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ABSTRACT Mutations in the thick filament associated protein cardiac myosin binding protein-C (cMyBP-C) are a major cause
of familial hypertrophic cardiomyopathy. Although cMyBP-C is thought to play both a structural and a regulatory role in the
contraction of cardiac muscle, detailed information about the role of this protein in stability of the thick filament and maintenance
of the ordered helical arrangement of the myosin cross-bridges is limited. To address these questions, the structure of myosin
thick filaments isolated from the hearts of wild-type mice containing cMyBP-C (cMyBP-C1/1) were compared to those of
cMyBP-C knockout mice lacking this protein (cMyBp-C�/�). The filaments from the knockout mice hearts lacking cMyBP-C are
stable and similar in length and appearance to filaments from the wild-type mice hearts containing cMyBP-C. Both wild-type and
many of the cMyBP-C�/� filaments display a distinct 43 nm periodicity. Fourier transforms of electron microscope images
typically show helical layer lines to the sixth layer line, confirming the well-ordered arrangement of the cross-bridges in both sets
of filaments. However, the ‘‘forbidden’’ meridional reflections, thought to derive from a perturbation from helical symmetry in the
wild-type filament, are weaker or absent in the transforms of the cMyBP-C�/� myocardial thick filaments. In addition, the cross-
bridge array in the absence of cMyBP-C appears more easily disordered.

INTRODUCTION

Cardiac myosin binding protein-C (cMyBP-C) has generated

recent interest because mutations in this protein are a major

cause of familial hypertrophic cardiomyopathy (see review

by Marian and Roberts (1)). The pathological effects of mu-

tations in cMyBP-C are consistent with increasing evidence

that it plays both a structural and a regulatory role in myo-

cardial contraction (reviewed by Flashman et al. (2) and

Winegrad (3)). Myosin binding protein-C is one of several

accessory myosin binding proteins (4) that are present in the

vertebrate striated muscle thick filament. These proteins are

responsible for a series of 11 transverse stripes with a spacing

of 43–43.5 nm across each half of the A-band (4–9). Of these

proteins myosin binding protein-C is present in the largest

amount, and in skeletal muscle it is present in seven to nine of

the stripes (5,9–11).

Although myosin binding protein-C was originally thought

to have primarily a structural role in the filament (13), a

regulatory role, especially in myocardium, is more compel-

ling (14–21). The cardiac isoform of MyBP-C is specific to

cardiac muscle (22,23) and has four sites which can be

phosphorylated instead of the one site found in the skeletal

muscle isoform (24). Phosphorylation of the cardiac isoform

is under adrenergic control (15,24–28), suggesting a regu-

latory role for cMyBP-C. In addition, extraction or genetic

ablation of cMyBP-C has been correlated with changes in

calcium sensitivity and force development at submaximal

levels of activation (29,30)—again consistent with a regu-

latory role for cMyBP-C.

Several recent studies (18–20) have suggested that the

regulatory role of cMyBP-C may be mediated through its

binding to the S2 region of myosin and an effect on cross-

bridge extension. Consistent with this, a recent model (31)

has suggested that phosphorylation of cMyBP-C may release

myosin heads from the thick filament backbone. Other evi-

dence, however, has demonstrated that some of the regula-

tory and physiological effects of cMyBP-C may be mediated

independent of a tethering mechanism (32). Thus, although

the evidence for a regulatory role of cMyBP-C is strong, the

mechanism by which cMyBP-C exerts its effect is less clear.

The structural role of cMyBP-C is also unclear. Several

studies suggest that cMyBP-C is necessary for correct assem-

bly of the thick filament (13,33–35), regulation of its length

(34), and stabilization of the filament after assembly (36).

However, Harris et al. (37) found that cMyBP-C knockout

mice, although displaying hypertrophy and significant con-

tractile defects in the heart, are viable and display well-

developed sarcomeres. Thus cMyBP-C does not appear to be

an absolute requirement for thick filament formation. From the

Harris study, however, it was not possible to determine what,

if any, effect the absence of cMyBP-C may have had on the

molecular structure of the thick filament or the arrangement of

the myosin heads compared to the wild-type filaments.

In this study, we investigated the structure of thick fila-

ments isolated from the hearts of the cMyBP-C knockout

mice (cMyBP-C�/�) and compared their structure to that of

filaments isolated from wild-type mice (cMyBP-C1/1) using

electron microscopy and image analysis. The objective of

these studies was to determine the effects of loss of cMyBP-C

at the ultrastructural level on the filament length, diameter,
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and arrangement of the myosin heads. We demonstrate that

filaments from the cMyBP-C�/� myocardium are stable in

length, diameter, and appearance. The filaments also retain

significant amounts of the relaxed periodic cross-bridge

arrangement. Compared to wild-type filaments, however, the

relaxed periodic cross-bridge array on the cMyBP-C�/�

myocardial thick filaments is more easily disrupted and

regions of disorder are more often observed.

MATERIALS AND METHODS

Transgenic mice

Cardiac MyBP-C knockout mice (37) were maintained on an SV/129

background. Wild-type Balb/C mice (7–8 weeks of age) were obtained from

Harlan (Indianapolis, IN). Care and handling of all mice were performed

according to institutional guidelines approved by the Association for Assess-

ment and Accreditation of Laboratory Care International.

Filament isolation

Thick filaments were isolated from mouse ventricular muscle by a mod-

ification of the method previously described (38) for isolation of thick

filaments from the rabbit heart. In brief, fresh mouse hearts were excised from

mice anesthetized with isoflurane, and hearts were placed into an EGTA-

mincing solution containing 100 mM NaCl, 2 mM EGTA, 5 mM MgCl2,

1 mM dithiothreitol, and 7 mM phosphate buffer (pH 7). Ventricular muscles

were then rapidly dissected and minced into cubes (;1–2 mm3). The muscles

were then teased into fine bundles 0.5 mm or less in diameter with forceps

tips, and bundles were placed into fresh EGTA mincing solution 3 or 4 times

(1 h each time). Bundles were stored in EGTA mincing solution until

filament isolation.

For filament isolation, small amounts of the muscle were incubated with

slow stirring for 30 min at room temperature in relaxing solution (EGTA

mincing solution plus 2.5 mM ATP) containing 10 mM creatine phosphate.

Separation of the filaments was accomplished using the elastase treatment

described by Levine et al. (39) as a modification of the original procedure of

Magid et al. (40). In this procedure, a small piece of the muscle was

incubated in an elastase solution containing the proteolytic inhibitor cocktail

of Sellers (41) (1.1 mg/ml elastase in relaxing solution containing 0.44 mg/ml

trypsin inhibitor, 0.0004 mg/ml pepstatin A, 0.0004 mg/ml leupeptin, 0.0004

mg/ml aprotinin, and 0.04 mM phenylmethanesulfonyl fluoride) for 3 min

and then transferred to an Eppendorf tube containing fresh relaxing solution

(with proteolytic inhibitors at 2 mg/liter). This was vigorously shaken by

hand for 3 min and centrifuged at 3,000 rpm in an Eppendorf 5415C

centrifuge (Eppendorf, Hamburg, Germany) to pellet unbroken cells and

debris. The suspension of separated thick and thin filaments was then ex-

amined by electron microscopy.

Negative staining and electron microscopy

Negative staining with 1% uranyl acetate was performed as previously

described (42). In this procedure, thick filaments were adsorbed onto thin

carbon films (5–7 nm thickness) supported on perforated Formvar-coated

grids. The grids were rinsed sequentially with eight drops of half-strength

relaxing solution (50 mM NaAc, 1 mM-EGTA, 1 mM MgCl2, 1 mM

dithiothreitol, 1 mM ATP, and 2 mM imidazole buffer at pH 7.0) and

negatively stained with 1% uranyl acetate. All of the rinse and stain solutions

were maintained at 25�C on a Thermolyne Dri-bath (Thermolyne, Dubuque,

IA) heater to avoid the loss of helical ordering, which has been demonstrated

to occur for mammalian and avian thick filaments at temperatures below

;15�C. Electron microscopy of the negatively stained preparations was

performed at 80 kV with a JEOL-1200EXII electron microscope (JEOL,

Tokyo, Japan) equipped with an AMT HR60 High Resolution Digital

Camera (2 K 3 2 K; AMT, Danvers, MA) at 150,0003. At this

magnification there were ;10 axial repeats of the filaments per 1024 pixels.

Computer image analysis

Computation of Fourier transforms and filtered images of the filaments was

performed as previously described (43). For computation of Fourier trans-

forms, selected areas of filament images at a pixel size corresponding to

;0.42 nm were floated in 1024 3 1024 arrays. The images were straight-

ened, rescaled, and rotated as necessary to ensure that the helical layer lines

fell on the sampled lines of the transform by sizing the filament images to

exactly 10 axial repeats per 1024 pixels.

Filtered images of the filaments were computed by Fourier inversion of

the layer line data for the first six layer lines. Information about the periodic

structure of the filaments is present in the layer line data, whereas information

about nonperiodic structures is scattered over the entire Fourier transform.

Masking the transform to include only the layer line data excludes much

of the noise coming from the nonperiodic structures and background.

Performing an inverse Fourier transform of the masked transform gives a

filtered image displaying the periodic structure more clearly. Plots of the

axial density profile of the filtered images were done with National Institutes

of Health ImageJ software.

Measurements of filament diameter and the radius
of the center of mass of the cross-bridges

The diameter of the filaments was measured on filtered images of the

filaments obtained by inverse Fourier transformation of the data along the

first six layer lines in the transforms. Since the images contained exactly 10

repeats of the 43 nm axial repeat in 1024 pixels, the repeat spacing of 43 nm

equals 102.4 pixels in the filtered images, allowing conversion of the

measured diameters of the filaments in pixels to values in nm by simple

proportion using 43 nm ¼ 102.4 pixels.

We also measured the positions of the primary maxima on the first layer

line in computed Fourier transforms of each filament to calculate an estimate

of the average radius at which the center of mass of the myosin heads lies. If

the filaments are three stranded, as our data show, then by helical diffraction

theory (44) the radial position (R) of the primary peaks along the first layer

line is related to the radius at which the cross-bridges lie (r) by the equation

4.2 ¼ 2prR, where 4.2 is the value expected for a J3 Bessel function. By

carefully setting the scaling of the filament images so that exactly 10 helical

repeats (10 3 43 nm) occurred in the 1024 pixels of the 1024 3 1024

transform, it was possible to accurately measure the value of R in nm and use

this to calculate an estimate of the average radius of the center of mass of the

cross-bridge. It must be noted that the values obtained are only estimates used

for comparative purposes and may not be the precise average radius at which

the cross-bridge mass is centered. As we describe in the Discussion, the

filament is not strictly helical and has cylindrical symmetry. Because of this,

both J3 and J6 Bessel functions are likely to contribute to the primary

reflection on the first layer line. This may result in an inaccuracy in the values

calculated for the average radius at which the cross-bridge mass is centered

(r). For comparative purposes between the filaments, however, the calculated

values are useful as an alternative measure of the size of the filaments.

Although smaller than the total diameter (or radius to which the cross-bridges

project), the measurement provides an additional assessment of the filament

size that should correlate with the direct measurements of filament diameter.

RESULTS

Appearance of isolated filaments

Thick filaments were isolated from the hearts of both

cMyBP-C1/1 mice and cMyBP-C�/� mice. Fig. 1, A–C,
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shows micrographs of the isolated thick filaments from the

hearts of the cMyBP-C1/1 mice. The filaments are bipolar,

with a central bare zone and a length of ;1.6 microns. They

display the distinct 43 nm axial periodicity of the myosin

heads in the cross-bridge regions (indicated by tick marks)

previously shown for isolated rabbit cardiac thick filaments

(38,43). This periodicity can best be seen by tilting the

micrographs and looking along the long axis of a filament. In

addition, in Fig. 1 B, the boxed inset shows two repeats of the

43 nm axial periodicity from the Fourier filtered image of the

filament.

The filtered image was calculated by masking the Fourier

transform of the filament to include only the data along the

first six layer lines and performing a Fourier inversion of this

data. Since the information about the periodic structure is

localized to the layer lines of the transform, the inverse

Fourier transform produces an image excluding the non-

periodic noise and showing the periodic structure more

clearly. In Fig. 1 B, the 43 nm axial repeat present in the

filtered image inset can be seen to extend along the rest of this

filament. A similar periodic structure is evident in the other

filaments as well. Close inspection of both the filtered image

segments and the rest of the filaments demonstrates that the

staining pattern at each cross-bridge crown of the mouse

myocardial filaments lacks the bilateral symmetry expected

for an even-stranded arrangement of the myosin heads (45).

The filaments display the ‘‘sawtooth’’ pattern that we previ-

ously described in isolated rabbit cardiac thick filaments

(38,43) and that we showed to be consistent with the three-

stranded arrangement of the myosin heads.

Fig. 2, A–C, shows micrographs of thick filaments isolated

from the cMyBP-C�/�myocardium. The filaments appear to

FIGURE 1 A gallery of electron micrograph

images of isolated and negatively stained thick

filaments from the wild-type mouse heart

(MyBP-C1/1). A shows a slightly lower mag-

nification field of the isolated filaments, and B

and C show higher magnification examples of

the fields. Note that the filaments show the

distinct 43 nm quasihelical periodicity of the

myosin heads previously shown for rabbit and

rat cardiac filaments. This periodicity is indi-

cated by the tick marks along the filaments. The

boxed inset in B shows two repeats of the 43 nm

axial periodicity from a Fourier filtered image

of the filament calculated using the data along

the first six layer lines. The two repeats from the

filtered image more clearly show the repeating

structure along the filament, which can then be

seen to continue along the filament arm. A

similar pattern can also be recognized in the

filaments in A and C as well. The asterisks

indicate the position of the filament bare zone.

The magnification bars indicate 50 nm.
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be of normal length and diameter and to be relatively stable

in structure. The normal length of the filaments is suggested

by the presence of ‘‘end filaments’’ (46) normally seen at the

ends of the wild-type filaments and other vertebrate striated

thick filaments. The thick filaments of the cMyBP-C�/�

myocardium, like the filaments isolated from the cMyBP-C1/1

myocardium, have a bipolar structure, and most display

evidence of a distinct 43 nm axial periodicity in the cross-

bridge regions. This axial periodicity is indicated by the tick

marks along most of the filaments in Fig. 2, A–C, and, again,

is best seen by viewing each filament along its long axis.

In Fig. 2 B the boxed inset shows two repeats of the 43 nm

axial periodicity from a filtered image of the filament. As

in the case of the wild-type filaments, the staining pattern in

the cross-bridge region of the cMyBP-C�/� filaments is the

‘‘sawtooth’’ pattern characteristic of a three-stranded ar-

rangement of myosin heads (38,43).

Although the filaments from the hearts of the cMyBP-C�/�

mice typically display a distinct 43 nm axial periodicity of

the myosin heads, the helical or quasihelical periodicity of

these filaments appears more easily disordered by factors

such as changes in the surface properties of the carbon films

used for staining than do the wild-type filaments. The decreased

stability of the periodic arrangement of the cross-bridges in

the cMyBP-C�/� myocardial filaments was evident both in

an increased number of filaments with disordered cross-

bridges (Fig. 2 A, labeled) and an increased number of

filaments in which both regions of order and disorder were

observed along the same filament arm (bracket Fig. 2 A).

Although we did not quantify numbers, the decreased

FIGURE 2 A gallery of electron micrograph

images of isolated and negatively stained thick

filaments from the cMyBP-C mouse heart

(MyBP-C�/�). A shows a field of the isolated

filaments, and B and C show examples of the

individual filaments. Note that despite the

absence of MyBP-C, the filaments appear to

be of normal length and width and many of the

filaments retain the 43 nm quasihelical arrange-

ment of the myosin heads. The 43 nm perio-

dicity is indicated by the tick marks along the

filaments. The boxed inset in B shows two

repeats of the 43 nm axial periodicity from a

Fourier filtered image of the filament calculated

using the data along the first six layer lines. The

two repeats from the filtered image more clearly

show the repeating structure along the filament,

which can then be seen to continue along the

filament arm. A similar pattern can also be

recognized in the filaments in A and C as well.

As shown in A, however, in the preparations

of the cMyBP-C�/� filaments an increased

number of filaments are either disordered in

the periodic arrangement of the cross-bridges

(labeled) or have alternating regions of order

and disorder of the cross-bridge array. The

bracket indicates one such region of disorder

along a filament. The asterisks indicate the

position of the filament bare zone. The magni-

fication bars indicate 50 nm.
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stability of the helical or quasihelical arrangement of the

cross-bridges under relaxing conditions in the cMyBP-C�/�

thick filaments was quite clear. It was particularly evident in

regions of poor negative staining due to hydrophobicity of

the carbon surface. In these regions in which the negative

stain was not present to help stabilize the structure, the

filaments from the cMyBP-C�/� myocardium typically

appeared more disordered than the filaments from the

cMyBP-C1/1 myocardium. As illustrated in Fig. 2 A, how-

ever, the increased disorder of the filaments was also seen in

regions of good negative staining and was not limited to areas

of poor negative staining. Thus the disordering cannot be

ascribed simply to poor negative staining or the properties of

the carbon but most likely reflects a decreased stability of the

periodic arrangement of the cross-bridges in the absence of

cMyBP-C. These results suggest that cMyBP-C may play a

role in stabilizing the relaxed cross-bridge arrangement.

Fourier transforms of the filaments

Fourier transforms of electron micrographs of cross-bridge

regions displaying a distinct periodicity were computed and

compared for both cMyBP-C1/1 cardiac filaments and

filaments from the cMyBP-C�/� myocardium. Fig. 3, A–F,

illustrates Fourier transforms obtained from the wild-type

thick filaments. The computed transforms show a strong set

of layer lines corresponding to a 43 nm quasihelical arrange-

ment of the myosin heads. Typically, the patterns are strong

to the 6th layer line with a rapid fall-off in intensity beyond

this point, although layer lines out to the 11th or 12th layer

FIGURE 3 Computed Fourier trans-

forms of electron micrograph images of

the negatively stained thick filaments

from the wild-type mouse heart (A–F)

and the cMyBP-C knockout mouse

heart (G–L). The transforms of the wild-

type filaments show a strong series of

layer lines (indicated by the numerals)

corresponding to the 43 nm quasihelical

axial repeat of the filament. Note the

frequent presence of the meridional

reflections on the first, second, fourth,

and fifth layer lines, which are not

expected for ideal helical symmetry

(‘‘forbidden’’ meridional reflections).

The transforms from the filaments of

the cMyBP-C knockout mouse heart

(G–L) also show a well-developed series

of layer lines corresponding to the 43

nm axial repeat. Note that the ‘‘forbidden’’

meridional reflections are very weak or

absent in the transforms of the filaments

from the hearts of the MyBP-C knockout

mice, however, compared to the trans-

forms from the wild-type filaments.
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line are frequently present. The periodic detail in the fila-

ments therefore extends to ;4 nm. The first and second off-

meridional layer lines are usually strong, whereas the fourth

and fifth layer lines are much weaker. The meridional

reflections which correspond to the average axial rise of

14.3 nm per cross-bridge crown are present on the third and

sixth layer lines but of variable intensity from transform to

transform.

In addition to the meridional reflections expected from

ideal helical symmetry on layer lines that are multiples of

three, such as 3, 6, 9. . ., the transforms from the wild-type

filaments typically show additional meridional reflections

not expected from ideal helical symmetry on the 1st, 2nd,

4th, 5th, 8th, 10th, and 11th layer lines (Fig. 3, A–F). These

reflections, on layer lines which are not multiples of three,

correspond to the ‘‘forbidden’’ meridional reflections de-

scribed in the x-ray diffraction pattern of vertebrate skeletal

muscle by Huxley and Brown (47). They are thought to arise

either from a perturbation from ideal helical symmetry in the

cross-bridge array or from the presence of accessory proteins

associated with the filament backbone. Overall, these trans-

forms from the wild-type mouse myocardial thick filaments

appear very similar to the transforms previously published

for isolated rabbit cardiac thick filaments (38,43).

The Fourier transforms computed from the isolated fila-

ments from the cMyBP-C�/� myocardium (Fig. 3, G–L) are

similar in showing a strong series of layer lines correspond-

ing to a 43 nm axial periodicity which often extends to the

11th or 12th layer lines. As for the cMyBP-C1/1 filaments,

this suggests that periodic detail in the filament images

extends to ;4 nm. Also similar to the transforms from the

wild-type filaments, meridional reflections corresponding to

the average 14.3 nm axial rise between the cross-bridge

crowns are typically present on the third and sixth layer lines.

However, one difference from the wild-type filaments is the

much stronger relative intensity of the 14.3 nm meridional

reflection on the third layer line in the transforms from many

of the cMyBP-C�/� filaments (Fig. 3, H–K).

The cMyBP-C�/� transforms also differ from those of the

cMyBP-C1/1 filaments in that the ‘‘forbidden’’ meridional

reflections on the first, second, fourth, fifth, and eighth layer

lines are relatively weak or absent. This difference is

particularly evident in the comparison of transforms obtained

by averaging the transforms from 20 different cMyBP-C1/1

filaments (Fig. 4 A) with transforms from averaging 20

different cMyBP-C�/�myocardial thick filaments (Fig. 4 B).

The averaged transform of the wild-type mouse cardiac

filaments (Fig. 4 A) clearly shows the ‘‘forbidden’’ merid-

ional reflections on the first, second, fourth, and fifth layer

lines similar to those previously shown for isolated rabbit

cardiac thick filaments (38,43). In contrast, the ‘‘forbidden’’

meridional reflections on the first, second, fourth, and fifth

layer lines in the averaged transforms of the cMyBP-C�/�

myocardial thick filaments (Fig. 4 B) are either very weak or

absent. The one exception is the meridional reflection on the

11th layer line (Fig. 4 B inset) that appears to persist in the

averaged transforms of the cMyBP-C�/� filaments. The aver-

aged transforms (Fig. 4, A and B) also confirm the relatively

stronger intensity of the 14.3 nm meridional reflection on

the third layer line in the transforms of the cMyBP-C�/�

filaments compared to the transforms of the cMyBP-C1/1

filaments. Transforms from the cMyBP-C�/� myocardial

thick filaments thus appear more similar to transforms

expected from an ideal helical arrangement of the cross-

bridges. These results strongly suggest that although both the

cMyBP-C1/1 and cMyBP-C�/� myocardial thick filaments

have a 43 nm axial periodicity of the cross-bridge array, the

structure is not identical for the two types of filaments.

FIGURE 4 A and B represent averages of 20 Fourier

transforms from the filaments of the wild-type heart (A)

and the cMyBP-C knockout mouse heart (B) showing the

strong set of layer lines (indicated by the numerals)

corresponding to the 43 nm axial repeat. The boxed areas

in both A and B were lightened to show the meridional

region from the 7th to the 11th layer line. Although the

‘‘Forbidden’’ meridional reflections are clearly present on

first, second, fourth, and fifth layer lines of the transforms

from the wild-type mouse heart filaments (A), these

reflections are weak or absent in the averaged transform

from the filaments of the MyBP-C knockout mouse heart

(B). A meridional reflection is present on the 11th layer line

in both A and B and indicates that periodic information

may extend to ;4 nm for both the cMyBP-C1/1 and

cMyBP-C�/� filaments.
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Fourier filtered images of the filaments

Fourier filtered images of the cMyBP-C1/1 (Fig. 5, A–D) and

cMyBP-C�/� myocardial thick filaments (Fig. 5, E–H) were

computed by inverse Fourier transform of the data along the

first six layer lines in the transforms from the filaments. The

filtered images from both sets of filaments appear similar and

consistent with the staining pattern which we previously

shown to correspond to a three-stranded arrangement of the

myosin heads (43). The most obvious difference that we

observed is that the filtered images of the wild-type filaments

typically show a distinct doublet of density at 43 nm axial

spacing along one side of the filament (indicated by the

brackets in Fig. 5, A–D), which often appears weaker or absent

in the filtered images of the cMyBP-C�/�myocardial filaments

(indicated by the asterisks in Fig. 5, E–H). In the cMyBP-C1/1

filaments this appears to arise from an additional density

adjacent to one of the three cross-bridge crowns in the

repeating 43 nm axial repeat of the filament. Plots of the axial

density profile of the filtered images confirm the increase in

density at this location (arrow in Fig. 5 I) in the cMyBP-C1/1

filaments compared to the cMyBP-C�/� filaments (arrow in

Fig. 5 J). This doublet density appearance is also characteristic

of the filtered images previously computed for the isolated

rabbit cardiac filaments (38,43).

Measurements of filament diameter

Since it has been reported that phosphorylation of cMyBP-C

in rat cardiac thick filaments causes a change in diameter

and an increase in periodicity of the filaments (21), it was

important to determine whether the absence of cMyBP-C

in the mouse cMyBP-C�/� myocardial thick filaments

produced any change in diameter. Two alternative com-

plementary approaches were used to assess differences in

diameter between the cMyBP-C1/1 and the cMyBP-C�/�

myocardial thick filaments. In both cases, measurements

were limited to filaments which retained some degree of

periodicity since the extent of projection into the stain of the

myosin heads in the disordered filaments is not easily

ascertained and therefore measurements are very subjective.

For this reason, the comparison of diameters was limited to

filaments which displayed at least the first three layer lines in

transforms. Since, as shown in Figs. 1 and 2, many of the

filaments retained this level of periodicity, this did not appear

to impose a limitation on the number of filaments analyzed.

In the first procedure, measurements of the maximum

diameter of the filament at each 43 nm axial repeat in the

C-zone (the region of most constant filament diameter) were

made for filtered images of the filaments from the cMyBP-

C1/1 and the cMyBP-C�/� myocardium. Because the actual

magnification of an electron micrograph can vary up to 10%

from that indicated by the instrument, the filament diameter

measurements were calculated for each filament using the

43 nm helical periodicity of the filament as a ruler. The

measured values of diameter using this procedure corre-

sponded to the average maximum diameter of the filament.

As an alternative procedure, we also measured the

positions (R) of the primary maxima on the first layer line

in computed Fourier transforms of the filaments to calculate

an estimate of the average radius (r) at which the center of

FIGURE 5 Filtered images obtained by inverse Fourier

transform of the data along the first six layer lines of

transforms from the filaments of the wild-type heart (A–D)

and the cMyBP-C knockout mouse heart (E–H). Both sets

of filtered images show the distinct ‘‘sawtooth’’ periodicity

and the lack of bilateral symmetry at each cross-bridge

crown typical of a three-stranded arrangement of the

myosin heads as previously shown for other vertebrate

striated muscle thick filaments. Although the filtered

images are similar, the filtered images from the filaments

of the wild-type hearts (A–D) tend to show an additional

strong density between two of the three cross-bridge

crowns in the 43 nm axial repeat that gives rise to a distinct

density doublet (bracket) which is weaker (asterisks) in the

filtered images of the filaments from the cMyBP-C

knockout mouse hearts (E and F). The tick marks indicate

the 43 nm axial repeat of the filaments. I and J show an

axial plot of the density for the three cross-bridge levels in

the 43 nm axial repeat in the filtered images of the cMyBP-

C1/1 (I) and cMyBP-C�/� filaments (J), respectively. The

lines indicate the positions of the cross-bridge crowns. The

arrows point to the extra density between cross-bridge

levels that is relatively much stronger in the cMyBP-C1/1

filaments than the cMyBP-C�/� filaments. The increased

strength of this extra density together with the adjacent

strong peak of density for the cross-bridge crown is

responsible for the appearance of the doublet of density

present in the cMyBP-C1/1 filaments.
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mass of the myosin heads lies for each filament. According

to helical diffraction theory (44), the radius (r) can be

calculated using the equation 4.2 ¼ 2prR, where 4.2 is the

expected value for a J3 Bessel function corresponding to the

three-stranded structure of the filament. As described in

Materials and Methods, although the values calculated for

the average radius of the cross-bridge mass may not be

strictly accurate in this case because the thick filament has

a perturbed cross-bridge array and is not an ideal helix,

the calculated values provide an additional parameter for

comparison with the direct measurements of the diameter of

the isolated thick filaments. As in the case of the direct mea-

surements of the diameter of the filament, the axial helical

periodicity of 43 nm was used in these measurements as an

internal yardstick to ensure the accuracy of the calculated

values.

Using these two approaches, we found that the relaxed

periodic cMyBP-C1/1 mouse cardiac thick filaments have a

mean diameter of 31.0 6 1.7 nm (n ¼ 123 filtered images)

compared to a mean diameter of 31.1 6 1.4 nm (n ¼ 126

filtered images) for the cMyBP-C�/� myocardial thick fila-

ments. The center of mass of the cross-bridges was calcu-

lated at a mean radius of 13.4 6 1.4 nm (n¼ 159 transforms)

for the cMyBP-C1/1 mouse filaments, compared to a mean

radius of 13.5 6 1.4 nm (n ¼ 182 transforms) for the

cMyBP-C�/� myocardial thick filaments. As shown in Fig.

6, A–D, the distributions for the measurements appear

unimodal, consistent with a single population of filaments,

among those filaments that retain an ordered arrangement of

myosin heads. Both sets of measurements suggest that there

is no significant difference in diameter between the relaxed

ordered thick filaments of the cMyBP-C1/1 and the cMyBP-

C�/� myocardia. Thus, no uniform change in the extension

of the cross-bridges occurs in the absence of cMyBP-C for

those filaments that retain the 43 nm axial periodicity of the

cross-bridge array.

DISCUSSION

The recently developed cMyBP-C knockout mouse (37), in

combination with the use of electron microscopy and image

analysis, provides a powerful tool for studying the functional

and structural roles of cMyBP-C in the cardiac thick filament.

Although chemical methods exist for the removal of MyBP-C

from the thick filament, these generally result in incomplete

loss of the MyBP-C and can remove other sarcomeric pro-

teins as well (48). The incomplete removal of MyBP-C

prohibits meaningful interpretation of structural changes in

individual isolated filaments and complicates interpretation

of functional changes. In the case of the cMyBP-C knockout

mouse, both sodium dodecylsulfate-polyacrylamide gel elec-

trophoresis and Western blot analyses for cMyBP-C (37,49)

confirmed that cMyBP-C is not present in the hearts of the

cMyBP-C knockout mice. Harris et al. (37) also demon-

strated that skeletal muscle MyBP-C was not upregulated to

compensate for the loss of the cMyBP-C. Consistent with the

absence of cMyBP-C, physiological studies demonstrated

contractile deficits and hypertrophy of the hearts in the mu-

FIGURE 6 Histograms of the distribution of filament

diameters measured from the filtered images from the

filaments of the wild-type mouse heart (A) and the MyBP-C

knockout mouse heart (C) and histograms of the distribu-

tion of the measured values of the average radius at which

the cross-bridge mass is centered for the filaments from the

wild-type mouse heart (B) and the cMyBP-C knockout

mouse heart (D). The histograms demonstrate that the

measured diameter of the filaments (A and C) and the mean

radius at which the cross-bridge mass is centered (B and D)

are very similar for the filaments from the wild-type mouse

heart and the cMyBP-C knockout mouse hearts.
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tant mice. Surprisingly, however, gross sarcomeric structure

appeared normal in the hearts of the cMyBP-C knockout

mice.

Although a number of earlier studies suggested that

cMyBP-C is necessary for sarcomere assembly, myofibrillo-

genesis, and stability of the filament (13,22,35,50,51), in this

study, we demonstrated that thick filaments can be isolated

from the hearts of the cMyBP-C knockout mice. The

presence of the thick filaments confirms the conclusion of

Harris et al. (37) that cMyBP-C is not necessary for thick

filament formation.

The cMyBP-C�/� myocardial thick filaments appear

stable and of normal length. Many of the filaments retain

an ordered periodic arrangement of the myosin heads under

relaxing conditions. Measurements of filament diameters

demonstrate that the filaments from cMyBP-C knockout

mouse hearts have diameters similar to thick filaments from

normal mouse hearts. This conclusion is further supported by

the similarity of the calculations of the average radius at

which the cross-bridge mass lies. The mean diameter of

31.0–31.1 nm and the mean radius of 13.4–13.5 nm at which

the cross-bridge mass is centered are similar to the values

previously reported for relaxed rabbit heart filaments (43).

The similarity of the appearance, length, and diameter of the

filaments from the wild-type and the cMyBP-C knockout

mouse hearts thus suggests that a major macromolecular

change in the structure of thick filaments does not occur in

the absence of cMyBP-C. As a corollary, the results also sug-

gest that if titin is acting as a molecular ruler for determining

filament formation and control of filament length as has been

suggested (52–57), binding to cMyBP-C is not required for

this function.

Although the filaments from the cMyBP-C1/1 and cMyBP-

C�/� myocardium appear similar, several observations sug-

gest that subtle differences exist. The clearest difference is seen

in the weakness or absence of the ‘‘forbidden’’ meridional

reflections in the Fourier transforms of the cMyBP-C�/�

myocardial thick filaments compared to those of the cMyBP-

C1/1 filaments. This is particularly evident in averaged trans-

forms from the filaments but is also seen in the transforms

from individual filaments. Huxley and Brown (47) first de-

scribed these reflections, which are not expected from helical

symmetry, in the x-ray diffraction patterns of vertebrate skel-

etal muscle. They proposed that the ‘‘forbidden’’ meridional

reflections arise either from a perturbation from ideal helical

symmetry in the cross-bridge array or from the presence of

accessory proteins associated with the filament backbone.

Three-dimensional (3D) reconstructions of both frog and

fish skeletal muscle thick filaments (58,59) demonstrated a

perturbation from ideal helical symmetry in cross-bridge

arrangement. This perturbation results in the cross-bridge

arrangement having cylindrical symmetry rather than strict

helical symmetry. In the case of strict helical symmetry, the

axial translation of 14.3 nm between cross-bridge crowns

would be strictly paired with a 40� rotation of each crown

relative to the adjacent cross-bridge crown. By contrast, in

3D reconstructions of the fish skeletal muscle thick filament

rotational angles between the three cross-bridge crowns in

the 43 nm axial repeat are 0�, 60�, and 60� (59). Furthermore,

with an ideal three-stranded helix with an axial repeat every

third cross-bridge crown, meridional reflections would be

expected only on layer lines which are multiples of three,

such as the third, sixth and ninth layer lines. With cylindrical

symmetry, in contrast, a meridional reflection (described by a

J0 Bessel function) is expected on each layer line, including

layer lines which are not multiples of three (discussed in

Stewart and Kensler (58)).

One possible explanation for the observed weakness of

the ‘‘forbidden’’ meridional reflections in the transforms of

the cMyBP-C�/� myocardial thick filaments is that in the

absence of cMyBP-C the perturbation is not present and

the cross-bridges are helically arranged. It has previously

been suggested that MyBP-C might be responsible for the

perturbation from ideal helical symmetry observed in the

cross-bridge arrangement (58,59) and that this might place

the myosin heads in a more favorable position to interact with

the six surrounding actins (59). If the ‘‘forbidden’’ merid-

ional reflections arise from the perturbation in the cross-

bridge array, as the cross-bridge arrangement becomes more

helical these reflections will be weakened or absent.

A second possibility is that the periodic density of cMyBP-C

along the filament backbone at 43 nm axial spacings directly

contributes to the intensity of the ‘‘forbidden’’ meridional

reflections. Although Hudson et al. (60) suggested that the

mass of MyBP-C may be too small to contribute strongly to

the myosin layer line pattern, a strong band of density on the

filament backbone that could correspond to MyBP-C was

observed in the 3D reconstruction of the frog thick filament

(58). This banding of the filament backbone at 43 nm axial

spacings could contribute to the intensity of the ‘‘forbidden’’

meridional reflections. If cMyBP-C contributes to a similar

banding of the backbone of the cardiac thick filament at axial

spacings of 43 nm, the ‘‘forbidden’’ reflections may be weakened

in the absence of cMyBP-C.

With regard to the contribution of other accessory proteins

to the ‘‘forbidden’’ meridional reflections, the presence on

the 11th layer line of a meridional reflection that persists

in the averaged transforms of both the cMyBP-C1/1 and the

cMyBP-C�/� filaments is of interest. In the transforms of

rabbit cardiac thick filaments, we observed a similar reflec-

tion on the 11th layer line and presented evidence that it may

correspond to a series of 11 stripes or densities every 43 nm

on the backbone of the filament (61). Since titin is expected to

have 11 domains per 43 nm (57), it is tempting to suggest that

the stripes correspond to the domains of titin. However, the

possibility that this striping arises from the packing and

staining of charged regions on the myosin rod could not be

excluded. It is clear that this reflection does not arise solely

from the perturbation in the cross-bridge arrangement. This

supports the idea that other proteins or features of the filament
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backbone such as cMyBP-C might also contribute to the

intensity of the ‘‘forbidden’’ meridional reflections.

A third possible explanation is that cMyBP-C normally

contributes to both a perturbation from helical symmetry in

the cross-bridge array and a banding of the filament backbone

density. The weakening of the ‘‘forbidden’’ meridional

reflections in the cMyBP-C�/� myocardium may therefore

reflect both contributions.

It was hoped that comparing the filtered images of the

thick filaments from the cMyBP-C1/1 and the cMyBP-C�/�

myocardium would explain how the absence of cMyBP-C

contributes to the changes in intensity of the ‘‘forbidden’’

meridional reflections in the transforms, but the differences

in the filtered images are quite subtle. The main difference

noted is that a doublet of density present at one of the three

cross-bridge crowns in the filtrations of the cMyBP-C1/1

filaments is weaker or absent in many of the filtrations of the

cMyBP-C�/� myocardial filaments. It is interesting that the

difference in the filtered images occurs at the cross-bridge

crown (crown 1) that Al-Khayat et al. (59) have shown

to have additional mass in the 3D reconstruction of the

isolated fish skeletal muscle thick filament. They suggested

that MyBP-C lying near this cross-bridge crown might be

responsible for the strong azimuthial perturbation from

helical symmetry observed in the cross-bridge array in the

3D reconstruction of the fish thick filament. Although the

change in the filtered images of the mouse cardiac filaments is

suggestive, it is not possible from two-dimensional filtered

images alone to ascertain whether a change has occurred

in the azimuthial perturbation of the cross-bridge array or

whether this is the location of cMyBP-C.

The other major difference observed between the cMyBP-

C1/1 and the cMyBP-C�/� myocardial filaments was that

in filaments lacking cMyBP-C, the helical or quasihelical

arrangement of the cross-bridges was more easily disrupted.

Although most of the filaments from the cMyBP-C�/�

myocardium displayed a 43 nm axial periodicity, disruption

of the ordered cross-bridge arrangement was evident both as

an increased number of filaments with disrupted cross-bridge

order and as an increased number of filaments in which both

regions of order and disorder were observed along the same

filament arm (Fig. 2 A).

Several studies suggest that cMyBP-C may tether the

myosin heads near the backbone (31,48), acting as a restraint

on actomyosin interactions. In the absence of cMyBP-C

or upon phosphorylation of cMyBP-C (21), this tether or

restraint may be released, allowing extension of the cross-

bridges from the backbone. Consistent with this idea, Levine

et al. (21) reported that phosphorylation of cMyBP-C in

isolated rat myocardial thick filaments causes an extension of

the myosin heads from the backbone of the filament. This

was reported to result in a population of highly ordered thick

filaments with a mean diameter of ;35 nm, compared to the

diameter of 30 nm for filaments, which were only partly

phosphorylated. Since phosphorylation of cMyBP-C is

thought to release the tethering of the myosin head, the

absence of cMyBP-C in the cMyBP-C�/� myocardial thick

filament might induce analogous effects.

The decreased stability of the helical or quasihelical

arrangement of relaxed cross-bridges observed in filaments

from cMyBP-C�/� hearts reported here is consistent with

the release of a tether, resulting in greater mobility of cross-

bridge heads in the absence of cMyBP-C. However, in

contrast to observations of phosphorylated rat thick fila-

ments (21), measurements of thick filament diameters from

cMyBP-C�/� mice did not show evidence of a population of

highly ordered filaments with an increased diameter. Histo-

grams of the distributions of diameter of the cMyBP-C�/�

myocardial filaments appeared unimodal, with a mean

diameter of ;31.1 nm compared to a similar distribution

with a mean diameter of 31.0 nm for the cMyBP-C1/1

filaments. This diameter is similar to that reported for rabbit

cardiac thick filaments (38). Also the cMyBP-C�/� filaments

showed increased disorder of the myosin heads, rather than

increased order and decreased flexibility of the heads as

reported for the isolated rat cardiac thick filaments (21). In

the case of the isolated rat myocardial thick filaments, it was

suggested (21) that phosphorylation of cMyBP-C resulted

in a loosening of a collar formed by cMyBP-C around the

filament and that consequent loosening of the packing of

myosin in the backbone correlated with an extension of the

cross-bridges. By contrast, we saw no evidence of a loosening

of the myosin packing in the filament backbone of isolated

cMyBP-C�/� thick filaments. Taken together, these observa-

tions suggest that phosphorylation of cMyBP-C may not be the

structural equivalent to its removal. In this regard there is

evidence that cMyBP-C binds actin (62,63) and affects acto-

myosin interactions through mechanisms not involving my-

osin S2 (64). Additional studies are therefore necessary to fully

describe the molecular mechanisms by which cMyBP-C

affects cross-bridge interactions.

It may seem paradoxical that we observed that cross-

bridge order appeared more labile in the absence of cMyBP-C

but that significant numbers of the filaments still retained

relaxed cross-bridge order. This apparent inconsistency can

be resolved if cMyBP-C increases the stability of the relaxed

myosin head arrangement but is not an absolute requirement

for maintenance of this arrangement. Other factors such as

electrostatic binding of the myosin heads to the backbone or

a nucleotide-dependent decrease in flexibility of the cross-

bridge (65) may be sufficient to maintain the periodicity of

the cross-bridge arrangement in the absence of cMyBP-C.

This may be particularly true, as in our studies, for isolated

thick filaments which are no longer surrounded by the lattice

of actin filaments. In intact muscle, in contrast, the formation

of weak-binding attachments to adjacent actin thin filaments

may represent a significant disordering factor not present in

the isolated filaments.

Both the observed increased tendency for disorder in the

relaxed cross-bridge arrangement and the changes in the
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Fourier transforms of the cMyBP-C�/�myocardial filaments

are significant. Although the similarity of the cMyBP-C1/1

and cMyBP-C�/� myocardial filaments suggests that gross

changes in the macromolecular packing of the myosin in the

filament do not occur in the absence of cMyBP-C, these

differences between the filaments indicate that smaller changes

in structure may correlate with changes in the physiological

properties of the muscle after ablation or mutation of

cMyBP-C (30,37,66). To fully understand these changes in

the properties of the muscle that occur upon phosphorylation

or ablation of cMyBP-C, it is important to elucidate the

precise relationship between cMyBP-C and the myosin

heads in the thick filament. The 43 nm axial periodicity

shown here to be present in many of the cMyBP-C�/�

myocardial thick filaments is significant since it means that

calculations of 3D reconstructions of these filaments are

possible. Perez-Zoghbi et al. (67,68) have recently reported

the calculation of preliminary 3D reconstructions of the

cMyBP-C1/1 and cMyBP-C�/� mouse cardiac thick fila-

ment. The cMyBP-C1/1 reconstruction shows densities that

may correspond to cMyBP-C and titin. Comparisons of 3D

reconstructions of the cMyBP-C�/� myocardial filaments

with this reconstruction should provide answers to many

unresolved questions about the functional and structural roles

of cMyBP-C.
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