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Preface 

The ability to move is one of the fundamental properties of 
living organisms. It is based on the existence of two princi- 
pally different molecular motors, the actomyosin and the mi- 
crotubular systems. Within the actomyosin system, the regu- 
lar sarcomeric organization of thick and thin filaments is one 
of the most fascinating achievements in the evolution of a 
tissue specialized in performing directed movements. As 
viewed from the highly ordered structures of thick and thin 
filaments in the myofibrils of cross-striated muscle, this ar- 
rangement can not be explained simply by the molecular 
properties of its major protein components. This difficulty 
became evident almost as early as the sliding filament mecha- 
nism had been proposed. Several observations pointed to the 
existence of an as yet unidentified ordering structure, for 
instance the maintained integrity of ghost fibers after the 
extraction of myosin (Huxley & Hanson, 1954), the elastic 
behaviour of those fibers, the strictly defined filament length, 
the integrity of the sarcomere after extension beyond 
thin/thick filament overlap (for review see Wang, 1985). 

It was the pioneering work of Koscak Maruyama and col- 
laborators which by the discovery of an only badly soluble 
proteinaceous residue called "connectin" provided for the 
first time a molecular explanation for these phenomena 
(Maruyama, 1976). This hitherto unknown gigantic protein, 
later on renamed as titin (Wang et al., 1979), was shown to be 
capable of fulfilling the demanded organizing role. Its mo- 
lecular dimensions, sarcomeric arrangement and multiple 
functions deciphered since its discovery, justify its distinction 
as an independent structural element, the so-called third fila- 
ment, and the notion of the sarcomere as a three-filament 
system (Fig. 1). 

The large body of literature that has accumulated on titin 
and its associated proteins in the time since its discovery, 
made it appear timely to bring together the existing knowl- 
edge in a comprehensive form. This was the aim of the present 
volume. 
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Figure 1. Comprehensive sketch illustrating the so-called "three fila- 
ment model of the sarcornere". The upper box shows one sarcomere 
(with Z-discs, I band, A band, H zone, and M band indicated by arrows 
and brackets), as well as one representative thick filament and four thin 
filaments. An enlargement of thin filament substructure with an expla- 
nation of molecular symbols is shown in the left bottom box. The main 
features of thick filament structure (assembly of filaments based on 
myosin molecules, three-dimensional arrangement of myosin heads 
along the filament, cross section through the filament), and a titin 
molecule are given in the right bottom box. Note that exclusively titin 
provides continuity to the sarcomere; on the other hand, this molecule 
is required to be highly elastic in order not to impede the actin/myosin- 
based contractile machinery. For further details see the various contri- 
butions to this volume. 

The history of the discovery of connectin/titin including 
comparative aspects of the third filament in diverse muscles 
of vertebrates and invertebrates is summarized in a chapter 
by K. Maruyama. Fundamental insights into molecular struc- 
ture/function relationships stem from the meticulous work of 
Siegfried Labeit's laboratory on the cloning and sequencing 
studies on titin cDNA and its gene. The results of this work 
and an outlook on the titin isoform family is presented in 
chapter 2. Robert Horowits highlights in chapter 3 the physi- 
ology of titin by its role in the mechanical properties, as 
elucidated by selective extractions and direct measurements 
of segmental elasticity. The complex pattern of titin interac- 
tions with other proteins of the myofibrillar apparatus along 
its length is dealt with by Mathias Gautel and colleagues in 
chapter 4. This chapter also includes available evidence for 
the regulation of these interactions by mechanisms under 
control of different signalling pathways. The role of the third 
filament as a ruler of the sarcomere during embryonic and in 
vitro myogenesis is discussed in chapter 5 by Alice Fulton. 
The interactions of specific titin regions with other protein 
ligands are described in detail in the following two chapters. 
Dieter Ffirst and collaborators elaborate in chapter 6 interac- 
tions of the carboxy terminus of titin with M-band proteins, 
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both with regard to the structure of the M-band and its as- 
sembly. The C-protein, its potential modulatory function on 
contractility and thick filament formation is dealt with by 
Pauline Bennett and colleagues in chapter 7. The final chapter 
of the volume by Guy Benian and colleagues emphasizes 
comparative aspects and focusses on the genetics and mo- 
lecular biology of titin-like proteins in invertebrates. 
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1 Introduction 

K. Maruyama 

Contractility and elasticity are the major functions of striated muscle. Inter- 
actions of myosin and actin hydrolyzing ATP lead to muscle contraction and 
connectin/titin filaments are responsible for the elasticity of muscle. 

In vertebrate striated musde connectin/titin is the largest peptide so far 
known : 3000-4000 kDa and 1 ~'n long (for reviews, see Maruyama, 1986; 
1994; 1997). Connectin links the myosin filament to the Z line and positions 
the filament at the center of a sarcomere. The N terminal 90 kDa portion of 
connectin binds to the Z line and the C terminal 120 kDa portion binds to 
myosin, myomesin, and M protein constituting the M line of the A band. 

There are a number of isoforms of connectin. Especially, connectin iso- 
forms of cardiac, fast and slow striated muscles differ in size and elasticity. 

In invertebrate muscle several connectin-related elastic proteins are 
characterized : 753 kDa twitchin (nematode, annelid and mollusc), 1200 kDa 
projectin (arthropod), and N3000 kDa connectin-like protein (annelid and 
arthropod). In addition, -2000 kDa connectin-like proteins are present in 
nematode, mollusc and prochordate. 

2 Short History 

JWhen Reiji Natori (]ikei University, School of Medicine, Tokyo) first pre- 
pared "skinned fibers" of frog skeletal muscle in 1951, he observed reversible 
stretch and passive tension generation upon stretch. Natori assumed the 
presence of "internal elastic structure" in a sarcomere (Natori, 1954). Hugh 
Huxley and Jean Hanson also observed an elastic behavior of myosin- 
extracted myofibril and assumed the presence of s (stretch) filament linking 
two opposite actin filaments in a sarcomere (Huxley and Hanson, 1954). 

It was Fritchof SjSstrand (1962) that first saw "gap filaments" between 
separated thick and thin filaments in extremely stretched sarcomeres. Later, 
Graham Hoyle claimed that "thinner filaments" run in parallel with "thin 
(actin) filaments in a sarcomere and he named it T filament (McNail and 
Hoyle, 1967; Hoyle, 1983). Ferenc Guba also presented a similar view and 
called fibrillin (Guba et al. 1968). 

The present writer started his work stimulated by Natori in 1975. Ghost 
skinned fiber treated with dilute alkaline solution was reversibly stretched 
and passive tension was generated upon stretch. The term connectin was 
given to a huge elastic protein (Maruyama et al. 1977). In 1979 Kuan Wang 
showed doublet band of very high molecular weight (-1000 kDa) in chicken 
skeletal muscle on an SDS gel electrophoresis and called it titin (Wang et al. 
1979). In 1984 we estimated 2800 kDa for the molecular mass of con- 
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nectin/titin (Maruyama et al. 1984), but nobody except for Wang and the 
present writer believed the presence of such a giant peptide! 

Thanks to Richard Podolsky (NIH, USA) and Klaus Weber (G6ttingen, 
Germany) for their entry to this field. Using the technique of ionized irra- 
diation the former's group showed a protein with molecular weight of sev- 
eral million is responsible for passive tension generation (Horowits et al. 
1986). The latter's group clearly demonstrated the localization of connectin 
molecules in a sarcomere under an electron microscope using more than ten 
kinds of monoclonal antibodies (Fiirst et al. 1988). Since then the muscle 
elastic protein has become a current topic in cell biology. 

It was very difficult to isolate the mother molecule of connectin from 
striated muscle. Its C terminal region bound to the M line of the A band is 
easily solubilized together with myosin in 0.6 M KC1, but the N terminal 
region firmly bound to the Z line is insoluble in most salt solutions. It was 
found that 0.1 M phosphate buffer, pH 7.0, partially set connectin free. ~- 
Connectin was thus isolated from rabbit skeletal muscle in 1989 (Kimura 
and Maruyama). 

Siegfried Labeit challenged to decipher connectin cDNA in 1989. Six 
years later he succeeded in the complete elucidation of human cardiac con- 
nectin cDNA, 82 kb coding 26,926 amino acids (2993 kDa) (Labeit and 
Kolmerer, 1995). To celebrate Labeit's monumental work, an international 
symposium on muscle elastic proteins was held at Chiba University, Chiba, 
Japan in 1995 (Maruyama and Kimura, 1996). 

Quite recently, three groups have finally unraveled the mechanism of 
elasticity of a single connectin molecule: an entropy spring (more flexible 
PEVK region) and a series of unfolding and folding immunoglobulin do- 
mains (less flexible) (Tskhovrebova et al. 1997; Kellermayer et al. 1997; Rief 
et al. 1997). 

3 Mystery of Doublet Band 

As first described by Wang et al. (1979), there is doublet band of connectin 
at the top of polyacrylamide gel, when a piece of whole striated muscle is 
solublized in an SDS solution and electrophoresed. When freshly excised 
specimen is used, the upper of the doublet band is thicker than the lower. In 
aged muscle sample, the situation becomes opposite. Therefore, it is usually 
regarded that the lower band ([~-connectin, titin 2) is due to the proteolytic 
product of the mother molecule, a-connectin (titin 1). In fact, [3-connectin is 
prepared from chicken breast muscle after storage overnight at 4 ~ (Kimura 
and Maruyama, 1983). The protease responsible for splitting ~-connectin 
into [3-connectin is inhibited by 1ram leupeptin and is thought to be a thiol 
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Fig. 1. SDS gel electrophoresis pattern of chicken 
breast muscle connectin. 1.8% polyacrylamide gel 
containing 6 M urea (Weber-Osborn system). A, 
control (myofibrils); B, treated for 2 min at pH 
7.6 with 1/100 (w/w) clostripain in 0.3 M NaC1 and 
2.5 mM dithiothreitol. Note that 13' band is not de- 
tected by Laemmli's system, cq 13, lY, or-, [3-, ~'- con- 
nectin; N, nebulin; MHC, myosin heavy chain. Hu 
D H, unpublished (1986) (cf. Hu et al. 1986; 1989) 

protease, very probably, calpain (Kimura et al. 1993 ; cf. Sorimachi et aI. 
1996). 

Question arises whether 13-connectin is really a proteolytic product in 
vivo or not. Hu et al. (1986) observed that there are two [3-connectin bands, 
[~ and ~' in chicken breast muscle. The ~' band was very sharp and this band 
remained as such on proteolysis of a-connectin, whereas the I~ band became 
thicker (see Fig. lb, lanes 1 and 2 in Hu et al. 1989). As shown in Fig. 1, when 
washed myofibrils were briefly treated with clostripain, a thiol protease from 
Clostrium, the ~ band became thicker together with the appearance of 1700K 
and 400K bands. However, the ~' band remained constant. Thus there is a 
possibility that at least [3' exists in situ as such, not produced by proteolysis 
of c~-connectin. If so, there could be a small isoform of connectin which just 
binds onto the myosin filament, corresponding to twitchin or projectin in 
invertebrate muscle (see section, 7.1 and 7.2). 

It is to be pointed out that there is only a single band corresponding to o~- 
connectin in chicken leg muscle (Hu et al. 1986; Hattori et al. 1995) and in 
lamprey skeletal muscle (Itoh et al. 1987). 

It is probable that ~x-connectin might undergo proteolysis during prepa- 
ration (Kimura and Maruyama, 1989). We have checked the isolated ~- 
connectin by immunoblot tests using antibodies to the N and C terminal 
regions of connectin, respectively (Yajima et al. 1996; Soeno et al. 1997). The 
both antibodies reacted with isolated ot-connectin indicating that the N and 



Comparative Aspects of Muscle Elastic Proteins 

C terminal regions of cx-connectin were intact (Kimura and Maruyama, un- 
published). 

4 Connectin Isoforms 

It is well known that a number of muscle structural proteins undergo 
changes of isoform expression during embryonic and postnatal develop- 
ment (cf. Obinata, 1993). We observed that an embryonic type of connectin 
was first expressed, then neonatal type and finally adult type appeared in 
chicken skeletal muscle during embryonic and postnatal development. The 
molecular size decreased in this order (Yoshidomi et al. 1985). However, 
Hattori et al. (1995) pointed out that there are only embryonic and adult 
types of connectin in chicken skeletal muscle distinguishable from electro- 
phoretic mobility. We confirmed this conclusion (Kawamura et al. 1996). 
The size of embryonic isoform of connectin is similar to that of leg muscle 
connectin (~4000 kDa) compared with -3000 kDa of breast muscle con- 
nectin. 

Labeit and Kolmerer (1995) clearly demonstrated the presence of four 
types distinct isoforms of connectin in human striated muscle : two cardiac 
and two skeletal muscle isoforms. In the skeletal muscle isoforms, there are 
additional 53 imunoglobulin (motif II) domains as compared to cardiac 
isoforms. The elastic PEVK region differs in size: 163 amino acids (cardiac), 
1400 (psoas, fast) and 2174 (soleus, slow). 

5 Vertebrate Skeletal Muscle Connectin 

Comparative studies using SDS gel electrophoresis revealed the ubiquitous 
presence of connectin bands in all the vertebrate skeletal muscles examined 
(Hu et al. 1986; Locker and Wild, 1986): Pisces: carp, goldfish; Amphibia; 
bull frog, newt; Reptilia: turtle, snake; Ayes: chicken, thrush; Mammalia: 
rabbit, sheep, bovine. It is of interest to note that the band of snake or turtle 
skeletal muscle connectin showed much slower mobility than that of chicken 
breast muscle connectin. This was also the case with nebulin (Hu et al. 
1986). 

A comparative study was carried out with three species of fish using im- 
munoblot and immunoelectron microscopy (Kawamura et al. 1994a). The 
connectin size of horse mackerel (Osteichthyes), electric ray (Chondrich- 
thyes) and lamprey (Agnatha) was similar to that of chicken breast muscle. 
There was a single cx-connectin band in lamprey muscle, not ~-connectin 
(Itoh et al. 1987). Two kinds of antibodies to chicken skeletal connectin 
reacted with any fish connectin. As shown in Fig. 2, Pc1200 bound to the 
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Fig. 2. A scheme of the positions of the epitopes to the antibodies to connectin in fish 
skeletal muscle sarcomeres. 0, 3B9; [~, SM1; | ,  Pc1200. Z, Z line ; M, M line. Modified 
from Kawamura et al. (1994a). Courtesy of Dr. Hirohiko Yajima 

edge of the Z lines in all the muscle sarcomeres. 3B9 bound to the common 
or different regions at the A band. SM1 bound to the same I band region of 
electric ray sarcomere as that of chicken breast sarcomere, but did not bind 
to horse mackerel and lamprey sarcomeres. Thus, some epitopes (e.g., to 
Pc1200) were preserved and the other ones (e.g., to SM 1) were present or 
missing. Epitopes to 3B9 were all present but their localization was different 
among species. These observations suggest that connectin cDNA sequences 
are largely varied except for functionally essential regions even in Pisces. 
This is understable for such a large peptide as connectin. 

6 Smooth Muscle 

Vertebrate smooth muscle cells contain a number of desmin intermediate 
filaments in addition to thin (actin) and thick (myosin) filaments. SDS gel 
electrophoresis patterns of smooth muscle show faint bands of approxi- 
mately 1000 kDa above the thick band ofABP (filamin, 240 kDa). It is certain 
that -3000 kDa connectin is not present in bovine aorta and chicken gizzard. 

We have isolated the 1000 kDa protein from bovine aorta, but this did not 
crossreact with any antibodies to various regions of chicken skeletal muscle 
connectin (Kimura, S., unpublished). 

7 Nonmuscle 

Eilertsen and Keller (1992) reported that there are connectin-like 3000 kDa 
proteins (~-, and ~-connectin) in brush borders of chicken intestinal 
epithelial cells. Antibodies to this protein (T protein) reacted with chicken 
breast muscle connectin. Partially purified protein showed fibrous appear- 



Comparative Aspects of Muscle Elastic Proteins 

ance of approximately 1 btm long. Immunofluorescence revealed its local- 
ization in the brush border terminal web but not in the microvilli. This pa- 
per clearly shows the presence of connectin-like protein in nonmuscle cells. 
Eilertsem et al. (1994) further reported that cellular connectin colocalizes 
with myosin II filaments in stress fibers in the terminal web domain. Puri- 
fied ceUular connectin interacted with brush border myosin to form highly 
ordered myosin filaments in vitro. 

Erythrocyte cell cortex fractions contain very faint bands of 500-800 kDa 
in SDS gel electrophoresis. This is also the case with liver cells. There is not 
any indication of -3000 kDa connecfin-like proteins, however (Maruyama, 
unpublished). 

Connectin-like protein was present in sea-urchin egg cytomatrix and re- 
active with polyclonal antibodies to chicken skeletal muscle connectin. This 
protein is localized in the cleavage furrow but not in the mitotic apparatus 
(Pudles et al. 1990). 

8 Invertebrate Muscle 

Biodiversity is represented by a variety of connectin family in invertebrate 
muscle. At present at least five groups of long elastic proteins are known (cf. 
Ziegler, 1994; Maruyama et al. 1995; Kawamura et al. 1996). Recent cDNA 
sequence analyses have shown the common presence of repeating motifs I 
(fibronectin Type III) and/or II (immunoglobulin C2) in vertebrate con- 
nectin family. 

Twitchin found in C. elegans bodywall muscle is the protein of connectin 
family first completely sequenced (Benian et al. 1989). This 753 kDa protein 
is distributed not only in nematode and annelid muscle but also in mollus- 
can adductor muscle. 

The 732 kDa protein coded by unc-89 gene is related to the M line forma- 
tion in C. elegans bodywall muscle sarcomeres (Benian et al. 1996b). 

Projectin, 1200 kDa protein, is found in arthropod muscle. In insect flight 
muscle projectin substitutes for connectin, but in leg muscle it is just bound 
onto the myosin filament as twitchin in nematode bodywall muscle. 

Kettin, 400-700 kDa protein, is also arthropod muscle protein consisting 
of motif IIs with interdomains. Apart from its binding to the Z line, its func- 
tion is unknown. 

Invertebrate connectin, 2000-5000 kDa, found in annelid, mollusc, ar- 
thropod and prochordate muscles, are equivalent to vertebrate striated mus- 
cle connectin. 
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8.1 Twitchin 

Twitchin, a prototype of connectin, 753 kDa, was discovered in C. elegans 
bodywaU muscle, when unc-22 gene was sequenced (Benian et al. 1989; 
1993). Mutants defect in the unc-22 gene results in malfunction of contrac- 
tility. The sequence consists of a number of repeats, 31 motif Is (fibronectin 
Type III-like domains) and 30 motif IIs (immunoglobulin C2-1ike domains). 
Near the C terminus there is myosin light chain kinase (MLCK) domain. 
The sequence of twitchin is similar to that of connectin elucidated by Labeit 
and Kolmerer (1995)..In fact, some antibodies to connectin (e.g. 3B9) cross- 
react with twitchin (Matsuno et al. 1989). Immunofluorescence observations 
located twitchin on the myosin filament in obliquely striated muscle. 

Weber's school was able to isolate twitchin from the nematodes, Ascaris 
lumbricoides and Caenorhabditis elegans (Nave et al. 1991). Twitchin is a 
filamentous protein, 240-250 nm long and consists of mainly ~-sheets. 
Twitchin is present both in bodywall muscle and pharynx. However, phar- 
ynx twitchin is an isoform different from bodywall one in the domain or- 
ganization of the C terminal region (Benian et al. 1996a). 

Twitchin was also purified from striated and smooth adductor muscles of 
scallop and from Mytilus catch (smooth) muscle (Vibert et al. 1993; 1996). 
The muscle suspension well washed with a saline solution was extracted with 
0.15 M phosphate buffer, pH 7.0. After dialysis against low salt solution, 
myosin was sedimented away. The supernatant containing twitchin was 
subjected to DEAE-Sephacel column chromatography. Further purification 
was carried out with HPLC using Serva Si300 polyol column. 

Molluscan twitchin is a rod-like molecule, 250 nm long and 3 nm wide 
with polarity. Immunoelectron microscopy showed that antibodies to MLCK 
region of C. elegans twitchin bound to scallop twitchin near one end of the 
molecule (Fig. 3) suggesting the presence of MLCK region near the C termi- 

Fig. 3. Rotary shadowed scallop striated muscle twitchin treated with anti-MLCK 
kinase (C. elegans twitchin). Courtesy of Dr. Peter Vibert (Vibert et al. 1993). Per- 
mission obtained 
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nus of scallop twitchin. Twitchin is localized on the myosin filament of scal- 
lop striated muscle sarcomeres (Vibert et al. 1993). 

Twitchin was also isolated from marine mollusc Aplysia (Heierhorst et al. 
1994). Aplysia twitchin showed an autophosphorylation activity onto 
threonine. Bacteria-expressed kinase domain ofAplysia twitchin phosphory- 
lates the 19 kDa myosin regulatory light chain of Aplysia myosin (Heierhorst 
et al. 1995). Furthermore, Probst et al. (1994) reported that twitchin is the 
major substrate for a cAMP dependent kinase and an increase in cAMP 
dependent phosphorylation of twitchin causes an increased rate of relaxa- 
tion of Aplysia muscle. It was also found that Ca2+/S100 calcium binding 
protein greatly activated the protein kinase activity of Aplysia twitchin 
(Heierhorst et al. 1996). Thus, twitchin may function as a signal transmitter 
in addition to its myosin filament organizing action. 

8.2 UNC 89 

In C. elegans bodywaU muscle of unc 89 gene mutants, the myosin filaments 
are disorganized without the M line. Benian and associates cloned cDNA 
and completely sequenced (Benian et al. 1996b). The product of unc 89 gene, 
UNC 89 (731,897 dalton), was located at the M line. It is regarded that the 
tandem rows of 7 and 46 motif IIs bind to the myosin filament at the M line. 
Between the motif II rows there is KSP domain containing 44 KSP residues. 

8.3 Projectin 

Since Auber and Couteaux (1963) first described in fly flight muscle, it is 
well established that a connecting filament links the myosin filament to the 
Z line in insect fibriUar flight muscle (cf. Pringle, 1977). In 1981 Saide 
showed that 360 kDa protein was the connecting filament protein and this 
filament could be elongated by stretch based on immunofluorescence obser- 
vations. Saide (1981) named it projectin. The molecular mass of projectin 
was reestimated to be larger than 600 kDa (Saide et al. 1990). Projectin has 
been revived since the concept of muscle elastic protein was established in 
late 80's. 

Nave and Weber (1990) isolated a proteolytic product of projectin from 
locust flight muscle. Washed myofibrils were extracted with 0.6 M KC1 and 
after removal of myosin the protein was purified by DEAE-cellulose and TSK 
6000 PW chromatography. MW of the protein was estimated to be 600,000 
and had a rod-like shape, 260 nm long. Immunofluorescence and immno- 
electron microscopy studies clearly indicated that the protein in question 
links the myosin filament to the Z line in locust and honeybee flight muscle. 
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The antibodies to this protein crossreacted with twitchin of C. elegans body- 
wall muscle, and therefore, did not distinguish projectin from twitchin. Al- 
though Nave and Weber (1990) called this protein "mini-titin", it is to be 
called projectin in order to avoid confusion. 

Intact projectin was isolated from crayfish claw muscle (Hu et al. 1990). 
Projectin was solubilized from washed myofibrils by 0.1 M phosphate buffer, 
pH 6.6. After removal of myosin projectin was purified by DEAE-Sephadex 
A50. The proteolytic product of projection was separated by this column 
chromatography with a great loss of projectin. The molecular mass of pro- 
jectin was estimated to be 1200 kDa. The value is much larger than previ- 
ously reported one, 600 kDa (Nave and Weber, 1990). Polyclonal antibodies 
to crayfish projectin bound to honeybee thoracic muscle sarcomere from the 
Z line to the edge of the M line. 

However, in giant sarcomeres (sarcomere length (SL), 10 ~tm at rest) of 
crayfish claw muscle, projectin bound to the A band alone. What links the Z 
line to the A band in giant sarcomeres? The question was solved by Manabe 
et al. (1993). Connectin-like 3000 kDa protein links the Z line to the myosin 
fdament in crayfish giant sarcomeres. This is also the case with insect leg 
muscle (SL, 7-8 ~tm, at rest), as shown by Ohtani et al. (1996). 

It was revealed that Drosophila projectin has repeated sequences, II-I-I, 
very similar to those of twit&in (Ayme-Southgate et al. 1991). This tandem 
alignment of motifs I and II is present in the myosin binding region of ver- 
tebrate skeletal muscle connectin (Labeit and Kolmerer, 1995). This partial 
sequence was independently shown in Drosophila cDNA (Fyrberg et al. 
1992). In addition, it was observed that a lethal mutant has stop codon in- 
sertions suggesting that projectin is essential for life. Projectin has a MLCK 
region (Ayme-Southgate et al. 1995). 

8.4 Kettin 

In 1990 Lakey et al. reported that a high molecular weight protein called 
pT00 is localized in the Z line of waterbug (Lethocerus) flight muscle and the 
corresponding protein in leg muscle is called p500. Later, it was shown that 
partial cDNA sequence of Drosophila p500 consists of repeats of 95 amino 
acids corresponding to connectin motif II separated by linker sequences of 
35 amino acids (Lakey et al. 1993). Kettin thus termed is regarded as a scar- 
ford of insect muscle Z lines (Bullard and Leonard, 1996). 

Kettin, 540 kDa, was isolated from crayfish claw muscle (Maki et al. 
1995). It is a filamentous protein, 300-360 nm long. Antibodies to crayfish 
kettin crossreacted with Lethocerus pS00. It is of interest to note that Pc1200 
to the Z line binding region of chicken connectin crossreacted with both 
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Table 1. Reactivity of arthropod elastic proteins to antibodies to chicken skeletal 
muscle connectin 

Antibodies 
Protein Pc 1200 3B9 SM 1 

Connectin - - + 

Projectin - + - 

Kettin + - - 

Compiled from Hu et al. (1990), Manabe et al. (1993) and Maki et al. (1995). For 
antibodies, see Fig. 2. 

waterbug and crayfish kettin. However, Pcl200 did not react with arthropod 
projectin and connectin (Table 1). Immunoelectron microscopy suggested 
that crayfish kettin was extended up to 500 nm in the I band starting from 
the Z line in stretched crayfish muscle sarcomeres. It may bind to the actin 
filament in the sarcomere. 

8.5 Connectin 

An SDS gel electrophoresis survey of invertebrate muscle suggested pres- 
ence of connectin-like high molecular weight proteins in various but not all 
the muscles tested (Locker and Wild, 1986 ; Hu et al. 1986). However, in 
order to identify them, at least immunoblot tests must have been done. 

At present there are two groups of connectin-like proteins in invertebrate 
muscle: -2000 kDa and -3000 kDa. -2000 kDa protein was detected in body 
wall muscle of C. elegans (Maruyama et al. 1995) and of ascidian (Nakauchi 
and Maruyama 1992; Vibert et al. 1996) and scallop adductor muscle 
(Maruyama et al. 1995) using a monoclonal antibody 3B9 to chicken breast 
muscle connectin (see Fig. 2). The content is very low and therefore, a large 
amount of muscle dissolved in an SDS solution has to be applied to gel elec- 
trophoresis. Any attempt to isolate it has not yet been done. 

3000 kDa protein was found in polychaete bodywall muscle (Kawamura 
et al. 1994b) and Amphioxus striated muscle (Kimura et al. 1997). This con- 
nectin-like protein is widely distributed in arthropod muscle: insect flight 
and leg muscle (Lakey et al. 1990; Nave and Weber, 1990; Hu et al. 1990; 
Ohtani et al. 1996), crayfish claw muscle (Hu et al. 1990; Manabe et al. 1993) 
and barnacle muscle (Maki et al. 1995). 

In arthropod muscle, there are giant sarcomeres in some type of muscles 
such as crayfish claw opener (SL at rest, 10 ~tm), insect leg muscle (SL at rest, 
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Fig. 4. Resting tension generation of skinned fibers of crayfish claw opener and the 
effect of trypsin treatment. (a), tension generation developed at varied sarcomere 
length, o, tension; bar, SD. (b), effects of trypsin treatment on the resting tension 
generation at a sarcomere length of 14 ~tm. Skinned fibers were treated with trypsin, 
0.5 ~tg m1-1, in a relaxing solution (90 mM KC1, 5.2 mM MgC12, 4.3 mM ATP, 4.0 mM 
EGTA and 10 mM MOPS (pH 7.0)) at 23 ~ O, tension; bar, SD; El, relative amount 
of crayfish connectin obtained by densitometry of the band in (C); A, relative 
amount of projectin.(C); effects of trypsin treatment on the proteins of skinned 
fibers. 1, control; 2, treated for 4 min; 3, 8 min; 4, 16 min. SDS gel electrophoresis 
was carried out using 2-8% polyacrylamide gels and the relative amounts of crayfish 
connectin and projectin were estimated by densitometry. From Manabe et aL (1993). 
Permission obtained 
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7-8 ~tm) and barnacle adductor (SL at rest, 10 ~m). In these muscles 
3000 kDa or even larger protein is always present. Insect protein reacted 
with monoclonal antibody SM1 but not with 3B9 (Table 1). In giant sizes of 
sarcomeres the 3000 kDa connectin links the Z line to the myosin filament 
and is responsible for passive tention generation upon stretch (Fig. 4). It 
appears that projectin binds to connectin on the myosin filament. The 3000 
kDa protein was partially purified from crayfish claw musde and was shown 
to be very long filament (Manabe et al. 1993). 

It is of interest to note that 2000 kDa protein is present in ascidian body- 
wall muscle, while 3000 kDa protein is found in Amphioxus  striated muscle 
(Kimura et al. 1997). On the other hand, 3B9 reactive with fish connectin 
does not react with Amphioxus  connectin, but Pc1200 reacts with both con- 
nectins. 

Sequence data are not available for invertebrate connectin except for a 
preliminary report describing the presence of motif II and PEVK region in 
crayfish claw muscle connectin (Fukuzawa et al. 1997). 

9 Perspectives 

Connectin is the largest single peptide ever known (3000-4000 kDa). Its 
main function is to keep the myosin filament at the center of a sarcomere as 
elastic spring attached to the Z line. How has such a giant exon as 80-90 kb 
evolved? 

Comparative biology has revealed that at least there are three groups of 
smaller elastic proteins in invertebrate muscle (Table 2). The smallest is 
753 kDa twitchin and projectin is 1200 kDa. Small connectin is as large as 

Table 2. Distribution of muscle elastic proteins in invertebrate muscle 

Animal Twitchin Projectin Connectin 

2000 kDa 3000 kDa 

nematode C. eIegans - C. elegans - 

annetid potychaete - - polychaete 

mollusc scallop - scallop - 

arthropod - insect - insect 
crayfish crayfish 
barnacle barnacle 

prochordate - - acidian Amphioxus 
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2000 kDa. First of all, it is hoped to elucidate cDNA sequences of projectin 
and 2000 kDa connectin (the complete sequences of twitchin and vertebrate 
connectin are known). Then we may speculate the evolution of connectin 
very probably as following �9 

UNC 89 . t  
? --+ twitchin-->projectin--+2000 kDa--+3000 kDa->connectin (vertebrate) 

"~ kettin 

Now a large variety of monoclonal and polyclonal antibodies to verte- 
brate connectin is available. Antibodies to twitchin, projectin and inverte- 
brate connectin are also available. By applying immunoblot tests, it may be 
possible to detect proteins smaller than twitchin and other than kettin or 
UNC 89 in lower invertebrates. By cDNA sequencing, we may find a candi- 
date for the putative common precursor (?) of connectin. 
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Titin, or connectin (Maruyama et al. 1977; Wang et al. 1979), is the third 
most abundant protein of vertebrate striated muscle, and therefore one of 
the most abundant proteins of our body. Assuming that titin comprises 
approximately 10% of the protein mass of a myofibril, a human adult body 
will contain several hundred grams oftitin. Considering this abundancy, it is 
surprising that the protein was discovered so late. Even after its identifica- 
tion, the molecular properties of this giant protein remained characterized 
very little for the first few years. The molecttlar weight had been a matter of 
debate: ~ralues ranging from 1.2 to 4 megadalton were proposed. During the 
1980s, the laboratories of K. Maruyama, K. Wang, K. Weber and J. Trinick 
developed methods to extract fitin proteins from muscle. These prepara- 
tions were used to raise a number of polyclonal and monodonal anti-titin- 
specific antibodies. Immunoelectron microscopy studies then demonstrated 
that titin is a filamentous protein which connects the Z-disc to the A-band 
and therefore spans the I-band (Maruyama et al. 1984; Maruyama et al. 1985; 
Wang et al. 1984). Subsequently, it was demonstrated by immunoelectron 
microscopy, using a set often monodonal antibodies, that titin in fact spans 
complete half-sarcomeres (Fiirst et al. 1988). 

Within the muscle field, the potential elastic properties of titin as weU as 
its predicted role as a molecular ruler of the sarcomere have attracted most 
interest. Immunohistochemical studies had shown that epitopes in the I- 
band change their position relative to the A-band during myofibrfl extension 
(Itoh et al. 1988; Ftirst et al. 1988). Moreover, degradation of titin by radia- 
tion, proteolytic attack, or its removal by extraction was shown to result in 
decreased passive tension of muscle fibers (Horowits et al. 1986; Salviati et 
al. 1990; Funatsu et al. 1990; Granzier and Irving, 1995). Thus, the titin fila- 
ment, or more precisely, the I-band portion of titin, was assumed to behave 
as an elastic spring. However, outside the titin field, some researchers felt it 
was not proven beyond doubt that titin indeed consisted of single giant 
chains, instead of a number of not-yet-characterized subunits. As a further 
argument against the concept of a third, elastic fdament, it was pointed out 
that the invertebrate myofibrils also develop passive tension, but do not 
have a titin filament (for a current view on this issue, see the contribution of 
K. Maruyama in this volume). Similarly, if titin is predicted to act as a mo- 
lecular ruler, why would the thick filaments of invertebrate muscles without 
titin be as precisely organized as those of vertebrate muscles (Whiting et al. 
1989)? Despite these potential problems, the pioneering studies from the 
laboratories of K. Maruyama, K. Wang, K. Weber, and J. Trinick clearly 
established by the late 1980s that striated muscle contains a third fdament 
system that is presumably composed of elastic titin molecules. It seemed to 
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Lay-out of the vertebrate sarcomere 

Fig. 1. Overview on the titin-filament lay-out in the vertebrate sarcomere. Immuno- 
histochemical studies with titin-specific antibodies had shown between 1984 and 
1989 that single titin molecules span from Z-discs to M-lines (Maruyama et al. 1984; 
Wang et al. 1984; Ffirst et al. 1988; Whiting et al. 1989). Upon myofibril stretch, titin 
epitopes in the A-band remained stationary relative to the M-line, whereas epitopes 
in the I-band translated away from the center of the sarcomere, which suggested that 
the I-band portion of titin is extensible (Itoh et al. 1988; Ffirst et al. 1988) 

be clear that the elastic filaments consist of an extensible I-band section and 
an A-band portion which is stiff at physiological degrees of stretch (see Fig. 
1). Based upon the general doubts about the existence of megadalton-sized 
proteins, the concept of giant titin molecules forming this elastic filament 
system remained unpopular until more recently. 

Our team started to work on titin in 1989, as a spin-off from the stay of 
John Trinick as an EMBO fellow at EMBL in 1988 (for reviews, see Trinick 
1994 and 1996; and his contribution to this volume). Our initial attempts 
focussed on the cloning of partial titin cDNAs, then as a joint effort with 
Mathias Gautel (see also his contribution to this volume). We hypothesized 
that if titin was indeed a megadalton-sized protein, then Northern blots 
using titin probes should demonstrate the presence of a giant mRNA species 
in muscle RNAs. Next, we expected that the molecular cloning of titin 
cDNAs would allow a further molecular characterization of its filament sys- 
tem. 
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2.1 General Considerations on the Representation ofTitin cDNAs 

The cloning of the first titin cDNAs was complicated by the fact that it was 
not known how the cDNA cloning of a potentially giant mRNA should be 
approached. In the absence of reliable data, we expected that if a three- 
megadalton-sized titin chain indeed existed, a full-length titin cDNA would 
be 70 kb or larger. Based on this assumption, we were concerned that con- 
ventional poly-A+-selected libraries may not contain full titin cDNAs, only 
the extreme 3' end region. Since none of the antibodies available for im- 
munoscreenings (BD6, CH11, CE12, AB5; Whiting et al. 1989) appeared to be 
directed against the end regions of the titin filament, i.e. against the Z-disc 
or the M-line regions, we decided to construct unconventional cDNA librar- 
ies (S.L.). These were initially prepared from RNAs, which were not poly- 
A+-selected, but rather, subjected to size-selection procedures. The first 
strand synthesis was then performed with random primers only and not 
with poly-dT-primers. The first two partial titin cDNAs were in fact isolated 
from a "self-made" rabbit psoas muscle cDNA library. However, the subse- 
quent screening of commercially available muscle cDNA libraries both with 
partial titin cDNA probes and with titin antibodies showed, to our surprise, 
that titin cDNAs are well represented in conventional cDNA libraries. The 
cloning and the sequence determination of the full-length titin cDNA has 
now made it possible to determine the representation of partial titin cDNAs 
in commercial cDNA libraries in more detail. Notably, more statistical in- 
sights into such representation came from the identification of EST entries 
derived from titin and their assignment to the titin sequence (Fig. 2, from 
Kolmerer et al. 1996a). It appears that there is an approximate five-fold 
lower representation of titin cDNAs from the extreme 5' end, compared with 
the frequency of EST entries from the 3'-end titin region. However, since the 
titin message is abundantly expressed in heart and skeletal muscles, this 
means that partial titin cDNAs, which map 50-100 kb 5' from the poly-A-tail, 
are still reasonably well represented in conventional poly-A+-selected cDNA 
libraries. Therefore, all partial titin cDNAs (and also nebulin cDNAs) that 
have been cloned in our laboratory since 1991 have been isolated from 
commercially available cDNA libraries. 

At present, it is unclear why titin cDNAs are well represented in poly-A +- 
selected cDNA libraries. A possible reason might be that the -100 kb titin 
mRNAs stick to the cellulose resigns, which are commonly used for the poly- 
A+-selection of RNA species, in a non-specific manner. Alternatively, the 
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Fig. 2. The frequency of titin cDNAs in the ESTs present in the data libraries was 
determined by searching the human titin sequences (accessions X90568 and X90569) 
versus the EMBL and Genbank data sets (releases 43 and 90, respectively, from Sep- 
tember 1995). A total of about 200 titin ESTs were identified, i.e., on average one EST 
every 500 bp of the titin sequence. From the 3' end towards the extreme 5' end an 
about fivefold drop in representation occurs. Interestingly, no single EST match to 
the skeletal-specific partial titin sequence was identified (EMBL data library acces- 
sion X90569, EMBL data library). This probably reflects the preferential sequence 
analysis of clones from cardiac libraries in search of genes implicated in cardiovas- 
cular diseases (modified from Kolmerer et al. 1996a) 

-100 kb titin RNAs may contain a significant amount of incompletely 
spliced pre-mRNAs. Then, AT-rich intron sequences which are, for example, 
present in the determined partial genomic A-band titin sequences 
(Kolmerer et al. 1996b) will be retained. These sequences may also attach to 
the oligo-dT resigns. The assumption that poly-A-tails do not appear to be 
required for retaining titin mRNAs on oligo-dT-columns is also supported 
by the fact that the sequenced 3'-end titin mRNAs either contain no poly-A- 
taft, or only a very short one (S.L., unpublished data). Similar observations 
have also been made for the nebulin 3' cDNAs sequenced in our laboratory 
(S.L., unpublished data). These observations raise the possibility that muscle 
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cells either do not efficiently polyadenylate the giant titin and nebulin tran- 
scripts or alternatively, that these transcripts' poly-A-tails are under dy- 
namic control and are truncated by exonucleases. Clearly, a more thorough 
investigation of the poly-A-tail lengths of the titin and nebulin mRNAs, and 
of the effect of myocyte growth and differentiation is likely to be rewarding. 

2 . 2  C l o n i n g  o f  P a r t i a l  T i t i n  c D N A s  

By 1989, several laboratories had produced a variety of titin-specific mono- 
donal antibodies that had been epitope-mapped by immunoelectron mi- 
croscopy (for an overview, see Maruyama, 1994). As discussed above, it 
subsequently became clear that partial titin cDNAs are well-represented in 
conventional, randomly primed cDNA libraries. Therefore, our laboratory 
launched a systematic effort to isolate partial cDNAs originating from differ- 
ent regions of the titin molecule. As summarized in Fig. 3, expression 
screenings with the titin monoclonal antibodies BI)6, CE12, CH11 and AB5 
(Whiting et al. 1989), and with the T12 antibody (Fiirst etal. 1988), identified 
partial titin cDNAs that reacted specifically with the respective antibodies. In 
addition, sera from myasthenia gravis patients, who also have a tumor of the 
thymus, had been shown to contain autoantibodies to titin directed mostly 
against the A/I-junction region of the molecule (Aarli et al. 1990). By per- 
forming expression screenings, these patients' sera were then used to iden- 
tify partial titin cDNAs, which presumably code for the MI-juncton region 
of titin (Gautel et al. 1993a). In summary, by using expression screening 
methods, our laboratory doned six partial titin cDNAs derived from differ- 
ent regions of the titin molecule (Fig. 3). 

Sarcomere 
structure 

DiStances 
from Mqine 
(rim) 

Monocicnal 
Antibodies 

Half-Sarcomere ~- 

I- Band ~ ~ '  A- Band 

Thin filament Elastic sectbn of t~:in Thick fiament A- Band titin 

Z-Disc M-Line 

1.000 800 600 400 200 0 
I t I I I 1 

T12 MIR BD6 CH11 2 A B 5  

m C1 Im C26 �9 T1  �9 C37 
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Fig. 3. Overview on the cloning of the full-length titin cDNA. Different titin-specific 
monoclonal antibodies were used to screen skeletal and cardiac muscle cDNA ex- 
pression libraries. A set of corresponding partial cDNAs was identified and se- 
quenced. Their partial sequences were used to initiate cDNA extension walks 
(modified from Labeit et al. 1992) 
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2.3 Is Titin Really a Three-Megadalton Protein? 

As mentioned above, there had been some reservations whether titin was 
indeed a three-megadalton protein, rather than a composition of a number 
of smaller subunits (for a discussion, see e.g. Fulton and Isaacs, 1991). The 
cloning of partial titin cDNAs allowed us to investigate the properties of 
these cDNAs when used as specific probes on Northern blots. This approach 
demonstrated that the different partial titin cDNAs hybridize to a giant 
mRNA species (Fig. 4). Also, gene mapping studies assigned the different 
partial titin cDNAs to a single locus on the long arm of the human chromo- 
some 2 (for details, see section 3.1). Finally, the DNA extension methods 
showed that all partial cDNAs are part of a single, giant, full-length mRNA. 
Therefore, we demonstrated that indeed titin consists of a single three to 
four megadalton chain. It will be challenging to understand how the synthe- 
sis, assembly, and turnover of this huge protein is controlled in living cells. 

Fig. 4. Northern blot analysis of muscle RNAs with titin (left) and nebulin (right) 
probes. In both cases, giant mRNA species are detected that migrate on conventional 
1% agarose gels with limited mobility (left part from Labeit et al. 1990; right part 
from B.K., unpublished results) 
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When it became clear that the six isolated partial titin cDNAs were part of an 
abundantly expressed, full-length, giant titin mRNA, we decided to extend 
all six partial cDNAs in both the 5' and 3' directions (see Fig. 3). While per- 
forming this work between 1990 and 1994, we introduced a number of meth- 
odological improvements. First, with the introduction of the polymerase 
chain reaction (PCR) method we could overcome the need for conventional 
cDNA insert preparations by plaque-purification of identified titin clones, 
and their restriction-digest analysis (Saiki et al. 1985). Thus, it became pos- 
sible to characterize non-plaque-purified primary positive clones from a 
library screen using the PCR technique. For the amplification of extending 
inserts by anchored PCR techniques, a combination of a specific titin primer 
with a vector-derived primer was used. However, it should be noted that our 
attempts to completely overcome the need for library screens failed when we 
used the anchored PCR technique in liquid on total cDNA as a template. 
Rather, we found it necessary t ~ identify single clones by conventional filter 
hybridizations and to employ the PCR technique only for the identification 
and amplification of extending cDNA fragments. This approach combined 
the security of conventional cDNA cloning methods (by using a stringent 
hybridization for the clone-selection step) with the speed of PCR-based 
methods (when using the PCR method during the subsequent clone-analysis 
steps). A second significant improvement resulted from the introduction of 
cycle-sequencing methods, which allowed for the direct analysis of PCR 
fragments without the need to subclone them for sequence analysis. 

Application of the initial conventional technique and the later PCR-based 
cDNA extension method allowed us to isolate a set of 54 partial titin cDNAs 
from a human cardiac cDNA library (Stratagene, catalogue number 936208). 
At the 5' end, the presence of an ATG codon, which is preceeded in frame by 
a stop codon, suggested that titin's N-terminus had been reached (Labeit 
and Kolmerer, 1995). Consistent with this idea, Maruyama and co-workers 
have isolated a chicken connectin/titin cDNA, which is homologous to the 5' 
end of the human cardiac titin message (Yajima et al. 1996). As for the op- 
posite end of the titin sequence, the presence of a non-coding region and of 
a poly-A-tail indicated that the cDNA walks had reached the 3' end of the 
titin mRNA (Gautel et al. 1993b). However, it should be noted that seven out 
of the eight analyzed 3'-end titin clones did not contain a poly-A-tail, 
whereas the remaining clone had a short poly-A-tail only 15 bp long (S.L., 
unpublished data). This raises the possibility that the polyadenylation of the 
titin mRNA, or the maintainance of the poly-A-tail length is under tight 
control. 



28 B. Kolmerer et al. 

1 KPDKIELSPS MEAPKIFERI QSQTVGQGSD AHFRVRVVGK PDPECJ-'~--~ 

51 GVKIERSDRI YWYWPEDNVC ELVIRDVTAE DSASIMVKAI NIAGETSSHA 

i01 FLLVQAKQLI TFTQELQDW AKEKDTMATF ECETSEPFVK V~DGMEV 

151 HEGDKYRMHS DRKVHFLSIL TIDTSDAEDY SCVLVEDENV KTTAKLIVEG 

201 AWEFVKELQ DIEVPESYSG ELECIVSPEN"IEG~DV ELKSNGKYTI 

251 TSRRGRQNLT VKDVTKEDQG EYSFVIDGKK TTCKLKMKPR PIAILQGLSD 

301 QKVCEGDIVQ LEVKVSLESV EGqW~[~DGQE VQPSDRVHIV IDKQSHMLLI 

351 EDMTKEDAGN YSFTIPALGL STSGRVSVYS VDVITPLKDV NVIEGTKAVL 

401 ECKVSVPDVT SV~NDEQ IKPDDRVQAI VKGTKQRLVI NRTHASDEGP 

451 YKLIVGRVET NCNLSVEKIK IIRGLRDLTC TETQNVVFEV ELSHSGIDVL 

501 ~KDKEIKP SSKYKIEAHG KIYKLTVLNM MKDDEGKYTF YAGENMTSGK 

551 LTVAGGAISK PLTDQTVAES QEAVFECEVA NPDSKG~-~ DGKHLPLTNN 

601 IRSESDGHKR RLIIAATKLD DIGEYTYKVA TSKTSAKLKV EAVKIKKTLK 

651 NLTVTETQDA VFTVELTHPN VKGVj~JNG VVLESNEKYA ISVKGTIYSL 

701 RIKNCAIVDE SVYGFRLGRL GASARLHVET VKIIKKPKDV TALENATVAF 

751 EVSVSHDTVP V~KSVEI KPSDKHRLVS ERKVHKLMLQ NISPSDAGEY 

801 TAVVGQLECK AKLFVETLHI TKTMKNIEVP ETKTASFECE VSHFNVPS~ 

851 ~NGVEIEMS EKFKIVVQGK LHQLIIMNTS TEDSAEYTFV CGNDQVSATL 

901 TVTPIMITSM LKDINAEEKD TITFEVTVNY EGISY~W-~N GVEIKSTDKC 

951 QMRTKKLTHS LNIRNVHFGD AADYTFVAGK ATSTATLYVE ARHIEFRKHI 

Fig. 5. Modular structure of the titin peptide. A section from the I-band correspond- 
ing to about 3% of the full-length titin sequence is shown. A characteristic WYK 
motif is repeated every 90 residues. Upon extraction and alignment of the 90-residue 
repeats, a data library search reveals their homology to the Ig-domain superfamily. 
Structural studies of expressed I-band Ig repeats have confirmed this prediction 
(Politou et al. 1995; Improta et al. 1996) 

From the sequence of the 54 partial cardiac titin cDNAs, we assembled an 
82 kb cDNA, which appears to be a full-length version of the human cardiac 
titin cDNA (EMBL data library accession X90568). The determined 82 kb 
sequence contains a single open reading frame of 81 kb length, predicting a 
27,000-residue protein. Analysis of the predicted peptide reveals character- 
istic motifs that occur repeatedly at regular intervals (Fig. 5). Within the titin 
sequence, two different classes of repeats can be identified, which code for 
domains belonging to either the fibronectin-type III (FN3) or the immuno- 
globulin (Ig) domain superfamilies (also referred to as class I and class II 
repeats, respectively, and first identified as components of intracellular 
proteins in the twitchin protein; Benian et al. 1989). Similarly, a search for 
the two motifs in the skeletal titin sequence reveals a total of up to 298 cop- 
ies of these two distinct repeat families. Therefore, the up to 33,000-residue 
sequence information of the titin can well be described by giving a sche- 
matic overview of the domain architecture (Fig. 6). The Ig and FN3 repeats 
together make up 90% of titin's mass. Non-repetitive sequences comprise 
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about 10% of the titin peptide. The non-repetitive sequences also encode a 
serine/threonine kinase domain (Labeit et al. 1992) and three potential 
phosphorylation domains (Gautel et al. 1993b; Sebestyen et al. 1995; Labeit 
and Kolmerer, 1995; Gautel et al. 1996). 

2.5 Lay-Out of the Titin Sequence in the Sarcomere 

Immunoelectron microscopy labeling studies with a variety of titin antibod- 
ies demonstrated that titin makes up part or all of a filament system that 
extends from the Z-disc to a region close at the M-line (Maruyama et al. 
1984; Maruyama et al. 1985; Wang et al. 1984; FiJrst et al. 1988; Whiting et al. 
1989). In these studies, the antibody recognizing an epitope nearest to the 
M-line (T33) was shown to map about 80 nm away from the center of the M- 
line (Ftirst et al. 1988). Over the last two years following the determination of 
titin's coding sequence, a more refined model for the lay-out of the titin 
filament has become available (Fig. 6). An initial overview on the lay-out of 
the titin sequence in the half-sarcomere was obtained by us by epitope- 
localization studies with a limited number of monodonal titin antibodies 
(Labeit and Kolmerer, 1995). Recently, novel antibodies to selected ex- 
pressed titin domain fragments have been generated. Ultrastructural local- 
ization of the selected titin epitopes on muscle fibers has further refined the 
model lay-out of the titin filament within the sarcomere (Yajima et al. 1996; 
Obermann et al. 1996; Bennett and Gautel, 1996). It has become apparent 
that -100 kDa of the N-terminal domain of titin is anchored in the Z-disc, 
whereas another -100 kDa stretch of I-band titin near the Z-disc is inexten- 
sible under physiological conditions (Ftirst et al. 1988), possibly reflecting its 
association with actin filaments (Linke et al. 1997). After spanning the re- 
mainder of the (half) I-band, titin filaments enter the A-band, with ap- 
proximately 2000 kDa of the titin sequence involved in binding to the thick 
filaments. Titin's kinase domain locates at the periphery of the M-line 
structure; a 200 kDa section of the C-terminal titin is involved in forming 
this structure (Obermann et al. 1996). 

3 TheTi t in  Gene 

3.1 Gene Mapping Studies 

Following the cloning of partial mammalian titin cDNAs, studies on the 
structure and the localization of the titin gene became possible. Hybridiza- 
tion of partial A-band titin cDNAs to Southern blots of different vertebrate 
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DNAs suggested a high degree of interspecies conservation. In the human 
genome, the gene coding for titin was assigned to a single locus on the long 
arm of Chromosome 2 (Labeit et al. 1990). Subsequent breeding studies and 
in-situ hybridization experiments mapped the titin gene with higher resolu- 
tion in the genomes of man and mouse, respectively (Miiller-Seitz et al. 1993; 
Rossi et al. 1994). The genetic and FISH mapping studies demonstrated that 
in both man and mouse, the genes for titin and nebulin are in physical 
proximity. The mapping studies also indicated that the two genes are mem- 
bers of a group of genes with syntenie which has remained conserved during 
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Fig. 7. Localization of the human titin and nebulin genes and the flanking genetic 
markers on the long arm of chromosome 2 (Pelin et al. 1997). The titin and nebulin 
genes are physically linked and part of a group of syntenic genes (Rossi et al. 1994). 
The map position of nebulin, but not titin, overlaps with a locus causing the nema- 
line rod disease (Wall.gren et al. 1995; Pelin et al. 1997) 
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evolution since the divergence of man and rodents. More recently, the avail- 
ability of full-length titin and nebulin cDNA sequences has allowed the de- 
velopment of primer pairs specific to the 5' and 3' ends of both genes. This 
has made it possible to map the position of these genes with high resolution 
by the radiation hybrid method (Cox, 1995). By using this approach, the titin 
gene has been assigned to 2q24, the nebulin gene to 2q22 (Pelin et al. 1997). 
The physical distance between both genes appears to be in the range of a few 
megabases (see Fig. 7). The orientation of the transcriptional units could be 
assigned for the titin gene from 5' to 3' as from the telomer to the centromer, 
whereas that of the nebulin gene is opposite, i.e. the nebulin gene is tran- 
scribed from the centromer to the telomer. 

3.2 The Titin and Nebulin Filament Systems in Muscle Disease 

Since the titin and nebulin genes represent large targets for mutations - at 
least from the viewpoint of their respective coding regions - both genes may 
be involved in genetic diseases. Unfortunately, the large size of the titin and 
nebulin transcripts will make it difficult to identify any genetic disease 
caused by subtle mutations in the titin and nebulin genes. On the other 
hand, it is likely that mutations affecting larger parts of the genes will result 
in early embryonic death. Therefore, it is not surprising that presently little 
is known about possible genetic diseases involving titin and nebulin. How- 
ever, gene mapping studies, in combination with family linkage data, have 
recently provided insights into genetic diseases that are likely caused by 
structural alterations within the titin and nebulin filament systems. 

Titin 

In the mouse, genetic mapping studies have positioned a locus causing pro- 
gressive muscular dystrophy within the region of the titin and the nebulin 
genes (Mtiller-Seitz et al. 1993). This genetic disease, referred to as muscular 
'dystrophy with myositis' (mdm) is a slowly progressing muscular dystrophy 
characterized by pronounced inflammatory infiltration of the muscle tis- 
sues. This disease affects not only skeletal muscle but also heart muscle 
(Miiller-Seitz et al. 1993). Therefore, since titin is expressed in both striated 
muscle types and nebulin is only expressed in skeletal muscle, the titin gene 
may be a possible candidate gene for the mdm locus (MiiUer-Seitz et al. 
1993). If mutations in the titin gene of the mdm mouse are indeed identified, 
it will be interesting to see how these mutations are linked to the progressive 
muscular dystrophy and the prominent myositis which is present in the 
affected mdm muscles during the later stages of the disease. 
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Nebulin 
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Family studies in humans have identified a recessive locus within the 2q 
region of the human genome, which causes a nemaline rod myopathy 
(Wallgren et al. 1995). Previously, a mutation in the alpha-tropomyosin gene 
TPM3 had been identified as the genetic cause for nemaline myopathy. The 
identified point mutation is inherited in an autosomal dominant fashion 
(Laing et al. 1995). Therefore, more than one gene is involved in the nema- 
line myopathy disease. The two genetically different forms causing a nema- 
line myopathy have been termed NEM1 (autosomal dominant form, caused 
by TPM3) and NEM2 (autosomal recessive form, linkage to 2q), respectively. 
Recently, the location of the titin and nebulin genes have been mapped with 
high resolution within the 2q region of the human genome (Pelin et al. 1997) 
by using the radiation hybrid method (Cox, 1995). Also, by molecular ge- 
netic studies on NEM2-affected families, higher resolution linkage data have 
been obtained (Pelin et al. 1997). These studies have shown that the nebulin 
gene, but not the titin gene, is within the region of the NEM2 locus. There- 
fore, the nebulin gene is a good candidate gene for the NEM2-form of the 
nemaline myopathy. Interestingly, the nemaline rod-like inclusion bodies 
found in the patients' muscles are regular assemblies of Z-disc proteins, but 
the assemblies are distinct from those found in normal Z-bands (Schultheiss 
et al. 1992b; Schroeter et al. 1996). Therefore, it will be interesting to see how 
mutations in alpha-tropomyosin and perhaps in nebulin may disturb the 
precise arrangement of the structural Z-disc proteins. 

The Titin Ligand Cardiac C-Protein 

C-proteins belong to a family of homologous isoforms, which are encoded 
by a gene family (see contribution of D.A. Fischman to this volume). The 
members of this family, C-, H- and X-proteins bind to the central regions of 
the thick filament at 43 nanometer intervals (Craig and Offer, 1976; Craig, 
1977; Sj6str6m and Squire, 1977). The structural precision of the repetitive 
binding of the C-proteins to the thick filament appears to be caused by the 
presence of regularly spaced C-protein binding sites in the A-band titin 
(Labeit et al. 1992). Expressed domains from the A-band portion of titin 
contain up to eleven sites that interact with the members of the C-protein 
family in in vitro binding assays (Freiburg and Gautel, 1996). Heart muscle 
expresses a member of the C-protein family, which is somewhat structurally 
different from that found in skeletal muscles, and encoded by a different 
gene (Gautel et al. 1995). During the last two years, molecular genetic studies 
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Fig. 8. Modular architecture of the cardiac C-protein in correlation with the exon- 
intron structure of its gene (Carrier eta]. 1997). At its N-terminus, the cardiac C- 
protein contains an Ig repeat - designated CO - and three phosphorylation sites 
(indicated as a red box), which are specific for the cardiac C-protein isoform, 
whereas the binding sites for titin and myosin at the C-terminal portion are com- 
mon to cardiac and skeletal muscle C-proteins (Carrier et al. 1997 and references 
therein). The cDNA and the genomic sequence of the human cardiac C-protein are 
available from the EMBL data library (accession numbers X84075 and Y10129 from 
S. L. und L.C., respectively) 

on the cardiac C-protein have implicated an involvement of this titin ligand 
in cases of autosomally dominant familial hypertrophic cardiomyopathy 
(FHC). Four genetically distinct subgroups have been identified so far. The 
three sarcomeric proteins cardiac beta-myosin heavy chain, cardiac tro- 
ponin T and alpha-tropomyosin were all shown to be involved in hyper- 
trophic cardiomyopathy when a mutation is present in one allele of the re- 
spective genes. This has led to the concept that FHC is a disease of the sar- 
comere (Thierfelder et al. 1994; for reviews, Schwartz et al. 1995; Watkins et 
al. 1995; Vikstrom and Leinwand, 1996). Genetic family linkage studies also 
identified an FHC-causing locus on the short arm of the chromosome !1 
(Carrier et al. 1993). Since the gene encoding the cardiac C-protein was 
shown to localize to the short arm of chromosome 11 (Gautel et al. 1995), the 
cardiac C-protein gene has emerged as a candidate for the sought-after 
fourth gene which is involved in the genesis of FHC. Several groups have 
now confirmed that mutations are indeed present in the cardiac C-protein 
gene in the l ip-l inked FHC families (Bonne et al. 1995; Watkins et al. 1995; 
Carrier et al. 1997; Rottbauer et al. 1997). Notably, the complete genomic 
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sequence coding for the full-length 4.5 kb cardiac C-protein mRNA has been 
reported (Carrier et al. 1997). This accomplishment will greatly facilitate 
future searches for mutations in the cardiac C-protein gene (Fig. 8). Interest- 
ingly, the ten mutations observed in the four family studies reported so far 
(Bonne et al. 1995; Watkins et al. 1995; Carrier et al. 1997; Rottbauer et al. 
1997) all predict that the mRNA structure transcribed from the mutated 
allele is altered significantly. Nine of the ten mutations directly alter the 
mRNA size, because they represent splice donor, splice acceptor, insertion 
or deletion mutations. Only one mutation observed so far is a point muta- 
tion, but this point mutation locates at the last base of an exon and is there- 
fore likely to give rise to a mis-splice product (Carrier et al. 1997). It will be 
interesting to see if indeed, a change in mRNA structure is relevant to the 
mechanism of the pathology in the 1 lp-linked FHC families. If so, this would 
represent a novel pathomechanism. In this context, it is also noteworthy that 
a recent study failed to observe a truncated translation product, as would be 
expected from a mutated cardiac C-protein allele (Rottbauer et al. 1997). 
Therefore the expression of the truncated mutant cardiac C-protein may not 
be required for the genesis of the FHC-phenotype. 

3.3 Partial Gene Structure of the Titin 

The full-length human titin cDNA also provides the information needed to 
generate a set of probes to clone fragments of the titin gene, and for the 
detailed analysis of the exon/intron organization of the gene. As a first step 
towards this goal, a pool of cardiac and skeletal human titin cDNAs have 
been prepared and hybridized to a commercially available human genomic 
lambda-ffx II library (Stratagene catalog number 946206). As a result, a set 
of 22 lambda phages were isolated spanning the coding region of the titin 
gene (B.K., unpublished data). The assignment of the individual titin cDNAs 
to the 22 lambda phages indicates that the coding region of the titin gene is 
contained in about 300 kb of genomic DNA. Overall, the titin gene appears 
to have a very different organization in different regions. Partial genomic 
data (unpublished) indicate that the A-band-titin-encoding region of the 
gene is extremely compact and contains about 80% of coding DNA. The 
compactness of the titin gene in its A-Band region is illustrated by the fact, 
that a single BAC-clone was found to span the entire A-band section (C.C.W. 
unpublished data). In contrast, the PEVK-encoding region of the titin gene 
contains very small exons, and perhaps less than 10% of the genomic DNA 
represent coding information (B.K., unpublished data). 
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Fig. 9. Top: Exon-intron organization of the titin gene at its 3' end (from Kolmerer et 
al. 1996b). The sequenced 20 kb partial genomic titin sequence contains 23 exons. 
For 21 exons, the junctions with intron sequences locate at domain junctions; only 
the two exons Mex2 and Mex4 correspond to the N-terminal and C-terminal halfs, 
repectively, of an Ig repeat. The correlation of exon-intron organization with the 
modular organization of the titin protein raises the possibility that functional titin 
isoforms may be generated by shuffling of domains as a consequence of alternative 
splicing events. The M-line region of the titin filament is coded for by six exons, 
referred to as Mexl to Mex 6, respectively. The five introns present in the M-line 
region have been termed Minl to Min5 (Kolmerer et al. 1996b). Bottom: Not only the 
coding exon sequences, but also the sequences of the two introns Min2 and Min4 are 
highly conserved between species, as detected in interspecies cross-hybridization 
experiments 
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As a more long-term effort, we have begun to systematically determine 
the nucleotide sequences from the human titin gene, with the ultimate goal 
to determine its complete sequence (B.K., S.L.). For the 3'-end region of the 
titin gene, a 20 kb contig has been completed, and was shown to contain the 
13.5 kb of titin cDNA from the 3' end of the cardiac titin mRNA. Analysis of 
the exon/intron organization within this partial sequence has shown that the 
exon/intron junctions in general locate at domain junctions (Kolmerer et al. 
1996b). The M-line region of the titin filament is coded for by six exons, 
referred to as Mexl to Mex6. These six exons are separated by five introns, 
termed Minl to Min5 (counting from 5' to 3'; Fig. 9). Interestingly, the se- 
quence of two introns, Min2 and Min4, has been found to be significantly 
conserved in different mammalian species (Fig. 9). For Min4, this may relate 
to the fact that the downstream exon, Mex5, is alternatively expressed (see 
section 4). The functional constraints that lead to a conservation of the Min2 
intronic sequence are not known at present. One conclusion from this par- 
tial sequencing project on the titin gene is that the determination of the 
genomic titin sequence appears to be worthwhile also from a functional 
perspective. 

4 The Titin Isoform Family 

4.1 Identification of Differentially Expressed Titin Isoforms 

Before the cloning of titin and the detailed characterization of differential 
titin expression, gel electrophoretic mobility studies showed that titins from 
different striated muscle tissues have different apparent mobilities on low 
percentage SDS gels (Wang et al. 1991; Horowits, 1992). This led to the sug- 
gestion that different types of striated muscle tissues express different titin 
isoforms. It was also suggested that the isoform expression may be related to 
the well-known differences in passive mechanical properties between re- 
laxed skeletal and heart muscles (Wang et al. 1991; Horowits, 1992). Later, 
the knowledge of titin's primary structure allowed investigation of the types 
of titin sequence expressed in various muscle tissues. 

Different strategies are possible to search for differentially expressed 
isoforms of titin. Since the gene-mapping studies have identified a single 
locus for titin on chromosome 2, titin-isoform diversity is likely to be a re- 
sult of differential splicing of the gene. Therefore, one sound approach to 
search for possible isoforms of titin will be the complete sequencing of its 
gene. As described above, this approach has already led to the identification 
of two conserved introns in the M-line titin, and of one exon that appears to 
be alternatively expressed. Another approach to search for alternatively 
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expressed titin sequences is to hybridize titin cDNA probes to slot-blotted 
RNAs from different muscle types. Although this approach is qualitative it 
provides a rapid overview of the segments of the titin gene which are ex- 
pressed (Labeit and Kolmerer, 1995). In the future, an extremely powerful 
extension of this method might be the hybridization of muscle RNAs iso- 
lated from different tissue sources to oligonucleotide-coated microchips that 
display titin sequences from different exons and their junctions. In more 
general terms, a characterization of the differentially expressed isoforms of 
titin may extend our understanding on how the titin structure is related to 
the sarcomeric structure, and will further test and possibly extend the 
"molecular ruler" hypothesis (Whiting et al. 1989). 

Previously, electron microscopic studies have shown that all vertebrate 
thick filaments characterized so far possess eleven 43 nanometer structural 
repeats, made up by a regular C-protein/myosin arrangement (Craig and 
Offer, 1976; Craig, 1977; Sj6str6m and Squire, 1977). This arrangement ap- 
pears to correlate with the conserved domain architecture of the central A- 
band titin. All titins characterized so far contain eleven copies of an eleven- 
domain super-repeat sequence, and no alternative splicing events have been 
detected in this titin region. In contrast, the Z-disc, I-band, and the M-line 
titin portions have a variable structure, depending on the type of muscle 
tissue that express the respective isoform. Therefore, an emerging concept is 
that structural adaptations of specific sarcomeric regions are incorporated 
tissue-specifically through the differential expression of the titin gene 
(Labeit and Kolmerer, 1995). 

4.2 Isoforms of the Z-Disc Titin 

Vertebrate Z-discs share features common to all Z-discs of striated muscle 
tissues and species, such as the tetragonal packaging of the overlapping thin 
filaments from opposite sarcomeres, and their cross-linking by alpha- 
actinin. However, some tissue and species variability of the Z-disc structure 
is also apparent (for reviews, Squire, 1981; Vigoreaux, 1994; Squire, 1997). 
When longitudinal sections of different vertebrate muscles are analyzed at 
the ultrastructural level, Z-discs are visualized to differ in width. In cross- 
sections, the overlapping actin filaments and the alpha-actinin cross-linking 
Z-molecules are observed to be packed together in different configurations. 
The mammalian cardiac Z-disc has the largest width; it appears as a dense 
- 100 nm-wide structure. The soleus red skeletal muscle Z-disc has a width 
of about 80 nm, whereas white skeletal muscles with predominantly fast 
fiber types (e.g., psoas muscle) have a quite narrow about 40 nm-wide Z-disc 
(Yamaguchi et al. 1985). These differences in the Z-disc structure have been 
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Fig. 10. The Z-repeat family and the differential expression of Z-repeats. Top: Shown 
are the seven copies of Z-repeats expressed in the rabbit cardiac titin. Comparison of 
both the differentially and the constitutively expressed Z-repeats with their human 
homologs reveals a high degree of interspecies conservation (data not shown). Bot- 
tom: Summary of the Z-repeats expressed in different types of muscles. The repeats 
Zrl, Zr2, Zr3 and Zr7 were found to be expressed in all striated muscles, whereas 
inclusion of Zr4, Zr5 and Zr6 was tissue-type dependent and also reflected the de- 
velopmental stage of the respective muscle 

recently found to be correlated with the expression of titin isoforms in the Z- 
disc region. Gautel and co-workers reported that three clones amplified 
from a human cardiac cDNA library contained five, six, or seven copies of a 
45-residue repeat, referred to as Z-repeat. The authors speculated that this 
may account for different Z-disc widths in different muscle tissues (Gautel et 
al. 1996). A more detailed analysis of the Z-disc titin transcripts expressed in 
different muscles revealed that rabbit cardiac titin encompasses seven cop- 
ies of Z-repeats (Sorimachi et al. 1997); only a few species with five to six 
copies of Z-repeats were detectable in this muscle. In the soleus skeletal 
muscle, two species were abundantly expressed, which contained either four 
or six copies of the Z-repeats (Fig. 10). In the psoas skeletal muscle, a species 
with four copies of Z-repeats was detected. Similarly, the expression of the 
Z-repeats in different copy numbers was observed in chicken skeletal mus- 
cles (Ohtsuka et al. 1997b). At present it is difficult to determine whether the 
differential expression of the Z-repeats correlates with, and possibly ac- 
counts for, the variable Z-disc widths observed in different tissues, because 
outside the Z-disc region, additional alternative splice events occur (Fig. 11). 
For a discussion of a possible functional significance of the differential ex- 
pression of the Z-repeats, see section 5.1. 
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Fig. 11. RT-PCR analysis of the differentially expressed Z-disc titin segment (taken 
from Sorimachi et al. 1997). Primer pairs from the Z-disc titin region were used to 
amplify cDNA from a collection of striated muscle tissues. Amplified fragments were 
separated on agarose gels, and detected with specific probes on Southern blots. 
Tissues: 2, M. psoas; 3, M. longissimus dorsi; 4, M. soleus; 5, M. gastrocnemius; 6, M. 
plantaris longus; 7, diaphragm; 8, M. extensor digitorum longus; 10; M. rectus 
femoris; 11, tongue; 12, M. pectoralis major; 13, cardiac left ventricle; 14, proximal 
oesophagus; 16, cardiac right ventricle; 17, distal oesophagus; 19, left cardiac atrium; 
23, uterus; 25, bladder, c negative controls, M, L Hind III size marker. Top left: Dif- 
ferently sized variants of the Z-disc titin domain are detected in 4, 11, 12, 14, 17 and 
23. In the smallest species amplified from uterus cDNA (23), a 900-residue segment 
is excluded. A full-length version of this domain is expressed in the heart (13, 16), 
but this fragment is too large to be amplified under the PCR conditions used. Top 
right: Different copy numbers of Z-repeats are expressed in the striated muscles, and 
the three major length variants observed have seven, six, and four repeats, respec- 
tively, as indicated on the right. Skeletal muscle tissues containing predominantly 
fast fibers (psoas, longissimus dorsi, extensor digitorum longus) express the four-Z- 
repeat variant. Cardiac tissues (left ventricle, right ventricle, left atrium) express 
mainly the seven-Z-repeat version. Other muscle tissues mostly co-express mixtures 
of a four-repeat and of a six-repeat isoform. Bottom: Developmental regulation of 
the cardiac Z-repeat copy number. Total cDNAs obtained from human fetal (F) and 
human adult (A) heart cDNA libraries were amplified with a primer pair flanking 
the Z-repeat region (a) and with a primer pair within the Z-repeat region (b). In 
adult muscle, a single species comprising seven copies of Z-repeats is detected. In 
cDNA from embryonic heart, mixtures of isoforms are detected. Within the Z-repeat 
region, a four-copy version is the most abundant species (taken from Sorimachi et 
al. 1997) 
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The I-band region of titin has been the inital focus of our isoform studies, 
because in the sarcomeres of resting cardiac and skeletal muscles, I-bands 
are of quite different length (Fig. 12). Therefore, we aimed to compare the 
sequence of cardiac I-band titin with that of skeletal I-band titin. For an 
initial comparison, a human cardiac muscle library (Stratagene, catalogue 
number 936208), and a human skeletal muscle cDNA library (Clontech 
HL1024) were purchased, plated out, and total lambda phage DNA was pre- 
pared for both libraries. Although the DNA from these two phage pools are 
not template sources and not comparable to a pure cDNA or a first strand 
synthesis, these two-phage DNA pools, termed hh (for human heart) and 
hsk (for human skeletal muscle) were found to be sufficient for a qualitative 
screening (B.K.). Comparison of the amplification patterns obtained with a 
set of I-band primer pairs by the PCR technique on the hh and hsk templates 
indicated that the central region of the human cardiac I-band titin could not 
be amplified from the hsk template DNA (B.K.). Therefore, we subsequently 

Fig. 12. Comparison of I-band lengths in sarcomeres of mammalian cardiac and 
skeletal muscle tissue. At the top, a cardiac myofibril is shown in the contracted state 
(scale bar: 1 ~tm; taken from Linke et al. 1993). The bottom part shows mammalian 
skeletal myofibrils in the contracted and relaxed state (taken from Trombitas & 
Pollack 1993). The thick filaments have about the same length in both types of mus- 
cle, whereas the I-band region is much longer in the skeletal muscle 



42 B. Kolmerer et al. 

determined the cDNA sequence of the central I-band region from both car- 
diac and skeletal titin cDNA clones by conventional library screenings and 
cDNA extension methods (see sections 2.2 to 2.4). As predicted, this showed 
that the I-band titin structure is substantially different in both tissue types 
(Fig. 12). Two distinct sequence families, tandemly repeated Ig domains and 
a region of unusual protein composition are expressed in different length 

Fig. 13. The sequence of the PEVK domain from the human soleus muscle. In the 
central region of the I-band, the titin filament is composed of an element with un- 
usual amino acid composition; the residues proline (P), glutamate (E), valine (V), 
and lysine (K) constitute about 70% of its mass. In the different striated muscle types 
investigated so far, the length of this domain varies by a factor of up to 13 
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variants (Labeit and Kolmerer, 1995). As for the tandem-Ig modules, struc- 
tural studies have indicated that the fold of expressed I-band-Ig domains 
differs somewhat from that of a previously studied M-line-titin Ig repeat 
(Pfuhl et al. 1995; Politou et al. 1995; Improta et al. 1996). The second region 
of the I-band titin, which is also expressed in different lengths, is very un- 
usual in its amino acid composition (see Fig. 13): about 70% of this sequence 
consist of the four residues proline (P), glutamate (E), valine (V), and 1ysine 
(K). Therefore, this I-band titin segment was termed the PEVK region 
(Labeit and Kolmerer, 1995). The relevance of the differential expression of 
these two distinct motif families for muscle elasticity are discussed in section 
5.2. 

4.4 Isoforms of the M-Line Titin 

Determination of the partial genomic sequence coding for the M-line titin 
portion, in combination with RT-PCR studies, showed that a single exon 
from the M-line titin is differentially expressed in different types of striated 
muscle (Kolmerer et al. 1996b). This exon, referred to as MexS, has no sig- 
nificant homology to other protein sequences in the data bases. The inter- 
species conservation of this exon and of the upstream intron Min4 is high, 
suggesting an important function that has been conserved during evolution. 
Comparison of the titins expressed in the different types of striated muscle 
from human, mouse and rabbit has shown that the Mex5 exon is either in- 
cluded or skipped during the splicing of the titin pre-mRNA. Therefore, the 
alternative splicing of the Mex5 exon leads to two distinct isoforms of the M- 
line titin, which are referred to as MexS(+) and MexS(-) titins. In the human 
heart muscle, only MexS(+) titins are expressed, whereas in the rabbit and 
mouse heart, also small amounts ofMexS(-) titins are present. It remains to 
be seen, which factors account for these subtle differences. In the skeletal 
muscles, very different ratios of Mex5(+) to MexS(-) titins are expressed. 
For example, in the soleus muscle, approximately equimolar amounts of 
both forms are detected, whereas in the rectus femoris, essentially MexS(-) 
titins are only expressed (Fig. 14). A possible functional significance of the 
alternative splicing of Mex5 is discussed in section 5.3. 
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Fig. 14. Differential expression of the M-line titin in two distinct isoforms in differ- 
ent rabbit muscles. Primer pairs that flank the Mex5 exon (see Fig. 9) detect its tis- 
sue-specific alternative splicing. The heart muscle includes this exon and therefore 
expresses a MexS(+) titin, whereas skeletal muscles skip this exon to different ex- 
tents (taken from Kolmerer et al. 1996b). Tissues: H, heart; P, M. psoas; LD, M. 
longissimus dorsi; S, M. soleus; G, M. gastrocnemius; PL, M. plantaris longus; D, 
diaphragm; EDL, M. extensor digitorum longus; RF, M. rectus femoris; TA, M. tibi- 
alis anterior 

5 Functional Consequences 
of the Differential Titin Expression 

5.1 Insights Into the Function 
of the Differentially Expressed Z-Disc Titin Segment 

RT-PCR studies have indicated that a 900-residue segment of the Z-disc titin 
region is expressed in different length variants in different muscle tissues 
(Sorimachi et al. 1997). This prompted us to search for possible ligands that 
may interact with this titin region. Therefore, yeast two-hybrid screens were 
performed (Fields and Song, 1989) using as a "bait" the 900 residues from 
the differentially expressed titin region. These screens identified alpha- 
actinin cDNAs derived from the ACTN2 gene (Beggs et al. 1992). Detailed 
mapping demonstrated that the C-terminal domain of the alpha-actinin-2 
isoform is responsible for the interaction with titin (Sorimachi et al, 1997). 
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Fig. 15. Identification and fine-mapping of the alpha-actinin binding sequences in 
the Z-disc titin. Top: Using as a bait the differentially expressed Z-disc titin se- 
quences, yeast two-hybrid screens have identified the alpha-actinin isoform encoded 
by the ACTN2 gene as a ligand of the titin filament. Detailed mapping by a series of 
deletions identifies a 90-residue domain at the C-terminus of the ACTN2 as the titin- 
binding domain. Bottom: In the Z-disc titin, the region of alpha-actinin binding 
assigns to the titin Z-repeat family. The most C-terminal Z-repeat, referred to as Zr7, 
has alpha-actinin binding properties. Possible further alpha-actinin binding sites 
locate at the N-terminal Z-repeats Zrl, Zr2, Zr3 (taken from Sorimachi et al. 1997) 

Fine-mapping of the alpha-actinin-2 binding site on titin assigned the inter- 
action to the region of titin's Z-repeats (Gautel et al. 1996)5 and suggested 
that this family of 45-residue motifs may have alpha-actinin binding prop- 
erties (Fig. 15). These data are in excellent agreement with the data of the 
Chiba group that independently searched for the ligands of the N-terminal 
region of the chicken connectin/titin, using the recently reported N-terminal 
titin sequences of this species (Yajima et al. 1996). The C-terminus of alpha- 
actinin was shown to bind to a C-terminal Z-repeat from the chicken ti- 
tin/connectin (Ohtsuka et al. 1997a, b). Previously, it has been shown that 
during early muscle cell differentiation in 9-somite stage chick embryonic 
hearts (Tokuyasu and Maher, 1987), Z-disc titin epitopes become organised 
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into cross-striational patterns at the time of first myofibril formation, and to 
co-localise with alpha-actinin spots. Similarly, a cross-striated organisation 
of Z-disc titin epitopes at an early developmental stage was also found in 
cultured cardiac myocytes (Schultheiss et al. 1992a). Based on all the find- 
ings to date, it is predicted that the Z-repeats of titin co-assemble with al- 
pha-actinin during early myofibrilogenesis. 

It will be interesting to see what the functional consequences of the ex- 
pression of the Z-repeats in different copy numbers are. Gautel and co- 
workers observed a variability in the number of Z-repeats expressed in car- 
diac cDNAs and speculated that this may be important for the tissue-specific 
width of the Z-disc (Gautel et al. 1996). Experimental determination of the Z- 
repeat copies expressed in cardiac and skeletal muscles has demonstrated 
the muscle-type-dependent presence of different copy numbers of Z-repeats 
(Sorimachi et al. 1997). However, additional splice events also occur outside 
the Z-repeat region (see Fig. 11). Therefore, further studies will be required 
to decide whether the Z-repeat copy number is indeed related to Z-disc 
width. Interestingly, the Z-repeat copy number is also regulated during car- 
diac development (Fig. 11). Possibly, variations in the copy number of Z- 
repeats are related to the property of Z-discs to dynamically transmit forces 
between adjacent sarcomeres in response to mechanical stress (Goldstein et 
al. 1986; 1989; for a review, Vigoreaux, 1994; Squire, 1997); myofibrils sub- 
jected to higher forces may have a larger copy number of alpha-actinin- 
binding Z-repeats (maximally seven), whereas other myofibrils will have less 
(four to six) Z-repeats. 

5.2 Control of Myofibrillar Elasticity by the Differential Expression 
of I-Band Titin Isoforms 

Characterization of the different I-band titins expressed in cardiac and 
skeletal muscles has led to the identification of two distinct motif families 
that are expressed in different length variants. First, the number of Ig re- 
peats contained within the more N-terminal tandem-Ig-segments varies 
between 15 and 68 copies. Second, the length of the PEVK titin varies be- 
tween 163 and almost 2,200 residues. These findings led us to speculate that 
both elements are important for the elasticity of the titin filament system 
(Labeit and Kolmerer, 1995). To test this assumption, two different experi- 
mental strategies were applied. Using the knowledge of the sites at which 
differential expression occurs, Gautel and co-workers generated monoclonal 
antibodies that flank the regions of differential splicing. Our group decided 
to generate polyclonal antibodies against the N2-A and the cardiac-specific 
N2-B sequences. These two segments separate the N-terminal tandem-Ig 
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region and the PEVK segment of the I-band titin as linker-like elements. The 
N2-A and N2-B antibodies, as well as previously described antibodies from 
the end regions of the elastic I-band-titin section, were then used for im- 
munofluorescence microscopic studies on stretched single myofibrils, to 
monitor the extension behavior of the I-band segments on either side of the 
N2-titin sequence (W.L.). 

By comparing the translational movement of the N2-A epitope with that 
of the T12 epitope, which is located about 100 nm away from the center of 
the Z-disc (Ftirst et al. 1988), we could draw conclusions about the elastic 
properties of the N-terminal tandem-Ig segment (Fig. 16). It was found that 
initial myofibril stretch from the slack length resulted in a threefold to 
fourfold elongation o f  the T12/N2-A segment. During this phase of Ig- 
domain-segment elongation, skeletal myofibrils did not develop significant 
passive forces. In addition, since structural studies have indicated that ex- 
pressed tandem-Ig modules adopt a stable fold (Politou et al. 1995; Improta 
et al. 1996), it was considered likely that the extensibility of the N-terminal 
tandem-Ig region is due to straightening of the Ig-domain chain, rather than 
to unfolding of individual repeats (Linke et al. 1996). Once the Ig-domain 
chain is straightened out, I-band-titin lengthening with additional sar- 
comere stretch is mostly restricted to the region C-terminal to the N2-A 
segment. In this context, it is pointed out that unfolding of tandem-Ig do- 
mains was recently monitored by atomic force microscopy on recombinant 
titin fragments (Rief et al. 1997 ). This is certainly a remarkable technological 
achievement, but the high forces necessary to induce unfolding (250-300 
picoNewton) suggest that Ig-domain unfolding may not occur under condi- 
tions relevant to the physiological situation. 

The I-band titin region C-terminal to the N2-A and N2-B sequences con- 
tain the PEVK region. In analogy to the approach described in the previous 
paragraph, we obtained information about PEVK-segment extensibility by 
comparing the translational movement of the N2-A epitope with that of titin 
epitopes at the A/I junction (MIR, BD6). The results of those studies are 
consistent with the idea that the PEVK domains represent highly elastic 
elements of the skeletal titin molecules (Fig. 17). The part of the titin fila- 
ment containing the PEVK sequences can extend substantially at physiologi- 
cal degrees Of myofibril stretch, and such extension is correlated with the 
generation of passive tension (Linke et al. 1996). In the maximally stretched 
state, each residue of the PEVK domain may span about 0.3 nanometer. 
Then, with the overall amount of PEVK-segment extension calculated 
(approximately 600 nm in soleus muscle), we would predict that at the 
maximum sarcomere lengths a skeletal muscle may experience in vivo, the 
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Fig. 16. Mechanical studies on the properties of the tandem-Ig and PEVK regions 
contained in the I-band titin. Top: Overview on the domain architecture of the soleus 
and cardiac titin, and on antibodies used. The epitopes for the T12 and the BD6 
antibodies (Ftirst et al. 1988; Whiting et al. 1989) locate at the N-terminus of the 
tandem-Ig region and near the end of the thick filament, respectively. The mapping 
position of the BD6 antibody on the titin filament is given in Fig. 3. For the N2-A 
and N2-B region, polyclonal antibodies were generated by us. Bottom: Comparison 
of the mobilities of the T12, BD6 and N2-A antibodies during stretch reveals non- 
uniform extensibilities of the different parts of the titin filament within its I-band 
section (taken from Linke et al. 1996) 

PEVK domain unfolds to a linearly extended conformation (Linke et al. 
1996). 

Similar models to explain the extensibility of I-band titin have also been 
proposed independently by Gautel and Goulding (1996) and, more recently, 
by Tskhovrebova and Trinick (1997). It will be interesting to see, which 
tertiary fold allows the PEVK domain to undergo readily reversible transi- 



The Titin cDNA Sequence and Partial Genomic Sequences 49 

tions from a compact folded conformation to a linear extended state. Struc- 
tural studies will be necessary to elucidate how PEVK unfolding can lead to a 
passive tension response. 

5.3 Possible Functions of the Alternative Splicing 
of the M-Line Exon Mex5 

The M-line region of titin is encoded by six exons, referred to as Mexl to 
Mex6 (Kolmerer et al. 1996b). Five of the six exons of the M-line titin are 
expressed in all striated muscles, whereas a single exon is alternatively 
spliced. This exon, referred to as Mex5, can be either skipped or included in 
the titin pre-mRNA during the splicing (Kolmerer et al. 1996b). First in- 
sights into a possible functional relevance of the differental expression of the 
Mex5 exon came unexpectedly from the characterization of muscle-specific 
calpain proteases. Family studies of patients from the "Ile de la Reunion" 
showed that mutations in the calpain protease-encoding gene CAPN3 were 
associated with a loss of muscle function, and thus, represent the genetic 

Fig. 17. Model for the elastic properties of the skeletal (psoas) I-band titin during 
stretch. A: During small amounts of stretch (from slack sarcomere length to ap- 
proximately 2.5 micrometer), an about threefold to fourfold extension is observed in 
the tandem-Ig segment. This presumably corresponds to the straigthening but not to 
the unfolding of the Ig domains. During this process, no significant passive tension 
is generated (see resting tension curve on inset top right). B to D: At larger amounts 
of stretch, most of the extension occurs in the PEVK region, and a progressively 
increasing passive tension response is developed. The amount of extension detected 
in the PEVK region suggests that this domain completely unfolds (taken from Linke 
et al. 1996) 
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cause for familial limb-girdle muscular dystrophy, type LGMD type 2A 
(Richard et al. 1995). This finding prompted studies to search for factors that 
may regulate the activity of the 94 kDa protease encoded by the CAPN3 
gene. Surprisingly, yeast two-hybrid studies using the p94 sequences as a 
bait identified two specific binding sites in the titin filament (Sorimachi et al. 
1995). Within the I-band titin, the N2-A segment provides one binding site 
for the p94 protease. A second binding site is present near the C-terminus of 
titin, corresponding to the region of the Mex5 domain (Sorimachi et al. 
1995). Recently, it was shown that the minimal binding site for the p94 pro- 
tease in the M-line region of titin consists of Mex5 and its flanking Ig- 
modules M9 and M10 (Kinbara et al. 1997). This indicates that skipping of 
the Mex5 exon abolishes the binding of the p94 protease. At present, the 
exact functional consequences of the differential expression of Mex5 for 
muscle function are unclear. The half-life of the free soluble p94 protease is 
apparently very short, whereas that of p94 bound to the titin filament could 
be much longer (Sorimachi et al. 1995). Therefore it is possible that the M- 
line-bound p94 corresponds to a more stable form of p94. Then, skipping of 
the Mex5 exon could perhaps be a mechanism to increase the amount of free 
(and active?) versus bound (and inactive?) p94 protease. Clearly, a detailed 
study of the interactions of p94 with titin may reward us with more detailed 
insights into the cell biology of the titin fdament system, which may be rele- 
vant for understanding the mechanisms involved in the pathology of muscu- 
lar dystrophies. 
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I I n t r o d u c t i o n  

The elastic molecule of striated muscles known as titin [97] or connectin 
[61] is now recognized to be one of the largest polypeptides known. Con- 
nectin was initially described as the elastic residue remaining in myofibrils 
extracted with potassium iodide or highly alkaline solutions [63], while titin 
was more precisely defined as two extremely high molecular weight proteins 
(titin-1 and titin-2) present in striated muscles [97] (Fig. 1). When titin was 
recognized as the major component of connectin preparations [61], the two 
terms became synonymous. It was later established that the smaller titin 
polypeptide (titin-2, also called l~-connectin) was in many cases a proteolytic 
fragment of the larger, intact molecule (titin-1, also called o~-connectin) [58, 
94]. 

This article will deal with the role of titin in the physiology of vertebrate 
striated muscles. Following a brief review of basic aspects of titin morphol- 
ogy and its organization in the sarcomere, I will discuss the evidence relating 
to titin's role in determining the mechanical properties of relaxed and active 
muscle fibers, as well its role in maintaining the regular order of the myo- 
filaments in the sarcomere. Finally, I will discuss the implications for muscle 
function in vivo. Aspects of titin function related to biochemical activity, 

Fig. 1. Proteins from mouse skeletal muscle (M) 
and heart (H) separated on an SDS polyacryla- 
mide gel. Note that the intact skeletal muscle titin 
(titin-1) is significantly larger than the cardiac ti- 
tin. The molecular weights are estimates based on 
the cDNA sequence of human titin from cardiac 
and soleus muscles [46, 47] 
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myofibrillogenesis, and regulation of myofilament length are reviewed else- 
where in this volume. 

II Titin Morphology and Organization in the Sarcomere 

A Rotary Shadowed Images of Isolated Titin 

Early studies by several groups showed that rotary shadowed titin molecules 
appeared to be long, flexible string-like structures [62, 85, 98]. These studies 
established that the titin molecule is a filamentous structure having a diame- 
ter of approximately 4 nm. The titin filaments also appeared to have a 
beaded structure, with an axial periodicity on the order of 5 nm [85, 98]. 
Random bending of the isolated filaments complicated the analyis of these 
images, but also revealed that the titin molecule is highly flexible along its 
entire length. The measured distribution of filament lengths was very broad, 
with individual filaments apparently ranging from 0.2 ~m to more than 1 ~tm 
in length [62, 85, 98]. 

Nave et al. [68] eliminated the problems inherent in analyzing images of 
randomly bent, string-like titin molecules by developing a technique to 
straighten the filaments using centripetal force. These authors measured a 
much narrower distribution of filament lengths, with a mean length of ap- 
proximately 0.9 ~m. They also found that the isolated titin filaments had a 
globular head at one end. 

B Antibody Studies 

In the original paper describing titin, Wang et al. [97] described a polyclonal 
anti-titin antibody that stained myofibrils at the A-bands and A-I junctions, 
as well as at the Z-lines and M-lines. Subsequent studies using polyclonal 
antibodies localized titin exclusively to the A-band [9, 73], to both the A- 
band and I-band [61, 64, 72], and to the A-band, I-band, and Z-lines [65]. 

Titin was soon found to be associated with the so-called gap filaments [9, 
87, 94], the ultra-thin filaments found in the gap between the thick and thin 
filaments in highly stretched sarcomeres [3, 33, 55, 57, 82]. In addition, 
flexible, string-like structures morphologically similar to isolated titin were 
found located at the ends and alongside isolated native thick filaments [85, 
86]. Binding of anti-titin antibodies confirmed that these structures were 
titin filaments [9, 25]. 

The picture became much clearer once monoclonal antibodies were gen- 
erated that bound at various points along the titin molecule. By observing 
the location and mobility of site-specific anti-titin antibodies in sarcomeres 
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Fig. 2. Electron micrographs of relaxed sarcomeres from rabbit psoas muscle 
stretched to varying lengths and stained with monoclonal anti-titin antibody SM1. 
In sarcomeres stretched to lengths of 2.3 or 2.8 pro, antibody density is sharply de- 
fined (arrows in A and B, respectively). Staining is more diffuse in the 4.0 ~m long 
sarcomere (C). Note that the distances from the Z-line to the antibody and from the 
antibody to the thick filaments increase as the sarcomere is stretched. Calibration 
bar: 0.5 gin. Previously published in [29] 

at various lengths, conclusions could be drawn regarding the organization of 
titin within the sarcomere, as well as the extensibility of distinct regions of 
the titin molecule. Figure 2 shows a typical result from such experiments: A 
sarcomere stained with a monoclonal anti-titin antibody contains two extra 
transverse electron dense stripes that are organized symetrically around the 
center of the sarcomere. In this example, the antibody stains an epitope in 
the I-band. When the sarcomere is passively stretched, this epitope moves 
away from both the edges of the A-band as well as from the Z-line (Fig. 2). 
Plots of antibody position versus sarcomere length show that these spacings 
increase linearly with stretch (Fig. 3). The behavior is consistent with that of 
an elastic element anchored near the Z-line and the end of the thick fila- 
ments. 

Figure 4 schematically shows a compilation of the results from several 
independent groups that have localized titin epitopes utilizing monodonal  
antibodies [7, 8, 11, 18, 29, 36, 38, 40, 87, 89, 90, 91, 95, 96, 101, 102, 103, 105]. 
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Fig. 3. Position of antibody SM1 ex- 
pressed as the distance to the Z-line 
(open circles) or to the edge of the A- 
band (closed circles) as a function of 
sarcomere length. Each point repre- 
sents the mean value from a single 
relaxed fiber from rabbit psoas mus- 
cle. The standard error of the mean is 
less than two times the diameter of 
each point. The linear behavior is 
consistent with that of an elastic ele- 
ment anchored near the Z-line and 
the end of the thick filaments. The 
curves are replotted from previously 
published data [29] 
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The results show that single titin molecules stretch from the Z-line to the 
center of the sarcomere. Furthermore, the results are remarkably consistent 
regarding the elasticity of titin epitopes. All epitopes in the A-band that were 
assayed for movement remained fixed relative to the thick filaments upon 
moderate stretching or shortening. Likewise, those epitopes within 100 nm 
of the Z-line or within 50 nm of the edge of the A-band remained a fixed 
distance relative to the Z-line or the A-band, respectively, under these con- 
ditions (Fig. 4, asterisks). In contrast, titin epitopes located in the I-band 
between the short inelastic regions near the Z-line and the ends of the thick 
filaments increased their distance from both the Z-line and the A-band as 
the sarcomere length increased (Fig. 4, pluses). The results provide strong 
evidence that titin molecules are anchored at the Z-lines and at the ends of 
the thick filaments, and may be anchored at other points along the A-band. 
The region between the A-bands and the Z-lines serves as an elastic link 
between these structures. 

Confirmation that the ends of the titin molecule are located at the Z-line 
and the M-line comes from a variety of sources. First, monoclonal antibod- 
ies that bind near the Z-line (T20 and T21 in Fig. 4) detect only the intact 
titin polypeptide, titin-1, on immunoblots, but do not detect the large pro- 
teolytic fragment, titin-2 [8]. Second, a monoclonal antibody that binds very 
close to the M-line in intact sarcomeres (T33 in Fig. 4) binds to the head-rod 
junction in isolated titin molecules [68]. Finally, correlation of titin epitope 
locations within the sarcomere with their locations in the titin cDNA se- 
quence established that the amino terminus of titin is anchored at the Z-line, 
while the carboxy-terminus is near the M-line [45, 46]. 
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Fig. 4. Schematic diagram showing the positions in the sarcomere stained by mono- 
clonal anti-titin antibodies from a variety of sources. Asterisks (*) indicate epitopes 
that maintain their position relative to the A-band or the Z-line upon moderate 
stretch or shortening of the sarcomere. Pluses (+) indicate epitopes that increase 
their spacing from both the Z-line and the A-band as sarcomere length is increased. 
Antibodies that produce only one electron dense stripe per half sarcomere are 
shown on the left, while antibodies that stain repetitive epitopes are shown on the 
right. Relative positions of antibodies used in different studies should be considered 
estimates, since the species and specific muscles used may vary. Antibodies T20, T21, 
T12, T4, T1, Tll,  T3, T10, T22, T23, T33, T31, T30, and T32 were described by Furst 
et al. [7, 8]. Antibodies BD6, CHll, BA10, CE12, AD6, AC7, AA4, AB5, and CF5 were 
described by Whiting et al. [105]. Antibodies RT13 and RT15 were described by 
Wang et al. [95, 96, 101]. Antibodies SM1 and 3B9 were described by Itoh et al. [36]. 
Antibodies A2 and A12 were described by Wang et al. [103]. Antibodies 9/D10, 
Ti-102, and oct were described by Wang and Greaser [102], ]in [38], and Kawamura 
et al. [40], respectively. The diagram incorporates information from subsequent 
studies using SM1 [29], RT13 [91],Tll [40, 87, 90], T12 [11, 18, 89, 90], 9/D10 and 
Ti-102 [11, 18, 89], and 3B9 [40] 

III Titin's Role in the Mechanical Properties 
of Relaxed Muscle Fibers 

A Selective Extraction or Fragmentation of Myofibrillar Proteins 

I Selective Fragmentation of Titin 

One strategy for studying the physiological function of titin has involved 
devising methods to selectively cleave titin in single muscle fibers. Early 
studies showed that myofibrillar titin was extremely susceptible to prote- 
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olytic degradation [60, 94]. Using this general property, Yoshioka et al. [108] 
found that when single skinned frog muscle fibers were treated with very 
small concentrations of trypsin, titin-1 (o~-connectin) was rapidly cleaved to 
yield titin-2 (l~-connectin). Further proteolysis resulted in cleavage of titin to 
yield smaller fragments. These effects occurred before any significant degra- 
dation of myosin or smaller myofibrillar proteins could be observed by gel 
electrophoresis. The passive tension produced by these muscle fibers upon 
stretch also decreased during this period, supporting the hypothesis that 
stretch of the titin filaments gave rise to the resting tension. These results 
were later extended to show that the decrease in passive tension produced 
by single skinned rabbit muscle fibers quantitatively matched the extent of 
titin degradation by trypsin treatment [5]. Similar results have been ob- 
tained using single cardiac myocytes from rats [12]. Trypsin treatment has 
also been used as a means to study the role of titin in restoring sarcomeres 

Fig. 5. SDS polyacrylamide gel electrophoresis ot proteins from skinned rabbit psoas 
fibers that had been frozen and then exposed to the indicated dose of high energy 
electrons. Note that titin and nebulin are preferentially degraded at these doses, as 
predicted by target analysis. Previously published in [28] 
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to their original length following shortening. Helmes et al. found that selec- 
tive degradation of titin by trypsin abolished the ability of isolated cardiac 
myocytes to relengthen to their original slack length following shortening 
[18]. The results suggest that titin functions as a bidirectional elastic element 
that resists shortening as well as lengthening. 

In an alternate approach, Horowits et al. [28] utilized low doses of ioniz- 
ing radiation to fragment the largest proteins present in single fibers from 
rabbit psoas muscle. This approach was useful for studying titin function 
because the radiation sensitivity of macromolecules is directly related to 
their mass, provided that irradiation occurs in the absence of liquid water 
[44]. Therefore, irradiation of dry or frozen samples can be used to study the 
function of the largest components involved in specific cellular processes. 
As shown in Fig. 5, this resulted in the selective fragmentation of titin and 
nebulin, while leaving the other myofibrillar proteins relatively intact. Pas- 
sive tension was reduced over the same range of radiation doses that frag- 
mented titin [28]. 

The two approaches utilized to selectively cleave titin polypeptides in 
muscle fibers each have their own disadvantages. Both techniques affect 
other myofibrillar proteins to varying degrees. Nebulin, in particular, was 
significantly degraded by both ionizing radiation and trypsin treatment in 
the ranges used to observe the effects of titin fragmentation [5, 28]. Al- 
though smaller myofibrillar proteins appeared intact on denaturing gels 
after the trypsin treatment, cleavage of small pieces from these proteins 
could not be completely excluded. In contrast, exposure to ionizing radia- 
tion was certain to fragment a fraction of each species of polypeptide present 
in the myofibril. However, the fraction of any particular protein that was 
degraded at low doses of ionizing radiation could be accurately predicted by 
target analysis [28]. 

Figure 6 shows the data obtained by the two approaches to destroying ti- 
tin in single rabbit psoas muscle fibers. The data were extracted from the 
previously published works and plotted as the percentage of passive tension 

Fig. 6. Decrease in passive tension with increasing fragmentation of titin (A) and 
nebulin (B). Proteins were fragmented by ionizing radiation (closed circles) or by 
trypsin (open circles). The lines indicate the response predicted if there is a one to 
one correspondence between intact protein and passive tension. Passive tensions 
were measured in skinned rabbit psoas fibers at sarcomere lengths of 3.3 pm for 
trypsin digestion and at 3.5 gm for radiation inactivation. Note that passive tension 
declines in parallel with titin fragmentation (A), but faster than nebulin fragmenta- 
tion (B). (However, passive tension measured at shorter sarcomere lengths is some- 
what less sensitive to radiation dose [28] and trypsin treatment [108]). The data for 
trypsin treated fibers is replotted from Funatsu et al.'s Fig. 9 [5]; the data for irradi- 
ated fibers was published in different form by Horowits et al. [28] 
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remaining as a function of intact titin or nebulin. Both techniques show a 
nearly one to one correspondence between the decrease in passive tension 
and the fragmentation of titin in single rabbit psoas muscle fibers (Fig. 6a). 
In contrast, passive tension decreases faster than nebulin is fragmented by 
either technique (Fig. 6b). The quantitative agreement between these stud- 
ies, despite their distinct shortcomings, supports the original conclusion 
that titin fragmentation results in a decrease in resting tension because 
stretch of intact titin filaments is the source of that tension [5, 28, 108]. 

2 Selective Extraction of Thick Filaments 

In addition to the strategy of directly studying the effects of fragmentation 
or removal of titin on muscle mechanics, valuable information regarding 
titin organization and function can be derived from experiments in which 
other myofibrillar components are selectively removed. Several groups have 
studied the effects of salt induced depolymerization of myosin filaments on 
the mechanical properties of relaxed muscle fibers. Using mechanically 
skinned fibers from frog skeletal muscle, Higuchi and Umazume found that 
as thick filament length was progressively decreased by increasing concen- 
trations of KC1, passive tension decreased linearly with decreasing A-band 
length [22]. As A-band length approached zero, greater than 90% of the 
passive tension was eliminated at a sarcomere length of 4.0 pm. In contrast, 
35% of the resting tension remained at sarcomere lengths greater than 
5.0 pro, even after subsequent extraction of actin filaments with KI [22]. 
Several other investigators have also observed that a component of passive 
tension remains in extremely stretched skeletal and cardiac sarcomeres after 
extraction of thick and thin •aments [2, 12, 79, 96]. On the basis of morpho- 
logical and biochemical analysis of the remaining structures, this residual 
force is generally attributed to intermediate filaments [99]. The physiologi- 
cal data derived from high salt extraction of myofilaments suggested a sim- 
ple model in which KG1 induces depolymerization of the thick filaments 
from their ends. As the thick filament length decreases, regions of titin that 
had originally been immobilized by interaction with the thick filaments are 
released. Once released from the A-band, these regions are elastic and in- 
crease the length of titin that can be stretched [22]. The result is a continu- 
ous decrease in passive tension with decreasing A-band length. 

Some examples in the literature are at odds with this simple model. For 
example, Salviati et al. used pyrophosphate to depolymerize myosin fila- 
ments in skinned rabbit muscle fibers to one third their original length; they 
found little change in passive tension with this protocol, although subse- 
quent removal of the residual myosin with 0.6 M NaG1 greatly reduced pas- 
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sive tension [80]. Likewise, Granzier and Irving found that passive tension 
decreased far less than expected in cardiac myocytes when thick filament 
length was reduced by 60% with KC1 [12]. 

The simple model used to interpret these results assumed that titin 
bound to the A-band is slack, and becomes elastic once the associated my- 
osin is removed by depolymerization. These assumptions have been tested 
by using anti-titin antibodies to study titin epitope behavior following a salt- 
induced reduction in A-band length. These experiments demonstrate that 
titin epitopes that are normally inextensible (antibodies 3B9 and RT15 in 
Fig. 4) become elastic when the region of the A-band to which they are 
bound is removed [21, 96]. In addition, in frog skeletal muscle the region of 
titin associated with the A-band shortened upon myosin depolymerization, 
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Fig. 7. Schematic model depicting the effects of thick filament shortening on titin 
elasticity and slack length. Titin is depicted as a spring that stretches between the Z- 
line and the M-line. The region of titin in the vicinity of the thick filament is 
stretched to twice its free slack length and immobilized by interactions with the 
thick filament. Elastic behavior is thus restricted to the region of titin between the 
thick filaments and the Z-line (upper left and right). When the thick filament is 
shortened by salt-induced depolymerization, part of the titin is freed from the thick 
filament and tends to shorten to its slack length, thus reducing the length of the 
slack sarcomere (lower left). The region of titin freed from the thick filament adds to 
the original elastic region of titin, creating a longer elastic element that elongates 
when the sarcomere is stretched (lower right). The model is based on Higuchi et al.'s 
Fig. 9 [21] 
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causing slack sarcomeres to shorten from 2.1 gm to 1.5 gm after the A-band 
length had decreased from 1.6 to 0.42 ilm [21]. The Z-line to thick filament 
distance at slack length thus increased by only 0.3 ttrn, even though the 
length of the thick filaments had been decreased by 0.6 gm at each end. Al- 
though they did not directly observe the behavior of titin epitopes, Roos and 
Brady found that KC1 induced depolymerization of thick filaments caused a 
large decrease in the slack sarcomere length of isolated cardiac myocytes 
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Fig. 8. Passive tension of sin- 
gle skinned frog muscle fibers 
plotted as a function of sar- 
comere length (A), I-band 
length (B), and I-band strain 
(C) before and after shorten- 
ing of the thick filaments 
(filled and open circles, re- 
spectively). In control fibers, 
A-bands were 1.6 ~tm long and 
the slack sarcomere length 
was 2.1 Fro; after extraction, 
A-bands were 0.42 gm long 
and the slack sarcomere 
length was 1.5 gm [211. The 
data in (A) are replotted from 
Higuchi et al.'s Fig. 7 [21]. I- 
band length (I) was calculated 
as (L-A)/2, where L is sar- 
comere length and A is A- 
band length. I-band strain 
was calculated as I/I0-1, 
where I 0 is the length of the I- 
band in the slack sarcomere. 
Note that I-band strain ap- 
pears to be the main determi- 
nant of passive tension (C) 
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[79]. These results suggest that, in general, titin bound  to the thick filaments 
is stretched relative to its unbound  slack length in both skeletal and cardiac 
muscles (Fig. 7). 

Figures 8 and 9 illustrate some features of  a model  based on these obser- 
vations. Figure 8 shows the passive tension measured by  Higuchi et al. be- 
fore and after partial depolymerizat ion of thick filaments in single frog 
skeletal muscle fibers [21]. The tension data is plotted as a function of  sar- 
comere  length (Fig. 8a), I -band length (defined as the thick fi lament to Z- 
line distance) (Fig. 8b), and I -band strain (Fig. 8c). Clearly I -band strain is a 
good predictor  of  passive tension. The results show that, once released f rom 
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Fig. 9. Calculations of passive tension as a function of sarcomere length with varying 
A-band lengths. The curve for A = 1.6 ~un corresponds to the data for single skinned 
flog muscle fibers measured by Higuchi et al. [21] and plotted as filled circles in Fig. 
8a. This curve was converted to a relation between passive tension and I-band strain 
as in Fig. 8c. For each measured tension in Fig. 8a, the sarcomere length was calcu- 
lated at each A-band length by assuming that the corresponding I-band strain was 
unchanged. The 1-band slack length, I 0, was calculated by assuming that the titin is 
stretched to twice its unrestrained slack length in the region where it is bound to the 
thick filaments. In control fibers, the A-band length, A, is 1.6 I~m and I 0 is 0.25 pm; 
then for any A-band length, I 0 = (1.6-A)/4 + 0.25. With the assumption that I-band 
strain determines passive tension, I/I 0 is the same at different A-band lengths when 
the passive tension is the same, so that the sarcomere length at which a particular 
tension is generated could easily be calculated for each value of A. For simplicity, the 
results are presented as smooth curves joining the calculated values 
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the thick filaments, the elastic modulus of A-band titin is similar to that of I- 
band titin. Figure 9 shows model calculations of passive tension-sarcomere 
length relations after A-bands have been depolymerized to various lengths. 
The model assumes that the dependence of passive tension on I-band strain 
remains constant (as in Fig. 8c) and that titin is uniformly stretched to twice 
its slack length in the region where it is bound to the thick filaments. As 
shown in the inset of Fig. 9, the slack sarcomere length decreases as A-band 
length decreases, so that passive tension at short sarcomere lengths is ele- 
vated relative to control fibers (A = 1.6 ~tm). At longer lengths, passive ten- 
sion decreases with decreasing A-band length. However, the decrease in 
passive tension is less than if titin were unstrained when bound to the thick 
filaments in the A-band. 

The model developed above can account for some previously unex- 
plained findings. Figure 10 compares some results in the literature with 
calculated values based on this model. The passive tension-sarcomere length 
curves are shown for frog skeletal muscle before and after a reduction in A- 
band length from 1.6 pm to 0.42 pm (Fig. lOa); the slack length in unex- 
tracted fibers was 2.1 pm [21]. Similar curves are shown for rabbit skeletal 
muscle before and after a reduction in A-band length from 1.6 pm to 0.53 
pm (Fig. 10b); in this case the slack length of unextracted fibers was 2.6 Dm 
[80]. Note that a decrease in the length of the thick filaments leads to large 
decreases in passive tension at sarcomere lengths greater than 3.0 pm in frog 
muscle (Fig. 10a), while only small effects occur in rabbit muscle (Fig. lOb) 
(open and filled circles). These effects are well predicted by the model in 
which the titin is assumed to be stretched to twice its slack length when 
bound to the thick filament, and titin strain in the I-band determines the 
passive tension (dashed curves). Figure 10c shows the time course of 
changes in passive tension and A-band length in single cardiac myocytes 
during exposure to elevated KC1 concentrations [12]. This exposure led to a 
rapid decrease in A-band length (crosses), followed by a gradual decrease in 
passive tension to approximately 60% of its control level (open circles). The 
model predicts a slightly lower level of passive tension at equilibrium than 
was observed (compare dashed lines in Fig. 10c), but most of this difference 
can be accounted for by the amount of tension attributed to intermediate 
filaments at this sarcomere length [12]. However, the slow time course of 
passive tension decrease relative to the decrease in A-band length is not 
predicted by the model (compare open and fdled circles in Fig. 10c). These 
results suggest that titin released by depolymerization of the thick filaments 
may undergo slow changes in conformation from a stiff to a more elastic 
state. However, Higuchi and Umazume observed that the decrease in passive 
tension occurred simultaneously with thick filament depolymerization in 
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Fig. 10. Passive tension as a function of 
sarcomere length for single skinned fi- 
bers from frog semitendinosus muscle 
(A) and rabbit psoas muscle (B). Pas- 
sive tensions are shown before and ~ 
after shortening of the thick filaments 
(filled and open circles, respectively). ~ 
The dashed curves are calculated ac- r 
cording to the method in Fig. 9. (C) 
Time course of A-band shortening (x) 
and passive tension decrease (open 
circles) in isolated myocytes from rat 
hearts during exposure to high salt 
solution. Passive tension was meas- 
ured at a sarcomere length of 2.7 pro. 
The changes in tension predicted ac- 
cording to the method in Fig. 9 are ~ 
also shown (filled circles). The dashed .~ 
lines correspond to the final levels of 
actual and calculated tensions after ~ = 

thick filament shortening has ended. 
Data in (A) are replotted from Fig. 7 of ~- 
Higuchi et al. [21]; Data in (B) are re- ~- 
plotted from Fig. 3a of Salviati et al. 
[80]. Data in (C) are replotted from 
Fig. 6 of Granzier and Irving [12]. For 
frog fibers (A), A-bands were initially 
1.6 pm long and the slack sarcomere 
length was 2.1 pro; after extraction, the 
A-bands were 0.42 pm long and the 
slack sarcomere length was 1.5 p.m 
[21]. For rabbit fibers (B), A-bands 
were initially 1.6 pm long and the slack 
sarcomere length was 2.6 ~m; after 
extraction, the A-bands were 0.53 ~tm 
long [80]. For cardiac myocytes (C), A- 
bands were initially 1.6 pm long and 
the slack sarcomere length was 1.9 pm 
[121 
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frog skeletal muscle [22]. The differences may be due to the widely different 
sarcomere lengths and I-band strains at which these time courses were 
measured in the two studies. 

In summary,  depolymerization of  thick filaments by elevated salt results 
in the release of  A-band titin. The segment of  titin bound to the thick fila- 
ment  appears to be stretched to twice its slack length. Therefore, the re- 
cruitment of  A-band titin to the I-band results in a decrease in slack sar- 
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comere length. The released titin appears to have an elastic modulus that is 
similar to that of the segment of titin that was originally located in the I- 
band. The change in passive tension in response to thick filament depolym- 
erization thus depends on sarcomere length, the extent of thick filament 
shortening, and the original slack length. 

3 Selective Extraction of Thin Filaments and Z-Lines 

More recently, selective removal of thin filaments from muscle fibers has 
been accomplished using the actin severing protein gelsolin. Funatsu et al. 
found that this procedure results in a small increase in resting tension in 
skinned rabbit psoas fibers, along with a small decrease in slack sarcomere 
length from 2.2 to 2.1 pm [5]. Granzier and Wang found a similar decrease 
in slack length upon thin filament removal in rabbit psoas fibers, but this 
was accompanied by a much larger increase in tension upon stretch of the 
relaxed fiber [13]. Results similar to Granzier and Wang's were obtained in 
isolated myofibrils from skeletal muscle by Yasuda et al. [106]. Although 
these authors observed a large increase in passive tension after removal of 
thin filaments from single rabbit psoas myofibrils, they found that myofi- 
brils from cardiac muscle exhibited little change in passive tension after 
extraction of the region of actin filaments that were not overlapped with 
myosin filaments [34]. The different effects of thin filament extraction on 
passive tension in cardiac and skeletal muscle may be due to the presence of 
nebulin in only skeletal muscle; removal of actin may allow nebulin to inter- 
act with titin in the I-band, resulting in decreased elasticity, as suggested by 
Granzier and Wang [13]. This effect would not occur in cardiac muscle, 
which does not contain nebulin [8, 32, 35, 84, 100]. 

In rabbit cardiac muscle, the selective removal of thin filaments did not 
affect the elastic behavior of a titin epitope located in the I-band (SM1 in Fig. 
4) [6]. However, recent studies from two laboratories have shown that thor- 
ough extraction of actin filaments from cardiac myofibrils increases the 
extensibility of titin in the region flanking the Z-line, as probed by an anti- 
body that binds in this region (T12 in Fig. 4) [50, 52, 88]. This effect is ac- 
companied by a significant decrease in passive stiffness [50, 52], along with a 
small decrease in slack sarcomere length caused by a shortening of the pre- 
viously stiff region of titin flanking the Z-line [88]. The results show that the 
short region of titin immediately flanking the Z-lines is stiffened by interac- 
tion with actin filaments. Furthermore, when bound to the thin filaments 
this region of titin is stretched relative to its free slack length. 

Finally, selective extraction of the Z-lines with calcium activated neutral 
protease or low salt did not result in movement of the T12 epitope flanking 
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the residual Z-lines [90]. Apparently, interaction of titin with the thin fila- 
ments maintains sarcomeric organization in the Z-line region, even after 
extraction of most of the electron dense material in the Z-lines. 

B Segmental Extension of Titin and the Mechanical Properties 
of Relaxed Muscle Fibers 

1 Stress-Induced Mobilization of Previously Anchored Epitopes of Titin 

As discussed above, titin epitopes that are fixed relative to the thick fila- 
ments can behave elastically once the thick filaments are depolymerized. 
Several studies have shown that these epitopes can also be recruited to the 
elastic region by high levels of mechanical stress. Itoh et al. observed that A- 
band titin epitopes near the ends of the thick filaments (antibody 3B9 in Fig. 
4) become misaligned and enter the I-band upon stretching frog skeletal 
muscle sarcomeres from 3.5 to 4.0 ~tm [36]. Trombitas and colleagues ob- 
tained similar results with an antibody that binds to an epitope 50 nm out- 
side of the A-band (antibody Tl l  in Fig. 4) [87, 90]. They found that this 
epitope becomes elastic only at sarcomere lengths greater than 3.6 ~tm, 
where the thick and thin filaments no longer overlap. They also found that 
the region of titin adjacent to the Z-lines remains inelastic in sarcomeres 
stretched to lengths up to 5.2 ~tm, but that upon stretch to 6 pm this region 
finally moves away from the Z-line (antibody T12 in Fig. 4) [90]. Similar 
results have been obtained in cardiac myofibrils by Linke et al., who ob- 
served a sudden extension of the A-band region of titin in sarcomeres 
stretched to 3.4 [am (BD6 in Fig. 4) [49]. 

2 Segmental Extension of Titin and the Relation 
between Passive Tension and Sarcomere Length 

As discussed above, sufficient mechanical strain can mobilize previously 
fixed regions of titin, essentially stripping titin from its anchor points. This 
process has important consequences for the mechanical properties of re- 
laxed muscle fibers. Wang and colleagues have correlated the behavior of 
titin epitopes with the passive mechanical properties of muscle fibers over a 
wide range of sarcomere lengths [95, 96]. They found that a titin epitope 
near the middle of the I-band (antibody RT13 in Fig. 4) behaved elastically 
as the sarcomere was stretched, increasing its distance from both the Z-line 
and the A-bands. However, in plots of antibody to Z-line spacings against 
sarcomere lengths, a decrease in slope occurred in highly stretched sar- 
comeres. The length at which this change in titin epitope behavior occurred 
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corresponds to the length at which further stretch of the sarcomere does not 
result in an increase in passive tension. These effects are accompanied by a 
disordering of the sarcomere that is manifested as a -15% decrease in A- 
band length, misalignment of the ends of the thick filaments, and a broaden- 
ing of the transverse stripes produced by anti-titin antibodies [96]. There- 
fore, the mechanical property of sarcomere yield is correlated with a change 
in titin epitope translocation and sarcomere structure that is easily ac- 
counted for by the recruitment of A-band titin into the elastic I-band region 
[95, 96]. 

Figure 11 schematically shows how structural changes involving titin can 
account for various features of the relation between resting tension and 
sarcomere length [95, 96]. In this model, I-band titin behaves as a nonlinear 
elastic element. The slack length of this segment of titin along with the 
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>SLy : ; ! -, 

, I 

distorted end 2 S 4 
t ! , '  I 

ext~dble ~el~eat itram ('rE ITE '-) 

s ~  SEe SLy 
sarcomere length (grn) 

Fig. ll. Segmental extension of titin accounts for the relation between passive ten- 
sion and sarcomere length. I-band titin is slack in sarcomeres at slack length, and is 
easily stretched in region I of the length tension curve. Stretch of titin in region II 
yields exponentially increasing tension, until the tension is so high that titin be- 
comes dislodged from its binding sites on the thick filament. The sarcomere length 
at which this occurs is the yield point, SLy. Further extension into region IV of the 
length-tension relation occurs without any significant increase in tension, as more 
titin is dislodged from the thick filament. This Fig. is reproduced from Wang et al. 
[95], with permission of the authors 
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length of the thick filaments determines the slack sarcomere length. The 
relative strain of titin in the I-band determines the passive tension. When 
the tension becomes high enough to rip titin from its anchor points in the A- 
band, sarcomere yield occurs. 

One consequence of this model is that cycles of sarcomere stretch and 
release should produce reproducible tensions so long as the yield point is 
not reached. However, irreversible changes should be observed once yield 
has occurred and A-band titin has been recruited to the segment of titin in 
the I-band. Wang et al. observed these features in rabbit psoas fibers sub- 
jected to multiple cycles of stretch and release [96]. They found that the 
decrease in passive tension in post-yield sarcomeres could be quantitatively 
explained by an increase in length of the elastic I-band segment of titin, 
without any changes in the number or intrinsic elasticity of the titin fila- 
ments. Similar results have been observed in cardiac myofibrils [49]. 

Recruitment of A-band titin to the I-band by extreme stretch is accom- 
panied by an increase in slack sarcomere length in both skeletal and cardiac 
muscle [49, 96]. Wang et al. suggested that this could be explained by assum- 
ing that titin is compressed when it is bound to the A-band; as an alternate 
explanation, they suggested that the region of titin that is recruited from the 
A-band may remain associated with fragmented pieces of thick filaments 
that prevent shortening of the released segment of titin to its intrinsic slack 
length [96]. Since A-band titin shortens when it is released by depolymeri- 
zation of thick filaments [21], the latter explanation appears more likely. 
Fragmentation of thick filaments is also consistent with the decrease in A- 
band length and deformation of thick filaments observed in post-yield sar- 
comeres [96]. 

3 Dependence of Passive Tension on Titin Isoforms 

On the basis of variations in electrophoretic mobility [1, 11, 12, 26, 32, 49, 89, 
95, 100] and antibody reactivity [25], several investigators have demon- 
strated that different striated muscles of an animal can contain different 
isoforms of titin. Developmental changes in titin isoforms have also been 
documented [16, 107]. The variation in apparent molecular weight of titin is 
correlated with profound differences in the passive mechanical properties of 
relaxed fibers from different muscles. 

In a study by Wang et al., the passive mechanical properties and titin 
isoforms of single muscle fibers from six different skeletal muscles of the 
rabbit were compared [95]. They found that several properties correlate with 
titin size. Mechanically, muscle fibers with larger titin isoforms start devel- 
oping significant levels of passive tension at longer sarcomere lengths, and 
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reach their elastic limit, or yield point, at longer sarcomere lengths (Fig. 11, 
SL e and SLy, respectively) [95]. Ultrastructurally, the elastic behavior of an 
epitope in the I-band region of titin (RT13 in Fig. 4) changes its behavior at a 
characteristic length corresponding to the yield point, presumeably because 
sarcomere yield is due to an increase in the extensible segment of titin 
caused by stripping titin from its anchor points in the A-band. This change 
in epitope translocation occurs at longer sarcomere lengths in fibers con- 
taining larger isoforms of titin, corresponding to the different lengths at 
which sarcomere yield occurs in these muscles [95]. The close correspon- 
dence between the mechanical yield point and changes in titin epitope trans- 
location in the I-band has also been observed in isolated myofibrils from 
cardiac and skeletal muscle [51]. 

Several other groups have confirmed the basic finding that smaller titin 
isoforms in skeletal muscle correlate with higher resting tensions [13, 26, 
51], even though the total amount of titin appears to be constant [26]. In 
addition, cardiac sarcomeres, which contain a much smaller isoform of titin 
than any of the vertebrate skeletal muscles examined (see Fig. 1), have a 
shorter slack length and develop high levels of passive tension at much 
shorter lengths than skeletal muscle sarcomeres [11, 12, 49, 51, 53, 89]. 

The differences in passive mechanical properties and titin epitope behav- 
ior between muscle cells containing different isoforms of titin are easily 
explained if it is assumed that the differences in size between the various 
isoforms are entirely accounted for by variations in the length of the nor- 
mally extensible I-band region of titin [11, 12, 26, 95]. In this simple model, 
isoform variations in the length of the extensible segment of titin account for 
differences in the passive mechanical properties of relaxed muscle fibers. It 
should be noted that because the I-bands in slack sarcomeres are much 
shorter in cardiac than in skeletal muscles, the inextensible regions of I- 
band titin that are adjacent to the Z-lines and A-band take up a much larger 
percentage of the contour length of unstrained I-band titin than in skeletal 
muscle [11, 89]. Nevertheless, passive tension in cardiac myocytes is roughly 
equivalent to the passive tension in skeletal muscle fibers when the elastic 
regions of titin in the two muscle types are equally strained [11]. 

Variations in the length of the I-band region of titin have been confirmed 
by cDNA cloning of titin from various muscles [46]. These experiments 
show that the I-band region of titin contains tandem repeats of immuno- 
globulin-like (Ig-like) domains [46, 59, 81], as we|l as a region rich in proline 
(P), glutamate (E), valine (V), and lysine (K) residues, termed the PEVK 
domain [46]. Tissue-specific differences in titin are caused by alternative 
splicing, which leads to variations in the length of the PEVK domain as well 
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as in the numbers of tandem Ig-like domains in the I-band region of titin 
[46]. 

C Molecular  Basis of Ti t in Elasticity 

1 Antibody Studies Revisited 

Detailed models regarding the molecular basis of titin elasticity were origi- 
nally based on a knowledge of the structure of individual titin domains in 
combination with studies of the thermal and chemical stability of these do- 
mains [4, 71, 75, 76, 77, 83]. Recently, the sequencing and expression of titin 
cDNAs has made possible a more direct approach using antibodies that 
specifically label known residues within the titin sequence. By observing the 
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Fig. 12. Behavior of titin domains in the I-band during sarcomere stretch. When 
slack sarcomeres are stretched, tandem Ig domains are first straightened, with little 
increase in tension. Further extension leads to unfolding of the PEVK domain, which 
is associated with exponentially increasing tension. The model is based on the recent 
work of Linke et al. [51] and Gautel and Goulding [10] 
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behavior of these antibodies with sarcomere stretch, conclusions can be 
drawn regarding the elongation or unfolding of particular domains in vari- 
ous regions of the passive force-length relation. Using this approach, two 
groups have shown that with small amounts of stretch above slack length 
(region I in Fig. 11), the tandem Ig-domains between the Z-line and the 
PEVK region of titin elongate with little increase in passive tension (Fig. 12) 
[10, 51]. The data are consistent with a straightening of the Ig domains with- 
out unfolding. As significant passive tension develops (region II in Fig. 11), 
most of the change in I-band length occurs in the region from the edge of 
the A-band up to and including the PEVK domain (Fig. 12) [10, 51]. Assum- 
ing that the Ig-domains in between the A-band and the PEVK region behave 
the same as those between the Z-line and the PEVK region, these data sug- 
gest that generation of significant levels of passive tension is associated with 
unfolding of the PEVK domain [10, 51]. The titin molecule thus essentially 
contains two elements in series with different properties (Fig. 12). When I- 
band titin is stretched, the Ig-domains are first straightened with little asso- 
ciated force; once the Ig-domains are taut, further stretch unravels the PEVK 
domain. The unfolding of the PEVK domain requires substantial force, and 
hence is associated with significant levels of passive tension. 

Shadowed images of isolated titin provide further evidence that, once 
straightened, titin elongates by unfolding of the PEVK region [92]. When 
titin molecules are placed on mica and straightened by the surface tension 
caused by a receding meniscus, many titin molecules contain an unusually 
thin region approximately 1 ~tm from the globular head of the molecule. The 
thin region appears to be more compliant than the rest of the molecule, 
varying several fold in length. The location of the compliant region within 
the titin molecule corresponds to that predicted for the PEVK domain, while 
the decreased diameter of the molecule in this region as well its extent of 
elongation are consistent with unfolding of a polypeptide chain that is the 
size of the PEVK domain [92]. 

2 Mechanical Studies of Single Titin Molecules 

Using a variety of techniques, several groups have recently succeeded in 
studying the mechanical properties of single titin molecules by directly ma- 
nipulating them. Kellermayer and Granzier used an anti-titin antibody to 
attach individual titin molecules to a glass surface; fluorescently labeled 
actin filaments were then bound to other points in the titin molecule and 
mechanically manipulated with a microneedle [42]. They found that single 
titin filaments could be stretched to at least four times their unextended 
length, while generating forces up to at least 100 piconewtons. More re- 
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cently, two groups have used antibodies that bind near the ends of the mole- 
cule to tether individual titin filaments to beads that could be manipulated 
in an optical trap [43, 93]. These experiments show that the mechanical 
properties of the individual titin molecules are strikingly similar to those of 
relaxed muscle fibers: First, the force-extension curves of titin molecules 
exhibit the same general shape found in relaxed musde fibers; second, stress 
relaxation is more pronounced after larger stretches than after shorter 
stretches; third, complete cycles of stretch and release exhibit increasing 
amounts of hysteresis as the degree of stretch is increased; and fourth, an 
apparent yield phenomenon occurs at very high extensions. The data from 
the optical trap experiments could be fit by entropic elasticity models, and 
were found to be consistent with straightening of a randomly coiled 
polypeptide at short extensions, followed by unfolding transitions at higher 
extensions, when forces exceeded 20-60 piconewtons; evidence for refolding 
was found only after the molecule was shortened to lengths at which tension 
was very low [43, 93]. 

Results similar to those observed using optical traps have been obtained 
by Rief et al.; these investigators used atomic force microscopy to study the 
mechanical properties of isolated titin and recombinant titin domains [78]. 
In these experiments, random segments of titin were immobilized between a 
gold surface and the tip of the atomic force microscope (AFM). The force 
measured during retraction of the AFM tip from the surface exhibited a 
region of variable length during which force steadily increased, followed by a 
repeating series of tension peaks followed by stress relaxation. The number 
of tension peaks varied between experiments, but occurred at a regular 
spacing of approximately 25 nm. Recombinant constructs containing four or 
eight titin Ig-domains exhibited similar behavior, except that the number of 
tension peaks was equal to or less than the number of Ig-domains present in 
the constructs. The tension peaks observed with both intact titin and the 
recombinant fragments started at approximately 150 piconewtons and in- 
creased in height with increasing extension, indicating that the Ig-domains 
were heterogeneous and were unfolded at varying tensions [78]. The ob- 
served tension peaks could be reproduced within a single specimen only 
after complete release of the molecule, indicating that refolding of the Ig- 
domains can only occur at very low forces. 

In summary, the mechanical properties of isolated titin molecules are 
consistent with the model illustrated in Fig. 12, in which Ig-domains are 
straightened by low forces and the PEVK region extends at high forces. The 
mechanical experiments add the additional insights that stress relaxation 
and hysteresis are caused by the unfolding of domains at high forces, and 
that refolding occurs only when the molecule is released to very low force 
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levels. The unfolding transitions also give rise to an apparent yield phe- 
nomenon at very high extensions that is consistent with the unfolding of 
titin Ig-domains [43, 78, 93]. 

As discussed in a previous section, yield in muscle fibers is associated 
with recruitment of previously immobile regions of titin from the A-band to 
the elastic I-band region (Fig. 11) [95, 96]. This detachment of titin from the 
A-band may occur at forces below that needed to unfold the titin Ig-domains 
in the I-band. A second possibility, suggested by Tskhovrebova et al. [93], is 
that unfolding of Ig-domains and/or fibronectin-like domains of titin in the 
A-band occurs at high forces, and that this causes the detachment of titin 
from the thick filaments. In the latter case, unfolding transitions would act 
as feedback sensors that detect extreme levels of tension in the titin mole- 
cule; the unfolding transitions would thus signal the release of limited re- 
gions of titin from the thick filaments, with a concomitant decrease in pas- 
sive tension. 

IV Titin's Role in Myofilament Ordering 

A Axial Centering of Thick Filaments 

Simple models of the sarcomere that include only thick and thin filaments 
and Z-lines include no basis for continuity between Z-lines when the myofi- 
brils are relaxed. In these schemes, there is no structural link between suc- 
cessive Z-lines, and the A-bands are mechanically disconnected from the 
rest of the sarcomere. These difficulties of two-filament models are ad- 
dressed by the inclusion of titin as an elastic molecule that bridges the gap 
between the Z-lines and the thick filaments, as well as by intermediate fila- 
ments that form longitudinal connections between the peripheries of suc- 
cessive Z-disks in the longitudinal direction [99]. Evidence for titin's in- 
volvement in axial ordering of thick filaments has been obtained by selective 
destruction of titin. Digestion of titin by trypsin leads to sarcomere disorder; 
thick filaments tend to lose their central position, and in some cases dislo- 
cation of whole A-bands from the I-bands has been observed [20, 67]. Like- 
wise, destruction oftitin by ionizing radiation leads to axial misalignment of 
thick filaments upon stretch, and this disorder is irreversibly increased by 
activation [28]. 

In addition to the problem of centering thick filaments in relaxed sar- 
comeres, two-filament models of the sarcomere also suffer from instabilities 
upon activation. This is because the amount of tension pulling on each half 
of a thick filament is proportional to the fraction of its cross-bridge bearing 
length that overlaps with thin filaments. Any initial imbalance would thus 
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cause the thick filament to be pulled further away from the center of  the 
sarcomere during contraction, until the thick filament moves completely to 
one end of  the sarcomere. This behavior has been observed in skinned 
rabbit psoas fibers after prolonged activation, when many  sarcomeres can be 
observed in which the thick filaments have moved from the center of  the 
sarcomere (Fig. 13) [30]. Upon relaxation, all of  the thick filaments return to 
the center of  the sarcomere [30]. 

Careful examination of  Fig. 13c reveals that thick filament movement  de- 
pends on sarcomere length, and that significant movement  is not  observed 
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Fig. 14. (A) Sarcomere length de- 
pendence of thick filament movement 
during prolonged activation. Thick 
filament movement is expressed as a 
percentage of its maximum move- 
ment from the center in a sarcomere 
of a given length. (B) Dependence of 
passive and active tensions on sar- 
comere length. Passive tensions (filled 
circles) were measured 5 minutes af- 
ter stretch and normalized to the 
maximum calcium activated force 
measured at a sarcomere length of 
2.4 ~tm. The dashed line is the active 
tension predicted on the basis of 
filament lengths. (C) The slopes of the 
passive (filled circles) and active 
(dashed line) tension-length relations 
plotted as a function of sarcomere 
length. Note that thick filament 
movement is abolished as sarcomeres 
are stretched to lengths where the 
slope of the passive tension-length 
relation exceeds the slope of the ac- 
tive tension-length relation (compare 
A and C). Previously published in 
[30] 
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in the longest sarcomeres present in the field. Figure 14a shows that thick 
filaments move all the way to the Z-line in sarcomeres between 2.2 and 
2.5 ~tm in length, while thick filament movement is not observed in sar- 
comeres longer than 2.8 pm. These observations can be understood in terms 
of a model that includes the titin filaments as elastic elements linking the 
thick filaments to the Z-lines. In its simplest formulation, this model pre- 
dicts that thick filament movement will be abolished when a certain amount 
of thick filament movement  leads to more tension due to stretch of the titin 
filament resisting the movement than is gained by increasing the number of 
cross-bridges that can interact with actin on the opposite side of the sar- 
comere [30, 31] (Fig. 15). This means that thick filament movement  will not 
occur in sarcomeres stretched to lengths where the passive tension-length 
relation is steeper than the active tension-length relation (Fig. 14b, c), pro- 
vided that the passive tension is due to stretch of the titin filaments. Com- 
parison of Fig. 14a with 14c shows that the experimental observations from 
single psoas muscle fibers are in quantitative agreement with the predictions 
of the model. Further support for this model of titin's effect on thick fila- 
ment  movement  comes from a comparison of muscle fibers that have differ- 
ent isoforms of titin; in rabbit soleus fibers, significant passive tension is 
produced only at longer sarcomere lengths than in rabbit psoas fibers [26, 
51, 95], and thick filament movement is abolished at higher sarcomere 
lengths [26]. Finally, the elastic behavior of an epitope of titin in the I-band 
(SM1 in Fig. 4) showed that titin lengthens on one side of the sarcomere but 
shortens on the opposite side as thick filaments move away from the center 
of the sarcomere, in agreement with the schematic model shown in Fig. 15 
[29]. 

I . . . . . . . . . . . . . . . . . . . .  I 

, 

Fig. 15. Schematic model of an activated sarcomere in which the thick filament is 
moving to the left, resulting in shortening of titin on the left side of the sarcomere 
and stretch of titin on the right side of the sarcomere. Thick filament movement is 
resisted by the cross-bridges and the titin on the right side of the sarcomere. If the 
sum of these resistive tensions equals the sum of the cross-bridge and titin forces on 
the left side of the thick filament, thick filament movement will be halted. Note that 
the stretched titin filament on the right side of the sarcomere transmits tension to 
the Z-line, and helps keep tension output high even though the number of cross- 
bridges interacting with actin on the right side of the sarcomere is reduced 
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The rate of thick filament movement during isometric contraction, as 
well as the accompanying tension output, can be modeled by applying the 
relation between tension and velocity to each side of the thick filament; the 
effect of titin filaments on this movement  can be included by assuming that 
passive tension is accounted for by stretch of the elastic region of titin in the 
I-band [31].The instability giving rise to thick filament movement  away 
from the center of the sarcomere upon activation manifests itself sloMy. In 
rabbit psoas sarcomeres between 2.4 and 2.5 gm long, significant movement  
is not detected in the first 80 seconds of isometric contraction, during which 
thick filaments move away from the center of the sarcomere at a very slow 
rate (Fig. 16a) [31]. This initial lag phase is not affected by the titin fila- 
ments, because they are not stretched to lengths where they produce signifi- 
cant tension. However, titin slows the thick filaments as they approach the 
Z-line (Fig. 16a), and helps keep tension from decreasing (Fig. 16b). 
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Fig. 16, Time course of thick filament 
movement (A) and isometric tension (B) 
in skinned rabbit psoas sarcomeres be- 
tween 2.4 and 2.5 pm in length. Small 
bundles were activated with saturating 
levels of calcium at time zero. Continuous 
curves were calculated from models in- 
corporating (solid curves) or excluding 
(dashed curves) titin filaments. Note that 
a long lag phase precedes significant 
movement (A), and that titin prevents 
tension output from decreasing (B) by ef- 
fectively slowing the motion as thick fila- 
ments approach the Z-line (A). The calcu- 
lations were performed by applying the 
force-velocity relation to each side of the 
thick filament, and scaling the forces by 
the numbers of interacting cross-bridges. 
The effect of titin filaments was included 
by adding the appropriate force to each 
side of the thick filament, assuming that 
all of the tension measured in relaxed sar- 
comeres is due to stretch of the I-band re- 
gion of titin. The calculations assume an 
initial thick filament displacement of 0.09 
nm from the center of the sarcomere. 
Previously published in [31] 
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The model described in the preceding paragraph presupposed a small 
initial imbalance in the sarcomere caused by imperfect centering of the thick 
filaments. The observed lag before significant thick filament movement 
occurs could be fit by assuming an initial thick filament displacement of 
0.09 nm from the center of the sarcomere (Fig. 16a) [31]. However, even 
perfectly centered thick filaments can become unstable and move from the 
center of the sarcomere due to stochastic effects caused by the independent 
generation of tension by individual cross-bridges on each side of the thick 
filament. Modeling studies by Pate and Cooke showed that these stochastic 
properties can lead to a time course of thick filament movement with the 
same shape as shown in Fig. 16a, but that the lag phase is on average much 
shorter at longer sarcomere lengths due to the smaller number of interacting 
cross-bridges on each side of the thick filament [70]. These authors suggest, 
however, that in an actual sarcomere stability would be increased by lateral 
coupling of adjacent thick filaments, effectively increasing the number of 
mechanically linked cross-bridges interacting on each side of the sarcomere. 
Therefore, the modeled and observed time course of thick filament move- 
ment indicate that thick filaments should remain reasonably centered in 
sarcomeres during isometric contractions in vivo [31, 70], which are typi- 
cally limited to at most a few seconds in duration [14, 15, 104]. 

B Radial Ordering of the Myofilament Lattice 

In addition to axial ordering of the thick and thin fdaments, sarcomeres are 
highly ordered in the radial direction. One of the first indications that axial 
and radial forces are coupled in relaxed muscle fibers was the discovery that 
the radial spacing of the myofilaments decreased linearly with passive ten- 
sion as the sarcomere is stretched [23]. The decrease in lattice spacing with 
stretch was reduced when titin was digested by mild trypsin treatment; how- 
ever, the relation between lattice spacing and resting tension was unchanged 
[19]. These data strongly suggested that titin filaments form lateral linkages 
that position the thick filaments in the radial direction (Fig. 17). 

Additional evidence for titin's involvement in radial ordering comes 
from observing the effect of fragmenting titin by ionizing radiation. Podol- 
sky et al. observed that the (1,0) and (1,1) equatorial x-ray intensities ob- 
tained from skinned muscle fibers were initially unchanged after titin de- 
struction [74]. However, these x-ray intensities progressively decreased 
when the filament lattice was repeatedly perturbed by cycling between neu- 
tral and low pH. Modeling of the data showed that these results could be 
explained by progressively increasing disorder in the distribution of the 
thick filaments about their average position in the lattice [74]. The data sup- 
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Fig. 17. Schematic model illustrating a possible mechanism for the coupling of axial 
and radial forces in the relaxed sarcomere. The model shows the bundling of titin 
emanating from the ends of two thick filaments in the I-band. This arrangement 
adds a radial component to the force produced when titin is stretched, causing a 
decrease in the spacing between thick filaments [23]. This arrangement also helps 
maintain the lateral order of the thick filaments, which is destabilized after titin is 
destroyed by radiation [74] 

port the model proposed by Higuchi and Umazume in which titin forms 
elastic links between thick filaments in the radial direction, as well as linking 
thick filaments to the Z-line in the axial direction (Fig. 17) [23]. 

Funatsu et al. obtained morphological support for this model by electron 
microscopy of deep-etch, rotary shadowed cardiac muscle [6]. Since cardiac 
muscle is devoid of nebulin, removal of thin filaments by gelsolin allowed 
these authors to clearly observe the morphology of titin filaments in the I- 
band. They found that titin filaments emanating from the tips of several 
thick filaments were laterally bundled at the N2-1ine, an electron dense line 
sometimes observed between the thick filaments and Z-lines. Titin filaments 
are thus organized in a way that allows them to maintain both the lateral and 
axial order of the thick filaments. 
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V Effects on Actomyosin Interactions 

Since titin extends axially throughout the entire sarcomere, it is natural to 
consider whether it affects actomyosin interactions apart from its effects on 
axial and radial order of the myofflaments. Titin destruction either by ioniz- 
ing radiation [28] or by trypsin digestion [20] results in decreased levels of 
isometric tension upon activation. These effects can be explained by axial 
disorder of the thick filaments after titin breakage, leading to decreased 
thick and thin filament overlap on one side of the thick filament, However, 
the decrease in active tension approximately parallels the decrease in pas- 
sive tension after titin is fragmented by ionizing radiation [28], whereas 
active tension declines slower than passive tension when titin is proteolyzed 
by trypsin [20]. As suggested by Higuchi [20], the differences may be due to 
fragmentation of titin at random points along its length by ionizing radia- 
tion, compared to proteolytic cleavage at a defined point in the I-band re- 
gion of titin by trypsin treatment. One possibility is that the extent of the 
axial disorder of the thick filaments prior to activation may be more severe 
after random fragmentation of titin than after the defined scission caused by 
trypsin; since the initial positions of the thick filaments in the sarcomere 
determine the lag before active tension drops in the absence of intact titin 
(Fig. 16), this could account for the different results obtained by the two 
methods. 

Although sarcomere disorder was likely to explain the decrease in active 
tension after fragmentation of titin, the evidence could not rule out an effect 
of titin on actomyosin interaction. In contrast, two recent papers report that 
titin and recombinant fragments of titin slow the velocity of actin filament 
sliding in an in vitro motility assay [41, 48]. These studies showed that titin 
binds actin filaments and slows their velocity by tethering them to the nitro- 
cellulose surface, creating a load against which actomyosin interactions 
must work. The binding is stronger at higher calcium concentrations, sug- 
gesting a regulatory function [41]. 

However, two lines of evidence suggest that titin does not actively 
modulate the production of active tension in vivo. First, the calcium sensi- 
tivity of active tension production is unchanged after digestion of titin by 
trypsin; in addition, the velocity of unloaded shortening is unchanged [20]. 
Second, the elastic behavior of an epitope of titin in the I-band (SM1 in Fig. 
4) is unaffected by calcium ions or cross-bridge activity [29]. These results 
suggest that titin functions as a truly passive element in the sarcomere, and 
that interactions with actin filaments are weak and readily reversible. 
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VI Summary: the Role of Titin in the Physiology of Muscle 

Over the range of sarcomere lengths found in vivo, most of the passive ten- 
sion produced by relaxed intact skeletal muscle originates in the myofibrils 
[56]. Linke et al. reached similar conclusions regarding cardiac muscle [53], 
although Granzier and Irving observed a significant contribution from in- 
tercellular collagen fibers [12]. The discrepancy may be due to a difference 
in experimental protocols, or to varying amounts of collagen in different 
regions of the heart. However, both groups agree that the myofibrils con- 
tribute a large portion of the relaxed myocardium's resistance to stretch. 
The experiments discussed in the preceding sections in turn provide several 
lines of evidence that the passive mechanical properties of the myofibrils are 
determined by the elastic properties of titin: (1) Titin forms elastic links 
between the thick filaments and the Z-lines; the passive tension progres- 
sively decreases in parallel with breakage of these links. (2) Release of titin 
from its anchor points results in a decrease in passive tension. (3) Passive 
tension varies with titin isoforms. (4) Passive tension is determined by the 
strain imposed on the elastic region of titin; to a first approximation, this 
relation remains constant when the slack length of the elastic region of titin 
is varied by depolymerization of thick filaments, by release of titin from 
thick filaments by high levels of stress, or by titin isoform variations. (5) The 
mechanical properties of isolated titin molecules are similar to those of re- 
laxed muscle fibers, and the sizes of these forces are consistent with the 
amount of titin present in muscle fibers. (6) The dependence of thick fila- 
ment movement on sarcomere length during isometric contraction, the time 
course of the movement, as well as the tension output during the movement 
can be modeled by assuming that all of the passive tension originates in the 
titin filaments. 

The properties of titin endow muscle tissues with passive mechanical 
characterisitics that have functional consequences. The length of the titin 
helps set the slack length of the muscle [11, 21, 95, 96], and provides a restor- 
ing force that causes the sarcomeres to relengthen after shortening [11, 18]. 
The presence of two types of domains arranged in series in the I-band region 
of titin contributes to the nonlinear elasticity of striated muscle [10, 51]. This 
allows lengthening of muscle fibers over a limited region with very little 
tension, while lengthening above this region requires exponentially increas- 
ing amounts of tension. Ease of lengthening over a limited range is advanta- 
geous in certain situations. For example, opposing muscle groups are ana- 
tomically arranged so as to power movement of limbs in opposite directions; 
one group of muscles contracts during normal motion, while the opposing 
group lengthens. Keeping resistance to passive stretch at a minimal level 
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allows voluntary movements to occur efficiently. On the other hand, exces- 
sive lengthening of striated muscles can lead to irreversible damage; when 
sarcomeres are released after being stretched to lengths where the thick and 
thin filaments no longer overlap, the thin filaments do not return to their 
original positions in the filament lattice, and active force generation is re- 
duced [24, 54]. Therefore, high levels of passive tension above the physio- 
logical range of sarcomere lengths help keep the muscle from being 
stretched to lengths where its ability to contract would be impaired. The 
yield associated with release of titin from the thick filaments may help pre- 
vent breakage of titin and rupturing of the sarcomere under conditions of 
extraordinary strain [96]. 

These principals can also be applied to cardiac muscle, which has the 
smallest isoform of titin found in vertebrate striated muscle to date [11, 12, 
49, 89, 100]. The shorter titin isoform sets the slack length of cardiac myo- 
cytes on the ascending limb of the length-tension curve; this allows the heart 
to adapt to increased filling with a stronger contraction, a phenomenon 
commonly referred to as the Frank-Starling law of the heart [37, 69]. The 
nonlinear elasticity of titin would not impair filling of the heart over a lim- 
ited range, but would provide enough diastolic tone to resist overfdling of 
the heart. These concepts are consistent with the finding that dilated failing 
hearts exhibit decreased amounts of titin as well as disorganization of titin 
[17, 39, 66]. 

As discussed above, skeletal and cardiac muscles contain different titin 
isoforms that appear to be optimized for the different physiological de- 
mands encountered by these tissues. The passive mechanical properties of 
different skeletal muscles from the same organism also appear to be ad- 
justed by variations in titin isoforms [13, 26, 51, 95]. Although in some cases 
variations in titin isoforms appear to correlate with different physiological 
fiber types, fast-twitch and slow-twitch fibers that coexist in the same muscle 
have the same passive mechanical properties [26, 27]. Therefore, titin iso- 
form composition appears to be related to the anatomical location of the 
muscle fiber. However, the precise role of the fine-tuning of the passive 
mechanical properties of different skeletal muscles remains unclear. A sys- 
tematic comparison of the working range of various muscles in vivo along 
with a determination of their titin isoforms may shed light on this topic. 

In addition to its influence on the passive mechanical properties of mus- 
cles, titin is necessary to maintain myofflament order in both the axial and 
radial directions. Disruption of this order by titin fragmentation impairs the 
ability of muscle fibers to generate active tension [20, 28]. Titin provides a 
force to position the thick Filaments at the center of the sarcomere in relaxed 
muscle, and to keep tension from dropping due to thick filament movement 
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during prolonged contractions [31]. However, the propert ies of  the cross- 
bridges allow for only a very small movemen t  of the thick filaments f rom 
their central posit ion in the sarcomere during contractions of physiological 
durat ion [31, 70]. Therefore, the p r imary  ordering function of the titin fila- 
ments  in vivo is to keep the thick filaments centered during passive stretch 
and to prevent  sarcomere asymetry from accumulat ing over several con- 
tractions by  recentering the thick filaments each t ime the muscle is relaxed 
[31]. 

References 

1. Akster HA, Granzier HLM, Focant B (1989) Differences in I band structure, 
sarcomere extensibility, and electrophoresis of titin between two muscle fiber 
types of the perch (Perca fluviatilis L.). ] Ultrastruct Mol Struct Res 102:109- 
121 

2. Brady A], Farnsworth SP (1986) Cardiac myocyte stiffness following extraction 
with detergent and high salt solutions. Am ] Physio1250:h932-943 

3. Carlsen F, Knappeis GG, Buchthal F (1961) Ultrastructure of the resting and 
contracted striated muscle fiber at different degrees of stretch. ] Biophys Bio- 
chem Cytol 11:95-117 

4. Erickson HP (1994) Reversible unfolding of fibronectin type III and immuno- 
globulin domains provides the structural basis for stretch and elasticity of titin 
and fibronectin. Proc Natl Acad Sci USA 91:10114-10118 

5. Funatsu T, Higuchi H, Ishiwata S (1990) Elastic filaments in skeletal muscle 
revealed by selective removal of thin filaments with plasma gelsolin. ] Cell Biol 
110:53-62 

6. Funatsu T, Kono E, Higuchi H, Kimura S, Ishiwata S, Yoshioka T, Maruyama 
K, Tsukita S (1993) Elastic filaments in situ in cardiac muscle: deep-etch rep- 
lica analysis in combination with selective removal of actin and myosin fila- 
ments. ] Cell Biol 120:711-724 

7. Furst DO, Nave R, Osborn M, Weber K (1989) Repetitive titin epitopes with a 
42 nm spacing coincide in relative position with known A band striations also 
identified by major myosin-associated proteins. An immunoelectron- 
microscopical study on myofibrils. ] Cell Sci 94:119-125 

8. Furst DO, Osborn M, Nave R, Weber K (1988) The organization of titin fila- 
ments in the half-sarcomere revealed by monoclonal antibodies in immunoe- 
lectron microscopy: a map of ten nonrepetitive epitopes starting at the Z line 
extends close to the M line. J Cell Biol 106:1563-1572 

9. Gassner D (1986) Myofibrillar interaction of blot immunoaffinity-purified 
antibodies against native titin as studied by direct immunofluorescence and 
immunogold staining. Eur ] Cell Bio140:176-184 

10. Gautel M, Goulding D (1996) A molecular map of titin/connectin elasticity 
reveals two different mechanisms acting in series. FEBS Lett 385:11-14 

11. Granzier H, Helmes M, Trombitas K (1996) Nonuniform elasticity of titin in 
cardiac myocytes: a study using immunoelectron microscopy and cellular me- 
chanics. Biophys ] 70:430-442 



The Physiological Role of Titin in Striated Muscle 91 

12. Granzier HL, Irving TC (1995) Passive tension in cardiac muscle: contribution 
of collagen, titin, microtubules, and intermediate filaments. Biophys J 
68:1027-1044 

13. Granzier HL, Wang K (1993) Passive tension and stiffness of vertebrate skele- 
tal and insect flight muscles: the contribution of weak cross-bridges and elastic 
filaments. Biophys J 65:2141-2159 

14. Grimby L, Hannerz J (1977) Firing rate and recruitment order of toe extensor 
motor units in different modes of voluntary conraction. J Physiol (Lond) 
264:865-879 

15. Hannerz J (1974) Discharge properties of motor units in relation to recruit- 
ment order in voluntary contraction. Acta Physiol Scand 91:374-385 

16. Hattori A, Ishii T, Tatsumi R, Takahashi K (1995) Changes in the molecular 
types of connectin and nebulin during development of chicken skeletal mus- 
cle. Biochim Biophys Acta 1244:179-184 

17. Hein S, Scholz D, Fujitani N, Rennollet H, Brand T, Friedl A, Schaper J (1994) 
Altered expression of titin and contractile proteins in failing human myocar- 
dium. J Mol Cell Cardio126:1291-1306 

18. Helmes M, Trombitas K, Granzier H (1996) Titin develops restoring force in 
rat cardiac myocytes. Circ Res 79:619-626 

19. Higuchi H (1987) Lattice swelling with the selective digestion of elastic com- 
ponents in single-skinned fibers of frog muscle. Biophys J 52:29-32 

20. Higuchi H (1992) Changes in contractile properties with selective digestion of 
connectin (titin) in skinned fibers of frog skeletal muscle. J Biochem (Tokyo) 
111:291-295 

21. Higuchi H, Suzuki T, Kimura S, Yoshioka T, Maruyama K, Umazume Y (1992) 
Localization and elasticity of connectin (titin) filaments in skinned frog mus- 
cle fibres subjected to partial depolymerization of thick filaments. J Muscle 
Res Cell Motil 13:285-294 

22. Higuchi H, Umazume Y (1985) Localization of the parallel elastic components 
in frog skinned muscle fibers studied by the dissociation of the A- and I- 
bands. Biophys J 48:137-147 

23. Higuchi H, Umazume Y (1986) Lattice shrinkage with increasing resting ten- 
sion in stretched, single skinned fibers of frog muscle. Biophys J 50:385-389 

24. Higuchi H, Yoshioka T, Maruyama K (1988) Positioning of actin filaments and 
tension generation in skinned muscle fibres released after stretch beyond 
overlap of the actin and myosin filaments. J Muscle Res Cell Motil 9:491-498 

25. Hill C, Weber K (1986) Monoclonal antibodies distinguish titins from heart 
and skeletal muscle. J Cell Biol 102:1099-1108 

26. Horowits R (1992) Passive force generation and titin isoforms in mammalian 
skeletal muscle. Biophys J 61:392-398 

27. Horowits R, Dalakas MC, Podolsky RJ (1990) Single skinned muscle fibers in 
Duchenne muscular dystrophy generate normal force. Ann Neurol 27:636-641 

28. Horowits R, Kempner ES, Bisher ME, Podolsky RJ (1986) A physiological role 
for titin and nebulin in skeletal muscle. Nature 323:160-164 

29. Horowits R, Maruyama K, Podolsky RJ (1989) Elastic behavior of connectin 
filaments during thick filament movement in activated skeletal muscle. J Cell 
Biol 109:2169-2176 

30. Horowits R, Podolsky RJ (1987) The positional stability of thick filaments in 
activated skeletal muscle depends on sarcomere length: evidence for the role 
of titin filaments. J Cell Biol 105:2217-2223 



92 R. Horowits 

31. Horowits R, Podolsky RJ (1988) Thick filament movement and isometric ten- 
sion in activated skeletal muscle. Biophys J 54:165 - 1 7 1  

32. Hu DH, Kimura S, Maruyama K (1986) Sodium dodecyl sulfate gel electropho- 
resis studies of connectin-like high molecular weight proteins of various types 
of vertebrate and invertebrate muscles. J Biochem (Tokyo) 99:1485-1492 

33. Huxley AF, Peachey LD (1961) The maximum length for contraction in verte- 
brate striated muscle. J Physiol (Lond) 156:150-165 

34. Ishiwata S, Yasuda K, Shindo Y, Fujita H (1996) Microscopic analysis of the 
elastic properties of connectin/titin and nebulin in myofibrils. Adv Biophys 
33:135-142 

35. Itoh Y, Matsuura T, Kimura S, Maruyama K (1988) Absence of nebulin in 
cardiac muscles of the chicken embryo. Biomed Res 9:331-333 

36. Itoh Y, Suzuki T, Kimura S, Ohashi K, Higuchi H, Sawada H, Shimizu T, Shi- 
bata M, Maruyama K (1988) Extensible and less-extensible domains of con- 
nectin filaments in stretched vertebrate skeletal muscle sarcomeres as detected 
by immunofluorescence and immunoelectron microscopy using monoclonal 
antibodies. J Biochem (Tokyo) 104:504-508 

37. Jewell BR (1977) A reexamination of the influence of muscle length on myo- 
cardial performance. Circ Res 40:221-230 

38. lin JP (1995) Cloned rat cardiac titin class I and class II motifs. Expression, 
purification, characterization, and interaction with F-actin. J Biol Chem 
270:6908-6916 

39. Kawaguchi N, Fujitani N, Schaper J, Onishi S (1995) Pathological changes of 
myocardial cytoskeleton in cardiomyopathic hamster. Mol Cell Biochem 
144:75-79 

40. Kawamura Y, Kume H, Itoh Y, Ohtsuka S, Kimura S, Maruyama K (1995) 
Localization of three fragments of connectin in chicken breast muscle sar- 
comeres. J Biochem (Tokyo) 117:201-207 

41. Kellermayer MS, Granzier HL (1996) Calcium-dependent inhibition of in vitro 
thin-filament motility by native titin. FEBS Lett 380:281-286 

42. Kellermayer MS, Granzier HL (1996) Elastic properties of single titin mole- 
cules made visible through fluorescent F-actin binding. Biochem Biophys Res 
Commun 221:491-497 

43. Kellermayer MSZ, Smith SB, Granzier HL, Bustamante C (1997) Folding- 
unfolding transitions in single titin molecules characterized with laser tweez- 
ers. Science 276:1112-1116 

44. Kempner ES (1988) Molecular size determination of enzymes by radiation 
inactivation. Adv Enzymol Relat Areas Mol Biol 61:107-147 

45. Labeit S, Gautel M, Lakey A, Trinick J (1992) Towards a molecular understand- 
ing of titin. Embo J 11:1711-1716 

46. Labeit S, Kolmerer B (1995) Titins: giant proteins in charge of muscle ultra- 
structure and elasticity. Science 270:293-296 

47. Labeit S, Kolmerer B, Linke WA (1997) The giant protein titin. Emerging roles 
in physiology and pathophysiology. Circ Res 80:290-294 

48. Li Q, Jin JP, Granzier HL (1995) The effect of genetically expressed cardiac 
titin fragments on in vitro actin motility. Biophys J 69:1508-1518 

49. Linke WA, Bartoo ML, Ivemeyer M, Pollack GH (1996) Limits of titin exten- 
sion in single cardiac myofibrils. J Muscle Res Cell Motil 17:425-438 



The Physiological Role of Titin in Striated Muscle 93 

50. Linke WA, Ivemeyer M, Labeit S, Hinssen H, Ruegg JC, Gautel M (1997) Actin- 
titin interaction in cardiac myofibrils: probing a physiological role. Biophys J 
73:905-919 

51. Linke WA, Ivemeyer M, Olivieri N, Kolmerer B, Ruegg JC, Labeit S (1996) 
Towards a molecular understanding of the elasticity of titin. J Mol Biol 261:62- 
71 

52. Linke WA, Ivemeyer M, Ruegg JC, Gautel M (1997) A physiological role for 
actin-titin interaction in cardiac myofibrils. Biophys J 72:A389 

53. Linke WA, Popov VI, Pollack GH (1994) Passive and active tension in single 
cardiac myofibrils. Biophys J 67:782-792 

54. Locker RH, Daines GJ, Leet NG (1976) Histology of highly-stretched beef 
muscle. Ill. Abnormal contraction patterns in ox muscle, produced by over- 
stretching during prerigor blending. J Ultrastruct Res 55:173-181 

55. Locker RH, Leet NG (1975) Histology of highly-stretched beef muscle. I. The 
fine structure of grossly stretched single fibers. J Ultrastruct Res 52:64-75 

56. Magid A, Law DJ (1985) Myofibrils bear most of the resting tension in frog 
skeletal muscle. Science 230:1280-1282 

57. Magid A, Ting-Beall HP, Carvell M, Kontis T, Lucaveche C (1984) Connecting 
filaments, core filaments, and side-struts: a proposal to add three new load- 
bearing structures to the sliding filament model. Adv Exp Med Biol 170:307- 
328 

58. Maruyama K (1986) Connectin, an elastic filamentous protein of striated 
muscle. Int Rev Cytol 104:81-114 

59. Maruyama K, Endo T, Kume H, Kawaraura Y, Kanzawa N, Nakauchi Y, 
Kimura S, Kawashima S, Maruyama K (1993) A novel domain sequence of 
connectin localized at the I band of skeletal muscle sarcomeres: homology to 
neurofilament subunits. Biochem Biophys Res Commun 194:1288-1291 

60. Maruyama K, Kimura M, Kimura S, Ohashi K, Suzuki K, Katunuma N (1981) 
Connectin, an elastic protein of muscle. Effects of proteolytic enzymes in situ. 
J Biochem (Tokyo) 89:711-715 

61. Maruyama K, Kimura S, Ohashi K, Kuwano Y (1981) Connectin, an elastic 
protein of muscle. Identification of titin with connectin. J Biochem (Tokyo) 
89:701-709 

62. Maruyama K, Kimura S, Yoshidomi H, Sawada H, Kikuchi M (1984) Molecular 
size and shape of beta-connectin, an elastic protein of striated muscle. J Bio- 
chem (Tokyo) 95:1423-1433 

63. Maruyama K, Matsubara S, Natori R, Nonomura Y, Kimura S (1977) Con- 
nectin, an elastic protein of muscle. Characterization and Function. J Biochem 
(Tokyo) 82:317-337 

64. Maruyama K, Sawada H, Kimura S, Ohashi K, Higuchi H, Umazume Y (1984) 
Connectin filaments in stretched skinned fibers of frog skeletal muscle. J Cell 
Biol 99:1391-1397 

65. Maruyama K, Yoshioka T, Higuchi H, Ohashi K, Kimura S, Natori R (1985) 
Connectin filaments link thick filaments and Z lines in frog skeletal muscle as 
revealed by immunoelectron microscopy. J Cell Biol 101:2167-2172 

66. Morano I, Hadicke K, Grom S, Koch A, Schwinger RH, Bohm M, Bartel S, 
Erdmann E, Krause EG (1994) Titin, myosin light chains and C-protein in the 
developing and failing human heart. J Mol Cell Cardio126:361-368 



94 R. Horowits 

67. Natori R, Umazume Y, Natori R (1980) The elastic structure of sarcomere: the 
relation of connectin filaments with thick and thin filaments. Jikeikai Med J 
27:83-97 

68. Nave R, Furst DO, Weber K (1989) Visualization of the polarity of isolated 
titin molecules: a single globular head on a long thin rod as the M band an- 
choring domain? J Cell Biol 109:2177-2187 

69. Noble MI (1978) The Frank-Starling curve: Clin Sci Mol Med 54:1-7 
70. Pate E, Cooke R (1991) Simulation of/stochastic processes in motile cross- 

bridge systems. J Muscle Res Cell Motil 12:376-393 
71. Pfuhl M, Gautel M, Politou AS, Joseph C, Pastore A (1995) Secondary structure 

determination by NMR spectroscopy of an immunoglobulin-like domain from 
the giant muscle protein titin. J Biomol NMR 6:48-58 

72. Pierobon BS, Betto R, Salviati G (1989) The organization of titin (connectin) 
and nebulin in the sarcomeres: an immunocytolocalization study. J Muscle 
Res Cell Motil 10:446-456 

73. Pierobon BS, Biral D, Betto R, Salviati G (1992) Immunoelectron microscopic 
epitope locations of titin in rabbit heart muscle. J Muscle Res Cell Motil 13:35- 
38 

74. Podolsky RJ, Horowits R, Tanaka H (1991) Ordering mechanisms in striated 
muscle fibers. In: Ozawa E, Masaki T, Nabeshima Y (eds) Frontiers in muscle 
research. Elsevier Science Publishers, New York, NY 

75. Politou AS, Gautel M, Improta S, Vangelista L, Pastore A (1996) The elastic I- 
band region of titin is assembled in a "modular" fashion by weakly interacting 
Ig-like domains. J Mol Bio1255:604-616 

76. Politou AS, Gautel M, Pfuhl M, Labeit S, Pastore A (1994) Immunoglobulin- 
type domains of titin: same fold, different stability. ~ Biochemistry 33:4730- 
4737 

77. Politou AS, Thomas DJ, Pastore A (1995) The folding and stability of titin 
immunoglobulin-like modules, with implications for the mechanism of elas- 
ticity. Biophys } 69:2601-2610 

78. Rief M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE (1997) Reversible 
unfolding of individual titin immunoglobulin domains by AFM. Science 
276:1109-1112 

79. Roos KP, Brady AJ (1989) Stiffness and shortening changes in myofilament- 
extracted rat cardiac myocytes. Am J Physio1256:H539-551 

80. Salviati G, Betto R, Ceoldo S, Pierobon BS (1990) Morphological and func- 
tional characterization of the endosarcomeric elastic filament. Am J Physiol 
259:c144-149 

81. Sebestyen MG, Wolff JA, Greaser ML (1995) Characterization of a 5.4 kb cDNA 
fragment from the Z-line region of rabbit cardiac titin reveals phosphorylation 
sites for proline-directed kinases. J Cell Sci 108:3029-3037 

82. Sjostrand FS (1962) The connections between A- and I-band filaments in 
striated frog muscle. J Ultrastruct Res 7:225-246 

83. Soteriou A, Clarke A, Martin S, Trinick J (1993) Titin folding energy and elas- 
ticity. Proc R Soc Lond B Biol Sci 254:83-86 

84. Stedman H, Browning K, Oliver N, Oronzi-Scott M, Fischbeck K, Sarkar S, 
Sylvester J, Schmickel R, Wang K (1988) Nebulin cDNAs detect a 25-kilobase 
transcript in skeletal muscle and localize to human chromosome 2. Genomics 
2:1-7 



The Physiological Role of Titin in Striated Muscle 95 

85. Trinick J, Knight P, Whiting A (1984) Purification and properties of native 
titin. J Mol Biol 180:331-356 

86. Trinick JA (1981) End-filaments: a new structural element of vertebrate skele- 
tal muscle thick filaments. J Mol Biol 151:309-314 

87. Trombitas K, Baatsen PH, Kellermayer MS, Pollack GH (1991) Nature and 
origin of gap filaments in striated muscle. J Cell Sci 100:809-814 

88. Trombitas K, Granzier H (1997) Actin-titin interaction in the I-band of rat 
cardiac myocytes. Biophys J 72:A276 

89. Trombitas K, Jin Jp, Granzier H (1995) The mechanically active domain of 
titin in cardiac muscle. Girc Res 77:856-861 

90. Trombitas K, Pollack GH (1993) Elastic properties of the titin filament in the 
Z-line region of vertebrate striated muscle. J Muscle Res Cell Motil 14:416-422 

91. Trombitas K, Pollack GH, Wright J, Wang K (1993) Elastic properties of titin 
filaments demonstrated using a freeze-break technique. Cell Motil Cytoskele- 
ton 24:274-283 

92. Tskhovrebova L, Trinick J (1997) Direct visualization of extensibility in iso- 
lated titin molecules. J Mol Bio1265:100-106 

93. Tskhovrebova L, Trinick J, Sleep JA, Simmons RM (1997) Elasticity and un- 
folding of single molecules of the giant muscle protein titin. Nature 387:308- 
312 

94. Wang K (1985) Sarcomere-associated cytoskeletal lattices in striated muscle. 
Review and hypothesis. Cell Muscle Motil 6:3i 5-369 

95. Wang K, McCarter R, Wright J, Beverly J, Ramirez MR (1991) Regulation of 
skeletal muscle stiffness and elasticity by titin isoforms: a test of the segmental 
extension model of resting tension. Proc Natl Acad Sci USA 88:7101-7105 

96. Wang K, McCarter R, Wright J, Beverly J, Ramirez MR (1993) Viscoelasticity of 
the sarcomere matrix of skeletal muscles. The titin-myosin composite filament 
is a dual-stage molecular spring. Biophys J 64:1161-1177 

97. Wang K, McClure J, Tu A (1979) Titin: major myofibrillar components of 
striated muscle. Proc Natl Acad Sci USA 76:3698-3702 

98. Wang K, Ramirez MR, Palter D (1984) Titin is an extraordinarily long, flexible, 
and slender myofibrillar protein. Proc Natl Acad Sci USA 81:3685-3689 

99. Wang K, Ramirez-Mitchell R (1983) A network of transverse and longitudinal 
intermediate filaments is associated with sarcomeres of adult vertebrate 
skeletal muscle. J Cell Bio196:562-570 

I00. Wang K, Wright J (1988) Architecture of the sarcomere matrix of skeletal 
muscle: immunoelectron microscopic evidence that suggests a set of parallel 
inextensible nebnlin filaments anchored at the Z line. J Cell Biol 107:2199- 
2212 

101. Wang K, Wright J, Ramirez-Mitchell R (1984) Architecture of the titin/nebulin 
containing cytoskeletal lattice of the striated muscle sarcomere - evidence of 
elastic and inelastic domains of the bipolar filaments. J Cell Biol 99:435a 

102. Wang SM, Greaser ML (1985) Immunocytochemical studies using a mono- 
clonal antibody to bovine cardiac titin on intact and extracted myofibrils. J 
Muscle Res Cell Motil 6:293-312 

103. Wang SM, Sun MC, Jeng GJ (1991) Location of the C-terminus oftitin at the Z- 
line region i n the sarcomere. Biochem Biophys Res Commun 176:189-193 

104. Warmolts JR, Engel WK (1972) Open-biopsy electromyography. I. Correlation 
of motor unit behavior with histochemical muscle fiber type in human limb 
muscle. Arch Neuro127:512-517 



96 R. Horowits 

105. Whiting A, Wardale J, Trinick J (1989) Does titin regulate the length of muscle 
thick filaments? J Mol Bio1205:263-268 

106. Yasuda K, Anazawa T, Ishiwata S (1995) Microscopic analysis of the elastic 
properties of nebulin in skeletal myofibrils. Biophys J 68:598-608 

107. Yoshidomi H, Ohashi K, Maruyama K (1985) Changes in the molecular size of 
connectin, an elastic protein, in chicken skeletal muscle during embryonic and 
neonatal development. Biomed Res 6:207-212 

108. Yoshioka T, Higuchi H, Kimura S, Ohashi K, Umazume Y, Maruyama K (1986) 
Effects of mild trypsin treatment on the passive tension generation and con- 
nectin splitting in stretched skinned fibers from frog skeletal muscle. Biomed 
Res 7:181-186 



Control of Sarcomeric Assembly: 
The Flow of Information on Titin 

M. Gautel 1, A. Mues and Paul Young 

European Molecular Biology Laboratory, Postfach 102209, 
69012 Heidelberg, Germany 

Contents 

1 Introduction: Spatial and Temporal Events in Myofibrillogenesis ... 98 
2 The Z-Disk Region of Titin ................................................................... 99 

2.1 Variable Assembly of the Central Z-Disk Region ...................... 100 
2.2 Interactions of Titin and c~-Actinin ........................................... 102 
2.3 Phosphorylation Motifs and Regulatory Domains 

of the Z-Disk .................................................................................. 104 
2.4 A Molecular Model for the Sarcomeric Z-Disk .......................... 107 

3 The I-Band Region of Titin ................................................................... 109 
3.1 A Cardiac-Specific Mechanical Strain Sensor 

is Expressed Differentially Between Ventricular Myocardium 
and the Conducting System ......................................................... 109 

4 TheA-Band Region of Titin .................................................................. 113 
4.1 Titin at the Thick Filament End: 

the Myosin Termination Motif .................................................... 113 
4.2 Myosin-Binding Protein C as a Sensor 

for cAMP- and Ca 2+ Signalling ................................................... 115 
5 The M-Band Region of Titin ................................................................. 118 

5.1 Titin Kinase ................................................................................... 118 
5.2 Phosphorylation Motifs in the M-Band ...................................... 121 

6 Protein Kinase Signalling in Myogenic Differentiation ...................... 123 
References ..................................................................................................... 126 



98 M. Gautel et al. 

1 Introduction: Spatial and Temporal Events 
in Myofibrillogenesis 

Complex macromolecular structures are assembled following defined path- 
ways, where the controlled transitions of intermediates from one distinct 
conformation to another allows their controlled integration into the nascent 
biological structure. Most macromolecular systems, like viruses or flagella, 
rely on the self-assembly properties of their protein subunits which are 
controlled in various ways. The sarcomere of striated muscle is a complex 
macromolectflar assembly, built of many self-interacting proteins which are 
organised in a highly specific way into filamentous and anchoring structures 
(Fig. 1). A number of the sarcomeric proteins, like actin and myosin, can 
self-assemble in-vitro into synthetic filaments that closely resemble the na- 
tive structures, but lack their narrow length distribution. This is an indica- 
tion that control elements involved in filament assembly are either lost or 
inactivated during conventional protein preparations. In contrast, Maw and 
Rowe (1986) reported that myosin filaments, disassembled under high-salt 
conditions by in-situ dialysis of whole myofibrils, could be reconstituted to 
regain their uniform length distribution. 

During myofibrillogenesis in vivo, the time point of appearance, the in- 
tracellular localisation, and activation state of the sarcomeric components 
must be accordingly controlled, presumably in a fixed sequence of events. 
Spatial and temporal relay of information is thus a key element of sar- 
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Fig. 1. A Schematic representation of the sarcomere showing the principal protein 
components of the Z-disk, I band, A band, M band 
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comeric assembly as well as of the function of the assembled structure. For 
this control, specific signalling to localised proteins are required. 

The giant protein titin (Wang et al. 1979), described as connectin (Maru- 
yama et al. 1977) is emerging as a major component that defines the posi- 
tions of other sarcomeric proteins by providing them with specific, spatially 
defined binding sites (reviewed in Trinick, 1994 and 1996; Maruyama, 1997). 
Bridging the I-band and A-band (Maruyama et al. 1985; Wang and Wright, 
1988; Whiting et al. 1989) and effectively the entire distance from Z-disk to 
M-band (Fiirst et al. 1988; Vinkemeyer et al. 1993), titin is the sole compo- 
nent that can sample an entire half-sarcomere as a molecular entity, and that 
can thus relay information -spatial or temporal- to other proteins over large 
distances. Understanding of this flow of information along the titin molecule 
is beginning to emerge. 

The titin molecule is constructed in a modular fashion from more than 
280 immunoglobulin- and fibronectin-3 like domains (Labeit and Kolmerer, 
1995a), and specific sequences in the Z-disk, I-band and M-band (Maruyama 
et al. 1993; Gautel et al. 1993a; Maruyama et al. 1994; Sebesty4n et al. 1995; 
Labeit and Kolmerer, 1995a). The anchoring regions in the Z-disk and M- 
band contain contain specific modules and regions involved in the relay of 
information (Gautel et al. 1993a; Sebesty4n et al. 1995; Gautel et al. 1996a; 
Young et al. 1998). 

2 The Z-Disk Region of Titin 

The assembly of the Z-disk is the starting point of myofibrillogenesis 
(reviewed in Vigoreaux, 1994; Ftirst and Gautel, 1995). Titin appears as one 
of the first sarcomeric proteins during myofibrillogenesis and is detected in 
dot-like aggregates which colocalize with cc-actinin in differentiating 
myoblasts (Tokuyasu and Maher 1987a, b; Wang et al. 1988; Ftirst et al. 1989; 
Handel et al. 1989; Komiyama et al. 1990; Lin et al. 1994). These dots align on 
stress-fibres, and are organised into Z-disks during the progression of myo- 
fibrillogenesis (Dlugosz et al. 1984; Terai et al. 1989; Van der Ven et al. 1993, 
Dabiri et al. 1997). In good agreement with the proposed ruler function, 
titin/connectin is one of the first proteins to appear in the Z-disk in develop- 
ing striated muscle. The integration of titin into nascent sarcomeres begins 
with the assembly of the aminoterminus into the Z-disk and proceeds to- 
wards the C-terminal M-band region (Ftirst et al. 1989; van der Loop et al. 
1996). 

The identification of sequence insertions in Z-disk titin which can be 
phosphorylated in vitro by SP-specific protein serine/threonine kinases of 
the extracellular signal regulated kinase (ERK) family (Sebesty~n et al. 1995; 
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Gautel et al. 1996) as well as by similar kinase activities from developing 
muscle extracts suggested that the titin N-terminus may be involved in con- 
trolling myofibril assembly. Since the anchorage of titin in the Z-disk is 
important in ensuring its ability to provide an elastic connection between Z- 
disks and thick filaments (Ffirst et al. 1988; Itoh et al. 1988; Whiting et al. 
1989; Wang et al. 1993), the structural elements of titin involved in this as- 
sembly are of particular interest. 

The sarcomeric Z-disk of striated muscles is a greatly variable structure 
that adapts morphologically to the mechanical needs of the respective fibre 
type (Rowe 1973; Vigoreaux, 1994). Actin filaments from adjacent sar- 
comeres are anchored in the Z-disk by overlapping with four filaments from 
the opposite sarcomere, forming a square lattice. This lattice is cross- 
connected in a zig-zag pattern by Z-filaments, which are assumed to consist 
of cx-actinin (See Squire, 1981; Yamaguchi et al. 1985; Luther 1991 and refer- 
ences therein). The number of a-actinin crosslinks and hence the thickness 
of Z-disks is greatly variable, presumably to adapt the Z-disk structure to the 
level of mechanical strain (Rowe, 1973; Vigoreaux, 1994). Within a given 
muscle fibre, however, their number is precisely regulated (reviewed in 
Squire, 1981). 

2.1 Controlling the Variable Assembly of the Central Z-Disk Region: 
Titin and Nebulin in the Z-Disk 

How is the variable assembly of the Z-disk controlled? In an expansion of 
the molecular ruler concept proposed for the assembly of the thick filament 
(Whiting et al. 1989), a ruler-like protein, containing variable numbers of 
specific binding sites for other Z-disk components, could control the num- 
ber of ff-actinin molecules and their spacing. The giant proteins titin and 
the actin-binding nebulin are obvious candidates to act as a molecular blue- 
print (see review by Trinick, 1994). A 60-120 kDa N-terminal region of titin 
(total molecular weight; 3 MDal), is localised within the Z-disk (Yajima et al. 
1996; Gautel et al. 1996a). This central Z-disk region is constructed from four 
immunoglobulin-like domains (Yajima et al. 1996; Gautel et al. 1996a), 
phosphorylation sites and variable copies of a specific protein motif, the 45- 
residue Z-repeat (Gautel et al. 1996a) (Fig. 2). 

By comparison, the nebulin molecule is anchored in the Z-disk with the 
C-terminal region (Chen et al. 1993; Labeit and Kolmerer, 1995b; Wang et al. 
1996), presumably largely by the interactions with F-actin mediated by or- 
helical actin-binding repeats (Pfuhl et al. 1994, Labeit and Kolmerer, 1995b; 
Pfuhl et al. 1996, Wang et al. 1996). Similar to titin, the actin-binding repeats 
of nebulin are found in different length variants in the Z-disk region. In this 
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Fig. 2. Domain structure of the Z disk region of cardiac titin. Immunoglobulin do- 
mains are labelled Z1-Z4. The positions of the differentially expressed Z repeats and 
of the phosphorylated sequence insertions (the first one called Zisl, the second Zis2 
and so forth as in Labeit and Kolmerer 1995) are shown. Domain nomenclature 
according to Labeit and Kolmerer, 1995 and Gautel et al. 1996a 

region, the fetal isoform reported by Wang et al. (1996) differs in length 
from the adult isoform of Labeit and Kolmerer (1995b). A C-terminal Src- 
homology 3 domain (SH3) and putative phosphorylation motifs could par- 
ticipate in the control of Z-disk assembly (Labeit and Kolmerer, 1995b; 
Wang et al. 1996). A short n ebulin like protein, nebulette, shows similar 
features and seems to represent a cardiac-specific Z-disk ruler (Moncman 
and Wang, 1995). 

In thin Z-disks with a single Z-filament in projection, like chicken M. Pec- 
toralis major (Ftirst et al. 1988; Yajima et al. 1996), the N-terminal region of 
titin cannot be discriminated in immunoelectron microscopy from the Z- 
disk centre. Studies in thick cardiac Z-disks suggested a central position 
with little or no overlap (Ftirst et al. 1988; Gautel et al. 1996a). However, if 
titin were to control the number of Z-fdaments, one would expect some 
degree of titin overlap in the central Z-disk corresponding at least partly to 
the degree of thin filament overlap. In agreement with this, a more highly 
resolved study using improved techniques has localised both the titin N 
terminus and the nebulin SH3 domain to the edge of the central Z disk 
(Young et al. 1998). 

The Z-repeats are differentially spliced in the central Z-disk region of ti- 
tin (Gautel et al. 1996a; Ohtsuka et al. 1997a; Sorimachi et al. 1997, Peckham 
et al. 1997). This observation begs the question ofwhether the number of 
titin Z-repeats and the Z-disk morphology are correlated? From the data 
available such a correlation is beginning to emerge, see Table 1. Thus muscle 
types with thicker Z disks express titin isoforms with more Z repeats. In 
particular, the number of Z repeats correlates to the number Z filaments. 
How, then, is the information for Z-disk assembly encoded in the titin mole- 
cule translated into the actual structure? 
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Table 1. Summary of the available data which demonstrate the correlation betweeen 
the number of Z filaments observed in a given muscle type and the number of titin Z 
repeats expressed in that muscle 

Muscle type Number of Z-filaments Number of Z repeats 

Mammalian 

psoas 

heart 

slow fibre 

Non mammalian 

fast white 

2-4 (rabbit) Rowe 1973 

3-4 (mammals) 
Yamaguchi et al. 1985 
3-4 (rabbit) Rowe 1973 

1 (fish) Luther 1991 

4-7 (human) 
Peckham et al. 1997 
4-7 (rabbit) 
Sorimachi et al. 1997 
5-7 (human) 
Gautel et al. 1996 
5-7 (rabbit) 
Sorimachi et al. 1997 

2 (chicken) 
Ohtsuka et al. 1997b 

2.2 Two Types of Interactions of Z-Disk Titin with c~-Actinin 

Since nebulin is proposed to act as the thin-filament ruler, we might expect 
that titin mediates interactions with proteins other than F-actin. The pre- 
sumed role of titin as an organiser of the sarcomeric Z-disk was substanti- 
ated by reports that native titin could interact with c~-actinin (Jeng and 
Wang, 1992). This was confirmed by Turnacioglou et al (1996). They identi- 
fied the Z-disk protein Zeugmatin as a presumed breakdown product of titin 
and demonstrated that a short segment of recombinant Z-disk titin (or 
"zeugmatin") would bind to c~-actinin as well as to vinculin. More specifi- 
cally, recombinant fragments of Z-disk titin bind to cx-actinin in a region of 
about 63 kDa (Turnacioglou et al. 1996; Ohtsuka et al. 1997b). Genetic inter- 
action searches with the two-hybrid system have since identified a binding 
site for Z-disk titin in the C-terminal domain of c~-actinin (Ohtsuka et al. 
1997a). This domain is homologous to calmodulin, (CAM) but contains a 
non-functional EF-hand (Blanchard et al. 1989). This interaction was ini- 
tially localised to a subset of the titin Z-repeats (Ohtsuka et al. 1997a; Sori- 
machi et al. 1997). Titin Z-repeats form two subgroups: the two invariant 
flanking repeats are most closely related to each other, and the differentially 
spliced central repeats form a distinct subgroup (Gautel et al. 1996a). The 
interaction studies in yeast two-hybrid assays suggested that only the flank- 
ing pair of repeats bind to a-act inin (Ohtsuka et al. 1997a; Sorimachi et aL 
1997; Young et al. 1998). Biochemical analysis of recombinant central Z- 
repeats has now revealed that central type of repeats can interact with the 
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CaM-like domain of cz-actinin, similar to the flanking repeats (Young et al. 
1998). The titin Z-repeats therefore represent multiple binding modules, 
which are plausibly responsible for the consecutive arrangement of variable 
numbers of c~-actinin molecules as Z-filaments, and hence for Z-disk thick- 
ness (Gautel et al. 1996a). 

In addition to the Z-repeats, recent work has revealed that another inter- 
action site for a-actinin exists on titin in a region denoted as Zq. This 70 
residue motif is localised in a single copy at the Z-disk edge and interacts 
with the two central spectrin-like repeats of the cz-actinin rod (Young et al. 
1998). This might explain why in transfection experiments in myogenic cells 
(z-actinin, lacking the C-terminal domain, is also sorted to the sarcomeric Z- 
disk (Schultheiss et al. 1992), but causes Z-disk misassembly during the 
progression of myofibrillogenesis and the formation of Z-rods reminiscent 
of those formed in nemaline myopathy (Schultheiss et al. 1992). The unique 
interaction of titin and ~-actinin at the Z-disk edge therefore possibly rep- 
resents a termination motif for cz-actinin incorporation, and perturbation of 
this mechanism would be expected to result in Z-disk anomalies. The domi- 
nant-negative phenotype observed by Schultheiss et al. (1992) could thus be 
explained by the competition of the titin termination motif by an assembly- 
incompetent mutant molecule. It is clear, therefore, that sorting of (z-actinin 
to the Z-disk is not solely controlled by the interaction of titin Z-repeats and 
the (x-actinin CaM-like domain, but that a second binding site between the 
titin Zq motif and the c~-actinin rod is also crucial. 

The way in which the titin/c~-actinin interactions are regulated is still 
unclear. Calcium would appear not to play a major role since musde-type 
c~-actinins are defective in their Calcium-binding properties (Blanchard et 
al. 1989. Possible other mechanisms could involve phosphorylation of titin 
or ~-actinin, or additional regulatory molecules. The close proximity of the 
two types of a-actinin binding sites in titin are highlighted by a sequence 
comparison in Fig. 3. Note that several consensus substrate sites for serine 
threonine kinases (Pearson and Kemp, 1991) are present in this region 
(underlined). Also, the high degree of cross-species conservation of the 
hydrophobic binding site in the C-terminal Z-repeat (zr5) and of the 70 
residue region in the titin Zq motif is evident. The close proximity of the two 
distinct binding sites suggests that for ec-actinin molecules at the Z-disk 
periphery, interaction sites include the rod domain as well as the two op- 
posed C-terminal domains which could bind to zr5, and zrl from opposite 
titin filaments. Since the rod-binding site on titin is present in only one copy 
per half-sarcomere, the further centrally sorted ~-actinin molecules can 
interact only via their C-terminal domains with the central type of titin Z- 
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Fig. 3. A multiple-sequence alignment demonstrates the high cross-species conser- 
vation of the two principal sorting signals for c~-actinin between chicken titin (EMBL 
D83390) and human titin (EMBL X90568) The Z-repeat zr5 is shown with the bind- 
ing site defined by Ohtsuka et al. (1997b) shaded in grey. Note the totally conserved 
cluster of hydrophobic residues which are the hallmark of Z-repeats. This binding 
site is separated by about 70 residues of lowly conserved sequence from the rod- 
binding domain in Zq (residues in human titin) which again is highly conserved 
between chicken and human titin. Putative serine-threonine kinase phosphorylation 
sites are underlined with hatched bars. A single predicted tyrosine-kinase site in zr5 
is underlined with a solid bar. Identical residues are boxed 

repeat (Young et al. 1998). Regulation of these binding sites would seem to 
be crucial in Z disk assembly but has yet to be demonstrated. 

2.3 Phosphorylation Motifs and Regulatory Protein Interactions 
in the Z-Disk 

For the assembly of the Z-disk, two mechanisms have to be spatially and 
temporally co-ordinated: the capping of actin filaments, probably by the 
capZ protein (Schafer et al. 1995, 1996), and the crosslinking of the overlap- 
ping filaments by c~-actinin. The molecular ruler proteins of the Z-disk, titin 
and nebulin/nebulette, are therefore expected to provide specific attachment 
sites for these proteins in a concerted way, as well as for factors possibly 
involved in the control of capping activity and crosslinking. 

Actinin-associated LIM protein (ALP) from muscle was recently shown 
to bind to the cz-actinin rod (Xia et al. 1997) by its PDZ domain. The binding 
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Fig. 4. The domain structure of c~-actinin. The binding sites of known protein li- 
gands of the skeletal isoform are shown. In the Z disk anti-parallel a-actinin dimers 
cross link actin filaments. CaM = Calmodulin like C terminal domain; ABD = Actin 
binding domain PKN = Protein kinase N; ALP -- Actinin associated LIM protein. 
Structural as well as regulatory proteins share overlapping binding sites. See text for 
references 

site of ALP overlaps with the titin binding site on the c~-actinin rod; how- 
ever, the central two spectrin-like repeats do not suffice for ALP interaction. 
Therefore, those cx-actinin molecules not bound to titin will have free 
binding sites for ALP. Since muscle LIM proteins (MLP) have been impli- 
cated in muscle differentiation and cytoarchitectural organisation, (Arber et 
al. 1997; Pomi6s et al. 1997), a more direct involvement of the titin/cx- 
actinin/actin complex and additional proteins in the control of myofibrillo- 
genesis is possible. This is underlined by the recent observation that the 
serine-threonine kinase PKN, which is activated by the small GTPase Rho, 
binds to the third spectrin-like repeat as well (Mukai et al. 1997). Rho-like 
GTPases are involved in the organization of the actin cytoskeleton (Paterson 
et al. 1990; Ridley and Hall, 1992; Narumiya et al. 1997), such as stress-fibre 
and focal adhesion reorganization. It seems to emerge, therefore, that the 
binding sites on the cx-actinin rod co-ordinate multiple protein-interactions 
relevant for the control of Z-disk assembly (Fig. 4). 

A possible key for the understanding of the control of Z-disk assembly 
resides in two phosphorylation motifs located at the edge of the central Z- 
disk and in the Z-disk periphery (Z-disk comb; Gautel et al. 1996a; Young et 
al. 1998). In both regions, multiple copies of serine-proline rich motifs are 
inserted between the immunoglobulin domains of titin (Sebestydn et al. 
1995; Labeit and Kolmerer, 1995a). The most striking motif, consisting of 
several copies of the amino acid motif SPIRM, is localised outside the central 
Z-disk in a region termed Zis5. In-vitro phosphorylation assays demon- 
strated that recombinant titin fragments from this region can be readily 
phosphorylated by cdc2 kinase as well as by ERK2 (Sebesty~n et al. 1995). 
The SPIRM motifs are, however, an evolutionary rather young feature of the 
titin molecule as suggested by the observation that the copy number of the 
motif varies highly between avian and mammalian titins (Fig. 5). The regula- 
tory function of this motif may therefore not be a species-conserved feature, 
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Fig. 5. Alignment of the phosphorylation sites in the interdomain insertion Zisl and 
Zis5 of the Z disk region of titin from different species. The putative SH3 domain 
binding site is shown (bar). (Human titin: EMBL X90568; chicken titin/connectin: 
D88390; rabbit titin: U28657). Note the variable copy number of SPARM phosphory- 
lation sites between mammalian and avian titin. Identical residues are boxed; phop- 
shorylation sites are shaded in grey 

similar to the situation in myomesin, where the presence of the putative 
phosphorylation motif in the KQSTAS-repeats is also species-dependent 
(Vinkemeier et al. 1993; Bantle et al. 1996). 

A second interdomain-insertion of titin, localised between the second N- 
terminal Ig domain Z2 and the putative Ig-module Z3 is a similar target for 
SP-directed protein kinases of the ERK and cdk families (Gautel et al. 
1996a). Recent ultrastructural investigations have localised this region to the 
central Z-disk and placed it in close vicinity to the SH3-domain of nebulin at 
the barbed end of the thin filament (Gautel et al. 1996a; Young et al. 1998). 
SH3 domains interact with proline rich sequences (Musacchio et al. 1994). 
These interactions are involved in the coupling of receptor tyrosine kinases 
to their effector molecules (Egan et al. 1993) as well as in the control of cy- 
toskeletal organisation by several actin binding proteins like yeast ABPlp or 
mammalian cortactin (Drubin et al. 1990; Wu and Parsons, 1993). The solu- 
tion structure of the nebulin SH3 domain was recently solved (Politou et al. 
1997), and the structural features of the ligand binding site suggest that a 
consensus sequence PPXXPPK will represent the preferred ligand. This 
sequence is represented in the interdomain insertion Zisl of Z-disk titin 
(TPPRIPPKKP) close to several consensus phosphorylation sites for ERK 2, 
and it was hence suggested that the nebulin SH3 domain could interact in a 
phosphorylation-controlled manner with the titin N-terminus (Gautel et al. 
1996a; Politou et al. 1997). However, other SH3-containing proteins are lo- 
calised to the Z-disk like the recently described ArgBP2 (Wang et al. 1997), 
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which contains three SH3 domains. Future cell biological and biochemical 
investigations will elucidate the complex interactions of SH3 containing 
proteins at the Z-disk. 

2.4 Titin, (~-Actinin and Nebulin: 
a Molecular Model of the Sarcomeric Z-Disk 

The wealth of biochemical and ultrastructural data that has emerged re- 
cently allows to correlate ultrastructure and molecular interactions in a 
model for the sarcomeric Z-disk (Young et al. 1998). The spacing of Z- 
filaments (cz-actinin) in longitudinal projections of Z-disks is about 38 nm 
(Yamaguchi et al. 1985; Luther 1991). However, the overlap of actin fila- 
ments is highly variable, ranging from about 10 nm to over 100 nm (Yama- 
guchi et al. 1985; Luther 1991). Correspondingly, the number of crosslinking 
Z-filaments ranges between one and four (see Table 1). In reconstructions of 
Z disks the spacing of orthogonal Z filaments has been determined to be 15- 
20nm in fish (Luther, 1991) and 16+/-9nm in mammalian Z-disks 
(Schroeter et al. 1996). In nemaline rods, which are presumably binary 
complexes of actin and tz-actinin, the spacing is about 19 nm, (Morris and 
Squire, 1990). Allowing for the standard deviation of these measurements, 
pairs of Z-filaments are therefore placed at angles of 80-90 ~ roughly every 
17-18 nm. This is about a quarter turn of the F-actin long-pitch helix for 
each Z-filament (Luther 1991). The interactions of titin Z-repeats and suc- 
cessive pairs of cz-actinin molecules must roughly allow for this spacing and 
also, to some degree, follow the helical structure of the actin filaments. This 
helix has a variable half-repeat spacing of between 35 to 38 nm (Egelman et 
al. 1982). Single titin Z-repeats depending on their secondary structure, 
could span a length of up to 17 nm (Young et al. 1998). This length agrees 
well with the orthogonal spacing of Z-filaments in both mammalian and 
non-mammalian Z-disks. The successive arrangement of t~-actinin mole- 
cules into Z-filaments can therefore be readily explained by successive pairs 
of titin binding sites spaced about 17 nm apart. The helical path of these 
binding sites would be indirectly enforced by the interactions of the complex 
with F-actin. 

These ultrastructural and biochemical observations can be summarised 
in a molecular model for the layout of titin, actin and t~-actinin in the cen- 
tral Z-disk as depicted in Fig. 6 (Young et al. 1998). The path titin takes as it 
enters the central Z-disk is constrained by the protein interactions with tz- 
actinin as well as by the ultrastructural position of the N-terminus (Fig. 7) 
and of Zq and of Z4 immediately at the outer edge of the central Z-disk 
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Fig. 6. The most likely path of titin into the Z-disk runs parallel to the thin filament 
for most of its length. Established protein interaction sites are highlighted in red. 
Titin immunoglobulin domains are numbered accoding to Labeit and Kolmerer 
(1995). Along the outmost pair of et-actinin molecules, titin is linked to the ct-actinin 
rod and to the CaM-like domain. In the central Z-disk, titin Z-repeats coordinate 
successive r molecules. The nebulin SH3 domain (circle) and the proline- 
rich N-terminus of titin are in close proximity and could interact; proteins binding 
to ZIZ2 or Z3 of titin or to the C-terminal region of nebulin are likely to be involved 
in the control of barbed-end capping. The position of regulatory SP-rich phosphory- 
lation sites (Gautel et al. 1996) is shown. Arrows point to the presumed signalling 
complex at the barbed end of the thin filament, where additional proteins bind 
(telethonin and cap-Z). Only every second ct-actinin molecule is shown in the cen- 
tral Z-disk, as they would appear in longitudinal sections of the lattice. Since the 
spacing of thin filaments and concomitantly the angle of the Z-filaments is variable 
(Yamaguchi et al. 1985), the a-actinin links are shown schematically at right angles. 
The position of the titin N-terminus is arbitrarily shown with some flexibility in the 
linker segment. (Modified after Young et al. 1998) 

(Gautel et al. 1996a; Yajima et al. 1996). In this model  titin binds firstly to the 
centre of  the e~-actinin rod and then runs along the outermost  c~-actinin 
molecule for half  its length. The next interaction site is localised in zr5, 
where titin will b ind  to the C-terminal  domain  of a - a c t i n i n  (Fig. 3). At this 
point,  the titin molecule mus t  change the orientation of its path to be linked 
to the successive a - a c t i n i n  molecules now interacting with the Z-repeats 
and will therefore run parallel to the actin filaments in the Z-repeat  region. 



Control of Sarcomeric Assembly: The Flow of Information on Titin 109 

The ultrastructural analysis now places the position of the N-terminal do- 
mains of titin at the edge of the actin overlap region, with molecules enter- 
ing from two sarcomere halves crossing over the Z-disk centre by about 
30 nm. Thus the two C-terminal domains of ~-actinin dimers could interact 
with the antiparallel Z-repeats, similar to the way in which the two actin- 
binding domains interact with antiparallel actin filaments. Only at the Z- 
disk edge will o~-actinin molecules be bound additionally by the interaction 
of their rod domains with the Zq motif, which is present only once per titin 
molecule. The maximal number of Z-filaments predicted by this model 
would be the highest integer of half the number of Z-repeats which is well in 
agreement with the data in Table 1. 

The most plausible path of titin places the titin N-terminus close to the 
pointed end of the thin filament, and the previously defined regulatory 
phosphorylation sites (Gautel et al. 1996a) could therefore be directly in- 
volved in the control of thin filament capping. This concept is supported by 
the observation that the position of the regulatory SH3 domain of nebulin 
colocalises with the titin N-terminus (Fig. 6). This supports the previously 
proposed interaction between the titin N-terminal region and the nebulin 
SH3 domain (Gautel et al. 1996a; Politou et al. 1997), while the nebulin actin- 
binding repeats are proposed to span into the Z-disk (Labeit and Kolmerer, 
1995b). Titin interactions of Z1Z2 with telethonin (Valle et al. 1997), a novel 
muscle protein, are conformation-dependent (Mues et al. 1998) and suggest 
complex regulatory events during the assembly of the Z-disk. 

3 The I-Band Region of Titin 

3.1 Differential Titin Expression in the Cardiac Conduction System 

An important physiological function of titin is to act as the elastic link be- 
tween thick and thin filaments (Horowits et al. 1986). Titin is therefore 
uniquely positioned to sense mechanical strain and to relay this information 
to other regions of the sarcomere, possibly over distances of hundreds of 
nanometres. The molecular cloning and sequencing of titin/connectin 
(Labeit and Kolmerer, 1995a) revealed the complete primary structure of the 
giant molecule and demonstrated a surprising complexity in the I-band 
region. Notably, elements of very different predicted secondary structure 
were found, spliced together in apparently numerous permutations 
(Maruyama et al. 1994; Labeit and Kolmerer, 1995a). Two major variants, 
specifying cardiac or skeletal-specific isoforms, were denoted as the N2- 
isoforms of titin (not to be confused with the morphological N2-1ine; Ben- 
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Fig. 7. Domain patterns of the two known splice variants in the cardiac titin I-band 
(modified from Labeit and Kolmerer 1995). The positions of the monoclonal anti- 
bodies are marked by arrows (Modified from Gautel et al. 1996b). The cardiac- 
specific N2-B isoform contains a large non-modular sequence insertion N-terminal 
to the I18 epitope monitored in Fig. 9 

nett et al. 1997). These regions separate stretches of Ig-domains arranged in 
tandem from a region rich in proline, glutamate, valine and lysine and hence 
termed PEVK (Labeit and Kolmerer, 1995a). The PEVK region provides the 
major spring of the elastic region of titin (Gautel and Goulding, 1996; Linke 
et al. 1996). 

Monoclonal antibodies against the titin N2 isoforms (positions on the 
molecule marked in Fig. 7) showed in indirect immunofluorescence studies 
that both isoforms are co-expressed in all cardiac muscle compartments 
(Gautel et al. 1996b). This co-expression was found to remain constant 
throughout embryogenesis, and the cardiac isoform of titin was never found 
expressed in skeletal muscle. This is in contrast to a number of other sar- 
comeric proteins, like p-myosin, which are also expressed transiently in 
developing fast skeletal muscle. This argues that both N2 isoforms are con- 
stitutive components of cardiac titin, and that the N2-B isoform fulfils func- 
tions specific entirely to cardiac muscle. A very specific function is sug- 
gested by the observation that fibres of the cardiac conducting system 
(atrioventricular node and His t bundle) appear to express the two N2 iso- 
forms at different levels with the apparent amount of N2-A exceeding that of 
N2-B (Gautel et al. 1996b; Fig. 8). Since the conducting system is not a force- 
generating element of cardiac muscle, the requirements of the supramolecu- 
lar architecture of its titin fibrils may be different. The strictly linked co- 
expression of the cardiac N2 isoforms of titin irrespective of developmental 
stage suggests that these may be involved in functions not directly related to 
the actual elastic behaviour of the cardiac I-band. The laboratory of K. 
Maruyama has proposed a model of the cardiac I-band where a junction-line 
joins titin filaments diverging towards the Z-disk (Funatsu et al. 1993; 
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Fig. 8. Inidirect immunofluores- 
cence showing the expression of 
N2-A and N2-B isoforms in cardiac 
muscle (modified after Gautel et al. 
1996b). Monoclonal antibodies 
against the N2-A isoform (A) pref- 
erentially stain the conducting 
system (atrioventricular node and 
His-Bundle, encircled), whereas the 
N2-B isoform (B) is expressed 
similarly in both the ventricular tis- 
sues (left: L; right: R) as well as the 
conducting system. Titin isoforms 
are therefore expressed differen- 
tially in the signalling cells of the 
heart 

Maruyama 1994). Sequence analysis and secondary structure predictions 
suggest the N2 regions as possible candidates for intermolecular titin-titin 
interactions, as the N2-A isoform contains intermediate-filament like se- 
quences in avian and human titin (Maruyama et al. 1994). However, analysis 
of the extensibility of the cardiac isoform of titin revealed that this insertion 
must contain an extensible region of high stiffness, as its extension becomes 
significant only after the other structural elements in the I-band (Ig- 
domains and a sequence denoted as PEVK) have been extended (Gautel et 
al. 1996b). Since this happens only beyond the physiological working range 
(Gautel et al. 1996b; Fig. 9), it is conceivable that the N2-B insertion senses 
mechanical strain and communicates this information. Cardiac titin could 
thus be involved in the adaptation of active force production (Frank-Starling 
Mechanism). Such a role could explain the differential expression between 
ventricular myocardium and the conducting system. 
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Fig. 9, A. Extension of the cardiac titin isoform in intact sarcomeres. The relation of 
the position of the I18-epitope to sarcomere length in cardiac papillary muscle is 
plotted. Error bars: mean standard deviation. Closed circles: distance between the 
118-epitope and the Z-disk edge. Open squares: distance between the I 18 epitope and 
the A-band. Note the greater extensibility of the I18-Z-segment especially at higher 
sarcomere lengths, starting at the upper end of the physiological working range 
(vertical line). (Modified after Gautel et al. 1996b). B. Three phases of cardiac titin 
extension can be interpreted from this extension diagram of the molecule: 1. The 
collapsed Ig-domain chain and the PEVK segment are straightened at short sar- 
comere lengths. 2. The Ig-domain chain is straightened out and the PEVK element is 
extended at the upper end of the physiological working range. 3. Beginnning at the 
upper end of the physiological working range, the curve is consistent with the 
unique insertion in N2-B being extended (although domain unfolding cannot be 
ruled out). This conformational change could integrate and signal information on 
the mechanical strain level to other regions of the sarcomere 
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4 The A-Band Region of Titin 

4.1 Titin at the Thick Filament End: the Myosin Termination Motif 

The thick filaments of striated muscle are assembled by the polymerization 
of myosin molecules into highly ordered filaments of precisely tailored 
length. It is now generally accepted that titin is involved in the control of the 
myosin-fdament length; yet, the mechanisms of this control are still largely 
unknown. 

Native titin can aggregate myosin rods (Maruyama et al. 1985) and is 
tightly bound to the thick filament under physiological conditions. Due to 
this association with the thick filament, the function of titin as a molecular 
ruler for the assembly of the myosin filament was proposed (Whiting et al. 
1989; reviewed by Trinick, 1994). The binding of titin to myosin occurs 
mainly in the C-terminal region of myosin (light meromyosin, LMM; Labeit 
et al. 1992; Soteriou et al. 1993) and could be mapped to a short peptide in 
the LMM-region (Houmeida et al. 1995). 

The cloning of human A-band titin (Labeit et al. 1990; Labeit et al. 1992; 
Labeit and Kolmerer, 1995a) showed that titin is mostly constructed in a 
modular fashion by repetitive patterns of immunoglobulin-like domains (Ig) 
and fibronectin-3 like modules (fn3) (Labeit et al. 1990). The fn3-domains of 
titin/connectin are found predominantly in the proposed A-band region.of 
the molecule (Labeit and Kolmerer, 1995a). In this region, the form these 
patterns take is generally that of groups of two or three fu3-domains pre- 
ceded by an Ig-domain. The arrangement of these groups into super-repeats 
of seven or 11 domains is probably correlated to the different structure of 
the thick filament in the C-and D zones and the sorting of the associated 
myosin-binding proteins (reviewed in Gautel, 1996c). This pattern is broken 
only in two places; the first is at the end of the A-band region near the C- 
terminus where the pattern is more diverse and is followed by the MLCK- 
like catalytic kinase domain. It was suggested that this transition correlates 
to the change of parallel to antiparallel myosin packing (Labeit et al. 1992). 
The second is towards the Z-disk near the end of the A-band, where the first 
two groups are a followed by a unique stretch of six fn3-domains. The strik- 
ing feature of these groups is that there are 49 of them, correlating closely to 
the number of levels of myosin heads seen in one half of the thick filament 
(Bennett and Gautel, 1996). This suggests that the fn3-domains are specific 
for the interaction of titin with myosin. This hypothesis is supported by the 
observations on binding of recombinant multi-module titin fragments to 
myosin. Also, the binding affinity to myosin increases with the number of 
fn3 domains (Labeit et al. 1992). In contrast, Ig domains are found over the 
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entire length of the titin molecule (Labeit and Kolmerer, 1995a) and may 
therefore be responsible for the interactions with ligands other than myosin. 
Labeit and Kolmerer (1995a) have suggested the first of the fn3 domain 
groups to be outside the A-band into the I-band, separated from the first 
putative A-band domain, A1, by the group of six fn3 domains. A more pre- 
cise understanding of how the myosin-binding domains and the termination 
of the thick filament correlate was recently achieved (Bennett and Gautel, 
1996). 

Previous ultrastructural studies of striated muscle have demonstrated a 
characteristic structure at the end of the thick filament. Here, the last two 
levels of crossbridges are separated from the contiguous array of myosin- 
heads in the A-band by a gap of 15-20 nm (Craig and Offer, 1976; Craig 1977; 
Sj6str6m and Squire, 1977). The axial position of titin antibodies in the pu- 
tative "junction" region between the thick filament and the I-band could be 
investigated by immunoelectron microscopy (Bennett and Gautel, 1996). 
These results showed that several epitopes are localised very close to the A/I 
junction and allow a correlation of the packing of the myosin filament to the 
domain pattern of titin (Fig. 10). Immunoelectron microscopy now revealed 
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Fig. 10. The correlation of titin domain patterns in the A-band and the arrangement 
of myosin molecules at the thick-filament end (modified after Bennett and Gautel, 
1996). The ultrastructural positions of the sequence-specific antibodies (arrows in a) 
correlate closely to a unique structure at the thick filament end, the crossbridge gap 
(shaded in light grey in b), and to a unique stretch of six fibronectin-3 (fn3) domains 
on titin. The I41-epitope, labelling the last of the tandem-ig domains, is just outside 
the A-band. The ultrastructural features of the thick filament and the position of 
antibody label (shaded in dark grey) are shown in b. The altered packing of myosin 
molecules (c), leading to the crossbridge gap and to thick-filament termination, is 
therefore correlated to a unique arrangement of the myosin-binding domain type of 
titin. This mechanism is likely to be involved in the control of thick-filament length 
by titin 
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that one of these epitopes, MIR (Gautel et al. 1993b), is within the A-band in 
the region of the last two levels of myosin heads, just outside the 'cross- 
bridge-gap' described by Craig and Offer (1976). In agreement with the se- 
quence assignment of Labeit and Kolmerer (1995a), ct-A4 labels a position in 
the A-band just towards the M-line from the crossbridge-gap. The epitope 
for MIR epitope is preceded by only three fn3 domains. Therefore, all fn3 
domains are closely associated to the thick filament, supporting the notion 
that they may indeed be involved in the binding of myosin to titin. Since the 
binding site on LMM identified by Houmeida et al. (1995) is significantly 
away from the myosin heads, other interactions between titin and myosin 
must come into play at the thick filament end (Bennett and Gautel, 1996). 
There are two other features of the sequence which further reinforce the idea 
that the fn3 domains are associated with myosin: these groups are all of two 
or three domains except for the stretch of six near the MIR epitope, suggest- 
ing that this might be related to the missing crossbridge region. The unusual 
and single block of six fn3 domains exactly correlates to the only gap in the 
crossbridges of myosin at the thick-filament end. It was therefore proposed 
that this motif is involved in the perturbed packing of myosin molecules 
towards the end of the thick filament in the sense of a termination motif 
(Bennett and Gautel 1996). This could be an important mechanism in the 
proposed role of titin as a molecular ruler for determining the lengths of 
thick filaments and keeping the last crossbridge in axial register. 

4.2 Myosin-Binding Protein C as a Sensor 
for cAMP- and Ca 2+ Signalling 

Myosin filaments in striated muscle are assembled by the polymerization of 
myosin in association with a family of myosin-binding proteins (MyBP-C 
and MyBP-H) and titin. These associated proteins (Offer et al. 1973) all share 
the molecular building plan of the immunoglobulin superfamily (Einheber 
and Fischman, 1990; Ftirst et al. 1992; Vaughan et al. 1993; Kasahara et al. 
1994; Gautel et al. 1995; Yasuda et al. 1995; Fig. 11A). While titin is thought 
to fulfil the role of a molecular ruler, the MyBP-C might play a role as a spa- 
tially defined regulatory protein (Craig and Offer, 1976b; leacocke and Eng- 
land, 1980; Hartzell and Titus, 1992; Hartzell and Glass, 1984; Hartzell 1985; 
Garvey et al. 1988; Schlender and Bean, 1991; Gautel et al. 1995; Weisberg 
and Winegrad, 1996). Myosin, MyBP-C and titin form a stable ternary com- 
plex where MyBP-C is arranged regularly in 9 of the 11 thick-filament stripes 
(Offer et al. 1973; Dennis et al. 1984; Bennett et al. 1986; Okagaki et al. 1993). 
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Fig. 11. A The domain structure of the cardiac myosin-binding protein C (c-MyBP- 
C) with the cardiac-specific regions highlighted by asterisks, the polar molecule 
bears a signal transduction module at the N-terminus. For further details, see review 
by Bennett et al. in this issue. B multiple sequence alignment of the human and 
chicken slow and fast skeletal and cardiac isoforms of MyBP-C, The phosphorylation 
sites for cAMP-dependent protein kinase are shaded in grey; the cardiac-specific 
insertion contains an additional site (asterisk). Note the striking conservation be- 
tween isoforms and species which argues for a crucial control function of this mod- 
ule. Ggc: chicken cardiac 0; Hsc: human cardiac (); Ggfi chicken fast (); Hsfi human 
fast 0; Hss: human slow 0 

Mutations in the gene of the cardiac isoform of MyBP-C (cMyBP-C) are 
the cause of the chromosome-l l  associated form of familial hypertrophic 
cardiomyopathy (FHC). Most mutations identified so far lead to truncated 
proteins lacking the thick-filament binding region of the cMyBP-C (Bonne et 
al. 1996; Watkins et al. 1996; Rottbauer et al. 1997; Carrier et al. 1997). Pro- 
tein analysis of cardiac biopsies from a patient with a cMyBP-C associated 
FHC indicated that the truncated protein is not present in detectable 
amounts (Rottbauer et al. 1997). A possible explanation for the cellular 
events in cMyBP-C associated FHC could therefore be a haplophenotype 
caused by an altered protein stoichiometry. This would suggest that the 
missing allele cannot be complemented by any of the other known MyBP-C 
isoforms. 
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Skeletal muscle contains at least two isoforms of MyBP-C, expressed pre- 
dominantly either in slow or fast muscle fibres (Yamamoto and Moos, 1983; 
Dennis et al. 1984; Bennett et al. 1986). However, these isoforms can be co- 
expressed in single myofibrils in varying stoichiometries leading to diverse 
arrangements of the characteristic sarcomeric stripes (Bennett et al. 1986). 
Skeletal muscle therefore has a great potential to adapt in a flexible way to 
alterations in MyBP-C isoform stoichiometry by the modification of coex- 
pression ratios. 

Immunological and in-situ hybridisation studies in mouse and man 
demonstrate a successive expression of the skeletal-muscle specific isoforms 
in an ordered way (Gautel et al. 1998). This sequential appearance resembles 
the conserved programme of myogenesis also observed, although on a 
shorter time-scale, in cultured avian skeletal muscle cells (Sutherland et al. 
1993; Lin et al. 1994). However, it was found that the cardiac isoform of 
MyBP-C is not expressed in skeletal muscle throughout development 
(Gautel et al. 1998). This observation is in contrast to the situation in avians 
where a splice-variant of cardiac MyBP-C is transiently expressed in embry- 
onic skeletal muscle (Obinata et al. 1984; Yasuda et al. 1995). The embryonic 
splice variant of cardiac MyBP-C expressed in avian skeletal muscles lacks 
the cardiac-specific phosphorylation site (Yasuda et al. 1995). It was shown 
that the deletion of this phosphorylation loop in the human cardiac isoform 
reduces sensitivity to cAMP-dependent protein kinase phosphorylation 
(Gautel et al. 1995). Although avians appear to lack a specific embryonic 
isoform of skeletal MyBP-C, their embryonic skeletal splice variant of the 
cardiac MyBP-C gene is therefore similar in its regulatory properties to the 
genuine skeletal isoforms. This cardiac-specific site is also the substrate site 
for an associated Ca2+/Calmodulin activated kinase (Fig. l lB). The cardiac 
MyBP-C is therefore a titin- and myosin-associated sensor for cAMP- and 
Ca2+/Calmodulin - activated protein kinase signalling. 

In mammalian cardiac muscle, the cardiac MyBP-C transcript and pro- 
tein are detected early on and the expression coincides with that of sar- 
comeric myosin heavy chain in the earliest detectable stages (Gautel et al. 
1998). The expression of cardiac MyBP-C is therefore tightly restricted to 
cardiac muscle which does not express the slow or fast skeletal isoforms of 
MyBP-C under normal circumstances. Unlike in skeletal muscle, which 
expresses up to three isoforms of MyBP-C in addition to MyBP-H, a trans- 
complementation of isoforms therefore seems to be impossible in cardiac 
muscle (Gautel et al. 1998). This could plausibly explain why a dominant- 
negative phenotype is observed in cardiac muscle upon mutations in the 
cardiac MyBP-C gene, while no skeletal myopathies have been associated 
with a member of the MyBP-C family. 
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5 The M-Band Region of Titin 

The sarcomeric M-band region of titin provides a similarly complex blue- 
print for the integration of titin into one of the antipodal anchoring planes 
as does the N-terminal region in the Z-disk. Particularly, this region con- 
tains a serine/threonine kinase domain, substrate sites for developmentally 
regulated kinases as well as regulated binding sites for other M-band pro- 
teins like myomesin. We can thus assume that the M-band plays crucial 
roles in signal transduction during myofibrillogenesis as well as in the dif- 
ferentiated sarcomere. 

5.1 Titin Kinase: Worms do it Like Humans? 

Recently, a growing family of giant modular proteins specific for the striated 
muscles of vertebrates and invertebrates have been identified and partially 
sequenced. Sequencing of the vertebrate titins has demonstrated the pres- 
ence of a catalytic kinase domain near their carboxyterminus which is ho- 
mologous to the myosin light chain kinase (MLCK) family (Labeit et al. 1992; 
Sebesty6n et al. 1996). A catalytic kinase domain is also found in the nema- 
tode mini-titin twitchin (Benian et al. 1989) as well as in the so-called 'mini- 
titins' of insects and molluscs. This kinase domain is generally flanked by Ig- 
or fn3 domains (Benian et al. 1989; Labeit et al. 1992, Heierhorst et al. 1994; 
Ayme-Southgate et al. 1995). Sequence comparison and evolutionary analy- 
sis of titin, twitchin and MLCKs have suggested, however, that the titin 
kinase may have acquired functions distinct from MLCK during the evolu- 
tion of cross-striated muscle (Higgins et al. 1994) despite a strong overall 
homology in the molecular architecture (Fig. 12). The molecular sites in- 
volved in the regulation of enzymatic activity might well be arranged simi- 

Fig. 12. Multiple-sequence alignment of titin kinase (Hs-Titin; EMBL X 90568) with 
the human MLCK from hypocampus (Hc-hypoc; X85337), rabbit skeletal muscle 
MLCK (Oc-skel; ]05194), human death-associated protein kinase (Hs-Dap; X76104) 
and C. elegans twitchin (Cel-Twitchin; X15423). Identical residues are boxed. Note 
that titin kinase displays unique exchanges of catalytic residues (arrowheads). The 
autoinhibitory domain (beginning at the horizontal arrow) contains binding sites 
for calmodulin (CAM; marked for the skeletal MLCK) or S100A1 (marked for 
twitchin kinase). The CaM-binding site of titin kinase is positioned similarly as the 
S100A1 binding site of twitchin; structural investigation of titin kinase will reveal if 
structural similarities also exist 
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lady despite a divergence in function. Also, titin kinase was shown to have a 
fixed position at the M-band edge (Obermann et al. 1996) - in contrast to the 
A-band localisation of twitchin kinase (Vibert et al. 1993). Such differential 
localisations make identical substrate specificities unlikely (Obermann et al. 
1996). On the other hand, the insect twitchin-like protein projectin is very 
differently localised in synchronous and asynchronous muscle in Droso- 
phila, yet bears the same catalytic kinase domain (Ayme-Southgate et al. 
1995). Although the subsarcomeric localisation of giant muscle protein 
kinases seems to be important for their function, it may not give the ulti- 
mate clue for understanding their physiological roles. The function of titin 
kinase may be relevant during myofibriUogenesis and not in the assembled 
structure, and the position of the kinase domain could therefore be quite 
different in assembling myofibrils. 

For the twitchin kinases from C. elegans and A. california, the constitu- 
tively active forms of these enzymes phosphorylate myosin-light chain pep- 
tides (Lei et al. 1994; Heierhorst et al. 1995; Heierhorst et al. 1996a). More 
strikingly, the mollusc enzyme from Aplysia could be shown to be activated 
by mammalian $100A12 (Heierhorst et al. 1996b). $100 proteins are EF-hand 
containing, calcium binding proteins which form homo- or heterodimers 
(Schiller et al. 1996). In muscle, they had been implied in the regulation of F- 
actin capping proteins (Schafer et al. 1996), but a role in protein kinase sig- 
nalling was unexpected. However, whereas Aplysia twitchin kinase is acti- 
vated over 1000-fold by mammalian S100A12, the Caenorhabditis enzyme 
shows only weak stimulation (Heierhorst et al. 1996a). For mammalian titin 
kinase, no stimulation of MLCK activity by S100A12 could be observed (M. 
Gautel, unpublished observation). It is likely that the substrate of titin 
kinase will be distinctly different from myosin light chains and possibly a 
diffusible one (Obermann et al. 1996). The binding site for $100A12 in 
twitchin kinase is at the C-terminus of the MLCK-like catalytic domain. An 
amphipathic ~-helix presumably forms several charge interactions and hy- 
drophobic contacts crucial for the recognition of S100A12 (Kobe et al. 1996). 
This region, however, is only weakly conserved between titin and twitchin 
kinases (Fig. 12). The same amphipathic helix can also bind to calmodulin, 
however without activating the enzyme (Gautel et al. 1995; Heierhorst et al. 
1996a). In analogy to the genuine MLCK (Kennelly et al. 1987), the C- 
terminal domain contains a 'pseudosubstrate sequence' which interacts with 
the substrate binding site to block enzyme activity. The structural basis for 
this intrasteric regulation was partly elucidated by the crystal structures of 
the twitchin kinase domains from C. elegans (Hu et al. 1994; no coordinates 
available) and A. california (Kobe et al. 1996). Extensive contacts between 
the inhibitory domain and the substrate binding cleft block both the access 



Control of Sarcomeric Assembly: The Flow of Information on Titin 121 

of ATP and the peptide substrate (Kobe et al. 1996). It is plausible that titin 
kinase needs additional factors for its full activation, like the phosphoryla- 
tion of specific residues involved in autoinhibition. 

The coordination of ATP in the protein kinases involves an extensive 
network of salt bridges and hydrogen bonds that tightly coordinate the 3'- 
phosphate moiety and the acceptor serine hydroxyl group (Lowe et al. 1997). 
In the catalytic loop between beta-strands 6 and 7, a conserved lysine resi- 
due (Lys168 in cAMP-dependent protein kinase, cAPK) coordinates the 3'- 
phosphate in relation to the serine acceptor hydroxyl. Of the MLCK-Iike 
family and protein serine/threonine kinases in general, titin kinase is the 
only enzyme where this residue is replaced by arginine (Fig. 12). Since the 
pKa of this side chain is much higher, the electrostatic attraction to the 3'- 
phosphate is expected to be significantly increased. The catalysis rate of titin 
kinase could be different from that of other kinases. In addition to this re- 
markable difference, the aspartate preceding the activation loop in the 
tightly conserved DFG motif (Johnson et al. 1996; Asp184 in cAPK) is con- 
verted to glutamate in titin kinase. Titin kinase is the only protein kinase 
which displays this exchange. Since this residue coordinates the Mg 2+ ion 
which again locks the ~- and 3'-phosphates into place (Bossemeyer et al. 
1993; Lowe et al. 1997), the increase in side chain length by one methylen 
group and the concomitant decrease in pK a of the carboxyl group is ex- 
pected to influence catalysis rate and possibly substrate specificity. The two 
bulky side chains are also expected to influence the overall topology of the 
catalytic site in titin kinase. 

Whereas significant structural insight into intrasteric regulation of the 
giant muscle protein kinases has come from the studies of the invertebrate 
homologues, our understanding of the functions of titin kinase will be im- 
proved significantly only when the genuine substrate(s) and regulators will 
be found, and when the structural implications of the specific amino acid 
exchanges mentioned above are elucidated. 

5.2 Phosphorylation Motifs in the M-Band 

Major reorganisation of the cytoskeleton occurs during myofibrillogenesis 
in differentiating muscle cells, as well as during myofibril breakdown in- 
duced, for example, by regenerating stimuli, acidosis, tumour necrosis factor 
or glucocorticoid stimulation. 

Phosphorylation motifs possibly involved in relaying such signals to the 
sarcomeric cytoskeleton are typically extended insertions between the im- 
munoglobulin domains, rich in proline, serine and basic residues (Figs. 5 
and 13). In the sarcomeric Z-disk, two phosphorylation repeats can sense 
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Mis4 
TS p p RYeS PE PR%rKS PEAVKS PKRVKS PEPS H PKAVS PTETKPTP I EKVQH LPVSA 

Titin KSP PRVKSPEPR 
PRV~SPEAV 

EAVKSPKRV 
KRVKSPEPS 

NFH KSP VEVKSPEKA 
KETKSPVKE 

cdk5 consensus K~-IHKSPK:-~ 

Fig. 13. Phosphorylation sites of M band titin in Mis4. Note the 4 repeats of the se- 
quence VKSP (in bold). The phosphorylated serine is highlighted by an asterisk. 
This sequence is compared to the similar neurofilament H (NFH) substrate se- 
quences (Shetty et al. 1993) and to the cdk5 consensus phosphorylation motif de- 
termined by screening a combinatorial library (Songgang et al. 1996). Despite a high 
homology of the titin VKSP repeats to the neurofilament cdk5 substrate sites, the +3 
position (highlighted) does not fit the cdk5 consensus. Mis4 also contains two SPXR 
sites, which are consensus sites for cdld and ERK (Songyang et al. 1994) 

kinase signals (see above). In the M-line, a similar inter-domain linker con- 
tains 4 repeats of the sequence VKSP (Gautel et al. 1993b; Fig. 13). This motif 
does not resemble the SPXR motifs in the Z-disk, suggesting that the kinase 
activities found in differentiating myoblasts which can phosphorylate this 
region are different from those acting on the Z-disk. KSP-motifs are the 
major phosphorylation sites for the brain-specific cyclin-dependent kinase 
cdk5 in neurofilaments (Lee et al. 1988; Shetty et al. 1993; Songyang et al. 
1996). The kinase activities from differentiating myocytes which can phos- 
phorglate titin KSP-motifs in-vitro also share functional characteristics with 
cyclin-dependent kinases (Gautel et al. 1993b). The titin KSP-motifs lack, 
however, the conserved basic residue 3 residues C-terminal to the serine site 
which is important for substrate recognition by cdk5 (Songyang et al. 1996) 
(Fig. 13). The identity of the muscle kinase phosphorylating the titin KSPs, 
and the functional significance of the phosphorylation in-vivo, are unknown 

to date. 
The functional significance of phosphorylation of inter-domain linkers is 

highlighted in the case of myomesin, a protein of the M-line which binds 
tightly to the C-terminal region of titin, and crosslinks titin with myosin 
(Obermann et al. 1995; Obermann et al. 1996; Obermann et al. 1997). The 
interaction between titin and myomesin is mediated by a single titin immu- 
noglobulin domain and three of the fibronectin domains of myomesin. A 
short linker peptide between two of the domains contains the phosphoryla- 
tion motif KARLKSRPSAP. The highlighted serine is a target site for cAPK- 
like activities in muscle. Phosphorylation of myomesin by these activities 
was shown to block the interaction with the titin immunoglobulin domain 
M4 (Obermann et al. 1997). This is the first example where the interaction of 
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sarcomeric proteins has been demonstrated to be regulated by interdomain 
linker phosphorylation. It appears likely that this will be a general mecha- 
nism acting both on titin and its associated proteins. 

6 Kinases Acting on the Cytoskeleton 
in Muscle Differentiation 

Titin is strongly phosphorylated in-vivo (Sommerville and Wang, 1987), 
similar to nebulin. Biochemical experiments show that in vitro, muscle ex- 
tracts can phosphorylate titin at both the N- and C-terminal regions, and 
that the titin fragments containing the multiple phosphorylation repeats are 
good substrates for purified cdc2- and ERK2 kinases. However, the endoge- 
nous kinases involved in titin phosphorylation have not yet been identified 
directly. Since cdc2 kinase is involved in cell-cycle control, it is unlikely to 
mediate a differentiation signal after mitotic arrest. However, differentiation 
in neuronal and myogenic cells is promoted by the brain proline specific 
kinase cdk5, a member of the cyclin regulated kinases (Lew et al. 1992; Lew 
et al. 1994; Tsai et al. 1994; Lazaro et al. 1997). 

Myogenic differentiation is mediated also by signal transduction path- 
ways that result in the activation ofMAP/ERK kinases (Thorburn and Thor- 
burn, 1994; Thorburn et al. 1997). In cardiomyocytes, possible pathways that 
lead to MAP/ERK activation appears to be via tyrosine-kinase signalling by 
the insulin-like growth factor-1 (IGF-1) receptor (Ito et al. 1993; Donath et 
al. 1994; Harder et al. 1996). Other upstream pathways involve G-protein 
coupled receptor signalling, which is proposed to be involved in adrenergic 
stimulation of cardiac hypertrophy via the Ras-pathway (LaMorte et al. 1994; 
Thorburn and Thorburn, 1994; reviewed by Schaub et al. 1997). It is con- 
ceivable that the titin multiphosphorylation repeats actually sense phospho- 
rylation signals from several convergent pathways linked to G-protein cou- 
pled tyrosine-kinase receptors by coupling of Ras with Raf-1 kinase (Vojtek 
et al. 1993; Ramocki et al. 1997) or Rac/Rho with Rho-associated kinase 
(Vojtek and Cooper, 1995; Coso et al. 1995; Thorburn et al. 1997; Matsui et 
al. 1996; reveiwde by Hefti et al. 1997). Interestingly, Rho signalling can oc- 
cur directly to the Z-disk by the Rho-activated protein kinase N (PKN; 
Watanabe et al. 1996) which can bind to alpha-actinin (Mukai et al. 1997), 
and possibly by myotonic dystrophy kinase, which shows homologies to 
Rho-activated kinases (Ishizaki et al. 1996). 

Conversely, however, the activation of v-Src leads to a rapid disassembly 
of myofibrillar structures starting with the disassembly of the Z-disk and the 
I-Z-I complex (Castellani et al. 1995; Castellani et al. 1996), as well as tran- 



124 M. Gautel et al. 

scriptional repression of muscle specific genes including myogenic factor 
genes (Falcone et al. 1991; Yoon and Boettiger, 1994). Activated v-Src is 
associated with constitutively activated MAP kinases (Cowley et al. 1994). In 
the actin cytoskeleton, major direct substrates are cortactin and tensin 
(Thomas et al. 1995), and activation of v-Src indeed leads to phosphotyro- 
sine incorporation into the remnants of the I-Z-I complex (Castellani et al. 
1995). Similar phenotypic effects have been reported for the phorbol-ester 
mediated activation of protein kinase C (PKC), which equally leads to a 
sequential disassembly of sarcomeric structures, starting at the Z-line 
(Croop et al. 1982; Dlugosz et al. 1983; Lin et al. 1987; Lin et al. 1989; Choi et 
al. 1991). These effects seem to be mediated by the c~-PKC and the Ca 2+- 
independent ~- and 5-PKC isoforms in myocardium (Puceat et al. 1994). 
PKC activation induced by o~-adrenergic stimulation was reported to result 
in hypertrophic remodelling of the sarcomere (Chien et al. 1991). However, 
activation of PKC by phorbol esters in a background of activated v-Src abol- 
ishes Src-induced I-Z-I breakdown, suggesting that the overstimulation of 
MAP-kinase activity downstream of v-Src and the substrates of PKC diverge 
in different pathways (Castellani et al. 1995). Parallel processing is a feature 
common of ERK/MAP kinases (Cano and Mahadevan, 1995). It is conceiv- 
able that simultaneous activation of several pathways involving also phos- 
phorylation of PKC substrate sites inactivate specific elements in the MAP 
kinase pathway (Johnson and Vaillancourt, 1994). 

What are the actual ERK/MAP kinases involved in controlling myogenic 
differentiation? Surprisingly, very little is known about this important ques- 
tion. Although the ubiquitous ERK2 was shown to phosphorylate titin in- 
vitro (Sebesty~n et al. 1995; Gautel et al. 1996a), muscle-specific kinases with 
a role in myogenic differentiation are more likely to be the in-vivo kinases 
phosphorylating titin. A novel ERK, ERK6 (also known as SAPK3; Lechner et 
al. 1996; Goedert et al. 1997) was described as a kinase promoting the fusion 
of C2C12 cells (Lechner et al. 1996). A mutant enzyme with a dysfunctional 
activation loop exerts a dominant-negative effect on myoblast fusion. How- 
ever, the upstream regulation and the cellular substrates of this kinase in 
muscle have not yet been reported. In-vitro assays with brain tau protein 
(Goedert et al. 1997) confirms that ERK6/SAPK3 phosphorylates serine- 
proline rich cytoskeletal substrates, but the specificity for sarcomeric sub- 
strates remains to be demonstrated. Also, it is not known whether 
ERK6/SAPK3 selectively promotes myoblast fusion or also stimulates myo- 
fibrillogenesis. Combinatorial approaches demonstrated that the promiscu- 
ity of the ERK/MAP kinases is rather high (Songyang et al. 1994; Songyang et 
al. 1996). The sequence comparisons in Figs. 5 and 13 show that the titin 



Control of Sarcomeric Assembly: The Flow of Information on Titin 125 

Fig. 14. Schematic representation of the emerging signalling pathways which con- 
verge on the sarcomere. In most cases, the exact links of the pathways or the cellular 
substrates of the kinases are unknown. Three protein serine/threonine kinases are 
known to localize to titin ligands of titin: the alpha-actinin associated PKN at the Z- 
disk, the Ca2+/Calmodulin activated protein kinase (CaM-K) associated with my- 
osin-binding protein C (MyBP-C) in the A-band of heart muscle, and titin kinase 
(TK) at the M-band. Signalling via receptor tyrosine kinases (RTK), G-protein- or 
phospholipase-coupled ~t-adrenergic receptors (a-AR), or adenylcyclase-coupled [3- 
adrenergic receptors ([3-AR) results in activation of kinases acting on the sarcomeric 
cy-toskeleton: ERK-phosphorylation of sites in Z-disk titin (1), activation of PKN by 
Rho-GTP, and phosphorylation of unidentified substrates in the Z-disk by activated 
Src kinase (3), Protein kinase N (PKN; 2) or Protein kinase C (PKC; 4). Cyclic-AMP 
dependent protein kinase phosphorylates MyBP-C (7) and myomesin in the M-line 
(6). The substrate and activation of titin kinase (TK, 5) remain to be identified. Red 
arrows show phosphorylation on substrates interacting with the sarcomere. Kinases 
are shaded dark, G-proteins light. Second messangers are Calcium 2+ ions, cyclic 
adenosine monophosphate (cAMP) and diacylglycerol (DAG). Signalling pathways 
which are incomplete are marked with dashed arrows. See text for references 
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multiphosphorylation sites display key residues for consensus substrate 
sites for a number of these kinases, and that, for instance in the case of the 
M-line interdomain insertion Mis5, these sites are overlapping. Closely adja- 
cent recognition sites for different signal transduction pathways could result 
in a very complex 'computation' of signals on the titin molecule, resulting in 
greatly varied cellular responses. 

The sarcomeric cytoskeleton consisting of titin and its ligands is directly 
involved in several signal transduction pathways (Fig. 14). These links have 
only recently emerged and many components need still to be identified; 
however, it is becoming clear that receptor activation by growth factors, cell 
adhesion molecules or adrenergic agonists not only signals to the nucleus to 
alter gene expression programmes, but communicates directly with special- 
ized components of the sarcomere. A key player in the flow and integration 
of information is the giant protein titin. 
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"There is one major unsolved problem. How do 
these fibrillar elements, which produce movement, 
themselves get shunted to the right place in the 
cell, at the right time, to produce just the right 
movement? ...Here we know so little we can only 
wait and see what will turn up." 

F.H.C. Crick, 1977 

1.1 Introduction 

A mechanical role for titin (connectin) is reasonably well established [1, 2, 3, 
4]. A variety of observations suggest that titin also participates in the mor- 
phogenesis of the myoflbril. The changing patterns of titin in developing 
muscle have now been analyzed in heart and skeletal muscle, studying both 
embryos and cultured cells. For the most part, the different systems offer 
similar results. Briefly, titin is present and periodic when the first periodic 
arrays of myosin and c~-actinin appear. Titin may be mandatory for such 
periodic arrays, since it is one of the few proteins unique to and ubiquitous 
in striated muscle. Titin is a stronger candidate for this morphological role 
during development than is nebulin, since some heart muscles lack nebulin. 
Titin mRNA becomes highly localized during this process, with regions of 
the mRNA co-localized with protein domains. This may reflect a role for 
mRNA localization in myoflbril assembly. Several new molecular biological 
probes re-inforce and extend the conclusions obtained with inhibitors of 
cytoskeletal components, that the myofibril may be acting as a tensegrity 
structure during myofibrillogenesis. 

1.2 The Elastic Filament System in Embryonic Myogenesis 

1.2.1 Cardiac Development 

1.2.1.1 In Avians 

The particular patterns of titin in early myogenesis are complex, but they 
offer important clues to the course of morphogenesis. Detailed, develop- 
mental studies of titin using immunofluorescence on chicken embryonic 
hearts reveal the following sequence (see Fig. 1 for a precis; summarized 
from [5, 6]. At the earliest stages that myofibril proteins can be detected, 
titin is diffuse, in random punctate arrays, and in linear punctate arrays that 
have irregular spacing (1-1.7 pm). At this time, (z-actinin, muscle-specific 
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Fig. 1. The diagram indicates the various degrees of organization (diffuse, punctate, 
linear punctate array or sarcomeric, as shown in the key) seen for the myofibril 
proteins listed. Top panel shows stages in heart musde development; bottom panel 
shows skeletal development 

myosin heavy chain (myosin, hereafter) and F-actin are all diffuse. The dif- 
fuse titin is more prevalent earlier, and the linear arrays later; thus, this 
appears to be a developmental sequence. The linear arrays are not always 
associated with the diffuse, veil-like F-actin at the cell borders: some other 
structure must provide the linear substrate for these titin arrays. 

At the 9-10 somite stage, a new pattern of titin appears, a periodic punc- 
tate array; the less mature patterns decrease in abundance. Periodic titin is 
associated with periodic o~-actinin, and with both periodic and non-periodic 
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actin. Some of the non-periodic actin is associated with periodic myosin. 
Thus periodic arrays abruptly appear that contain titin, oc-actinin, and 
(probably) myosin; actin becomes periodic a few hours later. For titin, my- 
osin, and o~-actinin, the spacing of the earliest periodic arrays is about 1.6- 
t.7 gin. At the 11 somite stage, only two hours later, all four proteins appear 
in well spaced, striated myofibrils. 

1.2.1.2 In Rodents 

Similar studies on mouse embryos show that desmin is fibrillar early, but 
acquires striations much later than the myofibril proteins [7]. The relation- 
ships between titin, (z-actinin, and actin are summarized in the lower panel 
of Fig. 1. Diffuse or randomly punctate titin has no a-actinin or actin asso- 
ciated with it. The linear, aperiodic arrays of titin may or may not have a 
bundle or veil of actin associated. The periodic array of titin is associated 
with periodic a-actinin, and actin that may or may not be periodic. 

This is not consistent with a proposal (based on in vitro observations; [8] 
that discrete I-Z-I complexes form at a distance from the nascent myofibril 
and then associate with it. Instead, it suggests a co-operative registration of 
most myofibril proteins, followed by increased stability or interactions of 
the actin filaments to bring them into register. It can in any case occur 
swiftly in the embryo. These observations raise new questions as well. Why, 
for example, does myosin not associate with titin in the aperiodic linear 
arrays? In the punctate, randomly positioned arrays, is the titin collapsed 
into an inaccessible form? If so, how does titin unfurl soon after? 

1.2.1.3 In Rabbits 

The expression and intracellular distribution patterns of muscle-specific 
proteins during rabbit embryo development (7-13 dpc) are not identical to 
that seen in rodents [9]. Titin appears first in the embryonic rabbit heart. 
Upon differentiation (myocyte and myotube formation), dot-like titin reor- 
ganizes into a cross-striated pattern (in 9- to 30-somite embryos) via a short- 
lived filamentous intermediate. Tropomyosin expression followed titin ex- 
pression in the heart anlagen and tropomyosin became striated later. My- 
osin and desmin were arranged into cross-striations after titin, and tropo- 
myosin, but were not fully organized in 13-dpc embryos. Since heart beats 
are detected in 3-somite embryos, the striated organization of titin, tropo- 
myosin, myosin and desmin does not appear essential for contraction. Per- 
haps surprisingly, the sequence of expression of muscle-specific and inter- 



The Elastic Filament System in Myogenesis 143 

mediate filament proteins during cardiomyogenesis appears to be species- 
dependent. 

1.2.2 Skeletal Muscle Development 

1.2.2.1 In Avians 

Avian embryos have richly provided for studies of cardiac development in 
the embryo and for studies of skeletal muscle in vitro. Studies of skeletal 
muscle development in the embryo using avian systems have recently been 
reviewed [10]; this review also summarizes cardiac development in chickens. 
The great ease of obtaining embryos, the abundance of skeletal muscle, and 
its inherent organization greatly facilitate such studies, although numerically 
they have not been exploited to the same extent as the heart. Additional 
insights have come from avian cells in vitro, which will be discussed below 
(section B). 

1.2.2.2 In Rodents 

The development of skeletal muscle during mouse embryogenesis [11] be- 
gins in the myotome. At gestation day (g.d.) 9, cells in the myotome domain 
of cervical somites begin to stain positively for myofibril proteins. Desmin is 
detected first, followed by titin, musde-specific actin and myosin heavy 
chains, and finally by nebulin. At g.d. 9.5 fibrillar desmin is visible, but the 
other myogenic proteins are distributed diffusely. In some prefusion 
myoblasts ( g.d. 11 and 12) small, immature myofibrils stain periodically for 
myosin, nebulin, and titin epitopes that reside near the Z line. Other titin 
epitopes, found at the A-I junction, still stain diffusely. After fusion, all titin 
epitopes in myotubes (g.d. 13 and 14) show the periodic myofibrillar pat- 
tern. The mostly longitudinal arrangement of desmin filaments seen earlier 
reorganizes (g.d. 17 and 18) to distinct Z line connected striations. 

1.3 The Elastic Filament System in Myogenesis In Vitro 

1.3.1 Cardiomyocyte Development 

In cultured chick cardiac cells, myofibrillogenesis begins with linear struc- 
tures that contain non-periodic (z actin. These linear structures were classi- 
fied as either central or peripheral; central structures contained titin devel- 
oping a sarcomeric pattern while peripheral ones had a more uniform, 
weakly staining titin distribution. The peripheral, non-periodic linear 
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structures with uniform actin and diffuse titin are perhaps the structural 
homolog of the cables observed in chicken skeletal muscles (see below). The 
central structures had sarcomeric patterns of titin and myosin at multiple 
sites. The appearance of sarcomeric titin patterns coincided with or pre- 
ceded sarcomere periodicity of either alpha actin or muscle tropomyosin. 
The early patterns of titin distribution in myofibrillogenesis are consistent 
with a role for titin in filament alignment during sarcomere assembly [12, 
13]. Several others have also emphasized the importance of titin for myofi- 
brillogenesis in cultured cardiac cells [14, 15, 16, 17, 18]. 

Primary cultures of rat myocardial cells have been used to examine ex- 
pression and organization of muscle-specific proteins during differentiation 
and dedifferentiation. In differentiating muscle cell cultures, the redistribu- 
tion of desmin, actin and myosin followed the differentiation patterns ob- 
served in vivo, but always showed a delay when compared to titin. The 
slower rate of differentiation in vitro facilitated this discrimination. While 
titin was observed to be organized first during differentiation of the cell 
lines, during dedifferentiation in cultured rat myocard cells titin retained 
organization the longest. This is consistent with titin being an early player in 
myogenic differentiation, both in vivo and in vitro [19]. 

1.3.2 Skeletal Myoblast Development 

A developmental study of skeletal muscles revealed that round post-mitotic 
myoblasts are the earliest ones to express titin [20]; some express titin be- 
fore expressing myosin, zeugmatin (originally described as a Z line protein, 
but now believed to be a region of titin associated with the Z line [21], or ff- 
actinin. The ability to detect titin before "zeugmatin" is consistent with other 
reports of cryptic epitopes of titin that are detected only after certain stages 
of development. All of these myofibril proteins are punctate quite early; they 
are co-localized, perinuclear, and stably associated with the cytoskeleton. 
When these young myoblasts become bipolar, the myofibril proteins extend 
in fibrillar or punctate linear arrays. Only somewhat later is actin detectably 
periodic. One advantage of cultured skeletal muscle, compared to cardiac 
ceils, is that these myofibrils form completely de novo; in contrast, the myo- 
fibrils in cardiac cells in part reform from pre-existing components. A final 
clue that titin has a morphogenetic role is that titin is overproduced early in 
myotube development [22]. 

Early studies of myofibrillogenesis in the embryo noted the close con- 
junction between titin and myosin and the subsequent registration of 
desmin with the myofibril [9, 7, 11]. However, some in vitro studies did not 
reproduce this correlation [23]. 
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Titin assembly and integration into sarcomeres of cultured human 
skeletal muscle cells has been studied at high resolution with antibodies to 
four titin epitopes [24]. In postmitotic mononuclear myoblasts, these epi- 
topes of titin are found in a punctate pattern. During elongation and fusion 
of the cells, the titin spots associate with linear arrays and finally arrive at 
the Z-line, the A-I junction or the A-band. It appears that during this transi- 
tion the large titin molecule unfolds, the N terminus migrating toward the Z- 
line and the C terminus towards the M-line. In mature myotubes all four 
titin epitopes attained their appropriate cross-striated patterns. While titin 
unfolds, other components of the Z-line and the A-band also move to spe- 
cific positions in the nascent sarcomere, after appearing as dot-like aggre- 
gates during initial stages of muscle cell. In these cultured cells, the Z-line 
associated intermediate filament, desmin, only becomes cross-striated later. 

1.4 Reconciling Developmental Patterns Observed 
in Embryos and In Vitro 

It may be taken for granted that the pattern of development that occurs in 
the embryo is the authentic pattern, the one against which any studies in 
vitro must be compared. For the most part, the patterns of organization and 
rearrangement observed in the embryo are reproduced in vitro. When ap- 
parent discrepancies have been reported, three factors can be considered to 
reconcile the two systems. First, the embryonic process is much swifter and 
more synchronous than any in vitro system, accomplishing in a few hours 
what usually requires many hours or even days in vitro. This difference may 
actually provide a window into the mechanisms of development, because 
transient stages which might last for a few minutes in the embryo may per- 
sist for one or a few hours in culture, thus permitting their detection. An 
example of such transient intermediates being detected in vitro are the cells 
which contained cables of titin without linear myosin, or sarcomerically 
organized titin with linear, co-axial arrays of myosin [25]. 

The second source of apparent discrepancies is that titin, a huge mole- 
cule, can evoke a variety of antibodies, and those directed against different 
epitopes sometimes reveal different patterns. When one antibody reveals a 
periodic pattern and a second shows none, it is possible that other proteins 
are obscuring the second epitope or that it is not appropriately modified, for 
example, phosphorylated. When one antibody reveals a periodic pattern and 
a second shows a diffuse pattern, it is possible that two populations of titin 
are present in the cell, perhaps differing in age and therefore in organiza- 
tion. 
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A third source of apparent discrepancies may arise from a peculiarity of 
the cardiac myocyte. Cardiac cells already contain myofibril when isolated 
from the embryo; thus, it is difficult at times to distinguish between de novo 

assembly and the re-extension of a pre-existing fibrillar structure. 

1.5 Messenger RNA Location During the Organization 
of the Elastic Filament System 

The "embryonic determinants" of the nineteenth century have in many cases 
proven to be mRNAs that are distributed in organized patterns in the oocyte 
or egg. In recent years it has come to be appreciated that in somatic cells, the 
mRNA for some cytoskeletal proteins is also organized [26]. The mRNAs for 
titin and nebulin [27], vimentin [28], desmin and vinculin [29], and several 
other muscle proteins [30, 31, 32] are organized in specific, sometimes 
highly specific, patterns which change during development. 

Of all of these organized mRNAs, the mRNA for titin is detected the ear- 
liest and shows the earliest pattern of organization [27]. It is first found in 
the mononudeated myoblasts in punctate patterns near the nucleus, in 
some cases before titin protein is detected. In the young myotube, when the 
titin protein is in slender strands that show no periodicity, the titin mRNA is 
dispersed in the cytoplasm, in the finely granular pattern that has been de- 
scribed for mRNA transport granules. When the titin protein becomes 
punctate and periodic in its linear arrays, the titin mRNA is seen colocalized 
as a linear but non-periodic array. 

Somewhat later in development, the slender myofibrils that show a re- 
solved doublet of titin staining at the AI junction begin to align laterally with 
each other and come into registration at the their Z lines. It is only at this 
time that the mRNA for titin is present as a periodic array [27]. The probe 
used for these studies encodes peptide sequences found in the A band; it is 
at the A band specifically that the probe hybridizes. Thus, for titin, not only 
are the mRNA and protein co-localized; at least one domain of the protein is 
co-localized with the specific segment of mRNA that encodes it. 

One interpretation for the delay with which the titin mRNA acquires an 
organized pattern takes account of the kinetics with which these structures 
form. The transition from a linear, non-periodic array of titin to one with 
periodicities can occur in a few hours. However, the average lifetime of the 
titin peptide is approximately 70 hours [22]. Therefore, the titin present in 
periodic structures is largely "old" titin, that has had no connection to the 
mRNA for at least a day or more. 

It is striking that so many myofibril mRNA acquire highly organized 
patterns, some with a precision of better than 0.5 ~t in position. Work in 
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progress has shown alterations of cell shape and motility with altered mRNA 
position. Thus it is-highly likely that these mRNA patterns are required for 
the faithful assembly of at least some of these components. 

We had earlier established that during muscle development in culture, 
titin synthesis is closely related temporally with its assembly. Newly- 
synthesized titin rapidly forms contacts with the cytoskeleton; labeling of 
nascent titin molecules with tritiated puromycin indicates that these con- 
tacts form during translation. Similar observations have been made for my- 
osin assembly [33, 34]. 

Experiments employing a chemical cross-linking reagent have implicated 
the identity of the site of this initial contact as either pre-existing titin or 
muscle specific myosin heavy chain molecules. Once this contact is made, 
chemical cross-linking and detergent extraction have been used to demon- 
strate that two proteins, titin and myosin heavy chain (mhc), form a cy- 
toskeletal structure which retains morphological features of intact myo- 
tubes. The association between titin and mhc is detectable at the earliest 
stages of myofibrillogenesis, before mhc becomes periodically registered 
[33]. It seems likely that at least one function of the highly precise organiza- 
tion of titin mRNA is to facilitate cotranslational assembly. 

1.6 Probing the Development 
of the Elastic Filament System 

1.6.1 Pharmacological Probes 

Observations in vitro of cells regenerating myofibrils after prolonged drug 
treatment lead to a model that proposed that A bands and I-Z-I bundles 
formed separately and came together through the intermediation of a "stress 
fiber-like structure" [35, 36]. This proposal stimulated many additional 
studies in a variety of systems. The more recent observations, summarized 
above, use the natural synchrony of the heart or the earliest stages of in vitro 
development and show that titin appears before other myofibril proteins. 
Titin can organize into an aperiodic linear array even when other myofibril 
proteins appear diffuse, and is found in periodic patterns when other pro- 
teins are present in linear arrays. 

The largely synchronous development de novo of myofibrils described 
earlier [37] allows the mechanism of sarcomere formation to be studied by 
short term treatment with drugs. Since both myofibrils and their precursor 
structures contain actin, the anti-micro filament drug, cytochalasin D, was of 
interest. In addition, various reports of microtubule involvement in the 
assembly process [23, 36, 38-40] focused interest on the microtubule de- 
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polymerizing drug, nocodazole, and the microtubule stabilizing drug, taxol. 
It was desirable to test previous reports of the effects of these drugs after 
eliminating, as far as possible, the possibility of secondary effects during 
long term incubations. In addition, in several nonmuscle systems, behav- 
ioral interactions between microfilaments and microtubules have been re- 
ported [41-47]. The interactions usually represent synergy; that is, when a 
particular process is affected by either class of drug alone, the use of both 
classes of drugs frequently leads to less inhibition than with either drug used 
separately. 

For close analysis, it was necessary to quantitate the morphological ef- 
fects of the drugs. For this reason, samples were scored for morphological 
effects and compared at several cell densities and ages of cultures. These 
quantitative measures of the interactions have allowed framing a model 
which appears to account for all of the observations, including the interac- 
tions between the two classes of drugs. 

The common design for the experiments was to take synchronized cul- 
tures at the time that cables (a linear array of myosin and titin) or sar- 
comeres formed, fix samples to provide control values before treatment, and 
allow other samples to develop in the presence or absence of the drug for 
either 6 or 16 hours. All samples were then processed for immunofluores- 
cence with an anti-myosin antibody specific for skeletal myosin heavy chain. 
Cells were scored by immunofluorescence as containing either diffusely 
distributed myosin or titin, cables or sarcomeres. Cells which contained 
sarcomeres also often still contained cables. Many cells that contained cables 
also contained diffuse myosin or titin; however, a cell was scored as positive 
for the most complex structure present in it. This scoring system is conser- 
vative, in that if the structure in question was present at all, the cell was 
scored as positive. Therefore, if the effect of a drug were to reduce the num- 
ber of sarcomere chains in a cell without eliminating them, the cell would 
still be scored as containing sarcomeres. Thus, a reduction in the frequency 
of structures represents a complete absence of those structures for the cells 
so scored. 

1.6.1.1 Formation of Cables 

"Recruitment" is the rearrangement of diffuse muscle-specific proteins into 
cables, linear non-periodic arrays. Recruitment and the stability of these 
cables once formed was studied by treating muscle cultures engaged in re- 
cruitment with drugs for 6 hours (Fig. 2). From Fig. 2, it is clear that after a 6 
hour period, half as many cells treated with nocodazole contain cables of 
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Fig. 2. Graphs show the ability of cables (linear, non-periodic arrays) to form in the 
presence of anticytoskeletal drugs. Cells begin exposure to drugs at 24 hours after 
fusion was initiated; drug treatment is for six hours. Cytochalasin is highly disrup- 
tive of the cables. More cells have organized titin at this time than have organized 
myosin. Only the cables containing both titin and myosin display the surprising 
synergy in which nocodazole protects from disruption by cytochalasin 

titin; separate experiments indicate that this is a failure to recruit titin to 
form new cables. Cytochalasin causes a loss of pre-existing cables from most 
cells. However, nocodazole protects the existing cables against the effects of 
cytochalasin. Taxol, which has an opposite effect on microtubules from that 
of nocodazole, both allows recruitment of myosin into cables to proceed 
normally and protects against the effects of cytochalasin (data not shown). 
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Strikingly, the stress fibers in adjacent fibroblasts are not protected by either 
antimicrotubule drug; this suggests that the cables observed in skeletal 
muscle cultures are the structural homologs of the "premyofibril" seen in 
cardiomyocytes. No microtubules that could be detected by immunofluores- 
cence remain after treatment with nocodazole. 

Comparing the top and bottom panels of Fig. 2 reveals several other as- 
pects of recruitment. At twenty four hours after fusion has been initiated, 
more cells have titin in cables than have myosin organized in cables. Myosin 
organization is more sensitive to nocodazole than titin organization is, con- 
sistent with the observations in vivo that titin can be organized without my- 
osin present. When in the non-periodic array of the cable, both proteins are 
very sensitive to perturbations of thin filaments. Finally, the only cables of 
titin that are protected from the effects of cytochalasin by nocodazole appear 
to be those that also contain myosin. 

1.6.1.2 Sarcomere Initiation 

The muscle-specific myosin and titin present in cables undergoes a coop- 
erative rearrangement into a periodic array of sarcomeres [25]. Initiation of 
sarcomere formation was studied by treating 72 hour cultures with the anti- 
cytoskeletal drugs for 6 hours (Fig. 3). Cells treated with nocodazole fre- 
quently lose the periodicity of the arrays of myosin, leaving within the cell 
myosin-containing cables that are often wavy. Treating cells with cytochala- 
sin causes nearly total loss of sarcomeres. As in the case of myosin and titin 
recruitment into cables, nocodazole, though it disrupts sarcomeres by itself, 
confers protection from cytochalasin upon sarcomeres. Taxol both permits 
assembly at control or greater than control rates and confers protection 
from cytochalasin (data not shown). Again, it appears to be the sarcomere 
that contain both titin and myosin that display the drug interaction. 

The sensitivity of sarcomeres to the various drug treatments changed 
during their development. Nocodazole and cytochalasin are most destruc- 
tive to younger sarcomeres. Sarcomeres become largely resistant to the ef- 
fects of nocodazole with the passage of time, and some other stability has 
been gained, since the protection against cytochalasin by both taxol and 
nocodazole is substantially greater in the older cells. 

These results confirm and substantially extend earlier studies. The brief 
(6 h) treatments, permitted here by the synchronous cultures, reduce the 
possibility that disruption by antimicrotubule agents [48, 49] is a secondary 
effect of long (3 day) incubation with the drug. Others have shown [50] that 
rounding of cells does not prevent myofibril formation. These results show 
that cytochalasin not only prevents the generation of periodic myosin arrays 
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(confirming [48, 49], but can disassemble them once formed. These results 
extend previous work by distinguishing between recruitment of myosin and 
titin into cables and initiation of periodic sarcomeres. However, the obser- 
vations of interaction between the fdament systems are both striking and 
novel. 
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Fig. 3. Graphs show the ability of sarcomeres to form in the presence of anticy- 
toskeletal drugs. Cells begin exposure to drugs at72 hours after fusion was initiated; 
drug treatment is for six hours. Cytochalasin is highly disruptive of these young 
sarcomeres (which will become resistant to drugs later in development). Somewhat 
more cells have sarcomeric titin at this time than have sarcomeric myosin. Only the 
sarcomeres containing both titin and myosin display the surprising synergy in which 
nocodazole protects from disruption by cytochalasin 
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Several models of sarcomere formation, such as the intrinsic geometry 
model [51] and the directed polymerization model [52], have been pro- 
posed. These models however provide no role for microtubules and no ex- 
planation of why both nocodazole and taxol, which act in opposite directions 
on microtubules, should counteract the effects of cytochalasin. Any model 
adequate to the data should account for the following features of the resuks 
described above. There is dearly an involvement of microtubules in both 
recruitment of proteins into cables and initiation of the periodicity of the 
sarcomere. There is a pronounced protective effect by both nocodazole and 
taxol against the destructive effects of cytochalasin, even though these two 
anti-microtubule drugs act in opposite directions. Finally, in some cases, the 
drugs used do not merely prevent the assembly of structures but actually 
cause the loss of existing structures. 

We propose the following model for titin recruitment and sarcomere ini- 
tiation (Fig. 4). We propose that titin and myosin engage in at least three 
(possibly four) kinds of interactions during the formation of sarcomeres. 
Titin s interact with thick filaments (perhaps through M line com- 
ponents); the thick filaments in turn interact with microfilaments within the 
cable. Titin may also interact with thin filaments through Z line compo- 
nents. Myosin also interacts with microfilaments that extend outside the 
cable. Microtubules interact with titin or thick filaments in two ways. The 
first is a direct interaction, either between titin or myosin and tubulin or 
contacts mediated by a microtubule-associated protein capable of interact- 
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Fig. 4. Tensegrity model of myofibrillogenesis: The structural elements are indicated 
in the key. The model suggests the multiple and dynamic interactions between titin, 
thick filaments, thin filaments and microtubules that are proposed to account for 
the pharmacological sensitivities of the overall structure. Tension bearing elements 
(titin) and tension generating elements (myosin-microfilament complexes) interact 
with compression bearing elements (microtubules) in a dynamic and interconnected 
strucure during cable formation and the initiation of sarcomeres. Time point shown 
is at early stages of alignment of thick filaments, for convenience 
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ing with titin or myosin without the intermediation of microfilaments. Di- 
rect contact of this kind has been proposed [36], and the possibility that 
such contacts deliver myosin to myofibrillar structures has tentatively been 
suggested [38]. Secondly, microtubules interact with myosin through a mi- 
crofilament-dependent connection. These indirect microtubule interactions 
with myosin comprise some of the interactions between thick and thin fila- 
ments outside the cable proposed previously. 

These postulated interactions can be used to compose the following sce- 
nario for recruitment and initiation. Microtubules deliver titin and myosin 
into the cables by some direct interaction. Once within the titin-actin- 
myosin-containing cable, myosin is held in the cable by the actin-myosin 
interactions within the cable. The other interactions, such as microtubule- 
titin interactions and microtubule-microfilament-myosin interactions con- 
tinue but do not normally predominate, so that the majority of titin myosin 
delivered to a cable remains there. Cytochalasin unbalances these interac- 
tions, so that the microfilament interactions with myosin and therefore titin 
within the cable no longer predominate. This unbalancing effect is consis- 
tent with the numerous observations that cytochalasin causes a disruption 
and disorganization of microfilament relationships without causing net 
&polymerization. 

The combination of drugs, nocodazole with cytochalasin, leaves cables 
intact because without microtubules the actin-containing networks do not 
generate adequate tension to remove myosin from the cables. In this case, 
the persistent cables are wavy. Taxol is presumed to protect against cytocha- 
lasin because the direct contacts between microtubules and myosin or titin 
persist and counteract the unbalanced tensions generated by cytochalasin. 

We further suggest that the direct microtubule contacts with myosin or 
titin are required to bring both thick and titin filaments into register during 
sarcomere initiation. Presumably later addition of other auxiliary proteins, 
such as M line proteins and components of the Z disk, accounts for the 
eventual resistance of sarcomeres to the drugs. The destructive effects of 
cytochalasin and the protection offered against cytochalasin by both taxol 
and nocodazole would be explained in the same way as for cables. One im- 
portant point to emerge from the protection offered by these two drugs is 
that there appears to be little spontaneous disassembly of these structures 
that occurs with the active mediation of cytoplasmic filaments. This dynamic 
and interactive model of titin organization during myofibrillogenesis sug- 
gests that the myofibril may be a tensegrity structure (see below (F)). 



154 A.B. Fulton 

1.6.2 Molecular Genetic Probes 

Studies directed originally at zeugmatin, a myofibril protein, revealed that 
zeugmatin is part of the Z-Band region of titin and plays an role in the as- 
sembly of the Z-bands and myofibrils. Zl.1, a 1.8 kb cDNA from a chicken 
cardiac expression library and isolated with an anti-zeugmatin antibody, 
turned out to be 60% identical at the amino acid level to a segment of the Z- 
band region of human cardiac titin (connectin). This homology and immu- 
nological data suggested that zeugmatin is part of the N-terminal portion of 
chicken titin. ZI.1 product expressed in non-muscle cells colocalized with 
the alpha-actinin in focal adhesions and stress fiber dense bodies. A fusion 
construct (Zl.IGFP) linked the Zl.1 kb cDNA to the cDNA for green fluores- 
cent protein (GFP). Although Zl.1 encodes only 362 of the amino acids in 
the Z-band region of titin, the ZI.IGFP fusion protein targets in vivo to the 
alpha-actinin rich Z-bands of contracting myofibrils. A dominant negative 
phenotype was observed in living cells expressing high levels of this Zl. 1GFP 
fusion protein. Myofibrillogenesis was inhibited and preexisting myofibrils 
in these cells were disassembled. These data indicate that the Z-band region 
of titin (connectin) plays an important role in organizing and maintaining 
the structure of the myofibril [53]. 

There is dearly a role for thin filament interactions in myofibrillogenesis. 
This role might depend upon components that interact in a polar manner, 
such as the barbed-end actin-binding protein, CapZ. Actin-binding activity 
of CapZ was inhibited in cultured developing myotubes by two different 
methods. A monoclonal antibody that prevents the interaction of CapZ and 
actin disrupts the cables of actin filaments during the early stages of myofi- 
bril formation. Second, myotubes expressing a CapZ mutant that does not 
bind actin have a delay in the time that a striated pattern of actin or organi- 
zation of a-actinin at Z-disks occurs. Notably, the developmental rhythm of 
titin and myosin forming into sarcomeres is not altered [54]. These in vitro 
results are consistent with developmental observations that suggested a 
primary role for titin. Presumably, lateral interactions with microfilaments, 
which do not depend upon capZ, still allow tension to be generated. 

Expressing the myogenic transcription factor MyoD induces myogenesis 
in non-muscle cell cultures, including expression of muscle-specific pro- 
teins. MyoD-transfected cells showed expression of desmin, titin and dys- 
trophin. Cell fusion and in some cases a striated titin pattern also occur. 
This opens the possibility of developing stable lines to test the effects on 
myofibrillogenesis of various mutations in myogenic proteins [55, 56]. 
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1.6.3 Potential Sites of Interaction 
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A complete understanding of the development of the myofibril will entail 
identifying sites of molecular interactions that contribute to these structures. 
The M line is one of the two anchorage sites for titin. One of the titin immu- 
noglobulin domains, m4, binds to a myomesin region in domains My4-My6. 
This binding is affected by phosphorylation. If myomesin is phosphorylated 
at this site, either by cAMP-dependent kinase or by similar or identical ac- 
tivities in muscle extracts, it no longer associates with titin. It is possible that 
this iriteraction controlled by phosphorylation plays a role in sarcomere 
formation and/or turnover [57]. It may also contribute to some of the devel- 
opmentally cryptic epitopes of titin. 

Other M line interactions may be controlled by phosphorylation. The 
5.7 kb of titin sequences from the M-line include immunoglobulin-C2 re- 
peats, separated by interdomain insertion sequences. An interdomain inser- 
tion contains four KSP repeats that resemble the multi-phosphorylation 
repeats of neurofilament subunits H and M. In vitro assays detected high 
levels of titin KSP phosphorylating kinases, but only in developing musde. 
The kinase activity is depleted by antibodies against cdc2 kinase, suggesting 
the titin KSP kinase is structurally related to cdc2 kinase. Titin C-terminal 
phosphorylation by SP-specific kinases may be regulated during differentia- 
tion to control assembly of M-line proteins into the myofibril [58]. 

1.7 The Role of the Elastic Filament System in Myogenesis: 
Toward a Tensegrity Model of the Myofibril 

Tensegrity structures are a class of structures first analyzed by Buckminster 
Fuller. They are made of interacting elements, some of which bear tension 
and others bear compression. In every day life, examples include geodesic 
domes, bicycle wheels, umbrellas and most radio towers. Tensegrity struc- 
tures have the advantage of great strength for a given amount of material 
and the ability to transmit mechanical stresses and signals across the struc- 
ture. 

The cytoskeleton contains tension bearing components (microfflaments, 
intermediate filaments) and compression bearing components, and these 
are extensively cross-linked. It is not surprising then that tensegrity models 
of the cytoplasm have been proposed and explored. Several recent reviews 
[59-61] present an overview of these studies. A model of the mitotic spindle 
as a tensegrity structure has been proposed [62]. A theoretical treatment of 
tensegrity structures modeled the behavior of cytoskeletal structures more 
closely than did conventional gel models [63]; its emphasis on "prestress," 
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the amount of tension in the system before mechanical perturbations may 
provide insights into myofibrillogenesis. The ability of a tensegrity structure 
in the cytoskeleton to act as a mechanotransducer has also been explored 
[64]. 

For titin to play a role in organizing the myofibril, titin must interact 
precisely with other myofibril components. Titin domain patterns appear to 
correlate with the architecture of the thick filament at its end. The spacing of 
six fibronectin-3 (fn3) domains at the A-I junction is regular and consistent 
with titin serving as a ruler along the thick filament, with each domain 
measuring about 4 nm in length. An alteration in the interaction between 
the titin fn3 domains and myosin towards the end of the thick filament may 
contribute to forming the crossbridge gap and therefore aid in terminating 
the thick filament [65]. Finely tuned differences in splicing that modify the 
M region of titin may account for M line differences in different muscles 
which are conserved across species [66], suggesting that even minor differ- 
ences in structure here are relevant to the functionality of the architecture. 
This would be consistent with the fine tuning observed in other myofibril 
families [67]. 

One question as yet unresolved is whether the direct microtubule con- 
tacts needed for cables are the same as the direct contacts involved in initiat- 
ing sarcomeres. The drug studies presented here offer no means of distin- 
guishing between these alternatives. In addition, it is possible that the mi- 
crotubule contacts are not to myosin or titin per se but to myosin or titin 
binding proteins. Finally, this model suggests that the periodicity of the 
sarcomeres is due to the extension of titin molecules with the load generated 
being initially borne by microtubules; later protein additions to the myofi- 
bril stabilize the structure and make it independent of microtubules. 

This model differs in several respects from that proposed by Dlugosz et 
al. [68] for myofibril formation in cardiac myocytes. They proposed a 
"template" of cytoplasmic myosin onto which muscle myosin was deposited. 
They did not include a stage of linear, aperiodic myosin, nor did they envi- 
sion any mechanical role for microtubules. 

The principal implication of this model is that microtubules and micro- 
filaments co-operate in generating both cables and sarcomeres. Moreover, 
these structures once formed do not represent a static, definitive structure, 
like those of a virus or a ribosome. Rather, for a considerable period of time, 
these structures continue to be dependent upon the appropriately balanced 
interactions between these two cytoskeletal systems. Myofibril development 
continues until the structures become resistant to drug treatment. The re- 
semblance of this model to a tensegrity structure should be dear. 
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Similar drug interferences have also been observed in seven non-muscle 
cell types [41-47]. Although no comparably detailed model has been pre- 
sented for these examples, Joshi et al. suggest that the behavior they observe 
is best accounted for by a tensegrity model. Tensegrity structures are, as 
stated before, ones in which tension elements connect compression ele- 
ments; the interaction of these elements confers specific properties upon the 
structure as a whole. The drug interactions seen here during sarcomere 
initiation make the sarcomere a strong candidate for a tensegrity structure, 
since only a highly interactive model can account for the mutual interfer- 
ence of drugs that, when applied singly, disassemble the sarcomere. Only 
further studies of many cell types can show how wide spread tensegrity 
structures are in cellular organization. 

For a tensegrity model to apply, tension elements need to be connected to 
compression bearing elements. Microtubules have long been known to be 
able to bear compression. A detailed study of the time course of myofibrillo- 
genesis documented the appearance of longitudinally arrayed bundles of 
microtubules just before the non-periodic cables of myofibrillar proteins 
became periodic [39]. 

What might be the tension bearing elements in the myofibril? Relaxing 
isolated cardiac myocytes quickly recover their slack length. The force that 
underlies passive relengthening, or restoring force, may be contributed by 
titin. Skinned rat cardiac myocytes were shortened and allowed to relax to 
their original slack sarcomere length. The ability to relengthen was lost 
when cells were treated with trypsin, which degraded titin without signifi- 
cantly affecting other proteins. Immunoelectron microscopy confirmed that 
the segment of titin in the I band, which is considered elastic, was missing. 
Directly measured restoring force of myocytes was reduced when titin had 
been degraded with trypsin. Titin appears to be the strongest candidate for 
providing a continuing source of tension in the myofibril, that is independ- 
ent of contractile state [69], 

Another requirement for most tensegrity structures is anchorage into a 
substrate that can dissipate mechanical forces. It appears that in muscle this 
role may be played by integrins. Two prominent sites of anchorage are at the 
myotendinous junction (MTJ) and the costameres, which encircle the inte- 
rior membrane of the cell to link Z-disks to the sarcolemma. The {z V 
subunit is first found in a diffuse staining pattern, with some associated with 
nascent myofibrils. Later, it is found striated at the costamere and some- 
times at the M-line after R-actinin and titin become striated, but before 
desmin. That the o~ V integrin subunit is at the costamere suggests a role in 
anchoring the myofibril laterally. A developmental role for integrins is fur- 
ther supported by the observation that antibodies to the ~ 1 subunit inhibit 
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myofibri l  assembly [70]. Thus, we are gaining increasing confidence that the 
interactions needed for a tensegrity structure are active in the myofibril,  and 
that  this most  ordered of  biological structures begins its life in a dynamic  
interplay of  balanced forces. 
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1 Introductory Remarks 

The motile machinery of cross-striated muscle cells is organized in a re- 
markably ordered and stable arrangement of thin actin- and thick myosin- 
based filaments. This particular structure, highly spezialized for the per- 
formance of rapid contractions, has evolved to meet the demands of animals 
for intentional movement at a higher speed. Variations in fdament structure 
and organization appear to reflect adaptations to specific needs of the re- 
spective animal and to the specialization of the particular muscle within the 
animal's body (see e.g. Squire, 1981). 

The striking regularity of thin and thick filaments within the sarcomere is 
not simply the result of the self-assembly properties of their major constitut- 
ing proteins alone, but rather involves specific interactions with a cytoskele- 
tal lattice (Small et al. 1992). The most obvious structures in this context are 
the M bands and Z-disks, which are involved in packingthick and thin fila- 
ments, respectively. The sole component that integrates both compartments 
is obviously the giant protein titin, also called connectin (reviewed e.g. by 
F/irst and Gautel, 1995; Labeit et al. i997; Maruyama, 1994; Trinick, 1994; 
Wang, 1996). The goal of this chapter is to briefly summarize the structure 
and the components of the sarcomeric muscle M band (with emphasis on 
mammalian systems) and to review the latest achievements in the molecular 
characterization of M band constituents as well as our knowledge about the 
assembly of this structure. 

2 Structural Analysis of the Sarcomeric M Band 

Although the existence of a dark zone that traverses the sarcomere in its 
middle was already reported in the last century (Dobie, 1849), it took an- 
other 100 years until this structure received more attention with the advent 
of electron microscopy techniques. An electron-dense band about 75 nm 
wide was observed in the cross-bridge-free bare zone center (Hall et al. 1946; 
Draper and Hodge, 1949). Higher resolution cross sections revealed three to 
five bridge-like structures (called "M-bridges") at regular intervals, which 
seem to connect the thick filaments into their characteristic hexagonal lat- 
tice. In addition, these M-bridges were thought to be linked by "M- 
fflaments" that run parallel to the thick filaments (Knappeis and Carlsen, 
1968). Negatively contrasted ultrathin cryosections after all provided a lot 
more of structural detail. The currently used terminology is based on these 
results (Sj6str6m and Squire, 1977). Thus, in longitudinal orientation up to 
17 electron dense stripes arranged in lateral symmetry can be resolved in the 
entire M-region. The sketch in Fig. 1 summarizes this nomenclature, where 
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the most prominent lines are called M1 (the central line), M4 / M4" (22 nm 
distant on either side of M1) and M6 / M6" (at a distance of 44 nm from M1). 
Three-dimensional image reconstruction revealed an even more complex M 
band architecture. Luther and Squire (1978) identified Y-shaped structures 
that could cross-link adjacent M-filaments (see also Fig. lb). 
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A systematic comparison of different muscles unravelled a surprising 
complexity of M band ultrastructure that seems to reflect mainly adapta- 
tions to distinct physiological fiber characteristics (Edman et al. 1987). As a 
general guideline one can conclude that slow type I fibers have M bands with 
four strong M-lines (M4, M4", M6, M6"; M1 absent), while fast type II fibers 
show three M-lines (M1, M4, M4"; M6, M6' absent). An M band with 5 M- 
lines seems to correlate with fibers of intermediate speed (Sj6str6m & 
Squire, 1977; Edman et al. 1988; Luther & Crowther, 1984; Luther et al. 1981; 
see also review by Squire et al. 1987). More recently it was found that the 
morphology of the M band in cardiac muscles can be correlated roughly 
with heartbeat frequency. Thus, in general cardiac M bands give a five line 
pattern, in which the Ml-line is relatively much stronger than the other M- 
lines (Pask et al. 1994). These findings also reinforced the view that at least 
some of the constituting M band proteins could also have a physiological 
instead of solely a structural role. 

3 Protein Components of the M Band 

Until now, five proteins have been described to be localized specifically in 
the M band: the muscle isoform of creatine kinase, M-protein, myomesin, 
skelemin and titin. The major role of creatine kinase is most likely a 
physiological one in energy metabolism, hence it will be reviewed only very 
briefly below. Skelemin is thought to be involved in the linkage of myofibrils 
to intermediate filaments rather than serving a function in establishing the 
actual M band structure. Thus, we feel that it is justified to keep the discus- 
sion of this protein to a minimum. Instead we will focus on a description of 
M-protein and myomesin and discuss here briefly the older literature and 
the resulting knowledge about the basic biochemical properties of these 

Fig. 1. Schematic presentation of the appearance of the M band of vertebrate stiated 
muscle sarcomeres in electron micrographs. Panel A gives approximate locations 
and the nomenclature of the striations revealed in negatively contrasted ultrathin 
longitudinal cryosections (vertical bars). The most prominent lines, also referred to 
as M-bridges, are printed in bold. The numbers below this scheme show the dis- 
tances in nm from the sarcomere center, the Ml-line (according to Sj6str6m and 
Squire, 1977). Panel _B gives a schematic drawing of a cross-section at the level of the 
M4-1ines. TF, thick filaments; Mb, M-bridge; Mr, M-filament (Knappeis and Carlsen, 
1968; Luther and Squire, 1978; Luther et al. 1981; Luther and Crowther, 1984). Panel 
_C is a three-dimensional model of the M band as deduced from electron microscopi- 
cal data. M-bridges (Mb) which appear at the level of MI-, M4- and M6-1ines are 
connected in longitudinal direction by M-filaments (Mr). M-filaments, in turn, are 
bridged by Y-shaped secondary M-bridges around the M3-1ine (according to Knap- 
peis and Carlsen, 1968; Luther and Squire, 1978; Squire et al. 1987) 
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polypeptides. Since the most recent studies were based on details of the 
primary structures, these will be discussed in sections 5 and 6 of this chap- 
ter. 

3.1 Creatine Kinase 

The family of the creatine kinases (CK) consists in vertebrates of at least five 
isoenzymes that are expressed in a tissue-, developmental stage-, and intra- 
cellular compartment-specific manner (Eppenberger et al. 1967; Hossle et al. 
1988; Wallimann et al. 1992). While two of these isoforms are restricted to 
the mitochondrial intermembrane space (Jacobs et al. 1964; Jacobus and 
Lehninger, 1973; Hossle et al. 1988), the other three isoforms are cytosolic 
enzymes (Eppenberger et al. 1967; Wallimann et al. 1986; Friedman and 
Perryman, 1991). All the distinct CK isoenzymes are expressed from differ- 
ent genes that show a high degree of conservation, indicating that the genes 
have descended from a single ancestral gene. The degree of identity between 
the different subunits ranges between 60 and 65%, while the identity level 
between identical subunits in different species is significantly higher 
(Miihlebach et al. 1994). The main function of creatine kinases is to catalyze 
the reversible exchange of high-energy phosphate between phosphocreatine 
(PCr) and ATP, and thus, the regulation of intracellular ATP concentrations. 
In this way, a temporary surplus of energy can be stored as PCr, preventing 
increases of local intracellular ATP concentrations that might lead to unde- 
sirable influences on fundamental processes (Meyer et al. 1984). On the 
other hand, from the pool of PCr, ATP can be regenerated from ADP in 
order to meet any raised energy requirements of the cell. Since usually en- 
ergy is required at specific sites within the cell, one might expect that ATP is 
regenerated or stored in close vicinity to these sites (see e.g. reviews by Wyss 
et al. 1992; Wallimann, 1994). 

In adult skeletal muscles, where energy requirements fluctuate enor- 
mously, both temporally and spatially, MM-CK is partially present in the 
cytosol as a soluble enyme. Part of the MM-CK pool is, however, localized 
specifically at i) I-bands (Wallimann et al. 1989; Wegmann et al. 1992), to- 
gether with ATP-producing glycolytic complexes (Arnold and Pette, 1970), 

�9 q- + 

ii) the sarcolemma where it regenerates ATP for Na /K -ATPase (Sharov et 
al. 1977; Saks et al. 1977; Grosse et al. 1980), iii) the sarcoplasmatic reticulum 
(Baskin and Deamer, 1970; Kahn et al. 1972) where it provides energy for the 

2 +  . . . .  
ATP-dependent Ca pumps (Levltzkl et al. 1978; Ross~ et al. 1990) and iv) 

2 +  

the M band, where it rephosphorylates ADP produced by the Mg - ATPase 
during contraction. The MM-CK in the latter location (~5 to 10% of the total 
cellular amount depending on the muscle type; Turner et al. 1973; Walli- 
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mann et al. 1977) correlates well with the appearance of an electron dense M 
band (Wallimann et al. 1977). Detailed analysis at higher resolution using 
specific antibodies allowed to correlate MM-CK to M4, M4"-bridges 
(Strehler et al. 1983; Wallimann et al. 1983). Conversely, myofibrils loose 
both electron density in the M1, M4, M4"-bridges and M band-bound MM- 
CK upon extraction with solutions of low ionic strength (Wallimann et al. 
1977; Strehler et al. 1983). 

Interestingly, only the muscle-specific homodimeric MM-CK isoform has 
the potential to bind to the M band, while both the brain-specific isoform 
BB-CK and heterodimers of both enzymes (i.e. MB-CK) cannot bind 
(Perriard et al. 1978; Wallimann et al. 1983). In an extensive study this M 
band targeting of MM-CK could be ascribed to an amino-terminal epitope of 
the protein (Stolz, 1997). Since the three-dimensional structure of the ho- 
mologous mitochondrial isoenzyme was resolved recently (Fritz-Wolf et al. 
1996), the extension of the dimeric enzyme and the orientation of specific 
sites can now be modelled rather nicely. Thus the dimer is 9.2 x 4.2 nm wide, 
with the M band binding epitopes reacl~ng out at both ends of the longitu- 
dinal axis. While this wotild be sufficient to account for the dimensions of 
half an M4, M4"-bridge in a resting sarcomere, it cannot be directly corre- 
lated with longer M-bridges as a result of the increased distance of thick 
filaments during contraction. At present, the only way out of this conflict is 
the postulation of reversible and dynamic rearrangements. An indication 
that this could indeed be the case is the identification of a putative secon- 
da D" M band binding site at the back of the MM-CK dimer (Stolz, 1997). 
These findings strengthen the concept that the M band does not only have a 
structural role but also imply a more dynamic and physiological nature of 
this compartment. 

The introduction of an MM-CK null mutation into the germline of mice, 
recently allowed for more detailed studies on the function of the enzyme. 
Unexpectedly, these mice did not show any obvious phenotypic abnormali- 
ties. Also the levels of free ATP, PCr and P~ were found to be normal in their 
resting muscles, and upon electrostimulation PCr was hydrolyzed and the 
concentration of Pi was raised. It remained unclear which enzyme took over 
the role of MM-CK (Van Deursen et al. 1993; Van Deursen et al. 1994) until it 
was found out that in double mutants (MM-CK/ScCKmit) PCr was no longer 
used to regenerate hydrolyzed ATP (Steeghs et al. 1997). This observation 
supported the idea that in MM-CK null mutants PCr was redirected through 
mitochondrial CK (Van Deursen et al. 1993; Van Deursen et al. 1994). Other 
adaptations of muscles to the lack of MM-CK included the increase of mito- 
chondrial capacity and glycogen content. These adaptations could, however, 
not completely compensate for the absence of MM-CK, as evident from the 
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finding that - obviously due to the lack of buffering capacity - knock-out 
mice lack burst activity. Additional experiments, in which mice were gener- 
ated that have MM-CK activities between 16 and 50%, showed that the level 
of the reduction correlated with the decrease in MM-CK activity (Van Deur- 
sen et al. 1994). 

3.2 M-Protein 

M-protein was identified in the first systematic biochemical searches for M 
band-specific proteins. Masaki et al. (1968) described it as the antigen that 
was responsible for M band crossreactivity of their a-actinin antiserum 
(Masaki et al. 1967). Interestingly, the authors also reported that "this sub- 
stance markedly accelerated the lateral association of myosin aggregates" 
(Masaki et al. 1968). The subsequent purification of the respective protein 
yielded a 165 kDa polypeptide. Immunocytochemistry using an antiserum 
against the purified protein confirmed its M band localization (Masaki & 
Takaiti, 1974). 

A revised isolation procedure revealed that the M-protein preparation 
described above was still contaminated with glycogen debranching enzyme 
(Trinick and Lowey, 1977). In the same study, M-protein was unequivocally 
shown to be an intrinsic constituent of the M band by immunoelectron mi- 
croscopy. This observation was further specified in a series of subsequent 
studies (Strehler et al. 1980; Eppenberger et al. 1981; Strehler et al. 1983). 
Consistently, the M6/M6" lines and the region between them were deco- 
rated. The lack of higher resolution data that would allow to describe the 
exact arrangement of M-protein within the M band can be attributed to two 
circumstances. First, polyclonal antibodies were used, which most likely 
reacted with a larger number of epitopes that cover the entire polypeptide. 
As a result, spatial resolution in the electron microscope was lost. Second, it 
became evident that these antisera also crossreacted with myomesin, an- 
other major structural protein of the M band, which in turn was discovered 
later via the use of monoclonal antibodies (Grove et al. 1984; see below). 

Biochemical parameters of M-protein were most thoroughly studied by 
Trinick and Lowey (1977). Apparently M-protein behaves as a monomer in 
solution and has a sedimentation coefficient of 5.1 S. Circular dichroism 
spectra revealed no appreciable amount of o~-helix and no enzymatic activity 
could be ascribed to M-protein. 

At the same time, several attempts were undertaken to investigate the 
predicted interaction of M-protein with other M band constituents. The 
results of these studies, however, were not conclusive, since partially con- 
flicting results were obtained. On the one hand, analytical ultracentrifuga- 
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tion revealed a 1 : 1 association of M-protein with MM-CK (Mani and Kai, 
1978a) and, in addition, binding of M-protein to the $2 portion of myosin 
(Mani and Kai, 1978b; Herasymowych et al. 1980). Although the latter result 
was subsequently confirmed by fluorescence spectroscopy by the same 
authors (Mani and Kai, 1981), other laboratories could not confirm these 
findings and concluded "that such interactions are either weak or absent in 
vitro" (Woodhead and Lowey, 1983; Bahler et al, 1985). Doubt was cast on 
these results because they were obtained with buffers of unphysiologically 
high salt concentrations. When similar experiments were performed under 
more native conditions, essentially negative results were reported (Wood- 
head and Lowey, 1983). Furthermore, affinity chromatography revealed a 
weak interaction of M-protein with the LMM-fragment of myosin, but once 
more no binding with MM-CK (Woodhead and Lowey, 1983). An immunoe- 
lectron microscopic investigation clearly demonstrated a strong association 
of M-protein with native isolated thick filaments. If, however, M-protein was 
extracted by increasing the ionic strength, it was no longer possible to obtain 
re-binding of M-protein. This was interpreted as an indication for a weak 
interaction between M-protein and myosin (Bahler et al. 1985). The surpris- 
ing finding that M-protein is a component of the conspicuous globular head 
structure of isolated titin molecules (Nave et al. 1989; Vinkemeier et al. 1993) 
reinforced the interest in efforts to elucidate the contribution of M-protein 
to the formation of the M band structure (see below). 

3.3 Myomesin 

Ironically it were the problems with efforts to specifically localize M-protein 
at high resolution that led to the discovery of another M band constituent. 
This protein turned out to be more widely distributed and of greater impor- 
tance than M-protein itself. In the course of raising mAbs against M-protein, 
Grove et al. (1984) also obtained antibodies that reacted with a distinct and 
immunologically unrelated 185 kDa polypeptide which they called 
"myomesin". M-protein and myomesin were shown to elute in two distinct 
peaks on ion exchange columns. Since, however, myomesin was not purified 
to homogeneity at that time, the protein~.could not yet be characterized 
(Grove et al. 1984). Subsequent studies that focussed on the investigation of 
embryonic expression patterns clearly established that myomesin is ex- 
pressed in all cross-striated muscle fibers from the earliest stages of myofi- 
brillogenesis onwards (see below). Thus it was speculated that myomesin 
might be important for the assembly and structural maintenance of thick 
filaments (Bahler et al. 1985). 
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It was not until recently that a procedure for the purification of myome- 
sin from bovine skeletal muscle was described, which allowed a biochemi- 
cal-biophysical characterization of the protein (Obermann et al. 1995). Cir- 
cular dichroism spectra showed a high degree of [~-structure and analytical 
ultracentrifugation yielded an s20 value of 5.1 S as sedimentation coefficient. 
In electron micrographs the protein appeared as a short, flexible and seg- 
mented rod with a contour length of -50 nm and a diameter of -4  nm. 
These data closely resemble the values reported for M-protein (see above). 
The availability of purified protein now also allowed a reevaluation of bind- 
ing assays. Indeed, in a solid phase overlay assay myomesin was shown to 
bind to the LMM portion of myosin and this binding could be ascribed to 
the amino-terminal 240 residues of myomesin (Obermann et al. 1995). 

Similar to M-protein, myomesin was also found to interact strongly with 
titin in its globular M band end (Nave et al. 1989). These polypeptides also 
seem to be involved in the formation of titin dimers and higher oligomers. 
One can conclude, therefore, that the major role of myomesin is a participa- 
tion in the linkage of titin molecules to the thick fdament. The recent mo- 
lecular characterization of myomesin elucidated at least some aspects of its 
interactions with titin and myosin (see section 6.1.1). 

3.4 Titin 

The giant protein titin seems to be the major component responsible for the 
integration of the thick and thin filament systems of the sarcomere, since 
individual titin molecules span an entire half sarcomere. This was most 
firmly established by a panel of monoclonal antibodies that recognized dif- 
ferent epitopes along the titin polypeptide and that in immunoelectron mi- 
croscopy decorated sarcomeres at distinct positions along the whole half 
sarcomere (Fiirst et al. 1988; Ftirst et al. 1989a). In biochemical experiments 
it was subsequently shown that under non-denaturing extraction conditions 
a fraction of myomesin and M-protein remained firmly bound to the con- 
spicuous globular head of titin (Nave et al. 1989). Sequencing of titin cDNA 
portions put the amino-terminus towards the Z-disc (Labeit and Kolmerer, 
1995; Yajima et al. 1996; Gautel et al. 1996), while carboxy-termini were 
shown to reside in the M band (Gautel et al. 1993; Obermann et al. 1996). 

Several, more general aspects of the biology of titin will be covered in 
other chapters of this book in great detail (and have been covered by a num- 
ber of review article in the past), therefore we find it justified to leave it at 
this short statement at this point. An appretiation of the cDNA portion of 
titin that encodes its M band domains, the exact localization and its interac- 
tions will be reviewed in sections 4, 5 and 6, respectively. 
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Skelemin was initially identified as a pair of closely related high molecular 
mass proteins of 220 and 200 kDa, respectively. It was shown to copurify 
with the intermediate filament proteins desmin and vimentin, and was de- 
tected in cardiac, skeletal and smooth muscle (Price, 1984), Immunofluores- 
cence microscopy located skelemin to the periphery of M bands in skeletal 
muscle, which suggested a role in the linkage of the sarcomeres to the in- 
termediate filament cytoskeleton (Price, 1985). Although some aspects of the 
recently published cDNA sequence (Price and Gomer, 1993; see also below) 
may imply such an association, no firm proof has been published so far. 
Unfortunately, it was not possible to establish a protocol for the purification 
of native skelemin that would allow for the characterization of its biochemi- 
cal properties. 

4 Cloning of M Band Protein cDNAs and Genes 

Recent years have been characterized by enormous progress in the elucida- 
tion of the primary structures of a great number of structural and regulatory 
proteins. On the one hand this allowed to identify unexpectedly complex 
protein families. On the other hand, a better understanding of the protein- 
protein interactions that lead to the formation of supramolecular structures 
was enabled. Both points also apply to the proteins that comprise the sar- 
comeric cytoskeleton. As to the first point, it turned out that these proteins 
form an intracellular branch of the immunoglobulin superfamily. Thus, the 
elucidation of the primary structure of the Caenorhabditis elegans unc-22 
gene, which encodes an invertebrate titin homologue called twitchin (Benian 
et al. 1989), broke the dogma that immunoglobulin motifs were limited to 
cell surface and extracellular proteins (Williams and Barclay, 1988). Later it 
was shown that a common, modular building plan is shared by all these 
proteins, because they consist mainly of two kinds of almost globular N100 
amino acid residue repeat domains: (a) fibronectin type III domains (Fn- 
like; Potts and Campbell, 1994), and (b) immunoglobulin cII motifs (Ig-like; 
Williams and Barcley, 1988; Holness and Simmons, 1994). Both repeats 
share important features with their extracellular counterparts, as has been 
demonstrated in several structural studies at least for the latter motifs. The 
polypeptide chain of both domains folds into a beta-barrel with seven 
strands that enclose an invariant tryptophane (Holden et al. 1992; Politou et 
al. 1994). The modular building principle is also reflected by the shape of 
purified and negatively stained or rotary shadowed molecules in electron 
micrographs, in which they all appear as segmented rods (Hartzell et al. 
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1985; Woodhead and Lowey, 1982; Nave et al. 1989; Ftirst et al. 1992; Vinke- 
meier et al. 1993; Obermann et al. 1995). 

Sequence conservation between all the members of this protein family is 
mostly limited to relatively few residues that specify the particular three- 
dimensional fold of the barrels, while a higher degree of variability is al- 
lowed for residues localized on the external surfaces (Williams et al. 1989). 
This provides a versatile modular protein organization in which seemingly 
minor amino acid exchanges (or modifications) on the module surface can 
result in quite distinct ligand binding properties. At the same time their 
modular organization allows to dissect these proteins into smaller, better 
manageable units in order to approach structure - function correlation at 
different levels. 

4.1 M-Protein cDNA Sequences and Gene Structure 

The complete cDNA sequence encoding M-protein has been cloned from 
chicken pectorali s muscle (Noguchi et al. 1992), human skeletal muscle 
(Vinkemeier et al. 1993) and murine skeletal muscle (Steiner et al. 1998). 
Concurrently, a protein of molecular mass -165 kDa was predicted, whose 
expression is limited to cardiac and fast skeletal muscle fibers. Almost 95 % 
of the sequence consist of either Fn-like repeats (motif 1) or Ig-like domains 
(motif 2). These are arranged in the order 1 - 1 - 2 - 2 - 2 - 2 - 2 - 1 - 1 - 1 - 
1 - 1 (see Fig. 2). The amino-terminal ~110 amino acids, however, do not 
show any significant homology to other sequences in the databanks. Inter- 
estingly, the degree of inter-species conservation is significantly higher 
within the repeat domains as compared to the unique amino-terminal re- 
gion (Steiner et al. 1997). 

The first ~80 residues are extremely basic, and secondary structure pre- 
dictions would allow for longer stretches of e~-helix in the first 150 residues. 
A closer inspection of the primary sequence indicated two potential target 
sites for cAMP-dependent protein kinase A (PKA): the serine at position 39 
(located in the sequence motif KKRAS) and the serine at position 76 (in the 
motif KRVS) (Vinkemeier et al, 1993). Since both these sites are well con- 
served between all the species studied, a potential participation in some 
regulatory mechanism seems plausible. 

Using the cloned cDNA, the expression of M-protein was reinvestigated 
at the mRNA level both in chicken (Noguchi et al. 1992) and mouse (Steiner 
et al. 1997). In general, both studies agree with previous data at the protein 
level (Grove et al. 1985; Grove et al. 1987; Carlsson et al. 1990; see also 
above). Thus, the expression patterns in cardiac muscle differ strongly from 
those in skeletal muscles: while the level of cardiac M-protein expression 
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Fig. 2. Domain organization of structural proteins of the sarcomeric M band. The 
diagrams show the composition of the major, presently known cytoskeletal proteins 
that constitute the M band. All of them are intracellular members of the immuno- 
globulin superfamily. M-protein, myomesin (A: mammalian form; B: longer splice 
variant found in avian muscle) and skelemin form a subgroup of this family that 
shares a common domain structure. Compiled from: titin - Gautel et al. 1993; M- 
protein - Noguchi et al. 1992 and Vinkemeier et al. 1993; myomesln - Vinkemeier et 
al. 1993 and Bantle et al. 1996; skelemin - Price and Gomer, 1993 

increased steadily and strongly from the fetus to the adult animal, the ex- 
pression in skeletal muscles appeared biphasic. Initial M-protein expression 
was observed in all primary generation myotubes, before it was down- 
regulated around birth. Re-expression in the adult animal was limited to fast 
skeletal and cardiac muscle fibers, while all slow skeletal muscle fibers re- 
mained negative (Noguchi et al. 1992; Steiner et al. 1997). These data indi- 
cated complex events that regulate the expression of M-protein. Since these 
results were identical to those obtained at the protein level (Grove et al. 
1985; Grove et al. 1987; Carlsson et al. 1990), gene activity must be regulated 
at the transcriptional level. 

To allow for a thorough analysis of the factors that could specify such 
subtle expression differences, the gene encoding murine M-protein was 
recently investigated in detail (Steiner et al. 1998). First, the complete exon 
- intron organization of this gene was determined. The M-protein gene 
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spans 75 kbp and is divided into 37 exons and 36 introns (Fig. 3). Several 
aspects of intron positioning that largely can be related to the modular 
structure of M-protein are strikingly similar to a number of the extracellular 
members of the immunoglobulin superfamily. 'Essentially all the repeat 
domains are encoded by two exons, except for two Ig-like domains which 
are encoded by three exons, a feature that is novel for this domain type 
(Steiner et al. 1998). Interestingly, all domain-flanking introns are in phase I, 
i. e. the corresponding codon is interrupted after the first nucleotide, while 
internal intron positions and phases are more variable. This corresponds, 
for instance, to the situation faced in the genes encoding human perlecan 
(Cohen e ta l .  1993), N-CAM (Cunningham et al. 1987) or lymphocyte T4 
protein (Littman and Gettner, 1987). On the other hand, a novel feature of 
the murine M-protein gene is that the short sequence insertions located 
between neighbouring Ig-like dimains are encoded by separate exons 
(Steiner et al. 1998). 

In contrast, the murine M-protein gene is strikingly different from the 
portion of the human titin gone that has been characterized so far (Kolmerer 
etal .  1996; see section 4.3). While in the M-protein gene only 7% of the se- 
quence are coding, 67% are coding in the case oftitin. Also, no correlation of 
the exon - intron organization to the domain structure as described here 
was found (Fig. 3). 
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Fig. 3. Partial structure of the genes coding for human titin, murine M-protein and 
chicken cardiac myomesin. Molecular models correspond to drawings in Fig. 2. 
Documented intron positions are indicated by arrowheads. Compiled from: titin - 
Kolmerer et al. 1996; M-protein - Steiner et al. 1998; chicken cardiac muscle 
myomesin - Bantle etal. 1996 
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The M-protein gene organization can be considered a typical example for 
a mosaic protein which is thought to have developed by endoduplication 
events and exon shuffling (Patthy et al. 1991). In such a case, strict conser- 
vation of intron phases at domain borders is mandatory in order to prevent 
a shift of the reading frame and a premature stop. Since both, gene size and 
organization, differ so strongly between M-protein and titin, it is obvious 
that both genes developed independently and at different time scales. 
Clearly, more information about the gene structure of other members of the 
intracellular branch of the immunoglobulin superfamily is needed, before 
further conclusions about their evolution can be drawn. 

The complex transcriptional regulation of M-protein gene activity that 
was proposed on the basis of the expression studies described above also 
justified a systematic search for regulatory elements in the putative pro- 
moter region (Steiner et al. 1998). Sequencing of N1 kbp upstream of the 
transcriptional start point yielded, in addition to canonical TATA- and 
CAAT-boxes, a wealth of general and muscle-specific transcription factor 
binding motifs. In a reporter gene analysis three regions that harbor a 
MEF2-site (Fickett, 1996) and several E-boxes (binding sites for transcrip- 
tion factors of the MyoD family; Lassar et al. 1989) turned out to determine 
the muscle-specific transcription of M-protein (Steiner et al. 1997). The 
particular expression pattern of M-protein, however, requires the interac- 
tion with additional factors. Since the biphasic expression of herculin/myf-6 
in the mouse embryo (Bober et al. 1991; Hinterberger et al. 1991) equals the 
appearance of M-protein, this protein is a plausible candidate for being an 
important regulator of M-protein expression. 

Two more sites of potential interest were revealed in the sequence analy- 
sis but their significance has not yet been shown in vivo: an AP-1 box (Lee et 
al. 1987) and a TPA-responsive element (Okuda et al. 1990) could be of im- 
portance in light of the dramatic effects of phorbol esters on muscle cells in 
vitro (Croop et al. 1982; Lin et al. 1987). It is feasible that the interference of 
these substances with the transcriptional activation of certain sarcomeric 
proteins is a prime cause for the observed morphological changes. 

4.2 Myomesin cDNA Sequences 

Complete cDNAs coding for myomesin have been cloned from human 
skeletal muscle (Vinkemeier et al. 1993) as well as from chicken cardiac 
muscle (Banfle et al. 1996), while a partial cDNA sequence is available from 
rat heart myomesin (Banfle et al. 1996). A comparison of these sequences 
with each other and with M-protein (see above) revealed a number of inter- 
esting features. First, it became evident that myomesin and M-protein share 
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the same core domain organization of Ig-like and Fn-like repeats (see Fig. 
2). The extremely high degree of relatedness between myomesin and M- 
protein is also reflected by the fact that the percentage of identical amino 
acid residues within the same species is above 50. Even the length of all the 
inter-domain linkers is conserved between myomesin and M-protein. Major 
differences, therefore, are limited to both terminal molecular regions. The 
amino-terminus of myomesin shows no relation to M-protein or to any 
other known sequence. A conspicuous repeated hexapeptide motif 
(KQSTAS) is found in variable copy numbers in both mammalian sequences 
but not in the avian sequence. If indeed the conserved serine and threonine 
residues are targets of a yet unidentified protein kinase, as was proposed 
(Vinkemeier et al. 1993), this would indicate species-specific differences in 
the regulation of certain myomesin activities and/or binding properties (see 
section 6.1.2). 

A second, species-specific difference was identified in the carboxy- 
terminal region of myomesin. While all mammalian cDNA sequences and 
the sequence from chicken skeletal muscle terminate at almost identical 
positions shortly after the last Ig-domain, a larger chicken cardiac-specific 
transcript gives rise to a polypeptide that is 78 amino acid residues longer 
(Bantle et al. 1996). This avian muscle-specific length heterogeneity seems to 
be related to differential splicing in the 3" region of the single chicken 
myomesin mRNA, giving rise to tissue-specific transcripts of different 
length (Fig. 3; Bantle et al. 1996). A definitive answer will have to await de- 
tailed analysis of the structure of a mammalian myomesin gene. Interest- 
ingly, a preliminary observation from in situ hybridization on eight day old 
chicken embryos indicated in addition differences in temporal expression 
patterns of the observed isoforms. While a cardiac sequence-specific probe 
was found to be expressed exclusively in cardiac musde tissue, a skeletal 
muscle sequence-specific probe reacted mainly with skeletal musde and to a 
lesser extent with cardiac muscle (Banfle et al. 1996). 

4.3 Titin M Band cDNA Portion and Its Partial Gene Structure 

Since an appreciation of the complete primary structure of titin and its im- 
plications for sarcomere structure and physiology are the focus of other 
chapters of this volume, we will restrict ourselves here on the information 
that is necessary for an understanding of M band architecture. 

The carboxy-terminal end of titin was shown to reside in the M band 
(Gautel et al. 1993). A serine/threonine protein kinase domain that is very 
similar to the kinase domains in invertebrate titin analogues (Benian et al. 
1989; Ayme-Southgate et al. 1991; Heierhorst et al. 1994) and in smooth 
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muscle myosin light chain kinase (Olson et el. 1990; Pearson et el. 1991) 
denotes a clear transition from an ordered pattern of Ig-like and Fn-like 
repeats in the outer A band regions (Labeit et el. 1992) to a unique and 
complex arrangement of Ig-like domains (see Fig. 2). A total of 10 Ig-motifs 
was identified, which together with the kinase domain and several unique 
insertions form a polypeptide of ~250 kDa. Interestingly, the sequences of 
these M band Ig-like domains are somewhat divergent from those of other A 
band regions (Gautel et el. 1993). Again, conservation is restricted to those 
residues which are important for the correct folding of the characteristic ]~- 
barrels (Holden et el. 1992). Another distinctive feature of this molecular 
region of titin is the presence of up to -500 residues long interdomain in- 
sertions. Of particular interest is the insertion located between Ig-domains 
m5 and m6 (is4) because it harbors four repeats of the tetra-peptide VKSP. 
This short motif was found to serve as a serine phosphorylation site in 
neurofflament-H and -M proteins (Lee et el. 1988) and - in the case of titin - 
turned out to be phosphorylated in developing but not in differentiated 
myocytes. The responsible kinase is at least structurally related to cdc2 
kinase. This result was taken indicative for a possible role of M band titin 
phosphorylation in the regulation of sarcomere assembly (Gautel et el. 
1993). 

A second region of particular interest is the insertion between the two 
most carboxy-terminally situated Ig-like domains (is7). This insertion was 
revealed to represent one out of two specific binding sites for the muscle- 
specific calpain isoform p94 (Sorimachi et el. 1995). It was speculated that 
the presence of two binding sites on the titin polypeptide indicated a dual 
role for the titin - p94 interaction: the prime binding site (located in the I 
band portion) might be involved in the turnover of titin; the second site (isT) 
could sequester and stabilize p94, since its soluble form is usually degraded 
rapidly (Sorimachi et el. 1995). The finding that is7 is differentially spliced in 
some muscles, makes the situation even more complex (Kolmerer et el. 
1996). Alltogether, this means that the M band portion of titin could ele- 
gantly provide means to control titin's own stability in a fiber-type specific 
manner. 

The recently characterized 3" end of the human titin gene (Kolmerer et 
el. 1996) showed that the M band portion is encoded by only six exons 
(Mexl to Mex6) which are interrupted by five introns, indicating an unusu- 
ally compact gene strucure: 67% of the sequences were found to be coding, 
while only 33% are intronic. The largest exon is over 5 kbp in size and makes 
up more than half of the M band titin-coding portion. Of the exons only 
Mex5, encoding the insertion is7, was found to be differentially spliced (Fig. 
3; see above). This exon-skipping occurs in a muscle type-specific manner 
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but does not depend on the developmental stage in mouse embryos. Both 
splice variants usually coexist, however, at variable ratios. As a rule of 
thumb, Mex5 is mostly skipped in fast twitch muscles, while both forms are 
about equimolar in slow twitch fibers. In cardiac muscle, there seems to be a 
trend to a correlation of Mex5 inclusion with lower heart beat frequency 
(Kolmerer et al. 1996). Considering that is7 (encoded by Mex5) binds to p94 
(see above) an involvement of this sequence in titin stability and/or turnover 
presently is the most plausible explanation (Sorimachi et al. 1995). Interest- 
ing in this context is also the finding that the Mex5 flanking intron Min4 has 
remained strongly conserved during evolution (Kolmerer et al. 1996). The 
observed lack of larger sequence variations in this region of titin further 
supports the idea of a direct involvement in M band structure formation and 
maintenance. It is, however, unlikely that differential splicing of titin is di- 
rectly involved in establishing a morphologically distinct M band appear- 
ance. 

4.4 Skelemin cDNA Sequence 

A complete skelemin cDNA sequence was reported from mouse skeletal 
muscle (Price and Gomer, 1993). Analysis of this sequence showed that 
skelemin belongs to the same group of intracellular immunoglobulin super- 
family proteins as M-protein and myomesin, because it is built from Ig-like 
and Fn-like repeats in an identical order. The only specificities unique to 
skelemin seem to be two desmin intermediate filament-like motifs that were 
predicted to specify desmin binding and a serine/proline-rich region of 107 
amino acid residues length of unknown function (Price and Gomer, 1993). 

Several serious points, however, require clarification before the sequence 
published can be definitely ascribed to the protein skelemin that was inves- 
tigated in previous papers from the same laboratory. First, skelemin was 
originally described as a protein doublet with apparent molecular masses of 
220 and 200 kDa and an isoelectric point near 5.0 (Price, 1984; Price, 1987). 
The cDNA sequence now predicts a single polypeptide with a calculated 
mass of 185 kDa and a pI of 5.8 (Price and Gomer, 1993). It is presently not 
clear whether this enormous difference can be accounted for only by post- 
translational modifications. 

Second, the original skelemin antibody was reported to detect a protein 
not only in skeletal and cardiac muscle samples, but also in smooth muscle, 
myoepithelial cells (Price, 1987) and certain glial cells within the brain (see 
Introduction to Price and Gomer, 1993). In Northern blots, skelemin 
mRNAs were detected exclusively in heart and skeletal muscle tissues, but 
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not in brain and liver. Unfortunately, smooth muscle and myoepithelial cells 
were not included in this investigation. 

Third, the so-called "intermediate filament-like regions" in the align- 
ments shown also allow for a different interpretation: the first motif, consist- 
ing of the 46 amino acids amino-terminal to the first Ig-like domain, shows 
identical residues in only 13 positions (16 if conservative substitutions are 
included). In the desmin s-helix (as typical for any "classical" r 
coiled coil) positions a_ and d in the heptamer repeats are occupied by hy- 
drophobic residues in nine out of twelve cases (see e.g. Geisler and Weber, 
1982). In contrast, in the aligned skelemin sequence only four out of the 
twelve possible residues are hydrophobic. The second IF-like motif is a short 
linker located between the last two carboxy-terminal Ig-like domains and 
would allow for maximally two heptade repeats, Without any further ex- 
perimental evidence it is not clear whether one or both regions could indeed 
assign for the observed tight association of skelemin with desmin (Price, 
1984). 

Fourth, it turned out that the translated murine cDNA sequence is almost 
totally colinear with the sequences of myomesin and M-protein. The highest 
identity level was revealed with human myomesin; the value of 90% (Bantle 
et al. 1996) is in the order of the species drift between mouse and man. Thus, 
the skelemin sequence published (Price and Gomer, 1993) is at least one of a 
particular subclass of the immunoglobulin superfamily which includes M- 
protein and myomesin. There remains the possibility that the conspicuous 
serine/proline-rich region specifies th__g.e distinctive feature which is respon- 
sible for the observed entirely different binding characteristics of skelemin. 
The enormous degree of similarity between skelemin and myomesin could 
also indicate that both proteins are splice variants from one and the same 
gene and the absence or presence of the serine/proline-rich region decides 
about the subsequent targeting of the resulting protein within the myofibril. 
An answer to this question will have to await the analysis of the gene(s) as 
well as protein-protein-binding studies. 

5 A New, Molecular Model of the M Band 
Begins to Emerge 

The structural M band model that is most favoured Presently is based on 
excellent high resolution electron microscopy in combination with image 
analysis (see 2). Although several proteins have been described as prime 
molecular constituents of the M band, their corresponcence to specific 
structural entities has remained impossible. Only for MM-CK a correlation 
to M4/M4"-bridges was suggested (see section 3.1). A first attempt towards 
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an understanding of the molecular layout of titin, myomesin and M-protein 
was published recently (Obermann et al. 1996). In this study, a panel of se- 
quence-assigned antibodies directed against these proteins was used in im- 
munoelectron microscopy on extracted muscle fiber preparations. The epi- 
tope positions of the antibodies used were chosen in order to give positional 
information of a representative fraction of molecular regions of the respec- 
tive proteins. Modelling was also facilitated, since a wealth of information is 
available about the structure and the dimensions of the domains that largely 
constitute titin, myomesin and M-protein (see section 4). This method al- 
lowed to trace single Ig-like or Fn-like domains (or even shorter peptide 
sequenes) at the sarcomere level in the nanometer resolution range. As a 
consequence, it was possible to "model" titin, myomesin and M-protein 
molecules into the M band and to propose the structure shown in Fig. 4. Let 
us first discuss the data for titin: The MLCK-like kinase domain was posi- 
tioned to the edge of the M band near the M6/M6" line (Obermann et al. 
1996). The correctness of the measured positioning of the kinase domain is 
confirmed by the following circumstantial evidence. Along the cross-bridge 
zone of the A band the titin Ig-like and Fn-like domains are arranged in an 
eleven-domain super-repeat pattern (Labeit et al. 1992). Immediately adja- 
cent in carboxy-terminal direction the last super-repeat is followed by seven 
domains in a particular pattern that is conserved between vertebrate titin 
and Caenorhabditis eIegans twitchin (Benian et al. 1989). Since the dimen- 
sions of individual domains are well known (see section 4), these seven do- 
mains can be predicted to span a distance of approximately 28 nm. This, in 
turn, is in excellent agreement with the measured value of 29 nm for the 
distance of the kinase domain to the last myosin cross-bridge (Obermann et 
al. 1996). These results make the kinase domain even more enigmatic than it 
was already, since it can be stated now unequivocally that it is far away from 
the first row of myosin heads. Furthermore, a possible involvement in the 
phosphorylation of myomesin or M-protein seems also ruled out (see be- 
low). These data imply, therefore, that either the titin kinase domain inter- 
acts with a yet unidentified - most likely soluble - substrate, or otherwise 
that interactions and locations are too dynamic to draw a static model. 

Fig, 4. Arrangement of titin, myomesin and M-protein in the sarcomeric M band as 
proposed by immunoelectron microscopical results. Panel A gives a scale bar (in 
nm) and the positions of the most prominent M band striations (see also Fig. 1A). 
Panel B shows the layout of titin and myomesin molecules. Panel _C_C presents the 
location of M-protein around the Ml-line. In order not to overburdon the figures, 
only two molecules of each kind are shown. Panel D is a compilation of the domain 
types used in panels A to _C_C. Letters in the molecular models indicate the decoration 
positions of the individual antibodies used. Adopted from Obermann et al. 1996 
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The location of three more epitopes makes an extended nature of the en- 
tire region carboxT-terminal to the kinase-domain most plausible. This 
would mean that titin molecules cross the sarcomere center and extend 
-60 nm into the neighbouring sarcomere half, resulting in a total antiparal- 
lel overlap of almost 120 nm. Interestingly, secondary structure analyses 
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predicted for is2, the 490-residue-long insertion located between Ig-like 
domains m3 and m4, long stretches of potential for ct-helix and coiled-coil 
formation (Gautel et al. 1993; Obermann et al. 1996). Therefore, substantial 
intermolecular titin-titin interactions within the region of is2 can be ex- 
pected. These might explain the formation of titin dimers and higher oli- 
gomers adhering ~strongly at their M band ends as revealed in electron mi- 
crographs (Nave et al. 1989). 

The model would also predict an orientation of titin's Ig-like domain ~- 
barrels parallel to the thick filament axis. This, in turn, suggests that the 
lateral domain surfaces are the prime sites of interaction with potential li- 
gands. A similar situation is faced in the C-zone portion of titin. In the Ig- 
like domains of this region larger numbers of conserved residues were found 
in the predicted [3-strands (Freibnrg and Gautel, 1996). Thus it seems that 
the binding of Ig-like titin domains to thick filaments generally occurs side- 
on rather than to inter-strand loops. 

The data described would, in theory, also allow for a so-called "U-turn 
model". This would require is2 to loop back, giving the remaining seven Ig- 
like domains an orientation opposite to the rest of titin. Although it will be 
difficult to rule out the latter model experimentally, there are some argu- 
ments that favour the former model. The described 120 nm overlap of titin 
molecules approaching the M band from opposite sarcomere halves would 
allow for a multitude of protein-protein interactions (titin - titin, titin - 
myomesin, titin - M-protein, titin - myosin, etc.). Such a versatility is more 
likely to provide a strong linkage under varying physiological conditions 
and during high mechanical stress. A second argument in line with the pro- 
posed model is the analogy to the mode of packing of both myosin (Offer, 
1987) and myomesin molecules (Obermann et al. 1996) in an antiparallel 
and staggered fashion. 

The immunolabelling data also gave a good idea about the organization 
of myomesin (Fig. 4B). In the model, the polypeptides run parallel to thick 
filaments and titin and are arranged in a staggered and antiparallel fashion 
over most of their length. While approximately one third of myomesin re- 
sides in one sarcomere half, the remaining two thirds are in the opposite 
half. The carboxy-terminal seven domains would then overlap. In principle, 
these data agree with earlier observations made in the Eppenberger labora- 
tory which were suggestive for a localization of myomesin parallel to the 
myosin filament (Strehler et al. 1983; Wallimann and Eppenberger, 1985). 
Since their data were obtained with polyspecific antibodies this point could 
not be clarified at that time. 

Since the decorations obtained with antibodies directed against the 
amino-terminal three to four domains of myomesin practically cannot be 



Structure and Assembly of the Sarcomeric M Band 185 

discerned from one another, this region is expected to bend towards the 
surface of the thick filaments. This orientation perpendicular to the thick 
filament axis is supportedby protein biochemical data that provided evi- 
dence that this part of myomesin is involved in the binding to the rod por- 
tion of myosin (Obermann et al. 1995; Obermann et al. 1997). The described 
organization would therefore make myomesin an ideal protein to crosslink 
the sarcomere cytoskeleton (represented in the M band essentially in addi- 
tion by titin) with the thick filaments of the contractile apparatus. Since both 
titin and myomesin are found in all vertebrate sarkomeres, this kind of 
structural organization could indeed be envisioned to provide a general 
scaffold. In the ultrastructural model of the M band that was discussed 
above (Luther and Squire, 1978; see section 2) this "universal" complex of 
myomesin and titin could correspond to the so-called M-filaments that run 
parallel to thick filaments between M4 and M4" bridges. 

A major component that is most likely involved in differential M band 
appearance is obviously M-protein, since it is found only in cardiac and fast 
skeletal muscle cells (see section 3.2). Immunolabeling data using polydonal 
antibodies have already suggested that M-protein could constitute the M1- 
lines (Carlsson et al. 1990). Recent work using several sequence-assigned 
antibodies agrees with this proposed localization at least for the central part 
of M-protein (Fig. 4C). Both amino- and carboxy-terminal domains would 
then be organized along neighbouring thick filaments (Obermann et al. 
1996). In excellent agreement with this structural model, a myosin binding 
site was identified in the amino-terminal region of M-protein (see section 
6.1.2; Obermann et al. 1998). In summary, these data imply that M-protein 
could build an additional link between thick filaments and constitute the 
Ml-lines of cardiac and fast skeletal muscle fibers to meet stronger strain. In 
accordance with this suggestion, it was exactly these fibers that were de- 
scribed to have prominent Ml-lines in electron micrographs (Pask et al. 
1994). 

6 Regulation of M Band Assembly 

6.1 Protein-Protein Interactions Between M Band Proteins 

The cDNA cloning and sequencing of M band proteins has revealed their 
domain structure and thus made it feasible to dissect these polypeptides into 
smaller, better manageable units, in order to describe and characterize vari- 
ous binding sites by biochemical experiments. At the same time, the 
emerging new, molecular model of the M band put several constraints on 
the intermolectflar interactions that are possible, required the predictions in 
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the model were indeed correct. It was therefore an exciting venture to ana- 
lyze the implied mutual binding sites between titin, myomesin, M-protein 
and myosin. In summary, one can say now that the biochemical data that 
have been obtained so far are in excellent agreement with the proposed 
model and hence can be seen as further evidence for its correctness. 

6.1.1 Mapping ofTitin-and Myosin-Binding Sites in Myomesin 

In the case of myomesin it was only recently possible to map both titin- and 
myosin-binding sites and to identify phosphorylation as the means to con- 
trol one of these interactions in vitro (Obermann et al. 1997). Using recom- 
binant fragments of myomesin, the titin-binding region could be confined to 
a construct that consists of three Fn-Iike domains (My4 to My6; Fig. 6A). All 
the fragments smaller than this were negative under the conditions of the 
solid phase binding assay employed. On the other side, domain m4 was 
established as the sole titin domain which shows interaction with myomesin 
(Obermann et al. 1997). This result shows parallels to the nature of the 
binding of C-protein to titin, where also a minimum of three C-protein do- 
mains are required for binding (Freiburg and Gautel, 1996). Obviously the 
strong binding between titin and its associated proteins that is revealed in 
vivo, is based on a larger number of weak cooperative interactions. 

Particularly interesting was the characterization of a site within this titin- 
binding region, which is subject to phosphorylation. A single serine residue 
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Fig. 5. Alignment of the sequence insertion located between domains My4 and My5 
of myomesin and the corresponding sequence of skelemin. The first line gives in 
single letter code the complete translated sequence of the 35 amino acids long inser- 
tion deduced from a human cDNA (Vinkemeier et al. 1993). Aligned are the se- 
quences of murine skelemin (Price and Gomer, 1993), bovine myomesin (Obermann 
et al, 1995) and chicken myomesin (Bantle et al. 1996) from the same region. Identi- 
cal residues are shown as dots, amino acid exchanges relative to the human sequence 
are given in full. The bovine sequence was obtained by direct sequencing of a prote- 
olytic fragment of the purified protein and stops three residues before the end of this 
insertion. The serine residue that is phosphorylated by PKA in vitro is printed in 
bold and marked by an asterisk. Note the extreme degree of cross-species conserva- 
tion of this region which only allows for conservative substitutions 
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located in the -35 amino acids long linker between domains My4 and My5 
(Figs. 2 and 3) was revealed as the only residue that is phosphorylated by 
cAMP-dependent protein kinase A (PKA) in vitro. This linker should be 
readily accessible in solution, at least better than the densely packed Ig- and 
Fn-like domains. Additional significance to this sequence is added if the 
degree of inter-species conservation is considered. The alignment in Fig. 5 
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Fig. 6. Summary of documented binding sites in myomesin (A) and M-protein (B). 
Molecular models correspond to drawings in Fig. 2. Brackets indicate domains in 
which binding sites were located. Amino acid sequences of potentially regulatory 
PKA phosphorylation motifs are shown. Panel D gives the domain types used in 
panels A and B. Compiled from: myomesin - Obermann et al. 1995, Obermann et al. 
1997; Auerbach et al. 1997; M-protein - Obermann et al. 1998 
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reveals that this region is extremely highly conserved from chicken to man 
and only very few conservative exchanges are allowed. The entire loop ther- 
fore has to be envisioned as potentially important in the context of the ob- 
served phosphorylation. It is presently not clear whether PKA itself or a 
closely related enzyme is active in vivo. If it was PKA, then the described 
sequence forms a novel target site. Previous work has established that two 
basic residues separated by a single aliphatic residue from a serine or 
threonine form the preferred target site for PKA (Pearson and Kemp, 1991). 
It was therefore not surprising that the K and Vm~ values are not among the 
best PKA substrates, they are, however, within the range of several other 
substrates. Such comparisons also have to consider the fact that usually 
soluble proteins are measured, for whom low K~, values are important if 
phosphorylation was to occur in the cytosol. In contrast, a high local concen- 
tration and stable anchorage in the M band might as well allow for the 
higher Km values measured (Obermann et al. 1997). 

Functionality is added to this observation by the finding that phosphory- 
lation of this serine residue almost completely inhibits the binding of 
myomesin to titin. Thus it seems that a complex three-dimensional rear- 
rangement occurs that is capable of controlling titin - myomesin binding 
(Obermann et al. 1997). The latter result has far reaching implications for 
the processes of sarcomere formation and turnover. In both cases it is neces- 
sary to control the assembly/disassembly of a highly complex macro- 
molecular structure. A tight control of certain protein-protein bindings in a 
time- and space-specific manner is mandatory if these processes are to occur 
in an ordered way. The described phosphorylation of myomesin gives a first 
hint which signal transduction mechanisms could be involved. 

6.1.2 Mapping of a Myosin-Binding Site in M-Protein 

In the past different investigators have concluded different binding proper- 
ties for purified M-protein (see section 3.2). A systematic approach to this 
question was facilitated by the recent availability of cDNA data (Noguchi et 
al. 1992; Vinkemeier et al. 1993) and the resulting chance to use defined 
recombinant protein fragments in biochemical assays. Thus it was possible 
to identify domains Mp2 to Mp3 (the first two Ig-like repeats) of human M- 
protein as a site binding to the central region of the LMM portion of myosin 
(Obermann et al. 1998; Fig. 6B). Since two "classical" target sequences for 
cAMP dependent protein kinase A (PKA) were found in the adjacent amino- 
terminal domain Mp1 by sequence inspection, this region was investigated 
in more detail. Indeed, one of the predicted sites as well as the purified pro- 
tein could be phosphorylated in vitro at the serine residue in the motif KRVS 
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(Fig. 6B). Most importantly, this phosphorylation seems to regulate the in- 
teraction of M-protein with myosin: phosphorylated M-protein does no 
longer bind to myosin. In a more in vivo approach, some overlapping re- 
combinant constructs were transiently overexpressed in cultured cells. 
Again, the construct Mp2 to Mp3 was the smallest fragment of this region 
that showed binding to myofibrillar structures (Obermann et al. 1998). 
These data imply that Mp2 to Mp3 are a constitutive myosin-binding site 
which is modulated by PKA phosphorylation in the amino-terminal domain 
Mp1. This has, like in the case of myomesin (see section 6.2.1), far reaching 
implications for the processes of sarcomere formation and turnover. Specific 
phosphorylation events are implied to regulate protein-protein bindings 
which are important for both the assembly and the disassembly of the sar- 
comere. It seems that a single signal transduction pathway could be involved 
in the regulation of two distinct protein interactions (myomesin - titin, M- 
protein - myosin) thus facilitating control. 

The transient expression of defined regions of M-protein in cultured ceils 
also defined a second portion which is capable of binding to myofibrils. The 
construct comprising domains Mp9 to Mpl3 bound to the sarcomeric M 
band (Fig. 6B). This might be either a second myosin-binding site which 
could not be identified by the binding assays used, or otherwise, a titin- 
binding site (Obermann et al. 1998). The second possibility will be difficult 
to assess biochemically, because the titin fragment that is located in the 
region in question (is2) cannot be expressed and purified (M. Gautel, per- 
sonal communication). 

6.2 M Band Ultrastructure During Sarcomerogenesis 

Postnatal development of, for instance, rat cardiomyocytes is accompanied 
by gradual advances in the maturity of developing myofibrils. Although 
specific M-band components can be detected in newborn rats, their cardio- 
myocytes show myofibrils with a light central band in the center of the A- 
bands. It is not until 5 days after birth that premature M-bands can be dis- 
cerned as thin cross bridges (Anversa et al. 1981). The thick M-bridges that 
link myosin filaments in adult rat cardiomyocytes are still absent from the 
immature M-bands of 11 days old rats. Obviously, the neonatal mammalian 
heart functions normally long before the morphology of "mature" M-bands 
is fully developed. 

In contrast, skeletal muscle fibers of neonatal rats do already contain 
myofibrils with their typical appearance as described in the adult animal. At 
this developmental stage, however, all the M-bands show five lines. During 
further maturation and the development of different fibers types, M-bands 
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change their morphology into the one of type I and type IIB fibers. While 
type IIA fibers retain their typical five-line pattern, type I and type IIB fibers 
M-bands are composed of four and three lines, respectively (Carlsson and 
Thornell 1987). Thus, although the details of this developmental pattern in 
skeletal muscle fibers clearly differ from the one in cardiomyocytes, both 
mammalian skeletal and cardiac muscle M-bands are postnatally remodelled 
during functional maturation and/or differentiation of muscle. 

6.3 Expression of M-Band Proteins 
During Muscle Development in vivo 

Comparative analyses of protein expression patterns in whole animals have 
been impeded by various reasons, one of the most important ones being the 
non-synchronous development of distinct muscles. The main requirement 
for such studies is, therfore, a profound knowledge of how to reconstruct an 
embryos" anatomy from serial sections or to use microdissection techniques 
to allow for comparability of the results obtained. This may be the reason 
why such investigations have been relatively sparse. 

A first systematic analysis of the expression of M band proteins in 
chicken skeletal muscles included myomesin and M-protein. Thus, both 
myomesin and M-protein were found to accumulate in all myotubes at early 
stages (7 days in ovo; Grove et al. 1987). While myomesin is then continu- 
ously expressed during development in all fibers, M-protein could no longer 
he detected from 10 days in ovo until the development of secondary myo- 
tubes. Re-expression of M-protein subsequently occurs only in fibers deriv- 
ing from such primary myotubes that upon innervation develop into fast 
twitch fibers. It remains, however, permanently absent from slow twitch 
fibers (Grove et al. 1987; Grove and Thornell, 1988). 

In avian cardiac muscle, both myomesin and M-protein were detected in 
embryonic heart extracts from day 7 on. In the earliest stages, two isoforms 
of myomesin were found in the cardiomyocytes, both of which are larger 
than the skeletal muscle isoform (Grove et al. 1985). 

The recent discovery of differential splicing that occurs in the 3" end re- 
gion of the mRNA encoding myomesin and gives rise to three transcripts of 
different length most likely explains this finding (Bantle et al. 1996). 

Most recently, spatial and temporal expression patterns of myomesin 
during myofibril assembly were also studied in whole mount chicken em- 
bryo hearts using confocal laser scanning microscopy (Auerbach et al. 1997). 
In 9-somite embryos, i.e. when the heart starts heating, myomesin was al- 
ready detected in cardiomyocytes and it was found almost exclusively in a 
sarcomeric pattern. This indicates that M-bands are assembled at this devel- 
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opmental stage and the expression of myomesin coincides with the localiza- 
tion of other sarcomeric proteins in a striated pattern. 

The investigation of the expression patterns of myomesin, M-protein and 
MM-CK during development of the rat yielded similar results. Thus, 
myomesin is the first of these three proteins to be expressed (Carlsson et al. 
1990). Myofibrils stained with myomesin antibodies were distinguished in 14 
days old embryos, while M-protein was hardly detected and MM-CK was not 
found at all. During further embryonic development and in neonatal rats, all 
three proteins were detectable in the M band in all muscle fbers (Carlsson et 
al. 1990). When muscle fibers differentiate into type I and type II fibers, M- 
protein expression was exclusively revealed in the latter fibers, in contrast to 
myomesin and MM-CK both of which are still. Since upon denervation at 
birth M-protein remains to be synthesized, it was concluded that the inner- 
ration of muscle fibers by slow twitch motor units suppresses M-protein 
expression (Carlsson et al. 1990). Consistent with the results from other 
investigations, it was found that in the presence of M-protein myofibrils of 
adult fast skeletal muscles exhibit a central Ml-line (Carlsson et al. 1990; 
Grove et al. 1985; Obermann et al. 1996). 

Surprisingly few data are available on the embryonic expression of titin. 
Reports agree that titin is among the first muscle specific proteins which are 
expressed both in cardiac and skeletal myoblasts of chicken and mouse 
embryos. A careful correlation of in situ hybridization and immunofluores- 
cence data demonstrated that titin protein could be detected approximately 
six hours after the first appearance of titin mRNA (Kolmerer et al. 1996). 
The expression of titin is preceded by desmin and occurs simultaneously 
with c~-actinin. With a short delay these proteins are followed by myomesin 
and the sarcomeric isoforms of actin and myosin (Fiirst et al. 1989). A tem- 
poral correlation and hence, most likely, an important role of titin in sar- 
comeric Z-disc assembly was suggested by data on the early development of 
chicken embryo heart (Tokuyasu and Maher, 1987a; Tokuyasu and Maher, 
1987b). Comparable studies for the M band end of titin and the demonstra- 
tion of a possible correlation of the specific titin localization with M band 
assembly together with myomesin and M-protein is, however, still lacking. 
So far, only data from studies in cultured cells are available (see below). 

6.4 Expression of M Band Proteins in Cultured Cells 

In principle, the in vivo data summarized above are in good agreement with 
studies on the expression of myofibrillar M band proteins in cultures of 
embryonic chicken cardiomyocytes (Schultheiss et al. 1990), embryonic 
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Fig. 7. Cultured human skeletal muscle cells double stained with antibodies directed 
against different regions of the titin molecule, myomesin and M-protein. An I band 
epitope-specific titin antibody reacts both with mature and developing non-striated 
(arrowheads) myofibrils (A), whereas anti-M band epitope titin antibodies do not 
stain non-striated myofibrils (B). Similarly, myomesin (D) and M-protein (F) can be 
detected only in cross-striated myofibrils, while Z-disc titin antibodies also detect 
non-striated myofibrils (arrows in C and E). Note that all myofibrils are already 
positive for titin, while M-protein appears at a slightly later developmental stage 
(arrowheads in E and F). Some cells containing myofibrils (as indicated by titin 
staining; G) are devoid of M-protein (arrowhead; H). Arrows in G and H mark a 
single M band stained by both antibodies. Magnification: 510 x 
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chicken myoblasts (Lin et al. 1994) and human satellite cells (Van der Ven 
and Fiirst, 1997). All these studies agree that myomesin expression is de- 
layed relative to the expression of sarcomeric cx-actinin, titin and the sar- 
comeric isoforms of myosin heavy chain (MyHC) and actin. Interestingly, 
myomesin was only detected in M bands and never free in the cytoplasm 
(see Fig. 7). At the same time, carbox-y-terminal epitopes of titin are not 
accessible for specific antibodies during the assembly of early non-striated 
myofibrils (Fig. 7; van der Ven and Ftirst, 1997). This could indicate that M 
band protein binding sites are "hidden" and might explain why myomesin 
and M-protein are never found associated with non-striated myofibrils. 

M-protein levels were consistently found to be lower than those of 
myomesin in early cultures of embryonic chicken myoblasts (Grove et al. 
1985). Obviously, M-protein is accumulated at later developmental stages, 
but eventually all differentiated chicken myotubes contain both M-band 
proteins. In contrast, cultures of human satellite cells revealed fully devel- 
oped myotubes in which myomesin is organized in a cross-striated pattern, 
but which at the same time are devoid of M-protein (Van der Ven and Ftirst, 
1997). These results confirmed earlier observations that cultured satellite 
cells from adult skeletal muscle are predestined to form a certain fiber type 
without being innervated (Barjot et al. 1995; Diisterh6ft and Pette, 1993; 
Feldman and Stockdale, 1991). 

The presence of myomesin in all muscle fibers and the integration of 
myomesin into sarcomeres at the time-point when the first striated myofi- 
brils are perceptible (Schultheiss et al. 1990; Lin et al. 1994; Rhee et al. 1994; 
Van der Ven and Ftirst, 1997), points to an important role of myomesin in 
the assembly of the M band and thus the connection of titin with the thick 
filaments and the stabilization of the thick filament lattice. M-protein on the 
other hand, is not only expressed later both in vivo and in vitro, but is also 
absent from a subset of myotubes during all stages of sarcomere assembly, 
indicating its less important general role in myofibrillogenesis. 

6.5 Targeting of M-Band Proteins to their Specific Sarcomere Position 

Regions of a certain protein that are responsible for its specific subcellular 
localization are often identified by the overexpression of recombinant frag- 
ments in cultured cells. This approach was also used to search for the do- 
mains of myomesin and M-protein which are necessary for their specific 
targeting to sarcomeric M bands in diffentiating muscle cells. Thus M- 
protein domains Mp2 and Mp3 were defined as a region sufficient for M 
band binding (Obermann et al. 1998). This observation is in line with in 
vitro binding data which indicated that the first two Ig-like domains of M- 
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protein are the minimal requirement for binding to myosin (see section 
6.1.2). 

In a similar experiment, using cultured chicken cardiomyocytes, binding 
of My2, the first immunoglobulin-like domain of myomesin, to the M band 
was described (Auerbach et al. 1997; Fig. 6B). Biochemical data, on the other 
hand had indicated that at least the unique amino-terminal head domain 
(Myl) of human myomesin should be involved in myosin binding 
(Obermann et al. 1997). This might be explained by species-specific differ- 
ences in the respective amino-terminal domains, like for instance the miss- 
ing conspicuous KQSTAS repeats in chicken myomesin. Furthermore, the 
entirely different assay conditions used presently make a final assessment 
difficult. 

7 Conclusions 

M bands and Z discs seem to be crucially involved in establishing the strik- 
ingly ordered array of thick and thin filaments, respectively. This requires 
control mechanisms that allow for the sequential assembly of contractile and 
structural proteins into the sarcomere. In addition, tightly controlled local 
disassembly processes have to provide a basis for the turnover and remod- 
elling that has been observed (like, for instance, the exchange of develop- 
mental stage-specific sarcomere protein isoforms in a working muscle). 
Previous work has focussed on the characterization of a plethora of con- 
tractile and cytoskeletal proteins. More recent results give good reasons to 
hope that it may be possible to explain the various ultrastructural findings at 
a molecular level in the future. Likewise, they give a first hint at which signal 
transduction mechanisms could be involved in the control of the assembly 
of the supramolecular structure that makes us move. 
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1 Introduction 

In the early 1970's, while investigating the purity of conventional prepara- 
tions of muscle myosin, using the - then - new technique of SDS gel electro- 
phoresis, Starr and Offer (1971) detected several proteins of chain weight 
intermediate between that of the myosin heavy chain and light chains. These 
they labelled alphabetically. Some were expected contaminants of a myosin 
preparation, like actin, but several were then unknown. The major one of 
these was band C, C-protein or myosin binding protein C (MyBP-C) as it has 
become known (to avoid confusion with molecules such as C-reactive pro- 
tein) has since been shown to be an essential component of the vertebrate 
striated muscle thick filament. It binds strongly to myosin and is found in 
specific regions in each half of the A-band (Pepe and Drucker, 1975; Craig 
and Offer 1976; Dennis et al. 1984; Bennett et al. 1986) where stripes of extra 
mass 43 nm apart have previously been observed in longitudinal sections of 
muscle (Huxley 1967) and in A segments (Hanson et al. 1971; Fig. 1). 

C-protein is one of the immunoglobulin family of proteins, in common 
with a number of other myosin binding proteins such as myomesin, M- 
protein and titin. It seems to have an essential role in filament formation 
during myofibrillogenesis. Over the last 15 years its sequence, expression 
during development and differentiation, and the relationship of isoform to 
fibre type have been investigated. Since the discovery and sequence analysis 
of titin the relationship to this giant protein, as well as to myosin in the thick 

Fig. 1. Part of an A-segment from frog thigh muscle negatively stained with uranyl 
acetate. The eleven stripes of extra material spaced 43 nm apart are marked, as is the 
M-line. Magnification 55 000 x. Micrograph taken from Hanson et al. (1971) 
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filament is an interesting question. In mature muscle C-protein modulates 
contractile activity particularly in the heart. Its involvement in some of the 
cardiac familial myopathies has given an understanding of its function an 
increased relevance and urgency. 

2 Occurrence of C-Proteins 

C-protein has been found in all vertebrate striated muscles where it has been 
looked for. This includes mammals (rabbit: Offer, 1972; Offer et al. 1973; 
beef: Young & Davey, 1981; Callaway & Bechtel, 1981; Ffirst et al. 1992; hu- 
man: Ffirst et al. 1992; rat: Jeacocke & England, 1980; mouse: Gautel et al. 
1998; pig: Murakami et al. 1976), birds (chick: Pepe and Drucker, 1975; Rein- 
ach et al. 1982; Kasahara et al. 1994), amphibians (frog: Harzell and Titus 
1982; axolotl: Ward et al. 1995a). It is present in both cardiac (Jeacocke & 
England 1980) and skeletal (Offer et al. 1973) muscles. It has not been found 
in vertebrate smooth muscle or in non-muscle cells. Neither has it been 
observed in non-vertebrate striated muscle such as scallop striated adductor 
or insect flight muscle. It is, therefore, strongly associated with the highly 
ordered A-bands of vertebrate striated muscle with their filaments of well 
defined length (1.6 gin) and diameter and their characteristic substructure. 
In this respect it may be that C-protein and titin go hand in hand in their 
involvement in control of thick filament assembly. 

2.1 C-Protein Isoforms and their Distribution 

In mature muscle, three clearly different isoforms of C-protein have been 
described. There is one form in cardiac muscle, mainly one form associated 
with fast (white) muscle such as rabbit psoas and chicken pectoralis, and 
one with slow (red) muscles such as rabbit soleus and chicken ALD ( Jea- 
cocke and England, 1980; Calloway and Bechtel, 1981; Young and Davey, 
1981; Reinach et al. 1982; 1983; Yamamoto & Moos, 1983). The evidence for 
this until recently has been from biochemical and immunological observa- 
tions and is now supported by genetic data ( see section 3). 

While these three isoforms explain many of the observations there is in- 
creasing evidence that there are more isoforms or variants. One of these is 
an 'embryonic' form (Gautel et al. 1998; Gilbert et al. 1996 and see section 
2.2). There is also evidence for a number of proteins which have immu- 
nological similarities to slow C-protein: In chicken, four such variants have 
been distinguished by their differences in electrophoretic mobility (Takeno- 
Ohmara et al. 1989) and in the rat McCormick et al. (1994) have found two 
C-proteins of size intermediate between fast and slow. The rabbit protein, 
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originally called X-protein, which was found to be very similar, if not identi- 
cal, to C-protein extracted from slow red muscle may also be such a variant 
(Starr & Offer, 1983; Yamamoto & Moos, 1983). The differences observed 
may be due to splice variants such as seen in the two cardiac C-protein se- 
quences determined by Yasuda et al. (1995) where one has an additional 
short insert. Alternatively, phosphorylation or posttranslational modifica- 
tions may account for the additional isoforms. 

In addition to these proteins which closely resemble the original C- 
protein, there is another smaller (55 kDa), but related protein. Called H- 
protein (MyBP-H), it is one of the original impurities found in myosin 
preparations by Starr and Offer (1971). It is related in that it has sequence 
homologies to C-protein, binds to myosin and is located in the C-protein 
region of the thick filament (Start & Offer, 1983; Yamamoto, 1984). In 
chicken muscle a protein with similar properties and with apparent molecu- 
lar weight of 86kDa has been characterised by B/ihler et al. (1985a, b). cDNA 
cloning has identified it as chicken H-protein (Vaughan et al. 1993a, b). The 
different gel mobilities probably arise from a Pro-Ala-rich region at the 
amino-terminal end (see section 3). 

While only cardiac C-protein has been demonstrated in cardiac muscle, 
(Bghler et al. 1985c; Obinata et al. 1985) the distribution of fast and slow C- 
protein isoforms and H-protein in adult skeletal muscle fibres is very vari- 
able. It is possible for one, two or all three proteins to be detected by im- 
munofluorescence in any one fibre, although different muscles have differ- 
ent patterns of distribution (Reinach et al. 1982; 1983; Start et al. 1985, 
Bghler et al. 1985b). The simplest situation is found in slow red muscles 
(type 1) where only slow C-protein and little or no H-protein has been de- 
tected in rabbit and mouse soleus (Start et al. 1985; McCormick et al. 1994) 
and chicken ALD (Reinach et al. 1982; B~ihler et al. 1985b). However, it 
should be noted that the cDNA for fast muscle H-protein hybridised to an 
mRNA in chicken ALD suggesting that another isoform of H-protein may be 
expressed here (Vaughan et al. 1993a). In fast (type 2) fibres the observa- 
tions point to a difference, or continuum, between the white, glycolytic fi- 
bres and the red oxidative fibres. In the white fibres, e.g. most of those in 
chicken pectoralis and,rabbit psoas, fast C-protein and frequently H-protein 
is present (Reinach et al. 1982; Bghler et al. 1985b; Start et al. 1985), whereas 
in the faster redder fibres there is more slow-type C-protein (possibly a 
specific isoform or variant) and sometimes H-protein (Starr et al. 1985; 
McCormick et al. 1994, Takeno-Ohmara et al. 1989). This observation has 
led McCormick et al. (1994) to suggest that the expression of C-protein de- 
pends more on the metabolism of the fibre than its speed. 
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An interesting question is, at what stage is C-protein incorporated into 
the thick filament or sarcomere during myofibrillogenesis? Comparing the 
temporal expression of myosin (Sweeney et al. 1984) to that of C-protein, 
Nihler et al. (1985c) have suggested that C-protein is first expressed at a very 
similar time to myosin in chicken cardiac muscle and skeletal somatic 
myotomes. The same conclusion has now been reached directly by Gautel et 
al. (1998) in embryonic mouse (Fig. 2A). In vitro studies of cardiac myocytes 
have shown by immunofluorescence that C-protein is already incorporated 
into sarcomeres by the time they are formed (Schultheiss et al. 1990). That 
C-protein is necessary for sarcomere formation has been demonstrated by 
the elegant studies of Gilbert et al. (1996) on deletion mutants of C-protein 
in chicken myoblasts. They showed that the carboxy-terminal part of the C- 
protein molecule is essential for the correct formation of thick filaments and 
their incorporation into sarcomeres. 

2.2 Developmental Expression Patterns 

The expression of C-proteins during development is shown in Fig. 2 for a 
number of different muscles in chicken and mouse. The simplest situation is 
in cardiac muscle as described in mouse and chicken. Here the only isoform 
to be expressed is the cardiac one and it is present from the earliest times. It 
has been detected from day 2 in the chicken embryo (Kawashima et al. 1986) 
and day 8 in the mouse (Gautel et al. 1998; Fougerousse et al. 1998). A differ- 
ent conclusion was reached in the axolotl. At the initial heartbeat stage a 
slow isoform is expressed but is not retained in the adult heart where a 
specific cardiac form is found (Ward et al. 1996). 

The situation is more complicated in the skeletal muscles. There is always 
a transitional expression of C-protein isoforms before the final distribution 
is established. The first work carried out by Fischman and his colleagues in 
the chicken is collated in Fig. 2B. In the developing embryonic muscle, the 
cardiac isoform (or an isoform sharing a cardiac epitope) is expressed from 
about day 3 in the somitic myotomes and continues into specific muscle 
formation until day 15 in the pectoralis and ALD (Obinata et al. 1985; B~ihler 
et al. 1985c; Kawashima et al. 1986). The slow C-protein isoform kicks in at 
day 12 (Obinata et al. 1984; 1985). In the slow ALD this is the final situation. 
However, the fast, pectoralis muscle undergoes further change in that the 
fast C-protein isoform begins to be expressed at about day 17de. The slow 
isoform is slowly lost and has essentially disappeared by 14 days post hatch. 

Unlike the chicken, mammalian (mouse) skeletal muscle does not exhibit 
transient expression of the cardiac isoform. However, using an antibody that 
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reacts with many if not all C-proteins (pan-C), in human and mouse mus- 
cles, it was shown that there is, expressed very early in skeletal muscle de- 
velopment, an as yet uncharacterised form of C-protein (Gautel et al. 1998). 
This isoform is possibly specific to embryonic muscle and may be equivalent 
to the cardiac isoform expressed early in developing chicken muscle. Subse- 
quently, 14 days post gestation, the slow form is expressed in the somites. It 
is not until several days later that the specific distribution of fast and slow C- 
proteins characteristic of mature muscle begins to be established. 

It is not clear what determines the isoform distribution of C-protein in 
the mature muscle. On the one hand, there is clearly some influence of the 
myosin type (McCormick et al. 1996), but where there is usually only one 
myosin heavy chain isoform in any one mature fibre there may be more than 
one C-protein isoform. Such expression may be correlated with the expres- 
sion of other proteins which occur in more than one isoform within a fibre, 
such as myosin light chains or troponin (Dhoot et al. 1985). No direct corre- 
lation of this kind has been identified but it has been shown that when the 
myosin type changes during hypertrophy there is a concommitant change in 
the C-protein isoforms which are expressed (McCormick et al. 1994). 

3 Cloning of C-Protein cDNAs and Genes 

The existence of C-proteins with slightly different gel mobilities, depending 
on the muscle source, as well as differential immunological and ultrastruc- 
tural localization data have suggested the existence of at least three distinct 
isoforms (Reinach et al. 1982, 1983; Yamamoto & Moos, 1983; Bennett et al. 
1986). Both immunoblotting data and two-dimensional peptide maps essen- 
tially ruled out the possibility of extensive post-translational modifications 
accounting for these differences (Yamamoto & Moos, 1983). Clarity came 
with the availability of sequence data. Up to now, cDNA sequences for a slow 
skeletal muscle (Ftirst et al. 1992; Weber et al. 1993), a fast skeletal muscle 
(Einheber & Fischman, 1989; Weber et al. 1993; Okagaki et al. 1993) and a 

Fig. 2. Temporal expression patterns of C-protein and other myofibrillar proteins 
during mouse and chicken myogenesis. Expression as monitored by immunofluo- 
rescence microscopy is shown as a darkly shaded bar; lightly shaded bars reflect 
redistribution of certain proteins during myotube formation or fibre maturation. A) 
Data for mouse taken from Gautel et al. (1998) The upper half of the Figure shows 
expression patterns in body muscles of somitic origin; the lower half shows expres- 
sion patterns in cardiac muscle. Gestation day and developmental stages of embryos 
according to Theiler (1972) are indicated at the top. B) Data for chicken C-protein 
taken from Obinata et al. (1984;1985), B/ihler et al. (1985c) and Kawashima et al. 
(1986) 
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cardiac muscle (Kasahara et al. 1994; Gautel et al. 1995; Yasuda et al. 1995; 
Ward et al. 1995) isoform have been firmly established. One of the most 
exciting initial results revealed by these data was the fact that C-proteins are 
primarily composed of domains approximately 100 amino acids in length. 
These can be divided in two groups exhibiting significant homology to either 
fibronectin type III (Fn-like) or immunoglobulin cII (Ig-like) domains. The 
surprise arose, because until then the dogma existed that this kind of se- 
quence motives was confined to cell surface and extracellular matrix pro- 
teins (Williams & Barday, 1988). Now it is clear that Ig- and Fn-like domains 
are versatile sequence motifs found in a great number of invertebrate and 
vertebrate muscle proteins (see, for instance, the contributions about titin, 
the M-band proteins, myomesin and M-protein, and twitchin in this vol- 
ume). 

A 

CO C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

B 
myosin binding myosin binding 

region ($2) region (LMM) 

titin binding 
region 

C 

D 
V V v v v v v v v v v v v u  vvv  

Ig-like domain @ PA-region ~ intron position 

Fn-like domain ~ MyBP-C motif . phosphorylated 
region 

Fig. 3. Schematic representation of the structures of C-protein isoforms and of the 
closely related H-protein as deduced from translated cDNA sequences and the gene 
structure of the cardiac isoform. Panels A and B give the structures of cardiac and 
skeletal muscle C-protein isoforms, and panel C the structure of H-protein, respec- 
tively. Domain designations are shown between diagrams A and B. Panel D illus- 
trates intron positions (arrowheads) in relation to the domain structure of human 
cardiac C-protein (Carrier et al. 1997) For ease of visability of the intron positions 
within the MyBP-C motif this region is enlarged. Domain symbols are explained in 
the box below the molecular models 
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Figure 3 shows a schematic representation of the domain organization of 
the three isoforms that have been characterized so far. Thus, slow and fast 
isoforms are composed of 10 Ig- and Fn-like domains which have been des- 
ignated C1 to C10. C1 is flanked amino-terminally by a proline/alanine-rich 
unique sequence of approximately 50 amino acids (called the 'PA-region') 
and carboxy-terminally by another unique region approximately 100 resi- 
dues in length (called the 'MyBP-C-motif; Fig. 4). The cDNAs encoding 
human slow and fast C-protein isoforms predict proteins of molecular 
masses 126.5 and 128 kDa, respectively (Ffirst et al. 1992; Weber et al. 1993). 
Deviations of these calculated masses from the values observed in SDS- 
PAGE are supposed to be caused by the PA-region (Weber et al. 1993). Car- 
diac C-protein is predicted to have a mass of 141 kDa, thus significantly 
bigger than the other isoforms (Kasahara et al. 1994; Yasuda et al. 1995). The 
reason is an additional Ig-like domain preceeding the PA-region, called CO 
(Fig. 3A). 

Comparisons of translated cDNA sequences from different species re- 
vealed that inter-species variability is lower within each individual isoform 
(identity levels between chicken and man are in the range of 70%) as com- 
pared to isoform variability within an individual species (identity levels 
around 50%). There are, however, distinct regions which exhibit a signifi- 
cantly higher degree of conservation, like, for instance, the carbox T- 
terminally situated domains, which were shown to bear binding sites for 
myosin heavy chain (Okagaki et al. 1993; Alyonycheva et al. 1997) and titin 
(Freiburg & Gautel., 1996). On the other hand, the PA-region shows the 
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Fig. 4. Multiple sequence alignment of the MyBP-C motif of cardiac, slow skeletal 
and fast skeletal muscle isoforms from human and chicken. Residues conserved 
between all isoforms are highlighted as boxes. The key regulatory site is further 
emphasized by an asterisk. The region within the MyBP-C motif that shows the 
greatest variability between isoforms and species is underlined. Note that phospho- 
rylation sites (shaded) are confined to the cardiac isoform 
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to reflect differences in regulatory interactions with other ligands. The 
MyBP-C motif shows regions of high conservation, interspersed with iso- 
form-specific insertions involved in signal transduction by phosphorylation 
(see below). For cardiac C-protein this was shown to be the case, since a 
PKA phosphorylation site involved in adrenergic regulation of contraction 
specific for this isoform was mapped to the MyBP-C motif (Gautel et al. 
1995). 

Sequencing also revealed another surprise. H-protein (also called 86 kDa 
protein in chicken), another myosin-binding protein located in the same 
thick filament region as C-protein (Starr & Offer~ 1983; B~ihler et al. 1985a, 
b), is composed of four Ig- and Fn-like domains subsequent to a unique 
amino-terminus (Vaughan et al. 1993a, b; Fig. 3). The order of these do- 
mains is identical to the arrangement at the carboxy-terminus of C-protein 
and the degree of similarity is, with 50% identical residues and another 17% 
conservative substitutions, comparatively high. Thus, H-protein can actually 
be envisioned as a low-molecular mass isoform of C-protein, or, at least it 
belongs to the same subgroup of intracellular immunoglobulin superfamily 
molecules. However, the N-terminal region, involved in interactions with 
the same ligand in all C-protein isoforms via the conserved MyBP-C motif, is 
distinctly different. Although H-protein shares a common myofibrillar 
sorting signal with C-protein, localised in the last four domains, its specific 
myofibrillar interactions have to be different. 

Chromosomal mapping (slow C-protein: Chr. 12, fast C-protein: Chr. 19; 
cardiac C-protein: Chr. l lpl l .2 ,  H-protein 1@2.1) showed that - unlike, for 
instance, the myosin heavy chain family - C-protein and H-protein genes 
are not clustered. The cardiac C-protein isoform has attracted the greatest 
interest because it was found that defects cause a subset of familial hyper- 
trophic cardiomyopathy (FHC; Gautel et al. 1995; Bonne et al. 1995; Watkins 
et al. 1995). The exon-intron structure of the entire 21 kb chromosomal 
region was determined (Carrier et al. 1997) and can be compared to the gene 
structures of other members of the immunoglobulin superfamily, and in 
particular to the intracellular branch. One distinguishing feature is the rela- 
tive compactness of the genes: titin, at one end of the scale has a proportion 
of approximately 67% coding region (Kolmerer et al. 1996), while M-protein, 
at the other end of the scale has only 7% coding sequence (Steiner et al. 
1998); C-protein takes a middle position with 21% coding sequence (Carrier 
et al. 1997). This, in turn, reflects fundamental differences in gene organiza- 
tion between titin and the other muscle Ig superfamily proteins. In the case 
of titin, almost no correlation of intron positions with domain structure was 
observed (Kolmerer et al. 1996). In contrast, Fn-like domains in cardiac C- 
protein are generally encoded by two exons with internal intron positions 
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occurring only at two distinct positions. The introns that flank Fn-like do- 
mains strictly appear between the first and second base of the respective 
codon (i. e. phase I). This kind of organization is also found in the gene for 
murine M-protein (Steiner et al. 1998) and in the rat fibronectin gene (Oder- 
matt et al. 1985; Schwarzbauer et al. 1987). The gene structure of Ig-like 
domains is not so strictly conserved. In cardiac C-protein, they are encoded 
by one to three exons with boundaries almost exclusively in phase I and 
often not correlated exactly with domain borders (Carrier et al. 1997). In 
contrast, M-protein Ig-like domains are almost exclusively encoded by two 
exons with intron positions well correlated with domain borders and in 
phase I. 

In the future, a comparative analysis of promoter regions might give a 
better insight in mechanisms of muscle fiber type-specific gene regulation. 

4 Biochemical and Biophysical Characterization 
of C-Protein 

A summary of the biochemical characteristics of the C-protein molecule is 
shown in Table 1. The molecule has a molecular mass of 130 to 150 kDa and 
therefore consists of a single chain. It is a rod-like structure of a length of 
-40 nm, consistent with it being formed from ten 4 nm Ig-like domains as 
indicated by the sequencing data. Electron microscopy shows that it is fre- 
quentlybent into an L- or V-shape (Fig. 5). 

C-protein is a polar protein; while the C-terminus mediates the associa- 
tion with the thick filament, the N-terminal region forms yet uncharacter- 
ized interactions and contains isoform-specific regions involved in signal 
transduction. Phosphorylation occurs at isoform-specific sites in a C-protein 
specific domain in the N-terminal region of the protein (Gautel et al. 1995). 
This 100 residue domain, the MyBP-C motif, is highly conserved between all 
isoforms of C-protein and between avians and mammals (Fig. 4). This sug- 
gests that it interacts with a common and equally conserved binding partner 
which, however, has not been identified to date. The extent of sequence 
identity between various C-protein isoforms and their cross-species conser- 
vation (Fig. 4) suggests further that the function of this module is specified 
by the conserved regions, and that the phosphorylation motifs found in the 
cardiac isoform represent an additional feature. Phosphorylation of the 
cardiac isoform can occur by cyclic-AMP dependent protein kinase (cAPK) 
or an unknown Ca2*/Calmodulin dependent protein kinase (Hartzell and 
Titus, 1982; Hartzell and Glass, 1984; Schlender and Bean, 1991; Gautel et al. 
1995). An isoform-specifc loop insertion, LAGGGRRIS, contains the major 
cardiac phosphorylation site for both enzymes (Gautel et al. 1995). 
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Table 1. Characteristics of C-protein molecule (for details see text) 

Subunit structure single chain Offer et al. (1973) 

Molecular weight 130-150 kd Offer et al. (1973) 

Extinction coefficient E280, mgJ~ = 1.09 Starr & Offer (1982) 
Crude C-protein 

$20. w 4.65 S Offer et al. (1973) 

Secondary structure 50% [3-sheet (CD) Offer et al. (1973) 
immunoglobulin [3-barrels Einheber & Fischman (1990) 

Ftirst et al. (1992) 

Molecular shape 
ultracentrifuge 
electron microcopy 

rod 3-4 nm in diameter 
axial ratio (10:1) 36 nm long 
25 nm; 35 nm 
44 nm (2 x 22) 
32 nm 
50 nm 

Offer et al. (1973) 
Bennett et al. (1985) 
Harzell & Sale (1985) 
Swan & Fischman (1986) 
Farst et al. (1992) 

No of molecules/thick 40 Offer et al. (1973) 
filament 36; 50 Morimoto & Harrington" 

(1973; 1974) 

a assuming three myosin mols/14.3 nm. 

The C-protein molecule has a length of about  40 nm (Offer et al. 1973; 
Bennett  et al. 1985; Hartzell and Sale, 1985; Swan & Fischman, 1986; Fiirst et 
al. 1992). This length is sufficient to bridge between thick and thin filaments, 
and indeed, in-vitro interaction with F-actin has been repor ted (Moos et al. 
1978). On the other hand,  it was repor ted that C-protein phosphoryla t ion 
can directly affect the conformat ion of the myosin  heads on isolated, cardiac 
thick fi laments (Weisberg and Winegrad,  1996, 1998). This suggests rather 
that  the phosphoryla ted  MyBP-C mot i f  interacts with a ligand on the thick 
filament, mos t  plausibly myosin.  Indeed, Starr and Offer (Starr and Offer, 

Fig. 5. Electron micrographs of C-protein molecules rotary shadowed with platinum. 
(a) Rabbit slow C-protein plus myosin. Specimens prepared by the spraying tech- 
nique. Many of the molecules are bent. Arrows indicate myosin molecules from 
which it can be seen that the C-protein rods are thicker than the myosin tail. Micro- 
graph taken from Bennett et al. (1985). (b) Bovine slow muscle C-protein prepared 
by the spinning method which tends to pull the molecules straight. (Fiirst et al. 1992) 
Magnification in (a) and (b) 100 000 x 
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1978) described a weak interaction of full-length C-protein with heavy 
meromyosin and subfragment $2. It remains to be seen whether this inter- 
action can be substantiated and mapped onto a defined region of C-protein 
different from the myosin-binding C-terminus. Recent results demonstrate 
that myosin $2 is indeed the ligand of the MyBP-C motif (M. Gruen and M. 
Gautel, unpublished results). 

The C-terminal region of C-protein interacts strongly with myosin LMM 
(Okagaki et al. 1993) with some isoform-specific differences in affinity which 
may be relevant for the in-vivo sorting (Alyonycheva et al. 1997). Addition- 
ally, a weaker interaction between the three C-terminal domains and titin 
exists (Freiburg and Gautel, 1996) which may be responsible for the specific 
targeting of C-protein to the C-zone of the thick fdament (Fiirst et al. 1992; 
Labeit et al. 1992; Soteriou et al. 1993; Gilbert et al. 1996; Freiburg and Gau- 
tel, 1996). Whether, and how the three thick filament proteins myosin, titin 
and C-protein cooperate in a ternary complex is unclear. 

One of the questions to be answered in developmental studies is whether 
C-protein is present at the early stages of fllamentogenesis and is therefore 
capable of having a major role in the precise modelling of the thick filament 
or whether it binds to an already formed thick filament. The evidence in 
cardiac muscle has for some time supported the former role. The sarcomeric 
myosin heavy chain and C-protein both being expressed at the same time 
(Schultheiss et al. 1990). However the evidence for a similar situation in 
skeletal muscle is recent. Two pieces of evidence implicate C-protein in a 
formative role. One is suggested by Gautel et al. (1998) who detected the 
presence of an embryonic C-protein at the same time that titin and muscle 
myosin are expressed. This supports the evidence from Gilbert et al. (1996) 
who have transfected chick myoblasts with different fragments of C-protein, 
showing that cells that express the C-terminal fragments of C-protein which 
bind to myosin incorporate them into fibrils as soon as they are formed. 
However the length of the expressed fragment corresponding to the last 4 
domains (C7-C10; for domain nomenclature see Fig. 3) is necessary for the 
correct formation of sarcomeric structure. Expressed fragments without the 
C-terminal domain are not sufficient for correct thick filament formation. 
That is, without this domain expressed, thick filament formation is dis- 
rupted and striated fibrils are not formed. Taken together this evidence 
points to the absolute requirement of C-protein to be present for the precise 
structure of the thick filament to be achieved. 
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5 Localization of C-Protein 
at the Electron Microscope Level 

217 

In electron micrographs of  isolated A segments and of  cryosections of  mus- 
cle, 11 stripes of  extra material -43  nm apart were identified in each half  of  
the A band  (Hanson et al. 1971; Craig, 1977; Wilson and Irish, 1980; Sj6strom 
& Squire, 1977; Fig. I). These were designated I to 11, starting at the edge of 
the bare zone. In the first sections of  rabbit psoas and chicken pectoralis 
muscle, immunolabelled with antibody to a crude C-protein preparation, the 
outer 9 of  these stripes were decorated, i.e. stripes 3 to 11 (Pepe & Drucker, 
1975; Craig and Offer 1976). Work since then, using better defined antibod- 
ies, has revealed a more complicated picture which correlates with the im- 
munofluorescence data described above (Dennis et al. 1984; B~ihler et al. 
1985b; Bennett et al. 1986; section 2). The general conclusion is that the 9 
stripe positions, 3 to 11, are occupied by a form of C-protein or H-protein. 
Whether  there are other, as yet undescribed, components  in these stripes is 
not  known but it is unlikely that there are any major extra proteins to be 

Table 2. Pattern of labelling on the accessory protein stripes in rabbit and chicken 
muscles. Data taken from B~ihler et al. 1985; Dennis et al. 1984; Starr et al. 1985; 
Bennett et al. 1986. Figures in brackets indicate where the labelling is weak or where 
the data suggests more than one protein occurs 

Musde fibre type fast C-protein slow C-protein H-protein 
(86 kD protein) 

Rabbit 

psoas 

plantaris 

soleus 

fast white 4-11 - 3 
fast intermediate 5-11 4 3 
fast red - 3-11 - 
slow red - 3-11 - 

fast white (3) 5-11 3-4 - 
fast intermediate (5-11) 3-4 (5-11) - 
fast red - 3-11 - 
slow red - 3-11 - 

slow red - 3-11 - 

Chicken 

pectoralis 

PLD 

ALD 

fas t  ((3)) ( 5 -11 )  - 

fast (2) (3) (6-11) (3) 4-5 (6-11) 

slow - 3-11 

3-4(5-11) 
? 
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found except for those that contribute to the mass of stripes 1 and 2. The 
actual dispositions of the C-protein isoforms depend on the species, the 
muscle and the fiber type. They have only been investigated in any depth in 
the rabbit and the chicken skeletal muscle. 

In rabbit, the pattern of labelling was observed in three muscles, the slow 
red soleus, the fast white psoas and the mixed plantaris (Starr et al. 1985; 
Bennett et al. 1986). At least 5 distinct patterns of labelling were observed 
(Table 2, Fig. 6). The simplest, in both the slow and fast red fibres of all three 
muscles was 9 stripes (3-11) of slow C-protein (X-protein) (Fig. 6c). In 
psoas, most of the fibers are fast white and have a pattern of 8 stripes (4-11) 
of fast C-protein and one (stripe 3) of H-protein (Fig. 6b and e). Other fibres 
in the psoas which were not so white, had a pattern in which slow C-protein 
on stripe 4 replaces fast C-protein (Fig. 6a and d). Similarly complicated 
patterns were seen in plantaris fibers, except here no H-protein was found in 
any of the fibers (Table 2). In some fibres, antibody stripes were of variable 
strength indicating that possibly more than one C-protein isoform could 
share stripes. Confirmation of this came from double labelling plantaris 
muscle with both fast and slow C-protein antibodies when all nine stripes 
had equal strength. 

In the chicken similar observations have been made although the pat- 
terns seen are different (Dennis et al. 1984; B~hler et al. 1985b; Table 2). As 
in the rabbit, the slow fibres of the ADL contains only slow C-protein which 
is found on 9 stripes. On the other hand the fast fibres of chicken breast 
muscle have fast C-protein on seven stripes, but H-protein on all nine. The 
fibres in another fast muscle, the PLD, have a different arrangement. Most of 
their stripes are shared by both fast and slow C-protein. 

The complexity of the patterns formed and the variation between muscles 
suggest that the patterns do not relate simply to fibre type but that there is 
considerable plasticity in C-protein isoform incorporation as is found for 
other sarcomeric proteins like troponin and myosin light chains (Dhoot et 
al. 1985). It is presently unclear what this degree of variability means. It 
certainly is suggestive of a fine tuning mechanism, such as, modulating 
thick-thin filament interaction. 

6 Relationship to Thick Filament Structure 

All of the data on the vertebrate striated muscle thick filament points to it 
being a very precisely contructed organelle of which C-protein is one of the 
necessary ingredients. Ever since the discovery of the association of C- 
protein with a specific location in the thick filament there have been at- 
tempts to ascribe a structural role to it. This role for C-protein is supported 
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Fig. 6. Electron micrographs showing C-protein and H-protein labelling patterns in 
rabbit psoas fibres, a) and b) labelling of stripes with antibody to fast C-protein. a) 
stripes 5-11 and b) stripes 4-11. c) and d) labelling with antibody to slow C-protein 
(X-protein); c) stripes 3-11 and d) stripe 4 only. e) labelling of stripe 3 with antibody 
to H-protein. Magnification x 34 000. Micrograph from Bennett et al. (1986) 
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by the evidence described above that it is has a specific location in the fila- 
ment, that it is expressed at the same time as myosin during development 
and that at least the C-terminal third of the molecule is essential for correct 
thick filament formation (Gautel et al. 1998; Biihler et al. 1985c; Gilbert et al. 
1996). 

The underlying arrangement of myosin in the thick filament is well 
known, with the myosin heads lying roughly on a three stranded helix. 
Along each strand, myosin molecules occur every 14.3 nm and each strand 
repeats every 3 x 43 nm. In such a well defined organelle, the stoichiometry 
of C-protein to myosin should be very precise. Estimates of the amount of C- 
protein present are consistent with 3 molecules at each of the 18 axial C- 
protein positions along each thick filament, that is, one C-protein-like mole- 
cule per strand at each C-protein position (Offer et al. 1973; Morim0to & 
Harrington, 1973; 1974; Craig & Offer, 1976). 

One of the early ideas about the function of C-protein was that it might 
determine the length of the thick filaments by a vernier mechanism. This 
mechanism says that two sets of proteins, e.g. myosin and C-protein, have 
slightly different repeats which go in and out of phase with one another 
(Huxley & Brown, 1967). In its simplest form, the rod-like C-protein mole- 
cules are bound end to end with a longer repeat than myosin (see Squire et 
al. 1976). The strongest evidence for this was the presence in the X-ray dif- 
fraction pattern of muscle of a reflection on the meridion of 1/44 nm -1 spac- 
ing which is significantly bigger than the repeat of the myosin molecules 
(3 x 14.3 = 43 nm) (Huxley & Brown, 1967). Rome et al. (1973) demonstrated 
that this meridional arose from the presence of C-protein by immunolabel- 
ling the muscle and showing that the intensity of the reflection was en- 
hanced as well as that of another weaker reflection at 1/41.8 nm ~. They ar- 
gued that the two reflections were a pair and that this could be brought 
about by the splitting of a reflection at 1/43 nm ~ by interference of the two 
arrays of C-protein in each half of the A-band. It is accepted that such split- 
ting does occur (Craig & Megerman, 1979), but since the observed relative 
intensities of the two C-protein reflections are not quite as predicted it is 
possible that C-protein has a spacing slightly different from that of the the 
myosin. In support of this, Squire and his colleagues carried out image 
analysis of electron micrographs of cryosections of human tibialis muscle 
where interference effects can be avoided. They concluded that the C- 
protein molecules do not lie exactly on the myosin repeat but that the differ- 
ence between them (43.4 nm for C-protein compared to 42.9 nm for myosin) 
is small (Sj6strom & Squire, 1977; Squire et al. 1982). On the other hand, 
Craig (1977) used a similar method of analysis to show that in the optical 
diffraction patterns of electron micrographs of one half of A segments the 
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spacing of the meridional from the C-protein array was not significantly 
different than 3 times the myosin head repeat (no more than 0.25 nm). 
Similar results have been obtained in sections of freeze substituted frog 
sartorius muscle (Craig et al. 1992). 

Several other factors mitigate against the simple vernier mechanism. 
Firstly, since C-protein has been shown to bind very strongly to myosin and 
to alter myosin filament structure in vitro (Moos et al. 1975; Koretz, 1979; 
Miyahara & Noda, 1980; Koretz et al. 1982; Davis, 1988), it seems unlikely 
that it can have a binding pattern that is entirely unrelated to myosin. Sec- 
ondly, the arrangement proposed could not satisfy the electron microscopy 
data, since the small axial extent of the accessory protein stripes and the 
polyclonal antibody labelling suggest that the rod-like C-protein molecules 
are arranged perpendicular rather than parallel to the filament axis. Finally, 
a much better candidate for a template for thick filament length determina- 
tion has been found in titin. 

A number of possible arrangements of C-protein have been suggested 
which are consistent with the small axial extent of the stripe material at each 
level. A subset of these models accept that C-protein is associated with the 
filament backbone as has been argued from the appearence of the stripes in 
sections of antibody labelled muscle (Offer, 1972). These range from an 
arrangement where three molecules wrap themselves around the filament to 
form a tight collar (Offer, 1972; Swan & Fischman, 1986), to a loose three 
membered ring in which the C-protein molecules are bound end to end 
(Bennett et al. 1985). Others have been influenced by the observation that C- 
protein can bind to actin, to suggest that some part of the molecule projects 
from the thick filament towards the thin (Moos et al. 1978). Recently, Luther 
(1998) has visualised lateral projections between thick and thin filaments at 
43 nm intervals in relaxed muscle and suggested that they might be C- 
protein. Also, Magid et al. (1984) have suggested the presence of lateral 
struts contributing to lateral stiffness in the muscle and ascribed them to C- 
protein. 

Recently, using the pan-C-protein antibody to the N-terminal domain of 
C-protein (Gautel et al. 1998) to immunolabel muscle and comparing these 
results to previous data has enabled us to obtain more information about the 
axial disposition of C-protein (Fig. 7). This antibody was found to label 9 
stripes (3 to 11) in each half of the A-band in rat soleus muscle. The posi- 
tions of the stripes are shown in Fig. 7c where they can be seen to be the 
same as the unlabelled stripes seen in the type 1 fibre of the human tibilalis 
anterior (Fig. 7d; measurement taken from Fig. 2 of Sj6strom & Squire, 
1977). Thus the N-terminal half of C-protein is thought to lie here. However, 
the C-terminal is not at the same position. Firstly, antibody to H-protein, the 
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molecule that is equivalent to the four C-terminal domains of C-protein, 
labels at stripe 3 in rabbit psoas at a position 15 to 20 nm closer to the M 
band than the stripes (Fig. 7a). In addition, a polyclonal antibody to slow C- 
protein labelled, in rabbit slow red muscle, a much broader stripe that can, 
in places, be distinguished as a doublet (Bennett et al. 1986; Fig. 7b). It was 
thought that this observation might imply two bands of C-protein within the 
43 nm repeat. However, since the pan-C antibody only labels one stripe then 
this broad label can be thought to represent the axial extent of the C-protein 
along the filament. It is particularly compelling that one part of the doublet 
corresponds with the stripe position and the other is close to the H-protein 
position. To explain this observation, we propose that in the filament, C- 
protein is bent into an L shape similar to that adopted by the molecules in 
solution as revealed in electron micrographs of rotary shadowed C-protein 
(Hartzell & Sale, 1985; Bennett et al. 1985; Swan & Fischman, 1986; Ftirst et 
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Fig, 7. Diagram illustrating the axial arrangement of C-protein and titin in the C- 
zone in one half of the thick filament. The stripe positions are labelled 3-11 at the 
top of the diagram and a scale bar is given at the bottom, a) position of the anti H- 
protein in rabbit psoas muscle (Bennett et al. 1986) b) positions of the doublets of 
antibody to slow C-protein in rabbit soleus muscle (Bennett et al. 1986) c) position 
ofpan-C antibody in rat soleus muscle (our unpublished observations) d) Positions 
of stripes seen in crosections of human slow muscle.(measurements made on Fig. 2 
of Sj6strSm & Squire, 1977) e) proposed arrangemnt of C-protein in a bent configu- 
ration with the carboxy-terminal closer to the M-line. f) seven superrepeats of titin 
arranged axially so as to allow the first Ig domain of the repeat to interact with the 
C10 domain of C-protein as suggested by the data of Freiburg & Gautel.(1996) g) 
linear arrangement of myosin molecules at 14.3 nm intervals 
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al. 1992; Fig. 5). The C-terminal myosin-binding domain is nearer to the M 
band and this part of the molecule lies approximately parallel to the filament 
axis and close to the backbone. The other half of the molecule is approxi- 
mately perpendicular to the fdament and contributes to the accessory pro- 
tein stripes. This L-shaped conformation is similar to that proposed for the 
M band protein myomesin (Obermann et al. 1995; 1996). 

The forces that restrain the N-terminal portion of C-protein have not 
been determined. However, there is evidence that in addition to LMM, C- 
protein can bind to myosin $2 (Starr & Offer, 1978) as well as to actin (Moos 
et al. 1978), so it is possible that the N-terminal portion of C-protein could 
be involved in holding the myosin heads back against the filament in relaxed 
muscle or in some interaction with the thin filament. In particular, the in- 
volvement of the MyBP-C motif between domains i and 2 is unknown. Since 
it is the site of phosphorylation in cardiac C-protein (Gautel et al. 1995) and 
this affects the acto-myosin interaction, it could be involved in this role. 

So far the influence of titin has not been considered. The observation that 
myosin and C-protein are expressed shortly after titin implies that these 
three proteins are intimately associated in thick filament formation. Ex- 
pression of a truncated C-protein indicates that the myosin binding domain 
is, itself, not sufficient (Gilbert et al. 1996). The three domain titin binding 
region is also essential, suggesting that myosin, C-protein and titin form a 
strong ternary complex every 43 nm along the filament. 

For the part of its length associated with the C-protein region, titin has a 
repeating pattern of Ig-like and Fn-like domains. This pattern consists of 11 
domains (Ig, 2 Fn, Ig, 3 Fn, Ig, 3 Fn) which at 4-4.5 nm / domain gives a 
length that corresponds closely to 43 nm, the myosin and C-protein repeat, 
as was early recognised (Labeit et al. 1992; Labeit and Kolmerer, 1995). Since 
there are 11 such superrepeats, this part of the titin molecule is supposed to 
dictate the pattern of accessory proteins in the A-band (Labeit & Kolmerer, 
1995). In agreement with this is the observation that some titin antibodies 
recognise repetitive epitopes, and that the label coincides with the position 
of C-protein antibodies (F~rst et al. 1989). Nine of the 11 domain superre- 
peats are shown in Fig. 7. Binding data show that C-protein binds to titin 
(F/Jrst et al. 1992; Labeit et al. 1992; Soteriou et al. 1993). Freiburg & Gautel 
(1996) have investigated this interaction in more detail. They found that the 
C10 Ig domain of C-protein binds specifically to the first Ig domain of the 11 
domain pattern of titin. Figure 7f shows nine of these superrepeats with their 
axial register with respect to C-protein as suggested by these findings. 

There is little information about the binding site on myosin for C-protein 
or titin although Houmeida et al. (1995) have identified a position 20 nm 
from the end of the myosin tail where it binds to titin. However since this 
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binding is found for all the A-band length of titin it is unlikely that it relates 
specifically to the C-protein interaction site. 

One puzzle concerning the C-protein distribution is why it does not occur 
elsewhere in the A band since it binds so strongly to myosin. It is the pres- 
ence of titin that offers an explanation. Because of the domain pattern, the 
interaction of titin with myosin will be different at each of the three levels of 
myosin within the 43 nm repeat. It is likely that only one of those levels is 
particularly favourable for C-protein binding. Elsewhere, titin mayblock the 
C-protein binding site on myosin. The presence of C-protein every 43 nm 
and the corresponding titin repeat also offers an explanation for the axial 
perturbation of the myosin heads from a strict 14.3 nm repeat in relaxed 
muscle (Huxley & Brown, 1967). 

7 C-Protein: the Most Commonly Afflicted Gene 
Causing Familial Hypertrophic Cardiomyopathy 

The complex and multiple protein-protein interactions in the sarcomere are 
highly interdependent. Mutations in a number of sarcomeric proteins have 
been identified which cause familial hypertrophic cardiomyopathy (Vik- 
str6m and Leinwand, 1996; Towbin, 1998). C-protein was identified as one of 
the genes afflicted (Bonne et al. 1995; Gautel et al. 1995; Watkins et al. 1995), 
and a plethora of C-protein mutations have since been identified (Bonne et 
al. 1995; Watkins et al. 1995; Carrier et al. 1997; Rottbauer et al. 1997; Yu et 
al. 1998; Niimura et al. 1998). By now, it is emerging that mutations in the 
cardiac C-protein gene are the most common mutations leading to familial 
hypertrophic cardiomyopathy (Carrier et al. 1998). 

The mutations in the C-protein gene are heterogeneous, and disease is 
associated with point mutations leading to amino acid exchanges, splice site 
mutations that result in mis-spliced and often truncated polypeptides, and 
deletions which selectively disrupt single domains while leaving the reading 
frame intact. Based on the functional characterisation of defined regions of 
C-protein described above, the mutations can be classified into two major 
groups: assembly-competent mutant proteins with single amino acid ex- 
changes (containing at least the last three C-terminal domains) and mutant 
proteins with internal deletions but a predicted functional thick-filament 
binding site, or assembly-incompetent proteins which lack one or more 
functional C-terminal domains (compiled in Fig. 8). 

The assembly competent mutations can been further subdivided into 
point mutants affecting domains far from the assembly region (Fig. 8, group 
A), and internal deletions predicted to result in a shortened protein with 
functional N- and C-terminal regions (group B). The largest group are C- 
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terminally deleted proteins containing at least one truncated and mis-folded 
domain (group C in Fig. 8). Interestingly, most of the latter mutations are 
predicted to encode mutant proteins that are C-terminally deleted due to 
splice donor- or acceptor site mutations (Carrier, et al. 1997; Towbin, 1998) 
(Fig. 8). Mutant proteins of lengths between two and 9 domains have been 
predicted in many afflicted families. Since the N-terminal region, containing 
the MyBP-C motif with three phosphorylation sites, is probably involved in 
cardiac contraction regulation, it was suggested that the assembly- 
incompetent mutant proteins might act as poison polypeptides. 

Since cardiac C-protein is crucially involved in myofibrillar assembly, re- 
duced amounts of functional protein could equally lead to disturbed myofi- 
bril assembly resulting in sarcomeric disarray, which is the histological 
hallmark of FHC (Schwartz et al. 1995). Cardiac C-protein is the only iso- 
form expressed in cardiac muscle throughout development (Fougerousse et 
al. 1998; Gautel et al. 1998). Whereas skeletal muscle coexpresses at least two 
C-protein isoforms, slow and fast (Dennis et al. 1984; Bennett et al. 1986), 
preceded by a possible embryonic isoform during development, a transcom- 
plementation of isoforms can be envisaged for skeletal, but not for cardiac 
muscle (Gautel et al. 1998). This might explain why skeletal myopathies 
caused by mutations in the slow or fast C-protein genes have not been de- 
tected so far. 

It is interesting that none of the short C-terminally truncated MyBP-C 
molecules in the transfection study by Gilbert et al. (1996) exerts a domi- 
nant-negative phenotype that would suggest a poison-polypeptide effect on 
myofibrillogenesis. However, very low levels of the delocalized N-terminal 
fragments of C-protein could act as poison peptides that might exert an 
adverse effect only over the long period of time that C-protein-associated 
FHC seems to take to manifest clinically (Watkins et al. 1995). It is notewor- 
thy, however, that a french family develops FHC with a predicted mutant 
protein that even lacks the signalling MyBP-C motif (Mutant 19 in Fig. 8; 
Carrier et al. 1997). However, it is unknown whether, and at what levels, 
these mutants are actually present in the cardiomyocyte; this problem also 
applies to the point mutations which are even harder to detect. In the only 
study to date which investigated myocardium of an FHC patient, the deleted 
mutant protein could not be detected by Western blotting using C-protein 
specific antibodies (Rottbauer et al. 1997; similar results were observed in a 
second, independent family with a different mutation, M. Gautel and H.-P. 
Vosberg, unpublished observations). It was therefore proposed that the 
mutant protein was either translationally blocked or unstable and rapidly 
degraded. This could also be the case for some of the more discrete point 
mutations: for instance, the Asn755Lys mutation (Yu et al. 1997) is predicted 
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to afflict a hydrogen bond crucial for Ig-domain stability. Rapid degradation 
of misfolded mutant C-protein could be similar to the rapid degradation of 
non-assembled, mutant cytosolic troponin T protein which was described in 
a 5' splice donor site mutation in intron 7 of Drosophila flight muscle tro- 
ponin T, causing the upheld2 phenotype (Fyrberg et al. 1990). Mutations in 
the actin and myosin heavy chain genes of D. melanogaster have also been 
observed to result in changes in myofibriUar stoichiometry and altered 
myofibril turnover, ultimately leading to myofibril disarray (Beall et al. 

wild 
type 

CO C1 C2 C3 C4 C5 C6 " C7 C8 C9 C10 

A 1 ~ E258K 
A 

2 E451Q 

3 RSO2Q 

N755K 

B 5 ~ s~s t ~,ql ~ 

C 

10 

12 t~11 
13 

15 H II III 

17 

18 

~r phosphory la t ion site 

t runcated Fn-l ike domain 

t runcated Ig-like domain 

I nonsense fus ion pept ide 



The C-Protein (Myosin Binding Protein C) Family 227 

1989). Consequently, alterations in protein stoichiometry during myofibril- 
logenesis in mammalian muscle could well account for the chronical dete- 
rioration of myocardial function (Rottbauer et al. 1997) in a haplophenotype 
mechanism. 

The molecular pathology of FHC associated mutations i n MyBP-C is 
therefore plausibly quite different between the emerging subgroups of mu- 
tations, and both protein instability as well as direct competition effects may 
contribute to the development of disease. 

8 Proposed Function of C-Protein 

It is clear that C-protein plays an important role in all vertebrate striated 
muscles. It, or something like it is present in all A bands from Azolotl to 
human. That it is present at the very earliest time, with titin and myosin 
during myofibrillogenesis, and that if a curtailed molecule is present, sar- 
comere formation is disrupted points to its essential nature in this process. 
We have also discussed the genetic data that indicates that even when thick 
filaments are apparently formed correctly certain genetic defects in C- 

Fig. 8. Summary of presently known MyBP-C mutations that lead to familial cardiac 
hypertrophy. Top: the domain pattern of cardiac MyBP-C. The biochemically de- 
fined regions are marked: phosphorylation by cAPK or a Ca2+/Calmodulin depend- 
ent protein kinase is localised to the MyBP-C motif (Gautel et al. 1995), and myofi- 
brillar incorporation is directed by the four C-terminal domains (sorting signal) 
(Gilbert et al. 1996) which contain a myosin-binding site in C10 (Okagaki et al. 1993) 
and a titin binding region in C8-C10 (Freiburg and Gautel, 1996). CO is a cardiac- 
specific Ig domain not found in the other known MyBP-C isoforms. Mutations in the 
MyBP-C gene encode mutant proteins which can be grouped in three distinct fami- 
lies. Representative mutations from several studies are shown. A: point mutations 
with unknown functional consequences but intact sorting signal; B: internal dele- 
tions with disrupted (and non-functional domains) and intact sorting signal; C: 
Mutations that, mostly via splice donor- or acceptor site mutations, lead to prema- 
ture termination of the polypeptide by stop-codons in a nonsense fusion peptide. 
These mutations are predicted to be assembly-incompetent due to the deleted sort- 
ing signal. Mutations 1-3 (Niimura et al. 1998); mutation 4 (Arg654His) (Moolman- 
Smook et al. 1998); mutations 5, 8, 12-14, 17, 18 (Carrier et al. 1997); mutations 7, 10 
(Watkins et al. 1995); mutation 9 (Rottbauer et al. 1997); mutations 6 and 16 
(Kimura et al. 1997); mutations 4 (Asn755Lys) and 11 (Yu et al. 1997), mutation 15 
(Bonne et al. 1995) 
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protein can lead to a catastophic breakdown of the contractile behaviour of 
the muscle. This is dearest in cardiac muscle where it seems that phosphory- 
lation of C-protein plays a major role in this process. Phosphorylation is not, 
however, so important for skeletal muscle. Here it is possible to see the role 
of C-protein in contraction regulation independent of phosphorylation. 
There is evidence that during activation C-protein moves. X-ray diffraction 
shows that the 44 nm meridional which reveals the presence of C-protein 
with a repeating structure in relaxed muscle rapidly disappears almost en- 
tirely during activation both in skeletal (Bordas et al. 1991; Harford et al. 
1991) and cardiac (J. J. Harford, personal communication) muscles. This 
implies that the order is lost, possibly due to the continual movement of the 
myosin heads during contraction. C-protein could become detached during 
this process or move with the heads. The order is restored when the musde 
relaxes or goes into rigor. Further evidence for a role as a modulator of acti- 
vation is seen when C-protein is partially removed (Hoffmann et al. 1991a, 
b). Normally the onset of tension is a very sharp function of calcium concen- 
tration at a pCa of 7 to 6. However, when C-protein is extracted, the varia- 
tion with the calcium concentration is more gradual. This might be ex- 
plained if the C-protein plays a role - via its binding capabilty to myosin $2 
- of keeping the myosin heads close to the backbone during rest. Phosphory- 
lation of C-protein could strengthen or weaken this function in cardiac 
muscle. 
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Introduction 

The basic sarcomeric organization from both vertebrate and invertebrate 
muscles is very similar but shows a wide range of structural and physiologi- 
cal adaptations from the length of the individual filaments to the speed of 
contraction/relaxation. The mechanism of striated muscle contraction is 
universal and has been known, for quite some time now, to be the result of 
the sliding of actin and myosin filaments past each other (1). During the 
sliding process, the thick filament, made from the assembly of myosin heavy 
and light chain molecules "walks" on the thin filament composed of polym- 
erized actin and regulatory proteins. The sliding process does not change the 
total length or sarcomeric position of these two filaments but rather their 
position relative to each other. How the complex myofibrillar structure is 
put together during myofibriUogenesis and maintained through cycles of 
contraction-relaxation is still largely a mystery, as is the molecular basis for 
physiological properties such as resting tension, elasticity and stretch acti- 
vation. 

To explain some of the properties of muscle structure and function, early 
models suggested the existence of a third filament system with elastic prop- 
erties. In particular, electron microscopy studies of insect flight muscles 
revealed the presence of fine connections between the Z bands and the thick 
filaments (2-7). The search for component(s) of the third filament system 
lead to the identification and characterization of several very large proteins 
(size ranging from about 600 kDa to 3,000 kDa) found in both vertebrate and 
invertebrate muscles. These include "titin" or "connectin" (8, 9) in vertebrate 
muscles, "twitchin" in nematode (Caenorhabditis) and molluscan (Aplysia) 
muscles (10-12) and the insect protein, "projectin", also called "mini-titin" 
(13-22). 

Based on antibody cross-reactivity and physical properties, it was sug- 
gested that twitchin, projectin and titin are related (18-24). The first member 
of this group from which amino acid sequence was determined was twit&in, 
encoded by the mutationally defined gene unc-22 (11). Surprisingly, twit&in 
was discovered to consist almost entirely of multiple copies of immuno- 
globulin (Ig) and fibronectin type III (Fn) domains (11, 25). This made 
twitchin the first intracellular protein to join the Ig superfamily. Shortly 
thereafter, the sequences of both titin (26-28) and projectin (29-31) were 
shown to be very similar to twitchin, being composed of Ig and Fn domains, 
as well. In fact, in addition to these three proteins, there are 11 other pro- 
teins which fall into this intracellular, mostly muscle branch of the Ig super- 
family. Nearly all of these proteins are discussed in this volume. They in- 
dude the four proteins represented schematically in Fig. 1. These are 
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twitchin of C. elegans (and Aplysia), projectin of Drosophila, C. elegans 
UNC-89 and C. elegans intestinal brush border twitchin. In addition to ti- 
tin/connectin, the other known family members include smooth muscle (32) 
and non-muscle (33) myosin light chain kinase (MLCK); telokin (34, 35); 
myosin-binding proteins (MyBP)-C and H (36, 37); skelemin (38), M-protein 
(39) and myomesin (40); and kettin (41). The Ig-like sequences in this family 
are now known to form Ig folds. This was first demonstrated for telokin (42), 
but also shown for several domains from titin/connectin (43, 44) and one 
from twitchin (45). Ig and FnIII domains, when present in extracellular and 
cell surface proteins had been known to be involved in recognition or adhe- 
sion. Thus, it was postulated that similar motifs in the twitchin family would 
also function in protein-protein interaction. This hypothesis has been con- 
firmed by numerous experiments. (i) Telokin, which is essentially one Ig 
domain, was shown to interact with myosin (46). (ii) MyBP-C was shown to 
have most of its myosin-binding activity localized to the C-terminal Ig do- 
main (47). (iii) A kettin Ig domain, with flanking linker sequences, has been 
shown to bind to actin and c~-actinin, but not to myosin (41). (iv) Two to 
seven Ig and FnIII domains of titin/connectin were expressed and purified 
from bacteria and shown to interact with the myosin rod and MyBP-C (27). 
(v) More recently, MyBP-C was shown to interact with only the ll-domain 
super-repeat of the A-band titin/connectin, and not with expressed portions 
from other regions of titin/connectin (48). 

Arthropod Projectin 

Projectin or mini-titin proteins were identified and characterized from sev- 
eral arthropod species, by principally two approaches: either through a bio- 
chemical isolation similar to ones used for the purification of vertebrate titin 
(19-22) or through the total analysis of myofibrillar and/or Z-line associated 
proteins (14, 17, 18). Four different insect species were used for these studies 
(Lethocerus, Apis, Drosophila and Locusta) and in each case a high molecu- 
lar weight polypeptide between 700 and 1200 kDa estimated size was charac- 
terized and called either projectin or mini-titin. Crayfish muscles were also 
used for purification of an equivalent protein. Antibodies raised against the 
crayfish protein were shown to cross-react with Drosophila muscles (19, 21, 
22). Some antibodies, raised against projectin from one insect species show 
cross-reactivity to the equivalent protein in other insects (17, 18, 20). Some 
antibodies directed against titin were also able to recognize some of these 
purified mini-titin proteins (19, 23). Cross reactivity between Drosophila 
projectin and nematode twitchin was also demonstrated (24). From the anti- 
bodies cross-reactivity and the biochemical profile of these arthropod 
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proteins, it seems clear they are equivalent proteins in the different species 
considered and are related to titin and twitchin. 

The localization of these large proteins was determined by immunofluo- 
rescence microscopy on insect muscles and in most reports, the location of 
projectin is the I-Z-I region of insect flight muscles (17, 18, 20, 21). Electron 
microscopy of total stretched myofibrils or purified Z disks of insect flight 
muscles have shown the presence of a filament extending or "projecting" 
from the Z band towards the myosin filament, just overlapping the tip of the 
A band (14, 17). In honeybee flight muscle, connecting filaments can be 
extended to well over ten times their rest length. When muscles are 
stretched in rigor and then released, the recoil forces of the connecting fila- 
ments cause the sarcomere to shorten, leading to the crumpling of thin fila- 
ments held in rigor (5). Electron microscopy of purified "mini-titin" frac- 
tions have demonstrated the presence of an elongated protein with a length 
between 0.2 and 0.3 ~ and a width of 4 nm (19, 20). The length of one mole- 
cule would be sufficient to cover in insect flight muscle the distance between 
Z and A bands, ranging between 0.1 and 0.2 p (49). Saide demonstrated 
unequivocally by antibody staining and biochemical analysis the third con- 
necting filament of honeybee flight muscles to be composed of projectin 
(14). These data establish clearly the existence, in the flight muscles of sev- 
eral insect species, of a large elongated protein, forming a filament-like 
structure between the Z band and the tip of the myosin thick filament. This 
protein, "projectin" or "mini-titin" was proposed to be foremost if not sole 

Fig. I. Five titin/connectin-like proteins found in invertebrates. Twitchin, UNC-89 
and intestinal brush border twitchin (BB twitchin) sequences are from C. elegans, 
and the projectin and kettin sequences are from Drosophila. The longest known 
adult isoform of projectin is depicted. Ig domains are represented as lightly-shaded 
boxes, FnIII domains as darkly-shaded boxes, and the Ser/Thr protein kinase do- 
mains are designated "kinase". The finely dashed lines under twitchin, .projectin and 
BB twitchin indicate the pattern of Ig, Fn and kinase domains conserved with verte- 
brate smooth muscle myosin light chain kinase. The wider dashed line under 
twitchin indicates the wider region of twitchin which is conserved in terms of do- 
main organization with vertebrate titin/connectin. The arrow near the N-terminus of 
twitchin shows the position of a segment of 11 amino acids, 9 of which are glycine, 
which is hypothesized to form a flexible "hinge" in the protein. In kettin, the thin 
boxes with horizontal lines represent a 35 amino acid repeating sequence motif that 
has no similarities to other proteins in the databases. Although approx. 95% of BB 
twitchin is likely to have been determined, its N-terminus is unknown. In the left- 
most region of the diagram of BB twitchin are thin black boxes representing the 8 
copies of an -30 residue motif which has no significant homology to other proteins 
in the databases. (Data on projectin are from (119) data on BB twitchin are from X. 
Tang and G.M. Benian, unpubl.) 
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component of an elastic filament involved in the stretch activation mecha- 
nism of insect flight muscles (14, 17). 

In adult insects, the highly specialized indirect flight muscles (abbrev- 
iated as IFM) are powerful muscles adapted for the rapid repeated contrac- 
tions necessary for flight. These muscles are stretch-activated, undergoing 
multiple rounds of contraction per nerve impulse (50) and because they lack 
a 1:1 relationship between nerve stimulation and contraction, the IFM are 
also referred to as asynchronous muscles. The other insect muscles, like 
most striated muscles in other organisms, undergo one contraction per 
nerve impulse and are classified as synchronous muscles (50). The stretch- 
activation mechanism is explained as a "delayed increase in tension due to 
stretch" which activates the muscle and results in contraction. The IFM are 
attached to the cuticle or exoskeleton and because they are organized as two 
sets of perpendicular muscles, their length will oscillate in response to 
stretch activation. The stretch activation mechanism has been shown to be 
an intrinsic property of the myofibriUar apparatus (51). An explanation, 
based on the matched axial repeats of the actin and myosin filaments, was 
put forward by Wray (52) but recently has been refuted (53). Another model 
suggests that the projectin filaments play an important role in the stretch 
activation mechanism (14). In this hypothesis, projectin, in asynchronous 
flight muscles, would be an elastic protein conferring high resting stiffness 
to the IFM and/or capable of transferring stress to the thick filament during 
stretching (14, 17, 18). 

Since projectin was first proposed as the protein component of the third 
elastic filament and an essential participant in IFM stretch activation, it was 
explicitly proposed that projectin would be an IFM-specific protein. Further 
studies on the localization of projectin in different muscle types revealed, 
however, an interesting and unexpected pattern. In the IFM, antibody 
staining confirms the localization of projectin over the I band, whereas, in 
synchronous muscles, anti-projectin antibodies show a sarcomeric localiza- 
tion reciprocal of the distribution seen in IFM, where projectin is found only 
over the A band with the exclusion of the M line (24). Since stretch activa- 
tion is not a property of synchronous musdes, projectin, in these muscles, 
might be involved in other functions requiring a different sarcomeric loca- 
tion. 

Drosophila Projectin 

Further studies suggest that Drosophila projectin is present as different iso- 
forms, differing significantly in size within the various muscle types, as 
judged by mobility on SDS-polyacrylamide gels (see Fig. 2). The isoform 
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from asynchronous IFM is smaller than either of the two forms detected 
from various synchronous muscles (24). Partial proteolytic digests of the 
different isoforms from various muscle types yield similar but not identical 
patterns and it seems likely the various isoforms differ by a few specific 
domains (24). 

After antibody cross-reactivity between C. elegans twitchin and Droso- 
phila projectin was established (24), the gene for projectin was cloned using 
PCR primers derived from twitchin conserved Fn motifs (11). Drosophila 
projectin is encoded by a single gene located on the fourth chromosome 
(position 102C/D) and transcripts of this gene are detected in both flight and 
synchronous muscles (29). Although there may be differences related to 
posttranslational modification, the different isoforms are, most probably, 
generated through alternative splicing of a primary transcript from a single 
gene. 

Initial characterization of the Drosophila projectin sequence revealed the 
presence of Fn and Ig domains in a pattern similar to twitchin, Fn-Fn-Ig 
(29). To date, projectin is composed of 39 Fn domains and 31 Ig domains 
with a molecular weight of approximately 831 kDa. The central "core" re- 
gion, consisting of the Fn-Fn-Ig pattern, contains 28 Fn and 14 Ig domains 
(see Fig. 1). Two additional patterns were identified, a Fn-Fn-Fn-Ig pattern 
and a Fn-Fn-Ig-Ig pattern, both found in the "intermediate region" (see Fig. 
1; (119)). These two patterns are also present in twitchin at the same relative 
positions, COOH-terminal of the (Fn-Fn-Ig)n pattern but the potential sig- 
nificance of this shift for projectin assembly and interactions is unknown. 
Projectin Fn and Ig domains conform well with the consensus proposed for 
twitchin domains with an overall identity of 65% and 61.5%, respectively. At 
the COOH-terminus, arrays of Ig domains interspersed with unique se- 
quences have been identified. The sequence of the unique regions found 
between the Ig domains is not conserved with twitchin. However, their 
lengths are comparable as if the distance, not the sequence is critical, for 
positioning and interactions (119). In the NH2-terminal region, we have also 
found Ig domains interspersed with unique domains. These NH2-terminal 
unique sequences, in contrast to the ones found at the COOH-terminus are 
well conserved with unique regions from both twitchin and titin. The Ig 
domains are more divergent from the twitchin Ig domains consensus (11), 
but interestingly, individual Igs in the projectin N-terminal region show a 
higher degree of similarity with the twitchin Ig domain in the equivalent 
position. One projectin Ig also shows a higher degree of identity to some 
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titin Ig domains than toany  twitchin Ig domain. These patterns of similarity 
might be significant, if these motifs serve specific functions in assembling 
and anchoring the projectin filament. 

The projectin kinase domain is located at the same relative position as in 
twitchin and titin, towards the COOH-terminus (30). The catalytic core 
shares a high degree of similarity (61%) with twitchin kinase as well as 
smooth muscle myosin light chain kinase (30). The region immediately 
COOH-terminal of the kinase is well conserved with twitchin and, as shown 
for twitchin, could serve a regulatory function working as a kinase autoin- 
hibitor (54, 55). Projectin has been shown to be phosphorylated in vivo on 
serine residues (21) and both the IFM and synchronous isoforms of pro- 
jectin are capable of autophosphorylation in vitro (21, 30)--see Fig. 2A. The 
substrate(s) for projectin kinase are, however, still unknown. 

The two projectin isoforms differ in their length and one of the proposed 
mechanisms is alternative splicing of the primary transcript. An interesting 
exon/intron pattern is present in the core region towards the NH2-terminus, 
where four exons, each containing the motif pattern (Ig-Fn-Fn)n, are pres- 
ent. Sequence and splicing pattern indicates each of these exons or any 
combinations of them could be alternatively used. This mechanism would 
generate a protein with varying length but probably not with a very different 
overall structure. RNA-PCR to test this idea is underway. It is interesting to 
note the central core domain of projectin is longer than twitchin's by four 
sets of Ig-Fn-Fn repeats. Recent evidence confirms the presence of alterna- 
tive splicing at the COOH-terminus of the protein (119). This alternative 
pathway would generate two isoforms with different COOH-termini. In one  
pathway the protein would include two unique regions and three additional 
terminal Ig domains. In the other pathway, this entire region would not be 
used due to an early termination codon, generating a protein shorter by 
about 401 amino acids (or 40 kDa). The potential musde-type specificity of 
these two alternative pathways is under investigation. 

Fig. 2. Projectin isoforms: different sizes and locations A) Western detection and 
autophosphorylation analysis ofprojectin isoforms. Total muscle extracts from IFM 
(lanes 1 and 2) and larval synchronous muscles (lanes 3 and 4) were separated by 
SDS-PAGE and transferred to a membrane. The membrane was incubated with ~,_p,2 
ATP to detect autophosphorylation and then reacted with an anti-projectin antibody 
to identify projectin proteins. The two signals overlap perfectly, demonstrating that 
both isoforms of projectin are capable of autophosphorylation. The small arrow 
points to the larger synchronous isoform while the larger arrow points to the smaller 
IFM isoform. (Adapted, with permission, from Ayme-Southgate et al., 1995). B) 
Schematic representing the differential localization of projectin isoforms in the two 
muscle types 
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The projectin gene was mapped to polytene region 102C/D (29) and all of 
the available mutations and chromosomal rearrangements mapped to this 
region were analyzed for their effects on the projectin gene (56, 57). The 
bent D mutation was originally described as a deletion, probably because the 
bent ~ chromosome failed to complement two complementation groups on 
the fourth chromosome, 1(4)2 and 1(4)23 (56, 57). Genomic Southern analy- 
sis shows the bent D chromosome does have a disruption in the projectin 
gene and one breakpoint of the bent D rearrangement was localized either 
within or just N-terminal to the projectin kinase domain (30, 31). The pat- 
tern of hybridization and data from in situ hybridization to polytene chro- 
mosomes suggest the most probable rearrangement to be either a large in- 
sertion or an inversion. The position of the potential second breakpoint is 
not known. Presumably, it affects the locus of the lost 1(4)23 complementa- 
tion group. 

In his mutational analysis of chromosome 4, Hochman described the le- 
thal(4)2 complementation group as a "highly mutable locus" (56). Three of 
the 35 alleles Hochman isolated in this complementation group are still 
available and all three alleles are homozygous recessive lethal, with the het- 
erozygous condition normal and capable of flight. The three 1(4)2 alleles fail 
to complement each other in any combination and, consistent with the 
original data, the bent D chromosome fails to complement any of these three 
1(4)2 alleles (56). The three 1(4)2 alleles were tested by genomic Southern 
analyses to search for potential rearrangements in the projectin gene. Two 
alleles, bt ~~ and bt ~k, show alterations in the projectin region that are large 
enough to produce detectable changes in the restriction fragment pattern 
(30, 31). The bt ~-a allele is a small insertion in the core region of the projectin 
gene which would cause premature termination (31). This region had previ- 
ously been sequenced and shown to contain a regular arrangement of Fn 
and Ig domains (30). The second allele with a detectable rearrangement is 
bt ~-~. This rearrangement is either a large insertion or an inversion. The mu- 
tation would truncate the COOH-terminal region of projectin, reducing the 
number of Ig domains found at the end of the protein (30). More recently an 
EMS-induced F2 screen was carried out to isolate new mutations in the pro- 
jectin gene. Three new mutants were recovered. All are homozygous reces- 
sive lethal and do not complement any of the previous projectin mutants 
including bent D (M. Kulp and A. Ayme-Southgate, unpublished observa- 
tions). 

The time of death for all the alleles was determined and the analysis 
showed bent D homozygotes die as late embryos, well after the formation of 
muscle, giving the impression they were unable to emerge from the chorion 
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and vitelline membrane which protect the embryo. Muscle contractions can 
be seen in all embryos of this stock, even those that do not hatch and it is 
hypothesized that the contractions do not produce the amount of force nec- 
essary to open the chorion (30). Similar phenotypic assays show bt L-~ and bt lf 
homozygotes die as late embryos. In contrast to the bent D embryos, the bt la 
homozygotes never show any of the spontaneous contractions. The other 
allele, bt ~-k, dies some time during the larval stage (30). Preliminary analysis 
to determine a more precise time of death points to the fact that the homo- 
zygous bt ~k mutants do not all die at a specific time. Rather, the lethal period 
is staggered all through the three larval stages which is reminiscent of 
"wasting" degenerative defects, where the muscles are seemingly normal but 
degenerate as they are being used (A. Ayme-Southgate, unpublished obser- 
vations). The lethality of the bent ~ embryos could have been due to the effect 
of the second breakpoint, presumably in the 1(4)23 gene (see above), how- 
ever recently, the bent~ ~a heterozygotes were shown to be embryonic 
lethal, arguing that the embryonic lethality of the bent D mutation is due, at 
least partially, to the mutation in the projectin gene. The newly recovered 
mutants are also all embryonic lethal, some showing muscle contractions 
while others do not (M. Kulp and A. Ayme-Southgate, unpublished observa- 
tions). 

Recent western analysis, using homozygous mutant embryos for all 
stocks, demonstrates the presence of the projectin protein in all mutants, 
implying that none of the available mutants is a true null. In some mutants a 
smaller truncated proiectin protein is detected when compared to protein 
from wild type embryos (M. Kulp and A. Ayme-Southgate, unpublished 
observations). Immunofluorescence analysis of embryonic muscles in mu- 
tant stocks is still under progress but preliminary results suggest a strong 
correlation between lack of wild type projectin and a disorganized myofibril- 
lar apparatus (M. Kulp and A. Ayme-Southgate, unpublished observation). 
This result is consistent with one of the proposed roles for the members of 
this protein family: to act as scaffold during embryogenesis (58-60). This 
phenotype has also been observed with some unc-22 (twitchin) alleles as 
adults (10, 61). 

In the IFM, studies on the timing and pattern of assembly of various 
myofibrillar proteins reveal projectin and ~-actinin assemble concomitantly 
and follow the same pathway of intermediate steps. To the contrary, myosin 
thick filaments appear later and seem to assemble into a regular sarcomeric 
pattern following a different route. Consistently, preliminary data suggest 
projectin to be organized normally in several myosin heavy chain flightless 
mutants (H lacene and A Ayme-Southgate, unpublished observation). 
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C. elegons Twitchin 

The identification of the thick-filament protein twitchin, encoded by the 
gene unc-22, marked the first time a new muscle component had been dis- 
covered through genetic analysis. Mutations in uric-22 result in worms 
showing varying degrees of impaired movement and muscle structure disor- 
ganization (61). Weak alleles show nearly normal movement and nearly 
normal muscle structure. Strong alleles display slow movement and abnor- 
mal muscle structure in which thick and thin filaments, though present in 
normal numbers, are not organized into A and I bands. This information 
first suggested that unc-22 is required for the final stages of sarcomere as- 
sembly. All unc-22 alleles show a constant twitch of the body surface which 
originates in the underlying muscle. "Twitching" suggested that the unc-22 
product was somehow involved in regulating the contraction-relaxation 
cycle, unc-22 displays conditional dominance. That is, heterozygous animals 
(unc-221§ appear normal, but can be induced to twitch under certain con- 
ditions. These conditions include the presence of choline agonists such as 
levamisole or nicotine (10, 62), or the genetic background of being homozy- 
gous mutant for the gene unc-89 (T. Tinley and G.M. Benian, unpublished 
observation). Having a phenotype with only one mutant copy of unc-22 
indicated that the unc-22 product is required stoichiometrically, and as such, 
might serve more than an enzymatic function. After an extensive screen, all 
extragenic suppressors of unc-22 were found to be certain missense muta- 
tions in the head region of myosin heavy chain (63). This suggested that the 
unc-22 product might interact with myosin. 

The unc-22 gene was cloned by transposon tagging (64) and shown to en- 
code a very large polypeptide (10), later called "twitchin" after the mutant 
phenotype. Polyclonal antibodies were used in immunofluorescence micros- 
copy to localize twitchin to muscle A-bands, with the exclusion of the M-line 
region (10)-see Fig. 5. Analysis of the complete unc-22 gene sequence (11, 
25) revealed that twitchin is a 753,494 Da polypeptide that consists of a pro- 
tein kinase domain, most similar to the protein kinase domain of myosin 
light chain kinase (MLCK), 31 fibronectin type III (Fn) and 30 immuno- 
globulin (Ig) domains (see Fig. 1). In the central portion of twitchin these 
domains are arranged as 10 consecutive copies of the triplet Fn-Fn-Ig. This 
is in contrast to the predominant repeat in the A-band portion of titin, 
namely Ig-Fn-Fn-Ig-Fn-Fn-Fn-Ig-Fn-Fn-Fn. In twitchin, at the N- and C- 
termini, there are tandem arrays of Ig domains. The similarity between 
twitchin and smooth muscle and non-muscle MLCK extends beyond the 
protein kinase domain (11). The domain pattern, Ig-Ig-Fn-Kinase-Ig, is the 
same in twitchin and the much smaller MLCKs (indicated by a small dashed 
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line in Fig. 1). Indeed, this pattern is conserved also in projectin, nematode 
brush border twitchin and titin. This arrangement has been conserved 
probably because it is used for the positioning of the protein kinase domains 
on the thick filament. The crystal structure of a fragment of twitchin that 
includes Kinase-Ig provides support for this hypothesis (see below). Fur- 
thermore, as first pointed out by Labeit et al. (27), there is an even more 
extended conservation in domain organization between twitchin and titin: 
the pattern of 16 Fn and Ig domains surrounding the protein kinase do- 
mains is the same in the two molecules (large dashed line in Fig. 1). The 
functional significance is unknown, but again, is likely to be important for 
the positioning of the kinase domains. 

Using modifications of procedures designed for the purification of ti- 
tin/connectin, both C. elegans twitchin (65, 66) and scallop mini-titins (22) 
have been observed by EM after rotary shadowing. Twitchin (or mini-titin) 
appears as flexible rods with contour length of 0.23-0.25 ~t and about 3-4 nm 
wide, reminiscent of the appearance of titin. In our study of twitchin (65) 
and in the study by Vibert et al. (22) of molluscan mini-titin, most objects 
appear asymmetric, with a forked, looped or knob-like structure at one end. 
We found that in many molecules, there is a kink, located 0.04 ~t (+/-0.008, 
N = 38) from the knobbed end. Beginning at residue 777 in the complete 
polypeptide sequence of twitchin (25), is a segment of 11 amino acids, 9 of 
which are glycine (indicated as an arrow in Fig. 1). It has been suggested that 
such glycine-rich regions are lacking in secondary structure and perhaps 
function as flexible "hinges" within a protein. If the knobbed end of twitchin 
is the N-terminus, it is quite possible that the "kink" corresponds to this 
glycine-rich region. That this knobbed end corresponds to the N-terminus is 
even more plausible when the following data is considered. An antiserum 
has been raised against the protein kinase domain of nematode twtichin (l. 
Lei, M. Valenzuela, and G. Benian, unpublished). This antiserum cross re- 
acts with scallop mini-titin on a western blot, and decorates the end opposite 
from the knobbed end on EM images (22). The functional significance of an 
N-terminal knob and downstream hinge is unknown. 

Single 1 g long titin/connectin molecules are anchored at the M-line 
through their C-termini and are anchored at the Z-line through their N- 
termini. Thus, the titin protein kinase domain is localized near the bare zone 
(28). In contrast, the much smaller twitchin molecule cannot span much of 
the 10 ~t long nematode thick filament. As mentioned above, twitchin has 
been localized by fluorescence microscopy (10) to the A-band (except in the 
middle). In addition, anti-mini-titin antibodies decorate native scallop thick 
fdaments throughout their length (67). In order to span most of the length of 
a nematode thick filament, twitchin either forms a polymer, or individual 
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molecules are periodically distributed with gaps between them. Thus, given 
the length of individual twitchin molecules and the length of thick filaments, 
it is unlikely that twitchin serves as a molecular ruler to determine the 
length of thick filaments, as has been proposed (59) for titin in vertebrate 
muscle. Because of the labeling pattern and analogy to titin/connectin, it is 
likely that most twitchin or mini-titin lies on the surface of thick filaments. 
This interpretation is also consistent with the phenotype of unc-22 mutants: 
normal numbers of normal length thick filaments that are not organized 
into A-bands. 

We know that not all 61 Ig and FnIII domains of twitchin need to be pre- 
sent in order for twitchin to have almost normal function. By examining 
revertants of uric-22 resulting from imprecise transposon excision from one 
site in the middle of unc-22, Kiff et al. (68) have shown that a nearly wild- 
type phenotype can be seen when up to seven domains have been deleted 
from the polypeptide. Whether deletion of larger numbers of domains, or 
deletion from other regions of the protein can be tolerated, is not known. 
Indeed, an analogous phenomenon was later shown for a similarly large 
polypeptide, human dystrophin. In-frame deletions of small numbers of 
spectrin-like repeats in dystrophin result in the mild phenotype of Becket's 
muscular dystrophy, but out of frame deletions result in the severe pheno- 
type of Duchenne's muscular dystrophy (69). The human giant proteins, 
nebulin and titin/connectin, are encoded by large genes, and thus could be 
frequent targets for mutation, although no genetic diseases have yet been 
associated. Complete loss of function of either nebulin or titin/connectin 
might be lethal. But, perhaps partial loss of function, through loss of small 
numbers of the polypeptide repeats found in nebulin or titin/connectin, 
might be silent polymorphisms, or result in dinical myopathies, 

Activity and Structure of the Protein Kinase Domain of Twitchin 

Of all the protein kinases with known substrates, the twitchin kinase se- 
quence is most similar to vertebrate smooth muscle and skeletal muscle 
myosin light chain kinases (11). Although the physiological substrate for 
nematode twitchin is still unknown, it has been demonstrated that bacteri- 
ally expressed twitchin kinase domain has protein kinase activity in vitro 
(54). Peptide substrates derived from myosin light chains yielded the highest 
activities [chicken smooth muscle myosin light chain residues 11-23 
(kMLC11-23) gave a Vmax = 0.64 ~mol per min per mg and a Km = 98 ~tM]. 
By comparing the activities of three constructs expressing the catalytic core 
and varying amounts of sequence C-terminal to the core, it was found that 
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Fig. 3. Model of smooth muscle MLCK derived from the crystal structure of a 
twitchin fragment containing the protein kinase plus Ig domain 26'. The catalytic 
core (515-775) is shown in green in a "worm" representation and the Ig domain is 
shown in a surface representation. The surface formed by the residues of the Ig 
domain putatively interacting with the catalytic core is colored blue; the surface 
formed by the residues putatively involved in myosin binding is colored red. The 
autoregulatory sequence connecting the catalytic core to the Ig domain is omitted. 
Such a model can he extrapolated to twitchin, projectin, BB twitchin and possibly 
titin/connectin. (Reprinted, with permission, from Kobe et al. 1996) 

the 60 residues C-terminal to the catalytic core act as an autoinhibitor (54). 
The crystal structure of the twitchin kinase domain (55) revealed the struc- 
tural basis for this autoinhibition. In fact, this structure provided the first 
direct evidence for the intrasteric mechanism of protein kinase regulation, a 
common mechanism for regulating many different protein kinases. The 
twitchin kinase structure shows that the 60 residue autoinhibitory sequence 
extends up into the active site, wedged between the small and large lobes of 
the catalytic core. This allows for extensive contacts to be made with resi- 
dues expected not only for substrate recognition, but also residues involved 
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in the ATP-binding Gly loop, the activation loop and in catalysis. More re- 
cently, the crystal structure (70) of a somewhat larger fragment of twitchin 
that includes the protein kinase domain, autoinhibitory sequence and the 
following Ig domain (26'), provided another unexpected insight into the 
MLCK group of proteins. The Ig domain was found to make physical contact 
with the protein kinase domain on the opposite side from the catalytic deft- 
see Fig. 3. In addition, of the 12 putative myosin binding residues in telokin 
inferred from a sequence comparison of several homologous Ig domains of 
MyBP-C (47), the six exposed residues cluster on the same face of the Ig 
domain and outside the kinase-Ig domain interface. Thus, this suggests a 
fixed, rather than diffusible, relationship between the protein kinase 
(twitchin, MLCK and possibly titin/connectin and projectin) and its likely 
substrate, myosin: Through the binding of the adjacent Ig domain to my- 
osin, the protein kinase domain is held in position to make contact with the 
regulatory myosin light chain. This leads to the tantalizing speculation that 
there might be other functionally important inter-domain interactions 
within these molecules, even outside the relatively small regions of twitchin, 
projectin and titin/connectin that are analogous to MLCK. 

Apl.vsia Twitchin 

Important insights into the physiological function and biochemical proper- 
ties of twitchin have come from study of twitchin in the marine mollusc 
Aplysia. This fairly large animal affords the opportunity to carry out both 
electrophysiology of nerve-muscle preparations and biochemistry on iso- 
lated muscle. It was found that a cAMP dependent protein kinase was in- 
volved in the mechanism by which two neuropeptide families modulate 
muscle contractions in the accessory radula closer muscle of this organism 
(t2). An -750 kDa protein was found to he the major substrate for this 
kinase. After purification of this large protein, partial amino acid sequence 
from 12 proteolytic peptides showed strong similarity to C. elegans twitchin 
including regions containing FnIII, Ig and kinase domains (12). Thus, this 
polypeptide is likely to be the Aplysia homolog of twitchin. Most impor- 
tantly, Probst et al., have shown that an increase in cAMP-dependent phos- 
phorylation of twitchin correlates with an increased rate of relaxation of the 
muscle (12). This suggests that the normal function of twitchin is to some- 
how inhibit the rate of relaxation, and cAMP dependent phosphorylation 
relieves this inhibition. The identity of the Ser/Thr residues in twitchin that 
are phosphorylated by the cAMP dependent kinase are unknown. How this 
phosphorylation alters the "activity" of twitchin is also unknown. 
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Purified Aplysia twitchin has been shown to have protein kinase activity, 
with autophosphoxTlation on threonine (71). Sequence analysis of a partial 
cDNA clone showed the protein kinase domain of the Aplysia protein is 
most similar to that of nematode twitchin (62% identical). Twitchin protein 
kinases belong to the Ca+2/calmodulin-regulated subfamily of protein 
kinases. Indeed, purified molluscan twitchin has been shown to bind to 
calmodulin with an EC50~70 nM (71). The calmodulin binding site has been 
limited to 16 amino acids within the N-terminal portion of the autoinhibi- 
tory region. This was shown by its ability as a synthetic peptide to inhibit 
calmodulin binding of whole twitchin. This sequence has the potential to 
form a basic amphiphilic s-helix, a structural common denominator for 
calmodulin binding sites. Indeed, the crystal structures of both Aplysia 
twitchin (70) and C. elegans twitchin (55) show that this sequence forms an 
amphiphflic s-helix. 

The bacterially expressed Aplysia twitchin kinase domain, like its nema- 
tode counterpart, has protein kinase activity and is inhibited by the approx. 
60 residues lying between the end of the kinase core and the following Ig 
domain (72). Addition of the recombinant non-inhibited Aplysia twitchin 
kinase to Aplysia actomyosin preparations resulted in phosphorylation pri- 
marily of the 19 kDa regulatory MLCs (72). This enzyme phosphorylated 
purified regulatory MLCs with a stoichiometry of 0.7 mol per mol protein, 
on threonine-15 in a region which shares a high level of homology with the 
vertebrate smooth muscle MLCs. Peptide analogs of the Aplysia light chain 
and a similar sequence from csmMLCs were phosphorylated with extremely 
high velocities (Vmax > 20 ~tmol per min per mg). Remarkably, under simi- 
lar assay conditions, recombinant non-inhibited C. elegans twitchin kinase 
failed to phosphorylate C. elegans whole myosin or MLCs (73). A peptide 
that includes the expected phosphorylation site for nematode regulatory 
MLC is only poorly phosphorylated by the nematode twitchin kinase (54). 
Indeed, in the region of this putative phosphorylation site, nematode regula- 
tory MLC is highly diverged from the Aplysia and csmMLC sequences. Re- 
combinant constitutively active nematode and Aplysia twitchin kinase frag- 
ments differ in their catalytic activities, peptide-substrate specificities, and 
in their sensitivities to the naphthalene sulfonamide inhibitors ML-7 and 
ML-9 (73). To summarize, it is very likely that the physiological substrate for 
Aplysia twitchin kinase is regulatory MLC. The physiological substrate for 
C. elegans twitchin has not yet been demonstrated by either biochemical 
assay or by the analysis of mutants. 

Thus, twitchin is a bone fide protein kinase, and at least for Aplysia the 
substrate is the regulatory MLC. But, the enzyme appears to be autoinhib- 
ited. So, what activates the enzyme.~ Strong homology to the MLCK group of 
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enzymes suggested, that like MLCK, twitchin should be activated by Ca2+- 
calmodulin (CAM). Indeed, whole Aplysia twitchin (71), and bacterially ex- 
pressed portions of the Aplysia (72, 74) and C. elegans twitchins (73) con- 
taining the kinase and autoinhibitory region, have been shown to bind to 
Ca2+-CAM. However, neither enzyme is fully activated by binding to Ca+2- 
CAM (54, 73). A strong candidate for physiological activator is Ca2+/ 
$100A12, which Heierhorst et al. have demonstrated fully activates both 
Aplysia (75) and nematode twitchin kinase (73). $100A12 occurs in high 
concentrations in striated muscles (e.g. in human heart it comprises 0.2% of 
the total protein). $100A12 is a member of the S100 family of at least 16 
members, each being -10,000 Da and containing 2 EF-hand Ca2+-binding 
domains (76). Although S100 family members have been implicated in a 
variety of cellular processes and are expressed in many different tissues, 
twitchin was the first enzyme whose activity was shown to be dramatically 
enhanced by an $100 protein. The $100A12 binding site was localized to the 
same -16 residue sequence within the autoinhibitory region as Ca2+-CaM 
had been mapped (75). Presumably, the interaction of Ca2+-S100 to a por- 
tion of the autoinhibitory sequence breaks a number of contacts between the 
autoinhibitory sequence and the active site, but details of this activation 
process are unknown. One note of caution should be made. That is, so far, 
$100 proteins have not yet been found in Aplysia or in a survey of predicted 
proteins encoded by the essentially complete genome sequence of C. elegans. 

C elegans UNC-89 

The M-line is a structure in the center of A-bands that is likely to organize 
and maintain thick filaments in lateral registration. A model for the M-line, 
based upon high resolution EM of frog skeletal muscle, was proposed about 
30 years ago (77, 78). Five, non-myosin proteins are now known to reside in 
the vertebrate M-line: (i) MM-creatine kinase (79), (ii) M-protein (39), (iii) 
myomesin (40), (iv) skelemin (38), and (v) the C-terminus of titin/connectin 
(80). All except MM-creatine kinase are members of the twitchin family. 

Fig. 4. Most mutant alleles of unc-89 lack M-lines, but several alleles do have M-lines. 
Transmission EM of body wall muscle from wild type and two unc-89 mutants, e2338 
and ad539 are shown. Closed arrows mark M-lines and open arrows mark dense 
bodies, e2338 is an amber chain termination mutation resulting in very low levels of 
a slightly truncated UNC-89 polypeptide. As is typical of most unc-89 alleles, e2338 
has a disorganized muscle structure with no M-lines. The nature of the sequence 
alteration in ad539 has not been determined, but displays abnormal pharyngeal, but 
normal body wall muscle, and an abundant, wild type-sized UNC-89 polypeptide by 
immunoblot. As shown here by EM, ad539 has fairly normal muscle structure and 
M-lines. Thus, it is likely that ad539 bears a mutation in a pharyngeal-specific iso- 
form of UNC-89. (Data from T.L. Tinley, R. Santoianni and G.M. Benian, unpubl.) 
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Recently, a group of 16 polydonal and monodonal antibodies generated to 
unique epitopes of known sequence from M-protein, myomesin and ti- 
tin/connectin was employed in immunoelectron microscopy to locate the 
position of the epitopes at the sarcomere level (81). These data have been 
interpreted in a model for how these three molecules are associated and 
oriented. In contrast, very little is known about the composition of M-lines 
in invertebrate muscles. Other than UNC-89, only one other non-myosin 
component has been described. This is p400 of Lethocerus and Drosophila 
(82), located by immunoelectron microscopy at the M-line. P400 has a 
polypeptide molecular weight of 400,000 Da, but its sequence and loss-of- 
function phenotype is unknown (82). 

Nematodes mutant in unc-89 move almost as fast as wild type, but are 
thinner and more transparent. In nearly all alleles, polarized light micro- 
scopy reveals disorganized muscle structure in both body wall and pharyn- 
geal muscle. For the most severe alleles, EM shows a normal number of thick 
filaments but they are not organized into A-bands, and there are no M- 
lines--see Fig. 4 (61; T. Tinley, R. Santoianni and G.M. Benian, unpublished 
observations). The unc-89 gene has been cloned and sequenced and was 
shown to encode a 732 kDa polypeptide (85). A polyclonal antiserum, EU30, 
was raised to a portion of unc-89 coding sequence. This antiserum localizes 
to the center of A-bands in body wall and pharyngeal muscles by immuno- 
fluorescence microscopy (85)-see Fig. 5. UNC-89 might also be present in 
the muscles of insects as EU30 labels the middle of the A-band in muscles 
from Lethocerus and Drosophila (B. BuUard, pers. comm.). The thick fila- 
ments of nematode body wall muscle contain two myosin heavy chain iso- 
forms, myoB distributed along most of the length of the thick filament, and 

Fig. 5. UNC-89 and twitchin are located in reciprocal locations in A-bands. Im- 
munofluorescent micrographs of the same body wall muscle cells stained with a 
polyclonal antibody to twitchin (shown in A) and a monoclonal antibody to UNC-89 
(shown in B). Notice that twitchin is located throughout the A-band except for the 
middle, where UNC-89 is located. Bar represents 5 ~t. (Reprinted, with permission, 
from Benian et al. 1996) 
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myoA located in the center (86). When viewed by immunofluorescence with 
monodonals specific for each isoform, myoB localizes to the A-band with a 
gap in the middle, and this gap is filled with myoA. Anti-UNC-89 reacts with 
the center of A-bands, with the same width of distribution as myoA (85). 
The pattern of UNC-89 staining was examined in the strain eDp23; unc- 
54(e190) which produces no myoB (encoded by the unc-54 gene) but forms 
thick filaments due to overexpression of myoA (87). Whereas anti-myoA 
localizes to the entire, broad A-band, anti-UNC-89 remains restricted to the 
center of A-bands (85). Thus, the most important determinants for UNC-89 
localization appear to reside in proteins different from myoA. 

Based on our sequencing of one genomic cosmid done, RT-PCR products 
and several partial cDlqA clones, we have deduced the complete sequence of 
the UNC-89 protein (85). It begins with 67 residues of unique sequence, SH3, 
dbl/CDC24, and PH domains, followed by 7 Ig domains, a KSP-containing 
putative multiphosphorylation domain, and another 46 Ig domains - see 
Fig. 1. The 44 KSPs (lysine, serine, proline) and related sequences are mostly 
arranged in a repeat of 10 residues (typically KSPTKKEKSP) and are present 
in 26 copies. Large numbers of KSPs have previously been found in two of 
three subunits of human neurofilament (NF) proteins. NF-M has 12 copies 
(88), and NF-H has 41 copies (89). Neurofilaments comprise the major cy- 
toskeleton in axons and consist of parallel arrays of 10 nm filaments linked 
to each other by cross-bridges. These cross bridges are formed by the C- 
terminal tails of NF-H and NF-M (90, 91). The KSPs reside in the C-terminal 
tails of NF-M and NF-H and become phosphorylated at serines by a neu- 
ronal cdc2-1ike kinase (92). It is hypothesized that phosphorylation of the 
KSPs causes the C-terminal tails of NF-M and NF-H to project out perpen- 
dicular to the filament core, thus promoting cross-bridge formation (93). 
Interestingly, four KSPs have been found in the C-terminal, M-line portion 
of human cardiac titin/connectin, and are phosphorylated by a cdc2-1ike 
kinase in developing, but not differentiated muscle (80). Gautel et al. suggest 
that early in development, the C-terminal portion of titin/connectin, phos- 
phorylated at the KSPs, might be inhibited from attaching to M-line pro- 
teins. Also, in the complete sequence of human cardiac titin/connectin (28), 
five MSPs (IRMSP(ARMSP)4) have been found in the Z-disc portion of ti- 
tin/connectin. These MSPs are also phosphorylated by protein kinases in 
developing muscle tissues (94). The consensus phosphoryation site motif for 
p34cdc2-cyclin is (S/T)P_(K/R) (95). Thus, it is likely that the KSP_K se- 
quences in UNC-89 are phosphorylated by cyclin-dependent kinases also. 
The phosphorylation of this domain possibly influences the interaction of 
UNC-89 with itself or with other, as yet unidentified, M-line proteins. 
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The most surprising domains encountered in the UNC-89 sequence are 
the SH3, dbl/CDC24 and PH domains, which are well known in signal trans- 
duction molecules (96). The human oncogene dbl, the yeast cell division 
cycle protein CDC24, and an expanding family of growth regulatory proteins 
share a homologous 238-amino acid sequence, generally termed a CDC24 
domain. This domain from CDC24 (97) and dbl (98) has been shown to 
stimulate the exchange of GDP for GTP on Rho-like GTPases, thereby acti- 
vating Rho-like GTPase activity. Activation of Rho has been shown to cause 
a reorganization of actin filaments via an unknown mechanism. This trig- 
gers a diverse set of cell processes including bud formation in yeast, cytoki- 
nesis in zygotes, maintenance of cell shape, formation of stress fibers and 
focal adhesions, cell aggregation, smooth muscle contraction, etc. (99). The 
presence of a possible Rho-like stimulator as a domain of the giant UNC-89 
polypeptide suggests that Rho-like molecules might also trigger the assem- 
bly of M-lines in striated muscle. The CDC24 domain of UNC-89 is not 
merely a homologous sequence, this domain is likely to have the expected 
biochemical activity as well. A portion of UNC-89 containing the CDC24 and 
PH domains was produced and purified from E. coll. When this bacterially 
expressed protein was microinjected into mammalian tissue culture cells, a 
reorganization of the actin cytoskeleton, very similar to injecting activated 
Rac, was seen (E. Baraldi and M. Saraste, pers. comm.). The PH domain, first 
defined in the platelet protein called plekstrin, is a 100 residue sequence 
which has been found in many different proteins involved in intracellular 
signalling or the cytoskeleton (100). PH domains from several proteins have 
been shown to bind to inositol phosphates (101, 102). Hyvonen et al. (102) 
have proposed that this binding has two functions: (1) The anchoring of 
some proteins to membranes might occur through the interaction of a PH 
domain with membrane phosphoinositides. (2) In the case of CDC24 and its 
homologs, PH domains reside just C-terminal to the dbl/CDC24 domains, as 
is true for UNC-89. The binding of an inositol phosphate compound, such as 
Ins(1,4,5)P 3, to the PH domain, might regulate the nucleotide exchange 
activity of the neighboring CDC24 domain. 

In the obliquely-striated muscle of C. eIegans, M-lines and dense bodies 
are attached to the muscle cell membrane (see Fig. 4). At these positions, 13- 
integrin (103) and ct-integrin (B. Williams, pers. comm.) are located in the 
plasma membrane, and the UNC-52 protein, which is homologous to verte- 
brate peflecan (104), is located in the overlying basement membrane 
(84,105). Certain mutations in unc-52 and pat-3 (which encodes [3-integrin) 
result in a "pat" embryonic lethal phenotype which is characteristic of muta- 
tions in at least 13 genes essential for muscle development in C. elegans 
(106). unc-52 and pat-3 mutants fail to assemble thin and thick filaments, 
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although both actin and myosin are synthesized. This suggests that myo- 
filament lattice assembly begins with positional cues laid down at the extra- 
cellular matrix and the cell membrane. Further support for this model 
comes from antibody staining of embryos at different stages of development 
(107). We hypothesize that the intracellular protein UNC-89 responds to 
these signals via the signal transduction domains, localizes, and then par- 
ticipates in assembling an M-line via the KSP region and Ig domains. 

We have begun a complete molecular and phenotypic analysis of the 13 
existing alleles of unc-89 (Tinley, Tang, Sanoianni and Benian, unpublished 
data). By polarized light microscopy, these alleles show varying degrees of 
body wall muscle structure disorganization. All of the alleles have been ex- 
amined by immunoblot using the anti-UNC-89 antiserum, e2338 is an amber 
chain termination mutant as demonstrated by the fact that its phenotype is 
suppressible by the amber suppressor mutation sup-7. This mutation results 
in a slightly truncated polypeptide of greatly reduced abundance on a west- 
ern blot (85). e2338 appears to be a null for UNC-89 as e2338 / deficiency 
shows a phenotype of no greater severity than an e2338 homozygote. The 
allele st515 is a transposon-generated mutation which we have shown con- 
tains an 84 bp deletion and a 10 bp duplication, resulting in an in-phase 
TGA stop codon (85). On an immunoblot, anti-UNC-89 reacts with a single 
band of 120-135 kDa, of reduced abundance, from st515. This is the size of a 
polypeptide predicted from the position of the TGA stop codon created by 
the deletion/duplication in the st515 sequence (85). By immunofluorescence 
microscopy, st515 shows this truncated polypeptide is confined to the cen- 
tral region of the A-band (85), as it is in wild type. This suggests that at least 
some determinants for the localization of UNC-89 reside in the first 135 kDa 
of the UNC-89 polypeptide. Five of the alleles, however, show UNC-89 of 
normal size with reduced or nearly normal abundance. It is likely that most 
of these five alleles are missense mutations. Two of these five, st79 and 
ad539, show the least severe structural disorganization by polarized light. 
Interestingly, by EM, both ad539 and st79 have M-lines, with ad539 having a 
full length M-line in all sarcomeres and an almost normal muscle structure 
(see Fig. 4). This is in contrast to the originally described e1460 allele and the 
null allele e2338, which have a more severely disorganized lattice and lack 
M-lines. 

Certainly, UNC-89 is composed of many domains that have been impli- 
cated in protein-protein interactions. Indeed, the location of UNC-89 in the 
sarcomere and its domains suggest a number of possible interacting pro- 
teins. These include ligands for the SH3 domain, a rho-like GTPase activated 
by the CDC24 domain, a protein kinase that phosphorylates the KSPs, my- 
osin heavy chain A, nematode homologs of known components of the verte- 
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brate M-line, and finally, components of the muscle cell membrane to which 
the M-line is attached. We are taking advantage of the powerful genetics 
available for C. elegans and hope to identify these proteins by analysis of 
extragenic suppressor and enhancer mutations of unc-89 mutants. To date, 
we have identified 8 extragenic suppressors of one allele and 4 extragenic 
suppressors of a second unc-89 allele (TL Tinley, CA Alberico and GM Be- 
nian, unpublished observations). 

C. elegans Untestinal Brush Border Twitchin 

In PCR experiments designed to recover MAP-kinases from C. elegans, one 
clone was found to encode a protein kinase with highest BLAST score to 
twitchin (P. Winge and J. Fleming, personal comm.). This segment hybrid- 
ized to YAC and cosmid clones on chromosome V. We determined the se- 
quence of a 5.2 kb genomic fragment and waited briefly for the C. elegans 
Genome Project to determine the complete sequences of cosmids F12F3 and 
F17A9. The program GeneMark was used to predict exons within this 
genomic sequence. Exon-intron boundaries were confirmed by sequencing 
small RT-PCR products, and the 3' end of the gene was determined by se- 
quencing an oligo-dT-derived cDNA clone (X Tang and GM Benian, unpub- 
lished data). We can account for -95% of the coding sequence which speci- 
fies a 7,030 aa polypeptide, which we call "new twitchin". This coding se- 
quence is distributed over -37 kb and interrupted by 29 introns. GeneMark 
predicted several exons on the opposite strand of the 10 ~ intron of this new 
twitchin. ACeDB (A C. elegans database) noted that this sequence is the 
mutationally-defined exp-2 gene which encodes a potassium channel (W. 
Davis, I. Dent and L. Avery, pers. comm.). 

The domain organization of new twitchin is shown in Fig. 1. It consists of 
33 Ig domains (light grey), 7 FnlII domains (dark grey) and a protein kinase 
domain (X Tang and GM Benian, unpublished data). Thus, as compared to 
twitchin, new twitchin has far fewer FnIII domains (twitchin has 31) and the 
kinase domain is located more towards the middle of the molecule. New 
twitchin also has a 1426 residue region containing 8 copies of an -30 residue 
motif (depicted as black bars). This motif has no significant similarity to any 
other sequences in the databases. The catalytic cores of the kinase domains 
of new twitchin, twitchin (nematode & Aplysia), Drosophila projectin and 
chicken smooth muscle myosin light chain kinase are -53% identical to each 
other. In contrast, the kinase domain of titin/connectin is only 39% identi- 
cal. The 60 residues lying just C-terminal to the end of the catalytic cores and 
shown to constitute an autoinhibitory region for sm. m. MLCK and the 
twitchins, are much less similar. 
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By RT-PCR, we have detected a splice variant of new twitchin in which an 
additional 15 aa are placed just N-terminal to the putative autoinhibitory 
sequence. The possible spatial and/or temporal specificity of this alternative 
splicing are unknown. The new twitchin kinase catalytic core was expressed 
as a GST-fusion protein (NTK1). NTK1 was tested for kinase activity against 
myosin light chain-related peptides (variants of chicken smooth muscle 
myosin light chain peptide, kMLC 11-23). The NTK1 Vmax was comparable 
to the Vmax of constitutively active twitchin kinase (pJK1), or 
-600 nmol/min/mg. We then explored the effect on kinase activity of the 
sequences C-terminal to the catalytic core. Two more mini-new twitchins 
were expressed as GST-fusion proteins and their protein kinase activities 
towards a MLC-derived peptide were determined. Thus, adding 60 residues 
(in NTK3#B) only partially inhibits kinase activity. The comparable version 
of twitchin is completely inhibited. Adding 15 residues to the beginning of 
these 60 residues (in the alternatively spliced version NTK3#2), relieves 
much of this inhibition (X. Tang and G. M. Benian, unpublished observa- 
tions). This seems to represent a novel mechanism of regulating protein 
kinase activity, but its functional significance in vivo, is unknown. In addi- 
tion, all three versions of new twitchin were not stimulated by Ca+2-S100. 
This is again in contrast to C. elegans and Aplysia twitchin. 

A rabbit polyclonal antiserum (called EU48) was generated to a portion 
of new twitchin (X. Tang and G. M. Benian, unpublished). Unexpectedly, 
EU48 was seen to localize to the intestine, probably its inner surface. Previ- 
ously, R. Francis generated about 40 monoclonal antibodies primarily to 
muscle cells, their underlying basement membrane and the hypodermis 
(84). One of these monoclonals, MH33, reacts with a series of 62-, 64- and 
68-kDa polypeptides and localizes only to intestinal cells, specifically the 
terminal web (108; R. Francis, pers. comm.). Based on the size, pI and 
solubility, these polypeptides are probably intermediate filament proteins 
(R. Francis, pers. comm.). In double labeling experiments, EU48 and MH33 
co-localize, suggesting that new twitchin also is located in the terminal web. 

The intestinal brush border has been studied intensively for a number of 
years in vertebrates, especially the chicken (109-111). The brush border 
consists of two regions, the microvilli and the terminal web. Each microvil- 
lus contains a bundle of parallel actin filaments together with a host of actin 
binding proteins including fimbrin, villin and BB myosin I. The terminal 
web is a region where the microvillar actin bundles are anchored in a com- 
plex network of filaments containing myosin II, spectrins, tropomyosin, 
microtubules, and intermediate filaments. The terminal web also contains a 
circumferential ring consisting largely of actin and myosin II that originates 
from the zonula adherens and wraps around the entire cell. Contraction of 
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this ring is regulated by myosin II light chain phosphorylation (112) and 
probably increases the permeability between epithelial ceils (113). 

Intriguingly, Eilertsen and Keller (114) have partially purified from 
chicken intestinal cell brush borders, a titin/connectin-sized polypeptide 
which has a similar morphology to muscle titin/connectin on EM of rotary- 
shadowed preparations. Antibodies to this "T-protein" react with muscle 
titin/connectin and localize by immunofluroescence to the terminal web. 
Both the sequence and the function of T-protein are unknown. 

In C. elegans, the intestinal epithelium contains a dense layer of mi- 
crovilli (115) and a very prominent terminal web (GM Benian, unpublished 
observation). We are currently seeking the null phenotype for new twitchin. 
Because new twitchin is expressed in intestinal epithelial cells and is located 
in the brush border (terminal web), we would expect that a null mutation 
would compromise the ability to absorb nutrients. This might yield animals 
which die soon after hatching, or animals which survive into adulthood, but 
are malnourished and small. 

Kettin 

Another invertebrate member of the titin/connectin-like family of proteins 
is represented by the Drosophila protein, kettin (41). Kettin is found in the Z 
line of both IFM and leg muscles and has been shown by in vitro binding 
assay to interact with actin and alpha-actinin but not myosin. Kettin is a 
high molecular weight protein, possibly present as two isoforms of distinct 
size, 500 kDa in the IFM and 700 kDa in other muscle types (41). As shown 
in Fig. 1, kettin also has a modular structure, composed, in the sequence so 
far available, of mostly Ig repeats with high similarity with Ig repeats found 
in the other family members described in this chapter (41, 116). Interest- 
ingly, each Ig domain is followed by a 35 amino acid region and each copy is 
highly conserved within the kettin molecule but does not show any homol- 
ogy so far with any other proteins in the database (41). 

Kettin is an integral component of the Z band,  crossing over its entire 
width and possibly protruding slightly on either side of adjacent sarcomeres 
(41, 117). Kettin is readily released from the Z disc following digestion by 
calpain as small peptides of molecular weight consistent with a single Ig 
domain (41). 

Kettin is, very probably, an important structural protein of the Z band, 
potentially involved in anchoring the thin filament in concert with alpha- 
actinin (116, 117). The possible interaction between kettin and other Z band 
associated proteins remain to be investigated, in particular the association, 
in the IFM, between kettin and the IFM isoform of projectin. 
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A substantial amount of information has been gathered about the structure 
and function of twitchin/titin-related proteins in the invertebrates. This has 
been obtained through sequence analysis and the analysis of loss-of- 
function phenotypes in C. elegans and Drosophila. Nevertheless, a number 
of fascinating questions remain, including: (i) Why are these invertebrate 
proteins all of approx. 700-800 kDa? In terms of sarcomeric organization, 
what is the significance of this size? (ii) Why do three of these proteins con- 
sist of a mixture of Ig and Fn domains, whereas UNC-89 contains only Ig 
domains? This is even more interesting because the structures of Ig and Fn 
domains are very similar (118). What is the significance of the repeating 
pattern of groups of Ig and Fn domains (e.g. Fn-Fn-Ig)? (iii) How are 
twitchin and the synchronous muscle isoform of projectin situated on the 
surface of thick filaments? That is, do they form polymers or are they located 
at discrete locations with intervening gaps? (iv) What is the mechanism by 
which the fundamentally similar projectin isoforms get localized to different 
sarcomeric locations? (v) If the data on Aplysia twitchin can be extended to 
the muscles of other invertebrates, what is the mechanism by which twitchin 
inhibits the rate of relaxation? How does phosphorylation of twitchin relieve 
this inhibition? (vi) What are the substrates for the protein kinase domains 
of nematode twitchin and insect projectin? If rMLCs are indeed the sub- 
strates, how would and why does this phosphorylation take place for the 
IFM isoform of projectin, which resides primarily in the I band? If rMLCs 
are the substrates, given the stoichiometry of approx. 1:50 for 
twitchin:myosin, and the likely fixed position of twitchin along the thick 
filament, how does phosphorylation of just a few rMLCs result in a physio- 
logical effect (e.g. inhibition of relaxation)? What is the true activator for the 
twitchin and projectin kinases? (vii) How does UNC-89 participate in M-line 
assembly? (viii) What are the biochemical and physiological functions of 
intestinal brush border twitchin? A number of investigators will enjoy pursu- 
ing these and other questions for some time in the future. 
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