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Abstract

Protein kinase C (PKC) targets cardiac troponin I (cTnI) S43/45 for phosphorylation in addition to 

other residues. During heart failure, cTnI S43/45 phosphorylation is elevated, and yet there is 

ongoing debate about its functional role due, in part, to the emergence of complex phenotypes in 

animal models. The individual functional influences of phosphorylated S43 and S45 also are not 

yet known. The present study utilizes viral gene transfer of cTnI with phosphomimetic S43D 

and/or S45D substitutions to evaluate their individual and combined influences on function in 

intact adult cardiac myocytes. Partial replacement (≤40%) with either cTnIS43D or cTnIS45D 

reduced the amplitude of contraction, and cTnIS45D slowed contraction and relaxation rates, 

while there were no significant changes in function with cTnIS43/45D. More extensive 

replacement (≥70%) with cTnIS43D, cTnIS45D, and cTnIS43/45D each reduced the amplitude of 

contraction. Additional experiments also showed cTnIS45D reduced myofilament Ca2+ sensitivity 

of tension. At the same time, shortening rates returned toward control values with cTnIS45D and 

the later stages of relaxation also became accelerated in myocytes expressing cTnIS43D and/or 

S45D. Further studies demonstrated this behavior coincided with adaptive changes in myofilament 

protein phosphorylation. Taken together, the results observed in myocytes expressing cTnIS43D 

and/or S45D suggest these 2 residues reduce function via independent mechanism(s). The changes 

in function associated with the onset of adaptive myofilament signaling suggest the sarcomere is 

capable of fine tuning PKC-mediated cTnIS43/45 phosphorylation and contractile performance. 

This modulatory behavior also provides insight into divergent phenotypes reported in animal 

models with cTnI S43/45 phosphomimetic substitutions.
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1. INTRODUCTION

The thin filament protein, cardiac troponin I (cTnI) is a phosphorylation target for multiple 

signaling pathways which modulate myofilament function and cardiac pump performance 

[1,2]. Several kinases phosphorylate cTnI S23/24 [3,4], and this phosphorylation accelerates 

Ca2+ dissociation from troponin (Tn), and reduces the myofilament Ca2+ sensitivity [5-7]. 

This reduced Ca2+ sensitivity translates into accelerated cardiac relaxation to improve or 

preserve diastolic function [5,7,8], and reduced phosphorylation at this site is linked to 

diastolic dysfunction during end-stage heart failure [9,10]. In contrast, enhanced 

phosphorylation of a second cluster of residues at Ser43/45 (S43/45) in cTnI is associated 

with cardiac dysfunction [11-14]. Protein kinase C (PKC) phosphorylates cTnI S43/45 

[15,16], and elevated PKC isoform expression and activity are reported to accompany 

cardiac dysfunction and end-stage human heart failure [17-23]. PKC-mediated 

phosphorylation of cTnI and/or phosphomimetic D or E substitutions at S43/45 reduce 

myofilament Ca2+ sensitivity of tension and actomyosin ATPase activity [15,16,24], and 

sometimes reduce peak tension, ATPase activity, and peak pressure [15,24-26]. Cardiac TnI 

with phosphomimetic S43/45 substitutions also reduces maximum sliding speed during in 

vitro motility assays [24], and maximum unloaded shortening velocity in permeabilized 

myocytes [26]. Moreover, non-phosphorylatable cTnIS43/45A attenuates the PKC 

activation response [16,27-29]. Based on this in vitro work, reduced pressure development 

and accelerated relaxation rate could be expected in animal models expressing 

phosphomimetic cTnIS43/45.

However, this predicted in vivo functional phenotype is not consistently observed in genetic 

animal models expressing phosphomimetic S43/45 substitutions. Instead, animal models 

with differing phenotypes emerged, and the functional role of this cluster in myocardium 

remains controversial. For example, cTnI containing phosphomimetic D substitutions at the 

PKC-targeted S23/24, S43/45, and Thr144 (T144) sites fully replaced endogenous cTnI in 

cTnIAllP mice [30]. Myofilament Ca2+ sensitivity, maximum tension and actomyosin 

ATPase activity are decreased in these hearts [25,30], and yet only the rate of pressure 

development is modestly reduced in intact hearts. In a parallel group of mice expressing 

cTnIS23/24D (cTnIDD), the decreased myofilament Ca2+ sensitivity was accompanied by 

the anticipated acceleration of cardiac relaxation [30]. A similarly modest cardiac phenotype 

develops after partial replacement with cTnI S23A/S24/43/45D [31].

A much different cardiac phenotype develops in cTnIPKC-P mice expressing cTnI with 

S43/45E and T144E substitutions [32]. Endogenous cTnI is replaced by <10% with 

cTnIPKC-P, which produced significant reductions in maximum myofilament ATPase 

activity, papillary muscle peak tension, and the amplitude and rates of pressure development 

and relaxation in isolated, perfused hearts, although the Ca2+ sensitivity of tension remained 

similar to cTnI [32]. The only response shared by the cTnIAllP, cTnIS23A/S24/S43/S45D, 
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and cTnIPKC-P models is the slowed rate of cardiac pressure development [30-32]. A key 

difference between these models is the presence or absence of S23/24 substitutions, and yet 

the phenotype observed in the cTnIDD mouse [30] cannot explain the divergent organ-level 

function in these animal models. Thus, the explanation(s) for the unexpected phenotypes in 

animal models and divergence across models are not yet understood. An intact cellular 

approach has the benefit of providing contractile measurements in the presence of 

established architecture and signaling pathways within the cell. Thus, the present group of 

experiments utilizes intact myocytes to serve as a bridge between earlier in vitro and in vivo 

work.

In addition to understanding the modulatory functional role played by S43/45 

phosphorylation, it remains unclear whether S43 or S45 in cTnI independently modulate 

contractile function. Both S23/24 in cTnI must be phosphorylated to reduce myofilament 

Ca2+ sensitivity and accelerate relaxation [7,33], yet the individual roles of S43 and S45 are 

not understood. The enhanced phosphorylation of the individual cTnI S43 and S45 sites 

observed in failing hearts [11] suggests each residue may play a clinically relevant role. The 

present group of studies now tests whether cTnI S43 and S45 play an individual or 

combined role to modulate contractile function.

In the present study, viral-based gene transfer is utilized to replace myofilament cTnI with 

cTnI phosphomimetic substitutions at one or both of these residues. The results demonstrate 

cTnI S43 and S45 independently, but not additively, serve as modulatory brakes by slowing 

and/or reducing contraction. The current studies also show adaptive responses contribute to 

the cellular phenotype, which suggests there is dynamic modulation of contractile function 

and could contribute to the divergent phenotypes observed in earlier animal models.

2. METHODS

2.1 Gene Transfer and Cardiac Myocyte Isolation

2.1.1 Mutagenesis and Adenoviral Constructs—For cTnIS43 and/or cTnIS45, site-

directed mutagenesis was used to substitute S with D in rat cTnI [29,34]. The cTnI 

phosphomimetics generated include cTnIS43D, cTnIS45D, and cTnIS43/45D with and 

without FLAG [29]. The primers used to produce the phosphomimetics were: (substitutions 

are underlined) 5’-atgccaagaaaaagtctaagatcgatgcctccagaaaacttcagttgaag-3’ (sense) and 5’-

cttcaactgaagttttctggaggcatcgatcctagactttttcttggcat-3’ (anti-sense) for cTnIS43D, and 5’-

gatctccgccgacagaaagcttcagttgaag-3’ (sense) and 5’-cttcaactgaagctttctgtcggcggagatc-3’ (anti-

sense) for cTnIS45D. Primers for cTnIS43/45D were 5’-

gccaagaaaaagtctaagatcgatgccgacagaaaacttcag-3’ (sense) and 5’-

ctgaagttttctgtcggcatcgatcttagactttttcttggc-3’ (antisense). Recombinant adenoviruses were 

prepared using the pDC315 shuttle vector and pBHGLoxΔE1,3Cre (Microbix Biosystems 

Inc, Mississauga,ON) in HEK293 cells [29].

2.1.2 Adult Myocyte Isolation and Culture—Animal handling protocols and 

procedures were performed in accordance with institutional guidelines and were approved 

by the University Committee on the Use and Care of Animals at the University of Michigan. 

The isolation of Ca2+-tolerant myocytes from adult Sprague Dawley rats was performed as 

Lang et al. Page 3

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



previously described in detail [29]. Briefly, myocytes were plated on laminin coated 

coverslips in DMEM containing 5% fetal bovine serum (FBS) and antibiotics (P/S; 

penicillin 50 U/ml; streptomycin 50μg/ml) for 2 hrs followed by incubation with a 

multiplicity of infection (MOI) of 50-500 recombinant adenoviral constructs (e.g. cTnI, 

cTnIS43D, cTnIS45D, cTnIS43/45D) diluted in serum-free DMEM plus P/S. Gene transfer 

of cTnI phosphomimetics was carried out using 200 MOI, unless otherwise indicated in the 

text. After 1 hr, M199 media supplemented with P/S was added back to each well. Media 

was changed the next day, and then every other day for quiescent myocytes cultured in 6 

well plates. Media was replaced every 12 hrs in electrically paced cells (0.2 Hz). Electrically 

paced cells were used for studies on cellular shortening and measurement of Ca2+ transients 

and quiescent cells were used for all other studies.

2.2 Western Detection of Protein and Phosphorylation Levels and Stoichiometry

2.2.1 Western Analysis—Replacement of endogenous cTnI with FLAG-tagged cTnI or 

phosphomimetic substitutions, maintenance of myofilament stoichiometry, and changes in 

myofilament phosphorylation were monitored by protein separation using SDS-PAGE 

followed by Western blot detection of total TnI (FLAG and non-tagged cTnI) on PVDF 

membranes. Expression and replacement of endogenous cTnI with exogenous constructs and 

cTnI replacement in intact versus permeabilized myocytes were determined by immunoblot 

analysis, as described earlier [29]. To evaluate thin filament stoichiometry, blots were re-

probed for tropomyosin (Tm; 1:1000; Sigma-Aldrich Co, St Louis,MO) or troponin T (TnT; 

1:500; Fitzgerald-II, Acton,MA), which were detected using horse-radish peroxidase 

conjugated secondary antibody (Ab; 1:2000; Cell Signaling Tech, Beverly, MA) in samples 

collected 2 and 4 days post-gene transfer. In a subset of experiments, the polyclonal primary 

antibodies (Ab) listed below and HRP-conjugated secondary Abs (1:2000, Cell Signaling 

Tech) were used to detect phosphorylation. Primary Abs for these studies included 

phosphorylated cTnI at S23/24 (pS23/24; 1:1000, Cell Signaling Tech) and T144 (pT144; 

1:500; Abcam, Cambridge,MA), phosphorylated phospholamban (PLB) Ser16 (pS16, 

1:1000; EMD-Millipore, Billerica,MA) and Thr17 (pT17, 1:5000; Badrilla Ltd, Leeds, UK), 

and cardiac myosin binding protein C (cMyBP-C) Ser273 (pS273, 1:2500), Ser282 (pS282, 

1:2500), and Ser302 (pS302, 1:5000), which were kind gifts from S. Sadayappan [35]. The 

following primary Abs also were used to detect total cMyBP-C (1:1000; Santa Cruz 

Biotech, Inc, Santa Cruz,CA), total PLB (1:1000; EMD-Millipore), SERCA2 (1:1000; Santa 

Cruz Biotech, Inc), protein phosphatase 2A (PP2A; 1:500; Millipore) and methylated PP2A 

(1:500; EMD-Millipore). Each primary Ab was detected with the appropriate HRP-

conjugated secondary Ab, as described for cTnI. The ratio of phosphorylated to total 

expression of the individual protein was then normalized to the non-treated control values, 

which was set to 1.0 for quantitative analysis of phosphorylated proteins by immunoblots. 

The ratios calculated for stoichiometry and SR Ca2+ handling proteins were similarly 

normalized to the non-treated control values (set to 1.0).

For studies on phosphatase inhibition, myocytes were incubated in media ± calyculin A 

(CalA; 10 nM; EMD-Millipore) for 10 min at 37°C, and immediately collected into ice-cold 

sample buffer, and stored at −80°C until proteins were separated by SDS-PAGE and 

analyzed on immunoblots. The cTnI pS23/24 and cMyBP-C pS282 for these studies is 

Lang et al. Page 4

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



expressed as the percent change from basal values. The influence of cellular acidosis was 

evaluated by comparing cTnI pS23/24 in myocytes incubated in pH 7.4 versus 6.8 media for 

30 min at 37°C. Samples were collected into ice-cold sample buffer, proteins separated by 

SDS-PAGE, and cTnI pS23/24 detected as described above. As with the phosphatase 

studies, results are expressed as the percent change from basal values.

2.3 Sarcomere Incorporation

Intact and permeabilized myocytes were evaluated by immunoblot analysis for cTnI [29] as 

indirect support for sarcomere incorporation. In addition, cardiac myocyte localization of 

non- and FLAG-tagged cTnI within cardiac myocytes was analyzed by indirect 

immunohistochemistry (IHC) with dual primary antibodies [29]. Immunostained myocytes 

were imaged on a Fluoview 500 laser scanning confocal microscope (Olympus, Center 

Valley, PA). Projection images were de-convoluted with Autoquant X (Media Cybernetics, 

Rockville, MD), and non-treated cardiac myocytes served as controls.

2.4 Myocyte Contractile Function and Ca2+ Transients

2.4.1 Intact Myocyte Function—Contractile function was evaluated using sarcomere 

shortening and re-lengthening measurements in intact myocytes 2 and 4 days post-gene 

transfer. Paced myocytes were mounted in a 37°C cell chamber and perfused with M199 

media [29]. Signal-averaged traces collected with a CCD camera (Ionoptix LLC, 

Milton,MA) were analyzed for resting sarcomere length, peak shortening amplitude (% 

baseline), shortening and re-lengthening rates, time to peak (TTP), and times to 25%, 50%, 

and 75% re-lengthening (TTR25%, TTR50%, TTR75%, respectively), as described previously 

[36,37]. Ca2+-transient and sarcomere shortening traces also were recorded in Fura-2AM-

loaded myocytes. Signal-averaged Ca2+ traces were analyzed for resting and peak Ca2+ 

amplitude ratios, rates of Ca2+ rise and decay, and times to 25%, 50%, and 75% decay 

(TTD25%, TTD50%, and TTD75%, respectively) in addition to contractile function [38].

2.4.2 Isometric tension measurements—Calcium-dependent isometric tension was 

measured in permeabilized non-treated controls and myocytes expressing cTnI and 

cTnIS45D after 4 days post-gene transfer. Individual myocytes were mounted to a 

piezoelectric motor (Model 315C, Aurora Scientific, Aurora,ON) and a force transducer 

(Model 403A, Aurora Scientific) in high relaxing (HR) buffer composed of pCa (−log 

[Ca2+]) 9.0, 10 mM EGTA, 20 mM Imidazole, 1 mM free Mg2+, 4 mM free ATP, 14.5 mM 

creatine phosphate and sufficient KCl for an ionic strength of 180 mM at 15°C. Ion 

concentrations for each pCa were calculated using MATLAB [39]. Myocytes were 

permeabilized in HR with 0.1% Triton X-100, sarcomere length (SL) was set to 2.0 or 2.3 

μm, and active tension measured over a pCa (−log [Ca2+]) range of 9.0 to 4.5 using the slack 

test approach [29]. Tension-pCa curves were fit to the Marquardt-Levenburg non-linear, 

least squares algorithm for the Hill equation, where P is the fractional tension, K is the 

midpoint or –log [Ca2+] producing 50% peak tension (pCa50) and nH is the Hill coefficient 

in the equation:
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2.5 Data analysis and statistics

Quantitative results are expressed as mean ± SEM. Multiple groups were compared using a 

one-way analysis of variance (ANOVA) and post-hoc Newman-Keuls tests, and a 2-way 

ANOVA and post-hoc Tukey's test was used to compare contractile function in myocytes 

expressing cTnIFLAG or cTnIS43/45DFLAG at 2 and 4 days. An unpaired Student's t-test 

was used to compare 2 groups. The temporal influence at multiple MOIs was compared by 

two-way ANOVA and post-hoc Bonferonni tests. Statistical significance was set at p<0.05 

for all comparisons.

3. RESULTS

3.1 Myofilament Expression and Sarcomere Incorporation of cTnIS43/45 Phosphomimetics

Two days after gene transfer FLAG-tagged wild-type cTnI, cTnIS43D, cTnIS45D and 

cTnIS43/45D replaced 35-45% of endogenous cTnI, and this increased to 65-85% 

replacement by day 4 (Fig. 1A,B), which agrees with earlier work [29,34,38]. Total cTnI 

protein expression levels and the TnI/Tm (Tm; Fig. 1C) and TnI/TnT (not shown) 

stoichiometry were not different from the ratios in non-treated control myocytes. Gene 

transfer of 500 MOI cTnIFLAG and cTnIS43/45DFLAG confirmed this stoichiometry is 

maintained in myocytes (Table S1). The comparable expression of cTnI constructs in intact 

and detergent- permeabilized myocytes is consistent with their myofilament incorporation 

(Fig. 1D). Sarcomere localization was confirmed by immunohistochemistry, which showed 

an overlapping, striated labeling pattern for FLAG and TnI in myocytes expressing each 

FLAG-tagged cTnI construct (Fig. 1E).

3.2 Influence of cTnIS43/45 Phosphomimetics on Myofilament Function

Phosphomimetic cTnI expression produced time-dependent changes in contractile function. 

Two days after gene transfer, partial replacement with cTnIS43D or cTnIS45D 

independently reduced peak shortening amplitude and slowed the shortening rate compared 

to myocytes expressing cTnI or cTnIFLAG (Fig. 2A). Expression of cTnIS45D also 

decreased re-lengthening rates, while other measures of shortening and re-lengthening 

remained unchanged from control values (Fig. 2A). In contrast, cTnIS43/45D slowed 

shortening rate without changing shortening amplitude even though myofilament 

replacement was comparable to cTnIS43D and cTnIS45D (Figs. 1,2A). These responses also 

were not observed after gene transfer of cTnI or cTnIFLAG compared to non-treated 

controls (Fig. 2A). The results demonstrate cTnIS43 and S45 independently modulate 

function and thus, differ from the upstream S23/24 tandem cluster, which requires 

phosphorylation of both residues for a functional response [33]. The limited influence of 

cTnIS43/45D suggests S43 and S45 may work via separate mechanisms, with the actions of 

one residue counteracting the other in the combined construct.

By 4 days post-gene transfer, higher cTnIS43/45D expression levels also decreased 

shortening amplitude and more extensive myofilament cTnIS43D and cTnIS45D expression 

continued to reduce peak shortening amplitude (Fig. 2B). Shortening rates also slowed 

significantly in myocytes expressing cTnIS43D, while both shortening and re-lengthening 

rates unexpectedly reversed course and increased relative to the day 2 values in myocytes 
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expressing cTnIS45D (Fig. 2A,B; p<0.05 2-way ANOVA, Tukey tests). The acceleration of 

TTP and/or TTR50% in myocytes expressing cTnIS45D is consistent with these findings 

(Fig. 2B, Fig. S1), and may prevent further slowing of shortening and re-lengthening rates 

with cTnIS43D expression. These responses are specific for the phosphomimetic cTnI 

constructs, as similar responses were not observed after gene transfer of cTnIFLAG (Fig. 

2B, Fig. S1). The accelerated TTP and TTR50% could result from adaptive response(s) 

which restore shortening and/or re-lengthening rates. Contractile function in myocytes 

treated with 50-500 MOI cTnIS43/45DFLAG validated this idea (Fig. 2C). An accelerated 

TTR50% accompanied the dose-dependent contractile dysfunction observed with 200 MOI 

cTnIS43/45DFLAG at 4 days, but not cTnIFLAG or at earlier time points (Fig. 2C, Table 

S2). In contrast, TTR50% remained unchanged and the TTP slowed with 500 MOI 

cTnIS43/45DFLAG expression (Fig. 2C), and coincided with further reductions in the 

amplitude and rates of shortening and re-lengthening. Thus, the progressive increases in 

expression observed over 4 days and the functional comparison to time-matched, cTnI-

expressing controls indicates each response is specific for the individual substitution.

The diminished shortening rates observed in cTnIS43D- and cTnIS45D-expressing 

myocytes are consistent with slowed pressure development in animal models expressing 

cTnI with phosphomimetic S43/45 substitutions,30,32 and could result from diminished 

myofilament Ca2+ sensitivity (pCa50). To test this idea, isometric tension was measured in 

permeabilized myocytes over a range of Ca2+ concentrations in control, cTnI, and 

cTnIS45D-expressing myocytes after 4 days (Figs. 2D, S2). While Ca2+-activated tension 

was not different among myocytes at a sarcomere length (SL) of 2.0 μm (Fig. 2D), 

cTnIS45D significantly reduced the pCa50 compared to controls at a SL of 2.3 μm (Fig. 2D), 

indicating a length-dependent influence of cTnIS45D on myofilament Ca2+ sensitivity. 

Previously, cTnIS43/45E exchange into permeabilized myocardium also decreased the 

pCa50 and peak tension at 2.3 μm [24]. Maximum isometric tension was not different among 

myocyte groups at either SL in our experiments (Fig. 2D legend). Variable influences on 

maximum tension and/or pressure also are evident in earlier studies [24, 25,30-32], which 

could stem from differences in the phosphomimetic residue selected, preparation analyzed 

and/or the relative amount of cTnI replacement in myofilaments.

3.3 Adaptations Mediated via Myofilament Phosphorylation

The influence of cTnI phosphomimetics on myofilament Ca2+ sensitivity is consistent with 

the reduced amplitude and rate of shortening, but the accelerated TTP and TTR50% values 

observed with cTnIS43D and cTnIS45D on day 4 are more likely due to adaptive changes, 

such as alterations in Ca2+ handling. Previously, a similar mismatch was associated with 

changes in Ca2+ handling [40], and thus, shortening and Ca2+ transients in Fura-2AM-

loaded myocytes were measured 2 and 4 days after gene transfer to test this possibility (Fig. 

3A,B). On day 2, contractile function was similar to non-Fura-loaded myocytes (results not 

shown), and the Ca2+ transient amplitude and/or rates were similar across myocyte groups 

(Fig. 3A). The reduced shortening amplitude previously observed at 4 days also developed 

in Fura-2AM-loaded myocytes (results not shown), and peak Ca2+ and the rates of Ca2+ 

release and decay were not different from controls (Fig. 3B). However, an accelerated 

TTD50% accompanied the faster TTR50% observed at day 4 in cTnIS43D and cTnIS45D-
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expressing myocytes (Fig. 3B). Resting Ca2+ levels also were slightly elevated in myocytes 

expressing cTnI or cTnIS43/45D (Fig. 3B). Taken together, these results indicate the cTnI 

phosphomimetics directly influence function at 2 days, and may include adaptive TTD50% 

changes by 4 days post-gene transfer. The day 4 response is not associated with detectable 

changes in myosin heavy chain isoform expression (Fig. S3).

Targets likely to contribute to this adaptation in Ca2+ decay include enhanced PLB 

phosphorylation and/or up-regulated SERCA2A expression in the sarcoplasmic reticulum 

(SR). Increased PLB phosphorylation can develop at the PKA targeted S16 site or Ca2+/

Calmodulin-dependent protein kinase II (CaMKII)-targeted T17 site [41]. Immunoblot 

analysis indicated PLB/SERCA2A, pS16-PLB/PLB and pT17-PLB/PLB in cTnI 

phosphomimetic myocytes were not different from controls (Fig. 4A,B).

Alterations in myofilament phosphorylation also could contribute to the return of shortening 

and re-lengthening rates toward control values and/or the faster TTP interval observed in 

cTnI phosphomimetic-expressing myocytes at day 4 (Fig. 2B). In radiolabeled myocytes, a 

significant increase in cTnI phosphorylation was detected by day 4 (Fig. S4A,B). 

Representative myofilament proteins were further analyzed on immunoblots using phospho-

specific antibodies. In these experiments, there were no changes in cTnI pS23/24 on day 2 

(Fig. S4C), but elevated cTnI pS23/24 develops by day 4 (Fig. 5A,B). In contrast, pT144 did 

not change across the myocyte groups on day 4 (Fig. 5A,B). The reduced myofilament Ca2+ 

sensitivity and accelerated dP/dtmin in intact hearts expressing cTnIS23/24D8 indicates the 

adaptive increase in pS23/24 observed here could attenuate the slowed re-lengthening 

observed with cTnI phosphomimetics (Fig. 2). Phosphorylation of S23/24 and T144 were 

not significantly different from controls in cTnIS43/45D-expressing myocytes (Fig. 5A,B). 

Further analysis of myocytes expressing FLAG-tagged cTnI indicated pS23/24 was evenly 

distributed between FLAG and the remaining cTnI (Fig. 5 C,D). Quantitative analysis of 

similar blots also indicated the elevated pS23/24 is stochastically distributed among myocyte 

groups on day 2 (Fig. 5D).

To determine whether adaptive responses also develop in thick filament proteins, cMyBP-C 

phosphorylation levels of the S273 (pS273), S282 (pS282), and S302 (pS302) residues 

within the cardiac-specific m-motif were evaluated using site-specific phospho-antibodies 

(Fig. 5E,F) [35]. A trend toward increased pS273 levels in cMyBP-C was detected on day 4 

but was highly variable and not statistically significant compared to controls (Fig. 5E,F). 

Interestingly, pS282 was significantly enhanced in myocytes expressing the 

phosphomimetic cTnI substitutions compared to controls at the same time point, while 

pS302 levels were similar across myocyte groups expressing different cTnI constructs (Fig. 

5E,F). Cross-bridge cycling rates increase in response to cMyBP-C phosphorylation [42], 

and the elevated phosphorylation detected here may help to restore shortening and/or re-

lengthening rates in myocytes expressing phosphomimetic cTnI, although proof will require 

additional studies. The elevated cTnI S43/45 phosphorylation levels reported with chronic 

dysfunction [11-13], and phosphorylation of other myofilament residues in our experiments 

suggests prolonged cTnI modification leads to adaptive sarcomere phosphorylation to 

modulate cross-bridge cycling and/or fine tune contractile performance.
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The enhanced phosphorylation at some residues (cTnI pS23/24; cMyBP-C pS282), and 

variability in the phosphorylation of other residues (cMyBP-C pS273; Figs. 4B, 5) raised 

questions about the mechanism(s) responsible for adaptation. The possibility phosphatase 

activity contributed to adaptation was examined by comparing cTnI pS23/24 and cMyBP-C 

pS282 in the presence versus absence of the phosphatase inhibitor, CalA. The enhanced 

pS23/24 and pS282 produced by CalA resulted in a similar level of overall phosphorylation 

across myocyte groups (Fig. 6A-D), and resulted in much smaller phosphorylation changes 

in cTnIS43D- or cTnIS45D- versus cTnI-expressing myocytes (Fig. 6B,D).

The possibility adaptive signaling at cTnI pS23/24 could also result from alterations in the 

cellular environment was tested by incubating myocytes in acidic media equivalent to the 

level observed with myocardial ischemia (pH 6.8) [43-45]. Interestingly, acidosis increased 

cTnI pS23/24 to comparable levels as CalA, such that overall phosphorylation was no longer 

different across myocyte groups (Fig. 7A,B). These results also are consistent with earlier 

organ level studies [43]. Acidosis-induced shifts in pS23/24 also were greater for cTnI than 

phosphomimetic cTnIs when results from cTnI-expressing myocytes were pooled and 

compared to cTnI phosphomimetics (Fig. 7C), which suggests dynamic sarcomere 

modulation is not unique to expression of cTnI substitutions.

Alterations in protein phosphatase 2A (PP2A) were evaluated to determine whether this 

phosphatase contributes to the adaptive response produced by cTnI phosphomimetics in a 

final group of experiments. Protein phosphatase 1 (PP1) and 2A (PP2A) de-phosphorylate 

myofilament proteins [46-48] and influence myofilaments in intact hearts [48,49]. Total 

PP2A expression normalized to a Sypro-stained blot band was comparable across the 

myocyte groups (Fig. 8A). In contrast, less PP2A methylation was detected for myocytes 

expressing cTnI phosphomimetics compared to cTnI (Fig. 8B). This shift towards lower 

PP2A methylation in phosphomimetic- versus cTnI-expressing myocytes is consistent with 

the adaptive myofilament phosphorylation observed with cTnI S43D or S45D.

4. DISCUSSION

The current studies show cTnIS43D and cTnIS45D independently act as a brake on cellular 

contractile function (Figs. 2-4), and these functional changes developed after partial 

myofilament replacement with the individual phosphomimetics (Fig. 1). Comparable 

reductions in function require higher expression levels of cTnIS43/45D (Figs. 1,2). These 

findings, together with earlier studies, suggest PKC-mediated phosphorylation of cTnI S43 

or S45 contributes to cardiac dysfunction under pathophysiological conditions [11-13,50]. 

Based on the present studies, cTnI S43 and S45 phosphorylation produce similar changes in 

contractile function, but appear to utilize separate mechanisms. As a result, one residue 

appears to block the influence of the other on peak shortening when both residues are 

modified on <50% cTnI. In addition, this work demonstrates that cellular adaptation(s) 

contributed to a partial return of shortening or re-lengthening rates toward a basal state after 

more extensive replacement with cTnIS43D or cTnIS45D (Figs. 2B,5). These adaptations 

included enhanced thick (cMyBP-CS282) and thin (cTnIS23/24) filament phosphorylation 

(Fig. 5). The environmental perturbation of acidosis similarly enhanced cTnI pS23/24 (Fig. 

7). This shared response suggests signaling pathways fine-tune myofilament function in 
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response to internal and external stressors. Differences in pS23/24 levels were removed by 

phosphatase inhibition (Fig. 6), and there was reduced PP2A methylation associated with 

cTnI phosphomimetic expression (Fig. 8). Additional protein targets, other phosphatases 

and/or kinase activity also may contribute to this response, but require further investigation 

in the future. Regardless of the trigger, this signaling behavior appears to play a role in 

restoring contractile function back towards the original steady-state. An absence of this 

signaling response could accelerate the onset of end-stage heart failure when PKC activity 

[17-20,22] and cTnI S43/S45 phosphorylation [11-14,31,50] are elevated during periods of 

cardiac dysfunction.

4.1 Mechanistic Insight into the cTnI S43 and S45-mediated Functional Responses

The S43 and S45 residues are positioned on different faces of the H1(I) α helix of cTnI [51], 

which could result in each residue operating via separate mechanisms. The cTnI pS23/24-

induced acceleration of Ca2+ dissociation from TnC6, 7 translates into an accelerated 

relaxation rate [5,8], and cTnI S43D and S45D may act similarly, given that S23/24D, 

S43/45E, and S45D (Figs. 2D, S2) each produce rightward shifts in myofilament Ca2+ 

sensitivity [5,8,24]. Thin filament incorporation of cTnIS43/45D or cTnIS43/45E also 

accelerates Ca2+ dissociation from cTnC [52]. Disrupted interactions between cTnI S45 and 

E18 in the N-helix of cTnC are predicted to contribute to this response [53,54]. A similar or 

separate unknown interaction could be involved in the cTnIS43 mechanism. The current 

results also indicate the transduction mechanism for cTnIS43 and S45 may involve more 

than interactions with TnC to alter the Ca2+ dissociation rate. Some TnC mutations also 

reduce myofilament Ca2+ sensitivity, but differentially affect Ca2+ association versus 

dissociation in TnC [55]. Additional conformational changes in the C- and N-lobes of cTnC 

observed with cTnIS43/45, but not cTnI S23/24 phosphomimetics, are consistent with a 

differential influence on Ca2+ on and off rates [30,54].

Slowed TnC Ca2+ binding also could result in the slowed shortening rates observed with 

cTnI phosphomimetics (Figs. 2,3), reduced loaded shortening velocity in cTnIAllP 

myocardium [25], and decreased rate of pressure development in both cTnIAllP and 

cTnIPKC-P mouse hearts [30,32]. While differential influences on Tn-Ca2+ association and 

dissociation remain a possible mechanism, the rate limiting step in binding is usually 

attributed to Ca2+ diffusion, and cTnIS43/45D increased rather than decreased thin filament 

Ca2+ association [52]. Burkart and colleagues [24] proposed decreased crossbridge 

detachment rates as an alternative to explain the slower sliding speeds observed with 

cTnIS43/45E in motility assays. This mechanism would produce slowed re-lengthing, but 

not necessarily explain other aspects of the functional response (Figs 2,3). Instead, the 

influence of S43 or S45 may extend beyond direct interactions between cTnI-cTnC, which is 

in keeping with the stabilized thin filament inactive state observed in biochemical studies 

with cTnIS45E [56].

4.2 Myocyte Studies Serve as a Bridge for Integration of Earlier Work on cTnIS43/45

Unlike studies on cTnI pS23/24, in vitro myofilament responses do not necessarily predict 

the in vivo cardiac phenotype produced by cTnIS43/45 phosphomimetics. At first glance, 

this divergence is suprising given that cTnIS23/24 and cTnIS43/45 phosphomimetics each 
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increase cTnC Ca2+ dissociation rate and reduce myofilament Ca2+ sensitivity of tension 

[6,7,24,52]. However, a multitude of cardiac phenotypes are observed in genetic animal 

models designed to test the influence of PKC-targeted cTnI phosphorylation on cardiac 

performance. There is currently no animal model designed to examine the functional 

response to S43/45 phosphomimetics alone. Instead, animal models utilize cTnI containing 

changes in this cluster plus PKC-targeted T144 phosphomimetic and/or a S23/24 

substitution [30-32]. Complete myofilament replacement with cTnI phosphomimetics at 

PKC-targeted cTnI S23/24, S43/45 and T144 in cTnIAllP mice produced only a modest 

decrease cardiac pressure development rate under basal conditions [30]. In contrast, 

significant reductions in the rate and amplitude of pressure development, ejection fraction 

and/or relaxation rate are reported with substantially less cTnI S43/45E and T144E 

replacement in the cTnIPKC-P or cTnIS23A/S24/43/45D mouse models [31,32]. Neither the 

differences in myofilament Ca2+ sensitivity between these models nor the substituted 

residues can fully account for the divergent phenotypes observed in these models. Overall, 

the distinct phenotypes are difficult to reconcile with the in vitro influence of the cTnI 

phosphomimetics on Tn or thin filament behavior.

The focus on temporal responses to cTnIS43/45 phosphomimetics in the present study 

indicates adaptive signaling played a significant role in modifying cellular function, and 

probably factors into functional differences between these genetic animal models. The 

heightened cTnI pS23/24 is consistent with the restoration of re-lengthening rate observed 

on day 4 (Figs. 2,5) [5,8]. In addition, accelerated cross-bridge cycling produced by 

augmented cMyBP-C phosphorylation is consistent with partial restoration of shortening 

and/or re-lengthening rate (Figs. 2,5) [42,57]. Thus, adaptive signaling could contribute to 

the lack of change in developed pressure and relaxation rates observed in cTnIAllP and 

cTnIS23A/S24/43/45D mouse models, along with additional modifications to other residues 

and/or proteins [30,31]. The substantial systolic and diastolic impairment observed in 

isolated, perfused hearts with far less cTnIPKC-P replacement32 than the cTnIAllP mouse [30] 

is consistent with the direct influence of S43/45 phosphorylation on function. Adaptive 

signaling may be absent in this model due to the low levels of cTnI phosphomimetic 

expression, and/or may depend on a neurohormonal or temporal component. While 

compensatory signaling was not detected in cTnIAllP and cTnIPKC-P mice [30,32], these 

changes may be difficult to detect in intact hearts due to a host of factors known to influence 

post-translational modifications [58]. In contrast, the cTnIS23A/S24/43/45D mouse model 

developed alterations in Ca2+ cycling protein expression and phosphorylation [31]. A 

remaining question is whether the S23A/S24D substitution produces a different complement 

of adaptive signaling behavior in this mouse compared to results obtained in the present 

study (Figs. 3-5). However, the elevated cTnI pS23/24 observed with acidosis and 

cTnIS43/45 phosphomimetics indicates adaptive signaling is a shared response (Figs. 5,7). 

This behavior is predicted to be dynamic and could differ between the animal models. Most 

importantly, our results indicate a thorough exploration of dynamic temporal-, load- , and 

substitution-dependent adaptations initiated by and within the sarcomere is needed for 

understanding the earlier animal models.
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4.3 The sarcomere as a dynamic signaling scaffold

The development of adaptive phosphorylation indicates the sarcomere acts as dynamic 

signaling scaffold, in addition to serving as the basic functional unit responsible for cardiac 

pump performance. Many signaling pathways are known to target myofilament proteins, but 

the organization of signaling clusters within the sarcomere is not well defined. This idea of a 

dynamic sarcomere scaffold is now integrated with PKC-mediated cTnI S43 and/or S45 

phosphorylation into an initial set of models (Fig. 8C). In model 1, kinase and phosphatase 

activity are predicted to be evenly matched under physiological conditions (Fig. 8C). 

Transient environmental and/or neurohormonal signals may briefly tilt the balance toward 

kinase and/or phosphatase activity near myofilament target proteins, such as cTnI. When 

activated PKC phosphorylates cTnI S43 or S45 under these conditions, our results indicate 

they act as a modulatory brake on systolic and diastolic cardiac function. This prediction is 

consistent with the proposal that this cluster plays a role in beat-to-beat regulation of the 

heart [24], by returning cardiac pump performance to a basal steady state level. In response 

to longer duration exposure to environmental stressors and/or sustained sarcomeric protein 

modifications, decreased phosphatase activity then initiates an adaptive response within the 

sarcomere (model 2). This response is based on the evidence for reduced phosphatase 

activity observed with cTnI S43/45 phosphomimetic expression 4 days after gene transfer 

(Figs. 6,8A,B). The present results do not rule out the possibility that increased kinase 

activity contributes to this adaptive behavior (Fig. 8C, model 3), but specific kinases remain 

to be identified. There is a growing recognition destabilization of the balance between 

kinase and phosphatase activity may contribute to cardiac dysfunction [59,60], and this 

dynamic modulation within the sarcomere could play an important role during compensated 

cardiac dysfunction. A loss of adaptive behavior also could contribute to decompensated 

dysfunction and/or heart failure. Detailed insights into the spatio-temporal organization and 

balance between sarcomeric kinase and phosphatase activity are now needed to understand 

the in vivo contribution of adaptive signaling under physiological and pathophysiological 

conditions.
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Highlights

• Phosphomimetic cTnIS43D and cTnIS45D individually modulate myocyte 

function.

• The cTnI S43 and S45 phosphomimetics reduce systolic and diastolic function.

• Adaptive behavior is initiated in myocytes expressing cTnIS43D and cTnIS45D

• Changes in phosphatase activity contribute to this adaptive behavior.

• The sarcomere acts as a dynamic scaffold in myocytes.
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FIGURE 1. Protein expression, thin filament stoichiometry, and sarcomere incorporation of 
cTnI phosphomimetics 2 and 4 days after gene transfer
A. Representative immunoblots show protein expression of cTnI and cTnI phosphomimetics 

(cTnIS43D, cTnIS45D, cTnIS43/45D) with and without FLAG tags. The FLAG- and non-

tagged cTnI (upper panel), Tm expression (middle panel), and a silver (Ag)-stained gel band 

(lower panel) are shown to indicate protein loading in each lane. B. Quantitative analysis of 

the percent replacement with individual FLAG-tagged constructs 2 (left) and 4 (right) days 

after gene transfer. The number of individual hearts analyzed is indicated by the n value in 

this panel and panel C. Results in both panels were compared with a 1-way ANOVA 
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(p>0.05) for statistical comparisons. C. Quantitative analysis of thin filament stoichiometry 

based on the cTnI/Tm expression ratio in myocytes expressing FLAG-tagged cTnI 

substitutions. Ratios were normalized to time-matched controls for each phosphomimetic 

cTnI (see Methods) at 2 (left) and 4 (right) days post-gene transfer. Comparable results were 

obtained for non-tagged constructs (not shown). D. Representative Western blot showing 

comparable replacement of endogenous cTnI with each construct in intact (I) and 

permeabilized (P) myocytes. E. Representative confocal projection images for control, 

cTnIFLAG- and cTnIS43/45DFLAG-expressing cardiac myocytes immunostained for TnI 

and FITC (left; bar = 10 μm), FLAG and Texas Red (middle), plus the overlay (right). 

Myocytes expressing cTnIS43DFLAG and cTnIS45DFLAG produced comparable IHC 

patterns (not shown).
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FIGURE 2. Contractile function in cardiac myocytes 2 (A) and 4 (B, C) days after cTnI gene 
transfer
A. Quantitative analysis of basal contractile function in cTnIS43D-, cTnIS45D-, 

TnIS43/45D-, cTnI+FLAG-expressing myocytes, and time-matched controls 2 days post-

gene transfer. Resting sarcomere length, peak shortening amplitude (%basal), shortening 

rate and time to peak (TTP), re-lengthing rate and time to 50% re-lengthening (TTR50%) are 

shown. The legend for each panel includes sample n. Values for cTnI and cTnIFLAG were 

pooled based on initial studies showing no statistical differences between these groups 

(p>0.05). B. Quantitative analysis of sarcomere shortening and re-lengthening in intact 

myocytes 4 days after gene transfer. Myocytes were treated with 200 MOI of recombinant 

Lang et al. Page 20

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

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



cTnIS43D, cTnIS45D, and cTnIS43/45D adenovirus and compared to non-treated controls 

(*p<0.05) and myocytes expressing cTnIFLAG (^p<0.05) by 1-way ANOVA and post-hoc 

analyses in panels A, B and D. C. A quantitative comparison of functional measurements 

made in myocytes 4 days post-gene transfer of 50-500 MOI cTnIFLAG or 

cTnIS43/45DFLAG. Statistical comparisons were performed using a 2-way ANOVA and 

post-hoc Tukey's test (*p<0.05 vs. cTnIFLAG; ^p<0.05 vs. 50 MOI cTnIS43/45DFLAG). 

D. Analysis of pCa50 measured in permeabilized myocytes at a SL of 2.0 and 2.3 µm 

compared to non-treated controls (*p<0.05, 1-way ANOVA). Myocytes expressing 

cTnIS45D were evaluated based on their significant impact on shortening amplitude. 

Maximum tension (P0) at each SL was not different (p>0.05) among myocyte groups (Po 

kN/m2; SL 2.0 μm: Con = 6.07±0.81; cTnI = 6.51±0.82; cTnIS45D = 7.81±1.33; SL 2.3 μm: 

Con = 11.17±1.15; cTnI = 8.96±0.71; cTnIS45D = 9.17±1.16).
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FIGURE 3. Quantitative analysis of Ca2+ handling in electrically paced, Fura-2AM-loaded adult 
myocytes 2 (A) and 4 (B) days after gene transfer
The basal Ca2+ ratio, peak Ca2+ transient amplitude (% baseline), rates of Ca2+ release and 

re-uptake, and time to 50% decay (TTD50%) were evaluated for each Ca2+ transient. 

Statistical differences between cTnI phosphomimetics and controls (*p<0.05; ANOVA) 

and/or cTnI-expressing myocytes (^p<0.05) are indicated in each panel. Sample n is shown 

in each legend.
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FIGURE 4. Representative immunoblots and quantitative analysis of proteins contributing to 
Ca2+ uptake into the sarcoplasmic reticulum (SR)
A. Representative immunoblots for SERCA2A expression (upper left), pS16-PLB (middle 

left), and pT17-PLB (upper right) relative to total PLB expression (lower panels). B. 
Quantitative analysis of pS16-PLB (left) and pT17-PLB (middle) relative to total PLB 

expression, and PLB/SERCA2A ratio (right). The ratios in each group were normalized to 

the appropriate control values and compared by ANOVA (p>0.05). Sample n is shown in the 

title for each panel.
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FIGURE 5. Analysis of myofilament protein phosphorylation in myocytes expressing wild type 
and phosphomimetic cTnI
A. Representative pS23/24 (upper left) and pT144 (upper right) relative to total cTnI 

expression (lower panels) detected by immunoblot 4 days after gene transfer. B. 
Quantitative analysis of pS23/24- and pT144-cTnI detected in cTnI immunoblots. The 

normalized ratio of phosphorylated to total cTnI in each group was compared by ANOVA in 

both panels (*p<0.05 vs control). The legend shown to the right of this panel applies to 

panels B, D and F, with sample n indicated in each panel. C. Representative immunoblots 

showing pS23/24 for myocytes expressing FLAG-tagged cTnI constructs 2 and 4 days after 

gene transfer. D. Quantitative analysis of the %pS23/24 present as FLAG (% pFLAG) 

compared to % cTnIFLAG (%FLAG) expression relative to total cTnI 2 days after gene 

transfer (p>0.05 by ANOVA). E. Representative immunoblots showing cMyBP-C pS273 

(upper left), pS282 (upper middle), pS302 (upper right) and total cMyBP-C protein 

expression (lower panels) in adult myocytes 4 days after gene transfer. F. Quantitative 

analysis of the phospho-/total cMyBP-C ratios for pS273-, pS282-, and pS302-cMyBP-C. 

Normalized phosphorylation ratios for these cMyBP-C residues were calculated as described 

in panel B.
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FIGURE 6. Representative immunoblot (A, C) and quantitative (B, D) analyses of cTnI pS23/24 
(A, B) and cMyBP-C pS282 (C,D) in day 4 adult myocytes treated with the phosphatase 
inhibitor, calyculin A (CalA, 10 nM)
A. Representative immunoblot comparing cTnI pS23/24 in the absence and presence of 

CalA. The black vertical line in this panel and panel C indicates separation by additional 

lanes on the same immunoblot. B. Quantitative analysis of the normalized ratio of cTnI 

pS23/24 relative to total cTnI. The change in phosphorylation observed in the presence 

versus absence of CalA is expressed as the Δ% change (right panel). In this panel and panel 

D, quantitative results were compared by ANOVA (*p<0.05 vs. control), and sample n is 

provided in each legend. C. Representative immunoblot showing cMyBP-C pS282 in the 

absence and presence of CalA (day 4). D. Quantitative analysis of cMyBP-C pS282 after 

CalA (left), and the Δ% change in phosphorylation produced by CalA (right panel). The 

pS282 results are expressed as a normalized fraction of total cMyBP-C.
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FIGURE 7. Representative immunoblot (A) and quantitative analyses (B,C) of cTnI pS23/24 in 
response to acidosis (pH 6.8)
A. Representative immunoblot comparing cTnI pS23/24 in the presence and absence of 

acidosis treatment in myocytes 4 days post-gene transfer. The vertical black line indicates 

additional lanes separated samples on the same blot. B. Quantitative analysis of the 

normalized cTnI pS23/24 / total cTnI ratio. Results were compared by 1-way ANOVA 

(p>0.05). C. Analysis of the Δ% change in cTnI pS23/24 when results from control and 

cTnI-expressing myocytes were pooled and compared to the pooled set of cTnI-

phosphomimetic-expressing myocytes (cTnIS43D, cTnIS45D, cTnIS43/45D) using a 

Student's unpaired t-test (*p<0.05).
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FIGURE 8. Protein phosphatase 2A (PP2A) expression (A,B) and a working model of adaptive 
phosphorylation (C)
A. Representative immunoblot showing methylated (upper), total PP2A (middle) and a 

Sypro-stained blot band (lower panel) to indicate protein load). B. Quantitative analysis of 

the normalized ratio of methylated PP2A relative to total PP2A. Values obtained in 

myocytes expressing phosphomimetic cTnI were compared to cTnI-expressing myocytes 

using a 1-way ANOVA and post-hoc tests (*p<0.05 vs. cTnI). C. Working model of the 

kinase and phosphatase activity balance in the sarcomere under basal conditions (model 1) 

and the changes to this balance during adaptive myofilament protein phosphorylation 

(models 2 and 3) produced by phosphomimetic cTnI and acidosis. An expanded portion of 

the sarcomere is included for each model to demonstrate the relative myofilament 

distribution and/or activity (active vs. inactive) of kinases and phosphatases. The legend 

explaining inactive and active kinases and phosphatases is shown below model 1. Results 

from the present study provide evidence to support model 2 (reduced phosphatase activity), 

but kinase activity also may contribute to this adaptive response (model 3).
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