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Abstract. When day | cultures of chick myogenic
cells were exposed to the mutagenic alkylating agent
ethyl methanesulfonate (EMS) for 3 d, 80% of the
replicating cells were killed, but postmitotic myoblasts
survived. The myoblasts fused to form unusual mul-
tinucleated “myosheets™: extraordinarily wide, flat-
tened structures that were devoid of myofibrils but
displayed extensive, submembranous stress fiber-like
structures (SFLS). Immunoblots of the myosheets in-
dicated that the carcinogen blocked the synthesis and
accumulation of the myofibrillar myosin isoforms but
not that of the cytoplasmic myosin isoform.

When removed from EMS, widely spaced nascent
myofibrils gradually emerged in the myosheets after 3
d. Striking co-localization of fluorescent reagents that
stained SFLS and those that specifically stained my-

ofibrils was observed for the next 2 d. By both immu-
nofluorescence and electron microscopy, individual
nascent myofibrils appeared to be part of, or juxta-
posed to, preexisting individual SFLS. By day 6, all
SFLS had disappeared, and the definitive myofibrils
were displaced from their submembranous site into
the interior of the myosheet. Immunoblots from re-
covering myosheets demonstrated a temporal correla-
tion between the appearance of the myofibrillar
myosin isoforms and the assembly of thick filaments.
The assembly of definitive myofibrils did not appear
to involve desmin intermediate filaments, but a strik-
ing aggregation of sarcoplasmic reticulum elements
was seen at the level of each I-Z-band. Our findings
suggest that SFLS in the EMS myosheets function as
early, transitory assembly sites for nascent myofibrils.

EFINITIVE muscle cells selectively synthesize a com-
D plex set of contractile proteins that interact precisely
to form the relatively invariant striated myofibril.
Major myofibrillar components include muscle-specific iso-
forms such as myosin heavy and light chains, alpha-actin,
tropomyosins, troponins, alpha-actinin, titin, nebulin, and
M-band proteins (see articles cited in reference 52). These
myofibrillar isoforms are synthesized and assembled into
definitive sarcomeres arranged in tandem during the earliest
stages of myofibrillogenesis in vivo and in vitro (2, 21, 33).
With maturation there is an enormous increase in the num-
bers of interdigitating thick and thin filaments in each nascent
myofibril, the total number of individual myofibrils, and the
number of new sarcomeres, which apparently are added at
the ends of the elongating myofibrils (1, 14, 31, 33, 36, 68).
An intriguing aspect of myofibrillogenesis is that many of
the muscle-specific isoforms correspond to a related set of
proteins that are synthesized in virtually all cells, including
presumptive myoblasts, chondroblasts, nerve cells, fibroblasts,
and endothelial cells. In nonmuscle cells these constitutive
contractile protein isoforms are not present in a stable arrange-
ment but may interact to form stress fibers and/or microfila-
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ments, depending upon the degree of cell spreading, motility,
attachment to the substrate, and hemodynamic factors (23,
33, 37, 42, 43, 54, 69-72). When present, stress fibers and
their associated dense bodies display periodicities suggestive
of sarcomeres (20, 27, 36, 39, 59). Similarly, desmin, the
muscle intermediate filament isoform, is closely related in
structure and amino acid sequence to vimentin, the interme-
diate filament protein synthesized by many mesenchymally
derived cells, as well as by presumptive neurons and cultured
epithelial cells (5, 19, 24, 25, 32, 62, 63).

Postmitotic mononucleated myoblasts and myotubes syn-
thesize both the constitutive and muscle-specific contractile
protein isoforms and also both desmin and vimentin (5, 8,
16, 18, 19, 44, 46, 56, 57). Although several workers have
failed to document an obvious role for desmin in the early
assembly of striated myofibrils in skeletal muscle (5, 32-36,
64-66), there is evidence that the earliest stages of myofibril-
logenesis involve the nonmuscle contractile isoforms that
constitute stress fibers and microfilaments. In skeletal my-
ogenic cells the close association between the plasma mem-
brane and the first forming myofibrils has long been noted
(21, 22, 29, 31, 36, 38). It has been emphasized that a given
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myofibril that binds antibodies to myofibrillar myosin in A-
bands and tropomyosin in I-bands always terminates at both
ends as a nonstriated structure in the cell’s growth tips (31,
33, 36, 53). Such nonstriated ends of myofibrils have been
observed in the growth tips of postmitotic mononucleated
myoblasts and in myotubes, where they associate closely with
structures that bind antibodies to nonmuscle myosin (14, 18).
It has also been reported that in spreading cardiac myocytes
antibodies to alpha-actinin bind to Z-bands of definitive
sarcomeres and also to the nonstriated “ends” of such sarco-
meres with a punctate periodicity characteristic of stress fibers
(58).

A recent study of myofibrillogenesis in cardiac myocytes
(14) has confirmed the observations made on skeletal muscle
cells and in addition has contributed the following: (a) stress
fiber—like structures (SFLS'; see also reference 41) predated
the emergence of nascent myofibrils; () each of the first
detectable nascent myofibrils was invariably associated with
a single preexisting SFLS; and (c) as individual nascent my-
ofibrils matured, the SFLS disappeared. These resuits showed
that SFLS were transient structures and that mature cardiac
myocytes normally do not have SFLS, and suggested that in
cardiac myocytes a single SFLS functioned as a “nucleation
site” for each definitive myofibril. As in skeletal muscle cells,
early myofibril formation and the assembly of Z-bands in
cardiac cells appeared to be independent of the distribution
of desmin (5, 32, 35).

Possible interactions among stress fibers, microtubules, in-
termediate filaments, and myofibrils in cultured skeletal mus-
cle are difficult to examine microscopically in normally de-
veloping myotubes since the cells are relatively thick and the
assembly of myofibrils is relatively rapid. To circumvent these
problems, we focused in this study on the topographical and
temporal relationships of SFLS and nascent myofibrils in
skeletal myogenic cells recovering from treatment with the
mutagenic alkylating agent ethyl methanesulfonate (EMS).
EMS alters myogenesis in a striking but reversible way (1,
34). While in EMS postmitotic myoblasts fuse into immense,
inordinately flattened, multinucleated “myosheets.” As
judged by pulse labeling with [**S]methionine, or by in vitro
translation of total cellular RNA, these myosheets do not
synthesize many of the muscle-specific contractile proteins.
However, myosheets maintained in EMS continue to synthe-
size other cellular proteins at or above control levels. After
EMS is removed, recovering myosheets remain flattened while
they slowly, over a period of days, initiate the synthesis of the
muscle-specific contractile proteins and assemble them into
long, narrow, definitively striated myofibrils. These myofibrils
contract spontaneously and are well separated from one an-
other and easily observed due to the extreme thinness (<1
pm) of the myosheets. The favorable optical properties and
the relatively protracted period required for myofibrillar as-
sembly after removal of the carcinogen render myosheets
ideal for studying the relationship of early forming myofibrils
to other cytoskeletal components.

We find that whereas EMS selectively blocks the emergence
of myofibrillar structures, it does not block the emergence of
a rich sarcoplasmic reticulum (SR) and T-system or of longi-
tudinally disposed desmin intermediate filaments. During
! Abbreviations used in this paper: CBM, chick brain myosin; EMS, ethyl
methanesuifonate; FITC, fluorescein isothiocyanate; MS LMM, muscle-specific

light meromyosin: Rho-, rhodamine labeled; SFLS, stress fiber-like structure:;
SR, sarcoplasmic reticulum.
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recovery from EMS the earliest nascent myofibrils assemble
in close association with transitory, submembranous SFLS.
As thick and thin filaments are added to the periphery of the
nascent myofibrils, they are displaced to the cell’s interior,
and SFLS disappear. Our impression therefore, is that SFLS
are, or function as, an initial but transitory site for the
organization and assembly of definitive myofibrils.

Materials and Methods
Cell Culture

Primary cultures of mononucleated cells were prepared from breast muscles of
11-d chick embryos as described (7, 11) with slight modifications. Small
fragments of breast muscle were incubated for 20 min in calcium-magnesium-
free Hank’s balanced salt solution containing 1.0% trypsin (Gibco, Grand
Island, NY). After removal of the trypsin solution, cells were dispersed by
repeated pipetting in culture medium (10% horse serum, 10% embryo extract,
50 U/ml penicillin, 50 pg/mi streptomycin, and 250 ug/ml fungizone in Eagle’s
minimum essential medium with Earles salts; Gibco). The resulting suspension
was passed through a double thickness of lens paper in a Swinney adapter. Cells
were plated onto collagen or gelatin-coated Aclar (Allied Chemical Corp.,
Pottsville, PA) coverslips in 35-mm tissue culture dishes at 5 X 10° cells/ml.
EMS (methanesulfonic acid, ethyl ester; Sigma Chemical Co., St. Louis, MO)
was added to the medium of some cultures on day 1 (final concentration, 7.5
mM), and both control and EMS-treated cultures were fed daily using fresh
medium with or without EMS. After 3 d of exposure to EMS, some cultures
were immediately processed for immunofluorescence or electron microscopic
analysis; parallel cultures were allowed to recover in normal medium for 1-10
d before processing,

Antibodies

The properties of the antibodies against muscle-specific light meromyosin (anti-
MS LMM) and desmin {(anti-desmin) have been described. In brief, in immu-
noblots prepared using total extracts of skeletal or cardiac muscle, anti-MS
LMM binds only to the 200-kD myosin band (see Fig. 135). In similar
immunoblots prepared from smooth muscle or fibroblasts, the anti-MS LMM
does not bind to the 200-kD myosin band. In cytoimmunofluorescence, anti-
MS LMM binding is restricted to the myofibrillar A-bands in postmitotic
myoblasts, myotubes, and cardiac myocytes (5, 8, 12, 15). Anti-MS LMM does
not stain the myosin in presumptive myoblasts, smooth muscle, fibroblasts, or
other cell types examined. A monoclonal antibody prepared against chicken
skeletal myosin (anti-MHC) was the gift of Dr. Frank Pepe (University of
Pennsylvania). Anti-MHC binds exclusively to the A-bands of skeletal and
cardiac myofibrils and does not bind to myosin in smooth muscle, presumptive
myoblasts, or other cell types examined. The antidesmin binds to intermediate
filaments in skeletal, cardiac, and smooth muscle (6) but not to the vimentin
intermediate filaments in fibroblasts (4, 5, 19). Antibody against smooth muscle
alpha-actinin was a generous gift from Dr. S. Craig (Johns Hopkins University)
and has been described previously (10). In skeletal myogenic cultures, this anti-
alpha-actinin has been shown to bind to the Z-bands of postmitotic mononu-
cleated myoblasts and myotubes (2). Antibody was produced against chick
brain myosin (anti-chick brain myosin [CBM]) by using column purified
myosin from chick brain (40) for primary injection of rabbits. Pure myosin
heavy chain, obtained by eluting the appropriate band from a 7% SDS gel, was
used for boosting the primary injection four times. 1gG was purified and found
to react with the heavy chain of myosin from fibroblasts and EMS-treated
skeletal myosheets but not with myosin heavy chains from chick myofibrils as
demonstrated by immunoblot (Fig. 13d). Immunofluorescence localization of
CBM was limited to stress fibers of chick fibroblasts and EMS myosheets;
myofibrils did not bind the anti-CBM (34, 35). Antitubulin was purchased from
Miles Laboratories Inc. (Naperville, IL).

Immunoblots

Whole cell homogenates of control, EMS-treated, and EMS-recovering cultures
were mixed with 1 vol 2x Laemmli sample buffer containing 10 mM EDTA,
10 mM benzamidine, 10 ug/ml Trasylol, and 0.2 mM phenylmethylsulfonyl
fluoride as protease inhibitors, and 10% 2-mercaptoethanol, boiled for 3 min,
and clarified by centrifugation. Aliquots equalized to DNA content were
separated by one-dimensional SDS PAGE in 1.2-mm thick gels, and the
separated proteins were transferred electrophoretically to nitrocellulose filters
in a Bio-Rad apparatus (Bio-Rad Laboratories, Richmond, CA). Filters were
preincubated for 30 min in wash buffer (0.15 M sodium chloride, 0.5% Nonidet
P = 40, 0.2% sodium azide, 5% bovine serum albumin in 0.05 M Tris HC,
pH 8.0), and incubated with appropriate serum at 1:200 or 1:500 dilution.
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Bound rabbit antibodies were localized by incubation for 30 min with goat
anti-rabbit IgGs at 80 ug/ml in wash buffer, then incubated for 30 min with
rabbit peroxidase-anti-peroxidase complexes at a 1:200 dilution (Cappel Lab-
oratories, Cochranville, PA) in wash buffer. Peroxidase activity was detected by
the diaminobenzidine reaction as described (61). For optimal transfer of myosin
heavy chains, low percentage gels (e.g., 7%) were used and transfer times were
increased to 48 h.

Fluorescence and Electron Microscopy

Processing of cells for immunofluorescence staining was carried out as described
(5, 62), with minor modifications. In brief, cultures were rinsed with phosphate-
buffered saline (PBS; 5 mM sodium phosphate, 0.15 M NaCl {pH 7.3]) and
fixed for 3 min in 2.5% formaldehyde in PBS. The cells were then rendered
permeable and soluble proteins were extracted, using PBS containing 0.5%
Triton X-100 (Sigma Chemical Co.). This solution was used for this step and
all subsequent antibody “washes” and was replaced three times for a total of at
least 30 min during each washing step. Various sequences of antibody or
reagent incubations were used to produce the several double-stained prepara-
tions analyzed in this study. For antidesmin, anti-CBM, anti-MHC, and anti-
alpha-actinin, the indirect immunofluorescent technique was used, whereas the
fluorescein isothiocyanate (FITC)-labeled anti-MS LMM was visualized di-
rectly. To stain the same cells with anti-MS LMM and another rabbit antibody,
a previously described procedure was used (5, 18, 62). The appropriate dilution
of the antibody to be visualized indirectly was applied first. This and all other
antibody incubations were carried out for 30-40 min at 37°C in a humid
chamber. After the primary antibody incubation, cells were washed three times,
incubated with secondary antibody (rhodamine-labeled goat anti-rabbit IgG,
Cappel Laboratories), and washed again. Before anti-MS LMM was applied,
the cells were incubated for 15-20 min at room temperature in a 1:5 dilution
of normal rabbit serum in PBS to saturate exposed goat anti-rabbit IgG sites.
Cells were then incubated with anti-MS LMM, washed, and mounted using
1:1 glycerol/PBS. Rhodamine-labeled phalloidin (Rho-phalloidin, Molecular
Probes, Inc., Junction City, OR), which binds specifically to F-actin (71), was
used to visualize microfilaments in the form of stress fibers and thin filaments
within myofibrils. In antibody-stained preparations counterstained with Rho-
phalloidin, fluorescein was used for the antibody visualization. After the final
wash, cultures were rinsed repeatedly with PBS, incubated for 20 min at room
temperature in 10 U/ml Rho-phalloidin in PBS, washed several times in PBS,
and mounted as above. Antitubulin staining for microtubules was performed
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as previously described (2, 50). In some preparations, the DNA binding fluo-
rochrome, bisbenzimide Hoechst 33258, was used to stain nuclei (62). Cells
were examined with a Zeiss epifluorescence microscope using excitation filters
for either fluorescein or rhodamine fluorescence and a specially designed short
band pass barrier filter for fluorescein that we have determined eliminates
bleedthrough between channels,

For electron microscopy, cells were prepared as previously described (13).

Results

Immunofluorescence Studies of Control and
EMS-treated Myogenic Cultures

After 4-d in culture, control myotubes may be longer than
0.5 mm, occasionally branch, and have cross-sectional dimen-
sions of 10-20 um. Their numerous nuclei tend to line up in
long rows and are equally distributed throughout the my-
otube. Large numbers of well-aligned, definitively striated
myofibrils are present in all myotubes. We stress that in terms
of numbers and sizes of individual myofibrils and nuclear-
sarcoplasm ratio the myotubes that form in these primary
cultures rival the morphological maturation observed in newly
hatched chicks. Their degree of maturation greatly exceeds
that of immortalized myogenic cell lines.

When 1-d cultures were treated with EMS (7.5 mM) for an
additional 72 h, many replicating cells were killed. The num-
ber of surviving mononucleated cells after 3 d in the carcin-
ogen—i.e., now 4-d cultures—was 5-15% of that in control
cultures. Despite this cytotoxicity, EMS did not inhibit the
fusion of postmitotic myoblasts into multinucleated struc-
tures. These structures were quite remarkable (Fig. 1; see also
Figs. 4 and 5). They appeared as huge, thin sheets, often
longer than 0.5 mm and wider than 0.2 mm, yet <1 um thick;
some had multiple extensions from the main sheet. A single
structure might harbor >200 nuclei in a common sarcoplasm.

Figure 1. Composite, low-power
phase micrograph of a single
myosheet in a day 4 culture ex-
posed to EMS for the previous 3
d. Larger and smaller myosheets
are common. Note the virtual ab-
sence of mononucleated fibro-
blastic cells, though elsewhere in
this culture dish modest numbers
of such cells were present. Arrows
point to aggregates of phase-lucent
vacuoles.
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Figure 2. Spread, flattened mononucleated fibroblastic cells from day
4 control and day 4 EMS-treated cultures are indistinguishable when
stained with fluorescent reagents. a is a fibroblastic cell from a control
culture stained with anti-alpha actinin. b is a fibroblastic cell from an
EMS-treated culture stained with anti-CBM. Note the interrupted
staining pattern. This interrupted staining pattern, reflecting the
presence of stress fibers, varies greatly with cell spreading. In less
flattened cells the punctate pattern is not evident, and often in normal
dense cultures the antibody stains the rounded fibroblastic cells
diffusely. c is a fibroblastic cell from an EMS-treated culture stained
with Rho-phalloidin. Bars, 20 um.

The nuclei tended to aggregate in clusters of 20-60, often
leaving sarcoplasmic domains >0.2-mm? devoid of nuclei.
Spontaneous contractions were never observed in myosheets
cultured in EMS.

There were no discernable differences between the stress
fibers in the fibroblastic cells in the control cultures and the
surviving spread fibroblastic cells in EMS cultures. The flat-
tened adherent fibroblastic cells in both series displayed typi-
cal long stress fibers described by many investigators for a
number of cell types. Antibodies to alpha-actinin (Fig. 2a)
and to chick brain myosin (anti-CBM) (Fig. 25) bound to
these stress fibers in a punctate pattern. Measurements at
higher magnifications showed a periodicity of 0.6-1.3 uM,
although the fluorescent “bands” along stress fibers visualized
by staining with anti-CBM were broader than those obtained
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by staining with anti-alpha-actinin. Rho-phalloidin stained
stress fibers uniformly rather than in a punctate fashion (Fig.
2¢). Stress fibers in the fibroblastic cells in control and EMS-
treated cultures did not bind anti-MS LMM or anti-MHC (1,
8, 15).

Although stress fibers in fibroblastic cells appeared identical
in treated and untreated cultures, there were striking differ-
ences in their presence or absence between control myotubes
and EMS myosheets. Stress fibers were conspicuously absent
over the length of the long, cylindrical body of day 4 myotubes
stained with anti-CBM, Rho-phalloidin, or anti-alpha actinin
(Fig. 3, a, ¢ and d). Only in the growth tips and in those
flattened regions that adhered to the substrate did the fluores-
cent reagents bind to structures in control myotubes with the
properties of stress fibers.

In contrast, myosheets in day 4 cultures treated with EMS
displayed numerous prominent well-separated fibrils that
morphologically were indistinguishable from stress fibers (Fig.
4, a, and c-f). They tended to run parallel to the long axis
and extended throughout the entire length and breadth of the
EMS myosheet. The distances between individual fibrils and
the degree of branching varied greatly. Anti-alpha actinin
(Fig. 4, a and f) or anti-CBM (Fig. 4, ¢ and 4) staining
revealed filaments with 0.6-1.3-um periodicity. Filaments
stained uniformly with Rho-phalloidin (Fig. 4, ¢) but did not
stain with anti-MS LMM (Fig. 4b) or anti-MHC. In brief,
100% of the day 4 EMS myosheets, in contrast to day 4
myotubes, displayed structures that were indistinguishable
from the stress fibers in fibroblasts after being stained with
anti-CBM, anti-alpha-actinin, or Rho-phalloidin. These struc-
tures are SFLS (2, 15; see also reference 41).

There was a dramatic difference with respect to the presence
or absence of striated myofibrils in day 4 control myotubes
and day 4 EMS myosheets. Control myotubes contained
innumerable striated myofibrils (Fig. 3, b~d), whereas myofi-
brils were not detectable in day 4 EMS myosheets (Figs. 45
and 5, b and d). A more detailed analysis of Figs. 3 and 4
illustrated the following salient points: (a) anti-CBM failed to
stain myofibrils in control myotubes but stained SFLS in
EMS myosheets in a punctate fashion (Figs. 34 and 4, ¢ and
d); (b) anti-alpha-actinin stained Z-bands of control myofi-
brils with a periodicity of 2.3-2.7 um, whereas it stained SFLS
in myosheets with a periodicity of 0.6-1.3 pm (Figs. 3d and
4, g and f); (¢) Rho-phalloidin staining resulted in different
but regular repeat patterns involving striations in both A- and
I-bands of control myofibrils, whereas it continuously stained
SFLS of EMS myosheets, as it does stress fibers in nonmuscle
cells (Figs. 2¢, 3¢, and 4¢).

The localization of antibodies to other fibrous structures
was also examined. Antibodies to the desmin and vimentin
intermediate filament proteins bound largely to longitudinally
oriented filaments in both 4 day control myotubes (5) and in
EMS myosheets (Fig. 5¢). The dramatic shift in binding of
antidesmin from longitudinal filaments to largely transverse
striations associated with the I-Z-band of mature myofibrils
was first observed in myotubes in day 6 and older control
cultures (5, 24). Though largely longitudinally oriented, the
intermediate filaments in myosheets often assumed a reticu-
lated arrangement. No suggestion of transverse bands of in-
termediate filaments was observed in EMS myosheets, There
was no obvious morphological evidence for interactions be-
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Figure 3. (a-d) Immunofluorescence micrographs illustrating the absence of stress fibers and the abundance of striated myofibrils in the body
of myotubes from day 4 cultures. @ and b are of the same microscopic field using the appropriate excitation and barrier filters to visualize
rhodamine and fluorescein, respectively. The cells are stained with unlabeled anti-CBM (a) and FITC-labeled anti-MS LMM (b); the former
is visualized by the indirect technique using rhodamine-labeled IgG. Note the absence of stress fibers in both @ and b and the failure of the
anti-CBM to stain the numerous striated myofibrils revealed by the anti-MS LMM. Similar micrographs were obtained using anti-MHC (data
not shown). The numerous rounded fibroblastic cells surrounding the Y-shaped myotube diffusely bind the anti-CBM but are not stained with
the anti-MS LMM. Bar, 50 um. ¢ is a micrograph of two adjacent myotubes stained with Rho-phalloidin. Stress fibers as revealed by Rho-
phalloidin staining of fibroblasts are not present in the body of myotubes. Note especially the curious fluorescent pattern of the individual
myofibrils. This unexpected striated pattern is also found with mature giycinerated myofibrils (data not shown) and is dependent upon the
extent of myofibril contraction. Bar, 20 um. 4 is a micrograph of a myotube stained with anti-alpha-actinin illustrating the sharp staining of Z-

bands. Again, note the absence of structures that could be identified as stress fibers in the body of these myotubes. Bar, 20 pm.

tween intermediate filaments and SFLS in either control
myotubes or EMS myosheets.

Normal day 4 myotubes stained with antitubulin were
difficult to interpret due to overlapping of the many longitu-
dinally oriented microtubules. Fig. Sa illustrates the distri-
bution of microtubules in two adjacent EMS myosheets. At
higher magnification, it was not uncommon to follow a single
microtubule for more than 50 ym in these myosheets. Myo-
sheets did not exhibit obvious microtubule organizing centers,
and obvious morphological associations of microtubules with
SFLS, intermediate filaments or other cell organelles were not
observed.

Electron Microscopic Studies of EMS-treated
Myogenic Cultures

Stress fibers in the fibroblastic cells of both control and EMS-
treated cultures appeared as bundles of microfilaments with
interspersed, irregular dense bodies when viewed under the
electron microscope. They subtended the plasma membrane
at the lower, and to a much lesser extent the upper, surface.
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Comparable bundles were observed in control flattened 2-3-
d myotubes. They disappeared within the next 24 h in normal
myotubes and were absent throughout the cylindrical belly of
day 4 and older myotubes. SFLS were confined to the growth
tips and occasional lateral pseudopodial extensions in older
normal myotubes.

In contrast, SFLS were exceedingly prominent in day 4
EMS myosheets (Fig. 6). Curiously, SFLS were almost exclu-
sively associated with the upper or free surface of the myosheet
rather than the surface facing the substrate. Well separated
from one another in the belly of the myosheet, the conspicu-
ous long SFLS tended to converge in the myosheets’ growth
tips. Although various fixation and counterstaining proce-
dures were used (45). SFLS were not observed coursing
through the cytoplasm from the upper to the lower surface of
the EMS myosheets. These electron microscopic studies con-
firmed the cytoimmunofluorescence observation: SFLS, ab-
sent from the body of normal maturing cylindrical day 4 and
older myotubes, were conspicuous throughout the flattened
day 4 EMS myosheets.
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Figure 4. Inmunofluorescence micrographs illustrating the presence of prominent stress fibers throughout the body of, and the total absence
of any myofibrillar structures from, EMS myosheets. a and b, visualizing the same microscopic field, are of two adjacent, possibly fused, EMS -
myosheets stained with anti-alpha-actinin (&) and with anti-MS LMM plus bisbenzamid H to stain nuclei (b). a and b are viewed using the
appropriate filters to visualize rhodamine and fluorescein, respectively. Note the conspicuous, long SFLS revealed by the anti-alpha-actinin
staining (a). Even at this low magnification comparable structures can be detected in the surrounding flattened fibroblastic cells. The total
absence of antigen to bind the anti-MS LMM (5) is obvious. Arrows point to clusters of nuclei (the anti-alpha-actinin used in this study
routinely bound to nuclei as seen in a). (¢ and b) Bar, 50 um. ¢ visualizes the edge of an EMS myosheet stained with anti-CBM. The punctate
staining pattern of the bifurcating SFLS is evident. Bar, 10 um. (d-f) High magnification micrographs of EMS myosheets stained with anti-
CBM (d), Rho-phalioidin (¢), and anti-alpha-actinin (/). Observe that the distance between individual SFLS can vary greatly. Bars, 10 um.

Without exception, day 4 control myotubes displayed nu-
merous definitively striated myofibrils, consisting of tandem
sarcomeres ~2.5 pm long. Most conspicuous in these control
myotubes was the clear association of the well-developed SR
with the I-Z region at all stages of myofibrillogenesis. The
clusters of poorly aligned thick and thin filaments that char-
acterize the early stages of myofibrillogenesis in day 2-3
control myotubes (21, 36, 37, 60) largely disappeared in day
4 myotubes, at which time the thick and thin filaments were
organized into typical myofibrils with relatively sharp edges.

Consistent with the information in Figs. 45 and 5, b and 4,
electron microscopic sections of EMS myosheets failed to
reveal any suggestion of myofibrillar thick or thin filaments,
Z-bands, or other structural evidence of either forming or
degenerating myofibrillar components. The total absence of
myofibrillar remnants in EMS myosheets contrasts with the
persistence of myofibrillar debris after the disruptive effects
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of the co-carcinogen 12-O-tetradecanoyl phorbol-13-acetate
on day 4 myofibrils (9, 12, 13, 35). Wholly unexpected was
the voluminous and widespread distribution of SR and T-
system elements in these myosheets (Fig. 6 5). Though EMS
blocks the assembly of myofibrils, it did not block the synthe-
sis or assembly of desmin intermediate filaments or the assem-
bly of SR and T-system elements. Details regarding the assem-
bly and distribution of SR-complexes, T-system, intermediate
filaments, and microtubules in the total absence of myofibrils
will be reported elsewhere.

Immunofluorescence Studies of EMS Myosheets
Recovering in Normal Medium

To relate the earliest sites of myofibrillogenesis during recov-
ery to the prominent and extensive SFLS seen in EMS myo-
sheets, we used the double-label immunofluorescence tech-
nique. After 3 d in normal medium there was little change in
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Figure 5. (a and b) Immunofluorescence micrographs of the same microscopic fields showing antitubulin binding (a) using filters to visualize
rhodamine, and anti-MS LMM plus a bisbenzimide nuclear stain () using filters to visualize fluorescein. The long wavy microtubules in a
tend to run parallel to the long axis of the myosheets. Note in b the failure of any structure in these myosheets to bind anti-MS LMM, and the
large areas of cytoplasm that are devoid of nuclei. Bar, 50 yum. (c and &) A portion of the same EMS myosheet visualizing antivimentin (c)
using rhodamine filters, and anti-MS LMM plus bisbenzimide nuclear stain using fluorescein filters (4). Bar, 50 um.

the morphology of the EMS myosheets. Their prominent
SFLS stained positive with anti-CBM, anti-alpha-actinin, and
Rho-phalloidin but did not bind either anti-MS LMM or anti-
MHC. Binding of the myofibrillar antimyosins was not de-
tected until days 3~4 of recovery. Both myofibrillar myosin
antibodies first localized to fine, nonstriated filaments that
varied from several hundred to over a thousand microns in
length. A single myosheet, depending on its width, could
display anywhere from 20 to 80 such well-separated, non-
striated fluorescent filaments. Double staining proved that
without exception each myofibrillar myosin positive filament
also had properties of a SFLS. These myosin positive non-
striated filaments were similar to those observed at the ends
of elongating myofibrils in the growth tips of normal rat (18)
and chick myotubes (30, 31, 36).

Double-staining experiments revealed two subsets of fila-
ments in early recovering myosheets. During day 3 of recovery
~80% stained only as SFLS and 20% stained as both SFLS
and nascent myofibrils. During the next 24 h, anti-MS LMM
staining became co-extensive over most of the length of SFLS
that concurrently bound anti-CBM (Fig. 7, a-d). By day 5 of
recovery, the earlier staining ratios had reversed. During this
period, a single fiber staining throughout its length with anti-
MS LMM would stain only intermittently with anti-CBM.
The emergence of the definitive striated pattern was evident
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by this time and was accompanied by a gradual loss of
filaments that stained with anti-CBM (Fig. 8). Occasionally,
nonstriated emerging myofibrils were found alongside defin-
itively striated myofibrils within a single myosheet. The com-
plementary localization of the muscle and nonmuscle myosin
isoforms in different myofibrils in these instances was striking
(Fig. 9). After 6 d of recovery the anti-CBM failed to stain
any longitudinal fibers in the body of the myosheet but was
localized henceforth to growth tips and pseudopodial exten-
sions.

The transition of SFLS to striated myofibrils in recovering
myosheets was also followed by using various combinations
of staining with anti-alpha-actinin and Rho-phalloidin. The
average sharp periodicity of a myofibril stained with anti-
alpha-actinin (2.3-2.7 um) was readily distinguished from the
irregular periodicity of SFLS (0.6—1.3 um) stained with the
same reagent (compare Fig. 34 with 4. Similarly, the com-
plex periodicities displayed by myofibrils after staining with
Rho-phalloidin differed greatly from the uniform staining of
SFLS by this reagent (compare Fig. 3¢ with 4¢). During the
early recovery period (i.e., days 3-4), double label immuno-
fluorescence experiments with Rho-phalloidin, anti-alpha-ac-
tinin, or with antibodies to the muscle-specific myosins re-
sulted in co-localization along preexisting SFLS. After day 5
of recovery the antibodies to alpha-actinin (Fig. 10a) or Rho-

1470



Figure 6. Electron micrographs of day 4 myosheets treated with EMS for the previous 3 d. (a) A myosheet viewed in cross-section showing
SFLS subtending the upper plasma membrane. () A longitudinal section showing the extensive SR and T-systems present in EMS myosheets
(single arrows). Double arrowheads point to a SFLS. Note the large number of IFs and microtubules in this section. Bars, 0.4 um.

phalloidin (Fig. 10¢) stained the numerous well separated
fibers with a periodicity identical to that of definitively striated
myofibrils. By day 6 of recovery these fluorescent reagents no
longer stained SFLS in the body of the recovering myosheets.
The remaining small SFLS were confined to the myosheets’®
growth tips. SFLS that had been so prominent 2-3 d earlier
literally disappeared.

Vimentin and desmin intermediate filaments ran largely
parallel to and between the emerging myofibrils in normal
immature myotubes (5, 24). Only after the formation of A-,
I-, Z-, M- and H-bands in sizeable myofibrils did antidesmin
localize to the I-Z-region (5, 24, 32-36, 64—-66). This shift in
the orientation of desmin also occurred in recovering myo-
sheets (data not shown). Between days 4 and 7 of recovery,
antivimentin and antidesmin bound to longitudinally ori-
ented filaments only. Thereafter antidesmin could be bound
by both longitudinal filaments and transverse structures (com-
pare Fig. 3 in reference 5).

EMS myosheets that were allowed to recover in normal
medium for 1-8 d were also stained with antitubulin (data
not shown). During this entire recovery period we failed to
detect any obvious morphological relationship between mi-
crotubules, SFLS, and emerging myofibrils. The polyclonal
tubulin antibody used in this study frequently stained micro-
tubule organizing centers in the fibroblastic cells in both
normal and EMS-treated cultures. There was no suggestion
of such structures in day 4 and older normal myotubes or in
the recovering EMS myosheets.
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Electron Microscopic Siudies of Myosheets Recovering
in Normal Medium

Electron microscopic sections confirmed the impression de-
rived from the immunofluorescence studies regarding the
proximity of SFLS to the carliest assembly of myofibrillar
thick filaments. Myofibrillar thick filaments were never ob-
served in the myosheets while exposed to EMS (Fig. 6) or
during the first 2 d of recovery. Only after 3-4 d in normal
medium were small numbers of individual thick filaments
first identified (Figs. 11, a and b and 124). These first small
aggregates of poorly aligned thick filaments emerged only in
association with submembranous SFLS. Thick filaments were
not observed without accompanying “thin filaments,” or dis-
placed further from the plasma membrane than is shown in
Fig. 11 5. Intermediate filaments and microtubules were often
present below, between, and more rarely above, the transitory
SFLS-myofibril structures. These electron microscopic find-
ings, coupled with the immunofluorescence data, suggested
that during recovery the assembly of muscle-specific myosin
and actin monomers into their respective thick and thin
filaments was not an event that occurred throughout the
sarcoplasm but that was confined to limited domains within
the cells, and that these domains included at least one subsar-
colemmal SFLS.

By day 5 of recovery, numerous bundles of 50-100 inter-
digitating thick and thin filaments were observed. Many such
bundles were displaced from the sarcolemma by distances of
up to 0.5 um and were organized into sarcomeres containing
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Figure 7. Double label immunofluorescence micrographs showing part of an EMS myosheet after 4 d of recovery. (a and b) The same
microscopic field stained indirectly with anti-CBM (a) and directly with FITC-anti-MS LMM (b). At this intermediate stage of myofibrillo-
genesis, the staining patterns along SFLS of these antibodies to nonmuscle (a) and muscle myosin (b) isoforms are largely co-extensive. Arrows
and arrowheads point to representative areas of co-extensive staining. (¢ and d) At higher magnification, part of the microscopic field shown

in @ and b. Bars, 20 um.

distinct A-, I-, and Z-bands (Figs. 11¢ and 1254). The thin
well-separated myofibrils often branched and interconnected
with one another, mirroring the branches and interconnec-
tions observed with the earlier SFLS. The small SFLS that
remained were strictly confined to the growth tips and to the
flattened pseudopodial processes. If maintained in normal
medium for another 4 or 5 d, the number and width of the
myofibrils increased greatly and came to occupy most of the
interior of the sarcoplasm. Note in Fig. 12/ the numerous
longitudinally deployed intermediate filaments; note, too, the
absence of any obvious association of the intermediate fila-
ments with the well-formed Z-bands. Similarly, microtubules
were always observed in the vicinity of the emerging and
maturing myofibrils. But again, with our techniques no con-
sistent obvious morphological links between microtubules
and other fibrous elements were noted. On the other hand,
low-magnification surveys revealed a striking aggregation of
SR elements at the level of 1-Z-band in nascent myofibrils.
The possible role of this periodic arrangement of SR in
aligning individual myofibrils will be described elsewhere.

Immunoblot Analysis of Cultures in, and
Recovering from, EMS

The cytoimmunofluorescence and electron microscopic data
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showed that myosheets did not assemble myofibrillar isoforms
into nascent myofibrils even if allowed to recover in normal
medium for 2 d. Myofibrillar structures were not detected in
recovering myosheets unti] days 3-4 of recovery. In addition,
the microscopic data suggested that before recovery, SFLS
that bind anti-CBM were abundant in EMS myosheets,
whereas after recovery the SFLS disappear. Both of these
conclusions were verified by performing immunoblots on
whole cell lysates of these cultures. Samples from EMS-treated
cultures not allowed to recover failed to bind the anti-MS
LMM (Fig. 13 B, lane 2). Conversely, samples from the EMS
cultures bound more anti-CBM per microgram DNA (Fig.
13C, lane 2) than samples from either control or EMS-
recovered cultures (Fig. 13 C, lanes / and 3). As shown in Fig,
13B, lanes / and 3, samples from both day 4 control and
EMS-treated cultures allowed to recover for 4 d strongly
bound the anti-MS LMM.

The failure of anti-CBM to recognize the muscle myosin
isoform was demonstrated by performing immunoblots of
glycerinated chicken myofibrils. When preparations of my-
ofibrils were displayed by gel electrophoresis (Fig. 134, lane
1) and transferred to nitrocellulose, the transfers failed to bind
anti-CBM (Fig. 13D, lane 2).
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Figure 8. (a and b) Double label immunofluorescence micrographs of the same microscopic field showing a small portion of an EMS myosheet
after 5 d of recovery. The myosheet is stained with both indirectly labeled anti-CBM (a) and directly labeled FITC-anti-MS LMM (b). Anti-
MS LMM binds to the lateral edges of each A-band (b) and shows distinct myofibrils exhibiting well-ordered sarcomeres ~2.3 um long. The
emergence of definitive myofibrils is accompanied by the loss of co-extensive anti-CBM staining () (arrows). Occasionally, very fine myofibrils
showing sarcomeric anti-MS LMM staining will stain co-extensively with anti-CBM (double arrowheads). Bar, 10 um.

Discussion

EMS is an ultimate carcinogen. It has been used to mutagenize
cultured myogenic cells (48) and to generate mutant genes
coding for myosin heavy chains (17). We used a concentration
of EMS that permits fusion of postmitotic myoblasts into
multinucleated myosheets but is toxic to both replicating
fibroblasts and presumptive myoblasts, These cultures are
ideal for combined cytoimmunofluorescence, electron micro-
scopic, and biochemical studies owing to the reduction of
contaminating mononucleated cells, the unusually flattened
condition of the myosheets, and the long period required for
completion of the earliest phases of myofibrillogenesis after
the shift of EMS myosheets to normal medium (1, 34, 35).
The immunofluorescence and electron microscopic obser-
vations reported here on nascent myofibril formation in re-
covering EMS myosheets support the conclusion that the
earliest assembly of muscle-specific thick and thin filaments
is an event that does not occur randomly throughout the
cytoplasm but is strictly confined to certain longitudinal
microdomains within the muscle cells. Previous observations
on the origin of myofibrils have suggested a submembranous
“birthplace” (21, 29-31, 36, 38); our evidence links this to
the existence of SFLS in this location. The co-linearity of

Antin et al. Stress Fiber—like Structures and Myofibriflogenesis

virtually all nascent myofibrils with preexisting SFLS suggests
cither that the latter system determines the longitudinal mi-
crodomain in which the newly polymerized thick and thin
filaments are first assembled into striated myofibrils, or that
the sharply defined longitudinal microdomains of both nas-
cent myofibrils and SFLS are determined by still other un-
known system(s) associated with the cells’ cortex. This might
involve participation of subcortical cytoskeletal elements in-
teracting with integral or peripheral membrane proteins.

The role of vinculin and spectrin in attaching stress fibers
to the inner face of the plasma membrane has been empha-
sized (47, 51). The failure of antivinculin and antispectrin to
stain the great majority of myofibrils suggests that these
molecules are not permanent structures in all myofibrils but
may serve to link mechanically the peripheral myofibrils to
the sarcolemma during contraction. Nevertheless, one or both
molecules may be associated with nascent myofibrils and be
lost subsequently as the myofibrils mature and are displaced
from the cells’ periphery, remaining only with the final group
of submembranous myofibrils.

The gradual emergence of a striated myofibril in recovering
EMS myosheets must involve a complex molecular transition
between a given SFLS and a given myofibril. At the earliest
stages, myofibrils may be either true hybrid structures of both
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Figure 9. Double label immunofluorescence micrographs showing the same microscopic field of a small portion of a recovering EMS myosheet
visualized with both indirectly labeled rhodamine-anti-CBM (a) and directly labeled FITC-anti-MS LMM (4). Myofibrils at various stages of
maturation are visible in this microscopic field. The complementary localization of the nonmuscle (a) and muscle () myosin isoforms is
striking. At the lower right of the micrographs, anti-MS LMM co-localizes along SFLS that stain prominently with anti-CBM (g and b, single
arrows). Towards the upper left of the micrographs, anti-MS LMM shows sarcomeric staining patterns, and anti-CBM staining, indicative of

SFLS, has disappeared (a and b, double arrows). Bar, 10 pm.

myofibrillar and constitutive contractile protein isoforms, or
two distinct but juxtaposed structures. With our techniques,
we could not determine whether the earliest muscle-specific
myosin heavy chains and alpha-actin monomers form tran-
sitory heteropolymers with the cytoplasmic myosin and beta-
and gamma-actins of SFLS, or whether they directly assemble
into homopolymers of myofibrillar thick and thin filaments
in the vicinity of the pre-existing SFLS. It is interesting that
10 min after microinjection, actin isolated from skeletal mus-
cle localizes to stress fibers of fibroblasts (26). Similarly,
transfection of an alpha-actin gene sequence into fibroblasts
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showed that the alpha-actin protein can interact with the
fibroblasts’ cytoskeleton (28). Myosin filaments that are het-
eropolymers of muscle-specific and cytoplasmic myosin mon-
omers have also been reported to assemble in vitro (55).
Individual, striated myofibrils are often most easily visual-
ized in the vicinity of nuclei both in postmitotic mononu-
cleated myoblasts and in myotubes (29-33), but this may
only reflect the larger amount of sarcoplasm in the perinuclear
regions. EMS myosheets contained large areas of cytoplasm
that lack nuclei (Figs. 1, 4, and 5). If there was any consistent
correlation between areas rich in nuclei and the sites of
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Figure 10. (g and b) Immunofluorescence micrographs of the same microscopic field showing a portion of an EMS myosheet after 5 d of
recovery. At this late stage of recovery, anti-alpha actinin (@) binds in a distinct 2.3-2.5-um banding pattern characteristic of Z-band staining
of definitive myofibrils. Anti-MS LMM (b) binds to the lateral portions of each A-band in these striated myofibrils. (¢) A small portion of an
EMS myosheet after S d of recovery, stained with Rho-phalloidin to visualize actin. This unusual banding pattern was also obtained with
glycerinated myofibnls and varied depending upon the extent of myofibril contraction. Note the total absence of SFLS at this relatively late

stage of recovery. Bars, 10 ym.

emergence of nascent myofibrils, it escaped our detection. We
were also impressed with the relatively constant width, often
for distances >0.2 mm, of individual myofibrils in recovering
myosheets. Uniform width was characteristic of not only
nascent myofibrils but also of myofibrils in myosheets that
had recovered for >8 d. If the density of mRNAs coding for
the myofibrillar isoforms fell off with distance from the nuclei,
this gradient was not reflected in the gross morphology or
distribution of the emerging myofibrils. It will be interesting
to determine by in situ hybridization the distribution of
mRNAs coding for the myofibrillar isoforms in these myo-
sheets.

We tried to detect reproducibly longitudinally aligned sar-
comeric structures with a measured repeat smaller than that

Antin et al. Stress Fiber—fike Structures and Myofibrillogenesis

observed in fully assembled myofibrils in control cultures. In
all instances, as soon as a periodic staining pattern was de-
tected with either anti-LMM or anti-MHC, it invariably in-
volved a repeat pattern of a size observed in mature myofi-
brils. Double staining of such myofibrillar myosin-positive
fibrils with anti-alpha-actinin revealed a repeat pattern of the
latter in the same size range. These observations do not
support the notion that there is a gradual and systematic
transition from mini to definitive length sarcomeres during’
myofibrillogenesis, at least in our preparations.

Our findings suggest that the formation and maturation of
a given myofibril requires passage through several distinct
phases (see reference 14). The first phase involves the earliest
assembly of poorly aligned thick and thin filaments into
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Figure 11. Electron micrographs showing cross-sections of myosheets during various stages of recovery from exposure to EMS. When the
earliest immunofluorescence staining with anti-MS LMM or anti-MHC is observed in recovering myosheets, cross-sections reveal myosin
filament profiles in close association with SFLS (a and b, arrows). Usually, myosin filaments are located around the penphery, or interspersed
with a few of the thin filaments associated with the SFLS. Double arrowheads in b point to transversely oriented intermediate filaments. SFLS
with associated myofibrillar myosin filaments are rapidly displaced from the plasma membrane, where emerging myofibrils increase in diameter
by the addition of thick and thin filaments. Soon after displacement from the plasmalemma, thick and thin filaments begin to take on the
hexagonal stacking pattern characteristic of well-ordered, striated myofibrils (¢). Bars, 0.5 um.

rudimentary striated myofibrils, each of which forms near an
individual submembranous SFLS. Subsequent phases involve
(a) the more rigorous lateral alignment of individual filaments
into a lattice of hexagonally stacked interdigitating thick and
thin filaments; (&) the uniform growth in diameter along the
length of the myofibril by the precise apposition of newly
polymerized thick and thin filaments into their appropriate
subdivision of full length sarcomeres (i.e., A- and I-bands);

The Journal of Cell Biology, Volume 102, 1986

(¢) the addition in the cell’s growth tips of newly assembled,
full length sarcomeres at the ends of individual myofibrils;
and (d) the displacement of individual myofibrils into the
sarcoplasm (30, 36, 49). Whether all myofibrils can be traced
to a submembranous birthplace or whether during maturation
and/or regeneration pre-existing myofibrils increase in num-
ber by splitting remains to be determined.

The precise temporal relationships between the displace-
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Figure 12. Electron micrographs showing longitudinal sections of myosheets during recovery from EMS exposure. At intermediate times of
recovery, emerging myofibrils exhibit poorly aligned thick filaments interspersed with patches of electron dense, Z-band-like material (@). Actin
filaments are often visible emanating from these electron dense patches. () Example of a well-ordered myofibril typical of the large number
visible in recovering EMS myosheets after 6 d in normal medium. Note the predominantly longitudinal arrangement of the intermediate
filaments. Typical A-, I-, and Z-bands are visible, as are the SR and T tubule systems. Bars, 0.5 um.

ment from the plasma membrane and the disappearance of
SFLS is unclear. Evidently myogenic cells contain mecha-
nisms for the segregation of a group of isoforms and for their
separate, but related, assembly, and other mechanisms for
subsequent degradation of one set. This suggests that the
program for myofibrillogenesis is more complex than the
mere initiation of transcription of a group of muscle-specific
genes, however coordinate. The complete program must also
contain specification for the removal of the earliest structures
involved in the assembly of the nascent myofibril. This could
occur via normal protein turnover following the down-regu-
lation of the genes coding for the appropriate nonmuscle
contractile proteins, via selective protein degradation, or by a
combination of these processes (3). Many functions have been
attributed to stress fibers in various kinds of cells. It is of
considerable theoretical interest that they are lost early during
myotube maturation.

With these results on recovering EMS myosheets in mind,
we reexamined myofibril formation in normally developing
chick myotubes. Preliminary experiments show a similar co-
distribution of muscle and nonmuscle myosins in day 3
myotubes. Anti-CBM staining frequently co-localizes along
fibrillar structues that stain continuously with anti-MS LMM.
This is particularly evident along the outer curvature of arcing
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myotubes where they often spread and flatten, and in the
myotube’s growth tips. In areas where anti-MS LMM staining
is organized into well-ordered striations, anti-CBM staining
shows only a diffuse cytoplasmic fluorescence (Fig. 3, @ and
b), in agreement with previous studies (14, 18). A more
detailed examination of myofibrillogenesis in normal devel-
oping myotubes using anti-MS LMM and anti-CBM will be
presented elsewhere.

Throughout this work we deliberately searched for obvious
morphological relationships between intermediate filaments
or microtubules and either the transitory SFLS or the emerg-
ing myofibrils. The fact that we did not find any does not
mean that none exists. During myofibrillogenesis there is a
dramatic shift from a predominantly longitudinal distribution
of desmin to a predominantly transverse distribution. How-
ever, this redistribution occurs several days after the formation
of definitive Z-bands, and we find no evidence that desmin
links nascent myofibrils to the plasma membrane (5, 32-36,
64-66). The striking effects of colcemid and taxol on myofi-
brillogenesis suggest major roles for both intermediate fila-
ments and microtubules in the structuring of nascent myofi-
brils (1, 2, 11, 32, 35, 67). However, our observations indicate
a close structural relationship between transitory SFLS and
myofibrils and suggest that this is more direct than the poten-
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Figure 13. Immunoblot analysis of Triton X-100-insoluble proteins
from day 4 control cultures (4-C, lane 1), day 4 cultures exposed to
EMS for the previous 3 d (4-C, lane 2}, and day 4 cultures exposed
to EMS for the previous 3 d and then allowed to recover in normal
medium for 4 d (4-C, lane 3). Sample loads were standardized to
0.5 ug DNA. Whole cell homogenates from the three groups were
electrophoresed on a 10% SDS gel (4) and then electrophoretically
transferred to nitrocellulose filters for 48 h (B and C). 4 shows a
replica gel stained with Coomassie Blue. The transfers to nitrocellu-
lose were incubated with anti-MS LMM (B) and with anti-CBM (C).
The bound antibodies were visualized by the peroxidase-anti-peroxi-
dase technique of Sternberger (61). To confirm the specificity of anti-
CBM, homogenates of glycerinated chick myofibrils were displayed
by SDS PAGE (D, lane 1), transferred to nitrocellulose, and incubated
with anti-CBM (D, lane 2). Binding of anti-CBM to the skeletal
muscle myosin isoform was not detectable. M, myosin heavy chain;
A, actin.

tial contributions of microtubules or intermediate filaments
to myofibrillogenesis.
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