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Background: Myocardial infarction (MI) leads to proteolytic cleavage of cMyBP-C (hC0C1f) and decreased contractility.
Results: hC0C1f can incorporate into the human cardiac sarcomere, depressing force generation and increasing tension cost.
Conclusion: Interaction between hC0C1f and both actin and �-tropomyosin causes disruption of intact cMyBP-C function.
Significance: Proteolytic cleavage of cMyBP-C is sufficient to cause contractile dysfunction following MI.

Myocardial infarction (MI) is associated with depressed car-
diac contractile function and progression to heart failure. Car-
diac myosin-binding protein C, a cardiac-specific myofilament
protein, is proteolyzed post-MI in humans, which results in an
N-terminal fragment, C0-C1f. The presence of C0-C1f in cul-
tured cardiomyocytes results in decreased Ca2� transients and
cell shortening, abnormalities sufficient for the induction of
heart failure in a mouse model. However, the underlying mech-
anisms remain unclear. Here, we investigate the association
between C0-C1f and altered contractility in human cardiac
myofilaments in vitro. To accomplish this, we generated recom-
binant human C0-C1f (hC0C1f) and incorporated it into per-
meabilized human left ventricular myocardium. Mechanical
properties were studied at short (2 �m) and long (2.3 �m) sar-
comere length (SL). Our data demonstrate that the presence of
hC0C1f in the sarcomere had the greatest effect at short, but not
long, SL, decreasing maximal force and myofilament Ca2� sen-
sitivity. Moreover, hC0C1f led to increased cooperative activa-
tion, cross-bridge cycling kinetics, and tension cost, with greater
effects at short SL. We further established that the effects of

hC0C1f occur through direct interaction with actin and �-tro-
pomyosin. Our data demonstrate that the presence of hC0C1f in
the sarcomere is sufficient to induce depressed myofilament
function and Ca2� sensitivity in otherwise healthy human donor
myocardium. Decreased cardiac function post-MI may result, in
part, from the ability of hC0C1f to bind actin and �-tropomyo-
sin, suggesting that cleaved C0-C1f could act as a poison poly-
peptide and disrupt the interaction of native cardiac myosin-
binding protein C with the thin filament.

Myocardial infarction (MI)3 leads to depressed cardiac con-
tractile function and often progresses to heart failure. This pro-
gression is preceded by impaired Ca2� handling, altered myo-
filament phosphorylation, and reduced cross-bridge cycling
rates. Surprisingly, cardiomyocytes in remote noninfarcted
regions, unaffected by ischemia, also display decreased contrac-
tility, despite restoration of blood flow. The mechanisms lead-
ing to this dysfunction are still incompletely understood (1).
We have previously shown that MI is associated with catalytic
cleavage of cardiac myosin binding protein C (cMyBP-C), an
important regulator of cardiac contractility (2).

Following MI, this proteolytic fragment can be detected in
the ischemic region but is also present in the noninfarcted adja-
cent and remote regions, as well as in nonischemic heart failure
(2– 4), presumably after in situ cleavage. Furthermore, cleaved
cMyBP-C is released into the blood following MI, such that its
N-terminal fragment (C0-C1f) can be used as a marker of MI
(2). The C0-C1f fragment has been shown to disrupt myosin-
regulated contraction (3) and potentially lead to global dysfunc-
tion in the heart, not just in the ischemic area. Therefore, the
study aimed to identify the mechanisms underlying altered
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myosin function by the presence of C0-C1f fragments in the
sarcomere, including its interaction with thick and thin fila-
ment proteins and its effects on ATPase activity, myofilament
Ca2� sensitivity, and contractility.

The C0-C1f fragment contains the cardiac-specific C0
domain, the proline-alanine (Pro-Ala)-rich region, the C1
domain, and the first 17 residues of the M domain (1–271 res-
idues; C0-C1f) of cMyBP-C (2). The N-terminal region of
cMyBP-C interacts with both actin and myosin and is believed
to function as a critical regulator of contraction (5–7). The car-
diac isoform of cMyBP-C differs from the two skeletal isoforms
by having an extra C0 domain at the N�-end (8). Thus, the C0
domain is exclusively unique and specific to cMyBP-C. The C0
domain is able to directly bind with both actin (9, 10) and reg-
ulatory light chain of myosin (11), thereby placing the N-termi-
nal region of cMyBP-C in close proximity to the motor domain
of myosin (11). However, the relative binding affinity of the C0
domain to actin was found to be less than that of C1-C2 (9, 10).
The C1-M-C2 region binds to the S2 fragment of myosin and
directly influences myofilament Ca2� sensitivity, myofibrillar
tension development, cross-bridge cycling kinetics, and sar-
comere length (SL)-tension relationships (5–7). The C1-M-C2
region also binds to actin, supporting the idea that cMyBP-C
may play a role in the regulation of cardiac contraction by mod-
ulating actin-myosin interaction (9, 10, 12, 13). Furthermore,
the interaction of the C1-M-C2 region of cMyBP-C with actin
and myosin is dynamically regulated in an on-off fashion by
phosphorylation within the M domain (6, 9, 13, 14). Phosphor-
ylation by PKA prevents the cMyBP-C N�-region from binding
to actin (9) and myosin S2 (15) or altering myofilament Ca2�

sensitivity (16). Interestingly, the cleaved C0-C1f fragment gen-
erated by the proteolytic degradation of cMyBP-C following
ischemia/reperfusion (I/R) injury does not contain these regu-
latory phosphorylation sites (2). Because the C0-C1f region
retains strong interaction with actin but lacks the phosphory-
lation sites necessary for phosphorylation-dependent on-off
interaction with myosin and actin, we hypothesized that the
presence of the C0-C1f fragments in the sarcomere would alter
actin-myosin interaction by constitutively interacting with thin
filament proteins, such as actin and �-tropomyosin (�-TM), in
turn having direct consequences on force generation of sar-
comere function.

We have previously shown that expression of C0-C1f protein
in neonatal and adult cardiomyocytes induces contractile dys-
function (4). Furthermore, transgenic mice expressing this
fragment display sarcomere dysgenesis, increased fibrosis, and
impaired contractility, leading to the development of heart fail-
ure (3), abnormalities suggesting that cleaved C0-C1f could act
as a poison polypeptide. We hypothesize that C0-C1f interferes
with the binding of native cMyBP-C to thick and thin filaments,
thereby altering its regulation of actomyosin interaction. This
would then result in the depressed myocardial function
observed in post-MI and in heart failure. Here, to determine the
impact of C0-C1f on sarcomere function, we applied human
C0-C1f (hC0C1f) recombinant protein fragment to permeabi-
lized donor human myocardium and assayed force-Ca2�/
force-ATPase relationships, length-dependent activation, and
cross-bridge cycling kinetics. We show that hC0C1f increases

cross-bridge cycling kinetics and tension cost, effectively break-
ing the interaction between cMyBP-C and actomyosin. Further,
we establish that the effects of hC0C1f occur through direct
interaction with the thin filament proteins actin and �-TM.

EXPERIMENTAL PROCEDURES

Human Samples—Non-age/sex-matched, deidentified
hearts were procured via the National Disease Research Inter-
change. Tissue procurement and processing was approved by
the University of Michigan Institutional Review Board, and the
Institutional Review Board at Loyola University Chicago
approved the protocol for the use of deidentified human donor
hearts. Prior to explant, hearts were flushed with ice-cold car-
dioplegia solution and arrived on ice �12 h postexplant. Sec-
tions of left ventricular tissue were then immediately frozen in
liquid N2 and stored at �80 °C until use.

Top-Down Analysis by Mass Spectrometry—His-tagged
recombinant hC0C1f proteins were expressed in Escherichia
coli and purified as described previously (4, 15). Recombinant
hC0C1f (20 –100 �g) was desalted by offline reverse phase pro-
tein trap (Michrom Bioresources). The samples were intro-
duced to the mass spectrometer via an automated chip-based
nano-electrospray ionization source (Triversa NanoMate;
Advion BioSciences, Ithaca, NY) with a spray voltage of 1.2–1.6
kV versus the inlet of the mass spectrometer, resulting in a flow
of 50 –200 nl/min. Intact protein molecular ions were analyzed
using 7T linear ion trap/FTICR (LTQ FT Ultra) hybrid MS
(Thermo Scientific Inc., Bremen, Germany) as described previ-
ously (17). Up to 1,500 transients were averaged per spectrum
to ensure high quality spectra. All FTICR spectra were pro-
cessed with in-house developed MASH Suite software (version
1.0), using the THRASH algorithm with a signal to noise
threshold of 3 and fit factor of 60% and validated manually.

Single Permeabilized Cardiac Myocyte Preparation—Single
skinned cells were prepared as previously described (18, 19) with
adaptations to allow the use of human tissue. Briefly, frozen
human left ventricle samples were thawed in ice-cold relaxing
solution containing 10 mM EGTA, 10 mM creatine phosphate, 10
units/ml creatine kinase, 100 mM N,N-bis(2-hydroxyethyl)taurine;
N,N-Bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid, 6.3 mM

ATP, 6.48 mM magnesium chloride, 49.76 mM potassium propio-
nate, and protease inhibitors mixture (Sigma-Aldrich) at pH 7.0.
Single cells were obtained by mechanically homogenizing left ven-
tricular tissues for 3 s at 10,000 rpm using a homogenizer (Power-
Gen 700D; Fisher Scientific). The homogenate was centrifuged at
120 � g for 1 min, and the resulting pellet was filtered to remove
any unhomogenized tissue. The run-through was washed with
fresh ice-cold relaxing solution and resuspended in relaxing solu-
tion containing 1% Triton X-100 for 30 min at room temperature
under agitation to permeabilize the cells. The resulting skinned
cells were washed three times with ice-cold relaxing solution and
suspended in 1.5 ml of fresh ice-cold relaxing solution. The cells
were kept on ice and used the same day.

5-Iodoacetamidofluorescein Labeling of hC0C1f—To deter-
mine whether the hC0C1f correctly localized to the sarcomere
after incubation, hC0C1f was labeled with a thiol-sensitive
maleimide fluorophore (5-iodoacetamidofluorescein (IAF)).
The labeling procedure was conducted according to the proto-
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col provided by Molecular Probes. Briefly, labeled hC0C1f-IAF
was prepared by dissolving lyophilized hC0C1f in dissolving
buffer containing 6 M urea, 0.02 M Tris-HCl, and 0.001 M DTT at
pH 8.0 to an initial concentration of �2 mg/ml and incubated at
room temperature until completely dissolved (�3 h). The DTT
was removed by dialyzing the solution against a DTT-free
buffer containing 6 M urea, 0.1 M NaCl, 0.02 M Tris-HCl, and
0.001 M EDTA, at pH 7.5, overnight at 4 °C. To ensure high
labeling efficiency, hC0C1f was incubated with a 4� molar
excess of IAF for 8 h at room temperature. IAF covalently binds
via disulfide bonds with cysteine residues. After 8 h, the reac-
tion was stopped by adding 1 mM DTT. To remove unbound
IAF, the solution was dialyzed against a postlabeling buffer con-
taining 6 M urea, 1 M NaCl, 0.02 M Tris-HCl, 0.005 M MgCl2, and
0.001 M DTT at pH 8.0, overnight at 4 °C. Finally, the solution
was dialyzed against relaxing solution overnight at 4 °C. The
stock solution was aliquoted (10 �l) and stored at �80 °C.
Labeling efficiency was based on the relative molar concentra-
tions of dye/protein, where the dye concentration was deter-
mined spectroscopically by absorbance at 492 nm using a molar
extinction coefficient of 80,000 – 85,000 M�1 cm�1, and the
protein concentration was determined by the Bradford
method.

Localization of C0-C1f after Exchange in Permeabilized
Cardiomyocytes—Permeabilized human cardiac myocytes
were attached to two needles controlled by a custom microme-
chanics system using optical glue (NOA 63; Norland Products
Inc.) and mounted on a laser scanning confocal microscope
(LSM 410; LSM Tech Inc.). After attachment, nonspecific bind-
ing was blocked by incubating in blocking solution containing
1% (w/v) BSA, 0.1% (w/v) gelatin, and 0.1% (v/v) Tween 20 for
30 min at room temperature. Mouse monoclonal cardiac �-ac-
tinin (Sigma; #A7811) was used to stain the Z-disc at a 1:200
dilution in blocking buffer overnight at room temperature.
Unbound antibody was removed by washing three times with
PBS. The secondary antibody, goat anti-mouse IgG (Invitrogen;
A11001; 1:100 dilution in blocking buffer) conjugated to a flu-
orescein 488, was then added in blocking solution for 1 h at
room temperature. Unbound antibody was washed away with
PBS. The cell was then attached and imaged at 488/525 excita-
tion/emission. Following the first image, the cell was then incu-
bated with excess of hC0C1f-IAF (30 �M) for 20 min at room
temperature. The unbound hC0C1f-IAF was washed three
times with relaxing solution, and the cell was imaged again at
488/525. Both �-actinin and hC0C1f-IAF fluorescence signals
were measured simultaneously. The resulting image was then
subtracted from the �-actinin staining to reveal the localization
of the hC0C1f-IAF. The experiment was also repeated, starting
with hC0C1f-IAF incubation and followed by �-actinin
staining.

X-ray Diffraction—Experiments were performed using the
BioCAT undulator-based beamline at the Advanced Photon
Source (Argonne National Labs, Lemont, IL) (20). The high
x-ray flux density and low beam divergence delivered by this
instrument are highly advantageous for small angle x-ray stud-
ies of small specimens, such as those described here. Experi-
ments were done using a 3-m distance between the sample and
the detector and with the x-ray beam energy set to 12 keV (1.03

Å wavelength). All flight paths were evacuated, except for a
small gap around the sample chamber itself (�1 mm down-
stream, 2 mm upstream of the sample). The beam size at the
sample position was collimated to about 0.4 by 0.8 mm and
about 0.065 by 0.15 mm at the detector and contained a maxi-
mum incident flux of �3 � 1012 photons/s. Permeabilized
human cardiac tissue was clipped using aluminum T-clips and
mounted in a small trough with dimensions of 0.8 mm wide �
40 mm long � 5 mm deep. The bottom of the trough was a glass
coverslip allowing the muscle to be viewed by a long working
distance (�4 mm) 4� objective and also allowed for sarcomere
length measurement via laser diffraction (21). One end of the
trough expanded into a larger reservoir for mounting the fiber.
The slides of the trough were hollowed out, allowing the x-ray
beam to pass through the fiber via KaptonTM windows 0.0005
inch thick. The aluminum clips holding the fiber were mounted
on hooks, slightly larger than the holes in the clips, so that they
were held securely between a force transducer (KG7; World
Precision Instruments, Sarasota, FL) and a servomotor (Cam-
bridge Technologies model 308B; Aurora Scientific, Aurora,
Canada) mounted on micromanipulators. During the experi-
ment, relaxing solution was continuously perfused through the
chamber using a peristaltic pump. All experiments were done at
room temperature. A highly sensitive CCD detector (Aviex
PCCD 16080) with a 160-mm � 80-mm active area and 39-�m
pixels was used to collect x-ray patterns. Prior to analysis, x-ray
diffraction patterns were corrected for dark current flat field
and spatial distortions. Spacings on detector images were meas-
ured using the FIT2D program on a UNIX work station. The
accuracy of these measurements reached to �1 pixel of 200 –
600 (i.e., �0.5%) or better. Measured spacings of the 1,0 and 1,1
equatorial reflections from the diffraction pattern were con-
verted to d1,0 lattice spacing (thin filament spacing) using
Bragg’s Law, which can then be converted to the interfilament
spacing.

Simultaneous Measurement of Isometric Tension and
ATPase Activity—Permeabilized human cardiac tissue was
obtained by adapting previously described methods (19). Our
novel approach consisted of cutting the frozen tissue into
2– 4-mm pieces (�0.04 g) in ice-cold relaxing solution, fol-
lowed by homogenizing at low speed (1,000 rpm, 3 s) three
times (Power Gen 700D; Fisher Scientific) in relaxing solution.
The preparation was allowed to settle, and the supernatant was
discarded, after which the tissue was resuspended in relaxing
solution. The tissue was permeabilized overnight in 1% Triton
X-100 (Amresco) at 4 °C, which served to remove cell mem-
branes and intracellular membrane-bound structures. The tis-
sues were then extensively washed in fresh ice-cold relaxing
solution, stored on ice, and used within 8 h. The strips of fibers
were selected for appearance under a dissecting microscope.
They were then attached to a force transducer (KG4A; World
Precision Instruments, Sarasota, FL) and high speed length
controller (model 315C; Aurora Scientific) using aluminum
T-Clips. Muscle dimensions were determined using an ocular
micrometer mounted in the dissection microscope (resolution,
�10 �m). Sarcomere length was measured in the passive
relaxed condition by laser diffraction as previously described
(21), adjusted to 2 �m and then 2.3 �m. The skinned fibers were
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incubated with peptide for 5 min in relaxing solution and
another 5 min in preactivating solution before measuring the
force development. The peptide was also present in all working
solutions thereafter. Isometric tension and ATPase activity
were measured at various levels of Ca2� activation as previously
described (22, 23). Briefly, the isolated muscle was exposed to a
range of calcium solutions obtained by proportional mixing of
activating and relaxing solutions, and the force generated and
ATP consumed were measured simultaneously during the con-
traction. Activating solution contained 20 mM Ca2�-EGTA,
1.55 mM potassium propionate, 6.59 mM MgCl2, 100 mM N,N-
bis(2-hydroxyethyl)taurine; N,N-Bis-(2-hydroxyethyl)-2-ami-
noethanesulfonic acid, 5 mM sodium azide, 1 mM DTT, 10 mM

phosphoenolpyruvate, 0.01 mM oligomycin, 0.1 mM PMSF, and
0.02 mM A2P5, as well as protease inhibitor mixture. Relaxing
solution was identical, except it contained 20 mM EGTA, 21.2
mM potassium propionate, and 7.11 mM MgCl2. The preactivat-
ing solution contained 0.5 mM EGTA, 19.5 mM 1,6-diamino-
hexane-N,N,N,N�-tetraacetic acid, and 21.8 mM potassium pro-
pionate. All solutions contained 0.5 mg/ml pyruvate kinase and
0.05 mg/ml lactate dehydrogenase (Sigma) and had an ionic
strength of 180 mM, 5 mM free ATP, and 1 mM free magnesium,
as determined by the Fabiato program (24).

ATPase activity was measured by a UV-coupled optical
absorbance enzyme assay (25). Briefly, ATP hydrolysis into
ADP and inorganic phosphate (Pi) inside the fiber was coupled
to the oxidation of NADH to NAD� catalyzed by pyruvate
kinase and lactate dehydrogenase. Because NADH absorbs
light at 340 nm and NAD� does not, the oxidation of NADH to
NAD�, and thus ATP consumption, was determined by meas-
uring the absorbance of UV light at 340 nm at steady state
within the measurement chamber. This absorbance signal was
calibrated by repeated injections of 50 nl of 10 mM ADP into the
measuring chamber. The ADP injection induced a rapid step
reduction in fluorescence, and the rate of ATP consumption
was calculated by the magnitude of this step from the fluores-
cent decay rate at 340 nm. In addition, the ADP injection served
to confirm that the chemical response time and the bath stir-
ring were adequate. Furthermore, the rate of force redevelop-
ment following a release-restretch maneuver, ktr, was measured
during a final contraction at maximum Ca2� as previously
described (23). Only muscles that maintained greater than 80%
maximal tension were included for analysis.

Pulldown Assay—His-tagged recombinant proteins, such as
mouse C0-linker, C0-C1f, C0-C2, C0-C3, and C0mC1f, were
expressed in E. coli and purified using nickel-nitrilotriacetic acid
column chromatography at room temperature as described previ-
ously (4, 15). Total tissue lysates from normal mouse left ventric-
ular myocardium were prepared in radioimmune precipitation
assay buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

Na2EDTA, 1 mM EGTA, 1% Nonidet P-40, 1% sodium deoxy-
cholate, 2.5 mM sodium pyrophosphate, 1 mM �-glycerophos-
phate, 1 mM Na3VO4, and 1 �g/ml leupeptin) at 1 mg protein/ml.
200 �l of lysate was then incubated with 20 �l of nickel-nitrilotri-
acetic acid-agarose beads (Qiagen) at 4 °C for 2 h and spun down,
and the pellet was discarded to remove proteins with nonspecific
binding to the beads. The supernatant was then incubated with
either His-tagged cMyBP-C protein fragments or SUMO-His-
tagged �-TM and 20 �l of beads for 2 h at 4 °C, followed by wash-
ing 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 with Laemmli sample
buffer (Bio-Rad) and subjected to Western blot analysis. SDS-
PAGE and Western blot analyses were carried out as described
previously (2).

Statistical Analysis—Tension- and ATPase-pCa relation-
ships were fit with a modified Hill equation (23, 26, 27), and
stiffness and tension costs were determined by linear fit to the
tension-stiffness and tension-ATPase data, respectively. The
data were analyzed using 1) one-way repeated measures analy-
sis of variance for the dose response of control and hC0C1f on
maximum force development, 2) an unpaired t test for compar-
ing control and hC0C1f, 3) two-way analysis of variance, and 4)
a Holm-Sidak post hoc test with a level of statistical significance
set at p � 0.05. The data are presented as means � S.E.

RESULTS

Purification and Characterization of hC0C1f—Recombinant
hC0C1f was generated, purified, and analyzed with SDS-PAGE
showing a pure protein that migrates at �40 kDa (Fig. 1A). To
further characterize the recombinant hC0C1f, high resolution
mass spectrometry analysis was performed, confirming the
amino acid sequences and a molecular mass of 31,989.20 dal-
tons (Fig. 1B). To determine hC0C1f incorporation into the
A-band of the sarcomere, permeabilized human ventricular
myocytes were incubated with IAF-labeled hC0C1f and fluo-

FIGURE 1. hC0C1f incorporates into the human cardiac sarcomere. A, recombinant protein was run on SDS-PAGE and SYPRO-RUBY staining to show the
purity of recombinant hC0C1f. B, electrospray ionization-Fourier transform mass spectrometry spectrum of recombinant hC0C1f. C, a skinned stretched
cardiomyocyte stained with �-actinin (red), a Z-line-specific protein, and incubated with IAF-labeled hC0C1f (green). The merged image highlights localization
of hC0C1f in the A-band of the sarcomere, and the imaging was performed at SL of 2.1 �m. The scale bars represent 5 �m.
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rescently labeled anti-�-actinin antibodies. IAF-labeled
hC0C1f was present specifically between Z-discs, likely on the
thin filaments (Fig. 1C). This is similar to the localization of
endogenous cMyBP-C. To determine whether hC0C1f incor-
poration disrupted sarcomere structure, x-ray diffraction
experiments were performed on permeabilized human donor
myocardium at short (2 �m) and long (2.3 �m) sarcomere
length (SL) (Fig. 2, A and B). As expected, spacing between each
thin and thick filament was reduced upon stretching. Further-
more, incubation with hC0C1f did not significantly change
interfilament spacing at either SL (Fig. 2B), suggesting that the
presence of hC0C1f in the sarcomere does not adversely affect
sarcomere lattice spacing.

hC0C1f Disrupts Steady-state Force Development—To eval-
uate the effect of hC0C1f on myocardial contractile properties,
we developed a novel method to allow for the use of frozen
donor heart tissue. The tissue was cut into thin strips to resem-
ble trabeculae and then homogenized, permeabilized, and
attached to a length controller and force transducer. The sam-
ples were illuminated with a laser to reveal a diffraction pattern
allowing SL determination (Fig. 2C). To establish a dose-re-
sponse curve, permeabilized myocardium was incubated at pCa
5.85 (pCa50) with increasing concentrations of hC0C1f. As a
control, the muscle was also incubated with buffer alone or a
control protein, egg albumin, which has a molecular mass sim-
ilar to that of hC0C1f (�44 kDa). A dose-dependent reduction
in force at pCa50 was observed with an EC50 (myofilament cal-
cium sensitivity; Ca2� concentration at which half of Fmax is
reached) of inhibition at 4.41 �M and maximum inhibition
occurring at �30 �M of hC0C1f (Fig. 3A), with no effect on
force development of vehicle or egg albumin. The effects of
hC0C1f on tension development and cross-bridge cycling were
determined by measuring force-pCa relationships in permeabi-
lized human ventricular myocardium in the absence and pres-
ence of 5 �M hC0C1f. Given that length-dependent activation is
characterized by an increase in both maximum Ca2�-activated
force and Ca2� sensitivity upon an increase in sarcomere
length, all experiments were done at both short and long SL.

This concentration approximates the EC50 of inhibition in
force induced by hC0C1f. At 2-�m SL, the fragment induced a
�30% reduction in maximal force (Fmax) (Fig. 3, B and C) and a
�50% increase in myofilament activation cooperativity, as
reported by the Hill coefficient (nH) (Fig. 3D). Remarkably,
hC0C1f did not affect Fmax or nH at long SL. Additionally,
hC0C1f induced a rightward shift of the force-pCa relationship
at both SLs, indicating decreased myofilament Ca2� sensitivity
(�20% reduction of EC50 at both SL) (Fig. 3E). Despite
decreased myofilament Ca2� sensitivity, length-dependent
activation was enhanced with an increased 	Fmax (difference
between maximum force at long and short sarcomere lengths;
13.20 � 0.41 versus 20.56 � 1.70, control versus hC0C1f, p �
0.05). Although the 	EC50 (difference between myofilament
Ca2� sensitivity at long and short sarcomere lengths) increased,
this change was not significant (0.28 � 0.06 versus 0.41 � 0.07,
control versus hC0C1f, p 
 0.07).

hC0C1f Alters Cross-bridge Cycling Properties—We also eval-
uated myocardium energy consumption by measuring the ATP
hydrolysis rate in the absence and presence of 5 �M hC0C1f.
Although no significant difference in maximum ATP hydroly-
sis was observed (Fig. 4A), the fragment significantly altered
stretch-induced reduction of ATP hydrolysis, as suggested by
reduced 	Max ATPase (Fig. 4B). We also observed a significant
increase in the tension cost with hC0C1f at both SL (Fig. 4, C
and D). The two-way analysis of variance determined that ten-
sion cost decreased with sarcomere length (p 
 0.0005) and
increased with hC0C1f treatment (p 
 0.0482; main effect).
However, hC0C1f did not alter stretch-induced reduction in
the tension cost (1.06 � 0.22 versus 1.07 � 0.26, control versus
hC0C1f, p 
 0.9936). The rate of tension redevelopment (ktr)
was also significantly increased in the presence of hC0C1f at
both SLs (Fig. 4E). These data are consistent with increased
tension cost and indicate a significant increase in cross-bridge
cycling kinetics induced by hC0C1f.

hC0C1f Interacts with the Thin Filament Proteins �-TM and
Actin—Previously, we demonstrated that cMyBP-C colocalized
with �-TM in the sarcomere (28), and many reports have

FIGURE 2. hC0C1f does not disrupt sarcomere structure. A, representative x-ray diffraction of skinned ventricular fibers with or without hC0C1f. B, thin and
thick filament spacings indicated by d1,0 (thin filament spacing) and d1,1 (thick filament spacing) reflections, respectively. CTRL, control. C, representative laser
diffraction pattern and intensity profile of skinned human ventricular muscle tissue at 2- and 2.3-�m SL. Representative images are shown at 5� magnification.
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described its interaction with actin (9, 12). To demonstrate the
direct interaction with �-TM and actin, we generated several
cMyBP-C N�-terminal recombinant fragments (Fig. 5A) and
used heart protein lysate to pull down interacting partners.
Consistent with previous reports (9), our results show a direct
interaction of hC0C1f with actin, but not with myosin (Fig. 5C).
More interestingly and for the first time, we show a direct inter-
action of cMyBP-C with �-TM via the Pro-Ala-rich linker
region (Fig. 5, C–E). This interaction, but not the interaction
with actin, is aborted following mutation of five proline resi-
dues to alanine (Fig. 5E), confirming that the interaction is
mediated through the Pro-Ala-rich linker region. These results
suggest a direct interaction of cMyBP-C N�-region with both
�-TM and actin and that disruption of that interaction by
C0-C1f leads to altered cross-bridge cycling. In the present
study, we show that incubation with hC0C1f increased cooper-
ativity, cross-bridge cycling, and ATP consumption. These
results suggest that hC0C1f fragments constantly interact with
thin filament proteins, such as actin and �-TM, thereby altering

actomyosin interactions, thereby increasing the probability of
strong cross-bridge formation (Fig. 6, A and B).

DISCUSSION

Catalytic cleavage of cMyBP-C, in human heart failure and
post-MI, has been associated with abnormal contractility; how-
ever, the underlying mechanisms have been unclear (2, 3, 29).
Previously, we have shown that C0-C1f is released by catalytic
cleavage of cMyBP-C at a �-calpain site and that this release
correlated with cardiac insults, such as I/R and MI (2, 30, 31).
Further, overexpression of mouse C0C1f resulted in cell death,
impaired Ca2� handling, altered contractile function of the sar-
comere (4), and, finally, heart failure (3). Using in vitro motility
and laser trap assays, we also previously determined that
C0-C1f is sufficient to reduce actin sliding velocity in a manner
similar to that of either C0-C2 or full-length cMyBP-C (13).
Furthermore, we determined that the 17 residues of M domain
in C0-C1f mediate interaction with actin (4, 13). In this study,
we extend these findings to show, for the first time, that the

FIGURE 3. Altered force-Ca2� relationship and length-dependent activation in the presence of hC0C1f. A, dose-response curve of the inhibitory effect of
hC0C1f, compared with vehicle and egg albumin, on force development at pCa50 (pCa 5.85) for 2-�m SL. CTRL, control. B, maximum force (Fmax) at pCa 4.5 in
skinned ventricular fibers treated with hC0C1f at 2- and 2.3-�m SL. C, myofilament force-Ca2� relationship (panel i) and force-Ca2� relationship normalized to
maximum force (panel ii). D and E, normalized force-Ca2� relationships were fit to a modified Hill equation, and the Hill coefficient (D) and EC50 (E) were
determined. *, p � 0.05 control versus hC0C1f; †, p � 0.05 2 versus 2.3-�m SL within groups.
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proteolytic fragment hC0C1f can incorporate into the human
cardiac sarcomere and that this incorporation is sufficient to 1)
decrease maximum force, 2) increase cooperativity, and 3)
increase tension cost and cross-bridge cycling. We also show
that these effects could be the result of a direct interaction of
hC0C1f with both �-TM and actin, inhibiting, in turn, the role
of full-length cMyBP-C. This study provides a direct mecha-
nism that explains, at least in part, the depressed contractile
function observed post-MI in the noninfarcted myocardium.

Although no attempt has been made to accurately measure
the concentration of hC0C1f in the myofilaments following MI
or I/R or in heart failure, Western blots done by us and others
shown that hC0C1f is easily detectable in myofilaments and is
of comparable intensity to the remaining cMyBP-C (2– 4).
Assuming that cMyBP-C is present at �15 �M in cardiomyo-
cytes, we estimate that hC0C1f is present at concentrations
ranging from �3 to �15 �M, depending on the conditions. In
the present study, we used a concentration of 5 �M hC0C1f to
assay the effects of the fragment on myofilament properties.
This concentration is well within the physiological range
observed following MI or in heart failure.

Based on the data presented in this study, it is clear that
cleavage of cMyBP-C is not the most important/only mecha-
nism leading to contractile dysfunction. Indeed, the human tis-

sue used in these experiments had normal levels of native
cMyBP-C, and simple addition of hC0C1f was enough to dis-
rupt the myofilament properties. Of course, proteolysis of
cMyBP-C would in itself cause additional dysfunction in the
whole organ, and most likely, following I/R or MI, it is the addi-
tive effect of less cMyBP-C and the presence of hC0C1f that will
lead to contractile dysfunction in the heart. Furthermore, it is
still unclear whether the fragment can penetrate neighboring
cells. At this time, it is not possible to determine whether the
contractile dysfunction seen in the whole heart following I/R or
MI is solely due to hC0C1f acting within the cardiomyocyte or
due to “diffusion” to remote areas. Along the same lines, it is
unclear how long the fragment remains in the cells or attached
to the myofilaments. hC0C1f can be detected in tissue several
hours to several days following I/R and MI, and we do not know
whether there are any mechanisms to actively remove the frag-
ment from the cell. Additionally, it is very difficult to remove
hC0C1f from the myofilaments in vitro because it does not
wash off following removal.

To provide direct support that N�-specific fragments of
cMyBP-C are sufficient to incorporate into the sarcomere, Her-
ron et al. (7) overexpressed either C0-C1 or C0-C2 regions into
neonatal cardiomyocytes and confirmed that these fragments
of cMyBP-C could specifically incorporate in the A-band of the

FIGURE 4. hC0C1f increases cross-bridge cycling kinetics. A, maximum ATPase hydrolysis rate. B, difference in ATPasemax at short and long SL. C, force-
ATPase relationships in various tension ranges (binned data) at 2-�m (panel i) and 2.3-�m (panel ii) SL, and the force-ATPase relationship of each individual fiber
was fit by linear regression. D, the slope was then calculated to determine the tension cost. E, the rate of force redevelopment (ktr) was determined following
a rapid stretch-release-restretch maneuver. *, p � 0.05 control versus hC0C1f. #, p � 0.05, 2-�m versus 2.3-�m SL main effect. †, p � 0.05 2-�m versus 2.3-�m
SL within groups.
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sarcomere. However, it remains unclear whether these frag-
ments directly interact with myosin or actin, or both, in a man-
ner that confers stability in the sarcomere. Recent studies dem-
onstrate that cMyBP-C N�-regions structurally reach thin
filaments (32, 33) and dynamically interact with actin (12). In
the present study, we confirmed that recombinant C0-C1f pro-
teins were able to diffuse into the sarcomere and specifically
localize on the A-band and I-band in the presence of endoge-
nous cMyBP-C without changing the interfilament space at
both short and longer SL. Interestingly, we did not see any
staining of hC0C1f fragments on the Z-line, suggesting that
interaction of C0-C1f is very specific to thin and thick filament
proteins. However, further studies are needed to define the
exact region of interaction that is necessary in the N�-region on
the thick and thin filaments. The N�-region of cMyBP-C binds
transiently to actin and the myosin S2 region in a phosphory-
lation-dependent manner to regulate actomyosin interaction
and force generation. When the region is cleaved off and
C0-C1f is released from the full-length cMyBP-C, transient

interaction is lost, and constant interaction occurs. Indeed, we
show that the C0-C1f region interacts with actin, but not myo-
sin, because of the absence of M and C2 domains. Furthermore,
part of the negative effects of hC0C1f could be due to disruption
of the link between the thick and thin filament that native
cMyBP-C provides.

In the presence of C0-C2, studies show that maximal force is
significantly reduced but that no changes occur in ktr, tension
redevelopment, compared with the untreated control mouse
myocytes (7). In contrast, when human myocytes were permea-
bilized, myocardial preparations were treated with C0-C2,
maximal force, and ktr values were decreased and increased,
respectively, indicating that the difference in ktr largely resulted
from the presence of �-myosin heavy chain in adult human,
compared with adult mouse, ventricle (7). Similarly, in our
study, the presence of hC0C1f was able to reduce maximal force
and increase ktr in human myocytes. It is unlikely that the
increase in ktr was due to accelerated thin filament activation
because this parameter was assessed at maximum saturating
levels of activating Ca2�, a condition where thin filament acti-
vation kinetics is no longer rate-limiting for force development.
Interestingly, our study determined that permeabilization of
hC0C1f causes a decrease in myofilament Ca2� sensitivity in
contrast to the C0-C2 effects. Furthermore, hC0C1f appears to

FIGURE 5. hC0C1f interacts with the thick and thin filaments. A, SDS-PAGE,
followed by Coomassie staining of His tag recombinant proteins containing
the N�-terminal domains of cMyBP-C and SUMO-tagged �-TM. B, pulldown
assay with �-TM (top panel) and C0C2 (bottom panel), followed by Western
blot analysis for cMyBP-C and �-TM, respectively. C, pulldown assay with dif-
ferent N� proteins of cMyBP-C, followed by Western blot analysis for myosin,
actin, and �-TM. D and E, pulldown assay with C0-C1f (D) and C0mC1f (with
mutated residues in the Pro-Ala-rich region, E), followed by Western blot anal-
ysis for �-TM and actin. IB, immunoblotting; IP, immunoprecipitation.

FIGURE 6. A, schematic diagram of the sarcomere with thick (titin, myosin, and
cMyBP-C) and thin (�-TM, cTn complex, and actin) filament proteins. cMyBP-C
interacts with titin and myosin at its C�-terminal, with actin at the C1 and M
domains, myosin at the M domain, and �-TM at the Pro-Ala-linker region. B,
C0-C1f disrupts native cMyBP-C interaction with the thin filament by binding
actin and �-TM at multiple locations. Our data indicate that the presence of
C0-C1f fragments in the normal sarcomere disrupts thin filament and thick
filament protein interactions, thereby interfering with the regulatory role of
native full-length cMyBP-C and, in turn, resulting in diminished force
generation.
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enhance length-dependent activation with increased 	Fmax
and 	EC50. However, this effect is mostly caused by changes in
Fmax and EC50 at short, but not long, SL, as seen with C0-C2 (7).
Therefore, the hC0C1f fragment seems to interfere with thin
filament function, as observed by changes in cooperativity and
Ca2� sensitivity, at short SL. Conversely, hC0C1f impacts
cross-bridge cycling at both SLs, suggesting that it acts on
strong cross-bridge kinetics by increasing the off rate. This is
supported by the colocalized immunofluorescence images,
highlighting the presence of the fragment in both the A- and
I-bands.

Consistent with previous studies using various N� fragments,
such as mouse C0-C1 (5, 7), C1-C2 (6), and C0-C2 (7) of
cMyBP-C, our results with the physiologically relevant hC0C1f
show decreased Fmax and accelerated cross-bridge cycling.
Although these studies previously showed increased myofila-
ment Ca2� sensitivity (6, 7), we show decreased EC50 at both
short and long SLs. This difference might be partly explained by
the decreased phosphorylation status of endogenous cMyBP-C
seen in failing hearts, compared with the healthy donor tissue
used in this study. We and others have previously shown that
cMyBP-C phosphorylation is greatly depressed in HF and fol-
lowing MI (2, 34). Moreover, cMyBP-C binding to myosin (31)
and actin is modulated by phosphorylation status, and N�-ter-
minal fragments do not bind actin when the cMyBP-C phos-
phorylation level is high (10, 31). Although Herron et al. (7)
determined an increase in Ca2� sensitivity following addition of
C0-C2 fragment, our report shows that the C0-C1f fragment
also contains the first 17 residues of the M-domain, which were
sufficient to interact with actin (4, 13). As opposed to the hC0-
Clf fragment, C0-C2 preserves the link between thick and thin
filaments. Also, C0-C2 has been shown to bind to myosin (10),
but hC0C1f does not, suggesting that cMyBP-C interaction
with myosin S2 is mediated through M and C2 domains of
cMyBP-C.

Recent studies in the literature report that the interaction of
cMyBP-C N terminus with thin filaments requires the Pro-Ala-
rich region (28, 32, 33, 35, 36). Herron et al. (7) proposed that
the Pro-Ala-rich region may promote binding of cMyBP-C to
thin filament proteins and thus enhance cross-bridge cycling.
Here, we show, for the first time, that the hC0C1f region inter-
acts with �-TM via the Pro-Ala-rich region. As suggested by the
increased Hill coefficient, hC0C1f interaction with �-TM may
alter �-TM movement and indirectly modulate troponin posi-
tion/structure leading to increased cooperativity. However,
more experiments are required to investigate the impact of
hC0C1f on �-TM structure and regulation. We postulate that
the effects of hC0C1f are primarily mediated by interactions
with the thin filament through actin and �-TM. Given the pro-
posed role of cMyBP-C as a brake on actomyosin dynamics (31),
we suggest that hC0C1f disables this brake by increasing ten-
sion cost and ktr. This, in turn, mimics the absence of cMyBP-C,
increases contraction velocity, and, in the working heart,
reduces the systolic phase, similar to what is observed in
cMyBP-C knock-out mice (37). This reduced efficiency of con-
traction then further exacerbates dysfunction in energy-starved
hearts.

In conclusion, we show, for the first time, that the cMyBP-C
cleavage product hC0C1f is sufficient to cause the contractile
dysfunction seen post-MI. We propose that its mechanism of
action results from constant interaction with thin filament pro-
teins, such as actin and �-TM. Also, such an interaction dis-
rupts the regulation of actomyosin interaction by affecting
endogenous cMyBP-C regulation. Therefore, therapeutic
interventions aimed at preventing cleavage of cMyBP-C and
attenuating the effects of C0-C1f might confer protection fol-
lowing MI.
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