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ABSTRACT Cardiac myosin-binding protein-C (cMyBP-C) is a thick-filament-associated protein that performs regulatory and
structural roles within cardiac sarcomeres. It is a member of the immunoglobulin (Ig) superfamily of proteins consisting of eight
Ig- and three fibronectin (FNIII)-like domains, along with a unique regulatory sequence referred to as the M-domain, whose structure is unknown. Domains near the C-terminus of cMyBP-C bind tightly to myosin and mediate the association of cMyBP-C with
thick (myosin-containing) filaments, whereas N-terminal domains, including the regulatory M-domain, bind reversibly to myosin
S2 and/or actin. The ability of MyBP-C to bind to both myosin and actin raises the possibility that cMyBP-C cross-links myosin
molecules within the thick filament and/or cross-links myosin and thin (actin-containing) filaments together. In either scenario,
cMyBP-C could be under mechanical strain. However, the physical properties of cMyBP-C and its behavior under load are
completely unknown. Here, we investigated the mechanical properties of recombinant baculovirus-expressed cMyBP-C using
atomic force microscopy to assess the stability of individual cMyBP-C molecules in response to stretch. Force-extension curves
showed the presence of long extensible segment(s) that became stretched before the unfolding of individual Ig and FNIII
domains, which were evident as sawtooth peaks in force spectra. The forces required to unfold the Ig/FNIII domains at a stretch
rate of 500 nm/s increased monotonically from ~30 to ~150 pN, suggesting a mechanical hierarchy among the different Ig/FNIII
domains. Additional experiments using smaller recombinant proteins showed that the regulatory M-domain lacks significant
secondary or tertiary structure and is likely an intrinsically disordered region of cMyBP-C. Together, these data indicate that
cMyBP-C exhibits complex mechanical behavior under load and contains multiple domains with distinct mechanical properties.

INTRODUCTION
Myosin-binding protein-C (MyBP-C) is a thick-filamentassociated protein that performs both structural and regulatory roles within vertebrate muscle sarcomeres. Three major
isoforms of MyBP-C are expressed in cardiac and fast and
slow skeletal muscles (1). Each is encoded by a distinct
gene, but all belong to the immunoglobulin (Ig) superfamily
of proteins, since they all share a similar structural organization consisting of a series of domains that bear homology to
either Ig-like or fibronectin (FNIII)-like folds (2). There are
10 such domains numbered C1–C10 in the skeletal isoforms, whereas cardiac (c) MyBP-C contains one additional
Ig domain at the N-terminus of the molecule referred to as
C0 (Fig. 1). Of the three isoforms, cMyBP-C has received
the most intensive study, because mutations in MYBPC3,
the gene encoding cMyBP-C, are among the most prevalent
causes of hypertrophic cardiomyopathy causing heart
failure in millions of people worldwide (3,4). Under normal
physiological conditions, cMyBP-C contributes to increased
cardiac contractility in response to b-adrenergic stimuli
(5,6). Despite its broad physiological significance, however,
the mechanisms by which cMyBP-C affects contraction and
the significance of its Ig-domain architecture to the function(s) of cMyBP-C are not well understood.
The primary binding sites that anchor MyBP-C to the
thick filament are located near the C-terminus within
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domains C8–C10 (Fig. 1), which link MyBP-C both to the
light meromyosin section of the myosin rod and to titin
along the thick filament (7–9). A second myosin-binding
site, within domains C1-M-C2 near the N-terminus of
MyBP-C, links MyBP-C to the S2 subfragment of myosin
(i.e., to the myosin hinge) (10). Because it is abolished after
phosphorylation by protein kinase A, binding to myosin S2
is thought to contribute to the functional effects of cMyBPC to increase cardiac contractility, e.g., by reversibly anchoring myosin heads to the thick filament and thereby
accelerating cross-bridge kinetics upon their release (11).
The M-domain also binds F-actin and binds to thin filaments
in a phosphorylation-sensitive manner, suggesting that these
interactions could also contribute to regulated contractile
responses to b-adrenergic agonists (12).
The ability of cMyBP-C to bind to two distinct locations
on myosin and/or to bind both actin and myosin simultaneously raises the possibility that cMyBP-C either crosslinks myosin molecules together within a thick filament or
that it can cross-link adjacent thick and thin filaments. In
these scenarios, cMyBP-C could either restrict the motion
of myosin heads on the thick filament or oppose the relative
sliding of thick and thin filaments. At the same time, such
motions would be expected to impose strain on cMyBP-C,
thereby potentially making it well-positioned to function
as a mechanosensor that transduces mechanical movement
into signaling pathways (13,14). However, to date there
have been no studies investigating the mechanical properties
of cMyBP-C under load. The purpose of the experiments
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FIGURE 1 Schematic showing the domain structure of cMyBP-C.
cMyBP-C is a modular protein composed of a series of 11 Ig- and FNIIIlike domains numbered C0–C10 starting at the N-terminus of the protein.
Ig-like domains are indicated by circles, FnIII-like domains are indicated
by squares. A sequence rich in prolines and alanines (the P/A region) links
domains C0 and C1. The regulatory M-domain is located between domains
C1 and C2 and contains cardiac specific phosphorylation sites. Binding
sites that anchor cMyBP-C to light meromyosin and titin of the thick filament are indicated by black lines near the C-terminus. Binding sites to
myosin S2 and actin are indicated by black lines near the N-terminus of
cMyBP-C.

discussed here was to use atomic force microscopy (AFM)
to stretch individual cMyBP-C molecules and determine
their behavior in response to applied force. The results
demonstrate that the mechanical properties of cMyBP-C
are heterogeneous, with Ig/FNIII-like domains unfolding
over a range of relatively low forces (<150 pN) along with
compliant regions, including the regulatory M-domain, that
can be readily extended at forces <50 pN. The latter extensible segments may correspond to regions of poorly defined
secondary or tertiary structure including intrinsically disordered regions. If so, then disorder-to-order transitions could
confer functional plasticity to cMyBP-C during contraction
or disease.
METHODS
Expression and purification of cMyBP-C proteins
Full-length murine cMyBP-C cDNA (Genbank accession number
AF097333) was subcloned into a Topo XL vector (Invitrogen, Carlsbad,
CA) after addition of BamH1 and Kpn1 sites to the 50 and 30 ends, respectively. For protein expression using a baculovirus system (Bac-to-Bac
Baculovirus Expression System, Invitrogen), the BamH1/Kpn1 fragment
was subcloned into the pFBacHTLA vector, and a Bacmid was made, propagated, and purified according to the manufacturer’s protocol. Expression
of cMyBP-C protein was confirmed by Western blot analysis of proteins
produced from small-scale infections of adherent Sf9 cell cultures. The
virus was then amplified and two rounds of plaque purification were performed. Large-scale virus cultures were made in Sf9 cell suspensions at
low multiplicity of infection (MOI 0.20 pfu/cell). High-titer, low-passage
viral stocks were stored at 4 C in the presence of 1% fetal calf serum.
For large-scale protein expression, Sf9 cells grown to log phase in
suspension culture (0.6–1.2 L) in serum-free medium (SF900 III Medium,
Invitrogen) were infected with cMyBP-C baculovirus at a MOI of 2 when
cells reached ~2 million/ml. Cells were harvested 50–54 h postinfection,
pelleted at 600  g, and washed in cold phosphate-buffered saline
(10 mM PO4 150 mM NaCl, pH 7.2). Cell pellets were either used
promptly or stored at 20 C. Partially thawed pellets were resuspended
and lysed in ice-cold hypotonic Tris buffer (50 mM, pH 8.5) with protease
inhibitors (0.375% EDTA-free Halt cocktail (Pierce Protein Research,
Rockford, IL), three tablets of complete mini-EDTA-free protease inhibitor
cocktail (Roche, Basel, Switzerland), 200 mM PMSF, 2.0 mg/ml pepstatin
A, 10 mM phosphoramidon), 1% NP40 (detergent), and 2 mM b-mercaptoethanol (2-ME) for 1–2 h at 4 C with continuous rotation. cMyBP-C protein
was purified from cell lysates by affinity purification using a cobalt resin

(Talon resin, Clontech, Mountain View, CA) to bind a His6-tag placed at
the N-terminus of cMyBP-C. Protein bound to the column was washed in
a low-imidazole loading buffer containing (in mM) 25 Tris, pH 8.5,
250 NaCl, 5 imidazole, 1.0 2-ME, and 0.1 EDTA and eluted with a gradient
of imidazole from 5 mM to 250 mM. Peak fractions were pooled and dialyzed into K buffer containing (in mM) 300 KCl, 5.2 K2HPO4, 4.8
NaH2PO4, 2 NaN3, 0.1 EDTA, and 3 2-ME) for additional purification
using a high-resolution hydroxylapatite column (Calbiochem, Gibbstown,
NJ) according to Hartzell and Glass (15).
Recombinant mouse C1C2 was expressed and purified in Escherichia
coli as described previously (12).

Protein preparation for atomic force microscopy
Immediately before use, purified proteins were clarified by ultracentrifugation at 400,000  g for 20 min and diluted to 20–25 mg/ml in a buffer containing (in mmol/L) 20 MOPS, 100 KCl, pH 7.4, or in a cosedimentation
buffer containing (in mmol/L) 20 imidazole, 180 KCl, 1 MgCl2, 1 EGTA,
1 dithiothreitol, pH 7.4. Diluted proteins (~50 ml) were deposited by nonspecific adsorption onto cleaned glass slides or in some cases onto slides
coated with Ni-NTA (Xenopore, London, United Kingdom) for adsorption
via a His6-tag at the N-terminus of cMyBP-C. After 10 min, unbound
cMyBP-C was washed away by rinsing slides three times with fresh buffer
(~100 ml).

AFM measurements
cMyBP-C molecules were mechanically stretched (Fig. 2) using an MFP3D
atomic force microscope (Asylum Research, Santa Barbara, CA) and
BioLever A cantilevers (Silicon nitride probe, gold-coated, Olympus,
Melville, NY). The stiffness (K) of each cantilever was calibrated before
use by measuring the thermally driven mean-square vertical bending of
the cantilever tip and applying the equipartition theorem (16) using the
built-in software of the AFM according to the equation

1
1
¼
;
2
2KhDd i
2kB T

(1)

where <Dd2> is the mean-square vertical cantilever bending, kB is Boltzmann’s constant, and T is the absolute temperature. Typical cantilever
stiffness was ~30 pN/nm.
Force-versus-extension curves for individual cMyBP-C molecules were
collected by pressing a cantilever tip to the protein-coated surface, then
raising the cantilever tip up to stretch a cMyBP-C molecule adhered to
the cantilever tip. The cantilever was raised up to 600 nm from the slide
surface at constant pulling speeds (100, 500, 3000, or 5000 nm/s). Displacement of the cantilever base (s) was measured by using an integrated linear
voltage differential transformer. Force (F) was obtained from cantilever
bending (Dd) according to

F ¼ KDd;

(2)

where K is the cantilever stiffness. Force-displacement curves were corrected to obtain force versus molecular end-to-end length according as
follows. 1), The zero-length, zero-force data point was obtained from the
force response that corresponded to the cantilever tip reaching (or departing
from) the substrate surface. 2), Forces were corrected for baseline slope
determined from the force response of unloaded cantilever. 3), The endto-end length (z) of a tethered molecule was calculated by correcting the
vertical displacement of the cantilever base with the bending of the
cantilever:

F
z ¼ s :
K

(3)
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Asylum AFM (Igor Pro 5.0, MFP version 050711, WaveMetrics, Lake
Oswego, OR).
The unfolding force of individual domains was measured from the height
of sawtooth peaks on the force-extension curves. Because force-extension
curves often began with unusually high or irregular false peak(s) resulting
from interactions between the cantilever tip and surface, peaks within
~50 nm of the zero-length point were usually excluded from analysis.
The force peak accepted as corresponding to the first true unfolding event
during a stretch was the one that featured a hyperbolic increase according
to WLC behavior and ended with a sudden force drop followed by a
sequence of similar (usually higher) peaks. The last peak in each spectrum
was also excluded from force analysis due to detachment of the molecule
from the cantilever tip (or from the surface). However, because extension
before the final force peak/detachment event represents stretching of an
adhered cMyBP-C molecule, extension distances before the final peak
were included in calculations of total molecule contour length (Lc).
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FIGURE 2 (A) Schematic of the experimental setup depicting the tip of
an AFM cantilever stretching a single molecule of cMyBP-C. (Inset)
Sodium dodecyl sulfate polyacrylamide gel electrophoresis of baculovirus-expressed cMyBP-C stained with Coomassie blue. (B) Two representative force-extension spectra obtained at a pulling speed of 500 nm/s.
Stretching individual cMyBP-C molecules results in a pattern of sawtooth
peaks indicative of Ig/FNIII domain unfolding. Black lines indicate WLC
model fits to the data.
Contour-length (Lc) and persistence-length (Lp) values for the unfolded
domains were obtained by fitting force data with the wormlike chain
(WLC) equation (17):

FLp
Z
1
1
¼
þ 
2  :
kB T
LC
4
1Z
4
LC

(4)

Experiments were carried out at 299 5 1 K. Experimental data curves
were fit with the WLC equation using the built-in software of the
Biophysical Journal 101(8) 1968–1977

The mechanical stability of cMyBP-C was investigated by
applying force to single cMyBP-C molecules using the cantilever tip of an AFM. Fig. 2 A shows a schematic for a typical
experiment in which cMyBP-C proteins were randomly
adhered to the tip of an AFM cantilever and stretched by
moving the cantilever tip away from the slide surface. Two
representative force-extension curves are shown in Fig. 2 B.
Stretching cMyBP-C resulted in a series of sawtooth
force peaks characteristic of Ig- or FNIII-like domain unfolding, as previously described for other Ig-family proteins
such as the giant muscle protein titin (18), and fibronectin
(19). Most force-versus-extension curves were similar to
those shown in Fig. 2 B, with regularly spaced sawtooth
peaks corresponding to ordered unfolding events of individual Ig- or FNIII-like domains. However, other force
curves were more irregular and jagged in appearance, with
shorter spacing between the peaks. Jagged patterns were
also reported for titin octamers consisting of eight identical
titin Ig domains, where irregular spectra were explained as
stretching of protein aggregates (doublets or multimers)
instead of single molecules (20). To reduce the likelihood
of including spectra resulting from simultaneous stretching
of more than one molecule of cMyBP-C, we sorted force
spectra into those with regular and those with irregular spacings and analyzed the groups separately. Although there
were no significant differences in either the average contour
length (32.2 5 9.5 nm vs. 33.3 5 15.4 nm for regular and
irregular, respectively) or the mean unfolding force between
the two groups 83.2 5 30 pN vs. 79.3 5 27 pN, respectively, at 500 nm/s pulling speed), irregular spectra were
nevertheless excluded from summary data.
Out of 41 force-extension curves obtained at various pulling speeds, the maximum number of peaks in any one
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Rate dependence of unfolding forces and
mechanical stability of different domains
Because force-extension curves suggested differences in
the mechanical stability of the domains within cMyBP-C,
we next probed for differences in domain behavior by
measuring unfolding forces at various pulling speeds.
Fig. 4 shows representative spectra and summary histograms
of domain unfolding events at pulling speeds of 100, 500,
3000, and 5000 nm/s. At greater pulling speeds (3000 and
5000 nm/s), the average force required to unfold the domains
shifted to higher values (106.7 5 31.5 pN and 117.5 5 39.3
pN, respectively) compared to values obtained at 500 nm/s
(replotted from Fig. 3 for comparison), whereas at a lower
pulling speed of 100 nm/s the average unfolding force was
reduced to 59.8 5 24.9 pN. These results correspond well
to the expected exponential increase in unfolding force
with increasing pulling speed as observed previously for titin
Ig domains (18,22) and FNIII domains of fibronectin (19).
However, whereas the histogram of unfolding force values
at 500 nm/s pulling speed was well fitted with a single
Gaussian distribution, at greater pulling speeds, the histo-
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spectrum was 11 (with the final, 12th peak representing
detachment from the cantilever tip or from the slide
surface), consistent with the predicted number of Ig- and
FNIII-like domains within a single cMyBP-C molecule as
deduced from primary amino acid sequence (2). In spectra
with 11 peaks, the maximum measured contour length (Lc)
was ~470 nm, in good agreement with the predicted Lc of
490 nm for the full-length murine cMyBP-C (0.38 nm/amino
acid  1289 amino acids). From these data, we conclude that
force spectra containing 11 peaks correspond to the mechanical response of full-length cMyBP-C molecules.
Summary data from 20 partial and full-length forceextension curves with 6–11 sawtooth peaks (average molecular Lc ¼ 401 5 67 nm) are shown in Fig. 3. The average Lc
for the individual domains was 32.2 5 9.5 nm, in agreement
with theoretical lengths for the different domains between
30 and 49 nm (2). The average force required to unfold
the domains was 83.2 5 30 pN at a pulling speed of
500 nm/s. However, when plotted as a function of peak
number, there was an orderly increase in unfolding force
from ~40 pN required to unfold the first (lowest-stability)
peak in a spectrum to >150 pN for the final peak (Fig. 3).
The nearly threefold range in force required to unfold the
first versus the last domain in a spectrum suggests that the
different domains of cMyBP-C exhibit a wide range of
mechanical stabilities. A similar wide range was reported
for fibronectin (19), where unfolding forces increased from
~80 pN for the weakest domains to ~200 pN for the most
stable domains. By contrast, only a 20% increase in force
was required to unfold the first and last domains of a titin
Ig octamer with eight identical domains of comparable
stability (19–21).
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FIGURE 3 (A) Histogram showing the distribution of contour lengths
(Lc) of individual Ig/FNIII domains. The average Lc (5 SD) is 32.2 5
9.5 nm. (B) Histogram showing the distribution of forces required to unfold
individual Ig/FNIII domains. The average unfolding force is 83.2 5 30 pN.
(C) Plot of unfolding force versus peak position (peak number) in a forceextension spectrum. Increasing forces are required to unfold successive
domains.

gram distribution broadened such that at 5000 nm/s, two
peaks became evident, one at ~102 pN and the second at
~151 pN. The spreading of the distribution suggests that
the domains of cMyBP-C may be partitioned into two main
populations according to their mechanical stability.
Structural coupling between domains
Although individual force-extension curves generally
showed continuous increases in unfolding forces with each
additional peak in the spectrum, we often observed instances where the unfolding force of a single peak would
Biophysical Journal 101(8) 1968–1977
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FIGURE 4 (A–C) Histograms showing the distribution of unfolding
forces of Ig/FNIII domains measured at three different pulling speeds:
500 nm/s (data replotted from Fig. 3) (A), 3000 nm/s (B), and 5000 nm/s
(C). Force-extension curves shown on the right are representative curves
obtained at the corresponding pulling speed. (D) Average unfolding forces
(5 SD) obtained at each pulling speed, plotted as a function of pulling
speed. Note the logarithmic increase in unfolding forces with pulling speed
(x axis has a logarithmic scale). (E) Representative force extension curve
obtained at 100 nm/s pulling velocity.

decrease before rising again with the next unfolding event,
as shown in Fig. 5. These drops in force were unexpected,
because unfolding of domains with lower stability should
always precede unfolding of those with higher stability
regardless of their sequential position in a tandem arrangement. However, the drops were frequent (e.g., in 17 of 23
spectra at 500 nm/s pulling speed) and were characterized
by their appearance most frequently in the middle of the
force spectrum. Typically, these occurred after around five
to six unfolding events at forces >96.3 5 18 pN, although
they could also be observed earlier or later in the traces, e.g.,
Biophysical Journal 101(8) 1968–1977
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FIGURE 5 Common features of cMyBP-C force-extension curves.
Gallery of five cMyBP-C force-extension curves illustrating characteristic
features of the response of cMyBP-C to stretch. Arrows indicate anomalous
force drops, where the unfolding of one domain occurs at a force lower than
that of the domain preceding it. Brackets indicate the general division of
spectra into a variable-length extensible segment that precedes the more
regular unfolding of Ig/FNIII domains.

after the first 2–4 unfolding peaks or before the ninth and
tenth unfolding peaks. The magnitude of the force drops
increased on average from 16.3 5 6 pN to 28 5 13.8 pN
depending on whether they occurred early or late, respectively, in the spectra. Force drops were also observed at
higher pulling speeds, where they occurred most commonly
between peaks 5 and 8 or at forces >143 5 11.7 pN, with an
average magnitude drop of 38.4 5 12 pN. Although the
origin of the force drops is unknown at present, their
frequency and reproducibility suggest that they correspond
to specific structural features of cMyBP-C. One possibility
is that some domains of cMyBP-C are mechanically coupled
to one another such that unfolding of one domain leads to
mechanical destabilization of an adjacent (or otherwise
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coupled) domain. If so, then the force drops may be indicative of additional quaternary structural elements, arising, for
instance, from interdomain interactions, such as between
C5 and C8, and C7 and C10, as proposed for neighboring
molecules (23), or from other intrinsic structural features
of cMyBP-C. In support, electron microscope images demonstrated that cMyBP-C often adopts U- or V-shaped forms
(24,25), and the bend in these images could represent
coupled domains with distinct (lower or higher) flexibility.
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Extensible and intrinsically disordered regions
of cMyBP-C
In addition to the sawtooth force peaks that correspond to
the unfolding of Ig- or FNIII-like domains of cMyBP-C,
a long extensible segment was evident in most of the
cMyBP-C force-extension spectra. The region was apparent
as a long shallow rise in force that preceded unfolding of the
first sawtooth peak such that the first unfolding event typically occurred at distances >100 nm from the surface
(Figs. 2, 4, and 5). By fitting the first force peak with the
WLC equation, an average contour length of 137.4 5
25 nm was calculated for the extensible region (Fig. S1 in
the Supporting Material). For full-length spectra, this distance is expected to include the contour length of the
straightened cMyBP-C molecule or ~44 nm, as determined
from electron microscope analyses of individual molecules
(24,25). The remaining ~93 nm (137–44 nm) presumably
represents compliant extension of other mechanically
weak linkers or segments that are not integral to Ig/FNIII
folding and/or other sequences that lack strong tertiary structure. The latter may include the 52-amino-acid linker
sequence rich in proline and alanine residues (the P/A
region) between domains C0 and C1, the structure of which
is unknown but which has a theoretical Lc of ~20 nm
(0.38 nm/amino acid), as well as the regulatory M-domain
located between domains C1 and C2, which has a theoretical
Lc of ~40 nm.
Previous small-angle x-ray scattering results suggested
that the M-domain is compact and globular in solution,
with overall dimensions similar to those of an Ig domain
(26), but the absence of a 12th sawtooth peak in full-length
AFM spectra, as well as NMR results by others (27), suggest
that the M-domain lacks significant secondary or tertiary
structure. To further investigate this possibility, we used a
suite of computational algorithms in DisProt (28) to predict
regions with a propensity for intrinsic disorder along the
cMyBP-C sequence. Results from PONDR-FIT (29), VL3
(30,31), and VSL2B (32) algorithms are shown in Fig. 6.
All three algorithms indicate that cMyBP-C contains multiple regions that are predicted to be intrinsically disordered,
i.e., lacking in stable secondary or tertiary structure.
Regions other than the M-domain and P/A region that are
predicted to be disordered occurred throughout the length
of cMyBP-C, most notably in sequences interconnecting
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FIGURE 6 DisProt predictions of intrinsic disorder in cMyBP-C. Schematic diagram of cMyBP-C showing domain positions (approximations
only) (upper) is aligned with scores from three disorder-prediction algorithms (PONDR-FIT, VSL2B, and VL3) plotted according to cMyBP-C
residue number (lower). Scores >0.5 indicate a propensity toward disorder,
whereas scores <0.5 indicate order. Approximate domain boundaries are
C0, 8–95; C1, 151–253; C2, 356–434; C3, 448–542; C4, 553–611; C5,
641–761; C6, 768–860; C7, 865–958; C8, 967–1055; C9, 1062–1154;
and C10, 1177–1265.

domains C2 and C3, C5 and C6, and C7 and C8. These
disordered sequences could thus account for the remaining
length of the extensible segment(s) measured in full-length
AFM force-extension curves.
WLC fits of the extensible region in full-length force
spectra yielded an average persistence length (Lp) of
0.65 5 0.31 nm (Fig. S1). As shown by the histogram in
Fig. S1, Lp values varied from 0.27 to 1.54 nm, with a welldefined peak at 0.42 nm. The higher Lp values and the wide
range of values suggest that the disordered segments of
cMyBP-C contain variable degrees of secondary structure,
and that these may differ from molecule to molecule, as
described for the wide distribution of Lp values for the
PEVK domain of titin (33).
Mechanical properties of the M-domain
To further investigate the origins of the extensible segment(s) within cMyBP-C, and to determine whether the
M-domain is compliant or whether it adopts a more stable
folded conformation, we assessed the mechanical properties
of a shorter recombinant construct, C1-M-C2 (i.e., C1C2),
comprising the M-domain and its two flanking Ig domains,
C1 and C2. Fig. 7 A shows representative force-extension
curves obtained for C1C2 and summary data for 24 spectra
obtained at a pulling speed of 1500 nm/s. The forceextension curves of C1C2 featured similar patterns that
could be readily superimposed, indicating that the unfolding
events were highly reproducible. The measured maximum
Biophysical Journal 101(8) 1968–1977
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Lc of C1C2 varied between 76.5 and 109 nm but did not
exceed the theoretical maximum Lc for the full-length
construct of 117 nm (309 amino acids  0.38 nm/amino
acid). The average Lc was 96.8 5 9.9 nm, indicating that
most spectra were slightly shorter than full length. The
shorter-than-expected total contour length could have resulted if attachment of the construct to the surface prevented
full mechanical access to the entire molecule. No more than
two sawtooth peaks were seen in any one spectrum (i.e., no
more than two peaks plus a detachment event). The two
force peaks presumably correspond to the unfolding C1
and C2 with unfolding forces for the first and second peaks
of 55.9 5 17.3 and 84.6 5 28.6 pN, respectively (Fig. 7 B).
The pulling speed dependence for C1 and C2 unfolding is
shown in Fig. 7 C.
A nonlinear elastic response before C1 and C2 unfolding
events was observed which was qualitatively similar to that
of the extensible region of the full-length cMyBP-C. As
shown in Fig. 7 D, the Lc of the extensible segment varied
between 37.6 and 50.5 nm, with an average of 43 5
3.5 nm, in good agreement with the maximum theoretical
Lc of the M-domain (~40 nm). However, since the Lc of
the extensible region should also include the straightened
length of the C1C2 molecule (~11 nm) (26), the true Lc
of the M-domain is likely to be somewhat shorter, e.g.,
between ~32 and 43 nm. A shorter length suggests that
even if the M-domain lacks overall stable folded tertiary
structure, the M-domain may possess at least some secondary structural elements, such as a-helical segments
that are not completely unfolded at low forces. However,
because the average Lp of the extensible segment was
0.42 5 0.14 nm (range 0.15–0.73 nm), comparable to the
theoretical amino acid residue spacing of 0.38 nm, the
M-domain is likely to be highly flexible and to adopt a
compact conformation in the absence of imposed forces.
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AFM experiments were carried out to determine the
mechanical properties of individual cMyBP-C molecules
in response to an applied force. Results establish a mechanical fingerprint for cMyBP-C and demonstrate that
cMyBP-C comprises multiple heterogeneous segments
with differing mechanical properties. Major conclusions
from this study are that cMyBP-C is composed of a mixture
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FIGURE 7 Force-extension spectra and summary data for C1C2. (A) Six
individual force-extension spectra are shown superimposed to illustrate
reproducibility of data. Individual spectra contained no more than two
sawtooth peaks representing two Ig domain unfolding events, with a third
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(final) force peak indicating detachment from the cantilever or slide surface.
(B) Histogram of unfolding force values for the first (gray) and second
(hatched) sawtooth peaks in a spectrum. The average unfolding forces
were 55.9 5 17.3 pN and 84.6 5 28.6 pN, respectively. (C) Pulling-speed
dependence of unfolding forces for C1C2 (circles) compared to full-length
cMyBP-C replotted from Fig. 4 (squares). (D) Histogram of Lc distributions
for the extensible region preceding the first sawtooth peak. The average Lc
was 43 5 3.5 nm. (Inset) Histogram of Lp values for the extensible segment
of C1C2. The average Lp value was 0.42 5 0.14 nm.
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of stably folded Ig/FNIII-like domains along with extensible
springlike regions, including the regulatory M-domain, that
are likely to be intrinsically disordered. These properties
could confer plasticity to the structure and function of
cMyBP-C.
Low mechanical stability of cMyBP-C Ig/FNIII
domains
The general appearance of cMyBP-C force-extension
spectra are similar to other Ig/FNIII family proteins in that
the most prominent features are the regular sawtooth peak
patterns indicative of Ig/FNIII domain unfolding. However,
cMyBP-C Ig/FNIII domains unfold at relatively low applied
forces between 40 and 150 pN, whereas greater forces
(~100–300 pN) are typically required to unfold domains
of the giant muscle protein titin (34) or myomesin (35). In
general, FNIII domains have lower stability than Ig domains
and unfold between 100 and 200 pN compared to a range of
150–300 pN for Ig domains. Although cMyBP-C contains
three FNIII-like domains (C6, C7, and C9), the data presented here cannot distinguish whether the FNIII domains
of cMyBP-C are of lower stability than the Ig domains.
For instance, data from the C1C2 construct suggest that
the N-terminal Ig C1 and C2 domains may belong to the
low-stability category, because the first unfolding event in
C1C2 force-extension spectra occurs at forces of 55.9 5
17.3 pN (Fig. 7). However, the stability of C1 and C2 in
the truncated C1C2 protein may be reduced relative to the
native protein due to surface interactions or the absence of
flanking domains (e.g., C0 and C3), since individual FNIII
domains appear more stable in the native protein compared
to when they were expressed separately in a tandem FNIIIIg27 octamer (19).
The relatively low forces required to unfold cMyBP-C Ig/
FNIII domains and the wide range of stabilities is similar to
that of fibronectin, which consists of tandem FNIII domains
that unfold with forces ranging from 80 to 200 pN (19). It
was suggested that fibronectin’s ability to unfold at relatively low forces could facilitate a role for it as a mechanosensor, since moderate forces could reveal cryptic binding
sites for matrix assembly or signaling molecules similar to
mechanical modulation of the kinase domain of titin (14).
The prevalence of low-stability domains and extensible
segments within cMyBP-C suggests that it, too, could be
well suited to serving mechanosensing functions. It will
thus be of interest to determine whether binding or activation of signaling molecules such as Ca2þ-calmodulindependent kinase that copurifies with cMyBP-C (15) are
influenced by the mechanical load on cMyBP-C. In a similar
way, it is an interesting possibility that ligand-binding sites
such as those to actin (12) or myosin S2 (36) that occur
within the extensible M-domain may be mechanically modulated and become cryptically exposed once cMyBP-C is
stretched.
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Unfolding of cMyBP-C in sarcomeres
Because the precise localization of cMyBP-C within the
sarcomere and its binding partners are not fully known,
the actual mechanical load imposed on cMyBP-C, and the
behavior of cMyBP-C in response to stretch remain speculative. However, cMyBP-C is anchored to the thick filament
by binding of domains C8–C10 at its C-terminus to the
myosin rod and to A-band titin (8,9). Domains C8–C10
are thus likely protected from mechanical deformation in
a manner similar to stabilization of titin’s Z1Z2 domains
by telethonin (37) or titin’s A-band domains by the myosin
thick filament. On the other hand, N-terminal domains of
cMyBP-C, especially C0–C2, undergo phosphorylationdependent binding interactions with myosin S2, actin,
and/or other thin-filament proteins in vitro (11,12). These
segments or intervening regions between the N-terminal
and C-terminal binding sites, such as domains C2–C7, could
thus be subject to mechanical strain imposed by either the
relative sliding of thick and thin filaments (Fig. S2) or the
motion of the myosin heads and S2 hinge region during
contraction. In either event, cMyBP-C could constitute an
internal load that impedes cross-bridge motion (38,39). If
so, then the low overall stability of cMyBP-C suggests
that the magnitude of such a load may be somewhat modest,
or that it would only be imposed after extensible slack is
taken up by first stretching the molecule. This could account
for observations that MyBP-C slows myocyte shortening
velocities after ~85 nm of sarcomere shortening (38).

Intrinsically disordered segments of cMyBP-C
A characteristic feature of cMyBP-C force-extension curves
was the presence of one or more segments that could be
extended ~130 nm before the unfolding of Ig/FNIII domains.
This length likely includes straightening of the full-length
cMyBP-C molecule, as well as extension of any compliant
sequences within cMyBP-C that lack stable secondary or
tertiary structure. It should be noted that both the prolinealanine rich region linking the C0 and C1 domains and the
regulatory M-domain are predicted to be intrinsically disordered (Fig. 6), consistent with NMR results by others (27)
and AFM results presented here (Fig. 7) that support the
idea that the M-domain lacks significant stable secondary
or tertiary structure.
The finding that the M-domain is readily extensible at low
applied forces, combined with the conclusion that the
M-domain is compact in solution (26), suggests that it may
behave as an elastic element, relaxing back into a globular
conformation after release from stretch. If so, then the
M-domain could act as an entropic spring similar to the
PEVK domain of titin or the EH domain of myomesin (40).
cMyBP-C could thus enhance relaxation rates, accounting
in part for the slowed relaxation of hearts and myocytes
from cMyBP-C knockout mice (41,42). An alternative
Biophysical Journal 101(8) 1968–1977
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scenario is that the flexibility of the M-domain could
increase its ability to interact with multiple binding partners,
similar to p53, which leverages structural plasticity to create
specific binding sites for >100 different binding partners
(43). Flexibility might also augment the capture of target
proteins at a distance (e.g., fly-casting mechanisms). Intrinsic
disorder of the M-domain may thus explain its ability to bind
multiple partners or to mediate low-affinity, high-specificity
dynamic interactions that can be rapidly formed and yet
readily dispersed, as for microtubule-associated proteins
that dynamically cross-link microtubules but do not impede
the sliding of filaments past one another (44).
The prediction of intrinsically disordered regions throughout cMyBP-C (Fig. 6) suggests that additional segments
outside of the M-domain are also specialized for flexibility.
A notable example is the proline-alanine-rich segment, which
is predicted to be entirely disordered. Although the function of
this segment is unknown, an inverse correlation between the
percentage of proline and alanines and mammalian heart
rate suggests that there might be some regulatory function
under evolutionary pressure for selection (45). Strikingly,
however, hypertrophic cardiomyopathy missense mutations
have not been linked to the proline-alanine-rich region, suggesting that single amino acid substitutions do not disrupt its
function or are otherwise well tolerated (4). One possibility
is that the proline-alanine region functions as an entropic chain
similar to the ball-and-chain inactivation mechanisms of
voltage-gated potassium channels that use a mobile chain to
set the time preceding channel inactivation by modulating
the time it takes for a chained plug to search for and block
the channel pore (46). Other entropic chains function as
bristles or brushes to maintain neurofilament spacing (47).
Additional studies are needed to determine the precise
functions of the different intrinsically disordered regions
within cMyBP-C, but their presence suggests a new repertoire of regulatory mechanisms that can rapidly modulate
the function of cMyBP-C, since disorder-to-order transitions are especially sensitive to factors such as protein
phosphorylation state, pH, charge, ionic strength, and temperature (48,49). It is an intriguing possibility that dynamic
changes in these variables, including changes in divalent
ion concentrations, can produce dynamic changes in the
mechanical properties of cMyBP-C or influence its binding
interactions with target ligands within the time frame of
a single heart beat.
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