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ABSTRACT Myofibril formation was visualized in cul-
tured live cardiomyocytes that were transfected with plasmids
expressing green fluorescent protein (GFP) linked to the
Z-band protein, a-actinin. The expression of this fluorescent
protein provided an ir vivo label for structures containing
a-actinin. The GFP-a-actinin fusion protein was incorpo-
rated into Z-bands, intercalated discs, and attachment
plaques, as well as into the punctate aggregates, or Z-bodies,
that are thought to be the precursors of Z-bands. Observations
of live cells over several days in culture permitted us to test
aspects of several theories of myofibril assembly that had been
proposed previously based on the study of fixed cells. Fine
fibrils, called premyofibrils, that formed de novo at the
spreading edges of cardiomyocytes, contained punctate con-
centrations of a-actinin, termed Z-bodies. The punctate Z-
bodies grew and aligned with Z-bodies in adjacent fibrils.
With increasing time, adjacent fibrils and Z-bodies appeared
to fuse and form mature myofibrils and Z-bands in cytoplas-
mic regions where the linear arrays of Z-bodies had been.
These new myofibrils became aligned with existing myofibrils
at their Z-bands to form myofibrils that spanned the length of
the spread cell. These results are consistent with a model that
postulates that the fibrils that form de novo near the cell
membrane are premyofibrils—i.e., the precursors of mature
myofibrils.

The formation of a myofibril involves the precise ordering of
multiple subunits into a linear array of sarcomeres. One of the
challenges in muscle research is to delineate the sequence of
steps occurring in a cell during the assembly of the thick and
thin filaments and Z-bands to form sarcomeres and myofibrils.
We have recently proposed a model for the assembly of
myofibrils based on antibody staining of chicken cardiomyo-
cytes fixed at different times after spreading in culture (1). This
model postulates that premyofibrils, characterized by banded
patterns of a-actinin-rich Z-bodies and nonmuscle myosin IIB,
form at the edges of spreading cardiomyocytes and develop
into mature myofibrils (Fig. 1). During the transition from
premyofibril to myofibril, it is postulated that there is an
exchange of nonmuscle myosin IIB filaments for muscle my-
osin II filaments and a growth and fusion of Z-bodies into
Z-bands (1, 2). The Z-bodies appear initially as discrete
aggregates of a-actinin along the premyofibrils. As the myo-
fibrils increase in width, the Z-bands appear to be composed
of laterally aligned Z-bodies and finally continuous bands of
a-actinin (see Fig. 1). A second model of myofibrillogenesis
proposes that the first fibrils that form at the periphery of
spreading cardiomyocytes are temporary scaffolds along which
myofibrils assemble (3). Finally, there is a third hypothesis that
spatially separate complexes of actin filaments and Z-bands,
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I-Z-1 brushes, and groups of myosin thick filaments assemble
independently of one another and become spliced together by
titin filaments and then inserted at the ends of fully formed
myofibrils (4, 5). Time-lapse observations of sarcomeric pro-
teins in single cells undergoing myofibrillogenesis allows as-
pects of these models to be tested.

The development of plasmids coding for green fluorescent
protein (GFP) (6) has permitted fluorescent cytoskeletal and
muscle proteins to be expressed and observed in living cells for
extended periods of time (7-9). We have coupled GFP to
muscle a-actinin and transfected spreading embryonic chicken
cardiomyocytes to follow myofibrillogenesis in spreading car-
diomyocytes. a-Actinin, a 100-kDa F-actin binding protein, is
concentrated in the dense bodies of stress fibers and in the
Z-bodies and Z-bands of muscles and marks the boundaries of
the sarcomeric units in nonmuscle stress fibers and in muscle
myofibrils. In this paper, we show that premyofibrils precede
in space and time mature myofibrils. As predicted from
previous studies, the premyofibrils first appeared at the
spreading edges of living cardiomyocytes. They were not, as
some have suggested, breakdown products of mature myofi-
brils. The Z-bodies of the premyofibrils appeared to fuse
laterally with one another to form the Z-bands of mature
myofibrils. With increasing time, mature myofibrils and Z-
bands emerged in regions where linear arrays of Z-bodies had
been.

METHODS AND MATERIALS

The sarcomeric a-actinin cDNA (10) was amplified by PCR
with a 5" primer (5'-CCCAAGCTTATGAACAGCATG-3')
and a 3’ primer (5'-CCCAAGCTTGAGATCGCTCT-3') to
obtain a clone starting at the ATG initiation codon and
eliminating the stop codon and the 3’ untranslated region. The
PCR product was subcloned into the HindlIII site of the
pEGFP-N1 vector (CLONTECH), at the 5’ end of the GFP
cDNA sequence. The resultant plasmid was purified with a
Qiagen (Chatsworth, CA) column and used for transfection of
cardiac myocytes. We found that it was essential for GFP to be
fused to the carboxyl terminus of a-actinin for the fusion
protein to become specifically localized in transfected cells. A
GFP-fusion to the amino terminus of a-actinin resulted in a
diffuse fluorescence with no discernible localization in trans-
fected cells, possibly due to interference by the GFP with the
amino-terminal actin-binding site.

Chicken cardiac myocytes were isolated from 7-day-old
embryos as described (11, 12) and plated onto 35-mm glass-
bottomed dishes at a density of 1 X 10° cells per dish. The next
day, the cells were transfected with 1 ug of plasmid mixed with
5 ul of Lipofectamine in 1 ml OptiMEM medium (GIBCO/
BRL) and overlaid on cells for 5 h before addition of 1 ml of
medium with serum. The next day, the cells were washed with
normal culture medium.

Abbreviation: GFP, green fluorescent protein.
*To whom reprint requests should be addressed.
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Fic. 1. Model for the assembly of a mature myofibril based on the data presented in this and previous papers (1, 2). The position of a-actinin
(shaded circles) relative to actin, muscle myosin II, nonmuscle myosin IIB, and titin is shown for each stage of myofibril development. Near the
spreading edge of the cell (far left), a-actinin is found in mini-sarcomeric arrays in the premyofibrils. In the nascent myofibril, the a-actinin-rich
Z-bodies have begun to laterally associate, possibly through interaction with titin. Overlapping muscle myosin II filaments bound to titin are present
at this stage. In the mature myofibril the a-actinin containing Z-bodies fuse to form the wide lateral arrays of mature Z-bands; nonmuscle myosin
IIB is lost whereas muscle myosin filaments are now aligned into A-bands. The Z-bodies grow in size in the progression from premyofibril to mature

myofibril.

The cells were observed at various times after 24 h of
transfection using a Nikon Diaphot 200 microscope with a X63
or X100 phase-contrast objective lens. The temperature of
cells was maintained at 36°C with a heat curtain (AST 400 Air
Stream Incubator; NevTek, Burnsville, VA) and the culture
dish was covered by a small homemade chamber, through
which 5% CO; flowed. Humidity was provided with a reservoir
of distilled water in the chamber, and the culture medium was
replaced with fresh medium every 6-12 h. Images were
acquired with a liquid-cooled charge-coupled device (CCD)
camera (Photometrics, Tuscon, AZ) and processed with
METAMORPH image processing software (Universal Imaging,
West Chester, PA). In the time-lapse images of the spreading
live cells sequential focal planes were added digitally for each
time point to include all of the a-actinin containing structures.

Immunostaining of a-actinin-GFP-transfected cells was
performed as described (1) using anti-nonmuscle myosin IIB
antibody (Chemicon) and a rhodamine-labeled secondary
antibody. Some transfected cultures were also fixed and
stained with rhodamine labeled phalloidin (Fluka).

RESULTS

The a-actinin—-GFP construct, when introduced into embry-
onic cardiomyocytes, produced fluorescently labeled protein
within 24 h after transfection. This fusion protein incorporated
into all the normal cellular structures that are rich in endog-
enous a-actinin. Most prominently, in contracting myofibrils,
a-actinin—-GFP colocalized in a banded pattern with the phase-
dense Z-bands (Fig. 2). Intercalated disks that were most
clearly seen at junctions between transfected and untrans-
fected cardiomyocytes also incorporated a-actinin-GFP (Fig.

3). Transfections of muscle cells with plasmids coding for GFP
alone did not lead to any specific localization of GFP fluo-
rescence (9).

In peripheral areas of transfected myocytes, a-actinin-GFP
was localized in small punctate aggregates (Z-bodies) (Figs. 3
and 4) that were localized along phalloidin-positive fibrils (not
shown) that we call premyofibrils (Fig. 1). Antibody to non-

F1G. 2. (A) Fluorescent image of an embyronic chicken cardio-
myocyte transfected with the a-actinin-GFP plasmid showing the
colocalization of a-actinin-GFP (arrowheads) with the phase-dense
Z-bands (arrows) (B). (Bar = 5 um.)
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Fic. 3. Fluorescent image of an actively contracting embryonic
chicken cardiomyocyte transfected with a-actinin-GFP. The fusion
protein localizes to the Z-bands of the mature contracting myofibrils,
the Z-bodies of the premyofibrils (arrowheads), and an intercalated
disc (arrow) that is shown in phase-contrast in the inset (arrow). (Bar =
5 pm.)

muscle IIB stained the premyofibrils (Fig. 4), between the
a-actinin-GFP positive Z-bodies, but was absent from the
more central region of the cell where mature myofibrils were
located (Fig. 4). No contractions were detected in premyofi-
brils; however, when they were linked to contracting myofi-
brils, as in the cell in Fig. 3, movements initiated in the centrally
located myofibrils were transmitted to the peripheral premyo-
fibrils.

To observe myofibril dynamics as the embryonic chicken
cardiomyocytes spread in culture, images of transfected cells
were acquired over a period spanning from several hours to
several days. The intervals between time points were usually
2 h or more to reduce possible adverse effects from the
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excitation light used to detect the a-actinin-GFP. Typically,
isolated cardiomyocytes in culture initially spread out and then
develop new myofibrils. The active spreading of the cells,
however, diminishes after several days. After this point there
were no significant changes in the distribution of Z-bands and
Z-bodies. Therefore, we only recorded cells in the first few days
of culture and focused on the spreading margins of the cells
where myofibril assembly has been suggested to occur from
previous studies of fixed cells (1, 2, 11-13). The cells shown in
Figs. 5 and 6 are representative of 10 cells that were recorded
while spreading and forming myofibrils.

The spreading edge of a cardiomyocyte expressing o-
actinin—-GFP was observed at six time points over a 10-h
period, three of which are shown in Fig. 5. At the first recorded
time point, the cell contained small aggregates of a-actinin
(Z-bodies) at the leading edge of the cell and a few mature
Z-bands, separated by spacings of 2 microns, in the central
region of the cell (Fig. 54). Three hours later (Fig. 5B) the cell
had spread about 15 microns at its leading edge with the area
occupied by Z-bodies expanding 62%, and the population of
well-ordered Z-bands increasing in the central region of the
cell. Ten hours later (Fig. 5C) the leading edge had spread an
additional 10 microns and the Z-bands had become aligned.
Thus, the area in which premyofibrils initially formed became
the site of new mature myofibrils, characterized by well defined
A-bands.

Another cardiomyocyte expressing a-actinin—-GFP was fol-
lowed at seven time points over a 28-h period (Fig. 6). The
beating cardiomyocyte was actively ruffling and spreading,
primarily toward the lower portion of the image. As the cell
spread, Z-bodies formed in the new expanse of cytoplasm. The
size and intensity of fluorescence of the Z-bodies increased
with time, and 21 h after the first time point, fluorescent
Z-bands were present where the punctate Z-bodies had been.
The formation of Z-bands often was preceded by the lateral
alignment of Z-bodies that increased in size (small arrow in
Fig. 6 D and E) and then fused to form a Z-band (small arrow
in Fig. 6F). The Z-bands became less punctate and thinner as
they continued to align with neighboring Z-bands over the next
7 h (small arrow, Fig. 6F Inset). Newly formed myofibrils
appeared to overlap with existing ones to form longer myofi-
brils, or bundles of myofibrils. For example, a myofibril in Fig.
6A (large arrow) extended 11 microns from the edge of the
field. Twenty-one hours later the myofibril in the same location

F1G. 4. Fluorescent images of an embryonic chicken cardiomyocyte (A4) transfected with a-actinin and (B) fixed and stained with a nonmuscle
myosin IIB antibody. Nonmuscle myosin IIB is in the premyofibrils at the edge of the cardiomyocyte (B, arrowheads) but not in the mature myofibrils

in the central region of the cell. (Bar = 5 um.)
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Fic. 5. Time-lapse fluorescent images of a spreading and beating
embyronic chicken cardiomyocyte transfected with a-actinin—-GFP are
shown as reverse contrast at the initial time point (4) 0 h, (B) 3 h later,
and (C) 10 h. Four focal planes were digitally added for each time point
to identify all the Z-bodies. (Bar = 5 um.)

extended 28 microns from one edge of the field to the other
edge (large arrow in Fig. 6F). The increase in length did not
seem to occur by sequential addition of new sarcomeres to the
ends of the myofibrils, but seemed to involve a lateral coa-
lescing of adjacent, shorter myofibrils. This is particularly
striking in the region of Fig. 6 D-F indicated by the arrow-
heads. Myofibrils terminating in well-defined adhesion plaques
did not appear to lengthen (horizontal arrow on left side of Fig.
6 A-F).

DISCUSSION

In this study, we linked GFP to the carboxyl-terminal end of
a-actinin. This 28-kDa GFP did not appear to interfere with
the incorporation of the a-actinin into Z-bands, Z-bodies,
intercalated discs, and adhesion plaques of embryonic cardi-
omyocytes where endogenous a-actinin is located; nor did it
interfere with the beating of transfected embryonic cardiomy-
ocytes. Therefore, with this construct we were able to follow
the same transfected cardiomyocytes for several days in cul-
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ture, thus gaining the opportunity for the direct observation of
myofibrillogenesis in culture. We detected the formation of
premyofibrils in previously vacant areas of cytoplasm in
spreading cardiomyocytes. Subsequently, mature myofibrils
were seen in the same areas previously occupied by premyo-
fibrils.

Our results are consistent with the hypothesis that myofibril
formation begins at the spreading edges of the cardiomyocytes
with the formation of premyofibrils that subsequently fuse at
the level of the Z-bodies to form mature myofibrils (1, 2,
11-13). Fig. 1 shows a model for the assembly of myofibrils in
cardiomyocytes that was initially proposed on the basis of
studying embryonic chicken cardiomyocytes fixed at different
stages of spreading and then stained with a variety of non-
muscle and muscle antibodies (1, 2, 11-13). The model is
consistent with our current dynamic observations on live cells.
We find that Z-bodies first appear in phalloidin positive fibrils
at the spreading edges of the cardiomyocytes and grow bigger
before they eventually fuse to form the Z-bands of mature
myofibrils. Nonmuscle myosin IIB is located between the
Z-bodies in the transfected cells, but not between the Z-bands
of the mature myofibrils. Thus, premyofibrils with their Z-
bodies and type IIB myosin are distinct from mature myofi-
brils, with Z-bands and muscle specific myosin II. The sequen-
tial appearance of premyofibrils followed by mature myofibrils
in the same cytoplasmic location, and the intermediate stages
in the transition between Z-bodies and Z-bands are consistent
with the hypothesis that premyofibrils are the precursors of
myofibrils in living cardiomyocytes. Further support for this
premyofibril model derives from the immunofluorescent stain-
ing of cardiomyocytes with muscle specific sarcomeric anti-
bodies (14, 15). These studies have revealed the presence of the
same muscle-specific isoforms of a-actinin, tropomyosin, and
troponin in premyofibrils, nascent, and mature myofibrils.

A second theory of myofibril formation proposes that stress
fiber-like structures (SFLS), composed of nonmuscle proteins,
serve as scaffolds or templates—i.e., one SFLS per myofi-
bril—on which recruited sarcomeric proteins are assembled
into myofibrils (3). This would predict that one Z-body in a
premyofibril is replaced by a Z-band, whereas we observed, on
the contrary, that several small Z-bodies fuse into a single
Z-band. These results are consistent with the premyofibril
model of Fig. 1, but inconsistent with the SFLS substitution
model. Further support for the premyofibril model was dem-
onstrated when living cardiomyocytes and nonmuscle cells
were injected with monomer actin binding proteins (vitamin D
binding protein; DNase I) and it was discovered that while
stress fibers in the nonmuscle cells were induced to disassem-
ble, premyofibrils, nascent myofibrils, and mature myofibrils
were unaffected (16). If the premyofibrils and nascent myofi-
brils were stress fibers, they would have been disassembled by
the injection of the monomer actin binding proteins.

A third theory of myofibril formation postulates the indepen-
dent self-assembly of thick filaments of muscle myosin and
isolated, linearly aligned I-Z-I brushes (i.e., thin filaments at-
tached to Z-bands) with no nonmuscle myosin I Titin molecules
are thought to attach subsequently to the Z-bands to capture and
align the thick muscle myosin filaments into A-bands and form
myofibrils. The zippering together of the isolated I-Z-I brushes
and the isolated thick filaments is suggested to take place at the
ends of the existing myofibrils, thus ensuring their continued
growth. It appeared from our observations that the formation of
longer myofibrils occurred through lateral coalescing of neigh-
boring myofibrils (see Fig. 6). Furthermore nonmuscle myosin
IIB is present in premyofibrils in both spreading embryonic and
adult cardiomyocytes (1, 2, 14), and its previously reported
absence in embryonic cardiomyocytes (17) was due to the fact
that antibodies used were directed against the ITA isoform that is
lacking in cardiomyocytes (1, 2, 18). In this study, we found that
nonmuscle myosin IIB present, and muscle myosin II absent, in
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F1G. 6. Time-lapse fluorescent image observation of a spreading and beating embyronic chicken cardiomyocyte transfected with a-actinin-GFP
shown in reverse contrast with the time of acquisition relative to 4 indicated on each micrograph (B-F). The same prominent adhesion plaque is
marked in each panel as a reference point (4-F, horizontal arrows). Note the extent of spreading with respect to this plaque. As the cell spreads
toward the lower part of the image, punctate Z-bodies assemble into linear arrays that mature into Z-bands of myofibrils. One myofibril indicated
by a large arrow (4) appears to double in length over 21 h. This appears to occur by lateral coalescence of myofibrils (D-F, arrowheads). Adjacent
Z-bodies (D, small arrow) increase in diameter (E, small arrow) and fuse into a mature Z-band (F, small arrow). At 28 h the Z-bands became thinner
and less punctate (F Inset, small arrow). (Bar = 5 um.)
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all premyofibrils of the cardiomyocytes expressing a-actinin—
GFP. Thus, both the premyofibril model (Fig. 1) and this third
model of myofibril formation concur that muscle thick filaments
and thin filaments are assembled in different cellular locations.

Further study of living cells transfected with GFP-linked
probes for intact and truncated sarcomeric proteins should
lead to the delineation of the steps necessary for the assembly
of complex structures like myofibrils. It will also be of interest
to see how this premyofibril model applies to the formation of
myofibrils in other systems (19, 20).
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