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ABSTRACT—In the giant sarcomeres of barnacle adductor muscle (sarcomere length at rest, ~10 µm), there were
~5000 kDa connectin-like protein and 1200 kDa projectin that reacted with monoclonal antibodies to vertebrate skeletal
muscle connectin, SM1 and 3B9, respectively. Immunofluorescence microscopy showed that the ~5000 kDa protein
linked the myosin filament to the Z line and extensible upon stretch and projectin was localized on the myosin filament.
On removal of myosin and actin, both proteins moved to the side of the Z line. These behaviors were the same as those of
the giant sarcomeres of crayfish claw muscle, suggesting that projectin is bound to the ~5000 kDa protein.

INTRODUCTION
Connectin is the largest protein (~3000 kDa) in vertebrate striated muscle. It links the myosin filament to the Z
line as a spring (for reviews, see [8, 12]).
In invertebrate muscle there is a biodiversity in the
connectin family proteins. Twitchin (753 kDa) in C. elegans
bodywall muscle [1, 2] and projectin (1200 kDa) in arthropod
striated muscle [3, 7, 10, 11] are well characterized. In
addition, ~3000 kDa proteins are present in annelid bodywall muscle [5], crayfish claw muscle [7] and some insect
muscle [3]. In the regular sizes of sarcomeres of crayfish and
insect striated muscles, projectin connects the Z line to the
myosin filament [7, 10]. On the contrary, in the giant
sarcomeres of crayfish claw muscle, 3000 kDa connectin-like
protein links the Z line and the myosin filament, whereas
projectin is bound onto the myosin filament [7].
The present work demonstrates that ~5000 kDa connectin-like protein links the Z line and the myosin filament in the
giant sarcomeres of barnacle adductor muscle and projectin is
mainly localized in the A band.
MATERIALS AND METHODS
Materials
Barnacle, Tetraclita squamosa japonica, was collected at the
Kominato Marine Biological Laboratory, Chiba University, and
reared for a week in our laboratory. There are several kinds of
muscles in barnacle: striated muscle (ventral squtal depressor, lateral
squtal depressor and adductor) and smooth muscle (targal depressor)
as shown in Figure 1 [9]. The giant sarcomere, 10 µm at rest, is
present in adductor muscle and mainly used for the present study.
The sarcomere lengths of other striated muscles at rest were approximately 4.6 µm (ventral squtal depressor) and 6.7 µm (lateral squtal
depressor), respectively.
SDS gel electrophoresis
Each muscle was homogenized in 3 volumes of an SDS solution
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FIG. 1. Barnacle muscle. Modified from Matsuno and Hirota [9].
1, adductor; 2, ventral squtal depressor; 3, lateral squtal depressor; 4, targal depressor.
(10% SDS, 40 mM dithiothreitol, 10 mM EDTA, and 0.1 M TrisHC1 buffer, pH 8.0), boiled for 3 min and clarified at 15,000×g for 20
min. Laemmli's 2-8% polyacrylamide gels were used for electrophoresis [6].
Immunoblots
Monoclonal antibodies to chicken breast muscle connectin, SM1
[4] and 3B9 [4] and polyclonal antibodies to crayfish claw muscle [3]
were used. The electrophoresed gel bands were electrophoretically
transferred to a nitrocellulose sheet and treated with the antibodies
described above. Bound antibodies were detected after the treatment with horseradish peroxidase-conjugated anti-rabbit IgG (BioRad) or anti-mouse IgG (DAKOPATTS, Copenhagen).
Immunofluorescence microscopy
Freshly skinned fibers of barnacle adductor muscle were fixed at
a given sarcomere length in the relaxing solution (3 mM ATP, 2.5
mM MgCl2, 10 mM EGTA, 100 mM KCl, 10 mM phosphate buffer,
pH 7.5 and 0.5% Triton X-100) containing 3.5% formaldehyde.
The fixed muscle fibers were gently homogenized in the relaxing
solution and blocked for 30 min with the relaxing solution containing
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1% bovine serum albumin. The sample on a slide glass was treated
with the antibodies for 90 min followed by the treatment with
FITC-labelled anti-rabbit IgG or anti-mouse IgG (Cappel, West
Chester, PA.). A Leitz Ortholax-2 fluorescence microscope was
used for observation.
RESULTS
Connectin- and Projectin-like Proteins of Barnacle Adductor
Muscle
Figure 2b shows SDS gel electrophoresis pattern of
barnacle adductor muscle. There was a very high molecular
weight protein the mobility of which was significantly slower
than 3000 kDa rabbit skeletal muscle α-connectin (Fig. 2a).
The molecular mass of the former protein was certainly larger
than 3000 kDa. There is no method to estimate the molecu
lar mass of the barnacle protein and, therefore, it is tentative
ly assumed to be ~5000 kDa. In addition, there were
several bands corresponding to crayfish projectin (1200 kDa).
FIG. 3. Immunoblots of barnacle adductor muscle. a, Amido
Black stain; b, treated with SM1; c, treated with 3B9; d, treated
with antiserum to crayfish claw muscle projectin.

FIG. 2. SDS gel electrophoresis pattern of barnacle adductor mus
cle. a, rabbit skeletal muscle; b, barnacle adductor muscle; c,
crayfish closer muscle. α, β, α-and β-connectin; N, nebulin; M,
myosin heavy chain; C, connectin like protein; P, projectin.
Immunoblots revealed that SM1, monoclonal antibody
to chicken breast muscle α-connectin, reacted with barnacle
~5000 kDa protein (Fig. 3b). 3B9, monoclonal antibody to
chicken breast muscle β-connectin reacted with several bands
including projectin (Fig. 3c). Anti-crayfish claw muscle pro
jectin antibodies reacted with barnacle projectin-like protein
(Fig. 3d). A faint band above projectin also reacted with
the antiserum (Fig. 3d).
Immunofluorescence Localization of Barnacle Connectin and
Projectin
The immunofluorescence microscopy using SM1 re
vealed that the epitopes to SM1 were localized in the I band
near the Z line at a sarcomere length of 12.9 µm (Fig. 4a).
When the sarcomere length was increased to 19.2 µm by

stretch, a weak but significant band appeared in the I band in
addition to the strongly fluorescent band near the Z line (Fig.
4b). This observation suggested that the ~5000 kDa pro
tein was extensible upon stretch.
On the other hand, 3B9 stained the whole A band and
the fluorescent band did not change when muscle was stretch
ed from a sarcomere length of 14.6 µm to 17.5 µm (Fig. 4c,
d). The antiserum to crayfish projectin also stained the A
band of barnacle adductor muscle. It was likely that projec
tin was localized on the A band. Since the width of the
fluorescence band was slightly larger than that of the A band,
it is likely that projectin somewhat extruded from the edge of
the A band (Fig. 4c, d).
When barnacle adductor myofibrils were extracted with
0.6 M KCl to remove myosin, the density of the A band
decreased (Fig. 5b, e). The fluorescence due to SM1 bind
ing remained in the I band near the Z line (Fig. 5b). On the
other hand, fluorescence due to 3B9 binding disappeared in
the middle of the A band and remained at the A-I junction
region (Fig. 5e). This must have been due to the removal of
myosin at the center of the A band, and it seems that some
projectin was dissolved away together with myosin.
When the myofibrils were treated with 0.6 M KI to
remove both myosin and actin, only the Z lines remained
(Fig. 5c, f). The SM1 fluorescence and also the 3B9
fluorescence were recognized near the Z lines (Fig. 5c, f). It
is to be noted that the Z line itself was not fluorescent (Fig.
5f). Thus it appears that the ~5000 kDa protein together
with projectin retracted toward the Z line, when myosin was
completely solubilized away.
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FIG. 4. Immunofluorescence of barnacle adductor muscle. a, treated with SM1, sarcomere length, 12.9 µm. b, ibid., 19.2 µm. c, treated with
3B9, 14.6 µm. d, ibid., 17.5 µm. Upper, phase contrast image; lower, fluorescence image. Arrowhead indicates Z line. Bar, 20 µm.

FIG. 5. Immunofluorescence of myosin-dissolved barnacle muscle. a, d, control; b, e, treated with 0.6 M KC1; c, f, treated with 0.6 M KI.
b, c, treated with SM1; d, e, f, treated with 3B9. Arrowhead indicates Z line. Bar, 20 µm.
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DISCUSSION

In invertebrate muscle a variety of elastic filamentous
proteins are known: 753 kDa twitchin (C. elegans bodywall
muscle) [1, 2] and 1200 kDa projectin (arthropod striated
muscle) [3, 7, 10, 11] and ~3000 kDa connectin-like proteins
[3,5,7]. Monoclonal antibodies to vertebrate skeletal mus
cle connectin, 3B9 and SM1 crossreact with projectin [3, 7]
and connectin-like protein [5, 7], respectively. In the pre
sent study, 3B9 reacted with 1200 kDa projectin-like protein
and SM1 reacted with ~5000 kDa connectin-like protein of
barnacle adductor muscle. Although isolation of each pro
tein was not done, it was likely that these two kinds of
proteins were filamentous proteins (cf. ref. [7]).
It is to be mentioned that the barnacle ~5000 kDa
protein is even larger than the 4000 kDa protein of
polychaete bodywall muscle [5]. It is of interest to note that
the barnacle adductor ~5000 kDa protein is the largest in
size among connectin family proteins. The mobilities of
barnacle striated muscle connectin-like proteins were in the
following: ventral squtal depressor (similar to rabbit skeletal
muscle α-connectin) > lateral squtal depressor (similar to 4000
kDa polychaete bodywall muscle protein [5] > adductor
~5000 kDa.
Barnacle projectin was shown to be localized on the
myosin filament using 3B9. The same immunofluorescence
pattern was observed when antiserum to crayfish projectin
was used instead of 3B9. This localization of projectin was
similar to that in the giant sarcomeres of crayfish claw muscle
(closer) [7]. However, it appears that barnacle projectin
somewhat extruded from the edge of the myosin filament
(Fig. 4c, d). When myosin was completely solubilized by 0.6
M KI, projectin retracted to the side of the Z line together
with the ~5000 kDa protein. Thus it seems that projectin
bound to the ~5000 kDa protein. These relationships be
tween projectin and the connectin-like protein were the same
as crayfish claw muscle projectin [7].
Immunofluorescence microscopy showed that connectinlike protein was localized in the I band and extensible upon
stretch (Fig. 4a, b). It is very likely that it linked the myosin
filament to the Z line, since it moved toward the Z line, when
myosin was completely solubilized (cf. [7]).
Thus the elastic structure of barnacle giant sarcomere is
very similar to that of giant sarcomeres of crayfish claw
muscle [7]. A scheme of the elastic filaments of barnacle
adductor muscle is depicted in Figure 6.

FIG. 6. A scheme of the elastic filaments in barnacle adductor
sarcomere. Z, Z line; M, M line; a, actin filament; m, myosin
filament; c, connectin; p, projectin.
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