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Abstract
Ala/Asp substitutions at Ser23/24 have been employed to investigate the functional impact of
cardiac troponin I (cTnI) phosphorylation by protein kinase A (PKA). Some limitations of
previous studies include the use of heterologous proteins and confounding effects arising from
phosphorylation of cardiac myosin binding protein-C. Our goal was to probe the effects of cTnI
phosphorylation using a homologous assay, so that altered function could be solely attributed to
changes in cTnI. We reconstituted detergent-skinned rat cardiac papillary fibers with homologous
rat cardiac troponin subunits to study the impact of Ala and Asp substitutions at Ser23/24 of rat
cTnI (RcTnI S23A/24A and RcTnI S23D/24D). Both RcTnI S23A/24A and RcTnI S23D/24D
showed a ~36% decrease in Ca2+-activated maximal tension. Both RcTnI S23A/24A and RcTnI
S23D/24D showed a ~18% decrease in ATPase activity. Muscle fiber stiffness measurements
suggested that the decrease in thin filament activation observed in RcTnI S23A/24A and RcTnI
S23D/24D was due to a decrease in the number of strongly-bound crossbridges. Another major
finding was that Ala and Asp substitutions in cTnI did not affect crossbridge detachment kinetics.
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INTRODUCTION
Protein Kinase A (PKA)-mediated phosphorylation of cardiac troponin I (cTnI) enhances
cardiac function during β-adrenergic stimulation [1, 2]. When phosphorylated by PKA, the
hydroxyl groups of Ser23/24 in cTnI are replaced by negatively-charged phosphate groups
[3]. Because the pK value of a phosphoserine falls within the range of 6.5–7.5, PKA-
mediated phosphorylation of cTnI most likely generates a total of 3 negative charges at or
near physiological pH. The incorporation of negatively-charged phosphate groups induces
intra-molecular interactions between Ser24 and other amino acids in cTnI [3]. Such
structural changes in cTnI are linked to its effects on decreased myofilament Ca2+ sensitivity
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[2, 4], decreased affinity of cTnI to cardiac troponin C (cTnC) [5], and increased crossbridge
(XB) detachment kinetics [6, 7].

Diverse experimental approaches have been used to understand the functional consequences
of PKA-mediated phosphorylation of Ser23/24 in cTnI. One commonly used approach is the
treatment of detergent-skinned rat cardiac myocytes and trabeculae with the catalytic subunit
of PKA [8–10]. However, there are some limitations associated with the experimental
conditions employed in such studies. For example, the extent of cTnI phosphorylation by the
catalytic subunit of PKA in skinned cardiac fibers may vary from that observed during in
vivo β-adrenergic stimulation - such variations, when coupled with the confounding effects
of PKA-mediated phosphorylation of cardiac myosin binding protein-C (cMyBP-C) [8], are
likely to add ambiguity to data interpretations.

In transgenic (TG) mouse studies, two different approaches have been used. In the first TG
approach, murine slow skeletal TnI [4, 11] or rat cTnI [12] were expressed in the mouse
heart. The use of proteins from different species and tissues - which contain significant
sequence heterogeneity - is likely to introduce ambiguity in the inferences drawn from such
TG mouse studies. In the second TG approach, mouse cTnI mutants were expressed in the
mouse heart [13, 14]. Although the second approach used a homologous protein, it was
difficult to tease apart the functional effects of PKA-mediated phosphorylation of cTnI from
that of cMyBP-C [13, 14]. To avoid such complications, several investigators have used in
vitro reconstitution procedures to study the effect of cTnI phosphorylation. For example,
skinned porcine cardiac muscle fibers were reconstituted with mouse cTnI containing Ala
[15] or human cTnI containing Asp [16] substitutions at Ser23/24. The use of heterologous
proteins such as mouse and human proteins in porcine cardiac tissue has the potential of
complicating data interpretations.

In our study, we used a homologous assay where the observed functional alterations could
be solely attributed to changes introduced in cTnI. Detergent-skinned rat cardiac papillary
muscle fibers were reconstituted with the homologous rat cardiac troponin (Tn) subunits.
Recombinant rat cTnI (RcTnI), in which Ser23/24 were substituted with either Ala (RcTnI
S23A/24A) or Asp (RcTnI S23D/24D), was used in our reconstitution studies. Our results
demonstrate that both Ala and Asp substitutions in cTnI decrease cardiac thin filament
activation – Ca2+-activated maximal tension, ATPase activity, and muscle fiber stiffness
parameters were attenuated. Another major finding was that Ala and Asp substitutions in
cTnI did not affect XB detachment kinetics.

METHODS
Animal protocols

Papillary muscle bundles were isolated from the left ventricles of hearts from young adult,
male Sprague-Dawley rats. Rats used in this study received proper care and humane
treatment according to the guidelines of the Washington State University Institutional
Animal Care and Use Committee. All animals used in this study were properly handled to
minimize the pain and suffering according to the procedures recommended by the animal
use principles of the National Academy of Sciences Guide for the Care and Use of
Laboratory Animals.

Preparation of detergent-skinned cardiac muscle fiber bundles
Detergent-skinned left ventricular papillary muscle fiber bundles were prepared, as
previously described [17, 18]. Briefly, rats were deeply anesthetized by inhalation of
isoflurane. The depth of the anesthesia was assessed by a lack of pedal withdrawal reflex.
Hearts were quickly removed and placed into an ice-cold high relaxing (HR) solution of pCa
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9.0 containing: (in mM) 20 2, 3-butanedione monoxime (BDM), 50 N,N-bis (2-
hydroxyethyl)-2-amino-ethane-sulfonic acid (BES), 20 EGTA, 6.29 MgCl2, 6.09 Na2ATP,
30.83 potassium propionate, 10 sodium azide, 1.0 DTT, and 4 benzamidine-HCl. The pH of
the solution was adjusted to 7.0 with KOH. A fresh cocktail of protease inhibitors (in μM): 5
bestatin, 2 E-64, 10 leupeptin, 1 pepstatin, and 200 phenylmethylsulfonyl fluoride (PMSF)
was added to the relaxing solution. Papillary muscle bundles were further dissected into
smaller fiber bundles (fibers) of approximately 0.15 mm in width and 2 mm in length. Fibers
were detergent-skinned overnight at 4°C in HR containing 1% Triton X-100.

Expression and purification of recombinant rat cardiac Tn subunits
c-myc tagged recombinant rat cardiac troponin T (c-myc RcTnT), RcTnI, and rat cTnC
(RcTnC), all cloned into pSBETa vector, were expressed in BL21*DE3 cells (Novagen,
Madison, WI) for protein synthesis. Ala and Asp substitutions in RcTnI (RcTnI S23A/24A
and RcTnI S23D/24D) were generated using site-directed DNA mutagenesis techniques and
cloned into pSBETa vector. c-myc RcTnT, RcTnI, and RcTnC were purified according to
the methods described previously [18]. In brief, BL21*DE3 cells were lysed and the proteins
were purified using ion-exchange chromatography techniques. c-myc RcTnT was purified
using a DEAE column, while RcTnC was purified using a DE-52 column. RcTnI, RcTnI
S23A/24A, and RcTnI S23D/24D proteins were purified using a CM-Sepharose column.
Eluted protein fractions were run on a 12.5% SDS-PAGE to evaluate their purity. Pure
protein fractions were pooled, dialyzed thoroughly against deionized water containing 15
mM β-mercaptoethanol, and lyophilized.

Reconstitution of recombinant rat cardiac Tn subunits into detergent-skinned rat cardiac
muscle fibers

Reconstitution of recombinant Tn subunits into muscle fibers was carried out using a
protocol described previously [18]. In brief, the extraction of native Tn subunits was carried
out using an extraction solution containing a mixture of c-myc RcTnT and RcTnI proteins.
c-myc RcTnT was used in our reconstitution procedure, so that the incorporation of
exogenously added Tn subunits could be assessed using an antibody to c-myc epitope in
RcTnT. It has been shown that the use of cTnT with an 11 amino acid c-myc epitope at the
N-terminus do not affect normal cardiac function [19, 20]. Removal of the endogenous Tn
subunits was carried out using an extraction solution containing c-myc RcTnT (1.5 mg/ml,
W/V) and RcTnI (1.0 mg/ml, W/V) in 50 mM Tris-HCl (pH 8.0), 6 M urea, 1.0 M KCl, 10
mM DTT, and a cocktail of protease inhibitors. High salt and urea in the extraction solution
was removed according to a protocol described previously [18]. Finally, the c-myc RcTnT-
RcTnI treated fibers were incubated with RcTnC to complete the reconstitution procedure
[18]. Detergent-skinned fibers reconstituted with c-myc RcTnT + RcTnI S23A/24A +
RcTnC are referred to as “RcTnI S23A/24A” and those reconstituted with c-myc RcTnT +
RcTnI S23D/24D + RcTnC are referred to as “RcTnI S23D/24D”. Fibers reconstituted with
c-myc RcTnT + RcTnI + RcTnC are referred to as “RcTnI WT” and were used as controls.

The reconstituted fibers were resuspended in 2% SDS solution (10μl/fiber) for SDS-PAGE
[21]. SDS-digested fibers were mixed with an equal volume of protein loading dye, which
contained 125 mM Tris-HCl (pH 6.8), 20% glycerol, 2%SDS, 0.01% bromophenol blue, and
50 mM β-mercaptoethanol. Equal quantities of protein (10μg) from the digested fibers were
loaded and separated on a SDS-PAGE (4% acrylamide stacking gel and 12.5% acrylamide
separating gel). Proteins from SDS gel were transferred onto a PVDF membrane for the
Western blot analysis. The incorporation of c-myc RcTnT was assessed using a horseradish
peroxidase (HRP)-labeled antibody to the c-myc epitope (Santa Cruz Biotechnology, clone
#9E10) [19, 20]. The incorporation of RcTnI was assessed using an anti-TnI primary
antibody (Abcam, clone #284[19C7]), followed by a HRP-labeled anti-mouse secondary
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antibody (Amersham Biosciences). The incorporation of RcTnC was assessed using an anti-
TnC primary antibody (Fitzgerald, clone #M5092922), followed by a HRP-labeled anti-
mouse secondary antibody (Amersham Biosciences). To compare protein band intensities in
different groups of fibers, densitometric scanning of Western blots was performed using
Image J software (acquired from NIH at: http://rsbweb.nih.gov/ij/). The relative
incorporation of exogenously-added Tn subunits was determined by calculating the
percentage band intensity for RcTnI S23A/24A and RcTnI S23D/24D vs. that observed for
the RcTnI WT reconstituted fibers.

Estimation of protein secondary structure using far-UV circular dichroism (far-UV CD)
spectroscopy

Far-UV CD spectra for RcTnI, RcTnI S23A/24A, and RcTnI S23D/24D proteins were
collected in the range of 200 nm-240 nm using an Aviv 202 SF CD spectrometer [22].
Purified proteins were dissolved in a solution containing 6 M urea, 50 mM Tris base, 1 M
KCl, and 1 mM DTT (pH 8.0). A fresh cocktail of protease inhibitors - which contained 5
mM benzamidine-HCl, 0.4 mM PMSF, 10 μM leupeptin, 1 μM pepstatin, 5 μM bestatin,
and 2 μM E-64 - was added to the urea solution. Dissolved protein samples were dialyzed
overnight at 4°C against a phosphate buffer, which contained 0.2 M sodium phosphate
monobasic, 0.2 M sodium phosphate dibasic, 0.5 M KCl, and 0.1 mM DTT (pH 7.0).
Dialyzed protein samples were diluted with the phosphate buffer to achieve a final protein
concentration of 10 μM. CD spectra were collected for both the phosphate buffer and the
protein samples. The net CD signals for the protein samples were calculated by extracting
the CD signals of the phosphate buffer from the CD signals of the protein samples. The
secondary-structural content of the protein samples was estimated by analyzing the far-UV
CD spectral data using a K2D algorithm available on DICHROWEB, a web-based program
to analyze CD spectral data [23, 24].

Simultaneous measurement of steady-state isometric force and ATPase activity
Simultaneous measurement of isometric steady-state force and ATPase activity was
according to a procedure described previously [8, 25]. In brief, T-shaped aluminum clips
were used to secure the muscle fiber between the motor arm (322C, Aurora Scientific Inc)
and the force transducer (AE 801, Sensor One Technologies Corp). The resting sarcomere
length (SL) was set to 2.2 μm using a laser diffraction pattern [8, 25]. The muscle fiber was
immersed in a constantly-stirred chamber containing Ca2+ solutions, the concentration of
which ranged from pCa of 4.3 to 9.0 (pCa =-log of free [Ca2+]). The composition of various
pCa solutions was calculated using methods described previously [26]. The composition of
the maximal Ca2+ activation solution (pCa 4.3) was: (in mM) 31 potassium propionate, 5.95
Na2ATP, 6.61 MgCl2, 10 EGTA, 10.11 CaCl2, 50 BES (pH 7.0), 5 NaN3, and 10
phosphoenol pyruvate (PEP). The composition of the relaxing solution (pCa 9.0) was: (in
mM) 51.14 potassium propionate, 5.83 Na2ATP, 6.872 MgCl2, 10 EGTA, 0.024 CaCl2, 50
BES (pH 7.0), 5 NaN3, and 10 PEP. The activation and relaxing solutions also contained 0.5
mg/ml pyruvate kinase (500 U/mg), 0.05 mg/ml lactate dehydrogenase (870 U/mg), 20 μM
diadenosine pentaphosphate (A2P5), 10 μM oligomycin, and a cocktail of protease
inhibitors. The pH was adjusted to 7.0 using KOH. The ionic strength was 180 mM. After
two cycles of maximal activation and relaxation, the SL was monitored again and reset to
2.2 μm if needed. The muscle fiber was then immersed in a series of Ca2+ solutions (pCa
4.3 to 9.0), and the isometric steady-state forces were digitally recorded on a computer.

Steady-state isometric ATPase activity was measured according to a protocol described
previously [8, 25]. Briefly, near-UV light (340 nm) was projected through the muscle
chamber, then split (50:50) via a beam splitter and detected at 340 nm (sensitive to changes
in NADH) and at 400 nm (insensitive to changes in NADH). ATPase activity was measured
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as follows: ATP regeneration from ADP was coupled to the breakdown of PEP to pyruvate
and ATP catalyzed by pyruvate kinase, which was linked to the synthesis of lactate
catalyzed by lactate dehydrogenase. The breakdown of NADH during the synthesis of
lactate was proportional to the ATP consumption and was measured by changes in UV
absorbance at 340 nm. The signal for NADH was calibrated by multiple injections of 0.25
nmol of ADP.

Measurement of dynamic stiffness and the rate of XB detachment in reconstituted fibers
Once the muscle fiber reached the steady-state isometric force in pCa 4.3 solution, step-like
length changes were applied to the muscle fiber [27]. During the steady-state isometric
force, the motor arm was commanded to change the muscle length (ML) in a step-like
pattern, where the increases and decreases in ML were in the order of 0.5%, 1.0%, 1.5%,
and 2.0% of the initial ML. The ML was initially increased by 0.5% ML (stretched), held at
the increased length for 5 seconds, and then the motor arm was commanded to rapidly return
(released) to the initial ML. The same protocol was repeated for further step-like length
changes of 1.0%, 1.5%, and 2.0% ML. To estimate the instantaneous muscle fiber stiffness
and the rate of XB detachment kinetics, a nonlinear recruitment distortion (NLRD) model
was fitted to the force responses elicited by changes in ML [27].

Measurement of the maximal fiber shortening velocity (Vmax) in reconstituted fibers
Vmax was estimated using the force-velocity (F-V) relationships, which were measured
using the force-ramp (F-R) protocol described previously [28]. Briefly, once the muscle
fiber attained a steady-state isometric force at pCa 4.3, the F-R protocol and subsequent
length changes were imposed and recorded for each fiber. The rate for the F-R was set to −2
F0/sec, F0 being the initial steady-state isometric force, and the fiber was shortened until the
force (F) of the fiber was ramped down to zero. The active forces during F-R trial were
calculated as the difference between the total and parallel passive forces. Fiber velocities
were calculated by dividing the difference between the successive length data values with
the sampling time interval. Force and shortening velocity were normalized to initial force,
F0, and initial fiber length, L0, respectively. Normalized force and velocity were used to
construct the F-V relationship. The Hill s hyperbolic equation was fitted to the active F-V
relationship to extrapolate Vmax, as the velocity at which the net force elicited by the fiber
was zero.

Data analysis
All data are shown as mean ± SEM. pCa50 (-log of free [Ca2+] required to elicit half
maximal force) and cooperativity of tension development (nH) values were estimated by
fitting the Hill equation to the pCa-tension data. Statistical differences between different
groups of data were analyzed by one-way analysis of variance (ANOVA), followed by post
hoc Fischer’s LSD t-test, with substitutions in RcTnI as a factor responsible for the variance.
The criterion for statistical significance was set at P < 0.05.

RESULTS
Western blot analysis of Tn subunits in reconstituted fibers

RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/24D reconstituted fibers were digested
using 2% SDS solution, as described previously [21]. Equal quantities of the digested fiber
samples (10 μg of protein per sample) were run on a 12.5% SDS gel to achieve molecular
weight-based separation of the Tn subunits. After Western blotting with different antibodies
(see methods), the Image J software was used to analyze the band intensities of Tn subunits
in different lanes. The relative incorporation of c-myc RcTnT into RcTnI S23A/24A or
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RcTnI S23D/24D fibers was 103% or 101%, respectively vs. that incorporated into RcTnI
WT fibers (Figure 1A). The relative incorporation of RcTnI into RcTnI S23A/24A or RcTnI
S23D/24D fibers was 102.5% or 99.6%, respectively vs. that incorporated into RcTnI WT
fibers (Figure 1B). The relative incorporation of RcTnC into RcTnI S23A/24A or RcTnI
S23D/24D fibers was 100.7% or 102%, respectively vs. that incorporated into RcTnI WT
fibers (Figure 1C). Thus, results from our Western blot analysis demonstrate that the
efficiency of incorporation of different Tn subunits is similar in all groups of reconstituted
fibers.

Effect of S23A/24A and S23D/24D substitutions on the overall secondary structure of
RcTnI

PKA-mediated phosphorylation of cTnI introduces negatively-charged phosphate groups at
Ser23 and Ser24. NMR studies [3] have demonstrated that these negatively-charged
phosphate groups induce intra-molecular interactions between the side chains of Ser24 and
Arg22, indicating that minor modifications at Ser23/24 alter cTnI structure. Therefore, the
substitution of hydrophilic Ser residues with hydrophobic Ala or negatively-charged acidic
Asp residues may affect the secondary structure of cTnI. To determine if substitutions at
Ser23 and Ser24 caused any structural changes in cTnI, we measured far-UV CD spectral
features of RcTnI, RcTnI S23A/24A, and RcTnI S23D/24D proteins. Results indicated that
Ala or Asp substitutions did not induce any major alterations in the overall secondary
structure of RcTnI. Unaltered secondary structure was indicated by the lack of statistical
differences between the percentages of α-helical, β-sheet, and random coil contents of
RcTnI S23A/24A and RcTnI S23D/24D proteins when compared to that of RcTnI protein
(Table 1).

Effect of RcTnI S23A/24A and RcTnI S23D/24D on Ca2+-activated maximal tension and
ATPase activity

First, we studied the effects of Ala and Asp substitutions on Ca2+-activated maximal tension
and ATPase activity in detergent-skinned rat cardiac fibers reconstituted with RcTnI WT,
RcTnI S23A/24A, and RcTnI S23D/24D. Ca2+-activated maximal tension (in mN.mm−2)
values were 42.7 ± 2.5, 29.3 ± 1.9, and 29.6 ± 1.7 in RcTnI WT, RcTnI S23A/24A, and
RcTnI S23D/24D reconstituted fibers, respectively (Figure 2A). These values amounted to a
~36% decrease in tension in both RcTnI S23A/24A and RcTnI S23D/24D reconstituted
fibers, when compared to RcTnI WT reconstituted fibers. Thus, Ca2+-activated maximal
tension decreased significantly due to S23A/24A and S23D/24D substitutions in cTnI.
Maximal ATPase activity (in pmol.mm−3.s−1) values were 174.6 ± 10.7, 145.1 ± 6.5, and
143.7 ± 8.4 in RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/24D reconstituted fibers,
respectively (Figure 2B). These values amounted to a ~18% decrease in ATPase activity in
both RcTnI S23A/24A and RcTnI S23D/24D reconstituted fibers, when compared to RcTnI
WT reconstituted fibers. Thus, Ca2+-activated maximal ATPase activity decreased
significantly due to S23A/24A and S23D/24D substitutions in cTnI. Collectively, these
observations demonstrate that substitutions at S23/24 of cTnI, be it Ala or Asp, lead to a
significant decrease in Ca2+-activated maximal tension and ATPase activity.

Effect of RcTnI S23A/24A and RcTnI S23D/24D on muscle fiber stiffness
To examine if the reduction in Ca2+-activated maximal tension and ATPase activity were
due to a decrease in the number of force-generating XBs, we measured the muscle fiber
stiffness (ED) by imposing step-like length perturbations in constantly-activated muscle
fibers. ED is an index of stiffness of the population of bound XBs at the time of length
change, and is proportional to the number of strongly-bound, force-generating XBs [27]. To
estimate ED, the NLRD model was fitted to the immediate force responses elicited by
changes in ML. These changes in force responses (Δ tension) were plotted against changes
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in ML (ΔL). The stiffness relationships of these reconstituted fibers showed that the slopes
of RcTnI S23A/24A and RcTnI S23D/24D reconstituted fibers deviated significantly from
that of RcTnI WT reconstituted fibers (Figure 3A). The slope value, which is a measure of
ED (in mN.mm−3), decreased significantly in fibers reconstituted with RcTnI S23A/24A
(571.4 ± 52.2) or RcTnI S23D/24D (550.1 ± 30.6), when compared to fibers reconstituted
with RcTnI WT (857.7 ± 40.7; Figure 3B). Because both tension (Figure 2A) and ED
(Figure 3) decreased similarly, the tension/stiffness ratio was similar in all groups of fibers.
Thus, the tension per XB remained the same in all groups of fibers. Therefore, our data
demonstrates that the attenuation of Ca2+-activated maximal tension (Figure 2A) and
ATPase activity (Figure 2B) in RcTnI S23A/24A or RcTnI S23D/24D fibers was due to
reduced thin filament activation caused by a decrease in the number of force-generating
XBs.

Effect of RcTnI S23A/24A and RcTnI S23D/24D on the myofilament Ca2+ sensitivity
The pCa-tension relationships in the reconstituted fibers were estimated by plotting the
normalized tension values against a range of pCa (Figure 4). Hill’s equation was fitted to the
pCa-tension relationships to estimate myofilament Ca2+ sensitivity (pCa50) and
cooperativity of tension development (nH). pCa50 values were 5.46 ± 0.01, 5.43 ± 0.01, and
5.37 ± 0.02 for RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/24D reconstituted fibers,
respectively. One-way ANOVA showed that pCa50 decreased significantly (P < 0.005) in
RcTnI S23D/24D reconstituted fibers, but it was unaltered in RcTnI S23A/24A reconstituted
fibers (Figure 4). Thus, as for Ca2+ sensitivity, Asp substitution mimicked the Ca2+

desensitizing effect of PKA-mediated phosphorylation of cTnI. nH values were 3.60 ± 0.09,
4.47 ± 0.25, and 4.55 ± 0.29 for RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/24D
reconstituted fibers, respectively. RcTnI S23A/24A and RcTnI S23D/24D reconstituted
fibers showed a significant increase (P < 0.05) in nH, when compared to RcTnI WT
reconstituted fibers.

Effect of RcTnI S23A/24A and RcTnI S23D/24D on tension cost and the rate of XB
detachment

To estimate tension cost values, the relationship between steady-state isometric tension and
the corresponding ATPase activity was determined at various levels of Ca2+ activation [17,
18, 29]. Tension cost (in pmol.mN−1.mm−1.s−1) values were: 4.63 ± 0.36 for RcTnI WT;
5.40 ± 0.31 for RcTnI S23A/24A; and 5.41 ± 0.31 for RcTnI S23D/24D. One-way ANOVA
showed that tension cost of fibers reconstituted with RcTnI S23A/24A or RcTnI S23D/24D
was not significantly different from that of fibers reconstituted with RcTnI WT (Figure 5A).
Because changes in tension cost reflects changes in the rate of XB detachment [30], our data
demonstrates that the rate of XB detachment was not altered by either RcTnI S23A/24A or
RcTnI S23D/24D.

Our results from tension cost experiments were supported by measurements of the rate of
XB detachment kinetics, as estimated from the rate of XB distortion dynamics (c). We have
previously shown that there is a strong correlation between tension cost and c [31]. The
estimates of c (in s−1) were: 21.60 ± 1.07 for RcTnI WT; 22.77 ± 2.62 for RcTnI S23A/24A;
and 26.69 ± 2.46 for RcTnI S23D/24D. One-way ANOVA showed that the NLRD model-
estimated values of c were not significantly different between fibers reconstituted with
RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/24D (Figure 5B). Thus, unaltered tension
cost and c suggest that Ala and Asp substitutions in RcTnI have no effect on the rate of XB
detachment.
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Effect of RcTnI S23A/24A and RcTnI S23D/24D on maximal fiber shortening velocity (Vmax)
Another way to probe the rate of XB detachment is to measure Vmax. A force-ramp (F-R)
protocol [28] was applied to constantly-activated muscle fibers to measure the force-velocity
(F-V) relationships. Shortening velocities were plotted as a function of normalized force to
determine the F-V relationships, and Vmax was estimated as the velocity at which the muscle
fibers exhibited zero force. The values of Vmax (in L0.s−1) for RcTnI WT, RcTnI S23A/24A,
and RcTnI S23D/24D reconstituted fibers were 1.89 ± 0.06, 2.25 ± 0.12, and 2.06 ± 0.13,
respectively. Changes in Vmax were not statistically significant between the groups of
reconstituted fibers. Because Vmax is considered to be influenced by the rate of XB
detachment [10], our results further substantiate that Ala and Asp substitutions in RcTnI
have no effect on the rate of XB detachment.

DISCUSSION
Attempts to delineate the effects of PKA-mediated phosphorylation of cTnI on cardiac
myofilament function have included approaches such as the reconstitution of mutated cTnI
into fiber bundles. The use of heterologous proteins and tissues in reconstitution assays
raises important issues because it amounts to multiple amino acid substitutions. This
becomes a major issue in studies that are specifically designed to test the effect of minor
modifications that occur during phosphorylation of proteins. Therefore, to permit an
unambiguous understanding of the functional effects of PKA-mediated phosphorylation of
cTnI, it is essential to minimize heterogeneity in experimental assays. We have tested the
effects of Ala and Asp substitutions at Ser23/24 of cTnI using homologous proteins, so that
we could attribute functional alterations solely to the changes that we engineered into cTnI.
Our data provides new findings that have significant implications for interpreting data
obtained from studies that use Ala and Asp substitutions in cTnI to understand the effects of
PKA phosphorylation.

In agreement with previous studies [15, 16], we observed that myofilament Ca2+ sensitivity
(as assessed by pCa50) remained unaffected when Ser23/24 of cTnI were substituted by Ala,
but it decreased significantly when substituted by Asp. RcTnI S23D/24D caused a rightward
shift in the pCa-tension relationship by ~0.09 pCa units (Figure 4). There was a small but
significant increase in the cooperativity of tension development (nH) for both RcTnI S23A/
24A and RcTnIS23D/24D fibers. This increase in nH cannot be attributed to Ca2+-mediated
effects alone because the affinity for Ca2+ decreased in RcTnI S23D/24D fibers, but
remained unaltered in RcTnI S23A/24A fibers. Despite this apparent increase in nH of both
Ala and Asp substitutions, a significant finding in our study is that the reconstitution of
either RcTnI S23A/24A or RcTnI S23D/24D caused a significant decrease in Ca2+-activated
maximal tension and ATPase activity (Figure 2). This finding indicates that substitutions at
Ser23/24 of cTnI, be it with an aliphatic Ala or with a negatively-charged Asp, produced a
similar effect on maximal activation. Given the important role played by these amino acids
in phosphorylation-mediated regulation of cardiac thin filaments, it is reasonable to posit
that Ser23/24 are structurally sensitive sites in cTnI. Any modification of such structurally
sensitive sites will have structural or functional consequences. For example, a previous
study demonstrated that both PKC phosphorylation of Ser175 and a non-phosphorylatable
Ser175Ala substitution in calponin produced a similar amount of decrease in the binding
affinity of calponin to actin, suggesting that Ala substitution is not always a ‘silent
substitution’ and that such substitutions must be used with caution [32].

There is a significant discrepancy between our observations and other studies [15, 16],
which showed no effect on Ca2+-activated maximal tension. Our study with Asp
substitutions showed a shift of 0.09 pCa units for myofilament Ca2+ sensitivity, while the
study of Dohet et al [16] showed a shift of 0.16 pCa units. We believe that such discrepancy
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is probably related to the use of heterologous proteins in previous studies. For example,
Zhang et al [15] reconstituted detergent-skinned porcine cardiac fibers with bovine cTnC
and mouse cTnI containing Ala substitutions at Ser23/24. In a similar study, Dohet et al [16]
reconstituted skinned porcine cardiac fibers with human cTnC and human cTnI containing
Asp substitutions at Ser23/24. A sequence comparison between porcine cTnI vs. mouse cTnI
and porcine cTnI vs. human cTnI reveals that porcine cTnI differs from mouse cTnI by 18
amino acids and from human cTnI by 15 amino acids, respectively. Furthermore, sequence
comparison also reveals that the differences are not just confined to the N-terminus, but are
scattered along the entire length of the cTnI protein. This suggests that the use of
heterologous proteins in previous studies [15, 16] may have, in part, contributed to the
observed discrepancies. The discrepancies may also result from differences in the
procedures employed for extraction and reconstitution of the endogenous Tn subunits. For
example, vanadate treatment was used to extract endogenous cTnI and cTnC in the studies
of Zhang et al [15]. A combination of CDTA and trifluoperazine was used to extract
endogenous cTnC and was followed by vanadate treatment to extract endogenous cTnI in
the studies of Dohet et al [16]. Other factors, such as differences in the ionic strength of the
maximal Ca2+ activation solution (180 mM in our study vs. 150 mM in Zhang et al [15] or
120 mM in Dohet et al [16]), and SL (2.2 μm in our study vs. 2.0 μm in the study of Dohet
et al [16]) might have also contributed to the discrepancy.

The first question that should be addressed is, “how do Ala and Asp substitutions at
Ser23/24 of cTnI lead to decreased maximal tension and ATPase activity?” It is possible that
the decrease in tension and ATPase activity observed in our studies may have resulted from
a decrease in the number of force-generating crossbridges (XBs). To assess this possibility,
we measured the magnitude of instantaneous muscle fiber stiffness (ED) caused by a sudden
change in muscle length during steady-state Ca2+ activation. A decrease in ED of fibers
reconstituted with Ala or Asp substitutions in cTnI (Figure 3) correlated well with an
observed decrease in Ca2+-activated maximal tension. Because ED is proportional to the
number of strongly-bound XBs [27], a significant drop in ED suggests that the decrease in
Ca2+-activated tension is due to a reduced number of XBs. This suggests that the thin
filament activation is reduced by Ala or Asp substitutions in cTnI. The following
experimental observations give us confidence in concluding that it is the substitutions at
Ser23/24 that is responsible for the attenuated activation. First, various Tn subunits
incorporated equally in different groups of fibers. Second, the Ca2+-activated maximal
tension, ATPase activity, and ED were attenuated in fibers reconstituted with modified cTnI,
when compared to fibers reconstituted with wild-type cTnI. Because the thin filament
activation depends on tightly-controlled allosteric interactions among proteins, we believe
that Ala and Asp substitutions may have caused some alterations in cTnI structure, leading
to decreased thin filament activation.

There is experimental evidence to show that charge modifications of cTnI lead to altered
intra- and inter-molecular interactions. Altered intra-molecular interactions were observed
using NMR studies [3], which demonstrated that incorporation of phosphate groups at
Ser23/24 induced interactions between the side chains of Ser24 and other amino acids in
cTnI. Evidence for altered inter-molecular interactions was provided by studies of Liao et al
[5] and Chandra et al [33], which demonstrated that PKA-mediated phosphorylation of cTnI
decreased the affinity of cTnI for cTnC. Further evidence for altered inter-molecular
interactions was provided by NMR studies [14], which demonstrated that Asp substitutions
at Ser23/24 of cTnI induced a closed and inactive conformation in the regulatory domain of
cTnC. Although our CD spectral studies (Table 1) showed no major effects of Ala and Asp
substitutions on the overall secondary structures of cTnI, it is important to note that CD
spectral studies may not reveal subtle structural changes that have the potential to alter the
function of a protein.
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The catalytic subunit of PKA has been used in skinned rat cardiac muscle fiber studies [6, 8–
10] to determine whether enhanced relaxation, following β-adrenergic stimulation, is a result
of enhanced XB detachment kinetics. However, previous studies were inconclusive in
showing an effect of cTnI phosphorylation on the rate of XB detachment. For example, de
Tombe and Stienen [8] showed an unaltered tension cost (measure of XB detachment),
while Saeki et al [6] showed an increase in tension cost upon PKA treatment. Previous
studies have also used unloaded shortening velocity (V0) measurements to determine if PKA
enhances XB detachment kinetics. However, some studies have shown that PKA increases
XB detachment kinetics [6, 10, 34], whereas, other studies have shown no effect of PKA on
XB detachment kinetics in cardiac muscle preparations [9, 35]. We measured tension cost
(Figure 5A), XB detachment kinetics (Figure 5B), and Vmax to test the effect of Ala and Asp
substitutions on XB detachment kinetics. Our measurement of tension cost, XB detachment
kinetics, and Vmax showed no effect of Ala and Asp substitutions on XB detachment
kinetics. Thus, our data suggest that the non-phosphorylatable Ala and phosphorylation
mimicking Asp substitutions in cTnI do not alter the rate of XB detachment.

In summary, we provide diverse experimental evidence to show that Ala and Asp
substitutions in cTnI lead to altered cardiac thin filament activation. Our experiments add
the following new important information to the existing literature on the effects of Ala and
Asp substitutions in cTnI on cardiac function: 1. Ala and Asp substitutions in cTnI reduce
thin filament activation in reconstituted rat cardiac papillary muscle fibers; and 2. Ala and
Asp substitutions in cTnI have no effect on the rate of XB detachment. Thus, our results
have significant implications for interpreting studies that use Ala and Asp substitutions to
understand how PKA phosphorylation of cTnI modulates cardiac muscle function.
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PKA protein kinase A

cTnI cardiac troponin I

XB crossbridge

cTnC cardiac troponin C

cMyBP-C cardiac myosin binding protein-C

TG transgenic

BDM 2, 3-butanedione monoxime

A2P5 diadenosine pentaphosphate

SL sarcomere length

CD circular dichroism
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Highlights

• Homologous proteins were used for reconstitution in our functional assay

• Ala/Asp substitutions were introduced at Ser23/24 of cardiac troponin I (cTnI)

• Protein kinase A phosphorylation was mimicked using Asp substitutions in cTnI

• Ala/Asp substitutions at Ser23/24 of cTnI decreased the thin filament activation

• Ca2+ sensitivity decreased with Asp substitutions, but not with Ala substitutions
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Figure 1. Western blot analysis of Tn components in reconstituted fibers
Panels A, B, and C indicate Western blot analysis for c-myc RcTnT, RcTnI, and RcTnC in
reconstituted rat cardiac fibers, respectively. Lane 1 in panels A, B, and C represents
purified recombinant c-myc RcTnT, RcTnI, and RcTnC, respectively. Lanes 2, 3, and 4 in
each panel indicate samples from control RcTnI WT, RcTnI S23A/24A, and RcTnI S23D/
24D reconstituted fibers, respectively. (A) Antibody to c-myc epitope was used to assess the
incorporation of c-myc RcTnT into reconstituted fibers. (B) Antibody to cTnI was used to
assess the incorporation of RcTnI into reconstituted fibers. (C) Antibody to cTnC was used
to assess the incorporation of RcTnC into reconstituted fibers. Image J software was used to
compare protein band intensities in lanes 3 and 4 to that in lane 2. The relative incorporation
of c-myc RcTnT, RcTnI, and RcTnC was similar in all groups of fibers.
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Figure 2. Ca2+-activated maximal tension and ATPase activity in reconstituted fibers at SL 2.2
μm
Ca2+-activated maximal tension and ATPase activity were measured in reconstituted rat
cardiac fibers at pCa 4.3 [8]. (A) Effect of RcTnI S23/24 substitutions on Ca2+-activated
maximal tension in reconstituted fibers. (B) Effect of RcTnI S23/24 substitutions on Ca2+-
activated maximal ATPase activity in reconstituted fibers. Substitutions at S23/24 of cTnI -
be it Ala or Asp - lead to a significant decrease in Ca2+-activated maximal tension and
ATPase activity. Number of determinations was at least 10 for each group. Values are
reported as mean ± SEM. *** P < 0.001, and ** P < 0.05.

Mamidi et al. Page 14

Arch Biochem Biophys. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Stiffness relationship and magnitude of muscle fiber stiffness in reconstituted fibers
Constantly-activated muscle fibers were subjected to step-like length changes [27]. (A)
Stiffness relationships estimated from instantaneous tension responses to step-like length
changes in fibers reconstituted with RcTnI WT, RcTnI S23A/24A, or RcTnI S23D/24D. The
slope of relationship between changes in tension due to stretch or release (ΔTension) and
changes in muscle length (ΔL) provides a measurement of muscle fiber stiffness. (B) The
magnitude of muscle fiber stiffness (ED), determined from the slope of stiffness
relationships, in fibers reconstituted with RcTnI WT, RcTnI S23A/24A, or RcTnI S23D/
24D. ED, which is a measure of the number of strongly-bound XBs, decreased in RcTnI
S23A/24A and RcTnI S23D/24D reconstituted fibers. Number of observations for each
group was at least 7. Values are reported as mean ± SEM. ** P < 0.005.
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Figure 4. Normalized pCa-tension relationships in reconstituted fibers
Experimentally-determined sub-maximal tension values were normalized to the
experimentally-determined maximal tension values at pCa 4.3. Normalized tension values
were plotted against pCa to derive the pCa-tension relationships in the reconstituted fibers.
The Hill equation was then fitted to the normalized pCa-tension relationships to estimate
myofilament Ca2+ sensitivity, pCa50. The curves presented are fits using the Hill equation.
One-way ANOVA showed that pCa50 decreased significantly (P < 0.005) in RcTnI S23D/
24D reconstituted fibers, but it was unaltered in RcTnI S23A/24A reconstituted fibers.
Decreased pCa50 in RcTnI S23D/24D reconstituted fibers is indicated by a rightward shift in
the pCa-tension relationship. Number of determinations was at least 10 for each group.
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Figure 5. Tension cost and the rate of XB distortion dynamics in reconstituted fibers
Steady-state isometric tension and ATPase activity were measured simultaneously [8, 25].
The tension cost was derived from ATPase/tension relationship, as described previously
[18]. The rate of XB distortion dynamics (c) was estimated by fitting the NLRD model to
force responses elicited by step-like changes in ML [27]. (A) Average tension cost values of
the reconstituted fibers. (B) Average c values in the reconstituted fibers. Both tension cost
and c represent the rate of XB detachment [31]. One-way ANOVA showed that both tension
cost and c were not altered in RcTnI S23A/24A or RcTnI S23D/24D reconstituted fibers.
Thus, both Ala and Asp substitutions in RcTnI did not affect the rate of XB detachment.
Number of observations for each group was at least 7. Values are reported as mean ± SEM.
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Table 1

Secondary structural content of RcTnI, RcTnI S23A/24A, and RcTnI S23D/24D recombinant proteins
estimated using far-UV CD spectral data.

RcTnI RcTnI S23A/24A RcTnI S23D/24D

α-helix (%) 29.3 ± 2.8 30.7 ± 0.3 28.3 ± 0.9

β-sheet (%) 19.0 ± 1.7 18.0 ± 0.0 17.7 ± 0.7

Random coil (%) 51.3 ± 1.5 51.0 ± 0.0 53.0 ± 0.6

Secondary structural content of the proteins was estimated by analyzing the far-UV CD spectral data using the K2D algorithm available on
DICHROWEB [23]. One-way ANOVA showed no statistical differences between the percentages of α-helical, β-sheet, and random coil contents
of RcTnI S23A/24A and RcTnI S23D/24D proteins, when compared to that of RcTnI protein. Values are presented as mean ± SEM. Number of
spectra collected for each group was three.
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