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We have used the site-directed spectroscopies of time-resolved fluo-
rescence resonance energy transfer (TR-FRET) and double electron–
electron resonance (DEER), combined with complementary molecular
dynamics (MD) simulations, to resolve the structure and dynamics of
cardiac myosin-binding protein C (cMyBP-C), focusing on the N-terminal
region. The results have implications for the role of this protein in
myocardial contraction, with particular relevance to β-adrenergic sig-
naling, heart failure, and hypertrophic cardiomyopathy. N-terminal
cMyBP-C domains C0–C2 (C0C2) contain binding regions for potential
interactions with both thick and thin filaments. Phosphorylation by
PKA in the MyBP-C motif regulates these binding interactions. Our
spectroscopic assays detect distances between pairs of site-directed
probes on cMyBP-C. We engineered intramolecular pairs of labeling
sites within cMyBP-C to measure, with high resolution, the distance
and disorder in the protein’s flexible regions using TR-FRET and
DEER. Phosphorylation reduced the level of molecular disorder and
the distribution of C0C2 intramolecular distances became more com-
pact, with probes flanking either the motif between C1 and C2 or the
Pro/Ala-rich linker (PAL) between C0 and C1. Further insight was
obtained from microsecond MD simulations, which revealed a large
structural change in the disordered motif region in which phosphor-
ylation unmasks the surface of a series of residues on a stable α-helix
within the motif with high potential as a protein–protein interaction
site. These experimental and computational findings elucidate struc-
tural transitions in the flexible and dynamic portions of cMyBP-C,
providing previously unidentified molecular insight into the modula-
tory role of this protein in cardiac muscle contractility.
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Phosphorylation of cardiac myosin-binding protein C (cMyBP-C)
accelerates contraction kinetics in skinned myocardium and

plays a critical role in modulating the strength and kinetics of
force development and relaxation in the heart via β-adrenergic
stimulus (1–3). cMyBP-C is uniquely situated in the sarcomere to
influence contractility and dynamic interactions between myosin
and actin, anchored at its C-terminal end to the myosin tail that
forms the thick filament (4–6) and available to interact at its
N-terminal end with both the myosin neck region subfragment-2
(S2) (2, 4, 7) and actin (8–11) (Fig. 1A). In vitro analyses have
shown that the interactions of cMyBP-C with myosin–S2 and the
regulated actin filament are subject to modulatory tuning with
respect to affinity, stoichiometry, and function (12). Thus, with
varied cardiovascular load or adrenergic tone, cMyBP-C regu-
lates the probability of interaction between myosin and actin to
help govern cross-bridge binding to actin and the activation of
the thin filament (13). Similar to the molecular building blocks of
titin (14), cMyBP-C is composed of eight Ig I and three fibro-
nectin type III domains (Fig. 1A) and is phosphorylated by PKA,
as well as by Ca2+/calmodulin-dependent kinase II and other
kinases, at a cluster of three serine residues in the MyBP-C motif
(also called the “M-domain”). The cardiac isoform, as compared
with the two skeletal isoforms, has an additional Ig domain, C0,

at its N terminus, which is linked to the neighboring C1 domain
by a Pro/Ala-rich linker (PAL) (Fig. 1).
The N-terminal region of cMyBP-C [domains C0–C2 (C0C2)]

plays a crucial role in modulating contractile kinetics in a phos-
phorylation-dependent manner. The MyBP-C motif regulatory do-
main, situated between domains C1 and C2, is an intrinsically
disordered motif composed of ∼100 residues, approximately the size
of an Ig domain, that contains the cardiac PKA phosphorylation sites
(2). Unlike the rest of this primarily disordered domain, a segment at
the motif’s C-terminal end is a well-ordered triple-helix bundle (Fig.
1B) (15–17). We hypothesize that phosphorylation-dependent struc-
tural changes in this region are critical for the function of cMyBP-C.
The PAL, positioned between domains C0 and C1 (Fig. 1),

contains a high content of Pro and Ala, which probably cause this
segment to be flexible, extended, and capable of influencing the
interactions of its flanking domains with actin and myosin. The
MyBP-C motif and PAL regions within C0C2 contain apparent
binding sites for myosin-S2 and actin (Fig. 1A) and play impor-
tant regulatory roles, but their intrinsic structural disorder has
made them largely inaccessible to conventional techniques of
determining protein structure, such as crystallography and NMR.
Therefore, in the present study, we used site-directed spectro-

scopic and computational techniques that are capable of resolving
structural transitions, even in the presence of substantial disorder,
to define the phosphorylation-dependent structural transitions of
the N-terminal portion of cMyBP-C, i.e., C0C2 (Fig. 1). We have
shown previously that cMyBP-C alters the torsional dynamics of
actin and that this restriction of the actin filament’s twisting motion

Significance

Contractility in cardiac muscle is finely tuned in response to
changing circulatory demands, and phosphorylation of cardiac
myosin-binding protein C (cMyBP-C) plays an important role in this
regulation of function. The molecular mechanism of this regulation
is not well understood because the N-terminal region [domains C0–
C2 (C0C2)] containing the phosphorylatable region of cMyBP-C is
highly dynamic and disordered, thus inaccessible to standard
structural techniques. Therefore, we used site-directed spectroscopic
probes (fluorescence and magnetic resonance) and computational
simulations that are optimized for analyzing dynamic disorder. We
found that phosphorylation makes C0C2 more compact and less
disordered in the linker region and phosphorylation motif, and a
new binding site simultaneously emerges. Our results provide in-
sight into muscle contraction with implications for heart failure.

Author contributions: B.A.C., A.R.T., L.M.E.-F., and D.D.T. designed research; B.A.C., A.R.T.,
and L.M.E.-F. performed research; B.A.C., A.R.T., L.M.E.-F., and D.D.T. analyzed data; and
B.A.C., A.R.T., L.M.E.-F., and D.D.T. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

See Commentary on page 3133.
1To whom correspondence should be addressed. Email: ddt@umn.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1521281113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1521281113 PNAS | March 22, 2016 | vol. 113 | no. 12 | 3233–3238

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

SE
E
CO

M
M
EN

TA
RY

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1521281113&domain=pdf
mailto:ddt@umn.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521281113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521281113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1521281113


varies with the phosphorylation state of cMyBP-C (18). Here, we
performed time-resolved fluorescence resonance energy transfer
(TR-FRET) and dipolar electron paramagnetic resonance (EPR;
DEER) on purified recombinant cMyBP-C C0C2 from mouse, with
pairs of engineered labeling sites (Figs. 1 and 2), to quantitate the
distribution of interprobe distances sampled in this region of
cMyBP-C. The protein was labeled with pairs of fluorescent dyes for
FRET or spin labels for DEER. We assessed these distance distri-
butions before and after PKA-catalyzed phosphorylation of cMyBP-C.
To obtain atomistic models, we performed all-atom molecular dy-
namics (MD) simulations of the motif in the presence and absence
of phosphorylation at each of three sites. This combination of site-
directed spectroscopy and MD simulations provides previously un-
identified insight into the structural dynamics of cMyBP-C, with
important implications for the regulation of cardiac contractility in
health and disease.

Results
Validation of Distance Measurement Methodology Using cMyBP-C.
We first aimed to validate our spectroscopic methods of measuring
interprobe distances in cMyBP-C by comparing our results with data
from crystal and NMR structures of the C1 domain (Fig. 2 and SI
Appendix, Table S2) (19, 20). In the FRET and DEER measure-
ments, the major peak mean distance between C1 probes was de-
termined to be 2.55 nm, very near the 2.3-nm distance predicted from
the crystal structure (19). Thus, our fluorescent and spin probes can
reliably determine the molecular distances and dynamics in C0C2
(Fig. 2 and SI Appendix, Table S2). Using continuous wave EPR, we
found that there are no contributions from distances shorter than the
DEER detection range (<2 nm) (SI Appendix, Fig. S1 and Table S1).
Our spectroscopic distance measurements within C1 reveal signifi-
cant disorder (∼0.5 nm FWHM) in the distribution of distances that
exists within a single Ig-domain (Fig. 2 and SI Appendix, Table S2).
This disorder probably arises from varying conformations in solution,
which could not be resolved by static protein structural approaches
such as X-ray crystallography or electron microscopy. As expected,
PKA treatment did not affect the intra-C1 domain probes in C0C2.

Allosteric Effect of Motif Phosphorylation in Altering Structural
States of the PAL. We examined the flexible portion of cMyBP-C
at its linker domain, which connects C0 to C1 in the cardiac isoform

of MyBP-C (and ends the skeletal isoforms that lack the C0 do-
main) (Fig. 1). The probe sites in the C0 and C1 domains flanking
the PAL (S18C.C248 distances are shown in Fig. 3) determined by
both FRET and DEER exhibit markedly increased disorder relative
to the other two regions we studied here (C1 probes in Fig. 2 and
the motif-flanking probes in Fig. 4, discussed below). This finding is
consistent with previous structural studies showing that the C0–C1
region is extended and flexible (16, 21). In both unphosphorylated
and phosphorylated C0C2, the distribution of the linker probes
reveals two distances in each phosphorylation state: a short distance
that is more ordered (closed conformation) and a long distance that
is more disordered (open conformation). The main effect of PKA
phosphorylation is to increase the mole fraction of the closed
conformation. The observation that a structural change occurs in
the PAL region, making it very compact upon phosphorylation
of the MyBP-C motif region, suggests that allosteric changes
propagate from the motif across the C1 domain to the PAL
(Fig. 1). This model is consistent with in vitro observations that
contacts N-terminal of the motif region (i.e., C1, the PAL, and/or
C0) are capable of influencing function (10, 15, 21).

Probes Flanking the MyBP-C Motif Reveal Phosphorylation-Dependent
Changes in Disorder. PKA treatment of N-terminal cMyBP-C with
probes flanking the motif substantially affects both FRET and
DEER decays for the labeled C0C2 mutant C248.S440C, indicating
that the major effect of phosphorylation in the vicinity of MyBP-C
motif is to reduce the level of molecular disorder, as indicated by a
much narrower distance distribution (Fig. 4 and SI Appendix, Fig.
S2). This finding also is consistent with the alternative interpreta-
tion that a disordered region collapses without acquiring ordered
structure. Thus, the addition of negatively charged phosphates to
the serines within the motif elicits a structural change resulting in a
more compact distribution of distances in C0C2, indicating either
less disorder or the collapse of a disordered MyBP-C motif region.
This effect of phosphorylation on motif conformation probably is
important for enhancing cMyBP-C’s mechanical stability in binding
its myofilament interaction partners in the cardiac sarcomere. Al-
though both the PAL and motif regions of C0C2 become compact
with phosphorylation, they differ in that the PAL undergoes a
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Fig. 1. (A) Organization of cardiac MyBP-C from the N terminus to the C ter-
minus (C0–C10). Regions proposed to interact with myofilament-binding partners
are indicated below the schematic. (B) Proposed structure of C0C2 (enclosed in the
green box in A) (modified from refs. 9, 16, 20, 42), showing the Ig-like domains
and the intervening PAL (*) and MyBP-C motif domains (**). Site pairs used to
measure interdomain distances across the PAL and motif are labeled in red.
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Fig. 2. (A and B) Representative traces (black) and fit (red) of intra-
molecular DEER (A) and TR-FRET decays (B) with probes placed on C0C2 at
S169C and C248. (C) High-resolution structure of the Ig-like C1 domain (20),
showing the location of the labeling sites (red) used to measure intradomain
distance controls. (D) Distance distributions from the data in A and B. The
best fit was to a two-Gaussian model.
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population shift toward the more compact structural state (Fig. 3),
whereas phosphorylation in MyBP-C motif leads to a drastic re-
duction in tertiary molecular disorder (Fig. 4 and SI Appendix, Fig.
S5). These findings are consistent with the model that C0C2 is a
very dynamic region of cMyBP-C with high potential for numerous
sarcomeric binding partners. These results also are consistent with
findings that the MyBP-C motif is intrinsically disordered (15, 16)
and that phosphorylation elicits a structural change to a more
compact tertiary protein structure (22). To confirm further the
nature of the motif’s intrinsic disorder and the specific structural
changes associated with the unphosphorylated and phosphory-
lated states, we next harnessed recent advances in MD simulations
(23, 24) and applied these approaches to cMyBP-C.

MD Simulations Reveal Unique Structural Details of Regulation. To
complement our spectroscopic studies and obtain models with
atomistic detail, we used microsecond MD to investigate the
structural changes associated with PKA phosphorylation across
the motif. We performed two sets of 2-μs-long MD simulations
of the MyBp-C motif (residues His255–Lys356): unphosphory-
lated and phosphorylated at serines 273, 282, and 302. A com-
plete description of the construction of the motif and MD
methods is supplied in the SI Appendix, SI Text. This in silico
approach has been useful in previous studies of muscle protein
structural dynamics to complement studies of muscle contraction
(23) and of other intrinsically disordered proteins (24). Here, we
performed two independent MD simulations to determine the
localized effects of cMyBP-C phosphorylation (Figs. 5 and 6).
Analysis of the secondary structure revealed that the N-ter-

minal segment of the motif (the N-motif region, His255–Glu315)
is unstructured on the microsecond time scale (Figs. 5 and 6).
Although a transient helix forms near the phosphorylation site
Ser282, this disordered region remains unstructured upon
phosphorylation (Figs. 5 and 6).
We also found that the triple α-helix bundle (the C-motif region)

remains folded in the trajectories of both the unphosphorylated and
phosphorylated MyBP-C motif (Figs. 5 and 6). Moreover, phos-
phorylation of the N terminus has no effect on the folding or struc-
tural stability of the α-helix bundle, or on nearby residues, as also
depicted in time-dependent plots of the motif secondary structure
(SI Appendix, Fig. S8). Despite this lack of change in the secondary
structure of the motif, we observed that phosphorylation of the three
PKA sites in the MyBP-Cmotif, which are known to impact function,
induced a large rotation of the disordered N-motif region away from
residues Q335–R342 in the ordered C-motif region (i.e., the triple-
helix bundle). We found that the region Q335–R342 is buried by the
N-terminal segment and that phosphorylation-induced rotation of the
N terminus unmasks this segment (Figs. 5A and 6A). Remarkably,
the region Q335–R342 is predicted to be a protein–protein
interaction site by the consensus neural network method of protein–
protein interaction site prediction (cons-PPISP) (25).

We next measured the changes in distance upon in silico
phosphorylation by selecting two pairs of sites within the motif,
with one site in each pair in the disordered N-motif region (L291
or F293) and the other site in the ordered C-motif region (E328
or R331). In both cases, these sites were in very close proximity
(∼1 nm apart) when unphosphorylated, and phosphorylation
induced a large structural change, with the sites separated by
∼3 nm by the rotation of the N-motif away from the C-motif
(Fig. 5 B and C). These results suggest that a local unfolding
or extension within the motif, promoted by phosphorylation
(Fig. 5), allows the concomitant collapsing or compacting of the
overall C0C2 region of cMyBP-C (Figs. 3 and 4).
Further analysis of electrostatic charge shows that the helix

region that emerges in MD simulations upon phosphorylation
comprises a clustered series of eight residues that are likely to be
protein–protein interaction sites (Figs. 5 and 6 and SI Appendix,
Table S3), and that are accessible for binding only in the phos-
phorylated state. cMyBP-C is likely to be highly phosphorylated
in healthy mouse and human hearts as compared with failing
hearts (26). Previous atomic force microscopy studies have sug-
gested that structural changes occur within the motif upon
phosphorylation (22).

Discussion
We used time-resolved FRET and DEER spectroscopies in
complementary studies to resolve protein distance distributions,
molecular disorder, and the mole fractions of cMyBP-C structural
states across its dynamic N-terminal regions. The C0C2 portion of
the cardiac accessory protein cMyBP-C is critical for modulating
contractility and mediating diastolic function (27, 28). We aimed
to define the relationship between phosphorylation-mediated en-
hancement of contractility and structural dynamics to understand
better the mechanistically relevant changes that occur upon
phosphorylation. This approach is ideal for resolving the details of
the dynamic C0C2 regions—such as the proline/alanine-rich linker
PAL or the MyBP-C motif (sometimes called the M-domain)
containing the cardiac MyBP-C phosphoserines (Fig. 1)—which
are important for modulating contractile function but for which
defined structural information determined by other biophysical
approaches is lacking. We further complemented our FRET and
DEER studies of C0C2 phosphorylation with all-atom MD sim-
ulations of the MyBP-C motif and probed the structural changes
in this intrinsically disordered motif upon in silico phosphoryla-
tion; this approach revealed additional mechanistic molecular
detail relevant to the enhancement of cardiac muscle contractility
by cMyBP-C phosphorylation.
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N-Terminal cMyBP-C Becomes More Compact and Less Disordered
upon Phosphorylation. Using spectroscopy, we found that C0C2
becomes much more compact and less disordered upon PKA phos-
phorylation (Figs. 3 and 4), and using MD simulation we found that
phosphorylation simultaneously leads to an altered binding site in the
motif that is not present in unphosphorylated C0C2 (Fig. 5). Because
we did not detect increased structural content (e.g., newly formed
α-helices or β-sheets) within the phosphorylated motif in our MD
simulations, an alternative explanation for the narrowed distance
distribution in our spectroscopic studies (Fig. 4) is that cMyBP-C
phosphorylation involves the collapsing of N-terminal domains as
the disordered motif structure rearranges intradomain contacts upon
phosphorylation. In both unphosphorylated and phosphorylated

conditions, FRET and DEER indicate that cMyBP-C domains
are distributed over two distinct structural states for each set of
probe pairs in the motif and the PAL. These two conformations
persist in each phosphorylation state, but phosphorylation
changes their distribution by altering either the level of disorder
or the mole fraction occupied by each distance center. Here we
refer to the shorter distance as the “closed structural state” and
the longer distance as the “open state.” Strikingly, phosphory-
lation influences the structural dynamics of both the motif and
the PAL by making these N-terminal regions much more com-
pact and less disordered. Specifically, these distance distributions
are modified by phosphorylation in unique ways. In the MyBP-C
motif region, the level of structural disorder is markedly de-
creased and/or the motif collapses, because the width of the
Gaussian distribution was reduced. In the PAL, the relative
populations of the two states shifted from the open structural
state toward the closed conformation (Fig. 3). Intradomain
spectroscopic probes showed that the C1 domain exhibits some
degree of folding-related dynamics, as is typical of Ig domains in
muscle and similar to those found in titin (29).

Phosphorylation Unmasks the Charged Binding Strut of the Triple-Helix
Bundle. Our MD simulations coupled with a consensus prediction
program (25) suggest that phosphorylation within the motif do-
main uncovers a series of residues in the ordered C-motif bundle
(within the MyBP-C motif) that forms a binding site for another
protein. It is likely that the N-motif region shields this region from
binding when cMyBP-C is unphosphorylated and that the N-motif
rotates away to expose this C-motif helix region upon phosphory-
lation of the cMyBP-C motif. We found that the triple α-helix
bundle remains folded upon phosphorylation (Fig. 5A), that is to
say, we did not detect evidence of helix bundle destabilization or
rearrangement (SI Appendix, Fig. S8), in contrast to a previously
proposed hypothetical model (17). As our spectroscopic results
suggested, we found that when this predicted protein–protein in-
teraction site (the α-helical binding strut) is uncovered upon phos-
phorylation (Fig. 5), the overall order (stability) of C0C2, which
includes the motif, is increased (Fig. 4). This increased stability could
enhance the probability of binding this newly exposed region of the
motif. It remains unknown which myofilament-binding interactions
would be present during either low or high phosphorylation and how

F293
R331

F293
R331

0

1

2

3

4

5

N
an

om
et

er
s

Microseconds

- PKA
 + PKAF293.R331

0

1

2

3

4

5

N
an

om
et

er
s

Microseconds

- PKA
+ PKAL291.E328

C

A F293.R331

F293.R331

L291
E328

L291

E328

L291.E328

L291.E328

- PKA

+ PKA
+PKA

3-helix

motif

-PKA
motif

(C-motif)

(N-motif)

(N-motif)

B

bundle

+PKA

-PKA

+PKA

-PKA

Microseconds
1 20

Microseconds
1 20

Na
no

m
et

er
s

0

1

2

3

4

5

Na
no

m
et

er
s

0

1

2

3

4

5

1 nm

3 nm

motif

Fig. 5. (A) Microsecond-long MD simulations were
performed to determine the effect of phosphoryla-
tion on the MyBP-C motif (residues 259–353). The
accessibility of the three α-helix bundles changes as
the disordered region of the motif rotates away from
the helices (blue to red conformation). (B) Distance
measurements were simulated between three-helix
bundle residues (E328 or R331) and disordered region
residues (L291 or F293) with (red) and without (black)
PKA phosphorylation. (C) Trajectories of the distances
between these pairs with or without phosphorylation.

310 320 330 340 350

0.0

0.2

0.4

0.6

0.8

1.0

Residue Index

Unphosphorylated

Phosphorylated

QHGVTDLR
335 342

Residue Index
310 320 330 340 350

0.0

0.2

0.4

0.6

0.8

1.0

B
in

di
ng

 s
ite

 p
ro

ba
bi

lit
y

A B

Fig. 6. (A) A phosphorylated MyBP-C motif (residues 259–353) protein–protein
binding site is predicted to be at residues 335–342 using cons-PPISP, in which a
score of 0 is improbable and 1 is highly probable. See SI Appendix, SI Results and
Table S3 for residue-specific values. (B) MD simulations suggest that this region
is accessible for binding only when phosphorylated: A series of eight residues
(yellow) is uncovered as the disordered N-motif (gray) shifts from the unphos-
phorylated (Upper) to the phosphorylated (Lower) conformation.

3236 | www.pnas.org/cgi/doi/10.1073/pnas.1521281113 Colson et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521281113/-/DCSupplemental/pnas.1521281113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521281113/-/DCSupplemental/pnas.1521281113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1521281113/-/DCSupplemental/pnas.1521281113.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1521281113


the altered binding modifies the contractile function of the intact
sarcomere. However, this region certainly would be available for
binding interactions in phosphorylated cMyBP-C. Thus, this single
α-helical binding strut is especially relevant to both physiological and
pathophysiological states, because the level of phosphorylation is
typically high in healthy donor hearts and low in failing myocardium
(30). Further, how [Ca2+]in would affect MyBP-C motif structural
dynamics is not known, because PKA influences contractility at
submaximal but not maximal levels of Ca2+ activation (31).

Allosteric and Propagating Effects of cMyBP-C Phosphorylation on
Actomyosin. How does motif phosphorylation influence contrac-
tility and alter N-terminal cMyBP-C binding with its myofilament
binding partners in the cardiac sarcomere? The effects of phos-
phorylation on all three probe sets within MyBP-C’s N-terminal
domains on cMyBP-C’s structural dynamics could have profound
physiological and pathological significance. Our major finding is
that PKA phosphorylation leads to a more compact and ordered
cMyBP-C N terminus with robust structural changes in both the
motif and PAL regions. The changes observed—the reduced level
of disorder in MyBP-C motif and the allosteric change in the mole
fraction favoring the closed structural state of the PAL upon phos-
phorylation—may be crucial for optimal function of the myosin–
actin interaction in the sarcomere. Whether these transitions occur
in myocardium has not been determined, but such an allosteric
change in the PAL upon phosphorylation of the motif linker could
allow the propagation of alterations in binding interactions of the
full-length cMyBP-C molecule or could amplify the influence of
neighboring domains, such as the motif region, in cMyBP-C’s reg-
ulation of cardiac contractility. It is even possible that the C0
domain interacts directly with the motif under certain conditions,
such as after phosphorylation, although this idea has not yet been
tested. The necessity of the C0 domain extending beyond the
linker only in cardiac muscle also remains unclear, but these re-
sults suggest it may be important in phosphorylation, given the
allosteric structural change. It has been shown previously that the
C0C2 end of cMyBP-C interacts with actin and myosin S2, with
similar changes detected in Bmax and Kd, respectively (2, 10).
These changes in dynamics and exposed binding sites probably
play a significant role in the mechanism by which cMyBP-C
modulates cardiac contractility via modified myofilament inter-
actions. We conclude that changes in the dynamic motif and PAL
of C0C2 are important in modulating contractility, conceivably by
switching the accessibility of exposed binding sites and the level of
protein disorder and dynamics to alter cMyBP-C binding and/or
binding partners in the myofilament.

Tuning Contractility via cMyBP-C Phosphorylation: From Residues to
Myocardium. What is the specific change in motif structure that
occurs with the addition of phosphate groups to cMyBP-C’s PKA
sites? Our structural measurements suggest that eight residues on
the α-helix of the triple-helix bundle that are buried when the
MyBP-C motif is unphosphorylated become exposed, and overall
motif dynamics become more stable, upon phosphorylation. Be-
cause cMyBP-C is likely to be highly phosphorylated under resting
physiological conditions in healthy humans and studied mouse
models of human heart disease, this uncovered helix may be an
important binding region critical to normal cardiac function (26, 28,
32, 33) and would certainly be the dominant cMyBP-C site during
β-adrenergic stimulation with high phosphorylation levels, as occurs
with the fight-or-flight acute stress response. Furthermore, because
cMyBP-C phosphorylation decreases in patients with heart failure
and hypertrophic cardiomyopathy (30, 32, 34), the loss of this ex-
posed binding site could have markedly detrimental effects on the
contractility response in failing hearts.

Conclusion
We used TR-FRET, DEER, and all-atom MD simulations to
characterize the structural dynamics of the flexible and dis-
ordered regions of the cMyBP-C N-terminal fragment C0C2
and assayed the structural changes associated with PKA phos-
phorylation. We detected structural changes in the probability
distribution of conformations sampled by cMyBP-C with phos-
phorylation via probes placed on the C1 and C2 domains to flank
the MyBP-C motif region or probes placed on the C0 and C1
domains to flank the flexible linker. The effect on FWHM to
reduce disorder and increase compactness in the motif was
expected. The allosteric structural change in which the mole
fraction of conformations across the PAL linker region become
more compact upon phosphorylation of the motif was a more
surprising result. Phosphorylation of MyBP-C produces states of
cMyBP-C dynamics that are likely to impact myosin cross-bridge
kinetics, allowing the tuning of the sarcomere’s response to
myocardial inotropy and other physiological factors, primarily
through compaction of the N terminus and exposure of phos-
phorylation-specific binding sites. With this knowledge of the
tertiary structural dynamics, we further investigated the changes
in secondary structure associated with phosphorylation. The MD
simulations of motif led us to the model in which cMyBP-C
phosphorylation tunes cardiac muscle contractility by altering the
N-terminal surfaces available for binding in the sarcomere. Our
combined results reveal that phosphorylation induces specific
structural changes, leading to a well-ordered and compact
cMyBP-C N terminus, including the exposure of a region of the
motif that is likely to be ideal for myofilament interactions.

Methods
Methods for protein preparations, labeling, thiophosphorylation, mass
spectrometry, and detailed descriptions of spectroscopic waveform analyses
and modeling are given in SI Appendix, SI Text.

TR-FRET. The protein was labeled with IAEDANS (1,5-IAEDANS, 5-[([(2-
iodoacetyl)amino]ethyl)amino]naphthalene-1-sulfonic acid; molecular
probes) and/or FMal (fluorescein-5-maleimide; molecular probes) for TR-
FRET experiments. IAEDANS-FMal C0C2 donor-only and donor-acceptor
FRET samples were excited using a passively Q-switched microchip YAG
laser (NanoUV-532; JDS Uniphase) at 355 nm with a pulse repetition fre-
quency of 10 kHz. The high-energy (1 μJ per pulse) and narrow (∼1 ns
FWHM) laser pulses are highly uniform in shape and intensity. Emitted
photons were passed through a polarizer set at a magic angle of 54.7°,
followed by an interference band-pass filter (Semrock 600/15 nm and
470/20 nm), and detected with a photomultiplier tube module (H5774-20;
Hamamatsu) and digitizer (Acqiris DC252; time resolution, 0.125 ns). All
FRET experiments were performed at 25 °C in cMyBP-C buffer (SI Appen-
dix, SI Text) with 1 μM labeled C0C2 with or without PKA treatment. TR-
FRET waveforms were analyzed globally as described previously (35) and as
described in SI Appendix, SI Methods. Data were best-fit to three expo-
nentials (SI Appendix, Fig. S3) and a two-Gaussian distance distribution
(SI Appendix, Fig. S4) characterized by a center distance and a FWHM
(SI Appendix, Fig. S5).

EPR Spectroscopy. We performed DEER on C0C2 samples doubly labeled with
Maleimide spin label [MSL:N-(1-oxyl-2,2,5,5-tetramethyl pyrrolidinyl)maleimide;
Toronto Research Chemicals]. Samples were prepared for spectroscopy
by dialyzing 150 μM spin-labeled C0C2 into cMyBP-C buffer with or
without PKA treatment, followed by the addition of 10% (vol/vol)
glycerol for cryoprotection. Samples were loaded into quartz capillar-
ies (1.1-mm i.d., 1.6-mm o.d., 20-μL sample volume) (Wilmad Lab Glass),
flash-frozen in liquid nitrogen, and stored at −80 °C until use. A Bruker
E580 spectrometer was used operating at Q-band (34 GHz) with an
EN5107 resonator, using a four-pulse DEER protocol (36). The π/2 pulse
width was 12 ns, and the electron double resonance (ELDOR) pulse
width was 24 ns. The ELDOR frequency (pump position) was assigned to
the maximum of the nitroxide absorption spectrum, with the observe
position (chosen by selection of the static magnetic field) being placed
at a 24 Gauss higher magnetic field strength on the field swept ab-
sorption spectrum. Temperature was maintained at 65 K during
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acquisition, which lasted 4–24 h. The background-corrected DEER decay was
analyzed using the Tikhonov regularization method provided in the software
DeerAnalysis2013.2 (37) to determine the distribution of distances encoded in the
spectrum, followed by Gaussian analysis of the distribution assuming a model of
discrete conformational states (38). In all cases the dominant distance distributions
reported by Tikhonov regularization were well fit by two Gaussians (SI Appendix,
Figs. S6 and S7).

MD Simulations. A starting structure of the M-domain of mouse cMyBP-C,
corresponding to residues 259–353 with four additional residues from C1
and C2 on each end of the motif to simulate all-atomic trajectories for
residues 255–357 (SI Appendix, Fig. S8), was generated previously using
NMR (16). The structure of the MyBP-C fragment was solvated using TIP3P
water molecules with a minimum margin of 2 nm between the protein and
the edges of the periodic box. Na+ and Cl− ions were added to the system
to neutralize the charge of the system and to produce an ion concentra-
tion of ∼150 mM. The details of the preparation of the motif structure for
modeling are given in SI Appendix, SI Text. We performed MD simulations
using the program NAMD 2.9 (39). Periodic boundary conditions (40),
particle mesh Ewald summation (41), and a nonbonded cutoff of 0.9 nm

and a 2-fs time step were used. The isothermal–isobaric ensemble was
maintained with a Langevin thermostat (310 K) and a Langevin piston
barostat (1 atm). The system was first subjected to energy minimization for
1,000 steps, followed by a warming up period of 200 ps. This procedure
was followed by equilibration for 10 ns with backbone atoms harmonically
restrained using a force constant of 100.0 kcal·mol−1·nm−2. Unrestrained
production MD simulations of the unphosphorylated and phosphorylated
MyBP-C motif were continued for 2 μs each. Binding-site predictions (Fig. 6
and SI Appendix, Table S3) were based on a computerized cons-PPISP (25).
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