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Abstract. Nebulin, a giant myofibrillar protein 
(600-800 kD) that is abundant (3%) in the sarcomere 
of a wide range of skeletal muscles, has been pro- 
posed as a component of a cytoskeletal matrix that 
coexists with actin and myosin filaments within the 
sarcomere. Immunoblot analysis indicates that al- 
though polypeptides of similar size are present in 
cardiac and smooth muscles at low abundance, those 
proteins show no immunological cross-reactivity with 
skeletal muscle nebulin. Gel analysis reveals that 
nebulins in various skeletal muscles of rabbit belong to 
at least two classes of size variants. 

A monospecific antibody has been used to localize 
nebulin by immunoelectron microscopy in a mechani- 
cally split rabbit psoas muscle fiber preparation. La- 
beled split fibers exhibit six pairs of stripes of 

antibody-imparted transverse densities spaced at 0.1-1.0 
Ixm from the Z line within each sarcomere. These epi- 
topes maintain a fixed distance to the Z line irrespec- 
tive of sarcomere length and do not exhibit the charac- 
teristic elastic stretch-response of titin epitopes within 
the I band domain. It is proposed that nebulin consti- 
tutes a set of inextensible filaments attached at one end 
to the Z line and that nebulin filaments are in parallel, 
and not in series, with titin filaments. Thus the skeletal 
muscle sarcomere may have two sets of nonactomyosin 
filaments: a set of I segment-linked nebulin filaments 
and a set of A segment-linked titin filaments. This 
four-filament sarcomere model raises the possibility 
that nebulin and titin might act as organizing templates 
and length-determining factors for actin and myosin 
respectively. 

N 
'EBULIN is a giant structural protein that is found in 

the sarcomere of a wide range of skeletal muscles 
(8, 11, 20, 23-26, 29). In most vertebrates, nebulin 

accounts for ",~3-4% of total myofibrillar proteins (24, 29), 
and its size varies from 600 to 800 kD in various muscle tis- 
sues (8, 11, 24, 29). Despite its abundance, little is yet known 
about its molecular structure, morphology, and interactions, 
since nebulin is difficult to extract in native, intact form from 
the myofibrillar lattice. 

The sarcomere distribution of nebulin has been explored 
by fluorescent techniques (25, 26, 29). We reported previ- 
ously that polyclonal antinebulin stained a pair of transverse 
fluorescent bands that coincide with the phase dense N2 

lines within the I bands of long sarcomeres (>2.5 I.tm) of 
glycerinated rabbit skeletal myofibrils (29). Based on the ob- 
servation that both antinebulin bands and N2 lines exhibited 
very similar elastic-stretch dependence on sarcomere length 
(5, 14), we concluded that nebulin is a component of the N2 
line, which is thought to be attached to longitudinal elastic 
filaments (9). Furthermore since N2 lines are frequently 
found at a point where thin filaments change neighboring 
relationship and packing geometry (5, 9), it was proposed 
that nebulin might be involved in the maintenance and regu- 
lation of thin filament lattice (23-26). 

In the same study (29), however, we noted with concern 
that in very short sarcomeres (<2.0 ~tm), the antinebulin 
staining unexpectedly appeared within the A band and did 
not stain near the Z line, as would be expected from the 
reported elastic behavior of N2 lines (5, 14). Further com- 
plexities were evident when detailed dual fluorescence stud- 
ies of titin and nebulin distribution were undertaken (23, 25, 
26). Considerable variations in staining patterns of both titin 
and nebulin manifested when conventional glycerinated myo- 
fibrils were used. Antinebulin would either stain N2 lines or 
various loci within A or I bands that were distinct from N2 
lines (25, 26). Occasionally N2 lines were stained exclu- 
sively by antititin instead (23, 25, 26). Furthermore, some 
long sarcomeres were free of phase dense N2 lines altogether. 
We have interpreted such variations as reflecting different 
degrees of internal damages imparted to the titin/nebulin 
containing matrix during conventional myofibril prepara- 
tion, which makes use of a combination of (unsuspected) 
proteolysis and mechanical shear to achieve segregation of 
myofibrils (23, 25, 27). Specifically, we proposed that those 
N2 lines that are clearly visible as phase dense bands in 
light microscopy are artifactual and represent loci to which 
fragmented and damaged titin and/or nebulin translocated 
and accumulated (25, 26). As a working hypothesis, titin and 
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nebulin were proposed as components of the same longitudi- 
nal filaments, with titin spanning from the M line region 
across the A band to the N2 line position near A-I junc- 
tions, and with nebulin extending the filament to the Z line 
(23, 25, 27). 

To evaluate this hypothesis, we have performed (a) immu- 
noelectron microscopy of mechanically skinned, split mus- 
cle fibers that are prepared with minimal proteolysis and 
little mechanical shear-induced damages; and (b) immuno- 
fluorescence of myofibrils prepared by an improved proce- 
dure that minimizes proteolysis and artifactual N2 lines 
(28). 

In this paper, we report that such localization studies sup- 
port the notion that nebulin constitutes a set of long (,x,1 Bin), 
inextensible parallel filaments attached rigidly to the Z line. 
Furthermore, since nebulin does not exhibit the characteris- 
tic elastic-stretch observed for the I band segment of titin 
filaments, we conclude that nebulin and titin cannot be seri- 
ally connected componefits of the same filament, as previ- 
ously proposed (23, 25, 27). Instead they are distinct, parallel 
Z line-linked filaments each with unique molecular charac- 
teristics and architectural organization within the sarcomere. 

Materials and Methods 

Purification and Amino Acid Analysis of Nebulin 
Nebulin polypeptide was purified from rabbit back muscle myoflbrils by a 
differential salt fractionation procedure (24) as follows: an SDS solution of 
rabbit myofibrillar proteins in SDS sample buffer (5 mg/ml in 3 % SDS, 10% 
glycerol, 10 mM Tris-HCl, 1 mM EDTA, 40 mM dithiothreitol (DTT), pH 
8.0) was first brought to 0.66 M NaCI and spun at 23,000 g for 20 rain to 
remove precipitated titin. The supernatant was then made 0.90 M NaCI to 
precipitate nebulin. The crude nebulin fraction, redissolved in a small vol- 
ume of sample buffer and clarified at 23,000 g for 20 min, was applied Io 
a 2.5 × 100 cm Sephacryl $500 column equilibrated in 40 mM Tris-Cl, 
20 mM sodium acetate, 2 mM EDTA, 0.1 mM DTT, pH 7.5. Fractions were 
analyzed by 2-12% gradient SDS gels (16) to locate nebulin. Pure nebulin 
fractions were subjected to amino acid analysis as described (17, 18). 

Antibody Production and lmmunoblots 
Goat antinebulin antibody was prepared against nebulin purifed further on 
a preparative SDS gel, with pulverized gel fragments as the immunogen. 
The immunoreactivity was established by immunoblot as follows: myofibril- 
lar proteins ('°20 I~g) were resolved on a 2-12 % slab gel and electrophoreti- 
cally transferred in Towbin's buffer (21) plus 0.05 % SDS (31) to nitrocellu- 
lose sheets (BA85, 0.2 Bm; Schleicher & Schuell, Keene, NH) at 1.6 
mA/cm 2 for 1 h in a homemade semidry transfer unit. A layer of cellulose 
acetate (ST69, 1.0 ktm; Schleicher & Schuell) was placed between the slab 
gel and nitrocellulose sheet (31) to prevent the soft gel from sticking to the 
nitrocellulose. The nitrocellulose was blocked with 0.5% (wt/vol) BSA, 
0.05% Tween-20, 10 mM Tris-Cl, 0.15 M NaCI, pH 7.5, for 1.5 h at room 
temperature, incubated with goat antinebulin (1:1,000 dilution) in buffer N 
(0.1 M KPi, 0.25 M KC1, pH 7.0) for 1.5 h, followed by alkaline 
phosphatase-conjugated rabbit anti-goat IgG (Miles Scientific Div., Naper- 
ville, IL; 1:1,000 dilution in Buffer N) for 1 h. The purple color was devel- 
oped with BCIP/NBT (Bio-Rad Laboratories, Cambridge, MA). Controls 
were done either with preimmune serum or by eliminating the first antibody. 
After photography, the immunostained blot was then stained with india ink 
to reveal protein patterns. Since background BSA caused only a slight over- 
all staining, a precise matching of immunostaining and protein patterns on 
the same blot was feasible by this technique. 

Gel Analysis of Giant Proteins of Muscle Tissues 
Various muscle tissues from the same rabbit or from turkey were quickly 
removed (10 min postmortem), snap-frozen in liquid nitrogen, and pulver- 
ized to fine powders in a mortar under liquid nitrogen. The tissue powders 
(50 mg) were treated with 2× vol (of tissue weight) of 10 mM DFP in 50% 

glycerol at -15°C for 2 h and then added with homogenization to 0.2 ml 
of SDS sample buffer preheated to 95°C in a boiling HzO bath. The sam- 
ple was heated for 90 s, cooled to room temperature quickly and then loaded 
immediately to a long format 2-12% gradient gel (model SE280; Hoefer 
Scientific Instruments, San Francisco, CA; 8 x 10 cm). Electrophoresis 
was carried out at 30 mA for 2.5 h. 

Split Muscle Fiber Preparation and Antibody Labeling 
The technique is described below and in diagrammatic form in Fig. 4. New 
Zealand white rabbits (2-3 kg) were anesthetized with an intramuscular in- 
jection of 2.5 ml 90% ketamine (Bristol BVP 100 mg/ml)/10% aceproma- 
zinc and bled just before dissection. Psoas was exposed through a lateral 
incision and irrigated with `ol0 ml of a relaxing buffer plus protease inhibi- 
tors (150 mM K propionate, 5 mM KH2PO4, 3 mM Mg acetate, 5 mM 
K.EGTA, 5 mM NAN3, 20 Bg/ml leupeptin, 5 Bg/ml aprotinin, 1 mM 
DTT, 3 mM ATP, pH 7.0) held at 0*C. Small bundles of tissue ("°2-3 mm 
in diameter, 10-15 mm in length) were removed with care to avoid any 
stretching of the fibers, and then transferred through a relaxing buffer wash 
at 0°C and placed in a Petri plate containing a Sylgard dissection base 
(model 182 elastomer; Dow Corning Corp., Midland, MI) and relaxing so- 
lution. The tissue bundles were allowed to set in the relaxing solution at 0°C 
for 2 h before mechanical skinning to facilitate adequate infiltration of the 
relaxing buffer and protease inhibitors. With the aid of Dumont No. 5 
tweezers, single fibers were isolated from the tissue bundles under a dissec- 
tion microscope and pinned at one end by insertion into the dissection base. 
Once pinned, the fiber was "skinned" by grasping a few myofibrils, teased 
away at the free end of the fiber, and pulling them slightly up and away from 
the remaining myofibrils held at rest length. The sarcolemma was rolled up 
by the separating myofibrils. The larger myofibril bundle denuded of its sar- 
colemma were separated into two to four equal-diameter split fibers with 
a minimum of stretching and were affixed temporarily by pressing the ends 
into the Sylgard. 

Gold slot grids (model GS2X1; Polysciences, Inc., Warrington, PA) that 
had previously been scored on the edges were now placed alongside the 
split fibers in the Petri plate, and with tweezers the split fibers were grasped, 
stretched slowly in small increments to the appropriate sarcomere length 
(generally 100, 150, and 200% of rest length), and affixed to the rough edges 
on the slot grid. T~ypically, two marks were scored at one end of the slot 
to aid in identifying split fibers of differing sarcomere length. After three 
fibers of varying sarcomere lengths were mounted on one grid, it was re- 
moved from the Petri plate, transferred to a freshly prepared formalde- 
hyde/PBS fixative (3.7% paraformaldehyde, 2.7 mM KCI, 1.5 mM KH2PO4, 
137 mM NaC1, 8 mM Na2HPO4, pH 7.2) for 10 rain and washed for 10 
rain (two changes) in PBS, followed by blocking for 20 min at 4°C in 
PBS/I% BSA. Split fibers so mounted were easily transferred from one solu- 
tion to another without undue stress from surface tension because they were 
surrounded by a droplet of solution on the slot grid. 

Grids with mounted split fibers were placed in primary antibody solution 
(50 gg/rnl goat antinebulin IgG in PBS/BSA) in a Terasaki microtiter plate 
with V-shaped 10-gl wells that was well-sealed with parafilm to prevent dry- 
ing and incubated in a humid chamber at 4°C for 1 h. Primary antibody 
was washed away for 30 min (five changes) in PBS/BSA. The grids were 
treated with secondary antibody (50 I.tg/ml rabbit anti-goat IgG (H&L) 
(Capell Laboratories, Malverne, PA) for 6 h at 4°C, followed by a 30-rain 
wash (five changes) in PBS/BSA. The grids were transferred to a solution 
of protein A-colloidal gold conjugate (3-5 nm in diameter, prepared by 
phosphorus reduction according to DeMey (4) with absorption maximum 
at 512 nm, A512 = 0.25) for 15 h at 40C, followed by a 15-rain (two 
changes) PBS/BSA wash and a 30-rain (five changes) PBS wash. 

Electron Microscopy 
All grids with split fibers were transferred to beem capsules (size 00; Poly- 
sciences, Inc.), fixed in 2% glutaraldehyde, 0.05 M Na cacodylate, pH 7.4, 
at 4°C for 35 rain, washed in H20, and dehydrated by a graded series of 
dimethylformamide. The grids were embedded en bloc in the capsules by 
UV-polymerization in Lowicryl K4M at 4°C (modified from Altman et al. 
[1]). The embedded fibers on the grid were sectioned with the knife edge 
parallel to the fiber axis to avoid distortion in the longitudinal dimension. 
The soft gold grid served as a visual marker to guide trimming and knife 
advance but did not interfere with sectioning. Sections were stained with 
0.5% aqueous uranyl acetate and Reynold's lead citrate and photographed 
on a JEOL-100CX electron microscope. Micrograph magnification was 
calibrated with a carbon grating standard (No. 1602; Ernest E Fullam, Inc., 
Schenectady, NY). 
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Measurements of point-to-point distances along the long axis of the sar- 
comere were made on prints (Kodabrome II RC paper) with a Sigma Scan 
Digital Measurement System (Jandel Scientific, Sausalito, CA), including 
sarcomere length, I filament length, A band width, and six antibody stripes 
or gold clusters to Z line distances (Na to Nf.) Data from ,'~100 sarcomeres 
were transcribed into Multiplan spreadsheet (Microsoft, Seattle, WA), and 
all values were normalized with their respective I filament lengths set to 1.13 
Ixm (center of Z line to distal end of the thin filament) before plotting. 

lmmunofluorescence Microscopy 

Rabbit psoas myofibrils were prepared with a Triton/EDTA procedure of 
Wang and Ramirez-Mitchell (28). Immunofluorescence of antinebulin was 
done on either unfixed or formaldehyde-fixed myofibrils that were settled 
and adhered to glass coverslips, as described previously (29). Antinebulin 
was applied as purified IgG fraction (10-50 ~tg/ml) pretreated with 0.5 mM 
PMSF, 5 mM DFP to minimize proteolysis during incubation. Extractions 
of myofibrils with high salt buffers were done by irrigating from one side 
of the sample slide with either A band solvent (0.6 M KCI, 2 mM MgCI2, 
2 mM EDTA, 2 mM NaPPi, 0.1 mM DTT, pH 6.8) or A plus I band solvent 
(0.6 M KI, 0.1 M Tris-Cl, 3 mM EGTA, 50 mM Na2S203, 0.1 mM DTT, 
pH 7.5) and withdrawn from the other side with a wedge of filter paper. The 
degree of extraction is varied by substituting the solvents with PBS at vari- 
ous times. All extracted myofibrils were fixed with formaldehyde before 
antibody staining. A Zeiss IM 35 photomicroscope with epifluorescence 
attachment was used for photomicroscopy. 

Results 

Nebulin Purification and Characterization 

Nebulin polypeptide from rabbit skeletal muscle was puri- 
fied by an extension of a novel salt fractionation procedure 
that was originally developed for titin preparation (24; Fig. 1, 
a-c). Based on an observation that most SDS-solubilized 
myofibrillar proteins, exclusive of nucleic acids, will precipi- 
tate roughly in the decreasing order of polypeptide sizes, 
when NaCI concentration was raised beyond 0.6 M (18, 24), 
nebulin was first enriched 7-10-fold by precipitation between 
0.66 and 0.9 M (Fig. 1, a and b). After further size fraction- 
ation on a Sephacryl $500 gel filtration column (Fig. 1 c), 
pure nebulin, free of contaminating nucleic acid, titin, and 
myosin heavy chain was obtained in high yield (2 mg/100 mg 
of myofibrillar protein). 

Its amino acid composition (Table I) is distinct from titin, 
especially in the lower proline content (5.9 vs. 7.4 % in titin), 
and a higher total content of lysine, arginine, asx, and glx 
(41.1 vs. 33.9% in titin; 26). Rabbit nebulin, however, is very 
similar in composition to nebulins purified from frog gas- 
trocnemius (17) and mouse diaphragm muscles (18). 

Antinebulin antiserum reacted specifically with a single 
nebulin band on blots of rabbit myofibrillar proteins, with no 
evidence of cross-reactivity with titin (see Fig. 3). The 
specificity of antinebulin was consistently demonstrated on 
immunoblots only after a modified buffer, Buffer N, was de- 
veloped. For reasons still unclear, many (>80%) of com- 
mercial enzyme-conjugated secondary antibodies that we 
used exhibited a tendency to bind directly and selectively to 
nebulin bands on the nitrocellulose blot, thus giving a false 
positive band in control samples stained with preimmune or 
with no primary antibodies (data not shown). No binding 
was observed with either unconjugated peroxidase or alka- 
line phosphatase (not shown). This nonimmunological in- 
teraction was eliminated by the high ionic strength buffer, 
suggesting an ionic origin. It should be noted that such inter- 
action appears to be limited to nebulin blotted from SDS 
gels, since no labeling of native nebulin in the sarcomere 

Figure 1. Purification of rabbit nebulin. Nebulin was purified from 
rabbit back muscle myofibrillar proteins (mf) that were solubilized 
in SDS (lane a), salt fractionated by precipitating crude nebulin be- 
tween 0.66 and 0.90 M NaCI (Pa~-ago; lane b), and size fraction- 
ated on a Sephacryl $500 column to yield pure nebulin (lane c). 
Gel electrophoresis was done on a 2-12% gradient gel. 

could be detected when the sarcomeres were stained with 
preimmune antibody followed by either fluorescent second 
antibody or colloidal gold conjugates (see localization stud- 
ies below). 

Giant 1~tin-sized and Nebulin-like Proteins in 
Muscle 1~ssues 

The wide spread distribution of giant polypeptides of the size 
of titin and nebulin was first suggested by gel analysis of 
purified myofibrils (29) or whole tissues (8, 11) in a wide 
range of vertebrate and invertebrate species. However, 
whether these proteins are related chemically or immuno- 
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Figure 2. Giant proteins in skele- 
tal, cardiac, and smooth muscle 
tissues. Muscle tissues were snap 
frozen, pulverized in liquid nitro- 
gen, solubilized in hot SDS solu- 
tions, and analyzed on a 2-12% 
gradient polyacrylamide gel (.4). 
To reveal subtle mobility differ- 
ences, psoas muscle sample was 
added to each muscle as an inter- 
nal standard and the mixtures 
were subjected to electrophoresis 
in B. Only the top portion of each 
Coomassie Blue-stained gel pat- 
tern is shown. Titin and nebulin 
bands marked by asterisks are ap- 
preciably larger than the psoas 
proteins. Note that cardiac mus- 
cles have smaller titins (marked 
by black arrow) and no detectable 
nebulin. Protein bands labeled by 
arrowheads in cardiac and smooth 
muscles (uterus and gizzard) are 
significantly larger than nebulin. 

chemically to skeletal muscle nebulin remained, with one 
exception, unexplored (20). We have examined the gel pat- 
terns of several fast and slow skeletal muscles, cardiac mus- 
cle from rabbit, and smooth muscles from rabbit and turkey 
by directly solubilizing snap-frozen tissue powders in hot 
SDS to minimize degradation of giant proteins (see Materials 
and Methods). As shown in Fig. 2 A, all skeletal muscles 
tested contained significant amounts of titin/nebulin-sized 
proteins. It is interesting that there is a small yet significant 
mobility difference among proteins within each family. This 
was revealed clearly when a mixture of two muscle tissues 
were subjected to electrophoresis (Fig. 2 B). Nebulin in 
these muscles fall roughly into two size groups: semiten- 
dinosus, soleus, diaphragm, sartorius > adductor magnus, 
longissimus dorsi, psoas (Fig. 2 B). These two groups of size 
variants may differ up to 10-15% in mass and were not ar- 
tifacts resulting from sample preparation since there was no 
evidence of partial interconversion or formation of multiple 
bands whenever protocols are strictly adhered to. Immuno- 

blots with antinebulin indicated strong cross-reactivity 
amongst members of nebulin family, with no cross-reactivity 
with titin (Fig. 3). 

In rabbit cardiac muscle tissue, only one minor band was 
present in the nebulin region (arrowheads, Fig. 2 A). This 
and other trace components in this region contributed 
'~0.2 % of total proteins and thus were an order of magnitude 
lower in abundance than skeletal nebulin. It is interesting that 
similar bands were also found in rabbit uterus and turkey giz- 
zard smooth muscles, especially in overloaded gels (Fig. 2 
A). The identity of these minor bands, which are larger than 
skeletal muscle nebulin, remained uncertain. So far, no 
cross-reactivity of these proteins with antiskeletal muscle 
nebulin could be demonstrated on immunoblots (Fig. 3). 

Preparation of Split Muscle l~bers for 
Immunoelectron Microscopy 
Split muscle fiber preparations, consisting of bundles of 
roughly 20-300 myofibrils have been developed to achieve 

The Journal of Cell Biology, Volume 107, 1988 2202 



Table L Amino Acid Compositions of Nebulin and Titin 

Rabbit* Frog$ Mouse§ Chiekenll 
Amino acid 
(tool %) Nebulin Titin Nebulin Titin Nebulin Titin Nebulin Titin 

Asx 12.1 9.6 11.0 8.7 
Thr 5.5 7.9 5.4 6.7 
Ser 7.5 7.4 5.5 6.4 
Glx 13.6 13.7 14.0 13.3 
Pro 5.9 7.4 4.5 8.8 
Gly 5.5 6.5 4.3 7.2 
Ala 7.6 6.6 7.9 7.3 
Cys 0.6 0.8 0.4 0.5 
Val 4.8 7.4 6.4 11.0 
Met 1.5 0.8 1.9 1.1 
Ile 3.3 4.4 5.0 6.4 
Leu 6.8 6.5 8.1 7.2 
Tyr 4.1 2.8 4.5 3.5 
Phe 2.3 2.4 2.3 3.0 
Trp ND ND ND ND 
Lys 11.3 10.2 10.6 8.4 
His 3.3 1.7 3.4 1.8 
Arg 4.1 4.4 4.6 5.6 

12.5 9.4 11.1 9.3 
5.4 8.7 7.0 6.6 
7.1 7.4 6.2 6.7 
9.0 8.0 12.8 11.8 
4.5 6.5 3.0 6.7 
5.1 6.2 5.2 7.6 
7.0 5.9 7.6 7.5 
0.7 1.0 0.8 0.6 
6.8 10.0 8.2 7.8 
3.0 1.6 0.7 1.6 
5.7 6.7 6.1 5.6 
8.6 7.6 7.9 7.6 
3.7 2.5 1.5 3.0 
2.4 3.0 2.7 2.9 

ND ND ND ND 
11.6 9.3 11.1 7.9 
2.7 1.5 2.8 1.8 
4.2 4.6 5.4 5.0 

* This work. 
~: From Somerville and Wang (17). 
§ From Somerville and Wang (18). 
II From Maruyama et al. (12). 

consistent and reproducible antibody labeling patterns at 
electron microscopic resolution (see Fig. 5). Since muscle 
fibers were processed promptly postmortem in the presence 
of protease inhibitors, no proteolysis of titin and nebulin was 
evident from gel analysis (data not shown); furthermore, 
since the preparation has not been subjected to conditions 
that promote rigor bridge formation between thick and thin 
filaments, these myofibriUar bundles could be stretched in a 
relaxing buffer to sarcomere lengths well beyond nonoverlap 
without tearing the sarcomere and producing excessive loss 
of striations and lateral alignment. The detection and quanti- 
ration of antibody density are thus facilitated. Equally impor- 
tant, by removing sarcolemma and reducing the fiber di- 
ameter, problems with antibody accessibility that generally 
plague whole tissue labeling, were effectively resolved. This 
is illustrated by the uniform labeling of all sarcomeres in the 
low magnification survey section (Fig. 5). Our earlier at- 
tempts of labeling muscle fiber bundles or single fibers per- 
meabilized by Triton X-100 or EGTA yielded, at best, fibers 
labeled only at the superficial layer of myofibrils. Gold con- 
jugates frequently failed to penetrate and were found en- 
trapped in the leaky sarcolemma layer (our unpublished 
observations). An additional advantage of split fiber prepara- 
tions is that their active and passive mechanical properties 
can be measured directly with sensitive force transducers, 
thus facilitating correlative studies of sarcomere structure 
and function. 

An obvious trade off of such preparations is that they are 
prone to breakage when subjected to handling, especially 
during infiltration and embedding in viscous plastic solution. 
Furthermore, the entire fiber may be lost with one misplaced 
cut during sectioning of plastic embedded fibers. The use 
of single-slot grids as fiber holders throughout the entire 
sequence of steps (Fig. 4) obviates some of these techni- 
cal problems: fiber breakage is minimal and the embedded 
grid serves as a visual marker for sectioning. Further, the 

grids made it feasible to process multiple fibers at different 
sarcomere lengths under identical conditions throughout the 
various steps of immunoelectron microscopy. Many poten- 
tial interpretation problems of comparing individually pre- 
pared samples are thus avoided altogether. 

Distribution and Stretch Behavior of  Nebulin Epitopes 

As indicated in the low magnification survey of antinebulin- 
labeled split fiber (Fig. 5) all sarcomeres within the myo- 
fibrillar bundle were uniformly labeled by antibodies to give 
rise to, in this instance, two transverse stripes within the I 
band (solid arrows, Fig. 5). That these stripes indeed 
resulted from specific antibody binding to nebulin epitopes 
is demonstrated by the following. (a) These stripes were ab- 
sent in unlabeled controls, in preimmune controls (open ar- 
rows, Fig. 5, inset), and in controls eliminating one or two 
antibodies. (b) These stripes were specifically labeled by 
protein A-gold conjugates. Presumably due to pronounced 
steric hindrance, gold conjugates exhibited a gradient of 
labeling density, which decreases toward the interior of the 
split fiber (Figs. 5, 6, A and C). It was noted that sarco- 
meres in the surface-bound myofibrils frequently were not as 
well-preserved as the interior ones. Such "open" sarcomeres 
appear to be more accessible to gold conjugates (Fig. 6, B 
and C). 

The distribution and stretch behavior of nebulin epitopes 
were investigated using split fibers, with sarcomere lengths 
ranging from resting length (2.3 Ixm) to well over nonoverlap 
(4.5 I~m; Fig. 7). 

In highly stretched fibers where A segments and I seg- 
ments were pulled away from each other, exposing the slen- 
der titin filaments (T in Fig. 7, A and B) bridging the gaps 
in these nonoverlap sarcomeres, a total of five to six antibody 
stripes, located from 0.1 to 1.0 I~m from the center of the Z 
line (designated as a-f) were present in each side of those 
I segments that still retained sufficient lateral registry (Fig. 
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(A) Dissection ~ s a  / 

bet 

(C) Labeling and Embedding J / /  

P,~tach i ~ ' "  

Antibody Wash 

Figure 4. Preparation of split muscle fibers for immunoelectmn mi- 
crosco W. This schematic diagram iUustrates essential steps de- 
scribed in detail in Materials and Methods. 

Figure 3. Western analysis of cross-immunoactivity of nebulins. 
Muscle samples prepared as in Fig. 2 were subjected to electropho- 
resis, transferred to a nitrocellulose sheet, and stained with goat 
antinebulin. Alkaline phosphatase-conjugated secondary antibody 
was used to detect binding (A). After color development, the sheet 
was stained with india ink to reveal protein patterns (B). Note the 
absence of antinebulin in cardiac, uterus, and gizzard smooth mus- 
cles (arrowheads). 

7 B). Due to the substantial stress (resting tension) at this 
sarcomere length, many sarcomeres are distorted to such an 
extent that antibody stripes were smeared together and rec- 
ognized only by the presence of gold beads (data not shown). 
A small number of gold beads were occasionally seen in the 
gap region (Fig. 7 B, left). Since such labeling only occurred 
at the distal ends of distorted and misaligned I segments and 
that such scattered labeling never aligned transversely to in- 
dicate regularity, we conclude that these gold beads were 

labeling translocated nebulin epitopes that originated from 
loci near the edge of the I band. As expected, neither anti- 
body stripes nor gold particles were observed in control sam- 
ples (Fig. 7 A). 

In split fibers with decreasing sarcomere lengths where 
thick and thin filaments begin to overlap, the number of anti- 
body stripes decreased gradually from six to only one in rest- 
ing length sarcomeres (2.3 gm). Closer examinations of the 
banding patterns (Fig. 7) suggested that the "missing" anti- 
body stripes distal to the Z line may have entered the A band 
and were obscured by the dense structure. This conclusion 
is supported by the following observations. (a) In grazing 
sections of A bands, gold clusters were seen aligned trans- 
versely into stripes at the expected axial position of missing 
stripes (Fig. 7, D and E). These gold stripes most likely 
resulted from the labeling of more accessible nebulin epi- 
topes near the very surface of the A band. (b) In longitudinal 
sections of A bands, clusters of gold beads were frequently 
found at the perimeter of A bands at axial positions that cor- 
respond to the distal antibody stripes (Fig. 7 E). Such pe- 
ripheral gold clusters appear to be "cross-sectioned" gold 
stripes that have labeled the A band surface. Occasionally 
some gold clusters were seen located at some distance from 
the sarcomere surface (e.g., Fig. 7 E), presumably resulting 
from labeling of dangling nebulin filaments away from the 
surface. 

To quantitate the stretch response of nebulin epitopes, the 
spacing from the center of each stripe to the center of Z line 
was measured, using either antibody density, gold stripes, or 
gold clusters as markers of axial positions. The identification 
of each stripe was further aided by the observation that the 
relative intensity and relative width remained unchanged at 
different sarcomere lengths, with Nb, Nc>Nd, Ne>Nf>Na. 
There was thus no evidence of any epitope cross-over or inver- 
sion that would confuse identification. 

It should be noted that Na, the stripe closest to the Z line, 
was a great deal weaker and more diffuse than the rest and 
was identified unambiguously only by gold labeling (Fig. 7 
F). Since it is not uncommon to observe diffuse density near 
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Figure 5. Nebulin localization in rabbit psoas split fibers. A low magnification survey of antinebulin-labeled rabbit psoas split fiber at 2.8 
~tm sarcomere length, as described in Materials and Methods. Note the uniform penetration of antibodies into the interior sarcomeres 
to give rise to, at this length, two dense stripes within each I band (solid arrows). Such antibody-imparted stripes are absent in preimmune 
controls (open arrows, inset). Protein A-gold conjugates, used to confirm antibody labeling, are consistently observed coinciding with 
the antibody density only in the superficial layers of myofibrils (arrowheads) but are absent in the interior ones (solid arrows near the center). 

the Na position in unlabeled control sarcomeres (not shown), 
we have included for quantitative analysis, only those Na 
stripes with clear evidence of gold labeling. We have also no- 
riced that in a few cases, where the 40-nm repeat of the I band 
was visible, Nb and Nc stripes were seen as fine granular 
densities that accentuated, for Nb, the 7th (weak), 8th and 
9th (strong) repeat, and, for Nc, the lOth (weak), llth and 
12th (strong) repeat (Fig. 7 D), giving the impression that 
the accessible nebulin epitopes may be related by a 40-nm 
repeat. 

A plot of antibody spacings vs. sarcomere length (Fig. 8) 
clearly indicated that, within experimental errors, the axial 
spacing of each stripe remains constant throughout the range 
from 2.3 to 4.5 ~tm. Thus nebulin epitopes exhibited none 
of the pronounced elastic stretch dependence shown by the 

I band segment of titin filaments (30), nor the elastic stretch- 
response of N: lines (5, 14). 

Immunofluorescent  Localization o f  Nebulin in 
Isolated Myofibrils 

Immunofluorescent localization of nebulin was carried out 
on myofibrils that were prepared with minimal proteolysis 
and lattice distortion as evidenced by the lack of phase-dense 
N2 lines in long sarcomeres (28). As shown in Fig. 9 A, for 
sarcomeres of moderate length ('~2.8 ~tm), the fluorescent 
staining patterns consisted of a pair of prominent wide bands 
in the I band (designated as a in Fig. 9), a pair of dim and 
broad zones coinciding with the overlap region of the A band 
(designated as 13 in Fig. 9 A), and a narrow band at the Z line 
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Figure 6. Antibody density and 
gold conjugates as comple- 
mentary markers of nebulin 
epitopes in the I and A bands. 
Nebulin epitopes are identi- 
fied by antibody density or by 
gold labeling. The sparse anti- 
body-imparted densities coin- 
cide with all gold beads (brack- 
ets). The 3-5-nm gold beads, 
however, frequently fail to 
penetrate more than a few 
layers of myofibrils and, as il- 
lustrated in C, label only the 
outermost sarcomere near the 
top (bracket) but not the one 
immediately below. Gold beads 
are instrumental in identifying 
additional epitopes within the 
A band where antibody den- 
sity is difficult to detect. In 
grazing sections, D and E, 
gold beads are seen aligned 
into broad stripes on the sur- 
face of the A band (brackets). 

position. The 13 zone staining, being much dimmer than the 
adjacent ct bands, was photographed clearly only under con- 
ditions that overexposed a bands, causing in some cases the 
merging of ¢t bands with Z line staining (cf. Fig. 9 B). 
A comparison with an electron micrograph at comparable 
sarcomere length (Fig. 9 A) indicated that, at this length, the 

bands correspond to Nb and Nc staining, the 13 zones to 
Nd, Ne, and Nf staining, and the Z staining to Na's. The dim 
staining of 13 zone suggested that the steric hindrance of fie-bu- 
lin labeling exerted by A band components as observed in 
immunoelectron microscopy is also evident in inununo- 
fluorescence. 

As sarcomere length decreased, staining patterns under- 
went a series of transitions that are best illustrated by 
myofibrils that exhibited a graded change in sarcomere 
length from one end (3.0 ktm) to the other (2.0 I.tm) (left to 
right in Fig. 9 B): the ¢t bands and Z staining transformed 
gradually into one dim narrow line near the Z line, whereas 
13 zones merged into a bright sharper line in the center of the 
A band. In even shorter sarcomeres (<2.0 ~tm) where double 
overlap of thin filaments across the bare zone occurred, two 
dim fluorescent bands coincided with the phase dense dou- 
blet near the center of the sarcomere (Fig. 9 C). The narrow- 
ing and fading of ¢t bands in shorter sarcomeres (Fig. 9 B) 

may result from the gradual entrance of Nb, Nc, and Na epi- 
topes into the A band, becoming less accessible to antibody. 
Similarly, the merging and brightening of 13 zones in the 
m i d A  position may be caused by the appearance of Nf, Ne, 
Nd epitopes in the more accessible central bare zone of the 
A band. The doublet staining of double overlap sarcomeres 
(Fig. 9 C) suggests that Nf, Ne, Nd epitopes may have moved 
across and reached to the other side of the bare zone (as thin 
filaments did) and were somewhat accessible to antibodies 
because of the expanded interfilament spacings in extremely 
short sarcomeres. 

The fluorescent staining of intact sarcomeres are thus con- 
sistent with the immunoelectron microscopic results in re- 
vealing the inextensible nature of nebulin and the sliding of 
nebulin epitopes into the A band as sarcomeres shorten. The 
fluorescence data further demonstrate that in very short sar- 
comeres, from which immunoelectron microscopic data are 
lacking, nebulin still maintains the same inextensible charac- 
teristics, resulting in a "double overlap" pattern similar to that 
of thin filaments. 

Additional studies were carried out with myofibrils that 
were selectively extracted with high salt solutions. Staining 
patterns of myofibrils that have been extracted with either 0.6 
M KC1 to remove A bands (Fig. 9, D-F) or with 0.6 M KI 
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Figure 7. Distribution and stretch response of nebulin epitopes. Rabbit psoas-split fibers were stretched to various sarcomere lengths and 
labeled with antinebulin and protein A-gold conjugates as described in Materials and Methods. A preimmune control of nonovedap sarco- 
meres in A indicates the absence of prominent I band striations as opposed to those present in antinebulin-labeled sarcomeres displayed 
in decreasing lengths from B to E TinA and B indicate titin filaments spanning the gaps of disengaged A and I segments in such sarcomeres. 
Antibody stripes in the I band are designated a- f  (arrows) and the axial position of the distal epitopes that have entered the A band are 
detectable by gold clusters (brackets) indicated by arrowheads in E. Gold labeling of the stripe a is indicated by an arrow in E 

solution to remove A and I bands (Fig. 9 H)  suggested that, 
as is the case with titin (26, 27, 28), translocation of  epitopes 
has occurred to various degrees after extractions. For 0.6 M 
KCI extraction, this was demonstrated by myofibrils that 
exhibited a graded degree of extraction of A bands from only 
one end (Fig. 9 D, empty circles at right), obtained by inter- 
rupting extraction during irrigation: a gradual narrowing of 
the normal ¢t bands-Z staining triplet into a brighter doublet 

occurred as the degree of extraction increased toward the 
right side of the myofibril. Such transitional patterns were 
also observed separately in individual myofibrils with uni- 
formly extracted sarcomeres (Fig. 9, E - G ) .  It is significant 
that the width of the doublet was either the same or narrower 
than the phase images of  the remaining I segments, suggest- 
ing a partial translocation of nebulin toward the Z line that 
is unaccompanied by thin filaments. In KI-extracted resi- 
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Figure & Quantitation of stretch response of nebulin epitopes. Antibody spacings, the center-to-center distance between each stripe and 
the Z line, are plotted as a function of sarcomere length. The shaded area indicates data points that were collected using peripheral gold 
clusters or gold stripes in grazing sections as markers of A band epitopes. A schematic diagram is presented on the right. Nebulin epitopes 
span at least 1 lan with no evidence of stretch-sensitivity over a wide range of sarcomere lengths from resting length (2.3 ltm) to beyond 
overlap (4.5 Ixm). The arrow near 3.9 txm indicates the sarcomere length at which myosin and actin filaments begin to disengage. 

dues, which consisted mainly of translocated titin and nebu- 
lin (28), antinebulin intensely stained the KI-doublet (Fig. 9 
H). These data suggest that the 0.6 M KCI treatment not only 
extracted A band, but also uncoupled, at least partially, the 
synchronous sliding of nebulin and actin in intact sarco- 
meres. Treatment with 0.6 M K.I, which removed the major- 
ity of actin and myosin (Fig. 6 of reference 28), caused the 
uncoupled nebulin to retract toward the Z line position, sug- 
gesting a stable structural linkage of nebulin to the Z line. 

Discussion 

Nebulin: A Family of  Giant Structural Proteins 

The data presented here supported our previous conclusions 
Uaat nebulin represents a family of giant structural proteins 
(600-800 kD) that are major components (,~3 % of total 
myotibrillar proteins) of skeletal muscle sarcomeres (23-26, 
29). Within the nebulin family, immunological cross-reac- 
tivity among skeletal muscles of rabbits as well as across spe- 
cies (e.g., human [20], chicken, dog, mouse, and baboon 
[unpublished data]) suggests some sequence homology. In- 
deed, the amino acid compositions of several purified nebu- 
lin (rabbit back muscle [this work], frog gastrocnemius [17], 
and mouse diaphragm [18]) are very similar. It is noted that 
nebulin in various skeletal muscle tissues from rabbit are not 
identical in size. These size variants might represent tissue- 
specific isoforms, since there was no evidence of proteolysis- 
induced interconversion of these forms. 

Is Nebulin Absent in Cardiac and Smooth Muscles? 

In our preliminary gel analysis of glycerinated chicken and 
rabbit cardiac myofibrils, a large major nebulin-sized protein 
was found in these samples (quoted in reference 29). Subse- 

quent Western blot analysis indicated that it is a large proteo- 
lytic fragment of cardiac titin and, with improvements in 
sample preparative procedure that minimizes proteolysis, 
this major band is no longer observed (unpublished data). In 
intact cardiac muscle tissues, proteins of low abundance 
(<0.2 %) similar in size to nebulin are detectable in patterns 
of overloaded gels (Fig. 2). So far, no cross-reactivity of 
these proteins with antiskeletal nebulin could be demon- 
strated on immunoblots. Supporting this negative result is 
our recent demonstration that no nebulin message RNA was 
found in human cardiac muscles by Northern analysis with 
a cDNA probe to human nebulin (20). Taken together, the 
data suggest that the nebulin gene, at least the skeletal muscle 
type, is not expressed in cardiac muscle (also see 8, 11). The 
possibility, however, cannot be ruled out that cardiac and 
smooth muscles have functionally equivalent proteins that 
are distinct either immunologically or in size from skeletal 
nebulin. An analogous situation was observed for smooth 
muscles: although low abundance large proteins are detect- 
able on gels (Fig. 2), no proteins that are cross-reactive with 
either nebulin or titin have been detected (Fig. 3). 

Advances in Analysis of  Giant Proteins 

The analysis of nebulin (and titin) has been facilitated by sev- 
eral technical advances that overcame obstacles confronting 
earlier investigations. (a) Tissue solubilization: direct solu- 
bilization of pulverized frozen tissue powder in hot SDS con- 
taining protease inhibitors has been successful in minimizing 
proteolysis. These giant proteins invariably degraded when 
chunky tissue was added to SDS before heating (unpublished 
data). (b) Size fractionation of SDS-solubilized proteins by 
NaCl: our serendipitous observation that polypeptide mix- 
ture in SDS solution can be precipitated and fractionated by 
NaC1 roughly according to size has been successfully ex- 
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Figure 9. Immunofluorescent localization of nebulin in isolated myofibrils. Rabbit psoas myofibrils, either intact (A-C) or previously ex- 
tracted with 0.6 M KC1 (D-G) or 0.6 M KI (H), were labeled with goat antinebulin and FITC-rabbit anti-goat secondary antibody. (A) 
Typical phase and fluorescence patterns of moderate length sarcomeres are shown (top and middle); a and [3 designate a prominent doublet 
in the I band and a dim zone within the A band respectively. Note that the Z line position is also stained. A low magnification electron 
micrograph of antinebulin-labeled split fiber is included for comparison (bottom). (B) Sarcomere length-dependent transition of staining 
patterns is shown in a myofibril where sarcomere length decreases from left to right: ct bands gradually narrowed into one dim band at 
the Z line and [3 zones merged into a sharper line at mid A. (C) Staining patterns of very short, double overlap sarcomeres. Note that 
fluorescence coincides with the phase-dense doublet. (D) Transition in staining patterns in KCl-extracted sarcomeres. In this myofibril, 
the right hand sarcomeres starting at the two open circles have been partially extracted by 0.6 M KC1, while those to the left of the solid 
circles appear intact. Note the narrowing of a-Z triplet into a brighter doublet in the extracted sarcomeres. (E-G) Staining patterns of 
KCl-extracted sarcomeres. Note that fluorescent bands are either of the same width (E and F) or narrower (G) than the phase bands. (H) 
Staining pattern of KI-extracted sarcomeres. The translocated nebulin near the Z position in the KI residue was brightly stained as doublets. 
Arrows indicate the Z position throughout. Bars: (D-H) 1 Vm. 

plored to purify titin from vertebrates (18, 24) and physarum 
(6), to remove RNA and DNA from proteins (18), and in 
the present work, to enrich nebulin for rapid purification. (c) 
Immunoblots: giant proteins are notoriously difficult to 
transfer to solid support. The gradient slab gels that we have 
developed now allow high resolution and efficient transfer 
(16, 31). The immunoblot analysis of nebulin was compli- 
cated by the nonimmunological, but highly selective, bind- 
ing of antibody-enzyme conjugates to nebulin blotted from 
SDS gels. This problem was overcome by the high salt buffer 
used in this work or by the use of protein A-based reagents 
(unpublished data). 

Architectural Organization of  Nebulin in the 
Sarcomere: A Set of  Discontinuous, Parallel, 
Inextensible Filaments Anchored at the Z Line 

Our localization studies at both light and electron micro- 
scopic resolutions clearly indicate that nebulin is an integral 
component within the skeletal muscle sarcomere that spans 
a minimum of 1 lain between the Z line and the distal region 
of thin filaments. The simplest way to interpret this data is 
to assume that nebulin constitutes a set of discontinuous, par- 
allel, inextensible filaments attached at one end to the Z line, 
and that the transverse antibody stripes resulted from label- 
ing of epitopes that are aligned axially (Fig. 10). Despite the 
lack of knowledge of molecular morphology of native nehu- 
lin, it is reasonable to expect that such a giant polypeptide 
must be highly elongated and slender to conceal itself so well 
within the sarcomere without being recognized in the past by 
morphological means. (Recall that a 700-kD protein, if glob- 

ular, is ~11 nm in diameter and would have been easily 
detected.) It is interesting to note that a 700-kD polypeptide 
of either a-helix or 13-sheet would have a contour length of 
0.92 and 2.1 lain, respectively. Such polypeptides, if fairly 
extended, can easily span the 1 Ima minimal distance in the 
sarcomere. In any case, given the relative abundance (3%) 
and size (600-800 kD) of nebulin, it can be calculated that 
there are about three or four nebulin polypeptides per thin 
filament in the sarcomere. If  nebulin indeed constitutes par- 
allel filaments, there would he no more than four nebulin fila- 
ments per thin filament and the number will be proportion- 
ally less if each nebulin filament comprises more than one 
polypeptide linked end to end or in parallel. 

A Four-filament Sarcomere Model Incorporating 
Parallel Nebulin and Titin Filaments 

The inextensibility of nebulin filaments as reflected by the 
stretch resistance of nebulin epitopes (Fig. 8), contrasts 
sharply with the elastic stretch-dependence of the coexisting 
I band domain of titir~ filaments (32). These distinct be- 
haviors indicate that nebulin and titin must each represent a 
separate set of parallel filaments and cannot be serially con- 
nected components of the same longitudinal filaments (24- 
26). While titin filaments extend all the way close to the 
M line region (12, 32), there is no evidence at present to dis- 
tinguish whether nebulin filaments are flush with (Fig. 10 A) 
or protrude beyond actin filaments (Fig. 10 B). Similarly the 
possibility that nebulin can be linked to components near the 
M line cannot be ruled out. 
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Figure 10. A hypothetical four-filament model of the architectural 
organization of nebulin and titin in the sarcomere of skeletal mus- 
cle. In this model, nebulin constitutes a set of parallel inextensible 
filaments attached at one end at the Z line. Each nebulin filament 
represents one, or no more than a few, nebulin polypeptides. Whether 
nebulin filaments flush with actin filament (top model) or extend 
beyond actin filaments (bottom model) is not clear. Titin filaments 
span from the Z line to the M line region (e.g., the edge of bare 
zone as depicted here). Each titin filament represents one titin poly- 
peptide. In moderately stretched sarcomeres, only the I band seg- 
ment of titin responds by extending its length while the nebulin fila- 
ment, thin filament, thick filament, and A band segment of titin 
retain constant length. This model ignores the stoichiometry, rela- 
tive dimension, and lattice spacings of various filaments. 

Our data thus suggest that the sarcomere of skeletal muscle 
may consist of four biochemicaUy distinct filaments-myosin, 
actin, titin, and nebulin, all of which are directly (actin, titin, 
and nebulin) or indirectly (myosin via titin) linked to the Z 
line. 

It follows from this model that nebulin filaments, being in- 
extensible, cannot be a primary source of resting tension as 
recently proposed by Horowitz et al. (7). It is conceivable, 
however, that nebulin might modulate titin elasticity, if dy- 
namic interactions occur between the two filaments. 

Nz Line and Other Novel Transverse Periodicities 
in the Sarcomere 

The lack of stretch sensitivity of nebulin epitopes and the 
proposed inextensibility of nebulin filaments raise the ques- 

tion of the molecular composition and structural identity of 
N2 lines. Earlier, we have tentatively identified nebulin as 
an N2 line-associated protein based on the observation that 
antinebulin fluorescently stained N2 lines in the long sarco- 
meres of glycerinated myofibrils (29). The immunoelectron 
and immunofluorescence data presented in this paper have 
persuaded us to abandon this view. We believe that these 
phase-dense I band striations, which we designated as N2 
lines (29), are artifacts of conventional myofibril preparation 
that can be eliminated by minimizing proteolysis and me- 
chanical shear during preparation (28). The fluorescent 
labeling of these N2 lines by antinebulin and their elastic 
stretch-dependence as described in our earlier work (29) 
suggested to us that these striations represent loci on the elas- 
tic titin filaments where residual or severed nebulin polypep- 
tides are attached (26). When myofibrils rich in N2 lines 
were negatively stained and examined by electron micros- 
copy, massive accumulation of granular material was found 
at these loci. Such material was absent in sarcomeres without 
N2 lines (unpublished data). 

We emphasize, however, that the identity and origin of N 
lines may be far more complex and that it is unlikely that all 
reported sightings of N lines (i.e., unusual I band striations) 
can be explained by proteolysis-induced structural changes. 
For those N line striations that required special treatments 
to "enhance" their visibility in electron microscopy, such as 
those described recently by Locker (10), the experimental 
conditions may have caused the titin/nebulin-containing ma- 
trix to undergo an increase in mass density or a change in 
affinity toward heavy metal ion stains at various loci. This 
could result from, beside proteolysis-induced translocation, 
a local shortening of the elastic titin filaments; an interfila- 
ment coalescence of a portion of parallel titin, nebulin, and 
actin filaments; or an enhanced binding of soluble proteins 
to discreet binding sites on titin and nebulin. For those N 
lines that were detected as very faint striations in the electron 
micrographs of rapidly fixed and carefully prepared frog 
skeletal muscles (3) or for those transverse periodicities that 
were derived from x-ray diffraction patterns of live frog mus- 
cles (2), they may well represent structural features of intact, 
unaltered sarcomere matrix such as intrinsic variation in fila- 
ment thickness, extrinsic binding of proteins and ions, or 
interfilament cross-linking structures. 

Thus these uncommon sarcomere striations, being either 
genuine features or structural derivatives of titin and nebulin 
sarcomere matrix, are well worth pursuing. In this regard, 
we suggest that the distinct stretch-sensitivity of titin and 
nebulin be used as a criterion to classify striations as either 
"titin-linked" or "nebulin-linkedY By this criterion, Cooke's 
electron dense 230-nm striations in frog muscle (3) may be 
tentatively classified as partly titin-linked (striations No. 1, 
2, 3, and 5) and partly nebulin-linked (striations No. 1 and 
4. Fig. 9 C and Fig. 13 of reference 3). (Ambiguity on stria- 
tion No. 1 exists, since it is very close to the Z line and its 
stretch response may not clearly manifest until sarcomeres 
are much longer than those studied by Cooke.) Similarly, the 
102-nm transverse periodicity in x-ray diffraction patterns of 
frog muscles reported by Bordas et al. (2) can be tentatively 
assigned as nebulin-linked and the 230-nm pseudo lattice as 
titin-linked. The stretch-dependence of the 230-nm lattice 
for sarcomeres >2.8 Ixm has not been demonstrated by the 
x-ray work. 
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Is Nebulin an Actin Filament Template or Scaffold? 
The architectural characteristics of nebulin (inextensibility, 
Z linkage, 1 ~m minimal length and filament sliding) are 
highly reminiscent of the behaviors of actin filaments and 
raise the question whether nebulin and actin are structurally 
associated in the sarcomere. This question was first raised 
by us when attempts were made to explain why titin and 
nebulin filaments were so difficult to identify in intact sarco- 
meres. We proposed that titin and nebulin might interact with 
and adhere to myosin and actin, respectively, to form com- 
posite filaments, and that these composite filaments may in 
fact be the morphological structures identified as "thick" and 
"thin" filaments in electron microscopy (26). The composite 
nature of titin and myosin filaments is gaining experimental 
support (e.g., 22, 32); whereas our current data suggest that 
a nebulin/actin composite filament is worth considering. 

This composite filament model has possible implications 
in the assembly, length regulation, stability, and function of 
actin filaments. In view of the fact that actin, even in the pres- 
ence of accessory or capping proteins, is incapable of assem- 
bling into filaments of predetermined and uniform length 
such as those found in skeletal muscle sarcomeres, the idea 
of a long protein template that directs and regulates assembly 
of actin becomes increasingly attractive. This idea in turn 
raises questions regarding the possible participation of nebu- 
lin in actin-mediated functions such as actomyosin interac- 
tion and its calcium regulation. 

Nebulin-free Cardiac Sarcomere and Length 
Heterogeneity of Actin Filaments 
The absence of nebulin in cardiac sarcomeres, though puz- 
zling, offers an unique opportunity to explore the conse- 
quence of its absence and to search for useful clues of its 
function. Although cardiac muscle cells distinguish them- 
selves morphologically from skeletal muscle cells by having 
highly branched and networked myofibrils, abundant inter- 
mediate filaments, and unique junctional complexes at cell 
borders (19), the fundamental sarcomere architecture has 
generally been assumed to be identical with each other. A 
search of literature for more subtle differences revealed that 
in adult cardiac sarcomeres, not all actin filaments from the 
same I segment are of the same uniform length 05). This 
length heterogeneity has been proposed as a structural basis 
for the unique length-active tension curve that is important 
for cardiac muscle contraction. We speculate that this hetero- 
geneity may result from the absence of nebulin or a similar 
protein template which regulates length or stabilizes actin 
filaments. 
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