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Abstract
Sarcomere assembly in striated muscles has long been described as a series of steps leading to
assembly of individual proteins into thick filaments, thin filaments and Z-lines. Decades of
previous work focused on the order in which various structural proteins adopted the striated
organization typical of mature myofibrils. These studies led to the view that actin and α-actinin
assemble into premyofibril structures separately from myosin filaments, and that these structures
are then assembled into myofibrils with centered myosin filaments and actin filaments anchored at
the Z-lines. More recent studies have shown that particular scaffolding proteins and chaperone
proteins are required for individual steps in assembly. Here, we review the evidence that N-RAP, a
LIM domain and nebulin repeat protein, scaffolds assembly of actin and α-actinin into I-Z-I
structures in the first steps of assembly; that the heat shock chaperone proteins Hsp90 & Hsc70
cooperate with UNC-45 to direct the folding of muscle myosin and its assembly into thick
filaments; and that the kelch repeat protein Krp1 promotes lateral fusion of premyofibril structures
to form mature striated myofibrils. The evidence shows that myofibril assembly is a complex
process that requires the action of particular catalysts and scaffolds at individual steps. The
scaffolds and chaperones required for assembly are potential regulators of myofibrillogenesis, and
abnormal function of these proteins caused by mutation or pathological processes could in
principle contribute to diseases of cardiac and skeletal muscles.
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Myofibrils and myofibril assembly
Myofibrils are the organelles responsible for generating force and movement in skeletal and
cardiac muscles. They are an archetypal example of organization generated by a specific cell
type to perform a specialized function, and as such are one of the most well-studied
structures in cell biology. Sarcomeres are the longitudinally repeating subunit of myofibrils,
with every sarcomere bounded by a Z-disk at each end. The sarcomeric actin filaments are
anchored at the Z-disks via their barbed ends, which are crosslinked by α-actinin. The
pointed ends of the actin filaments extend toward the middle of the sarcomere, where they
interdigitate with the myosin-containing thick filaments. The thick filaments are aligned at
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the center of the sarcomere by titin filaments that bind along their length and extend
elastically between the ends of the thick filaments and the Z-disks. This organization allows
for efficient shortening and force generation by the coordinated interaction of the organized
array of actin and myosin filaments.

The development of sarcomeres and their organization into mature myofibrils requires the
coordinated assembly of numerous proteins, and a number of models have been proposed to
describe this complex series of events. There is broad agreement that the earliest myofibril
precursors contain punctate α-actinin Z-bodies, α-actin and muscle tropomyosin (Rhee et al.
1994; Dabiri et al. 1997; Imanaka-Yoshida 1997; Ehler et al. 1999; Rudy et al. 2001; Lu et
al. 2005; Dlugosz et al. 1984; Handel et al. 1991; Schultheiss et al. 1990; Wang et al. 1988).
Although these structures appear near the cell periphery as immature fibrils, actual
anchoring of these structures to the cell membrane has not been demonstrated. Nevertheless,
integrins appear to be necessary for myofibril assembly (Volk et al. 1990; Bloor and Brown
1998; Schwander et al. 2003), and a model has been proposed in which integrin adhesion
sites promote the initial actin-polymerizing step in myofibril assembly (Sparrow and Schock
2009). The muscle myosin filaments assemble separately and are subsequently interdigitated
with the I-Z-I complexes (symmetrical actin filaments with their barbed ends anchored at a
central Z-body or Z-line containing α-actinin) to form full-fledged sarcomeres (Ehler et al.
1999; Holtzer et al. 1997; Rudy et al. 2001; Srikakulam and Winkelmann 2004).

Other aspects of sarcomere assembly remain controversial. Assembling myofibrils with Z-
line spacings shorter than found in mature myofibrils have been observed in many
experimental sytems, including spreading cardiomyocytes (Dabiri et al. 1997; Rhee et al.
1994), precardiac mesoderm explants (Du et al. 2003; Imanaka-Yoshida et al. 1998), intact
embryonic hearts (Du et al. 2008a), and intact embryonic skeletal muscle (Sanger et al.
2009). However, some reports indicate that these are less abundant in embryos than in
cultured cells (Ehler et al. 1999; Lu et al. 2005). Nevertheless, time-lapse microscopy of
cardiomyocytes expressing α-actinin as a GFP fusion protein demonstrated the assembly of
closely spaced Z-bodies that increased their longitudinal spacing and fused laterally to form
Z-lines (Dabiri et al. 1997; Manisastry et al. 2009). A requirement for nonmuscle myosin
IIB in the assembly of premyofibrils has also been proposed (Du et al. 2003; Du et al.
2008a; Rhee et al. 1994), but subsequently questioned. Knockout of nonmuscle myosin IIB
by gene targeting shows that myofibrils can assemble in the absence of this protein in vivo
(Tullio et al. 1997), and experiments in which nonmuscle myosin IIB levels were decreased
in cultured cardiomyocytes by RNA interference also suggest that this protein is dispensable
for myofibril assembly (Lu and Horowits 2008).

Possible roles for scaffolds in myofibril assembly have long been discussed. These include
the suggestion that actin-based stress fibers might direct the assembly of nascent myofibrils
(Dlugosz et al. 1984) or that the giant structural proteins, titin and nebulin, may control actin
and myosin filament lengths and assembly (Kontrogianni-Konstantopoulos et al. 2009;
Wang 1985). However, titin and nebulin are structural components that are present in the
final assembled structures, and they may more accurately be termed putative template
molecules (Clark et al. 2002; Gregorio et al. 1999; Wang et al. 1996). This review is
designed to provide a brief introduction to true scaffolding proteins involved in myofibril
assembly, i.e. proteins that are temporarily associated with the assembling structures, but
that are not structural components in the fully assembled sarcomeres. We focus on N-RAP, a
scaffolding protein for I-Z-I assembly; Hsp90, Hsc70, and UNC-45, chaperone proteins
involved in myosin assembly; and Krp1, a putative scaffold for lateral fusion of premyofibril
structures. Figure 1 schematically illustrates the steps in myofibril assembly and emphasizes
the role of these scaffolding proteins at particular stages.
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N-RAP: a scaffolding protein for assembly of sarcomeric actin and α-
actinin

N-RAP is a multi-domain protein specifically expressed in striated muscles and with a range
of potential binding partners identified by in vitro assays (Fig. 2a), making it an ideal
candidate for a scaffolding protein involved in myofibril assembly. The protein consists of
an N-terminal LIM domain, a C-terminal domain composed of five nebulin-related super
repeats, and a linker region with nebulin-related single repeats (Mohiddin et al. 2003). The
LIM domain has been shown to interact with talin and α-actinin (Zhang et al. 2001;Luo et al.
1999), while the C-terminal super repeats can bind actin, vinculin, filamin, and the BTB-
Kelch protein, Krp1 (Lu et al. 2003;Luo et al. 1999). The nebulin-related single repeats bind
actin, α-actinin, MLP and Krp1 (Lu et al. 2003;Zhang et al. 2001;Ehler et al. 2001;Luo et al.
1999).

Two distinct splice variants of N-RAP have been identified and have been given the names
N-RAP-s and N-RAP-c based on their primary expression in either skeletal muscle or
cardiac muscle, respectively. N-RAP-c is the only isoform present in cardiomyocytes, while
both N-RAP-s and N-RAP-c are expressed in skeletal muscle, with the expression of the
former predominant (Lu et al. 2008; Mohiddin et al. 2003). The difference between the two
isoforms arises from alternative splicing of exon 12, resulting in an additional nebulin
simple repeat in the skeletal isoform that is not expressed in cardiac muscle. The complete
absence of the skeletal isoform in cardiac muscle and the conservation of these tissue-
specific isoforms from mice to humans suggests some functional importance, although this
remains to be demonstrated. Interestingly, the balance between the two N-RAP isoforms in
skeletal muscle is perturbed in myotonic dystrophy, a disease characterized by aberrant
alternative splicing of many proteins in striated muscle (Lin et al. 2006).

In mature tissues, N-RAP is localized at the longitudinal ends of the striated muscle cells
(Lu et al. 2005, 2008; Mohiddin et al. 2003; Luo et al. 1997). In skeletal muscle, this is the
myotendinous junction, and in the heart, it is the intercalated disk. In each case, N-RAP
colocalizes with actin bundles that link the terminal myofibrils to protein complexes
associated with the cell membrane in these regions (Herrera et al. 2000; Zhang et al. 2001).
Since N-RAP binds actin as well as several proteins found in the membrane complexes in
these regions, it was hypothesized that N-RAP might physically link the terminal actin
bundles to the membrane complexes and transmit tension produced by the myofibrils to the
ends of the cells (Luo et al. 1997, 1999). This view was also consistent with the finding that
N-RAP remained tightly associated with the ends of myofibrils as well as with cardiac
intercalated disks during biochemical purification (Zhang et al. 2001).

Although it is not a component of fully assembled sarcomeres in mature muscle cells, N-
RAP is associated with assembling and newly formed sarcomeres during embryonic
development. During heart and skeletal muscle development, N-RAP is found in assembling
premyofibril structures containing α-actinin, as well as in Z-lines and M-lines of newly
formed myofibrils (Lu et al. 2005, 2008). N-RAP was also observed in premyofibril
structures found in spreading cardiomyocytes and cultured myotubes as well as at the
periphery of the cultured cells, although once again it was absent from mature sarcomeres
(Carroll and Horowits 2000; Lu et al. 2008).

The first functional data implicating N-RAP in myofibril assembly came from a series of
experiments utilizing fusion proteins tagged with green fluorescent protein (GFP) to
determine the targeting behavior and functional effects of expressing individual regions of
N-RAP in embryonic avian cardiomyocytes (Carroll et al. 2004; Carroll et al. 2001). The
individual regions of N-RAP displayed distinct localization patterns that were consistent
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with the known binding partners of each region. Since the N-RAP LIM domain associated
with the cell periphery but did not appear in myofibril precursors (Carroll et al. 2001), it was
proposed that its interaction with talin (Luo et al. 1999), an integrin-binding protein found at
the cytoplasmic face of focal contacts (Critchley 2000), might be responsible for initiating
myofibril assembly at the cell periphery. This model is consistent with the proposal that
integrin-dependent adhesion sites are the starting point for myofibril assembly (Sparrow and
Schock 2009). In addition, individually expressing the N-RAP LIM domain, single repeat
region or super repeat region inhibited the assembly of α-actinin into Z-lines (Carroll et al.
2001). Experiments utilizing N-RAP deletion mutants showed that the single repeat region
was critical for Z-line assembly, while the super repeats were essential for organizing
sarcomeric actin filaments (Carroll et al. 2004). These results led to the proposal that N-RAP
scaffolds I-Z-I assembly, with the single repeats binding α-actinin, the super repeats binding
actin, and the intact N-RAP protein organizing the assembly of these components into the
organized structure found in the sarcomere (Fig. 1, step 1). Consistent with this model, N-
RAP knockdown by RNA interference in mouse cardiomyocytes demonstrated that α-actinin
organization into myofibrils is closely linked to N-RAP levels (Dhume et al. 2006).
Interestingly, N-RAP and α-actinin levels are both regulated by the transcription factor
Prox1, and a cardiac-specific knockout of Prox1 leads to disorganization of sarcomeric
proteins (Risebro et al. 2009).

In a recent study, the time-course and dynamics of N-RAP’s association with assembling
actin and α-actinin during myofibrillogenesis was explored using time-lapse confocal
microscopy (Manisastry et al. 2009). In these experiments, avian cardiomyocytes were
transfected with plasmids encoding N-RAP fused to mCherry and either actin or α-actinin
fused to yellow fluorescent protein (YFP), and then imaged for up to 24 h at intervals of 5–
10 min. The results showed that N-RAP was incorporated into previously polymerized actin
fibrils, after which α-actinin was recruited to the structure in the form of closely spaced dots.
The α-actinin dots then broadened to Z-lines that were wider than the underlying N-RAP
fibril, and N-RAP gradually left the assembled structure. Dynamic measurements using
fluorescence recovery after photobleaching (FRAP) demonstrated that most of the N-RAP in
premyofibrils was immobile, being more stably bound than the assembling α-actinin.
However, the bound N-RAP was mobilized as the myofibrils matured.

Although the precise mechanism by which N-RAP may scaffold actin and α-actinin
assembly into I-Z-I structures is unknown, a recently proposed hypothetical model is shown
in Fig. 3 (Manisastry et al. 2009). In particular, this model is consistent with the transient
association of N-RAP with developing myofibrils (Carroll and Horowits 2000;Lu et al.
2003,2005,2008;Lu and Horowits 2008), the targeting and phenotypic effects of individual
N-RAP domains (Carroll et al. 2001,2004), the effect on myofibril assembly of N-RAP
knockdown by RNA interference (Dhume et al. 2006), and the order in which actin, α-
actinin and N-RAP are recruited to assembling myofibrils (Manisastry et al. 2009). In order
to explain a periodic substructure observed in the premyofibril before recruitment of α-
actinin (Manisastry et al. 2009), the model includes an antiparallel dimerization of N-RAP
via its LIM domain, consistent with previously observed dimerization of LIM domains in
other proteins (Feuerstein et al. 1994;Sanchez-Garcia et al. 1995). The antiparallel
organization of actin filaments at the Z-line is then controlled by actin binding to the N-RAP
super repeats, which are essential for appropriate sarcomeric actin assembly (Carroll et al.
2004).

The concentration of N-RAP at the ends of myofibrils in mature muscle and cardiac cells is
consistent with its role in de novo sarcomere formation, if it is assumed that these are sites
where new sarcomeres would be added in response to stretch or growth signals. The
accumulated N-RAP in these regions would then be poised to quickly initiate assembly.
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Hsp90, Hsc70, and UNC-45: chaperone proteins for myosin assembly
Compared to actin and other muscle proteins, functional muscle myosin has been difficult to
express outside muscle cells (Chow et al. 2002; Kinose et al. 1996). As the role of other
proteins in myosin folding was investigated, the reasons for this limitation became clear.
Appropriate folding and assembly of myosin in striated muscles is mediated by a series of
molecular chaperones (Fig. 1, step 2). These include the general chaperone proteins Hsp90
and the Hsc70 isoform of the Hsp70 family (Srikakulam and Winkelmann 1999, 2004;
Willis et al. 2009). Hsp90 contains an N-terminal ATP binding domain, a middle domain
that activates the ATPase and binds to client proteins and co-chaperones, and a C-terminal
domain that also binds client and co-chaperones, but further contains a site for
homodimerization (Whitesell and Lindquist 2005; Zhao and Houry 2007). Hsp70 also
contains an N-terminal ATPase domain and a more variable C-terminal substrate-binding
domain (Morano 2007). A complex containing Hsp70 appears to efficiently capture
unfolded protein molecules and transfer them to Hsp90 for completion of the folding
reaction (Wegele et al. 2006).

A key feature in the C-terminal domain of Hsp90 is the presence of a conserved motif that
binds to tetratricopeptide repeats (TPR) present in many co-chaperones (Whitesell and
Lindquist 2005). One such co-chaperone involved in folding of myosin is UNC-45. UNC-45
contains an N-terminal TPR region that binds the conserved motif in Hsp90 (Barral et al.
2002). A UCS domain (UNC45-Cro1p-She4p) is located at the C-terminus of UNC-45 and
associates with the myosin head domain. UNC-45 also contains a central conserved region,
but its role has yet to be identified. C. elegans and D. malonogaster possess a single isoform
of UNC-45 (Hutagalung et al. 2002). However, in vertebrates, there are two isoforms, a
general cellular form designated UNC-45a (formerly GC UNC-45) and a striated muscle
form designated UNC-45b (formerly SM UNC-45) (Price et al. 2002).

Expressing GFP-tagged myosin in C2C12 muscle cells, Srikakulam and Winkelmann (2004)
demonstrated that Hsp90 and Hsc70 form complexes with the myosin motor domains.
Furthermore, inhibiting Hsp90 activity blocked myofibril assembly and led to accumulation
of myosin folding intermediates. The role of UNC-45 was suggested by the discovery of
mutants in C. elegans characterized by decreased body movement and disorganized
myofilaments (Epstein and Thomson 1974). The interaction between Hsp90 and UNC-45
has also been confirmed in zebrafish, with similar muscle defects resulting from mutation or
knockdown of these components (Wohlgemuth et al. 2007; Du et al. 2008b; Etard et al.
2007). UNC-45 was subsequently shown to target unfolded myosin to Hsp90 and promote
folding of the myosin motor domain (Barral et al. 2002; Srikakulam et al. 2008).

Using fluorescently tagged proteins in the zebrafish model, Etard et al. (2008) provided
evidence that the role of these chaperones is not limited to the initial stages of
myofibrillogenesis. In their experiments, UNC-45 and Hsp-90 were present at the Z-disk in
mature myofibrils but relocalized to the A-bands when stressed. The Z-line associated
chaperones may thus provide a reserve of proteins necessary for rapid assembly of
sarcomeric components as a quick response to cell stress or damage.

Krp1: a scaffolding protein for myofibril maturation
Krp1 (kelch-related protein 1, also called sarcosin) is a muscle-specific member of the BTB-
kelch family of proteins (Spence et al. 2000; Taylor et al. 1998) (Fig. 2b), which are
characterized by a C-terminal kelch domain and an N-terminal BTB/POZ domain (Adams et
al. 2000). Kelch motifs consist of repeats of 44–56 amino acids that form four anti-parallel
β-strands (Adams et al. 2000). In some kelch family proteins, between four and seven of
these repeats organize into a larger β-propeller structure with individual kelch motifs
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forming individual blades of the larger structure. However, the recently reported crystal
structure of the Krp1 kelch region demonstrates that the previously assigned roles of
conserved kelch residues are not preserved in all blades; furthermore, the β-propeller in
Krp1 includes a sixth blade that was not predicted to be a kelch motif from the primary
sequence (Gray et al. 2009). Many kelch repeat proteins associate with the actin
cytoskeleton, and some of these have been shown to bind actin directly through their kelch
motifs (Adams et al. 2000; Kim et al. 1999; Soltysik-Espanola et al. 1999). However, direct
binding of actin by Krp1 has not been demonstrated; instead, the Krp1 kelch repeats have
been shown to directly interact with a variety of actin-binding nebulin-repeat proteins,
including Lasp1, nebulin, and N-RAP (Lu et al. 2003; Spence et al. 2006) (Fig. 2b).

BTB domains in other kelch proteins can act as adaptors for ubiquitination by cullin based
E3 ubiquitin-ligase complexes (Zhang et al. 2005; Geyer et al. 2003; Xu et al. 2003), while
the precise function of BACK domains remains speculative (Stogios and Prive 2004).
Binding partners for the BTB/POZ and BACK regions of Krp1 have not yet been identified.

The first functional evidence for Krp1’s role as a cytoskeletal scaffolding protein came from
oncogene-transformed rat fibroblasts. Krp1 is upregulated in these cells, and most of the
Krp1 remains in the cytoplasm; however, some Krp1 associates with LASP-1 at the tips of
pseudopodia, and this interaction promotes pseudopod elongation and invasion (Spence et
al. 2000, 2006).

The first indication of Krp1’s role in striated muscles, where it is normally expressed, came
as the result of a yeast two-hybrid screen for N-RAP binding partners (Lu et al. 2003). These
experiments showed that Krp1 bound the nebulin-related simple repeats and super repeats of
N-RAP. Much of the Krp1 in cultured cardiomyocytes was diffusely distributed in the
cytoplasm, but some of the protein was found in premyofibril areas, particularly in the space
between narrow myofibrils that were fusing laterally into more mature structures (Greenberg
et al. 2008; Lu et al. 2003). Upon knockdown of Krp1 by siRNA, morphometric analysis of
α-actinin-stained cardiomyocytes revealed a decrease in mature myofibril area and an
increase in periodic Z-bodies. Staining for thick and thin filament marker proteins
demonstrated that these structures were actually very thin myofibrils containing periodically
organized α-actinin, actin and myosin typical of otherwise normal sarcomeres (Greenberg et
al. 2008). The results showed that Krp1 is a scaffolding protein that plays a role in the
transition of nascent myofibrils to mature myofibrils by promoting lateral fusion of
assembly intermediates (Fig. 1, step 4). Additional information regarding Krp1 dynamics
and binding partners will be essential for elucidating the molecular mechanism of Krp1
function.

Conclusions
The evidence shows that myofibril assembly is a complex process that requires the action of
particular catalysts and scaffolds at individual steps. The scaffolds and chaperones required
for assembly are potential regulators of myofibrillogenesis, and in principle these proteins
could contribute to pathologic responses in diseases involving cardiac and skeletal muscles.
Indeed, cardiac N-RAP levels are increased in patients with dilated cardiomyopathy as well
as in two genetic mouse models of this disease (Ehler et al. 2001; Perriard et al. 2003). In the
mouse models, the N-RAP upregulation occurs early, preceding remodeling of the
intercalated disks and other morphologic changes associated with the dilated phenotype
(Ehler et al. 2001). Likewise, heat shock chaperone proteins are generally involved in
responses to cellular stress, and their role in the response of muscle to physiologic stresses
and myopathies has been reviewed (Liu et al. 2006; Liu and Steinacker 2001). Mutations in
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chaperones and scaffolding proteins involved in myofibril assembly may yet be discovered
to be the primary cause of particular diseases of striated muscles.
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Fig. 1.
A putative pathway for myofibril assembly highlighting the role of transiently associated
proteins in organizing the major structural components (modified from Greenberg et al.
2008). (1) N-RAP promotes assembly of the I-Z-I structures containing actin, α-actinin, and
N-terminal titin. (2) Myosin filaments form separately, with appropriate folding and
assembly promoted by the Hsc70 and Hsp90 chaperone proteins and the UNC-45 co-
chaperone. (3) Titin associates with the myosin filaments along their length, helping to
integrate the thick filaments with the I-Z-I structures. In addition, myomesin interacts with
titin and myosin to crosslink the array of myosin filaments at the center of the sarcomere.
This gives rise to thin myofibrils. (4) Finally, Krp1 promotes the lateral fusion of thin
myofibrils to form mature myofibrils
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Fig. 2.
Domain organization of a N-RAP and b Krp1. The hatched N-RAP single repeat is encoded
by an alternatively spliced exon that is not expressed in cardiac muscle (Mohiddin et al.
2003). The hatched region in the C-terminal super repeat is encoded by an exon reported to
be alternatively spliced in skeletal muscle (Gehmlich et al. 2004). Boxes below the diagrams
list the known binding partners for each region. See text for details
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Fig. 3.
Schematic model illustrating N-RAP scaffolding during assembly of the I-Z-I complex
(from Manisastry et al. 2009). a Actin filaments form. b Antiparallel N-RAP dimers cross-
link actin filaments in an antiparallel orientation. The orientation of each actin filament is
indicated by an arrowhead at the pointed end. c α-actinin binds to N-RAP and cross-links
the actin filaments. d Krp1 promotes lateral fusion of the Z-bodies to form Z-lines, and N-
RAP leaves the complex
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