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Abstract. The organization of myosin in the fibroblast 
lamellum was studied by correlative fluorescence and 
electron microscopy after a novel procedure to reveal 
its underlying morphology. An X-rhodamine analog of 
conventional smooth muscle myosin (myosin II) that 
colocalized after microinjection with endogenous myo- 
sin was used to trace myosin distribution in living 
fibroblasts. Then, the same cells were examined by 
EM of platinum replicas. To visualize the structural 
arrangement of myosin, other cytoskeletal fibrillar 
structures had to be removed: microtubules were 
depolymerized by nocodazole treatment of the living 
cells before injection of myosin; continued nocodazole 
treatment also induced the intermediate filaments to 
concentrate near the nucleus, thus removing them 
from the lamellar region; actin filaments were removed 
after lysis of the cells by incubation of the cytoskele- 

tons with recombinant gelsolin. Possible changes in 
myosin organization caused by this treatment were ex- 
amined by fluorescence microscopy. No significant 
differences in myosin distribution patterns between 
nocodazole-treated and control cells were observed. 
Cell lysis and depletion of actin also did not induce 
reorganization of myosin as was shown by direct com- 
parison of myosin distribution in the same cells in the 
living state and after gelsolin treatment. EM of the 
well-spread, peripheral regions of actin-depleted 
cytoskeletons revealed a network of bipolar myosin 
mini-filaments, contacting each other at their terminal, 
globular regions. The morphology of this network cor- 
responded well to the myosin distribution observed by 
fluorescence microscopy. A novel mechanism of cell 
contraction by folding of the myosin filament network 
is proposed. 

I 
s addition to its well-established role in striated muscle 
contraction, myosin is believed to participate in various 
cell motility phenomena (see Huxley, 1973; Clarke and 

Spudich, 1977; Adams and Pollard, 1989). Nonmuscle cells 
contain several types of myosin molecules (for reviews see 
Korn and Hammer, 11I, 1988; Pollard et al., 1991; Cheney 
and Mooseker, 1992) among which there is a species closely 
related to muscle myosin that is usually referred to as con- 
ventional myosin or myosin II. Studies using antibody injec- 
tion and knockout of the myosin II gene demonstrated that 
myosin II is essential for certain cell contractility events, 
such as cleavage furrow formation in cytokinesis (Mabuchi 
and Okuno, 1977; De Lozanne and Spudich, 1987; Knecht 
and Loomis, 1987) and the cringing response in interphase 
Dictyostelium (Fukui et al., 1990). Fibroblast contractility 
also may depend on myosin II because fibroblasts injected 
with antibody to this myosin developed extremely elongated 
shapes (Honer et al., 1988). By gene knockout, myosin II 
has also been shown to be necessary for Dictyostelium cell 
development (Knecht and Loomis, 1988) and surface recep- 
tor capping (Pasternak et al., 1988). Myosin II-deficient 
Dictyostelium amebas exhibited a reduced rate of the cell 
locomotion (Wessels et al., 1988) which suggested the in- 
volvement of myosin II in this process, although other mem- 
bers of the myosin family may also participate. 

Several experiments indicated the structural role of myosin 
II in the organization of the cytoskeleton and the main- 
tenance of cell morphology. Inactivation of the myosin II 
gene in Dictyostelium was reported to result in a weaker or- 
ganization of the cortical microfilament layer (Fukui et al., 
1990). Injection of antibodies to myosin II into living fibro- 
blasts led to cell shape alteration and dissolution of actin 
stress fibers which was accompanied by an increase rather 
than decrease in motility (Honer et al., 1988). Experiments 
using inhibition of myosin II light chain phosphorylation 
(Lamb et al., 1988), or induction of its dephosphorylation 
(Fernandez et al., 1990) also suggested a role for this myosin 
in the organization of stress fibers. 

By analogy to muscle, one would expect that if myosin II 
plays a role in cell motility, some structural organization in- 
volving bipolar filaments would be related to its function. 
This assumption is reinforced by in vitro studies showing 
that purified cytoplasmic myosin II forms filaments under 
physiological salt conditions (Niederman and Pollard, 1975; 
for recent reviews see Korn and Hammer, 1988; Trybus, 
1991). 

However, myosin filaments have not been extensively 
identified in nonmuscle cells. As discussed in the literature 
(Niederman and Pollard, 1975; Mabuchi et al., 1988; Try- 
bus, 1991), this may be due to the fact that in nonmuscle 
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ceils, unlike striated muscle, myosin comprises a compara- 
tively small proportion of the overall cytoskeletal mass; also, 
small myosin filaments might not be easily distinguishable 
among the other cytoskeletal structures. The few cases of un- 
ambiguous identification of myosin filaments in nonmuscle 
ceils include light microscopic observation in Dictyostelium 
ameba flattened under an agarose sheet (Yumura and Fukui, 
1985) and ultrastructural visualization of myosin bipolar 
filaments in fibroblast cytoskeletal preparations after extrac- 
tion of actin by gelsolin treatment and loosening of 
cytoskeletal packing by sonication (Svitkina et al., 1989). 

Not much is known about the arrangement of myosin fila- 
ments with respect to each other and to the other components 
of the cultured cell cytoskeleton. The punctate periodic dis- 
tribution of myosin (Weber and Groeschel-Stewart, 1974; 
Fujiwara and Pollard, 1976; McKenna et al., 1989) and 
other muscle-related proteins such as ot-actinin and 
tropomyosin (Lazarides, 1975; Lazarides and Burridge, 
1975; Gordon, 1978; for review see Byers et al., 1984) in 
cultured nonmuscle cells is suggestive of the presence of sar- 
comeric units similar to the striated muscle ones. To propose 
a sarcomeric-like myosin arrangement for cultured cells was 
attractive because it allowed the application of the well- 
understood contraction mechanism of striated muscle to cy- 
toplasmic contractility. However, the protein arrangement in 
the cytoskeleton of nonmuscle cells is clearly less regular 
than in muscle sarcomeres. Unlike muscle, actin in the 
cytoskeleton is not distributed in a periodic fashion (Gold- 
man et al., 1975) and the polarity of actin filaments does not 
alternate along filament bundles (Begg et al., 1978). In im- 
munofluorescence studies, individual myosin spots were 
reported to merge along myosin-containing fibers resulting 
in a continuous distribution (Fujiwara and Pollard, 1976; 
Lawson, 1987). On the ultrastructural level, no morphologi- 
cally clear sarcomeric units have been identified in nonmus- 
cle cells. Indirect evidence of myosin bipolar filaments 
arranged in such units in fibroblasts was presented by Lan- 
ganger et al. (1986). In this study, immunogold labeling was 
used to localize the head and tail portions of myosin mole- 
cules within the stress fiber, but the myosin filaments them- 
selves were not visualized. 

A non-sarcomeric arrangement of myosin bipolar fila- 
ments was observed by Svitldna et al. (1989). Myosin fila- 
ments contacted each other at their head-containing ends and 
formed large continuous assemblies such as chains, bundles, 
and networks. However, it was not clear whether the ex- 
tended myosin aggregates were native structures or artifacts 
induced by the gelsolin treatment and sonication used in the 
preparative procedure. Another reason to doubt the exis- 
tence of continuous filament assemblies was that such an idea 
was hard to reconcile with the well known punctate myosin 
fluorescence pattern and with the prevailing concept of a 
sarcomere-like contraction mechanism. Thus, the status of 
myosin II in nonmuscle cells is not clear at present: neither 
its specific structural organization nor how that organization 
accounts for its diverse functions. 

To visualize the actual myosin arrangement in cultured 
fibroblasts and to test for the existence of a non-sarcomeric, 
continuous mode of myosin filament organization, we per- 
formed a correlative imaging study in which the myosin dis- 
tribution in the living cell was compared with the structural 
pattern observed by EM. 

Materials and Methods 

Cell Culture 
Swiss 3T3 fibroblasts were grown in HAM's e-10 medium supplemented 
with 10% fetal bovine serum (Hyclone Labs., Logan, UT) and antibiotics. 
For microinjection, cells were cultured on glass coverslips mounted with 
silicon vacuum grease (Dow Coming Corp., Midland, MI) in 35-ram tissue 
culture dishes. For subsequent location of injected cells, we used coverslips 
with a finder pattern created by coating with gold through a locator grid 
for EM (Ted Pella Inc., Redding, CA). Gold coating was performed with 
an Edwards 12El (UK) vacuum evaporator. 

Preparation of X-Rhodamine Myosin 
The myosin derivatization and injection in high-salt solution was based on 
the procedure of McKenna et al. (1989). Smooth muscle myosin was pre- 
pared from turkey gizzard by the method of Ikebe and Hartshorne (1985), 
and either used fresh for derivatization or stored under ammonium sulfate. 
Before derivatization, 100 mM DTT was added to the myosin ammonium 
sulfate precipitate to a final concentration of 10 mM for complete reduction 
of thiol groups, precipitate was dissolved in 50 mM Hepes buffer (pH 7.6) 
containing 0.5 M KC1 and 1 mM EDTA and dialyzed overnight against this 
buffer. Then, the myosin solution (5-10 mg/ml) was rapidly mixed with a 
2 mg/ml solution of X-rhodamine maleimide (Research Organics Inc., 
Cleveland, OH) in DMSO to give a fivefold molar excess of dye over protein 
and incubated for 2 h on ice. The reaction was stopped by addition of DTT 
to 10 raM, and free dye was separated by gel filtration on a column 
equilibrated with injection buffer (5 mM Pipes, pH 7.0, 0.45 M KCI). Protein 
eluted from the column was stored on ice and used for microinjection within 
48 h. Labeled myosin preparations had a protein concentration in the range, 
3-6 mg/ml and molar dye/protein ration in the range, 1.5 to 2.8. Electropbo- 
resis of labeled myosin in a 10% polyacrylamide gel by the method of 
Laemmli (1970) is shown in Fig. 1. As can be seen, most of the dye was 
associated with the myosin light chains which were widely separated from 
the heavy chains. Under these electrophoretic conditions, the individual 
classes of light chain were not resolved from each other. 

Microinjection 
For microinjection, we selected the cells that retained well-spread, periph- 
eral regions after incubation in nocodazole. Before microinjection, myosin 
solution was spun at 100,000 g for 10 rain to remove particulates. Microin- 
jection was performed at room temperature with a micropipette having a 
tip diameter of about 1 #m using a Leitz micromanipulator (E. Leitz, Inc., 
Rockleigh, NJ) and a gas-tight syringe (Hamilton, Reno, NV) as a pressure 
source. Under standard conditions in the laboratory for microinjection, ap- 
proximately 5% of the cell volume is injected. After injection, the culture 
medium was replaced and the cells were returned to the incubator for 2 h 
to allow for myosin incorporation. 

Lysis of the Cells and Extraction of Actin 
Extraction of the cells was based on a procedure of Avnur et al. (1983), and 
performed essentially as described by Verkhovsky et al. (1987) with minor 
modifications. The cells were rinsed out of culture medium with PBS and 
lysed with 1% Triton X-100 in a solution containing 50 mM MES-KOH 
buffer, ph 6.0, 5 mM p.gCl2, 3 mM EGTA, and 4% polyethyleneglycol (Mr- 
40,000) for 3 rain. Lysed cells were washed three times with a solution con- 
talning 50 mM MES-KOH, pH 6.3, 0.1 mM CaCl2, 2 mM/tgC12, 0.5 mM 
DTT (buffer A), and incubated in a drop of solution of 0.1-0.2 mg/ml gei so- 
lin NH2-terminal 45-kD domain (Kwiatkowski et al., 1989) in buffer A for 
1 h. Recombinant gelsolin NH2-terminal domain was a generous gift of Dr. 
Helen L. Y]n (University of Texas Southwestern Medical Center at Dallas, 
Dallas, TX). It was stored at -70  ° and dialyzed against buffer A for 2 h 
shortly before treatment of the cells. After incubation in gelsolin, cells were 
washed again with buffer A and then observed by light microscopy or (and) 
fixed and processed for EM. 

To test the stability of myosin organization under different conditions, we 
also performed a separate set of experiments where cells were extracted and 
treated with gelsolin in PHEM buffer of Schliwa and van Blerkom (1981) 
with modifications. In this case, extraction of the cells was performed in 
60 mM Pipes, 25 mM Hepes, pH 6.9, 2 mM MgCl2, 2 mM EGTA, 0.5 
mM DTT, 0.5% Triton X-100, and 4% polyethyleneglycol (Mr-40,000). 
Buffer for incubation with gelsolin contained 60 mM Pipes, 25 mM Hepes, 
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coverslips with the use of hydrofluoric acid, mounted on formvar-coated 
grids, and observed and photographed with a Phillips 300 transmission 
electron microscope. 

Figure 1. SDS-PAGE of the turkey 
gizzard myosin preparation used for 
microinjection in Swiss 3"1"3 fibro- 
blasts. (a) Coornassie brilliant blue 
staining of the gel, (b) fluorescence 
of xrho-myosin. The positions of my- 
osin heavy chain (MHC) and myosin 
light chains (MLC) are noted. 

pH 6.9, 2 mM MgCI:, 0.1 mM CaCI2, and 0.5 mM DTT. 50-100 mM KCI 
and/or 1 mM ATP were added to both extraction and incubation buffers as 
indicated in the text. 

Fluorescence Microscopy 
A microscope (IM 35; Carl Zeiss, Oberkochen, Germany) equipped with 
a 100 W mercury arc lamp was used for fluorescence microscopy of both 
living and lysed cells. A SIT camera (Dage-MTI, Inc., Michigan City, NY) 
was used for searching and focusing, and digital images were acquired with 
a series 200 CCD camera (Photometrics Ltd., Tucson, AZ) containing a 
384 × 576 pixel chip (Thompson CSF TH7882CDA) that was thermoelec- 
trically cooled to -50"C to reduce the dark current noise. Images were 
digitized to 14-bit depth and stored on WORM drive optical discs (model 
3363; IBM Corp., Danbury, CT). An Image-1 (Universal Imaging Corp., 
Westchester, PA) video processor was used for image processing. During 
processing, images were scaled to 8-bit depth, background fluorescence in- 
tensity values measured in cell-free areas were subtracted from the images 
and the contrast was linearly enhanced in a way so most of the variation 
in fluorescence intensity of the image fit into a 256 grey level scale. In some 
images of living cells, small highly fluorescent regions near the center of 
the cell were adjusted to slightly exceed the brightest level of the scale, but 
the dimmest features of the images were always retained within the scale 
and made clearly visible. Film negatives of the images were obtained from 
the digital files using a 4,000 line film recorder Matrix PCR (Matrix Instru- 
ments Inc., Orangeburg, NY). 

Staining of Cytoskeletal Structures 
Cytoskeletal actin was stained with bodipy-phalloidin (Molecular Probes, 
Inc., Eugene, OR); microtubules were visualized with mouse monoclonal 
anti-~-tubulin antibody (Amersham Corp., Arlington Heights, IL); inter- 
mediate filaments were visualized with a mAb of broad specificity (Pruss 
et al., 1981) generated by a cell line obtained from ATCC (a girl from Dr. 
C. Simedy, Dept. of Zoology, University of Wisconsin, Madison); affinity 
purified polyclonal antibody to non-muscle myosin was prepared and used 
as described earlier (Verkhovsky et al., 1987). The secondary antibodies 
used were a fluorescein-eonjugated anti-mouse IgG, and a fluorescein con- 
jugated anti-rabbit IgG. Before staining for actin microfilaments, myosin, 
microtubules, and intermediate filaments, lysed cells were fixed with a 4% 
formaldehyde solution in PBS and washed with PBS. Distribution of in- 
jected X-rhodamine myosin (xrho-myosin) t in lysed cells was observed 
without fixation because formaldehyde fixation interfered with the further 
preparation of the cells for EM and glutaraldehyde fixation created 
autofluorescence that interfered with myosin imaging. 

Electron Microscopy 
Platinum replicas were prepared essentially as described by Svitldna et al. 
(1984). Cytoskeletons were fixed in 2% glutaraldehyde, 0.1% tannic acid 
solution in 0.1 M sodium-cacodylate buffer, pH 7.2, dehydrated in anhy- 
drous alcohol dried with molecular sieve, critical point-dried following the 
procedure of Ris (1985) to prevent contamination with traces of water, and 
coated with platinum and carbon. Replicas were then separated from the 

1. Abbreviation used in this paper: X-rhodamine-myosin, xrho-myosin. 

Results 

Removal of Microtubules, Intermediate Filaments, and 
Actin Filaments 
To allow the ultrastructural organization of myosin to be 
made clearly visible by EM, we removed other cytoskeletal 
structures which interfered with the morphological iden- 
tification of the myosin filaments. For this purpose, we used 
a hybrid strategy first to deplete the lamellum of microtu- 
bules and intermediate filaments and then to selectively ex- 
tract the actin, essentially as described previously (Svitlcina 
et al., 1989). Living fibroblasts were treated with nocoda- 
zole (500 nM) to depolymerize microtubules (De Brabander 
et al., 1976). Although microtubule depolymerization oc- 
curs quickly, that is, within 30 min (De Brabander et al., 
1982), long-term incubation is not deleterious since repoly- 
merization of microtubules occurs rapidly upon washing out 
the drug. Incubation in nocodazole was continued for 12- 
24 h because long-term incubation also induces collapse of in- 
termediate filaments from an extended array to a perinuclear 
mass, thus removing them from the lamellar regions (Golds- 
man and Knipe, 1972; Geuens et al., 1983; Mittal et al., 
1989). The cells were then lysed in detergent and the 
cytoskeletons treated with gelsolin to remove actin. Indirect 
immunofluorescence staining with a monoclonal antibody to 
tubulin or a mAb of broad specificity to intermediate fila- 
ment proteins confirmed that nocodazole treatment resulted 
in complete depolymerization of microtubules and concen- 
tration of most of the intermediate filaments to the peri- 
nuclear region, leaving the cell lamellum essentially free of 
these structures (data not shown). 

The extent of actin extraction by gelsolin treatment was de- 
termined by quantitative fluorescence measurement of resid- 
ual actin stained with bodlpy-phalloidin. Cytoskeletons in- 
cubated in buffer without gelsolin served as a control. 
Control cytoskeletons contained well pronounced actin 
structures brightly stained with phalloidin (Fig. 2 a) whereas 
gelsolin-treated cytoskeletons exhibited very weak fluores- 
cence, which could be detected only when much longer ex- 
posure times or higher digital enhancement of image con- 
trast were used. The predominant fluorescence pattern of the 
enhanced image of gelsolin-treated cytoskeleton (Fig. 2 b) 
was diffuse with some weakly fluorescent linear structures 
which may represent the remnants of stress fibers. The rather 
bright nuclear and perinuclear fluorescence in these prepara- 
tions was not due to actin, since it could be detected even 
without phalloidin staining (not shown). In control cytoskel- 
etons stained with phalloidin, this nonspecific intrinsic 
fluorescence of the perinuclear region was not visible be- 
cause of the much brighter actin staining. 

To quantitatively estimate the extent of actin removal from 
the cell periphery, we averaged the mean fluorescence inten- 
sity values in rectangular areas embracing peripheral regions 
of the phalloidin stained control and gelsolin-treated cells 
(n >i 20 for each experimen0. The ratio of average intensities 
(gelsolin treated to control) varied in different experiments 
from 0.11 + 0.09 to 0.03 + 0.02 (mean + SD). To determine 
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Figure 2. Extraction of actin from fibroblast cytoskeleton by gelsolin treatment. Bodipy-phalloidin staining of cytoskeleton treated with 
buffer (a) and with 0.2 mg/ml gelsolin NH2-terminal domain (b). Contrast in (b) was digitally enhanced to an extent equivalent to an ex- 
posure five times longer than in (a). Bar, 10 t~m. 

the contribution of fluorescence which was not dependent on 
staining with phalloidin (background or autofluorescence) 
and therefore not caused by incomplete actin extraction, two 
coverslips were simultaneously treated with gelsolin and 
then one of them was stained with phalloidin while the other 
was not stained. The average fluorescence intensities in the 
peripheral regions of stained and unstained ceils were simi- 
lar and equaled 0.03 + 0.02 and 0.04 + 0.03 of the fluores- 
cence intensity of the phalloidin-stained control, respec- 
tively. Therefore, in the periphery of the cell, as well as in 
the perinuclear region, at least part (if not all) of the fluores- 
cence intensity observed after gelsolin treatment was not due 
to actin. Based on these measurements, we estimate that gel- 
solin treatment removes, on average, >-90% of cytoskeletal 
actin, in agreement with conclusions drawn from a previous 
qualitative study (Verkhovsky et al., 1987). 

Incorporation of Xrho-Myosin 
As outlined in the previous section, our strategy to visualize 
myosin for EM included removal of microtubules and inter- 
mediate filaments from the cell lamellae by prolonged incu- 
bation of living cells with nocodazole. Nocodazole treatment 
produced some changes in cell morphology which have been 
described as consequences of microtubule depolymerization 
(Vasiliev and Gelfand, 1976). Nocodazole-treated cells on 
average looked less polarized and less spread than cells be- 
fore treatment. After prolonged incubation in nocodazole 
many cells exhibited multiple variable-sized nuclei which 
was an expected result of abortive mitoses. However, many 
cells retained well-spread lamellae after treatment and these 
were selected for microinjection of xrho-myosin. To evaluate 
the normal pattern of myosin incorporation and check if 
nocodazole treatment altered it, we performed also injection 
of myosin in control cells not treated with nocodazole. After 
microinjection, ceils were incubated for 2 h to allow for my- 

osin incorporation. In the case of nocodazole-treated cells, 
both injection and subsequent incubation were performed in 
the continued presence of nocodazole. 

Direct fluorescence imaging of living as well as extracted 
microinjected cells showed that xrho-myosin incorporated 
into characteristic cytoskeletal structures: stress fibers dis- 
playing both punctate and continuous distribution and a net- 
worklike arrangement of fine beads in the cell lamellae (Figs. 
3, 4, and 5 [inset]). The overall pattern of the incorporation 
was very similar in control and nocodazole-treated cells 
(Fig. 3, a and e). The relative abundance of continuous 
fibrous and punctate beadlike structures was highly variable 
from cell to cell and between different regions of the same 
cell. Both nocodazole-treated and control cells exhibited the 
whole spectrum of this variation. One of the prominent cell 
types in both control and nocodazole-treated populations 
showed relatively few continuous fibers in the middle of the 
cell and extensive networklike arrangement of more or less 
distinct beads in the peripheral regions (see Figs. 3 e and 5 
[inset] for nocodazole-treated and Fig. 3 a for control cell). 
Other ceils showed more abundant continuous or slightly 
punctate fibers (see Fig. 4 for nocodazole-treated cell; not 
shown for control cell) mixed with some beadlike structures 
in lamellar regions (Fig. 4, f a n d  g). Under closer examina- 
tion beadlike punctate structures usually did not seem 
strictly discontinuous: spaces between beads exhibited a 
level of fluorescence above background although lower than 
within the beads themselves. On the other hand, seemingly 
continuous fibers also often exhibited variations of fluores- 
cence intensity along their length. Therefore, there seemed 
to be no sharp distinction between so-called continuous 
fibers and beadlike structures. Myosin-containing beads 
usually were rather variably sized and spaced, so no clear 
long-range periodicity in their distribution was observed. 
This pattern of myosin incorporation is actually consistent 
with the images obtained in earlier studies on myosin dis- 
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Figure 3. Comparison of injected xrho-myosin fluorescence in living cells (a, c, e, and g) to myosin distribution revealed in the same fixed 
ceils (b, d, f, and h) by indirect immunofluorescence staining with myosin antibody and fluorescein-conjugated secondary antibody. Cells 
shown in (e-h) were treated with 500 nM of nocodazole for 20 h before myosin injection while cells in (a-d) were not treated. Cell regions 
shown in (c, d, and g, h) represent higher magnification views of the upper left edge of the cell shown in (a and b) and bottom right edge 
of the cell shown in (e and f ) ,  respectively. Both low and high magnification views show high degree of correlation between direct fluores- 
cence in rhodamine channel and antibody staining detected in the same cell after fixation in fluorescein channel. In b and f regions of 
neighboring noninjected cells are seen. Nocodazole-treated and nontreated cells show similar myosin distribution patterns. Bars: (a and 
e) 10 #m; and (c and g) 2 #m. 

tribution using both immunofluorescence staining (Weber 
and Groeschel-Stewart, 1974; Fujiwara and Pollard, 1976; 
Lawson, 1987) and direct imaging of injected myosin 
(McKenna et al., 1989) although the investigators usually 

tended to put more emphasis on the punctate or even peri- 
odic features of the myosin distribution. 

To verify that microinjected xrho-myosin was colocalized 
with the endogenous cellular myosin, we performed indirect 
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Figure 4. Absence of xrho-myosin redistribution upon extraction of nocodazole-treated fibroblast with Triton X-100 and treatment of 
cytoskeleton with gelsolin to remove actin. Phase micrograph (a) and xrho-myosin fluorescence (b) of a living cell; xrho-myosin fluores- 
cence in the same cell after Triton X-100 extraction and gelsolin treatment (c). Enlarged fluorescent images of cell regions shown by boxes 
in b, in living cell (d and f )  and after extraction and gelsolin treatment (e and g). Bars: (a) 10 #m; and (d and f )  2/zm. 

immunofluorescence staining with myosin antibody on the 
same cells that were previously injected and observed in the 
living state. The very close concordance of direct fluores- 
cence and immunofluorescence patterns was observed in 
both nocodazole-treated and nontreated cells (Fig. 3). The 
only difference was that living cells exhibited bright diffuse 
fluorescence in the central, thicker region apparently due to 
the presence of soluble myosin which was later removed 
upon extraction preceding antibody staining. Immunofluo- 
rescence staining also showed the broad variation in the rela- 
tive abundance of continuous and punctate structures in in- 
jected as well as in neighboring noninjected cells. 

Based on these results, we conclude that injected xrho- 
myosin incorporates into native myosin-containing struc- 
tures resulting in both continuous and punctate fluorescence 
patterns. Nocodazole treatment did not significantly affect 
the mode of incorporation since similar continuous and 

punctate patterns were observed in untreated and noco- 
dazole-treated cells. 

Retention of Myosin Organization from Living Cells to 
EM Specimens 
To evaluate the validity of the procedure used to display myo- 
sin ultrastructural organization it was necessary to compare 
myosin arrangement in living ceils with its arrangement in 
the EM specimens. For the simplification of this analysis, we 
performed it in two steps. First, myosin distribution in living 
cells was compared to its distribution in actin-depleted 
cytoskeletons of the same cells by means of direct fluores- 
cence microscopy. Second, myosin fluorescence patterns in 
actin-depleted cytoskeletons were compared to the arrange- 
ment of cytoskeletal structures seen in these same cytoskele- 
tons by EM after dehydration, critical point drying and plati- 
num and carbon coating. 
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Absence of Myosin Rearrangement upon Actin Extrac- 
tion with Gelsolin. A major issue in direct fluorescence and 
immunofluoreseence studies is whether redistribution and 
differential extraction of proteins occurs upon permeabiliza- 
tion of cultured cells (Melan and Sluder, 1992). Similar pos- 
sibilities need also be considered for special conditions such 
as extraction of actin by gelsolin treatment. To determine 
whether detergent lysis and actin extraction from the cyto- 
skeleton caused any redistribution of myosin, we compared 
patterns of myosin fluorescence in the living cell and in the 
same cell after Triton X-100 extraction and gelsolin treat- 
ment. Four separate cell extraction experiments were per- 
formed with one to four xrho-myosin-microinjected cells 
analyzed in each experiment (a total number of nine cells). 
A typical example is shown in Fig. 4 (b and c). As could be 
seen, myosin patterns in the living cell and actin-depleted 
cytoskeleton were almost identical. One difference was that 
in the extracted cell, unlike the living one, no diffuse fluores- 
cence was observed. This can be explained by the absence 
of the soluble fraction of myosin in the extracted cell. The 
other change caused by extraction was that edges of myosin 
structures, especially in the central part of the cell, looked 
sharper in the image of the extracted cell than in the living 
state. This may be due to some flattening of the cytoskeleton 
during extraction which allowed for better focusing. 

Close examination of selected areas of the cell at higher 
magnification (Fig. 4, d and e, f and g) revealed that every 
fluorescent fiber and spot in the living cell had its counterpart 
in the extracted cell; therefore, we concluded that no myosin 
structures were lost during extraction and their arrangement 
with respect to each other did not change significantly, at 
least as could be evaluated at the light microscopic level. A 
similar degree of retention of myosin distribution was ob- 
served in all lysed and gelsolin-treated cells. 

Retention of Myosin Organization in Dried and Coated 
Specimens. Fig. 5 illustrates the correspondence of the 
fluorescence image of the gelsolin-treated cytoskeleton to 
the structural pattern revealed by EM of the replica of the 
same critical point dried cytoskeleton. It can be seen that 
while the fluorescent image represents a combination of sep- 
arate spots and fibers with regions of weaker fluorescence 
between them, EM reveals a continuous network consisting 
of short filaments and their small bundles. Despite the appar- 
ent diversity of the two pictures, there was a close correlation 
between them: all fluorescent spots and fibers in Fig. 5 a cor- 
responded in Fig. 5 b either to more dense areas in the fila- 
ment network or to prominent filament bundles, whereas 
areas of lower fluorescence corresponded to sparse regions 
of the network. Vice versa, all the network densities or fila- 
ment bundles in the electron microscopic image cor- 
responded to fluorescent bright spots or patches. Single fila- 
ments visible in the electron microscopic image had no 
equivalent in the fluorescence picture, but such correlation 
obviously could not be expected because of the low- 
resolution limit of light microscopy. The other reason why 
small structures may not show up in the fluorescent image 
is that only a fraction of the myosin molecules present were 
fluorescently labeled, so small aggregates of myosin may 
statistically lack a labeled molecule and thus be nonfluores- 
cent. However, all the groups of filaments correlated very 
well with the fluorescent spots and fibers. The only promi- 
nent features in the electron microscopic image that had no 

counterpart in the fluorescent picture were aggregates of 
vesicle-like structures at the edge of the cytoskeleton. As 
will be shown more clearly in higher magnification images, 
these structures have the morphology of clathrin cages. 
Thus, the correspondence of the cytoskeleton pattern to the 
fluorescence image shows that preparation of the specimen 
for EM did not cause any significant change in myosin orga- 
nization. In addition, the correlation of the distribution of the 
cytoskcletal structures to the myosin fluorescence further 
confirmed that all the other components of the cytoskeleton 
were indeed removed and what we looked at in the electron 
microscope was myosin. The close correlation of the density 
distribution of cytoskeletal network to the myosin fluores- 
cence pattern was observed in all tested preparations, ir- 
respective of whether the fluorescence distribution appeared 
punctate or continuous. The total number of cells that were 
correlatively examined in the light microscope and in the EM 
was limited because of the difficulties in recovering the same 
cell. However, we were able to successfully analyze a total 
of 16 cells in five independent gelsolin-treated preparations 
with 2 to 6 cells analyzed in each preparation. 

Ultrastructural Analysis of Myosin Arrangement in 
Actin-depleted Cytoskeletons 

To visualize the arrangement of myosin in the cytoskeletal 
network, we needed to examine specimens at higher mag- 
nification. Fig. 6 presents a higher magnification view of the 
two regions of the cell lamellum shown within boxes in Fig. 
5. Major structural elements seen in these images were short 
filaments of variable thickness, having rather smooth rodlike 
central regions and thicker globular ends, shaped either as 
a single globular mass or several globular projections. These 
dumbbell-shaped filaments as analyzed from high-magnifi- 
cation micrographs (also see Fig. 8) had an average length 
of 330 nm (Fig. 7). 

Schematic representation of the arrangement of these fila- 
ments, overlaid on the fluorescence myosin pattern of corre- 
sponding cellular regions is shown in Fig. 6 (b and d). Fila- 
ments were arranged in small bundles where individual 
filaments lay side by side (the center of Fig. 6 a), and in 
chains and networks, where individual filaments contacted 
each other at their terminal globular domains (Fig. 6 c). Fila- 
ments themselves, at least at their central rodlike regions 
were rather straight, but their aggregates often formed z-like 
structures, because at the sites of contact individual fila- 
ments were often oriented at sharp angles relative to each 
other. 

Based on their characteristic morphology and on the 
similarity to the filaments previously identified in similar 
preparations by immunogold staining using myosin antibod- 
ies (Svitldna et al., 1989), we identified these short filaments 
as myosin bipolar filaments. In dense bundles, identification 
of myosin filaments was only putative, however in less dense 
regions of the lamellum they clearly accounted for most of 
the cytoskeletal mass. Besides myosin filaments, numerous 
clathrin cages, some amorphous vesicles and a few thin fila- 
ments of unknown nature were observed in the preparation. 
No identifiable actin filaments or microtubules were found 
in the specimen. In some regions of cell lamellae occasional 
intermediate filaments could be seen (not shown) but they 
were easily distinguishable from myosin filaments by their 
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Figure 5. Correlation of myosin filament network revealed by EM of platinum replica (b) to the xrho-myosin distribution pattern in gelsolin- 
treated cytoskeleton (a). Inset in a shows lower magnification fluorescence view of the same cell. Boxed area of the cell lamellum in the 
inset corresponds to the region shown in the main picture. Bars: (a) 500 nm; (inset) 5/zm. 

The Journal of Cell Biology, Volume 123, 1993 644 



wavy morphology and frequent branching. Superimposition 
of the diagram of bipolar filament arrangement on fluores- 
cent images of the corresponding regions of the lamellum al- 
lowed us to analyze the underlying ultrastructure of the fea- 
tures of the myosin fluorescence pattern. In Fig. 6 (a and b) 
two connected bundles consisting of several filaments each 
clearly correspond to a separate myosin fluorescence spot 
(Fig. 6 b, arrow). Interestingly, these bundles are connected 
to a dense filament mass by several filaments (Fig. 6 b, ar- 
rowheads) forming a structure reminiscent of an extendible 
holder, suggesting a possibility of an extension of these bun- 
dles relative to the rest of the filaments. Fig. 6 (c and d) 
shows that apparent punctate fluorescence at the light micro- 
scopic level does not necessarily indicate discrete structures 
at the electron microscopic level. The arrangement of several 
fluorescent spots with rather vague boundaries in fact corre- 
sponds to a continuous network of interconnected myosin 
filaments. 

A similar end-to-end myosin filament arrangement was 
observed in all cytoskeletal preparations of microinjected 
and gelsolin-treated cells that exhibited sparse enough 
cytoskeletal network to make possible the identification of 
individual filaments. A similar arrangement was also ob- 
served in sparse regions of cytoskeletons of numerous neigh- 
boring noninjectexl cells in the same replica preparations as 
well as in replicas prepared separately from gelsolin-treated 
cytoskeletons of noninjected cells. In total, more than 50 
cells in eight separate preparations were analyzed at the EM 
level. 

To determine the range of conditions under which the de- 
scribed myosin arrangement is stable, we also analyzed 
cytoskeletal preparations extracted and treated with gelsolin 
in different buffer solutions (8 to 15 cells were analyzed by 
EM for each set of conditions). Bipolar myosin filaments of 
identical size and morphology as in our standard prepara- 
tions were clearly seen when a higher pH and ionic strength 
buffer (modified PHEM buffer of Schliwa and van Blerkom, 
1981-see Materials and Methods for details) was used for 
extraction and incubation with gelsolin. As in our standard 
conditions, most of the filaments contacted each other at 
their ends while being oriented relative to each other at a va- 
riety of angles. However, under these conditions the filament 
network was less dense and was generally continuous over 
a shorter distance (sometimes only over three to five lengths 
of individual filament). This probably indicated that higher 
pH and ionic strength buffer induced partial solubilization of 
myosin and fragmentation of the network during the long- 
term incubation with gelsolin. In agreement with this in- 
terpretation, immunofluorescence microscopy of these prep- 
arations also showed a less dense arrangement of myosin 
than in living cells, and cells extracted under our standard 
conditions. In particular, preparations in modified PHEM 
buffer were depleted of regions showing fine punctate or 
networklike myosin distribution, while discrete myosin- 
containing fibers were usually present although frequently 
bent and fragmented. Higher pH probably played a more im- 
portant role in fragmentation of myosin network than higher 
ionic strength because the same results were obtained with 
modified PHEM buffer lacking or containing up to 100 
mM KC1. 

Addition of 1 mM ATP to modified PHEM buffer (either 
with 100 mM KC1 or without it) resulted in complete 

solubilization of myosin during incubation with gelsolin as 
was shown by immunofluorescence microscopy. Extraction 
of myosin can be accounted for by a combination of two fac- 
tors: ATP-induced increase in critical concentration for myo- 
sin polymerization; and dilution of depolymerized myosin by 
the extraction medium (see Discussion). In agreement with 
light microscopy, bipolar filaments were no longer seen in 
EM preparations. It should be noted that incubation with 
ATP without gelsolin, even at 4°C, also resulted in extrac- 
tion of most of the myosin and in major distortion of the actin 
pattern (bending of fibers and formation of asterlike struc- 
tures), so overall cytoskeletal organization was not con- 
served under this condition. Thus, a myosin filament net- 
work was observed under a variety of buffer conditions 
(except the presence of ATP) but our standard extraction 
buffer (modified after Avnur et al., 1983) was best for the 
preservation of a myosin distribution similar to the one in liv- 
ing cells. 

Fig. 8 shows a gallery of different patterns of myosin ar- 
rangement in noninjected (a-e) as well as injected ( f )  cells 
treated under our standard conditions. Sometimes we ob- 
served individual myosin bipolar filaments (usually at the 
very edge of cytoskeleton) (Fig. 8, a and b). More often, in- 
dividual filaments (Fig. 8 c) or filament bundles (Fig. 8 d) 
formed a network, in which polygons could be recognized 
as one of the common arrangements. Sometimes we saw long 
bundles of regularly arranged filaments (Fig. 8 e) similar to 
the bundles described earlier in cytoskeletons, sonieated af- 
ter actin extraction (Svitkina et al., 1989). Finally, in Fig. 
8 f,  the myosin network in what seems to be a ruffling area 
of the cell is represented. In this region, the filament network 
seems to be compressed in a direction perpendicular to the 
cell edge with the groups of filaments forming z-like struc- 
tures and orienting nearly parallel to the edge. In summary, 
the observed pattern of myosin arrangement could be de- 
scribed as a variable network constituted of bipolar illa- 
ments. 

Discussion 

Evaluation of  the Procedure Used to Visualize 
Myosin Organization 

The present work aimed to answer the question: what is the 
ultrastructural organization of myosin in the living fibro- 
blast. To solve this problem we sought to visualize myosin at 
the ultrastructural level and do so under conditions that do 
not induce at the same time significant changes in its arrange- 
ment. In accord with an earlier report (Svitkina et al., 1989) 
we have found that myosin filaments could be visualized after 
depleting the cytoskeleton of major fibrillar structures: 
microtubules, intermediate filaments, and actin filaments. 
We needed to check whether this depletion technique per- 
turbed the organization of myosin itself. 

Microtubules were removed by depolymerization with 
nocodazole. To concentrate the intermediate filaments to the 
perinuclear region and make the cell periphery free of these 
structures, we used prolonged incubation of the living cells 
with nocodazole. Although nocodazole is a specific microtu- 
bule depolymerizing drug and has no documented direct 
effect on the actomyosin system, it induced partial cell 
depolarization and rounding that was associated with re- 
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Figure 7. Length distribution of myosin filaments observed in plati- 
num replica of fibroblast cytoskeleton. 

configuration of all cell components, so some effect on the 
myosin n arrangement could not be excluded. To evaluate the 
effect of nocodazole treatment, comparison of myosin distri- 
bution in the same cell before and after treatment would not 
be informative because during the time of treatment sig- 
nificant myosin rearrangement should occur even in a cell 
not subjected to nocodazole due to the natural processes of 
cell locomotion and change in cell shape. However, when we 
observed whole populations of nocodazole treated and con- 
trol cells by either direct fluorescence or immunofluores- 
cence microscopy, we found no significant differences in my- 
osin distribution patterns. Therefore, it seems likely that 
myosin II organization in nocodazole-treated cells is fun- 
damentally the same as in the cells not subjected to phar- 
macological treatment. 

The other steps of the procedure used to visualize myosin 
filaments were cell lysis in a slightly acidic buffer, a condition 
that stabilizes the myosin filaments (Reisler et al., 1986; 
Kuczmarski et al., 1987; Trybus and Lowey, 1987; Sinard 
and Pollard, 1989), treatment of the cytoskeletons with gel- 
solin to remove actin, chemical fixation, critical point dry- 
ing, and platinum and carbon coating. The preservation of 
myosin structure through these steps was directly evaluated 
by comparison of myosin distribution in the same cell before 
and after the treatment. We found very good concordance 
between the xrho-myosin distribution in the living cell and 
its distribution in the actin-depleted cytoskeleton, and be- 
tween the xrho-myosin fluorescence pattern in the actin- 
depleted preparation and the myosin filament network re- 
vealed by EM. These results demonstrated that the myosin 

arrangement was not significantly altered during prepa- 
ration. 

We cannot exclude completely some local changes in myo- 
sin organization which were not detectable on the light mi- 
croscopic level. However, significant ultrastructural rear- 
rangement that resulted in no visible change in the overall 
myosin distribution pattern is not a likely possibility. In par- 
ticular, if separated myosin filaments approached each other 
and formed a continuous network during the preparation 
procedure, it should result also in an overall shrinking of the 
cytoskeleton or in numerous local aggregations with gaps 
forming between aggregation sites. These effects should be 
detectable by light microscopy but neither of them was in fact 
observed when we compared the myosin distribution in liv- 
ing cells to the one after extraction and depletion of actin un- 
der our standard conditions. Observation of a similar myosin 
arrangement after extraction of the ceils under different con- 
ditions also argues against the possibility that the myosin net- 
work could result from aggregation in the extraction media. 
As evaluated by light microscopy, higher pH and ionic 
strength media did not preserve the overall myosin distribu- 
tion. Yet, under these conditions, pockets of myosin network 
were still detectable in the EM, suggesting that assemblies 
of bipolar filaments are fundamental building blocks in myo- 
sin organization. 

Myosin networks were not detected when ATP was in- 
cluded in the extraction medium, under which condition my- 
osin was removed from the cytoskeleton as documented by 
immunofluorescence microscopy. This extraction is consis- 
tent with the results of in vitro studies showing that the criti- 
cal concentration for polymerization of dephosphorylated 
and, to a lesser extent, phosphorylated myosin increases in 
the presence of ATP (Suzuki et al., 1978; Cross et al., 1986; 
Kendrick-Jones et al., 1987). In the intact cell, although my- 
osin is in the presence of ATP, substantial amounts of poly- 
mer are present, presumably because total myosin levels are 
above the critical concentration for assembly (0.5 mg/rnl for 
dephosphorylated brush border myosin) (Kendrick-Jones et 
al., 1987). Upon permeabilization, all cytoplasmic mole- 
cules, including myosin are diluted by the large volume of 
the extraction buffer. Therefore, continued incubation in an 
ATP-containing medium would be expected to lead to com- 
plete solubilization of myosin. Similar properties have been 
reported for smooth muscle, dephosphorylated myosin, 
which is present in the form of filaments in situ (Somlyo et 
al., 1981) but is completely solubilized by ATP in vitro 
(Suzuki et al., 1978; Cross et al., 1986). 

Another consideration is whether the myosin networks 
resulted from superposition of several layers of cytoskeletal 
structures. We think this is unlikely because lamellar regions 
of the cytoskeleton were very well spread and essentially one 
layered at the light microscopic level. When we examined 
these regions in living cells by direct fluorescence micros- 
copy we noticed that only one set of myosin-containing 

Figure 6. Myosin filament arrangement in the fibroblast cytoskeleton. Platinum replicas of regions of the cytoskeleton shown by boxes 
in Fig. 5 a, diagrmns of myosin filament arrangement superimposed on the xrho-myosin distribution patterns in the same regions 
(b and d). Myosin filaments are represented as black stick and ball figures (each ball corresponds to the cluster of myosin heads at the 
end of the filament and stick symbolizes rodlike central region of the filament) on light regions and as white figures on dark regions. Bars, 
200 urn. 
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structures could be detected independently of the focus posi- 
tion. Changing the focal plane resulted in blurting of the im- 
age, but never in the observation of another set of fluorescent 
spots or fibers. In contrast, in regions closer to the nucleus 
which we did not analyze in detail here, multi-layered struc- 
tures were clearly detectable both by fluorescence and elec- 
tron microscopy. Based on the estimation of the depth of field 
for optical microscope (500 nm for red light and an oil- 
immersion lens with numerical aperture of 1.3) (see Inou6, 
1986, page 118), we conclude that all the myosin structures 
in the lamellum were contained in a layer less than or equal 
to 500-nm thick. 

The third issue to consider is whether the observed cyto- 
skeletal network was induced by injection of exogenous myo- 
sin. Several lines of evidence argue against this possibility. 
First, injected myosin was localized by fluorescence micros- 
copy in the same structures as endogenous cell myosin. Sec- 
ond, similarly looking networks of myosin bipolar filaments 
were also observed in noninjected cells both in the present 
work (Fig. 7, c-e) and in an earlier report (Svitkina et al., 
1989). Finally, the amount of the injected myosin did not ex- 
ceed 25 % of the endogenous cell myosin (assuming the in- 
jected and endogenous myosin concentrations 5 and 1 
mg/ml, respectively, and injected volume 5 % of the cell vol- 
ume). Simple calculation, in fact, shows that there is enough 
endogenous myosin in the cell to build a continuous cyto- 
skeletal network. Assuming the concentration of myosin is 
1 mg/mi (Niederman and Pollard, 1975), all the myosin is 
filamentous, and the average filament consists of 20 mole- 
cules, then a cell lamellum 0.3-#m thick will contain ap- 
proximately 20 myosin filaments per square micrometer. As- 
suming that the length of the filament is 0.33 #m, 18 filaments 
per square micrometer would be enough to build a two- 
dimensional square network with the unit size equal to the 
length of the filament. If gaps are introduced in the network, 
then the number of filaments required is correspondingly 
reduced. 

We conclude that the observed myosin arrangement in the 
form of extended networks of short bipolar filaments most 
probably reflects the actual myosin ultrastructural organiza- 
tion in the living cell. 

Myosin Filaments in the Cytoskeleton 

The visualization of short bipolar filaments is consistent with 
results of in vitro studies demonstrating that nonmuscle myo- 
sin II readily forms filaments under physiological salt condi- 
tions (Kendrick-Jones et al., 1987; Sinard and Pollard, 1990; 
for review see Korn and Hammer, 1988; Trybus, 1991). The 
assembly of mammalian cytoplasmic myosin II is stimulated 
by light chain phosphorylation. However, dephosphorylated 
myosin is also able to form filaments, although with higher 
critical concentration (Kendrick-Jones et al., 1987). Since a 
considerable portion of cytoplasmic myosin is normally 
phosphorylated in the cell (Lamb et al., 1988; Fernandez et 
al., 1990), it seems reasonable that a major part of the myo- 
sin in nonmuscle cells should be filamentous. Failure to 
identify myosin filaments in the cytoskeleton by standard 

electron microscopy was probably due as discussed earlier 
(Niederman and Pollard, 1975; Svitkina et al., 1989) to the 
similarity of the diameter of the central rod-like portion of 
myosin filaments to the diameter of actin and intermediate 
filaments. Unlike Dictyostelium amoeboid cells where myo- 
sin II filaments were found primarily at the uroide region 
(Fukui et al., 1989), myosin II in fibroblasts is distributed 
throughout the cytoplasm except for the very leading edge 
(Zigmond et al., 1979; Conrad et al., 1989). Accordingly, 
we found myosin II filaments in the peripheral well-spread 
regions of the cells. Central regions contained very dense 
cytoskeletal structures which did not allow for clear mor- 
phological identification of individual filaments. 

Myosin filaments that we observed in the cytoskeleton 
were similar in size to the filaments formed in vitro by many 
nonmuscle myosins (Niederman and Pollard, 1975; Bur- 
ridge and Bray, 1975; Citi et al., 1987; Kuczmarski et al., 
1987), and to minifilaments of striated and smooth muscle 
myosin (Reisler et al., 1980; Trybus and Lowey, 1985), but 
were slightly larger than octameric minifilaments of Acan- 
thamoeba myosin II (Sinard et al., 1989). Striated and 
smooth muscle myosin minifilaments contain 16 to 18 (Reis- 
ler et al., 1980) and 12 to 14 myosin molecules (Trybus and 
Lowey, 1987), respectively, and filaments of platelet myosin 
were reported to contain 28 molecules (Niederman and Pol- 
lard, 1975). The resolution of our EM images was not 
sufficient to determine the number of myosin molecules in 
the filaments but, based on filament size, we estimate this 
number to be in the range of 10 to 30 molecules. Consider- 
able variation in the length and diameter of the filaments and 
the detailed morphology of their termini indicated that prob- 
ably there was variation in the number of molecules per fila- 
ment. We did not identify side polar (Trybus and Lowey, 
1987) or long bipolar filaments in our preparations. How- 
ever, these forms of myosin might be present in the dense ag- 
gregates where individual filaments were not clearly distin- 
guishable. 

Myosin Filament Ne twork -a  New ~ype of  
Cytoskeletal Structure 

The fairly continuous character of the myosin filament net- 
work, even in regions of apparently punctate fluorescence, 
suggests that myosin forms a cytoskeletal system of its own. 
This may explain our seemingly remarkable observation that 
the myosin distribution did not change significantly upon 
depletion of actin. The important questions raised by our 
findings are: (a) what is the nature of the links holding myo- 
sin filaments together; and (b) what is the functional 
significance of the myosin network. 

Interfilament bonds may be formed either as a result, of di- 
rect interaction between myosin heads themselves, or their 
indirect linkage via some associated protein(s). The forma- 
tion of aggregates similar to those described in this paper was 
reported in preparations of purified nonmuscle myosin (Bur- 
ridge and Bray, 1975; Hesketh et al., 1978) and in prepara- 
tions of muscle myosin minifilaments (Podlubnaya et al., 
1987) in vitro. On the other hand, I-protein from muscle was 

Figure 8. Examples of myosin filament structures in fibroblast cytoskeleton: single filaments (a and b), filament networks (c and d), filament 
bundles (e), and filament arrangement in ruffling region of the cell (f). Images (a-e) were taken from the cytoskeletons of cells not injected 
with exogenous myosin and image O e) represents a region of an injected cell cytoskeleton. Bars, 100 nm. 
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reported to stimulate formation of cagelike aggregates of 
muscle myosin filaments (Ohashi et al., 1989). Similar pro- 
tein(s) may be involved in filament aggregation in fibroblasts. 

Regarding the functional significance of the myosin net- 
work, one can speculate that it plays a role in maintaining 
cell shape and organizing other cytoskeletal components. Of 
different types of nonmuscle myosin molecules, filament- 
forming myosin II is a likely candidate to contribute to the 
structural organization of the cell (see Herman et al., 1981), 
whereas non-polymerizable myosin I may function primarily 
as a molecular translocator. Indeed, experiments using myo- 
sin II inactivation were suggestive of its structural cytoskele- 
tal function (see Introduction for references). 

Although a continuous network of myosin filaments pro- 
vides a natural explanation for its structural cytoskeletal 
role, it is not immediately obvious whether this mode of or- 
ganization is also consistent with the well-established role of 
myosin II in cell contractility. Contraction in living or per- 
meabilized cultured cells was reported to be associated with 
the reduction of the distance between myosin (Giuliano and 
Taylor, 1990) or ct-actinin (Kreis and Birchmeier, 1980) con- 
taining spots. This seems to be in favor of a sarcomeric con- 
traction mechanism which requires that initially distant ar- 
rays of myosin filaments approach each other. However, 
studies of myosin dynamics in living cells (McKenna et al., 
1989; Giuliano and Taylor, 1990) indicated that myosin be- 
havior is complex and there are different types of myosin 
rearrangement besides shortening of the sarcomeric units. 

A sarcomeric type of myosin organization may exist in 
well-developed stress fibers. However, in the cell lamellum, 
we observed a continuous filament network rather than a sar- 
comeric structure. This network may represent one of the 
possible modes of myosin dynamic organization and be in- 
terconvertable with the sarcomeric mode. We asked what 
type of structural rearrangement could be based on the ge- 
ometry of the myosin network and how it could be involved 
in cell contractility. 

Hypothesis on Myosin Network 
Reorganization Mechanism 

The remarkable feature of the myosin filament network is the 
variability of angles at which contacting bipolar filaments 
are oriented with respect to each other (see Figs. 6 a, and 
8, c and f ) .  This variability may reflect variability of orienta- 
tion of actin filaments with which myosin filaments are prob- 
ably interacting. An alternative explanation is that the vari- 
ability of myosin orientation reflects the different stages in 
the dynamic reorganization of the myosin network. 

A hypothetical mechanism for such reorganization is illus- 
trated in Fig. 9. This mechanism uses the same filament slid- 
ing principle on which the mechanism of striated muscle 
contraction is based (Huxley, 1973), but introduces a new 
actomyosin geometry, differing from the classical scheme in 
two features: (a) myosin filaments are bound to each other 
in the network where they have freedom to rotate around 
sites of their contact; and (b) actin filaments are not parallel 
to myosin filaments throughout the "contraction" event. 

As a starting condition, we consider a configuration that 
may exist in a region behind the leading edge of the cell or 
in an established cell protrusion (Conrad et al., 1989) which 
is about to retract. We assume that an array of actin fila- 
ments, partially aligned parallel to each other and to the edge 

Figure 9. Diagram illustrating the hypothesis of the mechanism of 
myosin filament network rearrangement. Randomly oriented bipo- 
lar myosin filaments that are bound to each other in a network slide 
along actin filaments aligned parallel to the edge of the cell. Perpen- 
dicular components of reaction forces acting on the myosin network 
cause the bipolar filaments to rotate about sites of head-to-head 
contact. As a result, the myosin network stretches parallel to the 
cell edge and condenses in the perpendicular direction. 

of the cell (Heath, 1983) but having no preferential polarity 
(Begg et al., 1978; Sanger and Sanger, 1980; Lewis and 
Bridgman, 1992) interacts with a network of randomly 
oriented interconnecting myosin filaments. A random initial 
orientation of myosin filaments is reasonable to assume if 
myosin recently appeared in the peripheral region of the cell 
and was assembled into a network. Because of the flexibility 
of the myosin head (Reedy et al., 1989; Toyoshima et al., 
1989), myosin filaments will be able to interact with actin 
and move sideways in the direction dictated by actin filament 
polarity (Fig. 9, filled arrows), even if myosin and actin fila- 
ments are not aligned. Because myosin heads maintain con- 
tact with other myosin filaments in the network, the filaments 
will be restricted in their sideways motion. Some of the fila- 
ments in the network will interact with actin filaments of op- 
posite polarity and exert forces of opposite direction on the 
other filaments in the network. This will lead to rotation of 
filaments around their sites of contact as flexible joints and 
to the overall change of network configuration. 

In general, forces generated at sites of interaction with ac- 
tin will be transmitted throughout the network. This means 
that forces exerted parallel to the long axis of actin filaments 
will induce reactive force components causing displace- 
ments of myosin filaments in a perpendicular direction. 
Eventually, independent of the precise initial configuration, 
the network will be stretched along actin filaments and "con- 
tracted" in the perpendicular direction. Net tension will be 
developed not only along actin filaments, as implicated by 
the classic sarcomeric mechanism, but also perpendicular to 
the orientation of actin, that is, in radial direction in the case 
of actin filaments parallel to the cell edge. Therefore, actin 
filament bundles oriented perpendicular to the direction of 
cell locomotion which are usually observed behind the lead- 
ing edge of the cell may not only function in lateral stabiliza- 
tion of a locomoting cell as was proposed (Conrad et al., 
1989) but also be involved in generation of tension along the 
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axis of cell locomotion pulling the cell body after the leading 
edge. 
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