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Abstract. The ultrastructure and mode of existence of
the dystrophin molecule and its relations to actin
filaments were examined in murine skeletal myofibers.
Electron microscopy of freeze-etched replicas of gold-
labelled dystrophin molecules in quick-freeze, deep-
etch, rotary-shadow preparations revealed rod-like
structures 108.2 + 16.3 nm longand 3.1 * 1.5 nm thick.
Some dystrophin molecules appeared to link their ends
to form anastomosing networks; others were separate
from each other. The dystrophin molecules were parallel
or nearly parallel to the inner surface of the muscle
plasma membrane. Double immuno-labelling transmis-
sion electron microscopy using N- and C-terminal
dystrophin antibodies showed that the group mean
distances of the N- and C-terminal signals from the
muscle plasma membrane were 52.7 + 8.1 nm and
45.9 * 11.3 nm, respectively, which were not significant-
ly different. Histograms of the distribution of the N- and
C-terminal distances from the muscle plasma membrane
had similar patterns with peaks 10 ~ 20 nm from the
membrane. This was consistent with the findings of the
mode of existence of dystrophin molecules seen in
freeze-etched replicas. Finally, the dystrophin molecules
were linked with the most peripheral sarcoplasmic actin
like filaments, end to side as well as end to end.

Key words: Size and localization of dystrophin — Rela-
tion to actin filament — Skeletal myofibers ~ Freeze-
etched replica — Double immuno-labelling electron
microscopy

Dystrophin is a large molecular weight, low abundance
membrane cytoskeletal protein encoded by the
Duchenne muscular dystrophy (DMD) gene [12, 25].
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Previously, we and others have presented clectron
microscopic data showing the presence of dystrophin at
the inner surface of muscle plasma membrane
[6, 26, 30, 36-38, 41]. Electron microscopy of replicas
of deeply etched, antibody-labelled muscle samples
demonstrated the presence of rod-shaped dystrophin
molecules on the inner surface of muscle plasmalemma
[37, 38]. However, the size and mode of existence of
dystrophin molecules at the inner surface of the muscle
plasmalemma has not yet been fully elucidated. Thus, in
the present study we investigated the size and situation
of dystrophin molecules on the inside surface of sarco-
lemmal plasmalemma. We first examined the various
rod-shaped dystrophin molecules and their mutual inter-
actions, and measured their lengths and diameters. Most
of these molecules lay parallel to the inner surface of the
muscle plasma membranes. However, the possibility
cannot be ruled out that some dystrophin molecules that
lic at an angle to the inner surface of muscle plasma
membranes might have been scraped away and elimi-
nated by the process of freeze fracturing. To examine this
possibility, the second part of this study was to undertake
electron microscopy of double-immunolabelled muscle
samples using the N- and C-terminal dystrophin anti-
bodies, and compare the distances of two different sizes
of gold particles from the muscle plasma membranes.
The dystrophin molecules were thought to link with
other membrane and sarcoplasmic cytoskeletons for
their functional roles. We previously suggested the
probable connection of actin filaments with dystrophin
molecules that were decorated by biotinilated secondary
antibody [37]. Here we also show connection of dystro-
phin molecules to actin-like filaments of muscle fibers in
immunogold-labelled muscle samples.

Materials and methods

'C—terminal peptide synthesis and antibody production

General procedures for peptide synthesis and antibody generation
were similar to those described previously [40]. Briefly the
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synthetic peptide of the C-terminal end of the human dystrophin
molecule [16] was predicted by amino acid residues 3,676-3,685
and the extra cysteine was added to the 3’ terminus in this peptide
(PGKPMREDTM-C). The synthetic peptide has no amino acid
sequence homology with chick a-actinin [2] or slime mold o-actinin
[16]. Solid-phase enzyme-linked immunosorbent assay (ELISA)
was used to determine the rabbit polyclonal antibody titer, which
was X 128,000.

Immunohistochemistry and Western blot analysis
of antibody against C-terminal synthetic peptide

Western blot analysis of the quadriceps femoris muscles from
normal  control mice(C57BL/10ScSn) and mdx mice
(C57BL/10ScSn-mdx) was carried out by a previously described
method [40] with minor modifications. The protein was transferred
from gel to a clear blot P membrane (ATTO) sheet by horizontal
electrophoresis at 108 mA for 90 min at room temperature.

For immunohistochemistry the quadriceps femoris muscles
from control mice and mdx mice were excised and immediately
frozen in isopentane cooled by liquid nitrogen. Frozen 6-pum cross
sections of the muscles were placed on coverslips and primary
antipeptide antiserum, which was diluted 1:400, was used for
immunohistochemistry. Indirect immunofluorescent staining was
performed according to methods previously described [40].

Transmission and freeze-etching electron microscopy
of antibody-decorated dystrophin molecules

The quadriceps femoris muscles of control mice were put in a
U-shaped muscle clamp and immersed for fixation in chilled 4 %
paraformaldehyde solution in 0.1 M phosphate buffer (pH 7.4) for
1 h. The fixed muscles were washed three times in phosphate-
buffered saline (PBS) and frozen in liquid nitrogen-cooled isopen-
tane. The muscles were then cut into thin (1 ~ 3 um) slices in a
cryostat and washed three times in PBS. To eliminate nonspecific
reaction, the slices were incubated for 30 min at room temperature
in PBS with 5% normal donkey or goat serum according to the
primary anti-dystrophin antibody. For immunolabelling we used
two polyclonal antibodies, a 60-kDa antibody and an anti-6-10
antibody (kindly provided by Drs. Hoffman, Byers and Kunkel) as
primary antibodies. The 60-kDa antibody was raised in sheep
against a 60-kDa fusion protein containing mouse DMD homolo-
gues [12], while the anti-6-10 antibody was raised in rabbit against
fusion proteins containing human DMD cDNA (residue number
6,181 to 9,544) [4, 19]. Thinly sliced quadriceps femoris muscle
samples from control mice were incubated for 24 h in primary
anti-dystrophin antibody solution diluted 1:1000 in PBS and
washed four times in PBS. The sections were then incubated for
24 h in the secondary antibody, either 10-nm-gold-labelled donkey
anti-sheep antibody (Bio cell, UK; code no. EMDASI10) or
10-nm-gold-labelled goat anti-rabbit antibody (Amersham, UK;
code no. RPN421) diluted 1:20 in PBS for the respective primary
antibody and washed four times. The antibody-labelled muscle
samples were further fixed in chilled 2.5 % glutaraldehyde solution
in 0.1 M phosphate buffer (pH 7.4) for 30 min. Control sections
were incubated with nonimmune sheep or rabbit serum. These
muscle samples were divided into two portions: one for immuno-
electron microscopy, and the other for quick-freeze, deep-etch,
rotary-shadow replica study. The muscle samples for the immuno-
electron microscopy were post-fixed in chilled 2 % OsOy solution
for 1 h, dehydrated in an ascending series of ethanol and propylene
oxide, and embedded in Epon. The unstained ultrathin sections
were observed under the electron microscope.
Samples for the quick-freeze, deep-etch, rotary-shadow replica
“study were processed as follows; since the secondary antibody
contained glycerol as a cryoprotectant, the antibody-labelled
muscle samples were washed four times and left overnight in PBS

to eliminate glycerol. The antibody-labelled muscle samples,
including immunocontrols, were washed four times in distilled
water to eliminate the salt components of PBS and were then
transferred to 40% methanol before freezing. The dystrophin
antibody-labelled muscle samples and immunocontrol muscle
samples were quickly frozen in liquid helium in an Eiko RF23 metal
contact-type rapid-freeze apparatus. The frozen muscles were
fracturedinavacuumof 1 X 107 ~ 2 X 10~7 Torr at a temperature
of —150°~ —160°C in an Eiko FD 5A freeze-fracture apparatus
(Eiko Engineering, Inc., Mito, Japan), and deep-etched at —90°C
for 30 min. The specimens were then cooled to —150°~ —160°C
and rotary-shadowed with electron beam-gunned platinum and
carbon at a shadow angle of 30°. The 1.5-nm platinum thickness of
the replicas was ensured by a quartz crystal thin-film monitor. The
tissue was digested with a commercial bleaching solution. The
detached replicas were washed twice in distilled water and finally
picked up on uncoated 200-mesh grids. The replicas were examined
and micrographed in an electron microscope. The measurement of
length and diameter of dystrophin molecules was carried out in the
electron micrographs enlarged to x 160,000 by a digitizing
machine. The platinum thickness of 3 nm was subtracted from the
individual dystrophin molecules to determine their length and
diameter. The mean length and diameter of 50 dystrophin mol-
ecules were calculated.

Double-immunolabelling electron microscopy using N-
and C-terminal dystrophin antibodies

Quadriceps femoris muscles from six control mice were put in a
U-shaped muscle clamp and immersed for fixation in chilled 4 %
paraformaldehyde solution in 0.1 M phosphate buffer (pH 7.4) for
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Fig. 1. Western blots of dystrophin in muscle tissues from control
(C) and mdx mouse (MDX). Electrophoresis and blotting were
performed by the methods described in Materials and methods.
Immunostaining was with anti-dystrophin C-terminal peptide
antiserum (1:600). Dystrophin band is indicated by arrowhead at
the left. The numbers to the right indicate the molecular masses of
standards; myosin (200 kDa) and phosphorylase (97 kDa)



1 h. The fixed muscles were washed three times in PBS and frozen
in liquid nitrogen-cooled isopentane. The muscles were then cut
into 1- to 3-um sections in a cryostat and washed three times in PBS.
To eliminate nonspecific reaction, the slices were incubated for
30 min at room temperature in PBS containing 5 % normal donkey
and 5% normal goat sera. For double-immunolabelling experi-
ments, we used two polyclonal primary antibodies, an affinity-
purified sheep antibody (1-2) against N-terminal fusion protein of
human fetal skeletal muscle dystrophin [13] (a generous gift of Drs.
Hoffman and Kunkel) and a rabbit antibody against the synthetic
peptide of the dystrophin C terminus. The sheep and rabbit
primary antibodies, which were diluted 1:200, were mixed and
applied together to the section for 24 h at 4°C. After thorough
rinsing, the two secondary antibodies, which were 10-nm-gold-
labelled donkey anti-sheep antibody (Bio cell) and 5-nm-gold-
labelled goat anti-rabbit antibody (Amersham), were diluted 1:20
in PBS, applied together to the sections for 24 h at 4 °C, and washed
four times. Control sections were incubated with nonimmune
sheep and rabbit sera and processed similarly. The antibody-
labelled muscle samples and control samples were further pro-
cessed into Epon as mentioned above.

For the measurement of distance from the center of two
different sized gold particles to the inner surface of muscle plasma
membranes the electron micrographs were taken at random in 10
muscle fibers from each of six mice and were printed at a final
magnification of X 160,000. The distances from the 5-nm-gold
particles to the muscle plasma membranes and from the 10-nm
particles to the membranes were measured in a total of 60 muscle
fibers, and statistically analyzed by the two tailed #-test.

Fig. 2a,b. Binding of anti-dystrophin C-terminal peptide antise-
rum in skeletal muscle of (a) control mouse and (b) mdx mouse.
Dystrophin immunoreaction is observed at the surface membranes

569
Results

Western blot analysis and immunofluorescence

Western blot analysis showed that antiserum against the
C-terminal portion of dystrophin reacted with a protein
of molecular mass of about 400 kDa in muscle extracts of
control mice (Fig. 1). This antiserum did not react with
any proteins in muscle extract from mdx mice
(Fig. 1).

Immunochistochemically, rabbit antibody against the
C-terminal portion of dystrophin showed strong and
clear staining of the cross-sectioned myofiber surface
membrane in control mice (Fig. 2a), but not in the mdx
dystrophin deficient mice (Fig. 2b).

Transmission and freeze-etching electron microscopy
of antibody-decorated dystrophin molecule

Immunoelectron microscopy of Epon-embedded muscle
samples of control mice showed the presence of 10-nm
gold particles just inside the plasma membrane
(Fig. 3a,b) and gold particles were also observed inside
the myofiber a short distance from the plasma mem-

of myofibers in control mouse and is absent in mdx mouse. Bar for
aand b = 50 ym
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brane. No immunoreaction was evident in cellular
organelles such as transverse tubules or triadic junctions
of control myofibers. The immunoreaction pattern of the
sheep anti-60-kDa antibody was identical to that of the
rabbit anti-6—10 antibody, but the signal density was
higher with the rabbit anti-6—10 antibody. No gold
particles were observed in the myofibers incubated in
the nonimmune sheep or rabbit serum.

In the quick-freeze, deep-etch, rotary-shadow prepa-
rations, fracture lines proceeded at random through the
muscle samples. Cytoskeletons associated with muscle
plasma membrane were easily visualized on the exposed
cytoplasmic surface of the muscle plasma membrane

Fig. 3a,b. Electron micrographs of rabbit anti-dystrophin (6-10)
antibody binding in myofibers from control mouse. The gold
immunoreaction particles are seen at the inside surface of the

(Fig. 4a). At higher magnification, most of the plasma
membrane-associated cytoskeletons formed an anasto-
mosing network on this cytoplasmic surface, whereas a
few membrane cytoskeletons were present but separate
from other membrane — associated cytoskeletons
(Fig. 4b). Dystrophin molecules were easily recognized
by their associated 10-nm gold particles. These are
indicated by the arrow (Fig. 4c). Although some dystro-
phin molecules were thickened due to decoration by
antibodies, and it was difficult to observe whole mole-
cules, the overall shapes of dystrophin molecules were
rod like. These included straight or curved, or coiled
rods, with or mostly without enlarged end(s) (Figs. 4b.c;

muscle plasma membrane in both figures. Reaction is absent deep
inside the myofiber (a). MF, myofilaments. Bars a,b = 0.25 um
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Fig. 4a—d. Electron micrographs of replica of the rabbit anti-
dystrophin (6-10) immunogold-labelled control muscle. Low-
magnification micrograph (a) shows the transitional zone (rectarn-
gle) between the outside and inside of myofiber. b Higher
magnification of rectangle of a demonstrates the presence of gold
(arrows)-labelled structures at the cytoplasmic surface (CS) of a
myofiber. MF, Myofilaments, BL, Basal lamine. ¢ Higher magni-
fication of cytoplasmic surface area (around CS) of b shows

Sa—e; 6a—e). The ends of some dystrophin molecules
appeared to link and form anastomosing networks, and
others remained separate from each other (Fig. 4b,c).
Most dystrophin molecules were present singly, and not
as double-helical heterodimers. In the drawing
(Fig. 4d), the putative N and C termini of each dystro-
phin molecule are indicated by the location of gold
particles of secondary antibody against anti-6—10 prima-
ry antibody. From this finding, the N and C termini of

structures (small arrows) associated with gold particles (large
arrows). These structures (small arrows) are considered to be
dystrophin molecules. The enlarged end (arrowhead) of a dystro-
phin molecule is evident. d Drawing of the dystrophin network
present in the lower right quadrant of ¢ The putative N and C
termini are indicated by the locations of gold particles on the
dystrophin molecule. Bars a—¢ = 0.1 ym

neighboring dystrophin molecules appear to interact
with each other to form an anastomosing network
(Fig. 4c). The dystrophin molecules were calculated to
be 108.2 + 16.3 nm (n = 50) long and 3.1 £ 1.5 nm
(n = 50) in diameter. All of the dystrophin molecules
appeared to be parallel or nearly parallel to the cyto-
plasmic surface of the muscle plasma membrane. This is
more easily recognizable in the conventional print
(Fig. 5a) than in the white-black reversed print in which
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Fig. 4c,d.

the cytoskeletal elements are more obvious while back-
ground texture often vanishes (asterisks, Fig. 5a,b).
Some dystrophin molecules showed connections with
the farthest-out myofibrillar actin-like filament which
displayed a characteristic surface contour that repeated
approximately every 5 nm (arrows, Figs. 5f, 6f). The end
of the dystrophin molecule was associated with the end
of an actin-like filament (Fig. 5f), and the dystrophin
molecule in Fig. 6f was connected end to side with an
actin-like filament.

Double-immunolabelling electron microscopy
using N- and C-terminal dystrophin antibodies

Immunoreaction was seen at muscle cell peripheries,
and higher magnification of these areas revealed the
presence of 5- and 10-nm gold particles, mostly confined
to the inner surface of the muscle plasma membranes
(Fig. 7). The 5-nm gold particles were more numerous

than the 10-nm particles. Qualitative analysis did not
place the 10-nm particles farther from the muscle plasma
membranes than the 5-nm particles. No gold particles
were noted in the myofibers incubated in the nonim-
mune sheep and rabbit sera. Quantitatively the mean
distance of the 5-nm gold particles from the muscle
plasma membrane was 45.9 = 11.3 nm and the distance
of the 10-nm particles was 52.7 £ 8.1 nm; a difference
that was not statistically significant (P > 0.1, two tailed
t-test). Distribution of the two kinds of gold particles are
shown in Fig. 8.

Discussion

Cytoskeletons associated with muscle plasma mem-
brane were revealed by freeze-etching electron micros-
copy to have various shapes [15,36-38], and they
contained various kinds of substrates such as dystrophin
[1, 3,12, 20-22, 32, 33, 35, 39, 44], spectrin [28], fo-
drin [23], actin [37] and vinculin [29]. Among these,
dystrophin is reported to constitute 5%of the total
cytoskeletons that are associated with muscle plasma
membrane [25]. Since dystrophin molecules are consi-
dered to be incorporated in the subsarcolemmal net-
work, it is interesting and important to investigate the
nature of their presence, the relations between dystro-
phin and other cytoskeletal elements, and their ultra-
structures.

Several shapes of dystrophin molecule have been
reported. Pons et al. [27] reported rods about 175 nm
long isolated from chicken gizzard. Murayama, et al.
[24] and Sato etal. [31] described dumbbell-shaped
dystrophin, about 110 nm long, isolated from rabbit
skeletal muscle. We previously reported various kinds of
rods of gold-labelled dystrophin molecules in mouse
skeletal muscles [38]. In the present study, we further
show extensive gold-labelled dystrophin molecules
about 110 nm long and 3 nm thick. They were rod-like
with minor variations, such as straight, curved or coiled.
This information was more easily obtainable in the
immunogold-labelled muscle samples than the biotini-
lated secondary antibody-labelled muscle samples in the
present study because of the easy identification of gold
particles. In the biotinilated secondary antibody-
labelled samples [26, 37] it was often difficult to differ-
entiate real antibody decoration from unevaporated ice
crystals. However, the advantage of using biotinilated

Fig. 5a-f. Electron micrographs of replica of rabbit anti-dystro-
phin (6-10) immunogold-labelled control muscles. At the cyto-
plasmic surface (CS), structures (arrowheads) associated with gold
particles (arrows) of homogeneous density are shown. These
structures (arrowheads) are considered to be dystrophin molecules
and appear rodlike (a—e). f Higher magnification of e. The
gold-labelled rod-like structure (arrowhead) is connected end-
to-end with a filament which shows a characteristic surface contour
with periodicity of about 5 nm (series of four arrows). Asterisks of a
and b point out the loss of back ground texture by white-black
reversal. Bars e (for a~e), f = 0.1 um
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Fig. 7. Electron micrograph showing results of double-immunola-
belling cytochemistry using anti-dystrophin N-terminal (10-nm
gold) and C-terminal (5-nm gold) antibodies. Two different sized

secondary antibody was the easy penetration of anti-
body into the deep muscle samples.

The freeze-etched electron micrographs showed the
dystrophin molecules to be parallel to the cytoplasmic
surface of the muscle plasma membrane. Although the
white and black reversed pictures have the advantage of
easy identification of the cytoskeletal elements, this
reversal introduces an artifact in which the membrane
cytoskeletons appear to be protruding, and the spacial
relation between the membrane cytoskeletons and the
cytoplasmic surface is often distorted because of the
frequent disappearance of the cytoplasmic surface tex-
ture as background. Our present results in which the
mean distances between N- and C-dystrophin terminal
signals and the cytoplasmic surface of the muscle plasma
membranes were not significantly different were addi-
tional evidence that the dystrophin molecules are paral-

Fig. 6a—f. Electron micrographs of replica of sheep anti-dystro-
phin (60 kDa) immunogold-labelled muscles of control mice. At
the cytoplasmic surface (CS) or near the plasma membrane (PM),
structures (arrowheads) associated with gold particles (arrows) of
homogeneous density are shown. These structures (arrowheads)
are considered to be dystrophin molecules and appear rodlike
(a—e). f Higher magnification of e. The gold-labelled structure
(arrowhead) is connected end-to-side with a farthest-out filament
which shows a surface contour with about 5-nm periodicity (series
of five arrows). BL, Basal lamina. Occasionally a structure with
gold particle is more casily identified in conventional print than in
white-black reversed print (a,b). Bars e (for a—e), f = 0.1 um

gold particles are evident along the inside surface of the muscle
plasma membrane. Bar = 0.1 ym

lel, or nearly parallel, to the cytoplasmic surface of the
muscle plasma membranes. Dystrophin molecules are
reported to link with the anchoring proteins of intra-
membranous particles in muscle plasma membrane
[5, 43]. The main linking point has been thought to be in
the C-terminal end [7, 11], or the cysteine-rich domain
and the first half of the C-terminal domain [34].
Interestingly, our present study revealed connections of
N-terminal ends of dystrophin molecules with the
C-terminal ends of neighboring dystrophin molecules,
forming a subsarcolemmal network. According to
Ohlendieck et al. [25], dystrophin constitutes about 5 %
of the total membrane cytoskeletons, and it may, thus,
be impossible to form a subsarcolemmal network with
dystrophin molecules alone. It would be interesting to
see with what kinds of membrane cytoskeletons the
dystrophin molecules are linking, but thus far there is
little such information. However, linking of dystrophin
with an actin protein has been suggested biochemically
and biogenetically by several groups of investigators
[8,9,17,18,42]. A few of the earlier papers [26, 37]
presented ultrastructural evidence that dystrophin links
with myofibrillar actin-like filaments, and we present
additional ultrastructural evidence of dystrophin con-
nection with myofibrillar actin-like filaments which
display a characteristic surface contour that is repeated
approximately every 5.5 nm [10]. The muscle plasma
membrane contains various kinds of membrane cyto-
skeletons, including dystrophin, and further investiga-
tion of the three-dimensional relations of dystrophin to
other membrane and sarcoplasmic cytoskeletons, and
dystroglycan [14] may clarify the precise functional roles
of dystrophin molecules.
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Fig. 8. Histograms depicting the distance from the plas-
ma membrane of two different size gold particles. The
patterns of distribution of the 5- and 10-nm gold particles
are quite similar, and the peaks of distribition are in the

&
@
Q
b
& —
>
3 151
Q
3
T
o
=
2
S 101
2 M
8
(=]
5.
all HH ﬂnﬂﬂﬂﬂﬁﬁmﬁmﬁﬂ il
040302010 0 10 20 30 40 50 60 J0 80 90 100 110 120 130 140 150 160 170 180 130 200 210 220 230 240
Label-membrane distance/nm
Y%
25
% 10 nm gold particles
£
i
o
[
£
& 154
c
[
=
o
g [
=
8
€ 10
2
B
a
| Hﬂ H]ﬂ

range 10~20 nm from the muscle plasma membrane for
both the 5- and 10-nm particles

50 -40-30-20-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 nm

Label-membrane distance/nm

Acknowledgements. The authors thank Drs. T. Byers, E. P. 2.
Hoffman and L. M. Kunkel for their generous gift of anti-
dystrophin antibodies. We also thank Dr. A. Simpson for help with

the manuscript, Mrs. U. Suzuki for her skillful technical assistance 3.
and Mrs. T. Mitani for her typing the manuscript.

References

1. Arahata K, Ishiura S, Ishiguro T, Tsukahara T, Suhara’Y, Eguchi 5.
C, Ishihara T, Nonaka I, Ozawa E, Sugita H (1988) Immuno-
staining of skeletal and cardiac muscle surface membrane with 6.
antibody against Duchenne muscular dystrophy peptide. Na-
ture 333:861-863

Baron MD, Davison MD, Jones P, Patel B, Critchley DR (1987)
Isolation and characterization of a cDNA encoding a chick
a-actinin. J Biol Chem 262:2558-2561

Bonilla E, Samitt CE, Miranda AF, Hays AP, Salviati G,
DiMauro S, Kunkel LM, Hoffman EP, Rowland LP (1988)
Duchenne muscular dystrophy: deficiency of dystrophin at the
muscle cell surface. Cell 54:447-452

Byers TJ, Kunkel LM, Watkins SC (1991) The subcellular
distribution of dystrophin in mouse skeletal, cardiac, and
smooth muscle. J Cell Biol 115:411-421

Campbell KP, Kahl SD (1989) Association of dystrophin and
an integral membrane glycoprotein. Nature 338:259-262
Cullen MJ, Walsh J, Nicholson LVB, Harris JB (1990) Ultra-
structural localization of dystrophin in human muscle by using
gold immunolabelling. Proc R Soc Lond [Biol] 240:197-210



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Ervasti JM, Campbell KP (1991) Membrane organization of

the dystrophin-glycoprotein complex. Cell 66:1121-1131
Hammonds RG Jr (1987) Protein sequence of DMD gene is
related to actin-binding domain of a-actinin. Cell 51:1

. Hemmings L, Kuhlman PA, Critchley DR (1992) Analysis of

the actin-binding domain of a-actinin by mutagenesis and
demonstration that dystrophin contains a functionally homo-
logous domain. J Cell Biol 116:1369-1380

Heuser JE, Kirschner MW (1980) Filament organization
revealed in platinum replicas of freeze-dried cytoskeletons. J
Cell Biol 86:212-234

Hoffman EP, Kunkel LM (1989) Dystrophin abnormalities in
Duchenne/Becker muscular dystrophy. Neuron 2:1019-1029
Hoffman EP, Brown RH Jr, Kunkel LM (1987) Dystrophin:
the protein product of the Duchenne muscular dystrophy
locus. Cell 51:919-928

Hoffman EP, Morgan JE, Watkins SC, Partridge TA (1990)
Somatic reversion/suppression of the mouse mdx phenotype in
vivo. J Neurol Sci 99:9-25

Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaught-
er CA, Sernett SW, Campbell KP (1992) Primary structure of
dystrophin-associated glycoproteins linking dystrophin to the
extracellular matrix. Nature 355:696-702

Isobe Y, Shimada Y (1986) Organization of filaments under-
neath the plasma membrane of developing chicken skeletal
muscle cells in vitro revealed by the freeze-dry and rotary
replica method. Cell Tissue Res 244:47-56

Koenig M, Monaco AP, Kunkel LM (1988) The complete
sequence of dystrophin predicts a rod-shaped cytoskeletal
protein. Cell 53:219-228

Levine BA, Moir AJG, Patchell VB, Perry SV (1990) The
interaction of actin with dystrophin. FEBS Leit
263:159-162

Levine BA, Moir AJG, Patchell VB, Perry SV (1992) Binding
sites involved in the interaction of actin with the N-terminal
region of dystrophin. FEBS Lett 298:44-48

Lidov HGW, Byers TJ, Watkins SC, Kunkel LM (1990)
Localization of dystrophin to postsynaptic regions of central
nervous system cortical neurons. Nature 348:725-728
Masuda T, Fujimaki N, Ozawa E, Ishikawa H (1992) Confocal
laser microscopy of dystrophin localization in guinea pig
skeletal muscle fibers. J Cell Biol 119:543-548

Miike T, Miyatake M, Zhao J, Yoshioka K, Uchino M (1989)
Immunohistochemical dystrophin reaction in synaptic regions.
Brain Dev 11:344-346

Minetti C, Beltrame F, Marcenaro G, Bonilla E (1992)
Dystrophin at the plasma membrane of human muscle fibers
shows a costameric localization. Neuromusc Disord
2:99-109

Miranda AF, Bonilla E, Martucci G, Moraes CT, Hays AP,
DiMauro S (1988) Immunocytochemical study of dystrophin in
muscle cultures from patients with Duchenne muscular dys-
trophy and unaffected control patients. Am J Pathol
132:410-416

Murayama T, Sato O, Kimura S, Shimizu T, Sawada H,
Maruyama K (1990) Molecular shape of dystrophin purified
from rabbit skeletal muscle myofibrils. Proc Jpn Acad
66B:96-99

Ohlendieck K, Campbell KP (1991) Dystrophin constitutes
5% of membrane cytoskeleton in skeletal muscle. FEBS Lett
283:230-234

Park-Matsumoto YC, Ohno S, Baba T, Kobayashi T, Tsukago-
shi H (1992) Immunocytochemical study of dystrophin in
cultured mouse muscle cells by the quick-freezing and deep-
etching method. Histochem J 24:383-392

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

577

Pons E, Augier N, Heilig R, Léger J, Mornet D, Léger JJ (1990)
Isolated dystrophin molecules as seen by electron microscopy.
Proc Natl Acad Sci USA 87:7851-7855

Porter GA, Dmytrenko GM,Winkelmann JC, Bloch RY (1992)
Dystrophin colocalizes with 3-spectrin in distinct subsarcolem-
mal domains in mammalian skeletal muscle. J Cell Biol
117:997-1005

Saga S, Hamaguchi M, Hoshino M, Kojima K (1985) Expres-
sion of meta-vinculin associated with differentiation of chick-
en embryonal muscle cells. Exp Cell Res 156:45-56

Samitt CE, Bonilla E (1990) Immunocytochemical study of
dystrophin at the myotendinous junction. Muscle Nerve
13:493-500

Sato O, Nonomura Y, Kimura S, Maruyama K (1992) Molecu-
lar shape of dystrophin. J Biochem 112:631-636

Shimizu T, Matsumura K, Hashimoto K, Mannen T, Ishiguro T,
Eguchi C, Nonaka I, Yoshida M, Ozawa E (1988) A mono-
clonal antibody against a synthetic polypeptide fragment of
dystrophin (amino acid sequence from position 215 to 264).
Proc Jpn Acad 64B:205-208

Straub V, Bittner RE, Léger JJ, Voit T (1992) Direct visuali-
ziaton of the dystrophin network on skeletal muscle fiber
membrane. J Cell Biol 119:1183-1191

Suzuki A, Yoshida M, Yamamoto H, Ozawa E (1992) Glyco-
protein-binding site of dystrophin is confined to the cysteine-
rich domain and the first half of the carboxy-terminal domain.
FEBS Lett 308:154-160

Uchino M, Araki S, Miike T, Teramoto H, Nakamura T,
Yasutake T (1989) Localization and characterization of dystro-
phin in muscle biopsy specimens from Duchenne muscular
dystrophy and various neuromuscular disorders. Muscle Nerve
12:1009-1016

Wakayama Y, Shibuya S (1990) Observations on the muscle
plasma membrane-associated cytoskeletons of mdx mice by
quick-freeze, deep-etch, rotary-shadow replica method. Acta
Neuropathol 80:618-623

Wakayama Y, Shibuya S (1991) Antibody-decorated dystro-
phin molecule of murine skeletal myofiber as seen by freeze-
etching electron microscopy. J Electron Microsc 40:143-145
Wakayama Y, Shibuya S (1991) Gold-labelled dystrophin
molecule in muscle plasmalemma of mdx control mice as seen
by electron microscopy of deep etching replica. Acta Neuro-
pathol 82:178-184

Wakayama, Jimi T, Misugi N, Kumagai T, Miyake S, Shibuya
S, Miike T (1989) Dystrophin immunostaining and freeze-
fracture studies of muscles of patients with early stage
amyotrophic lateral sclerosis and Duchenne muscular dystro-
phy. J Neurol Sci 91:191-205

Wakayama, Jimi T, Takeda A, Misugi N, Kumagai t, Miyake
S, Shibuya S (1990) Immunoreactivity of antibodies raised
against synthetic peptide fragments predicted from mid por-
tions of dystrophin cDNA. J Neurol Sci 97:241-250
Watkins SC, Hoffman EP, Slayter HS, Kunkel LM (1988)
Immunoelectron microscopic localization of dystrophin in
myofibres. Nature 333:863-866

Way M, Pope B, Cross RA, Kendrick-Jones J, Weeds AG
(1992) Expression of the N-terminal domain of dystrophin in
E.coli and demonstration of binding to F-actin. FEBS Lett
301:243-245

Yoshida M, Ozawa E (1990) Glycoprotein complex anchoring
dystrophin to sarcolemma. J Biochem 108:748-752
Zubrzycka-Gaarn EE, Bulman DE, Karpati G, Burghes
AHM, Belfall B, Klamut HJ, Talbot J, Hodges RS, Ray PN,
Worton RG (1988) The Duchenne muscular dystrophy gene
product is localized in sarcolemma of human skeletal muscle.
Nature 333:466-469



