
Molecular Analysis of Protein Assembly in 
Muscle Development 

The challenge presented by myofibril assembly in striated 
muscle is to understand the molecular mechanisms by 
which its protein components are arranged at each level of 
organization. Recent advances in the genetics and cell 
biology of muscle development have shown that in vivo 
assembly of the myof3aments requires a complex array of 
structural and associated proteins and that organization 
of whole sarcomeres occurs initially at the cell membrane. 
These studies have been complemented by in vitro analy- 
ses of the renaturation, polymerization, and three-dirnen- 
sional structure of the purrfied proteins. 

T HE REGULARTN OF MUSCLE STRUCTURE HAS SERVED AS A 

paradigm for studies of biological organization. Skeletal 
muscles are composed of muscle fibers which, in turn, 

contain long cylindrical myofibrils. Each myofibril is made up of 
repeating assemblies of thick and thin filaments that are visible as 
striations in the light microscope (Fig. la). These near-crystalline 
assemblies form repeating dark and light bands called sarcomeres. 
The appearance of striations requires precise assembly of contractile 
protein filaments, which contain actin (predominately in thin fila- 
ments), myosin (principally in thick filaments), and associated 
proteins (such as tropomyosin, troponin, and a-actinin). 

An understanding of the mechanisms controlling muscle assembly 
is key to many biological problems with practical applications for 
human well-being. The ultimate defect in cardiac failure is insuffi- 
cient maintenance of hnctional myofibrils. One type of familial 
hypertrophic cardiomyopathy is caused by mutation in the ventric- 
ular myosin heavy chain (I) ,  the first example of a myofibrillar 
mutation in humans. Diabetes and starvation lead to extensive 
disassembly of muscle as myofibrillar proteins degrade (2). The 
increased production of food proteins needed by our increasing 
population requires more efficient myofibrillar synthesis, assembly, 
and maintenance in meat animals (3). 

However, the mechanisms regulating the precision of thick and 
thin filament protein assembly are only beginning to be revealed. A 
major challenge is to identify the molecules and molecular reactions 
that align thick and thin filaments and that control the transverse 
registration of myofibrils within and across muscle fibers. 

In normal homeostasis, hormonal, neuronal, and nutritional 
signals must somehow be transduced into changes of myofibril 
assembly (2). In development and regeneration, there must be 
additional mechanisms that control initiation of myosin polymer 
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formation. Self-assembly mechanisms (4) do not easily explain these 
developmental and homeostatic reactions. Actin and myosin cannot 
be reversibly denatured and renatured, and the spontaneous forma- 
tion of tropomyosin heterodimers in vitro appears too slow. The 
action of modifying enzymes and interaction with associated pro- 
teins may affect assembly of filament components as in phage 
morphogenesis (5) .  

Isoform Multiplicity 
It will be necessary to understand the hnctional significance of 

the diversity of the protein building blocks themselves, in order to 
gain insights into muscle assembly as a dynamic process. Many 
myofibrillar proteins exist as multiple isoforms-variants in amino 
acid sequence-within the same organism and even within the same 
cell. Muscle development is associated with major changes in the 
expression of distinct isoforms (6). 

At least four explanations are relevant to possible roles of isoforms 
in myofibril assembly and muscle development. 

1) In the model of differential assembly, the differences in amino 
acid sequence among isoforms would lead to distinct associations 
between identical proteins or with other assembling proteins (7). 
The classical demonstration of isoforms exhibiting differential as- 
sembly occurs for myosin in Caenorhabditis elegans. The myosin 
molecule is composed of two heavy chains and four light chains, 
which combine to form a structure with a rod at one end and a 
globular head. AA and BB myosin heavy chain homodimers are 
localized in distinct regions of the thick filaments in the body wall 
muscles of C. elegans (8). The AA isoform is located exclusively in 
the central zone, where myosin tails come together, whereas the BB 
isoform is present in the bilaterally flanlung polar regions. Although 
differences in amino acid sequence have been demonstrated between 
the A and B myosin heavy chain isoforms, especially in segments 
that are involved in assembly (9), genetic and irnmunocytochemical 
experiments show that the presence of a third protein, paramyosin, 
is necessary for proper myosin assembly (Fig. 2) (10). 

2) Different isoforms may exhibit distinct functions in their 
proper biological environment (1 1 ) . Differences in contractile and 
regulatory function between isoforms have been determined for 
mammalian myosin, tropomyosin, and troponin-T. In cardiac mus- 
cle, the aa and pp myosin isoforms exhibit threefold differences in 
the maximum velocity (V,,) at which they hydrolyze adenosine 
triphosphate (ATP) that correlates with differences in contractility 
between aa-rich and PP-rich muscle (12). In specific skeletal muscle 
fiber types, the expression of particular tropomyosin and troponin-T 
isoforms correlates with the cooperativity of Ca2+ regulation of 
tension (13). 

3) The hypothesis of developmental regulatory cassettes in which 
the expression of a set of isoforms of different proteins is coregulated 
could hold for distinct genes or for alternative transcripts of the 
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same gene. Developmental regulatory cassettes appear to be wide- 
spread; nearly all multicellular organisms have developmental stage- 

stimulating rapid acquisition of dueexlirnentional information and 
permitting direct observations of active assembly. With the genera- 

or cell type-ipecific expression of distinct isoforms. The actin gene 
families of Dktyostelium and Drosophila contain 17 and 6 members, 
respectively. Several of the Dktyostelium actins appear to be identical 
in amino acid sequence, but their messenger RNAs (mRNAs) are 
distinguishable, and their expression varies considerably during early 
development and cell morphogenesis (14). In each cell type or 
developmental stage, regulatory elements switch specific isoform 
expression on or off (15). 

4) The principle of redundancy qgests that the presence of a 
family of genes in which each encodes a unique isoform would 
protect the organism against deleterious mutation in one gene. In 
this model, the protein isoforms would have to be interchangeable 
in terms of function and assembly, and the patterns of expression 
would overlap in terms of location and time (16). Apparent redun- 
dancy is suggested by genetic experiments with the act-1, act-2, and 
act-3 genes each encoding a body-wall musde actin in C. eleganr. A 
deletion mutation that prevents expression of any one of the actin 
genes has no effea on the phenotype (17). 

It is likely that no single functional model for protein isoforms 
will explain all known cases. The utility of the isoform mechanism 
may be its adaptability to very different levels of function. 

Genetic, Molecular, and Structural Approaches 
Converge 

The application of new innovations in genetic, molecular, and 
structural biology has finthered our understanding of the biophys- 
ical mechanisms operating in musde contraction and the key 
replatory interactions underlying commitment and gene expression 
in myogenesis. Genetic manipulation of the nematode C. elegans 
(18) and several hsophi la  strains (19, 20) are providing experimen- 
tal material for much of the combined efforts. The first molecular 
cloning and sequencing of a myosin heavy chain gene and an entire 
myosin heavy chain f w  was done in C. eleganr and led to (i) the 
structural model of the myosin rod (18, 21); (ii) evidence for the 
developmental and functional significance ofthe myosin heavy chain 
isoforms and of myosin-associated proteins in thick filaments; (iii) 
identification of specific proteins of the adhesion plaques active in 
myofibril initiation; and (iv) the cloning and sequencing ofthe fim 
neural cell adhesion molacule (N-CAM)-related accessory protein 
of the thick filament. Research with h o p h i l a  provided the first 
evidence for alternative splicing in the tissue-specific expression of 
myosin heavy chain isofom (19); indicated the roles of troponin-T, 
a-actinin, and a specific actin isoform in the assembly of thin 
filaments in vivo; and demonstrated the necessity of regdated 
expression of actin and myosin for proper myofibdar organization 
(20). Both C. eleganr and Drosophila studies have confirmed that 
thick and thin filaments assemble independently of each other (18, 
20). 

Genetic engineering in v im has been used to design altered, 
deleted, or chimeric myofibdac proteins (19, 22, 23). Its s u e  
application in Drosophila has permitted physiological testing of 
engineered proteins, especially the analysis of the interactions of 
mutated actins in assembly (20). Engineered myosin heavy chain 
segments, tropomyosin, and mponin-C produced in recombinant 
ceh have been analyzed by in vitro aggregation and reconstitution 
(22, 23). The rescue of specific musde-defective mutant strains by 
relevant genes engineered in vitro in easily manipulated organisms 
such as C. elegans and hsophi la  will permit physiologically strin- 
gent assays of their myofibrillar function in vivo. 

Technological improvements in computer-based imaging are 

aon of s+c antibodies, particularly monodonal reagents,-hu- 
nofluorescence microscopy has become a standard technique of 
molecular localization (24). As a consequence of advances in video 
rnimopy,  it is now possible for researchers to inject fluorescent 
antibodies or fluorescent myofibdar proteins into living m d e  
cells and detect physiological assembly and exchange (25). S i e -  
protein filaments may be dirrctly visualized as they assemble in v im 
under M y  native conditions by video-enhanced difkrential inter- 
ference microscopy (26). More minute details of filament structure 
have been obtained by computer-based three-dimensional recon- 
struction of electron microscope images of negatively stained or 
unstained hydrated, finnen specimens (27, 28). The molecular 
structure of several myofibrillar proteins has been studied by x-ray 
difhction of their crystals (29). 

Bridging the Gap Between Dynamics and 
Structure 

Understanding the dynamic properties and three-dimensional 
structures of myofibrillar protein assemblies will allow researchers to 
predict the supramolecular organization and assembly reactions 
based on knowledge of the detailed molecular structures and amino 
acid sequences of the protein monomers. Although this goal has not 
yet been reached for any musde protein, progress in both areas has 
now indicated the most promisii approaches. 

Four myofibdar proteins are undergoing analysis by x-ray crys- 
tallography; myosin subfragment-1 (the head); mponin-C, the 

Flg. 1. The myofibril and component saucturrs. (a) Elecaon micrograph of 
rabbit psops musde after rapid firaiag, Os04 fixation, fime substitution, 
embeddug, and sectioning. The interdigitating thick and thin fhments of 
the A band (a) and the 43-nm Gprotein repeats on the thick filament ace 
evident. The thick and thin filaments arc cross-linked at the M and Z bands. 
Thc I band contains only thin filaments. (Courtesy of H. E. Huxley) (b) 
Space-filling. model of reconstituted F actin-tropomyosin filament. The 
model is d e n d  from ekctron micrascopy of frozen hydrated specimens and 
computer reconsuuction of the images. N m  the coiling of tropomyosin 
(TM) about the right-handed actin helix (Ac) with a pitch ofabout 36.5 nm. 
(Courtesy of R. A. Milligan and M. A. Whittaker) (c) Space-filling model of 
a two-stranded a-helical coiled coil. The a-carbon atoms (light) arc shown 
for a portion of the sequence of a,-tropomyosin (residues 44 to 118). For 
clarity, only the apolar side chains (dark), which interlock to stabilize the 
coiled ail, are illustrated. The coiled coil is left-handed, and the individual 
a-helices arc right-handed. [Adapted from (&).I 
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monomeric, globular form of actin (G-actin); and tropomyosin 
(28). Only the troponin-C and G-actin structures are presently 
known at atomic resolution. The detailed packing of amino acid side 
chains has recently been determined for G-actin complexed with 
DNase I. A model for the structure of tropomyosin (Fig. lc) and for 
the overall shape of the myosin head have been derived. 

At the next level of structure determination, three-dimensional 
structures of native thick filaments and reconstituted thin filaments 
have been reconstructed from the electron microscopy of negatively 
stained or frozen, hydrated specimens (27, 29). The structural 
models produced thus far with electron microscopy have resolutions 
of about 3 to 4 nm. At this resolution, the contours of protein 
monomers may be distinguished. The thin filament with its constit- 
uents actin, tropomyosin, and troponin is likely to be the first 
myofibrillar structure to be understood in molecular detail (Fig. lb).  
Structural information on myofibrillar proteins will be crucial to 
explaining and predicting their dynamic properties and supramolec- 
ular associations. 

A detailed picture of the folding and association of tropomyosin 
polypeptides into the native a-helical coiled-coil dimer (Fig. lc) and 
its interaction with actin and troponin in the assembly of thin 
filaments is now available. The observation that a p  tropomyosin 
heterodimers are found preferentially in specific muscles, rather than 
aa and pp molecules (13), has stimulated a series of studies of the 
reversible denaturation and renaturation of tropomyosin (30). The 
homo- and heterodimers can all reversibly dissociate to the mono- 
mer forms. Heterodimer formation by exchange of monomers is 
thermodynamically favored but, depending on the experimental 
conditions, may assemble more slowly or more rapidly than ho- 
modimers. Since the observed half-time for a p  formation by 
exchange is of +e order of hours, the folding and association of a 
and p tropomyosins in muscle may require catalysts. 

The genetic and structural dissection of tropomyosin interaction 
with actin and troponin is providing complementary information 
about thin filament assembly. The exact register of an integral 
number of 48 amino acid-residue repeats (about 7.1 nm each) 
within tropomyosin are necessary for correct binding to actin 
filaments (31). The number of repeats per tropomyosin molecule can 
be seven (muscle isoform), six (nonmuscle isoform), or five (yeast). 
Troponin-T is involved in stabilizing tropomyosin-actin interac- 
tions, since mutations altering the repeat pattern in tropomyosin are 
overcome by troponin addition in vitro, and troponin mutations can 
disrupt thin filaments and their cross-linking by a-actinin in Dro- 
sophila (20). The observation that specific tropomyosin-troponin- 
T-a-actinin isoform combinations correlate with skeletal muscle 
fiber types is potentially related to these genetic results (13). The 
location of troponin-T at the head-tail junctions of contiguous 
tropomyosins along actin filaments is consistent with its importance 
in stabilizing the overall assembly of muscle thin filaments (32). 

Kinetics and Equilibria of Reactions of 
Mvofibrillar Proteins 

for actin are consistent with the theory of nucleation-dependent 
polymerization (34). Similarly, the helical structure of F-actin is 
consistent with its nucleation-dependent formation. For actin, poly- 
merization proceeds by 

where A is monomeric G-actin, A, is the trimeric nucleation 
structure, and A,-, are F-actin. 

For skeletal muscle myosin, the first step is the formation of 
parallel dimers of myosin molecules staggered by 43 to 44 nm (34a) 

Polymerization ensues by 

where M is the myosin molecule, and Mi-, and M, are synthetic 
myosin polymers. 

Unlike actin, myosin polymers do not form by simple polar 
addition of monomers. Instead, the packing of myosin rods results 
in a bipolar structure. In the case of striated muscle myosin, kinetic 
and equilibrium studies have not detected a distinct nucleation step 
for the antiparallel interactions that form bipolar structures. The 
cooperativity of myosin helix formation is distributed in both the 
initiation and elongation phases of polymerization (35). Varying 
conditions of pH, ionic strength, Mg2+, and ATP produce stable 
intermediate structures: bipolar minifilaments (16 to 18 myosins, 
0.3 pm length); pH 8.0 filaments (-150 myosins, 0.67 pm), and 
native-like filaments (-300 myosins, 1.5 pm) (36). The minifila- 
ments are similar in length to assemblages produced by depolymer- 
ization of native vertebrate thick filaments (37). These assemblages 
represent a stable form of a short bipolar myosin structure. 

Myosin interactions become progressively weaker from the central 
region outward to the ends of both native and pH 8.0 synthetic 
filaments (37-39). This phenomenon results from an increase in 
dissociation rate with increasing length (39). The ionic bonding of 
myosin at filament ends is so weak that rapid exchange occurs with 
free myosin. Direct evidence for myosin exchange between synthetic 
filaments and in muscle has been obtained (40). Control of this 
bonding may be the mechanism of determination of precise filament 
length in vivo. Indeed, synthetic filaments approximating native 
lengths can be produced by careful control of myosin and ion 
concentrations (36, 39, 41). 

Fig. 2. Differential as- Wild-type 
sembly of myosin iso- 
forms in C. elegans. In 
- 

body wall muscle cells of 
wild type, thick filaments Myosin A 
are about 10 pm in deficient 

MyOsinB I excess 
length. Myosins A and B - C- 

are AA and BB ho- 
d modimers of myosin i 

The polymerizations of actin and myosin into synthetic filaments heavy chains encoded by ___ii___ 

in vitro are classical models of biological assembly (33). Although the  YO-3 and urn-54 Paramyosin 
deficient 

structural considerations and genetic analysis suggest that additional ~ ~ ? d ~ ~ ~ ~ t ~  ~ ~ ~ m m I o n g  __, whereas is laaid bilaterally 
and are required for thick and thin in the polar 4.5-km-long regions. Bilateral small areas of overlap exist. Myosin 

assembly in vivo, the in vitro reactions and polymers can be used to A alone (dark), myosin B alone (light), myosins A and B (specMed). In null 
assay the biological properties of genetically engineered myofibrillar mutants of urn-54 such as e190, the deficiency of myosin B leads to thick 

proteins. The equilibrium and rate constants determined establish filaments length that have A along their entire length. In 
duplications of myo-3, such as e1407, the excess of myosin A leads to spreading thermodynamic and kinetic constraints on assembly mechanisms of its distribution, In the mutant of urn-15, the deficiency of 

that act in vivo. Actin filaments (F-actin) are composed of mono- Darmvosi, leads to a of mvosins A and B in the central zone 
meric subunits of G-actin. The observed equilibria &d reaction rates ;he as&mbly of bilateral tubular"sm&res associated with myosin B (10). 
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Structure and Assembly of Thick and Thin 
Filaments 

Despite the limited structural resolution of filament proteins and 
filaments and the difficulties in establishing cell-free assays of 
physiologically significant assembly, available information indicates 
that the structures of thick and thin filaments and the mechanisms 
required for their assembly in muscle cells are more complex than in 
earlier models of simple helical polymers and their self-assembly. 

The a-helical coiled coil in myosin heavy chain rods as in 
tropomyosin is based on a repeating heptapeptide unit within each 
chain, a-b-c-d-e-f-g, where a and d generally have apolar side chains 
(Fig. lc), and the other positions frequently have charged side 
chains. In the myosins, additional repeats of 28 amino acid residues 
are found throughout the rods. Extra residues representing "skips" 
in the 28-residue pattern are detected at only positions 4 and 5, 
respectively, in the urn-54 myosin heavy chain and unc-15 paramy- 
osin rods of C. elegans. These skip residues may modulate the 
coiled-coil pitch and result in a change of twist of the myosin rod 
that could have profound effects on filament structure. Interactions 
between myosin rods are strongest at staggers of 98 residues (14.3 
nrn) and 294 residues (43 nm) (9, 21). These staggers agree 
numerically with the strongest helical repeats detected in a variety of 
thick filaments by x-ray diffraction (42) and electron microscopy (27, 
29). The challenge will be to extend the one-dimensional analysis to 
a three-dimensional model of thick filaments. 

Although the arrangement of myosin heads appears helical in 
thick filaments from several species, multiple lines of evidence 
indicate some form of nonequivalence among the constituent myo- 
sin molecules, which may be related to nonmyosin proteins. Exam- 
ples of these complexities include the 29.0- and 48.0-nm myosin 
periodicities in the striated adductor of the scallop, the periodic 
localization of C-protein and other associated molecules to particular 
sites along myosin in vertebrate skeletal muscles (Fig. la), and the 
interaction of two myosin isoforrns and paramyosin in C. elegans to 
produce the wild-type localizations shown in Fig. 2 (8, 10, 43, 44). 

In vertebrate muscles, at least eight proteins in addition to myosin 
appear to be associated with the thick filaments: C-protein, H-pro- 

Fig. 3. Amino acid consen- 
sus alignments of the myo- 
sin-associated proteins (lo- 
cated on or about thick fila- 
ments) that belong to the 
immunoglobulin (Ig) C-2 
and fibronectin (Fn) type I11 
families. (A) The consensus 
sequence for the Ig C-2 fam- 
ily (C-2) (46) is aligned with 
the predicted amino acid 
consensus sequences for 
C-protein (C-pro), 86-kD 
protein (66)s, smooth mus- 
cle light chain kinase 
(smLCK), titin, and twit- 
chin (Twthn) (46). (B) The 
consensus sequences of the 
type I11 Fn repeats in these 
same myosin-associated pro- 
teins are aligned according 
to the consensus (47). For 
each figure, those amino ac- 
ids that are identical in every 
member of each family are 
linked by a vertical bar 

tein (in mammals) or 86-kD protein (in birds), M-protein, myo- 
mesin, M-creatine kinase, adenosine monophosphate (AMP)-deam- 
inase, skelemin, and titin (44, 45). None has a demonstrated 
function in thick filament assembly or A-band formation, but 
molecular analysis of their sequences and intracellular localization 
studies suggest a potential morphogenetic role for several of the 
proteins. Primary sequence analyses of twitchin (the unc-22 gene 
product of C. elegans), C-protein, titin, skelemin, smooth-muscle 
myosin light chain kinase, and 86-kD protein indicate that all are 
intracellular, nonmembrane-associated members of the N-CAM 
gene family (46). All exhibit two sets of repetitive motifs, -100 
amino acids in length, with predicted p-sheet structure. One of the 
domains belongs to the C2 set of the immunoglobulin gene family, 
and the other is related to the type I11 domains of fibronectin (47) 
(Fig. 3). Evidence with N-CAM suggests a role for such domains in 
intercellular adhesion (48); it remains to be seen if these myosin- 
associated proteins function in comparable intra- or interfilamentous 
adhesive reactions within the myofibril. 

Immunofluorescent studies of cultured embryonic myocytes have 
demonstrated that titin is one of the earliest markers of sarcomere 
formation and that C-protein and myomesin appear coincident with 
A-band formation (49). Since a single titin molecule is believed to 
stretch the full length of each half sarcomere (for example, from M 
band to Z band), this molecule has been considered a potential 
length-regulation template during myofibril assembly (SO), whereas 
C-protein and myomesin might function in the lateral registration of 
thick filaments (Fig. 4). However, a central role for twitchin in 
myofibril assembly is unlikely, since nematode mutants lacking 
twitchin have normal numbers of myofilaments. These twitchin- 
deficient mutants can organize sarcomeres when suppressed by 
missense mutations in the myosin head (51). Further, thick filaments 
assemble in embryonic vertebrate muscle cells independently of the 
titin-containing complexes (49). The highly specific localizations of 
so many proteins to specific sites about the myosin-containing 
filaments suggest that the mechanisms of thick filament assembly 
and A-band organization must be complex. 

Mutants of C. elegans and Drosophila and cultured myocyte 
models indicate that the assembly of thick and thin filaments are 

A Myosin-associated Ig C-2 family 

B Myosin-associated FN Ill family 

and undekcored with a caret. Those amino acids present in at least three 
members of each class have also been underscored. Asterisks have been where the sequences have been shifted to facilitate vertical matches between 
inserted in place of nonidentical amino acids, and dashes have been inserted the protein repeats. 
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largely idepcmkt of one another. E d  type of filament assembles 
intheabsenceoftheothatypeandintheabsenceoforganized 
myofibrillar structure (52). Mutations a&ctbg either thick or thin 
filament assembly occur in a greater number of genes than are 
raquirod to e n d  the presently known protein components. In C. 
etegans, the assembly of myosin heavy chains (which are the products 
of myo-1, myo-2, myo-3, and unc-54) and of paramyosin (encoded by 
unc-15) require unc-45 and unc-82 gene products, respectively (53). 
In Dro~ophila, tropomyosin and troponin-T mutants disrupt normal 
thin h e n t - Z  band interactions (20). Biochemical and localkation 
experkmts are compatible with the *ation of actin assembly by 
the Cap Z p& at the Z band (54). Multiple proteins dearly 
interact in the assembly of myosin and actin to produce thick and 
thin fhnents in musde. 

The assembly ofthick and thin filaments, although independent of 
one another and of overall myofibrillar structure, may require 
transient nudeation complexes, possibly at special sitcs such as the 
cell membrane or the prearistinp; qtoskeleton (55). Multiple mutant 
strains of C. etegatu & which G c k  filament A b l y  &disrupted 
accumulate unusually large, thick filaments or multifilament assem- 
blages. Smaller numbers of similar structures accumulate in wild- 
type C. efegans, suppressed nematode mutants, Lho~ophila musde 
mutants, and Limulus teIson m d e  (56). Prc- in vim 
experiments and genetic studies suggest that the assemblages may be 
transient assembly complexes (57). 

I 

DIF MT Sip 
m. 4. hoposed model of myofibril assembly based on imm-t 
andekcaonmiaoPnohicstudicsofculauedskekalandcardiacmvocvtes 
(49,63) (wurtcsy H. Hdtzer, H. Ishikawa, and T. khultheiss). N S ~ ,  
nonstriated myofibril; SFLS, stress-&-like structure; SMF, saiated myo- 
fibril, My-F, myosinantainhg thick filaments; T, titin, C, Cprotcin; M, 
myomcsin and M-band protein; SAP, submembranous adhesion plaque; 
DIF, desminantaining intermdate filaments; MT, micrombles. NSMFs 
contain loose amqemeots ofidepe&ntly assembled I-%I-& wmplex- 
es and My-Fs. The I-ZI-Iike complexes are composed of 0.3-um-wide Z 
bodies that wntain a-actinin and titin linked to filaments composed ofactin, 
tropomyosin, and troponin. SFLS in immature myocytcs closely rcsembk 
rnnmu.de sacss fibers. The NSMFs may be initiated by thc gradual 
insmion of muscle-s@c isofom (fbr example, a-actinin, a-actin, and 
a-mpomyosin) into SFLS along with unique musde pmteim such as titin 
and troponin. Hybrid sfiunus wntaining nonmusde and musde isofbnns 
exist transiently. Free My-Fs contain no detectable Gprotein, myomcsin, or 
M-protein; these three proteins are 6rst seen when sarcomcrs assemble into 
SMFs. The I-ZI-Like complaes and scatted My-Fs become organized into 
svcomcres in dose proximity to SAPS. The SAPS may catalyze or s tab ' i  
the association of I-%I-like wmplexcs and My-Fs. SAPS wntain talin, 
v indn ,  and a-actinin. The transverse alignment of thick filaments may be 
guided and s t a b i i  by G p m i n ,  myomesin, and M-protein. Since nascent 
mydbrils are attached at each end to SAPS, wntinued longitudinal growth 
of the myofibril would necessitate a cyclic detachment of the termi~I  
m m e r e  as new units are assembled. In d h  model, SAPS subsmre two 
functions: (i) provide sites for new sarcornere addition during myofibril 
elongation, and (u) smc to aansmk tension to the extracellular matrix. The 
functions of DIFs and MTs in this process are unknown. This model is 
intended to account for the end-on addition of new s a r a ~ ~ n s  in newly 
fonned myofibrils. Another set of interacfiom may be responsibk fbr the 
appositional growth of prcaiscing myofibrils in muscle. 

Membrane Involvement in Myofibrillar 
Organhation 

Transmission ofcontractile tension to the vertebrate endoskeleton 
or invertebrate exoskeleton requks spccializcd adhesion sites be- 
tween the myofibrils and Qmactllular fibrillar components (for 
example, collagen) across the inarveniog plasma membrane. In 
vertebrates, the termid aaachment site, or myotendon junction, 
contains talin, vinculin, a-actinin, fibronectin, rroascin, the 80-kD 
protein, and collagen-binding integcins (58). Myofibrils appear to be 
linked transversely to the plasma membrane at periodic adhesion 
sites, termed costameres, which are in qister with the sacomere 
repeats of the mY0fibd.s (59). Immuno&-t studies indicate 
the presence of vinculin, meta-vindn, a 36-kD vinculin-binding 
protein, y-actin, nonmu.de a-actinin, spearin, and talin on the 
cytoplasmic face of each commere. Collagen fibrils insert on the 
extraccllular face+ and f3,containing integrins and col-CAM, present 
at this location, could save as transmembrane links between the 
intra- and extracellular components (60). Compositional analysis of 
invertebrate musde-hypodermal-cuticular adhesion sites is just bc 
ginning, but irnm-cal and genetic M o n s  of these 
structures in C. +tu and Drosophila (18,53, 61, 62) indicate that 
proteins similar m vinculin, a-actinin, and integrins are present at 
dxse sites and that null mutations in inctgrin or vinculin have 
profound e f k t s  on early embryonic morphogenesis (62). 

Several lines of evidence indicate that the plasma membrane and 
its assodated submembranous cytoskekton are direcdy involved in 
myofibril assembly. The initial stages of vertebrate s a ~ ~ m e r e  orga- 
n i z a t i o n , b o t h i n v i v o a n d i n c e U c u l n u c , a r e ~ ~ ~ t h  
the sarcokmma (55). Nascent myofibrils are associated with stress 
fiber-like sm~nurs (SFLS), composed of nonmusde con- 
protein isoforms (63). The early myofibrils are anchored at each end 
to the cell surfice by submembranes adhesion plaques (Fig. 4) that 
contain many if not all ofthe proteins identified at costameres (59, 
60). A schematic model of myofibril assembly based on immuno- 
fluorescent analyses of cultured skeletal and cardiac m oq rs  is 
presented in Pi. 4. This model should serve to $Gate the 
complexity of m y o f i ~ i ,  the potential integrating role of 
the plasma membram, and the centrality of the adhesion plaque in 
this assembly process. 
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