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REVIEW

Introduction
Myosin binding protein C (MyBPC) was first identified

as a contaminant in myosin preparations 30 years ago[1],
but as its assigned role in the structure and regulation of
the sarcomere grows evermore complex, it has come to
be of increasing interest to the scientific community. Further
importance in gaining an understanding of the MyBPC
molecule is illustrated by the identification of numerous
disease causing mutations that results in familial hyper-
trophic cardiomyopathy (FHC). FHC is a serious disorder,
especially in children and young adults, that can result in
significant morbidity and premature death. One current
challenge is to decipher the mechanism through which
these mutations in the MyBPC sarcomeric protein can re-
sult in severe disease. This review aims to integrate our
current understanding about the structure of cardiac
MyBPC and its role in the sarcomere.

Structure and Function
MyBPC is a modular polypeptide that belongs to the

intracellular immunoglobulin superfamily. It is a sarco-
meric protein of approximately 137 kDa found in the thick
filament of striated muscle. MyBPC is located in the cen-
tral region of the A-band, known as the C-zone (Fig 1)
[2]. In mammalian muscle, seven to nine of the eleven
structurally regular transverse C-zone stripes contain
MyBPC[3]. The 43 nm spacing[2] of these stripes dic-
tates that only every third level of myosin heads in the C-
zone is associated with a MyBPC molecule[4]. This, and
the number of myosin heads that fall outside the C-zone,
limit the number of myosin heads that can interact directly
with MyBPC[5]. The core structure of MyBPC is com-
prised of seven I-class immunoglobulin (IgI) domains and
three fibronectin type III (FnIII) domains, numbered from
the N-terminus as Motifs 1 to 10 (Fig 1).

Both structural and regulatory roles have been proposed
for MyBPC. It is involved in sarcomere assembly by pro-
moting polymerization of thick filaments, via the C-termi-
nal domains binding to specific sites on titin and light mer-
omyosin (LMM)[6]. Indeed MyBPC has been demono-
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Fig 1. Position of MyBPC in the stretched sarcomere and the structure of cardiac MyBPC. The top diagram
is a schematic diagram of the sarcomere indicating the location of MyBPC. MyBPC is found in transverse
stripes 43 nm apart in the C-Zone, where interaction between the thick and thin filaments occurs. The
bottom diagram shows that cardiac MyBPC is comprised of eight IgI domains and three FnIII domains.
Motif 0 is cardiac specific as is the extra phosphorylation sites between Motifs 1 and 2. Motifs 7-10 have
been found to bind to myosin and titin.

Fig 2. Schematic diagram
of the trimeric collar
m o d e l  o f  c a r d i a c
MyBPC. Motifs 5-10
of three cardiac MyBPC
molecules assemble in a
staggered parallel array
a r o u n d  t h e  t h i c k
filament. The N-termi-
nal domains (Motifs 0-
4) project out from the
thick filament to inter-
act with the helical myo-
sin S2 region and possi-
bly the thin filament.
Figure modified from
Moolman-Smook et al.
2002 [9].
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crossbridges, which modulates muscle contraction[4].
The structural basis for the incorporation of MyBPC

into the thick filament is at present poorly understood.
Recent data suggest that the formation of a trimer of
MyBPC, via the C-terminal half of each molecule, allows
the assembly of a collar around the thick filament (Fig 2)
[9]. However, an alternative model for MyBPC incorpora-
tion into the thick filament has been proposed that does
not involve specific interactions between MyBPC molecules
(Fig 3)[10].

Isoforms/alignments
Three isoforms of human MyBPC have been identified;

fast skeletal, slow skeletal and cardiac[8]. All three isoforms
map to different chromosomes indicating that they are not
the result of alternative splicing. The computer program,
CLUSTAL X[11], was used to create multiple alignments
of different isoforms of MyBPC from a range of species.
These alignments identified regions of conservation and
isoform divergence. The sequence identity, for domains
1-10, across human isoforms is 39.6% (Fig 4). Regions
of low identity were found to occur in sequences outside
of the IgI or FnIII domains, specifically the sequence that
precedes Motif 1, the 1-2 linker, and, in cardiac MyBPC,
an insert in Motif 5.

The sequence homology for cardiac isoforms from dif-
ferent species is 46.8% (Fig 4). The cardiac isoform dif-
fers from the skeletal isoforms in three major ways. Firstly,

the cardiac isoform has an extra IgI motif at the N-termi-
nus (Motif 0)[12]. Secondly, there are three phosphoryla-
tion sites between Motifs 1 and 2 in cardiac, compared to
one in skeletal[12]. Finally, one of the central IgI domains
(Motif 5) contains a proline/charge-rich insert[12]. The
cardiac isoform retains most of its unique features when
mapped back to the Japanese pufferfish, Fugu rubripes,
genome sequence[13], which also has Motif 0 and the
Motif 5 insert, although one of the extra phosphorylation
sites appears to be absent.

Cardiac MyBPC
The cardiac isoform comprises 2% of myofibrillar pro-

tein in the heart and has been found to be particularly im-
portant during myofibrillogenesis and in regenerating
muscle cells[14, 15]. However, despite cardiac MyBPC
gene knockout mice showing that MyBPC inclusion is not
necessary for the formation of the sarcomere, its absence
still resulted in hypertrophy and impaired contractile func-
tion[16].

The extent of phosphorylation of MyBPC correlates with
increased systolic tension and occurs in response to adr-
energic stimulation[17]. Partial extraction of MyBPC from
fibres results in an increase in Ca2+-sensitivity and velocity
of shortening[18, 19].

The cardiac isoform of MyBPC has also been of par-
ticular interest because of its link to the heart disease, fa-
milial hypertrophic cardiomyopathy (FHC), which is

Fig 3. Schematic diagram of the axial model of cardiac MyBPC. Motifs 7-10 are arranged axially
along the myosin backbone and are able to interact with titin. The N-terminus reaches out to
interact with the myosin crossbridge and/or actin. Figure modified from Squire et al. 2003[10].
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caused by the expression of abnormal contractile proteins
in the heart muscle. To date, mutations in ten sarcomeric
proteins have been identified as causes of FHC[20]. The
mechanism by which MyBPC mutations cause sarcom-
eric dysfunction at present poorly understood, but has pro-
vided a substantial stimulus to efforts to understand the
basic biochemistry and physiology of this important
molecule.

Familial hypertrophic cardiomyopathy
FHC is a clinically and genetically heterogeneous disorder

characterised macroscopically by increased left ventricular
mass in the absence of any apparent loading stress, and
histologically by myofibrillar and myocyte disarray and
fibrosis[20]. Clinically, the extent of hypertrophy determines

Tab 1. Summary of FHC point mutations in cardiac MyBPC

           Region           Mutation       Phenotype                                                                  Reference
          (Motif)

   0 T59A Mild, elderly onset [58]
  1 D228N Rare form of midventricular hypertrophy [88]
  1 Y237S Mild hypertrophy [42]

         Linker 1-2 H257P No specific information [27]
         Linker 1-2 E258K Delayed onset [26, 70]
         Linker 1-2 G278E No specific information [27]
         Linker 1-2 G279A No specific information [27]
         Linker 1-2 R326Q Elderly onset.  Also seen in healthy controls [54, 55] [42, 52, 53, 55, 56]
         Linker 1-2 L352P No specific information [27]

  2 E451Q Delayed onset, incomplete penetrance, long life expectancy [26]
  3 R495Q Delayed onset, incomplete penetrance, long life expectancy [26, 52]
  3 R502Q Delayed onset, incomplete penetrance, long life expectancy [26, 27]

R502W
  5 R654H Mild hypertrophy, elderly onset [89]
  5 R668H Death of one son? [42]
  5 N755R Severe phenotype [64]
  6 R810H NYHA II - homozygote [70]
  6 K811R No specific information [27]
  6 R820Q Burnt out phase in elderly-left ventricular dysfunction/dilation [70, 71]
  6 A833V Mild hypertrophy. Lacks definite proof of being disease causing [27, 42]

A833T
  7 P873H Mild / moderate [70]
  7 V896M May be disease causing or modifying [27, 54] [42, 78]
  7 N948T Dilated, severe [56]
  8 R1002Q Elderly onset mild [58]
 10 A1194T No specific information [27]
 10 1253 Insert Early onset, one instance of sudden death. [77]

GGIYVC
 10 A1255T No specific information [27]

Fig 4.  Multiple alignments of MyBPC isoforms from different
species. hu = human, mo = mouse, ch = chick, fu = fugu, fst = fast
skeletal, cc = cardiac, slw = slow skeletal. The alignment is coloured
where 60% of the sequences have the same residue or the residues
have similar properties (with the exception of proline and glycine
which are always coloured yellow and grey, respectively); cyan =
hydrophobic, red = positive, violet = negative, green = hydrophilic,
blue = aromatic. Asterix above the sequence indicate residues mu-
tated in the human MyBPC isoform that result in FHC. The align-
ment was built using the program CLUSTAL X[11].
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the level of impaired cardiac function. Associated fibrosis
can lead to arrythmogenesis and sudden death. Indeed FHC
is the most common cause of sudden cardiac death in
young athletes[21]. The prevalence of FHC is believed to
be about 0.2%, or 1 in 500[22, 23]. However despite its
relatively high prevalence, the mortality rate for FHC-re-
lated deaths in an unselected population was estimated to
be only 1%[24]. This mortality rate reflects the wide range
of severity associated with this disease.

The cardiac MyBPC gene (MYBPC3) was the fourth
gene identified associated with FHC[25]. Various studies
put the percentage of FHC patients with cardiac MyBPC
mutations at between 20-45%[26, 27], making it the sec-
ond most common cause of FHC. Three types of muta-
tions in MYBPC3 that result in FHC have been identified;
truncations, point mutations and insertions.

The majority of MYBPC3 FHC mutations generate a
frame-shift in the coding sequence, which results in the
premature termination of translation of the C-terminus of
MyBPC. Patients with these truncated forms of MyBPC
usually have a mild phenotype, delayed age of onset and
favourable prognosis[26, 28], probably since the patients
still have a normal copy of the MyBPC gene on the other
allele. A similar phenotype is observed in mouse models of
FHC with MyBPC C-terminal truncations[29-31]. Trun-
cation mutations are thought to cause haploinsufficency,
since the absence of the C-terminus of MyBPC appears to
result in a failure of the mutant MyBPC to incorporate into
the sarcomere[32]. However this has been disputed and
Flavigny et al. proposed that the truncated MyBPC acts
via a dominant negative mechanism, possibly as a poison
peptide[33].

In contrast, a number of missense mutations in
MYBPC3 have been identified, some of which result in a
severe FHC phenotype. Investigations of the consequences
of some of these point mutations have been particularly
informative in defining the structure and function of the
domain in which they are found. Tab 1 lists the current
FHC-causing point mutations identified in MyBPC. The
precise mechanism by which many of these mutations
cause FHC remains unsolved, but in some cases the de-
gree to which these mutations may affect the structure
and function of MyBPC can be inferred from sequence
comparisons.

Immunoglobulin superfamily domain structure
Sequence alignments of individual modules from a num-

ber of species and proteins have identified key conserved
residues for the classification of IgI and FnIII domains
(Fig 5 and 6). The immunoglobulin fold is composed of
two β-sheets comprising approximately 5 anti parallel β-
strands in each sheet. The size and number of  β-strands

and the conformation of the links between each strand are
used to further classify the Ig molecules into sets. The
intermediate-set (I-set) of immunoglobulin domains was
so named because it has characteristics of both the vari-
able (V) and the constant (C) sets (Fig 5). In an IgI domain,
one β-sheet is composed of strands A, B, E and D and the
other of strands A, G, F, C and C’[34]. The alignment of
all IgI domains within MyBPC again emphasises the pres-
ence of a cardiac-specific insert in Motif 5 of MyBPC.
The domain boundaries of IgI domains are generally de-
fined as beginning at a conserved proline residue and end
approximately 100 amino acids later with a hydrophobic-
X-hydrophobic sequence defining the C-terminus[35].

The second class of protein modules found in MyBPC
are fibronectin type III domains (FnIII). Similar to the IgI
domain, FnIII is also composed of two β-sheets that fold
into a β-sandwich, although FnIII conforms to an s-type
topology, with one sheet containing strands A, B and E
and the other C, C’, F and G[36, 37] (Fig  7). FnIII motifs
are uniquely proline rich and, like most globular proteins,
fold to create a hydrophobic core. Based on the alignment
of multiple FnIII modules, the N-terminal boundary is
defined by a PXPP motif but the C-terminal boundary is
more difficult to decipher. Generally it is positioned at the
residue following the last β-strand, making the domain
approximately 100 amino acids long.

Interactions between β-sandwich domains are gener-
ally thought to occur via their sheets, while interactions
between these domains and their ligands are thought to
occur via their loops[38]. Additionally, often two consecu-
tive domains are involved in ligand binding[38]. One study
of module-module interactions, in the FnIII rich protein
fibronectin, found that the highly conserved proline resi-
dues positioned at the domain-domain boundaries may be
present to prevent aggregation in this multi-modular pro-
tein[39]. In contrast, computational modelling of FnIII
domains suggests that, as proline side-chains can form
low-energy interfaces for protein contacts, FnIII modules
may interact via the BC and EF loops[37].

Correlation between the structure of these homologous
domains and the specific location of FHC mutations has
allowed, in many cases, the prediction of how FHC point
mutations in MyBPC may affect the structure of its mo-
tifs and thereby alter their stability, binding or function.
MyBPC will be discussed in three parts; the N-terminal
region containing Motifs 0-2, the central region contain-
ing Motifs 3-6 and the C-terminal region containing Mo-
tifs 7-10.

N-terminal region (Motifs 0-2)
Within Motifs 0-2 there may be up to three binding sites.

The phosphorylation-dependant binding of the Motif 1-2
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Fig 6. Multiple alignments [11] of FnIII domains from human (hu), and chick (ch) muscle proteins; titin (ti), cardiac MyBPC
(cc), skeletal MyBPC (sk) and MyBPH (h). The alignment is coloured where 60% of the sequences have the same residue
or the residues have similar properties (with the exception of proline and glycine which are always coloured yellow and grey,
respectively); cyan = hydrophobic, red = positive, violet = negative, green = hydrophilic, blue = aromatic. The last line
indicates the residues required for the classification of FnIII domains. The strands are indicated by lines across the top of the
alignment and are based on the known structure of A71 from titin[37].

Fig 5. Multiple alignments[11] of IgI domains from human
(hu), chick (ch), rabbit (rb) and turkey (tu) muscle proteins
including; titin (ti), cardiac MyBPC (cc), skeletal MyBPC
(sk), MyBPH (h) and telokin (telo). The alignment is coloured
where 60% of the sequences have the same residue or the
residues have similar properties (with the exception of pro-
line and glycine which are always coloured yellow and grey,
respectively); cyan = hydrophobic, red = positive, violet =
negative, green = hydrophilic, blue = aromatic. The β-strands
are indicated by lines across the top of the alignment and are
based on the known structure of m5 from titin[83] and Motif
5 from cardiac MyBPC[59]. The last line indicates the resi-
dues required for the classification of IgI domains. This figure
highlights the cardiac-specific insert present in Motif 5 of
cardiac MyBPC.
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linker to S2 of myosin is now well established[4], how-
ever recent data have suggested that Motif 0 and the Motif
0-1 linker may bind to myosin and/or actin[5, 10, 33, 40].
The strength of the evidence for each of these interac-
tions is variable, and the physiological consequences re-
main the subject of investigation.

Despite Motif 0 being unique to the cardiac isoform of
MyBPC, its function and specific role in heart muscle is
still unclear. There is a surprising lack of FHC-associated
mutations in this motif. Only one patient with a mild FHC
phenotype has been identified. This mutation lies between
strands D and E in a position of low sequence conserva-
tion[26].

A possible interaction between Motif 0 and some part
of the myosin crossbridge has been based on data from a
mutant MyBPC knock-in mouse model[5]. In this mouse,
MyBPC is missing both the linker between Motifs 0 and 1,
and Motif 1, although the Motif 1-2 linker could still be
phosphorylated. There was an increase in Ca2+ sensitivity
to force production in this mutant mouse, similar to that
seen previously in cardiomyocytes depleted of MyBPC
[18]. These data are consistent with a low affinity interac-
tion between Motif 0 and some part of the crossbridge, or
actin (discussed below). Truncation of MyBPC in the ge-
netically manipulated mouse was thought to prevent Motif
0 from reaching out to interact with the myosin head. In
contrast, sequence comparison between Motif 0 and
myomesin (a myosin binding protein) suggests that Motif
0 contains a novel putative LMM binding site[33]. Whether
this interaction occurs and what its function would be is
unclear.

To further complicate interpretation of the function of
this region, an actin binding site at the N-terminus of
MyBPC has also been proposed. Co-sedimentation assays
showed a low affinity of F-actin for all isoforms of MyBPC
[8, 41], indicating that any interaction with actin is un-
likely to be via a cardiac-specific region. Homology mod-
elling with the essential light chain of myosin identified the
Pro-Ala rich “linker” preceding Motif 1 as the likely candi-
date for binding actin[10]. However, no FHC mutations
have been found in this linker to support its importance.
Recently, fragments of MyBPC containing Motif 0 were
shown to bind to actin, with the suggestion that it contri-
butes to the weak binding state by shifting the binding of
the N-terminus of MyBPC between actin and myosin[40].

Motif 0 and the 0-1 linker are highly unlikely to be able
to bind to the myosin crossbridge, the myosin backbone
and actin simultaneously. It is possible that the N-termi-
nus of MyBPC cycles through different binding partners,
but a more detailed investigation will be required before
binding partner/s or roles for Motif 0 and the 0-1 domain
linker can be positively assigned.

Motifs 1 and 2 and the phosphorylatable linker that con-
nects them, possess numerous FHC mutations of varying
penetrance, stressing the importance of this region. The
mutation Y237S in Motif 1 results in a mild FHC pheno-
type but shows a strong disease association[42]. This resi-
due is highly conserved across all isoforms and species of
MyBPC and is a core residue for defining both the IgI and
FnIII domain folds. Located in strand F, Y237 is predicted
to point into the hydrophobic core of the domain and to
form stabilising hydrogen bonds with residues in strand
G. Therefore, when mutated, these interactions may be
disrupted, leading to a decreased stability of the domain
and the resulting disease state.

The linker between Motifs 1 and 2 is of particular sig-
nificance due to two additional phosphorylation sites (S284
and S304) in the cardiac isoform, including one present in
a cardiac-specific LAGGGRRIS sequence (S284)[12]. All
three phosphorylation sites can be phosphorylated by Ca2+/
calmodulin-dependent (CaM-II) kinases, including the en-
dogenous CaM-II-like kinase that co-purifies with MyBPC
[43, 44]. The first phosphate must be added by a CaM-II
kinase to residue S284, to make the other phosphorylation
sites accessible[45, 46]. Upon adrenergic stimulation,
cAMP-dependent protein kinase can phosphorylate the
other two sites (S275 and S304). Interestingly, in vivo,
mono-  and di-phosphorylated intermediates occur, which
could result in more subtle changes in MyBPC’s function
[46].

The Motif 1-2 linker region is believed to regulate muscle
contraction by specifically binding to the subfragment-2
(S2) region of myosin[4, 7, 47]. Phosphorylation of car-
diac MyBPC releases the S2 region, which is thought to
allow the myosin crossbridges to reach out and interact
more efficiently with actin, increasing force generation
and systolic tension[48-50]. Flexibility of the myosin head,
both as a whole, and within its two domains, is a neces-
sary requirement for efficient force generation[51-53]. The
extent of phosphorylation required to abolish the interac-
tion with S2 remains unclear[4].

Several FHC mutations are found in the Motif 1-2
phosphorylatable linker. Two of these mutations, in gly-
cine residues G278E and G279A, occur within the
conserved, cardiac-specific LAGGGRRIS sequence, in
close proximity to two of the phosphorylation sites[27].
Glycine is unique in that it has no side chain and therefore
can adopt phi and psi angles in all four quadrants of the
Ramachandran plot[54]. If it is replaced with another resi-
due it may permit a change in the three dimensional struc-
ture of the region and/or possibly obstruct access for the
kinase. Notably, the residue at position 279 is an alanine
(A) in the normal murine heart.

Another mutation in this region, R326Q, is more
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controversial. It is a highly conserved residue and is asso-
ciated with incomplete penetrance and is associated with
onset FHC[42, 55, 56]. However, it has also been found
in healthy controls[57, 58], suggesting that it may be a
neutral polymorphism. These data suggest that any sarco-
meric dysfunction associated with this mutation may be
minimal.

Central region (Motifs 3-6)
Both IgI Motifs 3 and 4 have, as of yet, no experimen-

tally defined roles, but may be required for the flexibility
of the N-terminal region for its interactions with either the
S2 region of myosin or the actin filament. Three FHC
mutations have been identified in arginine residues in Mo-
tif 3 (R495Q, R502Q and R502W). Despite being highly
conserved in MyBPC, they are not essential residues for
defining the IgI fold and mutation results in a favourable
disease prognosis[26, 27, 55].

The first detailed structural study of an isolated domain
of cardiac MyBPC, and two FHC related point mutations,
was performed by NMR and circular dichroism on the
Motif 5 domain[59]. In addition to possessing the key char-
acteristics of the IgI set, the structure exhibited a novel
feature. An additional ten amino acids beyond the predicted
N-terminus of Motif 5 were required for the stability of
the isolated domain, with these 10 residues forming an
integral part of the isolated Motif 5 fold. It is not clear
whether this unusual packing occurs in the full length
MyBPC, or if these 10 residues actually form a short linker
between domains 4 and 5, as the sequence alignments
would predict. Electron micrographs of isolated cardiac
MyBPC revealed over half of the protein molecules were
V-shaped, with arms of 22±4.5 nm[60], implying a point
of flexibility occurs between Motifs 4 and 5[9]. Electron
micrographs of skeletal MyBPC also showed V-shaped
molecules[61]. An atomic resolution structure of Motifs 4
and 5 together is needed to determine the true nature of
this unique “linker”.

The second feature of the NMR structure of isolated
Motif 5 is the 28 residue cardiac-specific insertion in the
CD loop. This loop was unstructured, highly dynamic and
pointing away from the domain’s surface[59]. This pro-
line/charge rich insert, while always present in the cardiac
isoform, varies greatly in its sequence and length (Fig 5),
and has been identified as a possible target binding region
for an, as yet, unidentified ligand. One suggestion is that
this insert forms an SH3 domain recognition sequence,
perhaps binding the Calmodulin class -II (CaM-II) like ki-
nase that co-purifies with cardiac MyBPC[12, 43, 62].
However, only the human cardiac isoform conforms to
the PXXP–PXXP sequence usually required for SH3 tar-
get recognition. Additionally, the proposed target CaM-II

kinase does not contain an identifiable SH3 domain[63].
Nevertheless, the Motif 5 insert could bind a different class
of kinase.

Recently, a structural model of the MyBPC molecule
has been developed, based on data from a yeast two-hy-
brid assay, using the Motif 5 sequence as “bait”. Motif 5
was chosen due to its unique cardiac insert and the identi-
fication of several FHC related mutations. In conjunction
with deletion mapping studies, the yeast two hybrid assay
surprisingly identified Motif 8 as a preferential binding
partner in a screen of >7×106 clones[9]. Additional yeast
two-hybrid assays revealed an interaction between Motifs
7 with 10. An interaction between Motifs 6 and 9 is also
predicted to occur. As a result of these studies, a model of
the myosin filament was developed, in which three MyBPC
molecules formed a ‘collar’ around the myosin thick
filament, stabilized by intermolecular interaction between
Motifs 5-7 of each molecule and Motifs 8-10 of the next
molecule, thus forming a staggered parallel arrangement
(Fig 2)[9].

To date, three FHC-associated mutations have been iden-
tified in Motif 5. The N755K point mutation in Motif 5
exhibits a severe phenotype and lies in the highly con-
served position 1 of a Type 1 β-turn connecting the F and
G strands of the IgI domain. It was predicted that this
highly conserved β-turn is stabilized by hydrogen bonding
between N755 and G758 at position 4 of this β-turn [64].
Circular dichroism and NMR have confirmed that this
N755K mutant is unstable and largely unfolded compared
to the wild-type Motif 5, due to the loss of several key
interactions[59, 65]. The NMR study suggested that tight
packing by adjacent domains may partially stabilize the
mutant Motif 5 in a folded conformation, to allow it to
withstand modest mechanical stress. However, the severe
phenotype of this mutation suggests significant stress
within the sarcomere is likely to lead to partial or complete
loss of structure and, thus, function. Furthermore, the
N755K mutation leads to a weakened interaction with its
binding partner Motif 8, where a 10 fold decrease in the
affinity of Motif 5 for 8 was measured in the presence of
the mutation[9].

A second FHC mutation in Motif 5, R654H, exhibits a
milder phenotype, and results in a smaller decrease in the
binding affinity between Motif 5 and Motif 8 (2 fold
decrease)[9]. The R654H mutation did not appear to af-
fect the stability or overall fold of the module, in good
agreement with the location on an exposed protein sur-
face [56]. Residue R654 is located on the CFGA’ face of
Motif 5. CFGA’ together with the negatively charged car-
diac-specific insert, results in a highly negative surface
[59]. This surface on Motif 5 may be the binding site for
the positively charged surface on Motif 8. Thus, the R654H
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mutation, although it does not affect the protein fold or
stability, is likely to affect an interaction with Motif 8.

A third mutation in Motif 5, R668H, was recently found
[42]. This residue, located in strand B on the surface of
Motif 5, is not a key residue for the IgI fold, although it is

a highly conserved residue in MyBPC. Substitution of a
polar positive histidine for a polar positive arginine would
not be predicted to cause significant structural instability
of the fold of the domain, but it may impact on Motif 5’s
ability to bind a ligand. However, this mutation is not

Fig 7. Schematic diagram of IgI (top)
and FnIII (bottom) domain structure.
The topology (left) of these domains
is represented by arrows for β-strands,
with plain lines showing the connect-
ing loops. A solved structure of an IgI
domain[80] and an FnIII domain[83]
from titin are shown to the right of the
topographical diagrams. The sequen-
tial order of the strands is given by
their labels: A,  A’, B, etc.

Fig 8. Solved structure of a FnIII pair from human fibronectin[69]. The homologous positions of
FHC mutations found in Motifs 6 (left domain) and 7 (right domain) are superimposed as spheres.
The sequential order of the strands is given by their labels: A, A’, B, etc.
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located on the negatively charged surface proposed to be
a target for Motif 8, and is thus unlikely to interfere with
Motif 8 binding.

No specific functions or sarcomeric interactions have
so far been assigned to the Motif 6 fibronectin domain.
Based on its location between Motifs 5 and 7, the trimeric
collar model of MyBPC[9] suggests that Motif 6 may bind
to Motif 9. This specific interaction has not been directly
tested, although a construct of Motifs 5-7 binds to a con-
struct of Motifs 8-10 with higher affinity than Motif 5
alone[9]. The demonstration of a specific interaction be-
tween Motifs 6 and 9 and a definition of their binding in-
terface will be important for interpretation of FHC muta-
tions in Motif 6.

FnIII modules Motifs 6 and 7 are reasonably homolo-
gous to similar FnIII domain pairs found in titin and
fibronectin[63-69]. This homology includes a short linker
region between the domains. FnIII domain pairs from titin
have been shown to possess several highly conserved resi-
dues that are found in loops, in particular the BC loop.
These residues point towards the module-module inter-
face and interact via electrostatic charges[37]. The EF
loop at the “bottom” of one domain is predicted to form a
salt bridge and hydrogen bonds with the BC loop at the
“top” of the following domain (Fig 7 and 8). Residue A833
is a mutational hot spot at the end of strand E in Motif 6
(Fig 8)[27, 42]. It is possible that mutations in this con-
served amino acid may disrupt the bonds between the EF
loop of Motif 6 and the BC loop of Motif 7, resulting in
incorrect packing and assembly of MyBPC.

Another region of mutational activity reported in 3 pa-
tients occurs in strand C at the conserved residues R810
and K811 (Fig 8)[27, 70]. However, the reported muta-
tions (R810H and K811R) do not alter the charge of the
residue and are thus less likely to affect the stability of the
FnIII fold. Of relevance is the clinical observation that
these mutations appear to result in a mild phenotype, since
one heterozygote had only moderate hypertrophy, and se-
vere hypertrophy was only seen in a very unusual ho-
mozygote[70].

The proposed mutation R820Q (Fig 8) in Motif 6 has
led to some uncertainty concerning the wildtype amino
acid sequence of human cardiac MyBPC. Numerous en-
tries in the NCBI database for wild-type human cardiac
MyBPC show a glutamine at position 820, compared to
one entry submitted by Niimura et al. in 1997 (number
AAC04620) which has an arginine. On the other hand,
MyBPC sequence alignments show that all isoforms and
species other than human cardiac have either an arginine
or a lysine residue at position 820, suggesting that the
glutamine in the wild-type human cardiac sequence may
not be correct. The proposed mutation R820Q is located

in strand C’ in Motif 6 and is not predicted to be part of
the Motif 6-7 interface. The associated FHC phenotype
appears to be mild, usually with first presentation being
late in life[67, 68]. The confusion in defining R820Q as a
FHC mutation or a neutral polymorphism makes the pre-
diction of possible structural defects difficult.

C-terminal region (Motifs 7-10)
Motifs 7 to 10 of the C-terminal region of MyBPC bind

the backbone region of the myosin thick filament[47, 72].
The primary myosin and titin binding regions of MyBPC
are localised to Motif 10 and Motifs 8-10, respectively
[73, 74]. These three C-terminal domains are the minimal
requirement for incorporation into the A-band of the sar-
comere[6], with Motif 7 improving the targeting of MyBPC
to the C-Zone[75]. The trimeric collar model[9] also pro-
poses specific interactions between C-terminal domains
of adjacent MyBPC molecules.

A large majority of FHC mutations result in the prema-
ture termination of translation of the C-terminus of MyBPC,
thus eliminating the titin and/or myosin binding sites[26,
32, 64, 76, 77]. This probably results in minimal or no
incorporation of these truncated mutant proteins into the
sarcomere[32].

Three missense mutations are located in Motif 7 (Fig
8). The first, P873H[60], changes a proline that is highly
conserved across species and isoforms of MyBPC and is
at the position that defines the N-terminal boundary in FnIII
domains. The mutation P873H is unique, being found in
only one patient with a mild phenotype. Modelling pre-
dicts that this mutation may affect the formation of strand
A or the stability of the linker between Motifs 6 and 7.

It is unclear whether a second mutation, V896M (Fig
8)[42, 78], located in strand B of Motif 7 is disease causing,
disease modifying or represents a neutral polymorphism
[27, 57]. Patients identified with the V896M mutation in
several studies were found to be double heterozygous, with
these patients also possessing known FHC mutations in
the myosin heavy chain gene[27, 42]. Furthermore, a clini-
cally unaffected relation was found to be homozygous for
the mutation. The V896M variant has also been found in
control subjects[57]. Thus this mutation may not cause
disease, but it may increase the severity of the disease in
the presence of other FHC mutations. V896 is a conserved
residue, predicted to point into the core of the FnIII domain.
The replacement of the valine residue by the longer me-
thionine may affect domain stability, but, as they are both
non-polar residues, it is unlikely to result in incorrect
folding.

The final mutation found in Motif 7 is N948T (Fig 8)
[56]. This mutation, found in only one patient, occurs in a
conserved position and results in a severe disease

×
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phenotype. From homology modelling this mutation is ex-
pected to be located in a non-classical β-type turn con-
necting strands F and G[37]. This is in a similar position
to the N755K mutation found in Motif 5, although the as-
paragine in Motif 5 forms part of a tight, type-1 β turn.
Therefore, N948 is likely to be critical for domain folding
and its loss could result in a poorly folded domain unable
to help target MyBPC to the A band of the sarcomere.
Additionally, the mutation may disrupt the interaction be-
tween Motif 7 and its proposed binding partner, Motif 10.

Only one FHC mutation has been identified in Motif 8.
The mutation R1002Q[58] is located in strand C, but, while
it is conserved across species and isoforms of MyBPC, it
is not a key IgI folding residue. Motif 8 is the potential
binding partner of Motif 5 in the trimeric collar model, in
which a negative face on Motif 5 is thought to bind to a
positive region on Motif 8[9]. This mutation results in the
loss of a positively charged amino acid but this loss prob-
ably has little impact on the Motifs 5/8 interaction, consis-
tent with the disease phenotype for this mutation being
mild. The binding faces for this proposed interaction re-
quire elucidation before any definite conclusions can be
made.

Motif 9 contains no known FHC mutations. The trim-
eric collar model predicts that it may interact with Motif
6, although this has not been directly tested[9]. Its contri-
bution to myosin and titin binding has only been evaluated
as part of the C-terminal 3 or 4 domains[6, 75]. Thus, the
functional importance of Motif 9 remains unclear and may
be clarified by future structural studies.

The binding of the C-terminal Motif 10 domain to the
myosin filament has been extensively studied and nine key
residues involved in binding to the filament have been iden-
tified by mutagenesis/sedimentation assays[6, 73, 79].
When these residues were positioned onto a model of car-
diac Motif 10, the myosin binding faces were found to be
located on two surfaces, the first formed by strands B
and E and the second by strand C of the IgI fold. A unique
insertion-mutation associated with FHC is a 6 amino acid
duplication of residues 1248-1253[77]. Functional and spec-
troscopic characterization of the isolated wildtype and the
insertion-mutant of Motif 10, using a myosin binding sedi-
mentation assay, circular dichroism spectroscopy and
molecular modeling, revealed that the structure of Motif
10 is minimally perturbed and the mutation does not inter-
fere with myosin binding[80]. Molecular modelling posi-
tioned the six amino acid duplication-mutation on the sur-
face shown to not be involved in myosin binding[80]. In
addition, the close location of the single FHC point muta-
tion in a conserved hydrophobic residue, A1255T[27], is
also unlikely to interfere with myosin binding. These re-
sults suggest that both the unique 6 amino acid 1248-1253

duplication mutation and the A1255T mutation may affect
some other function of Motif 10, possibly its binding to
titin[78] or an alteration in an interaction that may occur
with Motif 7 or the adjacent Motif 9.

A second FHC point mutation in Motif 10, also result-
ing in a change from a hydrophobic alanine to a polar threo-
nine at position 1194[27], is located at the end of strand A
preceding the A-B loop. Modelling suggests that replace-
ment of this residue with the more bulky threonine could
alter the interaction with strand F. This residue is also
located close to two identified key myosin-binding resi-
dues[79]. Therefore, this FHC mutation, unlike the others
found in Motif 10, may disrupt binding to the myosin
filament.

Models for the assembly of MyBP-C onto the thick
filament

There are currently two models for the arrangement of
MyBPC in the sarcomere. The trimeric collar model pro-
posed by Moolman-Smook et al. (2002)[9], has three stag-
gered MyBPC molecules forming a ring around the thick
filament. The collar is thought to be stabilized by specific
interactions that have been demonstrated between Motifs
5 and 8, and Motifs 7 and 10 (Fig 2). Motifs 0 to 4, form-
ing the N-terminal half of MyBP-C are predicted to have
sufficient length to reach out from the thick filament and
interact with the myosin crossbridge and/or the actin fila-
ment[5, 10].

This model raises several issues. Firstly, the geometry
of this model needs further verification. The diameter of
the myosin thick filament is 13-15 nm[82], resulting in a
circumference of approximately 41-47 nm. The trimeric
collar model proposes that the length of the ring that wraps
around the myosin thick filament is 9 immunoglobulin
domains. The longest diameter of these domains is 3.4-3.9 nm
[83, 84], resulting in the largest ring possible being 35-
36 nm, 5-12 nm shorter than the measured circumference
of the myosin thick filament. No current model of MyBPC
function suggests that the C-terminal motifs are subjected
to high degrees of stretch. Alternatively, the MyBPC linker
regions between domains may provide additional length to
the collar-forming C-terminal half of the model. However,
the only linker of significant length in this half of MyBPC
is located between Motifs 9 and 10, and stretching of this
linker may result in mismatch between interacting domains
in the trimeric collar model (Fig 2).

Secondly, how does the titin molecule fit into this model?
Titin is the molecular ruler of the sarcomere[85] and three
strands are bound axially to the thick filament (Fig 2). The
C-terminal Motifs 7-10 of MyBPC bind to both titin and
the LMM region of the myosin thick filament. It is unclear
how titin interacts with Motifs 7-10 in this model, given
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that the trimeric collar model would orient them as being
close to mutually perpendicular[74].

An alternative model of MyBPC has the C-terminal motifs
running parallel to the myosin backbone (Fig 3)[10]. This
more recent model was developed primarily to explain dif-
ferences between the observed length of MyBPC in ex-
perimental X-ray diffraction patterns and the predicted
spatial arrangement of MyBPC in the sarcomere. MyBPC
has a longer periodicity than the myosin filament repeat
[86, 87]. This model accounts for this discrepancy by
allowing the N-terminal domain of MyBPC to interact with
neighbouring actin filaments in defined muscle states,
thereby shortening the overall length of MyBPC running
parallel with the myosin filament. Additionally, with the
MyBPC molecules arranged axially they could more readily
interact with titin, in contrast to the trimeric collar model.
However, apart from the X-ray diffraction patterns, there
is no direct experimental evidence that currently supports
this model and no explanation for the experimental find-
ings of Motif 5 binding to 8 and Motif 7 binding to 10.
Clearly, more experimental data is required to clarify the
manner in which MyBPC binds to the thick filament.

Conclusion
Analysing the effect of a mutant protein on muscle cell

architecture, physiology, and biochemistry should provide
an insight into the FHC disease process. A first step in this
process is a careful examination of the sequence of
MyBPC, with an extensive comparison of both the se-
quence and the predicted individual domain structures. The
analysis presented here has clarified possible structural
consequences of FHC mutations, laying a framework for
the design of future structural and physiological studies to
directly test these predictions. Most notably the predic-
tions presented here emphasise the correlation between
disease phenotype and the extent of conservation of the
associated mutant residue/s.
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