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ABSTRACT: Cardiac myosin binding protein C (c-MyBPC) is a thick filament
protein that is expressed in cardiac sarcomeres and is known to interact with
myosin and actin. While both structural and regulatory roles have been proposed
for c-MyBPC, its true function is unclear; however, phosphorylation has been
shown to be important. In this study, we investigate the effect of c-MyBPC and
its phosphorylation on two key steps of the cross-bridge cycle using fast reaction
kinetics. We show that unphosphorylated c-MyBPC complexed with myosin in
1:1 and 3:1 myosin:c-MyBPC stoichiometries regulates the binding of myosin to
actin (KD) cooperatively (Hill coefficient, h) (KD = 16.44 ± 0.33 μM, and h =
9.24 ± 1.34; KD = 11.48 ± 0.75 μM, and h = 3.54 ± 0.67) and significantly
decelerates the ATP-induced dissociation of myosin from actin (K1k+2 values of
0.12 ± 0.01 and 0.22 ± 0.01 M−1 s−1, respectively, compared with a value of 0.42
± 0.01 M−1 s−1 for myosin alone). Phosphorylation of c-MyBPC abolished the
regulation of the association phase (K1k+2 values of 0.32 ± 0.02 and 0.33 ± 0.01 M−1 s−1 at 1:1 and 3:1 myosin:c-MyBPC ratios,
respectively) and also accelerated the dissociation of myosin from actin (K1k+2 values of 0.23 ± 0.01 and 0.29 ± 0.01 M−1 s−1 at a
1:1 and 3:1 myosin:c-MyBPC ratios, respectively) relative to the dissociation of myosin from actin in the presence of
unphosphorylated c-MyBPC. These results indicate a direct effect of c-MyBPC on cross-bridge kinetics that is independent of the
thin filament that together with its phosphorylation provides a mechanism for fine-tuning cross-bridge behavior to match the
contractile requirements of the heart.

Cardiac myosin binding protein C (c-MyBPC) is a thick
filament-associated, sarcomeric protein located in discrete

transverse bands in the C zone of the A band, which consists of
eight immunoglobulin-like domains and three fibronectin type
3 domains that are designated C0−C10. These domains have
been shown to specifically bind to the myosin tail (C10),1 titin
(C8−C10),2 myosin subfragment 2 (S2) (C1−C2), and actin
(C0−C1).3,4 The cardiac isoform includes a cardiac specific
domain motif or m domain between C1 and C2 that undergoes
phosphorylation by cAMP-dependent protein kinase A (PKA)
in response to β-adrenergic agonists5 to affect cardiac output,
and a proline/alanine rich linker connecting C0 and C1 that
has been proposed to contain a possible actin binding region.4

c-MyBPC is being increasingly shown to have an important
role in the regulation of muscle contraction; however, the
precise mechanism is still unclear. Most data show the effects of
c-MyBPC regulation in the presence of the thin filament. Some
reports suggest that there is a direct interaction with
tropomyosin (Tm),6 and others suggest that c-MyBPC is
important for regulating force generation in fibers;7,8 however,
whether the regulatory effects of c-MyBPC are due to a change
in the inherent properties of cross-bridge formation and
whether c-MyBPC acts in a manner that is independent of
the thin filament regulatory proteins are unknown. Mutations
in c-MyBPC are a leading cause of familial hypertrophic
cardiomyopathy (FHC), which further underlines its necessity

for normal cardiac function.9 c-MyBPC knockout (KO) mice
display an overall sarcomere structure that is unaffected but
exhibit symptoms of cardiac hypertrophy,10 suggesting that c-
MyBPC is not required for sarcomere assembly but for correct
sarcomere function. This is further reinforced by studies with c-
MyBPC KO mice that show that the lack of c-MyBPC
accelerates cross-bridge cycling and rates of force development
and increases shortening velocity and rates of force redevelop-
ment and relaxation in permeabilized muscle fibers.7,11−13

As a potential mechanism to account for the effects of c-
MyBPC in limiting myofilament contractile properties, Hoff-
man and colleagues proposed a model in which c-MyBPC acts
as an internal load within the thick filament that opposes
shortening in such a way that c-MyBPC is tethered to myosin
S2, thereby limiting myosin head position and/or mobility,14

and this idea was further examined in the work of Calaghan and
colleagues.15 The tethering model may have an important part
to play in c-MyBPC’s regulation of contractile function;
however, it is unclear that it accounts for the entire mechanism.
Studies containing only the C1−C2 fragment with the
associated phosphorylation sites of c-MyBPC showed that
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this fragment can affect contractile function alone in myocytes,
and the ability of heavy meromyosin to move actin in in vitro
motility assays without the remaining c-MyBPC domains and
most significantly without the light meromyosin (LMM)
binding domains, which is central to the idea of a tethering
mechanism.16−18 Other studies have shown that the C0−C1 N-
terminal region of c-MyBPC can bind the S1−S2 hinge region
of myosin in a manner that is independent of a tether
mechanism; however, although necessary, the regulatory role of
the C0−C1 domain of c-MyBPC is unclear.19 Several
investigations using in vitro biochemistry methods17−21 and
structural methods6,22−27 have also provided evidence that the
C0−C1 and C1−C2 regions of c-MyBPC may bind F actin in
addition to binding the S2 region of myosin, and a further
structural study has suggested that most of the N-terminal
domains bind and are ordered on actin in such a way that they
can modulate Tm function as well as block binding of myosin
to actin.6 PKA-mediated phosphorylation of c-MyBPC is
believed to accelerate cross-bridge kinetics,5,16,28 as many
studies involving skinned fibers have shown increases in rates of
force development and stretch activation in response to PKA
stimulation;28−31 however, other studies do not support this
view.32,33 The exact mechanism therefore is still unknown, and
it has not been demonstrated whether c-MyBPC affects discrete
steps of the cross-bridge cycle. Fiber and in vitro motility
studies do not record discrete measurements of individual steps
in the cross-bridge cycle of muscle contraction. It is therefore
very difficult to apportion observations seen in the experiments
when c-MyBPC is present to specific kinetic interactions. The
stopped-flow assay has a long track record in measuring cross-
bridge kinetics. It is able to accurately measure the fast reaction
rates, but more importantly, it allows the measurement of
kinetics of specific steps during muscle contraction. It is
therefore possible to measure the effects of c-MyBPC and its
phosphorylation at each stage of the cross-bridge cycle of
muscle contraction.
The binding of S1 to actin and the hydrolysis of ATP with

the subsequent dissociation of the two binding partners are two
of the principal steps in the cross-bridge cycle of muscle
contraction and can be described by Schemes 1 and 2. Both

steps are very rapid events; e.g., in the absence of ATP, myosin
binds actin in solution with a very high affinity (Kass ≈ 107 M−1)
to form the actomyosin complex, but the presence of ATP
reduces the association constant to <104 M−1. The cross-bridge
cycle has been extensively studied, but only in the absence of
thick filament regulatory proteins, and defining the regulation
of c-MyBPC on specific steps in the cross-bridge cycle is a
prerequisite for improving our understanding of muscle
contraction. This is very important as c-MyBPC is indicated
in almost 40% of all hypertrophic cardiomyopathies (HCM);9

therefore, improving our understanding of how c-MyBPC

works will give us a better understanding of the pathophysi-
ology of this disease. This is important for devising sarcomere
treatment-based therapies for the treatment of HCM and heart
failure such as that featured in the study of Malik.34 The
purpose of this study, therefore, is to define how c-MyBPC
directly affects the kinetics of key steps in the cross-bridge
cycle. The mechanism of c-MyBPC regulation as described
above is still unclear, and there is currently no information
regarding its effects on the kinetics of the key steps in the cross-
bridge cycle of muscle contraction or whether cross-bridge
regulation occurs in a manner that is independent of the thin
filament regulatory proteins. It is possible that like another
thick filament protein, regulatory light chain (RLC), which has
been shown to modulate cross-bridge cycling in skeletal
muscle35 and cardiac muscle36 in a phosphorylation-dependent
manner, c-MyBPC may be a critical thick filament regulator of
muscle contraction.
The current widely accepted model for the cross-bridge cycle

of muscle contraction was presented by Geeves et al. in 1984.37

This model consists of an ATPase-driven cycle of cross-bridge
attachment, cross-bridge “rotation”, and ligand dissociation and
binding where strain is an important factor.38 The binding of
myosin to actin and thus the cross-bridge cycle are regulated by
thin filament proteins in a Ca2+-dependent manner in both
skeletal and cardiac muscle,39,40 whereby Tm sterically blocks
the myosin binding sites on actin in the absence of Ca2+.41,42

In this study, we have prepared full-length c-MyBPC purified
from porcine ventricular tissue because this system closely
resembles the human heart in terms of the expression profile of
contractile proteins as well as in vivo function. Stopped-flow
measurements using full-length myosin and actin were
conducted in the absence and presence of c-MyBPC, and the
ATPase activity of the myosin motor was also investigated
using the NADH-coupled system. In this way, we were able to
quantify the effects of c-MyBPC and its phosphorylation on
both transient and steady-state kinetics of critical steps in the
cross-bridge cycle that govern the regulation of cardiac muscle
contraction.

■ EXPERIMENTAL PROCEDURES
Preparation of Contractile Proteins. c-MyBPC protein

was purified from porcine left ventricular tissue using the
method of Hartzell and Windfield.43 Briefly, 150 g of porcine
left ventricular tissue was homogenized in 750 mL of buffer A
[50 mM KCl, 2 mM EDTA, 20 mM Tris-HCl (pH 7.9), and 15
mM 2-mercaptoethanol] for approximately 2 min in a Waring
blender. The homogenate was centrifuged at 3000g for 15 min.
The pellet was washed three times with buffer A, twice more
with buffer A containing 1% Triton, and a further three times
with buffer A. The final pellets were resuspended with a
polytron homogenizer in 400 mL of EDTA-PO4 buffer (pH
5.9) (10 mM EDTA-Na2, 124 mM NaH2PO4, and 31 mM
Na2HPO4). The homogenate was centrifuged at 10000g for 20
min, and the resulting pellet was extracted a second time. The
two supernatants were pooled and concentrated by ammonium
sulfate precipitation (55% saturation). The precipitated protein
was dissolved in 300 mM NaCl, 5.2 mM K2HPO4, 4.8 mM
NaH2PO4, 2 mM NaN3, 0.1 mM EDTA, and 3 mM 2-
mercaptoethanol and dialyzed overnight. The protein extract
was then chromatographed according to the method of Starr
and Offer.44 The purity of the c-MyBPC protein was assessed
by sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE). Cardiac myosin from porcine left ventricular

Scheme 1. Myosin Binding to Actin

Scheme 2. ATP-Induced Dissociation of Myosin from Actin
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tissue was prepared according to the method of Taylor and
Weeds,45 and porcine skeletal actin was prepared according to
the method of Spudich and Watt.46

PKA Phosphorylation of c-MyBPC. The exogenous
catalytic subunit of PKA from bovine heart (Sigma) was used
to phosphorylate c-MyBPC according to the method of Tong
et al.29 The PKA catalytic subunit was resuspended in a 60 mM
KCl, 10 mM MgCl2, 2 mM ATP buffer such that the
concentration was 100 units/μL, and this was added to the c-
MyBPC protein solution to give a final PKA concentration of 1
unit/μL, where 1 unit is defined as the quantity of enzyme that
will transfer 1.0 pmol of phosphate from [γ-32P]ATP to
hydrolyzed and partially dephosphorylated casein per minute at
pH 6.5 and 30 °C. The c-MyBPC/PKA solution was incubated
at 30 °C for 1 h, and the resulting sample was checked for the
presence of phosphorylated c-MyBPC by Pro-Q Diamond
staining (Molecular Probes) according to the manufacturer’s
protocol.
Immunological Techniques. The phosphorylation states

of the three known c-MyBPC residues that are targets for PKA
phosphorylation (i.e., serines 275, 284, and 304, of the human
c-MyBPC sequence) were probed using phospho-specific
antibodies raised against phosphate-conjugated serine 275,
284, and 304 peptides in SPF rabbits (21st Century
Biochemicals, Marlboro, MA) and were subsequently affinity
purified. Western blots were used to determine the relative level
of basal and PKA-induced phosphorylation of residues 275,
284, and 304. To allow the rabbit purified anti-serine 275, 284,
and 304 were used at a dilution of 1:500, and an anti-rabbit
horseradish peroxidase secondary antibody was used at a
dilution of 1:5000 for detection and qualitative comparison.
Total c-MyBPC levels were also probed with a c-MyBPC
specific antibody (Santa Cruz) at a dilution of 1:500. Blots were
scanned and quantified using a FluorChem E imaging system
(proteinsimple, Santa Clara, CA).
Transient Kinetic Measurements. All rapid kinetic

measurements were performed with a standard Applied
Photophysics stopped-flow system. Pyrene fluorescence was
excited at 365 nm and monitored through a KV389 filter. The
reactant concentrations stated in the text and figures are those
after mixing in the stopped flow, unless stated otherwise. All
experiments were conducted at 25 °C in buffer containing 20
mM MOPS (pH 7.0), 500 mM KCl, and 5 mM MgCl2.
ATPase Assays. The steady-state ATPase activity of myosin

in the absence and presence of c-MyBPC was measured using
the NADH-coupled assay47,48 in a TECAN Infinite M1000 pro
fluorescent plate reader. Increasing concentrations of myosin
and c-MyBPC were mixed with 3.5 μM actin in a solution of 20
mM MOPS (pH 7.0), 500 mM KCl, and 10 mM MgCl2. The
reaction was started by mixing the protein solution with an
equal volume of 2× reaction mix (2 mM phosphoenolpyruvate,
1.2 μM NADH, 10 mM ATP, and 0.04 unit/μL pyruvate
kinase/lactate dehydrogenase), and the absorbance of NADH
at 340 nm was monitored. Readings were taken every minute
for 1 h or until the reaction went to completion. The
absorbance at 340 nm was converted to ADP concentration
and plotted versus time. ATPase rates were calculated from the
slope of the graph and plotted as a function of myosin
concentration.
All stopped-flow and ATPase assays were conducted with

myosin and c-MyBPC present at a 1:1 ratio or at physiological
myosin:c-MyBPC ratios of 3:1 or 7:1 as described by Craig et
al.49

Statistical Analysis. Steady-state and transient cross-bridge
kinetics in the absence and presence of c-MyBPC were
compared by one-way analysis of variance (ANOVA) or a
Student’s t test as appropriate. Measurements performed prior
to and following c-MyBPC phosphorylation were compared by
a Student’s t test. Data were averaged from at least three
separate experiments, and P values of <0.05 were considered
statistically significant.

■ RESULTS
Protein Preparation. c-MyBPC was extracted and purified

from porcine hearts to produce ∼50 mg of protein from ∼150 g
of starting tissue. The purified protein seen in Figure 1A

produced a single band on a 10% SDS−PAGE gel of ∼140 kDa,
which corresponded to values from previously published
studies involving endogenous c-MyBPC. Figure 1B shows the
effects of PKA treatment on purified endogenous c-MyBPC.
Purified endogenous c-MyBPC was virtually unphosphorylated,
like a protein treated with alkaline phosphatase; however,
treatment with PKA using the method of Tong et al.29

produced a robust band concomitant with the c-MyBPC
protein. To determine the relative levels of PKA-induced
phosphorylation at individual c-MyBPC phosphorylation
residues prior to and following PKA treatment, phospho-
specific antibodies for serines 275, 284, and 304 were used and
Western blot analysis was conducted (Figure 1S of the
Supporting Information). Similar to results from Pro-Q
Diamond phosphorylation staining, basal phosphorylation
levels prior to PKA treatment were low in residues 275 and
284 and not detected in residue 304; however, PKA treatment
produced a significant increase in the magnitude of the
phosphorylation signal in all three residues. Further analysis
of the PKA signal size was conducted by quantifying the relative

Figure 1. Gel electrophoresis and phosphorylation analysis of purified
porcine c-MyBPC. (A) SDS−PAGE (12.5%) Coomassie Blue-stained
gel showing the purity of full-length purified porcine c-MyBPC used in
this study. The molecular masses of the markers are reported in lane 1.
Lane 2 contained purified c-MyBPC, which is represented as an ∼140
kDa band on the SDS−PAGE gel. (B) Pro-Q Diamond staining of
untreated c-MyBPC (control lane 1) and c-MyBPC treated with PKA
(lane 2) or calf intestinal alkaline phosphatase (lane 3). (C)
Corresponding Coomassie Blue staining demonstrating equivalent
protein loads for the three groups.
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signal obtained at residues 275, 284, and 304 prior to and
following PKA treatment. The analysis showed that the
magnitude of the signal produced by the phosphorylation of
c-MyBPC was ∼4- and ∼5-fold higher at residues 275 and 284,
respectively, than the magnitude of the unphosphorylated
signal. The relative change in the phosphorylation signal due to
PKA treatment at residue 304 could not be accurately
determined because of the absence of a basal phosphorylation
signal. It is important to note that although our data confirm
that PKA does phosphorylate all three residues, our analysis
does not provide direct information about the actual
stoichiometry of the phosphorylation at each residue.
Myosin_c-MyBPC Binding to Actin. The binding of the

myosin_c-MyBPC complex to actin can be followed by
monitoring the decrease in fluorescence of pyrene-labeled
actin (pyr.actin). Figure 2A shows representative fluorescence

transients observed at 25 °C when 1 and 27.5 μM myosin_c-
MyBPC complex is mixed with 1 μM pyr.actin in the stopped-
flow fluorimeter. The observed transients can be described well
by a single-exponential equation with a Kobs of 0.38 s−1 for 1
μM myosin_c-MyBPC complex and 14.7 s−1 for 27.5 μM. Kobs
values showed a linear dependence on increasing myosin
concentration as shown in Figure 2B; however, in the presence

of unphosphorylated c-MyBPC, there is clearly a shift to a
sigmoidal dependence, which suggests a regulatory and
cooperativity effect of c-MyBPC on binding of myosin to
actin. Figure 2B also shows the effect of increasing the ratio of
c-MyBPC in the myosin_c-MyBPC complex. When c-MyBPC
and myosin are present in a complex in a 1:7 or 1:3 c-
MyBPC:myosin ratio, the lag phase is shorter than when c-
MyBPC and myosin are present in a complex in a 1:1 ratio.
This suggests that the regulatory effect is dependent on c-
MyBPC concentration. Figure 2C shows the effect of adding
PKA-treated c-MyBPC to the complex. Kobs values show a
linear dependence on increasing myosin_c-MyBPC.PKA
concentration for all three complex ratios in a manner similar
to that of the binding of myosin alone, thus suggesting that
phosphorylation of c-MyBPC abolishes the regulatory effect.
The second-order rate constants for binding of myosin to actin
alone and binding of myosin_c-MyBPC.PKA to actin (K1k+2)
are listed in Table 1 and were estimated from a linear fit to the
Kobs versus myosin or myosin_c-MyBPC plot to be 0.35 ± 0.02
M−1 s−1 for myosin alone or 0.32 ± 0.02, 0.33 ± 0.01, and 0.33
± 0.03 M−1 s−1 for myosin_c-MyBPC.PKA in 1:1, 3:1, and 7:1
myosin:c-MyBPC ratios, respectively. The Kobs of binding of
myosin_c-MyBPC to actin with unphosphorylated c-MyBPC
exhibited a sigmoidal dependence on protein concentration
rather than a linear one; therefore, binding departs from
Scheme 1, and a second-order rate constant (K1k+2) could not
be calculated from the plot. The fraction of myosin_c-MyBPC
bound to actin (KD) is also presented in Table 1 and was
calculated via the Hill equation to be 6.79 ± 0.09 μM with a
cooperativity h of 5.89 ± 0.22 for a 7:1 myosin:c-MyBPC ratio,
11.48 ± 0.75 μM with an h of 3.54 ± 0.67 for a 3:1 myosin:c-
MyBPC ratio, and 16.44 ± 0.33 μM with an h of 9.24 ± 1.34
for a 1:1 myosin:c-MyBPC ratio. Binding of c-MyBPC to actin
alone (Figure 2D) shows a modest linear increase in the Kobs
values with an increase in c-MyBPC concentration, and a much
slower second-order rate constant compared to that of binding
of myosin and actin alone (Table 1). Thus, c-MyBPC directly
binds to actin, but its relative contribution to the measured
actin binding signal in the presence of myosin is significantly
smaller than that of myosin.

ATP-Induced Actomyosin_c-MyBPC Dissociation. The
ATP-induced dissociation of the actomyosin complex can be
followed by monitoring the increase in the fluorescence of
pyr.actin after the addition of ATP. Figure 3A shows
representative fluorescence transients observed at 25 °C when
2 μM actomyosin_c-MyBPC is mixed with 50 and 500 μM
ATP in the stopped-flow fluorimeter. The observed transient
for myosin_c-MyBPC was described well by a single-
exponential equation at both 50 and 500 μM ATP with
observed rate constants (Kobs) of 22 s

−1 at 50 μM ATP and 190
s−1 at 500 μM ATP. The second-order rate constants for ATP-
induced dissociation of actomyosin, actomyosin_c-MyBPC,
and actomyosin_c-MyBPC.PKA (K1k+2) as described in
Scheme 2 are listed in Table 1 and were estimated from the
linear fit to the plot of Kobs versus ATP concentration.
The second-order rate constant for ATP-induced dissociation

from actin in the absence of c-MyBPC (K1k+2) was measured to
be 0.42 ± 0.01 M−1 s−1. In the presence of unphosphorylated c-
MyBPC where myosin and c-MyBPC are in a 1:1 ratio, the rate
of dissociation decreases ∼3.5-fold compared to that for myosin
alone with a second-order rate constant of 0.12 ± 0.01 M−1 s−1,
suggesting that the presence of c-MyBPC slows the dissociation
of myosin from actin in the presence of ATP. This regulatory

Figure 2. Binding of the myosin_c-MyBPC complex to actin. (A)
Representative transients for the binding of low (1 μM) and excess
concentrations of myosin_c-MyBPC (27.5 μM) to 1 μM pyrene-
labeled actin at 25 °C. The observed rate constant Kobs was calculated
by fitting the transients to a single-exponential equation. Conditions:
20 mM MOPS (pH 7.0), 500 mM KCl, and 5 mM MgCl2. (B) Kobs
plotted as a function of myosin concentration for myosin (■) and 7:1
(□), 3:1 (△), and 1:1 (○) myosin_c-MyBPC complexes. The second-
order rate constants (K1k+2) in the absence of c-MyBPC were
determined by a linear fit of the data. The equilibrium constant KD and
the Hill coefficient h were calculated for myosin binding in the
presence of c-MyBPC by fitting the data to the Hill equation. (C) Kobs
plotted as a function of myosin concentration for myosin (■) and 7:1
(▼), 3:1 (▲), and 1:1 (●) myosin_c-MyBPC complexes. The
second-order rate constants were determined by a linear fit of the data.
(D) Binding of porcine c-MyBPC to actin in the absence of myosin.
The Kobs values were plotted as a function of c-MyBPC concentration,
and the second-order rate constants were determined by a linear fit of
the data as described above.
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effect of c-MyBPC does not appear to be cooperative unlike the
case for the binding of myosin to actin. In the presence of
unphosphorylated c-MyBPC where myosin and c-MyBPC are
in a 7:1 ratio, the rate of dissociation is similar to that for
myosin alone with a second-order rate constant of 0.39 ± 0.02
M−1 s−1; however, at a 3:1 ratio, the rate of dissociation is
reduced ∼2-fold relative to that for myosin alone with a
second-order rate constant of 0.22 ± 0.01 M−1 s−1. The ATP-
induced dissociation of actin from myosin in the presence of
phosphorylated c-MyBPC where myosin and c-MyBPC are in a
1:1 ratio also decreases ∼1.5-fold relative to that for actomyosin
alone with a second-order rate constant of 0.23 ± 0.01 M−1 s−1,
but it is increased ∼2-fold compared with that for ATP-induced
actomyosin dissociation in the presence of unphosphorylated c-
MyBPC. This regulatory effect also does not appear to be
cooperative, and the phosphorylation of c-MyBPC appears to
partially weaken the effects of c-MyBPC regulation on ATP-
induced dissociation of actin from myosin. The rate of ATP-
induced dissociation of actin from myosin in the presence of
phosphorylated c-MyBPC where myosin and c-MyBPC are in a
7:1 ratio did not significantly deviate from the rate of
dissociation of myosin from actin alone; however, at a 3:1
ratio, the rate of ATP-induced dissociation of actin from
myosin decreases ∼1.5-fold compared to that for myosin alone
with a second-order rate constant of 0.29 ± 0.01 M−1 s−1 and is
significantly increased ∼0.5-fold compared to the rate of
unphosphorylated c-MyBPC at a 3:1 ratio with myosin (Table
1).
ATPase Activity. The steady-state ATPase activity of

myosin in the absence and presence of c-MyBPC and c-
MyBPC.PKA where myosin and c-MyBPC are at a 1:1 or 3:1
myosin:c-MyBPC ratio was measured using the NADH-
coupled assay.47,48 The release of Pi and ADP from the myosin
motor can be conveniently followed by the change in
absorbance of NADH at 340 nm after the addition of ATP.
The change in absorbance over time in all cases was linear with
a negative slope, and from these data, a plot of ADP production
versus time was generated. The slope of this plot yielded the
steady-state ATPase rate, and this was normalized by plotting
the steady-state ATPase rate versus myosin_c-MyBPC
concentration. Plots of the steady-state ATPase rate versus

myosin and myosin_c-MyBPC concentration are shown in
Figure 4. The steady-state ATPase rate of myosin alone is
described as a linear function of its concentration as 0.015 ±
0.002 s−1. The steady-state rate of ATPase with myosin_c-
MyBPC at a 1:1 or 3:1 myosin:c-MyBPC ratio is described as a
sigmoidal function of its concentration, and the rate could not
be accurately measured; however, the presence of c-MyBPC
appears to significantly slow ATPase rates at low myosin
concentrations (Figure 4). Kcat is the maximal activated ATPase
rate of myosin_c-MyBPC, and KATPase is the concentration of
myosin_c-MyBPC needed to reach half-maximal activation of
myosin ATPase activity. The values of these two quantities are
0.24 ± 0.01 s−1 and 8.66 ± 0.15 μM for myosin and c-MyBPC
in a 1:1 ratio and 0.23 ± 0.02 s−1 and 5.96 ± 0.20 μM for
myosin and c-MyBPC in a 3:1 ratio, respectively.
The steady-state ATPase rate of myosin in the presence of

phosphorylated c-MyBPC at 1:1 and 3:1 ratios with myosin was
also determined. The ATPase rate for myosin in the presence
of phosphorylated c-MyBPC at 1:1 and 3:1 ratios with myosin
was described as a linear function of myosin_c-MyBPC.PKA
concentration and was calculated to be 0.006 ± 0.001 and 0.005
± 0.001 s−1, respectively. The rates in the presence of
phosphorylated c-MyBPC were reduced compared to the rate
for myosin alone; however, at least in the case of myosin_c-
MyBPC at a 1:1 ratio, c-MyBPC phosphorylation appeared to
relieve the inhibitory effect of c-MyBPC on ATPase rates at low
myosin concentrations (Figure 4).

■ DISCUSSION

The purpose of this study was to elucidate the functional effects
of c-MyBPC on the kinetics of key steps in the cross-bridge
cycle of cardiac muscle contraction. Previous studies using
skinned cardiac fibers or in vitro motility assays have
demonstrated a regulatory role for c-MyBPC in cardiac muscle
contraction;5,7,11−18 however, the role of c-MyBPC in the
regulation of specific steps within the cross-bridge cycle has yet
to be clearly established. In this study, we demonstrate that c-
MyBPC regulates at least two key steps in the cross-bridge
cycle that modulate cross-bridge association and dissociation
from actin, and that some of the effects of c-MyBPC are
mediated by affecting the cooperative behavior of cross-bridges,

Table 1. Calculated Data for the Binding of Myosin to Actin and the ATP-Induced Dissociation of Actomyosin in the Absence
and Presence of c-MyBPCa

binding to actin ATP-induced dissociation

K1k+2 (M
−1 s−1) KD (μM) h K1k+2 (M

−1 s−1)

myosin 0.35 ± 0.02 ND ND 0.42 ± 0.01
7:1 myosin_MyBPC ND 6.79 ± 0.09 5.89 ± 0.22 0.39 ± 0.01
3:1 myosin_MyBPC ND 11.48 ± 0.75 3.54 ± 0.67 0.22 ± 0.01b

1:1 myosin_MyBPC ND 16.44 ± 0.33 9.24 ± 1.34 0.12 ± 0.02b

7:1 myosin_MyBPC.PKA 0.33 ± 0.03 ND ND 0.41 ± 0.01
3:1 myosin_MyBPC.PKA 0.33 ± 0.01 ND ND 0.29 ± 0.01b,c

1:1 myosin_MyBPC.PKA 0.32 ± 0.02 ND ND 0.23 ± 0.01b,c

MyBPC 0.0004 ± 0.02b ND ND −
aData are means ± the standard deviation, from at least three separate measurements. K1k+2 is the observed value of the second-order rate constant
for ATP-induced dissociation of actomyosin in the presence and absence of c-MyBPC and for binding of myosin to actin in the absence of c-MyBPC
and in the presence of phosphorylated c-MyBPC and was measured from the plots in Figures 2 and 3. K1k+2 for binding to actin in the presence of
myosin could not be measured for unphosphorylated c-MyBPC. KD values and the Hill coefficient (h) for the binding of myosin to actin in the
presence of unphosphorylated c-MyBPC were measured from the best fit to the Hill equation from the plots in Figure 2 (these variables were not
observed with phosphorylated c-MyBPC). KD is measured as the concentration of myosin_c-MyBPC at which the actin filament is half-saturated.
ND means not detcted. bSignificantly different compared to the value for myosin alone. cSignificantly different compared to the value for the non-
PKA-treated sample.
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even in the absence of thin filament regulation. Finally, we
show that PKA-induced phosphorylation of c-MyBPC regulates
rates of actomyosin interactions, thereby providing the heart
with a molecular mechanism that modulates the rates of cross-
bridge cycling to match circulatory demands.
Effects of c-MyBPC on the Kinetics of Binding of

Myosin to Actin. The kinetic pathway that describes the
binding ofo myosin to actin is described in Scheme 1, and as
expected, binding of myosin to actin in the absence of c-
MyBPC exhibited Kobs values that were dependent upon
myosin concentration, and the second-order rate constants
could be easily determined from the gradient of the plot of Kobs
versus myosin concentration (Figure 2). Our data show that

unphosphorylated c-MyBPC regulates the binding of myosin to
actin and that the mechanism of regulation does not adhere to
the kinetic pathway represented in Scheme 1. The mechanism
of regulation is cooperative as indicated by the sigmoidal
relationship of Kobs when both unphosphorylated c-MyBPC
and myosin are present, compared to the linear relationship of
Kobs when only myosin is present (Figure 2). This cooperative
binding by the porcine myosin as a consequence of the
presence of unphosphorylated c-MyBPC was exhibited also
when in the presence of a recombinant mouse full-length c-
MyBPC (data not shown), suggesting that these effects are not
species specific but rather a characteristic of c-MyBPC. At low
myosin concentrations, the presence of c-MyBPC appears to
inhibit the binding of myosin to actin as a lag is observed in the
increase in the rate of binding of myosin to actin (Figure 2B),
consistent with an inhibitory effect of c-MyBPC on myosin
binding. This inhibition also appears to be dependent on c-
MyBPC concentration, as at a 7:1 myosin:c-MyBPC ratio, the
lag is smaller and the inhibition is more easily overcome at
relatively low myosin concentrations. However, at 1:3 and 1:1
c-MyBPC:myosin ratios, the lag becomes progressively longer
and a much higher myosin concentration is needed to
overcome the inhibition of c-MyBPC on myosin binding to
actin. Because the physiological ratio of myosin to c-MyBPC in
the sarcomere is thought to be as high as 3:1 in the C-zone,20,49

it is reasonable to suggest that c-MyBPC would impart
significant inhibition to the binding of myosin to actin in
vivo. At higher myosin concentrations, there appears to be c-
MyBPC-induced activation, whereby binding of myosin to actin
is accelerated when compared with binding of myosin to actin
alone (Figure 2B).
Previous studies suggested that c-MyBPC binds actin via its

N-terminal6,8,18,20−27,50,51 or C-terminal52 domains; however,
the stage of the cross-bridge cycle at which c-MyBPC interacts
with actin has not been established. The cooperativity observed
when myosin binds actin in the presence of c-MyBPC even at a
1:7 c-MyBPC:myosin ratio may suggest that c-MyBPC can
bind actin together with myosin. Our data do not distinguish
whether c-MyBPC is detached from myosin when myosin
binds actin, or when the c-MyBPC domain binds to actin. We
observed, however, that c-MyBPC does bind actin alone
(Figure 2D), but the rate is slower compared to the rate of

Figure 3. ATP-induced dissociation of myosin from actin in the
presence of c-MyBPC. (A) Representative transients for the ATP-
induced dissociation of a 2 μM pyrene-labeled actomyosin_c-MyBPC
complex mixed with 50 and 500 μM ATP. The observed transient of
the pyr.actomyosin_c-MyBPC complex was fit to a single-exponential
equation, and the observed rate constant Kobs was calculated for each
ATP concentration. Conditions: 20 mM MOPS, (pH 7.0), 500 mM
KCl, and 5 mM MgCl2. (B) Kobs plotted as a function of ATP
concentration (range of 2.5−500 μM) for myosin (■) and 1:1 (○),
3:1 (△), and 7:1 (□) myosin_c-MyBPC complexes. The second-order
rate constants for the reactions (K1k+2) were determined by the linear
fit of the data. (C) Kobs plotted as a function of ATP concentration
(range of 2.5−500 μM) for myosin (■) and 1:1 (●), 3:1 (▲), and 7:1
(▼) myosin_c-MyBPC.PKA complexes. The second-order rate
constants for the reactions (K1k+2) were determined by the linear fit
of the data.

Figure 4. Steady-state ATPase activity of myosin in the presence of c-
MyBPC. The activation of ATPase activity is shown as a function of
myosin concentration (■) and in the presence of a 1:1 myosin_c-
MyBPC (○), a 1:1 myosin_c-MyBPC.PKA complex (●), a 3:1
myosin_c-MyBPC complex (△), and a 3:1 myosin_MyBPC.PKA
complex (▲) using the NADH-coupled system. The actin
concentration was 3.5 μM, and myosin concentrations ranged from
0.5 to 10 μM. Conditions: 20 mM MOPS, 500 mM KCl, and 5 mM
MgCl2.
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binding of myosin to actin; thus, it is unlikely that direct
binding of c-MyBPC to actin significantly contributes to the
observed acceleration of actomyosin association with an
increasing myosin concentration. The observed lag phase in
the binding of myosin to actin, which is dependent on c-
MyBPC concentration, can be explained by a mechanism in
which c-MyBPC inhibits binding of myosin to actin, perhaps by
tethering the S2 region of myosin.14,15 Alternatively, it may be
due to direct competition by c-MyBPC and myosin for actin
binding sites, such that at low myosin concentrations c-MyBPC
is able to bind actin more efficiently. Although binding of c-
MyBPC to actin had only modest effects on Kobs, this binding
could be significant in vivo as recent structural studies have
suggested that the N-terminal domains of c-MyBPC bind actin
in the same region as Tm at low Ca2+ concentrations, which
may lead to the destabilization of tropomyosin from the
blocked position, thereby favoring thin filament activation.6,24,27

Therefore, even weak binding of c-MyBPC to actin could
significantly activate the thin filament to accelerate rates of
force development.
The activation of binding of myosin to actin in the presence

of c-MyBPC at higher myosin concentrations suggests that c-
MyBPC facilitates a degree of synergy between adjacent S1
heads and adjacent myosin molecules that enhances coopera-
tive binding to actin, such that initial binding of S1 heads
recruits binding of additional S1 heads. In the absence of c-
MyBPC, myosin will bind actin with a 1:1 stoichiometry,
resulting in a linear relationship (Figure 2B); however, the
presence of unphosphorylated c-MyBPC gives rise to more
efficient S1 binding, which increases the number of S1 heads
that interact with actin, perhaps because of changes in S1
alignment and/or stabilization of S1 heads that favors actin
binding. Alternatively, c-MyBPC may give rise to a reordering
of the S1 heads at low myosin concentrations toward actin
binding sites,6,27 thereby accelerating cross-bridge binding and
transitions to strongly bound states. Although our data do not
support a clear mechanism by which c-MyBPC interacts with
adjacent myosins, there is some evidence that the C0 domain
and the proline-alanine (PA) domain may play a role in this
mechanism as there has been some suggestion that these
domains interact with the S1−S2 myosin hinge and the RLC
regions of myosin.19,53 It is conceivable, therefore, that c-
MyBPC could interact with adjacent RLC molecules to better
stabilize the S1 heads of more than one myosin molecule.
Taken together, these data suggest that c-MyBPC enhances
force generation by enhancing cross-bridge binding and
cooperative recruitment by direct effects on cross-bridge
binding and/or orientation, and indirectly via actin binding,
which would enhance thin filament activation.
Effects of c-MyBPC on the ATP-Induced Dissociation

of Myosin from Actin. Dissociation of myosin from actin in
the absence of c-MyBPC exhibited Kobs values that increased
with an increasing ATP concentration,54−56 and the second-
order rate constants as described in Scheme 2 could be easily
determined from the gradient of the plot of Kobs versus myosin
concentration (Figure 3B,C). In the presence of unphosphory-
lated c-MyBPC, the second-order rate constant for dissociation
was decreased ∼3.5- and ∼2-fold when c-MyBPC was in 1:1
and 1:3 ratios with myosin, respectively, compared with that for
myosin alone; however, at a low c-MyBPC concentration (i.e.,
at a 1:7 ratio with myosin), c-MyBPC had only small effects on
dissociation rates (Figure 3B). The reduction in dissociation
rates in the presence of c-MyBPC compared to that with

myosin alone suggests that c-MyBPC slows cross-bridge
detachment and agrees with in vitro motility data that show
that actin filament sliding velocity is reduced in the presence of
unphosphorylated c-MyBPC.18,20 These studies suggest that c-
MyBPC directly interacts with actin at high ATP concen-
trations because of the lower affinity of myosin S1 for actin
under those conditions, and this interaction could lead to the
reduction in the rate of dissociation that we observe in our
studies. It has been suggested that a population of slowly
cycling cross-bridges could give rise to a viscous drag force that
limits muscle shortening velocity,57 and it is conceivable that
slowly cycling cross-bridges could significantly impact cross-
bridge behavior in regions of the sarcomere where c-MyBPC is
abundant (i.e., present at a 1:3 ratio with myosin).
Furthermore, because c-MyBPC may interact with more than
one actin molecule,27 even weak interactions between c-
MyBPC and actin could have significant effects on muscle
contraction in vivo. Our in vitro studies also agree well with
previous studies utilizing skinned fiber preparations that
showed that biochemical extraction, or the genetic ablation of
c-MyBPC, accelerates shortening velocity,13,14,58 presumably
because of a weakened inhibition of c-MyBPC on cross-bridge
detachment.
Although there is strong evidence that supports binding of c-

MyBPC to actin, interactions of c-MyBPC with S2 at this stage
of the cross-bridge cycle cannot be ruled out, as it would be
possible that a direct interaction between c-MyBPC and S2
could delay one or even both of the S1 heads from detaching,
thus creating the viscous drag without directly binding to actin.
Regardless of the mechanism, our data show, in agreement with
others,18,20 that c-MyBPC slows cross-bridge detachment rates
and therefore acts as a “brake” on the contractile apparatus.

Effects of c-MyBPC on Actomyosin ATPase Rates. The
ATPase activity in the absence and presence of c-MyBPC was
determined using the NADH-coupled assay to assess the
functional effects of c-MyBPC on the overall rate of ATPase
turnover. The data show that the ATPase rate of myosin alone
was directly proportional to myosin concentration, which was
exhibited as a linear curve, consistent with the 1:1
stoichiometry of actomyosin binding (Figure 4). In the
presence of c-MyBPC, the curve exhibited a sigmoidal
relationship (Figure 4) similar to that observed with the
actomyosin association transient kinetic data. The lag phase
exhibited by the ATPase curve confirms in the steady state that
at high c-MyBPC concentrations (i.e., at a 1:1 or 1:3 c-
MyBPC:myosin ratio), c-MyBPC directly inhibits binding of
myosin to actin. Slowed ATPase rates at low myosin
concentrations and high c-MyBPC concentrations could be
due to both slowed cross-bridge association (Figure 2D) and
dissociation (Figure 3B). The inhibition of ATPase rates at high
c-MyBPC concentrations is overcome only at a certain myosin
concentration threshold, which restores myosin binding;
however, the maximal ATPase rate in this instance in the
absence of c-MyBPC is not significantly different from that for
myosin alone. Our results show that the ATPase activity of the
myosin motor is inhibited at low myosin concentrations,
consistent with previous studies that showed that c-MyBPC
inhibits actomyosin ATPase activity18,59,60 in the presence of
ATP, while in the absence of ATP myosin binding is restored.59

Enhanced cross-bridge binding due to c-MyBPC with
increasing myosin concentrations and slower cross-bridge
detachment rates enhance force generation by augmenting
the number of force-generating cross-bridges at a given time
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and their duty ratio, which is consistent with the leftward shift
in the force−pCa relationship observed in skinned fibers
incubated with N-terminal c-MyBPC peptides.8,17,18 A slowing
of the ATPase rates in the presence of c-MyBPC could be
beneficial in vivo via prevention of premature cross-bridge
detachment and, thereby, a truncation in the duration of the
systolic ejection phase.28,58,61

Functional Effects of c-MyBPC Phosphorylation on
Cross-Bridge Kinetics. Some studies in skinned myocardium
have shown that phosphorylation of c-MyBPC accelerates
cross-bridge kinetics,28−30 while other studies show no effect of
PKA-induced phosphorylation of c-MyBPC on cross-bridge
kinetics.32,33 It has been shown that phosphorylation of c-
MyBPC increases the proximity of myosin heads to actin,
thereby relieving the tethering constraint imposed by c-MyBPC
on myosin heads and increasing the probability of actomyosin
interaction.62 Other studies involving direct binding of c-
MyBPC to actin showed that phosphorylation of c-MyBPC
reduces the binding affinity of N-terminal domains of c-MyBPC
for actin,25 suggesting that c-MyBPC phosphorylation may act
to reduce drag on cross-bridge cycling and accelerate cross-
bridge detachment. Our studies showed that during cross-
bridge association, phosphorylation of c-MyBPC abolishes the
lag phase of binding of the cross-bridge to actin, resulting in a
linear Kobs versus myosin concentration relationship, which is
directly proportional to myosin concentration (Figure 2C),
consistent with the kinetic mechanism described in Scheme 1.
The second-order rate constant is not significantly different
from that for myosin binding alone, and this along with the
elimination of the lag phase and sigmoidal curve exhibited by
the binding of myosin in the presence of unphosphorylated c-
MyBPC strongly suggests that phosphorylation of c-MyBPC
abolishes the inhibitory effects of c-MyBPC on actomyosin
interactions at low myosin concentrations. Phosphorylation of
c-MyBPC, therefore, accelerates the attachment step of the
cross-bridge cycle relative to binding in the presence of
unphosphorylated c-MyBPC, and the second-order rate
constant of this step is closely comparable to that observed
for myosin alone (Table 1).
With respect to the ATP-induced dissociation of myosin

from actin, phosphorylation of c-MyBPC when present at a 1:1
or 1:3 ratio with myosin significantly increased the rate of
dissociation relative to the rate of dissociation in the presence
of unphosphorylated c-MyBPC (Table 1). In the presence of
both dephosphorylated and phosphorylated c-MyBPC, the Kobs
versus ATP concentration curves were linear, suggesting that
the regulation of c-MyBPC on ATP-induced dissociation is not
cooperative (Figure 3B,C) and adheres to the kinetic
mechanism described in Scheme 2. This result possibly
suggests that c-MyBPC could be bound to actin at this stage
of the cross-bridge cycle, in accordance with the idea that c-
MyBPC binds actin directly and acts as a brake on cross-bridge
kinetics,6,8,18,20,24,25,27 which is removed when c-MyBPC is
phosphorylated. Because Kobs values for rates of dissociation of
porcine cardiac myosin alone are ∼20% faster than the rate of
association, we can speculate that PKA-induced acceleration of
cross-bridge dissociation results in accelerated ATPase rates
and a shortened cross-bridge duty ratio. In contrast, when c-
MyBPC is unphosphorylated, the reduction in kinetics due to
cooperative activation of cross-bridge association slows the
overall rate of ATPase turnover.
In addition to c-MyBPC, there are several targets of β-agonist

stimulation in the myocyte that are critical regulators of in vivo

cardiac function. Increased sympathetic drive is known to
accelerate Ca2+ cycling in the myocyte and enhances the rate
and amount of Ca2+ that is released and sequestered by the
sarcoplasmic reticulum (SR) (reviewed in 63 and 64).
Phosphorylation of phospholamban relieves the inhibition on
the Serca2a Ca2+-ATPase pump, allowing more entry of Ca2+

into the SR, and phosphorylates ryanodine receptors in the SR,
allowing greater Ca2+ release, thereby enhancing the amplitude
of the Ca2+ transient and reducing its duration and contributing
to accelerated systolic and diastolic function. At the level of the
myofilaments, β-adrenergic stimulation principally phosphor-
ylates the thin filament protein troponin I, resulting in altered
interactions with troponin C to weaken its Ca2+ binding affinity,
thereby allowing accelerated rates of force relaxation (reviewed
in refs 65 and 66). Data from this study support a model
(depicted in Figure 2S of the Supporting Information) in which
c-MyBPC appears to have a dual role in regulating cross-bridge
kinetics, which directly affects at least two steps of the cross-
bridge cycle in a phosphorylation-dependent manner. c-
MyBPC inhibits cross-bridge binding at low myosin concen-
trations, either by binding to myosin directly or by competing
with myosin for actin binding sites, and slows cross-bridge
dissociation rates to prolong cross-bridge attachment time, with
the net result being enhanced force generation that is sustained
for a longer duration. Phosphorylation of c-MyBPC relieves the
inhibitory delay on cross-bridge binding and speeds cross-
bridge dissociation such that the overall rate of cross-bridge
cycling is accelerated. Therefore, in conjunction with
accelerated Ca2+ handling properties, c-MyBPC and troponin
I phosphorylations at the myofilament level fine-tune cross-
bridge behavior and motor function to match the augmented
contractile requirements of the heart under conditions of
increased workload.
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