aimed to unravel the impact of PKA‐mediated phosphorylation on
the regulation of the contractile properties in cardiac tissue

37,101,106,130

. However, kinase and

phosphatase pathways are very complex and often intertwine, which makes it very difficult to
study the effects of phosphorylation in vivo. For example, PKA is able to phosphorylate multiple
sarcomeric proteins such as titin, cMyBP‐C and cTnI. Several of the phosphorylation sites,
however, were also found to be substrates for other kinases such as protein kinase G and
protein kinase D 50,131. In addition, the activation of protein phosphatase type 1 (PP1) is blunted
by PKA and could as such provide amplification of PKA‐mediated signals
influence the phosphorylation status of myosin light chain 2

132,133

as well as
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. These interfering factors

complicate identification of the relation between contractile function and protein
phosphorylation in heart failure. The introduction of charge mutations in proteins have been
proven to be very instrumental in resolving the structural and functional effects of
phosphorylation in vitro as well as in transgenic mouse models in vivo 53,101,126‐128,134.
Phosphorylation of Ser23/24 on cTnI has been proposed to modulate myofilament
sensitivity to Ca2+ by reducing Ca2+ affinity for the N‐terminal regulatory site of cTnC 18,135. The
results of Gaponenko et al.
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suggested that the decrease in Ca2+‐sensitivity resulted from a

destabilization of the regulatory domain of cTnC by cTnI phosphorylation. Studies using
transgenic mouse models with constitutively active PKA sites on cTnI also provided evidence for
an augmented relaxation 126,128.
Our results showed that at saturating Ca2+ concentrations, the exchange of cTn(PKA)
or cTn(DD) with endogenous cTn complex from either donor or failing cardiomyocytes did not
affect Fmax and Ktr. These results indicate that both PKA bis‐phosphorylation and pseudo‐
phosphorylation of cTnI did not affect the contractile properties during isometric contractions at
saturating Ca2+ concentrations. In addition, exchange did not alter passive force indicating that
in either case the inhibitory function of cTnI at low Ca2+‐concentration was preserved. The use
of recombinant human complex will reduce the effects of post‐translational modifications other
than phosphorylation, potentially present in the endogenous cTn complex. Therefore our results
suggest that the effects of other post‐translational modifications (e.g. glycosylation and
oxidative modification) on the contractile properties during isometric contraction, if present, are
also minor.
At submaximal Ca2+ concentrations a significant decrease in Ca2+‐sensitivity in failing
cardiomyocytes exchanged with cTn(DD) was found. This was not observed in donor tissue nor

CTNI(DD) VS. CTN(PKA)

after exchange using cTn(PKA) in both donor and failing cells. The absence of an effect in donor
cardiomyocytes was as expected since endogenous cTnI in the donor tissue was largely
phosphorylated. The dissimilar effect on the Ca2+‐sensitivity in failing cardiomyocytes might
have two causes. First, it might be that the influence of the phosphorylation ‘background’, as
observed in our previous study in the cTn(PKA) group
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, is abolished in the cTn(DD) group. In

our previous study, we showed that the phosphorylation background of myofilament proteins
influences the impact of PKA phosphorylation of cTnI on Ca2+‐sensitivity. The results showed
that exchange of endogenous largely phosphorylated cTnI with un‐phosphorylated cTn complex
in donor tissue caused an increase in Ca2+‐sensitivity, whereas unexpectedly, an increase in bis‐
phosphorylation of cTnI at Ser23/24 by exchange with cTn(PKA) in failing tissue did not decrease
myofilament Ca2+‐sensitivity. Subsequent incubation with exogenous PKA after cTn exchange
decreased Ca2+‐sensitivity both in donor and in failing cardiomyocytes, which suggested that the
other myofibrillar targets of PKA play an important role in modulating the effect of cTnI
phosphorylation on Ca2+‐sensitivity in human myocardium (Chapter 4) 95. The decrease in Ca2+‐
sensitivity in failing cardiomyocytes exchanged with cTn(DD) observed in the present study
would suggest that potentially subtle effects in the cross‐talk of PKA‐mediated phosphorylation
are not completely recapitulated by pseudo‐phosphorylation of cTnI.
On the other hand, our previous study
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also showed that the effect of cTnI bis‐

2+

phosphorylation on Ca ‐sensitivity is quite steep. Therefore the second possibility for the
2+
dissimilar effect on the Ca ‐sensitivity in failing cardiomyocytes might be that a higher PKA‐

mediated cTnI bis‐phosphorylation level must be obtained to observe the decrease in Ca2+‐
sensitivity. To allow a direct comparison the experimental conditions were kept similar for the
cTn(PKA) and cTn(DD) exchange. However, it must be noted that PP1 has been found to bind to
the myofilaments and thereby could reduce phosphorylation status of the incorporated
cTn(PKA) complex despite the presence of phosphatase inhibitors. Figure 1B shows that
phosphorylation of the cTn(PKA) complex is preserved during the exchange protocol but this
does not rule out slight dephosphorylation of the complex incorporated in the myofilaments.
Our previous study 95 indicated ~19% dephosphorylation of cTnI during the exchange protocol.
To tackle this problem, we conducted exchange experiments with 0.5 mg/ml cTn(DD) complex
added to the exchange solution instead of 1.0 mg/ml cTn(DD). Figure 4A shows the predicted
cTnI phosphorylation pattern upon exchange with 0.5 mg/ml cTn(DD). Based on our previous
experiments, exchange with 0.5 mg/ml would lead to 45% incorporation of the exogenous cTn
complex and a lower level of cTnI bis‐phosphorylation (predicted value 52.7%) compared to cells
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exchanged with 1.0 mg/ml cTn(PKA) (predicted value 56.7%). Despite lower cTnI bis‐
phosphorylation a small but significant reduction in Ca2+‐sensitivity of force was observed with
0.5 mg/ml cT(DD) complex, which was not present in failing cardiomyocytes exchanged with 1.0
mg/ml cTn(PKA) complex. These divergent results support the idea that the influence of the
phosphorylation background is only present in the cTn(PKA) group and might be abolished in
the cTn(DD) group.
Dohet et al.
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demonstrated that the reduction in Ca2+‐sensitivity of myofilament

force development induced by phosphorylation of cTnI can be mimicked by exchange of cTnI
with cTnI(DD). Furthermore, the structural consequences of substituting aspartic acid for
phosphoserine residues at sites 23 and 24 has been explored by Finley et al
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. They showed

that pseudo‐phosphorylated cTnI (cTnI‐(1‐80)DD) provided a good structural mimetic for PKA‐
phosphorylated cTnI (cTnI‐(1‐80)pp), because in both complexes the N‐terminal domain of cTnI
was able to interact with the C‐terminal domain of cTnC. The difference between these studies
and our current study is that we determined the effects of bis‐phosphorylation and pseudo‐
phosphorylation in two different phosphorylation backgrounds. Overall protein phosphorylation
of the failing human tissue was less than that of the donor tissue 95. In donor cardiomyocytes we
did not observe a diverse effect on force development upon exchange with cTn(PKA) and
cTn(DD). Thus our results indicate that the phosphorylation status of the other sarcomeric
proteins is able to modulate the functional impact of cTnI phosphorylation.
In conclusion: our study indicates that pseudo‐phosphorylation of Ser23/24 by
replacement with aspartic acid, at submaximal activation, does not completely mimic the
physiological effects of PKA‐mediated bis‐phosphorylation of cTnI in human myocardium.
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