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Nebulin and nebulette are homologous proteins expressed in skeletal and cardiac 

muscles, respectively. Complernentary DNA encoding nebulin or nebulette demoIlStrated 

that both proteins are composed of consewed motifs. Nebulin exons were found to encode 

multiples of the consemed motifs, suggesting the minimum functional unit of nebulin. 

Nebdette protein was found to be expressed as two isoforms throughout development, with 

different expression proportions in the Ieft and nght ventricles of the bovine hem. The 

nebulette protein bound F-actin, similar to nebulin. Although cloned nebdin and nebulette 

proteins inhibited the activity of unreguiated acto-myosin S1 ATPase, a ~ a 2 +  regulated 

acto-myosin system reconstituted in the presence or absence of the cloned nebulin or 

nebulette proteins showed no signincant inhibition of the acto-myosin SI ATPase, 

indicating that the interaction of nebulin-like proteins with the thin filament can be 

regulated by ~ a 2 +  - troponin - tropomyosin, the major regdatory apparatus of striated 

muscles. 
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CHAPTER ONE: 

GENERAL INTRODUCTION 

The organbtion and role of the contractile elements of veriebrate muscle has been 

the focus of substantial research. Three types of muscle, skeletal, cardiac, and smooth, are 

involved in both volmtary and involuntary tasks of the body, ranging from day to day 

actions as walking to the continuous beating of the hem and regdation of the tone of 

vascular tissue controlling blood flow through vessels. Studies characterizing the 

organktion and function of the proteins which comprise and control muscle contraction 

are signïficant in understanding the pathology of humaa diseases ranging fiom muscular 

dystrophy to hypertension and hypertrophie cardiomyopathy. The regulation of muscle 

contraction is controiled £kt and foremost by calcium, a messenger used to mediate neural 

and hormonal signals into contraction of muscle. 

A. Molecular Structure of Striated Muscle 

A closer look at the myofibrils of the striated skeIetal and cardiac muscles by light 

microscopy reveals that they are composed of regularly repeating units termed sacorneres, 

which appear to be composed of alternathg light and dark bands. The light band is the 1 

band, as it is isotropic to polarized light, whereas the dark band is the A band, anisotropic to 

polarized light. The sarcomere is defïned by the Z lines, a mat& which forms the border 

between adjacent saxomeres (Figure 1.1). Actk is the major constituent of the thin 

filament, which is anchored to the Z lines and extends towards the M line, which defines 

the middle of the sarcomere. The I band is the exposed region of the thin filaments and is 

defked as the distance between the tips of two thick filaments on opposite sides of the Z 

line. The myosin thick filament is positioned in between two successive actin filaments, 

and consequentiy in the center of the sarcomere, forming the A band. 
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Generally, the overall morphology of the stnated muscle sarcomeres are similar. 

Both cardiac and skeletal muscles show d o m  length thick filamentsy but only skeletal 

muscle shows d o m  length thin filaments, whereas thin filaments lengths in cardiac 

muscle may Vary (Robinson and Wmegrad, 1979), even withia singIe sarcomeres. As 

measured by electron microscopy, the thick filament length in skeletal and cardiac muscle 

sarcomeres is relatively consistent at 1.6 pm (Page and Huxley, 1963). In cardiac muscle 

sarcomeres, the thin nlament Iength may Vary fkom 0.6 to 1.1 pm (Robinson and Wmegrad, 

1979). Although the lengths of the thin and thick filaments do not Vary with excitation of 

the muscle, the sarcomere length does as a result of thin and thick filament overlap. Both 

cardiac and skeletal muscle sarcomeres may be shortened to the point of overlap between 

successive thin nlaments, and may be siretched to the point where thin and thick filaments 

no longer overlap, yet still regain integr@. 

B. The Molecdar Motors of Muscle Contraction 

AU three types of muscle achieve force generation and contraction through a 

consaved mechanism whereby thin and thick filaments in the muscle ce11 slide along one 

another. Myosùi is the major component of the thick filament, and its head possesses 

ATPase activity, used to advantage in generating force for muscle contraction (Warrick and 

Spudich, 1987) during its interaction with the thin filament, The backbone of the thin 

filament is actin, a globular protein (G-actin) which polymerizes to become nlamentous 

actin (F-actin). Two strands of F-acth wind in a helix, compieting a revoiution every 13 G- 

actins or roughly 70 nm. Active sites on actin are able to bind to and form cross-bridges 

with myosin heads; these actin sites are staggered due to the double helix form of F-actin, 

making one available every 2.7 m. In the resting state of muscle, F-actins from successive 

Z lines overlap with myosin but barely overlap each O*, in the contracted state, the actin 

filaments draw nearer and may overlap substantially. The overlap of the actin strand with 

the myosin Strand allows both to slide along each other to regulate sarcomeric iength 

through cross-bridge cycling (for review, see Leavis and Gergely, 1984; Huxley, 1990), 



made possible tbrough the energy provided by ATP 

1.2). This globular head domain of myosin is 
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hydrolysis by the myosin head (Figure 

able to bind ATP, resulting in a 

conformational change to cause a rapid dissociation of myosin fkom actin. The ATPase 

activïty of the myosin head hydrolyzes the nucleotide into ADP and Pi, both of which 

remah tightly bound to myosin. The complex is in equilibrium with F-actin, eventuaUy 

redting in a slow transition to an activated, high affiiiity form of the acto-myosin complex 

where the myosin head contacts the available F-actin active sites; in this stage, the myosin 

is in a prestroke strained state. This triggers the reIease of Pi and a large codonnational 

change in myosin pulis the F-acth strand towards the center of the sarcomere, shortening 

the sarcomere and giving rise to motion (Cooke et d, 1982). The change in myosin 

conformation concumntly allows ADP to dissociate, allowing rapid binding of ATP and 

reinitiating the cross-bridge cycle (Spudich, 1994). 



Z disk 
I 

Z disk 

*I band +AI zone & zone Al zone -Cf4-,1 band -d 

Figure 1.1. The arrangement of the striated muscle snrcomere. 

The schematic of the striated muscle sarcomere demonstrates the position of the actin and 

myosin filaments within the sarmmere. Actin filaments are anchored at one end to the Z 

disk (or Z line), and in between are positioned myosin filaments. The sarcomere is defined 

as the length between successive Z disks. Myosia nlaments cover the A band, which may 

overlap with the actin nlaments (AI zone) or remain bare of actin nlaments (AH zone). The 

stretch of bare actin filaments is called the I band (reprinted fiom Dameu et al., 1 986). 



B.1. Myosin 

Myosin is the major protein cornponent of the muscle thick filament Myosins are a 

superfimdy of molecular motors which exist in muscle and non-muscle ceUs in 

conventional two-headed and unconventional single head foms (Goodson and Spudich, 

1993). The myosin involved in muscle contraction is myosin II, a conventional two-headed 

member of the myosin superfamily, and will be the only one referred to in this dissertation. 

Myosin is a hexameric protein (Mr -450 000) composed of two heavy chains, one pair of 

essential and one pair of regdatory Light chah .  The beavy chains are intertwined to form 

an elongated tail, a neck region and two heads. One essentiai and one regulatory light chin  

is associated non-covalently with each myosin head region, and another pair is associated 

with the neck region (Goldman, 1987). The light chains provide stability to the headheck 

region, and have been shown to be necessary to achieve maximal speeds of shortening 

(Lowey et al., 1993). The tail regions fiom separate myosins corne together to form the 

body of the thick filament, whereas the neck region ailows the head to extend and protrude 

towards the thin filament- AU muscle types express different isomyosins which may m e r  

in their myosin heavy chain components or in the isoforms of the regulatory or essential 

light chains expressed. The denning function of myosins are their ATPase activities with 

skeletal muscle myosin ATPases operating at faster rates than the smooth and cardiac 

muscle myosin ATPases. X-ray crystallography d y s i s  of the head of myosin, temed the 

subdomain 1 or S1 region, has shown it to fom a major contact with subdomain 1 of actin 

myment et al., 1993), providing direct evidence for the cross-bridge cycling theory. 

The majority of current evidence supprts a change in the myosin head angle to 

produce the relative displacement and the force during contraction (Huxley, 1969). It has 

been obsened that the hinge region of myosin is able to undergo a helur-coi1 transition, 

possibly collapshg in length and therefore providing another mechanism to generate 

displacement and force (Harringtort and Rodgers, 1984). 



Aain filament t 

ATP 

release of myosin 
head from actin of ATP 

Direction of movement 
Rigor complex:4 

. myosin heads 
locked into 

filaments 

1- - 

Movement of actin filament - --- 
by ADP release and Binding 

myosin conformational change to of actin myosin 

Step 3 /"'- 
- < < c c  Release of ..&*< < C < 

ADP and Pi 

Figure 12. The ATPase cycle of myosin during contraction. 

The binding of ATP to the myosin head triggers its release fkom a bbding site on the actin 

niament (Step 1). The hydr01ysis of ATP into ADP and Pi by the myosia ATPase results in 

a movement in the myosin hinge (Step 2) and promotes the favorable interaction between 

the myosin head and the actin filament. The release of the hydrolyzed nucleotide triggers a 

conformational change in the myosia hinge, which forces the actin filament towards the 

center of the sarcomere (Step 4). This rigor complex is released when the myosin head 

binds ATP, reinitiating the cycle (reprinted fiom Darneii et al., 1986). 
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B.2. Actin 

The muscle thin nlament is formed by an actin backbone. Actins are a family of 

Mghly conserved proteins found in vertebrates and invertebrates. AC& serve crucial 

b c t i o n s  in ceil motility, ce11 trafEcking and determination of cytoskeletal shape. Two a- 

actin genes are responsible for actin expression in skeletal and cardiac muscle (Gimniag et 

al., L 983). Actin exists in a globular, monomeric f o m  (G-actin) as well as a filamentous, 

helical f o m  (F-actin). The polymerintion of G-acth into F-actin is induced by divalent 

cation, with G-actin baving primarily an ATP- ~ a 2 +  complex associated with it, whereas F- 

actin has an ADP- ~ ~ 2 +  complex with nucleotide exchange roughly 1000-fold faster in G- 

actin as compared to F-actin Vollard et al., 1992). X-ray crystallography of actin-DNase 1 

CO-crystals has shown actin to be a giobdar protein formed of 4 subdomains (Kabsch et al., 

1990; Figure 1.3). Subdomains 1 and 2, the s m d  domain, are comected to subdomains 3 

and 4, the large domain, by a hinge connecting subdomains 1 and 3. This resuits in a centrai 

cleft separahg the large domain fiom the srnail domain. The central cleft is believed to be 

a nucleotide / divaient cation binding area (Szent-Gyorgyi and Prior, 1966), where a bound 

nucleotide or cation may stabilize the acth monomer by making contacts with al l  four 

subdomains. In G-actin, nucleotide exchange is rapid whereas the ~~2+- induced  

polyrnerization of G-actin into F-ach results in an actin strand slow in nucleotide exchange 

Parany et al., 1966). In F-actin, it is believed that the. a b  monomers are onented with the 

large domain (subdomains 3 and 4) close to the inteawined marnent axis, whereas the small 

domain (subdomains 1 and 2) is more distant nom the filament iucis (Holmes et al., 1990). 

Contacts do exist between one actin monomer and four adjacent ones in F-actin (Holmes et 

al., 1990), supporting the possibility of cooperative interactions within F-actin. Data has 

shown that the tropomyosin - troponin complex of stnated muscles may decrease the 

fïexibiiity of the actin monomers, therefore increasing stabiiity (Oosawa, 1983) while 

reducing the rate of release of actin-bound nucleotide. On the otha hanci, myosin, which 

binds primarily at subdornain 1, increases F-actin flexibility, possibly opening the actin 

cleft and facilitating release of actin-bound ADP (Oosawa, 1983; Szent-Gyorgyi and Prior, 

1966). Although the myosin head forms a major contact with this part of actîn, a part of the 
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cross-bridge cycle may have myosin attached in between two adjacent actin monomers 

(Milligan et al., 1 990). 

C. Reguiation of Contraction in Striated Muscle 

The availability of F-actin active sites is the major detexfninatlt in the contraction of 

the sarcomere. In striated muscle, the actin filament is anchored at the Z line, and is 

decorated with tropomyosin and the troponin complex (Figure 1.4). Tropornyosin is a 

coiled-coi1 dimer which wraps around the F-actin filament in a head-to-tail f a o n ,  

believed to occupy the active sites of the F-actin strand during the resting state of muscle. 

Positioned on tropomyosin is the troponin complex, which is composed of three subunits: 

troponin 1, the inhibitory subunit, troponin C, the ca2+-binding subuait and troponin T, the 

tropomyosin-binding subunit (Zot and Potter, 1987). In the presence of low levels of 

calcium (< 0.1 CIM), the troponin cornplex, in association with tropomyosin, inhibits an 

otherwise favorable interaction between the myosin heads and the active sites of actin. 

During the active state, an increase in ca2+ (> 0.7 pM; Greaser and Gergely, 1971) results 

in ~ a 2 +  binding to troponin C. This is believed to induce a series of conformational 

transitions, eventually relieving troponin 1 inhibition as well as shifting thin filament 

associated tropomyosin fkom its sterïc block of the F-actin active sites. In striated muscles, 

the regdation of contraction is thin filament linked as the ~ a 2 +  signal is mediated by the 

thin filament associated troponin complex (for review, see Zot and Potter, 1987). Other 

models for contraction have suggested that the interaction among proteins in the contractile 

apparatus is not a simple on-off switch, but instead, ~a~+-tro~onin-tro~om~osin, F-actin- 

myosin cross-bridge formation, and acto-myosin ATPase activity affect one another to 

regulate the striated muscle contraction (reviewed by Payne and Rudnick, 1989). 



Figure 1.3. The shucture of ATP-actin : Dnase I cornpiex. 

A diagram of the ATP-actin : Dnase 1 complex derived h m  x-ray cry~ography &ta. 

The consmed actin stnicture demonstrates the hinge joining subdomain 1 (N-terminus) 

and subdomain 3 (bottom left). The b g e  connects the small domain (subdomains 1 and 2; 

right hand side) to the large domain (subdomains 3 and 4; left hand side). nie centrai space 

is the nucleotide binding cleft (reprinted fiom Kabsch et d., 1990). 



Figure 1.4. Tropomyosin and troponin decorate the actia filament. 

The location of tropomyosin and the troponin complex is shown relative to the acth 

filament. Tropomyosin dimers are wrapped spirally around actin and occupy the actin 

active sites. An increase in ca2+ d l  saturate binding sites on troponin C, eventualiy 

relievhg troponin 1 and tropomyosin inhibition of the acfin-activated myosin ATPase. 

Troponin T hctions to secure the other two members of the troponin complex onto 

tropomyosin (reprinted h m  Dame11 et al., 1986). 



C.1. The Thick Filament of Striated Muscle 

Myosin is the major constituent of the thick nlarnent. Diffaent isomyosins are 

expressed in fm and slow skeletal muscles as well as cardiac muscles. Fast skeletal muscle 

myosins generally exhibit a higher maximum ATPase activity as compared to slow skeletal 

and cardiac myosins (Samaha et al., 1970; Samuel et al., 198 1). Although phosphorylation 

of the regulatory light c h a h  of myosins are essentid for smooth muscle contraction, this is 

not the case for striated muscle. It has been proposed that phosphorylation of the regulatory 

light chain in skeletal muscle myosin by calmoduIin activated myosin Iight chah kinase 

helps to increase or potentiate the force produced during isometric contraction (Sweeney et 

al., 1993), but is not essential in force generation. In addition to myosin, other proteins 

contribute to the structure and h c t i o n  of the thick nlament, C protein (140 Da) ,  H protein 

(74 kDa), M protein (165 kDa) and myomesin (185 kDa) are thick filament associated 

proteins expressed in various fibre types (Starr and Offer, 1983). These proteins are 

expressed in different patterns dong the 43 nm transverse stripes of the thick filament 

(Bennet et al., 1986). The specinc hction of these thick filament associated proteins 

rem- under investigation. Although C protein and myomesin are expressed in cardiac 

muscle and ail fibre types of skeletai muscle, H protein and M protein are absent fiom some 

skeletal muscle fibre types (Bahler et al., 1985), suggesting . k t  these proteins play 

modulatory roles in fine tuning contraction, but are not essential for the regdation or 

occurrence of contraction. 

C.2. The Thin Fiiarnent Regulated Contraction of Striated Muscle 

The troponin complex, dong with tropomyosin, is the major regulatory factor for 

striated muscle contraction. The troponin complex is fomed by three mbunits: troponin C, 

the ca2+ binding subunit, troponin 1, the inhibitory subunit, and troponin T, the 

tropomyosin binding subunit. It is believed uiat the troponin cornplex is associated with 

tropomyosin, mediating the latter's effect on the exposure of the F-actin active sites. 
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Troponin C (Mr 19000) belongs to a f d y  of ~ a 2 +  binding proteins which feature EF 

hands, a distinct structure characterïzed by two perpendicular alpha helices separated by a 

short loop, which provides the ~ a 2 +  binding pockets (Zot et al., 1983; Herzberg et al., 

1986). Skeletal muscle troponin C has four cazf binding sites, two each in the NH2- and 

the COOH-terminus of the protein which remain separated by a central helix (Herzberg and 

James, 1988). The ~ a 2 +  binding sites are numbered 1 and II in the NH2-terminus and III 

and IV at the COOH-terminus. Sites 1 and II are low af'flinity ~ a 2 +  binding sites (Ka 105 

M-1) whereas sites III and IV bhd ~ a 2 +  with high aff?nity (Ka 107 M-1) as wel1 as binding 

~ ~ 2 +  (Potter and Gergely, 1975). Binding of ~ a 2 +  to sites 1 and II is cooperative (Pan and 

Solaro, 1987) and the caZf aflkïty of sites I and II is consistent with their involvement in 

the regdatory role of troponin C in the troponin cornplex (Johnson et al., 1994). Thin 

filament systems reconstituted with recombinant troponin C proteins mutant in ca2+ 

binding sites 1 and II exhibit no contraction, even in the presence of ~ a 2 +  (Sorenson et al., 

1995). Mutations in sites III and IV îhat abolish metal-binding do not affect the ~ a 2 +  

dependence of muscle contraction, dthough troponin 1's interactions with the COOH- 

terIninal region of troponin C appears to be weakened (Negele et al., 1992), indicating the 

importance of the COOH-temiinal region in anchorhg troponin C to the troponin cornplex. 

The binding of ~ a 2 +  to sites 1 and II of troponin C facilitates the movement of 

central regions of troponin 1 away from actin (Tao et al., 1990), as weU as creating a more 

flexible troponin cornplex (Zhao et al., 1995), which contnbutes to overall structural 

changes permitting acto-myosin interaction. The inhibitory and COOH-terminal regions of 

troponin 1 switch fiom binding F-actin and tropomyosin in the absence of ~ a 2 +  to binding 

both the NH2- and COOH-terminal domains of troponin C in the presence of caZf (Farah 

et a[., 1994). On the other hanci, interactions between the COOH-terminal region of 

troponin C and the NH2-terminal region of troponin 1 appear to be ~ a 2 +  insensitive (Sheng 

et d, 1992). Calcium binding to sites 1 and II of troponin C has been postdated to expose a 

hydrophobie pocket at the NH2-terminal region of the protein. In theory, this pocket could 

interact with troponin 1 or troponin T, signaling overall conformation changes of the 
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troponin complex in the presence of ~ a 2 + .  In agreement with this model, troponin C 

mutants which uihibit this ca2+ induced codonnational change also abolish troponin C s  

regulatory activity as weIl as its interaction with troponin 1 (Grabarek et al., 1990). A 

significant merence between skeletal and cardiac muscle troponin C is that the latter has 

several amino acid substitutions in caZf binding site 1, 1e-g it with only a single 

functional regulatory ~ a 2 +  binding site (Krudy et al., 1994). For this reason, C& 

activation of cardiac muscle is accompanied by a coupling I k e  energy release smaller than 

that seen for troponin I / troponin C in skeletal muscle (Liao et al., 1994), which may have 

implications for the speed and strength of contraction in cardiac muscle. 

Troponin 1, the inhibitory subunit of the troponin complex, is a 21 kDa protein that 

binds F-actin, tropomyosin, troponin T and troponin C (Zot and Potter, 1987). Troponin 1 is 

found to inhibit acto-myosin ATPase activity autonomously in a ca2+ independent manner, 

an effect which is M e r  potentiated by tropomyosin (Potter and Gergely, 1974). Domain 

mapping of the troponin 1 polypeptide has narrowed the inhibitory region to residues 96- 

1 16 in the rabbit isoform (Syska et al., 1991). In this respect, troponin I has been dissected 

as a protein of three distinct domains: m- and COOH-temiinal domains as well as the 

inhibitory domain. In the absence of ca2+, the NH2-temiinal region of troponin 1 is in 

contact with the COOH-terminal region of troponin C and troponin T, lying anti-parallel to 

both proteins (Sheng et al-, 1992). The proximity of troponin 1 to F-actin is afTected by the 

availability of ~a2+,  as activating ~ a 2 +  concentrations result in a significant distance 

increase between troponin I and F-actin (Tao et al., 1990). This ~ a 2 +  dependent separation 

between troponin 1 and F-actin is initiated by troponin C as it receives the ~ a 2 +  signal. As 

mentioned earlier, the preferred interaction of troponin 1 with troponin C in the presence of 

activating ~ a 2 +  concentrations is consistent with the initiation of muscle contraction by 

ca2+, as F-actin active sites are fieed for myosin head interaction. 

Cardiac muscle troponin 1 has 32 additional amino acids at its MI;.terminal, with 

two serine rcsidues at positions 23 and 22 or 24, depending on the species (Mittmann et al., 



1990). Both serine residues may be phosphorylated, resulting in a demased ~ a 2 ~  

semitivity in isolated cardiac rnyofibrils ( b e y  et al., 1988). In reconstituted noponin 

complexes, the phosphorylation of cardiac troponin I increases the rate of ca2+ dissociation 

fiom troponin C, suggesting that phosphorylation of cardiac troponin 1 rnay play a role in 

increasing the rate of cardiac muscle relaxation (Robertson et al., 1982; Zhang et al., 

1995a). Because cardiac troponin I remains phosphorylated even at the return of muscle to 

pre-contractile basal levels (Talosi et al., 1993), the signincance of this phosphorylation has 

not been concluded. Recent midies indicate that of two phosphorylation sites, one is 

constitutively phosphorylated whereas phosphorylation of the other site may be the 

fimctionally important process (2hang et al., 1995b). 

Although the release of troponin 1 inhibition of the acto-myosin ATPase is 

accounted for by its ca2+ sensitive interactions with troponin C, it cannot account for the 

release of tropomyosin inhibition of the actin-activated myosin ATPase. It is believed that 

troponin T, the tropomyosia-binding subunit of the troponin complex (Leavis and Gergely, 

1984), serves to mediate the ~ a 2 +  signal to relieve tropomyosin inhibition. Troponin Ts are 

encoded by three genes expressed in cardiac, fast and slow skeletal muscles. Muscle type 

specinc or developmentally regulated troponin T isoforms are expressed nom each gene 

through alternative mRNA splicing (Cooper and Ordahl; 1985; Breitbart and Nadal-Ginard, 

1986; Ji et al., 1992). In fast skeletal muscle troponin T, alternative mRNA splicing 

involving a pair of mutually exclusive COOH-temiinal exons (1 6/17) and seven (Breitbart 

and Nadai-Ginard, 1986; Smillie et al., 1988; Briggs and Schachat, 1993) or possibly more 

(Schachat et al., 1995) exons encoding a variable NH2-terminal region produces a large 

number of protein isoforms. Previous work on rabbit f~ skeletai muscle troponin T had 

dissected the protein into two major hctiond domains. The COOH-terminal chymotryptic 

firagment T2 (residues 159-259) binds to the central region of bopomyosin (Ohtsuki, 1979; 

Moms and Lehrer, 1984) as well as interacting with F-actin, troponin 1 and troponin C 

(Pearlstone and Smillie, 1978,1980,1982; Heeley and Smillie, 1988; Schaertl et al., 1995). 

The NH2-terminal chymotryptic fiagrnent T1 (residues 1-158) interacts with the carboxy 



terminus of tropomyosin, extending to include the amino terminus of the adjacent 

tropomyosin molecde in the head to tsil overlap of tropomyosin dong the thin filament 

(Pato et al., 198 1 ; Brisson et al., 1986; White et al., 1987). The central region of troponin T 

(residues 70-150) has been shown to contribute to the tight association of the troponin 

complex to tropomyosin (Fisher et al., 1995). In contrast, the variable NH2-terminal region 

of troponin T has not been directly associated with a defined function (Pearlstone and 

Srnifie, 1982). AIthough a troponin T isoform switch, primarily due to alternative splicing 

of this NHz-terminal region, is well regulated during avian and rnammalian heart 

development (Cooper and Ordahi, 1985; Jin and Lin, 1988; Ti et al., 1990), deletion of the 

first 45 N H 2 - t e r d  residues fiom rabbit fast skeletal muscle troponin T was shown not to 

affect the cooperative response of regulated acto-myosin ATPase to ~ a 2 +  (Pan et al., 

199 1). On the other hand, merences in the ~ a 2 +  sensitivity of acto-myosin ATPase have 

been obsewed in recollsfituted systems containhg two bovine cardiac troponin T isoforms 

Mering in the NH2-terminal variable region ( T o b a c ~  and Lee, 1987). Recent evidence 

has demonstrated that differences in the primary structure of the variable NH2-terminus of 

troponin T may reconfigure the overall conformation of the protein (Ogut and Jin, 1996). 

Interestingly, this variable NH2-temiinus is in contact with two adjacent tropomyosin 

dimers, allowing this region of the protein to play a signifiant role in the release of 

tropomyosin inhibition under activahg ~ a 2 +  concentrations. Although the hct ional  

significance of troponin T isoform diversity is not M y  understood, certain pathological 

conditions have demonstrated a concurrent change in troponin T isoform expression (Gulati 

et al., 1994; AkeUa et al., 1995; Anderson et al., 1995). Furthemore, a relationship 

between cardiac troponin T mutation and human familial cardiomyopathies has been 

reported ('ThïerfeIder et al., 1994; Watkins et al., 1995). 

The troponin complex, in a 1:7 molar ratio with actin, does not physically contact 

each of the seven actin monomers under its regdatory control. For this reason, the 

importance of troponin T and tropomyosin in the regdation of the thin filament structure 

becomes evident. Due to troponin Ts direct interactions with tropomyosin, it is believed to 



mediate or modify tropomyosin's binding to F-actin. Further, the large isoform divenity of 

troponin T suggests that it may even mod* the ca2+ sensitivity or cooperativity of the 

thin filament. The C& dependent control of acte-myosin ATPase of an F-actin filament 

decorated by tropomyosin, troponin C and troponin X is ody  observed at troponin X : actin 

ratios greater than the physiological ratios (Farah et al., 1994). In the absence of troponin T, 

troponin C can remove troponin 1 fiom its F-actin - tropomyosin association independent of 

~a2+.  Under these conditions, the F-actin / tropomyosin / troponin 1 complex is stabilized 

ody  by troponin T (Potter and Gergely, 1974). In agreement, the addition of troponin T 

provides a more effective inhibition of the acto-myosin ATPase in the absence of ~a2+; in 

the presence of activating ~ a 2 +  concentrations, the activity in the presence of troponin T is 

increased to levels greater than observed for F-actin / tropomyosin / myosin alone (Greaser 

and Gergely, 1971; Farah et al-, 1994). These reasons support troponin Ts role as an 

intermediary in trausmitting the inhibitory effect initiated by troponin 1 I troponin C 

interactions in the absence of ~ a 2 +  to tropomyosin, which in him spreads the inhibitory 

effect to the seven acth monomers. In this case, the presence of ~ a 2 +  and the consequent 

removal of the inhibitory effect placed on the seven actin monomers is also mediated 

indirectly by troponin T and directly by tropomyosin. In support of troponin Ts function, 

the COOH-terminal region of troponin T which interacts with troponin 1 / troponin C, as 

weU as forming the primary, high a-ty contact with tropomyosin, is well conserved in 

primary structure among isoforms and species, indicating a conserved, important basic 

fiuiction. On the other band, the BEQ-terminal region of troponin T, which has very high 

primary structure diversity, is implicated in lower affinity interactions with two adjacent 

tropomyosin molecules (Pearlstone and Smillie, 1982). This versatility in the NH2-ternulna1 

of troponin T isoforms may result in subtle changes in its three dimensional structure7 

effecting different responses to ca2+ through its interaction with tropomyosin, 

consequently affecthg the ~ a 2 +  sensitivity or cooperativity of the thin filament, 

Although the ~ a 2 +  dependence of contraction in striated muscle is xgdated by 

troponin, tropomyosin remains as the principal inhibitory factor of the acto-myosin 
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ATPase, and is therefore the species düectly reguiated by troponin. Tropomyosins fomi a 

diverse family of genes expressed in dl three types of muscles, as weli as the brain and 

non-muscle cells (Goodwin et al., 1990; Foy-Schaudies et al., 1990; Wieczorek et al., 

1988). Although the significance of tropomyosin isofom diversity is not understood, the 

number of isoforms is large, and the generation of these isoforms from the tropomyosin 

genes is unique. Unlike troponin T which shows isofom diversity through alternative 

splicing of genes, tropornyosin isoforms are generated by alternative splicing of a gene, as 

weli as altemate promoters in the gene which are responsible for isofom generation (Hanke 

and Storti, 1988). For example, alternative splicing and the use of alternative promoters in 

the a-tropomyosin gene can encode for at least nine tropomyosin isoforms (Wieczorek et 

al., 1988; Lees-Miller et al., 1990). In striated muscles, two genes, a and p, encode 

tropomyosin isoforms. Ptoducts of the a-tropomyosin gene are prominent in cardiac muscle 

whereas fbtropomyosin isoforms are the major isoforms expressed in slow skeletal muscles. 

Both a- and P-tropomyosin isoforms are expressed in fast skeletd muscles at varying ratios 

depending on the species (Cummins and Perry, 1974). Tropomyosin is an elongated protein 

which natively forms coiled-coil dimers which may be homogeneous or heterogeneous in 

the tropomyosin isoforms associated. These coiled structures present a repeated pattern of 

seven amino acids with hydrophobie residues at the nrst and fouah positions, a feature 

highly conserved in al1 tropomyosins (Smillie, 1979; Heeley et al., 1987). Monomer Mr for 

muscle specific tropomyosins Vary between 33000 and 38000. At the level of the thin 

filament, tropomyosin dimers are wrapped spvally around F-actin to occupy 7 active sites 

during the resting state, but not d a g  the active state (Heeley et al., 1987). Adjacent 

tropomyosins on the thin filament are in a head-to-tail overlap, with this region of the 

dimers spanned by the NH2-teRninus of troponin T. Tropornyosin's position on the actin 

nlament, in the absence of ~a2+,  inhibits a step in the definitive acto-myosin interaction. 

An increase in the availability of caZf and its binding to troponin C redts  in changes in 

conformations dong the troponin cornplex, resulting in an eventual shift of the position of 

tropomyosin, removing its steric inhibition of the active actin sites. Evidence is . 

accumulating whereby the inhibition brought forth by tropomyosin may occur at the F-actin 
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binding step a d o r  at a step subsequent to the actin binding, possibly a kinetic step such as 

the release of phosphate afta ATP hydrolysis by myosin (Chavolich and Eisenberg, 1982; 

Chavoiich, 1992). Such fïndings indicate that the steric blocking model for striated muscle 

contraction may be a simpbfïed case and that complex and cooperative interactions between 

the troponin complex, tropomyosin, F-actin and myosin work together to define muscle 

contraction. 

D. The Third and Fourth Filaments of Striated Muscles 

Although many of the events responsible for regulating sarcomere length have been 

studied in detail, the two filament model for muscle contraction can not account for al1 

observed mechanical characteristics of muscle. Muscles exhibit passive elasticity, 

producing forces that resist stretch independently of ATP hydrolysis or contact between the 

thin and thick filaments. In fact, sarcomeres may be stretched beyond the point of thin - 
thick filament overlap yet still retain and regain integrity. Such observations, as well as the 

advancement of polyacrylamide gel eIectrophoresis techniques, led to fiirther investigations 

and the discovery of the filamentous proteins titin and nebuün, which may fùrther fiinction 

in the organization of contractile proteins dong the thick and thin filaments. 

D A  Titin 

The ability of the sarcomere to regain integrity after being stretched beyond acto- 

myosin overlap is a reason why the two filament model of muscle contraction was not 

comprehensive. When striated muscle myofibrils are solubilized in hot sodium dodecyl 

sulfate solution, a protein of extremely hi& Mr called titin is visualized on high porosity 

polyacrylamide gels (Wang et al., 1979). Titin (or connectin) has been shown to span the 

length of a haif sarcomere fiom the Z line to the M line (Furst et al., 1988). Initial 

experiments characterizhg the sequence of tith cDNA revealed a protein consisting mainiy 

of two classes of 100 residue motifs (Labeit et al., 1990). These class I and II motifs have 

been identifieci as members of the fibronectin and imrnunoglobulin superfamiIies, 

respectively (Benian et al., 1989). In the A band region of titin, the motifs are arranged in 
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super-repeats of 1-1-II-1-1-1-II-1-1-I-II (Labeit et al., 1990), potentidy folIowing the 43 nm 

cross-bridge repeat of the thick filament (Labeit et al., 1992). The 1-band section of titin 

makes extensible and elastic connections between the ends of the thick filaments and the Z 

Iine ( F a  et aL, 1988; Whïting et al, 1989). This 1-band region of titin is composed of 

long stretches of class II motifs and may work to center the thick filaments in the sarcomere 

while providing passive tension for striated muscle upon stretch (Horowitz et al., 1989; 

Granzier and Irving, 1995). It haç been proposed that reversible folding of the class II 

motifs (Sotenou et al., 1993a) or the likely extensibility of the PEVK domain Gabeit and 

Kolmerer, 1995b) may conûibute to the elasticity in this region. 

The determination of the complete cDNA nucleotide sequence of titin has shown an 

82 kb transcript in cardiac muscle, encoding a protein of 3 MDa. In fast and slow skeletal 

muscles, expression of exons encoding additional class II motifs in the 1 band region, as 

well as a larger probe, glutamic acid, valine and lysine rich (PEVK) domain incrûases the 

size of the transcript to 101 kb and the protein encoded to 3.7 MDa (Labeit aod Kolmerer, 

1995b; Figure 1.5). The protein has also been shown to contain tandemly arranged serine- 

proline repeats at the NH2- and COOH-terminus which are phosphorylatable and have been 

postulated as possible factors controllhg the integration of titin into the fiamework of the 

sarcomere (Gautel et al., 1993; Labeit and Kolmerer, 1995b). Shidies of the properties of 

the titin protein have shown it to interact with other proteins in the striated muscle 

sarcomere. Proteolytic f h p e n t s  as well as cloned titin proteins fiom the A band have 

shown it to interact with myosin (Soteriou et al., 1993b; Jin, 1995), particularly light 

rneromyosin (Labeit et al., l992), as weil as with C-protein (Labeit et al., 1992; Sotenou et 

al., 1993b). Moreover, single class I d class II motifs have been show to bind F-actin 

(Jin, 1995), with a linked class 1-11 protein showing higher e t y  binding to F-actin. 

Recent focus on the elastic property of titin has introduced a wealth of information 

regarding the extensibility of the protein and its contribution to the integrity of the 

sarcomere. Recent experiments measiiring forces generated by titin molecules in atomic 
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Figure 1.5. The arrangement of tiün and its domains within the sarcomere. 

The position of the giant protein titin within the sarcomere is shown. A single titin 

polypeptide spans fkom the Z disc to the M line and forms contact with both actin (I band 

region) and myosin (A band region) filaments. The unique NH2- and COOH-termini of the 

protein are believed to arrange its integration into the sarcomere. The extensible region of 

titin follows the N2 line and is depicted as a zig-zag pattern (reprinted fiom Labeit and 

KoImerer, 1 99%). 
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force microscopy as  weil as by optically trapped titin molecules has Ied to advancements in 

understanding the mechanics of titïn elasticity, more specincalIy with respect to the folding 

and unfolding of the MmunoglobuIin-lïke class II motifs to generate exte&ibility (Rief et 

al., 1997; Kellennayer et d, 1997). The advancement and refinement of these techniques 

will conmbute signincantly to the study of titin mechanics. 

Nebulin is a giant protein present in only the skeletal muscle sarcomeres of 

vertebrates (Hu et al., 1986). One of the last proteins to appear during embryonic 

development (Furst et al., 1989), nebulin accounts for -4% of total myofibrillar proteins 

(Wang and Williamson, 1980), varying in mass fiom 600 kDa to 900 kDa (Locker and 

Wild, 1986), possibly depending on and refiecting the length of the sarwmeric thin 

filament. Nebulin filaments are anchored to the 2-iine through the protein's COOH-terminal 

domain, marked by a distinct Src homology 3 (SH3) region. Nebulin runs in parallel with 

titin dong the thin filament, with the NH2-terminus of the protein situated near the tip of 

the actin filaments (Labeit and Kolmerer, 1995a). A survey of various nebulin monoclonal 

antibody (mAb) epitopes by immunoelectron microscopy has shown them to be £ked at d 

lengths of the sarcomere, indicating that neb;lin is. an inelastic polypeptide within this 

ftamework (Wang and Wright, 1988). This is in contrast to titin, which shows elastic 

character in a domain located close to the A band / 1 band junction in striated muscle 

sarcomeres (Trombitas et al, 1995). For acto-myosin preparations, methods have been 

developed in which nebulin has dso been recovered (Meng et al., 1995), suggesting M e r  

that this basic protein makes intimate contact with the thin filament. 

Nebulin's lirnited solubility and tendency to aggregate in physiological bufKers 

(Wang, 1982) creates difficulties in p m g  the protein in its native fom for structure and 

hction studies. The full length cDNA for adult human nebulin has been documented 

(Labeit and Kolmerer, 1995a), revealing a protein consisting of repeats of conserveci -35 
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residue motifs, marked by a conserved S m  pentapeptide as well as evenly spaced 

proline residues (Figure 1.6). It has been proposed that seven -35 residue motifs form a 

super-repeat, of which 22 span the length of the polypeptide. ALthough the conserved -35 

residue motifs are homologous to each other, the 22 super-repeats show greater sequence 

homology to each other than do the single motifs (Labeit and Kolmerer, 1995a). It has been 

speculated that a seven motif super-repeat spans the length of the vertebrate 38.5 nm thin 

nlament repeat which consists of the troponin cornplex, tropomyosin and actin in a 1: 1:7 

stoichiometric ratio (for a review, see Squire, 198 1). With the publication of nebulin cDNA, 

specific expression of these nebulin motifs, whether by a prokaryotic expression system or 

synthetic peptide synthesis, has been possible. Bacterially expressed multiples of the -35 

residue nebulin motifs have been shown to specifically bind F-actin in a solid phase binding 

assay, showing greater avidity as the number of motifs expressed increases (Jin and Wang, 

1991a,b). These results initially descRbed nebulin's interaction with the thin filament, 

implying that the cornplete nebulin protein would have a very high binding avidïty to actin. 

In the same study, it was shown that the expressed nebulin proteins had no specific binding 

to troponin or tropornyosin but were able to bind myosin. Studies by Pfuhl and coworkers 

(1994) using synthetically synthesized peptides have shown that nebulin motifs have a 

heIicaI structure. By theoretical modeling, the alpha helical propensity of motifs near the 

COOH-terniinus was predicted to be higher than those in the NH2-terminus ( P M  et al., 

1996). More specifïcaily, the 35 amino acid motifs were shown to exhibit a tendency to 

form transient helices. These structures were found to be stabilized by a negatively charged 

environment, one which the F-acth thin filament may provide. This work also suggested 

that nebulin motifs near the COOH-terminus of the protein were able to bind actin with 

greater affinity than those near the NH2-ter1ni.u~. Investigations confirming the position of 

nebulin in the sarcomere, as weil as  its F-actin bÏnding, led to the proposal that nebulùi was 

an actin d e r  in the skeletal muscle sarcomere (reviewed by TRnick, 1992). In this contea 

nebulin could act as a s d o l d  used by actin d d g  its assembly in development. 

Nonetheless, studies of muscle protein expression through development have not 

documented a nebulin dependence of actin filament formation. In fact, striated myofibrils 
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have been shown to be either heterogeneous with respect to the timuig of expression of 

muscle proteins (Lin et ai., 1994), or show an onset of expression in the order of desmin, 

titin, actùi, myosin heavy chain and later on the expression of nebulin (Furst et al., 1989). 

These data do not support nebulin's role as a guiding factor in actin thin filament formation. 

Binding experiments using prokaryoticdy expressed nebulin hgments have shown 

their specific interaction with F-actin (Jin and Wang, 199 1 a,b). Nebulin's interaction with 

other proteins of the thùi filament, particularly troponin and tropomyosin, remains under 

question. Reports have indicated no intetaction (Jin and Wang, 1991b) or a strong 

interaction (Wang et al., 1996) between nebulin motifs and these prote&. Overiay 

experiments using nebulin transferred to nitrocellulose membrane have shown that 125~ 

iodinated a-acthin is able to interact with nebulin, possibly providing a preliminary 

indication of the anchoring of the nebulin COOH-terminus in the Z line (Nave et ai., 1990). 

In this experirnental system, nebulin was the only protein shown to bhd a-actinin, as total 

muscle homogenates fiom skeletal and cardiac muscles showed no other interacting 

prote* This does place the experimental system into question since other proteins, such as 

acth, are known to be associated with a-actinin in the Z line. 

There is some evidence that nebulin may contribute to the regdation of skeletal 

muscle contraction. In vitro motility assays showed that cloned nebulin motifs fiom the 

NH2-terminal region of the intact protein were able to inhibit the sliding of actin over 

myosin, with this inhibition released by ca*+-calmodulin (Root and Wang, 1994). This 

may provide initial evidence of a regulatory role for nebulin in the skeletal muscle 

sarcomere. In this respect, the position of nebulin's interaction with F-actin becomes 

important. Recent experiments using a two motif nebulin fhgment have shown it to cross- 

link to the NH2-terminus of actin at subdomain 1, providing a possible localization of 

nebulin's association with the F-actin strand (Shi' et al., 1997). 
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Figure 1.6. The nebalin polypeptide within the skeIetaI muscle sarcomere. 

A mode1 for the Iayout of nebulin within the skeletal muscle sarcomere shows the COOH- 

teminus of the protein oriented towards the Z disc. The blocks (Ml-185) represent repeats 

of the -35 amino acid motif. Unique sequences at both the NH2- and COOH-termini of the 

protein complete the primary structure! make-up. Lengths denoted are based on the 

assumption that one motif spans 5.5 m. The pI values are those predicted fiom the ' 

primary structure (reprinted fiom Labeit and Kolmerer, 1995a) 
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NonetheIess, a nebulin-sized cornterpart in cardiac muscle had not been identified, 

questioning the importance of the role of nebului in the hct ion  of the vertebrate skeletal 

muscle sarcomere. Recently, Moncman and Wang (1995) have identified a nebiIIin-Uce 

protein in chicken cardiac muscle extractS. By immunoprecipitation with nebuün 

monoclonal antibodies specinc for epitopes near the COOH-terminal of the protein, the 

researchers were able to identiQ a -107 kDa protein fiom cardiac muscle of various 

species. By irnmunological screening of a chicken cardiac muscle expression cDNA library, 

three overlapping cDNA clones were isolated. Transiation of the consensus of these three 

cDNAs showed a partial protein composed of nebulin-like -35 amino acid motifs. 

Interestingly, Northern blot hybridkation showed the cardiac muscle-specinc nebulette 

transcript to be -8 kb, implybg a substantial untranslated region. Studies by 

immunofiuorescence microscopy have shown the COOH-terminus of the protein to be 

sihüited in the 1-24 region of cardiac myofibrils. Therefore, the cardiac muscle nebulette is 

a protein homologous, and possibly analogo- to skeletal muscle nebulin, indicating a 

famiIy of nebirlin-like proteins involved in the o r g h t i o n  &or regulation of contraction 

of striated muscle sarcomeres. 

E. Hypothesis 

The majority of current research has focused on nebulin's interaction with F-actin, 

with studies proposing that nebiilin works as a template for F-actin and thin filament 

assembly. The discovery of the s d l e r ,  homologous cardiac nebulette protein has resulted 

in the need to reassess the role of nebulin and nebulin-like proteins in the sarcomere. The 

proposal that nebulin directs the formation of the thin filament is not consistent with the 

cardiac muscle nebulette protein, as its smaller size means that it m o t  span the entire 

length of cardiac muscle thin filaments, and therefore cannot direct their assembly. 

Furthemore, -dies of the appearance of muscle-specifk proteins through development 

have not demonstrated a nebulin-dependent actin filament formaton. Therefore, nebulin, 

and its homologous partner nebulette, must pediom functions o k  than as an actin der .  
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Initial studies with cloned nebulin proteins have shown that they have the ability to inhibit 

the unregulated acto-myosin S1 ATPase activity. This provides a new avenue for research 

into the fiuiction of nebulin, providing the possibility that it may participate in the 

regdation of muscle contraction. Its abfity to inhibit the acto-myosin S1 ATPase means 

that nebulin's interaction with the thin filament., and its position in the presence and absence 

of ~ a 2 + ,  should be regulated. Apart fiom a limited cDNA sequence and 

immunofluorescence localization, no information is available regardhg nebulette, the 

nebulin-like protein in cardiac muscle. To m e r  cl- the fiinction of nebulin-like 

proteins, a cornparison of nebulin and nebulette is advantageous, as common properties 

between the two proteins are usefid indications in proposing a mode1 for their roles in the 

skeletd and cardiac muscle sarcomeres. 

The large size and relative insolubility of nebulin creates diniculties in studying the 

structure and h c t i o n  of the full length protein. Therefore, studies characterizing nebulin 

must take advantage of nebulin fbgments, extrapolahg the results for the intact protein. In 

characterizing m e n t s  of such a large protein, the fiinctional unit of nebulin is important 

to consider. Since gene expression controls protein expression, the exon organhtion of the 

nebulin gene is expected to reflect the hctional organization of the encoded protein, 

representing Iogical dissection points for the polypeptide. Therefore, the genomic 

organïzation of a Iimited stretch of the nebulin gene will be examined in an attempt to 

ident* the fiuictional unit of nebulin. Nebulin f'ragments engineered based on this critenon 

will be characterized, with the goal of applying the data for the intact protein. In addition, 

this research will also address the relationship between nebulin and nebulette, two proteins 

which may form a family of related striated muscle proteins. Through initial 

characterization of a cloned nebulette protein, hctional similarities between nebulin and 

nebulene wilI be addtessed. Furthemore, their expression regdation and their possible 

effects on acto-myosin ATPase activity will be monitored. Due to the high avidity 

interaction between nebulin and the F-actin thin filament and the high homology between 

nebulin and nebuiette, it is proposcd that nebulin, and nebulin-like proteins such as 
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nebulette, participate in the regdation of contraction of striated muscle sarcomeres. The 

large size merence between skeletal muscle nebulin and cardiac muscle nebulette is 

expected to reflect merences between the skeletal and cardiac muscle sarcomeres, 

providing a stamng point, dong with their functional cornparison, in proposing a role for 

nebulin and nebulin-like proteins in sarcomeres. 

F. Objectives 

The following objectives are outlined for this research project: 

1) Complementary DNA encoding nebulin and nebulette will be cloned, providhg genetic 

materials for isolation of genomic DNA as well as prokaryotic and eukaryotic expression of 

cloned proteins. 

2) Nebulin genomic DNA will be isolated in an attempt to identify nebulin exons and 

provide a logical dissection point for the repeating organization of nebulin-like proteins. 

3) Cloned complementary DNA will be used to express nebulin or nebulette proteins in 

bacteriê Effective purification of the cloned proteins will provide material for M e r  

characterization. 

4) An antiserum specific for nebulette will be generated in mouse, providing a tool to detect 

nebulette expression in various species and throughout development. 

5 )  Through solid phase binding assays and acto-myosin ATPase assays, the contribution of 

the cloned nebulin and nebulette proteins to the structure and h c t i o n  of the striated muscle 

thin filament will be explored 



28 

CHAPTERTWO: 

CLONING AND CECARACTERIZATION OF NEBULIN AND NEBULETTE cDNA 

INTRODUCTION 

Complementary DNA for proteins dows flexibility in manipulation by genetic 

engineering approaches to characterize proteins, as well as providing info~~l~ttion regarding 

the primary structure of a protein, and its relation to other proteins. The complete primary 

structure of the mRNA trauscript of human skeletal muscle nebulin has been documented, 

showing the protein to be composed almost exclusively of welI conserved -35 amino acid 

repeat motifs dong its entire length (Labeit and Kolmerer, 1995a). Small unique domains at 

both the NH2- (5' end of mRNA transcript) and COOH-terminal (3' end of &A 

transcript) of the protein complete its primary structure make-up. Seven of the -35 amino 

acid motifs form a super-repeat, of which 22 comprise nebulin. Assuming that a single 

module spans 5.5 nm, a super-repeat is expected to span the 38.5 nm thin filament troponin 

/ tropomyosin / 7 actin penodicity (Labeit and Kolmerer, I995a; Wang et al., 1996). 

Nebulin cDNA cioned fiom mouse is advantageous because the host is ided for 

advanced mammalian genetic manipulations. To date, only a limited (1272 bp; Muller-Seitz 

et al., 1993) sequence of the rnouse nebulin mRNA transcript is available. This available 

sequence was used to advantage in designing synthetic oligonucleotide primers to facilitate 

cloning of mouse nebulin cDNk In addition, a 38 base oligonucleotide primer 

complementary to a weU conserved region near the 3' end of the human nebulin cDNA 

transcnpt was designed to clone 3' nebuhi cDNA encoding the COOH-terminus of the 

protein. A 129 mouse neonatal skeletal muscle cDNA library was constructed to facilitate 

cloning of multiple nebulin cDNAs. Nebulette, the smaLI, nebulin-like protein in cardiac 

muscle (Moncman and Wang, 1995), has also been shown to be predominandy composed 

of weil conserved -35 amino acid repeats as those found in skeletal muscle nebulin. To 

date, only a partial cDNA fkom chicken nebulette is available. Using reverse transcriptase 
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coupled polymerase chah reaction, chicken nebulette cDNA was cloned, providhg a 

genetic coding template for protein expression. 

Recombinant DNA technologies were used to clone the representative nebulin and 

nebulette cDNA. The results indicate that nebulin transcripts are weU conserved among 

marnmalian species and that nebulin and nebulette share signincant homology. 

MATERIALS AND METHODS 

A. Construction of a 129 Mouse Neonatal Skeletal Muscle cDNA Library 

To isolate nebulin cDNA, a 129 mouse neonatal skeletal muscle cDNA library was 

constructed using the Stratagene ZAP cDNA synthesis kit. Using fresh, neonatal 129 mouse 

skeletai muscle, total RNA was e G c t e d  by the TRIzol reagent (Gibco BRL) as described 

by the manufacturer's protocol. The TRIzol ragent is a denaturing, acid/phenol extraction 

buffer designed to separate RNA fiom DNA and cellular proteins. Total RNA precipitated 

by isopropanol was resuspended in 0.1 % diethylpyrocarbonate @EPC)-treated Hz0 and 

analyzed by agarose gel electrophoresis for integrîty and approximate concentration. A 5 

pL aliquot of the extracted total RNA was added to 1 pL of 6x agarose gel sample buffer 

(6x agarose gel sample buifer: 40% sucrose, 0.25% bromophenol blue, 0.25% xylene 

cyanol; solution made in 10 m M  Tris-HCl, pH 8.0, 1 mM EDTA) and analyzed by 0.7% 

agarose gel electrophoresis at a potential clifference of 5 mWcm using a ms-dprateGDTA 

(lx TBE: 90 mM Tris-borate, 2 mM EDTA) ninnllig buffer. Integity of the RNA was 

determined by the presence and sharpness of the abundant 18s and 6s ribosomal RNA 

bands. Poiy-A RNA was selectively separated fiom the total RNA mixture by biotinylated 

oligo-dT capture using the Poly-ATract system (Promega). First strand cDNA was made 

fkom 5 pg of poly A mRNA using a mixture of oligo-dT primers as weil as random 

hexarners prirning reverse transcriptase (50 units) first strand DNA synthesis at 37 ' C for 

1.5 hours. The complementary DNA strand was synthesized by DNA polymerase 1 (100 
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units) at 15 C for 2 hours. RNase H (4.5 mis) was included in this mixture to degrade the 

remaining RNA template wtiile facilitating complementary DNA strand synthesis. The 

double strauded cDNA mixture was extracted with an equal volume of pheno1:chloroform 

and then wïth chloroform to remove the enzymes fkom the mixture. The cDNA was 

precipitated at -20 ' C overnight by adding 1/10 volume of 3 M NaOAc, pH 5.2, and 2.5 

volumes of 100% ethanol. Following cen&gation (1 5000g/60min), the precipitated 

cDNA was blunt ended using the KIenow fragment of DNA polyrnerase I (2 units) by 

incubating at 37 ' C for 30 minutes. This mixture was extracted with phenol:chloroform and 

chloroform and precipitated at -20 * C for 3 hours as described earlier. Following 

centrifûgation, EcoRI adapten (Stratagene) were Iigated to the cDNA by incubation with 4 

U of T4 DNA ligase ovemight at 8 ' C. The cDNA was then size hctionated using a 3 cm x 

0.3 cm Sephacryl S400 column (Stratagene) and fiactions were analyzed by 0.8% agarose 

gel electrophoresis. Size hctions containing cDNAs p a t e r  than 0.8 kb were pooled and 1 

pg of the cDNA was Iigated with 1 pg of Uni-Zap XI2 II phage arms overnight at 8 ' C by 3 

U of T4 DNA ligase. The ligated, reconstituted phage DNA were packaged using the 

Gigapack Gold packaging extract kit (Stratagene), according to the manufacturer's protocol. 

The packaged phage were allowed to infect 1.2 mL of O.D.600 = 1 E. coli XL1 Blue MRF' 

cells for 20 minutes at 37 ' C, added to 100 mL of 37 ' C top agar (for 1 L; 10 g tryptone, 5 g 

yeast extract, 5 g NaCI, 8 g agar), rnixed, and plated out on 10 150 mm LB-agar (LB, per 

litre: 10 g tryptone, 5 g yeast extract, 10 g NaCl) plates. Following ovemight incubation at 

37 C, the number of plaques on the bacterial lawn was estimated by samphg 1 cm2 areas. 

The phage was recovered fkom the plates by soaking the top agar in suspension medium 

(SM buffer: 0.1 M NaCl, 8 mM MgS04.7H20, 50 mM Tris-HCI, pH 7.5, 0.01% gelatin) 

and scraping it into a sterile 500 mL bottle. Chloroform was added to 1% and the mixture 

shaken for 30 minutes to ensure suspension of the phage into the aqueous SM b a e r  as weil 

as lysing the remaining bacterial h o a  The suspension was centrifuged 

(800ûrpm/lOmin/JA10) and the high titre supernatant was recovered. For long term storage, 

dimethyl sulfoxide (DMSO) was added to 7.5% and the phage stock stored at -80 ' C. 
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B. Isolation of Nebulin cDNA fkom the 129 Mouse Neonatai Skeletal Muscle cDNA 

Library 

An oligonucleotide was designed to screen a 129 mouse neonatai skeletal muscle 

cDNA library for nebulin cDNA covering the 3' end of the full length transcript. The 

oligonucleotide spanned from bp 191 25 to 191 62 of human nebulin, overlapping a region 

of complete amino acid identity and 89% nucleotide identity (34 of 38) between the 

published human nebulin and chicken nebulette nucleotide sequences (N38 5'- 

T T C T C T T G A ' I T N C ( G r r ) ( A / G ) ï T G A C T C T ( A / G ) T C C ' ) .  To 

accommodate the mismatches in nucleotide sequences, the oligonucleotide was designed 

with degenerate bases at positions where the nebulin and nebulette sequences were not 

identical. 

B.1. Oligonucleotide Screening of the Mouse Skeletal Muscle cDNA Library 

The N38 oligonucleotide (20 pmol) was end-labelled with 3 2 ~  by 10 units of T4 

polynucleotide kinase using y 3 2 ~ - ~ ~ ~  as an exchange substrate. Briefiy, 20 pmol of the 

oligonucleotide primer was combined with an equimolar amount of y-32~-labelled ATP in 

a 50 pL solution containhg 10 units of T4 polynucleotide kinase, 50 mM Tris-HCI, pH 7.6, 

10 mM MgC12, 5 m M  dithiothreitol, 0.1 mM spemiidine, 0.1 mM EDTA, 0.2 mM ATP. 

The reaction was incubated at 37 ' C for 2 hotus and the unincorporated ~ - ~ ~ P - A T P  was 

separated from the oligonucleotide primer using a 0.4 cm x 2 cm Biogel P2 gel filtration 

column (Bio-Rad). Following the reaction, the labelled oligonucleotide probe was used to 

screen filter replicas of the 129 mouse neonatal skeletal muscle library. Briefly, an aliquot 

of phage equivalent to -1.5 tirnes the original library size (3 15 000 plaque fonning units 

(PFU) x 1.5 ) was incubated at 37 ' C for 20 minutes with 1.2 mL of 0.D.600 = 0.7 E. d i  

XL-1 Blue MRF' bacteria for infection. The suspension was then mixed into 120 mL of 37 ' 

C top agar and the suspension was plated equally ont0 12 150 mm LB-agar plates. 

Following 8 hours of growth at 37*C, membrane repiicas of the plates were made by 
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placing 150 mm nylon nIters onto the top agar d a c e  for 5 minutes to ailow transfer of the 

phages. The filters were then denatured by placing on filter paper soaked in 0.5 M NaOH / 

1.5 M NaCl for 2 minutes, renatured with 0.5 M Tris-HCI, pH 8.0 / 1.5 M NaCl for 2 

minutes, rinsed in 6x SSPE (20x SSPE: 3 M NaCl, 0.2 M NaH2PO420 mM EDTA, nnal 

pH = 7.4) and baked dry. The filters were seaied in a bag containing 100 mL of 

prehybridization solution (5x SSPE, 5x Denhardt's solution, 1% SDS, 100 mg/mL 

denatured salmon sperm DNA) and incubated a? 50 ' C for 6 hours, after which time the 

radiolabelled oligonucleotide probe was added to the immersed filters. The filters were 

hybridized with the probe at 55 'C for 12 hours and then at 37'C for 12 hours. Following 

the hybridization penod, the fïIters were washed successively at room temperature with 2x 

SSPE, 1 x SSPE, 0 . 5 ~  SSPE and 0.2~ SSPE and monitored with a hand-held Geiger counter. 

The filters were exposed to X-ray film ovemight (X-Omat AR, Kodak) to reveal 

hybridization signals. For putative positive signals, a small circular agar window was 

recovered fiom the original plate corresponding to the area of the signal. The agar cixcle 

was resuspended in 500 pL of SM b a e r  containing 5 pL, of chloroform, vortexed, and 

stored ovemight at 4 ' C for elution of the phage into the aqueous medium. The following 

day, the eluted phages were plated on separate 50 mm LB-agar plates in two different 

densities. Bnefly, 0.5 pL, of the phage suspension was mixed with 100 pL of O.D.600 = 0.6 

E. cdi XL-1 Blue MRF' and incubated at 37 ' C for 20 minutes. To the tube contaùiug the 

infected bactena, 3 mL of 37 ' C top agar were added and this suspension spread on one half 

of the 50 mm LB-agar plate, providing an area highly dense in phage plaques. To the same 

tube, 2 mL of 40 * C top agar containing 30 pL of OD.600 = 0.6 E. coli XL-I Blue MRF' 

bacteria were added, mixed, and plated onto the other half of the 50 mm LB-aga. plate, 

providing a Iow density plaque area. The plates were incubated at 37'C for 8 hours and 

used to make nylon nIter replicas for another round of hybridkation screening using the 

same radioactive probe. The h y b r i h t i o ~  screenuig was repeated until a pure population of 

the positive phage was isolated. 



B.2. Autoexcision Subcloning of the cDNA Inserts of Positive hZAPII Phage Clones 

To recover the cDNA inserts of the positive Zap XR II phages, autoexecision was 

perfonned as described (Short et al., 1988). Bnefly, 80 pL of O.D.600 = 0.7 E. coli XL-I 

Blue MRF' bacteria were mixed with 3.6 x 105 plaque fonnùig uni& (PFU) of pure phage 

stock and 2.5 x 106 PFU of EXassist helper phage and incubated at 37 ' C for 20 minutes. 

M e r  addition of 0.8 mL of SOC medium (SOC, per litre: 20 g tryptone, 5 g yeast extract, 

0.5 g NaCl, 3.6 g glucose), the suspension was mixed at 37'C for 6 hours, followed by 

heatùig to 70 ' C for 20 minutes. The tubes were centrifuged (12000g14 ' Cl10 min) to pellet 

the bacterial debris and 50 p L  of the supernatant containing the phagemid were added to 

100 pL of O.D.600 = 0.6 E. coli JM109 bacteria This mixture was incubated at 37'C for 

20 minutes, streaked out onto LB-agar plates and incubated at 37'C ovemight Five 

colonies fkom each plate were checked for plasmid insert size by polymerase ch& reaction 

PCR) using 1 unit of Taq polymerase and excess deoxynucleotides (0.1 mM final 

concentration each of dATP, dCTP, dGTP and dTTP) in a 50 pL reaction volume 

containing 20 mM Tris-HCI, pH 8.3, 50 mM KCI and 2 m M  MgC12. The PCR program 

was 35 cycles of 94 C - 1 min, 55 ' C - 1 min, 72 ' C - 3 min. To ensure that the autoexcised 

plasmids contained the N38 oligonucleotide probe positive insert, serial dilutions (10 ng, 1 

ng, 0.1 ng) of each prepared plasrnid, dong with dilutions of a negative control pBIuescnpt 

SK (pBL SK; Stratagene) vector, were spotted onto nylon membrane, denatured, renatured 

and baked as before. The plasmids were screened using the radiolabelied N38 primer, as 

described eariier, to ensure no artifacts were amplified during the autoexcision process. 

C. PCR Cloning of Mouse Nebuiin cDNA 

To clone a representative nebulin cDNA closer to the 5' end of the transcript, a 

Genbank sequence (1272 bp) of nebulin cDNA h m  BalblC strain mouse (Muller-Seitz et 

al., 1993) was used to design two synthetic oligonucleotide primers to ampw nebulin 
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cDNA fiom 129 mouse cDNA The upstream primer was designed to introduce a 5' Me1 

restriction enzyme site to facilitate cloning of the insert as well as i n - k e  expression of 

the encoded protein into an expression vector. An in-frame translation stop codon (TAG) 

was designed into the downstream primer to stop translation. A mouse cDNA was cloned to 

take advantage of in vivo genetic manipdation rnethods that have been well developed for 

the murine host system. Using 10 pmol each of two synthetic oligonucleotide primers (Neb- 

F: 5'-TCTCCAGAGTAAACCAGATCCATATGAGTG-3' y Neb-R: 5'- 

CGGCATACTATGCCTTATACTGATTATCAC-3') and 50 ng of available neonatal 129 

mouse gastrocnemius muscle cDNA as template, PCR was done ushg a program of 30 

cycles of 94 ' C - 1 min., 5 1 ' C - 1 min., 72 ' C - 2 min. Following PCR, a 5 pL aliquot of 

the reaction was analyzed by 0.7% agarose gel electrophoresis at a potential ciifference of 5 

mV/cm using TBE nirining buf5er. 

In order to clone the amplifïed PCR product into a vector, the PCR reaction 

containing the target DNA fkgment was extracted with an equal volume of 

pheno1:chloroform and precipitated by the addition of 0.5 volume 10 M ammonium acetate, 

pH 7.4, and 2.5 volumes of 100% ethanol. Following incubation at -70 ' C for 20 minutes, 

the tube was centrifbged (12OOOg/2Omin/4' C) and the precipitated DNA was resuspended 

to a concentration of 50 ng/@ using 10 mM Tris-HC1, p H  8.1 mM EDTA (TE) buffer. A 

Iigation reaction using 100 ng of the DNA hgment, 70 ng of SmaI digested pBL SK 

ptasmid DNA and 1 unit of T4 DNA Agase was incubated at room temperature overnight. 

After ovemight ligation, the mixture was incubated on ice for 40 minutes with 120 pL of 

competent E. coli JM109 celis, foIlowed by incubation at 42 ' C for two minutes. To allow 

an initial outgrowth of transformed bactena, 400 pL of SOC medium were added and the 

mixture was M e r  incubated for 40 minutes at 37 * C with shaking. For color seiection of 

recombinant bacterial colonies through acomplementation (Messing et al., 1977; Vieira 

and Messing, 1982), isopropyl-1-thio-P-D-galactopyranoside (IPTG) was added to 1 m M  

dong with 1 mg of 5-bromo-4-chloro-3-indolyl~-D-galactoside (X-Gd). The mixture was 
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mived and plated out on LB-agar plates containing 100 pg/mL ampicillin and incubated 

ovemight at 37' C. 

To identify recombinant bacterial colonies harboring the DNA insert of interest, 

white colonies were identifïed on the plate and used directly for PCR by resuspending 

individual colonies in a PCR mix while simdtaneously seeding the colony onto an LB- 

ampicillin plate. PCR was done using two consenred primers flanking the multiple cloning 

site of the pBL-SK plasmid. Following PCR (94 ' C - 40 s; 55 ' C - 40 s; 72 ' C - 1 min. for 

25 cycles), aliquots fiom the individuai tubes were analyzed by agarose gel electrophoresis 

to identify colonies harboring pBL-SK plasmids bearing ïnserts. A positive colony showing 

an amplined product in the expected size range (487 bp) was then used to inoculate a 20 

mL ovemight culture of LB broth containing 100 pg/mL ampicillin. The bacteria were 

harvested from the saturated culture and the recombinant plasmid was recovered using an 

ionexchange based preparation method (QiaGen). The insert bearing plasmid was 

sequenced by the dideoxy cha i .  termination method (Sanger et al., 1977) using a 'I7 DNA 

polymerase-based sequencing kit (Pharmacia Inc.). The sequencing reactions were resolved 

by a 7 M urea / 6% polyacryiamide gel nui at 65 W using 0.5~ TBE ninning bufEer. The 

sequencing gel was fixed in 7% acetic acid / 7% methanol, dried onto filter paper at 80 ' C 

using a Bio-Rad gel dryer, and exposed to x-ray film- ovemight. The sequences of the 

clones were compared to the available mouse nebulin cDNA sequence to ensure accurate 

cloning . 

D. RT-PCR Cloning of Rat and Chicken Nebuiin cDNA 

To clone nebulin cDNA fiom other species, the Neb-F and Neb-R primers were 

used for reverse transcriptase coupied PCR (RT-PCR). Briefiy, total RNA was isolated 

fiom the gastrocnemius muscle of a Sprague-Dawley rat and fiom the pectoralis major 

muscle of a Broiler chicken, using the TRhol ragent (Gibco BRL) according to the 

manufacturer's protocol. Total RNA precipitated by isopropanol was resuspended in DEPC- 
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treated H20 and adyzed  by agarose gel electrophoresis for integrity and approximate 

concentration. Integrïty of the RNA was determined by the presence and sharpness of the 

abundant 18s and 6s ribosomal RNA bands. 

To perfonn the nrst strand cDNA synthesis, 20 pmol of Neb-R primer was used 

with 5 pg of total RNA as the template in a 50 pL reaction containing 1 mM 

deoxynucleotides, 50 mM Tris-HC1, pH 8.3, 75 mM KCl, 3 mM MgCl2 and 10 mM 

dithiothreitol (DTT). After heating the mixture to 75' C to denature RNA secondary 

structure, 40 unit5 of Moloney murine Ieukemia virus reverse transcriptase (Pharmacia Inc.) 

were added and the fkst strand cDNA synthesis was cmied out overnight at 37'C. To 

amplify using the synthesized first strand cDNA, 10 pL of the RT-PCR reaction was used 

as template in a PCR cycle (94 C-1 min.; 49 C - 1 min.; 72 ' C - 2 min. for 30 cycles) 

using Neb-F and Neb-R primers to ampli@ nebulin cDNA. A lower anneaihg temperature 

was used in this PCR cycle to accommodate possible mismatches between the rat and 

chicken nebulin cDNAs and the mouse nebulin based Neb-F primer. Aliquots of the PCR 

were resolved by 0.7% agarose gel electrophoresis to visualize amplined bands, which were 

cloned into the EcoRV site of pBL-SK, as described before. The sequences of the rat and 

chicken cDNA insert were sequenced to confixm the accurate cloning of nebulin cDNA. 

E. RT-PCR Cloning of Chicken Nebulette cDNA 

To clone chicken nebulene cDNA, 5 pg of Leghorn chicken heart RNA was used as 

template in an RT-PCR reaction using 20 pmol each of two synthetic oligonucleotides 

(CCNF, 5'-AGCACTCATATGAACATC-3'; CCN-E22, 5'- 

CCmGAATTCTCAAAATCTTAATGGTA-3? which encoded NdeI and EcoFü 

restriction endonuclease sites, respectively. RT-PCR was done as described earlier, with a 

PCR program of 35 cycles at 94 ' C - 1 min, 48 ' C - 1 min, 72 ' C - 3 min. An aliquot of the 

PCR reactions was analyzed by agarose gel eiectrophoresis to confÏrm a PCR product at the 

expected size of 535 bp. The amplified DNA was resolved by a 0.7% agarose gel run with 
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Tris-gcetate-EDTA b a e r  (1X TAE: 0.04 M Tris-acetate, 1 mM EDTA). The DNA band of - 
interest was excised f?om the agarose gel and recovered using the Prep-a-Gene silica based 

DNA recovery kit @io-Rad). The recovered DNA was digested with NdeI and EcoRI 

restriction endonucleases and ligated to similarly digested pAED4 expression vector DNA 

to create the CCN-CS nebulette expression vector. The insert sequence and fiame of 

translation was confirmed by dideoxy ch& temination sequencing. 

F. Construction of Prokaryotic Expression Vectors Eocoding Nebulin 

The pBL cloning vectoa containing the cloned mouse nebulin MSN-N4 and 

chicken CSN-N4 cDNAs were digested with NdeI and EcoRI to yield the full length 

fkgment. The digestion products were separated by electrophoresis in a 0.7% agarose gel 

nin with TAE buffer and the DNA band of interest was recovered using the Prepa-Gene 

DNA recovery ki t  The recovered fkagment was mked with NdeYEcoRI digesîed pAED4 

expression vector DNA dong with 1 unit of T4 DNA ligase. FoIlowing ovemight 

incubation at 14'C, the ligation mixture was used to transfomi E. coli Ml09 competent 

celIs, which were then plated onto LB-agar-ampicillin plates and incubated at 37 'C 

ovemight. Colonies were picked fiom the plate and tested by PCR using consemed vector 

primers, as before, to confïrm ligation of the nebulin cDNA insert. The Iigated vector was 

sequenced, as descnbed earlier, to confîrm i n - h e  cloning of the nebulin cDNA 

COflStruCts. 

G. Construction of a Eukaryotic Vector for Transfection and Expression of Nebulin 

The mouse nebulin sk9-3 3' cDNA was used as a template for ni vivo expression of 

a nebulin COOH-tenni.mil protein fragment in the mouse myoblast celi line C2C12 (ATCC 

# CRL 1772). Using a Green Fluorescent Rotein (GFP; Chaifie, 1994) NH2-temiinal 

fusion vector (Clontech), the mouse nebulin sk9-3 cDNA insert was cloned downstream of 

the GFP cassette. The mouse nebulin cDNA clone sk9-3 covers 2.5 kb of the 3' end of the 
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nebulin transcript (Table 24, predicted to encode an -80 kDa COOH-terminal b e n t  of 

the nebulin polypeptide. The cDNA clone sk9-3 was digested with Sac1 and WoI, the insert 

recovered by the Prep-a-Gene r n a e  (Bio-Rad) and ligated to similarly digested GFP 

h i o n  vector ushg T4 DNA ligase as described previously. This ensured in h e  

translation of the cDNA insert corresponding to the reading M e  of the GFP cassette. The 

endogenous stop codon of the mouse nebulin cDNA insert ensured proper texmination of 

translation. For high level expression of the GFP-nebulin fusion protein, a 2.5 kb fragment 

of the slow troponin T promoter region (Jin et al., 1997) was used. This promoter provides 

a dinerentiation dependent expression with a -2 fold increased expression level versus the 

commonly used cytomegalovirus promoter (Jin et al., 1997). Further, the pcDNA 3.1 vector 

encodes the bovine growth hormone poly A adenylation signals (Goodwin and Rottman, 

1992) for proper processing of the &A. The fbed GFP-nebulin cDNA was recovered 

fiom the GFP fusion vector by digestion with HinDIII, and ligated downstream of the 2.5 

kb region of the slow troponin T promoter and upstream of the bovine growth hormone 

poly A adenylation signal in a recombinant, neomycin resistant pcDNA 3.1 vector (Jin et 

al., 1997). Partial dideoxy chain termination sequencing and restriction endonuclease 

mapping confkmed the orientation and ligation of the promoter and cDNA sequences. 

A. Mouse Nebulin cDNA Cloned from Neonatal Mouse Skeletal Muscle cDNA 

The gene specific Neb-F and Neb-R prirners were used to specificaily ampli@ 

mouse nebulin cDNA fiom a size fiactionated aliquot of 129 mouse neonatal cDNA. A 

specifïc PCR product was amplified fiom cDNA, consistent with the expected size of 477 

bp according to the available moue cDNA sequence (Fig. 2.1). This PCR product was 

cioned into the SmaI site of pBL SK and sequenced in fidi to ensure accurate cloning 

without mutations. The open reading fiame of the cDNA theoretidy encodes a 150 amino . 
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acid protein with an Mr of 17268 and a pI of 9.195. The amino acid sequence of the 

encoded protein is show in Fig. 2.2A. 

B. Cloned Rat and Chicken NebuIin cDNAs 

Using reverse transcription and low stringency PCR, nebulin cDNA were cloned 

fiom Sprague Dawley rat and Broiler chicken using the mouse nebulin cDNA specific Neb- 

F and Neb-R p h e r s .  The size of the RT-PCR arnplified products were consistent with that 

amplified fkom 129 mouse cDNA (Fig. 2.1). After cloning the PCR products into the 

EcoRV site of pBL SK, the inserts were sequenced to verify that they were nebulin cDNA. 

The rat nebulin cDNA was found to be 477 bp, encoding a 150 amino acid protein with a 

theoretical Mr of 171 18 and a pI of 9.288. By sequence cornparison, the protein encoded by 

the rat cDNA was found to be 95% identical to that encoded by the mouse cDNA. The 

primary structure of the chicken nebulùi cDNA was signifïcantly divergent from the mouse 

and rat cDNAs. Interestingly, the chicken cDNA encoded a 149 amino acid protein, with an 

Mr of 17251, but a signincantly différent pI of 8.309. The mouse, rat and chicken protein 

sequences encoded by the cloned cDNAs are shown aligned with the human nebulin 

sequence according to their highest identity. (Figure 2.2). Although the mouse and rat 

protein sequences encoded match best with a continuous stretch of human nebulin, the 

chicken protein sequence does not show a best match with a continuous stretch of human 

nebulin but shows best identity with two stretches of the human nebului sequence 500 

residues apah 



Figure 2.1. PCR amplification and cloning strategy for the mouse, rat and chicken 

nebuiin cDNAs. 

To clone nebulin cDNAs fiom various species, a single set of prirners was used in direct 

PCR reactions on double stranded cDNA or reverse transcriptase generated single strand 

cDNA templates. Following amplincation of the double stranded cDNA by PCR, the 

fhgments (as seen in the inset of the 0.9% agarose gel) were precipitated by ethano1 and 

ligated to digested pBluescript SK cloning vector. The cloned inserts were sequenced in full 

by dideoxy chain termination sequencing to verify the cloned cDNA inserts. 



PCR Xinpli licaiions 

From primcrs 1 and 2: 
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C. Mouse Nebulin cDNAs CIoned by Oügonucleotide Probe Screening of a Mouse 

Skeletal Muscle cDNA Library 

A 129 mouse skeletal muscle cDNA library contauiing 3 15 000 original PFU was 

constmcted in the Zap XE2 II phage. Skeletal muscle cDNA Library screening using the N38 

primer yielded 8 codïmed nebulin cDNA clones. Following autoexcision of the cDNA 

insert fiom the recombinant Zap XR II phage, partial sequencing of the 5' ends of the 

cDNA, cornbined with PCR sizing of the cDNA insert, provided the relationship of these 

nebulin cDNAs to the fidl length transcript. One cDNA clone, sk9-3, was confirmed to 

cover the 3' end of the nebulin transcript and contain the 3' untrans1ated region as weU as 

the polyadenylation signal (Table 2.1; Fig. 2.3). This clone provides an excellent tool to 

further investigate the fhction and characteristics of the COOH-terminus of nebulin. 

D. Cloned Chicken Nebulette cDNA 

According to the published partial cDNA 

oligonucleotide primas were synthesized for use in 

sequence of chicken nebulette, two 

RT-PCR reactions to amplify chicken 

nebulette cDNA encoding a protein of theoretical Mr 19251. A 535 bp cDNA was 

amplined by RT-PCR, digested with NdeI I EcoRI restriction endonucleases and ligated to 

similarly digested pAED4 expression vector DNA. This expression constmct was 

sequenced to codkm in-f'rame cloning of the nebulette cDNA to allow prokaryotic 

expression of the cloned message. The chicken nebulette cDNA is shown aligned near the 

3' end of the human nebulin transcript (Fig. 2.3) where it shows greatest amino acid 

identity. 



Figure 2.2. Amino acid cornparisons of the cloned mouse MSN-N4, rat RSN-N4 and 

chicken CSNON4 proteins with the human nebuün polypeptide. 

Following dideoxy chah temination sequencing of the cloned mouse, rat and chicken 

nebulin cDNAs (Fig. 2.1), the theoreticdy encoded protein sequences were compared for 

homology to the cornplete human nebulin polypeptide (Labeit and Kolmerer, 1995a). A) 

The redts  indicate >90% identity at the amino acid level between the trmslated mouse and 

rat cDNAs with a continuous sequence of the human nebulin polypeptide. B) The chicken 

nebulin cDNA encoded a protein which showed highest identity with two discontinuous 

sketches of the human nebulin polypeptide, i n d i m g  a signincantly different primary 

structure arrangement between chicken and human nebulins. Consewed residues are 

underlined, whereas non-conserved residues are in bold. 
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Clone Name cDNA Size 5' end of the cDNA 

Tabie 2.1. Isolated 129 mouse nebulin 3' cDNA* 

By oligonucleotide screening of a 129 mouse neonatai siceletal muscle cDNA library, eight 

nebulin cDNAs were isolated. The cDNA &es ranged fiom 1.8 to 2.8 kb, as determined by 

agarose gel electrophoresis of PCR ampiified inserts. The location of the 5' end of the 

cDNA with respect to the complete human nebulin sequence (Labeit and Kolrnerer, 1995a) 

is indicated. 



Figure 23. Schematic representation of the cloned nebulin and nebalette cDNAs with 

respect to the human nebulin mRNA map. 

The nebulin and nebulette cDNAs cloned in this study are depicted with their reIation to the 

complete human nebulin transcript which encodes multiples of the -35 amino acid motif 

(The regions encodhg the unique NH2- and COOH-termini of nebulin are shaded; Labeit 

and Kolmerer, 1995a). The MSN-N4 mouse nebulin and R S M 4  rat nebulin cDNA encode 

a four unit polypeptide showing high identity with a segment near the NH2-terminus of 

human nebulin. The chicken nebulin CSN-N4 cDNA shows best identity with nebuiin 

sequences upstream of the MSN-N4 region. The chicken nebulette cDNA (CCN-CS) 

encodes a five unit protein with best identiw to a stretch near the COOH-tenninus of human 

nebulin. Large, overlapping mouse nebulin cDNA clones covering the 3' region of the 

transcript were also isolated. 
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E. A Green Fluorescent Protein - Nebulin Fusion Protein for Eukaryotic Expression 

and In VNO Characterization. 

The nebulin cDNA sk9-3 was used as template for eukaryotic expression of the 

nebulin COOH-terminus. The nebulin cDNA was fused to a 5' template encoding the GFP 

protein to facilitate detection of the expressed fusion protein (Fig. 2.4). Using the pcDNA 

3.1 eukaryotic expression vector backbone and a 2.5 kb mouse slow troponin T promoter 

sequence, a eukaryotic expression construct was made. The advantages of the slow troponin 

T promoter over the cytornegalovirus promoter are twofold: i) the slow troponin T promoter 

provides a higher expression level in the C2C12 mouse myoblast ceU line as compared to 

the cytomegalovinis promoter (Ji et al., 1997), and ii) unlike the exogenous viral 

promoter, regdation of the slow troponin T promoter is differentiation dependent, 

providing a means of controlhg expression in the transfected cells. 



the 35 aa motifs 

Figure 2.4. A eukaryotic expression vector encoding a nebulin COOH-termhal 

hgment linked to Green Fluorescent Protein. 

Ushg the nebulin COOH-terminal encoding sk9-3 cDNA and a coding template for Green 

Fluorescent Protein (GFP), a eukayotic expression vector was constnicted for in vivo 

expression of the nebulin protein in mouse skdetal muscle myoblasts. A 2.5 kb fiagrnent of 

the slow skeletal muscle troponin T promoter was used to cirive expression of the GFP- 

.nebuIin fusion protein. A downstream bovine growth hormone polyadenylation signal 

(BGH PA) ensures proper processing of the mRNA transcript. 



DISCUSSION 

To provide genetic coding templates, cDNA encoding nebulin and nebulette was 

cloned. PCR, RT-PCR and radioactive oligonucleotide probe screening of a recombinant 

cDNA libmy all provided successfid redts  in cloning the desired nebului and nebulette 

sequences to be used for m e r  characterization. 

A. Conservation of Nebuiin Primary Structure Among Species 

Polymerase chain reaction using a single set of oligonucleotide primers (Neb-F and 

Neb-R) was successful in isolathg nebulin cDNA from mouse, rat and chicken, attesting to 

the consemation of the nebulin primary structure. Sequencing of mouse nebulin cDNA 

demonstrated hi& identity between the mouse and human nebulin mRNA transcnpts and 

an even higher identity at the amino acid level (Fig. 2.2). The high conservation noted 

berneen nebulin cDNA fiom various species indicates that nebulin or nebulin-like motifs, 

like those found in nebulette, are analogous structures with a well conserved function. 

B. A Divergent Chicken Nebulin Sequence 

Interestingly, the chicken nebulin cDNA isolated had a significady different 

primary structure as compared to the mouse and rat nebulin cDNAs isolated with the same 

set of prime=. Sequence cornparison showed that the chicken nebulin cDNA showed 

highest identity with two stretches of human nebului which were -500 residues apart. This 

is an interesthg observation regarding the genomic orgmhtion as weli as the primary 

structure organization of nebuün. Since the continuous chicken nebulin sequence best 

matched a discontirnous sequence of human nebulin, this indicates that the position of the 

repeating nebulin motifs dong the thin filament is not fixed, Le. a certain motif is not 

specinc for a certain region of the thin filament Instead, their positions are likely to be a 

result of nebulin's arrangement on the thin filament as a result of initial interactions 

between the unique a d o r  COOH-terminal regions with specified locations at either 

the pointed end of the thin filaments, or the Z line, respectively. 



CaAPTER THREE: 

CLONING OF MOUSE NEBULIN GENOMIC DNA 

INTRODUCTION 

The primary structure of ail eukaryotic proteins is encoded by exons within the 

gene. In many cases, the exon orgarüzation of the gene reflects the hc t ion  units or 

domains of the protein encoded. In this fahion, the organïzation of exons within a gene can 

provide invaluable information regarding avenues to pursue in characterizhg a protein's 

function. In the case of the large nebulin polypeptide, characterization of the complete 

protein is not feasible due to difficulties in p u r m g  native nebulin fkom muscle. For this 

reason, an understanding of the exon organi7sition will provide a basis to dissect the protein 

in an attempt to study the structure / h c t i o n  of nebulin units and attempt to extrapolate 

these results to the entire 

Cloning of nebulin genomic DNA also provides a necessary tool for fume NI vivo 

genetic manipulation, wherein gene targeting technology may be used to create nebulin 

deficient backgrounds and dlow the characterization of the protein through transgenic mice 

expressing various nebulin fhgments of interest. Standard molecula. biological methods 

and specifïc mouse nebuün cDNA will be used to isolate and clone mouse nebulin genomic 

DNA. To date, no information is published regarding the genomic organization of the 

nebulin gene. 

MATERIALS AND METHODS 

A. Northern BIot of Muscle RNA 

To assess the size and expression pattern of the mouse nebulin mRNA transcript, 

Northern blotting was done. To prepare the Northern blot membrane, total RNA fiom 129 



mouse 

earlier, 

MOPS 
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skeletal and cardiac muscle was prepared using the TRIzol reagent, as described 

To 10 pg (in 10 pL) of total RNA, 2 volumes of f o d d e  were added as weil as 

b s e r  to l x  (10x MOPS: 0.4 M MûPS, pH 7.0, 0.1 M NaOAc, pH 4.0, 10 m M  t 

EDTA) and fomaldehyde to 2 M. The mixture was denatured by heating to 80 ' C for 15 

minutes and then chilled on ice. The total RNA was separated at 3 mV/cm by a 15 cm x 15 

cm 1% agarose gel containing 2 M fomialdehyde, using lx MOPS b& as the ninning 

bufZer. Mer separation of the RNA, a replica of the gel was made by transferring the RNA 

onto nylon membrane by capillary action, according to the protocol described (Ausubel et 

al., 1995). Briefly, a bridge and a filter paper wick were placed on a dish containing 0.025 

N NaOH. The gel was then placed face d o m  on the papa wick, and the nylon membraney 

cut to the size of the gel, was pIaced overtop, followed by three pieces of Whatman filter 

paper and a 10 cm high stack of paper towels. A glas plate and weights were placed on top 

of the paper towels to ensure even weight for capillary transfer, whkh was allowed to 

proceed ovemight. Followhg overnight transfer, the membrane was rinsed in 6x SSPE and 

the RNA baked onto the membrane by incubating at 80 'C mtil dry. In all  steps, DEPC- 

treated water was used to inhibit RNase activity. 

B. Southern Blot Anabsis of Nebulin 

To idenfiSr the nebulin gene copy number, Southern blotting using the isolated 129 

mouse nebulin cDNA was perfoxmed. High molecular weight genomic DNA was prepared 

fkom 129 mouse spleen according to the method outlined (Ausubel et al., 1995). Brïefly, 

100 mg of fiozen spleen was minced in 2 mL of SDS Lysis b s e r  (0.1 M NaCl, 10 mM 

Tris-HC1, pH 8, 25 mM EDTA, 0.5% SDS, 0.1 mglmL Proteinase K) and incubated 

overnight at 50 ' C with shaking. The solution was centrifùged (200atpm/l W 4  ' C) in a 

clinical centrifuge and the supernatant recovered with a wide mouth pipet. This solution 

was extracted twice with an equal volume of pheno1:chloroform and chlorofom. To the 

aqueous phase fiom the last extraction, 0.5 volume of 10 M ammonium acetate, pH 7.4, and 

2.5 volumes of cold 100% ethanol was added to precipitate the high molecdar weight 
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genomic DNA. The m g y  precipitate was recovered around a 9" pipet, transferred to a 15 

mL tube and washed with 2 mL of 70% ethanol. The precipitated genomic DNA was 

resuspended in TE b e e r  to a nnal concentration of 1 pg/pL. The isolated hi& molecular 

weight genomic DNA was digested in separate 40 pg aliquots by 5 restriction 

endonucleases: BamHI, EcoRI, HinDIII, Pst1 and Xbd. The digestion reactions were 

analyzed by agarose gel electrophoresis to v e w  complete digestion of the high molecular 

weight DNA. The digested genomic DNA was separated by a 15 cm x 15 cm 1% agarose 

gel by ovemight ele~tro~horesis using a low potential difference (1 mV/cm). Digested 

DNA was tranderred to nylon membrane as per the protocol described for Northem 

blotting, Save for two modifications. The DNA separated by agarose gel electrophoresis 

was depurinated by shaking the agarose gel in 0.25 N HCl for 10 minutes and rinsed three 

times in double distilled H z 0  prior to transfer. In addition, due to the higher resistance of 

DNA to W H ,  0.4 N W H  was used for efficient transfer. 

C. Probe Prepamtion and Hybridiution of Northern and Southern Blot Membranes 

For both Southem and Northem blotting, high activity radioactive probes are 

necessary for clear results. The nebului DNA fhgment (100 ng) was denatured by boihg 

for 5 minutes in a mixture containhg 1 pg of random hexamers, 10 rnM Tris-HCl, pH 7.5, 

3 mM MgC12 and a dATP / dGTP / dTTP mixture (0.2 mM concentration of each). The 

tube was incubated on ice for 2 minutes and 50 pCi of a32~4abelled dCTP and 10 n i t s  of 

the KIenow fiagrnent of DNA polymerase 1 were added, providing a final 50 pL reaction 

volume. The reaction was aiiowed to proceed at room temperature for three hours. The 

labeLled DNA was separated fiom unincorporated a32~-labelled dCTP by gel filtration 

using a Bio-Gel P30 column (0.4 cm x 2 cm; Bio-Rad). Only probes labelled to a specific 

activity of greater than 5 x 108 d p m g  were used, as determined by scintiilation counting. 

The dried Northem and Southern membranes were prehybridized at 55 ' C for 6 hours in a 

sodium phosphate hybridization b s e r  (0.2 M Na2HPO4,l4 mM H3PO40.8 mM EDTA, . 

1% BSA, 5% SDS, 0.1 mglmL salmon sperm DNA, 30% formamide) followed by the 
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addition of the denatured, radiolabelled DNA probe. Dextran sulfate was added to 5% into 

the hybridîzation mixture to decrease the aqueous phase and increase hybridization 

efficiency. Hybridization was carried out at 55'C for 16 hom. The Northem blot 

membranes were washed with 0 . 1 ~  SSPE at room temperature and exposed to x-ray film at 

-70' C. Southem blot membranes were stringently washed to 0 . 1 ~  SSPE at 55 ' C before 

exposure to x-ray film at -70 ' C. 

D. Isolation of a hDasM Phage Containhg 129 Mouse Nebulin Genomic DNA 

To isolate nebulin genomic DNA, a 129 mouse genomic DNA library was screened 

by radioactive probe hybridization. The MSN-N4 mouse nebulin cDNA was cut fiom the 

pBL-SK plasmid by BamHI and EcoRI restriction enyme digestion and separated by 

agarose gel electrophoresis. The DNA m e n t  of interest was cut fiom the agarose gel and 

purified using the Prep-a-Gene DNA binding ma& (Bio-Rad). The purined DNA 

fiagrnent was randomly labelled with 32~-labelled dCTP for use as a radioactive probe in 

screening nylon fiter replicas of a genomic library. 

A 129 mouse genomic DNA library constructed in the îi Dash II phage was used to 

screen for a mouse nebulin genomic DNA firagment Based on the-averageksert size of the 

library (12 - 15 kbp), an aliquot of phage harboring inserts which total 1 . 5 ~  the mouse 

genome (3 x 109 bp) was plated out on 12 150 mm LB-agar plates. Briefly, an aliquot of 

phage equivalent to 2.5 x 105 plaque forming uni& was incubated with 1.44 mL of O.D.600 

= 1 .O E. coli MEW(P2) at 37 ' C for 15 minutes. The infected bacteria were then 

resuspended in 120 mL of 37' C LB-agar (LB-agar, per litre: 10 g tryptone, 5 g yeast 

extract, 10 g NaCl, 15 g agar). The top agar was spread evenly among the twelve plates, 

aliowed to set and incubated at 37 ' C for 8 hours. Once the individual phage plaques were 

visible, filter replicas were made fiom the plates as described before. The filters were seaied 

in a bag contaiuing 100 mL of prehybridization solution (30% (v/v) f o d d e ,  5x SSPE, 

5x Denhardt's solution, 100 pg/mL denatured salmon sperm DNA) and incubated at 50 ' C 
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for 6 hours, afkr which time the radiolabelled probe, once denatureci by boiling, was added 

to the immersed filters and incubated at 50'C for 16 hours. Following the hybridization 

period, the flters were washed successively at room temperature with lx  SSPE, 0 . 5 ~  SSPE, 

0 . 1 ~  SSPE, followed by washing with 0 . 1 ~  SSPE at 50 'C. The Glters were exposed to nIm 

ovemight to reved hybridization signais. For putative positive signais, a small ciradar agar 

window was recovered nom the original plate corresponding to the area of the signal. 

Hybridization screening was repeated until a pure population of the positive phage was 

isolated. 

The isolated phage was prepared in large amounts to recover the mouse genomic 

DNA insert. Six 150 mm plates were plated out using a phage:bacteria ratio of 1:200 and 

incubated overnight und complete lysis of the bacterial lawn by the positive phage. The top 

agar layer was recovered, 10 mL of SM b a e r  was added and the mixture vortexed to break 

up the agar and completely elute the phage into the SM buffer medium. The mixture was 

centrifuged (1 0000rpdl O d 4  ' C/JA14 rotor) and the aqueous layer containing the phage 

was recovered. The phage solution was layered onto a CsCl step gradient (1.3 glmL (5 mL), 

1.5 g/mL (5 mL), 1.7 glmL (8 mL)) and centrifuged for 2.5 hours at 26000 rpm using a 

Becluna. SW28 rotor. FoUowing centrifugation, the phage DNA, now layered at the 1.5 

g/mL 1 1.7 g/mL CsCl interface, was recovered using a 9" giass pipet The recovered phage 

DNA was condensed into a smaller volume by centrifugation at 46000 rpm for 20 hours at 

4'C in a Ti50 rotor by overlaying 1.5 g/mL CsCl on top of the collected phage DNA 

solution. FolIowing centrihgation, the phage DNA band was coliected and dialyzed against 

500 volumes of TE bufEer with three changes. The phage DNA solution was then extracted 

twice each with equal volumes of pheno1:chloroform and chlorofomi. To the extracted 

phage solution, 0.5 volume of 10 M ammonium acetate, pH 7.4, and 2.5 volumes of cold 

100% ethanol was added to precipitate the phage DNA. The precipitated DNA was 

recovered as described earlier. 



E. Subcloning and Partial Seqaencing of Nebulin Genomic DNA 

The isolated phage DNA was digested with EcoRI and BamHI restriction 

endonucleases to subclone the mouse genomic DNA into smaller overlapping DNA 

fragments. FoIlowing digestion, an aiiquot of the digestion reaction was analyzed by 

agarose gel electrophoresis to visualize the restriction enzyme generated DNA m e n t  

sizes. The digested phage DNA was ligated to a similarly digested pBL-SK vector which 

had k e n  dephosphorylated by calf intestinal alkaline phosphatase (1 unit / 10 pmol of 

phosphorylated DNA ends for 1 hour at 37 ' C) to minimize non-recombinant self ligation 

of the vector. The ligation reaction catalyzed by 1 unit of T4 DNA ligase was lefk ovemight 

at 14 * C and used to transform E. coli JM109 competent cells, as previously described. 

Recombinant E. coli colonies fiom the initial plating out were seeded and expanded 

on LB-agar plates to allow ovemight growth. The bacteriai smear was resuspended in 20 

pL of water and extracted with an equal volume of pheno1:chloroform. The total DNA 

extracted into the aqueous layer was resolved by agarose gel electrophoresis to visualize the 

supercoil size of the recombinant vector. Recombinant vectors in the size range expected 

were chosen for small scale preparation. The prepared vectors were partially sequenced, 

followed by a hornology search using the NCBI DNA database to ensure that the inserts 

cloned were not restriction enyme digests of the E.coli genome. Recombinant vectoa 

containing sequences which show homology to nebulin or mouse intron sequences were 

M e r  sequenced by preparing restriction endonuclease deletion clones or serial nested 

deletion sets using an Exonuclease III-based nested deletion kit (Promega). 



A. Northern AnaIysîs using Nebulin cDNA Indicates a Skeletal Muscle Specific 

Transcript 

The mouse nebulin MSN-N4 cDNA was used as a probe in Northern blotting to 

verify the transcript size of the mouse nebulin mRNA as well as to M e r  characteriz the 

cloned moue nebulin MSN-N4 cDNA. Northern blotting using total RNA extracted fiom 

129 mouse skeletai and cardiac muscles indicated a positive transcript in skeletal muscle 

RNA (Fig. 3.1) migrating in the limiting mobility region of the agarose gel, consistent with 

the large size of the nebuiin mRNA transcnpt (Labeit and Kolmerer, 1995a). No probe 

positive tmnscript was identified in total RNA extracted fiom cardiac muscle. 

B. Southern Blot Anaiysis of the Nebulin Gene Shows a Single Copy in the Mouse 

Genome 

The mouse nebulin MSN-N4 cDNA probe was used in Southern blots of mouse 

genomic DNA to verify the nebulin gene copy number. The copy number of a gene is 

important to ensure accurate cloMg of the gene, as duplicate copies or partial duplications 

of the nebulin gene in the genome may be revealed by Southern blotting. The nebuiin 

cDNA probe identified single bands in all five redction enzyme digested genomic DNA 

sets: BamHI, 4.1 kb; EcoRI, 8 kb; HinDm, 6 kb; PSI, 8 kb; and XbaI, 1.7 kb. This pattern 

is consistent with the mouse nebulin gene being a single copy gene (Fig. 3.2). 



Figure 3.1. The large nebulin mRNA transcript is specific to skeletal muscle. 

Northern analysis of 129 moue skeletal and* cardiac muscle total RNA using the 129 

mouse MSN-N4 nebulin cDNA probe identified a single RNA transcript significantly 

greater than 9000 bases and present in the limithg mobility region of the agarose gel. The 

size of the mRNA species is consistent with the large size of the corresponding nebulin 

polypeptide. The Northern analysis did not identify a transcript in total RNA fiom 129 

mouse wdiac muscle total RNA, indicating that the mouse nebulin and nebulette 

transcripts do not share signincmt identity in this region. 



C. Isolation of Nebulin Genomic DNA Indiutes a Conserved Exon / lntron Boundary 

A 7c Dash II phage N6-1 containing a mouse nebulin genomic DNA m e n t  was 

isolated. The phage DNA was digested by restriction endonucleases to give the foUowing 

cents: BamHI, 6 kb, 3 kb, 0.8 kb; EcoRI, 5.3 kb, 5.1 kb, 3 -4 kb, 1.6 kb. The EcoRI 

fhgments of 5.3 kb (E5.3), 5.1 kb (E5.1) and 3.4 kb (E3.4) were subcloned into pBL SK. 

Restriction enzyme m e n t s  from the subclones E5.3 and E5.1 were sequenced to ident* 

nebulin exons. Subclone E3.4 was sequenced in full by generating Exonuclease III nested 

deletions to facilitate sequencing of the large h g m e n t  DNA sequencing revealed the 

structure of representative nebuIin exons and their introdexon junctions (Fig. 3.3). The 

introdexon junctions were conserved and occurred in the conserved S m  pentapeptide, 

precisely two amino acids before the tyrosine residue (Sx / =Y). This splichg junction was 

dso conserved in exons identified fiom partial DNA sequencing of the rehction 

endonuclease subclones of E5.3 and E5.1 (data not shown). Of the nebulin exons identified, 

al l  were found to encode either 1 or 2 full motifs (Fig. 3.3). 



1.0 kb* 

Figure 32. A single copy of the nebulin gene in the mouse genome. 

The 129 mouse nebului M S W 4  cDNA identified single bands in restriction endonuclease 

digested 129 moue genomic DNA: B& (4.1 kb), EcoRI (8 kb), HinDïII (6 kb), PstI (8 

kb) and XbaI (1.7 kb). The restriction hgment lengths are consistent with the nebulin 

transcript being the product of a single gene. 



Figure 3.3. Exon map of a nebulio genomic DNA fkagment and cornparison of nebuiin 

exons with the proposed nebulin moW. 

From the isolated AN6-1 phage, a 3.2 kb nebuün genomic DNA fragment E3.4 was 

subcloned and sequenced in full to identify nebulin exons. Two exons were identifie4 with 

exon A encoding 72 amino acids and exon B encoding 35 amino acids. The amino acid 

sequences of the two exons are shown continuously, with the med arrowheads indicating 

the exonfintron junctions. Exon B encodes a 35 amino acid exon encoding a single motif, 

and is proposed to encode the minimum hctional unit of nebulin. The white arrowheads 

point to dissection points of the nebulin motifs based on previous assumptiom of nebulin's 

hctional unit (Jin and Wang, 1991qb). The results show that nebului exons encode 

multiples of a -35 amino acid motif which is shifted when compared to the previously 

proposed nebulin hctional unit 



c-- Proposed Single Motif 
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DISCUSSION 

In this chapter, mouse nebulin genomic DNA was cloned to investigate the exon 

organhtion of the gene, the copy number of the gene, and also to provide genetic materials 

for future in vivo genetic manipulations of the mouse nebulin gene. 

A The Singie Copy Nebuiixt Gene Cenerates a Single rnRNA Trnnscript 

Northem andysis of total RNA extracted fiom skeletal and cardiac muscles of 129 

mouse indicated a nebulin MSN-N4 cDNA specific transcript to be present only in skeletal 

muscles. This, combined with Northern analysis of cardiac muscle total RNA with nebulin 

cDNA probes covering the 5' and 3' untranslated regions of the human nebuün transcript 

(Labeit and ~olkerer ,  199%) indicates that the nebulin gene encodes a single mRNA 

species, specific to skeletal muscle. Further analysis of the nebulin gene by genomic DNA 

Southem blotting demonstrated that nebulin is a single copy gene in the mouse genome. 

B. The Exon / Intron Junctions of Nebnlin Exons are Conserved 

A -15 kb mouse nebulin genomic DNA fi=agment was isolated by sreening a 129 

mouse genomic library with the radiolabelled MSN-N4 mouse cDNA. Partial sequencing of 

restriction endonuclease subclones, as weii as full sequencing of a limited segment of this 

genomic DNA, identified mouse nebulin exons encoding a segment of the repeating region 

of the nebuün mRNA transaïpt. Al1 exons identified had a conserved splicing site two 

amino acids prior to the tyrosine residues in the conserved SxxxY pentapeptide motif (Fig. 

3.3). The high conservation of this splicing site likely indicates that the conserved 

penbpeptide marks the beginning of the nebulin f'unctional unit. Further, the identification 

of an exon encoding a single -35 amino acid motif is a iikely indication that this is the 

minimum required peptide for nebulin's hction.  This is an important factor for a protein 
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like nebulin, which is comprised almost exclusively of the repeating -35 amino acid motifs, 

and provides a logicd dissection point for the polypeptide. 
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CHAPTER FOUR: 

EXPRESSION AND PURIFICATION OF NEBULIN AND NEBULE= 

FRAGMENTS 

Recombinant DNA technoiogy d o w s  the use of cDNA in expressing cloned 

proteins in prokaryotic or eukaryotic hosts. Because of the large s ix ,  insolubility and 

diniculty in p-ing native, intact nebulin, studies characterizhg the protein must work 

through protein fragments. The use of cDNA engineering allows the researcher to set and 

design the protein for expression, dowing direct testing of experirnental models and 

hypotheses. 

Previous work in expressing cloned nebulin fragments has documented their 

tendency to be insoluble when expressed, being found in the inclusion bodies of the 

bacterial lysate (Jin and Wang, 1991qb). Although relatively easy to pur@, the insolubility 

of the proteins creates difficulties in m e r  characterization. It is especially difncult to 

obtain high resolution structure determination by techniques such as x-ray crystallography 

and nuclear magnetic resonance spectroscopy, which prirnarily require protein solutions of 

-1 m M  concentration. No data are yet available regarding the expression of cloned 

nebulette proteins. 

The cDNA encoding mouse nebulin MSN-N4 as weU as the chicken nebulin CSN- 

N4 and nebulette CCN-CS will be used to advantage in expressing cloned protein in the 

E-coli prokaryotic h o a  Effective pinification of the cloned proteins will provide sdficient 

material for in viho characterization assays, as well as for use in generating an antisenim 

against the nebulette proteh 



MATERIALS AND METHODS 

A. Expression and Purification Protoc01 for Cloned Mouse Nebalin MN-N4 

The full length M S W 4  cDNA was ligated in-frame into the T7 RNA polymerase- 

based pAED4 vector for expression in BL2 1 (DE3)pLysS E. eoli (Shidier et al., 1 990). The 

mouse MSN-N4 cDNA encodes a four motif nebulin polypeptide. To ensure correct 

expression of the nebulin protein, a smail trial induction was done using the c o n s ~ c t s  pnor 

to a large scde protein purification. A 2 mL aliquot of NZ medium (NZ media: per litre, 10 

g casein hydrolysate, 5 g NaCl) containing 100 pg/mL ampicillin and 25 pg/mL was 

inoculated with BLZl(DE3)pLysS E. coli transformed with the expression construct. The 

culture was incubated with shaking at 37'C until O.D.600 = 0.4, half the culture was 

induced by the addition of 0.3 m M  IPTG, and alIowed to grow an additional 3 hours. After 

induction, the cells were pelleted and lysed in 3x SDS gel sample b&er (3x Buffet: 150 

mM Tris-HCI, pH 6.8, 6% SDS, 0.3% bromophenol blue, 30% glycerol, 15 mM P- 
mercaptoethanol) and resolved by sodium dodecyl sullàte polyacrylamide gel 

electrophoresis (SDS-PAGE) ( L a e d ,  1970) by a 12% gel with an acrylamide to 

bisacrylamide ratio of 29:l and a staekuig gel of 4%. Induced and iuiinduced samples were 

resolved by SDS-PAGE and compared to detennine if a-protein in the expected sïze range 

was overexpressed. 

The expression plasmid construct MSN-N4 encodes a 4 unit nebulin protein toward 

to the NH2-terminus of the fidl length polypeptide. FoUowing confirmation of the sequence 

and trial expression of the protein, the expression plasmid was fkeshly transfomed into 

chloramphenicol resistant E. coli BL21 pLyS cells, and 4 individual colonies were used to 

inoculate 4 L of NZ medium containing 100 pg/mL ampicillin and 25 pg/mL. After 

overnight incubation at 37 C with shaking, the culture was induced with 0.3 mM IPTG at 

O.D.600 = 0.65 and grown for a M e r  3 hours. The bacteria were harvested by 

centrifugation (900ûrpm/15 minlJAlOI4 'C) and lysed by three passes through a French 
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press ceII at >700 p.s.i. The cell lysate was centrifûged (1000OrpII]/15 min/JA14/4 ' C) and 

the supernatant separated fiom the inclusion body pellet The inclusion body pellet was 

solubilized by stirring in 80 mL of 6 M urea, 20 m M  Unidazoie, pH 7, 1 rnM EDTA at 4 ' C 

for 30 minutes. This fiaction was loaded onto a 10 cm x 2.5 cm CM52 column equi1ibrated 

in the same buffer. Elution fiom the column was by a linear gradient of O - 400 mM KCI in 

the equilibration buffer. The A280- peaks of the eluate were analyzed by 12% SDS- 

PAGE, and those containing the protein of interest were collected, dialyzed to equilibrium 

aga% 4 L of 0.1% formic acid for three changes and Iyophilized. 

B. Immunological Reactivity of the Purined MSWN4 Mouse Nebulin Protein 

Fragment 

The nebulin nature of the purifïed mouse nebulin protein was verifïed by enyme 

linked immunosorbant assay (ELISA) using an antibody specific to nebulin. The moue 

nebulin MSN-N4, chicken nebulin CSNON4 and chicken nebulette CCN-CS proteins were 

diluted to 5 pg/mL in ELISA coating buffer (40 mM Na2C03,60 mM NaHCOj, pH 9.8) 

and 100 pL of this solution were aliquoted into triplicate weUs of a 96 well ELISA plate 

and allowed to coat overnight at 4 'C. The wells were washed once with PBS containing 

0.05% Tween-20 (PBS-T) and blocked by incubation at room temperature for two hours 

with 150 jL of PBS plus 1% BSA and 0.05% Tween-20 (PBS-B). The weils were then 

washed twice with PBS-T and incubated at 37 ' C for two hours with 100 pL/well of serial 

dilutions of the nebulin specific monoclonal antibody Ne105 (unpubfished results) made in 

phosphate buffered saline (PBS; 137 m M  NaCl, 2.7 mM KH2P04,8.0 m M  Na2HP04, pH 

7.4) plus 0.1% BSA and 0.05% Tween-20 (PBS-P). FolIowing primary antibody 

incubation, the plates were washed three times with PBS-T and incubated at 37 'C for 50 

minutes with 100 ~J.L of a 1/1500 dilution of horseradish peroxidase conjugated goat anti- 

mouse IgG second antibody (Sigma). FolIowing wasbing with PBS-T, 100 pL per welI of 

0.04 % (wfv) Hz02 - 2~-azinobis-(3-ethylbeIlzthia~olinedfonic acid) (ABTS) substrate 

in 0.1 M citrate bufKer, pH 4.0, were added to develop the horseradish peroxidase mediated 
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color reaction monitored by recording A405- using a Benchplate Microplate reader (Bio- 

Rad). Microtitre wells coated with 5 pg/mL BSA were used to verify the specifxity of the 

monoclonal antibody and provide a negative control. Shident's T test was used to determine 

the statistical signincance of the cuves versus the negative control BSA c w e .  

CI Purification of the Cioned Chicken Nebuh CSNON4 and Chicken Nebulette CCN- 

CS Proteins 

Using either the pAEDeCCN-CS chicken nebulette expression construct or the 

chicken nebulin pAED4-CSN-N4 expression construct, E. coli BL21 pLysS cells were 

transformed and allowed to grow until the colonies were just visible. Four fiesh colonies 

were chosen to inoculate 4 L of NZ broth containing 100 pg/mL ampicillin and 25 pglmL 

chloramphenicol. The cultures were incubated ovemight at 37'C with shaking until 

0.D.600 = 0.8, at which t h e  protein expression was induced by the addition of WTG to 0.4 

mM. Following three houn of growth, the bacteria were harvested and lysed by three 

passes through a French press at >700 p.& Successive ammonium sulfate cuts from O - 
30% saturation and from 30-50% saturation were taken fiom the bacterial lysate. The 30%- 

50% ammonium sulfate precipitation pellet was resuspended in 30 mL of 20 mM 

imidazole, pH 7, 1 mM EDTA, 15 mM P-mercaptoethanol and dialyzed against 4 L of 20 

mM imidazole, pH 7,1 m M  EDTA, 15 mM P-mercaptoethanol with two changes at 4 hou  

intervals. To the diaiyzed fiaction, urea powder was added to 6 M, the pH was adjusted to 7 

and the solution was clarifïed by centrifugation (1200ûrpm/15min14 ' C/JA14). The 

supernatant was Ioaded onto a 100 mL (2.5 cm x 20 cm) CM52 column equilibrated with 6 

M urea, 20 mM imidazole, pH 7, 1 mM EDTA, 15 mM f3-mercaptoethanol. A KCI gradient 

of O - 400 mM in the equilibration buffkr was used to elute the nebului or nebulette protein 

fiom the column. Fractions containing the protein of interest, as analyzed by 12% SDS- 

PAGE, were collecte& dialyzed against 4 L of 0.1% formic acid (three changes) and 

lyophilized. Pure chicken nebulette or nebulin was obtained fkom the cation exchange 

co~umn. 



D. Puridication of Thin Filament Proteins 

D.1. Purification of F-acth 

For use in in virro binding assays, fiesh F-actin was prepared fiom rabbit psoas 

muscle acetone powdk. Two grams of acetone powder were extracted at 4'C for 30 

minutes with 60 mL of extraction b e e r  containhg 2 mM Tris base, 2 mM CaC12,02 mM 

ATP and 0.5 mM dithiothreitol. Following extraction, the suspension was centrifbged 

(1025OrpmD5d4 ' C/JA17) and the supematant fiitered through Whatman #5 filter paper. 

To the filtered supematant, KCI was added to 50 mM and MgCl2 added to 2 mM and the 

solution was s t h d  at room temperature to precipitate F-actin. After one hour, the KCl 

concentration of the solution was increased to 0.9 M and stimed for a fiirther two hours at 

room temperature. The suspension was centrifuged for 16 hours (29000rpd4 ' CTîi55) and 

the supematant discarded. The pellet was rinsed with a minimal volume of extraction buffer 

and then solubilized in 4.5 mL of extraction buffer. The actin suspension was dialyzed 

overnight with two changes against 2 L of extraction buffer and then centrifuged for two 

hours (45000rpm/4' CiIï55) to pellet insoluble materials The supernatant containing G- 

actin was recovered and four 1/20 dilutions were used to quanti@ the G-actin by measuring 

A280yJm7 using a 1 mg/mL extinction coefficient of 1.1. The G-actin was polymerized to F- 

actin by dialysis overnight at 4 ' C with two changes against 4 L of 20 mM imidazole, pH 7, 

3.5 mM MgC12,6.5 mM KCl, 0.5 mM EGTA, 0.5 mM dithiothreitol and 0.01% NaN3. For 

long term storage at -20 'C, the F-actin was dialyzed against an equal volume of 100% 

glycerol. Purity of the F-actin preparation was detemiined by 12% SDS-PAGE. 

D.2. Preparation of the Troponin Complex 

Troponin was reconstituted from its individual subunits by a modification of the . 

method described in Tobacman and Lee (1987). Chicken breast troponin T, troponin 1 and 
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troponin C were mixed in a 1 : M.4 moIar ratio in a minimal volume of 4.6 M ma, 50 mM 

Tris-HC1, pH 8.0, 1 M KCI, 1 mM dithiothreitol, 0.01% NaN3, 50 p M  CaC12. A greater 

molar ratio of troponin C is included to compensate for loss of the small protein during 

dialysis. The mixture was W e r r e d  to dialysis tubing and dialyzed for 8 hours at 4' C 

against 100 volumes of the same bufEer. The subunits were then dialyzed against 100 

volumes of 2 M urea, 50 rnM Tris-HC1, pH 8.0, 1 M KCI, 1 mM DTT, 0.01% NaN3, 50 

pM CaC12. The denatured troponin subunits were gradually renatured by decreasing the salt 

concentration of the dialysis bufférs, promoting troponin complex formaton. The 

subsequent two dialyses were against 100 volumes of 20 mM imidazole, pH 7.0, 1 m M  

dithiothreitol, 0.01% Naw, 50 ph4 CaC12 containing 1 M and 0.1 M KCI, respectively. 

The 

7.0, 

The 

troponin complex was then dialyzed against the ATPase buffier (20 mM imidazole, pH 

6.5 mM KCl, 3.5 m M  MgC12, 1 m M  DTT, 0.01% NaN3) containing 50 p M  CaCI2. 

renatured troponin complex was separated fkom any fiee subunits by gel filtration 

using a 100 cm x 2.5 cm G75 column (Pharmacia) running at 0.5 mL/min with the ATPase 

buffet plus 50 ph4 CaCi2 as the nuining bufTer. Fractions containing the stoichiometric 

troponin subunits were identified by SDS-PAGE analysis of the single A280nm peak which 

revealed the troponin complex to be stoichiometnc in its subunits. The dilute troponin 

solution was concentrated using Millipore Ul-e 30 kDa molecular weight cut off 

centrifiigal filters. The concentration of the troponin complex solution was detemiined by 

absorbance (E280 Img/mL = 0.45; Mr = 70 000) and the stoichiometry of the subunits was 

codhmed by 12% SDS-PAGE. 

RESULTS 

A Rapid Purification of Mouse Nebnün MSN-N4 

The mouse nebulin MSN-N4 cDNA encoded a 150 amino acid protein with a 

theoretical Mr of 17268 and a pI of 9.195. Following harvesting and breaking of bacteria 

with a French press, the lysate was centrifuged and a signincant amount of inchsion bodies 

were observed as they separated fiom the lysate supernatant. The inclusion body pellet was 
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solubilized in urea and the basic mouse nebulin protein effectively bctionated fiom other 

contaminant proteins by a cation exchange column running at pH 7. Owing to the high 

expression level and mpid purification procedure, 36 mg of MSN-N4 protein was purified 

fiom 4 L of bacteriai culture (Fig. 4.1). 

B. Purincation of Chicken Nebuh and Nebulette Fragments 

A four motif chicken nebulùi protein and a five motif chicken nebulette protein 

were expressed in E.coli BL21 pLysS. Afier lysing the harvested bacteria, the 

overexpressed proteins were present in the soluble fiaction and initidy separated fiom 

bacterid proteins by precipitation in the 3040% ammonium sulfate saturation pellet The 

cloned nebulin and nebulette proteins were effectively separated fiom the remaining 

bacterial contambnts by CM52 chrornatography at pH 7.0. Both proteins showed hi& 

level expression (Fig. 4.1) and effective purification protocols provided 24 mg of CSN-N4 

and 18 mg of CCN-CS protein fiom 4 L of culture for M e r  structure / function studies. 

C. Authenticity of the Expressed Nebulin and Nebulette Proteins to be used for 

Characterization 

The authenticity of the mouse nebulin MSN-N4 and chicken nebulette CCN-CS 

proteins were verified to ensure accurate cloning and expression of the proteins. 

Immunologicd techniques and amino acid analysis was used to v a  the authenticity of 

the cloned proteins. This is an important step as the mouse nebulin MSN-N4 and chicken 

nebulette CCN-CS cloned proteins wiU be used in subsequent fûnctional assays. 
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Figure 4.1. Expression leveis and p d e d  nebulin and nebulette fragments. 

SDS-PAGE analysis of large scale E-coli BL21 pLysS cultures transformeci with expression 

vectors encoding the chicken nebulette (CCN-CS), chicken nebulin (CSN-N4) and mouse 

nebulin (MSN-N4) protein fkgments. Upon induction with IPTG, all duee bacterial 

cultures showed overexpression of the distinct proteins encoded by the expression vector. 

The expressed proteins were effectively purified as described in Materials and Methods to 

provide abundant protein for structure / f'unction studies. 



Cmlm A Moue Nebulin Derived Cloned Protein 

The expressed and purifïed mouse MSN-N4 nebulin protein was characterized for 

authenticiv by ELISA using a nebulin specinc monoclonal antibody Ne105 (unpublished 

resdts). As compared to the negative BSA control, the monoclonal antibody showed 

specinc reaction with the expressed mouse nebulin protein (P < 0.05), indicating correct 

expression of the cloned cDNA (Fig. 4.2). In the same experirnent, the monoclonal 

antibody did not show a cross-reaction to the cloned chicken nebulin CSN-N4 protein or 

the chicken nebulette CCN-CS protein as compared to the system negative control (P > 

0.05). 

C.2. Authenticity of the Cloned Chicken Nebulette Fragment 

The cloned chicken nebulette CCN-CS protein was verifïed for correct expression of 

the cDNA by amino acid analysis of the purified protein. As seen in Table 4.1, a very close 

correlation between the theoretical amino acid composition and that determined by amino 

acid analysis was demonstrated. This verifies the expression of the correct chicken 

nebulette protein fkgment and the effective purification protocol, providing a tme cloned 

nebulette protein for characterization. 

D. Efficient Preparation of F-actin and Troponin 

F-actin was prepared fiom rabbit psoas muscle acetone powder. Actin was separated 

from tropomyosin and myosin, two major contamhants, by uiitially extracthg the soluble 

actin fiom the acetone powder in low ionic strength b a e r  to prevent extraction of 

tropomyosin and myosin. The extracted actin was then precipitated in the absence of ATP 

while solubilizing con tmhmts in high ionic strength buffer. Puified G-actin was then 

repolymerized to F-actin in the presence of ~ ~ 2 +  and absence of ATP. From 2 g of acetone 
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Figure 42. A nebulin specifîc monoclonal antibody specificaily identifies the cloned 

mouse MSN-N4 nebulin protein. 

in indirect ELISA experiments using a monoclonal annidy Ne105 raised agauist a cloned 

human nebulin protein, the cloned mouse MSN-N4 protein was specincally identifie4 

attesting to the correct expression of the cloned nebulia cDNA. The monoclonal antibody 

did not identify the cloned CSNON4 chicken nebulin or CCN-CS chicken nebulette proteins. 



Amino Acid Erpected Recovev ExperimentaZ Recovery 

(residuedmo~ (residues/mol) 

Asparagine + Aspartic Acid 17 15.9 

Threonhe 10 8 -9 

Serine 15 12.8 

Giutamine + Glutamic Acid 28 27.8 

Proline 9 8.6 

Glycine 4 9.8 

Alanine 6 9.0 

Valine 17 15.8 

Methionine 4 2.7 

Isoleucine 13 11.7 

Leucine 4 6.2 

Tyrosine 6 6.1 

P henyt alanine 2 2.1 

Histidine 5 5.1 

Lysine 18 17.1 

A r m e  12 11.2 

Cysteine 1 O 

Table 4.1. Amino acid analysis verifkation of the cloned chicken nebtdette CCN-CS 

protein. 

The amino acid analysis of the purified chicken nebulette CCN-CS protein showed a high 

correlation with the theoretical amino acid content as predicted fiom the cDNA sequence. 

The results indicate accurate expression of the cioned cDNA and an effective purification 

pmtocol to provide a highly pure protein sample. 
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powder, the protocol yielded 15 mg of pure F-actin., as detennined by 12% SDS-PAGE and 

spectrophotometry. 

Troponin complex was reconstituted using the three subunits of chicken skeletd 

muscle troponin. Although relatively insoluble individually in low salt buffiers, troponin I 

and troponin T were soluble in the low sait ATPase buf6ier once renatured in the troponin 

cornplex. Gel filtration of the dialyzed troponin revealed a single A2gonm peak, indicating 

that ail three subunits had reconstituted into the complex. The gel filtration eluate was 

concentrated by ultrafïItration, providing pure, stoichiometricalIy correct troponin complex 

for use in in vitro experiments, as detemiined by 12% SDS-PAGE. 



Three cloned nebulin or nebulette proteins were expressed in E. coli and effectively 

pmifïed by rapid methods. Of the three cloned proteins, the chicken nebulin (CSWN4) and 

chicken nebulette (CCN-CS) proteins were soluble at concentrations as high as 10 mg/mL 

or roughiy 0.5 mM. In con- the mouse nebulin hgment (MSN-N4) was soluble ody at 

concentrations below 15 pM7 consistent with the human nebulin hgments previously 

expressed (Jin and wa& 1991a,b). This merence in solubility between the expressed 

moue and chicken proteins is surprisin& considering that all are composed of the well 

conserved -35 amino acid motifs. Although the solubility of the chicken nebulin and 

nebulette protein fkgments is high, this can not be assumed for the intact proteins since 

experimental data have shown them to be relatively insoluble and difficult to extract £iom 

muscle (Moncman and Wang, 1995; Wang, 1982; Meng et al., 1995). It remains possible 

that certain stretches of the intact nebulin or nebulette proteins are soluble when cloned and 

expressed individually. 

The authenticity of the mouse nebulin MSN-N4 and chicken nebulette CCN-CS 

proteins to be M e r  chmcterized in this study were verified. Specific antibody interaction 

and amui0 acid analysis demonstrated accurate expression of the cloned cDNA, providing 

authentic, representative nebulin and nebulette proteins for functional characterization. In 

addition, effective adaptation of published protocols allowed rapid and efficient purification 

and preparation of F-actin and troponin complex for use in in vitro binding assays, as weli 

as for regulated and unregdated acto-myosin S 1 ATPase assays. 



CHAPTER FIVE: 

SPECIFIC ANTIBODY PRODUCTION AND TISSUE CULTURE 

Antibodies are important tools in investigating protein - protein interactions, as well 

as following protein expression through development and demomtrating tissue-specific 

expression of proteins. To study the expression pattern of the novel nebulette protein, a 

specinc antiserum will be generated, using the chicken nebulette m e n t  as an 

immunogen. The chicken antigen has advantages as it is fkom a distinct phylum and 

therefore evolutionarily separate fiom mouse, allowing a greater chance of high titre 

antibody production. 

Immunoelectron microscopy studies of nebulin using specinc monoclonal 

antibodies have shown the protein to be rigid in the fiamework of the thin filament, with the 

NH2-terminus of the protein pointing towards the M line of sarcomeres (Wang and Wright, 

1988). The COOH-terminus of nebulin appears to be anchored at the Z line of sarcomeres, 

but epitope mapping using NH2-terminus specific antibodies has demonstrated that the true 

W2-terminus of nebulin may surpass the length of the thin fiIrnent (Wang and Wright, 

1988). Immunoprecipitations using anti-nebulin monoclonal antibodies cross-reacting with 

nebulette demonstrated a single immunoreactive band of 107 kDa (Moncman and Wang, 

1995) in cardiac muscle extracts. Iinmunofluorescence microscopy with the same 

antibodies has shown 1-2-1 region staining in the cardiac muscle sarcomeres. The 

immunoreactive proteins were reported to be resistant to extraction conditions which 

removed the thick filament or both the thin and thick filaments. There are no data available 

regarding the orientation of the NH2- and COOH-termini of the nebulette protein with 

respect to the sarcomere. 

In this Chapter, the generation of a specific antismim against the cloned chicken 

nebulette CCN-CS protein is described. The specificity of the antisenim, dong with SDS- 

PAGE conditions to advantageously resolve proteins over 100 ma, have shown that two 
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nebulette isoforrns can be identified in cardiac muscle extracts The protein is expressed 

throughout development and exhibits different expression patterns in the four chambers of 

the bovine kart. Further, a mouse nebulin eukaryotic expression constnict wiU be 

transfected into C2C12 mouse myoblast ceH line to provide an in vivo system for fuhue 

characterization, 

MATEXMLS AND METHQDS 

A Generatïon of a Specifk AntiSenim Against Nebulette 

Using the purified chicken nebulette CCN-CS protein, one female Balb/C mouse 

was immimized to generate an antiserum specific for nebulette. For the primary 

imrnunization, 200 pg of the antigen in 200 pL of PBS was made into a water in oil 

immersion using an equd volume of Freund's complete adjuvant. ImmUni7lrtiorts were 

administered intraperitoneally. Subsequent boosts using 100 pg of the purified protein were 

made at three week intervals using Freund's incomplete adjuvant To determine the semm 

titer and specificity of the antisenim generated, 20 pL of blood was collected fiom a small 

incision in the mouse tail. The blood was allowed to clot overnight at 4' C and the s e m  

separated by centrifugation (2000g/5min). CoUected semm was diluted by an equal volume 

of 100% giycerol for storage at -20 ' C. The s e m  was used for indirect ELISA against the 

chicken nebulette antigen coated on ELISA plates, as previously described in Chapter Four. 

To test a possible cross-reaction of the CCN-CS antisenim against the MSN-N4 and 

CSN-N4 cloned nebulin proteins, indirect ELISA was done. BSA, MSN-N4, CSN-N4 and 

CCN-CS were dissolved in ELISA coating buffer to 5 pg/mL and coated (100 Wwell) in 
b 

triplicate wells of an ELISA plate overnight at 4'C. After washing and blocking as 

described before, the wells were incubated for two hours at 37 ' C  with serial dilutions of 

the CCN-CS antiserum (100 pL/weU) in PBSP. After incubation with 1/1500 dilution of 
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horseradish peroxidase labelled goat anti-moue IgG second antibody iluted in PBS-P, 

H202-ABTS substrate was added and the color development monitored as before. 

B. Immuno-identification of Nebulette in Species and Through Development 

To monitor nebulette expression, Western blots were done using the specifk anti- 

nebulette antisenun on developing or mature cardiac muscle extracts of various species 

solubilized in 3x SDS gel sample buffer. To better resolve large proteins (NO0 kDa) a high 

porosity 14% SDS-PAGE with an acrylamide to bisacrylamide ratio of 180:l was used. 

After resolving total cardiac muscle extracts by 180:l 14% SDS-PAGE, a three b a e r  

system (Granner and Wang, 1993) of 300 mM Tris, 10% methanol, 0.05% SDS (buf5er l), 

25 mM Tris, 10% rnethanol, 0.05% SDS (bufTer 2) and lx Tris buffered saline (TBS: 150 

mM NaCl, 50 mM Tris-HC1, pH 7.5, 0.1% NaN3), 10% methanol @ufZer 3) was used to 

efficiently transfer resolved proteins. Bnefly, two layers of filter papa as well as 0.45 p 

nitrocellulose membrane were soaked in buffer 3 and used as the bottom layer of the 

sandwich, representing the positive end. The resolved SDS-PAGE was rinsed in buffer 2 

and placed atop the nitrocellulose filter, overlayed with one piece of filter paper soaked Ui 

b u f k  2 and one piece of filter papa soaked in bufFer 1. Tramfer using the Bio-Rad Semi- 

dry transfer apparatus was at 5 rnAkrn2 of gel for 40 minutes. M e r  transfer, the 

nitrocellulose replica was blocked by incubation at room temperature for three hours with 

TBS containing 1% BSA. The blocked membrane was then incubated at 4'C ovemight 

with polyclonal antisera against chicken nebulette diluîed 112000 in TBS containing 0.1% 

BSA. Following primary antibody incubation, the blots were washed once with TBS for 10 

minutes, three tirnes for 10 minutes each with Ix TBS / 0.05% Tween-20 and then twice for 

5 minutes with TES. The blots were then incubated at room temperature for 50 minutes 

with alkaiine phosphatase-labelled aati mouse IgG second antibody (Sigma) diluted 112000 

in TBS containing 0.1% BSA. Following second antibody incubation, the blots were 

washed as before and coior development was done using 5-brom&chlor0-3- 
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indoiylphosphate (BCIP, 0.00165 % (w/v)) and nitro blue tetrazolium (NBT, 0.0033 % 

(wh)) in 10 mL of 100 mM NaCl, 100 mM Tris, 5 mhl MgC12, pH 9.5 buffer. 

C. Transfection of the Green Fluorescent Protein - Nebulin Eukaryotic Expression 

Vector 

The eukaryotic expression vector encoding the GFP-nebulin fusion protein under 

control of the slow troponin T promoter (Chapter 2) was used to transfect the mouse 

myoblast cell line C2C12 (Bains et al., 1984). C2C12 celis were grown at 37 ' C with 10% 

CO2 in Dulbecco's modified Eagle's medium (DMEM) containing 10Y0 feetal calf senun 

(FCS). Once the celis reached near confluency in a 100 mm x 50 mm plate, the medium 

was aspirated and the plate rinsed with 2 mL of Versene. The cells were digested fiom the 

plate using 0.5 mL of trypsin solution (40 m M  NaCl, 1 mM KCI, 0.1 m M  Na2HP04, 1.1 

mM glucose, 5 mM Tris, pH 7.6,0.5 mg/mL trypsin) and recovered in 4.5 mL of DMEM / 

10% FCS. The cells were washed once with 5 mL of DMEM / 10% FCS, pelleted, 

resuspended in 0.5 mC DMEM / 10% FCS and transferred to a 0.2 cm electroporation 

cuvette. The expression vector was linearized at a PvuI restriction endonuclease site 

upstream of the slow troponin T promoter insert to increase transfection efficiency into 

cells. To the resuspended cells, 5 pg of the PvuI- l ineed expression vector were added 

and the cell / DNA mixture incubated on ice for 12 minutes. CeUs were electroporated at 

0.45 V and a capacitance of 500 pF. Inimediately afker electroporation, the cells were added 

to a plate containhg 7 mL of DMEM / 10% FCS and incubated at 37 ' C with 10% C02. 

Two days after electroporation, the medium was changed to DMEM / 10% FCS / 500 

pg/mL G4l8 for selection of expression vector bearing colonies. Altematively, transfection 

of the linearized expression constnict was done by liposome mediated transfection. Briefly, 

30 pg of the DOTAP transfection reagent (Boehringer Mannheim) was mixed in 100 pL of 

20 mM HEPES, pH 7.2. To this mixture, 5 pg of the PvuI linearked vector in 50 pL of 20 

mM HEPES, pH 7.2 was added, mixe& and incubated at room temperature for 15 minutes. 

Following incubation, 5 mL of fie& DMEM 1 10% FCS was added to the DOTAPDNA 
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mixîwe and used as medium for C2C12 cells nearing confluency in a 100 mm x 20 mm 

culture dish. The C2C12 cells were grown in DOTAP / DNA containhg medium for two 

days, and then changed to DMEM / 10% FCS / 500 pg/mL G418 for selection. 

The transfected C2C12 cells were grown in selection medium unti1 ce11 numbers 

decreased and individual colonies appeared. The culture dish was cleared of medium and 

small, ckcular plastic rings were placed around individual colonies on the plate. A smaU 

amount of vacuum grease was used on the bottom of the rings to adhere them to the plate. 

To release the colony surrounded by the ring, one drop of trypsin solution was added and 

allowed to digest for one minute. The cells were then resuspended fiom b i d e  the ring 

using DMEM / 10Y0 FCS / 500 pg/m.L G418 and seeded into individual welis of a 12 well 

plate. The colonies were allowed to grow to near confluency, at which point the cells were 

harvested for extraction of genornic DNA to venfy incorporation of the linear expression 

construct into the genome. ~ollected cells were resuspended in 20 pl, of digestion b e e r  

(100 mM NaCl, 10 mM Tris-HCl, pH 8, 25 m M  EDTA, 0.5% SDS and 150 pghL 

Proteinase K) and incubated at 55 ' C overnight. From this lysed cell / DNA mixture, 1 fi 
was used as a PCR template using a gene specific NC-F primer (5' - 
TCAACATATGATCAGCTCGG'TTITGTA - 33 and a vector specific pcDNA 3.1 reverse 

primer (Invitrogen) in the followïng PCR cycle : 95 ' C 1 min., 55 ' C 1 min., 72 ' C 1 -5 

min., for 35 cycles. Colonies showing amplification of the expression construct specinc 1.5 

kb band were expanded and fiozen for storage in DMEM / 30% FCS / 10 % DMSO. 

RESULTS 

A A Nebulette Specific Mouse Anthemm 

The chicken nebulette protein m e n t  CCN-CS was used to imminiize a female 

mouse to produce a nebulette specinc antisenun, MACN. The specificity of the antisenun 

was detexmineci by indirect ELISA ushg serial dilutions of the antiserum on the CCN-CS 
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Antiserum Dilution 

Fig. 5.1 ELISA analysis of the titre and speeificity of the anti-nebulette antiserum. 

Induect ELISA was done using the mouse anti-CC'-CS antiseruxn to determine the 

specificity of the antigen versus other homologous nebulia proteins. The redts 

dernonstrate that the antisenim was specific for the nebulene protein, providing a c w e  

which was statistically different than the curves for MSN-N4 (P O.OS), CSN-N4 (P < 

0.05) and BSA (P < 0.05). The antiserum was not cross-reactive with the mouse M S W 4  

and chicken CSN-N4 pmteins, as the two curves are not signifïcantiy different when 

compared to BSA, the system negative control (P > 0.05). 
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antigen as well as the mouse MSN-N4, chicken CSN-4 and BSA proteins. The results 

indicate the serum to be specific for the antigen, with specinc reactivity even at dilutions of 

10-5 (Fi- 5.1). The specincity of the antiserum is dso demonstrated by the background 

Ievel immunoreactivity versus the cloned nebulin proteins. 

B. The Mouse Anti-Nebulette Antiserum Does Not Show Broad Reactivity to 

Nebulettes Among Species 

The mouse anti-nebulette antisenim was tested for specincity and diversisr of 

nebulettes identified by Western blots using cardiac muscle hornogenates fiom various 

species. The antiserum showed greatest reactivity to chicken, human and bovine nebulettes, 

limited reactivity to rat nebulette and little or no reactivity to mouse, rabbit and sheep 

nebulettes (Fig. 5.2). Two very closely migrating bands were identified in chicken cardiac 

muscle, two bands were identified in bovine cardiac muscle and only single 

immunoreactive bands were identified in human and rat cardiac muscle extracts, 

C. DevelopmentaI and Chamber Specitic Expression Pattern of Nebulette 

To follow the expression pattern of nebulene through development, the specinc 

anti-nebulette antisenim was used on cardiac muscle extracts fiom day 8 embryo, neonatal 

and adult chickens. Figure 5.3 demonstrates that both of the closely migrating nebulette 

isoforms expressed in the chicken heart are expressed throughout development Also, to 

determine whether the expression Ievel of nebulette was difEerent among the chambers of 

the mamrnalian heart, muscle samples were dissectecl fiom adult bovine left and right 

ventricle walls as well as the lefi and right stria The antiserum detected two nebulette 

isoforms in dl chambers of the bovine heart (Fig. 5.4). Interestingly, dthough the total 

expression of nebulette remained constant throughout the chambers, a visible increased 

proportion of the lower Mr isoform is expressed in the bovine left ventricle. 



MACN 

Figure 5.2. Species specificity of the anti-nebalette antisemm. 

The anti-nebulette mouse antisenim was used to survey -the species specifici~ of the 

antibody versus various nebulettes. The redts  demonstrate that the antiserurn showed 

strongest reaction to nebulettes in cardiac muscle extracts of chicken, rat, bovine and 

human. The antiserum was not reactive with nebulette in cardiac muscle extracts fiom 

mouse, rabbit or sheep. The redts also demonstrate that two nebulette isofoms may be 

expressed, seen as two very closely migrating bands in chicken and two distinctiy migrating 

bands in bovine cardiac muscle extracts 
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D. =CI2 Myoblnst Colonies Transfected with a Green Fluorescent Protein - Nebulin 

Expression Constract 

Mouse myoblast C2C12 ceUs were grown to near coafluency and transfected with 

the linearized eukaryotic expression vector encoduig a GFP-nebului fusion protein under 

the direction of a 2.5 kb fkgment of the mouse slow skeletal muscle troponin T promoter. 

Following selection of recombinant cell colonies by (3418, individual colonies were picked, 

reseeded, and grown to near conflwncy. PCR screening of DNA extracted fiom the 

recombinant C2C12 colonies showed that six out of twelve recombinant colonies had 

incorporated the linearized vector into the genome (redts not shown). Frozen stocks were 

made of these recombinant C2C12 colonies for firture characterizdon. 



Figure 5.3. Nebulette is expressed throughout development. 

Comparable amounts of cardiac muscle extracts fkom &y 8 embryo, neonatal and adult 

Leghom chicken heart were resolved by 14% SDS-PAGE and immunoblotted with the an& 

nebulette antiserum MACN. TWO closely migrakg nebulette isoforrns are expressed 

throughout development of the chicken heart, indicating that nebulette is a protein present 

and required through development of the heart. 



SDS-PAGE MACN 

Fig. 5.4. Nebulette isoforms and different expression leveïs in the adult bovine heart. 

Total protein homogenates fiom the right and Ieft ventricles as weil as the right and left 

atria of an adult bovine were resolved by 14% SDS-PAGE and transfmed to nitrocellulose 

membrane. Westem blotting uith the mouse anti-nebulette antiserum (MACN) identïfied 

two nebulette isoforms in the bovine heart. Although total nebulette expression between the 

chambers of the heart appears comparaHe, the proportion of the expressed isofonns is 

signifïcantly dif5erent in the left ventride where the lower Mr nebulette isoform is 

dominant. 



DISCUSSION 

This chapter described the generation of an antiserum against a cloned chicken 

nebulette protein, as weU as the expression pattern of native nebulette. The antisenun raised 

against the chicken nebulette CC'-CS fiagrnent showed specifïcity for the cloned chicken 

CCN-CS nebulette protein and did not recognize the cloned mouse MSN-N4 or chicken 

CSWN4 nebulin proteins. This indicates that, although nebulin-like domains appear welI 

conserved in both nebulin and nebulette, the antigenic character of the individual domains 

still remains distinctive. Therefore, no broad range antibodies were generated with this 

irnmunization. 

Variety of Nebulette Epitopes Among Species 

A survey of the heart homogenates of various species showed that the anti-nebulette 

autiserum was immunoreactive to nebulette proteins in chicken, rat, bovine and human 

cardiac extracts whereas nebulate proteins fiom other species tested such as mouse, rabbit 

and sheep were not identified (Fig. 4.2). This is an interesthg observation regarding the 

antigenic character of nebulettes fkom various species. With respect to species, the 

antisenun specificaily recognized both bovine nebulette isoforms but no isoforms were 

reco-d in sheep. Although a close evolutionaiy species to bovine, sheep nebulette was 

not identîfied, indicating a significant antigenic clifference berneen the bovine and sheep 

nebulette proteins. It is possible that alternative splicing of exons may account for this 

difference in reactivity, and in tum differences in nebulette primary structure among 

species. 
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Nebulette Isoforms are Expressed at Dinerent Levels in the Chambers of the Bovine 

Eearî 

The expression pattern of native nebulette using the nebulette antisenim 

dernonstrated that the protein is expressed throughout developrnent in the chicken heart. 

This indicates that the protein is required or plays a role in the morphogenesis of cardiac 

muscle. More interestingly, a survey of the expression pattern of nebulette in the chambers 

of the bovine heart identified a difference in the proportion of the two nebulette isoforms 

expressed, specificdy an increase in the proportion of the lower Mr isoform in the left 

ventricle. It is well documented that the left and right ventricles are phenotypically 

different, with the former being significantly larger in size. Furthemore, pressures in the 

lefi ventricle during ventricular systole may reach -1 10-120 mm Hg whereas pressures 

developed in the right ventricle are signincantly lower at -30 mm Hg. In this aspect, the left 

ventricle is well suited for its role in supplying the energy for the flow of blood through the 

high pressure, high resistance systemic circulation (Rushmer, 1976). The observation that 

nebulette isoforrn expression ievels are diffterent in the left and right ventricles is an 

intereshg observation as few sarcomeric proteins show such clifferences, although myosin 

is a major example (Swynghedauw, 1986). As the major motor of muscle, the differences in 

the ATPase activities of myosin isoforms can be correlated with performance of vax-ious 

muscles (reviewed in SchiafEno and Reggiani, 1996). Such a correlation is reliable since 

the ATPase activity of myosin is the major determinant in muscle contraction Nonetheless, 

the possibility exists that other regdatory and/or structural proteins may also conmbute to 

this process, providing a rationale for the alternative splicing generated isofomis of proteins 

such as nebulette, troponin T (Cooper and ûrdahl, 1984; 1985; Jin and Lin, 1988). 

tropomyosin (LeesMiller et al., 1990) and titin (Labeit and Koimerer, 199%). 
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CHAPTER SIX: 

FUNCTIONAL ASSAYS CHARACTERIZING CLONED NEBULIN AND 

NEBULE= PROTEINS 

INTRODUCTION 

The f'unction of nebulin in the skeletal muscle sarcomere is proposed to be as  a 

length regulating and organktional tempiate for thin filament assembly (Trinick, 1992). 

This hypothesis was due to the protein's interaction with F-actin, as well as the correlation 

between nebulin polypeptide size and thin filament length fiom skeletal muscle sarcomeres 

of various species (Locker and Wdd, 1986). Nonetheless, the discovery of the homologous, 

but significantly smailer nebulette protein in cardiac muscle does not support the role of 

nebulin iike motifs as templates, pdcuiarly since the 107 kDa nebulette protein is not 

Iarge enough to span the lengths of the cardiac muscle thin filaments (Moncman and Wang, 

1995). Therefore, the fûnction of the well conserved nebulin proteh remains under 

investigation. 

In this Chapter, the cloned nebuiin MSN-N4 and nebulette CCN-CS proteins will be 

used to probe the f'unctional properties of nebulin and -nebulette. Solid phase binding assays 

will provide a survey of the interactions of the novel cloned nebulette protein with other 

coIlSfituents of the thin filament, aIIowing a cornparison to previous data for cloned nebulin 

proteins. These experiments will be important hproposing a structural basis of nebulette's 

interaction within the sarcomere. Further, the role of nebulin/nebulette will be M e r  

explored by regulated and unregulated acto-myosin S1 ATPase assays to determine what 

efTect, if any, these cloned proteins will have on the actin activated ATPase activity of 

myosin subhgment 1. 

The resuits indicate that the cloned nebulette protein is an actin binding protein, 

similar to nebulin. A s w e y  of sarcomeric proteins showed no specific binding between the 
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CCN-CS nebulette protein and tropomyosin, troponin T, C or 1. Tropomyosin and 

tropomyosin / troponin decreased the nebulette protein's binding to immobilized F-actui, 

indicating a cornpetition for binding sites. Further, both nebulin MW-N4 and nebulette 

CCN-CS proteins had inhibitory effects on unregdated acto-Sl ATPase activity, with this 

inhibition removed by ~ a 2 +  - troponin - tropomyosin in regulated acto-myosin S1 ATPase 

assays. 

MATERIALS AND METHODS 

A. Protocol for ELISA-Mediated Solid Phase Protein Binding Assays 

The binding of the nebulin hgments to other proteins was analyzed by an ELISA- 

mediated protein-binding assay (Ogut and Jin, 1996). Proteins were coated on microtitre 

plates ovemight at 4 C (100 pL/wei.l) after dissolving in 0.1 M KCI, 10 mM Tris-HC1, pH 

7.5,3 m M  MgCl2 (BuEer A) to a concentration of 5 pg/mL, with the exceptions of F-actin, 

which was coated at 30 pg/mL, and myosin, coated at 50 @nL. The plates were then 

washed once with B a e r  A plus 0.05% Tween-20 (BufEer T) and blocked for two hours at 

room temperature with 150 pL/well of Buffer A plus 1% BSA and 0.05% Tween-20 

(BufTer B). Following blocking, the plates were washed three times with Buffer T and 

incubated with serial dilutions of a second protein or a fixed dilution of a specific antibody. 

Subsequent protein coatings (100 pL/weU) were done by dissolving the protein in Buffer A 

and incubating at room temperature for two hours with the immobilized proteins. 

Otherwise, a fixed dilution of a specific antibody was made in B e e r  A plus 0.1% BSA and 

0.05% Tween-20 (Buffer P) and incubated (100 pL/weli) at room temperature for 1.5 hours. 

FoIlowing primary antibody incubation, the plates were washed three h e s  with BuEer T 

and incubated at room temperature for 45 minutes with horseradish peroxidase conjugated 

second antibody (Sigma) diluted 1/1000 in Buffer P. The plates were washed three times 

with BufTer T and incubated with H202-ABTS substrate for color development and 
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monitored for absorbance at 405 nm, as described earlier. The significance of differences 

between binding curves was detennined Student's T test 

B. Binding of CCN-CS to MyofibriI Proteins 

To monitor possible binduig of the cloned CCN-CS nebulette protein to thin 

filament proteins, triplicate wells of microtitre plates were coated ovemight at 4' C with 

100 pLlwell of 5 pg/mL troponin C, troponin 1, troponin T, tropomyosin, cloned Ti 1, Ti II, 

Ti 1-II, PEVK protein (Jin, 1995 and unpublished resuits), a cardiac muscle specific N2 luie 

titin protein @2B, a gift of Dr. Seigfried Labeit), 30 p g / d  F-actin or 50 pg/mL myosin 

diluted in BuEer A. Following washing and blocking as described, the wells were incubated 

at room temperature for two hours with 1 in 10 serial dilutions of 10 pM CCN-CS diluted 

in BufFer A, providing a wide concentration range to monitor high and low affinity binding. 

Following incubation with the CCN-CS protein, the plates were washed as described and 

incubated at room temperature for 1.5 hours with a 1/10000 dilution of the mouse anti- 

nebulette antisenun in Buf5er P. The plates were washed, and second antibody incubation 

and H202-ABTS color development were done as described in A. 

C. Interaction of CCN-CS with Decorated F-actin 

F-actin was decorated with tropomyosin or troponin - tropomyosin to detemiine the 

eEect on CCN-CS nebulette protein's binding to F-actin. Triplicate wells of microtitre 

plates were coated with 30 p g / d  of F-actin dissolved in B a e r  A, as before. The plates 

were washed, blocked, and then incubated with either 2 p M  tropomyosin or 2 p M  

tropomyosin pre-incubated for 20 minutes with 1 p M  troponin. The protein incubation was 

done at room temperature for 2 hours, following which 1 in 5 serial dilutions of 2 pM 

CCN-CS were incubated with the immobilized, decorated F-actin for 2 hours at room 



temperature. The following washings, p h a r y  and secondary antibody incubations and 

color development were done as before. 

D. Unregulated Actin-Aetivated Myosin S1 ATPase Assays 

To detennine the effects of the MSN-N4 nebulin and CCN-C5 nebulette proteins on 

the actin activated SI rnyosin A T h e  activity, a novel microtitre plate-based procedure 

was developed The phoSphate released fiom cleavage of ATP due to the ATPase activity of 

the S1 fkagment of myosin can be quantified using ammonium molybdate and malachite 

green color reagent (Baykov et al., 1988). This aUows a non-radioactive method to rneasure 

the amount and rate of Pi release in ATPase assays. 

To detemiine the effect of varying concentrations of MSWN4 nebulin or CCN-CS 

nebulette proteins on the unregdated actin-activated activity of myosin S1, M S W 4  

nebulin (Mr 17268), CCN-CS nebulette (Mr 19251) and tropomyosin (Mr 33000) were 

titrated under conditions of 1-25 p M  F-actin (Mr 42000) and 50 nM S 1 (Mr 1 15000), 

providing an F-actin:S 1 molar ratio of 25: 1. The cloned protein fkagments were used in 1 in 

2 serial dilutions fiom 5 pM to 0.31 providing protein : F-actin ratios of 4, 2, 1, 0.5 

and 0.25 to 1. The F-actin filaments for the ATPase assays were codtuted in a conserved 

order by adding ATPase buffer, followed by F-actin to 1.56 pM, and the second protein of 

interest to 6.24 FM, ensuring a final volume of 700 pL. After mixing, 350 pL+ of this 

mixture was added to 350 pL of 1.56 pM F-ach in the ATPase buffier, providing a 1 in 2 

serial dilution of the protein to be tested while maintahhg a constant F-actin concentration. 

The seriai dilutions were incubated at room temperature for 10 minutes, at which point 

myosin S1 was added to 71 nM. The mixtures were aliquoted into triplicate welis (35 

e w e l l )  of a microtitre plate and reactions initiated by the addition of 15 PL of 0.33 mM 

ATP in the ATPase buffer. Foliowing addition of ATP, final concentrations of the protein 

constituents were: F-actin: 1.25 pM; MSN-N4, CCN-CS and tropomyosin: 1 in 2 dilutions 

fiom 5 pM to 0.31 pM; myosin SI: 50 nM. ïhe  reactions were incubated at 25 ' C for 
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various t h e s  and terminated by addition of 12.5 pL of inorganic phosphate color reagent 

prepared as described (Baykov et al., 1988). The reactions were dowed to stand at room 

temperature for 10 minutes and the amount of inorganic phosphate released was quanfied 

by cornparison with a standard A655- c m e  of known phosphate concentrations. For 

calculation of ATPase activities, sirndtaneous control reactions without the addition of 

ATP were done to record the basal ATPase activity, which was subtracted fiom all samples. 

E. Effect of Nebulin and Nebulette Proteins on ~ a Z + - ~ e ~ e n d e n t  Activation of a 

Reconstituted Aeto-myosin System 

To deterxnine the effect of the cloned nebulin and nebulette fragments on the ~ a 2 + -  

dependent activation of actin-activated myosin S1 ATPase, the thin filament was 

reconstituted in the ATPase buffer using F-actin, tropomyosin, troponin cornplex and the 

nebului or nebulette protein of interest. To a solution containing 3.57 pM F-actin, 5.72 p M  

tropomyosin was added, as welI as  2.86 pM of either the mouse nebulin MSN-N4 kgment 

or the chicken nebdette CCN-CS fkgment. The mixture was incubated at room 

temperature for five minutes, at which point 2.86 pM troponin (Mr 70000) was added, and 

the mixture incubated for a .  additional 10 minutes at room temperature. For control 

experiments, no nebulin or nebdette fiagrnent was added. The myosin SI ATPase was 

measured at pCa 8 and 4, representing resting and activating concentrations of ~a2+.  

Following equilibration of the thin filament complex, myosin S1 was added to 71 n M  and 

CaC12 added to the samples to adjust the necessary calcium concentration, as determined by 

the program of Fabiato (1988). The mixhue was aliquoted (35 fi/well) into triplkate wells 

for three tirne points. The reactions were incubated at room temperature and initiated by the 

addition of 15 pL of 0.33 mM ATP in the ATPase buffer. Foilowing addition of ATP, the 

final concentrations of proteins were: 2.5 pM F-actin, 4 p M  tropomyosin, 2 pM troponin, 

50 nM myosin S1 and 2 pM of either the mouse nebulin MSN-N4 or chicken nebulette 

CCN-CS fkagrnents. Triplicate reactions were stopped by the addition of 12.5 pL of Pi color 

solution at various time intervals. The absorbance values at 655 n m  were compared with a 



96 

standard curve of known phosphate concentrations (senal diIutiom of KH2PO4) to 

calculate the Pi released through hydrolysis of ATP and dlow calcdation of myosin S1 

activity. The signiscance of the differences between ATPase values under various 

conditions were determined by the Shident's T test. 

A. Interaction of the CIoned Nebulette Protein with Individual Thin Filament Proteins 

The cloned chicken nebulette hgment CCN-CS was used for solid-phase protein 

binding assays against various sarcomeric proteins. A wide concentration range of the 

nebulette hgment was used to monitor both high and low affinity binding. The results 

indicate that the nebulette m e n t  showed greatest binding to immobilized F-actin and 

less, but significant, binding to myosin (Figure 6.1; P c 0.05 for actin and myosin as 

compared to BSA). Tropomyosin or the individual troponin subunits did not show 

signincant interaction with the cloned nebulette protein (P > 0.05 in aIl cases versus BSA), 

consistent with results obtained for cloned human nebulin proteins (Ji and Wang, 

1991a,b). A survey of the cloned irnmunoglobulin-like (class II) and fibronectin-type (class 

1) motifs showed low binding to the cloned single motif Ti 1 and Ti II proteins, although 

differences between these two cuves and the BSA control curve were not statisticaily 

significant (P > 0.05). On the other hand, the effect of binding the titin motifs appeared 

cumdative, as a cloned protein of a linked type I and type II motifs showed increased and 

significant binding (P < 0.05; Figure 6.2). No binding was seen to a cloned protein 

m e n t  of the PEVK domain of titin (P > 0.05), consistent with the hypothesis that this 

region may be f i e  to fold and unfold to aid in titin elasticity (Rief et al., 1997; Kellermayer 

et al., 1997). The cloned nebulette protein interacted with the cloned -20 kDa protein 

protein corresponding to the N2-line region of titin unique to cardiac muscle (P < 0.05). 
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B. Troponin and Tropomyosin Inhibit Binding of Chicken Nebulette CCN-CS 

Fragment to F-actin 

To determine the effect of tropomyosin and troponin on chicken nebulette fkagment 

CCN-CS'S binding to F-actin, solid phase binding assays using purified F-actin, troponin 

and tropomyosin were done (Figure 6.3). In the absence of tropomyosin or troponin, the 

chicken nebulette protein showed greatest binding to coated F-actin. When llnmobiIwd F- 

actin was decorated with tropomyosin or tropomyosin / troponin, the chicken nebulette 

protein showed decreased binding to F-actin, with the tropomyosin / troponin complex 

showing greatest inhibition of CCN-CS binding to F-actùl Both F-actin / Tm and F-actin / 

Tm / Tn curves were statistically different as  compared to the F-actin curve (P < O.OS).This 

indicates a competition for F-actin binding sites between the chicken nebulette protein and 

troponin / tropomyosin in this in vitro binding assay. Cornpetition for F-actin binding sites 

would therefore imply that the interaction of nebulette with F-actin may be regulated. This 

competition between nebulette and troponin / tropomyosin for F-actin binding is similar to 

that observed for cloned human nebulin hgrnents (Jin and Wang, lggla,b), indicating a 

possible common hction. 

C. An Inhibitory Effect of Nebulin and Nebulette Fragments on the ATPase ActMty 

of Unregulated Acto-myosin S1 

Given that cloned nebulin and nebulette firagments rnay compete for F-actin binding 

sites with tropomyosin / troponin, the effect of the mouse nebulin MSN-N4 and chicken 

nebulette CCN-CS proteins on the ATPase activity of unregulated acto-myosin SI was 

detemiined. Figure 6.4 shows the effect of the nebului and nebulette protein f'ragments on 

the actin activated myosin S1 ATPase (Pi / S 1 head / sec). Using a fixed 25: 1 rnolar ratio of 

F-acth to myosin SI, various concentrations of the mouse nebulin, chicken nebulette or 

tropomyosin were titrated for theh effect on the actin activated myosin S1 ATPase activity. 

The results demonstrate that both cloned nebulin and nebulette fragments inhibited the 
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Figure 6.1. Solid phase binding of the cloned chicken CCN-CS nebulette protein to 

- thin Nament proteins and myosin. 

To determine the interactions that the cloned chicken nebulette protein has with the thin 

filament, solid phase bindhg assays were done using individual thin filament components, 

as weU as myosin, coated on microtitre plates. Fallowiag coating of the proteins, serial 

dilutions of the cloned chicken nebulette CCN-CS protein were overlayed, and the amount 

of protein bomd to the irnmobilized thin filament proteins was quantifieci by detection 

ushg the anti-CCN-CS mouse antisem The reSUIts indicate sipifkant biading of the 

chicken nebulette protein to immobihed F-actin (P < 0.05), as weiI as lower, but 

signifiant, binding to myosin (P < 0.05)- No interaction was seen with individual troponin 

subuait components or tropomyosin (P > 0.05 in dl cases). The results demonstrate that the 

cloned chicken nebulette protein is an actin-binding protein, similar to nebulin. 
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Figure 62.  The cloned chicken nebulette CCN-CS protein interacts with cloned titin 

pro teins. 

The binding of the chicken nebuiette CCN-CS protein to various cloned titin protein 

fhgments was monitored by solid phase binding assays. Coated titiri proteins were 

overlayed with serial dilutions of the cloned chicken nebulette protein, and bound protein 

was detected by the specifïc anti-nebulette antisenrm. The binding curve of the cloned 

chicken nebulette protein to F-actin, done in the same experiment (Figure 6.1), is included 

for cornparison of CCN-CS binding to the titin proteins. The cloned protein showed 

signiscant binding only to the Iinked Ti 1-II protein and the cardiac muscle N2 Iine specifïc 

cloned titin protein (P < 0.05). The cloned nebuiette protein did not show signincant 

binding to cloned Ti 1 and Ti II proteins or the PEVK protein, as compared to the BSA 

negative control curve (P > 0.05 in aii cases). 



Figure 63. Tropomyosin and troponin - tropomyosin decoration of immobilized F- 

actin decreases CCN-CS binding. 

The interaction of the cloned nebulette protein with tropomyosin or troponin - tropomyosin 

decorated F-acth was monitored by solid phase protein bhding assay. Immobilized F-actin 

was incubated with tropomyosin or troponin - tropomyosin and then incubated with the 

cloned CCN-CS chicken nebulette protein. The bound nebulette protein was quantïfied by. 

the specific anti-nebulette antiserum. Although the cloned protein showed binding to F- 

actin, decoration of F-actin with tropomyosin or troponin - tropomyosin decreased the 

cloned nebulette protein's interaction with F-acth Asmming diat binding to undecorated F- 

actin was 100%, bbiding to .tropomyosin and troponin-tropomyosin decorated F-actin 

decreased by 53% and 76%, respectively. The results indicate that these thin filament 

associated proteins may compete for similar binding sites on F-actin. Readings for the BSA 

negative conrrol were mbtracted from all values. 
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actin-activated ATPase acîivity of myosin SI. Inhibition in the presence of tropomyosin 

was rnost effective, as evideaced by a sharp decrease in ATPase activity at low 

tropomyosin concentrations (Lehrer and Moms, 1982). Low concentrations of MSN-N4 or 

CCN-CS did not show as sharp a decrease in the ATPase activity as compared to 

tropomyosin, consistent with the understanding that tropomyosin is the major factor 

contributhg to the inhibition of actin-activated myosin ATPase activity. No statistically 

signifiant merence was observed between the maximum ATPase values when no MSN- 

N4, CCN-CS or tropomyosin were added (P > 0.05). 

D. Nebaiin and Nebalette Do Not Inhibit the Acto-Myosin S1 ATPase in a ~ a 2 + -  

Regdated System 

To test the eEect of the cloned mouse nebulin or chicken nebulette fragments on the 

maximum and minimum activity of ~ a 2 +  regulated acto-myosin S1 ATPase, thin filaments 

were recodtuted in the presence and absence of the cloned mouse nebului or chicken 

nebulette fhgments. The resuits fkom Figure 6.4 demonstrated that unregdated acto- 

myosin S1 ATPase was inhibited in the presence of the cloned nebulin and nebulette 

proteins. Therefore, the effect of the cioned proteins on the activity of ~ a 2 +  regulated acto- 

myosui S 1 ATPase assays would demonstrate whether or not this inhibition was regulated 

by ~a~~-tro~onin-troporn~osin. The data (Figure 6.5) demonstmted no signincant 

difference between the activity of myosin SI in either low ~ a 2 +  @Ca 8) or activating ~ a 2 +  

@Ca 4) concentrations in thin filaments reconstituted with or without nebulin or nebulette 

proteins (P > 0.05 in ail cases). At pCa 8, ATPase rates (Pi / S1 head / sec) were: control, 

0.12 +/- 0.005; MSN-N4, 0.14 +/- 0.04; CCN-CS, 0.15 +/- 0.018. At pCa 4, the ATPase 

rates were: control, 1.42 +/- 0.35; MSN-4, 1.28 +/- 0.24; CCN-CS, 1.22 +/- 0.24. This 

indicates that the inhibition of the acto-myosin SI ATPase by the cloned nebulin and 

nebulette fragments may be relieved by the major ~ a 2 +  regulatory mechanism of striated 

muscle. 



- Tm 
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Regdatory Protein ( PM) 

Figure 6.4. Tropomyosin, nebuiin MSN-N4 and nebulette CCN-CS proteins inhibit the 

ATPase activity of unregulated acto-myosin SI. 

Using a fixed molar ratio of 25:l Factin to rnyosin S 1, the effects of tropomyosin, nebulin 

MSN-N4 and nebulette CCN-CS proteins on the actin-activateci ATPase activity were 

determiued by measuring the released phosphate by a Malachite green - ammonium 
molybdate color reaction. AU three proteins showed inhibition of the a&-activated myosin 

S1 ATPase activity, with tropomyosin being most effective. The concentration of 

tropomyosin was detemiined using the monomer Mr of 33000. 



Control LMSN-NI CCN-CS 

Figure 6.5. ca2+ regulated actin-activated myosin $1 ATPase activities of an acto- 

myosin system reconstituted in the presence and absence of the nebulin MSWN4 and 

nebulette CCN-CS proteins. 

Thin filaments were reconstituted with F-actin, tropomyosin and troponin in the presence 

and absence of the cloned nebulin MSN-N4 and nebulette CCN-CS proteins. Actin 

activated myosin SI ATPase activity was measured at pCa 8 and pCa 4 . representing 

resting and activating Ca2+ concentrations. Measured ATPase values (Pi / SI head / sec) at 

pCa 8 were: control, 0.12 +/- 0.005; MSN-N4,0.14 +f- 0.04; CCN-CS, 0.15 +/- 0.018. At 

pCa 4. the ATPase rates were: control, 1.42 +/- 0.35; MSN-N4, 128 +/- 0.24; CCN-CS, 

1.22 +/- 0.24. The d i s  demonstrate no significant difference (P > 0.05) between the 

ATPase activïties at pCa 8 or 4 in the presence or absence of the cloned nebulin and 

nebulette proteins. 
* 
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class I or class II motifs. More experiments are required to M e r  explore this possible 

interaction. 

B. The Cloned Nebulin and Nebulette Proteins Inhibit the Activity of Unregulated 

Acto-Myosin ATPase 

The inhibition of the unreguiated actin-activated myosin S1 ATPase activity by the 

cloned nebulin and nebulette firagments demonstrates that the intact proteins would have the 

capability to inhibit the sliding of actin and myosin relative to each other. Therefore, the 

interaction of nebulin and nebulette with the thin filament would require regdation. It has 

been demonstrated that nebulin and nebulette proteins have the ability to bind F-actin, and 

to a lower extenh myosin. The possibility remained that the inhibition demonstrated by the 

cloned proteins is as a result of nebulin binding to myosin and inhibiting myosin activity 

rather than covering F-actin active sites. This concern was addressed by the ca2+ - troponin 

- tropomyosin regulated acto-myosin S I ATPase assays. 

C. ~ a 2 +  - Troponin - Tropomyosin Regulates Nebulin Interaction with the Thin 

Filament 

Experiments on the effect of the cloned nebulin and nebulette fragments on the 

maximum and minimum activity of caz+-regulated acto-myosin SI ATPase demonstrated 

no significant changes introduced by the cloned proteins at either low @Ca 8) or hi& @Ca 

4) ~ a 2 +  concentrations. Two conclusions may be drawn fiom these experiments: 1) the 

activity of regulated acto-myosin is not affected by the presence of cloned nebulin or 

nebulette fkagments and the inhibition of acto-myosin S 1 ATPase by the cloned nebulin or 

nebulette fîagments may be relieved by ca2+ - troponin - tropomyosin, and 2) the 

inhibition of the ATPase activity of unreguiated acto-myosin S 1 by the nebulin or nebdette 

proteins was due to specific interactions with the F-actin filament and not as a result of the 

cloned proteins binding to myosin SI and interfiering with its ATPase activity. Contrary to 

previous data (Root and Wang, 1994), no extra regdatory apparatus, such as ~ a 2 + -  
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calmodului, was required to relieve nebuiin or nebulette inhibition of the acto-myosin 

ATPase. This finding is consistent with the fact tfiat, to date, ca2+ - troponin - tropomyosin 

has been found to be the major regulatory determinant for contraction of striated muscles. 

The data suggest that contacts between nebulin or nebulette and F-actin are regdateable by 

ca2+-troPonin- tropomyosin, M e r  supported by the finding that nebului and nebulette 

may compete with troponin - tropomyosin for binduig sites on F-actin. 



CEAPTER SEVEN: 

SUMMARY 

The data in this thesis are summarked as follows: 

1. Nebulin and nebulette are two homologous proteins composed maîniy of conserved 

-35 amino acid motifs. Complementary DNAs encoding nebulin d e r n o m t e  a high degree 

of conservation at both the amino acid and nucleotide level. 

2. A study of nebului genomic DNA has demonstrated the exons to be composed of 

multiples of the -35 amino acid motif, indicating these to be the hctional  units of the 

repeating nebulul protein. The functional units of nebulin are proposed to begin and end 

with the consewed SxxxY pentapeptide sequence. Further, Southern and Northem blotting 

also revealed the nebulin gene to be a single gene and did not indicate nebulette to be the 

product of the same gene. 

3. Nebulette is present as two isoforms and is expressed throughout development. The 

expression pattern of nebulette in the chambers of the bovine heart has revealed a clifference 

in the expression level of the two isoforms, possibly indicating a difference in expression 

level in response to fiuictional demands of the csudiac chambers. 

4. A cloned nebuiette protein fhgment demonstrated its ability to bind F-actin, similar 

to findings for the homologous nebulin, indicating that these two proteins share an 

analogous fhction. Similar to previous results for nebulin, the interaction of the cloned 

nebulette protein with F-actin was decreased by tropomyosh, and M e r  by tropomyosin- 

troponin, indicating a cornpetition for F-actin binding sites. 

5. Cloned nebulin and nebuiette proteins had inhibitory effects on the unregulated 

actin-activated myosin S1 ATPase activity, indicating that the interaction of nebulin and 
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nebulette with the F-sain thin filament should be regulated. In this aspect, it was observed 

that the ~&-regulated acto-rnyosin SI ATPase activity in the presence or absence of the 

nebulùi or nebulette proteins was not significandy different, indicating that ~ a -  - troponin 

- tropomyosin is able to regdate the interaction of the cloned nebulin and nebulette proteins 

with F-actin. 

Further experhents characterizhg nebului and nebulette would take advantage of 

weiI established eukqotic expression and genetic engineering techniques. For example, a 

nebulin knock out mouse line could be produced and allow a direct rneasurement of the 

contribution of nebulin to the physical properties of skeletal muscles. This mouse h e  could 

be used as a host for m g e n e s  expressing either of the fiill Iength nebulette protein 

isoforms in the nebulin deficient skeletal muscles, providing a direct cornparison of the 

effects of longer and shorter nebulin-like modules on the contraction and perfomzance of 

skeletal muscles. Also, transgenes encoding shorter foms of nebulin could be expressed in 

the skeletal muscles of the knock out mice, providing another mode1 to study the effect of 

nebuIin lengths on thin filament assembly and regulation. It is known that a signifiant 

clifference exists between the speed of shortening in cardiac and skeletal muscle 

sarcomeres. In this respect, nebulin and nebulin-like proteins may work to increase the rate 

of dissociation of myosin head &om the actin filament, bown to be a major factor in 

determining the speed of contraction. Therefore, dong the length of the skeietal muscle thin 

filament, nebulin may work to increase the rate of dissociation of myosin fiom actin, aiding 

to increase the speed of shortening of the sarcomere. Both nebulin and nebulette are 

composed of the -35 amino acid motifs, and initiai characterization of cloned protein 

hgments fiom both proteins have not shown signincant f'unctional differences, as expected 

for such well consewed proteins. Therefore, the application of M e r  in vitro experiments 

is limited, and in vivo models, such as the hock out / knock in method proposed here, 

provide excellent working models which provide definitive m e r s  regarding the 

contribution of nebulin and nebulette to the structure and function of striated muscle 

sarcomeres. 
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