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ABSTRACT 

 

Proper contraction of striated muscle requires the assembly of actin filaments with 

precise spacing, polarity and lengths, however the mechanisms by which the cell 

accomplishes this remain unclear.  In one model, the giant protein nebulin is proposed to 

function as a “molecular ruler” specifying the final lengths of the actin filaments.  This 

dissertation focuses on determining the mechanisms by which nebulin regulates thin 

filament assembly. 

We found that nebulin physically interacts with CapZ, a protein that caps the 

barbed end of the actin filament within the Z-disc.  Reduction of nebulin levels in chick 

skeletal myocytes via siRNA results in a reduction of assembled CapZ, and a loss of the 

uniform alignment of the barbed ends of the actin filaments.  These data suggest that 

nebulin restricts the position of thin-filament barbed ends to the Z-disc via a direct 

interaction with CapZ.  Unexpectedly, the CapZ binding site was mapped to a site on 

nebulin that was previously predicted to localize outside of the Z-disc.  Thus, we also 

propose a novel molecular model of Z-disc architecture in which nebulin interacts with 

CapZ from a thin filament of an adjacent sarcomere, thus providing a structural link 

between sarcomeres. 

To determine the mechanism by which nebulin regulates thin filament length and 

directly test the molecular ruler hypothesis, a unique small nebulin molecule (“mini-

nebulin”) was constructed.  The introduction of mini-nebulin into chick skeletal 

myocytes, with endogenous nebulin knocked down, does not result in corresponding 
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shorter actin filaments; an observation that is inconsistent with a strict ruler function.  

Treatment of these cells, however, with the actin depolymerizing agent Latrunculin A 

produces filaments that match the length of the mini-nebulin molecule, indicating mini-

nebulin stabilizes the actin filaments.  Furthermore, knockdown of nebulin results in 

more dynamic populations of the thin filament components actin, tropomyosin and 

tropomodulin.  Strikingly, introduction of mini-nebulin is able to restore the normal 

stability of the actin filaments.   

Taken together, these data indicate that nebulin is responsible for proper actin 

organization within the Z-disc and contributes to actin filament length regulation by 

stabilizing the filament, preventing actin depolymerization.  
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CHAPTER 1: INTRODUCTION 

 

Explanation of dissertation format 

 This dissertation is arranged into two chapters.  Chapter 1 provides an 

introduction including an explanation of the problem and a review of the pertinent 

literature.  Chapter 2 consists of a summary of the most important findings of one 

published (Appendix A) and one submitted (Appendix B) manuscript. 

 The majority of the experiments were designed, conducted and analyzed by me 

under the guidance of Dr. Carol Gregorio.  Drs. Nandini Bhattacharya and John Cooper 

at Washington University in St. Louis, MO contributed to the first manuscript (figs. 5-7, 

Appendix A).  I wrote both manuscripts with edits by Drs. Carol Gregorio, John Cooper 

and Paul Krieg. 

 

Explanation of the Problem 

Striated muscle cells have a uniquely complex cytoskeletal framework, composed 

of numerous repeating contractile units called sarcomeres.  The sarcomere is comprised 

of an array of proteins that assemble into a highly ordered structure (Fig 1).  Two 

filament systems, termed thick and thin predominate this structure.  The thick filaments 

are primarily composed of myosin and are anchored in the center of the sarcomere, while 

the thin filaments are mostly comprised of actin and are anchored at the periphery of the 

sarcomere in the Z-disc.  The two filaments overlap in the A-band where they interact 

with, and slide past, one another to produce contraction.  Efficient contraction requires 
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that the thin filaments align precisely with the thick filaments.  Accordingly, the spacing, 

polarity and length of the thin filaments are strictly controlled.  However, although 

several proteins have been shown to contribute to the regulation of thin filament 

assembly (detailed below), the molecular mechanisms involved remain largely 

unclear. 

 

Literature review 

    Thin filament structure 

Actin filaments, the main constituent of the thin filaments, are composed of two 

polymers of globular actin (G-actin) proteins that wrap around each other to form a helix.  

Decoration of actin filaments with a myosin fragment (S1) resembles an arrowhead, 

revealing the polarity of the actin filament.  Based on this observation, one end of the 

actin filament is called the barbed end while the other is termed the pointed end.  Actin 

does not incorporate at the same rate at both ends of the filament; polymerization is faster 

at the barbed end than pointed end in vitro.  In a test tube, actin monomers polymerize 

into filaments that have an exponential length distribution.  However, in cells, the 

distribution of thin filament lengths is Gaussian.  This is due to accessory proteins, which 

control the assembly of G-actin into filaments.  These proteins are quite diverse in 

function.  Some act to stabilize (e.g., tropomyosin) or destabilize (e.g., cofilin) 

filamentous actin.  Others bind to G-actin and prevent its association with the filament 

(e.g., thymosin).  Still others sever (e.g., gelsolin) or branch (e.g., ARP2/3) actin 

filaments.  Finally, capping proteins bind to the ends of the filament and prevent 



 12 

association or dissociation of actin monomers.  Capping proteins are particularly effective 

at regulating polymerization since it is thought that actin monomers can only associate 

and dissociate from the ends of the filament.  Other accessory proteins determine how 

actin filaments associate with one another.  Some proteins bundle actin filaments together 

(e.g., α-actinin and spectrin), with the size of the cross-linker determining the distance 

between the actin filaments.  Other proteins (e.g., ABP-120) cross-link actin filaments to 

produce gel-like networks.  Thus, the cell’s complement of actin accessory proteins 

determines the structure the actin filaments will adopt.  For reviews on actin and its 

accessory proteins see (Ayscough, 1998; dos Remedios et al., 2003; Cooper and Sept, 

2008) 

The actin filaments of skeletal muscle assemble in anti-parallel arrays that are 

nearly crystalline in structure.  Filaments from adjacent sarcomeres overlap within the Z-

disc where their barbed ends are aligned, anchored and capped by CapZ (Caldwell et al., 

1989).  Electron micrographs of longitudinal sections of mammalian skeletal muscle 

reveal that Z-discs contain an intricate network of “zigzag” bands (Rowe, 1973b).  3D 

reconstruction and modeling of the Z-disc based on electron micrographs demonstrate 

that the zigzag bands are comprised of sets of overlapping thin filament connectors called 

“Z-links”, which are predicted to be composed of α-actinin (Luther et al., 2002).  These 

connectors allow the Z-disc to transmit force from one sarcomere to the next along the 

myofibril.  Interestingly, different muscle types have different Z-disc widths with 

corresponding numbers of Z-links (i.e., narrow Z-discs display a single Z-link while wide 

Z-discs contain 3-4) (Rowe, 1973a).  Although α-actinin is an actin binding protein, it 
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may not directly interact with actin filaments within the Z-disc.  This was suggested after 

digestion with a Ca2+ dependent protease, calpain, which removes nearly all of the 

proteins of the Z-disc but does not digest actin, results in the release of intact, functional 

α-actinin (Goll et al., 1991).  This result suggests that another protein mediates the 

association of actin with α-actinin.  Importantly, this mediator could control the number 

of α-actinin cross-linking sites and thus be a crucial determinant of Z-disc structure and 

width.  Two prime candidates are the giant proteins titin and nebulin.  Both are found in 

the Z-disc, can vary in length due to alternative splicing and have been reported to bind 

α-actinin (Nave et al., 1990; Ohtsuka et al., 1997; Sorimachi et al., 1997; Millevoi et al., 

1998; Young et al., 1998; Donner et al., 2004).  Furthermore, it appears that α-actinin is 

not absolutely required for Z-disc formation and function, but is needed to maintain Z-

disc stability.  Drosophila melanogaster mutants that do not express α-actinin initially 

display relatively intact Z-discs in their striated muscle (Fyrberg et al., 1998).  Later, 

severe muscle defects appear, and the larvae die.  These data suggest that other factors 

contribute to Z-disc assembly.  Accordingly, nebulin has been shown to be necessary for 

the proper organization of actin within the Z-disc and has been proposed to be a 

component of the Z-links (Pappas et al., 2008).  

From the Z-disc, actin filaments all extend the same distance (~1 µm) to the 

center of the sarcomere where their pointed ends are capped by tropomodulin (Tmod) 

(Weber et al., 1994).  The rod-like protein tropomyosin, binds along the side of the actin 

filament and together with troponins, regulates contraction by controlling the 

accessibility of the actin filament to myosin binding (Perry, 2003). One molecule of 
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tropomyosin associates with 7 actin monomers in a directional manner, with its C-

terminus oriented toward the barbed end and its N-terminus toward the pointed end of the 

actin filament.  Association of tropomyosin molecules with the actin filament is 

cooperative, since the C-terminus of one tropomyosin overlaps and interacts with the N-

terminus of the next tropomyosin on the filament (McLachlan and Stewart, 1975; Perry, 

2001).  It has been reported that tropomyosin and troponins are absent from the Z-disc 

(Stromer and Goll, 1972; Otsuk, 1975).  The giant protein nebulin (600-900 kDa) also 

associates along the length of the thin filament and has long been proposed to act as a 

“molecular ruler” defining the exact length of the thin filaments (see below) (Trinick, 

1994).  Unlike tropomyosin, a single molecule of nebulin spans the entire length of the 

thin filament (Wang and Wright, 1988).  The thin filament also associates with the giant 

protein titin (~3-3.7 MDa) in the I-band (the portion of the filament that does not interact 

with myosin).  A single molecule of titin traverses the half sarcomere, with its N-terminus 

in the Z-disc and its C-terminus in the M-line.  Titin likely functions as a template for 

sarcomeric assembly and a molecular spring that provides passive tension following 

stretch and restorative force after contraction, thereby maintaining proper sarcomere 

length (Fukuda et al., 2008).  Now that I have described the basic structure of the thin 

filament, I will go into detail regarding the factors responsible for its assembly and 

maintenance. 

 

    Thin filament assembly 
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        Capping Proteins 

Control of actin polymerization at the ends of the filament is essential for 

maintaining filaments of uniform length.  The barbed ends of the actin filaments are 

capped by capping protein (CP), which binds with high affinity (Kd ≈ 1 nM) (Caldwell et 

al., 1989).  CP effectively inhibits actin polymerization and depolymerization at the 

barbed end.  Furthermore, CP is an obligate heterodimer composed of an α and β subunit, 

and efficient actin capping requires the C-terminus of both subunits (Casella and Torres, 

1994; Wear et al., 2003).  Vertebrates express three conserved isoforms of each subunit.  

In muscle, the predominant isoform of the β-subunit is β1, which localizes to the Z-disc 

and is therefore called CapZ.  The major β-subunit isoform in non-muscle cells is β2; it is 

present in cardiomyocytes at low levels but localizes to the intercalated discs and the cell 

periphery, not to Z-discs (Schafer et al., 1994).  How CapZ is targeted specifically to the 

Z-disc is not fully understood, but its ability to interact with actin appears to not be 

necessary for its Z-disc localization (Schafer et al., 1995).  Also, the knockdown of 

nebulin in primary cultures of chick skeletal myocytes results in a reduction in CapZ at 

the Z-disc suggesting that nebulin contributes to CapZ’s localization (Pappas et al., 

2008).  Although the two β-subunit isoforms are identical except for a short region at 

their C-termini, they seem to have distinct functions in muscle cells.  In mouse heart 

expression models, when CapZ’s β1 subunit is replaced with β2, the Z-disc is 

disorganized, truncated and thickened, suggesting that the β2 subunit is unable to 

function at the Z-disc (Hart and Cooper, 1999).  Also in these experiments, expression of 

a dominant-negative β1 subunit unable to bind actin caused similar, but more severe, 
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effects on Z-disc and sarcomere assembly (Hart and Cooper, 1999).  The importance of 

CapZ in myofibrillogenesis has been documented in primary cultures of skeletal 

myocytes, where injection of an inhibitory antibody caused delays in thin filament and Z-

disc assembly (Schafer et al., 1995).  Thus, CapZ is an important player in thin filament 

assembly and regulation and may function to anchor, align and restrict the growth of the 

barbed ends of the filaments within the Z-disc. 

There is a growing list of proteins that seem to be regulators of CP function.  For 

example, both V-1/myotrophin and CARMIL can bind to CP and prevent its capping 

ability.  Interestingly, CARMIL can also uncap existing filaments while V-1/myotrophin 

cannot (Taoka et al., 2003; Yang et al., 2005; Bhattacharya et al., 2006; Bruck et al., 

2006).  Both of these proteins are present in muscle, but it is not known whether they 

affect CapZ’s capping in vivo.  Polyphosphoinositides (PIs) also result in the uncapping 

of actin filaments in vitro (Schafer et al., 1996).  Supporting the regulatory role of PIs in 

cells, cardiomyocytes treated with the hypertrophy-inducing agents endothelin-1 and 

phenylephrine, display increased CapZ dynamics through a signaling pathway that 

involves PIP2 (Hartman et al., 2009).  Thus, regulation of CP’s function in vivo is likely 

to be complex and involve multiple sources of input. 

The pointed ends of the actin filaments are capped by tropomodulin (Tmod).  

Tmod reduces actin polymerization and depolymerization at the pointed end, similar to 

CapZ’s function at the barbed end of the filament (Weber et al., 1994).  The predominant 

Tmod isoforms in muscle are Tmod1, which is expressed in cardiac and slow skeletal 

muscle, and Tmod4, which is found in fast skeletal muscle (Almenar-Queralt et al., 
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1999b).  Tmod folds into a structured C-terminal domain and an unstructured N-terminal 

domain (Kostyukova et al., 2000; Kostyukova et al., 2001).  Both domains contain a 

single actin binding site, while the N-terminal domain also has two tropomyosin binding 

sites (Fowler et al., 2003; Kostyukova, 2008).  Actin binding to the N-terminal domain is 

dependent on tropomyosin binding.  Consequently, high affinity capping of the pointed 

end (Kd ≤ 1 nM) requires both actin and tropomyosin.  In fact, Tmod binding to actin 

without associated tropomyosin only has a dissociation constant of ~0.1-0.4 µM(Weber 

et al., 1994).  Therefore, Tmod can adopt one of two binding states (high or low affinity), 

depending on the composition of proteins at the pointed end of the thin filament.  It is 

thought that one molecule of Tmod interacts with two tropomyosins (one from each actin 

protofilament) at the same time (Kostyukova, 2008).  Tmod’s critical role in thin filament 

length regulation has been documented in multiple systems.  Blocking Tmod’s 

tropomyosin-independent actin binding site in cardiomyocytes in culture results in longer 

thin filaments (Gregorio et al., 1995).  A similar result was obtained after reducing Tmod 

levels using antisense RNA (Sussman et al., 1998).  Conversely, both the over expression 

of Tmod and blocking Tmod’s binding to tropomyosin, which should effectively convert 

Tmod to the low affinity capping state, result in shorter filaments (Mudry et al., 2003) 

(Sussman et al., 1998; Littlefield et al., 2001).  Immunofluorescence labeling of 

cardiomyocytes in culture or whole-mount embryonic hearts, revealed that Tmod caps 

thin filaments only after they have reached their mature lengths, suggesting that it 

functions to maintain the lengths of existing filaments (Gregorio and Fowler, 1995; Ehler 

et al., 2004).  However, staining of the whole-mount embryonic hearts also indicated the 
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presence of Tmod at the plasma membrane prior to myofibrillogenesis (Ehler et al., 

2004).  Also, in skeletal myocytes in culture, Tmod associates with thin filaments from 

the earliest stages of development (Almenar-Queralt et al., 1999a).  The seemingly 

contradictory results may be due to different mechanisms of regulation of thin filament 

assembly in cardiac versus skeletal muscle.  Perhaps the regulation of the cardiac isoform 

of Tmod (Tmod1) is different than the skeletal isoform (Tmod4).  Knockout of Tmod1 

results in embryonic lethality at around day 10 due to defects in heart development.  

These mice also have non-lethal blood cell and vascular problems.  Electron and 

immunofluorescence microscopy analysis of Tmod1 deficient cardiomyocytes revealed 

extremely disorganized myofibrils that often contain dense elongated Z-disc like 

structures (Chu et al., 2003; Fritz-Six et al., 2003; McKeown et al., 2008).  The severity 

of the defects exhibited by these knockout mice also suggests that Tmod has an early role 

in myofibrillogenesis and does not just function to maintain the lengths of mature 

filaments.  Due to the early, cardiovascular defects and embryonic lethality, it is difficult 

to determine the role of Tmod late in myofibrillogenesis.  In order to circumvent these 

problems Tmod was knocked out in murine embryonic stem (ES) cells, which were then 

differentiated into cardiomyocytes.  The knockout of Tmod in the ES cells results in a 

marked decrease in myofibril number and thickness but surprisingly, actin filaments of 

uniform lengths were observed.  This suggests that a Tmod-independent mechanism of 

thin filament length regulation may exist (Ono et al., 2005). 

Very little is known about how Tmod’s capping activity is regulated.  It may be 

accomplished in a variety of ways.  First, Tmod in lens epithelial cells can be 
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phosphorylated by protein kinase C, which results in an increase in the association of 

Tmod with the cytoskeleton (Wagner et al., 2002).  Second, Tmod does not bind all 

tropomyosin isoforms with the same affinity (Sussman and Fowler, 1992).  Therefore 

expression of different isoforms of tropomyosin may directly affect the extent of pointed 

end capping. 

 

        Nebulin 

While capping proteins are critical for maintaining thin filament lengths by 

controlling actin polymerization at the ends of the filaments they are unable, on their 

own, to specify lengths.  For nearly 20 years the giant protein nebulin (600-900kDa) has 

been proposed to function as a molecular ruler that defines the precise assembly of thin 

filaments (e.g., Wang and Wright, 1988; McElhinny et al., 2003; Horowits, 2006).  While 

the ruler hypothesis has never been directly tested, there is extensive evidence supporting 

it.  First, a single molecule of nebulin spans the entire length of the thin filament with its 

C-terminus located within the Z-disc and its N-terminus extending toward the pointed 

end of the thin filament (Wang and Wright, 1988).  Second, nebulin’s length, which can 

vary due to alternative splicing, correlates with thin filament lengths in various muscle 

types (Kruger et al., 1991; Labeit et al., 1991).  Third, the timing of nebulin assembly 

during myofibrilogenesis is consistent with a ruler molecule.  The final organization of 

nebulin is observed before the actin filaments reach their final lengths (Moncman and 

Wang, 1996; Allal et al., 2004).  Lastly, nebulin’s unique structure makes it an ideal 

molecular template (Fig 2).  For example, human nebulin is composed of 185 tandem 



 20 

repeated modules that each contain a consensus motif (SDXXYK), which is thought to 

bind a single actin monomer (Labeit and Kolmerer, 1995).  Supporting this, 2 to 15-

module recombinant, and single module synthetic nebulin fragments have all been shown 

to bind actin in vitro (Jin and Wang, 1991; Pfuhl et al., 1994).  In addition, in cells and 

isolated myofibers, nebulin inhibits phalloidin staining, which interacts with filamentous 

actin, in the central portion of the thin filament (Ao and Lehrer, 1995; Zhukarev et al., 

1997; Pappas et al., 2008).  This suggests that nebulin intimately interacts with actin in 

vivo.  The majority of the repeats are also arranged into 22 consecutive, 7-module super-

repeats that also contain a consensus motif (WLKGIGW).  The super-repeats match the 

periodicity of, and are thought to bind, the troponin/tropomyosin complex (Labeit and 

Kolmerer, 1995).  Accordingly, recombinant nebulin super-repeats have been shown to 

interact with troponin and tropomyosin in vitro (Wang et al., 1996).  Furthermore, 

nebulin contains a unique N-terminal domain that binds the pointed end capping protein 

tropomodulin (Tmod) and a unique C-terminal domain that interacts with the barbed end 

capping protein CapZ (McElhinny et al., 2001; Pappas et al., 2008).  As outlined above, 

capping proteins effectively inhibit actin polymerization and depolymerization at the 

filament ends.  Thus, nebulin has the ability to bind and possibly organize all the major 

thin filament components.  Nebulin could therefore specify the length of the actin 

filament, by binding a specific number of actin and troponin/tropomyosin molecules, then 

recruit capping proteins, which would restrict assembly to that defined length. 

Recent findings have confirmed that nebulin is essential for proper thin filament 

length regulation in skeletal muscle.  A deficiency of nebulin results in shorter thin 
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filaments in two independent nebulin knockout mouse models (Bang et al., 2006; Witt et 

al., 2006). Similar results were also obtained following the knockdown of nebulin in 

primary cultures of chick skeletal myocytes (Pappas et al., 2008). While these studies 

demonstrate that nebulin is involved in dictating the final lengths of the thin filaments, 

they disagree on the mechanism by which it functions.  A ruler hypothesis predicts that 

the absence of nebulin would result in either a failure to assemble actin filaments 

alltogether or the formation of unregulated filaments with a broad length distribution.  

Intriguingly, Bang et al. (2006) reported shorter but uniform thin filaments in their 

knockout model and therefore propose that a nebulin-independent mechanism controls 

immature actin filament lengths, while nebulin is responsible for specifying mature 

lengths.  Witt et al. (2008), on the other hand, reported shorter non-uniform thin 

filaments; an observation consistent with a ruler mechanism. While the reason for the 

discrepancy remains unclear, one possible explanation is that actin filament non-

uniformity could arise from muscle use over time, since the mice were analyzed at a later 

stage of development (10-15 days old) in the latter compared to the former study (1 day 

old).  Together, it is clear that nebulin is necessary for forming and/or maintaining proper 

thin filament lengths, yet the mechanism by which nebulin accomplishes this is still 

unclear. 

Although most of the data regarding the function of nebulin supports the 

molecular ruler hypothesis, there is evidence that seemingly contradicts a simple ruler 

mechanism.  First, nebulin is not found in all striated muscle.  Drosophila muscle does 

not contain nebulin, yet still assembles thin filaments with uniform lengths (Reedy and 
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Beall, 1993).  This suggests that there is another, possibly more ancient, mechanism for 

thin filament length regulation.  Additionally, it was reported for years that nebulin was 

not expressed in cardiomyocytes.  Accordingly, thin filament lengths are more variable in 

cardiac muscle (e.g., rat atrial 0.6-1.1 µm) than in skeletal muscle (e.g., rabbit psoas = 

1.11-1.15 µm) but still display a Gaussian length distribution and therefore must be 

regulated (Robinson and Winegrad, 1979; Sosa et al., 1994).  Cardiomyocytes express a 

small nebulin-like protein called nebulette, which has the same C-terminal structure as 

nebulin and inserts into the Z-disc like nebulin, but only extends ~150 nm toward the 

center of the sarcomere (Moncman and Wang, 1995). Thus it is unlikely this protein 

would be able to function as a ruler.  Surprisingly, nearly 20 years after its initial 

discovery in skeletal muscle, nebulin was found in heart muscle (Kazmierski et al., 

2003).  Nebulin transcript was amplified by RT-PCR from adult mouse hearts and 

detected by in situ hybridization in fetal rat cardiomyocytes in culture and X. laevis 

embryonic hearts.  Furthermore staining with an antibody to the N-terminus of nebulin in 

fetal rat cardiomyoctyes revealed that full-length nebulin protein assembles along the thin 

filament.  Cardiac nebulin has also been found in human, chicken and agnathans 

(lamprey and hagfish) (Fock and Hinssen, 2002; Donner et al., 2004; Joo et al., 2004).  

Even though nebulin has been identified in the heart, it is clear that it is expressed at very 

low levels.  Thus, the principal mechanism of length regulation in the heart may still be 

nebulin-independent.  Second, a main tenet of the current ruler hypothesis is that nebulin 

localizes Tmod to the pointed end of the actin filaments, which predicts that the N-

terminus of nebulin and Tmod would colocalize.  Comparisons of the location of the N-



 23 

terminus of nebulin and Tmod in various rabbit skeletal muscles indicate that Tmod, and 

presumably the end of the actin filament, extend beyond the end of nebulin (Castillo et 

al., 2009). These results also suggest some form of nebulin-independent mechanism of 

regulation. 

Furthermore, some of nebulin’s properties (e.g., its modular structure and span of 

the entire thin filament) that are suggestive of a molecular ruler could actually have 

entirely different functions unrelated to thin filament length regulation.  For example, 

nebulin has been implicated in the regulation of actomyosin interactions.  N-terminal 

nebulin fragments, from a segment of nebulin that assembles in the region of actin and 

myosin overlap, are able to reduce the sliding velocity of actin in in vitro motility assays 

and inhibit actomyosin ATPase activity, while C-terminal nebulin fragments have no 

affect (Root and Wang, 1994).  Binding of calmodulin, along with calcium, is able to 

reverse the inhibition.  Therefore, the structure of nebulin that seems optimal for actin 

assembly may have in fact evolved to regulate the actomyosin interaction. 

 

        Other potential regulators 

While most studies regarding thin filament assembly have focused on the capping 

proteins and nebulin there are a number of reports indicating other factors may also be 

involved.  Besides contributing, with Tmod, to the formation of a high affinity pointed 

end cap, tropomyosin may also influence thin filament length by stabilizing the filaments.  

Tropomyosin reduces the depolymerization of actin in polymerization assays in vitro 

(Broschat et al., 1989; Weigt et al., 1990).  Furthermore, actin filaments containing 
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tropomyosin have been shown to be more resistant to severing by gelsolin and 

depolymerization by DNaseI and ADF/cofilin (Hitchcock et al., 1976; Bernstein and 

Bamburg, 1982; Fattoum et al., 1983).  Finally, a reduction of tropomyosin levels via 

RNA interference results in disorganized actin in the body wall muscles of C. elegans 

(Ono and Ono, 2002).  

Another potential regulator of thin filament assembly is the giant protein titin.  As 

outlined above, titin is thought to associate with thin filaments in the I-band.  Over 

expression of an I-band specific fragment of titin (N2B) in cardiomyoctyes disrupts thin 

filament structure but has no affect on the thick filaments (Linke et al., 1999).  Thus, the 

association of titin may aid in stabilizing the thin filament. 

 Finally, a protein named SALS (sarcomere length short) has been identified in 

Drosophila muscle that is responsible for controlling actin filament lengths (Bai et al., 

2007).  Knockdown of SALS via RNA interference results in short thin filaments and a 

lack of GFP-actin incorporation at the pointed end of the filaments.  Furthermore, SALS 

is found at the end of growing filaments and overepression of SALS leads to long thin 

filaments.  Taken together these data suggest SALS promotes actin elongation from the 

pointed ends of the filaments, possibly by competing with Tmod.  Database searches 

have not found any homologs of SALS in vertebrates but that does not preclude the 

presence of a functional analog of this protein.  
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    Skeletal myopathies associated with mutations of thin filament proteins 

Over 140 mutations in the genes encoding the thin filament components actin, 

tropomyosin, troponin I, troponin T and nebulin have been identified.  These mutations 

lead to a number of skeletal muscle myopathies including: nemaline myopathy, distal 

myopathy, distal arhrogryposis, actin myopathy, cap disease, rod-core myopathy, 

intranuclear rod myopathy and congenital fiber-type disproportion (Ochala, 2008). While 

the majority of these diseases are likely due to improper regulation of contraction, the 

myopathies in which mutations in nebulin have been identified (nemaline and distal 

myophathies) may be the result of improper thin filament assembly.  I will focus on 

nemaline myopathy since it the most prevalent and thus has been described in the most 

detail.  Nemaline myopathy is characterized by muscle weakness usually in the upper 

body.  Severity can vary from mild, with late onset and slow progression, to severe, with 

neonatal lethality due to respiratory problems.  A hallmark of the disease is the presence 

of rod-like “nemaline” bodies in the muscle fibers that are composed of aberrantly 

arranged Z-disc and I-band proteins.  It is unclear whether nemaline bodies are a primary 

cause or a secondary effect of the disease, since patients often have muscle weakness 

prior to the accumulation of these aberrant structures and the extent of nemaline bodies 

present in the muscle does not correlate with the severity of the disease.  However, the 

presence of nemaline bodies is consistent with the loss of proper nebulin function, since 

nebulin has been implicated in thin filament length regulation and Z-disc structure.  

While nemaline myopathy can result from mutations in nearly all the thin filament 
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components, mutations in nebulin are the most commonly observed.  To date, 64 separate 

mutations have been identified in nebulin (Pelin et al., 2002; Allal et al., 2004).  Most are 

deletions or insertions producing frameshifts that are predicted to result in the early 

termination of the protein, but some are point mutations that may affect splicing or result 

in a missense mutation.  Excitingly, a recent study has directly linked a nebulin mutation 

that results in nemaline myopathy to improper assembly of the thin filament.  They show 

that a particular nebulin mutation results in decreased nebulin levels, which in turn leads 

to shorter thin filaments and decreased force production (Ottenheijm et al., 2009).
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Fig 1.1  Schematic of the molecular layout of the sarcomere. The myosin thick 
filaments are anchored at the M-line and interact with the actin thin filaments within the 
A-band.  The thin filaments are anchored in the Z-disc where they are cross-linked by α-
actinin.  Tmod (blue) caps the pointed ends of the thin filaments, while CapZ (yellow) 
caps the barbed ends within the Z-disc.  Tropomyosin/troponin complexes associate 
along the length of the thin filament.  Two molecules of nebulin (red) also associates 
along the entire length of the thin filament and interacts with Tmod at the pointed end and 
CapZ at the barbed end of the actin filament. (Adapted from Clark et al., 2002) 
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Figure 1.2  Schematic of the structure of human nebulin.  Human nebulin has 185 
actin-binding modules of ~35 residues (small boxes) that are flanked by unique N-
terminal (MADDE) and C-terminal (Serine rich, SH3) domains.  The central repeats are 
further organized into 7 module super-repeats (alternating grey tones, S1-22), which bind 
troponins and tropomyosins.  Binding sites of the capping proteins Tmod and CapZ are 
also noted. 
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CHAPTER 2: PRESENT STUDY 

 

The methods, results and conclusions of this study are presented in two 

manuscripts appended to this dissertation.  The following is a summary of the most 

important findings of these studies along with questions that remain and possible future 

experiments. 

The first half of my dissertation focuses on the function of nebulin within the Z-

disc (Appendix A).  The barbed ends of actin filaments in striated muscle are aligned and 

anchored within the Z-disc where they are capped by CapZ, a protein that blocks actin 

polymerization and depolymerization in vitro.  We found that nebulin is required for the 

assembly of CapZ and the restriction of the barbed ends of the filaments to the Z-disc.  

Nebulin likely directly targets CapZ to the Z-disc since we also found that the C-terminus 

of nebulin (modules 160-164) specifically interacts with CapZ in blot overlay, solid-

phase binding and SPOTs membrane assays.  In vitro actin polymerization experiments 

performed in collaboration with Drs. Nandini Bhattacharya and John Cooper at 

Washington University (St. Louis, MO) indicate that the binding of nebulin modules 160-

164 to CapZ does not affect the ability of CapZ to cap actin filaments in vitro, consistent 

with the observation that neither of the two C-terminal actin-binding regions of CapZ is 

necessary for its interaction with nebulin.  Therefore nebulin may regulate the assembly 

of the barbed ends of the actin filaments, by localizing CapZ to the Z-disc. 

Further work needs to be done to show that nebulin directly targets CapZ to the Z-

disc.  The binding sites for nebulin within CapZ could be identified and those sites 
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mutated in recombinant CapZ.  Mutated GFP-CapZ, that can no longer bind nebulin, 

would be introduced into skeletal myocytes and its localization determined.  In the 

reciprocal experiment, the binding site(s) for CapZ within a recombinant mini-nebulin 

(see below) could be mutated and the protein introduced into cells.  Both the localization 

of mini-nebulin and endogenous CapZ would be examined.     

A previous model of the layout of nebulin suggests that it only partially extends 

into the Z-disc, with modules 177-181 located at the edge of the Z-disc.  This model 

predicts that the CapZ binding site we identified within nebulin (modules 160-164) is 

located well outside of the Z-disc.  These data are confusing since they imply that CapZ 

and the CapZ binding site are not in close proximity.  Therefore, based on our binding 

data we propose a novel molecular model of Z-disc architecture in which nebulin 

interacts with CapZ from a thin filament of an adjacent sarcomere, thus providing a 

structural link between sarcomeres.  In support of our model, two other integral Z-disc 

proteins (desmin and α-actinin) have also been shown to interact with nebulin near the 

CapZ binding site (Conover et al., 2009 and unpublished data).  

Our model is solely based on in vitro binding data and needs to be tested.  High-

resolution immuno-electron microscopy with antibodies to multiple C-terminal nebulin 

epitopes could be utilized to obtain a better understanding of the layout of nebulin within 

the Z-disc.  Critical to the success of these experiments is the rigorous evaluation of the 

antibodies to ensure they are specific and do not recognize any other region of the 

repetitive nebulin protein.  To this end we have already generated an antibody to the 

CapZ binding site within nebulin (M160-164), but need more in order to construct a 
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finely detailed map.  Our model predicts that nebulin provides stability to the Z-disc by 

cross-linking actin filaments from adjacent sarcomeres.  This may be more obvious 

following removal of the major cross-linker within the Z-disc, α-actinin.  Thus a logical 

experiment would be to compare a knockdown of α-actinin alone with a combined 

knockdown of α-actinin and nebulin.  Our model predicts that the combined knockdown 

would have a more severe affect on Z-disc structure than the knockdown of α-actinin 

alone.   

The second half of the dissertation focuses on determining the mechanism by 

which nebulin regulates the lengths of the thin filaments.  Nebulin is required for the thin 

filaments to attain their mature lengths and has long been proposed to function as a 

“molecular ruler” determining the exact lengths of the thin filaments.  While an extensive 

amount of correlative evidence in support of the ruler hypothesis has been reported, it has 

never been directly tested.  In order to directly test the ruler hypothesis, a unique small 

nebulin molecule (“mini-nebulin”) was constructed.  The introduction of mini-nebulin 

into chick skeletal myocytes, with endogenous nebulin knocked down, does not result in 

corresponding shorter actin filaments; an observation that is inconsistent with a strict 

ruler function.  Treatment of these cells, however, with the actin depolymerizing agent 

Latrunculin A produces filaments that match the length of the mini-nebulin molecule, 

indicating mini-nebulin stabilizes the actin filaments.  Cells with normal levels of nebulin 

are resistant to depolymerization by Latrunculin A, further supporting the stabilizing 

action of nebulin.  Furthermore, the knockdown of nebulin results in more dynamic 

populations of the thin filament components actin, tropomyosin and tropomodulin 
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(assayed by fluorescence recovery after photobleaching).  Strikingly, introduction of 

mini-nebulin is able to restore the normal dynamics of the actin filaments.  Taken 

together, our data indicate that nebulin does not function as a strict molecular ruler but 

regulates actin filament length by stabilizing the filament and preventing actin 

depolymerization. 

Since nebulin appears to not be a sufficient molecular ruler, the next question is, 

what combination of factors is sufficient to precisely control actin filament lengths.  

Nebulin inhibits actin depolymerization, thereby conceivably specifying a minimal thin 

filament length, but does not prevent actin polymerization beyond its end.  Therefore, 

some other factor(s) likely restrict actin polymerization at lengths beyond that of nebulin.  

A prime candidate is the pointed end capping protein Tmod, but despite containing a 

Tmod binding site, mini-nebulin does not localize Tmod to its N terminal end.  Either 

mini-nebulin’s Tmod binding site is not functional or there is a third factor required for 

Tmod’s localization and/or activity.  If this factor were located on the thick filament, 

perhaps in the region lacking myosin heads (the bare-zone) a mechanism would be in 

place that optimizes actin filament lengths to produce the maximal amount of actin-

myosin overlap.  We may be able to bypass any factors involved in Tmod’s localization 

by fusing Tmod to the end of mini-nebulin.  If nebulin plus Tmod is a sufficient 

molecular ruler the fusion should result in the restriction of actin filament lengths to the 

length of mini-nebulin. 

Also, in collaboration with Dr. Yasuko Ono (The Tokyo Metropolitan Institute of 

Medical Science, Japan) we have successfully produced mini-nebulin protein using a 
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baculovirus system.  This opens the door to many experiments that were previously not 

possible due to an inability to purify full-length endogenous nebulin.  First we can 

attempt to build short actin filament in vitro.  Can combining actin, mini-nebulin, 

tropomyosin and Tmod produce short actin filaments that match the length of mini-

nebulin?  If so, are all of the components necessary and if not, what components are 

missing?  Second, in vitro actin polymerization and depolymerization experiments with 

mini-nebulin would be very informative.  For example, our data suggests that mini-

nebulin decreases the off rate of actin monomers from the polymer, but does it also 

influence the on rate?  The effect of mini-nebulin in combination with other thin filament 

components (e.g. tropomyosin or Tmod) on actin dynamics could also be tested.  

Obtaining biochemical data regarding the properties of mini-nebulin would support and 

expand upon our results in live cells. 

 It is clear that the precise regulation of thin filament assembly in muscle is not the 

result of a single factor, but is accomplished by the coordinated activities of multiple 

proteins.  Thus to address this fact, future experiments need to involve manipulating 

multiple factors at the same time.  This could be accomplished by knocking down 

proteins in combination.  The structure of the thin filament would be assessed following 

pairwise knockdowns of nebulin, tropomyosin and Tmod.  These phenotypes would then 

be compared to those of the single knockdowns.  In addition, to tease apart individual 

functions of these multi-functional proteins, proteins with mutated binding sites could be 

introduced into the knockdown backgrounds.  For example, Tmod with a mutated nebulin 

binding site could be introduced into cells with endogenous Tmod knocked down.  In 
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another, more complex possibility, tropomyosin with a mutated nebulin binding site 

could be introduced into cells with both endogenous tropomyosin and Tmod levels 

reduced.  While these experiments are complex and the results may be equally complex, I 

predict they will provide a better understanding of the role of each individual component 

in thin filament regulation. 

 Lastly, one caveat of these studies is that most of our conclusions are based on the 

analysis of cells in which nebulin has been knocked down via siRNA.  The problem with 

this system is that knockdowns are not complete; some nebulin transcript will always 

remain.  It is unclear what affect residual nebulin has on the cell.  Perhaps a small amount 

of nebulin is enough to maintain one or more of its functions.  In order to alleviate this 

concern, we recently gained access to one of the nebulin knockout mouse models.  

Primary cultures of skeletal muscle can be generated using this model, which would 

provide us with cells that are incapable of expressing nebulin and thus a cleaner system in 

which to work.  Furthermore, it is conceivable that the introduction of mini-nebulin into 

these cells may result in changes to the actin filaments that did not occur in the cells with 

nebulin knocked down. 

 Through this work, we have gained considerable insight into the function of 

nebulin and its role in thin filament assembly, which could lead to a better understanding 

of the causes of nebulin-related human diseases and effective therapies to treat those 

diseases. 
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ABSTRACT 

The barbed ends of actin filaments in striated muscle are anchored within the Z-

disc and capped by CapZ; this protein blocks actin polymerization and depolymerization 

in vitro.  The mature lengths of the thin filaments are likely specified by the giant 

“molecular ruler” nebulin, which spans the length of the thin filament.  Here we report 

that CapZ specifically interacts with the C-terminus of nebulin (modules 160-164) in blot 

overlay, solid-phase binding, tryptophan fluorescence, and SPOTs membrane assays.  

Binding of nebulin modules 160-164 to CapZ does not affect the ability of CapZ to cap 

actin filaments in vitro, consistent with our observation that neither of the two C-terminal 

actin-binding regions of CapZ is necessary for its interaction with nebulin.  Knock-down 

of nebulin in chick skeletal myotubes using siRNA results in a reduction of assembled 

CapZ and, strikingly, a loss of the uniform alignment of the barbed ends of the actin 

filaments.  These data suggest that nebulin restricts the position of thin-filament barbed 

ends to the Z-disc via a direct interaction with CapZ.  We propose a novel molecular 

model of Z-disc architecture in which nebulin interacts with CapZ from a thin filament of 

an adjacent sarcomere, thus providing a structural link between sarcomeres.   

 

INTRODUCTION 

In striated muscle, actin-containing thin filaments from adjacent sarcomeres 

overlap within the Z-disc where their barbed ends are organized and anchored.  Electron 

micrographs of longitudinal sections of mammalian skeletal muscle reveal that Z-discs 

contain an intricate network of “zigzag” bands (Rowe, 1973).  3D reconstruction and 
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modeling of the Z-disc based on electron micrographs demonstrate that the zigzag bands 

are comprised of sets of overlapping thin filament connectors called “Z-links”, which are 

predicted to be composed of α-actinin (Luther et al., 2002).  These connectors allow the 

Z-disc to transmit force from one sarcomere to the next along the myofibril. 

Drosophila melanogaster mutants that do not express α-actinin initially display 

relatively intact Z-discs in their striated muscle (Fyrberg et al., 1998).  Later, severe 

muscle defects appear, and the larvae die.  Thus, it appears that α-actinin is not absolutely 

required for Z-disc formation and function, but it is needed to maintain Z-disc stability in 

this organism.  The giant sarcomeric protein titin has also been implicated in the 

assembly and maintenance of the Z-disc structure, while the specific contributions of 

other Z-disc components are currently unknown (e.g., Zou et al., 2006; Seeley et al., 

2007).  

Z-discs contain the barbed-end capping protein CapZ.  CapZ binds with high 

affinity (Kd ≈ 1 nM) to the barbed ends of actin filaments, where it effectively inhibits 

actin polymerization and depolymerization (Caldwell et al., 1989).  Capping protein is an 

obligate α/β heterodimer, and efficient actin capping requires the C-terminus of both 

subunits (Casella and Torres, 1994; Wear et al., 2003).  Vertebrates express three 

conserved isoforms of each subunit.  In muscle, the predominant isoform of the β-subunit 

is β1, which localizes to the Z-disc and is therefore called CapZ.  The major β-subunit 

isoform in non-muscle cells is β2; it is present in cardiomyocytes at low levels but 

localizes to the intercalated discs and the cell periphery, not to Z-discs (Schafer et al., 

1994).  How CapZ is targeted specifically to the Z-disc is not understood, but the ability 
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of CapZ to interact with actin appears not to be necessary for its Z-disc localization 

(Schafer et al., 1995).  Further, the two β-subunit isoforms seem to have distinct 

functions in muscle cells.  In mouse heart expression models, when CapZ’s β1 subunit is 

replaced with β2, the Z-disc is disorganized, truncated and thickened, suggesting that the 

β2 subunit is not able to function at the Z-disc (Hart and Cooper, 1999).  Also in these 

experiments, expression of a dominant-negative β1 subunit unable to bind actin caused 

similar, but more severe, effects on Z-disc and sarcomere assembly (Hart and Cooper, 

1999).  The importance of CapZ in myofibrillogenesis has also been documented in 

primary cultures of skeletal myotubes, where injection of an inhibitory antibody caused 

delays in thin filament and Z-disc assembly (Schafer et al., 1995).  Thus, CapZ is an 

integral player in thin filament assembly and regulation within the Z-disc but the 

molecular mechanisms that underlie its Z-disc role remain unclear. 

Thin filament assembly may also be regulated by the giant protein nebulin (600-

900 kDa) (Wang and Williamson, 1980).  Nebulin protein has been found in skeletal and 

cardiac muscle (although at lower levels in the latter), and transcripts have also been 

found in other tissues (Fock and Hinssen, 2002; Kazmierski et al., 2003; Bang et al., 

2006).  A single molecule of nebulin spans the entire length of the thin filament.  The N-

terminus extends to the pointed end, where it interacts with the pointed-end capping 

protein tropomodulin (Wang and Wright, 1988; McElhinny et al., 2001).  Nebulin’s C-

terminus extends into the Z-disc, where it interacts with α-actinin, myopalladin and the 

intermediate filament protein desmin (Nave et al., 1990; Bang et al., 2001; Bang et al., 

2002).  Full-length human nebulin consists of 185 tandem copies of a  ~35-aa residue 
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module, flanked by unique N and C-terminal sequences.  Each module has a conserved 

motif thought to interact with a single actin monomer.  In addition, modules 9-162 are 

organized into sets of seven-module super-repeats, which contain a second conserved 

motif that matches the periodicity of, and is thought to organize, the 

tropomyosin/troponin complexes (Jin and Wang, 1991; Pfuhl et al., 1994; Labeit and 

Kolmerer, 1995; Wang et al., 1996).   

Previous studies suggest that nebulin plays a role in regulating the final lengths of 

thin filaments at their pointed ends as well as the architecture of the Z-disc.  While 

nebulin’s size and susceptibility to proteolysis have made some functional approaches 

very difficult, the evidence for its role in determining the final lengths of thin filaments is 

strong (for reviews see Trinick, 1994; McElhinny et al., 2003; Horowits, 2006).  Two 

independent studies of nebulin knock-out mice confirm the importance of nebulin in thin 

filament length regulation (Bang et al., 2006; Witt et al., 2006).  In both studies, thin 

filaments were shorter.  In addition, wide Z-discs and nemaline rod bodies, which are 

composed of Z-disc material, were present, suggesting that nebulin contributes to Z-disc 

organization and/or maintenance.  Previously, we showed that thin filament pointed ends 

grow to excessive lengths upon disassembly/reassembly in nebulin-deficient primary rat 

cardiomyocytes (McElhinny et al., 2005).  In addition, α-actinin at the Z-disc was 

disorganized in these cells.  The precise mechanism of action of nebulin and the potential 

contributions of the pointed-end capping protein, tropomodulin, to nebulin function, 

remain to be determined (Fowler et al., 2006).   
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Here, we report the discovery that CapZ specifically interacts with a segment of 

C-terminal nebulin (modules 160-164); this segment was previously considered to be 

located well outside of the Z-disc, within the I-band.  The interaction of nebulin M160-

M164 with CapZ does not alter the actin capping activity of CapZ in vitro.  Furthermore, 

our data show that a knock down of nebulin inhibits targeting of CapZ to the Z-disc.  We 

also found evidence that nebulin has a role in regulating the lengths of thin filaments at 

their barbed ends, perhaps via its interaction with CapZ.  We propose a novel molecular 

model of Z-disc architecture in which nebulin interacts with CapZ of a thin filament from 

an adjacent sarcomere, thus effectively cross-linking the thin filaments within the Z-disc, 

directly linking two sarcomeres and preventing growth of barbed ends into the adjacent 

sarcomere. 

 

MATERIALS AND METHODS 

Recombinant Protein Expression, Purification and Biotinylation 

A nebulin fragment encoding M160-M170 (Labeit and Kolmerer, 1995) was 

generated by Dr. Gloria Conover (primer sequences: F-5’-GTA AAG GAA AGA GGA 

AGC TGT CAT GCT GTG-3’ and R- 5’- CTG GCT GGC AAT GTC GGT AGC ATT 

CCT-3’) from mouse cDNA and cloned into a modified pET-11 vector, which expresses 

the insert with an N-terminal 6X histidine tag (Novagen, Madision, WI).  One exon 

within M160-M170, corresponding to a part of M168 and part of M169, was not 

amplified, likely due to alternative splicing.  Smaller nebulin fragments corresponding to 

M160-M164 (F–5’- GTA AAG GAA AGA GGA AGC TGT C-3’, R–5’-GTT GTA TTT 
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GGG TGT TTT GCC C-3’), M160-M161 (F–5’-GTA AAG GAA AGA GGA AGC TGT 

C-3’, R–5’ GAT GGA GTA GTT GGA CTT GCC T-3’), M163-M164 (F–5’- CCA GAC 

ATC AAG AAG GCC ACC C -3’, R–5’-GTT GTA TTT GGG TGT TTT GCC C-3’) 

and M165-M167 (F–5’-CCG AAA GAC AGC CAG CTC TAC A-3’, R–5’-TTT CCC 

ACT CTG CAT CTG CTG A-3’) were subsequently subcloned from the M160-M170 

construct (Supplemental Figure 1).  All insert sequences were confirmed by DNA 

sequencing and the expression constructs were transformed into E. coli BL21-Codon Plus 

(DE3)-RIL competent cells (Stratagene, La Jolla, CA) for protein production.  Other 

recombinant nebulin fragments, M2 and M50 (McElhinny et al., 2001), chicken Tmod1 

(Babcock and Fowler, 1994), wild-type CapZ (Palmgren et al., 2001), and CapZ C-

terminal deletion mutants (Wear et al., 2003) were expressed and purified as previously 

described. 

CapZ was biotinylated at a molar ratio of 1:60 using aminohexanoyl-biotin N-

hydroxysuccinimide according to the manufacturer’s instructions (Zymed Laboratories 

Inc., San Francisco, CA).  Biotinylated CapZ was dialyzed against a storage buffer (0.1 

M KCl, 10 mM Hepes, pH 7.5), aliquoted, frozen in liquid nitrogen, and stored at -80 °C 

until use. 

Blot Overlays   

Adult rat psoas muscle was frozen in liquid nitrogen, ground into a fine powder, 

and the proteins solubilized in preheated (70°C) 2X Laemmli sample buffer.  The sample 

was resolved on a 4-20% gradient SDS polyacrylamide gel and transferred to 

nitrocellulose membranes (0.2 µm, PerkinElmer Life and Analytical Sciences, Boston, 
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MA).  Efficient transfer was determined by Ponceau S staining.  The membrane was then 

blocked with binding buffer (20 mM HEPES pH 7.4, 80 mM KCl, 2 mM MgCl2, 0.05% 

Tween, 2% BSA) for 2 h at 37°C, washed with binding buffer without BSA, and 

incubated with 0.06-0.25 µg/ml (0.9-3.7 nM) of biotinylated CapZ (α1β1) or non-muscle 

CP (α1β2) diluted in binding buffer overnight at 4°C.  Following additional washes, 

CapZ binding was detected chemiluminescently by incubation with HRP-conjugated 

streptavidin (Pierce, Rockford, IL) diluted 1:20,000 in binding buffer for 1 h at 4°C, 

followed by SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). 

Solid Phase Binding Assays 

These assays were performed essentially as described in (McElhinny et al., 2001).  

Unless otherwise noted, wells were coated overnight at 4°C with 200 nM of nebulin 

fragments diluted in 0.1M carbonate buffer, pH 9.6.  The wells were then washed and 

blocked with binding buffer (20 mM HEPES pH 7.4, 250 mM KCl, 2 mM MgCl2, 0.1% 

Tween, 0.2% BSA) for 1 h at 4°C, incubated with 125 nM of biotinylated CapZ diluted in 

binding buffer for 1 h at 4°C, followed by alkaline phosphatase-conjugated ImmunoPure 

streptavidin (Pierce, Rockford, IL) diluted 1:10,000 in binding buffer for 1 h at 4°C.  The 

wells were then washed extensively with binding buffer without Tween and BSA, and 

incubated with 1 mg/ml 4-Nitrophenyl phosphate disodium salt hexahydrate (Sigma, St. 

Louis, MO) in substrate buffer (0.1 M glycine, 1 mM MgCl2 1 mM ZnCl2, pH 10.4) for 

30 minutes at 37°C.  An interaction was determined by a colorimetric reaction @ A405 

on a Tecan plate reader using Winselect software (Phenix, Hayward, CA).  All solid 

phase binding assays were performed in Costar 96-well High binding, Easywash, 
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EIA/RIA plates (Corning, NY) with 100 µL volumes.  Dissociation constants were 

determined from nonlinear regression curves fitted using a one-site binding equation 

(Y=Bmax*X/(Kd+X)) with Prism 4 software (GraphPad, San Diego, CA). 

SPOTs Membranes 

A SPOTs membrane containing 63 consecutive peptides (13 mer with 5 mer 

overlaps) representing human nebulin M159-M171 (Labeit and Kolmerer, 1995) was 

purchased from Sigma Genosys (The Woodlands, TX).  The membrane was blocked with 

binding buffer (20 mM HEPES pH 7.4, 80 mM KCl, 2 mM MgCl2, 0.05% Tween, 2% 

BSA) for 3 hr at 37°C, incubated with 0.5 µg/ml (7.4 nM) of biotinylated CapZ overnight 

at 4°C, washed 3X, and incubated with streptavidin-conjugated HRP diluted 1:20,000 in 

binding buffer for 1 h at 4°C.  An interaction was determined after addition of 

SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). 

Cell Culture and siRNA Treatment 

Primary cultures of chick skeletal myotubes were prepared as described 

(Almenar-Queralt et al., 1999).  A nebulin-specific siRNA was designed and generated 

using Ambion’s Silencer Construction kit (Austin, Texas) (target cDNA sequence: 5’–

GTA GCT GAC TCT CCA ATT A–3’).  As a control, a random siRNA was also 

generated (target cDNA sequence: 5’–CTC GAC TAG AGT CTG TCT A–3’).  Skeletal 

myotubes were transfected with 50 nM of siRNA using the lipid-based reagent Effectene 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions 12-24 hours after 

plating.  Two to three days after transfection, the cells were incubated in relaxing buffer 
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(150 mM KCl, 5 mM MgCl2, 10 mM MOPS, pH 7.4, 1 mM EGTA, and 4 mM ATP) for 

15 minutes and fixed with 0.5-2% paraformaldehyde in relaxing buffer for 15 minutes. 

Microinjection 

Two to three days following siRNA treatment, cells were microinjected with 

rhodamine-labeled G-actin (Cytoskeleton, Denver, CO) resuspended to 2 mg/ml in 5 mM 

Tris pH 8.0, 10 µM MgCl2, 0.2 mM ATP, 1 mM DTT using an Eppendorf Transjector, 

fixed 1 hr after injection (i.e., short time interval to mark the ends of the filaments only) 

in 4% paraformaldehye in PBS, and stained as described below. 

RT-PCR and Western Blotting 

RT-PCR was performed as previously described (McElhinny et al., 2005).  Total 

RNA was extracted from chick skeletal myotubes 1 day after siRNA treatment and 

cDNA synthesized from 1 µg of total RNA.  5 µl of template cDNA (diluted 1:50) was 

used in a 20 µl PCR reaction with 30 cycles.  Primers included: nebulin (F: 5’–CTT GGG 

CTG CTT CCT TTA TG–3’ and R: 5’– TCA AAT GGG TTT TTA GTT CCT GA–3’, 

which amplified a 170 bp product), capping protein (F: 5’–CTT CTC CGC ACA TAG 

CCA AT–3’ and R: 5’–CTC TTC AAA GCC TCC ACC AG–3’, which simultaneously 

amplified a 300 bp β1-specific product and a 190 β2-specific product), cardiac α-actin (F: 

5’–GAG CGT GGC TAT TCC TTT GT–3’ and R: 5’–TCC TGA GTG GGA AGT AAA 

TG–3’, which amplified a 578 bp product) (Lin-Jones and Hauschka, 1997), skeletal α-

actin (F: 5’–GAG CGT GGC TAT TCC TTT GT–3’ and R: 5’–ATC CTG AGT GTG 

GTT GGC AA–3’, which amplified a 573 bp product) ( Lin-Jones and Hauschka, 1997) 

and GAPDH (F: 5’– GGC ACT GTC AAG GCT GAG AAC G –3’ and R: 5’– GGA 
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GCT GAG ATG ATA ACA CGC TTA G –3’, which amplified a 200 bp product).  

Western blotting was also performed as previously described using a rabbit anti-N-

terminal nebulin antibody (1357L, ~2 µg/ml) (McElhinny et al., 2005), a monoclonal 

anti-CapZ β1-specific antibody (1E5, 1:500), a monoclonal anti-non-muscle CP β2-

specific antibody (3F2, 1:100), and a rabbit anti-pan actin antibody (0.25 µg/ml) (Sigma, 

St. Louis, MO). 

Immunofluorescence Microscopy 

To observe sarcomeric components, cells were stained as previously described 

(Gregorio and Fowler, 1995).  The fixed cells were permeablized in 0.2% Triton X-

100/PBS, blocked with 2% BSA plus 1% normal donkey serum/PBS, and incubated for 1 

hour with primary antibodies diluted in PBS.  The primary antibodies included:  a 

polyclonal anti-C-terminal nebulin M176-M181 antibody (1:50; kindly provided by 

Siegfried Labeit, Universitatsklinikum Mannheim, Mannheim, Germany), a monoclonal 

anti-CapZ β1-specific antibody (1E5, 1:100), a polyclonal anti-titin Z1-Z2 antibody 

(1:100), a monoclonal anti-α-actinin antibody (1:15,000) (Sigma, St. Louis, MO), a 

monoclonal anti-myomesin antibody (1:100, generously provided by E. Ehler, King’s 

College London, London, UK and J.C. Perriard, ETH Zurich, Zurich, Switzerland) and a 

monoclonal anti-cardiac actin antibody (1:10) (American Research Products, Belmont, 

MA).   Alexa Fluor 488 conjugated phalloidin was used to stain F-actin (Invitrogen, 

Carlsbad, CA).  The cells were then washed with PBS for 15 minutes, and incubated with 

secondary antibodies/PBS for 30 minutes.  The secondary antibodies, obtained from 

Invitrogen (Carlsbad, CA) and Jackson Immunoresearch Laboratories (West Grove, PA), 
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included: Alexa Fluor 488 conjugated goat anti-mouse IgG (1:1000), Alexa Fluor 350 

conjugated goat anti mouse IgG (1:300) and Texas Red conjugated donkey anti-rabbit 

IgG (1:600).  Coverslips were mounted onto slides with Aqua Poly/Mount (Polysciences 

Inc., Warrington, PA).  Note, we analyzed >500 nebulin siRNA treated cells and 

stringently compared distribution patterns in cells with a broad range of  shapes and/or 

widths.  In order to triple label cells, the anti-CapZ antibody (1E5) was directly labeled 

using the Zenon One Alexa Fluor 594 Mouse IgG1 Labeling Kit according to the 

manufacturer’s instructions (Invitrogen, Carlsbad, CA).  The cells were analyzed and 

images captured using a Deltavision deconvolution microscope (Applied Precision, 

Issaquah, WA) with a 100X objective (1.3 NA) and a CoolSnap HQ charge-coupled 

device camera (Photometrics, Tucson, AZ).  The images were then processed using 

Adobe Photoshop CS.  Actin filament lengths were measured from deconvolved images 

of cells stained with an anti-cardiac actin antibody (which stains the I band region of the 

thin filaments) using ImageJ 1.37v software (National Institutes of Health, USA).  The 

same cells were costained with a Z-disc anti-titin N terminal (Z1-Z2) antibody and plot 

profiles of the staining intensity along the longitudinal axis of the myofibrils were 

generated using ImageJ.  Z-disc to Z-disc distances, and thus sarcomere lengths, were 

determined by measuring the distance from one peak of intensity to the next.  Statistical 

analyses were performed using Microsoft Excel.   

Cytochalasin D Staining 

Cells were stained as described above except permeabilization was accomplished 

by the addition of saponin (0.2 mg/ml) (Sigma, St. Louis, MO) in every step.  Following 
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our general staining protocol, the cells were incubated with 275 nM green-fluorescent 

BODIPY FL cytochalasin D (Invitrogen, Carlsbad, CA) for 10 min at 4° C followed by a 

15 min wash in PBS.  Coverslips were mounted onto slides with VECTASHIELD 

HardSet Mounting Media (Vector Laboratories, Burlingame, CA). 

Tryptophan Fluorescence and Actin Polymerization Assays 

Intrinsic tryptophan fluorescence assays were performed as previously described 

(Wear and Cooper, 2004) with minor modifications.  Briefly, emission spectra (300-400 

nm) of CapZ or nebulin M182-C were recorded with excitation at 292 nm.  Nebulin 

M160-M164 does not contain any tryptophan residues.  CapZ maximal fluorescence 

values, at 334 nm, in the presence of varying nebulin concentrations were fit with an 

equation for saturation binding using Prism 4 (GraphPad, San Diego, CA).  Nebulin 

M182-C has six tryptophan residues, which was incorporated into the fitting equation 

used to determine binding affinities.  CapZ and its C-terminal deletion mutants were used 

at a fixed concentration of 75 nM with varying concentrations of nebulin.  The CapZ 

alpha-subunit truncation resulted in one tryptophan deletion while no tryptophans were 

removed in the beta-subunit deletion.  The values on the y-axes in the figures reflect the 

difference of two larger numbers, the fluorescence of capping protein itself and the 

capping protein/nebulin complex.  The difference in fluorescence values for the 

truncation mutants with the concentrations of nebulin shown reflected a much smaller 

change in y values than observed for wild type capping protein and nebulin.  Actin 

polymerization assays were performed as previously described (Wear and Cooper, 2004).  
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RESULTS 

CapZ Interacts with Full-Length Endogenous Nebulin 

Based on the observation that the actin filament pointed-end capping protein 

tropomodulin (Tmod1) interacts with N-terminal nebulin (McElhinny et al., 2001) and 

the prediction by us, and others (Littlefield and Fowler, 1998; Fowler et al., 2006) that 

actin filament capping proteins work together with putative actin filament rulers to 

regulate thin filament assembly, we sought to determine whether CapZ interacts with the 

C-terminal region of nebulin.  First, to determine whether CapZ binds full-length nebulin, 

blot overlays were performed on lysates of rat psoas muscle.  The lysate was 

electrophoresed on a large 4-20% SDS polyacrylamide gel, which resolved proteins of a 

wide range of molecular weights (Figure 1, lane 1).  After transfer to nitrocellulose, the 

lysate was probed with biotinylated recombinant CapZ (the Z-disc isoform, α1β1) or CP 

(the non-muscle isoform, α1β2); both proteins bound to a high molecular weight protein 

(Figure 1, lanes 3,5) with the same mobility as nebulin (Figure 1, lane 2) along with 

lower molecular weight proteins of unknown identity. 

CapZ Binds C-terminal Nebulin within Modules 160-164 

In striated muscle, CapZ binds the barbed ends of the actin filaments, which are 

believed to overlap within the Z-disc, thus placing CapZ at both edges of the Z-disc.  

Previous immunoEM and sequence alignment studies suggest that the C-terminal end of 

nebulin extends into the Z-disc, with the single repeats M177-M181 located at the edge 

or outside of the Z-disc (see model, Figure 10A) (Millevoi et al., 1998; Moncman and 

Wang, 2000).  This model places M177-M181 in close proximity (at the edge of the Z-
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disc) to the predicted location of CapZ at the barbed end of an opposing thin filament, 

from the adjacent sarcomere.  Therefore, we tested two recombinant C-terminal nebulin 

fragments, representing M171 to M177, and M182 to the C-terminus, for binding to 

CapZ, in solid-phase binding assays.  M160-M170, a region of nebulin predicted to be 

located outside the Z-disc in the I-band, was also tested.  Nebulin M178-M181 was not 

tested because it could not be cloned; these modules are variably spliced (Millevoi et al., 

1998).  Each nebulin fragment was immobilized onto a microtiter plate and incubated 

with biotinylated CapZ.  Surprisingly, CapZ bound to nebulin M160-M170, while 

significantly less binding was detected with the other C-terminal nebulin fragments in 

this assay (Figure 2B).  Non-muscle CP (α1β2) also bound to nebulin M160-M170 in this 

assay (data not shown).  As a positive control, nebulin M2 (located at the N-terminus) 

was immobilized and incubated with biotinylated Tmod1 (the pointed end capping 

protein).  As negative controls, nebulin M160-M170 was incubated with biotinylated 

Tmod1, and nebulin M50 (located in the central region of the thin filament) was 

incubated with biotinylated CapZ; negligible binding was observed in each case (Figure 

2A). 

In order to further define the CapZ binding site(s) within nebulin, a custom 

SPOTs membrane was utilized.  The membrane, which contains a series of overlapping 

13-mer peptide spots representing human nebulin M159-M171, was probed with 

biotinylated CapZ.  Biotinylated CapZ strongly bound to two spots, one corresponding to 

a peptide within M160 (PQILLAKTVSNLV) and the other to a peptide within M164 
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(DIEMAKKAAKLSS) (Figure 3).  Other less intense spots were also detected for CapZ 

binding; these may indicate weak interactions or most likely, non-specific binding. 

Based on the results obtained with the SPOTs membrane, we subcloned a nebulin 

fragment that encompassed both identified interacting peptides (M160-M164), and 

nebulin fragments that contained only one of the peptides (M160-M161 and M163-

M164).  In order to test the ability of these fragments to bind CapZ, the capacity of each 

nebulin fragment to displace the binding of CapZ to nebulin M160-M170 was 

determined.  Nebulin M160-M170 (40 nM) was immobilized on a microtiter plate and 

incubated with equimolar biotinylated CapZ plus increasing concentrations of nebulin 

fragments.  A 100-fold excess of nebulin M160-M170 effectively displaced 95% of CapZ 

binding, with a 50% inhibitory concentration (IC50) of 70 nM (Figure 4A, squares).  

Nebulin M160-M164 displaced CapZ binding nearly as well, with an IC50 value of 80 

nM (Figure 4A, upward triangles).  On the other hand, nebulin M160-M161 was not 

nearly as effective a competitor (IC50 = 400 nM), and nebulin M163-M164 caused only 

~25% displacement at the highest concentration tested (4 µM) (Figure 4A, downward 

triangles and diamonds respectively).  As a negative control, the addition of high 

concentrations of a nebulin module (M50), located in the proximity of the central region 

of the thin filament, resulted in negligible displacement of CapZ binding (data not 

shown).    

To estimate a dissociation constant (Kd) for the interaction of CapZ with nebulin 

M160-M164, another solid-phase binding assay was utilized.  Nebulin M160-M164 (100 

nM) was immobilized on a microtiter plate and incubated with increasing concentrations 
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of biotinylated CapZ (Figure 4B).  The interaction was saturable, with a Kd of 

approximately 20-50 nM. 

 

Neither of the Two Actin-Binding Regions of CapZ is Necessary for its Interaction 

with Nebulin Modules 160-164 

Together, the α and β subunits of the CapZ heterodimer form a structure that 

resembles a mushroom with two actin-binding regions on its top surface (Yamashita et 

al., 2003).  Each actin-binding region corresponds to the C-terminal segment of one 

subunit (Wear et al, 2003).  To determine the importance of these regions for binding 

nebulin, we performed tryptophan fluorescence assays with truncation mutants of CapZ 

lacking these regions.  A constant concentration of CapZ was incubated with an 

increasing concentration of nebulin M160-M164.  Both truncation mutants bound to 

nebulin M160-M164 with an affinity comparable to that of wild-type CapZ (Figure 5).  

This indicates that the binding site is likely located within the main body of the CapZ 

heterodimer and that nebulin and actin do not share the same binding site within the C-

terminal actin-binding regions of CapZ.  In addition, the Kd determined for the 

interaction of wild-type CapZ and nebulin M160-M164 in these assays (~75 nM) is 

comparable to the Kd obtained using solid-phase binding assays (~20-50 nM, see above, 

Figure 4B). 

 

Interaction with Nebulin Modules 160-164 does not Affect the Actin Filament 

Capping Activity of CapZ In Vitro 
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One possible function of the nebulin-CapZ interaction could be to modulate the 

ability of CapZ to cap the barbed end of the thin filament.  To determine the effect of 

nebulin M160-M164 binding on the actin capping activity of CapZ, in vitro actin 

polymerization assays were performed.  Actin was polymerized from the barbed-end 

using pyrene-labeled G-actin and spectrin-actin seeds.  The seeds nucleate the 

polymerization of actin filaments, which is marked by an increase in pyrene fluorescence 

over time (Figure 6, pink curve).  Since CapZ is an efficient inhibitor of actin 

polymerization at the barbed ends, addition of CapZ to the reaction resulted in a 

decreased rate of filament formation (Figure 6, blue curve).  Addition of up to1 µM of 

nebulin M160-M164 (a concentration much greater than the estimated Kd of the CapZ-

nebulin M160-M164 interaction) did not change the ability of CapZ to inhibit actin 

polymerization (Figure 6, teal and orange curves).  This result is consistent with our 

observation above that neither of the two actin-binding regions of CapZ is necessary to 

bind nebulin M160-M164. 

 

CapZ does not Bind Specifically to Nebulin Modules 182-C in two Different Assays 

Our initial solid-phase binding assays indicated that CapZ might also interact with 

the most C-terminal region of nebulin tested (M182 to the end) (Figure 2B); this fragment 

is composed of the final four nebulin repeats, a unique serine-rich region, and an SH3 

domain at the very C-terminus.  In a recent report, CapZ co-purified with nebulin 

fragments containing the SH3 domain following simultaneous expression of all three 

polypeptides in bacteria (Witt et al., 2006).  To test the specificity of the binding of CapZ 
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to nebulin M182-C and to estimate a binding constant, we performed solid-phase binding 

assays as above.  Nebulin M182-C (200 nM) was immobilized on a microtiter plate and 

incubated with increasing concentrations of biotinylated CapZ.  Saturation was not 

observed, at CapZ concentrations up to 400 nM (Figure 7A).  The potential interaction of 

CapZ with nebulin M182-C was also tested by trypotophan fluorescence assays.  CapZ 

(75 nM) was incubated with increasing amounts of nebulin M182-C in solution (Figure 

7B).  The plot of fluorescence vs. nebulin M182-C concentration was linear, indicating 

that binding did not occur or that fluorescence did not change with binding.  Thus, the 

interaction of CapZ and nebulin M182-C is not significant in our assays.  

 

Nebulin is Responsible for the Localization of CapZ at the Z-disc 

To explore the function of the nebulin-CapZ interaction in cells, we knocked 

down nebulin in primary cultures of chick skeletal myotubes.  A nebulin-specific siRNA 

reduced nebulin transcript levels ≥ 70% after 1 day, compared to a scrambled control 

(Figure 8C) as determined by RT-PCR.  Nebulin protein levels were reduced by ≥90% 

after two days (Figure 8D) and remained low for another two days (data not shown), 

based on immunoblots.  Transcript and protein levels of CapZ, non-muscle CP and actin 

did not significantly change (Figure 9). 

Immunofluorescence microscopy was used to observe sarcomeric components 

within myotubes with reduced levels of nebulin 2 to 3 days after transfection.  To confirm 

the knock down, cells were stained with an anti-N-terminal nebulin antibody.  Nearly 

every cell treated with nebulin-specific siRNA had either undetectable or very faint 
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nebulin staining, while the control treated cells had intense bands of nebulin staining 

(Figure 8A).  Two other anti-nebulin antibodies specific to the C-terminus and I-band 

region of nebulin also indicated a knock down (Figure 8B and data not shown, 

respectively). 

Knock down of nebulin altered the staining pattern of actin filaments revealed by 

fluorescent phalloidin.  In control cultured skeletal myotubes, phalloidin stained a thin 

band within the Z-disc and a thicker band at the pointed ends of the thin filaments (Figure 

8B, arrowheads and arrow respectively), with relatively less staining of the intervening 

region of the I-band, as described by others (e.g., Bukatina et al., 1984; Wilson et al., 

1987; Szczesna and Lehrer, 1993; Ao and Lehrer, 1995; Zhukarev et al., 1997).  In cells 

with reduced nebulin however, phalloidin stained along the entire length of the thin 

filament in the I-band.  Therefore, our results suggest that nebulin blocks phalloidin 

binding sites along the length of the actin thin filament.  Knock down of nebulin also 

resulted in an increase in the number of cells with nonstriated actin, a ~10% decrease in 

sarcomere lengths (Z to Z line distance) and a ~20 % decrease in thin filament lengths 

(data not shown); the latter result is similar to what was previously reported in skeletal 

muscle isolated from nebulin knock-out mice (Bang et al., 2006; Witt et al., 2006).  

Remarkably, nebulin knock down also resulted in a decrease of anti-CapZ 

staining intensity at the Z-disc, indicating that nebulin is required for Z-disc localization 

of CapZ (Figure 8A).  Two other integral Z-disc proteins, α-actinin (Figure 8A) and N-

terminal titin (data not shown), were only slightly affected by the knock down of nebulin 

based on immunofluorescence staining, revealing that the Z-discs were intact.  However, 
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myofibrils exhibited some degree of lateral misalignment in the nebulin knock down cells 

(Figure 8A; while more clearly visualized in Figure 10A).  

 

Nebulin Aids in Restricting the Barbed Ends of Actin Filaments to the Z-disc 

Direct observation of the barbed ends of actin filaments in myocytes is difficult 

since they overlap within the Z-disc, resulting in continuous staining of actin markers 

such as phalloidin or anti-actin antibodies.  Thus, to determine the effect of the knock 

down of nebulin, and the subsequent reduction of CapZ at the Z-disc, on the actin 

filaments within the Z-disc, we developed a novel approach to visualize only the barbed 

ends of the actin filaments.  Fluorescently-labeled cytochalasin D, a fungal toxin that 

binds with high affinity (2-50 nM) to the barbed end of actin filaments (Cooper, 1987; 

Urbanik and Ware, 1989), was used to stain fixed chick skeletal myotubes.  Control 

myotubes showed striations that colocalized with α-actinin at the Z-disc, which is 

consistent with specific labeling of the barbed ends of the actin filaments (Figure 10A, 

arrows).  The edges/membranes of the cells were also labeled with cytochalasin D 

(arrowheads), probably due to the actin cytoskeleton of the sarcolemma.  In contrast, 

cytochalasin D staining was largely diffuse, with only a few detectable striations, in 

myotubes treated with nebulin-specific siRNA.  Costaining for α-actinin confirmed that 

the Z-discs were intact in the nebulin siRNA treated myocytes.   

Using an independent approach, we microinjected live cells with rhodamine 

(rho)-labeled actin subunits, under conditions where subunits specifically incorporate at 

the thin filament ends.  Control myotubes displayed distinct bands of rho-actin at the Z-
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disc (barbed ends) and within the H zone (pointed ends), indicating that the ends of the 

filaments were uniformly aligned (Figure 10B, arrows denote Z-disc).  Rho-actin also 

incorporated at the sarcolemma (Figure 10B, arrowheads), similar to cytochalasin D.  In 

cells with reduced nebulin levels, however, rho-actin was markedly less organized at the 

barbed and pointed ends, with decreased Z-disc and H zone labeling, displaying a more 

“non-striated”/non-uniform appearance.  Staining for the thick filament associated protein 

myomesin suggested that the thick filaments were not significantly affected by the knock 

down of nebulin.  Z-disc structure was also not significantly disrupted by the knock down 

of nebulin or by the incorporation of rho-actin, as determined by staining for α-actinin 

(Supplemental Figure 2). 

Together, these results show that the positions of the barbed ends in nebulin-

deficient sarcomeres are not restricted to the Z-disc, as they should be.  The architecture 

of the sarcomere was otherwise relatively normal, in terms of the existence and the 

position of Z-discs, a thick filament-associated protein and thin filaments.  Thus, nebulin 

is needed to maintain the uniform alignment of the barbed ends of the actin filaments at 

the Z-disc, consistent with idea that the nebulin/CapZ interaction is critical for sarcomere 

function. 

 

DISCUSSION 

In this study, we found that the barbed-end actin filament capping protein CapZ 

directly interacts with the actin filament length regulator nebulin.  CapZ binds to modules 

160-164 of the C-terminal region of nebulin with an affinity (25-75 nM) comparable to 
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that of the interaction of the pointed end capping protein tropomodulin with N-terminal 

nebulin (15-30 nM) (McElhinny et al., 2001).  Our results indicate that the binding of 

nebulin M160-M164 to CapZ does not affect CapZ’s capping activity in vitro, which is 

consistent with our finding that neither of the two actin-binding regions of CapZ is 

necessary for the CapZ-nebulin interaction.  Strikingly, we found that nebulin is required 

for the localization of CapZ to the Z-disc, and for the uniform assembly of the barbed 

ends of the actin filaments within the Z-disc.  Our identification and characterization of 

the interactions of integral Z-disc components allows us to propose a novel molecular 

model of the layout of the filament systems within the Z-disc.     

Nebulin M160-M164 contains two binding sites for CapZ, based on peptide array 

analysis.  Competition experiments suggest that each binding site contributes to the 

interaction of nebulin with CapZ.  An alternative interpretation is that the fragment 

containing M164 is only necessary for proper folding of the M160-M164 fragment.  

Other binding sites may also exist within nebulin M160-M164, which are not represented 

in M160-M161 or M163-M164.     

We found that nebulin binding to CapZ did not affect the actin capping activity of 

CapZ.  An important implication of this result is that nebulin, CapZ and the actin filament 

barbed end should be able to interact directly and simultaneously at the Z-disc, which is a 

key element of the model we propose below.  

Knock down of nebulin in chick skeletal myotubes resulted in a striking decrease 

in CapZ staining at the Z-disc, indicating that nebulin is important for the proper 

targeting of CapZ to the Z-disc.  Myofibrillogenesis was otherwise remarkably normal, 
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although the increased presence of non-striated thin filaments (indicative of elongated 

and/or disorganized filaments), decreased sarcomere lengths and myofibril misalignment 

suggests that myofibrillogenesis may have been slightly delayed.  Nebulin knock down 

also caused a decrease in thin filament lengths comparable to that observed in the skeletal 

muscle of nebulin knock-out mice (Bang et al., 2006; Witt et al., 2006), which is 

consistent with nebulin functioning to determine the final lengths of the thin filaments.  

Using nebulin gene knock-out mice, Witt and colleagues (2006) found a much 

more subtle CapZ phenotype than the one we see here with siRNA-mediated knock 

down.  In their study, immunofluorescence microscopy revealed that CapZ was less 

intense and more broadly distributed at the Z-disc.  In addition, some Z-discs were found 

to be very wide by electron microscopy, suggesting that the complete loss of nebulin over 

the life of the animal affected the structure of the Z-disc.  Our results, with effects of 

knock down observed over the course of a few days, showed a more pronounced loss of 

CapZ at the Z-disc with essentially normal staining patterns for α-actinin and titin.  Of 

course, the long-term consequences of a mouse gene knock-out may include the 

appearance of secondary effects or the masking of primary ones due to compensation. 

Nebulin appears to be necessary to target CapZ to the Z-disc, but our results 

suggest that other interactions may be important.  In blot-overlay and solid-phase binding 

assays CapZ (α1β1) and non-sarcomeric CP (α1β2) both bound to nebulin, equally well.  

In myocytes with both CapZ and CP, only CapZ is found at the Z-disc (Schafer et al., 

1994).  Therefore, another mechanism or interacting partner may provide this isoform-

specific targeting of CapZ.    
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If nebulin is a ruler molecule for the thin filament, it should specify the locations 

of both ends of the filament.  We found that the barbed ends of the thin filaments were 

not uniformly confined to the Z-disc in the absence of nebulin, using two different 

approaches for marking barbed ends (incorporation of rho-actin subunits and staining 

with fluorescently-labeled cytochalasin D).  Complicating the interpretation of the rho-

actin labeling, however, is that the knock down of nebulin also resulted in the loss of 

pointed end uniformity shown by the absence of distinct rho-actin incorporation and 

alternations in the staining pattern of phalloidin in the H zone.  This suggests that the 

lengths of the filaments at the pointed ends are also altered and perhaps even to the extent 

that rho-actin could be marking the pointed ends of very short thin filaments near the Z-

disc.  However, combined with the results of the cytochalasin D staining, which does not 

mark actin filament pointed ends, our data indicate that the thin filament barbed ends are 

indeed misassembled.  The loss of uniform positioning of barbed ends may be due to 

filament elongation, misalignment, or both.  The observation that Z-discs were still 

present and positioned properly, as assessed by staining for α-actinin and the N-terminal 

region of titin, argues against gross misalignment of the thin filaments and favors the 

possibility that the barbed ends elongated beyond the Z-disc, due to the absence of 

capping by CapZ at the Z-disc.  Thus, nebulin does appear to function as a ruler, 

regulating the length of thin filaments at their pointed ends, as described previously 

(McElhinny et al., 2005; Bang et al., 2006; Witt et al., 2006), and at their barbed ends 

(this study).  In addition, these results also indicate that aspects of Z-disc structure do not 

depend on actin filament barbed end organization. 
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Our results also indicate that nebulin inhibits the binding of phalloidin to the I-

band region of the thin filament.  Failure of phalloidin to stain the I-band with the 

expected intensity is a well-known phenomenon (Bukatina et al., 1984; Wilson et al., 

1987; Szczesna and Lehrer, 1993; Ao and Lehrer, 1995; Zhukarev et al., 1997).  Removal 

of myosin and/or tropomyosin and troponin does not change this staining pattern 

(Zhukarev et al., 1997).  These previous results led to the proposal that nebulin prevents 

phalloidin from binding to the thin filament in this region (Ao and Lehrer, 1995; 

Zhukarev et al., 1997).  Our results reported here support that idea.  Nebulin and 

phalloidin both bind directly to the actin filament, so perhaps their binding sites overlap.   

One molecule of nebulin has been proposed to run along the entire length of the 

thin filament, from the pointed end, where it interacts with tropomodulin, to the barbed 

end where it inserts into the Z-disc (Wang and Wright, 1988; Wright et al., 1993; Herrera 

et al., 2000; McElhinny et al., 2001).  A study using immunoelectron microscopy 

(immunoEM) to map the layout of the nebulin molecule within the Z-disc (Millevoi et al., 

1998) concluded that: 1) nebulin modules 177-181 are located at the Z-disc periphery, 2) 

the C-terminal SH3 domain only partially inserts (~25 nm) into the Z-disc, and 3) nebulin 

molecules from adjacent sarcomeres do not overlap within the Z-disc.  The results of the 

Millevoi et al. study predict that nebulin modules 160-164, which we identify here as the 

CapZ binding site, should be located outside the Z-disc, within the I-band, as illustrated 

in Figure 11A.  

Our results lead us to suggest an alternative model, illustrated in Figure 11B, in 

which nebulin M160-M164 is located in the Z disc.  First, we found that M160-M164 
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binds directly to CapZ.  CapZ is expected to reside at the barbed ends of the thin 

filaments, which define the edge of the Z disc (e.g., Narita et al., 2006).  However, the 

localization of CapZ within a sarcomere has never been directly shown at the EM level.  

Second, desmin, an intermediate filament that localizes to the periphery of the Z-disc, 

interacts within nebulin M160-M164 (Bang et al., 2002 and G.M. Conover, S. Henderson 

and C.C. Gregorio, unpublished data).  Finally, in unpublished studies, we find that 

nebulin M160-M170 interacts with α-actinin in a yeast two-hybrid assay (S. Mount-

Patrick, C.T. Pappas, and C.C. Gregorio, unpublished data).  Together, these data indicate 

that nebulin M160-M164 is located at the Z-disc, not outside it.   

In our model, we propose that the M160-M164 region of nebulin interacts with a 

molecule of CapZ at the barbed end of a thin filament from the adjacent sarcomere 

(Figure 11B). The conventional notion has been that a molecule of nebulin on a particular 

thin filament extends through the Z-disc to interact with the barbed end of the same thin 

filament.  However, if this were the case, and nebulin M160-M164 binds to CapZ, then 

21 actin-binding nebulin repeats (M165-M185), predicted to span nearly 120 nm, would 

extend past the barbed end of the thin filament and into the adjacent sarcomere.  

Alternatively, the C-terminal end of nebulin could extend past the barbed end and fold 

back into the Z-disc.  However, in either configuration, almost three nebulin super-

repeats of modules 142-162, which are thought to organize the tropomyosin/troponin 

complexes, would be located within the Z-disc.  This seems unlikely because 

tropomyosins and troponins are absent from the Z-disc (Stromer and Goll, 1972; Ohtsuki, 

1975).  
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Our model also predicts that the C-terminal segment of nebulin crosses from one 

thin filament to another within the Z-disc, suggesting that nebulin may be a component of 

the “Z-links” that connect actin filaments laterally.  These Z-link connections between 

thin filaments of neighboring sarcomeres should provide support and strength to the Z-

disc.  The architecture of nebulin in our model may also help to establish the extent of 

thin filament overlap within the Z-disc, by specifying the distance between CapZ 

molecules, and thus the barbed ends of the actin filaments, from adjacent sarcomeres.  

Accordingly, the width of the Z-disc may correspond to the number of C-terminal nebulin 

repeats expressed (Millevoi et al., 1998).  

 In conclusion, we propose that nebulin acts in concert with both the pointed end 

and barbed end-capping proteins (Tmod and CapZ respectively) to regulate thin filament 

assembly.  Interactions between rulers and capping molecules may be a general 

mechanism for regulating the length of actin filaments or other biological polymers. 
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FIGURE LEGENDS 

Figure 1.  Endogenous nebulin interacts with CapZ in a blot overlay assay.  Rat psoas 

muscle proteins were resolved on a 4-20% SDS-PAGE gel, transferred to nitrocellulose 

(lane 1: Ponceau S stain), and probed with anti-nebulin IgG (lane 2: western blot).  A 

parallel blot was incubated with biotinylated CapZ (α1β1) (lane 3) or biotinylated non-

muscle CP (α1β2) (lane 5), followed by HRP-streptavidin.  Both capping protein 

isoforms bound to a protein of the same molecular weight as nebulin, as well as to some 

lower molecular weight proteins of unknown identity.  Controls were incubated with 

HRP-streptavidin alone which bound to three other bands (lanes 4,6). 

 

Figure 2.  CapZ binds C-terminal nebulin within modules 160-170 in solid phase binding 

assays.  (A) Various nebulin fragments were immobilized on microtiter plates and 

incubated with biotinylated CapZ or Tmod1.  Binding is indicated by a colorimetric 

reaction measured at A405. Nebulin M2 is located at the pointed end of the thin filament, 

where it interacts with Tmod1; nebulin M50 is located in the central region of the nebulin 

filament.  (B) Various C-terminal nebulin fragments were immobilized on microtiter 

plates and incubated with biotinylated CapZ.  Values are the mean of duplicates: bars 

represent the range of values. 
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Figure 3.  CapZ binds to peptides within nebulin modules 160 and 164.  A membrane 

spotted with overlapping 13 residue peptides that span nebulin M159-M171 was 

incubated with biotinylated CapZ.  CapZ specifically bound to two spots, one 

corresponding to a peptide within M160 (PQILLAKTVSNLV: upper box) and the other 

to a peptide within M164 (DIEMAKKAAKLSS: lower box). 

 

Figure 4.  Nebulin modules 160-164 account for the majority of binding to CapZ in a 

competitive binding assay.  (A) 40 nM of a recombinant nebulin fragment containing 

M160-M170 was immobilized on a microtiter plate and incubated with 40 nM of 

biotinylated CapZ plus increasing concentrations of various nebulin fragments (4 nM to 4 

µM) followed by alkaline phosphatase conjugated streptavidin.  Binding is indicated by a 

colorimetric reaction measured at A405.  The fraction of maximal binding versus the 

concentration of inhibitor was determined.  Both nebulin M160-M170 and M160-M164 

displaced nearly all of the binding of CapZ to nebulin M160-M170 (squares and upward 

triangles, respectfully), while two smaller nebulin fragments (M160-M161 and M163-

M164) were not nearly as effective competitors (downward triangles and diamonds, 

respectfully).  (B) 100 nM of nebulin M160-M164 were immobilized on a microtiter 

plate and incubated with increasing concentrations of biotinylated CapZ followed by 

alkaline phosphatase conjugated streptavidin.  Binding is indicated by a colorimetric 

reaction measured at A405.  A representative experiment is shown.  Values are the mean 
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of duplicates; bars represent the range of values.  In this assay, the calculated Kd ranged 

from 23-40 nM. 

 

Figure 5.  Neither of the two actin-binding regions of CapZ is necessary to bind nebulin 

M160-M164 in tryptophan fluorescence assays.  Here, the binding of nebulin modules 

160-164 to CapZ actin-binding mutants were tested.  (A) Increasing concentrations of 

nebulin M160-M164 were added to 75 nM of wild-type CapZ.  M160-164 has no 

tryptophan residues, so the change in fluorescence represents a change in the 

fluorescence of CapZ, which has eight Trp residues.  The fluorescence value of CapZ 

decreased with increasing M160-M164.  The y-axis values are the fluorescence in 

absence of M160-M164 minus the fluorescence at the concentration of M160-164 

indicated on the x-axis.  The solid line is the fit of the data to a single-site binding model 

with a Kd of 75 nM.  Panel (B) is with a C-terminal truncation of the CapZ α subunit, and 

panel C is a C-terminal truncation of the β subunit.  The results are similar in each case.  

 

Figure 6.  The interaction of nebulin modules 160-164 with CapZ does not modulate 

actin filament capping activity of CapZ in an in vitro actin polymerization assay.  Pyrene 

fluorescence of actin filaments nucleated by F-actin seeds is plotted vs time.  CapZ at 2 

nM effectively inhibits polymerization (pink vs. blue curves).  Up to 1 µM of nebulin 

M160-M164 (a concentration much greater than the Kd of the CapZ-nebulin M160-M164 

interaction) does not modulate the ability of CapZ to inhibit actin polymerization (teal 

and orange curves). 
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Figure 7.  CapZ does not significantly bind to nebulin modules 182-C in solid-phase 

binding and tryptophan fluorescence assays.  (A) Nebulin M182-C at 200 nM was 

immobilized on a microtiter plate and incubated with increasing concentrations of 

biotinylated CapZ.  A representative experiment is shown.  Values are the mean of 

duplicates; bars represent the range of values.  The interaction between CapZ and M182-

C was not saturable and a dissociation constant could not be calculated.  (B) Increasing 

concentrations of nebulin M182-C were added to 75 nM of CapZ, and tryptophan 

fluorescence was measured.  Nebulin M182-C has six tryptophan residues, which 

accounts for the increase in fluorescence with increasing nebulin M182-C concentration.  

The linearity of the data is consistent with either no binding at all or binding without a 

change in fluorescence.  

 

Figure 8.  Knock down of nebulin in primary cultures of chick skeletal myotubes results 

in a loss of CapZ at the Z-disc.  (A) Myotubes were triple stained with antibodies to N-

terminal nebulin, CapZ, and α-actinin 3 days after siRNA treatment.  Treatment with 

nebulin-specific siRNA resulted in a dramatic decrease in nebulin staining and a 

reduction in the amount of CapZ at the Z-disc, with α-actinin only partially perturbed.  

(B) Knock down of nebulin also resulted in phalloidin staining along the entire thin 

filament, not just at the Z-disc (arrowheads) and pointed ends (arrows) as observed in 

control cells.  Myotubes were co-stained with an anti-C-terminal nebulin antibody.  Bar, 

10 µm.  (C) RT-PCR consistently showed a ≥70% reduction in nebulin transcript levels 
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in chick skeletal myotubes one day after treatment with nebulin-specific (KD) versus 

control (C) siRNA, while GAPDH transcript levels were similar in both samples.  (D) 

Western blot analysis revealed a ≥ 90% decrease in nebulin protein levels (arrow) in 

chick skeletal myotubes two days after treatment with nebulin-specific (KD) versus 

control (C) siRNA using an anti-N-terminal nebulin antibody.  

 

Figure 9.  (A) RT-PCR of cDNA from chick skeletal myotubes 1 day after treatment 

with siRNA.  Transcript levels of CapZ, non-muscle CP, skeletal α-actin, cardiac α-actin 

and GAPDH were not significantly changed in myotubes treated with nebulin-specific 

(KD) versus control (C) siRNA.  (B) Western blot analysis revealed no significant change 

in CapZ, non-muscle CP or actin protein levels in chick skeletal myotubes two days after 

treatment with nebulin-specific (KD) versus control (C) siRNA.  Control and knock 

down samples from a single blot were cut into strips and probed separately. 

 

Figure 10.  Knock down of nebulin in chick skeletal myotubes results in a dramatic loss 

of actin barbed end uniformity within the Z-disc.  (A) Three days following siRNA 

treatment, primary cultures of chick skeletal myotubes were co-stained with 

fluorescently-conjugated cytochalasin D, which binds the barbed ends of actin filaments, 

and an antibody to α-actinin.  Control myotubes exhibited striations that colocalized with 

α-actinin staining at the Z-disc, while the cytochalasin D striations were nearly absent in 

cells treated with nebulin-specific siRNA (arrows).  Staining was also observed at the 

sarcolemma (arrowheads).  (B) Chick skeletal myotubes were microinjected with 
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rhodamine-labeled G-actin three days following siRNA treatment and stained 1h later 

with antibodies to N-terminal nebulin and myomesin.  Rho-actin clearly marked the 

barbed ends of thin filaments (arrows) in control treated cells, while cells with reduced 

nebulin levels exhibited a reduction in barbed end labeling and a less organized, more 

non-striated rho-actin distribution.  The sarcolemma was also labeled by rho-actin 

(arrowheads).  Bars, 10 µm.  

 

Figure 11.  Models of the architecture of nebulin and CapZ at the Z-disc.  (A) In the 

former model, based on immunoEM mapping, nebulin extends only a short way into the 

Z-disc (Millevoi et al., 1998).  According to this model, nebulin M160-M164 is far from 

CapZ at the end of the same filament.  (B) In our current model, based on our binding 

data, CapZ at the barbed end of one thin filament interacts with nebulin M160-M164 

bound to an adjacent thin filament.  Nebulin thus crosslinks thin filaments from adjacent 

sarcomeres.  See Discussion for further details. 

 

Supplemental Figure 1.  Human nebulin consists of 185, ~35 residue, repeated modules 

(M) flanked by a unique N terminal sequence that begins with the amino acids MADDE 

and a unique C-terminal sequence that contains both a serine rich and an SH3 domain 

(Labeit and Kolmerer, 1995).  Each module has a conserved SDXXYK motif thought to 

interact with a single actin monomer.  Modules 9-162 are organized into 22 seven module 

(R1-7) super repeats (S) that contain a WLKGIGW motif thought to organize the 

troponin/tropomyosin complexes (Jin and Wang, 1991; Pfuhl et al., 1994; Labeit and 
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Kolmerer, 1995; Wang et al., 1996).  The protein fragments used in this study are 

indicated. 

 

Supplemental Figure 2.  Chick skeletal myotubes were microinjected with rhodamine 

(rho)-labeled G-actin three days following siRNA treatment and stained 1h later with 

antibodies to N-terminal nebulin and α-actinin.  Alpha-actinin was only slightly affected 

in cells with reduced levels of nebulin, in the same sarcomeres that demonstrated severely 

perturbed barbed ends as assessed by the distribution of rho-actin.  Arrows mark Z-discs.  

Bars, 10 µm. 
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INTRODUCTION/RESULTS/DISCUSSION 

Striated muscle cells display one of the most extreme examples of molecular 

organization found in nature.  Sarcomeric cytoskeletons are composed of interdigitating 

actin (thin) and myosin (thick) filaments that form a nearly crystalline structure.  

Accordingly, proper contraction of striated muscle requires actin filaments of defined 

lengths.  The mechanisms by which the cell precisely regulates the assembly of the 

inherently dynamic actin filaments remain uncertain.  In one model, the giant protein 

nebulin has been proposed to function as a “molecular ruler” specifying the final lengths 

of the actin filaments1,2.  In order to directly test this hypothesis, we constructed a unique 

small nebulin molecule (“mini-nebulin”).  The introduction of mini-nebulin into chick 

skeletal myocytes, with endogenous nebulin knocked down, does not result in 

corresponding shorter actin filaments; an observation that is inconsistent with a strict 

ruler function.  Treatment of these cells, however, with the actin depolymerizing agent 

Latrunculin A produces filaments that match the length of the mini-nebulin molecule, 

indicating mini-nebulin stabilizes the actin filaments.  Using Fluorescence Recovery 

After Photobleaching (FRAP), we also show that the knock down of nebulin results in 

more dynamic populations of the thin filament components actin, tropomyosin and 

tropomodulin.  Strikingly, introduction of mini-nebulin is able to restore the normal 

stability of the actin filaments.  Taken together, our data indicate that nebulin does not 

function as a molecular ruler but regulates actin filament length by stabilizing the 

filament and preventing actin depolymerization. 
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Nebulin possesses several properties consistent with a function as a thin filament 

molecular ruler.  First, it is very large (600-900 kDa) and extends along the entire length 

of the thin filament3.  Second, the protein length, which can vary due to alternative 

splicing, correlates with thin filament lengths in different muscle types4.  Third, the 

unique protein structure of nebulin allows it to bind, and possibly organize, all the major 

components of the thin filament.  For example, human nebulin is composed of 185 

tandem repeats (~35 amino acids), each of which is thought to bind a single actin 

monomer5,6.  The majority of the repeats (modules 9-162) are also arranged into 22 

consecutive 7-module super-repeats that interact with the thin filament components 

tropomyosin and troponin7,8.  Finally, the N-terminus of nebulin binds the pointed end 

actin filament capping protein tropomodulin (Tmod), while the C-terminus interacts with 

the barbed end capping protein CapZ9,10.  Capping proteins effectively inhibit actin 

polymerization and depolymerization at the filament ends and are essential for proper 

thin filament assembly and length regulation11,12,13,14,15.  Thus, nebulin could specify the 

length of the actin filament then recruit capping proteins, which would restrict assembly 

to that defined length. 

Recent findings have confirmed that nebulin is essential for proper thin filament 

length regulation in skeletal muscle.  A deficiency of nebulin results in shorter thin 

filaments in two independent nebulin knockout mouse models16,17.  Similar results were 

obtained following knockdown of nebulin in primary cultures of chick skeletal 

myocytes10.  While these studies demonstrate that nebulin is involved in dictating the 

final length of thin filaments, they do not provide a mechanism by which it functions.  
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We set out to determine how nebulin regulates thin filament length by directly testing the 

molecular ruler hypothesis. 

The definitive approach to determine if a molecule functions as a molecular ruler 

is to alter the size of the molecule and verify a corresponding change in the length of the 

structure it regulates.  This has not been practical for nebulin because its large size and 

repetitive structure have precluded cloning of the full-length cDNA.  To circumvent these 

problems, we designed a shorter version of human nebulin, “mini-nebulin”, and had the 

coding sequence synthesized de novo (Fig. 1a).  Mini-nebulin is approximately 250 kDa 

in size and includes the unique N and C terminal regions plus four of nebulin’s 22 super-

repeats (SR 1-3,21), resulting in a shorter molecule that retains all identified unique 

binding sites (e.g. Tmod, CapZ, myopalladin, desmin etc.)9,10,18,19.  Additionally, mini-

nebulin contains a hemagglutinin (HA) tag at the C-terminus and a fluorescent tag (GFP 

or mCherry) at the N-terminus.  Mini-nebulin was introduced into cultured chick skeletal 

myocytes and the cells analyzed by immunofluorescence microscopy.  Staining with an 

anti-GFP antibody marks two distinct bands on either side of the Z-disc indicating that 

the N-terminus of mini-nebulin extends away from the Z-disc, while an anti-HA antibody 

stains within the Z-disc, indicating that the C-terminus is located within the Z-disc (Fig. 

1b, arrowheads and arrows respectively).  Thus, full-length mini-nebulin is successfully 

transcribed and translated, and uniformly assembles in the same orientation as 

endogenous nebulin.  As expected, assembly appears to be limited to the immediate area 

around the Z-disc, via the insertion of mini-nebulin’s C terminal region in the Z-disc.  

The calculated mean distance between the N-termini of mini-nebulin molecules 
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extending in opposite directions from the Z-disc is 0.45±0.10 µm (n=89).  Based on the 

predicted size of mini-nebulin and the number of actin-binding repeats within the 

structure, a large portion (~ 50%) of mini-nebulin must be assembled within the Z-disc, 

consistent with our previous model of the molecular layout of nebulin within the Z-disc10.  

Since the sequence of mini-nebulin is based on that of human nebulin, siRNA targeted 

against chick nebulin transcripts should not affect its expression.  To confirm this, we 

cotransfected mini-nebulin and chick nebulin-specific siRNA into chick myocytes and 

analyzed the cell lysates by western blot.  As expected, siRNA treatment reduces 

endogenous nebulin levels (~770 kDa) by more than 90%, while mini-nebulin levels (250 

kDa) remains unchanged (Fig.1c).  

To directly test the proposed ruler function of nebulin, mini-nebulin was 

introduced into chick skeletal myocytes depleted for endogenous nebulin.  Due to the 

very different sizes of mini-nebulin, which extends a short distance from the Z-disc, and 

endogenous nebulin, which extends nearly to the center of the sarcomere, both proteins 

can be detected simultaneously with anti-N terminal nebulin antibody (Fig. S1).  

Accordingly, in myocytes expressing mini-nebulin, and depleted for endogenous nebulin, 

the N-terminal antibody stains bright bands flanking the Z-disc but does not stain near the 

center of the sarcomere (Fig. 2, top panels, arrows mark Z-discs).  Strikingly, when cells 

expressing mini-nebulin are stained with fluorescent phalloidin, actin filaments extending 

beyond the N-terminal end of mini-nebulin are clearly visible (Fig. 2 top panels, 

arrowheads).  Extension of the thin filaments beyond the end of mini-nebulin was 

confirmed with an anti-cardiac actin antibody (data not shown).  These data reveal that 
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mini-nebulin is unable to restrict actin lengths, a finding that is inconsistent with a strict 

ruler function.  A clear doublet of decreased phalloidin staining around the Z-disc was 

evident in cells expressing high levels of mini-nebulin (Fig. 2 top and bottom panels).  

This suggests that mini-nebulin, like endogenous nebulin, was able to inhibit phalloidin 

binding to actin filaments  (see below).  In addition, Tmod staining was not detected at 

the N-terminus of mini-nebulin, but was present in a broad band in the center of the 

sarcomere, presumably at the ends of the actin filaments (Fig. 2, bottom panels, 

arrowheads).  Therefore, despite the presence of a Tmod binding site, mini-nebulin seems 

unable to direct the assembly of Tmod.  This is in agreement with a recent report that 

Tmod and the N-terminus of nebulin do not colocalize in various rabbit skeletal 

muscles20. 

In a previous study we observed that phalloidin stained along the entire length of 

the thin filament in myocytes with reduced nebulin levels10.  However, in control 

myocytes, phalloidin staining was restricted to thin filament ends.  These observations 

indicated that nebulin and phalloidin compete for the same binding site on the actin 

filament.  Since phalloidin is known to bind to and stabilize actin filaments in vitro, by 

reducing the dissociation rate of actin monomers from the polymer21,22, we hypothesized 

that nebulin may function in a similar manner in skeletal muscle cells.  In support of this 

hypothesis, a two-module fragment of nebulin was shown to nucleate and prevent actin 

depolymerization in vitro22. 

To test the hypothesis that nebulin stabilizes actin filaments, we treated chick 

skeletal myocytes, that had reduced levels of nebulin, with the actin depolymerizing 



 102 

agent Latrunculin A (Lat A).  Cells depleted for nebulin display nearly complete 

depolymerization of actin filaments, determined by staining with fluorescently labeled 

phalloidin.  In many cells, only actin filaments within the Z-disc remain, marked by 

colocalization with α-actinin, an integral Z-disc protein (Fig. 3a, bottom panels, arrows).  

This is not surprising due to the high number of actin binding proteins within the Z-

disc23.  Conversely, actin filaments in myocytes treated with control siRNA are nearly 

unaffected by Lat A treatment, a result that has been previously documented24 (Fig. 3a, 

top panels).  Knockdown cells display little or no staining with an anti-N-terminal 

nebulin antibody, while control cells exhibit bright staining of N-terminal nebulin, 

located at the pointed ends of the actin filaments (Fig. 3a, top panels, arrowheads).  Since 

Lat A functions to depolymerize filaments by binding to monomeric G-actin (preventing 

its association with the polymer)25, the susceptibility of nebulin-deficient actin filaments 

to LatA treatment suggests that nebulin significantly stabilizes actin association within 

the filament.  In addition, or alternatively, nebulin could act indirectly by changing the 

dynamics of other thin filament components (e.g. tropomyosin), which in turn contribute 

to actin filament stability26. 

To test whether mini-nebulin, like full-length endogenous nebulin, is capable of 

stabilizing actin filaments, we added LatA to nebulin depleted cells expressing mini-

nebulin.  Remarkably, in mini-nebulin positive cells, actin filaments extend out from the 

Z-disc, to the length of the N terminal domain of mini-nebulin, while in cells lacking 

mini-nebulin, actin filament staining is only observed within the Z-disc (Fig. 3b, 

arrowheads and arrows respectively).  This suggests that LatA-induced actin 
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depolymerization progresses from the pointed end of the filament and stops when 

reaching the N-terminus of mini-nebulin.  We have also observed actin filaments that are 

longer than mini-nebulin (sometimes even nonstriated in appearance) in cells in which 

mini-nebulin is highly expressed, which suggests that mini-nebulin, inserted into the Z 

disc, can confer stability to the full-length filament, even beyond the end of the mini-

nebulin protein.  Alternatively, mini-nebulin not inserted in the Z-disk, but associating 

along the length of the thin filament could provide stability, however this mechanism 

seems unlikely since mini-nebulin is only detected flanking the Z-disc. 

If nebulin indeed stabilizes thin filaments then a reduction in nebulin levels would 

be predicted to increase the turnover of thin filament components.  To test this, we 

utilized fluorescence recovery after photobleaching (FRAP) to determine the dynamics of 

thin filament proteins in chick skeletal myocytes.  Myocytes were cotransfected with 

nebulin siRNA and GFP-skeletal actin.  The incorporation of GFP-actin differed in the 

knockdown compared to the control.  In control cells, GFP-actin assembled in a narrow 

band at the barbed ends (Z-disc) (Fig. 4a, arrows) and a wider band at the location of the 

pointed ends, in the center of the sarcomere (Fig. 4a, arrowheads), with little 

incorporation along the length of the filaments.  On the other hand, in nebulin knockdown 

cells, GFP-actin was incorporated evenly throughout the filament.  This observation 

indicates that, in the absence of nebulin, the central region of the actin filament is more 

subject to actin turnover.  This differential pattern of incorporation is nearly identical to 

that observed for phalloidin staining in both control and nebulin knockdown cells.  Thus, 

the portion of the actin filament that is accessible to phalloidin (i.e., regions not 
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associated with nebulin) also appears to be accessible to GFP-actin incorporation.  Cells 

were bleached in a small, defined area around the barbed end (Z-disc) or pointed end 

(center of the sarcomere) of the actin filament and recovery monitored for 400 s.  The 

mean relative recovery over time of a single experiment is shown in Figure 4b, left panel.  

The mobile fractions and half times from multiple experiments were determined from 

nonlinear regression curves fitted using a two-exponential association equation (Fig. 4b, 

center and right panels respectively).  A significant increase in the mean slow mobile 

fraction is observed in cells with reduced levels of nebulin, while the mean fast mobile 

fraction remains unchanged.  Thus, reducing the levels of nebulin increases the number 

of actin molecules that are able to exchange, consistent with the removal of a stabilizing 

mechanism.  While not statistically significant, the mean halftime of recovery of the slow 

mobile fraction of GFP-actin consistently increased in nebulin depleted cells, while the 

fast mobile fraction remains the same.  The decreased rate of recovery suggests that 

nebulin may also function to promote actin polymerization.  To ascertain if nebulin 

affects the dynamics of other thin filament components the recoveries of GFP-

tropomyosin and GFP-Tmod1 following photobleaching were also analyzed.  Similar to 

the results obtained with GFP-actin, the mean slow mobile fractions of recovery of both 

tropomyosin and Tmod significantly increase in cells with reduced nebulin (Fig. 4c and 

4d, respectively).  The increase in the number of exchangeable tropomyosin and Tmod 

molecules could be directly due to the loss of the nebulin or indirectly due to the increase 

in actin dynamics.   
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To further establish that mini-nebulin is capable of stabilizing actin filaments, 

chick skeletal myocytes were cotransfected with mCherry-mini-nebulin, GFP-actin and 

nebulin siRNA.  GFP-actin around the Z-disc was bleached and recovery monitored.  

Introduction of mini-nebulin reduces the increased actin dynamics at the barbed ends 

seen when nebulin is depleted (Fig. 5).  In fact, the mean mobile fraction and half time of 

recovery obtained with mini-nebulin were nearly the same as observed in control cells 

(Fig. 4b). 

Together, our data show that nebulin is not sufficient to function as a simple 

molecular ruler for specification of thin filament lengths, since mini-nebulin was unable 

to restrict the growth of actin filaments or localize Tmod1.  Instead, these results support 

a model in which nebulin interacts along the length of the thin filament and confers 

stability to the filament27.  Our data suggest that nebulin decreases the dissociation of 

actin monomers from the polymer at a length that matches its own length.  

Polymerization beyond this length would still be possible, therefore other factors must be 

involved in restricting the final lengths of the filaments.  Furthermore, it is likely that 

nebulin regulation of actin filament length is not restricted to muscle, since nebulin is 

expressed in a variety of other tissues that exhibit defined actin length, including the 

heart, kidney, eye, otic canal and liver16,28.  Finally, our results suggest that other proteins 

with multiple actin binding sites will have the potential to regulate actin filament 

architecture through a stabilization mechanism. 

 

METHODS 



 106 

Cell Culture and siRNA Treatment 

Primary cultures of chick skeletal myocytes were prepared as described29.  A 

previously validated nebulin-specific siRNA9 was purchased from Ambion (target cDNA 

sequence: 5’–GTA GCT GAC TCT CCA ATT A–3’).  Random siRNA was also 

purchased (target cDNA sequence: 5’–CTC GAC TAG AGT CTG TCT A–3’).  Skeletal 

myocytes were transfected ~13 hours after plating with 50 nM of siRNA using the lipid-

based reagent Effectene (Qiagen) according to the manufacturer’s instructions.  For 

cotransfection experiments, expression plasmids (0.5-1 µg) were transfected ~4 h after 

siRNA treatment, to avoid toxicity problems.  Three to 4 days after transfection, the cells 

were incubated in relaxing buffer (150 mM KCl, 5 mM MgCl2, 10 mM MOPS, pH 7.4, 1 

mM EGTA, and 4 mM ATP) for 15 minutes and fixed with 2% paraformaldehyde in 

relaxing buffer for 15 minutes.  For actin depolymerization experiments, Latrunculin A 

(Invitrogen) was reconstituted to 20 mM in DMSO then diluted to 2 mM with dH2O and 

stored in single use aliquots at -80°C.  Three to 5 d following transfection cells were 

treated for 9-20 h with 10 µM of Lat A diluted in culture media.  Cells in culture longer 

require longer latrunculin treatments to obtain effective actin depolymerization, 

presumably due to their  maturity.  Following treatment, to avoid any re-polymerization, 

cells were directly fixed with 2% paraformaldehyde in relaxing buffer. 

 

Western Blot Analysis 

Western blotting was performed as previously described30 using polyclonal anti-

C-terminal (1:1500) and anti-N-terminal (1.4 µg/ml) nebulin antibodies, and a polyclonal 
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anti-GFP (1:4000) antibody (Abcam).  All antibodies recognize a ~250 kDa protein in 

lysates of chick skeletal myocytes transfected with mini-nebulin. 

 

Immunofluorescence Microscopy 

Fixed cells were permeablized in 0.2% Triton X-100/PBS, blocked with 2% BSA 

plus 1% normal donkey serum/PBS, and incubated for 1 hour with primary antibodies 

diluted in PBS.  The primary antibodies included:  a polyclonal anti-N-terminal nebulin 

(4.6 µg/ml), a monoclonal anti-α-actinin (1:10,000) (Sigma), a polyclonal anti-GFP 

(1:300) (Abcam), a monoclonal anti-cardiac actin (1:10) (American Research Products 

Inc.), and a monoclonal Alexa Fluor 594 conjugated anti-HA antibody (5 µg/ml) 

(Invitrogen).  Staining the N-terminus of nebulin often results in a single band, possibly 

due to contraction of the myofibrils.  Alexa Fluor 488 conjugated phalloidin was used to 

stain F-actin (Invitrogen).  The cells were then washed with PBS for 15 minutes, and 

incubated with secondary antibodies/PBS for 30 minutes.  The secondary antibodies, 

obtained from Invitrogen and Jackson Immunoresearch Laboratories, included: Alexa 

Fluor 488 conjugated goat anti-mouse IgG (1:1000), Alexa Fluor 350 conjugated goat 

anti mouse IgG (1:300) and Texas Red conjugated donkey anti-rabbit IgG (1:600).  

Coverslips were mounted onto slides with Aqua Poly/Mount (Polysciences Inc.).  The 

cells were analyzed and images captured using a Deltavision RT system (Applied 

Precision) with a 100X objective (1.3 NA) and a CoolSnap HQ charge-coupled device 

camera (Photometrics,). The images were then processed using Adobe Photoshop CS. 
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Fluorescence Recovery after Photobleaching (FRAP) 

A Deltavision RT system (Applied Precision) with a 100X objective (1.3 NA) and 

a CoolSnap HQ charge-coupled device camera (Photometrics) fitted with a 488 nm argon 

laser and environmental chamber, was used for FRAP experiments.  Cells were plated on 

glass-bottom dishes (MatTek), supplemented with 20 mM HEPES and maintained at 

37°C for the duration of the experiment.  Three pre-bleach images were recorded 

followed by bleaching for 0.1 s at 100% power.  To monitor recovery after 

photobleaching, images were captured at 10 or 20 s intervals for 400 s.  Analysis of 

recovery was completed as described previously with minor modifications31.  Briefly, 

images were imported into ImageJ 1.37 software (National Institutes of Health) and 

average intensities from bleached, non-bleached, and background regions were recorded.  

Following background subtraction and correction for photobleaching due to image 

acquisition, intensities were normalized so that prebleach intensity was set to 1 and 

postbleach intensity set to 0.  Mobile fractions and half times were determined from 

nonlinear regression curves fitted using a two-exponential association equation 

(Y=Ymax1*(1-exp(-K1*X)) + Ymax2(1-exp(-K2*x))) with Prism 4 software 

(GraphPad).  Four to 11 cells per treatment were analyzed in each experiment and 2 to 3 

experiments were averaged.  All values are mean ± SEM.  Unpaired Student’s t-tests 

were used to determine the significance of differences (Microsoft Excel).  Following the 

FRAP experiments, the cells were fixed and stained to confirm the knockdown of 

nebulin. 
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Mini-nebulin design, construction and analysis 

Mini-nebulin was designed using the coding sequence of human nebulin 

(Genbank, NM_004543) and the structural organization characterized by Labeit and 

Kolmerer (1995)4. To reduce the size of nebulin, 18 super-repeats were removed (S4-21), 

leaving the unique N and C-termini and 4 super-repeats remaining (S1-3 and 22) (see Fig 

3a).  This results in a shorter molecule that retains all of its known unique binding sites.  

A 4 residue glycine linker followed by a hemagglutinin tag (HA) was added to the C-

terminus. After optimization of codon usage for chicken and removal of unwanted 

restriction enzyme recognition sites through synonymous nucleotide substitutions, the 

sequence was synthesized by GenScript Corp.  Mini-nebulin was then inserted into the 

multi-cloning site of pEGFP-C2 (Clontech) using XhoI and SacI restriction sites, which 

fuses GFP to the N-terminus of mini-nebulin.  The final mini-nebulin-GFP construct is 

~11.6 Kb and results in a 2543 residue protein.  Mini-nebulin was also inserted into a 

modified pEGFP-C2 vector in which GFP was replaced with mCherry.  An anti-GFP or 

anti-N terminal nebulin antibody was used for analysis of mini-nebulin by 

immunofluorescence microscopy.  Localization of the HA tag to the Z-disc was 

confirmed by costaining for α-actinin.  The distance between the ends of mini-nebulin 

molecules extending in opposite directions from the Z-disc was ascertained from 

deconvolved images of cells stained with an anti-N terminal nebulin antibody using 

ImageJ 1.37v software (National Institutes of Health).  Plot profiles of the staining 

intensity along the longitudinal axis of the myofibrils were generated and the distance 
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between mini-nebulin N-termini was determined by measuring the distance from one 

peak of intensity to the next.. 
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FIGURE LEGENDS  

Figure 1.  A small synthetic version of nebulin (mini-nebulin) assembles in the same 

orientation as endogeous nebulin in chick skeletal myocytes.  a) Schematic illustrating 

the structure of full-length human nebulin protein, which has 185 actin-binding modules 

of ~35 residues (small boxes) that are flanked by unique N-terminal (MADDE) and C-

terminal (Serine rich, SH3) domains.  The central repeats are further organized into 7 

module super-repeats (S1-22), which bind troponins and tropomyosins.  Binding sites of 

the capping proteins Tmod and CapZ are also noted.  In order to construct a smaller 

version of nebulin (mini-nebulin), super-repeats 4-21 were removed resulting in a 

molecule that is about a third the size of endogenous nebulin.  Mini-nebulin is tagged 

with GFP (or mCherry) at its N-terminus and HA at its C-terminus.  b) Chick skeletal 

myocytes transfected with mini-nebulin were co-stained with antibodies to GFP and HA.  

GFP, and thus the N-terminus of mini-nebulin, is located on either side of the Z-disc 

(arrowheads), while HA displays a single band within the Z-disc (arrows).  This is the 

identical orientation that endogenous nebulin adopts.  Bar, 10 µm.  c) Western blot 

analysis with an anti-C-terminal nebulin antibody reveals that chick skeletal myocytes 

produce full-length mini-nebulin protein whose expression is not affected by chicken-

specific nebulin siRNA, as is endogenous nebulin. 
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Figure 2. Mini-nebulin does not restrict actin filament lengths or Tmod localization.  

a) Chick skeletal myocytes cotransfected with nebulin siRNA and mini-nebulin were 

triple stained with fluorescently-conjugated phalloidin (which labels filamentous actin) 

and antibodies to N-terminal nebulin and α-actinin (top panels) or Tmod (bottom panels) 

5 days following transfection.  Both the pointed ends of the actin filaments (which extend 

well past: arrowheads) and Tmod (asterisks) fail to colocalize with the N-terminus of 

mini-nebulin.  Arrows denote Z-discs.  Bar, 10 µm 

 

Figure 3.  Latrunculin A treatment of chick skeletal myocytes with reduced nebulin 

levels results in nearly complete actin filament depolymerization while the 

introduction of mini-nebulin into these cells produces short actin filaments that 

match the length of mini-nebulin.  a) Myocytes treated with LatA for 9 h, 3 d after 

transfection of siRNA were triple stained with fluorescently-conjugated phalloidin and 

antibodies to N-terminal nebulin and α-actinin.  The nebulin siRNA treated cells contain 

only remnants of filamentous actin at the Z-disc (arrows), while control siRNA treated 

cells are resistant to depolymerization as indicated by the presence of full-length actin 

filaments (arrowheads mark the pointed ends).  b)  Cotransfection of nebulin siRNA and 

mini-nebulin followed by treatment with LatA for ~20h, 5 d after transfection results in 

the depolymerization of actin filaments to a length that matches that of mini-nebulin 

(arrowheads).  Control cells again only displayed actin within the Z-disc (arrows).  Bar, 

10 µm. 
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Figure 4.  The knock down of nebulin in chick skeletal myocytes results in more 

dynamic thin filament components revealed by fluorescence recovery after 

photobleaching (FRAP).  a) Chick skeletal myocytes cotransfected with nebulin-

specific, or control scrambled siRNA, and GFP-skeletal actin were costained with 

antibodies to N-terminal nebulin and α-actinin.  GFP-actin incorporates only at the ends 

of the actin filaments in control siRNA treated cells and evenly throughout the filament in 

nebulin siRNA treated cells.  Arrowheads mark the barbed ends and arrows denote the 

pointed ends of the actin filament.  Bar, 10 µm.  b-d)  Evaluation of the recoveries 

following photobleaching of (b) GFP-skeletal actin, (c) GFP-tropomyosin and (d) GFP-

Tmod in control vs. nebulin siRNA treated chick skeletal myocytes.  Left panels: mean 

relative recovery from single representative experiments (n=4-11 per treatment).  Middle 

and right panels: mean slow (white boxes) and fast (black boxes) mobile fractions and 

halftimes, respectively from 2-3 experiments (n= 8-17 cells per treatment).  Values are 

means ± SEMs.  Asterisks indicate significant differences between treatments (single: P < 

0.05, double: P<0.005, Student’s t-test). 

 

 

Figure 5.  Mini-nebulin decreases actin filament dynamics present in cells with 

reduced levels of nebulin.  Evaluation of the recovery following photobleaching of 

GFP-skeletal actin in nebulin siRNA vs. nebulin siRNA plus mCherry-mini-nebuiln 

transfected chick skeletal myocytes.  Left panel: mean relative recovery curve from a 

representative experiment (n=4-5).  Middle and right panels: mean slow (white boxes) 
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and fast (black boxes) mobile fractions and halftimes, respectively from 2 experiments 

(n=8-10 per treatment).  Values are means ± SEMs of 8-10 cells.  Asterisks indicate 

significant differences between treatments (double: P < 0.005, Student’s t-test).  

 

Supplemental Figure 1.  The anti-N terminal nebulin antibody 1357L recognizes 

both endogenous and mini-nebulin by immunofluorescence microscopy.  Chick 

skeletal myocytes cotransfected with control scrambled siRNA and mini-nebulin were 

triple stained with fluorescently-conjugated phalloidin and antibodies to N-terminal 

nebulin and Tmod.  The N-termini of endogenous nebulin (arrows) and mini-nebulin 

(arrowheads) are marked.  Bar, 10 µm. 
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 121 

Figure 5. 
 

 



 122 

Supplemental Figure 1. 
 

 
 


