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Abstract

Myosin binding protein-C is a thick filament protein of vertebrate striated muscle. The cardiac
isoform (cMyBP-C) is essential for normal cardiac function, and mutations in cMyBP-C cause
cardiac muscle disease. The rod-shaped molecule is composed primarily of 11 immunoglobulin-
or fibronectin-like domains, and is located at 9 sites, 43 nm apart, in each half of the A-band. To
understand how cMyBP-C functions, it is important to know its structural organization in the
sarcomere, as this will affect its ability to interact with other sarcomeric proteins. Several models
have been proposed, in which cMyBP-C wraps around, extends radially from, or runs axially
along the thick filament. Our goal was to define cMyBP-C orientation by determining the relative
axial positions of different cMyBP-C domains. Immuno-electron microscopy was performed using
mouse cardiac myofibrils labeled with antibodies specific to the N- and C-terminal domains and to
the middle of cMyBP-C. Antibodies to all regions of the molecule, except the C-terminus, labeled
at the same nine axial positions in each half A-band, consistent with a circumferential and/or
radial rather than an axial orientation of the bulk of the molecule. The C-terminal antibody stripes
were slightly displaced axially, demonstrating an axial orientation of the C-terminal 3 domains,
with the C-terminus closer to the M-line. These results, combined with previous studies, suggest
that the C-terminal domains of cMyBP-C run along the thick filament surface, while the N-
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terminus extends towards neighboring thin filaments. This organization provides a structural
framework for understanding cMyBP-C’s modulation of cardiac muscle contraction.

Keywords

cMyBP-C; cardiac muscle contraction; cardiac muscle disease; cardiac muscle structure; cardiac
muscle regulation

1. Introduction

Myosin binding protein C (MyBP-C) is an accessory protein of the thick filaments of
vertebrate skeletal and cardiac muscle 2345, |t is an elongated, flexible molecule with a
molecular weight of ~ 140 kDa, a length of ~ 40 nm, and a width of ~ 3 nm. It consists
principally of a linear string of 10 kDa immunoglobulin-like (1g) and fibronectin-like (Fn)
domains (Fig. 1) 3 % 7. Three isoforms (fast skeletal, slow skeletal and cardiac) are encoded
by different genes 3: 6 8, The skeletal isoforms have a total of ten Ig and Fn domains,
numbered C1-C10 from the N-terminus, while the cardiac isoform (cMyBP-C) has an extra
N-terminal domain (C0) 3 8. A proline- and alanine-rich (PA) domain occurs at the N-
terminus in the skeletal isoform and between CO and C1 in the cardiac isoform, and there is
a conserved MyBP-C-specific domain (the M-domain) between C1 and C2 in all isoforms.
Four serines in the M-domain of cMyBP-C can be phosphorylated by a variety of protein
kinases % 89, In vivo, phosphorylation occurs in r o to f-adrenergic stimulation, enhancing
cardiac contractility 4 8 9:10: 11.12 ‘Muytations in cMyBP-C are one of the most common
causes of inherited hypertrophic cardiomyopathy (HCM) 3: 13, and alterations in cMyBP-C
phosphorylation levels have been implicated in heart failure and HCM 14,

cMyBP-C is located in a series of nine regularly spaced, narrow, transverse stripes, 43 nm
apart, in the middle third (the C-zone) of each half of the A-band. These are the outer 9 of a
total of eleven non-myosin stripes in the vertebrate striated muscle half A-band (Fig.
2;15:16; 17, 18: 19) Three or four domains at the C-terminus (~C7-C10) anchor MyBP-C to
the thick filament backbone at each site by binding to the light meromyosin (LMM) tails of
myosin and/or to titin 20 21: 22 At the other end of the molecule, the N-terminal region,
including the M-domain, can also bind to myosin in vitro, via the regulatory light chain
(RLC) 23, and via the subfragment 2 (S2) region of the tail, near its junction with the

heads 24: 25: 26: 27: 28 an interaction that is abolished by phosphorylation of the M-

domain 4 29 30_ Suyrprisingly, this same region also binds to actin filaments in vitro, and this
binding is likewise reduced by phosphorylation 5: 24: 31; 32; 33, 34; 35; 36, 37 The physiological
significance of binding to actin and S2 is not fully understood, although it could potentially
affect thick-thin filament interaction and thus play a key role in cMyBP-C” modulation of
filament sliding and muscle contraction 38: 39: 40,

To understand the structural basis of MyBP-C function at the molecular level, knowledge of
its organization in the sarcomere is essential. Several models have been proposed based on
MyBP-C’ in vitro interactions with other sarcomeric proteins, and on electron microscopy,
X-ray diffraction, and other techniques. These have led to differing suggestions as to how
MyBP-C might function 41: 42:43: 44 A key aspect of any model is the orientation of the rod-
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like and flexible molecule with respect to the thick filament, as different orientations will
constrain MyBP-C’ potential binding partners and modes of functioning. For example, based
on measurements of MyBP-C periodicity, it has been suggested, at one extreme, that the ~
40 nm-long molecule runs axially along the thick filament, spanning most or all of the
distance between the 43 nm- spaced stripes (Fig. 2A). With this scenario, it was suggested
that MyBP-C might co-polymerize with myosin in a way that led to precise determination of
thick filament length 44: 45 46 Models where the MyBP-C N-terminus interacts with S2,
potentially modulating head movement, also show an approximately axial orientation 43. At
the other extreme, yeast two-hybrid studies of cMyBP-C have suggested intermolecular
interactions between domains C5 and C8 and between C7 and C10 41, which led to the
proposal that the C-terminal half of the molecule is perpendicular to the thick filament,
wrapping around the filament backbone to form a narrow collar (Fig. 2C, D) 41, This could
function, for example, to clamp the LMM regions of myosin in position, stabilizing the
filament, or to influence myosin head motions. Similar interactions have been detected in
yeast two-hybrid studies of fast skeletal MyBP-C, but not slow skeletal MyBP-C 47. Other
experiments, including in vitro binding and motility assays, show that N-terminal domains
of MyBP-C can interact with F-actin filaments 34 35: 36: 37, 39: 48 g;,ggesting a sarcomeric
organization in which MyBP-C, anchored to the thick filament by its C-terminal domains,
may extend its central and N-terminal domains radially and bind to a neighboring thin
filament (Fig. 2B, D). Some models combine aspects of more than one of these orientations.

These different models cannot all be correct. The narrowness of the MyBP-C stripes (~7
nm) in longitudinal sections of the A-band 17: 19: 49 syggests that the bulk of the elongated
molecule runs transversely (i.e. circumferentially or radially; Fig. 2B-D), rather than axially,
consistent with X-ray diffraction data from intact muscle 42 46: 50 and with electron
tomographic data of sectioned sarcomeres 51 52, When skeletal and cardiac myofibrils are
labeled with polyclonal antibodies to MyBP-C, the labeled stripes are also relatively
narrow 15 16: 19 fyrther suggesting a transverse rather than an axial arrangement for the
majority of the molecule. However, it is not certain that the whole of MyBP-C is visualized
in unlabeled sarcomeres, nor that the polyclonal antibodies used in labeling experiments
recognized epitopes along the entire molecule rather than a local, strongly antigenic region.
In addition, while X-ray and electron tomographic studies provide information on the
approximate distribution of mass in the sarcomere, they do not reveal the identity of the
mass, nor the locations of specific regions of a molecule. Thus previous studies do not
unambiguously reveal MyBP-C organization. Furthermore, because most of these studies
used skeletal muscle, there is additional uncertainty concerning the organization of the
cardiac isoform.

Here we use domain-specific antibodies combined with immuno-EM to directly localize the
axial positions of known domains of cMyBP-C in cardiac myofibrils, thus helping to
distinguish between the different models. A similar approach was used to reveal the
locations of specific domains of M-protein, myomesin and titin in skeletal muscle 3. Our
antibodies specifically recognized the C-terminal domain (designated C10 antibodies), the
middle of the molecule (C5-C7), the N-terminal region (C0-M), and the N-terminal domain
(C0) of cMyBP-C (Fig. 1) (details of antibody preparation and specificity are provided in
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Materials and Methods and Supplemental Discussion (1)). The relative positions of these
antibodies provide information on the axial locations of the two ends and the approximate
middle of cMyBP-C at each MyBP-C stripe in the sarcomere, thus defining the orientation
of the elongated molecule. The concept is illustrated in Fig. 2. If labeling with all antibodies
occurs at the same axial position for each stripe, this will imply a transverse (radial or
circumferential) organization for cMyBP-C (for example, the blue domains and stripes in
Fig. 2C-E), while if they are in different positions, this will signify that some or all of the
molecule is axially arranged (e.g., the blue vs. red domains and stripes in Fig. 2B,E,F). Our
results show that all epitopes, except the C-terminus, are within 5 nm of each other axially.
This suggests a model in which the C-terminal 3 domains run axially, while the bulk of the
molecule is transverse to the filament axis.

2.1. Immunofluorescence microscopy

Before carrying out ultrastructural observation of labeled myofibrils, we first analyzed
antibody localization, binding capability and specificity by immunofluorescence microscopy
(Fig. 3). Pre-immune (control) serum weakly labeled myofibrils at the Z-line (Fig. 3A), but
nowhere else. In myofibrils that had not been fixed before labeling, antibodies to CO, CO-M
and C5-C7 all specifically labeled the A-band (Fig. 3B-D), in two bands whose center-to-
center spacing was ~0.67 = 0.03 um (mean and standard deviation for CO, n=52).
Surprisingly, however, antibodies to the C10 domain labeled the Z-line rather than the A-
band (Fig. 3E), a result also obtained using a commercial antibody to the C-terminus (Santa
Cruz MYBPC3 sc-50114). Given that the C-terminal region is responsible for anchoring
MyBP-C to the thick filament by binding to LMM and titin 29: 21: 22 and that the other
antibodies labeled the A-band, a simple interpretation is that the C10 domain is masked by
binding to these other components, and that unbound antibodies bind non-specifically to the
Z-line (like the pre-immune serum). We tested this idea by carrying out antibody labeling of
myofibrils that had first been fixed with glutaraldehyde, which, we reasoned, could
potentially alter epitope availability or reactivity >*. C10 labeling was now found in the A-
band and was absent from the Z-line (Fig. 3F), consistent with this interpretation. Labeling
of fixed myofibrils with the three other antibodies gave the same staining pattern to that
obtained without fixation. An alternative explanation for the absence of C10 labeling with
unfixed myofibrils is that binding of antibody to C10 causes dissociation of cMyBP-C from
the filament by competing with LMM and titin for C10 binding. However, incubation of
unfixed myofibrils with C10 antibody, followed by antibody to CO-M or C5-C7, showed CO-
M and C5-C7 A-band labeling by immunofluorescence and by immuno-EM (data not
shown), implying that cMyBP-C is present, even though not detected by anti-C10.

Mouse cardiac myofibrils lacking cMyBP-C (obtained from t/t mouse hearts %5 56) treated
with all four antibodies showed Z-line but no A-band labeling (Fig. SIA-D), confirming that
A-band labeling of wild type myofibrils was specific for cMyBP-C, and that Z-line labeling
with pre-immune serum and with C10 antibodies using unfixed myofibrils is due to non-
specific binding of antibody to the Z-line (see Supplemental Discussion (1) for further
discussion of labeling specificity).
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2.2 Immuno-electron microscopy

Negatively stained, control (unlabeled) wild type myofibrils showed eleven, narrow (~ 10
nm wide), stain-excluding (white) stripes in each half of the A-band (Fig. 4A), representing
non-myosin proteins 17 19:49:57 The M-line and Z-line appeared as broader, unstained
bands, at the center of the A-band and I-band respectively. cMyBP-C null cardiac myofibrils
(negative controls, lacking cMyBP-C) showed similar M-line, A-band, I-band and Z-line
appearances, but did not exhibit any of the eleven stripes in the A-band (Figs. 4B, 5).

Fixed or unfixed wild type mouse cardiac myofibrils were labeled separately with the four
domain-specific antibodies. For both fixed and unfixed myofibrils, labeling with C0-M and
C5-C7 antibodies showed clear enhancement (widening and intensification) of the outer nine
stripes in each half A-band (Fig. 4D-E), similar to the labeling pattern found previously in
sectioned cardiac muscle 19, In the case of the two epitope-specific antibodies, C0O and C10,
no enhancement of the stripes was apparent with primary antibody alone: presumably, due
to the small size of the epitope, only one antibody molecule would be able to bind to each
cMyBP-C. In these cases we used a secondary antibody to enhance the signal (the same
antibody used for the immunofluorescence microscopy). Following secondary antibody
labeling, enhancement of the nine cMyBP-C stripes was very apparent with the N-terminal
(C0) antibody (Fig. 4C) in both fixed and unfixed myofibrils. For the C10 antibody, the
result depended on whether or not the myofibrils were fixed. In the case of unfixed
myofibrils, there was no stripe enhancement following secondary antibody labeling. When
C10 labeling was carried out after initial fixation, exposure to secondary antibody now
caused enhancement of the stripes (Fig. 4F). This fixation effect is consistent with the
immunofluorescence results (Fig. 3E,F) suggesting that the C10 epitope might be masked in
the absence of fixation. With all four antibodies, stripe 2 was also often weakly labeled (Fig.
4 C-F) suggesting that cMyBP-C might be present on this stripe as well, but partly masked
(see Supplemental Discussion (2)).

2.3 Measurement of stripe position

Visually, the axial positions of the stripes with all four antibodies appeared to be very
similar. This was tested quantitatively by measuring the distance of each of stripes 3-11
from the central stripe of the M-line in labeled and unlabeled A-bands (Fig. 2E,F) using the
Plot Profile function of ImageJ (Fig. 5). Table S1 shows that the average position of each of
the nine stripes was approximately the same for C0, C0-M and C5-C7 antibodies, while that
observed using the C10 antibodies was consistently slightly closer to the M-line.

Because the stripes are known to lie on a constant repeat 17: 42: 58 we can simplify the
comparison of their relative axial positions determined using the four antibodies by
averaging the locations of the nine stripes—giving, in effect, the position of the middle
stripe of the nine in each half A-band (i.e. stripe 7; Fig. 2E; Table 1); averaging also reduces
the experimental error in measuring the stripe positions. By comparing this position for each
of the four antibodies, we can define the relative axial locations of each of the three main
regions of the molecule (N-terminus, middle and C-terminus), giving insight into the overall
orientation of the molecule. Two of the antibodies (CO and C5-C7) labeled at the same axial
position as each other and as the unlabeled stripes, within experimental error (3-4 nm; Table
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1). The C-terminal antibody (C10) also labeled relatively close to this position, but was
displaced by ~ 10 nm towards the M-line. The 1-way ANOVA test with Tukey's multiple
comparison test showed that the difference between the average stripe position determined
with the C10 antibody and that determined with each of the other antibodies was highly
significant (p <0.01; Table 1). When the positions of each of the individual stripes (3-9)
were compared using the different antibodies (Table S1), the difference between C10
labeling and labeling with each of the other antibodies was again significant for all of the
stripes (p = 0.01-0.05), supporting the conclusions reached by averaging the stripe positions.

The position of the CO-M stripes also differed from the others, but by a smaller amount (~ 5
nm). This difference was also significant (p <0.05) for both the averaged (Table 1) and
individual (Table S1) stripe positions.

3. Discussion

3.1 Domain organization of cMyBP-C in the cardiac sarcomere

Using domain-specific antibodies, we mapped the relative axial positions of specific sites on
cMyBP-C (the two ends and the middle) as they are laid out in mammalian cardiac
myofibrils. The similar axial positions of CO, CO-M and C5-C7 (Tables 1, S1) suggest that
the majority of the molecule (roughly CO to C7) must run approximately transversely
(radially and/or circumferentially) to the thick filament; in contrast, the small (5-10 nm)
displacement of C10 from the other domains suggests that the C-terminal approximately
three domains (C8-C10), each ~ 4 nm long, run roughly parallel to the filament axis (Fig.
6A). Our observations have been carried out on myofibrils in the rigor state, necessary to
provide a stable cross-linked network of filaments for antibody labeling. cMyBP-C’
organization appears to be similar in the relaxed state, as the cMyBP-C stripes have similar
widths and axial positions to the rigor state (see Supplemental Discussion 3). In contrast, X-
ray diffraction suggests that MyBP-C becomes disordered when muscle contracts 29 €0,

3.2 Relation to previous structural studies

Previous models of MyBP-C organization have been based on in vitro interactions of
isolated molecules and on structural observations (EM and X-ray) of thick filaments and
sarcomeres (see Introduction). However, the information available from such studies is
incomplete. Interactions occurring in vitro do not necessarily occur in situ, while EM and X-
ray studies do not reveal the locations of specific MyBP-C domains. Our domain-specific
labeling can be used to test the different arrangements of the molecule that have been
proposed based on these earlier studies.

Axial arrangement of whole MyBP-C molecule—Early X-ray diffraction models
suggested that the whole of MyBP-C might run axially, functioning as a thick filament
length-determining protein through co-polymerization with myosin 44: 4546, The transverse
arrangement of the majority of cMyBP-C excludes such axial models. Length determination
most likely involves the scaffolding protein, titin 61: 62,

J Mol Biol. Author manuscript; available in PMC 2016 January 30.
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Collar arrangement of C-terminal MyBP-C domains—Yeast two hybrid experiments
showing intermolecular interaction between domains C5 and C8 and between C7 and C10
led to a model in which the C-terminal half of each cMyBP-C wraps circumferentially
around the thick filament forming a collar #1. In this model, two cMyBP-C molecules
overlap circumferentially at any azimuth in the collar: these would therefore have their
centers ~2.5 nm apart axially (based on the ~ 2.5 nm width of an g domain 7, predicting < 5
nm axially between C10 and C5-C7 antibodies, not the 10 nm observed (Table 1). 3D
reconstructions of isolated cardiac thick filaments provide further information on this

point 83: 64, The reconstructions clearly resolve the 4-nm spaced, globular Ig and Fn
domains of titin, axially arranged along the filament surface. Therefore, if the C-terminal Ig
domains of MyBP-C formed a collar, they should be similarly well-resolved, and visualized
in a circumferential arrangement. No such circumferential organization is observed (in fact
the converse is found — see next section). The antibody labeling and 3D reconstruction
results are therefore both inconsistent with a collar-like arrangement.

Axial arrangement of C-terminal MyBP-C domains—In addition to the 4-nm spaced
titin domains running along the filament, the thick filament 3D reconstructions showed three
further 4-nm domains, specifically at the level of the MyBP-C stripes 63 64, These were
axially arranged and interpreted as MyBP-C’ C-terminal thick filament anchoring domains,
C8-C10, known to bind to light meromyosin and/or titin 29: 21: 22, The ~ 10 nm distance
between C10 and the central and N-terminal domains of cMyBP-C found by antibody
labeling supports this interpretation, assuming domains C7-CO run transversely (Fig. 6A). In
addition it now defines the polarity of the C-terminal region, with the C-terminus (C10)
closer to the M-line. Modeling of X-ray diffraction patterns of muscle also suggested an
axial arrangement of MyBP-C C-terminal domains, in this case C5-C10 42. Our antibody
labeling agrees with the axial orientation, but does not support its longer extent. If C5-C7
also ran axially 42, then C5-C7 antibody stripes should be up to 20 nm from C10, not the 10
nm observed. The shorter axial extent and longer perpendicular extension implied by our
labeling observations would agree equally well with the X-ray observations.

Radial arrangement of N-terminal region of MyBP-C—Extension of the bulk of
MyBP-C (the middle and N-terminal half) away from the thick filament backbone is
indicated by a variety of studies. Early X-ray diffraction observations suggested that the
component giving rise to the “forbidden” meridional reflection on the first myosin layer line
extended laterally from the thick filament backbone 4; this component was subsequently
shown to be MyBP-C %8, Later X-ray modeling supported this view, suggesting that the N-
terminal half of MyBP-C projected from the thick filament and bound to a neighboring thin
filament 42. Recent X-ray measurements of the MyBP-C-based M1 reflection provide
additional support, suggesting a perpendicular extension of MyBP-C from the thick
filaments that requires the presence of actin 0. Direct, visual evidence for extension of
MyBP-C from the thick filament has come from electron tomography of longitudinal
sections of skeletal muscle. These studies show that the narrow MyBP-C stripes in the C-
zone arise from an axially confined but perpendicularly extended density connecting thick
and thin filaments 51 52, consistent with the X-ray studies. Our antibody labeling
corroborates these conclusions by demonstrating that domains C7-CO0 are within 5 nm of
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each other axially. In the absence of evidence for a circumferential arrangement of the C7-
CO0 domains that would explain this axial confinement (see Collar arrangement of C-terminal
MyBP-C domains), the only alternative is a radial extension (Fig. 6A).

The X-ray and tomographic investigations were carried out on skeletal muscle, while our
antibody studies and the thick filament reconstructions used cardiac muscle. Taken together,
the results suggest a similar organization for MyBP-C in both types of muscle. This is
significant, given that skeletal MyBP-C, in addition to having less than 50% sequence
identity with cMyBP-C, lacks a CO domain and has different N-terminal interactions,
phosphorylation capability, and actin and S2 binding propensity 3: 8: 65: 66,

3.3 Functional implications of MyBP-C arrangement

We conclude that, of the differing MyBP-C models that have been proposed, the domain
organization that best fits both our antibody-labeling findings and the structural data from
native filaments and intact sarcomeres 42 52: 60: 63,64 js one in which the C-terminal ~3
domains run axially along the surface of the thick filament 3 towards the M-line, while the
rest of the molecule extends laterally from the thick filament and binds to a neighboring thin
filament 52 (Fig. 6A). This model is supported by additional data. The narrowness of the
MyBP-C stripes, representing the projecting region of the molecule 52, suggests that the
distal, flexible N-terminal end must be held in position, presumably by attachment to
another myofibrillar component. Connection to actin would provide a simple explanation.
This concept is reinforced by the finding that the MyBP-C-based M1 meridional X-ray
reflection becomes weaker as thin filaments are pulled out of the C-zone, suggesting that
regular, axially confined extensions of MyBP-C from the thick filaments require the
presence of actin 0. The binding to actin in situ implied by these structural data supports the
physiological relevance of in vitro data showing that N-terminal domains of cMyBP-C can
bind to thin filaments, modulating both their Ca?*-sensitivity and sliding with respect to
thick filaments 35 36: 38; 39; 48

In addition to its binding to thin filaments, there is also evidence that the cMyBP-C N-
terminal region (CO, C1, M) can interact in vitro with the myosin head region (both the

RLC 23 and S2 near its junction with the heads 24: 25: 26: 27: 28, 29 'with potential effects on
myosin function. In relaxed muscle the myosin heads and S2 lie on or close to the thick
filament surface 63 64 making it difficult to reconcile these interactions with an N-terminal
region that extends away from the filament backbone. Possibly such interactions occur when
myosin heads move away from the thick filament to bind to actin during contraction,
although even under these circumstances molecular modeling suggests that S2 and the RLC
would be no more than 5-8 nm from the thick filament backbone, and so would not be close
to MyBP-C’ xt N-terminus. Models in which MyBP-C extends axially along the filament,
making S2/RLC interactions possible 43, are inconsistent with our labeling data showing a
transverse orientation for the bulk of the molecule. An arrangement that could partially
reconcile our antibody and S2/RLC binding data is one in which MyBP-C extends from the
thick filament, then loops back so that its N-terminal region interacts with S2/RLC (close to
the filament backbone) at the same axial level (Fig. 6B). While this would be consistent with
our domain localization data, it does not agree with the tomographic observations that show
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MyBP-C contacting neighboring actin filaments. Alternatively MyBP-C could interact with
S2 and the RLC from a different thick filament 52, although there is so far no structural
evidence that such MyBP-C contacts between thick filaments actually occur in muscle.

4. Materials and Methods
4.1. Antibodies

Four polyclonal antibodies were used in this work. Two were raised in rabbits against
specific N- and C-terminal epitopes of mouse cMyBP-C [Uniprot ID O70468]: residues
2-14 (EPGKKPVSAFSKK) at the N-terminal end of the CO domain, and residues
1200-1212 (AVRGSPKPKISWFK) at the C-terminal end of C10. These peptides were
selected based on their predicted antigenic potency and the absence of any homolog within
other domains of cMyBP-C or other proteins in the genome. The antibodies were purified by
affinity chromatography using the respective immunogenic peptides, and characterized as
previously described 7. Western blots confirmed the specificity for CO and C10 of cardiac
muscle and the absence of reactivity with skeletal MyBP-C. A third antibody was raised in
rabbits against native cMyBP-C purified from rat heart 8. Epitope mapping using this serum
indicated that the antibody preferentially recognized epitopes in the CO domain with some
reactivity to the M-domain and little or none with domains C3-C4, C5-C7 and C8-C10. The
fourth antibody was raised in rabbits against a recombinant protein comprising mouse
domains C5-C7, expressed in bacteria as described for expression of N-terminal domains of
cMyBP-C 3. Soluble protein was purified under native conditions from bacterial
homogenates using a NiNTA affinity column against a 7x His tag added at the N-terminus
of the C5-C7 protein. Purified C5-C7 was dialyzed into PBS for production of rabbit
antiserum by the Comparative Pathology Laboratory at the University of California, Davis.
Western blots of DAPase-treated proteins (to remove the His tag) confirmed that the antisera
and affinity purified antisera recognized expressed domains C5-C7, but not C0-C2, C0-C4,
nor C8-C10.

4.2. Mouse cardiac myofibrils

Myofibrils were isolated from the hearts of 8 to 10 week old mice (129 SVE, Taconic
Farms, NY). Animals were handled in accordance with the principles and procedures of the
University of Massachusetts Medical School Institutional Animal Care and Use Committee
(IACUC) guidelines. Mice were first anesthetized in a CO, chamber for 6 minutes, and then
euthanized by cervical dislocation. The heart was excised and cut into small slices in rigor
solution (100 mM NaCl, 3 mM MgCl,, 2 mM EGTA, 1 mM NaN3, 5 mM PIPES, pH 7.0)
and the slices chemically skinned in rigor solution containing 0.1% w/v saponin for 3 h at
4°C with agitation. Skinned muscles were washed with several changes of fresh rigor
solution overnight at 4°C, then homogenized in rigor solution using a Polytron homogenizer
(Brinkmann Instruments, Westbury, NY) at setting number 5 for 1 min (3 times for 20 sec
each). The suspension was centrifuged at 800 g for 3 min to pellet the myofibrils, leaving
small debris in the supernatant, and the myofibrils resuspended in rigor solution.

As a negative control, cMyBP-C null myofibrils were isolated from the hearts of 3 week old
cMyBP-Ct) mice 56 by the same method.
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Phosphorylation levels of cMyBP-C were measured using SYPRO Ruby/Pro-Q Diamond
phosphoprotein staining (Life Technologies).

4.3. Immunofluorescence microscopy

For both immunofluorescence and immuno-EM experiments, fixative, BSA rinses and
antibody dilutions used rigor solution as the carrier. A drop of the cardiac myofibril
suspension was applied to a coverglass and left for 5 min at room temperature. After
attachment to the coverglass, myofibrils were fixed for 5 min with 0.1% glutaraldehyde in
rigor solution (or left unfixed), then washed with 3 changes of fresh rigor solution for 15
min. After fixation, the coverglass was blocked with 1% BSA for 30 min at room
temperature. After washing with 3 changes of 0.1% BSA for 15 min, followed by fresh rigor
solution, the cover glass was incubated with a 1:400 dilution of antibody overnight at 4°C.
The coverglass was washed with 3 changes of fresh rigor solution for 15 min, and then
incubated for 1 hr at room temperature with a 1:1000 dilution of goat anti-rabbit secondary
antibody tagged with Alexa 488 (Invitrogen). The coverglass was washed 3 times with rigor
solution, then applied to a glass slide and examined with an Axioskop 2 Plus (Carl Zeiss,
Inc. Thornwood, New York, USA) equipped with filters for fluorescein isothiocyanate
(FITC). Fluorescence images were recorded using AxioVision (Carl Zeiss, Inc.) software
and an AxioCam camera (Carl Zeiss, Inc.). To determine the location of antibody binding in
the sarcomere, Z-lines and A-bands were identified in parallel DIC images of the same
myofibrils that had been observed by immunofluorescence. Z-line identification was
confirmed using antibodies to a-actinin (not shown).

4.4. Immuno-electron microscopy

A5 pl droplet of cardiac myofibril suspension was placed on a formvar- and carbon- coated
copper grid, left for 5 min, washed with several drops of rigor solution then fixed with 0.1%
glutaraldehyde for 5 min (or left unfixed). The grid was blocked with 1% BSA for 30 min at
room temperature, washed with 0.1% BSA for 5 min, then incubated overnight at 4°C with a
1:16 dilution of domain-specific antibody. The grid was then washed on a drop of rigor
buffer for 5 min, and in the cases of the C- and N-terminal epitope antibodies, this was
followed by incubation on a drop of 1:32 dilution of goat anti-rabbit Alexa 488 secondary
antibody (Invitrogen) at room temperature for 1 hr.

Labeled and unlabeled myofibrils were negatively stained by first fixing with 2.5%
glutaraldehyde (buffered in rigor solution, pH 7.0) for 1 min, washing with several drops of
0.1 M ammonium acetate, then staining with 2 drops of 0.5% aqueous ammonium
molybdate 17. The remaining drop of stain was removed with filter paper and the grid dried
quickly under a hair drier to improve spreading of the stain. Images were obtained at 120 kV
on a TECNAI Spirit electron microscope (FEI, Hillsboro, OR, USA), using a Gatan
Erlangshen CCD camera (Gatan, Pleasanton, CA, USA) at a pixel size of 0.86 nm in the
specimen). Because of the myofibril thickness (~ 1 um), staining was typically quite dense
(Fig. 4). Nevertheless, stripe visibility was substantially improved over that seen in
sectioned material 19; variations on this optimal procedure that produced lower density did
so at the expense of contrast in the stripes.
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4.5. Image analysis

Images were selected in which the MyBP-C stripes were clear and straight, and in the case
of immunolabeling, wider, indicating the presence of antibody. The selected images were
rotated to make the stripes vertical, and the distance of each stripe from the center of the M-
line was measured using the ImageJ %9 Plot Profile function. In some cases, a band-pass or
custom filter was used to enhance the signal 19. While this made the stripes clearer and
therefore easier to measure, it did not change their peak positions or their periodicity. To
compensate for possible variable specimen shrinkage and slight variations in microscope
magnification, the regular periodicity of the MyBP-C stripes was used as an internal
standard for each micrograph 19, The periodicity was taken to be 43 nm, based on past X-ray
diffraction and EM/optical diffraction studies 17: 42 46: 58: however, the precise value is not
important as it does not affect the relative positions of the stripes, which was the key
parameter in our studies. Minimizing experimental variability by using this internal
calibration enabled us to measure small differences in stripe position that might otherwise
have gone undetected.

4.6. Statistical analysis

For statistical comparison of the distances of the stripes from the center of the M line, one-
way analysis of variance (ANOVA) with Tukey's multiple comparison test was performed
using GraphPad Prism version 6.04 for Windows (GraphPad Software, La Jolla, CA).
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Figure 1. Domain organization of cardiac MyBP-C
Ig and Fn domains numbered from N-terminus, at left. PA, ProAla-rich domain (green); M,

M-domain (blue), containing phosphorylation sites (red); bar in C5, cardiac-specific insert.
Black labels beneath molecule are positions of epitopes of the 4 antibodies used in this
study; CO and C10 antibodies are specific for peptides near the N- and C-termini; C0-M and
C5-C7 antibodies preferentially recognize these regions of the molecule. Labels above
cMyBP-C indicate regions of binding to the RLC, S2, LMM, actin and titin.
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Figure 2. Examples of cMyBP-C arrangement and antibody-labeling patterns, demonstrating the
principle of the labeling experiment

(A) Fully axial arrangement of cMyBP-C. (B) C-terminal axial, N- terminal radial; C10
closer to M-line. (C) Fully circumferential, C0-C10 all involved in collar. (D) C-terminal
circumferential, N-terminal radial. (E, F) Examples showing how positions of antibody
stripes within the 43 nm repeat can depend on whether cMyBP-C is axially or transversely
(either radially or circumferentially) oriented. Red and blue show the nine stripes (numbered
3-11 of the 11 total nonmyosin stripes in each half A-band 17) that are strongly labeled by
anti-cMyBP-C (Fig. 4C-F). Stripes 1 and 2 are unlabeled or weakly labeled. With a
transverse orientation (e.g. (C) and (D)) all antibodies would label at the same axial position
(e.g. the blue stripe array in (E) due to labeling of blue epitopes in C, D). However, if part or
all of the molecule is axially organized (e.g. (A), (B)), different domains would label at
different axial positions, the relative positions of the stripe arrays depending on the length of
the axial component and its orientation (towards or away from the M-line). For example, in
(B) the blue domains (CO and C5) could (as shown here) be situated ~20 nm further from the
M-line than the red domain (C10), resulting in the relative labeling patterns shown in (E)
and (F). In this case, the stripes labeled by antibodies to C0O and C5 (blue stripes) would lie
~20 nm further from the M-line (as in E) than the corresponding stripes labeled by anti-C10
(as in F). The same concepts can apply to other possible domain distributions. The actual
distance of each of the stripes 3-11 from the center of the M-line was measured for each
antibody, producing the results in Table S1. From these results, the average position of all
nine stripes was calculated (Table 1), and can be thought of as indicating the position of
stripe 7 (see 2.3; Materials and Methods).
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Figure 3. Immunofluorescence of mouse cardiac myofibrils labeled with domain-specific
antibodies against mouse cMyBP-C

All myofibrils are fixed except (E). (A) labeled with pre-immune serum (PI); the Z-line but
not the A-band is labeled. (B)-(D) labeled with C0, C0-M and C5-C7 antibodies, showing
labeling of the A-band. (E, F) unfixed and fixed myofibrils labeled with C10 antibodies,
showing labeling of the Z-line (E) and the A-band (F).
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Figure 4. Electron micrographs of cMyBP-C localization in fixed myofibrils labeled with specific
antibodies

(A) Control myofibril without antibody shows 11 narrow stripes in each half A-band
(arrowheads, cf. Fig. 2E). (B) Unlabeled tit myofibril (cMyBP-C absent) shows no stripes in
the A-band. (C-F) Myofibrils labeled with antibodies to CO, CO-M, C5-C7, and C10 show
clear intensification of MyBP-C stripes (stripes 3-9). For CO-Mand C5-C7, only primary
antibodies were used, while for epitope-specific antibodies (CO and C10), myofibrils were
also labeled with secondary antibody. Stripes 3-11 strongly labeled with antibody; stripe 1
unlabeled; stripe 2 often weakly labeled (see Supplemental Discussion (2)). Note: in all
cases where labeling occurred both with and without fixation, the labeling pattern was
similar; 1o we therefore show only the results obtained with fixation. Scale bar = 200 nm.
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Fig. 5. Examples of filtered images of individual negatively stained myofibrils together with their
profile plots (used to make measurements of stripe position)

Each filtered image shows a clear M-line and 9-11 stripes in each half of the A-band. In the
profile plots, the antibody-labeled myofibrils show 9 strong peaks (stripes 3-11) in the C-
zone, and in some cases a peak on stripe 2. The control myofibril (Fixed MF) shows 11
weak peaks, while the cMyBP-C-deficient (t/t) myofibril shows no peaks in the C-zone. For
measuring stripe position, the periodicity of the peaks seen in these profiles was used as an
internal standard, assumed to be 43 nm.
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M Line Zline

Figure 6. Cartoon of possible cMyBP-C organizations in the sarcomere compatible with the
antibody labeling data

Three domains (C8-C10) run axially along the thick filament, while most of the molecule
(C0-C7) either extends from the filament surface, binding to actin by its N-terminal region
(A), or loops back, possibly binding to S2 or the RLC, close to the filament backbone (B).
Assuming each domain is ~ 4 nm, the inclusive distance from C8- C10 would be ~ 12 nm,
similar to the distance between the C10 antibody and the CO and C5-C7 antibodies (Table
1). The C0O-M region bound to actin is shown with the orientation suggested by 3D
reconstructions of F-actin decorated with N-terminal fragments 1. This arrangement may
account for the observation that CO-M antibodies appear to bind slightly closer to the M-line
than CO and C5-C7.
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Table 1

Average position (hm) of unlabeled and labeled stripes (mean + S.D.)

Antibody  Unlabeled Cco CO0-M C5-C7 C10-2nd Ab

AVrage  3285+28 330344 351:43 3202%33 3202+29"

P?zmgn (n=33) (n=90) (n=27) (n=63) (n=20)

The Table shows the average of the axial distances measured from the central stripe of the M-line to the peak of each cMyBP-C unlabeled or
antibody-labeled stripe in fixed myofibrils (Figs. 2E,F, 5, Table S1.).

*
indicates significantly different from each of the three other antibody-labeled and the unlabeled stripe positions (p < 0.01, except for Unlabeled,
where p < 0.05).

*

*
indicates significantly different from each of the three other antibody-labeled and the unlabeled stripe positions (p < 0.01).
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