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Abstract

Phosphorylation of cardiac troponin | (cTnl) by protein kinase C (PKC) is implicated in cardiac
dysfunction. Recently, Serine 199 (Ser199) was identified as a target for PKC phosphorylation and
increased Ser199 phosphorylation occurs in end-stage failing compared with non-failing human
myocardium. The functional consequences of cTnl-Ser199 phosphorylation in the heart are
unknown. Therefore, we investigated the impact of phosphorylation of cTnl-Ser199 on
myofilament function in human cardiac tissue and the susceptibility of cTnl to proteolysis. cTnl-
Ser199 was replaced by aspartic acid (199D) or alanine (199A) to mimic phosphorylation and
dephosphorylation, respectively, with recombinant wild-type (Wt) cTn as a negative control.
Force development was measured at various [Ca2*] and at sarcomere lengths of 1.8 and 2.2 um in
demembranated cardiomyocytes in which endogenous cTn complex was exchanged with the
recombinant human cTn complexes. In idiopathic dilated cardiomyopathy samples, myofilament
Ca%*-sensitivity (pCasp) at 2.2 um was significantly higher in 199D (pCasp=5.79+0.01) compared
to 199A (pCasp=5.65+0.01) and Wt (pCagp=5.66+0.02) at ~63% cTn exchange. Myofilament
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Ca%*-sensitivity was significantly higher even with only 5.9+2.5% 199D exchange compared to
199A, and saturated at 12.3+2.6% 199D exchange. Ser199 pseudo-phosphorylation decreased
cTnl binding to both actin and actin-tropomyosin. Moreover, altered susceptibility of cTnl to
proteolysis by calpain | was found when Ser199 was pseudo-phosphorylated. Our data
demonstrate that low levels of cTnl-Ser199 pseudo-phosphorylation (~6%) increase myofilament
Ca?*-sensitivity in human cardiomyocytes, most likely by decreasing the binding affinity of cTnl
for actin-tropomyosin. In addition, cTnl-Ser199 pseudo-phosphorylation or mutation regulates
calpain I mediated proteolysis of cTnl.

Keywords

cardiomyocyte; heart failure; protein phosphorylation; proteolysis; cardiac troponin I;
myofilament function

1. Introduction

Cardiac troponin | (cTnl) is an essential regulator of contraction and relaxation of the heart.
cTnl is the “inhibitor” of the trimeric cardiac troponin (cTn) complex, which together with
cardiac troponin C (cTnC, the Ca2*-sensor) and cardiac troponin T (cTnT), controls the
position of tropomyosin (Tm) on the thin actin filament in response to Ca2* [1]. In diastole
(low intracellular [Ca%*]), cTnl binds actin at multiple sites maintaining Tm at the outer
domain of actin, and thereby blocks myosin-binding sites and prevents force development
(blocked, B-state). In systole (high intracellular [Ca2*]), Ca?* binds to cTnC and induces a
conformational change in the cTn complex. This results in the release of cTnl from actin and
a shift of Tm closer to the inner domain of actin (Ca?*-activated, C-state), thereby enabling
actin-myosin interactions (myosin-induced, M-state) and force development [2].

The functional properties of the cTn complex are regulated by phosphorylation of cTnl,
which therefore has an important role in tuning cardiomyocyte performance. The best
characterized cTnl phosphorylation sites are protein kinase A (PKA) sites Serine 23 (Ser23)
and Ser24. Phosphorylation of both sites by PKA, which is activated via the beta-adrenergic
receptor pathway during stress and exercise, results in a decreased Ca2*-sensitivity of force
development and thereby improves relaxation of the heart [3-6]. In addition, PKA-mediated
cTnl phosphorylation has been demonstrated to enhance the length-dependent increase in
myofilament Ca2*-sensitivity[7,8]. Myofilament length-dependent activation is the cellular
basis of Frank-Starling’s law of the heart, which describes the ability of the heart to adjust
the force of its contraction (stroke volume) to changes in ventricular filling (end-diastolic
volume). However, also less favorable effects of cTnl phosphorylation for cardiac
performance have been reported. Protein kinase C (PKC)-mediated phosphorylation of cTnl
at Ser42/44 and Thr143 has been implicated in myofilament dysfunction and cardiac disease
[9,10].

Recently a new PKC phosphorylation site, Ser199, was identified in human myocardium at
the C-terminus of cTnl [11]. Increased phosphorylation at Ser199 was demonstrated in
human end-stage heart failure compared to non-failing donor myocardium and in a canine
model of dyssynchronous pacing-induced heart failure (HFgys) [10]. Ser199 is highly
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conserved among all the three Tnl isoforms and across a wide range of species including
human, dog, mouse, rat, chicken and frog, indicating a high selection pressure on its
physiological function [12]. In the canine HFgys model, resynchronization therapy reversed
the phosphorylation status of Ser199 (in dog Ser198) [10]. Moreover, a mutation at the
Ser199 position on cTnl that has been found in different families with hypertrophic
cardiomyopathy has been associated with the occurrence of arrhythmias and sudden cardiac
death [13]. Therefore, in this study, we examined the effects of phosphorylation of cTnl-
Ser199 on human myofilament function.

Proteolysis is another post-translational modification of cTnl found in both physiological
and pathological conditions [14-17]. The selective cleavage of 17 amino acid residues (a.a.)
at the C-terminus of cTnl is the primary effect of cTnl proteolysis in ischemia/reperfusion
injury and results in cardiac dysfunction [18-20]. While the truncation of the unique N-
terminus of cTnl is present in normal human hearts and believed to be a compensatory
response in microgravity [17]. The mechanism underlying the selective cleavage of cTnl is
not clear. It was indicated that calpain I, a ubiquitous Ca2* (1-20uM) activated protease, is
an active agent, especially in ischemia/reperfusion hearts [21-23]. Additionally, regulation
of proteolysis by phosphorylation has been reported in both myofilament [24,25] and non-
myofilament proteins [26,27]. Indeed, the sensitivity of cTnl to calpain | cleavage is
depressed when cTnl is phosphorylated by PKA while promoted by PKC [28]. However, to
date, there is no direct evidence to identify the specific phosphorylation sites on cTnl
responsible for the cross-talk between its phosphorylation and proteolysis and whether the
C-terminus phosphorylation sites influence proteolysis. Since Ser199 is a substrate of PKC-
a and the only phosphorylation site within the C-terminal 17 a.a. fragment proteolysed
during ischemia/reperfusion injury, we tested whether cTnl-Ser199 phosphorylation
regulates cTnl proteolysis.

2. Materials and methods

2.1. Exchange of human ¢cTn complex

Human recombinant cTn complex was prepared as described before [20]. Besides wild-type
(Wt) cTnl, two different cTnl forms were made via site-directed mutations of Ser199.
Ser199 was replaced by aspartic acid (D; 199D) to mimic phosphorylation or alanine (A;
199A) to mimic dephosphorylation (creating a non-phosphorylatable site). Exchange of
these cTn complexes in human cardiomyocytes was done as described previously [5].
Briefly, single cardiomyocytes were mechanically isolated with a glass tissue homogenizer,
and permeabilized by Triton X-100 (0.5%; v/v) for 5 minutes. They were subsequently
incubated overnight at 4°C in exchange solution (10 mM imidazole, 200 mM KCI, 5 mM
MgCl,, 2.5 mM EGTA, 1 mM DTT (pH 6.9)) containing recombinant human cTn complex
at concentrations ranging between 0.0625 to 1.0 mg/mL with the addition of 4 mM CaCl,, 4
mM DTT, 5 ul/mL protease inhibitor cocktail (Sigma, P8340) and 10 ul/mL phosphatase
inhibitor cocktail 2 and 3 (Sigma, P5726 and P0044) (pH 6.9). The next day, the
cardiomyocytes were washed twice in rigor solution and finally in relaxing solution (5.95
mM Nay,ATP, 6.04 mM MgCly, 2 mM EGTA, 139.6 mM KCI, 10 mM Imidazole, pH 7.0).
This method results in a homogenous distribution of recombinant cTn complex within the
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exchanged cardiomyocyte [20]. Troponin exchange did not significantly affect maximal
force development compared to control cardiomyocytes incubated overnight in exchange
solution without cTn.

Exchange experiments were performed in cardiomyocytes from end-stage failing idiopathic
dilated cardiomyopathy (IDCM) hearts (2 males/1 female, left ventricular ejection fraction
16.7+4.4%, age 54.3£1.9 years) or from non-failing donor myocardium obtained during
heart transplantation surgery. The tissue was perfused with cold cardioplegic solution,
transported to the laboratory and rapidly frozen and stored in small (~1g vials) in liquid
nitrogen. Samples were obtained after informed consent and with approval of the Human
Research Ethics Committee of The University of Sydney (#2012/2814). The investigation
conforms with the principles outlined in the Declaration of Helsinki (1997). The human
cardiac samples used were extensively characterized (cardiomyocyte force characteristics
and cTnl phosphorylation) in a previous study [29].

2.2. Determination of the degree of cTh exchange

To determine the degree of cTn exchange and to assess the protein phosphorylation status,
part of the suspension of cells was treated with 2D-clean-up kit (GE Healthcare) as
described by the manufacturer protocol after overnight cTn exchange. Subsequently, tissue
pellets were homogenized in sample buffer containing 15% glycerol, 62.5 mM Tris (pH
6.8), 1% (w/v) SDS and 2% (w/v) DTT. Protein concentration measured with RCDC Protein
Assay Kit Il (BioRad) ranged between 2 to 4 mg/mL.

Immunoblotting was used to determine the degree of exchange of endogenous cTn by
recombinant cTn complex. Recombinant cTnT was labeled with a Myc-tag to allow
discrimination between endogenous and recombinant cTn complex. Proteins were separated
on a one-dimensional 13% 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 cTnT (Clone JLT-12, Sigma; dilution 1:1250) was
used to detect endogenous and recombinant cTnT by chemiluminescence (ECL, Amersham
Biosciences). We have previously demonstrated that the affinity of the cTnT antibody was
the same for cTnT compared to cTnT-Myc and that cTnT loading was within the linear
range [5].

2.3. Myofilament protein phosphorylation

Phosphorylation levels of sarcomeric proteins were determined before and after cTn
exchange using ProQ-Diamond phospho-stained 1D-gels, as described previously [5]. The
phosphorylation signals (cardiac myosin-binding protein-C, myosin light chain 2 and
desmin) were normalized to the intensities of the SYPRO Ruby stained myosin light chain 2
bands to correct for small differences in protein loading. The PeppermintStick
Phosphoprotein marker (Molecular Probes) was used to correct for differences in staining
between gels [30]. The ratio of the intensities of ProQ-Diamond and SYPRO Ruby stained
ovalbumin band was used to correct for inter-gel differences.
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The distribution of endogenous phosphorylated species of ¢cTnl was analyzed using Phos-
tag™ acrylamide gels (FMS Laboratory; Hiroshima University, Japan) as described before
[29].

2.4. Isometric force measurements

Force measurements in cardiomyocytes exchanged with recombinant cTn were performed as
described previously [20]. Isometric force was measured at 15°C and myofilament length-
dependent activation (LDA) was determined by measuring force at different Ca2*
concentrations, first at a sarcomere length of 1.8 uym and subsequently at 2.2 um. The
following parameters were determined: passive force at pCa 9.0 (Fpas), maximal force at
pCa 4.5 (Fmax: total force minus Fpys), Ca?*-sensitivity of force development (pCasg),
steepness of the sigmoidal force-pCa relation (nHill) and the rate of force redevelopment
(ki) at maximal and at submaximal [Ca2*]. Rate of force redevelopment was determined as
described previously [5].

2.5. F-actin cosedimentation assay

Rabbit skeletal actin and rabbit skeletal (alpha/alpha) Tm was prepared according to the
published methods [31,32]. Recombinant human cTnl (Wt, 199D and 199A) was incubated
at different concentrations (0-8 uM) with 5uM actin at room temperature for 30 minutes in
binding buffer (pH 7.0) contains 50 mM Tris, 250 mM NaCl, 5 mM MgCl,, 0.1 mM EGTA
and 1 mM DTT. Another cosedimentation assay, actin and cTnl and Tm were mixed in a
molar ratio of actin:cTnl:Tm = 7:1:1. A high ionic strength (250 mM NaCl) was used to
solubilize ¢Tnl [33] and control groups containing only cTnl without actin were included in
every experiment. After centrifugation, both pellet and supernatant were collected and
resolved by SDS-PAGE followed by Coomassie staining. For quantification protein gels
were scanned for densitometry and quantified by using software ImageJ.

2.6. Degradation of recombinant cTn with calpain |

Recombinant human whole cTn complexes containing cTnl Wt, 199D or 199A, were
incubated with calpain 1, a Ca2*-dependent protease, at 37°C for 30 min, in sodium borate
buffer (pH 7.4) containing 1.25 mM CaCl,, 3 mM MgCl, and 50 mM NaCl. The protein to
enzyme ratio is 1 pg: 0.025 or 0.05 units. The reaction was stopped by adding Laemmli
sample buffer and heated 5 min at 95°C. After digestion, cTnl content in the sample was
analyzed by western blotting with cTnl monoclonal antibody (McAb 81-7, 1:5000,
International Point of Care Inc.). Protein bands were quantified by using ImageJ software.

2.7. Data analysis

Data analysis was performed as previously described using the Hill equation to fit force-Ca
relations: F(CaZ*)/Fo=[ Ca2*]"Hill/(Cago"Hill+ [ CaZ*]"Hill) Where F is steady-state force, Fy
the steady-state force at saturating [Ca2*], nHill the steepness of the relationship and Casg
(or pCasg) represents the midpoint of the relation. One-way ANOVA followed by a
Bonferroni post-hoc test was used to compare the amount of exchange of the different cTn-
complexes. Two-way ANOVA repeated measures followed by a Bonferroni post-hoc test
was used to compare groups exchanged with the different cTn complexes (#P<0.05,
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significant difference compared to control (Wt for Table 2). When two-way ANOVA
revealed a significant effect for sarcomere length (P<0.05), paired t-tests were performed to
compare cell measurements at two different sarcomere lengths in each cTn-exchange group
(*P<0.05, 1.8 vs 2.2 pm). One-way ANOVA followed by post hoc Newman-Keuls tests was
used to compare between different cTnl variants in F-actin cosedimentation assays and cTnl
proteolysis experiments. Values are given as means = S.E.M. of h myocytes.

3.1. Quantification of cTn exchange in human cardiomyocytes

Fig. 1A depicts two representative immunoblots loaded with samples of cardiomyocytes
incubated overnight with various concentrations (left: all 1 mg/mL cTn, right: 0, 0.0625,
0.125 and 1.0 mg/mL cTn) of recombinant cTn complex containing Wt, 199D or 199A.
Myc-tagged cTnT migrates more slowly through the gel in comparison to endogenous cTnT,
resulting in 2 cTnT bands. The percentage of cTn exchange was calculated from the ratio of
myc-tagged cTnT and the total amount of cTnT and reached an average of 63.4+0.8% with
the 3 recombinant complexes at a concentration of 1 mg/mL in 3 human IDCM samples
(Fig. 1B). No significant differences in percentage of cTn exchange were found with the
different recombinant complexes, indicating that exogenous cTn complexes incorporated
similarly in the myofilaments.

3.2. Sarcomeric protein phosphorylation before and after cTn exchange

Fig. 1C shows a gradient gel stained with ProQ-Diamond and Sypro Ruby. Cardiomyocytes
were collected before and after cTn exchange containing Wt, 199D or 199A. No significant
changes were found in the level of phosphorylation of myofilament proteins upon exchange
with the cTn complexes (Table 1). This indicates that endogenous myofilament protein
phosphorylation was not altered during overnight exchange with recombinant cTn. Since
endogenous cTnT and cTnl phosphorylation level was low, no significant reduction in cTnT
and cTnl phosphorylation was detected upon exchange with unphosphorylated whole
troponin complex via ProQ-diamond staining. The level of cTnT and cTnl phosphorylation
did not differ between cells exchanged with the different cTn complexes (Table 1).

3.3. Pseudo-phosphorylation of Ser199 increases myofilament Ca2*-sensitivity

To determine the effects of Ser199 phosphorylation on myofilament force development at
optimal overlap of the myofilaments, force measurements were performed at 2.2 pm
sarcomere length in failing cardiomyocytes (3 IDCM hearts) exchanged with 199D. Data
were compared to cells exchanged with unphosphorylated Wt cTnl, and to 199A, where
alanine mimics dephosphorylation at Ser199. Compared to unphosphorylated Ser199 (Wt,
pCasg = 5.66+0.02; 199A, pCasg = 5.65+0.01), myofilament Ca2*-sensitivity was
significantly higher after exchange with pseudo-phosphorylated Ser199 (199D,
pCasp=5.79+0.01) evident from the leftward shift of the force-pCa curve for 199D compared
to Wt and 199A (Fig. 2A-B).

Since c¢Tnl phosphorylation at Ser23/24 has been demonstrated to affect the length-
dependent increase in myofilament Ca2*-sensitivity [7,8], it was studied whether Ser199
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phosphorylation affects length-dependent activation. Therefore, force was measured at a
sarcomere length of 1.8 and 2.2 ym after cTn exchange (1 mg/mL.: average exchange of
64.6+5.6%) in IDCM cardiomyocytes (2 IDCM hearts, 8 cells per group). A length-
dependent increase in myofilament Ca2*-sensitivity was found that was similar for all cTn
complexes (Wt, 199D and 199A: ApCasg 0.036+0.009, 0.047+0.010 and 0.039+0.003,
respectively). Therefore, pseudo-phosphorylation of Ser199 does not seem to affect
sarcomere length dependence of force development.

3.4. Saturation of the effect of Ser199 phosphorylation on myofilament Ca2*-sensitivity

It was reported recently that phosphorylation of Ser199 on cTnl is higher (respectively,
136% and 127% greater) in human left ventricles from failing ischemic and dilated
cardiomyopathy hearts compared to donor hearts [10]. Furthermore, an almost 5-fold
increase of phosphorylation at Ser199 was demonstrated in a canine model of
dyssynchronous pacing-induced heart failure (HFgys) [10]. However, the level at which
Ser199 phosphorylation alters myofilament function is unknown. Therefore, in addition to
199D exchange at 1 mg/mL, 199D exchange was done in IDCM cardiomyocytes at lower
cTn concentrations (0.0625, 0.125, 0.25 and 0.5 mg/mL; 4-7 cardiomyocytes per
concentration)(Fig. 2C). Interestingly, a relatively low exchange with 199D (5.9+2.5% cTn
exchange at 0.0625 mg/mL complex) significantly increased myofilament Ca%*-sensitivity
(pCasgp=5.75+0.01) compared to control cardiomyocytes incubated overnight in exchange
solution without cTn (pCazg=5.68+0.02). Exchange experiments with lower concentrations
of ¢cTn containing 199A (0.0625, 0.125, 1 mg/mL) induced no significant differences
compared to control cardiomyocytes. This demonstrates that the increase in Ca2*-sensitivity
after exchange with 199D is induced by pseudo-phosphorylation at Ser199 rather than the
exchange method itself. Fig. 2C demonstrates the effect of 199D exchange on Ca?*-
sensitivity at different levels of cTn exchange. The effect of pseudo-phosphorylated Ser199
was calculated as the difference in pCagg between 199D and 199A exchange. The maximal
increase in pCagg was reached with ~12% pseudo-phosphorylated Ser199, as a similar
increase in Ca2*-sensitivity was found with 12.3+2.6% and 74.7+0.6% 199D. Overall our
data indicate that the cTnl-Ser199 phosphorylation-mediated increase in pCag is already
evident at very low phosphorylation levels.

Although it is unknown whether Ser199 phosphorylation levels can be increased in the
human healthy heart (for example during exercise- or stress-induced overload of the heart),
we also studied the effect of pseudo-phosphorylation of Ser199 in donor cardiomyocytes,
since it has been previously demonstrated that the “background” phosphorylation of
myofilament proteins other than cTnl can affect the functional impact of cTnl
phosphorylation [34]. To test this, exchange experiments were performed in non-failing
donor cardiomyocytes with 199D and 199A at 0.0625 and 0.125 mg/mL in donor
cardiomyocytes (4-5 cardiomyocytes per concentration). Donor control cardiomyocytes
incubated overnight in exchange solution without cTn displayed a calcium sensitivity of
pCasp = 5.57+0.01. 199D exchange increased pCasgg by 0.14+0.02 units compared to 199A
at 13.7+0.5% of cTn exchange. A similar increase in pCasgg was found at 37.1+1.8%
exchange of 199D (0.15%0.02 units). The average values of the other parameters in donor
cardiomyocytes were the following: Frax: 18.5+0.8 KN/m?; Fpag: 2.4+0.2 KN/m?; nHill:
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2.7+0.1. Although donor cardiomyocytes demonstrated a lower calcium sensitivity and
passive force compared to failing cardiomyocytes, a similar increase in pCagg was found in
donor compared to IDCM upon 199D exchange. Therefore, the functional influence of
Ser199 may operate independently from the background environment.

3.5. Effects of pseudo-phosphorylated Ser199 on Fpax, Fpas and nHill

Besides Ca?*-sensitivity, other parameters of myofilament function (Fmax, Fpas and nHill))
were determined at various sarcomere lengths (2 IDCM hearts; 8 cells per cTn complex)
after exchange with the recombinant cTn complexes (1 mg/mL: average exchange of
64.6+5.6%). Fmax, Fpas and nHill (Table 2) were not significantly different after exchange
with ¢Tn complex containing 199D compared to Wt or 199A. Fax and Fpas were higher at a
sarcomere length of 2.2 um compared to 1.8 um after exchange with all cTn complexes
(Table 2).

3.6. The rate of tension redevelopment after pseudo-phosphorylation of Ser199

The rate of tension redevelopment after exchange with pseudo-phosphorylated Ser199 did
not differ from unphosphorylated cTnl (Wt or 199A) measured over a pCa-range from 5.6 to
4.5. Figure 3 depicts the ki-values plotted against the relative force. In line with a previous
study [35], ki was not affected by sarcomere length (Table 2).

3.7. Effects of pseudo-phosphorylated cTnl-Ser199 on actin binding

The increase in myofilament Ca2*-sensitivity in 199D may be explained by reduced binding
of pseudo-phosphorylated Ser199 to actin compared to unphosphorylated Wt cTnl. In order
to test whether cTnl-Ser199 phosphorylation affects cTnl binding to actin or actin-Tm, F-
actin cosedimentation assays were performed using recombinant cTnl. Rabbit skeletal F-
actin (5 uM) was incubated with different concentrations (0-8 uM) of the cTnl variants (Wt,
199D, 199A) and pelleted by centrifugation. At all cTnl concentrations, less cTnl-199D was
detected in the actin pellets compared to cTnl-Wt, while less cTnl-199A was detected in the
actin pellets compared to cTnl-Wt only at the highest cTnl concentration (Fig. 4A-B). When
Tm was added to the actin-cTnl mixture at a physiological ratio of actin:cTnl:Tm = 7:1:1,
significantly less cTnl-199D was co-pelleted with F-actin relative to cTnl-Wt, whereas
cTnl-199A was similar to cTnl-Wt (Fig. 4C). These results indicate that pseudo-
phosphorylation of cTnl-Ser199 decreases cTnl binding to both actin and actin-Tm, whereas
the cTnl-199A mutant has minimal effect on F-actin binding only noticeable in saturating
condition without Tm, but not affecting F-actin binding when Tm is included. One limitation
of the F-actin binding assays with cTnl alone is that only one saturating concentration of
cTnl (8 uM cTnl and 5 uM actin) was studied, which was not sufficient to demonstrate a
possible plateau of saturating curves in figure 4A-B.

3.8. Alterations on Ser199 affect the sensitivity of cTnl to proteolysis

In order to test whether cTnl-Ser199 phosphorylation regulates cTnl susceptibility to
proteolysis, calpain | was employed to partially proteolyze recombinant cTn containing the
cTnl variants (Wt, 199D, 199A) in vitro. The proteolysis effect of calpain | on cTnl is
demonstrated in figure 5A. With increasing concentration of calpain | in the reaction system,
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the remaining amount of intact cTnl decreased while more degradation bands showed up. In
addition, when the calpain-specific inhibitor calpastatin was added, cTnl proteolysis was
completely inhibited.

It is worth noting that, when calpain | concentration is lower than 0.05 unit/ug cTn, only one
degradation band was observed, which is named “major degradation band” in figure 5 and 6.
Therefore, in order to simplify and optimize the quantification process, 0.025 or 0.05 unit
calpain I /ug cTn was used in subsequent experiments to study the effect of calpain I on
199D and 199A. At both concentrations, both 199D and 199A significantly altered cTnl
proteolysis compared to Wt (Fig. 5B-C).

Three different cTnl antibodies to different epitopes across cTnl were used to identify the
major degradation product of cTnl by calpain I: against its N-terminus (McAb 4C2; epitope
cTnly3.2g), against the inhibitory (middle) region (McAb 8l1-7; epitope cTnly37.148) and
against the C-terminus (McAb P45-10; epitope cTnlygs.209)(Fig. 6). As shown in figure 6A
for Wt, the major degradation band was visible with antibodies against the inhibitory region
and C-terminus of cTnl, but not by the antibody directly against the N-terminus, indicating
that the major proteolysis product of cTnl with calpain | treatment is N-, rather than C-
terminus truncated. This degradation pattern was observed in all three cTnl variants (Fig.
6B).

4. Discussion

Our study shows that pseudo-phosphorylation of cTnl at Ser199 in human cardiomyocytes
increases Ca2*-sensitivity of force development, but does not affect maximal and passive
isometric forces, steepness of the force-Ca2* relation and the rate of force redevelopment.
Also, the length-dependent increase in myofilament Ca?*-sensitivity was unaltered. The
most likely mechanism of 199D-mediated increase in myofilament Ca%*-sensitivity is
reduced cTnl binding to both actin and actin-Tm. Moreover, amino acid changes at the
Ser199 site altered susceptibility of cTnl to proteolysis by calpain I.

The observed increase in myofilament Ca2*-sensitivity upon exchange with pseudo-
phosphorylated Ser199 on cTnl may improve contractile performance of the heart during
systole, while it may rather limit relaxation during diastole. Interestingly, our results indicate
that the maximal Ca2*-sensitizing effect is already reached at relatively low phosphorylation
levels (~12%), suggesting that modest phosphorylation at this site has physiological
relevance. Recently, a higher phosphorylation at Ser199 was demonstrated in human end-
stage heart failure compared to non-failing donors [10]. Moreover, in a dog study, the
phosphorylation level raised from 3% in healthy dogs to 14% in dogs with dyssynchronous
pacing-induced heart failure (HFgys) [10]. This suggests that Ser199 phosphorylation might
have a more prominent role in heart failure compared to the healthy heart. Moreover, Ser199
was identified as target of PKCa [11]. It has been demonstrated that PKCa, expression [36]
and PKC activity [36] is up-regulated in the failing heart. In addition, PKC-mediated
phosphorylation of cTnl at Ser42/44 and Thr143 has been demonstrated to impair sarcomere
function [9,37-39]. Therefore, increased PKC activity in the failing heart might be
responsible for the increased Ser199 phosphorylation levels in human end-stage heart failure
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compared to non-failing donors and in the canine model of HFgys [10]. Our data
demonstrates that, although phosphorylation levels might be relatively low at Ser199 in
human [10], myofilament Ca2*-sensitivity may already be affected. In addition, the
increased Ser199 phosphorylation in a canine model of HFgys was reversed toward control
levels by cardiac resynchronization therapy, suggesting this can be targeted therapeutically
[10].

The present study relies on the assumption that aspartic acid incorporation at Ser199 mimics
phosphorylation. As we discussed before [5], previous studies have indicated that
phosphorylation and pseudo-phosphorylation by aspartic acid structurally and functionally
behave the same at cTnl-Ser23/24. In addition, it has also been demonstrated that aspartic
acid incorporation at cTnl-Thr143 [8,40] functionally (maximal force and Ca?*-sensitivity)
mimics phosphorylation. We used site-specific pseudo-phosphorylation at Ser199 to study
the effects of phosphorylation of this site on myofilament function and cTnl proteolysis,
since there are no site-specific kinases or phosphatases known for this novel
phosphorylation site. Therefore, at this moment, site-specific effects of Ser199
phosphorylation can only be studied by pseudo-phosphorylation of this site.

Ser199 lies within the mobile C-terminal domain of cTnl. A previous study showed an
increase in myofilament Ca2*-sensitivity upon exchange with partially C-terminal truncated
human cTnl (cTnl1.197) [20]. Truncation of the cTnl C-terminus is induced by selective
proteolysis in human ischemic myocardial disease [16]. The C-terminal domain (residues
193 to 210) has been reported to stabilize Tm on actin filaments during the C-state of cross-
bridge interaction [41]. The increased myofilament CaZ*-sensitivity upon exchange with C-
terminal truncated cTnl may be explained by destabilization of Tm on the thin filament. It is
tempting to speculate that phosphorylation of Ser199 on cTnl is sufficient to destabilize Tm
position on the thin filament during Ca%*-activation, which would result in increased
exposure of myosin-binding sites on actin at submaximal [Ca2*]. This may explain the
increased Ca2*-sensitivity upon Ser199 phosphorylation without changes in force at low
(Fpas) and saturating [Ca?*] (Fma)-

There is evidence that the C-terminal mobile region (C-MR) of cTnl including Ser199 is
disordered at high [Ca2*] and senses and interacts with actin upon low [Ca?*]; the coupling
of folding to binding of C-MR during its interaction with actin plays a crucial role in the
kinetics of thin filament regulation [42,43,44]. Therefore, we tested whether Ser199
phosphorylation affects cTnl affinity for actin-binding. Our F-actin cosedimentation assay
showed that pseudo-phosphorylated cTnl in the absence and presence of Tm has
significantly less affinity for actin as compared to Wt, indicating that phosphorylation of
Ser199 may lower the ability of cTnl C-MR to bind actin. The recent structural data
suggested [45-47] that the end of cTnl C-MR interacts with actin-Tm to stabilize Tm on
actin during relaxation, which further demonstrated the importance of the C-terminal end of
cTnl for muscle relaxation.

Surprisingly, myofilament Ca2*-sensitivity already increased at 6% Ser199 phosphorylation
and the maximal increase in myofilament Ca2*-sensitivity was reached at a Ser199
phosphorylation level of ~12%. Previously it has been observed that systolic and diastolic
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heart function was compromised in transgenic mice with only 9-17% truncated cTnl;.193 Of
total cTnl expressed in the heart [48]. Both studies demonstrate that post-translational
modifications (phosphorylation, truncation) at relatively low levels at the C-terminus of
cTnl may have significant impact on cardiac function. Interestingly, for comparison, similar
experiments using pseudo-phosphorylated cTnl-Ser23/24 showed that the maximal effect on
myofilament Ca2*-sensitivity was reached at ~55% [5]. Although in our study
phosphorylation of Ser199 did not significantly change cooperativity (nHill) of myofilament
force development, some form of communication along the thin filament needs to be present
in order to explain why partial Ser199 phosphorylation has a large impact on myofilament
function. As described above, the C-terminal domain of cTnl stabilizes Tm in the C-state
[41]. Destabilization of Tm by Ser199 phosphorylation would be expected to be propagated
beyond a single contractile unit caused by the semi-rigid nature of Tm [49]. Ser199
phosphorylation may be responsible for a transition from the preserved B-state to an
‘enhanced C-state’ upon Ca2*-activation of the myofilament. Low levels of Ser199
phosphorylation may already induce destabilization of the ‘semi-rigid’ Tm along the
myofilament and thereby increase Ca?*-sensitivity without affecting myofilament
cooperativity.

Since cTnl proteolysis is present in both physiological and pathological conditions [14-17]
and was found to be regulated by cTnl phosphorylation [28], we studied whether Ser199
pseudo-phosphorylation altered the susceptibility of cTnl to proteolysis. Our study used
recombinant cTn complex and the protease calpain I for several reasons. Calpain I is an
ubiquitous Ca2*-activated protease that may be involved in ischemia-related cTnl
proteolysis [21-23]. cTnl alone can present different proteolysis pattern than with cTnT-
cTnC in the cTn complex [25]. However, the subsite specificity of calpain | is determined
more by conformation than by the primary amino acid sequences [50] thus we studied
proteolysis in the cTn complex. Our proteolysis assay results showed that both ¢cTnl-199D
and 199A altered cTnl proteolysis by calpain I. It is notable that mutations around this site
do not cause the same effects. In the study of Barta et al, familial hypertrophic
cardiomyopathy related mutations on cTnl C-terminus (G203S and K206Q) did not affect
calpain-I-mediated cTnl degradation [25]. Therefore, our results indicate that the strongly
conserved site Ser199 [12] plays a critical role in regulating cTnl susceptibility to
proteolysis and potential changes at this site, including phosphorylation, significantly affects
how calpain | acts on cTnl. However, due to the limitation of our in vitro assays, it is hard to
conclude how cTnl proteolysis was regulated by Ser199. With low concentration of calpain
I (0.025-0.05 units enzyme/ug protein), only one degradation band can be detected in our
system, and thus the ratio of the degradation band to total cTnl in the same lane (Fig 5) can
present the percentage of cTnl degradation; the ratio was increased in 199D and 199A
groups relative to Wt group. Since it is not feasible in our assays to elucidate whether and
how 199D affects the subsequent steps of cTnl proteolysis after the first cleavage by calpain,
it remains unclear to which direction (increase or decrease) Ser199 substitutions affect cTnl
and/or cTnl fragments proteolysis.

By using three cTnl antibodies against different parts of cTnl, we were able to identify the
major cTnl proteolytic product after calpain | treatment as N-, rather than C-terminus
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truncated cTnl. The finding that the primary cleavage of cTnl performed by calpain | is near
N-terminus is of interest for several reasons. The N-terminal extension is a unique feature to
cTnl as compared to the other two isoforms of Tnl and it contains two most important
phosphorylation sites of cTnl, Ser23 and Ser24. In addition, N-terminal truncation of cTnl is
present in the normal hearts of multiple species including human heart [17]. It has been
found that this modification enhances diastolic function [51,52], can rescue function in a
model of restrictive cardiomyopathy [52] and is a compensatory response in microgravity
[17]. Therefore, proteolytic removal of cTnl N-terminal extension is a potentially important
post-translational modification. Our results suggest that calpain I could be involved in the
selective proteolysis of cTnl N-terminus and this process is regulated by phosphorylation of
cTnl Ser199.

cTnl-S199A behaves similar to Wt in myofilament functional assays but alters cTnl
proteolysis mediated by calpain 1. This discrepancy is not unexpected because the
mechanism by which Ser199 affects actin binding and myofilament Ca2*-sensitivity is not
necessarily the same as that of enzyme-substrate interaction. An alternative explanation may
be the difference of complex system biology used in both assays - for muscle function the
different cTnl forms were tested in the presence of thin and thick myofilament proteins,
while for the cTnl proteolysis studies the experiments were conducted only in troponin
complex. These studies are limited in that we cannot fully explain the mechanisms by which
both 199A and 199D affect calpain-mediated cTnl proteolysis. The C-terminus of cTnl is
thought to be an intrinsic disordered peptide that is unstructured during muscle contraction
and folds and binds simultaneously to actin to ensure muscle relaxation as proposed in the
fly-casting model [44]. Thus these results may be informative for future structural studies.

In conclusion, our studies show that pseudo-phosphorylation at Ser199 of the cTnl C-
terminus increases myofilament Ca2*-sensitivity at a relatively low level of phosphorylation,
most likely by decreasing the binding affinity of cTnl for actin-Tm. In addition, cTnl-Ser199
pseudo-phosphorylation or mutation regulates calpain | mediated proteolysis of cTnl.
Overall, our study indicates that phosphorylation (and possibly other post-translational
modifications) at Ser199 may have a significant physiological impact on cardiac disease.
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Abbreviations

A Alanine

cMyBP-C cardiac myosin-binding protein-C
cTn cardiac troponin

cTnC cardiac troponin C

cTnl cardiac troponin |
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cTnT cardiac troponin T
D Aspartic acid
Frax maximal force
Fpas passive force
HF qys dyssynchronous pacing-induced heart failure
IDCM idiopathic dilated cardiomyopathy
Kir rate of tension redevelopment
Ktr-max maximal rate of tension redevelopment
MLC2 myosin light chain 2
pCasgg -logyg of the calcium concentration at which 50% of maximal force is
reached
nHill steepness of the force-pCa relation
PKA protein kinase A
PKC protein kinase C
Ser Serine
Tm tropomyosin
199A cTnl-Ser199 mutated into alanine (pseudo-dephosphorylated)
199D ¢Tnl-Ser199 mutated into aspartic acid (pseudo-phosphorylated)
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Quantification of troponin exchange and myofilament protein phosphorylation. A.
Immunoblots stained with an antibody against troponin T (cTnT) that recognizes both
endogenous cTnT (lower band) and recombinant myc-tag labeled cTnT (cTnT-myc; upper
band). Left: An example is shown of suspensions of cardiomyocytes exchanged with 1
mg/mL recombinant cTn containing Wt, 199D or 199A. Right: An example is shown of a
suspension of cardiomyocytes exchanged with 0, 0.0625, 0.125 and 1 mg/mL cTn complex
containing 199D or 199A. B. The average percentages of cTn exchange in cardiomyocytes
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after overnight incubation in exchange solution with 1 mg/mL cTn complex containing the
different complexes (average values represent cTn exchange experiments in cardiomyocytes
isolated from 3 IDCM hearts). C. Gradient gel (Criterion Tris-HCI 4-15% gel, BioRad)
stained with Sypro Ruby and ProQ-Diamond. Cardiomyocytes were collected before
exchange (C, control) and after cTn exchange containing Wt (Wt), 199D (D) or 199A (A). A
PeppermintStick Phosphoprotein marker (PM) was added on the gel. Abbreviations:
cMyBP-C, cardiac myosin-binding protein-C; 199A, pseudo-dephosphorylated cTnl; 199D,
pseudo-phosphorylated cTnl; Wt, wild-type cTnl; MLC2, myosin light chain 2.
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Fig. 2.
Phosphorylation of cTnl at Ser199 increases myofilament Ca?*-sensitivity. A. Myofilament

force development measured at a sarcomere length of 2.2 um at various [Ca2*] in
permeabilized IDCM cardiomyocytes in which endogenous cTn was partially exchanged
(63.4+0.8%) with 1 mg/mL of the recombinant myc-tag labeled cTn complexes (12-13
cardiomyocytes from 3 IDCM hearts). B. Ca2*-sensitivity derived from the midpoint of the
force-pCa relationship (pCasg) was significantly increased after exchange with the pseudo-
phosphorylated cTnl (199D) compared to unphosphorylated wild-type cTnl (Wt) or
cTnl-199A. C. Relation between phosphorylated Ser199 and myofilament CaZ*-sensitivity
in IDCM cardiomyocytes (4—7 cells) exchanged with different concentrations of
recombinant 199A and 199D (concentrations ranging between 0.0625 to 1.0 mg/mL).
Cardiomyocytes immersed in exchange solution without complex during the overnight
exchange served as control (0% cTn exchange). A linear fit through 199A pCasg-values at
different levels of exchange was used as a control to exclude that cTn exchange itself
influences Ca2*-sensitivity. This made it possible to calculate the increase in pCasg after
199D exchange compared to control cardiomyocytes (199A) exchanged with the same
amount of ¢Tn. *P< 0.05, ***P<0.001, control versus 199D in post-test Bonferroni analyses
of one-way ANOVA.
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Re?te of tension redevelopment upon pseudo-phosphorylation of Ser199. The rate of tension
redevelopment (ki) determined from a single exponential curve fit of force redevelopment
after a slack-restretch test at maximal and submaximal [Ca2*] was plotted against relative
force. No significant differences were found in ki at maximal and submaximal Ca2*-
concentrations between the different cTn complexes.
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Fig. 4.
F-actin binding of the cTnl variants. A and B. F-actin cosedimentation assays using rabbit

skeletal F-actin (5uM) and recombinant human cTnl (from O to 8 pM) were resolved by
SDS-PAGE followed by Coomassie staining. The molar ratio of cTnl to actin in pellets after
centrifugation is shown as a function of cTnl concentration. * P < 0.05 compared to Wt. C.
Data of cTnl-actin co-sedimentation after incubating cTnl, Tm and actin in a molar ratio of
1:1:7. * P < 0.05 compared to Wt. VValues are presented as means + SEM (n = 5). Statistical
significance was determined by one-way ANOVA followed by post hoc Newman-Keuls

tests.
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Fig. 5.

Proteolysis of recombinant cTnl by calpain I. A. A representative blotting of cTnl (McAb
81-7) and its fragments after digestion with different concentrations of calpain | for 10 min
with or without the presence of calpain-specific inhibitor calpastatin. B. A representative
immunoblot of the different cTnl species (Wt, 199A, 199D) and its fragments (McAb 8I-7)
after treatment with 0.025 and 0.05 units of calpain I per pg cTn. C. Quantitative results of
cTnl degradation. Percentage of cTnl degradation was calculated within the same lane by
using the formula: Rd = Dm/(Dr+Dm). Rd represents percentage of cTnl degradation, Dr
represents the density of the remaining intact cTnl after degradation and Dm represents the
density of major degradation. VValues are presented as means + SEM (n = 5). Statistical
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significance was determined by one-way ANOVA followed by post hoc Newman—-Keuls
tests. * P < 0.05 compared to Wt, # P<0.05 as compared with 199D.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wijnker et al.

Mouse cTnl —»
cTnl,_, >

- WS s < |ntact recom. cTnl

W <= Major cTnl
degradation
McADb 81-7 (epitope cTnl,;, ,,.) fragment

Mouse cTnl —»
cTnl, > M < |ntact recom. cTnl

14192

S < Major cTnl

McAb P45-10 (epitope cTnl,; ,.0) ‘:reg:’;;‘:“

Mouse cTnl p— fntact Tnl
s s —=— Intact recom. cTnl
CTnlmaz -

~*= Major cTnl

McADb 4C2 (epitope cTnl degradation
(opltel as) fragment
& S
S < R
B 'D\Q’b *(;o . P
O O o o
Q\\ \‘\\ '9‘3 ,9% » K

= Intact recom. cTnl

-=— Major cTnl degradation band

McAD 8I-7 (epitope cTnl

137-145)

- .“-—“ -=— Intact recom. cTnl

-=— Major cTnl degradation band

MCcAb 4C2 (epitope cTnl

13-29)

Fig. 6.

Page 25

Identification of the major degradation product of cTnl after exposure to calpain 1. A. Three
different cTnl monoclonal antibodies (McAb), 81-7, P45-10 (1:5000, HyTest Ltd.) and 4C2
(1:1000, HyTest Ltd.) which are directly against the middle part, C-terminus and N-terminus

of cTnl, respectively, were used to identify the cTnl degradation products by western
blotting. The homogenate of wild-type mouse cardiac muscle and recombinant human

cTnly.19 protein were used as control. The wild-type mouse cTnl was recognized by all
three McAbs, while recombinant protein cTnlq.19, Was recognized by McAb 8I-7 and McAb
4C2, but not by McAb P45-10. B. A representative image to show the major degradation
bands of all the three cTnl variants (Wt, 199D and 199A) are not recognized by McAb 4C2
which is against cTnl N-terminus. Please to be noted that, a higher concentration of calpain |
was used in the assays of this figure than in the quantitative assays demonstrated in figure 5
in order to optimize the density of the major degradation band for identification purpose.
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Force measurements in failing cardiomyocytes after exchange with recombinant troponin at sarcomere length

1.8and 2.2 um.
| | Wt | 199D | 199A
Frox (kN.m2) | 18pm | 145:08 | 14.0£1.1 | 13.4209
22pum | 18.0+1.0% | 17.3+0.9% | 17.1+1.0*
Foas (N.m2) [ 1.8um | 22:01 [ 25202 | 24203
22pum | 33+0.3* | 36£05% | 3.2+0.2%
nHill 1.8um | 2.9+0.1 2.840.1 2.9+0.2
22pum | 27¢01 | 2501 | 28201
Ker-max (53 1.8um | 0.77+0.05 | 0.75+0.05 | 0.75+0.04
2.2pum | 0.73:0.06 | 0.73+0.04 | 0.77+0.05

IDCM cardiomyocytes exchanged with Wt, 199D and 199A troponin complex (2 samples; 8 myocytes per complex). Myofilament force was

measured at sarcomere lengths of 1.8 and 2.2 um at different Ca

2*+_concentrations. Stretching of cardiomyocytes from 1.8 to 2.2 um significantly

increased maximal (Fmax) and passive force (Fpas) in all groups. There was no significant effect of sarcomere length on nHill (steepness of the

force-pCa curves) and ktr-max (maximal rate of tension redevelopment). Two-way ANOVA repeated measures followed by a Bonferroni post-hoc

test revealed no significant differences between the 3 cTn complexes for all 4 parameters (#P<0.05, significant difference compared to Wt). When
two-way ANOVA revealed a significant effect for sarcomere length (P<0.05), paired t-tests were performed to compare cell measurements at two
different sarcomere lengths in each cTn exchange group (*, P<0.05, 1.8 vs 2.2 ym). Wt data has been published before [8]. Values are means +

SEM.
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