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Abstract
Myosin-binding protein C (MyBP-C) is a ~130 kDa rod-shaped protein of the thick (myosin-
containing) filaments of vertebrate striated muscle. It is composed of ten or eleven globular, 10-
kDa domains from the immunoglobulin and fibronectin type III families, and an additional,
MyBP-C-specific motif. The cardiac isoform, cMyBP-C, plays a key role in the phosphorylation-
dependent enhancement of cardiac function that occurs upon β-adrenergic stimulation, and
mutations in MyBP-C cause skeletal muscle and heart disease. In addition to binding to myosin,
MyBP-C can also bind to actin, via its N-terminal end, potentially modulating contraction in a
novel way via this thick-thin filament bridge. To understand the structural basis of actin binding,
we have used negative stain electron microscopy and 3D reconstruction to study the structure of F-
actin decorated with bacterially expressed N-terminal cMyBP-C fragments. Clear decoration was
obtained under a variety of salt conditions varying from 25-180 mM KCl concentration. 3D helical
reconstructions, carried out at the 180 mM KCl level to minimize non-specific binding, showed
MyBP-C density over a broad portion of the periphery of subdomain 1 of actin and extending
tangentially from its surface in the direction of actin's pointed end. Molecular fitting with an
atomic structure of a MyBP-C Ig domain suggested that most of the N-terminal domains may be
well ordered on actin. The location of binding was such that it could modulate tropomyosin
position and would interfere with myosin head binding to actin.
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Introduction
Myosin binding protein C (MyBP-C, C-protein)* is a ~130 kDa, 40 nm-long, rod-shaped
accessory protein of the thick (myosin-containing) filaments of vertebrate striated muscle1-4

located in the C-zone of the A-band5-7. The skeletal isoform comprises ten tandemly
arranged 10 kDa immunoglobulin (Ig) and fibronectin type III (Fn3) domains, numbered
C1-C10 from the N-terminus, together with a MyBP-C-specific motif (also called the M-
domain) between C1 and C2 and a Pro-Ala rich sequence at the N-terminus3, 8. The cardiac
isoform (cMyBP-C) has an additional N-terminal Ig domain (C0), four phosphorylation sites
in the M-domain, and a 28 residue insert in the C5 domain (Fig. 1a)3, 4, 9-11.

MyBP-C is essential for the normal functioning of striated muscle. The cardiac isoform
plays a key role in the enhancement of cardiac contraction that occurs in response to β-
adrenergic stimulation, and mutations in cMyBP-C are a major cause of inherited
Hypertrophic Cardiomyopathy (HCM)3, 4, 11-14. In the case of skeletal MyBP-C, mutations
can cause distal arthrogryposis, a disease characterized by joint contractures and abnormal
muscle development15. Apart from its role in modulating cardiac contraction, MyBP-C has
also been reported to function in the regulation of myosin filament assembly in
sarcomerogenesis16, in stabilization of the thick filament through its phosphorylation17, and
in the modulation of myosin head organization18-20.

MyBP-C attaches to the thick filament surface via its C-terminal domains (C8-C10; Fig.
1a)3. In addition, its N-terminus has been shown to bind reversibly to myosin subfragment
221, 22. Surprisingly, MyBP-C, first isolated as a myosin-binding protein, can also bind to
the other major filament of the sarcomere, the thin filament. In vitro evidence for MyBP-C-
actin binding was first reported on the basis of centrifugation measurements and electron
microscopy23. Later studies demonstrated that binding also occurs to regulated thin
filaments (containing troponin and tropomyosin) in the presence24-26 and also in the absence
of Ca2+ 25, 26. Experiments with expressed MyBP-C fragments show that binding occurs via
the N-terminus, primarily the C1 and M domains25, 27, 28, at a saturating 1:1 molar ratio with
actin25, although additional binding through the C-terminal half has also been reported29.
Electron tomography of muscle sections has directly demonstrated that MyBP-C links thick
and thin filaments in intact muscle, demonstrating the physiological relevance of these in
vitro studies30. In the simple model suggested by this work, the thick filament binding
domains C8-C10 run longitudinally along the surface of the filament, while the rest of the
molecule extends out from the thick filament, binding to neighboring thin filaments by its N-
terminus20, 30, 31.

These structural studies all suggest the possibility that MyBP-C might play a key role in
muscle contraction, by modulating actin-myosin filament sliding through this physical link
between filaments. Support for this comes from in vitro motility observations demonstrating
that actin filament sliding over myosin is slowed by MyBP-C binding to actin27, 32-36.
Interestingly, this effect is weakened when the M-domain is phosphorylated25, 36. Despite its
potential importance in contraction, however, the structural mechanism by which MyBP-C
binding to actin might modulate filament sliding is not understood. For example, it is not
known whether MyBP-C might simply act as a tether, or play a more active role, possibly by
physically interfering with attachment of myosin heads, or affecting tropomyosin
positioning or movement upon Ca2+-activation. Structural studies are needed to answer this
question. Based on neutron scattering of F-actin decorated with the N-terminal fragment
C0C2*, a structure has been proposed in which the C0 and C1 domains bind specifically to

*Abbreviations: MyBP-C, myosin-binding protein C; cMyBP-C, cardiac myosin-binding protein C; 3D, three-dimensional; SD,
subdomain
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actin near the DNase I binding loop and subdomain 1, resulting in a highly regular
structure37. However, this work was carried out at relatively low ionic strength, and the
proposed structure depends on model-building of relatively low resolution data, leading to
uncertainty in interpretation. Direct imaging by electron microscopy of negatively stained F-
actin decorated with C0C2 has shown an increase in filament diameter and alterations in the
Fourier transform of decorated filaments, together demonstrating regular binding of the
fragment25, 38. However, the location and mode of binding of the fragment on actin was not
revealed. Here we have used negative staining EM to observe F-actin decorated with N-
terminal fragments, and have computed three dimensional reconstructions of the filaments
that reveal the mode and location of fragment binding. Comparison of structures decorated
with three different fragments has helped in interpreting the location and organization of the
different MyBP-C domains. We find that the N-terminus of cMyBP-C directly interacts with
F-actin in a position that would compete with the binding of myosin heads and possibly also
with tropomyosin.

Results
Characterization of N-terminal MyBP-C fragments

Four N-terminal fragments of mouse cMyBP-C were expressed in E. coli (see Materials and
Methods). These corresponded to domains C0C1, C0C1f, C0C2, and C0C3 (Fig. 1a). All
fragments contain C0 and the Pro-Ala rich region, and C0C2 and C0C3 also contain the M-
domain. C0C1f was the same as C0C1, but contained, in addition, the first fifteen amino
acids of the M domain39 which have been shown to be important in binding to actin34, 36.
These fragments ran with SDS-PAGE mobilities of 31, 32, 54 and 66 kDa (Fig. 1b),
approximately consistent with their theoretical molecular weights of 28, 30, 50 and 61 kDa
respectively; they were 85-90% pure based on gel densitometry.

Electron microscopy of F-actin decorated with N-terminal cMyBP-C fragments
Fragments were mixed with F-actin at F-actin:cMyBP-C molar ratios of 1:1, 1:3 and 1:6 in
solutions with KCl (or NaCl) concentrations varying from 25-180 mM (see Materials and
Methods). The most obvious result of decoration was the bundling of actin filaments (Fig.
2b-e) compared to an F-actin control (Fig. 2a), as found previously 23, 25, 26. Bundling was
present under all three ionic conditions, but was more prevalent at the lower salt levels. The
amount of bundling was independent of the F-actin:cMyBP-C ratio, but significant
differences were observed with the different fragments. The number and size of bundles
observed with C0C1 (Fig. 2b) and C0C1f (Fig. 2c) was less than with C0C2 (Fig. 2d) and
C0C3 (Fig. 2e).

In addition to the bundles, numerous individual decorated filaments were also seen with
each of the cMyBP-C fragments and in each salt condition (Fig. 3). The most obvious
binding was seen with the larger fragments (C0C2 and C0C3), probably due largely to their
greater size, but possibly also reflecting a greater amount of fragment bound. Binding was
apparent to the eye as an increase in filament diameter (13-22 nm, depending on the
fragment) compared with F-actin control filaments (10 nm; Table 1) and an enhancement of
the visibility of the 36 nm crossover repeat of the F-actin double helix (Fig. 3). Decorated
filaments showed lower contrast and higher background than the undecorated F-actin control
due to the presence of excess unbound fragment. Details of F-actin substructure were also
less apparent, presumably due to obscuring of the actin core by attachment of the fragment
to the filament surface. This was most obvious with the larger fragments. Binding was

*In the naming convention used, the fragment starts with the first domain listed, ends with the last domain, and includes all
intervening domains in the structure. Thus C0C2 contains C0, the ProAla-rich domain, C1, the M-domain and C2.
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usually clearer and better defined in the higher salt solutions, possibly due to reduction of
non-specific binding.

Three-dimensional reconstruction of F-actin decorated with N-terminal cMyBP-C
fragments

Three-dimensional helical reconstructions were carried out on selected, straightened
filaments of F-actin alone and F-actin decorated with C0C3, C0C2 and C0C1f, all under the
180 mM salt conditions (used to minimize non-specific interactions; Fig. 4). Comparison of
these reconstructions facilitated interpretation of the observed densities in terms of the
different cMyBP-C domains. C0C1 filaments were not reconstructed as this fragment differs
from C0C1f by only 1.5 kDa, and, lacking the first part of the M-domain present in C0C1f
(thought to be a critical actin-binding peptide), decorated actin relatively poorly.
Reconstruction of F-actin showed the well-known arrangement of four subdomains (SD) in
each actin subunit, with SD1 and SD2 on the outside of the filament, and SD3 and SD4 near
its center (Fig. 5a). Filaments decorated with the shortest fragment (C0C1f), revealed a
compact shelf of density on actin SD1 (Fig. 5b). In the case of C0C2, similar binding on
actin SD1 was observed, but with additional density projecting over SD2 (Fig. 5c). When
filaments were decorated with the largest fragment, C0C3, density was again seen over the
periphery of actin SD1, but now extended tangentially above the filament surface in the
direction of actin's pointed end (Fig. 5d). Thus, the binding region on actin SD1 was similar
for all fragments, while the additional domains present in C0C2 and C0C3 extended above
actin in the direction of the pointed end.

To better understand the molecular arrangement in these structures, we fitted an atomic
model of F-actin40 into both the F-actin (Supplementary Fig. 1) and C0C3-decorated
reconstructions (Fig. 5e). The excellent fit to F-actin clearly illustrates the organization of
actin's four subdomains and validates this procedure for the decorated filaments. Fitting to
the reconstruction of the C0C3-decorated filament confirmed that the major region of
binding to actin was on SD1, centered approximately over actin's N-terminus. Insight into
the organization of the cMyBP-C domains was gained by determining how the crystal
structure of an Ig domain (C1 of cMyBP-C; PDB 3cx241) fitted into the cMyBP-C density in
the three reconstructions. While the resolution of the reconstructions is limited and there
may be some flexibility in the MyBP-C fragments, this approximate fitting provides an
indication of the amount of MyBP-C fragment visualized and the possible orientation and
location of the different domains. The different fragments (C0C1f, C0C2 and C0C3) consist
of two, three and four Ig domains (C0, C1, C2, and C3) respectively, as well as the Pro-Ala-
rich region between C0 and C1, and, in the case of C0C2 and C0C3, the M-domain as well.
Although the structure of the M-domain is not yet known, it is similar in molecular weight to
an Ig domain and, while extensible42, is thought to have a compact structure in solution
similar to an Ig domain43. As a first approximation, we therefore modeled C0C1f, C0C2 and
C0C3 as strings of two, four or five Ig domains respectively, and determined how these
structures fitted into the cMyBP-C density in the different reconstructions.

Figure 6 shows that there is sufficient cMyBP-C density volume to accommodate all of the
fitted domains in each case, suggesting that most of each fragment is present in the
reconstructed volume and thus is relatively well ordered on actin (see also Supplementary
Movie 1). The cMyBP-C density is best accounted for with C0 and C1 binding to SD1, the
putative M-domain bridging over SD2 and possibly connecting SD1s of adjacent actins
(cf. 44), and the C2 and C3 domains lying above the actin surface at higher radius, extending
in the direction of the pointed end of the filament.
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Discussion
The concept that MyBP-C might bridge between thick and thin filaments and thus modulate
muscle contraction has existed ever since it was first shown that this myosin-binding protein
could also bind to F-actin23. This possibility has been strengthened by subsequent in vitro
studies showing binding to regulated thin filaments24, 26, and the location of the interaction
site has been narrowed to the N-terminal region, primarily the C1 and M domains25, 27, 28

(see also29). In vitro motility studies demonstrate that cMyBP-C slows actin-myosin sliding,
an effect that is reduced by cMyBP-C phosphorylation27, 33-36. A simple interpretation of
these results is that cMyBP-C acts as a phosphorylation-dependent tether between the two
filaments, modulating their sliding. Direct observation of MyBP-C links between thick and
thin filaments in intact muscle suggests that actin interaction is not an in vitro artifact, but
occurs in vivo30. Our study of the binding of N-terminal fragments of MyBP-C to F-actin
was designed to provide new insights into the nature of the actin end of this putatively
crucial interaction.

Our EM images and reconstructions directly support the view that it is the N-terminal
domains of cMyBP-C that bind to actin25, 27, 28. First, even the shortest, most N-terminal
fragments, C0C1 and C0C1f, appear to bind to actin. Second, we find that the diameter of
the decorated filaments increases with fragment length (Table 1). All the fragments have C0
and C1 in common, and elongate in the C-terminal direction when additional domains are
added (Fig. 1a). Assuming that the attachment site to actin is similar in all cases, the increase
in diameter is consistent with the addition of C2 and C3 distal to the binding site and above
the filament surface, rather than being directly attached to actin. The reconstructions support
this view. C0C1f-decorated filaments show a small protrusion on SD1 of actin. With the
addition of C2 and then C3, the attached density increases in length and extends further
above the surface of the actin filament core in the direction of the pointed end. However, the
actin attachment site itself appears similar in each case, covering a region of SD1 centered
over the N-terminus of actin. While there is substantial coincidence between the distal, C-
terminal regions of the C0C2 and C0C3 fragments in the two reconstructions, there appeared
to be some variation in their precise positions. This may reflect some flexibility in the
molecule (e.g. due to flexible linkers between the globular domains). In addition, as each
domain is added, the fragments could adopt different conformations in their C-termini made
possible by new potential interactions between the added domains. An example is shown
with C0C3, where the C-terminal domains of one molecule come close to the more N-
terminal domains of the next MyBP-C up (Fig. 7a, Supplementary Movie 2). While
interaction between domains of neighboring MyBP-C molecules may be possible in this
synthetic structure, it would not occur in intact muscle, being precluded by the low MyBP-
C:myosin stoichiometry and large (43 nm) axial distance between neighboring MyBP-Cs on
the thick filament (see later).

While most studies suggest that binding of MyBP-C's N-terminal region to actin is
specific25, 27, 32, 36, this view is not universal, and it has been suggested that specific binding
to actin might actually involve the C-terminal half of the molecule29. Our observation that
N-terminal fragments bind in a regular way to the actin helix, as demonstrated by Fourier
transforms of decorated filaments (not shown) supports the specificity of the interaction. The
same conclusion was reached based on the appearance of filtered images and of actin layer
lines in Fourier transforms of filaments decorated with C0C2, also under these salt
conditions38. Specific binding is also indicated by our 3D reconstructions (also implied
by44). Our use of helical reconstruction methods ensures that only features having the same
helical symmetry as F-actin appear in the final density map; the presence in the
reconstructions of substantial mass attached to actin with the actin helical symmetry implies
a regular and specific interaction. Finally, while our experiments were carried out at three
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salt levels, all producing similar looking decoration, the highest was 180 mM which would
minimize non-specific electrostatic binding; it was this level that was used for our
reconstructions. We conclude that there is substantial regularity and hence specificity to the
interaction with actin.

To understand whether and how MyBP-C might modulate filament interaction and
contraction in muscle, we have compared its location on actin to that of tropomyosin and
myosin heads. Fitting atomic models of thin filaments in high and low Ca2+ states45 to the
reconstruction of C0C3-decorated filaments suggests that MyBP-C would not significantly
interfere with tropomyosin in the high Ca2+ position (the “closed” state), but that there may
be some interference in the low Ca2+ position (the “blocked” state; Fig. 7b, c,
Supplementary Movies 3, 4). (As tropomyosin is located even further away from SD1 in the
myosin-induced (“open”) state45, 46, any clash with cMyBP-C is even less likely than in the
closed state; Supplementary Fig. 2.) However, there is a clear steric interference between the
binding sites of MyBP-C and strongly bound myosin heads (rigor or end-of-power-stroke
heads) on actin SD1, and this would prevent both from binding simultaneously (Fig. 7d,
Supplementary Movie 5).

These structural results are in good agreement with biochemical and other observations.
Several studies have shown that MyBP-C (and N-terminal fragments) can bind to thin
filaments at high Ca2+ 24-26 and to actin-tropomyosin without troponin23: in both cases
tropomyosin is in the closed position, which does not appear to clash with cMyBP-C in our
reconstruction. In the low Ca2+ state (blocked position) binding is also found, although it
may be weaker25, 26, consistent with the apparent partial overlap of tropomyosin and
cMyBP-C binding positions seen in the reconstruction (Fig. 7b, c, Supplementary Movies 3,
4; 37). Electron tomography of muscle sections in the relaxed (low Ca2+) state shows that
MyBP-C extends out from thick filaments and binds to thin filaments in the intact filament
lattice30, suggesting that any steric interference in relaxed muscle in vivo is minimal. Such
interactions may serve in vivo to organize and stabilize the filament lattice in the relaxed
state. The strong binding of S1 to actin that occurs in the absence of ATP has been shown to
greatly reduce MyBP-C binding23, 32, consistent with our observation of overlapping
binding sites. Indeed, S1's high affinity for actin in the ATP-free state is sufficient to
displace MyBP-C23, 32. The extension of MyBP-C axially over two actin subunits deduced
from our fitting readily explains why S1 bound to actin at only half saturation is able to
compete off essentially all MyBP-C attached to actin filaments23. In the presence of ATP,
when myosin heads are actively cycling and bind more weakly to actin, both whole MyBPC
and N-terminal fragments inhibit actomyosin ATPase activity and S1 binding23, 27, 32, again
consistent with the location of cMyBP-C's N-terminal binding site on actin SD1.

In vitro motility assays of the effect of C0C2 on the movement of regulated thin filaments
(containing tropomyosin and troponin) show that thin filaments at high Ca2+ (and also F-
actin alone) are slowed by the presence of C0C2, whereas at low Ca2+ their velocity is
increased in the presence of C0C227. Our reconstruction suggests a possible explanation in
terms of the binding sites of cMyBP-C and tropomyosin-troponin. At high Ca2+

(tropomyosin in the closed position45) cMyBP-C and tropomyosin binding sites do not
overlap, which would allow uninhibited binding of cMyBP-C to its site on actin SD1. Its
binding could thus exert a significant drag on thin filament sliding. In contrast, the
reconstruction suggests that cMyBP-C and tropomyosin compete for part of the same SD1
surface of actin when tropomyosin is in the low Ca2+ (blocking) position. If so, cMyBP-C
could destabilize tropomyosin in its blocking position, tending to activate the thin filament,
thus enhancing its motility.
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If comparable effects occur in vivo, this would suggest that cMyBP-C may contribute (along
with troponin) to a delicate balance between the blocked and closed positions of
tropomyosin, poising the thin filament between its switched-off and switched-on regulatory
states. In the case of cardiac MyBP-C, phosphorylation weakens MyBP-C actin binding,
which could contribute to cMyBP-C's role in modulating cardiac activity. Other factors also
come into play in intact muscle. The MyBP-C:actin molar ratio in the myofibril is
approximately 1:30, and thus thin filaments could never be highly decorated in muscle as
they are in our in vitro experiments. In addition, MyBP-C is confined to the middle third of
each half sarcomere and here occurs only every 43 nm (similar to the actin helical repeat).
Thus only a limited region of the thin filament can interact with MyBP-C at any particular
sarcomere length, and here the interactions must be relatively sparse. Nevertheless, in light
of the substantial stiffness of tropomyosin47, 48 and the consequent ability of structural
changes to be transmitted considerable distances along the thin filament46, even these
limited interactions could have significant effects in vivo. Such interactions, of course, must
necessarily be relatively weak and in rapid equilibrium to enable the sliding of filaments that
is essential for muscle shortening.

The arrangement of the C0C3 fragment on F-actin is such that the C0, C1 and M domains
bind on or near SD1 while C2 and C3 extend to higher radius, lying above the next actin
subunit in the direction of the pointed end (Fig. 7, Supplementary Movies 2-5). This domain
arrangement is quite similar to that proposed by Whitten et al.37 based on modeling of
neutron scattering data from C0C2-decorated F-actin, except that the M-domain in their
model is well above, and does not bind to, the actin surface. Our fitting is consistent with the
conclusion from comparative binding studies of different N-terminal fragments that the M-
domain is critical for actin binding, and may interact with actin through electrostatic
attraction between its high concentration of positively charged residues and negative charge
on actin SD125, 27, 36. The stronger and more obvious binding that we see with C0C1f
compared with C0C1 (which lacks the first part of the M-domain), supports a role of the M-
domain in direct binding to actin. As suggested by Shaffer et al.25, the higher pH (8.0) of the
neutron scattering experiments may cause the M-domain to dissociate from actin,
accounting for its different positioning compared with our reconstruction (pH 7.4). The
potential clash between the C0 and C1 domains and tropomyosin at low but not high Ca2+

that we observe is also supported by the model of Whitten et al.37 based on neutron
scattering.

We conclude that cMyBP-C binds by its N-terminal domains to SD1 of actin at a site that
can potentially modulate tropomyosin and myosin head binding in different physiological
states. These findings, together with recent information showing that MyBP-C can bind to
thin filaments in intact muscle30 and its known ability to bind to myosin subfragment 2 in a
phosphorylation-dependent way21, 22, add support for and insight into the mounting
evidence that MyBP-C plays a key role in muscle contraction.

Materials and Methods
Proteins

F-actin was purified from chicken pectoralis muscle according to Pardee et al.49. cMyBP-C
fragments were bacterially expressed from mouse cardiac cDNA using the pET expression
system (Novagen, Madison, WI). Four expressed N-terminal domains, C0C1 (amino acids
1-254), C0C1f (1-269), C0C2 (1-448), and C0C3 (1-539) were studied (Fig. 1a). The cDNA
fragments were generated by PCR, incorporating compatible restriction enzyme sites for
cloning into the pET28a vector, with 5’ Nco1 and a 3’ Xho1 sites. The Xho1 site was made
so that the fragments were cloned in frame with a C-terminal 6-His tag. Protein expression
was in BL21 (DE3) cells, grown for 4 hours after induction with IPTG. Cells were collected
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by centrifugation and lysed using the xTractor Buffer supplied in the HisTalon Buffer set
(Clontech). Protein was purified according to the HisTalon protocol, using HisPur Cobalt
Resin (Thermo). Protein extract from three liters of cells was passed over two 10 ml cobalt
columns. The protein was eluted, the OD determined and the samples with the highest
protein concentrations analyzed on an acrylamide gel. The samples of greater purity were
pooled, dialyzed overnight against PBS, aliquoted and flash frozen in liquid nitrogen with
storage at -80° C.

Electron microscopy
5 μM F-actin and 5-30 μM expressed fragment were mixed together under three different
buffer conditions, each of which has been used in previous thin filament structural studies.
The major difference between them was the KCl/NaCl concentration and hence the ionic
strength. (1) 25 mM KCl, 4 mM MgCl2, 1 mM EGTA, 10 mM DTT, 1 mM ATP, 25 mM
Imidazole, pH 7.434; (2) 100 mM NaCl, 3 mM MgCl2, 0.2 mM EGTA, 1 mM NaN3, 5 mM
sodium phosphate, 5 mM Pipes, pH 7.148; (3) 180 mM KCl, 1 mM MgCl2, 1 mM EGTA, 1
mM DTT, 1 mM ATP, 20 mM imidazole, pH 7.425. Samples were incubated at room
temperature for 30 min. 5 μl aliquots were then applied to EM grids coated with thin carbon
supported by a holey carbon film and negatively stained with 1% uranyl acetate50. Dried
grids were observed in a Philips CM120 electron microscope (FEI, Hillsboro, OR) at 80 KV
under low dose conditions. Images of filaments were acquired at a pixel size of 0.35 nm,
using a 2K × 2K CCD camera (F224HD, TVIPS GmbH, Gauting, Germany).

3D reconstruction
Helical reconstruction of filaments and averaging of reconstructions was carried out
according to standard Fourier-based methods, using the Brandeis Helical Package51, 52. The
resolutions of all the reconstructions were 2.5-3.0 nm51. Iterative helical real space
reconstruction (IHRSR), also carried out (using SPIDER53), confirmed the results of helical
reconstruction of the smallest (C0C1f) fragment, but was not as useful in preliminary
reconstructions of filaments heavily decorated with the larger fragments, where projection
matching was imprecise. UCSF Chimera54 was used for visualization, analysis, and atomic
fitting of 3D volumes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N-terminal fragments used for F-actin decoration
(a) Layout of cMyBP-C molecule and the N-terminal fragments used. Orange,
phosphorylation sites in M-domain; red, cardiac-specific insert in C5; actin, main actin-
binding site. (b) SDS-PAGE of the four fragments used. MW = molecular weight markers
shown in kDa (Bio-Rad Precision Plus Protein Dual Color Standards).
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Figure 2. Bundling of F-actin caused by binding of N-terminal cMyBP-C fragments
F-actin alone (a), and decorated with C0C1 (b), C0C1f (c), C0C2 (d), and C0C3 (e), then
negatively stained with 1% uranyl acetate. Decoration with C0C3 and C0C2 caused thicker
bundles compared to C0C1 and C0C1f. Images are taken on holey carbon films with thin
carbon over the holes (pale regions; see Materials and Methods). Single actin filaments are
seen over the holes in (a). In (b)-(d), large, densely stained bundles of actin filaments are the
most prominent feature (arrows), with single filaments in the background. Scale bar = 2 μm .
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Figure 3. Binding of cMyBP-C fragments to F-actin
F-actin alone (a), F-actin decorated with C0C1 (b), C0C1f (c), C0C2 (d), and C0C3 (e).
C0C1 filaments showed relatively small amounts of decoration. Scale bar = 100 nm.
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Figure 4. Selected and straightened F-actin and decorated F-actin filaments
(a) F-actin; (b)-(e) decorated with C0C1, C0C1f, C0C2, and C0C3, respectively. Scale bar =
50 nm.
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Figure 5. Three-dimensional reconstructions of F-actin and F-actin decorated with cMyBP-C N-
terminal fragments
(a) F-actin; (b)-(d) decorated with C0-C1f, C0-C2, and C0-C3, respectively. (e) Enlargement
of C0C3-decorated filament (d), fitted with ribbon depiction of F-actin atomic model40

(individual actin monomers are colored white, blue or cyan). Numbers on (a) indicate actin
subdomains. Arrows point to additional density in decorated filaments. Filaments oriented
with pointed end at top.
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Figure 6. Fitting of Ig domains to MyBP-C fragment density on decorated actin reconstructions
(a) Two domains fitted to C0C1f; (b) four domains fitted to C0C2; (c) five domains fitted to
C0C3, with different domains identified; (d) fitting of actin atomic model (white, blue and
cyan monomers) into (c); fitting of two C0C3 fragments in this case shows how the total
fragment volume associated with a single actin monomer can be accounted for by
overlapping MyBP-C molecules (e.g. C3 of lower molecule next to M of upper molecule).
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Figure 7. Best-fit position of two C0C3 fragments in C0C3 reconstruction (Fig. 6d),
superimposed on F-actin reconstruction and shown in relation to tropomyosin and myosin head
positions
(a) F-actin reconstruction fitted with F-actin atomic model40. (b) Fitting of tropomyosin
(yellow coiled-coil) in closed (high Ca2+) position45 to F-actin reconstruction with best-fit
C0C3: there is little or no clash between C0C3 and tropomyosin. (c) Fitting of tropomyosin
(orange coiled-coil) in blocked (low Ca2+) position45 to F-actin reconstruction with best-fit
C0C3: there appears to be a clash between C0 and C1 domains and tropomyosin. (d) Fitting
of myosin head (S1) in rigor position (green) to F-actin reconstruction with best-fit C0C3,
showing clear steric clash of S1 with C0C3.
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