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Abstract

The binding of Ca2* to troponin C (TnC) in the troponin complex is a critical step regulating the
thin filament, the actin-myosin interaction and cardiac contraction. Phosphorylation of the
troponin complex is a key regulatory mechanism to match cardiac contraction to demand. Here we
demonstrate phosphorylation of the troponin I (Tnl) subunit is simultaneously increased at
Ser-150 and Ser-23/24 during in vivo myocardial ischemia. Myocardial ischemia decreases
intracellular pH resulting in depressed binding of Ca2* to TnC and impaired contraction. To
determine the pathological relevance of simultaneous Tnl phosphorylation we measured
individual Tnl Ser-150 (S150D), Ser-23/24 (S23/24D) and combined (523/24/150D) pseudo-
phosphorylation effects on thin filament regulation at acidic pH similar to that in myocardial
ischemia. Results demonstrate that while acidic pH decreased thin filament Ca2* binding to TnC
regardless of Tnl composition, Tnl S150D attenuated this decrease rendering it similar to non-
phosphorylated Tnl at normal pH. The dissociation of Ca2* from TnC was unaltered by pH such
that Tnl S150D remained slow, S23/24D remained accelerated and the combined S23/24/150D
remained accelerated. This effect of the combined Tnl Ser-150 and Ser-23/24 pseudo-
phosphorylation to maintain Ca2* binding while accelerating Ca2* dissociation represents the first
post-translational modification of troponin by phosphorylation to both accelerate thin filament
deactivation and maintain Ca2* sensitive activation. These data suggest Tnl Ser-150
phosphorylation attenuation of the pH-dependent decrease in Ca2* sensitivity and its combination
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with Ser-23/24 phosphorylation to maintain accelerated thin filament deactivation may impart an
adaptive role to preserve contraction during acidic ischemia pH without slowing relaxation.
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1. Introduction

Contraction of the heart results from the Ca2* regulated interaction of myosin with the actin
thin filament. The troponin (Tn) complex is an essential molecular switch that regulates this
interaction of myosin with the thin filament. The binding of Ca2* to the troponin C (TnC)
subunit of the Tn complex is the initiating step in activation of the thin filament to allow
myocardial contraction while the disassociation of Ca2* from TnC is essential to relaxation
(for review see [1, 2]). Tn post-translational modification is a key cardiac mechanism to
modulate this Ca2* sensitive activation of the thin filament and therefore helps match
myocyte contraction to meet altered cardiac demand [3, 4]. The B-adrenergic signaling
pathway is a significant physiological mechanism utilized by the heart to match myocyte
contraction to demand [3-5]. While the B-adrenergic signaling pathway modulates a number
of cellular processes, protein kinase A (PKA) mediated troponin | (Tnl) Ser-23/24
phosphorylation is a primary myofilament target of this signaling [6-8]. In the normal heart,
basal Tnl Ser-23/24 phosphorylation comprises approximately 40% of the total Tnl with
increases or decreases of this phosphorylation central to the modulation of cardiac function
[6, 7, 9-11]. This phosphorylation of Tnl at Ser-23/24 functions to alter contraction by
desensitizing the myofilament to Ca2*. Thus, while Tnl Ser-23/24 phosphorylation
decreases submaximal Ca2*-induced force production, desensitization also induces an
acceleration in the rate of muscle relaxation necessary to allow adequate diastolic filling and
maintained cardiac output during elevated heart rates [6, 7, 12].

In various pathological states of the heart, contractile dysfunction results in an impaired
ability of the heart to meet demand. One such pathological state occurs during cardiac
ischemia when a reduction in blood flow to the heart results in decreased ATP production
and diminished contractile function [13]. While reduced blood flow affects a number of
cardiac processes, a hallmark of ischemia is a decrease in intracellular pH. During global
cardiac ischemia the intracellular pH of the cardiomyocyte can drop from 7.0 to ~ 6.2 [14].
This decrease in pH directly affects cellular processes including an altered Ca2* regulation
of the thin filament. Ischemia induced acidosis decreases the Ca%* sensitive activation of the
thin filament contributing to decreased myocardial force production and exacerbating
hypoxia-induced contractile dysfunction [15].

Recently we characterized the AMP-activated protein kinase (AMPK) phosphorylation of
Tnl at Ser-150 and its effect on Tnl Ser-23/24 phosphorylation function. Our findings, and
those of others, demonstrate that Tnl Ser-150 phosphorylation increases myofilament Ca%*-
sensitive force production and blunts Tnl PKA-dependent desensitization of skinned fibers
and the reconstituted thin filament [16, 17]. Consistent with the AMPK phosphorylation of
Tnl Ser-150, Oliveira et al. demonstrated an elevation of Tnl Ser-150 phosphorylation
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during the increased cardiac demand of ex vivo cardiac ischemia [17]. To date, the effects of
Tnl Ser-150 phosphorylation on the depressed cardiac contractile function that occurs during
myocardial ischemia and how Ser-150 interacts with Tnl Ser-23/24 PKA phosphorylation
are unknown.

In the current study we sought to investigate the integrated role of Tnl Ser-23/24 and
Ser-150 phosphorylation combination on cardiac thin filament contractile regulation under
acidic conditions similar to those occurring in ischemia. Towards this end we quantified
changes in Tnl Ser-150 and Ser-23/24 phosphorylation following in vivo myocardial
ischemia and investigated the combined effects of Tnl pseudo-phosphorylation on thin
filament regulation at acidic pH. Our findings demonstrate myocardial ischemia increases
both Tnl Ser-150 and Ser-23/24 phosphorylation. We demonstrate Tnl Ser-150 pseudo-
phosphorylation in isolation blunts pH mediated thin filament Ca2* desensitization while its
combination blunts Ser-23/24 Ca2* desensitization with a minimal effect on Ser-23/24
induced acceleration of thin filament Ca2* disassociation. These data support a role for
ischemia-induced Tnl Ser-150 and Ser-23/24 phosphorylation to maintain Ca?* regulated
force production while accelerating relaxation. The concurrent phosphorylation of Tnl
Ser-150 and Ser-23/24 may therefore play an adaptive role in sustaining cardiac contraction
during the acidic conditions of an ischemic event without delaying relaxation.

2. Materials and Methods

2.1 In vivo myocardial ischemia

In vivo left ventricular myocardial infarction was achieved via left coronary ligation in
C57BL/6J mice (Jackson Laboratories, Bar Harbor, Maine) at 4 months of age as previously
done [18]. Briefly, mice were anesthetized with ketamine (55 mg/kg) plus xylazine (15 mg/
kg). Animals were intubated and ventilated (tidal volume 250 pl, 150 breath/min) with a
mouse respirator (687, Harvard Apparatus). Body temperature was maintained at 37°C using
a heating blanket (TC-1000, CWE). Through a left thoracotomy, we ligated the left coronary
artery 1 to 2 mm below the border of the left atrial appendage. Ischemia was confirmed by
pallor distal to the occlusion and by ST elevation on ECG. At 30 minutes after ligation, the
heart was removed, the left ventricular free wall quickly dissected free and flash-frozen in
liquid nitrogen. All animal protocols and procedures were performed in accordance with
National Institutes of Health guidelines and approved by the Institutional Laboratory Animal
Care and Use Committee at The Ohio State University.

2.2 Protein electrophoresis and Western blot

Myofibrils from sham or ischemic left ventricle free wall were solubilized in denaturing
buffer (2% SDS, 0.1% bromophenol blue, 10% glycerol and 50 mM Tris-HCI, pH 6.8),
heated for five minutes at 80°C and clarified by centrifugation for five minutes. SDS-PAGE
and western blot were carried out as previously described [19]. Briefly, cardiac Tnl Ser-150
phosphorylation was quantified by incubation with a custom rabbit anti-phosphorylated Tnl
Ser-150 antibody that we previously demonstrated as specific to the detection of Tnl only
when phosphorylated at Ser-150 [16]. The Ser-150 phosphorylation antibody was followed
by incubation with a Dylight fluorescent secondary antibody (Jackson ImmunoResearch
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Laboratories, Inc.) and visualized on a Typhoon 9410 imager (GE Healthcare). Subsequent
quantification of total cardiac Tnl was conducted by re-probing the same membrane with a
mouse anti-cardiac Tnl antibody (Fitzgerald; clone C5) visualized as above. Sequential
development using different primary/secondary combinations allows for quantification of
phosphorylated and total Tnl species in the same membrane [19, 20]. The phosphorylation
of Tnl Ser-23 and Ser-24 was quantified by incubation with the anti-phosphorylated Tnl
Ser-23/24 antibody (Cell Signaling Technology, Inc.), detected and visualized as above.

2.3 cDNA constructs

2.4 Proteins

All cardiac Tnl residue numbers presented in this manuscript are presented according to the
native human sequence including the first methionine. The human cardiac Tnl Ser-150 to
Asp (S150D), Ser-23/24 to Asp (523/24D) and Ser-23/24/150 to Asp (S23/24/150D)
pseudo-phosphorylation mutant cDNA were generated by site-directed mutagenesis (Quick
Change I1 kit, Agilent) according to the manufacturer’s direction and resultant constructs
were verified by DNA sequencing as previously described [16].

The individual recombinant human cardiac Tn subunits were expressed in E. coli and
purified to homogeneity as previously described [21]. Tn used in Ca2* binding experiments
consisted of native human cardiac TnT, cardiac Tnl and cardiac T53C labeled 2-(4’-
iodoacetamidoanilo)naphthalene-6-sulfonic acid (IAANS) TnC containing the C35/84S
mutations. Cardiac Tn complexes were reconstituted by sequential dialysis as previously
described. Thin filaments were reconstituted by sequential incubation of actin first with a
stoichiometric amount of tropomyosin followed by incubation with Tn as previously
described [16].

2.5 Measurement of Tn steady-state Ca2* binding to TnC

Steady-state Ca2* binding to TnC in the thin filament or isolated Tn was measured at 15°C
in 150 mM KCI, 3 mM MgCl,, 2 mM EGTA and 200 mM MOPS as previously described
[16]. Briefly, Tn or thin filaments containing various Tnl pseudo-phosphorylations were
reconstituted at pH 7.0 or pH 6.5 and the change in IAANS labeled T53C TnC (C35/84S)
fluorescence was monitored at various free [Ca2*] as indicative of Ca2* binding to TnC.

2.6 Measurement of thin filament and Tn Ca2?* dissociation from TnC

Isolated Tn or reconstituted thin filaments were prepared at either pH 7.0 or 6.5. Following
reconstitution, 0.2 mM Ca2* was added to saturate Tn or the thin filament. Ca2* saturated
thin filament or Tn was rapidly mixed with EGTA buffer and Ca?* dissociation was
monitored by the change in IAANS fluorescence at 15°C as previously described [22, 23].

2.7 Measurement of myosin S1 dissociation from the thin filament

Reconstituted thin filaments were prepared as previously described at either pH 7.0 or 6.5.
Following reconstitution EGTA was added to 5 mM and myosin S1 added at a ratio of 7:4
(actin:myosin S1). Rigor bound myosin S1 thin filaments were then rapidly mixed with ATP
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(2 mM final) and the dissociation of myosin monitored by the change in IAANS
fluorescence at 15°C as previously described [22, 23].

2.8 Data processing and statistical analysis

3. Results

Steady-state Ca2* binding plots were fit to the Hill equation to determine 50% maximal
binding. Ca2* dissociation data were fit using a program (by P. J. King, Applied
Photophysics Ltd.) utilizing the nonlinear Levenberg-Marquardt algorithm where each Ca%*
dissociation event represents an average of at least three separate experiments. Results of
Ca?* binding and Ca?* dissociation were compared by 2-way ANOVA with Tukey’s post-
hoc test. In vivo sham vs. ischemic cardiac Tnl Ser-150 and Ser-23/24 phosphorylation was
compared by Student’s t-Test. P<0.05 was considered statistically significant. Data are
presented as mean + SEM.

3.1 In vivo myocardial ischemia increases both Tnl Ser-150 and Ser-23/24 phosphorylation

While the phosphorylation of Tnl Ser-150 is low in the normal, non-stressed heart, its
phosphorylation becomes elevated during myocardial ischemia [17]. We previously
demonstrated that Tnl Ser-150 pseudo-phosphorylation increases Ca%* sensitivity and blunts
Tnl S23/24D Ca2* desensitization [16]. To investigate when the combination of Tnl Ser-150
and Ser-23/24 phosphorylation would be relevant to modulate cardiovascular function we
determined Tnl phosphorylation levels during myocardial ischemia. Western blot of left
ventricular tissue from 6 mice subjected to in vivo ischemia for 30 minutes demonstrates the
phosphorylation of Tnl Ser-150 increased 31% and Tnl Ser-23/24 phosphorylation increased
34% compared to that of 7 sham mice (Fig. 1). This simultaneous increase in both
phosphorylations demonstrates their significance to cardiac contractile function during the
pathological state of myocardial ischemia.

3.2 Tnl Ser-150 and Ser-23/24 phosphorylation alters the acidic effects of thin filament

regulation

It is well established that an acidic environment, such as that which occurs in the
cardiomyocyte during myocardial ischemia, depresses Ca2*-dependent force production at
the level of the myofilament [15]. To determine the effect of Tn containing Tnl Ser-150
phosphorylation, Ser-23/24 phosphorylation, and their combination on myofilament
regulation at ischemic pH we measured TnC Ca2* binding at normal (7.0) and ischemic
(6.5) pH in the reconstituted thin filament. As demonstrated in Figure 2, lowering the pH to
6.5 decreased Ca2* binding to TnC in all thin filament groups compared to their Ca2*
binding at normal pH. Additionally, the Tn type also affected Ca2* binding at pH 6.5 such
that thin filaments containing Tnl S150D remained sensitized, Tnl S23/24D were
desensitized and Tnl S23/24/150D were similar to WT (Fig. 2 and Table 1). Importantly, the
effect of acidic pH to decrease Ca2* binding in filaments containing Tnl S150D was blunted
by 39% compared to WT filaments. Therefore the combined effect of pH with Tnl S150D
resulted in a pCasgg at pH 6.5 that was not different from that of WT filaments at pH 7.0 (Fig.
2D). Similar effects of Tnl S150D on Ca?* binding compared to WT were observed at the
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intermediate acidic pH of 6.8 although the magnitude of the pH effect was decreased (data
not shown).

3.3 The phosphorylation of Tnl Ser-150 and Ser-23/24 affect function through different thin
filament interactions

To investigate the mechanism by which Tnl Ser-150 phosphorylation blunts pH mediated
Ca?* desensitization, we employed a reductionist approach. To minimize the interactions
within the thin filament responsible for the effects of Tnl phosphorylation, we determined
Ca?* binding to TnC in isolated Tn devoid of actin and tropomyosin interactions at pH 6.5.
Isolated Tn containing S150D increased Ca2* binding to TnC compared to WT Tn (Fig. 3A
and Table 2) preserving the Tnl S150D function observed in reconstituted thin filaments and
skinned fibers [16]. Unexpectedly, isolated Tn containing Tnl S23/24D did not alter TnC
Ca?* binding compared to WT (Fig. 3B and Table 2) differing from the previously observed
effect of Tnl Ser-23/24 phosphorylation in the reconstituted thin filament [16]. The effect of
S150D to increase Ca2* binding was retained when combined with S23/24D such that Tnl
$23/24/150D Tn Ca2* binding was not different from that of S150D (Fig. 3C and Table 2).
These findings demonstrate Tnl Ser-150 and Ser-23/24 phosphorylation function through
different Tn interactions at acidic pH. To determine if the Tnl Ser-150 phosphorylation
difference in Tn Ca2* binding resulted from decreased pH or the phosphorylation itself, Tn
Ca?* measurements were repeated at normal pH. While elevating the pH to 7.0 increased
Ca?* binding of all Tn’s, Ca2* binding to TnC in the isolated Tn containing Tnl S150D and
S23/24/150D remained increased and Tnl S23/24D was not affected (Fig. 3D and Table 2).
Thus the phosphorylation of Tnl Ser-150 and Ser-23/24 is responsible for alteration of thin
filament Ca2* regulation through different Tn interactions.

3.4 The combination of Tnl Ser-150 with Ser-23/24 phosphorylation retains accelerated thin
filament deactivation

The rate at which Ca2* can be removed from TnC represents a critical event in thin filament
deactivation and myocardial relaxation [2]. To investigate the effect of Tnl Ser-150
phosphorylation on the Ca?* component of thin filament deactivation, we measured Ca2*
dissociation from TnC in the thin filament at acidic pH. The rate of Ca2* dissociation was
determined by monitoring the change in IAANS-labeled TnC fluorescence following rapid
mixing with EGTA by stopped-flow fluorimetry [23]. Consistent with our previous Ca2*
sensitivity findings [16], thin filaments containing Tnl S150D slowed the rate of Ca2*
dissociation to half of WT filaments while $23/24D filaments accelerated CaZ* dissociation
3.1-fold compared to WT (Fig. 4A; Table 3). We next sought to investigate whether
crosstalk between Tnl Ser-150 and Ser-23/24 phosphorylation would affect TnC Ca2*
dissociation. Upon combination, Tnl $23/24/150D retained a 2.1-fold accelerated Ca%*
dissociation rate compared to that of WT (Fig. 4B; Table 3).. Thus, while the Ca2*
dissociation of the combined Tnl S23/24/150D was marginally slowed by the presence of
S150D compared to that of Tnl S23/24D alone, this combined S23/24/15D disassociation
was still dramatically faster than that of WT. These findings demonstrate the functional
outcome of Tnl Ser-150 phosphorylation to modulate the Ca?* regulated component of thin
filament deactivation at acidic pH is dependent upon its combination with Tnl Ser-23/24
phosphorylation.
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To determine if this unique effect of combined Tnl S150D with S23/24D resulted from a pH
effect or was an intrinsic property of phosphorylation itself we determined the rate of Ca2*
dissociation from TnC at normal pH. The results in Figure 4 demonstrate that increasing the
pH to 7.0 did not affect the Ca2* dissociation rate of thin filaments containing any Tn
compared to that at pH 6.5. Additionally, thin filaments containing Tnl S23/24/150D
retained a 2.4-fold accelerated Ca2* dissociation rate compared to WT at pH 7.0 (Fig. 4C;
Table 3). The similarly increased rate of Tnl S23/24/150D thin filament Ca2* dissociation at
both pH 6.5 and 7.0 demonstrates this increased Ca2* dissociation is dependent upon the
phosphorylation of Tnl and is not a pH-dependent effect.

In addition to Ca2* dissociation from TnC, deactivation of the thin filament in the muscle
also requires myosin dissociation from the actin filament. To investigate the effect of Tnl
Ser-150 phosphorylation on the myosin component of thin filament deactivation, we
measured myosin dissociation from actin in the thin filament at acidic pH. The rate of
myosin S1 dissociation was determined by monitoring the change in IAANS-labeled TnC
fluorescence following rapid mixing with ATP by stopped-flow fluorimetry [23]. Thin
filaments reconstituted with Tn containing either Tnl S150D alone, Tnl S23/24D alone or
the combination of both all marginally slowed the rate of myosin S1 dissociation compared
to WT by about 25% (Fig. 5; Table 4). Since both the individual and combined Tnl
phosphorylations similarly decrease myosin S1 dissociation at pH 6.5 we sought to
determine if this change in S1 dissociation resulted from the phosphorylation of Tnl or the
acidic pH. Repetition of the myosin S1 dissociation rate measurements at pH 7.0
demonstrates the dissociation of S1 from thin filaments containing Tnl S150D, S23/24D or
their combination were not different from those at pH 6.5 (Fig. 5C; Table 4). These data
demonstrate the phosphorylation of Tnl at Ser-150, Ser-23/24 or their combination similarly
functions to marginally slow the myosin component of thin filament deactivation regardless
of pH.

4. Discussion

The goal of this study was to determine the integrated role of Tnl Ser-150 and Ser-23/24
phosphorylation on thin filament regulation in an acidic environment similar to that of
ischemia. The major findings from our study demonstrate: 1) The phosphorylation of Tnl
Ser-150 and Ser-23/24 are concurrently increased in response to myocardial ischemia. 2)
Tnl Ser-150 phosphorylation blunts the pH-dependent decrease in Ca2* binding to TnC to
sustain Ca2* sensitivity at pH 6.5 identical to WT at pH 7.0. 3) Tn phosphorylation
regulation of the thin filament is dependent upon whether Tnl phosphorylation occurs alone
or in combination. In isolation Tnl Ser-150 phosphorylation increases thin filament Ca2*
sensitivity and slows CaZ* dissociation while isolated Tnl Ser-23/24 phosphorylation
decreases Ca?* sensitivity and accelerates Ca2* dissociation. Upon the combination of Tnl
Ser-150 with Ser-23/24 phosphorylation thin filament Ca2* sensitivity remains similar to
wild-type while Ca2* dissociation is greatly accelerated.
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4.1 Myocardial ischemia simultaneously increases phosphorylation of both Tnl Ser-150
and Ser-23/24

The observed simultaneous increase of both Tnl Ser-150 and Ser-23/24 phosphorylation in
the presence of myocardial ischemia demonstrates the significance of these
phosphorylations to modulate myofilament contraction during cardiac stress. Tnl Ser-150 is
normally present at low amounts in the unstressed heart and it is increased 31% in response
to myocardial ischemia (Fig. 1), indicating a modulatory role [17]. Conversely,
approximately 40% of Tnl is basally phosphorylated at both Ser-23 and 24 [9]. While Tnl
Ser-23/24 was previously reported to be decreased by approximately 30% in the ischemic,
non-perfused rat papillary muscle [24, 25], we demonstrate ischemia increases Tnl
Ser-23/24 phosphorylation by 34% in the mouse left ventricular free wall containing both
perfused and ischemic tissue. A limitation of this study is that we did not directly determine
Tnl phosphorylation in ischemic and perfused regions of the left ventricular free wall.
However, our findings suggest Tnl Ser-23/24 phosphorylation may be differentially
regulated in ischemic versus remote perfused tissue during myocardial infarction to invoke
regional modulation of cardiac contraction. Regardless, the ischemia-induced increase in
Tnl Ser-150 phosphorylation in the presence of high levels of Tnl Ser-23/24
phosphorylation demonstrates a modulatory role of Tnl Ser-150 phosphorylation, both in
isolation and when combined with Ser-23/24 on the same Tnl molecule.

4.2 Tnl Ser-150 phosphorylation differentially modulates thin filament regulation

In the normal perfused heart, Tnl Ser-150 phosphorylation is low and its functional impact is
therefore minimal [16, 17]. During myocardial ischemia, decreased oxygen availability leads
to an impaired metabolism, ATP depletion and acidosis [26]. In addition to a number of
effects, ischemia-induced acidosis directly depresses myofilament Ca2* regulated force
production [15] while ATP depletion activates AMPK to phosphorylate Tnl at Ser-150 [16,
17, 27]. Previously we demonstrated Tnl Ser-150 phosphorylation increases Ca2* sensitive
force production at normal pH [16]; however, its role during acidosis when its
phosphorylation is elevated was unknown. We now demonstrate Tnl S150D in isolation
blunts the effect of acidosis-induced Ca2* desensitization. Thus ischemia-induced elevation
of Tnl Ser-150 phosphorylation results in enhanced Ca2* activation of the thin filament at
pH 6.5 that is not different from that of WT filaments at pH 7.0 (Fig. 2). Tnl Ser-150
phosphorylation in isolation therefore functions to oppose acidosis-induced myofilament
desensitization.

With the high basal level of Ser-23/24 phosphorylation it is likely that ischemia-induced
Ser-150 phosphorylation will occur in combination with phosphorylated Ser-23/24 on the
same Tnl molecule. Our lab and others have demonstrated myofilament post-translational
modifications, including Tnl Ser-150 phosphorylation, can modulate the contractile effects
of Tnl Ser-23/24 phosphorylation [16, 28-30]. Our current work expands upon these
previous findings demonstrating the ischemia induced pH effect on Ca2* desensitization is
dependent upon whether Tnl Ser-150 and Ser-23/24 phosphorylation occurs alone or in
combination. By itself Tnl S150D blunts pH-dependent Ca2* desensitization while $23/24D
by itself enhances pH desensitization; however, their combination results in a Ca2*
sensitivity similar to WT at acidic pH (Fig. 2). While these studies were conducted in thin
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filaments containing 100% pseudo-phosphorylated Tnl, we previously demonstrated similar
results at pH 7.0 upon the combination of Tnl Ser-150 with Ser-23/24 at sub-maximal
phosphate incorporation levels [16]. Based upon this previous finding we speculate that the
ischemia elevated combination of Tnl Ser-150 with Ser-23/24 phosphorylation will result in
a similar Ca?* sensitivity effect to that of the 100% pseudo-phosphorylated Tnl
combinations. In the future it will be important to determine if ischemia preferentially
induces Tnl Ser-150 phosphorylation alone or in combination with Ser-23/24
phosphorylation.

The binding of Ca2* to TnC is a necessary event in contraction; however, the heart functions
such that the activating intracellular myocyte Ca2* concentration is constantly changing and
never reaches equilibrium. Ca?* binding to TnC and activation of the thin filament is
therefore dependent upon constantly changing amounts of Ca2* such that Ca2* binding to
TnC is not in steady-state. Equilibrium, steady-state Ca* binding measurements therefore
provide only a partial picture of the force contraction processes in the heart. In addition,
deactivation of the thin filament and relaxation requires the dissociation of Ca2* from TnC.
We therefore determined the effect of Tnl Ser-150 and Ser-23/24 ischemia-induced Tnl
phosphorylation on TnC Ca?* dissociation kinetics at acidic pH. Based upon the
understanding that Tnl S$23/24D desensitizes and S150D sensitizes the thin filament to Ca2*
one would expect Tnl S23/24D to accelerate Ca2* disassociation and S150D to slow
disassociation compared to WT, which is exactly what we observed (Fig. 4). This finding
that Tnl S150D significantly slows Ca2* dissociation is supported by previous FRET
findings at normal pH [31]. However, the combination of S23/24/150D on the same Tnl
molecule retained wild-type like Ca2* sensitivity but exhibited significantly accelerated
Ca?* dissociation compared to wild-type (Figs. 2 and 4). Thus, while Tnl S150D alone
dramatically slowed disassociation to half of WT, the combination of S150 with S23/24
phosphorylation (S23/24/150D) was only marginally slowed from that of S23/24D alone
such that it remained 2.1-fold accelerated compared to WT. Interestingly, Tnl
phosphorylation had a negligible effect on the myosin S1 disassociation component of thin
filament deactivation with all 3 phosphorylation combinations minimally slowing S1
disassociation by about 25% of wild-type. Consistent with these phosphorylation data, we
have also reported similar differential effects of Tnl and TnT disease mutations on Ca2*
sensitivity and dissociation rates [22, 32]. The combination effect of Tnl Ser-150 and
Ser-23/24 phosphorylation on dissociation was not the result of a pH effect but rather
resulted from combination of the phosphate residues as demonstrated by the identical
dissociation rates of Tnl S23/24/150D at both pH 6.5 and 7.0 (Fig. 5). This represents the
first demonstration of Tn phosphorylation to both maintain Ca?* regulated thin filament
activation and accelerate thin filament deactivation. We speculate this combination of Tnl
Ser-150 with Ser-23/24 phosphorylation is significant to contractile function during
ischemia by maintaining Ca2*-dependent force while accelerating relaxation.

4.3 Tnl Ser-150 and Ser-23/24 structure-function

The balance between Tnl regulatory inhibitory region binding to actin and switch peptide
binding to TnC is a critical determinant of thin filament activation upon Ca2* binding to
TnC [1]. Tnl Ser-150 phosphorylation directly alters Tnl regulatory region binding [31, 33];
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however, the mechanism for how its combination with Ser-23/24 phosphorylation
differentially affects CaZ* sensitivity and dissociation is unknown. The finding that Tnl
S150D alters Ca2* binding in isolated Tn devoid of actin and tropomyosin interactions but
Tnl S23/24D does not (Fig 3) demonstrates Tnl Ser-150 phosphorylation functions through
Tn interactions not present in Tnl phosphorylated at Ser-23/24. Thus the effect of Tnl
Ser-23/24 phosphorylation to alter Ca2* sensitivity and dissociation further requires
additional actin and/or tropomyosin interactions. Previous reports support Tn modification
differences in Ca* binding to TnC in thin filament versus isolated Tn [32]. The lack of such
a regulatory effect in isolated Tn containing Tnl S23/24D demonstrates Ca2* regulation of
the thin filament can be modulated through more than one Tn interaction and these
regulatory interactions are different between Ser-150 and Ser-23/24 phosphorylation.
Different mechanisms of function are further demonstrated by the similar CaZ* sensitivity of
Tn S23/24/150D to S150D. Future definition of the protein structure-function interactions
responsible for the functional effects of these phosphorylations will be beneficial to targeted
drug design modulation of Ca2* sensitivity and/or dissociation.

4.4 Functional consequences of ischemia-induced Tnl phosphorylation

The elevated cardiac demand evoked during an ischemic event results in a response by the
myocardium to increase Ca2*-sensitive force development [34]. While a number of factors
likely contribute to this increase, Tnl represents a prime effector of this sensitization.
Genetic manipulation has demonstrated Tnl as a significant molecule to modulate cardiac
contraction in response to ischemia. Mutation of the cardiac Tnl Ala-164 residue to its
skeletal His counterpart confers contractile resistance to the ischemic effects of cardiac
acidosis [35]. In addition to genetic manipulation, myocardial ischemia itself directly
induces post-translational modification of Tnl to modulate the ischemic contractile response.
Ischemia was previously shown to induce proteolysis of the 17 Tnl C-terminal amino acids
resulting in increased Ca2* sensitivity and slowed myofibril relaxation kinetics [34, 36-39].
Our data now demonstrate myocardial ischemia also causes the post-translational
phosphorylation of Tnl Ser-150 that further contributes to an additional mechanism of
ischemia increased CaZ* sensitivity (Fig. 2). While expression of the Ca2* sensitized slow
skeletal Tnl has been shown to be protective during ischemia [40], it is currently unknown if
direct Ca2* sensitization of contraction alone is sufficient to improve cardiac function and/or
long-term protection from myocardial ischemia. Future experiments are necessary to
establish the ultimate role of integrated ischemia induced Tnl post-translational
modifications and their significance to survival following myocardial ischemia.

5. Conclusions

Taken as a whole, we demonstrate that Tnl Ser-150 and Ser-23/24 phosphorylation function
through varied Tn interactions contributing to different thin filament regulatory modulation.
While isolated Tnl Ser-150 phosphorylation blunts the ischemic pH mediated Ca?*
desensitization, the combination of these phosphorylations in the same Tnl molecule
represents the first demonstration of Tn phosphorylation to maintain Ca2* sensitivity and
accelerate Ca2* dissociation. We propose ischemia-induced Tnl Ser-150 phosphorylation
alters cardiac contraction during myocardial ischemia to improve recovery from ischemia.
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The abbreviations used are

AMPK AMP activated protein kinase

PKA
Tn
Tn
Tnl
TnT
TnC

protein Kinase A
troponin
troponin
troponin |
troponin T

troponin C

IAANS 2-(4’-iodoacetamidoanilo)naphthalene-6-sulfonic acid
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Fig. 1. Western blot of Tnl Ser-150 and Ser-23/24 phosphorylation in ischemia cardiac tissue
Myofilament preparations of left ventricular free wall from mice that underwent 30 minutes

of in vivo left coronary artery occlusion or sham operation were subjected to SDS-PAGE
and subsequent western blot to determine the level of Tnl Ser-150 (pTnl 150) and Ser-23/24
(pTnl 23/24) phosphorylation following regional ischemia. (A) Representative western blot
and relative quantitation of Tnl Ser-150 phosphorylation with a pTnl 150 specific antibody
or total cardiac Tnl antibody (cTnl). (B) Representative western blot and relative
quantitation of Tnl Ser-23/24 phosphorylation with a pTnl 23/24 specific antibody or total
cardiac Tnl antibody (cTnl). n = 7 ischemic and 7 sham ventricles, each run in

triplicate. "P<0.05 vs. sham.
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Fig. 2. The effect of Tnl phosphorylation on thin filament steady-state ca?* binding at ischemic
H
'T’he change in IAANS fluorescence following the addition of varied free Ca?* amounts in
thin filaments containing IAANS labeled TnC and non-phosphorylated Tnl at pH 7.0 (WT,
open square) or pH 6.5 (WT, closed square) vs. pseudo-phosphorylated Tnl Ser-150
filaments (S150D, closed circle) (A), pseudo-phosphorylated Tnl Ser-23/24 filaments
(823/24D, closed diamond) (B) or pseudo-phosphorylated Tnl Ser-23/24/150 filaments
(S23/24/150D, closed triangle) (C). Comparison of thin filament pCasg at pH 7.0 (black)
and pH 6.5 (dark gray) (D). "P<0.05 vs. WT.
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Fig. 3. The effect of Tnl phosphorylation on isolated Tn steady-state ca?t binding at ischemic
H
'l?'he change in IAANS fluorescence following the addition of varied free Ca?* amounts in
isolated recombinant human Tn containing IAANS labeled TnC of non-phosphorylated Tnl
(WT, open square) vs. pseudo-phosphorylated Tnl Ser-150 (S150D, closed circle) (A),
pseudo-phosphorylated Tnl Ser-23/24 Tn (S23/24D, closed diamond) (B) or pseudo-
phosphorylated Tnl Ser-23/24/150 Tn (S23/24/150D, closed triangle) (C). Comparison of
pCasg between WT, S150D, S23/24D, and S23/24/150D isolated Tn at pH 7.0 (black) and

pH 6.5 (dark gray) (D). "P<0.05 vs. WT.
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Fig. 4. The effect of Tnl phosphorylation on thin filaments Ca?"* dissociation Kinetics at ischemic
H
IOCaZ" saturated thin filaments were rapidly mixed with EGTA and Ca2* dissociation
monitored as the change in IAANS fluorescence. Representative stopped-flow Ca2*
dissociation traces from thin filaments containing non-phosphorylated WT Tnl (WT) vs.
pseudo-phosphorylated Tnl Ser-150 (S150D) and pseudo-phosphorylated Tnl Ser-23/24
(S23/24D) filaments (A) or pseudo-phosphorylated Tnl Ser-23/24/150D (S23/24/150D)
filaments (B). Traces demonstrating the change in fluorescence over time are normalized
and staggered for clarity. Comparison of the CaZ* dissociation rates (Kof) from WT, S150D,
S23/24D, and S23/24/150D containing thin filaments at pH 7.0 (black) and pH 6.5 (dark
gray) (C). "P<0.05 vs. WT.
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Fig. 5. The effect of Tnl phosphorylation on Myosin S1 dissociation kinetics from thin filaments
at ischemic pH
Ca?* free thin filaments containing rigor bound myosin S1 were rapidly mixed with ATP

and the dissociation of myosin S1 monitored as the change in IAANS TnC fluorescence.
Representative stopped-flow traces from myosin S1 bound thin filaments containing WT
Tnl (WT) vs. pseudo-phosphorylated Tnl Ser-150 (S150D) and pseudo-phosphorylated Tnl
Ser-23/24 (S23/24D) filaments (A) or pseudo-phosphorylated Tnl Ser-23/24/150D
(S23/24/150D) filaments (B). Traces demonstrating the change in fluorescence over time are
normalized and staggered for clarity. Comparison of the myosin S1 dissociation rates (Koff)
from WT, S150D, S23/24D, and S23/24/150D containing thin filaments at pH 7.0 (black)
and pH 6.5 (dark gray). (C). “P<0.05 vs. WT.
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Table 2
Steady-state CaZ* binding to TnC in isolated Tn containing WT, S150D, S$23/24D, or
$23/24/150D Tnl at pH 6.5 or pH 7.0

Values are mean + SEM. pCasp, Ca2* concentration at 50% activation; n, number of Tn in each group

pH 6.5 pH 7.0
n PCaso n pCas, n
TniwT 6.19+0.03 *(W) 3 6.38+0.01 3

Tnl S150D 6.40+0.03 "(P,PP,S9 3 6.56+0.01"(W,P,S9 3
TniS23/24D  g16+001"(W,PP,9 3  632¢002°(P,9 3

Tnl S23/24/150D  §45:001*(P,S9 3 6.53+0.01*(W,P,S9 3

Two-way ANOVA demonstrates a significant interaction of pH and Tnl phosphorylation type.

*
, P<0.05; W, significantly different vs. WT pH 7.0; P, significantly different vs. WT pH 6.5; PP, significantly different vs. same pseudo-
phosphorylation pH 7.0; S significantly different vs. S150D at same pH; SS significantly different vs. S23/24D at same pH.

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Nixon et al. Page 22

Table 3
Ca?* dissociation from TnC in reconstituted thin filaments containing WT, S150D,
S23/24D, or S23/24/150D Tn at pH 6.5 or pH 7.0
Values are mean + SEM. K, rate of Ca?* removal from TnC per second; n, number of thin filaments in each

group

pH 6.5 pH 7.0

Thin Filament Kot (/5) n Kot (/5) n
TnWT 108.48+8.98 6 106.42+2 57 9
Tn S150D 42.13+0.27 ¥ (S9) 6 4480:028%(w,s5 16
Tn $23/24D 335.23+39.86 “(W,P,S 6 33250+27.45*(W,P,9 8

Tn S23/24/150D  228.68+17.69 " (W, P, SS9 9 256.48+10.78 (W, P, 16

Two-way ANOVA demonstrates no significant interaction of pH and Tnl phosphorylation type.

*
, P<0.05; W, significantly different vs. WT pH 7.0; P, significantly different vs. WT pH 6.5; PP, significantly different vs. same pseudo-
phosphorylation pH 7.0; S significantly different vs. S150D at same pH; SS significantly different vs. S23/24D at same pH.
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Table 4
Myosin S1 dissociation from actin in reconstituted thin filaments containing WT, S150D,

S23/24D, or S23/24/150D Tn at pH 6.5 or pH 7.0

Values are mean £ SEM. Kggs, rate of myosin S1 removal from actin per second; n, number of thin filaments
in each group

pH 6.5 pH 7.0

Thin Filament + Myosin s1 Kot (/5) n Kot (/5) n
TnWT 293.31.17+13.88 9 282.17+11.20 18

Tn §150D 184.52+8.79 *(W, P) @ 191.48+7.55 (W, p) 18

Tn S23/24D 231.18+598 " (W,P) 9 223.02+¢7.84"(w,p) 18

Tn S23/24/150D 219.95+9.95 *(W,P) 8 198.78+8.83*(w,p) 18

Two-way ANOVA demonstrates no significant interaction of pH and Tnl phosphorylation type.

*
, P<0.05; W, significantly different vs. WT pH 7.0; P, significantly different vs. WT pH 6.5; PP, significantly different vs. same pseudo-
phosphorylation pH 7.0; S significantly different vs. S150D at same pH; SS significantly different vs. S23/24D at same pH.
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