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Abstract. Myosin light chains labeled with rhodamine
are incorporated into myosin-containing structures
when microinjected into live muscle and nonmuscle
cells. A mixture of myosin light chains was prepared
from chicken skeletal muscle, labeled with the fluores-
cent dye iodoacetamido rhodamine, and separated into
individual labeled light chains, LC-1, LC-2, and LC-3.
In isolated rabbit and insect myofibrils, the fluorescent
light chains bound in a doublet pattern in the A bands
with no binding in the cross-bridge—free region in the
center of the A bands. When injected into living em-
bryonic chick myotubes and cardiac myocytes, the
fluorescent light chains were also incorporated along
the complete length of the A band with the exception
of the pseudo-H zone. In young myotubes (3—4 d old),
myosin was localized in aperiodic as well as periodic
fibers. The doublet A band pattern first appeared in 5-
d-old myotubes, which also exhibited the first signs of
contractility. In 6-d and older myotubes, A bands be-
came increasingly more aligned, their edges sharper,

and the separation between them (I bands) wider. In
nonmuscle cells, the microinjected fluorescent light
chains were incorporated in a striated pattern in stress
fibers and were absent from foci and attachment
plaques. When the stress fibers of live injected cells
were disrupted with DMSO, fluorescently labeled myo-
sin light chains were present in the cytoplasm but did
not enter the nucleus. Removal of the DMSO led to
the reformation of banded, fluorescent stress fibers
within 45 min. In dividing cells, myosin light chains
were concentrated in the cleavage furrow and became
reincorporated in stress fibers after cytokinesis. Thus,
injected nonmuscle cells can disassemble and reassem-
ble contractile fibers using hybrid myosin molecules
that contain muscle light chains and nonmuscle heavy
chains. Our experiments demonstrate that fluorescently
labeled myosin light chains from muscle can be read-
ily incorporated into muscle and nonmuscle myosins
and then used to follow the dynamics of myosin distri-
bution in living cells.

systems is found in striated muscle where arrays of

myosin filaments interdigitate with thin filaments that
are anchored at one end to Z bodies (18). This tripartite ar-
rangement of myosin, thin filaments, and anchoring sites ex-
ists in the contractile apparatus of smooth muscle and non-
muscle cells as well (4, 23, 36). One approach to studying
these systems in living cells has been to inject fluorescently
labeled components of the contractile apparatus and to study
their localization and changes therein as muscle and non-
muscle cells locomote, divide, and differentiate in culture (8,
21, 34, 51). Fluorescently labeled actin and tropomyosin have
served as markers for thin filaments in injected cells (7, 21,
51, 54) and labeled alpha-actinin and filamin have served the
same function for attachment sites (8, 27, 34, 35). The force-
generating component of the contractile apparatus, myosin,
has proved to be the most difficult of the contractile proteins
to label fluorescently and to inject. Composed of a dimer of
heavy chains (each has a molecular weight of 200,000) with

T HE most ordered of the actin-myosin-based contractile

A preliminary report of these results was presented at the General Scientific
Meetings of the Marine Biological Laboratory (1986, Biol. Bull. [Woods
Hole], 171:470-471).
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four noncovalently bound light chains (with molecular weights
ranging from 16,000 to 22,000), muscle myosin is 160 nm
long and soluble in high salt (18, 50). The component light
chains, however, are soluble in low salt (50). In this paper
we report that the isolated light chains of myosin from chick-
en fast skeletal muscle can be labeled with the fluorescent
dye iodoacetamido rhodamine (IAR)! and injected into liv-
ing muscle and nonmuscle cells. There, the light chains be-
come incorporated into myofibrils, stress fibers, and cleavage
furrows, thus providing a probe for following changing pat-
terns of myosin distribution in living cells.

Materials and Methods
Purification of Myosin

Myosin was isolated from chicken breast muscle by the procedure described
by Margossian and Lowey (24). Actin and phosphofructokinase were re-
moved from crude myosin by ammonium sulfate precipitation. To remove
C, M, and X proteins, myosin was further purified by chromatography on
DEAE-Sephadex (28, 48).

1. Abbreviations used in this paper: 1AR, iodoacetamido rhodamine; LC-1,
LC-2, and LC-3, light chains 1, 2, and 3; S-1, myosin subfragment 1.
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Isolation and Labeling of Myosin Light Chains
and Alpha-Actinin

Mixed light chains were isolated from pure myosin by first denaturing the
heavy chains with urea (50). Myosin was dissolved in 0.6 M KCl to a con-
centration of 20 mg/ml. After addition of an equal volume of 8 M urea
(ultrapure; Schwartz-Mann Biotech, Cleveland, OH), 50 mM Tris-HCI, 10
mM EDTA, and 5 mM dithiothreitol (DTT) (pH 80), the solution was
stirred gently for 1 h at room temperature. The myosin heavy chains were
then precipitated by dilution with 10 vol of cold distilled water. All subse-
quent steps were carried out at 4°C unless otherwise noted. After centrifu-
gation at 10,000 g for 30 min, the supernatant containing dissociated myosin
light chains was loaded on a column (DE-52; Whatman Inc., Clifton, NI)
equilibrated with 50 mM Tris-HCI (pH 80). The bound light chains were
eluted from the column with 1 M KCl1 in the Tris buffer, dialyzed overnight
against 10 mM potassium phosphate (pH 6.7) containing 0.1 mM DTT, and
subsequently Iyophilized.

The mixed myosin light chains were labeled by a modification of the pro-
cedure by Marsh and Lowey (25). The light chains were dissolved in 7M
guanidine hydrochloride containing 0.5 M Tris-HCl, 1 mM DTT, and 5 mM
EDTA (pH 8.0), and solid IAR (Research Organics, Cleveland, OH) was
added to a final concentration of 19 mM. The mixture was stirred in the dark
for 90 min at room temperature under a gentle stream of nitrogen. Labeling
was terminated by addition of beta-mercaptoethanol to a concentration of
0.20 M. The free unreacted dye was largely removed by extensive dialysis
against PBS (10 mM potassium phosphate, 0.1 M KCl, pH 7.0). The solution
was then centrifuged at 10,000 g for 15 min to remove dye aggregates. The
supernatant was passed through a column (G-25 Sephadex; Pharmacia Fine
Chemicals, Piscataway, NJ) equilibrated in 50 mM imidazole-HC] buffer
(pH 80). The colored fractions eluting in the void volume were loaded
directly on a DE-52 column (1.6 X 15 cm) also equilibrated with imidazole-
HCI buffer. The elution of bound proteins with a linear gradient of 0-0.35
M NaCl in the imidazole buffer (total vol 200 ml) resulted in separation of
light chains into three fractions: light chain 1 (LC-1), light chain 2 (LC-2),
and light chain 3 (LC-3), in that order. There was usually some overlap in
the elution profile of LC-1 and LC-2 and LC-2 and LC-3. By judiciously
avoiding the overlapping fractions, the three labeled light chains could be
separated in a single step. All the fractions from the DE-52 column were
pooled for mixed light chains. The pooled fractions were dialyzed against
10 mM potassium phosphate (pH 7.0) containing 0.1 mM DTT, lyophilized,
and stored at —20°C.

LC-2 (also called DTNB light chain} was also selectively dissociated
from purified myosin, using 5,5-dithiobis(2-nitrobenzoic acid) (DTNB)
(50). DTNB was removed by extensive dialysis against Tris buffer with DTT.
The L.C-2 was then labeled with IAR as described for the mixed light chains.
Any contamination with LC-1 and LC-3 was removed by chromatography
on DEAE-cellulose in the imidazole buffer. The purity of isolated light
chain preparations was determined by SDS-PAGE (22). The gel was fixed
in methanol/acetic acid and photographed in UV light and then stained with
Coomassie Blue (Fig. 1). No free dye was ever detected at the gel front.
Myosin subfragment 1 (S-1) was prepared with chymotrypsin from chicken
skeletal muscle (24).

Alpha-actinin was prepared from chicken gizzards and labeled with FITC
or lissamine rhodamine sulfonyl chloride as described previously (44).

Reaction of Fluorescent Myosin Light Chains with
Isolated Myofibrils and Synthetic Myosin Filaments

Myofibrils were prepared from glycerinated rabbit psoas muscle and insect
(Hyalophora cecropia) flight muscles (43). They were rinsed with standard
salt (0.1 M KCl, 0.01 M phosphate buffer, 0001 M MgCl,, pH 7.0), reacted
with fluorescently labeled myosin light chains (0.5 mg/ml, 10 mM potas-
sium phosphate, pH 7.0, 002 % sodium azide, 1 mM DTT) either in suspen-
sion or after they had been attached to a coverslip and placed in a humidified
chamber. Reaction with myosin light chain was carried out for periods rang-
ing from 1 to 30 min at 4°C, followed by rinsing with standard salt to remove
unbound light chains.

Synthetic myosin filaments were prepared from rabbit skeletal muscle by
dialysis of the myosin (2 mg/ml) against 0.1 M KCl, 10 mM potassium phos-
phate (pH 7.0) as previously described (41). Two drops of the solution of
synthetic filaments were added to a coverslip, resulting in the attachment
of filaments to the coverslip. 20 pl of labeled myosin light chains (0.5 mg/ml
in the same solution used for myofibrils) were added to the myosin filaments
for 1-15 min in a humidified chamber in the cold (4°C). At the end of the
reaction time, the coverslips were rinsed with cold standard salt and mounted
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Figure 1. SDS-PAGE (12% acrylamide) of the IAR-labeled myosin
light chains. (a) Fluorescence of the separated labeled light chains,
LC-, LC-2, and LC-3 in lanes 1, 2, and 3, respectively, and the
total labeled light chain fraction in lane 4. (b) Coomassie Blue stain-
ing of the gel in @ shows the labeled light chains in lanes /-4, unla-
beled G-actin standard in lane 5, and unlabeled myosin S-1 fraction
in lane 6. The S-1 was prepared by chymotrypsin digestion, which
degrades LC-2 (24), but not LC-1 and LC-3, as can be seen in
lane 6.

as previously reported (46). The procedure for frozen sections of rat striated
muscle was similar to that described for filamin or actin (7, 27).

Injection of Myosin Light Chains into Living Muscle
and Nonmuscle Cells

All cells were grown on 22 mm? glass coverslips placed in 30 mm culture
dishes. Gerbil fibroma and PiK; cells, an epithelial line, were obtained
from American Type Culture Collection (Rockville, MD). Cardiac myo-
cytes were isolated from 5-6-d chick embryo hearts (42) and skeletal myo-
tubes, from 10-d chick embryo breast muscle (10). All cells were injected
while in the culture dish using a pressure injection apparatus described pre-
viously (30, 39). The labeled myosin light chains were microinjected into
cells at a concentration of 2 mg/ml (in 10 mM potassium phosphate, pH 7.0,
0.02% sodium azide, 1 mM DTT). After being injected, cells were returned
to the CO; incubator for 5-12 h before being mounted on glass slides for
microscopic examination. For experiments using DMSOQ, the medium was
replaced with new medium containing DMSO (final concentration, 10%).
Cells were exposed to this agent for 30-60 min and then returned to normal
culture medium (47).

Microscopy

Myofibrils and injected cells were examined with epiffuorescence using a
Zeiss Planapochromat 100X, NA 1.3 phase objective and either a Zeiss Pho-
tomicroscope III or an Olympus Vanox microscope. Myofibrils were pho-
tographed directly from the microscope on Kodak Tri X film that was devel-
oped in Acufine for 1000 ASA. Injected cells were viewed with the aid of
a SIT camera (Dage-MTI, Michigan City, IN) and a processing system
(Image-I; Interactive Video Systems, Inc., Concord, MA). The images were
summed for 128 frames and some were subjected to a convolution operation
with a high pass filter to improve detection of the fluorescent signal (19).
Images were photographed from the video monitor with a 35-mm camera
fitted with a 50-mm Olympus macro lens and Kodak Plus X film, ASA 125
(30, 39).

Results

The total fraction of myosin light chains (LC-1, LC-2, LC-3)
isolated from chicken skeletal muscle and labeled with IAR
bound only to the A bands of glycerinated rabbit myofibrils
and insect myofibrils (Fig. 2). Binding was in a doublet pat-
tern with an absence of fluorescence in the cross-bridge-free
region in the center of the A band. Within 1 min of exposure
to the labeled light chains, myofibrils exhibited the A band
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Figure 2. Isolated myofibrils attached to coverslips and exposed to
the IAR-labeled mixed light chain fraction. (@ and b) Phase and
flucrescence of rabbit psoas myofibrils, Arrowheads point to a dirt
speck adjacent to one of the Z bands. (¢ and 4) Phase and fluores-
cence of myofibrils of insect flight muscle. Arrowheads point to a
row of Z bands. A tracheid {r) visible in the phase does not bind
the fluorescent light chains. In both types of muscle there is a dou-
blet staining pattern in the A band. The nonstaining band in the cen-
ter of the A band appears to be wider in the rabbit myofibrils than
in the insect. All micrographs are the same magnification in order
to emphasize the different A band sizes in a veriebrate versus an
invertebrate muscle (1.6 vs. 3.3 um). Bar, 10 pm.
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fluorescence. If the myofibrils were pretreated with unla-
beled myosin light chains and then exposed to the IAR light
chains, the same pattern of fluorescence was observed.
Myofibrils exposed to individual light chains (LC-1, L.C-2,
or LC-3) exhibited the same doublet A band binding as ob-
tained with the total fraction of the myosin light chains. The
light chains did not bind to nuclei, mitochondria, or tra-
cheids in the insect muscle (Fig. 2, ¢ and 4). Frozen sections
of rat skeletal muscle also bound the light chains in patterns
identical to those of isolated glycerinated myofibrils. The la-
beled light chains bound in a continuous pattern to synthetic
myosin filaments after as short an exposure as 1 min.

When labeled myosin light chains were injected into con-
tractile embryonic myotubes, incorporation also occurred in
a doublet along the full length of the A bands (Fig. 3 a). In-
jection of each of the individual light chains, LC-, LC-2,
and LC-3, produced similar patterns of incorporation (Fig.
3, b, ¢, and d). There was no binding of labeled myosin light
chains to anything other than the A bands. Co-injection of
fluorescein-labeled alpha-actinin and rhodamine-labeled my-
osin light chains into myotubes produced complimentary
patterns of incorporation (Fig. 4, a and b); FITC-alpha-
actinin in the Z bands and IAR light chains in the A bands.
Embryonic cardiac myocytes incorporated labeled light chains
in the same pattern as that observed in microinjected myo-
tubes (Fig. 4, ¢ and d). Spontaneous contractions were ob-
served in both types of muscle cells after incorporation of in-
jected myosin light chains into the A bands. The fluorescent
A bands did not lose their labeled light chains during con-
tractions.

When fluorescent myosin light chains were injected into
myotubes on the third day in culture, no contractile response
occurred during injection nor were the myotubes observed
to contract spontaneously. The fluorescent light chains were
jocalized both in an aperiodic pattern and in small periodic
bands spaced about 0.8 pm apart in fibers adjacent to the
myotube membrane (Fig. 5 a). In addition, round aggregates
of myosin light chains were dispersed in the cytoplasm and

Figure 3. Living embryonic chick myotubes in-
Jjected with AR light chains after 7 d in culture,
{a) Mixture of all three light chains; (b) LC-1;
(¢) LC-2; and (d) LC-3, In each case, the light
chains are incorporated along the full length of
the A band, with the exception of the center,
where cross-bridges are absent. Spontaneous
contractions were observed in many of the in-
jected myotubes. No label was found in the
nuclei (n in d). Bar, 10 pm,
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Figure 4. Living embryonic chick myotube co-injected with IAR
light chains (a) and FITC-alpha-actinin (b). Fluorescent bands
show complimentary patterns of localization as expected from the
A and Z band localization of the two proteins. Living embryonic
cardiac myocytes injected with IAR myosin light chains (c and d).
At higher magnification (d) A band doublet incorporation is clearly
discernable. Bars, 10 um.

there was a diffuse distribution of myosin light chain fluores-
cence throughout the myotube. On day 4 in culture only
rarely did an injected myotube contract when injected and
none were observed to contract spontaneously. These myo-
tubes incorporated the fluorescent light chains into fibers that
were sometimes aperiodic but often appeared banded (Fig.
5 b). Bright round aggregates of myosin light chains and a
diffuse cytoplasmic fluorescence were also characteristic of
injected myotubes at this stage. By day 5 in culture most myo-
tubes contracted when injected, and most of the light chain
fluorescence was present in fibers by 5 h after injection (Fig.
5 ¢). There was little diffuse background fiuorescence and
few granules. A banded pattern was resolvable in nearly all
fibers, with most of the bands composed of doublets of fluo-
rescence identical to the A bands of older myotubes (Fig. 3).
The doublet pattern was first seen most clearly in the 5-d
myotubes when the video image, obtained by summing 128
frames, was exposed to a high pass filter to sharpen the image
(Fig. 5 ¢). In such images small singlet bands of fluorescence
were also seen along some fibers, similar to those seen in
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3- and 4-d myotubes. Fluorescent myosin light chains were
also localized in the actively moving ruffles at the ends of
young myotubes (Fig. 5 ¢). In injected myotubes from 6 d
onward, A band doublets were easily resolved (Fig. 3). The
A bands also became increasingly more aligned, their edges
sharper, and the separation between them (I bands) wider
(cf. Fig. 3 d and Fig. 5 ¢). Bright granules and background
fluorescence were absent, and strong spontaneous contrac-
tions were often observed, during which the fluorescent A
bands moved closer together.

The labeled myosin light chains isolated from skeletal
muscle were also incorporated in a banded pattern in stress
fibers of injected nonmuscle cells (Fig. 6, a and b). The peri-
odic bands of fluorescence were spaced closer together in
PtK; cells, an epithelial line, than they were in gerbil
fibroma cells. As in myofibrils, the individual light chains,
LC-1, LC-2, and LC-3, gave the same pattern of incorpora-

Figure 5. Living chick embryonic myotubes injected with IAR myo-
sin light chains. (a) In myotubes injected on day 3 in culture, myosin
light chains are incorporated in small periodic bands (arrowhead)
in fibers near myotube membrane. There is also a high background
of fluorescence in the cytoplasm and bright aggregates. (b) In myo-
tubes injected on day 4 in culture there is a greater number of fibers
containing periodic bands of fluorescence (arrowhead). Fluores-
cent aggregates and diffuse myotube fluorescence are also present
in these myotubes. (c) In myotubes injected on day 5 in culture,
most of the fluorescence is present in periodic bands of ~1.6 pm.
In c spatial filtration (see Materials and Methods) was carried out
on a previously summed image. The doublet composition of the
fluorescent bands is seen more easily in this sharpened image (ar-
row in ¢). An arrowhead in ¢ points to a region of one fiber where
small bands of fluorescence similar to those seen in younger myo-
tubes (a and b) are visible. A concentration of myosin fluorescence
is apparent in the ruffle at the end of the myotube. Bar, 10 pm.
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Figure 6. Living nonmuscle cells injected with fluorescent light chains. (@) PtK; cell showing striated pattern of myosin localization along
the stress fibers. (b) Gerbil fibroma cell in which periodicity of myosin light chain fluorescence can be seen to be longer than in the epithelial

PtK; shown at the same magnification in @. Bar, 10 pm.

tion when injected individually as did the total light chain
fraction. A doublet pattern of fluorescence was not evident
in stress fibers as it was in myofibrils. In cells having a poly-
gonal network arrangement of stress fibers, the injected myo-

Figure 7. Two PtK; cells that were injected with IAR light chains
and 5 h later exposed to 10% DMSO, a disrupter of stress fibers.
(@) After 60 min in DMSO, myosin light chain fluorescence can be
seen in aggregates in the cytoplasm but is absent from the nucleus.
(b) 60 min after removal of DMSO myosin light chain fluorescence
is found in a banded patiern in the reformed stress fibers. Bar, 10

wm.
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sin light chains were absent from the foci of the networks but
present in a striated pattern in the fibers connecting the foci.
In contrast to these results, microinjection of fluorescently
labeled alpha-actinin into gerbil fibroma cells resulted in the
incorporation of alpha-actinin into the foci and attachment
plaques.

Exposure of nonmuscle cells 5 h after injection with fluo-
rescent light chains to 10% DMSO caused breakdown of
stress fibers and a redistribution of the fluorescent myosin
light chains into several aggregates at the cell periphery and
a more diffuse disposition in the cytoplasm (Fig. 7 a). Fluo-
rescent myosin light chains did not enter the nuclei of the
treated cells. Approximately 30 min after removal of DMSO
from the culture medium, the stress fibers that reformed con-
tained periodic bands of fluorescent myosin light chains (Fig,
7 b).

Stress fiber breakdown was also observed in injected ger-
bil cells at the onset of prophase, leading to a diffuse distribu-
tion of fluorescence in the cytoplasm. Myosin light chain
fluorescence was initially dispersed uniformly in the mitotic
cell, becoming concentrated between the separating chromo-
somes in anaphase (Fig. 8 a). Before furrowing was appar-
ent, a bright band of myosin fluorescence was visible beneath
the membrane where the cleavage furrow would form (Fig.
8, b and c¢). This submembrane band of myosin fluorescence
persisted during cytokinesis (Fig. 8, d-f) and was seen as a
ring in images focused near the furrow membrane (Fig. 8 €).
At the end of cytokinesis, fluorescent periodic stress fibers
reformed in the daughter cells.
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Figure 8. Gerbil fibroma cell injected 6 h before with IAR myosin
light chains and recorded intermittantly while undergoing mitosis.
During anaphase, myosin light chain fluorescence is brightest be-
tween the separating chromosomes. When the chromosomes have
moved to the poles (b) a bright line of fluorescence is visible be-
neath the membrane where the cleavage furrow will form. As
cytokinesis progresses (c—f), bright bands of myosin fluorescence
remain beneath the furrow membrane, forming a ring that is best
seen when the ring grows smaller and the focal plane is close to the
membrane. The elapsed time between micrographs is approxi-
mately 2 min. Bar, 10 pm.

Discussion

The ability to detect rapid exchange of fluorescently labeled
myosin light chains with the native light chains of isolated
myofibrils is impressive in view of the fact that in vitro
studies with intact myosin molecules have shown exchange
of light chains only at 37°C in the presence of 10 mM ATP
(5, 29). However, Pastra-Landis and Lowey (29) detected
alkali light chain exchange at 37°C and 10 mM ATP only if
LC-2 was first removed from the myosin molecule. Our
studies using fluorescence as a probe indicate that exchange
of all three light chains can occur in intact myofibrils in the
cold and in the absence of ATP. The doublet pattern of myo-
sin light chain binding in the A band is a reflection of the
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alignment of the bipolar thick filaments (18). The nonfluores-
cent zone in the middle of the A bands results from the lack
of cross-bridges and, hence, light chain binding sites there
(18). The nonstaining region of the A band in rabbit myo-
fibrils (1.6 um long) (18) appears wider than that of the moth
myofibril (3.3 pm long) (41) (Fig. 2). This variation may re-
sult from a different packing of the overlapping myosin mole-
cules in the two different muscle types.

The A band binding of the labeled light chains that we ob-
served appears to result from an exchange with native myosin
light chains for several reasons. If it were due to replacement
of native light chains lost during myofibril preparation,
pretreatment of the myofibrils with unlabeled light chains
should have blocked the subsequent addition of fluorescent
light chains and it did not. The fluorescent light chains also
bound in A band doublets in frozen sections of skeletal mus-
cle where loss of native light chains should be minimal.
Light chains, furthermore, are not known to self-associate on
the myosin molecule nor are more than two light chains
known to associate with each myosin heavy chain (49, 50).
In living myotubes and cardiac myocytes injected with la-
beled light chains, fluorescent A bands could not be seen for
3-5 h after injection. We assume that this is the time required
for enough injected light chains to become incorporated so
that the fluorescent signal in the A band can be resolved over
the background fluorescence of unincorporated light chains.

Further support for our conclusion that the fluorescent
light chains exchange with endogenous light chains to be-
come incorporated into the cells’ myosin molecules comes
from experiments with injected cells and DMSO. When this
drug was used to induce the breakdown of stress fibers in in-
jected PtK; cells, fluorescent light chains remained in the
cytoplasm (Fig. 7 a). Molecules <45000 in molecular
weight, such as actin, have been shown to enter the nuclei
after DMSO treatment, whereas larger molecules, such as
tropomyosin, alpha-actinin, and myosin do not (47). Light
chains with molecular weights in the range of 16,000-22,000
should have entered the nuclei of DMSO-treated cells, were
they not associated with myosin heavy chains. In addition,
we have noticed that in the first hour after injection of
fluorescent myosin light chains, there is fluorescence present
in nuclei but there is no evidence of nuclear fluorescence sev-
eral hours later.

The labeled, individual light chains associated with the A
bands of isolated myofibrils and living muscle and with non-
muscle cells in the same way as did the total light chain frac-
tion. The endogenous light chains of rabbit myofibrils are
identical to those from chicken skeletal muscle, the source
of labeled light chains for this study. Thus, the light chain
exchange that produced A band fluorescence in the rabbit
myofibrils may have arisen exclusively from exchange be-
tween homologous light chains of rabbit and chicken origin.
In the insect myofibrils, the embryonic muscle cells, and the
nonmuscle cells, endogenous light chains differ from those
in adult chicken skeletal muscle (3, 50). Thus, exchange be-
tween heterologous light chains must have occurred after
microinjection of these cells with labeled chicken light
chains (or in the case of insect myofibrils, after incubation
with the labeled light chains). In solution, hybrid myosin
molecules have been formed by the exchange of light chains
at 10-16-fold molar excess with myosin or S-1 (3, 51). Assum-
ing an injection volume of 107#-10"" liters (I5), we inject
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0.6 X 105%-6 X 10° myosin light chain molecules/cell. Based
on an actin concentration of 10 mg/ml in nonmuscle cells
(20) and a myosin/actin ratio of 1:100 (31), there are ~2.4 X
10° myosin molecules or 9.6 x 10° myosin light chain mole-
cules/cell. Thus, the number of fluorescent light chains in-
troduced is 6-60% of a nonmuscle cell’s endogenous light
chains. In embryonic myotubes and cardiac myocytes the en-
dogenous myosin concentration is probably 100-fold greater
(31) and thus in these cells the injected light chains represent
tracer amounts. Nevertheless, in injected cells, both muscle
and nonmuscle, the incorporation of heterologous, fluores-
cent light chains into myosin molecules permitted qualita-
tively normal contractile activity: ruffling, cytokinesis, sar-
comere contraction.

The ability of disparate light chain isoforms to become in-
corporated into intact stress fibers and myofibrils lends fur-
ther support to the suggestion that the switch from one con-
tractile protein isoform to another during development (3)
can occur without the need for disassembly and subsequent
reassembly of existing contractile units (34, 35). The fact
that labeled light chains exchange so readily also suggests an
alternative interpretation for other experiments carried out
with fluorescently labeled myosin molecules (33). In those
studies, fluorescence energy transfer between disparately la-
beled synthetic myosin filaments was cited as evidence that
myosin molecules exchanged between synthetic thick fila-
ments, Based on our results, it is likely that light chain ex-
changes may have contributed to the observed fluorescence
energy transfer.

It has long been noted in studies of myofibrillogenesis that
the initial fibers are aperiodic and located near the cell sur-
face (9, 13, 16, 17, 53). The pattern of myosin light chain in-
corporation that we have observed during myofibril develop-
ment in myotubes follows a progression from predominantly
aperiodic on days 3 and 4 in culture (Fig. 5, a and b) to defini-
tively banded with doublet substructure by day 6 in culture
(Fig. 3). Evidence of a banded localization of the myosin in
the injected myotubes can be seen as early as day 3, however.
These first bands are much closer together (0.8 pm) along
the fibers than A bands and show no evidence of a doublet
substructure. By day 5 (Fig. 5 c), broader doublet bands
coexist with smaller bands (arrow in Fig. 5 ¢). Clearly
defined fluorescent doublets that are coincident with phase-
dense A bands are found in the majority of myotubes injected
after 5 d in culture. It appears that the progression in A band
formation involves an increasing alignment of myosin fila-
ments until the pseudo-H zones (the mid region of myosin
filaments that lack light chains) are in register and can be
visualized as a dark line in the middle of the doublets of myo-
sin light chain fluorescence. Accompanying the alignment of
myosin filaments in the A bands is an increase in I band
length, a growth in width of the individual myofibrils, and
an increase in the alignment of adjacent myofibrils with one
another.

Our previous studies of myofibrillogenesis, combining in-
jection of fluorescent alpha-actinin with myosin antibody
labeling, led us to conclude that sarcomeres, as measured by
alpha-actinin patterns, grow in length during their develop-
ment into fully formed contractile units (34, 35, 38, 45).
When short nascent sarcomeres were seen after injection of
fluorescent alpha-actinin, myosin antibody localization indi-
cated that there was a continuous distribution of muscle myo-
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sin along the length of these 3- and 4-d-old noncontractile
myofibrils. We assumed that thick filaments of myosin over-
lapped one another along these myofibrils and we had no
evidence from the antibody labeling that shorter than adult-
sized A bands might be present. In developing insect mus-
cles, Aronson (1) and Auber (2) showed that A band growth
is an integral part of myofibrillogenesis. The small bands of
myosin fluorescence seen in some fibers of 3-, 4-, and 5-d-
old injected myotubes (Fig. 5) may be short A bands, and the
aperiodic fluorescence may be due to an overlapping of na-
scent A bands. More work is necessary with co-injections of
alpha-actinin and myosin coupled to electron microscopy of
these cells in order to resolve this issue.

The differences we have recorded in the myosin band pat-
terns in injected epithelial and fibroblastic cells (Fig. 6, @ and
b) is compatible with other evidence, on both fixed and in-
jected cells, that stress fibers have a sarcomeric arrangement
of contractile proteins (14, 35, 36, 40, 52) whose spacings are
longer in fibroblastic cells than in epithelial cells (35, 36,
46). The incorporation of myosin light chains in discrete
bands in stress fibers of living cells also suggests that stress
fiber myosin is localized in the form of filaments such as
those detected by electron microscopy using special fixation
techniques (23, 40). The absence of fluorescent light chains
in the foci of polygonal networks is also in agreement with
myosin antibody studies showing an absence of myosin from
these areas (32). In neither gerbil fibroma nor PtK; cells
were we able to discern a doublet pattern in the myosin light
chain fluorescence, although Langanger et al. (23) have
demonstrated convincingly with immunoelectron micros-
copy that the myosin filaments in stress fibers are bipolar,
and furthermore, with immunofluorescence these authors
could detect a doublet pattern in the myosin bands. QOur in-
ability to detect doublet substructure is probably due to the
decreased resolution obtained with a SIT video camera at
very low light levels.

The localization of myosin in a previously injected, cleav-
ing cell (Fig. 8) is similar to patterns found in cells fixed and
exposed to myosin antibodies (11). Myosin-like filaments,
among oppositely polarized actin filaments (40), have been
demonstrated ultrastructurally in the cleavage furrow of tis-
sue culture cells (26). Following an individual microinjected
cell through mitosis shows that when furrow contraction be-
gins asymetrically, myosin fluorescence is brighter on the
edge that begins to contract first. A similar bright band ap-
pears when the other side begins to contract. As the cleavage
furrow pinches down, the width of the band of myosin
fluorescence becomes narrower (Fig. 8, b-f). Fluorescent
alpha-actinin, ovalbumin, and BSA show similar interzonal
spindle localization (Fig. 8 a) in injected cells in culture (37,
51), perhaps because this area of the spindle is large in vol-
ume and excludes most cell organelles. Unlike ovalbumin
and BSA, injected alpha-actinin remains concentrated in the
cleavage furrow during cytokinesis (37) as does myosin (Fig.
8, b-f), and both proteins become reincorporated into stress
fibers after cytokinesis (37). Thus the injected myosin light
chains prepared from chicken skeletal muscle do not inhibit
contraction in these nonmuscle cells, and, as in the case of
DMSO-treated cells (Fig. 7), the hybrid myosin molecule
can be reincorporated into stress fibers that have disassem-
bled and subsequently reassembled.

In summary, our results indicate that the position of myo-
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sin in living cells can be followed by the injection of fluores-
cently labeled muscle myosin light chains. With this develop-
ment, the force-producing component of actin-myosin-based
contractile systems can now be traced in living cells and its
dynamic distribution correlated with those of thin filaments
(using labeled actin or tropomyosin) (21, 54) and the mole-
cules that serve to anchor or cross-link them (labeled alpha-
actinin, filamin, talin, or vinculin) (6, 8, 12, 27).
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