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Abstract

Cardiac myosin binding protein C (cMyBP-C) phosphorylation is differentially regulated in the
normal heart and during disease development. Our objective was to examine in detail three
phosphorylatable sites (Ser-273, Ser-282, and Ser-302) present in the protein’s cardiac-specific
sequences, as these residues are differentially and reversibly phosphorylated during normal and
abnormal cardiac function. Three transgenic lines were generated: DAA, which expressed
cMyBP-C containing Asp-273, Ala-282, Ala302, in which a charged amino acid was placed at
residue 273 and the remaining two sites rendered nonphosphorylatable by substituting alanines for
the two serines; AAD containing Ala-273, Ala-282, Asp-302), in which aspartate was placed at
residue 302 and the remaining two sites rendered nonphosphorylatable; and SDS containing
Ser-273, Asp-282, Ser-302. These mice were compared to mice constructed previously along
similar lines: wild type, in which normal cMyBP-C is transgenically expressed, AlIP—, in which
alanines were substituted and ADA mice as well. DAA and AAD mice showed pathology that was
more severe than cMyBP-C nulls. DAA and AAD animals exhibited left ventricular chamber
dilation, interstitial fibrosis, irregular cardiac rhythm and sudden cardiac death. Our results define
the effects of the sites’ post-translational modifications on cMyBP-C functionality and together,
give a comprehensive picture of the potential consequences of site-specific phosphorylation.
Ser-282 is a key residue in controlling S2 interaction with the thick and thin filaments. The new
DAA and AAD constructs show that phosphorylation at one site in the absence of the ability to
phosphorylate the other sites, depending upon the particular residues involved, can lead to severe
cardiac remodeling and dysfunction.
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1. Introduction

Myosin binding protein C (MyBP-C) is a thick filament protein that helps regulate the
structural integrity and actomyosin movement of sarcomeres [1]. Mutations in the cardiac
isoform are a frequent cause of familial hypertrophic cardiomyopathy, with a recent review
reporting that approximately 200 mutations in MYBPC3 have been associated with human
disease [2].

Three isoforms of MyBP-C are expressed in mammals: slow skeletal, fast skeletal and
cardiac, with each encoded by a separate gene (MYBPC1, MYBPC2, MYBPC3,
respectively). Structurally, the isoforms are closely related, with all containing seven
immunoglobulin-like (IgG) domains and three fibronectin-like motifs (Fig. 1A). cMyBP-C
constitutes 1-2% of the total myofibrillar protein [3, 4] and is located in the A-band of the
cardiac sarcomere, but is uniquely arrayed and sequestered, appearing as 7-9 bands adjacent
on each side of the central M line [5]. The N-terminus of the protein interacts with both actin
and myosin, while the mid-regions (C5-C8) of the protein may interact with one another to
form a trimeric “collar”-like structure [6], although the actual architecture of the protein
remains unresolved and a “strut” or “tether” model has also been proposed [7]. C9-C10
binds to titin and the last domain, C10, binds to the light meromyosin (LMM) region of
myosin heavy chain [8]. High resolution atomic force microscopy suggests that cMyBP-C is
a mixture of ordered and disordered structures, transiting from one form to other form
depending upon environmental factors [9]. Recently, an actin-binding site has also been
reported in the COOH half of the molecule but this has not been independently confirmed
[10].

Long term, cMyBP-C is a critical component for maintaining normal cardiomyocyte
function, as demonstrated by a number of loss-of-function genetic models [5, 11, 12] as well
as expression of modified cMyBP-C proteins [13, 14]. MRI studies of cMyBP-C null hearts
suggest that the protein’s ablation leads to depressed LV function and reduced LV torsion
and circumferential strain, underscoring the requirement of this sarcomeric protein for
normal mechanical function [15]. Numerous reductionist-based approaches have shown
significant alterations in crossbridge kinetics in the absence of normal or altered cMyBP-C
[15-17].

The cardiac isoform differs from the other two isoforms in that it contains an extra N-
terminal domain (C0) and a unique structural motif termed the ‘M’ insertion, which is
located between the C1 and C2 domains (Fig. 1A). It is well established that this N-terminal
portion interacts with the head region of myosin heavy chain, which is contained within the
“subfragment 2” (S2) [1, 18]. The M domain has at least three potential phosphorylation
sites; Ser-273, Ser-282 and Ser-302. Recent in vitro studies confirmed that several kinases,
including PKA, PKC, RSK, CK2 and CaMKI|I, can differentially phosphorylate these
residues [19-23]. Biochemical analyses showed that, in response to -adrenergic
stimulation, PKA phosphorylates Ser-273, Ser-282, and Ser-302 whereas PKC
phosphorylates only Ser-273 and Ser-302 [19, 20]. In vitro studies suggested that CaMKI|
can phosphorylate Ser-273, Ser-282 and Ser-302 in a calcium concentration dependent
manner [14, 23]. In vitro, cMyBP-C phosphorylation by PKA alters the interaction of
myosin’s S2 domain with cMyBP-C, changes the myofibrillar Ca?* sensitivity and enhances
actin interaction [24, 25]. Additionally, protein kinase D (PKD) can specifically
phosphorylate cMyBP-C at Ser-302 and this may play an important role in accelerating
cross bridge kinetics, although the precise mechanism is not known [21]. Recently, it was
reported that CK2 can also phosphorylate Ser-282 but the function of this phosphorylation
was not explored [23].
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Studies from both our laboratory and others have shown that M domain phosphorylation can
affect cMyBP-C functionality and cardiac function, presumably by modulating the protein’s
interactions with the thick and thin filament proteins [24, 26]. Phosphorylation of the cardiac
myofilament proteins represents an important post-translational mechanism that both
regulates cardiac function and the heart’s response to internal and external stresses.
Phosphorylation levels of cMyBP-C are decreased significantly during the development of
heart failure [27-29]. Using a series of mouse models in which the phosphorylatable sites
were replaced either by residues that could not be phosphorylated, or by amino acids whose
charges served as effective phosphomimetics, we showed the importance of the 3 sites for
normal cardiac function [14, 24, 30]. Using site-specific antibodies, we found that
phosphorylation at serine residues 273, 282 and 302 are differentially regulated during
cardiac stress [14], and recently it was reported that Ser-282 phosphorylation was
significantly reduced in heart failure samples when compared to Ser-273 and Ser-302
phosphorylation [31]. Our laboratory has also shown that N-terminal cMyBP-C
phosphorylation can protect the heart from I/R injury [24]. However, a comprehensive
analysis of each of these sites mutated singly or in combination was not done.

Transgenic (TG) mice expressing non-phosphorylatable cMyBP-C (AlIP-), in which
Ser-273, 282, 302 were all mutated to alanines were unable to rescue the cMyBP-C
knockout phenotype, whereas mice expressing only cMyBP-C in which the 3 serines were
mutated to aspartates (AllP+) restored normal cardiac function. cMyBP-C phosphorylation
clearly plays an important role in regulating thick and thin filament interaction but the
processes are undefined and the physiological consequences of the individual
phosphorylation sites are unknown [14, 30, 32]. All these data underscore the importance of
a detailed functional study of these three cMyBP-C phosphorylation sites. In this study, TG
mice were generated to explore the functionality of these sites at high resolution. We
mutated the sites singly and in combination to establish their roles in normal cardiac
function. The effects of phosphorylation on thin and thick filament interactions were also
determined.

2. Materials and Methods

2.1. Transgenic constructs

The cDNA for mouse cMyBP-C was subjected to site-directed mutagenesis to generate three
constructs (DAA, AAD, SDS). When serines 273 or 282 were substituted, the two adjacent
threonines, 272 and 281, were also replaced with aspartic acid or alanine in order to rule out
any confounding effects of unknown modification at those sites as threonine residues are
also subject to post-translational modification [23]. The modified cDNA was cloned
downstream of the a-myosin heavy chain (MyHC) promoter, which drives high levels of
cardiomyocyte-specific expression in the adult ventricles and atria [33]. The myc epitope,
EQKLISEEDL, was incorporated at the N-terminus to distinguish the TG cMyBP-C from
endogenous protein. These constructs were used to generate multiple TG founders with
cardiomyocyte specific expression and bred with the cMyBP-C null mice (t/t) [12]. 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 Cincinnati
Children’s Hospital approved all experimental procedures.

2.2. Microscopy

For immunohistochemistry, frozen cardiac sections were prepared from hearts as described
previously [30]. Tissue sections were stained with anti-myc antibody (1:1000 dilution, Cell
Signaling Tech), anti-a-actinin antibody (1:500 dilution, Sigma) and anti-cMyBP-C

antibody, which was custom synthesized (1:1000 dilution, ProSci Incorporated). Secondary

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 November 01.



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

1duasnuey Joyiny vd-HIN

Gupta et al.

Page 4

antibodies were used at a 1:100 dilution (Molecular Probes). Paraffin sections of formalin-
fixed hearts were stained with H&E and Gomori’s Trichrome. Sarcomere ultrastructure was
analyzed via transmission electron microscopy (TEM) as described earlier [13, 34]. For
quantification of the tissue area and line scans of sarcomeres, Image J (NIH, Public Domain)
or MetaMorph (Molecular Devices) were used to quantitate signal as described previously
[24].

2.3. Myofibrillar protein isolation

Myofibrillar proteins were isolated from the ventricular tissue as described [30]. Proteins
were separated in SDS-PAGE and stained with Pro-Q Diamond (Molecular Probe) stain
according to the manufacturer’s protocol and scanned in a Typhoon 9400 Scanner (GE
Healthcare). The same gel was further stained with Bio-Safe Coomassie stain (Bio-Rad).

2.4. Immunoblotting

Frozen ventricular tissue was homogenized in a Bead Beater (Bertin Technologies) in
CelLytic tissue homogenizer buffer (Sigma), freshly supplemented with protease and
phosphatase inhibitor cocktails (Roche Applied Sciences). Proteins were separated by SDS-
PAGE and transferred onto PVDF membranes (Bio-Rad). For western blotting, the
following antibodies were used: anti-myc antibody (1:1000 dilution, Cell Signaling Tech),
anti-cMyBP-C (1:10000, ProSci Incorporated), anti phospho specific antibody Ser-273
(1:2500), anti phospho specific antibody Ser-282 (1:2500) and anti phospho specific
antibody Ser-302 (1:5000).

2.5. Cardiac hemodynamics and electrophysiology

Cardiac function was analyzed as described [30]. Age-matched mice were anaesthetized
using 1.5% isoflurane and a continuous supply of 1.5% isoflurane was maintained during
assessment using a nose cone. A Vevo2100 (VisualSonics) echocardiography system with a
40 MHz transducer was used to assess left ventricular dimensions and function using M-
mode imaging. Early diastolic maximal velocity (E”) and late diastolic maximal velocities
(A) were measured using tissue Doppler and used as noninvasive indicators of left
ventricular (LV) diastolic function [24]. ECG was monitored on isoflurane-anesthetized
mice using Biopac ECG telemetry. Electrodes were inserted subcutaneously in a lead 1l
configuration and data recorded for 1 minute to determine the baseline cardiac rhythm. In
vivo cardiac function and p-adrenergic responsiveness were analyzed as described [30].

2.6. Statistical analyses

3. Results

All functional studies used 8 week old mice of mixed gender. Results are shown as means
+SEM or +SD. Paired data were evaluated by Student’s t test. For multiple comparisons,
ANOVA with post hoc Tukey’s test, or Dunnet’s test was used. P<0.05 was considered
significant.

3.1. Generation of TG Mice in a cMyBP-C null background

While phosphorylation of sites within cMyBP-C’s M matif (Fig. 1A, B) plays an important
role in cardiac function [30], the role of the individual phosphorylatable sites, Ser-273,
Ser-282 and Ser-302 remain obscure. To investigate whether a single site phosphorylation
could rescue the cMyBP-C null phenotype, three separate constructs were made and
subsequently used to generate TG mice (Fig. 1B). In one line, termed DAA, we mutated
Ser-273 to aspartate to create a phosphomimetic, and then mutated Ser-282 and Ser-302 to
alanine in order to prevent those sites from being phosphorylated. In the AAD line, Ser-273
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and Ser-282 were mutated to alanine, while Ser-302 was mutated to aspartate. DAA was
designed to test the functionality of Ser-273 phosphorylation in isolation, while AAD was
designed to do the same, but for Ser-302. Finally, in the SDS line, Ser-282 was mutated to
aspartate in order to determine the effect, if any, that this site’s chronic phosphorylation
might have on the basal and stimulated phosphorylation states of the adjacent residues.

For each TG mouse model, we generated at least three lines with varying levels of
expression to rule out any insertion site effects on the phenotype. Transgenically-encoded
cMyBP-C was tagged with a myc epitope as in our previous studies so that it could be easily
differentiated from endogenous protein when necessary [13, 24]. The lines selected for these
experiments, which had between 30-45% replacement, showed no insertion site specific
phenotype and had TG protein levels approximately equal to those detected for TG mice
prepared earlier that expressed intact, wild type cMyBP-C (WT). Previously, we showed
those mice had normal levels of cMyBP-C and that 50% of the endogenous protein was
replaced with the TG protein [30]. We also included TG mice in which endogenous cMyBP-
C was completely replaced by cMyBP-C in which the 3 serines were replaced by non-
phosphorylatable alanines, termed AlIP- [30]. All TG lines were then bred into the (t/t)
(cMyBP-C null) background [12] to generate complete replacement of the endogenous
protein with transgenically encoded cMyBP-C [30]. The subsequent analysis of myofilament
proteins from total heart lysates confirmed that expression of the TG cMyBP-C’s achieved
levels characteristic of normal, endogenous cMyBP-C expression, with no obvious
perturbations in the steady state protein levels for the other myofilament proteins (Fig. 1C,
D).

The ability of the altered cMyBP-C to incorporate correctly into the sarcomere was
determined using immunohistochemistry and the staining compared to sarcomeres
containing transgenically expressed normal cMyBP-C (WT) and AlIP- (Fig. 1D, E). The
data showed that the different cMyBP-C proteins all incorporated correctly, with well-
defined intercalation when co-stained with the Z-disc protein, a-actinin, although minor
misalignments could be discerned in some of the filament structures associated with
incorporation of the ADA and AlIP- proteins (Fig. 1E).

3.2. Phosphorylation status is communicative between the sites and dependent upon

Ser-282

Myofibrillar proteins were isolated and their steady state levels analyzed using gradient
SDS-PAGE (Fig. 2A). Contractile protein expression appeared unaffected by replacement of
the endogenous cMyBP-C with the transgenically encoded species and myofilament protein
stoichiometry was maintained in all TG mice. Phosphorylation levels were first analyzed
using Pro-Q Diamond staining and showed that the total phosphorylation of mutant cMyBP-
C in DAA (t/t), AAD (t/t) and AlIP- (t/t) was significantly reduced compared to the NTG
and WT mice (Fig. 2B and C). It should be noted that total phosphorylation levels in the
mutated cMyBP-C’s may reflect increased phosphorylation of other sites in the protein as
additional sites capable of being phosphorylated are present in both the M domain and in the
N terminus [23]. We also observed that the phosphorylation of the other myofilament
proteins appeared unaffected by transgenic replacement (Fig. 2B, D, E). We did note that in
our hands, we observed some limited staining of proteins that are not routinely stained by
Pro-Q Diamond, such as actin, raising the possibility that some non-specificity of the
staining might be occurring (Figure 2). However, this would not impact on the central
conclusion of the data, as stated above. Previously we showed that Ser-282’s inability to be
phosphorylated resulted in the chronic dephosphorylation of Ser-302 as well [14]. To
understand the consequences of the charged residue in terms of Ser-273 and Ser-302
phosphorylation, we determined the relative phosphorylation states of these residues in the
SDS mice using our phosphorylation residue-specific antibodies [30]. We found that
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phosphomimetic substitution at Ser-282 led to high levels of phosphorylation at Ser-273
with Ser-302 phosphorylation unaffected relative to normal levels. The hyper-
phosphorylated (relative to wild type) Ser-273 versus normal phosphorylated Ser-302
underscores the uniqueness of each site, both in its autonomous behavior and when
functionally linked to the other phosphorylation sites in the molecule. This observation
supports the hypothesis that Ser-282 phosphorylation can effectively and differentially
modulate spatially distinct phosphorylation sites and points to the unique control exerted at
each phosphorylatable residue in this region (Fig. 2F and G).

3.3. Chronic phosphorylation at Ser-273 leads to fibrosis and dilated cardiomyopathy

To understand the effects of single-site chronic phosphorylation/dephosphorylation in the
cardiac-specific domain of cMyBP-C, the TG mice were bred, weaned and the early adult
heart morphology determined at 8 weeks. Examination of sections of the TG hearts
suggested major differences in the phenotypic outcomes of the residue substitutions, even in
early adulthood. Chronic phosphorylation of one residue, Ser-273, coupled with the
prevention of phosphorylation at residues 282 and 302 (DAA), resulted in significant
hypertrophy and chamber dilation (Fig. 3A, B), showing the mutated protein’s inability to
function normally. Strikingly, those hearts were more affected than hearts lacking the
protein entirely (t/t). In contrast neither AAD, SDS or ADA mice showed a dilated
phenotype at this developmental stage although the AAD hearts were affected, with
significant fibrosis and modest hypertrophy even at 8 weeks (Fig. 3C, D). The heart to body
weight ratios and quantification of cardiomyocyte area using wheat germ agglutinin (WGA)
stained cells, also suggested that DAA and AAD mice displayed a hypertrophic phenotype
when compared to the NTG or WT mice (Fig. 3C, E). Consistent with the previous studies,
cMyBP-C null mice also had hypertrophic hearts [12], but the phenotype could be rescued
by the SDS or ADA proteins. We conclude that the phosphorylation status of the three
serines is important on an individual basis and that chronic phosphorylation at one site, with
the inability to phosphorylate the other sites, is particularly detrimental to the maintenance
of normal cardiac structure.

3.4. Functional analyses

To address the early functional consequences of mutant protein expression in vivo,
echocardiography was performed on 8 week old TG and NTG mice. M-mode
echocardiography showed that “mismatched” phosphorylation patterns in the DAA and
AAD mice resulted in depressed systolic function and LV dilation (Fig. 4A, Table 1).
Fractional shortening (FS) in both the DAA and AAD hearts was decreased to levels equal
to, or even less than those present in the cMyBP-C null animals (t/t), emphasizing the need
for cooperative and interactive post-translational modification of the 3 sites (Fig. 4B).
Systolic LV internal dimensions (LVIDs) were also greater in the DAA and AAD hearts, as
compared to the NTG and WT (t/t) mice (Fig. 4C, Table 1). Constitutive phosphorylation of
Ser-282 in the SDS and ADA mice resulted in essentially normal values for FS and LVIDs
compared to the WT (t/t) mice (Fig. 4B, 4C).

We assessed LV diastolic function with tissue Doppler imaging at the mitral valve annulus,
measuring the velocity of ventricular myocardium during early relaxation (E’) and atrial
contraction (A’). We found that, compared to WT(t/t) mice, E’ tissue velocity was
significantly depressed in the DAA and AAD hearts as well as in the AllP- and t/t null
hearts. Interestingly, while E” in the SDS hearts showed a decreasing trend, this parameter
did not reach statistical significance compared to WT(t/t) hearts (Fig. 4D). The A’ velocity
was not significantly different across the groups (Supplemental Fig. 1), but the E’/A’ ratio
was significantly depressed in all cMyBP-C mutations studied, again consistent with
diastolic dysfunction (Online Supplement Fig. 1) [35].
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3.5. Ultrastructural analyses

We previously found that altered cMyBP-C phosphorylation affected sarcomere spacing
[24]. This is not surprising, considering the interaction of this protein with all three filament
systems in the contractile apparatus. In the absence of cMyBP-C (t/t mice), sarcomeres were
relatively disorganized, with filament spacing, as measured by the distances between
adjacent myosin filaments in the filament lattice disturbed and irregular [24].
Phosphorylation of cMyBP-C can extend the myosin cross bridge to the surface of the thin
filament, loosening the packing of the light meromyosin in the filament lattice and affecting
overall sarcomeric structure [24]. We wished to determine if single or double substitutions
of the phosphorylatable serines affected these parameters as well, and detailed ultrastructural
analyses were carried out using 8 week old mice, before compromised cardiac function
could lead to major secondary effects. Consistent with previous data, the t/t mice displayed
altered M line architecture (Fig. 5A) and relatively disorganized filament spacing as
manifested by irregular distances between adjacent myosin filaments (Fig. 5B, Online
Supplement Fig. 2). Incorporation of dephosphorylated cMyBP-C (AllP-) was unable to
rescue this defect [24]. Consistent with the gross histological disorganization (Fig. 3), the
DAA sarcomeres lacked a distinct M line and showed abnormal Z lines as well (Fig. 5A).
While histology of the AAD mice was also abnormal, the sarcomeres appear better
conserved (Fig. 5B). Quantitation (Online Supplement Fig. 2) revealed that regular myosin
filament spacing was conserved in all of the cMyBP-C-substitutions: only the cMyBP-C null
showed statistically significant differences. We conclude that cMyBP-C phosphorylation
does not affect thick-thin filament spacing in the absence of other factors, at least at the level
of resolution afforded by transmission electron microscopy. This lack of altered filament
spacing is consistent with previous data noting that cMyBP-C’s axial distribution was
unaffected by site mutations in human cardiac and skeletal muscle [36].

3.6. Surface electrocardiograms are significantly altered in DAA and AAD mice

The above data clearly show that the DAA and AAD hearts are both structurally and
anatomically compromised and we noted early deaths in these populations, even in overtly
healthy mice (Fig. 6A). In order to determine the cause of sudden cardiac death, we
examined the electrical activity of the hearts. Surface ECGs were recorded on NTG and TG
mice and the mean RR, PR, QRS, QT and QTc values determined at 8 weeks (n = 6-8 for
each group). Both the DAA and AAD mice had irregular cardiac rhythms recorded at
baseline, suggesting cardiac arrhythmias (Fig. 6B and Online Supplement, Table 1). The
mean RR intervals for the AAD and t/t lines were significantly longer and there was a trend
towards increased RR intervals in the DAA hearts as well, although statistical significance
was not reached. In addition, the QT interval was prolonged significantly in the DAA, AAD,
AlIP-and t/t mice (Fig. 6D). Slow ECGs for the most affected lines, DAA and AAD, are
shown in the Online Supplement (Fig. 3). QT prolongation reflects impaired cardiac
repolarization, leading to the increased risk of arrhythmogenic events and sudden cardiac
death. An irregular cardiac rhythm is apparent in the representative tracings from the DAA
and AAD animals (Fig. 6B). We hypothesize that these events are at least partially
responsible for the sudden cardiac death as manifested in the Kaplan-Meier curves for these
two lines (Fig. 6A).

3.7. In vivo hemodynamics

Considering the major anatomical, histologic and electrical conduction effects of forced,
uncoordinated cMyBP-C phosphorylation in the AAD and DAA hearts, we looked for
changes in the hemodynamics of these hearts at 8 weeks of age as well. cMyBP-C is thought
to play a major role in modulating cardiac relaxation [14, 32, 37]. Consistent with this
hypothesis, incorporation of altered cMyBP-C led to significant changes in relaxation
kinetics, while contraction was relatively unaffected in the non stimulated hearts (Table 2).
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While all lines were able to respond to 3-adrenergic stimulation, the AAD, DAA and t/t
mice responses were all significantly blunted, which is not surprising considering the
significant fibrosis and disarray in these hearts (Fig. 3).

4. Discussion

Long term, cMyBP-C is a critical component for maintaining normal cardiomyocyte
function, as demonstrated by a number of loss-of-function genetic models [5, 11, 12] and
expression of modified cMyBP-C proteins [13, 14]. MRI studies of the cMyBP-C null hearts
suggest that cMyBP-C ablation leads to depressed LV function, reduced LV torsion and
circumferential strain, underscoring the requirement of this sarcomeric protein for normal
mechanical function [15]. Numerous reductionist-based approaches showed significant
alterations in crossbridge kinetics in the absence of normal or altered cMyBP-C [15-17].

We previously investigated the physiological significance of “global” cMyBP-C
phosphorylation/dephosphorylation in TG models in which the 3 phosphorylatable serines
were replaced with alanines or a charged amino acid that served as a phosphomimetic [24,
30]. The data confirmed the importance of these sites in modulating normal cMyBP-C
function. Independently, other laboratories confirmed much of those data as well [17, 38].
We also showed that phosphorylated cMyBP-C stabilized the intact protein in the presence
of cardiac stress, decreasing production of a 40 kD fragment of cMyBP-C that could
interfere with normal sarcomere function [24]. Subsequently, we undertook a series of
studies in which additional TG lines were generated, SAS, DAD and ADA, in order to study
the regulatory role that Ser-282 might play [14]. While those studies confirmed the
importance of that residue, they shed little light on understanding the role that the other
phosphorylation sites played in the protein’s function, and a comprehensive analysis of
understanding the function consequences of discoordinate phosphorylation could not be
undertaken without constructing additional lines.

The current manuscript completes and augments our prior studies, providing a
comprehensive analysis of single and double site mutations in this critical domain. The
creation of a more complete set of TG lines that now include the DAA, AAD and SDS mice,
allowed us to test the hypothesis that these phosphorylation sites are non-equivalent and
explore in detail the functional consequences of this non-equivalency, focusing on what
happens when 1 site is always charged in the absence of the other two sites being
phosphorylated. The results are striking and differ from our previous studies: the DAA and
AAD hearts are significantly affected. An inability of two residues to be phosphorylated
when the other is chronically phosphorylated results in cardiac morbidity, remodeling and
fibrosis over a relatively short (15 week) period. Again, comparing the multiple data sets
shows that single site phosphorylation of Ser-273 (DAA) and Ser-302 (AAD) did not
improve the null phenotype, whereas the single site phosphorylation of Ser-282 (ADA/SDS)
could rescue the null phenotype. When these results are compared with our prior data with
DAD lines [14] in which two residues were also modified but resulted in charged
phosphomimetics, the data taken in total show the point to the importance of residues being
phosphorylated in concert.

We approached the general question of phosphorylation non-equivalency by replacing
endogenous MyBP-C with intact protein in which the three phosphorylatable serines were
individually modified, ablating any coordinated phosphorylation or dephosphorylation of the
sites by endogenous kinases and phosphatases. By uncoordinating the three residues’ post-
translational modifications, we could then determine the functional effects of de-coupling.
Multiple, stable TG lines were constructed and differences in the phenotype, line variability
and heart disease, both subtle and striking were noted as being dependent upon the particular

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 November 01.



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

1duasnuey Joyiny vd-HIN

Gupta et al.

Page 9

phosphorylatable residue or residues modified. Our previous lines in which various residues
were substituted, the new, DAA and AAD lines show early mortality, earlier even then mice
carrying the null cMyBP-C allele. These data are summarized in Table 2.

In the present study we observed that mimicking constitutive phosphorylation at Ser-282 did
not affect Ser-302 phosphorylation, but Ser-273 phosphorylation was upregulated in the
SDS mice. Quantification of total phosphorylation by Pro-Q staining suggests that overall
phosphorylation is dramatically reduced in the DAA, ADA and AAD mice. Ser-282
phosphorylated mice were overtly healthy with essentially normal cardiac anatomy and
cardiac function equivalent to those mice in which we had replaced endogenous cMyBP-C
with transgenically encoded wild-type protein. In contrast, mice showed significant
pathology when cMyBP-C was completely replaced with either the DAA or AAD cMyBP-C
species. Interestingly, both these TG lines showed more fibrosis than mice carrying either
cMyBP-C that was unable to be phosphorylated at any of the three residues (AllP-) or mice
completely lacking functional cMyBP-C (t/t). We do not believe the observed pathologies
are due directly to an artifact of the serine to alanine changes, as replacements in the ADA
construct (alanine replacing serines 273 and 302) resulted in mice with no overt fibrosis,
pathology or decreased life span.

Despite sarcomere incorporation across the different cMyBP-C species, the functional
effects were dramatically different. For example, while normal cardiac architecture and
function is largely conserved in the ADA and SDS mutations (eg, Fig. 1, Table 1), DAA and
AAD lead to dramatic pathology. This is also not due to simply changing different numbers
of sites, as the AAA mutation (AlIP-), while leading to morbidity, is less pathogenic. While
we do not yet understand the mechanistic consequences of the multiple charged residues
interactions with the different filament systems, our data do imply that each residue and
combination of residues is unique and the resultant functional differences are not due to the
general regional charge in this part of the molecule. It remains for detailed modeling to be
carried out with the mutated fragments to resolve the unanswered mechanistic questions.

Reduced phosphorylation of the myofibrillar proteins is often associated with human
arrhythmias [39, 40] and phosphorylation of the myofilament proteins can play an important
role in myofilament calcium sensitivity [41, 42]. Our ECG data show irregular cardiac
rhythms and QT prolongation in the DAA and AAD mice (Fig. 6) as well as RR lengthening
in AAD and t/t mice. No significant differences in average heart rate were noted across
among the cohorts during the echocardiograms and invasive hemodynamic assessments;
however, differences in anesthetic regimen and animal preparation for these procedures may
have contributed to the variations noted.

These arrhythmias likely contributed to sudden cardiac death in the animals and played a
significant role in the decreased survival probabilities for the DAA and AAD animals (Fig.
6). Decreased E’ tissue Doppler velocities are consistent with invasive hemodynamic data
showing altered/affected relaxation as a result of altered cMyBP-C phosphorylation [14, 43].
An alternative explanation may lie in the extensive hypertrophy and atrial enlargement
observed in both these lines (Fig. 3). It is well documented in human disease that these types
of anatomical alterations, brought about because of altered hemodynamics and fiber kinetics,
can cause electrophysiologic abnormalities that can lead to arrhythmogenic events and
sudden cardiac death [44].

cMyBP-C can slow the cross-bridge kinetics of the sarcomere and recently, this ability was
shown to be restricted specifically to the central region of the sarcomere where cMyBP-C is
located [45] In vitro biophysical studies and in vivo imaging suggest that phosphorylation of
cMyBP-C regulates its dynamic interactions with myosin and actin [26, 46, 47]. Direct
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interaction studies with single molecules using the laser trap assay demonstrated that
cMyBP-C binds to actin, and phosphorylation of cMyBP-C’s amino terminal residues could
inhibit actin interaction [26, 46]. Previously we found that phosphorylation of all three sites
(Ser-273, Ser-282 and Ser-302) in cMyBP-C inhibited S2. Taken together, we have now
constructed a number of single, double and triple phosphomimetic or phospho-ablated
cMyBP-C proteins and can draw a number of conclusions from these data when they are
taken as a whole from our multiple studies [14, 16, 21, 24, 26, 30, 32, 45, 46, 48]. First,
phosphorylation in the N-terminal “M” domain at 1 or more residues is absolutely essential
for cMyBP-C function. A lack of phosphorylation results in altered affinities for both the
myosin heavy chain and actin filaments, altering cross bridge kinetics and force production.
Second, phosphorylation at Ser-282 is particularly critical: it serves as both a nodal point of
control, potentiating phosphorylation at the adjacent residues, and renders a p-calpain site
inaccessible, preventing cleavage of intact cMyBP-C. Third, the data in the present study
point to the non-equivalency of each of the phosphorylatable sites, as subtle functional
differences present for essentially all of the unique constructs. Fourth, it is clear that
phosphorylation of specific residues can impact on the degree of phosphorylation observed,
with Ser-282 undoubtedly playing a role in this. Fifth, phosphorylation at one site in the
absence of the ability to phosphorylate the other sites, such as occurs in the DAA construct,
leads to severe cardiac remodeling and dysfunction: the DAA and AAD constructs prepared
for this study result in abnormal cardiac conduction, arrhythmias and premature death. We
conclude that the different phosphorylation sites can play different roles, when viewed in
isolation and, importantly, in conjunction with the charge of its adjacent, phosphorylatable
sites. It now becomes critical to attempt to show, in vivo, which kinases are actually acting
on each site. Considering the frequency with which this protein is mutated in human cardiac
disease [49], identifying the exact residues that can mediate cMyBP-C function will enable
us to understand how the protein functions in the normal and diseased states.
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Glossary: Non standard abbreviations and acronyms

A’ peak atrial velocity

ADA cMyBP-C protein with alanines at residues 273, 302 and aspartate at residue
282

AAD cMyBP-C protein with alanines at residues 273, 282 and aspartate at residue
302

AllP- substitutions of alanine at Ser-273, 282, 302

AllIP+ phosphomimetic aspartates placed at Ser-273, 282, 302

CaMKIlI Ca?/calmodulin-dependent protein kinase II

CK2 Casein kinase 2

cMYBP-C cardiac myosin binding protein C
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DAA

dP/dtmax
dP/dtmin
E/

EF

FS

I/IR
1vVSd
LVIDd
LVIDs
MyHC
PKA
PKC
PKD

PR

QRS
QT

QTc

RR
RSK

S2

SDS
t/t
TG
WGA
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cMyBP-C protein with aspartate at residue 273, and alanines at residues 282

and 302

maximum left ventricle pressure development
minimum left ventricle pressure development
peak early diastolic wave

ejection fraction

fractional shortening

ischemia/reperfusion

interventricular septal thickness at diastole
left ventricular inner diameter in diastole

left ventricle inner diameter in systole
myosin heavy chain

protein kinase A

protein kinase C

protein kinase D

time interval between onset of P wave and R wave
duration of the interval between Q wave to peak of S wave
duration of beginning of Q wave the end of the T wave

corrected QT interval
time interval between two consecutive R waves

ribosomal S6 kinase

amino terminal fragment of myosin heavy chain containing the ATPase

domain

cMyBP-C protein with aspartate at residue 282
A cMyBP-C null allele

transgenic

wheat germ agglutinin
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Figure 1.

Cardiomyocyte-specific replacement with altered cMyBP-C. A) Schematic diagram showing
the domain structure of cMyBP-C, with the 8 1IgG domains (blue), 3 fibronectin domains
(green) and cardiac specific M domain (pink). B) The phosphorylatable serine residues that
are mutated in the different constructs are indicated in color. C) Expression of intact, TG
protein was confirmed by western blot analysis with anti-cMyBP-C and anti-myc antibodies.
D) SDS-PAGE analyses of the myofilament proteins. E) Expression and sarcomere
incorporation of the myc-tagged, TG cMyBP-C was confirmed by immunofluorescent
staining with anti-cMyBP-C and anti-myc antibody. F) The spatially correct incorporation of
the mutant protein in the sarcomere was confirmed by immunofluorescent staining of
cardiac muscle with anti-cMyBP-C and anti a-actinin antibody. All TG samples were
derived from 8 week old hearts.
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Figure 2.

Phosphorylation of myofilament proteins in the TG lines. A) SDS-PAGE stained with
coomassie blue. B) Pro-Q diamond stain detects phosphorylated protein in the
myofilaments. C) Total phosphorylation of cMyBP-C was significantly reduced in DAA/(t/
t), AAD/(t/t) and in tt mice. D, E. Phosphorylation levels of other myofilament proteins were
also quantitated. D) Desmin phosphorylation levels. E) Tnl phosphorylation levels. F, G)
Phosphorylation of Ser-273 and Ser-302 in SDS/(t/t) mice was assayed using
phosphorylation-residue specific antibodies. Data are expressed as mean + SD. *P<0.005
versus WT/(t/t). All samples were derived from 8 week old hearts (n=3).
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Figure 3.

Phenotypic consequences of the expression of altered cMyBP-C protein. A) Shown are 8
week old hearts from NTG and TG animals. B) Heart weight/body weight ratio (HW/BW;
mg/gm) (n=6). C) Top to bottom: H&E staining, Masson trichrome staining, and (bottom)
delineation of cardiomyocyte membranes using wheat germ agglutinin staining to determine
cardiomyocyte hypertrophy in the left ventricle. D) Morphometric analysis of interstitial
fibrosis was carried out using Metamorph software (n=6). E) Cell size was determined via
wheat germ agglutinin staining (green), with the cardiomyocytes identified using troponin |
antibody (red) with quantitation via ImageJ software (n=6). Data are expressed as mean +
SD. * P<0.05 versus WT/(t/t)
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Figure 4.

Ultrasound analyses of chamber function. A) M-mode echocardiography of the TG mice at 8
weeks post-birth. B-D) Cardiac dysfunction as determined by the decreased fractional
shortening, increased LV inner diameter in systole and significantly decreased E’ in the
DAA/(t/t) and AAD/(t/t), AlIP—(t/t) and t/t hearts (n=7-9 as described in Table 1). Data are
expressed as mean = SD. *P<0.05 versus WT/(t/t), **P< 0.005 versus WT/(t/t).
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Transmission electron microscopy of TG sarcomeres. A) Thin sections were cut
longitudinally to reveal sarcomere organization, size and architecture in the different TG
lines. B) Thick filament line scanning of the corresponding sarcomeres as measured by

Metamorph software. All samples were derived from 8 week old animals.
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Residue-specific mutation of the phosphorylation sites leads to decreased survival
probability and conduction abnormalities. A) Kaplan-Meier curve of the different TG lines.
NTG, WT and ADA were indistinguishable (n=8-11). B) Representative surface ECG
recordings of TG mice showed irregular RR and QT intervals in DAA/(t/t) and AAD/(t/t)
hearts. C) Quantitation of the RR intervals (n=6-8). D) Quantitation of QT intervals (n=6—
8). Data are expressed as mean + SD. *P<0.05, versus WT/(t/t), TP <0.0001 versus WT/(t/t).
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