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Abstract

Cardiac myosin binding protein C (cMyBP-C) is an integral sarcomeric protein that associates
with the thick, thin and titin filament systems in the contractile apparatus. Three different isoforms
of MyBP-C exist in mammalian muscle: slow skeletal (MY BPCL1), fast skeletal (MyBP-C2, with
several variants), and cardiac (cMyBP-C). Genetic screening studies show that mutationsin
MYBPC3 occur frequently and are responsible for as many as 30—35% of identified cases of
familial hypertrophic cardiomyopathy. The function of cMyBP-C is stringently regulated by its
post-trandational modification. In particular, the addition of phosphate groups occurs with high
frequency on certain serine residues that are located in the cardiac-specific regulatory M domain.
Phosphorylation of this domain has been extensively studied in vitro and in vivo. Phosphorylation
of the M domain can regulate the manner in which actin and myosin interact, affecting the cross
bridge cycle and ultimately, cardiac hemodynamics.
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Introduction

The eukaryotic cell has many ways of regulating protein activity, ranging from control of
synthesis to controlled degradation and turnover. However, these are relatively slow
processes, on the order of minutes or even hours and the cell has devised ways to modulate
protein activity more quickly, either by effectively sequestering the protein, or by post-

trang ational modification and thereby affecting its activity. Post-translational modification
of proteinsis afunctionally powerful tuning processin awide variety of cellular systems
and serves to modulate the downstream effects of many important signaling networks. For
example, phosphorylation, which results in modification of an amino acid such as serineto a
highly charged residue, has been studied for over half a century and can modul ate enzyme
activity and protein function [15]. There are many post-trandlational modifications that a
protein can undergo, with major implications for its location within subcellular
compartments or itsintrinsic activity. For example, acetylation can control protein function,
protein-protein interactions, gene expression, and protein localization [3]. Lysine
ubiquitination serves as the primary signal for targeting a protein for degradation through the
proteasome, regulating the protein’s turnover. Many proteins are substrates for a number of
these different post translational processes, which can have a major impact on aprotein’s
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overall metabolism [21] and these potential combinatorial processes provide the cell to
generate asingle protein of different activities as aresult of asingle translational process.

This review focuses on the phosphorylation of the sarcomeric protein, cardiac myosin
binding protein C (cMyBP-C). The contractile apparatus in general, and the heart in
particular, must respond on a beat to beat basis to a changing environment and rapidly
changing demands. The sarcomere represents a central target for adrenergic signaling and it
iswell established that adrenergic stimulation and the normal and abnormal modulation of
catecholamine levels result in dramatic changes of the chronotropic (overall changein heart
rate), lusitropic (relaxant) and inotropic (contractile) cardiac parameters [36]. Two important
pathways activated by adrenergic signaling have, as their major players, protein kinase C
(PKC) and protein kinase A (PKA). Although there are other critical targets for both PKC
and PKA in modulating contractility [31], it iswell established that multiple contractile
proteins are important substrates [32], and cMyBP-C contains residues that are
phosphorylatable and are phosphorylated in vivo by PKC, PKA, PKD, CaMKIl, CK2,
GSK3p, and RSK [20, 1, 5, 10, 23]. Thus, cMyBP-C phosphorylation represents atarget at
the contractile apparatus level for adrenergic activation and potentially, activation by other
signaling pathways (eg SUMOQylation) as well.

While the slow skeletal muscle isoform has asingle site that can be phosphorylated via the
CAMP dependent protein kinase (PKA) and/or fiber-associated Ca2*/calmodulin dependent
(CaMKI1) kinase, recent data was obtained showing that up to 17 sites could be
phosphorylated to varying degrees in the cardiac isoform [19]. The sites are clustered to
some extent in the N terminal part of the molecule, with up to 6 sites present in a cardiac-
specific domain, termed “M” (Fig. 1): H:T274/M:T272, H:S275/M:S273, H:S284/M:S282,
H:S286/M:S5284, H:T290/Not in M, and H:S311/M:S307, where H is the residue in the
human segquence and M the analogous site in the mouse. While cMyBP-C is subject to
several other post-translational modifications, this review focuses almost exclusively on
cMyBP-C’ s phosphorylation and the role it plays on controlling cardiac mechanics and
hemodynamics. Data from previous studies showed that cMyBP-C phosphorylation has
dramatic effects on both filament orientation and contractile mechanics [6, 7, 10], and so we
and others have focused on understanding the structure-function characteristics of the
protein and the role these post-trand ational modifications might play in altering or
maintaining normal cardiac hemodynamics.

This review focuses on three, phosphorylatable sites present in the M domain of the protein:
Ser-273, Ser-282 and Ser-302 and the effects of phosphorylation on thick-thin filament
interactions and ultimately, cardiac hemodynamics.

cMyBP-C phosphorylation is functionally important

The function of cMyBP-C can be affected by the coordinated phosphorylation of three
serinesin the M domain (Fig. 1). Initia studies reported three phosphorylation sites
(Ser-273, Ser-282, and Ser-302) in the M domain of cMyBP-C [23] although, as noted
above, other sites (eg, Ser-307; Fig. 1) in the M domain can also be substrates for kinase
activity [19]. These sites are highly conserved across diverse species, implying significant
selective pressures and functional significance. In vitro biochemical studies suggest that
PKA can phosphorylate the three serines (Ser-273, Ser-282, Ser-302) as well as Ser-307
[17]. PKC can phosphorylate Ser-273 and Ser-302, CaMKII can phosphorylate Ser-273,
Ser-282, Ser-302, Ser 307 [28] and PKD can phosphorylate Ser-302 [1]. RSK can
phosphorylate Ser-282, GSK3 can phosphorylate Ser-302, and CK 2 can phosphorylate
Ser-282 [5, 18, 20]. However, the actual kinases that actively phosphorylate these sitesin
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vivo remain obscure and it is not clear which kinases act upon the different residues or even
if multiple kinases can phosphorylate a single residuein vivo.

Because of this limitation and the potential functional disconnects between in vitro and in
vivo kinase activity directed at this protein, it became critical to study the functionality of
these post-translational eventsin vivo. Fortunately, it is possible to replace endogenous
cMyBP-C with atransgenically encoded species [40], allowing investigators to carry out
experiments in which a particular residue or residues could be modified and subsequently
determining the functional and long term physiological effects. Coupled with the genetic
modifications, a set of immunological tools were developed that could specifically detect
ser-273, -282 and 302) [27]. These two developments enabled a series of investigationsin
which the critical residues could be mutated, either individually or in combinations, to
determine the functional consequences of either their chronic phosphorylation or inability to
be post-tranglationally phosphorylated.

Data from mouse, dog and human studies all point to the importance of phosphorylation in
maintaining normal function and modulating cMyBP-C’s activity. As early as 1984, Hartzell
recognized that MyBP-C phosphorylation could be correlated with changes in the rate of
relaxation in twitch tension in amphibian muscle [14]. cMyBP-C phosphorylation overal is
decreased in cardiac tissue obtained from patients suffering a variety of ailments, including
atria fibrillation, heart failure and cardiomyopathy [8, 16, 35]. For example, using the
Ser-282 specific antibody, phosphorylation levels were decreased relative to controlsin
tissue obtained from patientsin terminal heart failure [8, 19]. These data were buttressed
with data obtained from a canine heart failure model induced by rapid pacing [8] and are
consistent with the phosphorylation levels observed in different murine models of heart
failure that were induced either by genetic or surgical manipulation [29, 30]. During
ischemia-reperfusion injury, overall phosphorylation of cMyBP-C was dramatically
decreased while chronically phosphorylated cMyBP-C was cardio-protective when the
hearts were subjected to ischemic injury [30]. Finally and most conclusively, mice were
created in which the three serines were changed to non-phosphorylatable alanines. When
these mice were crossed into a mouse line that could not produce cMyBP-C (a knockout or
“null™) [22], the phosphorylation-deficient cMyBP-C was unabl e to rescue the null
phenotype, despite being present at normal levels and being inserted correctly into the
sarcomere [29]. Thisisin contrast to the effects seen when normal or “wild-type” (WT)
cMyBP-C was transgenically expressed [29].

Phosphorylation patterns of serine residues in the m domain of cMyBP-C

are hierarchal

The M domain (Fig. 1) is particularly intriguing in terms of its potential for phosphorylation
because these residues are found only in the cardiac isoform. Gautel et a first showed that
the three serines might not be equivalent [10]. By performing phosphorylation assays on
purified rabbit cMyBP-C, and subsequently making a series of modified constructsin which
the serines were replaced with alanines, they showed that phosphorylation of Ser-282
increased the phosphorylation levels of the two neighboring serines. In a series of studies
carried out in the mouse using residue-specific phospho-mimetics or phosphorylation site
ablation, it was confirmed that phosphorylation of Ser-282 acts as atrigger to phosphorylate
the neighboring phosphorylatable Ser-273 and -302 sites [28]. Interestingly, in human heart
failure patients, while cMyBP-C was significantly hypo-phosphorylated as expected,
Ser-282 was particularly under-phosphorylated, relative to Ser-273 and Ser-302 [4].

Ser-282 is phosphorylated by Ca?* calmodulin-activated kinase (CaMK18) at high calcium
levels[28]. Phosphorylation at this site appears to be critical for the subsequent
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phosphorylation of Ser-302, and abolishing the ability of Ser-282 to be phosphorylated
completely inhibited Ser-302’ s ability to act as substrate for CaMKI18 [28]. While these data
are intriguing and support the hypothesis that each of these phosphorylation sitesis unique,
they have little bearing on their functionality in determining thick-thin filament interactions
and cardiac hemodynamics: as noted above, different kinases can phosphorylate some or all
of the residues and abolishing one kinase's ability to phosphorylate a residue does not, in of
itself, mean that the residue will not be a substrate for an alternate kinase such as PKC, PKA
or PKD.

cMyBP-C phosphorylation modulates thick-thin filament interactions

cMyBP-C can slow cross-bridge kinetics, acting as an “anchor” and recently in a series of
elegant studies using anovel native filament system, Warshaw et al showed that this ability
isrestricted to the central portion of the sarcomere, where cMyBP-C is differentially located
[25]. Thisimpliesthat cMyBP-C can effectively modulate critical thick-thin filament
interactions and it appears likely that the protein’s phosphorylation can modul ate the extent
and strength of these interactions, potentially shifting the equilibria between thick and thin
filament conformational states and by extension, their binding to one another.

Biochemical assays utilizing cosedimentation and isothermal titration calorimetry first
demonstrated the affinity constant of cMyBP-C for the head region of myosin could be
modulated by its phosphorylation state, with cMyBP-C phosphorylation essentially
abolishing the interaction [12]. These early studies were confirmed by genetic analysesin
which a series of constructs consisting of either full length or N-terminal cMyBP-C
fragments were generated, in which the three phosphorylatable serines were replaced either
by a charged amino acid (phospho-mimetic) or by aanine, rendering the site non-
phosphorylatable. Using a series of yeast two-hybrid assays to demonstrate functional
interactions, Sadayappan et al showed that phosphorylation of the M domain effectively
abolished all interaction with the myosin heavy chain’s head region (S2) [30].

A series of in vitro studies provided a more nuanced view of how phosphorylation
influences force development and the rate at which this occurs. Using bacterially generated
fragments containing different combinations of residues 273, 282 and 302 that were either
mutated to alanine or the charged amino acid, aspartate, the polypeptides were subjected to
single molecule studies in alaser trap. The effect of these short, N-terminal fragments on
actomyosin motility was characterized using an in vitro motility assay, which measures
force and velocity under unloaded conditions and in the load-clamped laser trap assay, in
order to measure the force:velocity relationships. Thein vitro motility assay confirmed that
the phosphomimetic fragments reduced the slowing of actin velocity in proportion to the
total number of phosphomimetic replacements. Under load in the laser trap, the N terminal
fragment depressed the force:vel ocity relationship but maximal force was unaffected. When
the phosphomimetic fragments were used, they were able to reverse this depression with the
degree of reversal dependent upon the total number of replacements [39].

The study of cMyBP-C'’s phosphorylation-dependent binding was extended to the thin
filament as well. Using both single molecule studies [38] and yeast-based genetic studies,
the actin binding regions of cMyBP-C were defined [2]. Although there is some controversy
asto their location [26], the preponderance of data point to a series of unique, closely linked
and overlapping sites located in the N terminal region as containing multiple actin-binding
sites. Strikingly, in the absence of phosphorylation, yeast 3-hybrid analyses indicated that
binding to the myosin’s head region was mutually exclusive with actin binding, implying
that cMyBP-C phosphorylation, which abolishes hinding to the myosin head, might increase
cMyBP-C-actin interactions [2]. However, this remains unproven at thistime.
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Alterations in serine phosphorylation status affects cardiac structure and
hemodynamics

The genetic, biochemical and yeast-hybrid based functional studies all point to the
phosphorylation status of cMyBP-C as playing a critical role in determining the protein’s
binding characteristics to the myosin’s force-generating region: as cMyBP-C
phosphorylation increases, it becomes unable to interact productively with myosin S2 [30].
Thisimplies that cMyBP-C could play critical roles in determining the basic thick and thin
filament interactions and, indeed, data using isolated fibers obtained from mouse
myocardium lacking cMyBP-C showed that the protein’ s absence dramatically affected the
stretch activation response, with both force decay and the delayed force transient being
substantially accelerated [33]. When present, but fully phosphorylated (and therefore lacking
the ability to interact with myosin S2), the development of crossbridge force is both
enhanced and accelerated, with the observed kinetics reminiscent of the cMyBP-C null
muscle [34]. In acomprehensive series of studies using transgenic replacement strategies, a
series of mice were made in which Ser-273, -282 and 302 were replaced either with
phosphomimetics or alaninesin order to render them non-phosphorylatable. Functional and
structural alterations at the molecular and organ levels were also measured [1, 2, 24, 25, 28—
30, 37-39, 13]. These experiments allowed the in vitro kinetic data to be extended to the
intact heart’ s hemodynamics and contractile mechanics. The mutated constructs are depicted
in Fig. 2, along with a pictorial representation of the effects on cardiac hemodynamics. The
comprehensive datasets, which are beyond the limited scope of this mini review, are given
in arecent publication [13]. However, asingle exampleisillustrative of the level of detail
that can be gleaned from the general approach. Four groups of mice consisting of
nontransgenic animals, cMyBP-C functional nulls [22], transgenic mice expressing a normal
cMyBP-C (as a second control group) and mice that expressed cMyBP-C that could not be
phosphorylated at Ser-273, -282 and -302 were used. Left ventricular function was assessed
using a miniature pressure-volume catheter such that the end systolic pressure-volume
relationships could be determined as well as the end-systolic elastance, chamber activation
and relaxation kinetics [24]. These measurements as well as others allowed the investigators
to determine that cMyBP-C could control the rate-dependent shortening of the diastolic time
period. Surprisingly, the cMyBP-C phosphorylation-deficient animals exhibited normal
chamber activation kinetics but comparison between the normal cohorts and this group
showed that phosphorylation modulated the early pressure rise and adrenergic reserve. That
is, phosphorylation mediated the dependence of early systolic pressure rise on chamber
preload and the inability to be phosphorylated at the three serines markedly suppressed
adrenergic and rate-dependent contractile reserve [24].

Conclusions and future directions

The ability of cMyBP-C to be post-tranglationally modified offers the heart an opportunity
to tune contractility precisely on abeat to beat basis. In terms of the protein’s ahility to be
phosphorylated, the field is now quite mature, with >20 peer reviewed studies being
published in the last 10 years dealing directly with the issue. The data have been
illuminating and, in some cases, surprising, as they point to the essential nature of this post-
trangdlational process on maintaining the protein’s functionality in the whole organ.
Additionally, as detailed elsewherein this volume and in earlier studies, phosphorylation of
the serines in the M domain can be cardioprotective [30] and help maintain the protein’s
structural integrity [11].

Future studies will necessarily deal with the additional sites subject to phosphorylation and
with sites that can be post-trandlationally modified in other ways. For example, cMyBP-C
can also be post-trand ationally modified by the small ubiquitin-related modifier (SUMO).

Pflugers Arch. Author manuscript; availablein PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gupta and Robbins

Page 6

SUMOylation is highly dynamic, reversible and has along list of targets, including cMyBP-
C. SUMOylation can have diverse effects on different proteins, including regulating spatial
location and stability [9]. Our laboratory has recently confirmed that the N-terminal domain
of cMyBP-C is sumoylated at specific lysines and this has a mgjor effect on protein half-life
(Gupta and Robbins, unpublished observations). It will be critical to understand the
interplay of these post-translational modifications with one another and their modulation
during normal function and during the development of cardiac disease.
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Figure 1.

Structure of cMyBP-C. Schematic diagram showing the protein’s restricted sarcomeric
location (green lines, top), its domain structure with 8 1gG domains (green), 3 fibronectin
domains (light blue) and the cardiac specific M domain (red), with the three
phosphorylatable serines discussed in this review indicated. The approximate locations of
the binding sites for myosin heavy chain (head and rod regions; S2 and LMM, respectively)
are also shown as well as the binding sites for titin and actin.
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Figure 2.

Schematic description of the effects on cardiac hemodynamics when the three serines are
mutated either to non-phosphorylatable alanine or the phosphomimetic aspartate. Heart
function was analyzed by invasive catheterization. Detailed data are presented in [13].
Green, yellow and red indicates normal, moderately compromised and poor cardiac
function, respectively.
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