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Abstract

Immunoglobulin domains are found in a wide variety of functionally diverse transmembrane
proteins, and also in a smaller number of cytoplasmic proteins. Members of this latter group are
usually associated with the actin cytoskeleton, and most of them bind directly to either actin or
myosin, or both. Recently, studies of inherited human disorders have identified disease-causing
mutations in five cytoplasmic Ig-domain proteins: myosin-binding protein C, titin, myotilin,
palladin, and myopalladin. Together with results obtained from cultured cells and mouse models,
these clinical studies have yielded novel insights into the unexpected roles of 1g domain proteins
in mechanotransduction and signaling to the nucleus. An emerging theme in this field is that
cytoskeleton-associated 1g domain proteins are more than structural elements of the cell, and may
have evolved to fill different needs in different cellular compartments.
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Introduction

The term immunoglobulin (Ig) superfamily is used to describe a large and diverse group of
proteins that share a common domain, which is called the Ig domain or Ig fold. Ig domains
consist of 70-100 amino acids, and they possess a characteristic “sandwich” structure, with
between seven and nine 3 strands arranged into two sheets (Richardson et al., 1976;
Williams and Barclay, 1988; Bork et al., 1994). The founding members of this superfamily
were the immunoglobulins, and other family members include cell adhesion molecules such
as NCAM and VCAM, integrin counter-receptors such as ICAM, and a variety of other
trans-membrane proteins. Although most Ig domain proteins are targeted to the plasma
membrane, a distinctive subset is found in the cytoplasm, and these typically interact with
the actin cytoskeleton. The majority of these cytoskeleton-associated Ig-domain proteins are
expressed in striated muscle, although a few are also expressed in non-muscle cell types. In
recent years, studies of inherited human disorders have identified disease-causing mutations
in many of the cytoplasmic Ig-domain proteins, suggesting that this group of molecules is
critically involved in regulating actin-dependent cell functions. In this review, we will focus
on five members of the group that have significant links to human disease: myosin binding
protein C (MyBP-C), titin, myotilin, palladin and myopalladin.
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The Overall Structure of the Ig Domain is Highly Conserved

Members of the Ig superfamily are found within groups of distantly related proteins, with
diverse functions and tissue distributions, but are related by the presence of one or more
small modules consisting of the Ig fold (Halaby et al., 1998). Although sequence similarity
among lg domains is low in many cases, the structure of the beta sandwich is conserved
(Halaby et al., 1999). Whether Ig domains in unrelated proteins are homologous (generated
from divergent evolution) or analogous (generated from convergent evolution) has been
debated (Halaby et al., 1999), yet it is clear that the 1g fold has been utilized by nature in
many ways, probably due to the stability of the fold and its utility in mediating protein-
protein interactions (Bork et al., 1994, Williams and Barclay, 1988, Halaby et al., 1998).

By convention, the strands of Ig domains are sequentially named A, B, C, D, E, F, and G.
All Ig domains share a common core composed of four beta strands (BCEF) and can be
further subdivided based on the presence and position of an additional three to five beta
strands (Bork et al., 1994). Most commonly, four types of Ig domains have been identified
based on their structures, although alternate sub-classification has been proposed (Williams
and Barclay, 1988; Hunkapiller and Hood, 1989; Harpaz and Chothia, 1994; Halaby et al.,
1999). Originally, Ig domains were described as either V or C type, based on their
similarities to the variable (V) and constant (C) domains of immunoglobulin, with the C type
being further divided into C1 and C2 or H (Williams and Barclay, 1988; Hunkapiller and
Hood, 1989). Members of the V-set are the largest; they contain nine beta strands. The core
BCEF strands are present in VV-set Ig domains, as well as the exterior A, D, G, C’, and C”’
strands. In V-set Ig domains, the A strand is discontinuous and the two parts of the strand
are usually labeled A and A’. The A strand first hydrogen bonds to the B strand in an anti-
parallel fashion, then crosses over to the other beta sheet where A” hydrogen bonds to the G
strand in a parallel fashion.

With the increase of available protein structures, it has become possible to subdivide the Ig
superfamily further. The crystal structure of telokin (Holden et al, 1992) (Figure 1a), the C-
terminal domain of myosin light chain kinase, was the first structure of an Ig domain from a
muscle protein. The structure of telokin revealed a fold that contained features of both the
V-set and C-set of Ig domains and prompted the identification of a new structural subgroup
called the I-set (Harpaz and Chothia, 1994). Like the V-set Ig domains, members of the I-set
have a discontinuous A strand that hydrogen bonds to the B strand in one of the beta sheets
and then changes levels to hydrogen bond to the G strand of the second beta sheet (Figure
1b). Both a C* and D strand are present in I-set Ig domain, making them larger than C-type
and smaller than V-set Ig domains. Although the I-set was first identified in a muscle
protein, it was subsequently recognized that many previously identified Ig domains were
best classified as I-set g domains.

The Ig domains found in titin, MyBP-C, and palladin are members of the I-set. Structurally,
these domains are very similar, though they appear to have evolved different functions
(discussed in further detail below). In Figure 2, the currently available high-resolution
structures of the 1g domains from each of these family members are shown. The Ig domains
of titin are involved in the structural and regulatory functions of titin, conferring elasticity in
the I-band and participating in binding interactions in the A-band, M-line, and Z-line that
maintain the structural integrity of the sarcomere (Tskhovrebova and Trinick, 2004). The
palladin Ig3 domain is an actin-binding domain (Dixon et al., 2008), and its Ig4 domain has
been associated with actin bundling (Dixon et al., 2008) and, along with the Ig5 domain, the
binding of ezrin (Mykkanen et al., 2001). The Ig domains of MyBP-C are involved in
binding to titin, binding to actin, binding to myosin, and interdomain interactions (reviewed
in Flashman et al., 2004).

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

Myosin Binding Protein C: a Role in Sarcomere Function and Heart Disease

Myosin Binding Protein C (MyBP-C, also known as C-protein) was identified over thirty
years ago as a 137 kD protein that contaminated preps of purified myosin isolated from
vertebrate skeletal muscle (Offer et al., 1973). MyBP-C has a distinctive localization pattern
in the sarcomere: it concentrates in vertical stripes, seven to nine in number depending on
the muscle type (Winegrad 1999; Flashman et al., 2004). These are spaced approximately 43
nm apart, running parallel to the M-line (illustrated in Figure 3). There are three isoforms of
MyBP-C encoded by different genes and classified as fast skeletal, slow skeletal, and
cardiac. Both skeletal muscle isoforms contain 10 domains (C1-C10): seven copies of the Ig
domain, and three copies of the fibronectin type 111 domain, in the order Ig-1g-1g-1g-1g-Fn-
Fn-1g-Fn-1g (Einheber and Fischman,1990; Weber et al., 1993). The cardiac isoform
(cMyBP-C) possesses an additional Ig domain (CO) added at the N-terminus, a
LAGGGRRIS sequence within the MyBP-C motif between the C1 and C2 domains, and
contains a 28 amino acid unstructured insertion in the central C5 domain (Yasuda et al.,
1995). Between the C1 and C2 Ig domains there is a sequence of ~100 amino acids that has
been named the MyBP-C motif. Small-angle X-ray scattering (SAXS) data has revealed that
the MyBP-C motif has a compact structure with dimensions similar to an Ig fold, however a
high-resolution structure of this sequence is not currently available and the sequence does
not have significant sequence homology to the Ig or Fn3 domains of MyBP-C (Jeffries et al.
2008). Presently, the MyBP-C motif is classified as an ‘m-domain’ (Jeffries et al. 2008).

Interest in MyBP-C proteins has intensified in recent years because of research that links
mutations in the gene encoding cardiac MyBP-C to two different types of familial heart
disease: hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM). HCM is
characterized by thickening of the walls of the left ventricle and an increased risk of heart
failure, and it is a relatively common condition, occurring in 1 out of 500 individuals
(reviewed in Tardiff, 2005). Although many patients with HCM live a normal lifespan, this
disorder is believed to be a leading cause of sudden cardiac death in young athletes. The
familial form of HCM exhibits an autosomal dominant pattern of inheritance, and 20-45%
of the disease-causing mutations map to the gene encoding cMyBP-C (MYBPC3) (Watkins
et al., 1995; Oakley et al., 2004; Tardiff, 2005). The majority of these are frame-shift
mutations that result in the expression of truncated forms of cMyBP-C, but a number of
point-mutations have also been identified. To date, disease-causing mutations have been
found within seven of cMyBP-C’s eight 1g domains (Oakley et al., 2004). The cMyBP-C
gene is also involved in familial DCM, a disorder characterized by dilatation and impaired
contraction of either both ventricles or the left ventricle. In DCM families, three disease-
causing mutations have been found in the cMyBP-C gene, including one in an Ig domain
(reviewed in Chang and Potter, 2005). These results demonstrate that MyBP-C plays a
critical role in normal cardiac physiology, and that its Ig domains are essential to that role.

MyBP-C binds with moderately high affinity to myosin, and more weakly to titin and actin
(reviewed in Oakley et al., 2004). The biological function of these interactions continues to
be a subject of intense research to determine if MyBP-C’s function in striated muscle is
primarily structural or primarily regulatory, or both. To address this question, a knockout
mouse was generated that lacks cMyBP-C expression in the heart (Harris et al., 2002).
Characterization of this mouse line revealed that cMyBP-C is not essential for cardiac
development or sarcomere assembly, as the knockout mice were viable; however, the mice
displayed cardiac hypertrophy and contractility defects. Subsequent ultrastructural analysis
of the knockout hearts demonstrated that gross sarcomeric structure is unperturbed in the
absence of cMyBP-C, although subtle abnormalities were noted (Luther et al., 2008; Kensler
and Harris, 2008). These results suggest that the role of MyBP-C may be primarily
regulatory rather than structural.
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The 1g domains of MyBP-C are all classified as I-set Ig domains and, with the exception of
the unstructured 28 amino acid insertion of the C5 domain of the cardiac isoform of MyBP-
C, the Ig domains of MyBP-C are similar in size and structure. The Ig domains of MyBP-C
appear to be specialized for different binding interactions. MyBP-C possesses two myosin
binding sites, one near the N-terminus and one near the C-terminus. The first has been
mapped to a region called cC1C2, a fragment that contains the C1 and C2 Ig domains and
the MyBP-C motif, the “m-domain”, that connects them. The cC1C2 fragment binds to
myosin S2 and may play a role in regulating force generation (Gruen and Gautel, 1999;
Flashman et al., 2004). Although the C2 domain is able to bind myosin in vitro (Ababou et
al., 2007), the full fragment is considered the physiological binding fragment. The second
myosin-binding site has been mapped to C8—C10, and this binds to the light meromyosin
portion of the myosin rod (Moos et al., 1975; Okagaki et al., 1993; Alyonycheva et al.,
1997). The titin binding site has been mapped to C9-C10 (Freiburg and Gautel, 1996). The
C5 and C8 domains of MyBP-C are able to bind to each other, suggesting a model in which
trimers of MyBP-C may be organized into a collar around the thick filament (Moolman-
Smook et al., 2002).

Recently, NMR approaches were used in combination with site-directed mutagenesis of the
MyBP-C N-terminal Ig domain to gain insight into MyBP-C’s interaction with myosin
(Ababou et al., 2008; Govada et al., 2008). The results indicate that MyBP-C binds to
myosin near the hinge that connects myosin’s S1 head to its neck region, adding support to
the idea that MyBP-C plays a role in regulating the efficiency of muscle contraction.
Biophysical and biochemical approaches have also generated new insights into the
interactions between MyBP-C and actin (Kulikovskaya et al., 2003; Saber et al., 2008;
Whitten et al., 2008). These results show that an N-terminal fragment of cMyBP-C
decorates actin filaments in vitro, suggesting that cMyBP-C could displace tropomyosin,
priming the thin filaments to interact with myosin. More recent co-sedimentation studies
have demonstrated that multiple actin binding sites may be present within the cC1C2
fragment (Shaffer et al., 2009). Actin-binding sites were mapped to both the C1 and m
domain and the combined fragment C1m was capable of cross-linking F-actin into tightly
packed bundles (Shaffer et al., 2009). Thus, the current body of results indicates that MyBP-
C proteins can influence the cardiac contractile cycle through interactions with both thin and
thick filaments.

Titin: the Largest Ig-Domain Protein

In striated muscle, contractility is achieved when the thick filaments and thin filaments slide
past each other. The sarcomere also contains a third filament type composed of the protein
titin, which was originally named connectin (Maruyama, 1976; Maruyama, 1997). Titin is
the largest protein known to date, with a molecular mass of 3-4 megadaltons, and a single
titin molecule spans from the Z-disc to the M-band of the sarcomere (reviewed in Fukuda et
al., 2008). Although titin is encoded by a single gene, alternative splicing gives rise to
multiple titin isoforms that are specific to different types of muscle (Granzier et al., 2005;
Fukuda et al., 2008). Titin serves at least three important functions in striated muscle: it
contributes elasticity, it has a structural role in organizing the sarcomere, and it is linked to
multiple signaling pathways, as described in detail below (reviewed in Tskhovrebova and
Trinick, 2004; Granzier et al., 2005; Linke 2008). Titin’s multiple Ig domains, with more
than 160 copies in some isoforms, contribute to each of these functions.

The elasticity of striated muscle is intrinsic to its physiological task, permitting the muscle to
stretch and then return to its resting length with no disruption in sarcomeric organization.
When titin was first sequenced in 1995, the protein’s multiple tandem Ig domains were
immediately recognized as being a potential source of molecular elasticity, and recent
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structural studies have confirmed this idea (Labeit et al., 1990; Labeit and Kolmerer, 1995;
Improta et al., 1998; Minajeva et al., 2001; von Castelmur et al., 2008). In addition to its role
as an elastic element, titin also has an important function as a molecular scaffold. It binds to
a-actinin, and may be responsible for anchoring a-actinin in the Z-disc (Young et al., 1998;
Young and Gautel, 2000). Titin also binds to both actin and myosin, and cell culture
experiments suggest that wild-type titin is required for normal assembly of thick filaments,
Z-discs and myofibrils (Miller et al., 2003a).

In addition, titin participates in multiple signaling pathways. The Z-disc protein T-cap (also
called telethonin) binds to titin’s N-terminus (Valle et al., 1997; Gregorio et al., 1998;
Furukawa et al., 2001), and T-cap interacts with a variety of proteins, including a potassium
channel subunit, a muscle growth factor, a muscle LIM domain protein that regulates
cellular differentiation, and an ankyrin-repeat protein, suggesting that the titin/T-cap
complex may participate in stretch-dependent signaling pathways (Faulkner et al., 2001;
Knoll et al., 2002; Kojic et al., 2004). This idea is supported by the observation that
mutations in titin’s molecular partner T-cap are associated with inherited cardiomyopathies
(Olivé et al., 2008). Titin also binds to the RING finger protein MuRF-1, which appears to
play a regulatory role in the degradation of muscle proteins (Witt et al., 2005). Titin’s Ig
domains mediate binding to three different ankyrin-repeat proteins, CARP, Arpp and DARP
(Miller et al., 2003b). The muscle ankyrin-repeat proteins are developmentally regulated and
also upregulated in response to injury or stress, and their interactions with titin are thought
to be part of a biomechanical sensing mechanism that may serve to link stretch-induced
signals to changes in the levels of specific muscle proteins (Knéll et al., 2002; Ojima et al.,
2005; Hoshijima 2006).

Structural Analysis of Titin’s Ig Domains

Titin, in itself, is a striking example of the evolution of Ig domains for diverse functions. In
addition to Ig domains, titin contains multiple fibronectin type 3 domains, and these are
confined to the A-band of titin. In contrast, g domains are distributed across the entire
molecule and have been adapted for different functions in different regions of titin (reviewed
in Tskhovrebova and Trinick, 2004). By sequence analysis, all of titin’s g domains were
predicted to be I-set, because they all contain the key residues for the fold (Harpaz and
Chothia, 1994; Pfuhl and Pastore, 1995). However, while sequence similarity between Ig
domains from different regions of titin is low, consensus motifs are present for Ig domains
from the different bands of titin, suggesting that solving the structures of only a few Ig
domains from each of the regions of titin might be sufficient to generate homology models
(Improta et al., 1996; Pfuhl and Pastore, 1995; Pfuhl et al., 1995). Representative high-
resolution structures of individual Ig domains from the M-line (M1 and M5) and I-band (11
and 127), as well as tandem Ig domains from the I-band (165170 and 167-169) and A-band
(A168-A169 and A168-A170), of titin have been solved by either NMR of X-ray
crystallography (illustrated in Figure 2), and these have allowed for a better understanding
of the structural and functional differences between the 1g domains. The structure of the M5
domain confirmed that the Ig domains of titin are members of the I-set (Pfuhl and Pastore,
1995). The M5 structure also revealed the absence of a C’ strand, so the C’ strand does not
appear to be an essential feature of the I-set (Pfuhl and Pastore, 1995).

The basis for titin’s molecular elasticity in the I-band is still not understood completely;
however, models for the role of Ig domains in elasticity have been proposed, based on
structural and biophysical data obtained with individual and tandem Ig domains (Improta et
al., 1996; Improta et al., 1998; von Castelmur et al., 2008). Unlike the 1g domains in the A-
band and proximal to the M-line and Z-line, Ig domains from the I-band are arranged in
tandem, without a linker sequence between them, so that the end of one Ig domain is
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contiguous with the start of its neighbor (Improta et al., 1996). The 1g27 domain was the
first structure from this region of titin to be solved (Improta et al, 1996). The sequence of the
127 domain revealed the absence of otherwise conserved motifs in titin: a Pro-X-Pro in the
BC loop and a Asn-X-X-Gly sequence near the C-terminus were both absent in I-band Ig
domains, leading to the speculation that g domains in the 1-band may be less stable than
other 1g domains (Sebestyen et al., 1995). However, the stability studies indicated that Ig
domains within the I-band were as stably folded as Ig domains from other regions of titin,
and the structure of 127 confirmed this (Politou et al, 1994; Politou et al, 1995; Improta et al,
1996). The structure of 11 led to the observation that formation of a reversible disulfide
bridge between the C and E strands could contribute to the elastic properties of the I-band
and that this disulphide bond could be present in at least 40 of the Ig domains in the I-band
(Mayans et al., 2001). More recently, the investigation of source of elasticity in the 1-band
has shifted from the properties of individual g domains to the interdomain orientations and
interplay between the poly-1g and PEVK sequences (von Castelmur et al., 2008). The
structure of 165-170 and small angle x-ray scattering revealed that the 1-band contains
segments of conformationally stiff tandem Ig domains with regularly spaced hinge regions
that can be extended under mechanical stress (von Castelmur et al., 2008). Consequently, a
new model of I-band elasticity has been proposed, called the “carpenter-ruler” model in
which extension of the I-band is based on a few flexor points (von Castelmur et al., 2008).

The three domains near the C-terminus, A168-A170, form a binding interface for MuRF-1
(Centner et al., 2001). MuRF-1 is a regulator of myofibril turnover and muscle atrophy
(Bodine, et al., 2001). The structure of the tandem A168-A169 fragment revealed a 17
amino acid beta sheet connecting the two Ig domains, and forms an extended, rigid
orientation of the two Ig domains (Mdiller et al., 2007). The two Ig domains and fibronectin
type I11 domain (A170) exhibit long-range domain orientation that creates a binding
interface for the recruitment of MuRF-1 in which all three domains are involved (Mrosek, et
al., 2007). These results should provide the information needed for detailed studies of the
molecular interaction between titin and MuRF-1, which may be central to understanding
titin’s role as biomechanical sensor.

Role of Titin in Human Disorders

The enormous size of titin makes it challenging to investigate this protein’s function using
common experimental tools, but much has been learned about titin’s physiological role from
medical studies of human myopathies. In 2002, mutations in the titin gene were linked to a
disorder called tibial muscular dystrophy, or TMD (Hackman et al., 2002). TMD is a late-
onset myopathy that results in weakness and atrophy of the tibialis anterior muscle, located
in the calf of the leg. Since the first titinopathy was described, additional mutations in the
titin gene have been associated with a limb-girdle muscular dystrophy (LGMDZ2J), and with
dilated cardiomyopathy (Gerull et al., 2002; Hein and Schaper, 2002; Gerull et al., 2006;
LeWinter et al., 2007). These titinopathies are typically late-onset; for example, symptoms
of TMD usually occur at age 35-45 years, or much later, even in the seventh decade of life.
Recently, an unusual titinopathy was identified in two families of Moroccan and Sudanese
origin. This disorder involves both the skeletal muscle and the heart, and the symptoms
develop in childhood, resulting in a fatal form of dilated cardiomyopathy (Carmignac et al.,
2007). Clearly, additional insights into the molecular function of titin will be needed in order
to understand the precise molecular basis for these human disorders.

Myotilin: a Role in Organizing the Z-Disc

At 57 kD, myatilin is one of the smaller members of this protein family, containing only two
Ig domains (Salmikangas et al., 1999). Like many cytoplasmic Ig-domain proteins, myotilin
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is expressed predominantly in striated muscle, where it localizes to the Z-disc (Figure 3).
Myotilin was originally identified as a binding partner for a-actinin in a yeast two-hybrid
screen, and it also binds directly to the Z-disc proteins FATZ-1 and FATZ-2 (Salmikangas et
al., 1999; Gontier et al., 2005). In addition, myotilin binds to F-actin, and to the muscle
isoform of filamin (filamin C or y filamin), and both of these binding interactions map to a
region that contains myotilin’s Ig-domains (van der Ven et al., 2000; Salmikangas et al.,
2003; von Nandelstadh et al., 2005). Results obtained from yeast two-hybrid assays suggest
that myotilin’s Ig domains also participate in the formation of anti-parallel homodimers
(Salmikangas et al., 1999). Thus, myotilin’s two Ig domains have the potential to mediate
binding to F-actin, filamin, and a second myotilin monomer.

The precise cellular function of myotilin is still under investigation, although the results of
dominant negative studies suggest that it may play a role in sarcomere maturation
(Salmikangas et al., 2003; van der Ven et al., 2000). In vitro, purified myatilin crosslinks
actin filaments into bundles, and overexpression of myaotilin in cultured cells results in the
formation of actin-rich structures that resemble abnormally thick stress fibers (Salmikangas
et al., 2003; von Nandelstadh et al., 2005). These arrays of hyper-bundled F-actin are
believed to result from direct crosslinking of actin filaments via myotilin, and perhaps also
from myotilin’s synergistic interactions with its molecular partner a-actinin.

Additional insights into myotilin function have arisen from clinical research, as mutations in
the myotilin gene have been implicated in three distinct inherited muscle disorders (Selcen
and Carpén, 2008). First, missense mutations in myotilin were discovered to cause limb
girdle muscular dystrophy 1A (LGMD1A) (Hauser et al., 2000). This form of muscular
dystrophy has a relatively late age of onset (mean 27 years), and is characterized by
progressive muscle weakness and reduced tendon reflexes. Ultrastructural analysis of
LGMD1A muscle revealed a striking disruption of the sarcomeric architecture, as the Z
discs in these patients display a “streaming” morphology, with a smeared appearance in
electron micrographs. These results motivated researchers to examine the myotilin gene in
other inherited muscle disorders with similar phenotypes, which led to the discovery that
myotilin is also mutated in patients with myofibrillar myopathy (MFM), a disorder
characterized by progressive muscular dystrophy and sarcomeric disarray (Selcen and Engel,
2004). The third myotilinopathy is a rare condition called spheroid body myopathy (SBM).
Affected individuals develop progressive muscle weakness in adulthood, usually in the
fourth decade of life, and exhibit a distinctively nasal speech. In one well-studied kindred,
all of the affected family members were found to have a point mutation in the myotilin gene
(Foroud et al., 2005). Although the clinical symptoms of LCMD1A, MFM, and SBM are
similar, the ultrastructural features of the disordered muscles are different, as biopsied
samples from MFM and SBM patients display distinctive dense aggregates or inclusions that
are not observed in LCMD1A patients. Interestingly, transgenic mice expressing a myotilin
missense mutation (T5711) develop a progressive myofibrillar pathology that displays
characteristics of all three human disorders, including Z-disc streaming and dense myotilin-
rich aggregates (Garvey et al., 2006).

All of the known myotilinopathies result from mutations in the N-terminal region of
myotilin rather than the C-terminal Ig domains, and the physiological functions of myotilin’s
Ig domains are still under investigation. The known disease-causing mutations do not impact
upon myotilin’s ability to bind or bundle actin (von Nandelstradh et al., 2005). Indeed,
myotilin’s roles in normal mammalian development and physiology remain somewhat
undefined. Since mutations in the human myotilin gene have been implicated in three
different muscle disorders, it was logical to expect that expression of wild-type myotilin
would be required for normal muscle development in mammals. Surprisingly, this was not
the case, as a myotilin knockout mouse displayed no discernable muscle phenotype: a
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thorough analysis revealed no abnormalities in sarcomeric structure in either embryonic or
adult mice, and neither muscle strength nor muscle performance were affected in the mice
(Moza et al., 2007). Since myotilin is closely related to two other proteins, palladin and
myopalladin (Figure 4), it is possible that these family members compensate for the absence
of myotilin in the knockout mice. Thus, to understand myotilin’s role in muscle
development, it may be necessary to develop a triple knockout mouse in which the genes
encoding all three proteins are silenced.

Palladin: the Ubiquitous Family Member

Palladin’s

In contrast to most other cytoplasmic Ig domain proteins that are expressed predominantly in
striated muscle, palladin is expressed in both muscle and non-muscle cell types, and is
especially abundant in embryos and neonates (Parast and Otey, 2000; Rachlin and Otey,
2006; Wang and Moser, 2008). The palladin gene is highly conserved between vertebrate
species, and it gives rise to multiple isoforms via alternative start sites and alternative
splicing. Originally, three major isoforms (90-92, 140, and 200 kD) were described, and
these are transcribed from different promoters (Parast and Otey, 2000; Rachlin and Otey,
2006). More recently, additional isoforms have been annotated by various transcriptome
databases: the Universal Protein Database now lists seven human isoforms and an eighth
isoform has been described experimentally (Rachlin and Otey, 2006) (Figure 4), while the
NIH AceView Database lists fourteen potential isoforms, some of which have yet to be
confirmed by immunoblot analysis. This high degree of isoform variability suggests that
different palladin variants may be specialized for different functions, an idea that is
supported by the observation that palladin isoforms are expressed in tissue-specific patterns.
In mouse and chick, the 200 kD isoform is expressed predominantly in the heart, skeletal
muscle, testis and bone, and is much less abundant in other tissues (Parast and Otey, 2000;
Rachlin and Otey, 2006; Wang and Moser, 2008). The 140 kD isoform is widely expressed,
although it is not detected in several major organs such as liver, muscle and skin (Parast and
Otey, 2000; Rachlin and Otey, 2006; Wang and Moser, 2008). Originally, the 90-92
palladin doublet was reported to be the most widely-expressed isoform, as it was essentially
ubiquitous in developing mouse organs (Parast and Otey, 2000). Recently, this observation
was confirmed in a detailed study of palladin isoform expression in the mouse, which also
reported that there are two alternatively spliced forms of 90-92 kD palladin (Wang and
Moser, 2008).

Molecular Interactions

All of the palladin isoforms described to date contain at least one Ig domain, and as many as
five (Figure 4). Two potential functions have been identified for palladin’s Ig domains. In a
yeast two-hybrid assay, a palladin fragment containing Ig4 and Ig5 bound to ezrin, a
member of the ezrin-radixin-moesin family of cytoskeleton-associated scaffold proteins
(Mykkanen et al., 2001). More recently, purified palladin was found to function as an actin-
crosslinking protein in vitro, and the 1g3 domain was identified as the smallest palladin
fragment that binds directly to F-actin (Dixon et al., 2008). The functions of the N-terminal
Ig domains (Igl and Ig2) remain to be determined.

In addition to the Ig domains, the two proline-rich (PR) domains of palladin play important
roles in its molecular binding interactions. Palladin’s PR1 domain binds to Lasp-1, which is
an actin-binding protein from the nebulin/nebulette family that localizes to focal adhesions,
stress fibers and lamellipodia (Grunewald and Butt, 2008). Lasp-1 expression is required for
normal cell matility, and misregulated Lasp-1 has been implicated in the pathological
maotility of ovarian cancer and breast cancer cells (Grunewald et al. 2007a, Grunewald et al.
2006, Lin et al. 2004). The three major palladin isoforms share a common PR2 domain that
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contains one binding site for VASP family members, and the 140 and 200 kD isoforms of
palladin each possess two additional VASP binding sites in their PR1 domain (Boukhelifa et
al., 2004; Rachlin and Otey, 2006). In cultured cells, palladin and VASP closely co-localize
in puncta arrayed along stress fibers, and the two proteins interact in co-
immunoprecipitation assays (Boukhelifa et al., 2004). VASP and its relatives (Mena, Ena,
and EVL) play important roles in regulating actin filament growth and cell motility, and also
function as actin-crosslinking proteins (Price and Brindle, 2000; Bear et al., 2002; Krause et
al., 2003; Schirenbeck et al., 2006). Palladin’s PR2 domain also binds to the actin-regulating
protein profilin, which forms complexes with VASP, suggesting that VASP and palladin
may function together to recruit profilin to sites of actin polymerization (Krause et al., 2003;
Witke 2004; Boukhelifa et al., 2005).

The PR2 domain of palladin also binds to Eps8, which is a substrate for the EGF receptor
and many other receptor and non-receptor tyrosine kinases (Fazioli et al., 1993; Di Fiore and
Scita, 2002; Goicoechea et al., 2006). Eps8 binds directly to actin and plays a critical role in
regulating the length of actin filaments, and it has been implicated in the pathological
motility of invasive cancer cells (Croce et al., 2004; Disanza et al., 2004; Goicoechea et al.,
2006; Maa et al., 2007; Welsch et al., 2007). Palladin and Eps8 co-localize in the dorsal
membrane ruffles that form transiently after cells are treated with certain growth factors, and
in podosomes in vascular smooth muscle cells (Goicoechea et al., 2006). Palladin’s PR2
domain also binds to Src (Ronty et al., 2007), which is a non-receptor tyrosine kinase that,
upon activation, reorganizes the cytoskeleton and interacts with many other cytoskeletal
proteins.

Palladin’s PR2 domain binds to signaling intermediaries such as ArgBP-2 and SPIN-90
(Ronty et al. 2005, Ronty et al. 2007). Like its relatives myotilin and myopalladin, palladin
binds to a-actinin, which is one of the classic actin crosslinking proteins (Rénty et al. 2004).
In addition to binding F-actin, a-actinin also functions as a scaffolding molecule, and it
interacts with multiple transmembrane proteins and signaling proteins (reviewed in Otey and
Carpen, 2004). Palladin also binds to LPP, a relative of the cytoskeletal scaffolding protein
zyxin that plays an important role in the physiology of vascular smooth muscle cells (Jin et
al., 2007). In summary, then, palladin can be described as an actin-binding molecular
scaffold that forms complexes with a wide variety of cytoskeletal regulators.

Cellular Function

In cultured cells, palladin localizes to diverse actin-based structures, and it has a critical role
in the assembly of stress fibers, dorsal ruffles, cell adhesions, growth cones, and podosomes
(Parast and Otey, 2000; Boukhelifa et al., 2001; Luo et al., 2005; Goicoechea et al., 2006;
Liu et al., 2006; Goicoechea et al., 2009). The level of palladin expression appears to be
tightly controlled by cells, and it can be dramatically altered during cellular differentiation
or when cells make the transition from a stationary to a motile phenotype. For example,
palladin is upregulated when monocytes differentiate into dendritic cells, neural crest cells
begin to migrate, Rcho-1 stem cells differentiate into trophoblasts, tracheal epithelial cells
undergo epithelial to mesenchymal transition, and human mesenchymal cells differentiate
along an osteogenic lineage (Parast and Otey, 2000; Mykkanen et al., 2001; Gammill and
Bronner-Fraser, 2002; Gultice et al., 2006; Wall et al., 2007; Alcorn et al., 2008). Each of
these phenotypic or behavioral changes require large-scale reorganizations of the
cytoskeleton.

Palladin is also involved in the tissue remodeling that occurs in response to injury. In a cell
culture model, palladin is rapidly upregulated in astrocytes along a wound edge (Boukhelifa
et al., 2003). Palladin upregulation has been observed in animal models of injury to the
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brain, aorta and skin, and in human wound granulation tissue (Boukhelifa et al., 2003; Ronty
et al., 2006; Jin et al., 2007). In cultured vascular smooth muscle cells, which have a highly
plastic cellular phenotype, palladin plays an important role in cell motility and contractility,
and in the formation of dynamic membrane ruffles and podosomes (Goicoechea et al., 2006;
Jin et al., 2007; Jin et al., 2009). The closing of wounds typically requires both increased cell
motility (to fill the wound) and increased contractility (to bring the wound edges together),
and the results acquired to date suggest that palladin could be an integral contributor to both
of these processes.

The role of palladin in mammalian development has been explored in a knockout mouse,
and the phenotype of the mouse was embryonic lethality at about embryonic day 15.5 (Luo
et al., 2005). Palladin null embryos displayed multiple profound defects, including failures
of the body wall to close both anteriorly (resulting in exencephaly) and dorsally (resulting in
herniation of abdominal organs). Somewhat surprisingly, palladin null embryos were also
anemic, and defects were noted in the formation of the erythroblastic islands that support
differentiation of mature red blood cells (Liu et al., 2007). Erythroblastic islands depend
upon the formation of specialized cell adhesions between the central macrophage and the
developing erythrocytes, and also on the ability of the macrophage to phagocytose the
erythroblasts’ extruded nuclei (Chasis and Mohandas, 2008). Both of these are actin-
dependent functions that could involve palladin, and the precise role of palladin in
erythroblastic islands remains to be determined.

All of the available evidence from knockdown, knockout, and overexpression studies
supports the idea that palladin plays an important role in organizing the actin cytoskeleton,
and thus participates in actin-dependent processes such as cell motility and contractility.
However, recent observations suggest that palladin may have other functions that are distinct
from its role in the cytoplasm. In cultured kidney podocytes, endogenous palladin was
observed to accumulate in the nucleus when the cells were treated with a drug to block
nuclear export (Endlich et al., 2009). When fragments of 90-92 kD palladin were expressed
in the cells, the C-terminal half localized strongly to the nucleus, while the N-terminal half
remained in the cytoplasm. It is not yet known if any of palladin’s three C-terminal Ig
domains are required for nuclear import, yet these results suggest the intriguing possibility
that by shuttling from the cytoplasm to the nucleus, palladin could serve an important
regulatory or signaling function. In fact, studies with palladin-null embryoid bodies also
implicate palladin in the regulation of gene expression, as the levels of expression of
multiple proteins involved in contractility were found to be abnormally low in the absence
of palladin expression (Jin et al., 2009). It is also important to note many of palladin’s
numerous molecular partners have been detected in the nucleus: actinin-4, LASP-1, LPP and
profilin have all been shown to shuttle between the cytoplasm and the nucleus (Honda et al.,
1998; Skare et al., 2003; Petit et al., 2005; Guo et al., 2006; Grunewald et al., 2007b). Thus,
it may be informative to determine if these proteins enter the nucleus in complexes, or have
a shared function within the nuclear compartment.

Connection to Human Disease

Recently, a mutation within the human palladin gene was linked to a serious disease:
familial pancreatic cancer. This discovery arose from the study of a large North American
family with an exceptionally high incidence of pancreatic cancer, known as Family X.
Through the use of linkage analysis, custom gene arrays and sequencing techniques, the
palladin gene was found to be mutated in all of the afflicted members of Family X (Pogue-
Geile et al., 2006). This mutation results in a single amino acid substitution from proline to
serine at position 239, which is within the binding region for a-actinin, although it is not yet
known if the P239S mutation alters palladin’s ability to bind a-actinin or its many other
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molecular partners. However, transfection of mutated palladin into HeLa cells resulted in
significant changes in the organization of the actin cytoskeleton (Pogue-Geile et al., 2006).
This P239S mutation appears to be specific to the single kindred in which it was identified
(Slater et al., 2007; Zogopoulous et al., 2007), so that it may not be useful for large-scale
genetic screening; nevertheless, a more thorough investigation of this mutation, and of the
role of wild-type palladin in the pancreas, seems likely to yield new insights into the
molecular pathways that underlie inherited pancreatic cancer. Palladin also has a connection
to breast cancer, albeit through a different mechanism. In this disease, palladin levels
correlated with increased invasiveness in multiple human tumor cell lines in culture, in
human tumors grown within a mouse host, and in patient samples of primary and metastatic
tumors (Wang et al., 2004; Goicoechea et al., 2009). In cultured breast cancer cells,
knocking down palladin resulted in a 50% decrease in cell motility and invasiveness,
suggesting that palladin may play an important role in organizing the actin-based structures
that are utilized by tumor cells to invade across tissue boundaries (Goicoechea et al., 2009).
These results suggest that it may be useful to explore palladin’s role in other types of
invasive cancer.

Myopalladin: a Specialized Function in Cardiac Muscle

Myopalladin was first identified in a yeast two-hybrid screen as a novel binding partner for
nebulin, which is a giant protein that plays a key role in sarcomere assembly (Bang et al.,
2001). In its overall structure, myopalladin closely resembles palladin isoform #5, as both
proteins contain a total of five Ig domains (two N-terminal and three C-terminal) and lack
the proline-rich domains that are found in many other palladin isoforms. In addition to
nebulin and its relative nebulette, myopalladin also binds to a-actinin and to the cardiac
ankyrin repeat protein, CARP (Bang et al., 2001). CARP binds to an N-terminal region of
myopalladin that includes two Ig domains, but precise mapping of the binding site within
that region has not been performed to date. Similarly, a-actinin binds to the C-terminal
region of myopalladin, but a specific role for the C-terminal Ig domains in this molecular
interaction has not been demonstrated.

The observation that myopalladin binds to CARP was unexpected, since CARP localizes
largely to the nucleus, and myopalladin was originally identified as a component of the
sarcomere (Chu et al., 1995; Zou et al., 1997; Bang et al., 2001). In adult heart, CARP
expression is downregulated, but it is re-expressed during the development of cardiac
hypertrophy, suggesting that it may play a role in regulating the levels of various cardiac-
specific proteins (Kuo et al., 1999; Aihara et al., 2000). To date, the precise function of the
myopalladin/CARP interaction is not known, although in cultured cardiac myocytes,
overexpression of myopalladin’s CARP-binding region resulted in gross disruptions of Z-
line organization, suggesting an important role for myopalladin in sarcomeric architecture
(Bang et al., 2001). Similar to palladin, myopalladin has also been detected in the nucleus,
and it is not known if myopalladin shuttles into the nucleus alone or in complexes with
CARP (Bang et al., 2001; Miller et al., 2003).

Overall, myopalladin’s diverse molecular interactions suggest that it may be a key
intermediary involved in both the structural aspects of sarcomere assembly and in regulation
of sarcomeric gene expression. This idea is supported by the recent discovery of four
independent mutations in the myopalladin gene associated with dilated cardiomyopathy
(DCM), two (R1088H and 183fsX105) in two families with idiopathic dilated
cardiomyopathy, and two (V119M, P1112L) in individuals with sporadic (non-familial)
forms of the disease (Duboscg-Bidot et al., 2008), suggesting that myopalladin plays a
significant role in normal cardiac physiology. The three missense mutations linked with
DCM are located in the C-terminal Ig domains of myopalladin. The R1088H mutation

Cell Motil Cytoskeleton. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Otey et al.

Page 12

occurs in the fourth 1g domain in the loop between the A’ and B strand; this mutation is
associated with a decreased localization of myopalladin to the Z-band area of left ventricular
cardiac myofibrils (Duboscg-Bidot et al., 2008). The P1112L mutation is located in the
fourth Ig domain of myopalladin at the end of the short C” strand. The V1195M mutation is
located in the B strand of the fifth Ig domain. Transfection of the P1112L and V1195M
mutations into rat neonate cardiomyocytes led to sarcomere disorganization and premature
cell death (Duboscqg-Bidot et al., 2008). There are currently no structures available for the Ig
domains of myopalladin, nor have any functions been assigned to the Ig domains, however,
the correlation between DCM and mutations in the fourth and fifth 1g domains suggests that
the Ig domains of myopalladin are critically involved in the organization of the sarcomere in
cardiac muscle tissue.

Other cytoplasmic lg-domain proteins

The focus of this article is on five Ig-domain proteins with diverse functions in the
cytoskeleton, each with links to inherited disorders in humans; however, it is relevant to note
that additional cytoskeleton-associated Ig-domain proteins serve important roles in normal
physiology, especially in striated muscle. The Ig-domain proteins myomesin-1 (also known
as skelemin), myomesin-2 (also known as M-protein) and myomesin-3 are major
components of the M-band, a structure that contributes to the organization of thick filaments
within the A-band of the sarcomere (Agarkova et al., 2003; Schoenauer et al., 2008). The
precise cellular function of the myomesin proteins is not yet known, although it appears
likely that they provide elasticity to the M-band and may participate in a stress-sensing
mechanism (Agarkova et al., 2003; Agarkova and Perriard, 2005; Schoenauer et al., 2005).
Similar to other 1g domain proteins such as palladin and myopalladin, myomesin-1 has also
been observed inside the nucleus; in fact, in myocytes isolated from neonatal rat pups,
myomesin-1 was detected almost exclusively in nuclear speckles (Reddy et al., 2008). There
is preliminary evidence to suggest that nuclear myomesin-1 may play a role in the regulation
of gene expression, although the molecular mechanism that underlies these effects has not
been identified (Reddy et al., 2008).

Like the myomesins, the giant Ig-domain protein obscurin may also be involved in stress-
sensing. Obscurin is linked to both Ca2*-mediated and Rho-GTPase signaling pathways, and
appears to be concentrated primarily at the periphery of the M-band, where it interacts with
the sarcoplasmic reticulum (Bang et al., 2001; Young et al., 2001; Kontrogianni-
Konstantopoulos and Bloch, 2005; Carlsson et al., 2008). Knockdown of obscurin in
cultured myocytes has revealed a critical role for this protein in sarcomere assembly
(Kontrogianni-Konstantopoulos et al., 2006), and current efforts are focused on
understanding how molecular interactions between titin, obscurin and myomesins contribute
to the assembly and maintenance of the M-band (Bowman et al., 2008; Fukuzawa et al.,
2008). In this context, it is especially noteworthy that several disease-causing mutations in
titin have been shown to weaken the molecular interactions between titin and obscurin,
suggesting that the molecular interaction between titin and obscurin may play a central role
in preserving sarcomere integrity (Fukuzawa et al., 2008).

MyBP-H is related to MyBP-C, and it contains two Ig domains and one fibronectin domain
(Vaughan et al., 1993). The precise role of MyBP-H in striated muscle has not been defined,
but it is interesting to note that MyBP-H is dramatically underexpressed in pelvic muscles
from patients with pelvic organ prolapse, a condition that results from weakened muscles in
the pelvic floor (Visco and Yuan, 2003; Hundley et al., 2006). These results suggest the
possibility that downregulation of MyBP-H may be associated with a loss of myofibril
structure or function within the levator ani muscles.
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In contrast to the muscle-specific proteins described above, the actin-binding protein filamin
is widely expressed. In humans, each filamin monomer contains an actin-binding domain
and 24 1g domains, and the monomers dimerize to form a classical F-actin crosslinking
protein (Fucini et al., 1997). Filamin binds to a variety of molecular partners, suggesting that
it may participate in signal transduction pathways, in addition to its structural role
(Popowicz et al., 2006). In humans, there are three genes encoding filamins A, B, and C, and
mutations in different filamin genes have been implicated in disorders of the nervous
system, musculoskeletal system, and cardiovascular system (Fox et al., 1998; Sheen et al.,
2001; Robertson et al., 2003; Stefanova et al., 2005; VVorgerd et al., 2005; Zhou et al., 2007).
It is interesting to note that a specific C-terminal fragment of filamin A can translocate into
the nucleus (Ozanne et al., 2000; Loy et al., 2003). Cytoplasmic filamin A interacts with a
pair of transcription factors, suggesting that it may be involved in regulating gene expression
(Sasaki et al., 2001; Watanabe et al., 2005; Yoshida et al., 2005), and filamin A also appears
to participate in a DNA-repair mechanism in the nucleus (Meng et al., 2004), suggesting that
the cellular functions of this Ig-domain protein extend far beyond its structural role in
organizing actin arrays.

Concluding Remarks and Future Directions

Overall, a comparison of the proteins discussed here suggests that g domains have evolved
to occupy multiple functional niches. Certain Ig domains serve as sites for protein-protein
interactions; for example, both MyBP-C and titin utilize Ig domains to bind both myosin and
F-actin (Oakley et al., 2004). In addition, myotilin and palladin bind to F-actin through Ig
domains, as does another member of this group that is expressed in some invertebrate
species, kettin (van Straaten et al., 1999; Bullard et al., 2006; Ono et al., 2006). This
suggests that 1g domains should be considered as another form of actin-binding motif. But
the question remains: what are the specific structural features that define an actin-binding
type of Ig domain, as opposed to an Ig domain that binds to myosin, or to signaling
intermediaries or nuclear components? In the future, as the structures of more Ig domains
are solved, this question may be answered.

From studies focused on titin, we have learned that g domains have distinctive mechanical
properties, and that their “sandwich” structure confers elasticity, especially to proteins that
contain multiple g domains in sequence. In the case of titin, the biological role of molecular
elasticity is easily understood within the context of striated muscle. In proteins such as
myotilin, palladin, and filamin, which participate in actin-crosslinking, the importance of
molecular elasticity is less clear. This distinctive mechanical feature may be related to
another unexpected property of the Ig domain proteins, which is their ability to influence
events in the nucleus. Certain 1g domain proteins (for example, titin) bind to signaling
intermediaries that regulate the levels of multiple proteins, and other Ig domain proteins
(such as palladin, myopalladin, myomesin-I, and filamin) appear to shuttle between the
nucleus and the cytoplasm and thus may influence cellular differentiation directly. In the
future, it will be important to determine if these cytoskeleton-associated Ig domain proteins
are part of a mechanism that allows the cell to integrate mechanical signals such as stretch or
contractility with changes in gene expression.
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Figure 1. The crystal structure of telokin and the framework of an I-set Ig domain

The crystal structure of telokin (pdb code 1FHG), the founding member of the I-set, is
shown from both sides as a ribbon representation of the backbone. Members of the I-set of
Ig domains share a common fold pattern consisting of two sandwiched beta sheets, depicted
as a two dimensional template (2b). The upper beta sheet consists of beta strands A, B, D,
and E; the lower beta sheet consists of beta strands A’, C, C’, F, and G. The coloring of the
strands in the template is the same as the coloring of the beta strands in the structures of
telokin.
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Figure 2. Structures of Ig domains from titin, palladin, and myosin binding protein-C
High-resolution structures of titin Ig domains have been solved for representative Ig
domains from the proximal Ig segment (11), the distal Ig segment (127 and 165-170), the P-
zone of the A-band (A168-A169), the M-line (M1 and M5), and the Z-line (Z1-Z2). The
A170 domain is a fibronectin type 3 (Fn3) domain that was solved in tandem with the A168
and A169 Ig domains (pdb code 2NZI). The palladin Ig3 and g4 domains are the only
structures of Ig domains currently available from the palladin family of proteins. High-
resolution structures are available for the fast-type isoform (fC1 and fC3), the cardiac
isoform (cC1, cC2, and cC5), and the slow-type isoform (sC1, sC2, sC3, and sC4). The cC5
Ig domain contains an unstructured 28 amino acid insert between the C and D beta strands.
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MyBP-C

Figure 3. Location of g domains proteins within the sarcomere in striated muscle
MyBP-C is found in transverse stripes in the C-Zone. Myopalladin, palladin and myotilin
localize to the Z line. Titin spans from the Z-line to the M-line.
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Figure 4. Myotilin-palladin-myopalladin family members

Schematic representation of myotilin-palladin-myopalladin family members and palladin’s
major isoforms, and their domain organization. PR, proline-rich region; Ig, immunoglobulin
domain.
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