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Abstract
Cardiac myosin binding protein-C (cMyBP-C) is a thick filament assembly protein that stabilizes
sarcomeric structure and regulates cardiac function; however, the profile of cMyBP-C degradation
after myocardial infarction (MI) is unknown. We hypothesized that cMyBP-C is sensitive to
proteolysis and is specifically increased in the bloodstream post-MI in rats and humans. Under
these circumstances, elevated levels of degraded cMyBP-C could be used as a diagnostic tool to
confirm MI. To test this hypothesis, we first established that cMyBP-C dephosphorylation is
directly associated with increased degradation of this myofilament protein, leading to its release in
vitro. Using neonatal rat ventricular cardiomyocytes in vitro, we were able to correlate the
induction of hypoxic stress with increased cMyBP-C dephosphorylation, degradation, and the
specific release of N′-fragments. Next, to define the proteolytic pattern of cMyBP-C post-MI, the
left anterior descending coronary artery was ligated in adult male rats. Degradation of cMyBP-C
was confirmed by a reduction in total cMyBP-C and the presence of degradation products in the
infarct tissue. Phosphorylation levels of cMyBP-C were greatly reduced in ischemic areas of the
MI heart compared to non-ischemic regions and sham control hearts. Post-MI plasma samples
from these rats, as well as humans, were assayed for cMyBP-C and its fragments by sandwich
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ELISA and immunoprecipitation analyses. Results showed significantly elevated levels of
cMyBP-C in the plasma of all post-MI samples. Overall, this study suggests that cMyBP-C is an
easily releasable myofilament protein that is dephosphorylated, degraded and released into the
circulation post-MI. The presence of elevated levels of cMyBP-C in the blood provides a
promising novel biomarker able to accurately rule in MI, thus aiding in the further assessment of
ischemic heart disease.

Keywords
Myosin binding protein-C; Phosphorylation; Cardiac troponin I; Cardiac biomarker

1. Introduction
Coronary heart disease is the most common cause of myocardial infarction (MI), which
afflicts approximately five million people in the U.S. each year [1]. The infarct is associated
with altered Ca2+ handling and myofilament protein phosphorylation that leads to lower
cross-bridge cycling rates, and a loss of cardiac contractility [2, 3]. Changes in calcium
sensitivity have been found to be associated with development of heart failure [4, 5].
Furthermore, increased intracellular Ca2+ activates the protease calpain, which leads to
proteolytic degradation of contractile proteins [6, 7]. These changes correspond to the
detection of degraded contractile proteins in the blood [8–11], such as cardiac troponin
(cTn) I and T, which are used clinically to determine the severity of myocardial injury [12].
Recent studies have also shown that alterations in the state of contractile proteins, such as
changes in phosphorylation status, might also contribute to cardiac dysfunction after an
ischemic period [13–15]. The cardiac sarcomere consists of thick and thin filament proteins
in which thick filaments are composed of titin, myosin, cardiac myosin binding protein-C
(cMyBP-C) and myosin light chains, whereas thin filaments consist of actin, cTnI, cTnT,
cTnC, and α-tropomyosin (α-TM). During MI, degradation of the thin filament proteins,
such as cTnI and cTnT, has been extensively studied [6–12]. However, the degradation
profile of thick filament proteins, in particular, cMyBP-C, and the resulting contractile
dysfunction have not been systematically characterized.

cMyBP-C is an assembly protein and myosin stabilizer that is involved in regulating
sarcomeric structure and function in the heart [16–19]. Increasing evidence suggests that
cMyBP-C plays a critical role in regulating myosin function and cardiac contraction [14, 19,
20]. Given that mutations in this protein have been linked to familial hypertrophic
cardiomyopathy in more than 60 million people worldwide [21], elucidation of its function
is clinically imperative [19]. cMyBP-C comprises 2% of the total contractile proteins in the
heart, belongs to the intracellular immunoglobulin super family, and is highly soluble due to
its hydrophilic properties [22]. Previous literature has shown that cMyBP-C phosphorylation
at Ser-273, Ser-282 and Ser-302 regulates myocardial function [14, 23, 24] and confers
resistance to proteolysis and protection against MI [14, 20]. On the other hand, the
degradation of cMyBP-C during MI correlates with contractile dysfunction [14, 25]. We
previously demonstrated that cMyBP-C is a substrate for calpains and that calpains cleave
cMyBP-C during MI [26]. This event results in the release of 40 kDa fragments,
polypeptides that could potentially cause pathogenic cardiac muscle damage by interacting
with myosin and inhibiting its function. At this time, the interrelationship of cMyBP-C
phosphorylation, degradation, and contractile dysfunction is poorly understood. Therefore, it
is necessary to identify mechanisms for cMyBP-C phosphorylation and degradation post-MI
to better understand the pathological processes [8].
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The objectives of this study were to determine whether cMyBP-C is an easily releasable
protein, whether degradation is associated with its phosphorylation status, and whether
cMyBP-C is released into the circulation post-MI. To accomplish this, we utilized an in vitro
system, an in vivo rat model of MI, and samples from post-MI patients. Our data show that
cMyBP-C is rapidly degraded and released in a time-dependent manner from myocardial
tissue in vitro and that its degraded products appear in the circulation post-MI in vivo. In
addition, our data associate cMyBP-C degradation with its dephosphorylation, which
establishes a firm rationale for using elevated plasma cMyBP-C titers as a novel biomarker
of myocardial injury.

2. Materials and Methods
An expanded methods section is available in the online-only Supplement.

2.1 Determining cMyBP-C degradation, phosphorylation and plasma levels
To determine whether cMyBP-C is an easily releasable myofilament in vitro, left ventricular
(LV) tissue from normal male Sprague Dawley rat hearts was incubated in phosphate
buffered saline (PBS) for different durations at 37°C. The released proteins in the effluent
were analyzed by Western blot using rabbit polyclonal antibodies against cMyBP-C residues
2–14 (cMyBP-C2–14) [27], domains C0 (Santa Cruz), C0–C1 [23, 25], C5 [28] and C8–C9
[28], and a custom made rabbit polyclonal antibody against C-terminal 1119–1212 residues
(ProSci, Inc.). Release of other sarcomeric proteins, such as myosin, actin, cTnI, and α-TM,
was determined by Western blot, as described previously [20]. To determine the proteolytic
profile of cMyBP-C degradation, hypoxia was induced in 3-day-old neonatal rat ventricular
myocytes (NRVMs) for 12 hrs, and total proteins were analyzed by Western blot using
rabbit anti-cMyBP-C2–14 antibodies [27]. To investigate cMyBP-C degradation in MI heart
tissue, total proteins were separated on 4–15% precast Tris-HCl gels (Bio-Rad
Laboratories), followed by Western blot analyses using rabbit anti-cMyBP-C2–14 antibodies
[20]. Site-specific phospho antibodies against Ser-273, Ser-282, Ser-302 (number refers to
mouse Uniport O70468) were used to determine cMyBP-C phosphorylation levels [29].
Plasma levels of cMyBP-C were quantified by sandwich ELISA using capture antibody
(monoclonal anti-cMyBP-C antibody, E-7, Santa Cruz) and detection antibody (rabbit
polyclonal anti-cMyBP-CC0–C1) [23]. Plasma cTnI levels were measured by sandwich
ELISA according to the manufacturer’s recommendations (rat, Life Diagnostics; human,
Calbiotech).

2.2 Rat model of myocardial infarction
Ten-week old male Sprague Dawley rats were used to induce MI as described [30]. Three
days post-MI, LV structure and function was measured in MI, sham, and naïve animals by
non-invasive M-mode echocardiography, and blood and tissue samples were collected for
analyses [30]. Animals were handled in accordance with the principles and procedures of the
Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use
Committee at Loyola University Medical Center approved all experimental procedures.

2.3 Human samples
Echocardiography and blood samples were collected from normal controls and patients
admitted to the Scott & White Hospital, Temple, Texas, who were diagnosed with MI based
on ECG findings and elevations in cTnI levels (cutoff >5 ng/ml). Plasma was separated
immediately after blood collection, and plasma cTnI, glucose and creatine levels were
measured within 1 hour in a clinical lab; aliquoted and stored at −80°C prior to determining
cMyBP-C levels. In addition, explanted heart samples (non-ischemic, viable region) were
obtained from patients with ischemic cardiomyopathy undergoing heart transplantation and
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non-failing donor hearts from the Gift of Hope from the tissue repository of the
Cardiovascular Institute at Loyola University Medical Center, Maywood, IL. These samples
were used to determine the phosphorylation status of cMyBP-C and its degradation in
human hearts. All human samples were obtained with informed consent and de-identified
with Institutional Review Board approval.

2.4 Statistical analysis
Results are presented as mean ± SEM. Comparisons between groups (Sham vs. MI) were
made using a Student’s t-test. Differences within and between groups were analyzed with
Two-Way Repeated-Measures ANOVA, followed by a Tukey post-hoc test using SigmaPlot
V11. P < 0.05 was considered significant.

3. Results
3.1 cMyBP-C is an easily releasable sarcomeric protein in vitro, and cMyBP-C
dephosphorylation is associated with its degradation

To determine whether cMyBP-C is an easily releasable myofilament protein, LV heart tissue
from wild-type rats was incubated in PBS at 37°C for 1 second, 0.5, 1, 3, 6 and 12 hrs.
During these incubations, releasable proteins from the LV tissue were allowed to freely
diffuse into the PBS effluent. SDS-PAGE analyses showed that the release of total cardiac
protein increased over time (Fig. 1A). To determine whether full-length cMyBP-C and its
proteolytic fragments were released into the PBS effluent, Western blot analysis was
performed with N′-specific rabbit anti-cMyBP-C2–14 antibodies which recognize full-length
and all N′-fragments of cMyBP-C (Fig. 1B, 1D). Results show that cMyBP-C and its
fragments are released into the effluent as early as 1 second with a time-dependent increase
in release up to 12 hrs. After 0.5 hours, the predominant cMyBP-C fragments (40 kDa) were
also released in a time-dependent manner. For comparison, other cardiac sarcomeric
proteins, such as actin (Fig. 1C), myosin, cTnI and α-TM (Online Supplemental Fig. 1),
were measured in the effluent. Results show the presence of myosin and actin, and a time-
dependent increase in α-TM and cTnI. Antibodies generated against different cMyBP-C
domains (C5, C8–C9 and C10) were used to further demonstrate the release of cMyBP-C
fragments into the effluent (Online Supplemental Fig. 2). Briefly, these antibodies verified
the release of full-length cMyBP-C and other fragments. Western blot analyses of the
effluent with site-specific phospho antibodies for cMyBP-C at Ser-273, Ser-282 and Ser-302
demonstrate a time-dependent decrease in the phosphorylation of these sites (Fig. 1C, 1E),
which also corresponds to an increase in the 40 kDa fragments (Fig. 1D). Next, we
determined cMyBP-C concentrations in the leftover tissue at each time point with Western
blot analysis (Fig. 1F–J). Data show that full-length cMyBP-C was present at all time points,
but was reduced at 12 hrs, which corresponded with the emergence of 40 kDa fragments
(Fig. 1G, 1I). Compared to released intact cMyBP-C phosphorylation status, the tissue
cMyBP-C phosphorylation levels at Ser-273, Ser-282 and Ser-302 were significantly
reduced at later time points (Fig. 1H, 1J), demonstrating that the dephosphorylation status of
cMyBP-C is directly proportional to the release of cMyBP-C from cardiac sarcomere and its
increased fragmentation (Online Supplemental Fig. 3).

3.2 A predominant N′-fragment, 40 kDa, is specific to cMyBP-C and increased post-hypoxia
in vitro

To determine whether the 40 kDa fragments were exclusively from cMyBP-C, we used LV
tissue from wild-type mouse, rat, and donor human hearts. These tissue samples were
incubated in PBS at 37°C for 6 hrs and the release and degradation of cMyBP-C was
analyzed by Western blot. As negative controls, homozygous cMyBP-C null mice (t/t) [31]
and cMyBP-C knockout (−/−) [17] mouse hearts were used in which full-length cMyBP-C

Govindan et al. Page 4

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

https://www.researchgate.net/publication/296243947_Hypertrophic_cardiomyopathy_in_myosin_binding_protein-C_knockout_mice?el=1_x_8&enrichId=rgreq-00c7e960898259dee1167484c03a6f33-XXX&enrichSource=Y292ZXJQYWdlOzUxNjkzMzkxO0FTOjEwMTEwODc4OTgwOTE2MEAxNDAxMTE3NjIyNTQx


is completely absent. As expected, full-length cMyBP-C and 40 kDa fragments were
released into the PBS effluent at 6 hrs in the wild-type human, rat, and mouse heart samples
in contrast to cMyBP-C null and knockout hearts (Fig. 2A). These data suggest that the 40
kDa fragments are derived from cMyBP-C across several species. Finally, to determine
whether the 40 kDa fragments can be released by hypoxia, NRVMs were used in vitro and
the levels of cMyBP-C and its fragments were determined by Western blot analyses (Fig.
2B). Compared to controls, three-day old hypoxic cardiomyocytes show a significant
decrease in full-length cMyBP-C (P<0.01, Fig. 2C) and a corresponding increase in 40 kDa
fragments (P<0.0001, Fig. 2D). In addition, the phosphorylation status of cMyBP-C at
Ser-273, Ser-282 and Ser-302 was significantly reduced in the hypoxia-induced NRVMs
(Fig 2E–F). Taken together, these data suggest that cMyBP-C is an easily releasable
sarcomeric protein. In addition, the decrease in phosphorylation status coupled with the
decrease in intact cMyBP-C, and a corresponding increase in 40 kDa fragments, supports the
role played by phosphorylation in the degradation process of cMyBP-C.

3.3 Decreased phosphorylation and increased degradation of cMyBP-C in post-MI rats in
vivo

During ischemia, the thick and thin sarcomeric proteins are modified, disorganized and
degraded, thereby altering contractile function [25]. In order to study the phosphorylation
and degradation pattern of cMyBP-C in the ischemic and non-ischemic regions of MI hearts,
a rat model with 3-day permanent coronary artery ligation was used. LV structure and
function were significantly altered 3 days post-MI as measured by echocardiography (Table
1). Data show that MI led to significant LV chamber dilation and loss of function as
measured by ejection fraction, stroke volume and cardiac output. Echocardiography further
demonstrated a lack of mid-papillary anterior wall motion in infarcted animals (Fig. 3A).
Gross morphological analysis of pressure perfused fixed hearts demonstrated ventricular
dilation (Fig. 3B), and histopathological analyses revealed the presence of infarcted regions
and necrosis in MI hearts, compared to sham rat hearts (Fig. 3C). Electron microscopic
analyses show a disorganized myofibrillar structure in the infarcted anterior wall (AW)
versus the posterior wall (PW) of MI rats and sham control hearts (Fig. 3D).

cMyBP-C domain structures, interacting regions and antibodies used in this study are shown
in Figure 4A. We hypothesized that the degradation of cMyBP-C would be significantly
increased in the ischemic region of MI hearts, resulting in decreased cMyBP-C and its
phosphorylation status and increased levels of 40 kDa fragments. To test this hypothesis, we
used samples from the AW and PW of naïve, sham and MI hearts. SDS-PAGE shows the
altered total protein profile in the AW of MI hearts (Fig. 4B), compared to the PW of MI
hearts and controls. Western blot analyses using cMyBP-C2–14 antibodies demonstrated that
full-length cMyBP-C was significantly reduced in AW of the MI hearts, compared to PW of
the control hearts (Fig. 4C–D), and these findings were confirmed using C5, C8–C9, and
C10 domain-specific antibodies (Online Supplemental Fig. 4). Importantly, the 40 kDa
fragments were only present in the AW of MI hearts (Fig. 4C, 4E). This supports our
hypothesis that the release of 40 kDa fragments is specific to ischemic LV tissue. We then
partially purified the 40 kDa fragments to determine the site of cleavage using mass
spectrometry. Results show that there are two fragments at the 40 kDa position (Fig. 4A)
and that both were identified as rat cMyBP-C (Online Supplemental Fig. 6). Strikingly, both
fragments were cleaved within the phosphorylation motifs (M domain) of cMyBP-C, adding
to the evidence that phosphorylation of cMyBP-C is cardioprotective [14]. We then
hypothesized that decreased phosphorylation of cMyBP-C in the AW region of the MI heart
is associated with cMyBP-C degradation and the release of its 40 kDa fragments. To test the
hypothesis, we measured phosphorylation levels of Ser-273, Ser-282 and Ser-302 in naïve,
sham and infarcted hearts in the AW and PW regions (Fig. 4F). In the AW of the MI heart,
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there was a significant decrease in phosphorylation levels of all sites (Fig. 4G). As a possible
compensatory mechanism resulting from MI in the AW region, the PW region of MI hearts
showed a significant increase in cMyBP-C phosphorylation levels at all sites. These changes
in cMyBP-C phosphorylation in the AW and PW may contribute to LV remodeling and
dysfunction after MI.

3.4 Decreased cMyBP-C phosphorylation in patients with failing myocardium
We then extended our investigation to determine whether decreased cMyBP-C
phosphorylation is associated with the presence of HF in human hearts and the presence of
40 kDa fragments. We used left ventricular non-ischemic (non-failing) donor samples
(n=10) obtained from the Gift of Hope, and explanted (failing) samples from patients with
ischemic cardiomyopathy (ICM; n=10). The average age and gender of donors from the Gift
of Hope and ICM patients were 53.7±4.4 (30% female) and 60.4±2.2 (20% female),
respectively. ICM patients were undergoing heart transplantation with near end-stage heart
failure. Hearts from Gift of Hope donors were primarily rejected for transplantation based
on the following: 20% hypertension, 20% atrial fibrillation, 30% CAD, and 30% CDC high-
risk donor. Total cardiac proteins of donors and patients with HF were analyzed by SDS-
PAGE (Fig. 5A). Western data from failing human hearts showed a trend (P = 0.07) in the
reduction of total cMyBP-C and the presence of 40 kDa fragments (Fig. 5B–C). Importantly,
failing samples showed a significant (P< 0.001) decrease in phosphorylation levels of
Ser-273, Ser-282 and Ser-302 (Fig 5B, 5D), compared to donor samples. Altogether, our
data demonstrate that cMyBP-C undergoes severe degradation during MI and in failing
human hearts and that the release of 40 kDa fragments is directly associated with cMyBP-C
dephosphorylation.

3.5 Elevated levels of plasma cMyBP-C post-MI in rats and patients
After MI, proteases such as calpains are activated which target myofilament proteins, such
as cardiac troponin T and cTnI, leading to their appearance in the circulation [8–11]. We
therefore hypothesized that cMyBP-C and its fragments are released into the circulatory
system from 3 days post-MI in rats. To quantify plasma cMyBP-C concentrations, we first
established a sandwich ELISA assay using capture (monoclonal) and detection (polyclonal)
anti-cMyBP-C antibodies. We used recombinant 40 kDa fragments (F1, residues 1–271) for
the standard calibrations that were spiked in naïve plasma samples (Fig. 6A–B). To evaluate
the quality of the fit at each concentration and sensitivity and accuracy of the assay, we
determined the percentage coefficient of variation (CV, Fig. 6C) and percentage recovery
(Fig. 6D) using the actual and expected values. The CV is less than 20% and recovery is
10% across the working range (0.1–10,000 ng/ml) of the assay. To determine the sensitivity
of the sandwich ELISA, we then defined the limit of detection values and quantification for
lower and upper limits (Online Supplemental Table 1). The values of lower limit of
quantification and upper limit of quantification are 0.02 and 2053 ng/ml, respectively.

Results show that cMyBP-C titers in the MI rat plasma samples were significantly increased
to 109±4 ng/ml, compared to 1.22±0.4 ng/ml in sham rats (Fig. 6E). The presence of intact
cMyBP-C and its fragments in the plasma samples of rats was further confirmed by an
immunoprecipitation (IP) assay (Fig. 6E insert). For a standard, we measured cTnI levels,
which were also significantly higher in the MI plasma samples (7.0±0.5 ng/ml), compared to
0.079±0.02 ng/ml in sham controls (Fig. 6F). We next extended the analyses of cMyBP-C
levels to the plasma samples of patients with MI. Plasma samples were collected from 16 MI
patients (Table 2) and 11 normal healthy controls (Online Supplemental Table 2).
Importantly, cMyBP-C and cTnI levels in the plasma samples of healthy controls were very
low, 0.95±0.34 ng/ml and 0.238±0.07 ng/ml, respectively. Strikingly, the concentration of
cMyBP-C in the plasma of MI patients was significantly increased to 227±50 ng/ml,
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compared to controls (Fig. 6G), and greater than plasma cTnI levels at 30±9 ng/ml (Fig.
6H). IP analyses confirmed the presence of cMyBP-C in the plasma samples of these
patients (Fig. 6G, insert). Summarized values in molar concentration of these data are
shown in Table 3. Blood glucose and creatine concentrations were significantly higher in
patients with MI in addition to reduced ejection fraction (Online Supplemental Table 3).
Based on our data, it can be concluded that (1) cMyBP-C and its fragments can be released
into the circulatory system after MI and (2) the level of plasma cMyBP-C and its N′-
fragments is higher than plasma cTnI in humans and rats post-MI. These data strongly
suggest that plasma concentrations of cMyBP-C could be a potential biomarker for MI.

4. Discussion
cMyBP-C is a key assembly and structural protein which plays an important functional role
in the heart [16, 17, 19]. Three isoforms of MyBP-C exist: fast skeletal, slow skeletal and
cardiac, which are encoded by specific genes [22]. cMyBP-C is exclusively expressed in the
heart, and the N′-regions (C0 domain and phosphorylation motifs in the M domain) are
specific to the cardiac isoform. cMyBP-C modulates myosin assembly and stabilizes the
thick filaments [16], both of which are important for the precise arrangement of actin-
myosin filaments in the sarcomere. During MI, it has been demonstrated that the N′-regions
of cMyBP-C are severely degraded [14, 25]. These data prompted us to ask whether the
proteolysis and release of the cMyBP-C could be measured in the blood and correlated to the
extent of MI. In this report, we evaluated cMyBP-C degradation, correlated the degradation
profile with its phosphorylation status, and demonstrated its release into the blood post-MI.

4.1 Decreased cMyBP-C phosphorylation is associated with its degradation
cMyBP-C phosphorylation regulates myocardial function [14, 20, 23] and confers
cardioprotection against injury [14, 26]. The mechanism by which cMyBP-C is
cardioprotective has not been fully elucidated. cMyBP-C phosphorylation has been shown to
be reduced in the failing heart [32], suggesting an association with the development of HF.
cMyBP-C phosphorylation at Ser-273, Ser-282, and Ser-302 sites is differentially targeted
by PKA [33], PKC [33], PKD [24], CaMKII [34] and RSK [24]. These sites are located in
the cardiac-specific M domain (Fig. 4A) and are key targets for several kinases [29]
regulating myosin and actin function during muscle contraction [19]. Previously, we
demonstrated that cMyBP-C is severely degraded during MI, resulting in the production of
40 kDa fragments that are associated with post-ischemic contractile dysfunction [14, 25, 26].
In the present study, we confirmed that the 40 kDa fragments are released when cMyBP-C is
cleaved within the phosphorylation motifs. We hypothesized that dephosphorylation of the
M domain at Ser-273, Ser-282 and Ser-302 sites is directly associated with the release of the
40 kDa fragment. During MI, the necrotic region of the myocardium becomes impaired
which causes a shift in metabolic regulation in response to the low oxygen environment and
alters cellular energetics. As a consequence, the myocyte becomes unable to handle Ca2+

properly. As cytosolic Ca2+ levels rise, Ca2+-dependent proteases, such as calpains, may
become activated and degrade its substrates, including cTnI, cTnT and cMyBP-C [6, 26,
35]. Dephosphorylation of cTnI and cTnT enhances their degradation, whereas
phosphorylation protects them from degradation [36]. It is therefore possible that
dephosphorylation of cMyBP-C during ischemia enhances its proteolysis, whereas cMyBP-
C phosphorylation modifies its sensitivity to degradation [26]. We hypothesize that
dephosphorylation may dissociate protein binding, thus providing access for calpain binding
on the targeted site. When this occurs, cMyBP-C could be cleaved at the M domain, causing
the release of 40 kDa N′-fragments (F1 and F2, Fig. 4A) into the cytosol, while the C′ end of
cMyBP-C may be further cleaved or remain anchored to the A-band. We further hypothesize
that N′-fragment cleavage within the M-domain will alter the interaction between myosin
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and actin, including interaction with thick and thin filament proteins, Mg2+-ATPase activity
and contractility. Our present data demonstrate that 1) cMyBP-C phosphorylation is
correlated with the reduction in full-length cMyBP-C and the release of 40 kDa fragments in
vitro and in vivo in necrotic tissue, hypoxic conditions, and ischemic regions of the post-MI
heart; and 2) the cleavage site for the 40 kDa fragments occurs at the phosphorylation
motifs, as verified by mass spectrometry. The identification of specific proteases and
cleavage sites for cMyBP-C degradation advances our understanding of its cardioprotective
function and expands the potential for therapeutic interventions.

4.2 Elevated level of plasma cMyBP-C as a potential biomarker for MI
The diagnosis of MI is made by a variety of assays and methods. However, MI represents
only a small number of total patients presenting with chest pain. In fact, studies have shown
that 60–70% of all patients with chest pain do not have cardiac-related issues, even though
many of these patients are admitted at a very high level of hospital care [37]. This is mostly
because current diagnostic methods of assessing MI are not completely reliable [37]. While
electrocardiography is practical for detecting major heart attacks, it is not sensitive enough
for diagnosing mild or false-positive cases. This is where plasma biomarkers play a major
role. According to the American College of Cardiology and American Heart Association
guidelines, cTnI and creatine kinase-MB (CK-MB) should be used as the main biomarkers
for diagnosing heart attacks [38]. The cardiac sarcomeric proteins, cTnI [11] and cTnT [39],
have become the gold standard biomarkers for the diagnosis of MI. Unlike cytosolic
proteins, such as CK-MB and myoglobin, the measure of cardiac sarcomeric proteins in the
circulatory system is specific (96%) to MI [40, 41]. However, these cardiac biomarkers do
not become elevated in the blood until 4–6 hours at the earliest after MI onset. This delay
results that low-risk and false-positive patients are unnecessarily reserved in the emergency
room, when they could be diagnosed and discharged much earlier, saving considerable time
and expense. A combination of cTnI, CK-MB, myoglobin and fatty acid binding protein
may offer a 98% accurate rule-out test for MI [42], and such signature assays have been
shown to be 20% more sensitive than a single cTnI assay [43]. In addition, cTnI is not
specific for just MI, but is also elevated in a large number of clinical situations, suggesting a
need for developing a diagnostic assay that specifically detects MI.

cMyBP-C degradation and the release of its fragments into the blood after myocardial stress
have thus far not been established. Since cMyBP-C is severely degraded post-MI, we
hypothesized that cMyBP-C is released into the circulation post-MI. Our present studies
show that intact cMyBP-C and its cleaved fragments are released with increased levels into
the effluent (in vitro) and circulation post-MI in a rat model (in vivo). We further
demonstrated elevated levels of cMyBP-C in the blood of patients with MI. Future studies
would determine the time course of release, peak concentrations, and half-life in the
circulatory system. cMyBP-C may be readily detectable by its larger molecular size and
higher concentration, thus providing an alternative clinical measurement of myocardial
injury. A systematic analysis of cMyBP-C release post-MI has yet to be performed to
demonstrate that the release of cMyBP-C occurs from ischemic, necrotic and/or injured
cells. Additionally, post-translational modification of plasma cMyBP-C and its degradation
in the circulatory system remains to be determined.

4.3 Conclusion
In summary, we investigated the proteolysis and release of cMyBP-C into the circulatory
system using in vitro and in vivo techniques based on animal models and human samples.
Our data suggest a direct correlation between cMyBP-C dephosphorylation and its
degradation. Importantly, the use of different monoclonal and polyclonal anti-cMyBP-C
domain-specific antibodies and mass spectrophotometery identified the sites of cleavage,
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and a sandwich ELISA assay was used to determine the plasma concentrations of cMyBP-C.
Because full-length cMyBP-C is susceptible to proteolysis and may undergo further
degradation, we propose the need to use a mixture of different domain-specific antibodies to
fully measure and characterize cMyBP-C and its fragments in post-MI blood samples.
Importantly, the onset of cMyBP-C release and its correlation to myocardial function have
yet to be elucidated. These future studies would determine whether cMyBP-C could be used
as a true biomarker of MI injury.
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Abbreviations

cTnI cardiac troponin I

cTnT cardiac troponin T

cMyBP-C cardiac myosin binding protein-C

LV left ventricular

MI myocardial infarction

kDa kilo Dalton

PBS phosphate buffered saline

ELISA enzyme-linked immunosorbent assay

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis

AW anterior wall

PW posterior wall

IP immunoprecipitation

ng nanogram

ml milliliter

α-TM α-tropomyosin

ICM ischemic cardiomyopathy
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Highlights

• Cardiac myosin binding protein-C (cMyBP-C) is an easily releasable sarcomeric
protein.

• Dephosphorylation of cMyBP-C is directly correlated with its degradation in
vitro and in vivo.

• cMyBP-C and N-terminal fragments are released into the blood post-myocardial
infarction.

• Established a sandwich ELISA to quantify concentration of plasma cMyBP-C.

• Plasma concentrations of cMyBP-C could be a potential biomarker for
myocardial infarction.
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Fig 1. cMyBP-C is an easily releasable myofilament
Rat LV tissue (100 mg) was incubated in 500 μl of PBS (effluent) at 37°C for 1 second (1s),
and 0.5, 1, 3, 6 and 12 hrs. Effluent (10 μl) was used for SDS-PAGE (A), followed by
Western blot analyses with rabbit anti-cMyBP-C2–14 antibody (B) and site-specific Ser-273
(S273p), Ser-282 (S282p) and Ser-302 (S302p) phospho antibodies (C). Sarcomeric α-actin
was used as a loading control. Quantitative analyses (D) show the increase of full-length
(FL) cMyBP-C, 40 kDa and other N′-fragments, either in total cMyBP-C or individually as
FL, 40 kDa and other N′-fragments, over time (n=4, P<0.01 vs. 0.5 hr time point), but, at the
same time, gradual reduction of cMyBP-C phosphorylation at Ser-273, Ser-282 and Ser-302
sites individually or in total (E, P<0.01 vs. 0.5 hr time point), suggesting an inverse
relationship between the degradation and phosphorylation status of cMyBP-C. Ten μg of
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total protein from the tissue homogenates of the leftover rat heart tissue at different time
points were resolved on SDS-PAGE (F) and analyzed by Western blot analyses with rabbit
anti-cMyBP-C2–14 antibodies (G) and site-specific Ser-273 (S273p), Ser-282 (S282p) and
Ser-302 (S302p) phospho antibodies (H). Quantitative analyses show (I) reduced total
cMyBP-C with increased release of 40 kDa and other N′-fragments at 6- and 12-hr time
points (n=4, P<0.01 vs. 1s time point). Phosphorylation status at the three sites was
decreased in total or individually (J), starting from the 1-hr time point (n=4, P<0.01 vs. 1s
time point). A nonspecific (NS) protein, which was not released into the effluent, was
identified (Online Supplement Fig. 5).
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Fig 2. Release of the 40 kDa fragment is specific to cMyBP-C
Representative Western blot analyses (n=3) show that the cleavage of 40 kDa N-terminal
cMyBP-C fragments was consistent in human (H), rat (R) and mouse (M) heart effluents at
6 hrs and was absent in negative controls, such as cMyBP-C null (t/t) and systemic knockout
(−/−) mouse hearts (A). LV tissue (100 mg) from the respective species was incubated in
500 μl of PBS (effluent) at 37°C for 6 hrs. Effluent (10 μl) was used for SDS-PAGE,
followed by Western blot analyses with rabbit anti-cMyBP-C2–14 antibody. Sarcomeric α-
actin, α-TM and cTnI (arrowhead shows its degraded fragments) were determined for
controls. Three-day-old NRVMs exposed to hypoxia were compared to controls for cMyBP-
C degradation. Representative Western blot analyses using 10 μg of total cell lysates with
rabbit anti-cMyBP-C2–14 antibodies (B) show a significant decrease in full-length cMyBP-C
(C) and an increase in 40 kDa fragments (D) post-hypoxia. Phosphorylation status of
cMyBP-C at Ser-273, Ser-282 and Ser-302 was determined by Western blot analyses using
site-specific antibodies (E). Data, which are normalized with full-length cMyBP-C and
actin, are summarized for phosphorylation status (F). *P<0.01, hypoxia vs control (n=4).
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Fig 3. A rat model of myocardial infarction
Representative M-mode echocardiograms show loss of anterior wall motion and LV dilation
(arrows) in post-MI rat hearts, compared to sham controls (A). Representative rat heart
shows the presence of a severe anterior LV infarct, compared to sham heart (B).
Representative cross-sections of sham and MI rat hearts stained with hematoxylin and eosin
(HE) and masson-trichrome (MT) show gross histopathological changes (C). Electron
microscopic analyses of rat hearts show the disarrangements of sarcomeres in the infarct
regions of the MI rat hearts (D). Sham anterior wall (AW) and posterior wall (PW) of MI
show normal fine structure and ordered myofibrils. In contrast, the AW of the MI regions
shows the absence of intact myofibrils. The region is filled with inflammatory cells
(neutrophils and macrophages). The EM shows detail of the invading cells and large regions
of new collagen (*).
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Fig 4. Proteolysis of cMyBP-C post-MI in rat hearts
A schematic diagram illustrates the cMyBP-C domain structure (A). Immunoglobulin (Ig)-
like and fibronectin domains are shown in green and black, respectively. Ig-like C0 and M
domains and a 28-residue insertion in C5 domain are specific to cMyBP-C (yellow).
Proline-Alanine (P/A)-rich region is shown at the N′-region. The three phosphorylatable
serines, S273, S282 and S302, are shown in the M domain. The region of the 40 kDa
fragments (fragment 1 (F1) and 2 (F2), Online Supplemental Fig. 6) is shown in which C0
and C1 domains and P/A region are included. The antigenic region of cMyBP-C2–14, C0–
C1, C5, C8–C9, and cMyBP-C1119–1212 antibodies that were used in this study are marked.
Representative SDS-PAGE analyses of tissue homogenate from naïve, sham and infarct rat
hearts show the protein profile of anterior wall (AW) and posterior wall (PW) of MI hearts,
compared to naïve and sham controls (B). Ten micrograms of total proteins were resolved
on SDS-PAGE, stained in SYPRO RUBY overnight, and scanned on a Typhoon TRIO+
scanner (GE Healthcare, Piscataway, NJ). Representative Western blot analyses of tissue
homogenates from naïve, sham and MI rat hearts show the proteolytic pattern of cMyBP-C
using rabbit anti-cMyBP-C2–14 antibodies in the AW and PW; Sarcomeric α-actin and
GAPDH used as loading controls (C). Data were quantified, and a significant reduction
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(15±3%) of total cMyBP-C was observed in the AW of MI rat hearts compared to shams
(D). Proteolytic release of the 40 kDa N-terminal fragment in the AW of MI rat hearts was
significantly higher than controls (E). Phosphorylation levels of Ser-273, Ser-282 and
Ser-302 were determined in naïve, sham and MI rat heart tissue by Western blots using site-
specific phospho antibodies (F); Sarcomeric α-actin and GAPDH were used as loading
controls. Data are summarized (G). *P< 0.001, MI (n=6) vs. sham (n=6).
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Fig 5. Decreased cMyBP-C phosphorylation in patients with HF
Ten micrograms of total proteins from donor (D) and failing (F) human heart samples were
used for SDS-PAGE (A), followed by Western blot analyses with rabbit anti-cMyBP-C2–14

antibody and site-specific Ser-273 (S273p), Ser-282 (S282p) and Ser-302 (S302p) phospho
antibodies (B). Sarcomeric α-actin and GAPDH were used as loading controls. Data are
summarized for the 40 kDa fragments (C) and phosphorylation status (D). *P< 0.001,
failing (n=10) vs. donor (n=10).
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Fig 6. cMyBP-C is released into the circulation post-MI in rats and patients
To standardize the sandwich ELISA, a sensitivity analysis of both rabbit and mouse N′-
specific antibodies was performed (A). Recombinant 40 kDa peptides (F1, residues 1–271)
of cMyBP-C were loaded in increasing concentration; SYPRO Ruby-stained gel (i), Western
with rabbit polyclonal anti-cMyBP-CC0–C1 antibody (ii) and mouse monoclonal anti-
cMyBP-CC0 antibody (iii). A calibration curve of the sandwich ELISA assay is shown (B) to
demonstrate absorbance and accuracy of the assay (average mean value of n=3).
Corresponding plot of % CV vs. 40 kDa concentration (C). Plot of percentage calibrator
recovery vs. 40 kDa concentration (D). Plasma levels of cMyBP-C in sham and MI rats by
sandwich ELISA (E). Insert is an IP assay of sham and MI rat plasma. Plasma levels of cTnI
in sham and MI rats (F). *P< 0.001, MI (n=11) vs. sham (n=7). Plasma levels of cMyBP-C
in human controls and patients with MI (G). Insert shows the presence of cMyBP-C by IP
assay. Plasma levels of human cTnI in control and patients with MI (H). *P< 0.001, control
(n=11) vs. patients (n=15).
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Table 1

MI leads to decreased LV function as determined by Echocardiography

Baseline Sham MI

Number of rats 19 8 8

HR (beat/min) 352±5 373±5* 383±9*

BW (grm) 330±3 320±5 314±5*

IVSd (mm) 1.59±0.05 1.74±0.08 1.61±0.22

LVd (mm) 7.38±0.10 7.39±0.13 7.78±0.13*$

LV-PWd (mm) 1.51±0.05 1.54±0.06 1.50±0.10

IVSs (mm) 2.54±0.06 2.60±0.07 2.05±0.30

LVs (mm) 4.89±0.14 4.95±0.16 6.01±0.28*$

LV-PWs (mm) 2.26±0.09 2.28±0.09 2.13±0.09

IVS (%) 60±3 51±5 27±9*$

LV-PW (%) 50±4 48±4 44±7

LV EDV(μl) 371±10 371±13 411±14*$

LV ESV (μl) 162±9 165±10 247±23*$

LV SV (ml) 208±4 206±6 164±17*$

LV CO (ml) 73±1 77±2 62±6*$

EF (%) 57±2 56±2 40±4*$

Myocardial function was determined by transthoracic M-mode and 2D echocardiography in adult male Sprague-Dawley rats (~290g) under
isoflurane anesthesia (4%) at 3 days post-MI. Baseline values were determined before the surgery. LV indicates left ventricular; d, diastole; s,
systole; AW, anterior wall thickness; PW, posterior wall thickness; IVS, intraventricular septum; EDV, end diastolic volume; ESV, end systolic
volume; SV, Stroke volume; CO, cardiac output; FS%, fractional shortening; EF%, ejection fraction. Data are mean±SEM. Significant differences:

*
versus Baseline and

$
versus sham, P<0.05.
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