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Abstract
A rat model of low myocardial blood flow was established to test the hypothesis that post-translational
changes to proteins of the thin and thick muscle filaments correlate with decreased cardiac
contractility. Following 3 days of low blood flow by constriction of the left anterior descending
artery, rat hearts demonstrated a reduction in fractional shortening at rest and a relative decline in
fractional shortening when challenged with high dose versus low dose dobutamine, reflecting reduced
energy reserves. Permeabilized fibers from low blood flow hearts demonstrated a decline in
maximum force per cross-section and Ca2+ sensitivity as compared to their sham operated
counterparts. An examination of sarcomeric proteins by twodimensional gel electrophoresis, mass
spectrometry, and phospho-specific antibodies provided evidence for Ser23/24 and Ser43/45
phosphorylation of troponin I (TnI). Total TnI phosphorylation was not different between the groups,
but Ser23/24 phosphorylation declined with low blood flow, implying an accompanying increase in
phosphorylation at other sites of TnI. Affinity chromatography demonstrated that TnI from low blood
flow myocardium had reduced relative affinity to Ca2+ bound troponin C compared to TnI from sham
operated hearts, providing a mechanism for reduced Ca2+ sensitivity of force production in low blood
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flow fibers. These findings suggest that altered TnI function, due to changes in the distribution of
phosphorylated sites, is an early contributor to reduced contractility of the heart.
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Introduction
The contraction of striated muscles is regulated by the troponin complex, which controls the
association of actin and myosin in a calcium-dependent manner. Following membrane
depolarization, the rise in intracellular [Ca2+] is sensed directly by the Ca2+-binding subunit
of the troponin complex, troponin C (TnC). Calcium bound TnC undergoes a conformational
change increasing its apparent affinity for the inhibitory subunit of the troponin complex,
troponin I (TnI). This movement of TnI, along with an accompanying shift of the tropomyosin
strand, removes both a kinetic and a steric hindrance for myosin's binding to actin, facilitating
crossbridge cycling and force generation (Tobacman 1996).

In various models of myocardial injury, a consistent observation has been the decrease in force
production by permeabilized cardiac muscle fibers, along with a progression from Ca2+

desensitization to Ca2+ sensitization of the myocardium with advancing heart disease (Gao et
al. 1995; Belin et al. 2006; Chen and Ogut 2006; Bito et al. 2007; Messer et al. 2007). Since
ion channels and membrane associated signaling are largely absent from permeabilized
preparations, the changes in force production and Ca2+ sensitivity under these
pathophysiological conditions suggests that the function of thin and thick filament proteins
may be altered through post-translational modification. Recently, TnI has garnered increased
attention for its role in cardiac dysfunction since it is an in vivo target for protein kinase A
(PKA) and, putatively, protein kinase C (PKC) (Kobayashi and Solaro 2005). Two adjacent
serine residues, Ser23 and 24, are targets for PKA activated by β-adrenergic stimulation (Zhang
et al. 1995). The extent of phosphorylation at these sites, and hence TnI function, may change
when the overall activity of the β-adrenergic pathway declines (Bristow et al. 1982; Zakhary
et al. 1999). The progression of cardiac dysfunction is also noted for an increase in PKC
isoenzyme activity (Bowling et al. 1999), implying that increased phosphorylation of TnI at
Ser43/45 by members of this protein kinase family may also participate in altered contractility
(Noland et al. 1995; Kobayashi and Solaro 2005).

Although Ser23/24 phosphorylation of TnI has been verified directly (Zabrouskov et al.
2008), evidence for TnI phosphorylation at putative PKC sites has been confined to in vitro
experiments (Jideama et al. 1996; Noland et al. 1996), with implicit evidence in transgenic
mouse models (Pyle et al. 2002). To further explore changes in the state of contractile proteins
during altered blood flow to the heart (Chen and Ogut 2006), we established a rat model of
low myocardial blood flow to expand our analyses of the contractile apparatus in response to
impaired myocardial perfusion, with a focus on the state of TnI phosphorylation. Permeabilized
fibers from the low flow rat hearts demonstrated reduced force production and reduced Ca2+

sensitivity as compared to sham operated rats, suggesting an altered function at the level of the
contractile filaments. Detailed examination of TnI phosphorylation demonstrated reduced
Ser23/24 phosphorylation while providing novel evidence for Ser43/45 phosphorylation in
vivo. Importantly, the data suggest that altered phosphorylation of myofilament proteins plays
a role in the decline of force and loss of Ca2+ sensitivity during low blood flow to the heart.
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Materials and methods
Rat model of low flow

The rat model of low blood flow was adapted from a previously published method (Chen et
al. 2006). The surgical operation, pre- and post-operative palliative procedures were approved
by the Institutional Animal Care and Use Committee of Case Western Reserve University, in
accordance with the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23). Following surgery, rats in both
groups were euthanized 3 days later and the hearts were removed for study. For a detailed
protocol description, please refer to the Supplemental Materials. Both sham operated and
experimental animals underwent echocardiography to assess left ventricular function 3 days
after surgery, as previously described (Chen et al. 2006). Measurements were taken at rest,
following 1.5 μg dobutamine/g rat weight and 4.5 μg dobutamine/g rat weight. Results are
presented as average ± SD and differences between groups were deemed statistically significant
if P < 0.05.

Permeabilized muscle fiber contraction measurements
Once the low blood flow model was established, new cohorts of animals were prepared for
fiber contraction measurements and protein analyses. Left ventricular trabeculae were
dissected from the area at risk of sham-operated and low flow rat hearts, and the ends were
fixed with glutaraldehyde and clamped between aluminum foil T-clips prior to
permeabilization as previously described (Chen and Ogut 2006). The permeabilized trabeculae
were transferred to a mechanics workstation that allowed control by either the force produced
or the muscle length. Muscle length, width and thickness were measured while the fiber was
in pCa9 (1 nM free Ca2+) solution. For pCa solutions, the free Ca2+ concentration was
calculated by an iterative program based on published dissociation constants (Fabiato 1988).
Ionic strength was kept constant at 200 mM, final pH was 7.0 and all experiments were done
at 15°C. To determine the force–Ca2+ relationship, each trabeculae was cycled through the
entire pCa range. The concentration of calcium required for half-maximal force production
(EC50) was determined following individual Hill fits to the force versus free [Ca2+] data as
previously described (Chen and Ogut 2006). Results are presented as average ± standard
deviation and differences between groups were deemed statistically significant if P < 0.05.

Protein analyses
Two-dimensional SDS-PAGE was used to resolve TnT, TnI and MLC-2 isoelectric variants.
Proteins were extracted from tissues obtained from the at risk area of the left ventricle by
homogenization on ice in a micro tissue grinder using a buffer of 7 M urea, 2 M thiourea, 4%
(w/v) 3-([3-cholamidopropyl] dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPS),
0.5% (v/v) pH 3–10 immobilized pH gradient (IPG) buffer, 1 mM EDTA, and EDTA-free
Complete Protease Inhibitor (Roche, Indianapolis, IN). Following homogenization, the tissue
was allowed to remain on ice for 5 min followed by centrifugation to remove insoluble debris.
The homogenates were further processed with the 2D CleanUp Kit as necessary. For resolution
of acidic proteins (pI < 7), homogenates were added to a rehydration solution containing 7 M
urea, 2 M thiourea, 2% (w/v) CHAPS, 0.5% (v/v) 3.5–5 IPG buffer, 0.002% (w/v) bromophenol
blue and protease inhibitor. Rehydration of 7 cm pH 3–5.6 NL IPG gel strips was for 7 h prior
to the first dimension focusing. To resolve the basic TnI isoelectric variants, best results were
obtained by cutting a 13 cm 7–11NL strip into two, and rehydrating the cathode half overnight,
without left ventricular extracts, in 7 M urea, 2 M thiourea, 2% CHAPS, 0.5% 7–11 NL IPG
buffer, 0.002% bromophenol blue, 12 μl/ml Destreak reagent, and protease inhibitor, as
described (Rabilloud 1998). Appropriate amounts of the protein homogenate were then
dissolved in the basic rehydration buffer and loaded at the anode using a sample cup. The IPG
strips were focused in the “face-up” mode on an Ettan IPGphor II Isoelectric Focusing Unit.
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For basic strips, the filter paper placed at the cathode was pre-wetted with deionized water
containing 12 μl/ml Destreak reagent. After the first-dimension, the gel strips were
consecutively equilibrated for 15 min in 6 M urea, 50 mM Bis-Tris, pH 6.4, 30% glycerol, 2%
SDS, and 0.002% bromophenol blue containing first 10 mM dithiothreitol and then 2.5% (w/
v) iodoacetamide. Proteins on equilibrated IPG gel strips were then resolved by second
dimension SDS–PAGE using the Bis-Tris buffering system (Invitrogen, LaJolla, CA).
Resolved gels were stained by silver stain, Deep Purple total protein fluorescent stain, Pro-Q
Diamond phosphoprotein stain (Invitrogen, Carlsbad, CA), or used for subsequent Western
blotting. The positions of the MLC-2 isoelectric variants were identified by comparison to
control experiments that resolved chicken smooth muscle MLC-2 protein purified from
bacteria (data not shown), whereas the positions of TnT and TnI were confirmed by Western
blotting. Densitometry was performed using a Personal Densitometer SI or a Typhoon 9410
and accompanying ImageQuant TL software. Results are presented as average ± standard
deviation and differences between groups were deemed statistically significant if P < 0.05.

To determine the phosphorylation stoichiometry of TnT, Pro-Q Diamond phosphoprotein
staining followed by Deep Purple total protein staining was used. A rat left ventricular
homogenate was resolved, in triplicate, by two-dimensional SDS–PAGE using 3–5.6 NL IPG
strips. The gels were stained with phosphoprotein stain to provide a ratio of the phosphate
content for the two predominant TnT isoelectric variants. After destaining, gels were stained
with total protein stain to provide a ratio of the total protein content of the two adjacent TnT
isoelectric variants. The phosphoprotein ratio compared to the total protein ratio provides the
relative stoichiometry of phosphorylation for the two phosphoforms. To determine the
stoichiometry of TnI phosphorylation, five left ventricular total homogenates with known
amounts of TnT phosphorylation were resolved by SDS–PAGE and stained for
phosphoprotein. As TnT and TnI are equimolar in cardiac muscle, the phosphoprotein signal
for TnT was used as an internal standard to determine the phosphorylation stoichiometry of
TnI in the same sample. Based on the constraints imposed by the total TnI phosphorylation
content, the resolved TnI isoelectric variants in two-dimensional SDS–PAGE could be
reasonably assigned.

To determine the extent of total myosin binding protein C (MYBP-C) phosphorylation,
homogenates were resolved by 29:1 7% SDS–PAGE and stained with either total protein stain
or phosphoprotein stain. Total MYBP-C content across samples was normalized, and this
normalization ratio was applied to the associated phosphoprotein signal.

Western blot analyses
To identify total TnI and Ser 23/24 phosphorylated TnI, all ten left ventricular extracts were
resolved on a single gel by 29:1 (w/v) acrylamide : bisacrylamide 10% SDS–PAGE using the
Bis-Tris buffering system. Following electrophoresis, the proteins were transferred to Hybond
nitrocellulose membrane (GE Healthcare, Piscataway, NJ) and probed for total TnI expression
using a polyclonal antibody generated against the central region of cardiac muscle TnI (amino
acids 88–106, Fitzgerald Industries, Concord, MA) as well as Ser 23/24 phosphorylated TnI
(Cell Signaling Technology, Danvers, MA). The blots were developed using the ECL Plus
detection system (GE Healthcare, Piscataway, NJ) and two different exposure time points were
collected for each blot. Signals were quantified by densitometry on a Personal Densitometer
SI and were well within the linear range of the instrument. To provide a reliable comparison
of relative Ser23/24 phosphorylated TnI content, all ten samples were analyzed on the same
nitrocellulose membrane. In addition, two normalization steps were undertaken: (1) the total
TnI signal was normalized across the ten samples, providing relative adjustment factors for
each sample, (2) these adjustment factors were then applied to the Ser 23/24 phosphorylated
TnI densitometry signals to adjust for total TnI content in each sample. Results are presented
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as average ± standard deviation and the difference between groups was deemed statistically
significant if P < 0.05.

Troponin C affinity chromatography of Troponin I
A cDNA encoding rat cardiac troponin C, based on Genbank accession DQ062205, was cloned
by reverse-transcription—PCR using standard molecular biology techniques. The TnC cDNA
was cloned into the pAED4 expression vector and sequenced to ensure accurate cloning. E.
coli BL21 Star (Invitrogen, LaJolla, CA) were transformed with the TnC expression construct,
and used to inoculate 4 L of Terrific Broth culture media containing 100 μg/ml ampicillin and
25 μg/mL chloramphenicol. Bacteria were shaken at 37°C until O.D.600 nm = 0.4, and TnC
protein expression was induced for 3 hours by the addition of isopropyl β-D-1-
thiogalactopyranoside to 0.2 mM. Following induction, cells were harvested by centrifugation,
resuspended in 50 ml of 20 mM potassium phosphate buffer, pH 7.0, 1 mM EDTA, 10 mM
β-mercaptoethanol, protease inhibitor, and stored at −80°C overnight. Following sonication of
the freeze-thawed bacterial suspension, the majority of contaminant proteins were cleared from
the bacterial lysate by ammonium sulfate fractionation to 60% saturation, or ∼ 3 M
(NH4)2SO4, which left the TnC in the supernatant. This supernatant was exchanged into 20
mM Tris-HCl, pH 7.8, 1 mM EDTA, 10 mM β-mercaptoethanol buffer by Sephadex G25 gel
filtration using a HiPrep 26/10 desalting column and loaded on a similarly equilibrated 10 ml
Source 15Q column. The anion exchange column was developed by a linear NaCl gradient up
to 1 M in the equilibration buffer. Pure TnC eluting from the column was thoroughly dialyzed
against 0.5% (w/v) ammonium bicarbonate and lyophilized.

Purified TnC was covalently coupled to 0.5 ml of CNBr-activated Sepharose 4B Fast Flow
(GE Healthcare, Piscataway, NJ) according to the manufacturer's instructions, and the coupled
beads were packed into a Tricorn 5/20 chromatography column (GE Healthcare, Piscataway,
NJ). Left ventricular lysates were individually prepared from the five sham operated and five
low flow rat hearts by homogenizing 35–40 mg of tissue in 1 ml of 1 M KCl, 20 mM HEPES,
pH 7, 0.1 mM CaCl2, Roche EDTA-free Complete Protease Inhibitor and PhosStop
phosphatase inhibitor. After centrifugation to remove insoluble materials, an aliquot of the
lysate containing ∼ 5 mg total protein was diluted into a final solution of 300 mM KCl, 20
mM HEPES, pH 7, 0.1 mM CaCl2, containing Roche Protease and Phosphatase inhibitors.
This mixture was incubated on ice for 30 min, followed by centrifugation to remove insoluble
materials. The soluble fraction was loaded on the TnC affinity column and allowed to mix, end
over end, for 3 h at room temperature. The column was connected to an AktaFPLC system
running Unicorn software, and was washed with 300 mM KCl, 20 mM HEPES, pH 7, 0.1 mM
CaCl2 until the absorbance of the eluate reached baseline. The relative TnI binding affinity
was determined by a linear gradient that eventually substituted 1 M KCl for the 300 mM KCl
in the washing buffer. To determine the relative affinity of the TnI to the TnC affinity column,
the TnI elution profile was resolved by 12% SDS–PAGE and the fraction containing the peak
of TnI elution was identified by densitometry. The midpoint of the conductivity range of the
peak fraction was accepted as the value at which peak TnI elution occurred. All ten samples
were run in random order and all experiments were done with the same batch of column buffers
to ensure reproducible binding conditions and a reproducible linear KCl gradient. For the five
sham operated versus five low flow rat samples, the conductivity at the start of the linear
gradient was 35.8 ± 0.3 mS/cm (average ± S.D.) versus 35.7 ± 0.4 mS/cm, respectively, whereas
the final conductivity at the end of the gradient was 92.1 ± 1.1 mS/cm versus 90.9 ± 3.0 mS/
cm, respectively. The differences in conductivity at the start and end of the gradients were not
statistically significant (P > 0.3).
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Enrichment of troponin I from normal and low flow hearts
Fractions of enriched TnI were prepared from the low blood flow rat hearts for mass
spectrometry. Briefly, 200 mg of ventricular tissue from each of five low flow rat hearts were
pooled and extracted with homogenization solution (0.2 M KCl, 50 mM HEPES, pH 7.6, 1
mM EDTA, 1 mM EGTA, 10 mM DTT including protease and phosphatase inhibitors). The
homogenate was centrifuged for 10 min at 50,000g and the precipitate was resuspended in a
washing solution that substituted 50 mM KCl for 200 mM KCl. After centrifugation as before,
the pellet was extracted with 1 M KCl in the above homogenization solution, followed by
centrifugation that yielded TnI in the supernatant. This supernatant was buffer exchanged into
6 M urea, 50 mM HEPES, pH 7.6, 0.1 mM EDTA, 0.1 mM EGTA using a HiPrep 26/10
desalting column, and the resultant protein mixture was fractionated on a Mono S column with
a gradient from 0 to 750 mM NaCl. Fractions containing TnI were identified by SDS–PAGE.
Densitometry of pooled fractions demonstrated that TnI was 22% of the total protein in the
pooled fractions (data not shown). Troponin I samples were analyzed by mass spectrometry at
two independent facilities (Mayo Medical School Mass Spectrometry Facility and 21st Century
Biochemicals). For protocol details, please refer to the Supplemental Materials.

Results
Rat model of low flow

A rat model of reduced blood flow was established through partial occlusion of the left anterior
descending artery for 3 days. As shown in Fig. 1, the fractional shortening of hearts from the
model was significantly reduced as compared to the sham operated rats (33.5 ± 1.1% vs. 38.6
± 4.8%, respectively; P < 0.05). The change in fractional shortening was further characterized
by dobutamine echocardiography to determine the response to inotropic stimulation. In this
low blood flow model, low dose dobutamine produced an initial increase in fractional
shortening over baseline (62.6 ± 4.0% vs. 33.5 ± 1.1%; P < 0.05), but a higher dobutamine
dose resulted in a relative decline in fractional shortening (53.7 ± 2.7% vs. 62.6 ± 4.0%; P <
0.05). By contrast, sham operated rat hearts demonstrated a stepwise increase in fractional
shortening to 56.1 ± 8.2% with low dose and a further increase to 71.6 ± 7.6% with high dose
dobutamine.

Contractile parameters of permeabilized muscle fibers
Left ventricular trabeculae were recovered from an independent cohort of sham operated and
low flow rat hearts and permeabilized by Triton X-100 to measure the maximum force per
cross-sectional area and the Ca2+-concentration required to generate half-maximal force (Fig.
2). The Fmax of fibers from the low flow rat hearts was significantly depressed in comparison
to fibers from sham operated hearts (28.67 ± 4.25 vs. 20.23 ± 1.72 mN/mm2; P < 0.05). This
was coupled with an increase in the EC50 for fibers from the low flow rat hearts compared to
sham operated rat hearts (2.15 ± 0.67 × 10−6 M vs. 1.59 ± 0.13 × 10−6 M; P < 0.05).

Phosphorylation state of contractile proteins
Adult rat cardiac muscles demonstrate expression of a lower abundance high Mr TnT isoform
in addition to the highly abundant lower Mr isoform (Biesiadecki et al. 2002). When resolved
by two-dimensional SDS–PAGE, these TnT isoforms additionally resolve into multiple
isoelectric variants. Despite this complexity, there are two abundant isoelectric variants of the
lower Mr isoform that predominate (Fig. 3a). To determine the relative phosphorylation
stoichiometry of these two isoelectric variants, a single rat left ventricular homogenate was
resolved in triplicate and stained with phosphoprotein and total protein stain. Densitometry of
the phosphoprotein versus the total protein signal demonstrated that the rightmost, basic
isoelectric variant (T1) was phosphorylated at half the amount of the relatively acidic isoelectric
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variant (T2), suggesting these are mono- and diphosphorylated forms of TnT (Fig. 3b).
Subsequently, the sham operated and low flow rat heart samples were resolved by two-
dimensional SDS-PAGE to quantify the isoelectric variants of TnT and MLC-2 (Fig. 3c).
Comparing the abundant lower Mr phosphorylated variants, there was no statistically
significant difference in TnT phosphorylation between groups, but a trend towards
dephosphorylation was observed with low blood flow (P = 0.21). Myosin light chain-2 in the
rat heart is predominantly of a single isoform and was resolved into three isoelectric variants
corresponding to a non-phosphorylated form and two phosphorylated forms (Hidalgo et al.
2006). There was no difference in the phosphorylation states of MLC-2 between groups,
although there was a modest trend towards dephosphorylation during low flow (P = 0.19; Table
1). Total phosphorylation of MYBP-C was examined by phosphoprotein staining of sham
operated and low blood flow myocardium homogenates, but did not reveal a difference between
the two groups (Fig. 4).

For TnI, the position and phosphorylation status of the resolved isoelectric variants were
initially identified by Western blotting and phosphoprotein staining (Fig. 5a). The overall
phosphorylation stoichiometry of TnI was initially determined using phosphoprotein staining
of five homogenates with known TnT phosphorylation levels serving as internal controls (Fig.
5b). As TnT and TnI are present in equimolar amounts in cardiac muscle, the TnT
phosphoprotein signal in each homogenate was compared to the TnI phosphoprotein signal in
the same sample to deduce the TnI phosphorylation stoichiometry. Generally, the
phosphorylation level of TnI is higher than for TnT, in agreement with published data (Jacques
et al. 2008). This analysis yielded an average of 2.72 mol phosphate per mol TnI for the five
samples examined, and this value was used as a guide to identify the individual TnI isoelectric
variants. Two-dimensional SDS–PAGE resolved up to five isoelectric variants of TnI, all of
which were phosphoproteins (Figs. 5a, c). Using an average stoichiometry of phosphorylation
of 2.72 mol phosphate per mol TnI as a guide, the relatively high abundance isoelectric variant
would therefore have three phosphorylated sites. Under these circumstances, adjacent TnI
isoelectric variants were assumed to differ by one phosphorylation, with the most basic variant
having being 1-P and the most acidic being 5-P. Detailed assessment of TnI phosphorylation
demonstrated that the 3-P and 5-P isoelectric variants showed significant differences between
groups (Table 1). Total TnI phosphorylation was determined from these data by multiplying
the fractional content of each isoelectric variant by its number of phosphorylated sites. In sham
operated hearts, there was an average of 2.92 mol phosphate per mol TnI, which was not
different compared to the low flow samples that averaged 2.86 mol phosphate per mol protein.
These phosphorylation stoichiometries were in good agreement with the range determined by
phosphoprotein staining (Fig. 5b), suggesting that the isoelectric variants were appropriately
identified.

Troponin I phosphorylation was further examined by the use of antibodies that identified total
TnI or TnI phosphorylated at Ser 23/24, two prominent residues for PKA phosphorylation. The
relative amount of Ser23/24 phosphorylated TnI in low flow hearts was significantly decreased
(Fig. 6). To identify the additional sites of phosphorylation, TnI enriched from the low flow
rat hearts was analyzed by mass spectrometry using LC-MS and tandem MS at two facilities.
Coverage of TnI was 75 and 72% in these analyses. Tandem mass spectrometry confirmed
phosphorylation at Ser23 and Ser24, identifying two of the phosphorylation sites (Fig. 7a). LC-
MS identified peptides of masses consistent with none, single or double Ser43/45
phosphorylation, but tandem data were not captured (Fig. 7b). Peptides containing the putative
phosphorylation sites at Thr144 and Ser150 were recovered but did not provide evidence of
phosphorylation (Buscemi et al. 2002;Vahebi et al. 2005). At this time, peptides containing
the confirmed phosphorylation site at Ser77/Thr78 were not captured (Zabrouskov et al.
2008).
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Troponin C affinity chromatography
The relative affinities of TnI populations from sham operated and low blood flow myocardium
for Ca2+-bound TnC were tested by affinity chromatography. Troponin I in left ventricular
homogenates was allowed to interact with Ca2+-bound TnC, assuring that TnC was in a
conformational state that increases the protein's apparent affinity for the inhibitory and COOH-
terminal regions of TnI (Farah et al. 1994). Under these conditions, it was observed that TnI
from low blood flow myocardium homogenates demonstrated peak elution earlier in the
column profile (41.3 ± 4.3 mS/cm) as compared to TnI from sham operated rat hearts (50.3 ±
6.1 mS/cm), suggesting a higher relative affinity of the sham operated TnI population for
Ca2+-bound TnC (Fig. 8). This difference in the conductivity at peak elution was statistically
significant (P < 0.05).

Discussion
Altered contractile function in a rat model of low blood flow

Reduced blood flow to the heart, either sudden and transient or gradual and chronic, leads to
a reduction in contractility and contributes to the progression of cardiac dysfunction (Bolli and
Marban 1999). We have hypothesized that post-translational modifications to proteins of the
contractile filaments contribute to the observed decline. To complement a transient ischemia-
reperfusion model (Chen and Ogut 2006), we established a rat model whereby low blood flow
was induced through constriction of the left anterior descending artery for 3 days. Compared
to sham operated counterparts, low myocardial blood flow altered contractility as manifest by
a reduction in fractional shortening at rest (Fig. 1), and a biphasic response to dobutamine
challenge, indicative of an impaired energy reserve (Afridi et al. 1995). In permeabilized fibers,
we observed a decrease in the Fmax and an increase in EC50 with low flow (Fig. 2). Similar
reductions in Fmax have been reported from multiple models of altered blood flow to the heart
(Hofmann et al. 1993; Gao et al. 1995; Belin et al. 2006; Chen and Ogut 2006; Bito et al.
2007), which poses the question of whether the declines in Fmax have similar root causes.
Ultimately, a decline in force production may arise from a reduction in the number of active
crossbridges (Chen and Ogut 2006), a change in the distribution of attached crossbridges to
low or non-force producing states, or both (Gordon et al. 2000). These can be caused by direct
changes in myosin function (Sweeney and Stull 1990) or a change in thin filament function
that in turn impacts force production (Montgomery et al. 2002; Pyle et al. 2002; Scruggs et al.
2006). Therefore, to explore the underlying molecular basis for reduced contractility, we
compared the phosphorylation states of MLC-2, MYBP-C, TnT and TnI in the two groups.

Myosin light chain-2 phosphorylation in striated muscle may be regulated in a spatially
dependent manner, allowing MLC-2 to contribute to stretch activation (Davis et al. 2001;
Hidalgo et al. 2006). Our current study did present a trend towards MLC-2 dephosphorylation,
but it remains possible that MLC-2 dephosphorylation may be limited in this short duration
low blood flow model. Similar to MLC-2, MYBP-C phosphorylation is proposed to change
during the progression of cardiac dysfunction. Transgenic models have demonstrated that
MYBP-C may be involved in regulating left ventricular function (Brickson et al. 2007) in a
manner responsive to PKC activity (Xiao et al. 2007). A canine model of myocardial stunning
showed a shift in overall MYBP-C phosphorylation and a follow-up rat model demonstrated
a site-specific increase in phosphorylation at Ser288 (Yuan et al. 2006). In our model of low
blood flow, there was no statistically significant change in overall MYBP-C phosphorylation
as measured by phosphoprotein staining (Fig. 4). However, MYBP-C phosphorylation is
complex with up to nine unique isoelectric variants (Yuan et al. 2006). Therefore,
interpretations of altered MYBP-C phosphorylation under physiological conditions remain
challenging.
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Phosphorylation of troponin T
The phosphorylation state of TnT was determined in an effort to define its contribution to
reduced contractility during low blood flow. We determined that the predominant TnT
isoelectric variants in the rat heart were single and double phosphorylated forms of the lower
Mr isoform (Fig. 3). This results in a total phosphorylation <2 mol PO4/mol TnT, significantly
less than the 3.05 mol PO4/mol previously described (Messer et al. 2007), and deviates from
reports that nonphosphorylated and single phosphorylated TnT predominate in cardiac muscle
(Bito et al. 2007). Nonetheless, we did not observe a statistically significant change in the
relative content of single or double phosphorylated TnT between groups but did note a trend
towards dephosphorylation through an increase in the single phosphorylated form. Considering
that TnT may have up to four phosphorylation sites (Sumandea et al. 2003), a change in the
distribution of phosphorylation among different sites may be occurring while remaining
undetected.

Phosphorylation of troponin I
Subsequently, the phosphorylation state of TnI was examined, and suggests a complex cellular
interplay in defining the state of thin filament phosphorylation. We determined that total TnI
phosphorylation was ∼2.8 mol PO4/mol TnI in this model, which is not greatly discordant with
the ∼2.3 mol PO4/mol reported by others (Messer et al. 2007). Based on the resolved
phosphoforms, total TnI phosphorylation was not different between groups. When individual
isoelectric variants were examined, a significant reduction in the relative percentage of 3-P
TnI, and an increase in 5-P TnI were observed in low flow animals as compared to sham
operated animals. This was accompanied by a relative decline in Ser23/24 phosphorylation of
TnI (Fig. 6), which is consistent with documented reductions in the content of PKA regulatory
subunits (Zakhary et al. 1999), reduction in β-adrenergic receptor density (Brickson et al.
2007), and desensitization of β-adrenergic receptors (Lymperopoulos et al. 2007) during
cardiac dysfunction. As two-dimensional SDS-PAGE demonstrated up to five isoelectric
variants, we attempted to identify these sites by mass spectrometry. Phosphorylation at Ser23
and 24 was observed by tandem MS, confirming the phosphospecific antibody results. LC-MS
provided evidence for Ser43 and 45 being third and fourth sites (Fig. 7b), but the data are
qualitative and not quantitative. Evidence for a fifth site of phosphorylation was insufficient,
although multiple candidates remain. These include Thr144, through a Rho-kinase (Vahebi et
al. 2005) or PKCβII dependent mechanism (Wang et al. 2006), Ser150 through p21-activated
kinase (Buscemi et al. 2002), or Ser77/Thr78 phosphorylation by an unidentified kinase
(Zabrouskov et al. 2008). Absent quantitative data, we cannot determine how phosphorylation
at these additional sites may have contributed, if at all, to our observations. Further, our data
do not account for novel post-translational modifications, such as o-linked modification by
monosaccharides (Ramirez-Correa et al. 2008). Detailed analyses will require quantitative
models to assess, in parallel, the various types of o-linked modifications.

As total TnI phosphorylation was constant between groups, the data suggest a relative increase
of phosphorylation at other sites to offset the decline in Ser23/24 phosphorylation with low
flow. This change in phosphorylation coincided with the decreased relative affinity of TnI for
Ca2+ bound TnC (Fig. 8). Mechanistically, a conformational change in TnC following Ca2+

binding increases its apparent affinity for TnI, allowing relief of TnI-based inhibition of the
thin filament (Farah et al. 1994). For low flow TnI, reduced relative affinity measured by
chromatography is therefore consistent with increased EC50 (Fig. 2). It suggests that this
population of TnI is less apt to associate with Ca2+ bound TnC and would thereby persist longer
in its inhibitory position in the thin filament. Previous in vitro reports have demonstrated that
Ser43/45 phosphorylation of TnI increased EC50 of contraction and decreased maximum actin-
activated myosin ATPase activity (Noland and Kuo 1991;Pyle et al. 2002). Affinity
chromatography results suggest that increased Ser43/45 phosphorylation of TnI in the low flow
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hearts may have contributed to the increased EC50, which opens the possibility that this
phosphorylation may be involved in commensurately decreasing the measured Fmax. Given
that TnI phosphorylation is complex, and absent quantitative data for Ser43/45
phosphorylation, it remains unclear how phosphorylation at sites other than Ser23/24
contribute to function under physiological or pathophysiological conditions. Importantly, the
impact of individual phosphorylation events may be very sensitive to cellular context. For
example, increased phosphorylation of Ser23/24 in response to β-adrenergic activation predicts
reduced Ca2+ sensitivity, yet our model demonstrated reduced Ca2+ sensitivity with reduced
Ser23/24 phosphorylation. However, it remains unclear if a given change in the magnitude of
Ser23/24 phosphorylation elicits the same functional response regardless of the starting level
of phosphorylation. In other words, reducing Ser23/24 phosphorylation from resting,
physiological levels may not have a direct functional impact, but rather render the thin filament
more sensitive to changes in phosphorylation at other residues of TnI, TnT or Tm. These
mechanisms can only be deciphered by determining the absolute levels of phosphorylation at
multiple sites under varying physiological and pathophysiological conditions.

In conclusion, we present evidence that the decline in contractility during low blood flow may
be explained, in part, by changes to the post-translational state of contractile proteins.
Identification of these novel post-translational changes in vivo, combined with their
physiological ranges of variation, will provide an important framework to rationalize
consequent changes in contractility. Importantly, limitations on contractility imposed by post-
translational changes may have broad clinical corollaries. For example, although thrombolytic
therapy improves survival by restoring blood flow through an infarct related artery, this
eventual benefit occurs with little or no change in left ventricular ejection fraction [reviewed
in (Solomon and Gersh 1998)]. Our findings generally suggest that subsequent to the restoration
of blood flow, the limited change in ejection fraction may be related to intracellular signaling
that persists to limit fiber contractility through post-translational modification of thin filament
proteins such as TnI. Additional studies are currently underway to identify additional molecular
events that underlie the progression to cardiac dysfunction and to determine their functional
consequences.
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Fig. 1.
Dobutamine challenge of sham operated and low flow rat hearts. Fractional shortening was
measured by echocardiography at rest and following dosing to 1.5 μg/g rat weight (Low Dose)
and 4.5 μg/g rat weight (High Dose) dobutamine. Data are average ± SD. N = 5 rats for all
groups. * denotes P < 0.05 compared to the corresponding sham operated counterpart
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Fig. 2.
Force–calcium relationship of permeabilized trabeculae from sham operated and low flow rat
hearts. Left ventricular trabeculae from the hearts of sham operated (●) and low flow (○) rats
were permeabilized and the force per cross-sectional area as a function of free Ca2+ was
measured. The lines through the points represent Hill fits to data accumulated from the sham
operated (solid line) or low flow (dotted line) rat hearts. N = 5 and 7 rats for sham operated
and low blood flow groups
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Fig. 3.
Phosphorylation of Troponin T and MLC-2. a Total protein stain of a homogenate resolved by
2D SDS-PAGE using a 3-5.6NL strip. The putative TnT isoelectric variants are marked (left).
Western blotting using a TnT antibody (right, top) or phosphoprotein staining (right, bottom)
were carried out to identify phosphorylated (▲) or nonphosphorylated (△) forms of TnT. b
Panels focusing on the two predominant TnT isoelectric variants of the more abundant lower
Mr isoform, marked T1 and T2, stained in triplicate by total protein stain and phosphoprotein
stain (left). T1/T2 ratio for the total protein and phosphoprotein stain, as well as the quotient
of the phosphoprotein T1/T2 value over the total protein T1/T2 value (right). c Two-
dimensional SDS–PAGE of representative total homogenates from a sham operated and low
flow heart, identifying TnT and MLC-2 isoelectric variants
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Fig. 4.
Phosphorylation of MYBP-C. The extent of MYBP-C phosphorylation was determined by
phosphoprotein staining. a Sham operated and low flow samples were resolved by SDS-PAGE
and stained for total protein and phosphoprotein. The MYBP-C signals were quantified by
densitometry (marked “Raw”), and were normalized to the first sham operated sample,
providing a normalization factor across samples (marked “Ratio”). This ratio was applied to
the unadjusted MYBP-C phosphoprotein signals (marked “Raw”) to provide a normalized
value of the extent of MYBP-C phosphorylation. b The average ± SD of the normalized
phosphorylated MYBP-C densitometry values are presented. There was no statistically
significant difference between sham operated and low flow samples
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Fig. 5.
Phosphorylation of Troponin I. a Total protein stain of a homogenate resolved by 2D SDS–
PAGE using the cathodic half of a 7–11NL strip. The putative TnI isoelectric variants are
marked (left). Western blotting using a TnI antibody (right, top) or phosphoprotein staining
(right, bottom) were carried out to identify the TnI variants, all of which were phosphorylated.
b Five rat heart homogenates with known amounts of TnT phosphorylation were resolved by
SDS–PAGE and stained with Pro-Q Diamond phosphoprotein stain. The TnI phosphoprotein
signal from each sample was measured and the stoichiometry determined based on a
comparison to the TnT phosphoprotein signal. c Two-dimensional SDS–PAGE of

Christopher et al. Page 17

J Muscle Res Cell Motil. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



representative sham operated and low flow rat heart homogenates stained for total protein,
identifying the isoelectric variants of TnI
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Fig. 6.
Phosphorylation at Ser23/24 of TnI. To determine the extent of phosphorylation at Ser 23/24
of TnI, sham operated and low flow samples were resolved by SDS–PAGE and Western blotted
using antibodies that identified total TnI or Ser23/24 phosphorylated TnI. a For total TnI,
samples were quantified by densitometry (marked “Raw”), and were normalized to the first
sham operated sample, providing a normalization factor in between samples (marked
“Ratio”). This ratio was applied to the unadjusted Ser23/24 phosphorylated TnI signals
(marked “Raw”) to provide a normalized value of the Ser23/24 signal (marked “Adjusted”).
b The average ± SD of the adjusted Ser23/24 densitometry values are presented. * The
differences in Ser23/24 phosphorylation were statistically significant (P < 0.05)
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Fig. 7.
Mass Spectrometry analyses of TnI. To determine the sites of phosphorylation of TnI, mass
spectrometry was used to analyze an enriched low blood flow TnI preparation. a Tandem MS
spectra of the chymotrypsin generated parent ion 967.7 [M + 3H] 3+ highlighting b and y ions
corresponding to phosphorylated Ser23 and 24. The inset scan is part of the Orbitrap FT full
scan at 60,000 resolution, showing the parent ion. The delta mass of the parent ion is −2.2 ppm.
b LC-MS spectra of trypsin digested TnI representing m/z consistent with the
monophosphorylated peptide 40SKISASR46 with net +1 and +2 charge (Left) and the
diphosphorylated peptide 42ISASR46 with net +1 charge (Right)

Christopher et al. Page 20

J Muscle Res Cell Motil. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
TnC affinity chromatography of TnI. Left ventricular homogenates from sham operated (n =
5) and low flow rat hearts (n = 5) were loaded on a TnC affinity column in the presence of 0.1
mM Ca2+, and the bound TnI was eluted by a linear gradient of increasing KCl. a Troponin I
eluting in fractions from the gradients of two runs are shown, with the peak fractions denoted
by *. b Average ± SD of the conductivity of the peak fraction of TnI eluting from the TnC
affinity column. The difference in peak elution conductivity was statistically significant (* P
< 0.05)
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Table 1

Phosphorylation state of select sarcomeric proteins from sham operated and low flow rat hearts

Sham operated (%) Low flow (%)

Troponin I

1-P 7.1 ± 3.2 16.1 ± 11.0

2-P 2.9 ± 3.4 1.4 ± 2.0

3-P 83.2 ± 7.5 69.0 ± 10.9*

4-P 4.9 ± 3.8 8.0 ± 2.7

5-P 1.9 ± 1.7 5.5 ± 2.0*

Troponin T

1-P 8.9 ± 6.0 13.3 ± 3.4

2-P 91.1 ± 6.0 86.7 ± 3.4

MLC-2

0-P 59.4 ± 4.0 63.8 ± 9.5

1-P 36.7 ± 2.9 32.5 ± 7.8

2-P 3.9 ± 1.8 3.8 ± 2.5

Values are average ± SD from 5 sham operated and 5 low blood flow rat hearts; 0-P through 5-P denotes the corresponding number of phosphorylation
sites

*
P < 0.05 versus sham operated
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