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Cardiac myosin-binding protein C: A protein once at
loose ends finds its requlatory groove

Richard L. Moss®!

The cardiac isoform of myosin-binding protein C
(cMyBP-C) is a sarcomeric protein that is believed to
be a key regulator of myocardial contractility (review in
ref. 1). Although cMyBP-C was thought for many years
to be a structural scaffold or template for the cardiac
thick filament, there is now considerable evidence for
its regulatory function. Previous work has demon-
strated reversible phosphorylation of cMyBP-C in vivo
in amphibian (2) and mammalian (3) myocardium, as
well as phosphorylation-dependent binding of the N
terminus of cMyBP-C to cardiac myosin (4) or actin (5).
Extraction (6), genetic ablation (7), or phosphorylation
(8) of cMyBP-C accelerates contraction. The importance
of cMyBP-C to normal cardiac function is highlighted by
observations that mutations in the protein account for
many cases of heritable hypertrophic cardiomyopathy
(9) and by evidence that phosphorylation of the protein
is cardioprotective in murine models of transient car-
diac ischemia (10).

Although it is known that the N terminus of MyBP-C
confers regulatory activity, the molecular mechanisms
of regulation via phosphorylation of this region of the
protein are not well understood, partly because the
secondary structure of the phosphorylatable domain
of the protein includes great stretches of random
coil and partly because cMyBP-C is able to bind to
either myosin or actin. Using complementary cell-
free approaches, two reports (11, 12) in PNAS pre-
sent exquisite insights into the structural effects of
phosphorylation on N-terminal regions of cMyBP-C.
These results not only suggest specific mechanisms
of the protein’s function in vivo but also give rise to
new questions that promise to drive research for
years to come.

Localization of cMyBP-C in the Cardiac
Sarcomere

MyBP-C is one of a family of sarcomeric proteins, in-
cluding X protein and H protein, comprised principally
of fibronectin and Ig-like repeats. There are three
distinct isoforms of MyBP-C, i.e., fast skeletal, slow
skeletal, and cardiac. The localization of cMyBP-C to
discrete transverse stripes in each half of the A band
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Fig. 1. (A) Electron micrograph of cardiac sarcomere showing symmetrically
localized transverse stripes corresponding to cMyBP-C in the C zone of the thick
filaments (13). (B) Diagram of molecular structure of cMyBP-C (1).

(13) (Fig. 1A) is characteristic of the protein in all types
of vertebrate striated muscle, and the regularity of its
distribution led to the initial suggestion that MyBP-C
is a structural protein. This idea has since been refuted
in heart muscle by the observation that ablation of
murine MYBPC3, the gene encoding cMyBP-C, has
no effect on myofibrillar structure, although ablation
resulted in structural and functional cardiac pheno-
types characteristic of hypertrophic cardiomyopathy
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(7, 14). A diagram of the structural elements of cMyBP-C is shown
in Fig. 1B.

Principal Findings and Functional Implications

Beginning in the 1970s, the regulation of cardiac contractility was
thought to involve primarily the activation of the thin filaments
due to the binding of Ca®", released from intracellular stores, to
troponin C (TnC) in the thin filament regulatory strand. Variations
in contractility were explained, at least qualitatively, on the basis
of altered Ca®* binding to TnC as a consequence of adrenergic
modulation of Ca®* release and or Ca®* binding affinity of cardiac
TnC. Although Ca?* binding to TnC is the essential trigger for
activation of the cardiac thin filament, the dramatic depression of
inotropic and lusitropic responses in vivo to a f-adrenergic agonist
in myocardium expressing nonphosphorylatable cMyBP-C (15,
16) points to a critical regulatory role for cMyBP-C in cardiac
contraction.

The present studies by Previs et al. (11) and Colson et al.
(12) establish a compelling yet challenging framework for un-
derstanding the molecular mechanisms of regulation via phos-
phorylation of cMyBP-C. Using distinct experimental approaches,
the studies have impressive similarities in demonstrating structural
changes, i.e., reductions in both length and disorder, in the reg-
ulatory M domain near the N terminus of cMyBP-C due to phos-
phorylation of the three (or four) serines within the domain. Such
changes could directly influence the affinity (affinities) of the
protein for its binding partners within the sarcomere. For example,
phosphorylation has been shown to disrupt the binding of cMyBP-C
to myosin in solution (references in ref. 3), which in vivo may release a
constraint on myosin and increase its probability of binding to actin,
thereby increasing the rate of force development in isolated myo-
cardium or ventricular pressure development.

Both of the present studies also conclude that phosphorylation
introduces a bend within the M domain of cMyBP-C and a change
in spatial orientation of the N-terminal domains of the molecule.
This finding not only accounts for the more compact structure of
the domain but may also suggest a mechanism by which the
availability of potential binding partners of cMyBP-C may be
regulated. Future studies from both groups hold promise for
determining whether the pathogenicity of disease-causing mu-
tations in cMyBP-C, such as those in heritable cardiomyopathies,
involve disruption of the spatial orientation of the N terminus ei-
ther in the presence or absence of phosphorylations within the
M domain.

Beyond their similarities, each study suggests a unique and
novel regulatory mechanism, either or both of which could con-
tribute in important ways to cardiac function or dysfunction. Previs
et al. found that elevating Ca®* to micromolar concentrations in
their assays reversed the structural and functional effects due to
phosphorylation. This observation is intriguing in at least two
ways. First of these is the likelihood that the Ca®* effect is due to
binding to the phosphorylated protein in the absence of a ca-
nonical Ca®* binding site anywhere within its sequence. However,
noncanonical coordination of Ca?* binding has a precedent in
muscle, in that scallop muscle contraction is regulated by specific
coordination of Ca®* binding at the confluence of the essential
and regulatory light chains and the heavy chain of myosin (17).
Although such a precedent does not predict a specific mechanism
of Ca?* binding to phosphorylated cMyBP-C, it does allow for the
possibility that such binding occurs.

A second issue that arises from the observation of effects of
elevated Ca®* in the presence of phosphorylated cMyBP-C is the
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nature of the adaptive advantage of such a mechanism. A plau-
sible answer can be constructed by considering the likely roles
played by phosphorylation of cMyBP-C in the responses of the
myocardial twitch to a p-adrenergic agonist. Compared with
control, the twitch will exhibit a faster rate of force development,
increased peak force (positive inotropy), and a faster rate of re-
laxation (positive lusitropy). However, each of these responses to
a p-agonist is sharply blunted in myocardium expressing non-
phosphorylatable cMyBP-C (15, 16). The contribution of cMyBP-C
to positive inotropy might be explained on the basis of activation of
myosin and the thin filament due to a shift in cMyBP-C binding to
actin from myosin as a consequence of phosphorylation, described

The structural and functional results reported
by Previs et al. and Colson et al. provide an
important initial framework for understanding
how phosphorylation of cMyBP-C regulates
myocardial contraction.

above in relation to the structural changes in the regulatory do-
main of cMyBP-C reported here. The positive lusitropic responses
to a B-agonist presumably involve a number of processes in ad-
dition to effects involving cMyBP-C, e.g., accelerated decay of the
Ca?* transient, reduced Ca®* binding affinity of TnC, and possibly
accelerated myosin detachment rates from actin (although there is
no evidence to support or refute the latter possibility). If phos-
phorylation increases the activation of the thin filament by shifting
the balance of cMyBP-C binding to actin from myosin, it would be
expected to prolong relaxation by promoting cross-bridge bind-
ing to actin (negative lusitropy). However, at the micromolar Ca®*
concentrations that are typical of the peak of a p-agonist—stimu-
lated twitch, the present results suggest that Ca* binding would
induce extension of the M domain even in the presence of
phosphorylated residues and presumably disrupt cMyBP-C
binding to the thin filament. A consequence of such an event, if it
is shown to occur in vivo, would be to reduce the activation state
of the thin filament, accelerate cross-bridge detachment, and
speed relaxation.

As Previs et al. conclude, their results suggest that activating
effects on contraction due to phosphorylation of cMyBP-C are
prominent at low-to-intermediate levels of Ca®* and are reduced
or absent at higher levels of Ca®*. This mechanism accounts for
the previously unexplained observation that phosphorylation
of cMyBP-C accelerates contraction kinetics in permeabilized
myocardium at low and intermediate Ca?* concentrations but
not at high (8).

Using all-atom molecular dynamic simulations of the regula-
tory domains of MyBP-C, Colson et al. observed further struc-
tural changes in the M domain due to protein kinase A-mediated
phosphorylation of the protein. Their results predict that a se-
quence of residues that seem to comprise a novel binding site
are revealed upon phosphorylation of the protein. Such a site
could increase the affinity of the protein for as-yet-unidentified
partners, e.g., actin, titin, or even proteins within the thin fila-
ment regulatory strand. This is a surprising and intriguing result
that begs further study. For example, it appears that, although
both the nonphosphorylated and phosphorylated forms of
cMyBP-C bind actin, the distortion of the thin filament regulatory
strand due to binding differs for the two forms (18). This would
be consistent with two distinct binding interfaces depending on
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phosphorylation state. Another possibility is that exposure of
this binding site in vivo results in higher affinity binding of
cMyBP-C to the thin filament, which would serve to further in-
crease the effect of cMyBP-C to further activate the thin fila-
ment. Alternatively, binding of this site to a partner on the thin
filament could conceivably target cMyBP-C or myosin to actin as
a mechanism that would in either case increase myosin binding
to the thin filament and contribute to the inotropic response to
B-adrenergic stimulation.

Conclusions
The structural and functional results reported by Previs et al. (11)
and Colson et al. (12) provide an important initial framework for

understanding how phosphorylation of cMyBP-C regulates myo-
cardial contraction. Their conclusions that phosphorylation in-
duces a bend in the regulatory domain of cMyBP-C, alters the
spatial orientation of N-terminal domains, and exposes a putative
novel binding site will stimulate new experiments and contribute
to the development of mechanistic models of protein function at
multiple levels of spatial organization from molecular to systemic.
At the very least, further work promises to define the roles of these
processes in cMyBP-C-mediated regulation of myocardial con-
tractility in health and disease.
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