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Abstract. mAbs specific for titin or nebulin were 
characterized by immunoblotting and fluorescence mi- 
croscopy. Immunoelectron microscopy on relaxed 
chicken breast muscle revealed unique transverse strip- 
ing patterns. Each of the 10 distinct titin antibodies 
provided a pair of delicate decoration lines per sarco- 
mere. The position of these pairs was centrally sym- 
metric to the M line and was antibody dependent. The 
results provided a linear epitope map, which starts at 
the Z line (antibody T20), covers five distinct posi- 
tions along the I band (T21, T12, T4, T1, Tll), the A-I 
junction (T3), and three distinct positions within the A 
band (T10, T22, T23). The epitope of T23 locates 
0.2 txm before the M line. In immunoblots, the two 

antibodies decorating at or just before the Z line (T20, 
T21) specifically recognized the insoluble titin TI com- 
ponent but did not recognize TII, a proteolytic deriva- 
tive. All other titin antibodies recognized TI and TII. 
Thus titin molecules appear as polar structures lacking 
over large regions repetitive epitopes. One physical 
end seems related to Z line anchorage, while the other 
may bind close to the M line. Titin epitopes influenced 
by the contractional state of the sarcomere locate be- 
tween the N1 line and the A-I junction (T4, T1, Tll). 
We discuss the results in relation to titin molecules 
having half-sarcomere lengths. The three nebulin anti- 
bodies so far characterized again give rise to distinct 
pairs of stripes. These locate close to the N2 line. 

T 
HE pioneering work of the laboratories of Maruyama 
and Wang has suggested that sarcomeric structure re- 
lies not only on the well-known thick and thin fila- 

ments with their various associated proteins but also involves 
an elastic component (for recent reviews see 19, 35). While 
the nature of the elastic filaments is still poorly understood, 
it seems clear that they are built from very high molecular 
weight polypeptides (20, 22, 38). One major component of 
the system is titin. Its polypeptide molecular weight is vari- 
ously given as 1 or 2.8 million (21, 31, 32, 39). Titin is usu- 
ally present as a doublet on low porosity gels and only the 
second species TII can be purified under native conditions 
(10, 11, 31, 40). TII is thought to arise by limited proteolysis 
from the nonextractable TI species (19, 35). Although elec- 
tron micrographs of purified TII indicate morphological het- 
erogeneity, they clearly document very thin and rather long 
threads. While the exact biophysical properties are still in 
dispute, length measurements range from ~0.6 to 1.2 Ixm 
(21, 31, 40). In agreement with the proposal that it plays a 
pivotal role in sarcomere integrity, titin is found both in 
skeletal and cardiac muscle, although possibly not as identi- 
cal molecules (7, 9, 17). Much less is known about nebulin 
from skeletal muscle. Its molecular weight is ~0.5-0.8 mil- 

lion (21, 35, 38). As it has not been isolated in native form, 
its function and shape are not known. In addition, there 
are reports that nebulin is not expressed in cardiac muscle 
(9, 17). 

There is distinct disagreement about the arrangement of ti- 
tin within the sarcomere. Some immunocytochemical studies 
with polyclonal antibodies indicate that titin filaments could 
reach from the Z band through the A-I junction deep into 
the A band where they may run parallel to the thick filaments 
(19, 23). Other results, however, have argued for a titin dispo- 
sition between the two N2 lines of the sarcomere (32, 34, 35, 
37, 38). In spite of discrepancies as to the exact molecular 
features of the titin molecule, all results point to long threads 
with the ultrastructural inhomogeneity possibly arising from 
suboptimal conditions used during purification or specimen 
preparation. More recent electron micrographs have raised 
the possibility that titin filaments contain repetitive domains 
(31, 35). Here we approach the problem of titin and nebulin 
with a set of distinct mAbs. Immunoelectron microscopy 
shows that each of the 10 titin antibodies we describe detects 
its epitope as a single stripe per half-sarcomere. The position 
of these stripes starts at the Z band and ends close to the M 
line. The results indicate an epitope polarity most likely 

© The Rockefeller University Press, 0021-9525/88/05/1563/10 $2.00 
The Journal of Cell Biology, Volume 106, May 1988 1563-1572 1563 



related to a structural polarity of the elastic filaments. They 
also show that the extra mass of the titin TI form is involved 
in filament anchorage at the Z line. 

Materials and Methods 

Preparation of Nebulin and Titin 

Nebulin from chicken breast muscle was isolated according to Wang and 
Greaser (36) with the following modifications. The myofibrillar pellet was 
extracted with a solution containing 0.6 M KC1, 10 mM imidazole-HCI, pH 
7.0, 1 mM EDTA, 2 mM MgCIz, 0.5 mM dithiothreitol (DTT), 0.1 mM 
phenylmethylsulfonyl fluoride (PMSF) to remove most of the myosin. After 
three washes in 10 mM Tris-maleate, pH 6.8, 100 mM KCI, 5 mM EGTA, 
2 mM MgC12, 0.5 mM DTT, 0.1 mM PMSE much of the actin was re- 
moved by substituting 1 M KI for 0.6 M KCI in the myosin extraction buffer. 
The resulting pellet was washed with 10 mM Tris-HCl, pH 8.0, 1 mM 
EDTA, 1 mM 2-mereaptoethanol, 0.1 mM PMSE The "high salt-extracted 
myofibrils" were subsequently sotubilized by SDS and applied to a 
Sephacryl S-500 gel filtration column (2.5 x 100 cm) equilibrated in 1% 
SDS, 1% 2-mercaptoethanol, 50 mM Tris-HCl, pH 7.3. Fractions contain- 
ing nebulin were detected by gel electrophoresis. Detergent was removed 
by ion-pair extraction (6) and the protein pellet was stored at -20°C. The 
lower band of the titin doublet (titin II) was isolated under native conditions 
essentially as described (31). 

Immunization and Monoclonal Antibodies 
For the first fusion BALB/c mice were immunized with nebulin suspended 
in PBS by sonication. 30-50 ~tg was used per injection and a standard im- 
munization protocol was used (1). Spleen cells were fused with mouse my- 
eioma cells (line PAI) as before (1). Macroscopic colonies were visible by 
day 9. Supematants were screened first by immunofluorescence microscopy 
on frozen sections of chicken breast muscle, and then by immunoblotting 
(see below). Positive colonies were subcloned by limiting dilution. Ascites 
fuids were elicited in female BALB/c mice primed with Pristane. This fu- 
sion yielded the mAbs to nebulin described below as well as titin antibodies 
T10, Tll, and T12. For the second fusion, mice were immunized with native 
titin purifed as TII by standard procedures. This fusion yielded mAbs T20, 
721,122, and T23. Three additional titin antibodies (TI, 73, and T4) were 
previously characterized (7). Polyclonal antibodies to native titin TII were 
obtained in two rabbits using multiple injections (0.2 mg/injection). 

Immunofluorescence Microscopy 
Tissues were snap frozen in isopentane cooled to -140°C and stored at 
-70°C until use. 5-gm sections were treated with acetone for 6 min at 
-10°C and air dried before antibody staining. Glycerinated myofibrils from 
various muscles (chicken breast, pigeon breast, rabbit back, rabbit psoas, 
and rat psoas) were prepared essentially as described (13). Indirect im- 
munofiuorescence staining of frozen sections and myofibrils followed stan- 
dard procedures (7) using commercial fluorescein-labeled second antibod- 
ies at 1:60 dilution (goat anti-mouse antibodies; Cappel Laboratories, 
Cochranville, PA). The polyclonal rabbit anti-a-actinin antibody was a 
generous gift from Dr. J. V. Small (Austrian Academy of Sciences, Salz- 
burg, Austria). For double labeling, second antibodies (FITC-labeled goat 
anti-mouse and rhodamine-labeled goat anti-rabbit) were cross absorbed 
on unlabeled IgGs of the other species. 

Gel Electrophoresis 

Linear polyacrylamide gels (2-12 % acrylamide and 0.5 % cross-linker) with- 
out a stacking gel in the buffer system of Laemmli (14) were used in SDS- 
PAGE. Polypeptides were electrophoretically transferred to nitrocellulose 
(29). Decoration with mAbs was visualized by incubation with peroxidase- 
labeled rabbit anti-mouse antibody (DAKOPATTS, Copenhagen) followed 
by peroxidase substrates. 

Electron Microscopy 
Tissue preparation and antibody labeling was performed after a modifica- 
tion of the method of Dennis et al. (2). 

Chickens anesthesized with ether were injected intravenously with the 
muscle relaxant Pantolax (CuraMed, Freiburg, FRG). Muscles were re- 

moved and the animal was sacrificed. Small strips (1 x l0 mm) ofpectoralis 
major muscle were dissected. After relaxation for I h on ice in solution A 
(100 mM KCI, 4 mM ATE 5 mM MgCI2, 4 mM EGTA, 20 mM Tris- 
HCI, pH 7.0, 1% glucose, 0.5 mM iodoacetamide, 0.1 mM PMSF) they were 
tied to plastic strips. Subsequent skinning was by immersion for 6 h into 
ice cold solution B (10 mM phosphate buffer, pH 7.0, 100 mM KCI, 5 mM 
MgCI2, 1 mM EGTA, 1% glucose, 1 mM iodoacetamide, 0.1 mM PMSE 
0.02% NAN3) containing 0.2% Triton X-100. Muscle strips were incubated 
overnight at 4°C with 1.5 ml of the first antibodies. These were either hy- 
bridoma culture supernatants concentrated 5-10-fold or IgGs purified from 
ascites fluids (final concentration ",,0.7 mg/ml). After several washes in so- 
lution B (four changes in 2 h), muscle strips were treated with antigen 
afffinity-purified sheep anti-mouse antibody (0.3 mg/ml) for 6 h and washed 
as before. Muscles used as controls were treated only with the second anti- 
body. Subsequently specimens were fixed with 1% glutaraldehyde in solu- 
tion B for 30 min, washed three times with 0.1 M Na-cacodylate buffer, 
pH 7.0, postfixed in 1% OsO4 in 0.1 M Na-cacodylate buffer, pH 7.0, for 
l0 min, dehydrated in a graded series of ethanol, and embedded in Epon. 
Ultrathin sections were positively stained with uranyl acetate and Reynold's 
lead citrate and observed in a Philips 301 electron microscope operated at 
80kV. 

Results 

Monoclonal Antibodies to lltin and Nebulin 

Myofibrils of chicken breast muscle were subjected to myo- 
sin extraction. Nebulin was then solubilized with SDS and 
purified by gel fltration on Sephacryl S-500. Although frac- 
tions highly enriched in nebulin still contained a 400-kD pro- 
teolytic fragment of titin as judged by immunoblotting with 
titin-specific antibodies, the preparation was used to immu- 

Figure 1. Immunoblo t  analysis o fmonoc lona l  titin and nebulin anti-  
bodies  on (a and c) chicken skeletal and (b) chicken hear t  muscle.  
(a) Lane 1, Coomassie-s ta ined whole  extract  of  chicken breast  mus-  
cle. The  posit ions of the titin doublet  (T),  nebul in  (N),  myosin 
heavy chain  (M),  and actin (A) are indicated.  Lanes  2-9 are immu-  
noblots  with ant ibodies  T10, TI1, T12, Nbl ,  Nb2,  Nb4,  Nb5, and 
Nb6, respectively. (b) Lane 1, Coomassie-s ta ined whole  extract  of  
chicken hear t  muscle.  Lanes  2-4 are immunoblo t s  with  ant ibodies  
T10, I"11, and T12, respectively. (c) Lane  1, Ponceau-stained blot  of  
whole  extract of chicken breas t  muscle.  Lanes  2-5 are immunoblo t s  
with ant ibodies  T20, 1"21, "1"22, and "1"23, respectively. T20 and "[21 
reacted only with the upper  band  of  the titin doublet  in skeletal mus-  
cle. TI2 labeled bo th  bands  in skeletal, but  only the upper  band in 
hear t  muscle.  The  other  t i t in ant ibodies  recognized both  bands  in 
all samples.  For  the possible  lack of nebul in  in heart  musc le  see 
text. Gels  in a ,  b, and c were run  on different occasions.  
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Figure  2. Immunofluorescence micrographs of frozen sections of chicken skeletal muscle (a), human skeletal muscle (b), and bovine heart 
Purkinje fibers (c), stained with antibodies against nebulin (a and b) and titin (c). (a) Chicken skeletal muscle; antibody Nb2. (b) Human 
skeletal muscle; antibody Nb6. (c) Bovine heart Purkinje fibers; antibody TI2. Note that in c the titin staining covers only the Purkinje 
fibers and not the connective tissue. Bar, 10 Ixm. 

nize B A L B / c  mice .  Test se ra  were  s c r eened  by immu n o f l u o -  
r e scence  on  f rozen  sec t ions  of  b reas t  m u s c l e  at  d i f ferent  di lu-  
t ions.  Sp leen  cel ls  o f  the  m o u s e  wi th  the  h ighes t  t i ter  were  
fused  wi th  PAI m y e l o m a  cells.  H y b r i d o m a  superna tan t s  
were  m o n i t o r e d  by i m m u n o f l u o r e s c e n c e  microscopy.  In ter -  
es t ing  h y b r i d o m a s  were  c l o n e d  f rom s ingle  cel ls  an d  g r o w n  
in cu l tu re  a n d / o r  as ascites,  m A b s  were  cha rac t e r i zed  by im-  
m u n o b l o t t i n g  on  total  ext racts  of  ch i cken  b reas t  m u s c l e  sepa-  
ra ted o n  2 -12% a c r y l a m i d e  g r ad i en t  gels. Th i s  gel type  
p rov ided  a be t t e r  r e so lu t ion  than  the  p rev ious ly  de sc r ibed  
3.2 % gels  (33) and  c l ea r ly  reso lved  m o s t  of  the  low mo l ecu -  

lar  weight  po lypep t ides  (Fig. 1). T h r e e  m A b s  (T10, Tl l ,  T12) 
specif ical ly  reac ted  w i th  bo th  b a n d s  of  the  t i t in  doub le t  (Fig. 
1). F ive  m A b s  (Nbl ,  N b 2 ,  Nb4 ,  Nb5,  Nb6)  were  specif ic  for 
the  5 0 0 - k D  nebu l in  band .  

All  an t ibod ie s  were  fu r t h e r  cha rac t e r i zed  by i m m u n o g l o b -  
ul in  type  and  by c ross - reac t iv i ty  pa t t e rns  on  skeletal  and  
card iac  m u s c l e  of  va r ious  ve r t eb ra tes  as seen by i m m u n o -  
f luorescence  m i c r o s c o p y  and  i m m u n o b l o t t i n g  (see Fig. 2 
an d  Table  I). M a n y  an t ibod ies  (e .g. ,  T12, Nbl ,  and  N b 2  in 
Table I) h ad  a b r o a d  c ros s - spec ie s  reac t iv i ty  of ten ex tend ing  
f r o m  co l d -b l o o d ed  ve r t eb ra tes  to m a n  (Table  I) .  W h i l e  all 

T a b l e  L P r o p e r t i e s  o f  M o n o c l o n a l  A n t i b o d i e s  

Clone number T10 TI I TI2 T20 T21 T22 T23 Nbl Nb2 Nb4 Nb5 Nb6 
Immunoglobulin type IgG2a IgG2b IgG1 IgGl IgGI IgGl IgGl IgG2b IgG1 lgG2a IgGl IgM 

Fish skeletal muscle (Torpedo species) - + + - + + - + + - - - 
Toad skeletal muscle (Bufo marinus)  - + + + + - - - 

Salamander skeletal muscle* (Ambys toma  tigrina) - + + - + + - + + + - 

Salamander heart muscle - + + . . . . .  
Alligator skeletal muscle (Al l igator  mississ ippiensis)  + + + + + + + - 

Pigeon skeletal muscle** + + + + + + + + 
Chicken skeletal muscle*~ + + + + + + + + + + + + 
Chicken heart muscle* + + + + + + + . . . . .  
Chicken gizzard smooth muscle . . . . . . . . . . . . .  
Mouse skeletal muscle - - + - + - - + + + + + 
Rat skeletal muscle*¢ + + + + + + + 
Rat heart muscle + + + . . . . .  
Rat rhabdomyosarcoma + + + + 
Rabbit skeletal muscle~ + + + + + + + + 
Bovine heart muscle + + + . . . . .  
Pig skeletal muscle* + - + - + - - + + + + - 
Human skeletal muscle + + + - + - - + + + + + 
Human rhabdomyosarcoma + + + 

Summary of the reaction of the mAbs on various muscles. The standard test was immunofluorescence on frozen sections. The 
was ascertained by blotting data for antibodies T10, Nbl, Nb2, Nb3, Nb4, and Nb6. 
* Additional immunoblotting experiments. 

Immunofluorescence was also performed on isolated myofibrils. 

reaction on human skeletal muscle 

Ffirst et al. Polarity o f  Titin Filaments in the Half-Sarcomere 1565 



Figure 3. Immunottuorescence and corresponding phase-contrast micrographs of chicken breast muscle myofibrils decorated with nebulin 
and titin antibodies. In each pair of micrographs, the upper panel shows the fluorescence pattern while the lower panel shows the correspond- 
ing phase-contrast picture. Antibodies used were as follows: (a) Nbl, (b) Nb2, (c) Nb4, (d) Nb5, (e) Nb6, ( f)  T10, (g) Tll, (h) T12, (i) 
T20, (j) T21, (k) T22, and (l) T23. Bar, 10 ~tm. 

three titin antibodies cross reacted on skeletal and cardiac 
muscle (Table I), the five nebulin antibodies reacted only on 
skeletal muscle and not on heart. In agreement with earlier 
reports we were unable to detect a nebulin polypeptide in 
cardiac muscle by gel electrophoresis even when protease in- 
hibitors were included in the buffer to prepare the extract (7, 

15). Since none of  the nebulin antibodies gave a positive 
reaction by immunoblotting of total cardiac muscle extract, 
we also studied dissected Purkinje fibers, the specialized 
impulse-conducting system of  the heart. As judged by im- 
munofluorescence (Fig. 2 c) and blotting experiments, bo- 
vine Purkinje fibers displayed only titin but not nebulin. Im- 

Figure 4. Immunoelectron microscopical localization of titin in chicken pectoralis muscle with six different mAbs. Extracted fiber bundles 
were incubated with monoclonal titin antibodies and sheep anti-mouse antibody and then processed for electron microscopy as described 
in Materials and Methods. Results are presented in pairs. The micrographs on the left show the result on relaxed sarcomeres while the 
micrographs on the right give the result in contracted sarcomeres. Positions of antibody label are indicated by arrowheads. Note that each 
antibody gives only one specific decoration line per half-sarcomere. To avoid overburdening the figure, arrowheads are only used in one 
half-sarcomere. Antibodies are (a) TI0, (b) T3, (c) Tll, (d) T1, (e) T4, and (f)  TI2. g shows control muscle treated only with the second 
antibody (sheep anti-mouse). Bar, 500 nm. 
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munofluorescence and immunoblotting experiments were 
also performed on other tissues. No reactivity of nebulin and 
titin antibodies was found on smooth muscle or on different 
nonmuscle tissues and cultured cells. We note, however, a 
positive reaction of titin and nebulin antibodies on rhabdo- 
myosarcoma (Table I), a tumor of skeletal muscle lineage 
(see also reference 27 for titin). The combined results docu- 
ment the absence of a cross-reactivity between titin and 
nebulin. They also suggest that most of the antibodies should 
detect different epitopes on their corresponding polypeptide 
antigens. 

Immunofluorescence Microscopy on Isolated Myofibrils 
To begin to understand the display of titin and nebulin within 
the sarcomere, freshly prepared glycerinated myofibrils of 
chicken breast muscle were decorated with the various mAbs 
(Fig. 3). Indirect immunofluorescence microscopy showed 
that T10 and Tll stained around the region of the A-I junction 
(Fig. 3), while T12 provided a Z line-type staining, which 
seemed to be wider than the staining pattern seen with 
ct-actinin. Therefore, double immunofluorescence micros- 
copy was performed with the murine monoclonal T12 and a 
rabbit antibody to a-actinin. T12 decoration was two to three 
times broader than the a-actinin pattern (result not shown). 
In optimal specimens the T12 stain separated into two very 
closely spaced lines (Fig. 3 h) which we tentatively assume 
to reflect the so-called N1 lines. These are closely located to 
both sides of the Z band (16). 

All five nebulin mAbs stained within the I band. The loca- 
tion agreed with previous results using polyclonal antibodies 
which indicate N2 line disposition of nebulin (38). To obtain 
more precise details on the different titin and nebulin anti- 

bodies, we decided to perform an immunoelectron micro- 
scopical study. This included also the titin mAbs T1, T3, and 
T4, which had earlier been mapped by immunofluorescence 
microscopy to the A-I junction (7). 

lmmunoelectron Microscopy Provides a Linear 
Epitope Map for 1~tin 

Electron microscopy allowed a much better analysis of the 
antibody decoration patterns than immunofiuorescence. Fi- 
ber bundles of chicken pectorialis major muscle tied on plas- 
tic strips after incubation in a relaxing buffer were extracted 
with Triton X-100 (see Materials and Methods) and incu- 
bated first with the different murine mAbs to titin and then 
with a second antibody (sheep anti-mouse immunoglobu- 
lins) to amplify the signal. Specimens were fixed with 
glutaraldehyde, postfixed with osmium, and embedded in 
plastic. Ultrathin sections were examined by electron mi- 
croscopy (Fig. 4). The ultrastructural appearance of control 
preparations exposed only to the sheep anti-mouse antibody 
(Fig. 4 g) shows that the I band is devoid of any indication 
of an N2 line structure, which could be confused with the 
antibody decoration patterns described below. By searching 
through muscles prepared in this way, occasional contracted 
myofibrils could be found. These are also shown in Fig. 4. 

As shown in Fig. 4, a-f(lej~ column), each of the six titin 
antibodies provided a pair of thin decoration lines per sarco- 
mere. The position of these pairs was centrally symmetric to 
the M line and changed in a characteristic fashion with each 
antibody. These positions are summarized schematically in 
Fig. 6, which shows a linear epitope map. In relaxed sarco- 
meres (average sarcomere length ,x,2.7 ltrn) the positions of 
the decoration lines were as follows. Antibody T10 located 

Figure 5. Electron micrographs of relaxed chicken pectoralis major muscle labeled with four monoclonal titin antibodies (a-d) and a recon- 
stituted mixture of two mAbs to titin (e) using the procedure outlined in Fig. 4. Antibodies used are (a) "1"20, (b) T21, (c) T22, and (at) 
T23. The mixture of the two mAbs T3 and TI2 (e) represents the sum of the two individual decoration patterns observed in Fig. 4 (b and 
f).  (f)  A control muscle treated only with second antibody. Bar, 500 nm. 
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Figure 6. Schematic summary of the decoration patterns observed 
with 10 mAbs to titin (T1, I3, T4, T10, TII, TI2, T20, T21, 1"22, 
and T23) and three mAbs to nebulin (Nbl, Nb2, and Nb6) by elec- 
tron microscopy (Figs. 4, 6, and 7) on relaxed skeletal muscle. Z, 
/, and A label the known band positions. In addition, we mark the 
centro-symmetry given by the M line and the approximate positions 
of the NI and N2 lines. Note that all mAbs label only a pair of trans- 
verse lines symmetrical to the M line. For simplicity, decoration 
lines labeled by titin antibodies are shown in the half-sarcomere on 
the left, while nebulin positions are given in the half-sarcomere on 
the right. 

0.1 lun inside the A band (Fig. 4 a) while T3 outlined the end 
of the A band (Fig. 4 b). The latter result fits the antibody 
decoration pattern of T3 on isolated native thick filaments. 
Here it labeled the tips of the thick filaments (7) consistent 
with a myosin-titin interaction site (12, 30). The other four 
antibodies labeled distinct positions along the I band. Tll 
decorated 0.05 lam from the end of the A band while T1 and 
T4 gave bands 0.1 and 0.14 ~tm along the I band. T12 had a 
quite distinct location. Decoration occurred •0.1 IJ-,n before 
the Z line. This position probably corresponds to the N1 line. 
As a further control we used reconstituted mixtures of vari- 
ous mAbs to titin. In each case the results coincided with the 
sum of the observations obtained with the individual mAbs. 
Fig. 5 e, for instance, gives the result with a combination of 
antibodies T3 and T12. It clearly shows the lines found for 
T3 and T12 with individual antibodies (Fig. 4, b and f ) .  

Contracted sarcomeres decorated by the six mAbs are also 
shown in Fig. 4 (right column). In agreement with the results 
on relaxed sarcomeres, antibodies T10 and T3 located within 
the A band or at its end (see above and Fig. 4, a and b). They 
therefore kept their relative location towards the A band in- 
dependent of contraction or relaxation. This was also the 
case with antibody T12 (Fig. 4 f ) .  It kept its relative distance 
to the Z line at a position thought to reflect the N1 line of 
the sarcomere. Interestingly the decoration lines of the three 
other mAbs (T1, T4, Tll) shown to lie before the A-I junction 
in relaxed muscle (see above) showed a change upon contrac- 
tion. They seemed to pile up ahead of the advancing A band 
when contracted muscle was decorated (Fig. 4, c-e, right 
column). 

To extend the bank of titin mAbs, a second fusion was 
made. The antigen used was native titin TII. Screening was 
again by immunofluorescence but immunoelectron micros- 
copy was added early on as an additional screen to identify 
hybridomas staining new sites within the sarcomere. These 
were subsequently made monoclonal and characterized in 
detail (antibodies 120-123). Antibodies decorating around 
the A-I  junction were not followed up. Immunoblotting on 
total muscle extracts showed that 120 and 121 were specific 

for the TI component of titin (Fig. 1 c), while the other two 
antibodies (122 and 123) recognized both components of the 
titin doublet. The cross-species reactivity patterns of these 
antibodies are given in Table I, and Fig. 3 documents the 
myofibrillar staining pattern seen by immunofluorescence. In 
immunoelectron microscopy, all four antibodies detected 
again only one epitope per half-sarcomere (Fig. 5). Antibody 
T20 decorated at the Z line, while T21 located 0.04 gm before 
the Z line. The two new A band-specific antibodies, 122 and 
I23, were distinct and differed from T10. Antibody I22  la- 
beled at 0.2 I~m within the A band, while antibody T23 deco- 
rated at a distance of 0.2 lam from the M line. The labeling 
positions of antibodies T20 to 123 were independent of the 
length of the sarcomere (data not shown). The results are 
summarized schematically in Fig. 6. 

Nebulin Epitopes Occur in Majority around 
the N2 Line 

Using the same approach for nebulin antibodies, we concen- 
trated on Nbl, Nb2, and Nb6. In relaxed muscle, these three 
antibodies, thought to correlate with the N2 line in immuno- 
fluorescence microscopy, labeled positions consistent with 
this interpretation. Electron micrographs show, however, 
that they do not decorate at identical distances between Z and 
A bands. Decoration lines (Fig. 7) occur at distances of 0.22 
(Nb2), 0.24 (Nb6), and 0.26 p.1 (Nbl) from the Z lines. Al- 
though, again, the decoration patterns of the sarcomeres 
were symmetric with the M line, we did not observe the con- 
tinuous lines (as with titin antibodies) but two obviously dis- 
continuous stripes. The reason for this decoration pattern is 
unknown. A reconstituted mixture of Nbl and Nb2 antibod- 
ies was used as control. As shown in Fig. 7 d, two closely 
spaced but separate decoration lines were obtained. The 
combined results are summarized schematically in Fig. 6. 

Discussion 

While nebulin and the upper band of titin (TI in the nomen- 
clature of reference 40) are extractable so far only with SDS, 
the two components of the putative elastic system appear im- 
munologically quite distinct. None of the mAbs used here 
showed cross-reactivity between titin and nebulin. Although 
most titin antibodies reacted on both heart and skeletal mus- 
cle (for some immunological differences see reference 7), the 
nebulin antibodies did not react in immunofluorescence and 
blotting on cardiac myofibrils. In agreement with Locker and 
Wild (17), we also could not detect by gel electrophoresis a 
polypeptide corresponding to a putative cardiac nebulin. 
While this difference between two sarcomeric muscle types 
is unsettling, the results now obtained by two laboratories 
seem to suggest that nebulin may not be a necessary compo- 
nent of all sarcomeric muscles. None of our titin and nebulin 
antibodies reacted with smooth muscle or nonmuscle tis- 
sues. Although it has been suggested that titin-like molecules 
can occur outside sarcomeric muscle (4, 5, 18), probably 
such molecules, if they exist, are antigenically quite distinct. 

Each of the three nebulin antibodies characterized by im- 
munoelectron microscopy on chicken breast muscle pro- 
vided one pair of transverse stripes per sarcomere. Although 
the relative position of the stripes is antibody dependent, all 
of them locate around the N2 line, in support of earlier work 
with polyclonal antibodies used in fluorescence microscopy 
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Figure 7. Electron micrographs of chicken pectoralis major muscle labeled with monoclonal nebulin antibodies using the procedure outlined 
in Fig. 4. In each pair, the micrograph on the left shows the label in relaxed sarcomeres, while the one on the right provides the pattern 
in contracted sarcomeres. Antibodies used are (a) Nbl, (b) Nb6, and (c) Nb2. The mixture of antibodies Nbl and Nb2 (d) reveals two 
separate decoration lines in appropriate positions. Positions of decoration lines are indicated with arrowheads. Bar, 500 nm. 

(38). Speelalations on the organization of the nebulin mole- 
cules in the half-sarcomere have to be postponed until some 
structural properties of the native nebulin molecule are es- 
tablished. Because of their broad cross-species reactivity, we 
have used the nebulin antibodies (Nbl, Nb2, Nb3, Nb4, 
Nb6) to show (3) that contrary to the predictions of Wood 
et al. (42) this protein is not the product of the human gene 
affected in Duchenne muscular dystrophy (25). Our results 
are in line with the recent report of Hoffman et al. (8) who 
have identified a novel protein (dystrophin) as the target of 
Duchenne muscular dystrophy. 

The 10 mAbs to titin establish a linear epitope map (Fig. 
6). Immunoelectron microscopy of muscle showed that each 
antibody gave rise to only one pair of transverse bands per 
sarcomere. The position of these bands was symmetric to the 
M line and was unique for each antibody. 

Before discussing the implications of these results we con- 
nect our data with previous localization studies performed 
with polyclonal antibodies in immunofluorescence micros- 
copy and, in one instance, in electron microscopy. Maru- 
yama's laboratory favors the view that titin (connectin) ilia- 

ments run parallel to the thick filaments. Starting at a 
position •0.15 ~tm from the center of the A band, they are 
thought to continue to the Z line (19, 24). In contrast, Wang's 
laboratory proposes from light microscopical data that titin 
filaments are continuous between the two N2 lines of the sar- 
comere, while the gap between the N2 line and the Z line 
is filled by nebulin. Thus the elastic filament system is 
viewed as "two distinct and nonoverlapping" domains 
provided by titin and nebulin, respectively (32, 34, 35). Our 
linear map of titin epitopes starts at the Z line (T20 antibody) 
and contains two additional epitopes (T21 and T12 antibod- 
ies) before the N2 line. Therefore titin filaments clearly ex- 
tend from the A band beyond the N2 line and contact the Z 
line. As this anchorage involves the extra mass specific for 
titin I vs. titin II, an interesting problem arises. Some labora- 
tories have purified from sarcomeric muscle higher molecu- 
lar weight proteins of unusual insolubility. These are thought 
by immunofluorescence criteria to be Z line constituents (26, 
28). Our results open the possibility that such proteins could 
also arise as proteolytic degradation products of titin. 

The immunoelectron micrographs obtained in our study 
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indicate that neighboring titin filaments are arranged in reg- 
ister. Per half-sarcomere, the titin filaments are polar struc- 
tures essentially without epitope repeats. Consistent with 
this view, it was also possible to identify the location of one 
of the two physical ends of the molecules, mAbs decorating 
at or close to the Z line (T20 and T21) were specific for TI 
in immunoblots of total muscle extracts, while all other eight 
antibodies reacted with both components of the titin doublet 
(TI and TII). Thus the Z line end of titin seems provided by 
the extra mass specific for TI. As TII is thought to arise by 
limited proteolysis of TI (19, 35), it is not immediately obvi- 
ous how we succeeded in obtaining TI-specific mAbs using 
a TII preparation as antigen. As polyclonal rabbit anti-titin 
antibodies raised against titin II provided no stripes close to 
the Z line (our unpublished results), the following explana- 
tion seems possible. The particular mAbs arose from a small 
but particularly antigenic contamination of TI-like mole- 
cules in the standard TII preparation. 

The decoration patterns observed also clarify some re- 
cently posed questions of titin organization. Trinick et al. 
(31) raised the idea of repetitive structural domains along the 
filament. While this possibility still remains, the epitope map 
based on 10 mAbs argues against extended regions of truly 
identical domains. Locker has favored the idea that titin illa- 
ments provide an interior core of the thick filaments (15). In 
contrast, our immunoelectron microscopical data and those 
of Murayama's laboratory (24) show that titin antibodies 
decorate defined positions of the A band before any destruc- 
tive influences of fixation. In addition, in crude preparations 
of native thick filaments titin-like strings running parallel to 
the isolated A band have been observed (30). Thus the titin 
filaments lie most likely outside the thick filaments, although 
the direct mode of arrangement may be a matter of debate. 
Evidence that the titin filaments could extend to the M line 
are based on immunoelectron micrographs. Maruyama et al. 
(24) found, with polyclonal antibodies, the stripe closest to 
the M line at a distance of 0.15 lxm from the center of the A 
band, and we observed the closest stripe at 0.2 ~tm using the 
mAb 1"23. 

Wang et al. (41) have reported in abstract form on the loca- 
tion of four titin epitopes defined by mAbs. They also found 
that some epitopes along the I band exhibit an elastic stretch 
dependence, while epitopes within the A band remain fixed 
upon change in sarcomere length. Thus the elastic titin fila- 
ments are stretchable only over a certain part of their I do- 
main. This seems to correspond to the area between the A-I 
junction and the N1 line. We suggest, like Wang et al., that 
there is a yet undefined anchoring mechanism for the titin 
filaments along the A band structure. 

The combined data allow for two reasonable models. In 
both cases the linkage of titin to the Z line and its presence 
close to the M line are responsible for the expected integra- 
tion of the I-Z-I  units and the A bands. In model A, titin fila- 
ments have half-sarcomere length and are polar with their 
tails attached to the Z lines. At the M line there could be a 
head-to-head interaction to provide additional stability of the 
elastic system. In model B, titin filaments could have sarco- 
mere length. They would be bipolar with central symmetry 
at the M line. Hence both physical ends would attach to the 
Z line. The alternative possibility of sarcomere length titin 
molecules connecting neighboring M lines seems unlikely as 
antibodies specific to titin TI map at the Z line and seem to 

involve a physical end of the molecule. Distinction between 
models A and B requires an accurate length estimate of the 
native titin molecule, which is currently not easy to obtain. 
Metal-shadowed TII molecules have been analyzed in several 
reports and all agree on the existence of technical difficulties. 
Length values of up to 1.2 ~tm were reported by Wang (40), 
while the histograms given by Trinick et al. (31) cover 0.2-1 
Ima with a peak ~0.6 Ixm. In Maruyama's histograms, the 
peak is just below 1 lain (21). Using high resolution gel 
permeation chromatography, we have separated TII into two 
species. One fraction, characterized by a very homogeneous 
ultrastructural appearance, measures 1 txrn, while the less 
homogeneous fraction seems to have length values --1.2-1.3 
~tm (Nave, R., unpublished). As the parent, TI molecule 
could have a length appreciably longer than this, we favor 
model A. However, model B can only be eliminated if it is 
excluded that titin strings are not shortened due to shearing 
of the molecules. One obvious future avenue is indicated by 
the linear epitope map; i.e., the molecular characterization 
of proteolytically excised regions purified by differential an- 
tibody binding. In addition, further biophysical characteriza- 
tion of titin is of obvious importance. 
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