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Cardiac myosin binding protein C (cMyBP-C) has three phosphor-
ylatable serines at its N terminus (Ser-273, Ser-282, and Ser-302),
and the residues’ phosphorylation states may alter thick filament
structure and function. To examine the effects of cMyBP-C phos-
phorylation, we generated transgenic mice with cardiac-specific
expression of a cMyBP-C in which the three phosphorylation sites
were mutated to aspartic acid, mimicking constitutive phosphor-
ylation (cMyBP-CAllP�). The allele was bred into a cMyBP-C null
background (cMyBP-C(t/t)) to ensure the absence of endogenous
dephosphorylated cMyBP-C. cMyBP-CAllP� was incorporated nor-
mally into the cardiac sarcomere and restored normal cardiac
function in the null background. However, subtle changes in
sarcomere ultrastructure, characterized by increased distances be-
tween the thick filaments, indicated that phosphomimetic cMyBP-C
affects thick–thin filament relationships, and yeast two-hybrid
data and pull-down studies both showed that charged residues in
these positions effectively prevented interaction with the myosin
heavy chain. Confirming the physiological relevance of these data,
the cMyBP-CAllP�:(t/t) hearts were resistant to ischemia–reperfusion
injury. These data demonstrate that cMyBP-C phosphorylation
functions in maintaining thick filament spacing and structure and
can help protect the myocardium from ischemic injury.

heart � ischemia

Cardiac myosin binding protein C (cMyBP-C) is localized to
the sarcomere’s thick filaments where it has structural and

regulatory functions. MYBPC3 mutations account for 20–30% of
all mutations linked to familial hypertrophic cardiomyopathy (1).
cMyBP-C belongs to the intracellular Ig superfamily and is
composed of Ig and fibronectin type-3 repeating domains (Fig.
1A). It is present not only in cardiac muscle, but also in skeletal
muscle before the skeletal muscle-type isoforms are expressed,
suggesting that the cardiac isoform is functional in early myofi-
brillogenesis and regenerating muscle (2, 3). cMyBP-C may
modulate myosin assembly (4) and stabilize thick filaments (5).
It binds titin via domains C8–C10 (6) and actin in the Pro-Ala-
rich sequences between the C0 and C1 domains (7), which
appear to be important for the precise arrangement of the
actin–myosin filaments. Compared with the two skeletal muscle
isoforms, the cardiac isoform contains an extra Ig domain at the
N terminus (C0), an insertion of 28 residues within the C5
domain, and three potential phosphorylation sites (Ser-273,
Ser-282, and Ser-302) that are substrates for cAMP-dependent
PKA, Ca2�-calmodulin-activated kinase, and PKC (8). This
region is located between the C1 and C2 domains of the N
terminus, which binds to the subfragment 2 (S2) segment of
myosin close to the lever arm domain (9–11), and this interaction
may be dynamically regulated by the differential phosphoryla-
tion of cMyBP-C (12).

cMyBP-C is the only thick filament protein that is differen-
tially phosphorylated at multiple sites by the enzymes PKA,
PKC, and Ca2�-calmodulin-activated kinase (13). Reconstitu-

tion studies showed that PKA-mediated phosphorylation of
cMyBP-C extends the cross-bridges from the backbone of the
thick filament, changes their orientation, increases the degree of
order of the cross-bridges, and decreases cross-bridge flexibility
(11). cMyBP-C phosphorylation can change both filament ori-
entation and contractile mechanics (13), but the in vivo role of
these posttranslational modifications on whole-organ function
remains obscure.

We reported that cMyBP-C phosphorylation decreases during
the development of heart failure, ischemia–reperfusion (I-R) in-
jury, or pathologic hypertrophy (14). This decrease may initiate
changes in myofibril thick filament structure that decreases strong
binding of myosin heads with the actin thin filaments. To test the
hypothesis that cMyBP-C phosphorylation is essential for normal
cardiac function, we generated transgenic (TG) mice in which three
phosphorylation sites were mutated to nonphosphorylatable ala-
nines (cMyBP-CAllP�). These animals showed altered sarcomeric
structure and depressed cardiac contractility (14). The complete
replacement of endogenous cMyBP-C with cMyBP-CAllP� failed
to rescue the null cMyBP-C(t/t) mice and led to significant func-
tional deficits, whereas overexpression of the normal cMyBP-C
(cMyBP-CWT) effectively rescued the null phenotype.

In the present study, we examined the effects of total chronic
phosphorylation of cMyBP-C by generating TG mice in which
the known cMyBP-C phosphorylation sites are converted to
aspartic acid (cMyBP-CAllP�) to mimic a constant state of
constitutive phosphorylation. The mice were then bred into a
homozygous cMyBP-C(t/t) background (15) to obtain complete
replacement of endogenous cMyBP-C with cMyBP-CAllP�. The
phosphomimetic effectively rescued the null phenotype and
strikingly conferred cardioprotection when the hearts were
subjected to I-R injury.

Results
Characterization of the cMyBP-CAllP�:(t/t) Mice. Previously, we found
that cMyBP-C was extensively phosphorylated under basal con-
ditions, but became dephosphorylated during the development
of cardiac pathology with the triphosphorylated form largely or
completely absent in advanced heart failure (14). These results
were consistent with our data showing the necessity of phos-
phorylation for normal cMyBP-C function (14). To investigate
the effects of chronic cMyBP-C phosphorylation, we generated
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cardiac-specific TG mice in which the three known phosphory-
lation sites Ser-273, Ser-282, and Ser-302 were changed to
aspartic acid (Fig. 1 A), mimicking constitutive phosphorylation
(cMyBP-CAllP�). A line was selected whose expression levels
matched the previously generated cMyBP-CWT mice. Approxi-
mately 35% replacement with cMyBP-CAllP� occurred in line 34,
which is equivalent to the level of replacement previously
measured in the cMyBP-CWT-expressing hearts [line 21 (16)]
that expressed myc-tagged WT cMyBP-C (Fig. 6, which is
published as supporting information on the PNAS web site).
Expression of cMyBP-CAllP� was benign with no signs of in-
creased morbidity, mortality, or cardiac hypertrophy (data not
shown). To ensure the absence of endogenous dephosphorylated
cMyBP-C and to assess the functional significance of complete
and chronic cMyBP-C phosphorylation in vivo, these mice were
bred into a cMyBP-C null background in which �10% of normal
levels of a truncated cMyBP-C are present [cMyBP-C(t/t)] (15).
The cMyBP-CWT was also bred to the nulls to serve as a control
(16). SDS�PAGE (Fig. 1B) and Western blot analysis using
anti-cMyBP-C and anti-myc antibodies (Fig. 1C) showed the
absence of cMyBP-C in null hearts and complete replacement of
cMyBP-CAllP� and cMyBP-CWT compared with the nontrans-
genic (NTG) controls. No changes in myofilament protein
stoichiometry could be detected in the cMyBP-CAllP�:(t/t) hearts.
To confirm that cMyBP-CAllP� replacement in the cMyBP-C(t/t)

background was complete, isoelectric focusing followed by

Western blot analysis with anti-cMyBP-C antibodies was per-
formed on untreated, PKA-treated, and phosphatase-treated
samples (14). Results showed that the mimetic cMyBP-CAllP�

(P4) migrated closely to the triphosphorylated cMyBP-C spe-
cies (P3) and that replacement with cMyBP-CAllP� was complete
(Fig. 1D).

cMyBP-CAllP� Rescues the cMyBP-C Null Phenotype. The cMyBP-C(t/t)

mice are viable but soon after birth display a progressive heart
failure with dilated cardiomyopathy, myocyte hypertrophy, dis-
array, fibrosis, and calcification (15). We reported previously
that cMyBP-CWT TG expression effectively rescued the overt
hypertrophy displayed by the cMyBP-C(t/t) hearts, but that
expression of the nonphosphorylatable cMyBP-CAllP� was inef-
fective, with cMyBP-CAllP�:(t/t) mice displaying cardiac disease
characteristic of the null homozygotes (14). The cMyBP-
CAllP�:(t/t) hearts showed no hypertrophy and�or dilation (Fig.
2A). Histological analyses confirmed the lack of any pathology
in these hearts, whereas the cMyBP-C(t/t) hearts showed mark-

Fig. 1. cMyBP-CAllP� transgene expression. (A) Domain organization of
cMyBP-C. The cardiac-specific phosphorylation motif (sequence shown) is
located between domains C1 and C2. The three known phosphorylation sites
(Ser-273, Ser-282, and Ser-302, underlined) were each substituted with aspar-
tic acid. (B) Representative Coomassie blue-stained SDS�PAGE analysis shows
the lack of cMyBP-C in the homozygous cMyBP-C(t/t) hearts (lane 2), replace-
ment of cMyBP-C to normal levels in the cMyBP-CWT:(t/t) (lane 3) and cMyBP-
CAllP�:(t/t) (lane 4) crosses, and conservation of the other sarcomeric protein
levels in these mice compared with a NTG sample (lane 1). (C) Western blot
analysis shows the absence of endogenous cMyBP-C in the homozygous
cMyBP-C(t/t) hearts and the presence of myc-tagged TG cMyBP-C in
cMyBP-CWT:(t/t) and cMyBP-CAllP�:(t/t) mice. Lanes are numbered as in B. (D) 1D
isoelectric focusing showing complete replacement of cMyBP-CAllP� in the
cMyBP-C null background. Samples from NTG (lane 1), cMyBP-CWT:(t/t) (lane 3),
and cMyBP-CAllP�:(t/t) (lane 4) hearts were either untreated (Control) or treated
with PKA or phosphatase (Phosp). Protein derived from cMyBP-C(t/t) hearts was
omitted because of a lack of detectable cMyBP-C signal.

Fig. 2. cMyBP-CAllP� rescues the cMyBP-C(t/t) cardiac phenotype. All data and
functional measurements were derived from mixed-gender, 12-week hearts.
(A) Representative hearts stained with hematoxylin-eosin. (B) Hematoxylin-
eosin staining. (C) Masson trichrome-stained myocardial sections to assess
fibrosis. (D) M-mode echocardiographic tracings show the left ventricular
chamber. B, C, and D correspond to the samples shown above in A. (E)
Fractional shortening (%) measured by M-mode echocardiography (n � 6). (F)
Heart (wet weight)-to-body weight ratios (n � 10). All data are presented as
mean � SE. *, Significant difference vs. NTG (P � 0.05). (G) RNA dot-blot
analyses. In E-G, lanes 1, 2, 3, and 4 refer to NTG, cMyBP-C(t/t), cMyBP-CWT:(t/t),
and cMyBP-CAllP�:(t/t) respectively. (Magnifications: A, �4; B and C, �20.)
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edly enlarged chambers, with significant cardiac hypertrophy
and myocyte disarray (Fig. 2 B and C). Noninvasive M-mode
echocardiographic measurements showed the cMyBP-CAllP�:(t/t)

mice had normal left ventricle (LV) end-diastolic and end-
systolic dimensions (Fig. 2D) and normal fractional shortening
(Fig. 2E), and that expression of cMyBP-CAllP� was as effective
as cMyBP-CWT expression in rescuing the null phenotype (Table
1, which is published as supporting information on the PNAS
web site). The heart�body weight ratios did not significantly
differ between cMyBP-CAlP�:(t/t) and cMyBP-CWT:(t/t) animals
compared with NTG littermates at 3 months, indicating that
heart�body weights in the cMyBP-CAllP�:(t/t) mice were essen-
tially normal (Fig. 2F). Furthermore, we confirmed restoration
of normal RNA levels of �-myosin heavy chain (MHC) and atrial
natriuretic factor, both of which serve as sensitive molecular
markers for cardiac stress (Fig. 2G). In confirmation of these
data, heart rate, LV pressure, dP�dtmax (maximum rate of LV
pressure development), and dP�dtmin (maximum rate of LV
pressure fall) were normal for both the cMyBP-CAllP�:(t/t) and
cMyBP-CWT:(t/t) animals (Table 2, which is published as sup-
porting information on the PNAS web site). To confirm that
functional restoration was not caused by compensatory effects by
the other contractile proteins subject to posttranslational mod-

ification, the phosphorylation status of these proteins was ex-
amined and found to be unchanged in the cMyBP-CAllP�:(t/t)

hearts (Fig. 7, which is published as supporting information on
the PNAS web site).

cMyBP-CAllP� Affects Sarcomere Spacing. Immunohistochemical
analysis using either cMyBP-C or myc antibody confirmed the
absence of cMyBP-C in the null animals and normal incorpo-
ration of both the cMyBP-CAllP� and cMyBP-CWT species in the
cardiac sarcomeres (Fig. 3A). EM analysis showed well orga-
nized sarcomeres in the cMyBP-CAllP�:(t/t) and cMyBP-CWT:(t/t)

hearts, although, as observed previously, the cMyBP-C(t/t) sar-
comeres showed a loss of M-band definition (Fig. 3B) (15). In
vitro experiments have shown that phosphorylation of cMyBP-C
extends the cross-bridge to the surface of the thin filament and
loosens the packing of the rod portion of the myosin molecule.
Consistent with these data, incorporation of cMyBP-CAllP�:(t/t)

affected the steric arrangement of the filament lattice as detected
by measuring the distance between two thick myosin filaments.
Results showed that interthick filament distances (Fig. 3C) in the
NTG, cMyBP-CWT:(t/t), and cMyBP-CAllP�:(t/t) sarcomeres were
56.79 � 0.37 nm (n � 464 peaks per 50 scans), 57.23 � 0.62 nm
(n � 462 peaks per 50 scans), and 65.29 � 0.25 nm (n � 403 peaks
per 50 scans; *, P � 0.0001), respectively. The cMyBP-CAllP�(t/t)

sarcomeres have significantly increased distances between the
thick filaments, and the absence of cMyBP-C in the cMyBP-C(t/t)

sarcomeres resulted in irregular spacing of the thick filament
such that peak–peak distances could not be determined. These
data indicate that cMyBP-C phosphorylation plays an essential
role in regulating thick filament structure.

cMyBP-C Phosphorylation and Myosin Interaction. The N-terminal
phosphorylation motif interacts with the S2 region of MHC,
which may be dynamically regulated by phosphorylation�

Fig. 3. Sarcomeric ultrastructural and immunohistochemical analyses. (A)
Localization of cMyBP-CAllP� into the cMyBP-C(t/t) background. Ventricular
myocardial sections were immunostained for cMyBP-C by using either anti-
cMyBP-C (Left) or anti-myc antibodies (Right). There is no staining of cMyBP-C
in the cMyBP-C(t/t) background. (B) Transmission electron micrographs show-
ing sarcomere ultrastructure. (C) Peaks show the distance between two thick
myosin filaments, which was measured with a line scanner using Metamorph
software with line length held constant at 525.83 nm (1.84501 nm per pixel).
(Magnifications: A, �60; B, �30,000.)

Fig. 4. cMyBP-C phosphorylation and myosin interaction. (A) Yeast two-
hybrid experiments confirm that C1-C2WT and C1-C2AllP� [phosphorylation
negative mimetic (14)] interact with the myosin S2, but the phosphorylation
mimetic cMyBP-CAllP� does not. (B) Schematic diagram shows the region of
cMyBP-C being tested for interaction. (C) SDS�PAGE analysis of purified C1-
C2WT, C1-C2AllP, and C1-C2AllP� recombinant peptides. (D) In vitro phosphor-
ylation of C1-C2 by PKA and stained with SYPRO Ruby (Bio-Rad). (E) C1-C2 and
myosin S2 associate in vitro. Twenty micrograms of His-tagged C1-C2 (Pep-
tides) was mixed with 200 �g of total mouse heart lysates (Lysates), the
C1-C2-complex, and associated protein purified with Ni-NTA resin (see Mate-
rials and Methods), and the proteins were separated by 4–15% SDS�PAGE and
blotted onto a PVDF membrane. Western blots were treated with anti-�-MHC
(BA-G5, ATCC, Rockville, MD) or anti-His antibodies (Roche, Indianapolis, IN).
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dephosphorylation, contributing to sarcomeric integrity (10, 12).
We previously used alanine substitutions at the serine residues
to create a cMyBP-C that could not be phosphorylated (cMyBP-
CAllP�) (14). It has been shown (11, 13) that phosphorylation of
cMyBP-C abolishes its interaction with myosin S2. To confirm
that the alanine and aspartic acid substitutions in the phosphor-
ylation motif have the expected effects on myosin S2 interaction,
yeast two-hybrid experiments were carried out. Results show that
cotransformation of C1-C2WT or C1-C2AllP� with myosin S2
resulted in robust growth, but that cotransformants with C1-
C2AllP� failed to grow (Fig. 4A). The C1-C2 domains with the
phosphorylation motif and S2 binding sites (Fig. 4B) were used
to produce soluble His-tagged C1-C2WT, C1-C2AllP�, and C1-
C2AllP� recombinant peptides (Fig. 4C), which show the ex-
pected isoelectric point values of 8.54, 8.54, and 7.42, respectively
and expected shifts or lack thereof after PKA treatment (Fig.
4D). To confirm the yeast two-hybrid data, pull-down experi-
ments were performed with total mouse heart lysates. C1-C2WT

and C1-C2AllP� proteins were able to pull-down �-MHC as
evidenced by Western blot analysis with �-MHC-specific anti-
bodies, whereas PKA-treated C1-C2WT and untreated C1-
C2AllP� were not (Fig. 4E).

cMyBP-CAllP�:(t/t) Mice Are Protected from I-R Injury. We recently
reported that total cMyBP-C phosphorylation, particularly the
triphosphorylated species, was decreased in mice with I-R injury
(14). This finding is consistent with data from Decker et al. (17),
who found that cMyBP-C is dephosphorylated and its degrada-
tion accelerated during low-flow ischemia. Thus, reduced phos-
phorylation of cMyBP-C is associated with contractile dysfunc-
tion. We wanted to determine whether cMyBP-CAllP� might be

cardioprotective during stress. cMyBP-CAllP�:(t/t) hearts were
subjected to left ventricular cardiac ischemia for 1 h followed by
24 h of reperfusion to induce myocardial infarction and cell
death. The �-adrenergic agonist isoproterenol was used as a
positive control to protect the heart against ischemic injury (18).
Remarkably, cMyBP-CAllP�:(t/t) mice showed a greater reduction
(18 � 2%) in infarcted area normalized to area at risk (AAR)
(AAR was not different between the groups), compared with the
cMyBP-CWT:(t/t) (35 � 2%) and NTG (37 � 2%) controls (Fig.
5 A and B). Whereas significant cardiac injury is apparent in the
cMyBP-CWT:(t/t) and NTG hearts, the cMyBP-CAllP�:(t/t) hearts
were relatively unaffected. cMyBP-CAllP�:(t/t) and isoproterenol-
treated hearts also showed significantly less DNA fragmentation,
compared with either cMyBP-CWT:(t/t) or NTG hearts (Fig. 5C)
and reduced TUNEL-positive cardiomyocytes (Fig. 8, which is
published as supporting information on the PNAS web site).
Degradation of the N terminus of cMyBP-C (17) in I-R hearts
from the NTG and cMyBP-CWT:(t/t) groups, but not in the
cMyBP-CAllP�:(t/t) and isoproterenol-treated hearts, is apparent
(Fig. 5D). Protein extracts from these hearts were subjected to
isoelectric focusing and Western blotting to determine the extent
of phosphorylation. As expected, I-R treatment reduced
cMyBP-C phosphorylation levels in cMyBP-CWT:(t/t) and NTG
hearts but not in the cMyBP-CAllP�:(t/t) and preconditioned (PC)
hearts (Fig. 5E). A shift in the myosin isoforms often accom-
panies cardiomyocyte injury resulting from ischemia and�or
infarction (14, 19). Consistent with these observations, 24 h after
I-R we detected significant amounts of �-MHC in the NTG and
cMyBP-CWT:(t/t) hearts, whereas, in contrast, the cMyBP-
CAllP�:(t/t) and isoproterenol-treated hearts were relatively un-
affected (Fig. 5F).

Fig. 5. Phosphorylation of cMyBP-C protects the hearts from I-R injury. (A) The left anterior descending artery was ligated for 1 h to induce ischemia and it
subsequently was reperfused for 24 h. Representative cross-sections were stained with triphenyl tetrazolium chloride and Evans blue to determine the extent
of injury. (B) Quantification of infarct area vs. AAR after I-R injury in the indicated groups. (C and D) Assessment of DNA fragmentation by DNA ladder assay (C)
and Western blot analysis (D) showing cMyBP-C and its degradation products (arrowheads). Actin was included as a loading control. M, molecular weight marker.
(E and F) cMyBP-C phosphorylation levels (E) and myosin isoform (F) shift after a sham (S) procedure or I-R (IR) injury as above. (G and H) M-mode echocardiography
at the indicated time points was done to determine differences in fractional area change (FAC) (G) and fractional shortening (FS) (H) after an initial 1-h ischemic
injury (*, P � 0.05 vs. sham; n � 7 from each group).
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Cardiac function was analyzed 2 and 4 weeks after ischemic
injury by M-mode echocardiography for alterations in fractional
area changes and fractional shortening, which reflect the degree
of myocardial injury, secondary remodeling, and failure. Com-
pared with sham-operated mice of each genotype, function was
conserved in the cMyBP-CAllP�:(t/t) animals, whereas cMyBP-
CWT:(t/t) and NTG mice were �15% significantly compromised
(Fig. 5 G and H) at 4 wk. The data indicate that cMyBP-C
phosphorylation protects the myocardium from cell injury and
death and decreases subsequent infarction expansion, which
secondarily preserves myocardial function and reduces second-
ary remodeling.

Discussion
The location of the flexible phosphorylation motif at the
cMyBP-C N terminus appears to be critical in permitting shut-
tling between the thick and thin filaments (20). Phosphorylation
also can modulate the myosin–actin interactions that are neces-
sary to maintain thick filament organization (15). cMyBP-CAllP�

does not exactly mimic either the endogenous cMyBP-C and
cMyBP-CWT protein in that the percents of dephosphorylation,
monophosphorylation, diphosphorylation, and triphosphoryla-
tion of cMyBP-C are �7%, �28%, �43%, and �24%, respec-
tively (14). However, cMyBP-CAllP� was equally effective as
endogenous cMyBP-C in maintaining overall myofilament or-
ganization and cardiac function. In the absence of cMyBP-C
phosphorylation, the C1-C2 domain of cMyBP-C is bound to
myosin in the S2 region (21, 22), but when phosphorylated, it
releases its interaction with myosin, binding to actin (23).
Therefore, cMyBP-C probably helps regulate force generation
by modulating thick–thin filament interactions. Together with
our previous data, in which a phosphorylation-incompetent
cMyBP-C species replaced the endogenous protein, the present
data show that cMyBP-C phosphorylation is essential for normal
cardiac function and its modulation impacts on thick filament
packing by affecting cMyBP-C-myosin S2 binding.

cMyBP-C phosphorylation also appears to play a critical role
in cardioprotection. Myocardial ischemia leading to the progres-
sive death of heart muscle cells represents the most common
cause of heart failure. The primary mechanisms responsible for
decreased function after I-R is caused by acidosis and reduced
Ca2� sensitivity of the contractile myofilaments. There is also
a transient elevation of intracellular Ca2� that activates Ca2�-
calmodulin-activated kinase and protease-like calpain I, leading
to cleavage of cardiac troponin I, �-actinin, the myosin light
chains (24), and cMyBP-C (17). cMyBP-C is dephosphorylated
during low-flow ischemia (17) and in I-R-based heart failure
models (14). Decreased phosphorylation would have the net
effect of increasing thick filament packing density, possibly
leading to reduced calcium-activated force generation (25).

The �-agonist isoproterenol can precondition the heart, reducing
ischemic injury (26, 27). We hypothesized that PKA-mediated
phosphorylation of cMyBP-C, via isoproterenol infusion or replace-
ment of endogenous cMyBP-C with cMyBP-CAllP� might be
equally effective in protecting the heart from I-R injury if cMyBP-C
phosphorylation plays a critical role in this process. Expression of
cMyBP-CAllP� resulted in significant protection from I-R injury
with relatively conserved cardiac function and less cellular damage.
cMyBP-CAllP� was also highly resistant to the peptide cleavage
associated with ischemia (17). Similar data have been obtained for
PKA-mediated cardiac troponin I phosphorylation, which signifi-
cantly reduced troponin I proteolysis (28). These data provide
further support for the hypothesis that sarcomere-based gain of
function provides long-term benefits in heart failure (29), although
additional studies are needed to understand fully the role that
cMyBP-C phosphorylation might play in cardioprotection. We
think that understanding the consequences of myofilament protein
phosphorylation is critical for the development of new pharmaco-

logical approaches to protect the heart and improve cardiac func-
tion in I-R injury.

Materials and Methods
TG and Targeted Mice. The cDNA for mouse cMyBP-C
(cMyBP-CWT) was used to convert Ser-273, Ser-282, and
Ser-302 to aspartate (cMyBP-CAllP�) and the myc epitope was
incorporated (14, 16). The construct was used to generate
multiple TG founders with cardiomyocyte-specific expression.
These were bred into the cMyBP-C(t/t) background (15). An
animal that expressed the normal cardiac isoform at equivalent
levels to cMyBP-CAllP�, cMyBP-CWT (16) was also bred to the
nulls to serve as a control.

RNA Transcript and Protein Analyses. cMyBP-C gene expression
and expression of hypertrophic marker genes was quantitated by
Northern and RNA dot blotting using antisense oligonucleotides
(14). Histopathology, immunohistochemistry, and transmission
EM analyses were performed as described (14). Enriched myo-
fibrillar proteins were prepared by using F60 buffer, solubilized
in urea buffer and treated with phosphatase and�or PKA (30).
cMyBP-C was detected by SDS�PAGE followed by Western
blots using anti-myc mAbs and anti-cMyBP-C rabbit polyclonal
antibodies raised against the C0–C1 domains (14, 16). 1D
isoelectric focusing was performed to identify the cMyBP-C
phosphorylated forms (14, 17).

In Vivo Measurements of Cardiac Function. Echocardiographic pa-
rameters were measured noninvasively as reported (14, 16).
Closed-chest invasive hemodynamic studies were performed
under ketamine-thiobutabarbital anesthesia, and �-adrenergic
stress responsiveness was assessed after infusion of dobutamine
as described (14, 16, 30).

Thick-Filament Distance Determination. The distance between two
thick myosin filaments was measured with a line scanner by using
Metamorph software (version 6.2r6, Universal Imaging, Down-
ingtown, PA). Line length was held constant at 525.83 nm
(1.84501 nm per pixel). The distance between two peaks was
considered as the distance between two thick filaments and the
average was calculated.

Yeast Two-Hybrid Assay. The mouse cMyBP-C domains C1-C2
were cloned (C1-C2WT) and the known phosphorylation sites
(Ser-273, Ser-282, and Ser-302) were mutated to alanine (non-
phosphorylated form; C1-C2AllP�) or aspartate (phosphoryla-
tion mimetic; C1-C2AllP�) by standard PCR methods. The
C1-C2WT, C1-C2AllP�, and C1-C2AllP� regions were subcloned
into pGBKT7 (Clontech, Mountain View, CA). The mouse
cardiac �-MHC-S2 (126 aa) was cloned into the GAL4 activation
domain of pGADT7. Interactions (C1-C2WT, C1-C2AllP�, or
C1-C2AllP� with S2) were confirmed by growth on His�Leu�Trp�

plates per the manufacturer’s instruction with growth on His�
Leu� and His�Trp� plates used to test for false positives.

Pull-Down Assays. The soluble His-tagged C1-C2WT, C1-C2AllP�,
and C1-C2AllP� recombinant peptides were purified by using the
pET expression system (Novagen, San Diego, CA). A total of 200
�g of NTG mouse heart lysate with 10 �g of the C1-C2 peptides and
20 �l of Ni-NTA agarose beads was incubated for 2 h at 4°C and
washed with Tris buffer (50 mM) containing 0.5% Triton X-100,
100 mM NaCl, 10 mM MgCl2, 0.1 mM PMSF, and 1� protease
inhibitor. Proteins bound to the beads were eluted in Laemmli
sample buffer (Bio-Rad, Hercules, CA) and subjected to Western
blot analysis.
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I-R Injury. Cardiac I-R injury was performed at 10 weeks as
described (31). Twenty four hours before I-R for the ischemic
preconditioning controls, Alzet miniosmotic pumps (Durect,
Cupertino, CA) containing either isoproterenol (60 mg�kg per
day) in 0.02% ascorbic acid or vehicle only (saline) were
surgically implanted (32). After the thoracotomy was closed, the
mice were revived for 1 h of ischemia after which the knot was
released and the heart was reperfused for 24 h or 4 weeks. Upon
completion of the reperfusion, mice were killed and the hearts
were analyzed for infarction injury with 2% triphenyl tetrazo-
lium chloride. Images were quantified for AAR and infarcted
area. The DNA ladder assay PCR kit procedure (MBI, San
Francisco, CA) was used to analyze DNA fragmentation. Twenty

micrograms of total heart lysate was analyzed by Western
blotting to detect cMyBP-C degradation.

Statistical Analysis. Results are presented as mean � SE. For
comparisons of data from two groups, Student’s t test was used.
For comparisons of multiple groups, one-way ANOVA or
ANOVA for repeated measurements followed by the Tukey-
Kramer multiple comparisons test was used (SigmaStat V3.0). A
value of P � 0.05 was considered significant.
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