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Abstract

During the past 5 years there has been an increasing body of literature describing the roles cardiac
myosin binding protein C (cMyBP-C) phosphorylation play in regulating cardiac function and
heart failure. cMyBP-C is a sarcomeric thick filament protein that interacts with titin, myosin and
actin to regulate sarcomeric assembly, structure and function. Elucidating the function of cMyBP-
C is clinically important because mutations in this protein have been linked to cardiomyopathy in
more than sixty million people worldwide. One function of cMyBP-C is to regulate cross-bridge
formation through dynamic phosphorylation by protein kinase A, protein kinase C and Ca?*-
calmodulin-activated kinase I1, suggesting that cMyBP-C phosphorylation serves as a highly
coordinated point of contractile regulation. Moreover, dephosphorylation of cMyBP-C, which
accelerates its degradation, has been shown to associate with the development of heart failure in
mouse models and in humans. Strikingly, cMyBP-C phosphorylation presents a potential target for
therapeutic development as protection against ischemic—reperfusion injury, which has been
demonstrated in mouse hearts. Also, emerging evidence suggests that cMyBP-C has the potential
to be used as a biomarker for diagnosing myocardial infarction. Although many aspects of
cMyBP-C phosphorylation and function remain poorly understood, cMyBP-C and its
phosphorylation states have significant promise as a target for therapy and for providing a better
understanding of the mechanics of heart function during health and disease. In this review we
discuss the most recent findings with respect to cMyBP-C phosphorylation and function and
determine potential future directions to better understand the functional role of cMyBP-C and
phosphorylation in sarcomeric structure, myocardial contractility and cardioprotection.
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1.

Introduction

Ischemia, myocardial infarction (MI) and heart failure (HF) constitute a growing health and
economic problem. An estimated 80 million American adults have one or more types of
cardiovascular disease [1]. Of these, HF afflicts approximately six million people in the U.S.
each year at an estimated cost of $37 billion. HF is associated with diminished
responsiveness of the B-adrenergic receptor (B-AR), loss of cardiac contractility,
abnormalities in Ca2* handling and altered cardiac contractile protein phosphorylation [2—
5]. Recent studies involving a variety of cardiovascular diseases have shown that cardiac
dysfunction might result from changes in the phosphorylation states of key cardiac
contractile regulatory proteins [6-9]. For example, alteration in phosphorylation of
contractile protein is involved in regulating myocardial dysfunction [10]. Sarcomeres are the
functional unit of contraction in cardiac muscles, which consist of thick and thin filament
proteins (Fig. 1). Several proteins that are post-translationally modified in the cardiac
sarcomere have now been identified, including cardiac myosin binding protein-C (cMyBP-
C), cardiac troponin | (cTnl), cardiac troponin T (cTnT), a-tropomyosin (a-TM) and the
myosin light chain (MLC) [4,11-14]; however, in many cases the functional consequences
of the post-translational modification are not known. cMyBP-C is a potential target for a.-
and p-adrenergic signaling in the thick filaments that are targeted by various kinases [15]. In
heart muscle, phosphorylation of cMyBP-C has been shown to play an important role in
sarcomeric structure and function, and protection of the heart from ischemic-reperfusion (I-
R) injury [16,17]. The objectives of this review are to discuss the role(s) of cMyBP-C
phosphorylation during normal heart function and development of HF, and to identify
potential areas of research that will help us understand the functional role(s) that cMyBP-C
plays /n vivoe.

2. Cardiac myosin binding protein-C

cMyBP-C is a 140-kDa protein that was originally identified 30 years ago as a contaminant
during myosin preparation [18]. Later it was recognized as a protein associated with the
thick filament found in vertebrate hearts [19]. In the sarcomere, cMyBP-C is localized in
two groups that are separated by a bare H-zone within the inner two-thirds of the A-band, in
the C-zone (Fig. 1). In skeletal muscles, skeletal MyBP-C is located in the A-band along a
series of 7 to 9 transverse stripes that are spaced 43 nm apart in the C-zone [20]. Recently,
similar striping patterns of cMyBP-C arrangement were shown in cardiac muscles [21]. The
two groups of 7-9 cMyBP-C bands on either side of the H-zone give a characteristic doublet
appearance within the A-band of a sarcomere [22]. Myosin tails form the thick filament
backbone with their heads pointing outwards. The heads are arranged along three-stranded
helices with three pairs of heads at each 14.3-nm layer and an axial repeat of 43 nm. The
defined spacing of these stripes dictates that only every third level of myosin heads in the C-
zone is associated with a cMyBP-C molecule [20]. Thus, cMyBP-C might be activated only
when the central part of the sarcomere undergoes thick—thin filament interaction, i.e., during
contraction when the myosin-actin interaction extends into the central core of the A-band.
cMyBP-C comprises 2% of the contractile protein in the heart. Some evidences show that
cMyBP-C plays a role in myofibril organization and assembly during myofibrillogenesis and
in regenerating muscle cells [23,24]. Mice hearts in which cMyBP-C was knocked out (=/-)
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[25] and ablated by C-terminal truncation (t/t) [26] have abnormal sarcomere structure, with
the contractile units lacking M-lines and alterations in thick filament size. These mice
lacking cMyBP-C are viable, but develop cardiomyopathies and contractile dysfunction at 3
months of age, indicating that cMyBP-C is not necessary for sarcomere formation during
embryogenesis and basal cardiac function but is needed for proper sarcomere organization
and normal cardiac function. Moreover, heterozygous mice with either cMyBP-C knockout
(+/-) or C-terminal truncation (+/ showed regular sarcomere organization and normal
cardiac function, suggesting haploinsufficiency due to a null allele alone is not adequate to
trigger HCM disease. A detail genotype—phenotype correlation of all cMyBP-C animal
models is shown in Table 1.

cMyBP-C belongs to the intracellular immunoglobulin (Ig) super family and, like other
sarcomeric proteins such as titin, myosin and M-protein, is composed of repeating domains
of 1g and fibronectin type-3. cMyBP-C has three isoforms: fast-skeletal, slow-skeletal and
cardiac, each of which is encoded by a separate gene. Skeletal and cardiac isoforms are
expressed exclusively in skeletal and cardiac muscle, respectively. The cardiac isoform
differs from the skeletal isoforms due to an extra Ig domain at the N-terminus (CO0), a
phosphorylation domain (M) in between C1 and C2 [27], and an inserted loop of 28 residues
within the C5 domain (Fig. 2). Although the CO domain is unique to cMyBP-C, its function
and specific role in heart muscle is still not known. In addition, the CO—C1 domains contain
a Pro-Ala-rich region that is similar to other actin-binding proteins [28]. Recently, in
addition to being the target of post-translational modifications, a functional role of the M
domain was identified: it is not simply a linker between C1 and C2, rather, it interacts with
actin [29,31]. The amino acid sequences within the M domain are highly conserved between
mouse and human. Importantly, cMyBP-C interacts with the S2 region of myosin at its C1-
M-C2 domains [30] which is regulated by the phosphorylation of the M domain. cMyBP-C
also binds to actin at the C1 and M domains [31], which may be important for the
arrangement of actin-myosin filaments in sarcomeres. The precise arrangement of cMyBP-C
in the sarcomere is yet to be systematically elucidated, though there are two models, a
trimeric collar model and a strut model, that have been proposed regarding the arrangement
of cMyBP-C and how it interacts with myosin and titin at its C-terminus. The collard model
consists of three cMyBP-C molecules that form a trimeric collar arrangement around the
thick filament where the C5-C10 domains wrap around the width of the MyHC with
interactions occurring between C5-C8 and C7-C10 of the overlapping domains every 43 nm
in the C zone of the sarcomere [32-34]. This model has been supported by experiments,
which have demonstrated interactions between the C5 and C8 domains [35], as well as
between C7 and C10 [32] in cMyBP-C and fast skeletal MyBP-C, but not in slow skeletal
MyBP-C [35]. In support of the strut model, image analysis of electron micrographs have
produced three-dimensional models that suggest that three or more of cMyBP-C’s C-
terminal domains are oriented along the axis of the thick filament as support rods [36]. Both
models do not predict the arrangement of N-terminal CO-C4 domains, but propose that the
N-terminal domains are allowed to extend into the space between MLCs and MyHCs where
they are able to interact with the myosin S2 region and reach the thin filament [28,37].
Though the collar model is currently forward, it certainly requires more structural data to
fully confirm the model’s correctness [38].
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3. cMyBP-C mutations and human cardiomyopathy

cMyBP-C has defined roles in both the structural assembly and stability of the sarcomere, as
well as in the modulation of contraction [17]. Much of our knowledge about cMyBP-C has
emerged after it was confirmed that mutations in the cMyBP-C gene (MYBPC3) cause
cardiomyopathies [39,40]. Cardiomyopathies that are associated with mutations in eight
genes encoding sarcomeric proteins, including MYBPCS3, are a frequent cause of HF (Table
2). Cardiomyopathies are currently categorized into the following four classes [41]:
arrhythmogenic right ventricular cardiomyopathy, DCM, HCM and restrictive
cardiomyopathy. The first HCM mutations in MYBPC3were identified in 1995 [39,40] and
to date 150 mutations have been published (Table 2), second only to the number
characterized in the MYH7 gene.

MYBPC3 consists of 24,000 base pairs of genomic DNA with 35 exons that encode a
protein of 1,274 amino acids. Mutations in MYBPC3are found in 33% of all
cardiomyopathy cases (Table 2), of which 70% are predicted to have proteins truncated at
the C-terminus that lack myosin- and/or titin-binding sites [39,40,42]. MYBPC3 mutations
are generally associated with incomplete disease penetrance and late disease onset (after 40
years of age) [43,44]. Various clinical studies have shown that mutations in MYBPC3are
the most common cause of HCM when an identifiable sarcomeric protein mutation was
found (18.2% in Mayo Clinic, 14.5% in Harvard Medical School, 26% in France, 18% in
Germany, 21.7% in Sweden and 24% in Finland in a composite meta-analysis of five
countries: the United States, France, Germany, Sweden and Finland [45]). The meta-analysis
concludes that M YBPC3 mutations are the most common genetic cause of HCM with
increased polymorphic variants. Surprisingly, in South Asian countries approximately 4% of
the total population has a polymorphic deletion of 25-base pairs in MYBPC3at the C-
terminus that can cause HCM and DCM [46]. Prevalence of this mutation is high: it has been
estimated that more than 60 million people are at risk worldwide [46,47], underscoring the
necessity of understanding the role of cMyBP-C in the pathogenesis of HF. The 25-base pair
deletion causes a translational reading frame shift in exon 33 [47], which results in the
replacement of 62 regular residues with 55 novel amino acids in the C10 domain; however,
this alteration was not able to be detected in tissue samples obtained from patients [46].
These data show the introduction of novel amino acids in the C10 domain decrease the
stability of mutant cMyBP-C, suggesting that alterations in the C10 domain will affect
cMyBP-C stability in the sarcomere. Therefore, it will be important to determine /7 vivo the
critical function of the C-terminal domains that mediate cMyBP-C’s interaction with myosin
and titin for its stability, sarcomeric structure and contractile function.

The functional and pathological consequences of most of the MYBPC3 mutations are not
characterized fully, because neither mutant peptides nor normal levels of cMyBP-C have
been found in cardiac tissue from affected HCM patients [48]. Literature show that the
majority of patients with C-terminal truncation mutations in cMyBP-C show reduced level
of total cMyBP-C [44,49,50], suggesting that the pathologic mechanism could be
haploinsufficiency. Even HCM patients with missense MYBPC3 mutations show reduced
total cMyBP-C levels, supporting the hypothesis that haploinsufficiency is the disease
mechanism [50]. The absence of a misformed protein could be the result of inefficient
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synthesis or rapid degradation. If the truncated cMyBP-C protein cannot contribute to
filament assembly in the sarcomere it could be rapidly degraded. Studies have shown that
truncated cMyBP-C is preferentially degraded by the ubiquitin—proteasome system, which,
in turn, might competitively inhibit the breakdown of other ubiquitin—proteasome system
substrates [46,51,52]. The data also provide direct evidence that the mutant MYBPC3allele
can act as a null allele leading to haploinsufficiency of cMyBP-C in the sarcomere [49].
Furthermore, when various C-terminally truncated cMyBP-Cs were overexpressed in fetal
cardiomyocytes, or in transgenic (TG) mice, they had markedly lower protein levels and
sarcomeric incorporation than those with normal cMyBP-C [53]. These data are compatible
with a “null-allele” mechanism and suggest that the truncated cMyBP-C is rapidly degraded,
which might be promoted by the lack of biomolecular interaction between the truncated
forms of cMyBP-C and myosin [54]. Haploinsufficiency might also be explained through
the nonsense-mediated mMRNA decay pathway, which reduces the transcript level of mMRNAs
that carry nonsense and frameshift mutations. In support of this, Vignier et al. [55] recently
showed that the nonsense-mediated mRNA decay pathway is involved in the decay of
mutant cMyBP-C mRNA at the cellular level, resulting in haploinsufficiency of cMyBP-C.
This finding suggests that both nonsense-mediated mMRNA decay and the ubiquitin—
proteasome system play a role in contractile protein regulation. In contrast, other studies
suggest a dominant-negative or poison polypeptide effect on sarcomere organization
resulting from MYBPC3 mutations [56,57]. Many different strategies are being used to
understand the pathogenesis of the cMyBP-C mutants that cause HCM and DCM. These
include the use of mouse models of HCM and DCM in which cMyBP-C is knocked out [25]
or modified [26,53,55,58], respectively (Table 1), but the mechanism of the disease process
has not yet been defined. Research on the involvement of MYBPC3in cardiomyopathies is
now a highly competitive research field, evidenced by the current plethora of publications,
reviews and editorials [33,59-63].

The C1 and C2 domains and the connecting M domain possess humerous HCM mutations of
varying penetrance, stressing the importance of this region. Two of these mutations, G278E
and G279A, occur within the conserved, cardiac-specific LAGGGRRIS sequence, in close
proximity to two of the phosphorylation sites [64], suggesting that cMyBP-C
phosphorylation has clinically important functions. It was first reported in patients with
atrial fibrillation that the level of cMyBP-C phosphorylation at Ser-282, but not the level of
cTnl phosphorylation, was decreased in association with impaired atrial contractility and
arrhythmogenesis [65]. Furthermore, decreased cMyBP-C phosphorylation at Ser-282 was
present in human patients with end-stage HF [10]. These studies were further extended to
patients with HCM and showed diminished levels of cMyBP-C phosphorylation at Ser-282
in both end-stage HF and HCM [4]. In contrast, a recent study reported that total cMyBP-C
content was reduced by 33% in heterozygous HCM patients with frameshift mutations in
MYBPC3, and cMyBP-C phosphorylation at Ser-282 was unaffected; however, cTnl
phosphorylation was reduced by 84% compared with controls [49]. Although conflicting,
these studies clearly demonstrate that a divergent phosphorylation pattern exists among
contractile proteins during the development of HF.
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4. Phosphorylation and function of cMyBP-C

Myofilament protein phosphorylation represents a point of convergence for complex
signaling events that ultimately result in cardioprotection and changes in contractile function
[66]. A unique feature of cMyBP-C in cardiac muscle is that it has multiple phosphorylation
sites in the M domain. Gautel et al. [27] reported the presence of three putative
phosphorylation sites in the M domain at Ser-273, Ser-282 and Ser-302 that were
phosphorylated by PKA (Fig. 2). They also showed the importance of the LAGGGRRIS
sequence for the monophosphorylation of Ser-282 by PKA. Mohamed et al. [67] then
defined three phosphorylation sites (Ser-273, Ser-282, and Ser-302), all of which are
phosphorylated by PKA but only two of which (Ser-273 and Ser-302) are phosphorylated by
PKC. Recent studies have identified a new PKA phosphorylation site at Ser-307 /n vitroin
murine cMyBP-C [68]. Independently, another study using rat neonatal cardiomyocytes
described the Ser-295, Ser-315 and Ser-320 phosphorylation sites in rat cMyBP-C [69]. A
study using a myocardial stunning model described the regulation of phosphorylation at
Ser-279, Ser-288, Ser-290, Ser-308, Ser-313 and Ser-331 sites in canine cMyBP-C [70] (Fig.
2). Protein kinase D (PKD), another kinase that regulates contractile function, also
phosphorylates the M domain [71] at unknown residue(s) that are unlikely to include
Ser-282 [72]. A phosphorylated Ser-1169 site was also reported as the link between the C9
and C10 domains [67]. However, the physiological significance of these sites need to be
defined using both /n vitroand in vivo approaches.

In addition to cMyBP-C’s role in maintaining the structural arrangement of the sarcomere
[28,33], phosphorylation of cMyBP-C appears to play a critical role in the protein’s ability
to regulate force generation by modulating thick—thin filament interaction [22,73]. Several
laboratories have focused on determining the phosphorylation state and ensuing function of
cMyBP-C, with two independent groups showing that phosphorylation of cMyBP-C is
essential for maintaining sarcomeric integrity and normal cardiac function /n vivo [22,74].
The level of cMyBP-C phosphorylation decreases in mouse models during I-R injury;
pathologic hypertrophy and development of HF in calcineurin TG and muscle Lim protein-
knockout mice [74]; myocardial stunning [16,70]; and in patients with atrial fibrillation [65],
HCM and HF [4,49]. The role of cMyBP-C phosphorylation in cardiac function was
explored in four mouse models (Table 1) in which three phosphorylation sites (Ser-273,
Ser-282 and Ser-302) were mutated either to non-phosphorylatable alanines (Ala) [22,74] or
to phospho-mimetic aspartic acids (Asp) [17], and Ser-282 was ablated [75]. Ala
replacement resulted in depressed cardiac function, and the protein was unable to rescue the
cMyBP-C-null phenotype, unlike the wild-type cMyBP-C [22,74], suggesting that cMyBP-
C phosphorylation is necessary for normal cardiac function. Conversely, TG mice expressing
phospho-mimetic cMyBP-C developed cardioprotection from I-R injury with relatively
conserved cardiac function and reduced cellular damage [17,76], underscoring the
importance of cMyBP-C phosphorylation in maintaining normal myocardial function. In
addition, dephosphorylation of cMyBP-C was associated with its degradation [16,17,70].
After 1-R injury, total phosphorylation of cMyBP-C is decreased; most notably in the tri-
phosphorylated species [16,74]. The reduced phosphorylation is accompanied by increased
cleavage of cMyBP-C, which is associated with thick filament disruption, reduction in
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actomyaosin cross-bridges and contractile dysfunction [16,17]. Investigators are actively
seeking ways to detect degraded cMyBP-C fragments in the circulatory system for potential
use as a biomarker for acute Ml [77]. Phosphorylation of cMyBP-C is inversely related to its
proteolysis [17], suggesting that phosphorylation of cMyBP-C might protect against
degradation, thereby preserving contractile function. The exact mechanism of cMyBP-C
degradation and cardioprotection and the potential impact of cMyBP-C phosphorylation
status on the diagnostic value of circulating fragments are yet to be characterized
systematically.

4.1. Ca?*-dependent calmodulin kinase I

Ca?*-depedent calmodulin kinase 11 (CaMKI1) can directly phosphorylate cMyBP-C at
multiple sites [78]. Hierarchical phosphorylation patterns for cMyBP-C have been defined /n
vitro [27], and CaMKII-site phosphorylation at Ser-282 might be needed for
phosphorylation of PKC sites (Ser-273 and Ser-302) [67,78,79]. In vitro, further studies
showed that CaMKI1’s ability to phosphorylate Ser-273 and Ser-302 is markedly reduced
when Ser-282 is mutated to Ala, suggesting that hierarchical phosphorylation might be
involved in cMyBP-C-mediated regulation of cardiac muscle contraction [27,67,78,79].
Furthermore, phosphorylation of cMyBP-C at Ser-282 might be associated with CaMKI|I
activation during myocardial stunning [70]. Conversely, inhibition of CaMKI|I
phosphorylation of cMyBP-C decreases contractility [80]. Ca2* ions can influence the
contraction of cardiac muscle by activating CaMKII, which may specifically phosphorylate
Ser-282 [27,78,81] and modulate contractility by changing the thick filament structure [79].
In conclusion, effects of the CaMKII phosphorylation on cMyBP-C function in vivo remain
undefined.

4.2. Protein kinase A

PKA can phosphorylate four sites at the N-terminus (Ser-273, Ser-282, Ser-302 and Ser-307)
[67,68]. This region binds to the S2 segment of myosin [30,37,82,83] close to the lever arm
domain. That interaction can be dynamically regulated by phosphorylation/
dephosphorylation of cMyBP-C [30]. After phosphorylation of cMyBP-C by PKA, the thick
filaments exhibited a loose structure [84] that prevents binding to myosin, thereby changing
the maximum Ca?*-activated force. In other studies of intact myocardium in mouse models,
PKA-phosphorylated cMyBP-C accelerated cross-bridge turnover rate under sub-maximum
Ca?* activation, which supports the premise that cMyBP-C functionally interacts with the S2
region to affect contractile function [85]. Electron microscopy of isolated thick filaments
confirmed that phosphorylation of cMyBP-C causes the cross-bridges to move away from
the thick-filament backbone [82]. Thus, cMyBP-C phosphorylation can change both
filament orientation and contractile mechanics [27,83,86]. There is still controversy
regarding whether phosphorylation of cMyBP-C plays a role in regulating the properties of
contraction. Data show that cMyBP-C influences actomyosin Mg%*-ATPase activity and the
kinetics of cross-bridge cycling, and its phosphorylation modifies actomyosin Mg2*-ATPase
activity and the rate of relaxation [27,76,78,87]. However, the failure of the specific
phosphorylation of cMyBP-C to alter the Ca2* sensitivity of actomyosin ATPase activity in
reconstituted contractile protein systems has been cited by some as strong evidence against a
role for phosphorylation of cMyBP-C in regulating contraction [88]. Studies show that
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phosphorylated cMyBP-C is able to increase the proximity of myosin to actin and loosens
the packing of the myosin rod [17,82]; this relieves the inhibitory influence of non-
phosphorylated cMyBP-C on acto-myosin function. TG mice expressing cMyBP-C with
non-phosphorylatable Ala (S273A, S282A and S302A) exhibited slower cross-bridge
turnover kinetics, which negatively affected cardiac function without changes in Ca*
sensitivity [22]. Interestingly, cMyBP-C null mouse hearts showed accelerated myofilament
kinetics equivalent to fully phosphorylated cMyBP-C, providing additional support to the
importance of cMyBP-Cmyosin interaction [85]. In addition, when phospho-mimetic
cMyBP-C was placed into the p-myosin heavy chain (MyHC) background, the mice showed
improved cardiac function without affecting myofilament Ca2* sensitivity [76]. Furthermore,
normalization of Ca2* transients by ablation or inhibition of phospholamban failed to rescue
the cMyBP-C mutant mice [89], suggesting that cMyBP-C phosphorylation might not affect
myofilament Ca2* sensitivity directly. Although cMyBP-C phosphorylation may not directly
influence myofilament Ca2* sensitivity [76], other evidence clearly underscores that
cMyBP-C phosphorylation is directly involved in the thick and thin filament cooperative
activation, maximal force development, regulating cross-bridge cycling rates, as well as
functioning as a tether [22,76,85,90].

When cardiomyocytes were subjected to PKA phosphorylation, different effects on
actomyosin ATPase activity occurred and were dependent upon whether a.-MyHC or p-
MyHC was present [91]. In adult rat hearts with N95% B-MyHC, there was no significant
change in actomyosin ATPase activity associated with PKA-mediated phosphorylation of
cMyBP-C and cTnl. However, phosphorylation in cardiomyocytes with a-MyHC increased
actomyosin ATPase activity [91]. Interestingly, the positions of the cross-bridges are
different in filaments containing a and p-MyHC. The impact of PKA-mediated
phosphorylation of cMyBP-C in cardiac function might depend on the myosin isoform that
is present. In the mammalian heart, two functionally distinct MyHC isoforms, termed V1
(a-MyHC) and V3 (B-MyHC), are present. Functional differences between a-MyHC and B-
MyHC, such as shortening velocity, force generation and ATPase activity, have been well
documented [92]. If phosphorylation of cMyBP-C is important for regulating the kinetics of
heart muscle contraction, one might expect to see a difference in its effect on thick filaments
containing predominantly a.- or f-MyHC. With a-MyHC, phosphorylation leads to a
decrease in flexibility of the cross-bridges, looser packing of the thick filament backbone
and extension of the cross-bridge [82]. In contrast, the cross-bridges containing N95% B-
MyHC have greater flexibility with nonphosphorylated cMyBP-C than cross-bridges
containing a-MyHC, and treatment with PKA does not extend the cross-bridges or change
their flexibility. Expression of the phospho-mimetic cMyBP-C in a p-MyHC background
showed improved contractile function /n vivo [76]. The data further show that cMyBP-C
phosphorylation at PKA sites can activate B-MyHC kinetics and Mg2*-ATPase activity in
comparison to the a-MyHC background. Although cMyBP-C phosphorylation has different
effects in different myosin backgrounds, it preserves cardiac function from I-R injury
regardless of the myosin isoform, suggesting that the cardioprotection mechanism operates
through a different mechanism than that for different myosin isoforms. In conclusion, total
phosphorylation of cMyBP-C by PKA has been shown to affect thick filament orientation
and myosin kinetics, but how cMyBP-C phosphorylation coordinates with the
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phosphorylation of thin filament proteins such as cTnl needs to be determined in terms of
Ca?* sensitivity and thick and thin filament activation.

4.3. Protein kinase C

PKC-¢ is known to phosphorylate cMyBP-C only at Ser-273 and Ser-302 [93,94], and is
activated after MI [95]. Xiao et al. [94] showed that PKC-e activity has been linked to
Ser-302 phosphorylation status during HF. Numerous studies have suggested that PKC-&
activation is important in ischemic preconditioning of the myocardium [93,95], associated
with altered Mg2*-ATPase activity and contractile velocity [96]. Evidence from other studies
suggests that cMyBP-C phosphorylation by PKC influences actomyosin Mg2*-ATPase
activity, the kinetics of cross-bridge cycling and the rate of relaxation [27,78,87,97]. PKC
phosphorylates cTnl and cMyBP-C with a concomitant improvement in post-ischemic
contractile function [93]. PKC-a- and PKC-e-mediated phosphorylation of cTnl, ¢TnT and
cMyBP-C showed decreased myofilament Ca2* sensitivity, which might alter contractility of
human myocardium [98]. However, the only report on the effects of PKC-mediated
phosphorylation of cMyBP-C showed that it could cause a decrease in maximum ATPase
activity without a shift in the Ca2*-ATPase activity relation /n7 vitro [99]. Furthermore, PKD,
which is activated downstream of PKC in many settings [100] also appears to target cMyBP-
C at residues that remain to be identified [71].

5. cMyBP-C phosphorylation regulates thick and thin filament interaction

cMyBP-C’s ability to tether the thick and thin sarcomeric filaments orients the actin filament
and myosin heads, which facilitates activation of cross-bridge cycling [101]. It is
hypothesized that the capacity of cMyBP-C to interact with S2 myosin is modified by
cMyBP-C phosphorylation such that when cMyBP-C is dephosphorylated it interacts
strongly with myosin (Fig. 3), thereby preventing its forcegenerating interaction with actin
[102]. Conversely, when cMyBP-C phosphorylation levels at four serine residues (Ser-273,
Ser-282, Ser-302 and Ser-307) are increased, the interaction with myosin S2 region is lost
and cMyBP-C can then associate with thin filament proteins, such as actin and a-
tropomyosin (a-TM) [15]. However, there is no direct evidence showing a cMyBP-C
phosphorylation-dependent on/off interaction with myosin 7n vivo. An interaction between
the CO domain and some part of the myosin cross-bridge has been hypothesized on the basis
of data from a mutant cMyBP-C knock-in mouse model [103] in which the linker between
the CO and C1 domains was deleted. In that model, there was an increase in Ca2* sensitivity
to force production similar to that previously seen in cardiomyocytes depleted of cMyBP-C
[104]. Truncation of cMyBP-C in the genetically manipulated mouse was thought to prevent
the CO domain from reaching out to interact with the myosin head. In contrast, sequence
comparison between the CO domain and myomesin suggests that the CO domain contains a
novel putative LMM binding site [56]. It is not known whether this interaction occurs and
what its function is. To further complicate interpretation, recent evidence suggests that
cMyBP-C might interact with actin at the N-terminus [31]. Co-sedimentation assays showed
a low affinity of F-actin for cMyBP-C [105,106], indicating that any interaction with actin is
unlikely to occur through a cardiac-specific CO domain. Homology modeling with the
essential light chain of myosin identified the Pro-Ala-rich linker preceding the C1 domain as
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the likely candidate that binds actin [28]. Furthermore, cMyBP-C fragments containing the
CO0 domain were shown to bind to actin, which indicates that it might contribute to the weak
binding state by shifting the binding of the N-terminus of cMyBP-C between actin and
myosin [102]. Other data suggest that the CO and the Pro-Ala-rich CO-C1 linker region
might bind to actin [28,56,103]. Conversely, Shaffer et al. [31] recently identified two new
binding domains in cMyBP-C, the C1 and M domains that can bind with actin. C1 can bind
independently of the phosphorylation state of the M domain, whereas the M domain only
binds when it becomes dephosphorylated. However, the exact binding residues that interact
with actin have not been identified in cMyBP-C.

A crucial aspect of cMyBP-C’s behavior that is only beginning to be elucidated is the effects
of the interaction between cMyBP-C and the MLC on the structure and function of the
sarcomere. We hypothesize that there is a synergistic relationship between these two
proteins, because when these two proteins are phosphorylated there is an increase in the
ability of the myosin heads to interact with actin, which enhances cross-bridge formation
[30,107]. TG mouse model expressing a cardiac specific nonphosphorylatable MLC
demonstrated the necessity of MLC phosphorylation for normal cardiac function and
response to B-AR stress [14], like cMyBP-C phosphorylation [74]. This model could be used
in conjunction with TG cMyBP-C mouse models that have either phospho-mimetic [17] or -
ablated [74] phosphorylation sites in order to determine the biophysical role of
phosphorylation of cMyBP-C and the MLC independent of each other. Structural studies
using CO-C2 peptides predict that cMyBP-C can bind with a-TM [29]. To determine the co-
localization of the N-terminal region of the cMyBP-C with myosin and a-TM proteins, we
performed immunofluorescence studies in neonatal rat cardiomyocytes using specific
antibodies against cMyBP-C C0-C1, myosin and a-TM. Results showed that cMyBP-C’s
N-terminal region co-localized with myosin and/or a-TM at the C-zone as well as in the rest
of the A-band (Fig. 4). These data are consistent with the hypothesis that the cMyBP-C N-
terminus can interact directly with myosin and a-TM, which may be critical to overall
sarcomeric integrity and function [30]. The strength of the evidence for each of the cMyBP-
C interactions with the thin filaments is variable, and the physiological consequences of thin
filament interaction remain the subject of investigation. In addition, the exact cMyBP-C
binding sites in actin and a-TM need to be clarified to define the nature of the cMyBP-C
interaction with the thin filaments.

6. Conclusion

cMyBP-C phosphorylation clearly has a direct effect on the heart’s contractile properties,
sarcomere organization, and ability to tolerate I-R injury [17,76]. Clinically it might also be
important to preserve cMyBP-C phosphorylation to attenuate the development of HF during
I-R injury. Elucidating the link between cMyBP-C dysfunction and I-R injury and M
domain-based cardioprotection represents a potential therapeutic avenue to improve
myocardial contractility in the ischemic and failing heart. In addition, determining how
cMyBP-C truncated proteins function (or do not function) during the development of
sarcomeric dysfunction is critical in developing its potential as a therapeutic target. Although
cMyBP-C is a substrate for multiple kinases in both the healthy and diseased heart, the
different functional role(s) that each phosphorylation site has on myocardial contractility and

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 October 18.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barefield and Sadayappan

their contribution to the thick and thin filament interaction need to be defined in order to
establish the roles of cMyBP-C phosphorylation and function in the heart. In conclusion,
cMyBP-C plays an important role in regulating the cardiac sarcomere, and future studies
will require defining the phosphorylation and function of cMyBP-C in health and disease.
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Fig. 1.
Schematic diagram of the cardiac sarcomere and arrangement of cMyBP-C. The sarcomere

is the basic functional unit of a cardiac muscle’s cross-striated myofibril, which is defined as
the boundary between two neighboring Z-lines. The I-band, A-band, H-zone and M-lines are
shown. The thick filament protein is composed of myosin, cMyBP-C and titin. cMyBP-C is
localized in the inner two-thirds of the A-band, i.e., the C-zone. cMyBP-C is oriented
perpendicularly to the long axis of the myosin filaments. The two groups of 7-9 strips of
cMyBP-C bands on either side of the H-zone give a characteristic doublet appearance within
the A-band. The thin filament is composed of actin monomers, troponins (cTnT and cTnl)
and a-TM, which is connected to nebulin in the I-bands.
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Fig. 2.

General domain structure of mouse cMyBP-C and identified phosphorylated serines. There
are eight Ig (oval) and three fibronectin type-3 domains (hexagonal) numbered CO to C10.
The Pro-Ala-rich region (Pro-Ala), phosphorylated M domain, a 28-amino acid cardiac-
specific insertion within the C5 domain and regions that interact with actin, myosin and titin
sites are shown. The M domain contains multiple phosphorylation sites that can be
phosphorylated by PKA, CaMKII and PKC. The amino acid sequences are conserved
between species in the M domain. Domains 7-10 participate in binding of myosin and titin,
which are necessary for cMyBP-C stability and sarcomere organization.
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Fig. 3.
Dynamic phosphorylation of cMyBP-C’s M domain influences myosin—actin interactions.

cMyBP-C facilitates myosin—actin interactions by tethering the fibers together and
regulating the ability of the myosin head to bind to the actin filament during cross-bridge
cycling. cMyBP-C interacts with the LMM of myosin at the C10 domain and titin at
domains C8-C10. The C1-M-C2 domains have been shown to bind to myosin and actin. The
capacity of these domains to interact is critical to overall sarcomeric integrity and function.
The phosphorylatable M domain facilitates the role of cMyBP-C in cross-bridge formation.
In the absence of M domain phosphorylation, the C1-M-C2 domains are tightly bound to
myosin S2 region (A), whereas when M domain phosphorylated, C1-M-C2 domains and M
domain release their interaction with myosin S2 region and actin, respectively, and changes
in the thick filament orientation occur (B). C1 domain binds to actin irrespective of the M
domain phosphorylation state. The dynamic phosphorylation of the M domain provides a
point of control where the ordering of myosin heads and changes in force production can be
regulated. Thin filament proteins include actin, a-TM, cTnl, ¢cTnT and calcium (Ca?*)-
binding protein cTnC are shown.
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Triple staining in
NRCM

Fig. 4.

cI\%yBP-C connects thick and thin filaments. To determine the localization pattern of
cMyBP-C along with thick and thin filament proteins, 3-day-old neonatal rat
cardiomyocytes (NRCM) were used in chamber slides /n vitro. The healthy NRCM were
fixed and stained with the mouse monoclonal anti-a-myosin heavy chain (MF20, University
of lowa, lowa), rabbit polyclonal anti-C0-CL1 region of cMyBP-C [74] and sheep polyclonal
anti-a-TM antibodies (Millipore, Billerica, MA). Secondary Alexa Fluor 488 goat anti-
mouse IgG antibody for myosin (green color), Alexa Fluor Cy5 goat anti-rabbit 1gG
antibody for cMyBP-C (blue color) and Alexa Fluor 568 donkey anti-sheep IgG antibody for
a-TM (red color) staining were used for immunofluorescence (Molecular Probes, Carlsbad,
CA). Cardiomyocytes were analyzed with fluorescent microscopy (PCM-2000 scanner,
Nikon, Melville, NY) and SimplePClI software (Compix Inc., Cranberry Township, PA). The
rows of figures labeled B are enlarged from the inset in the rows of figures labeled A (60x
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magnification). Immunofluorescent staining of cMyBP-C (blue color) shows a typical
doublet pattern of normal incorporation into the sarcomere. Co-staining with cMyBP-C with
either myosin (green) or a-TM (yellow) show the co-localization of cMyBP-C with myosin
(blue-green) and a-TM (pink). Co-localization of myosin and a-TM (yellow) confirm the
presence of interaction between myosin and thin filament region. Triple staining shows that
there is a defined merging of cMyBP-C, myosin and a-TM, but the presence of excess of
pink (arrow) confirms the co-localization of cMyBP-C and a-TM. Nonoverlap regions are
marked with arrows in respective panels. These data demonstrate that CO—-C1 domains may
directly interact with thin filament proteins via a-TM and thus connect thick and thin
filaments.
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List of sarcomeric genes and their mutations that associate with cardiomyopathies.

Table 2

Symbol Gene HCM DCM Total Account
MYH7 B-cardiac myosin heavy chain 194 13 207 45%
MYBPC3 Cardiac myosin binding protein-C 149 1 150 33%
TNNT2 Cardiac troponin T 31 6 37 8%
TNNIZ Cardiac troponin | 27 1 28 6%
TPM1 a-Tropomyosin 11 2 13 3%
ACTC a-Actin 7 2 9 2%
MYL2 Regulatory myosin light chain 10 0 10 2%
MYL3 Essential myosin light chain 5 0 5 1%
Total mutations 434 25 459 100%

Page 26

MYBPC3is the second most frequent gene associated with the inherited cardiomyopathies worldwide. Source: Sarcomere Protein Gene Mutation
Database: http://cardiogenomics.med.harvard.edu/genes/gene-list.
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