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ABSTRACT TO determine if a living cell is necessary for the incorporation of actin, alpha- 
actinin, and tropomyosin into the cytoskeleton, we have exposed cell models to fluorescently 
labeled contractile proteins. In this in vitro system, lissamine rhodamine-labeled actin bound 
to attachment plaques, ruffles, cleavage furrows and stress fibers, and the binding could not 
be blocked by prior exposure to unlabeled actin. Fluorescently labeled alpha-actinin also 
bound to ruffles, attachment plaques, cleavage furrows, and stress fibers. The periodicity of 
fluorescent alpha-actinin along stress fibers was wider in gerbil fibroma cells than it was in 
PtK2 cells. The fluorescent alpha-actinin binding in cell models could not be blocked by the 
prior addition of unlabeled alpha-actinin suggesting that alpha-actinin was binding to itself. 
While there was only slight binding of fluorescent tropomyosin to the cytoskeleton of 
interphase cells, there was stronger binding in furrow regions of models of dividing cells. The 
binding of fluorescently labeled tropomyosin could be blocked by prior exposure of the cell 
models to unlabeled tropomyosin. If unlabeled actin was permitted to polymerize in the stress 
fibers in cell models, fluorescently labeled tropomyosin stained the fibers. In contrast to the 
labeled contractile proteins, fluorescently labeled ovalbumin and BSA did not stain any 
elements of the cytoskeleton. Our results are discussed in terms of the structure and assembly 
of stress fibers and cleavage furrows. 

Actin and proteins that associate with actin such as tropo- 
myosin, myosin, and alpha-actinin are distributed in non- 
muscle cells in patterns that are characteristic for each protein 
(1 l, 20, 21, 22, 29, 38, 49). In a variety of different cell types, 
actin has been localized by the use of fluorescent staining 
agents in stress fibers, ruffles, attachment plaques, and cell 
junctions (22, 29, 31, 38). Some studies also show it to be 
concentrated in both cleavage furrows and mitotic spindles 
(6, 29, 30, 32, 36, 37), whereas others find actin in either the 
spindle (16, 48, 49) or the furrow (1-3, 14), but not in both. 
In stress fibers, actin usually appears to be distributed contin- 
uously along the length of the fibers (22, 29, 30), although in 
a few cases, its distribution is discontinuous (15, 31). Tropo- 
myosin is localized in a striated pattern along stress fibers and 
appears to be absent from areas where alpha-actinin is present, 
i.e., stress fiber densities, ruffles, cell junctions, attachment 
plaques, and loci of polygonal networks (20, 38). Like tropo- 
myosin, alpha-actinin is found in a striated pattern along 
stress fibers (21, 38). Colocalization studies indicate that the 
two proteins are in adjacent bands (15, 52). 

In experiments where fluorescently labeled actin, tropo- 

myosin, or alpha-actinin have been injected into living cells, 
they become localized in precisely the areas where previous 
studies with antibodies or actin-binding agents have shown 
them to be concentrated (7, 18, 35, 37, 40, 45, 50). Observa- 
tions of cells injected with labeled actin or alpha-actinin show 
that the injected proteins behave in the same way as endoge- 
nous actin and alpha-actinin when living cells are followed in 
time-lapse or experimentally manipulated (7, 17, 35, 40, 47, 
50). Although injected tropomyosin appears to be localized 
along the whole length of stress fibers rather than in a striated 
pattern, it is excluded from ruffles and attachment plaques 
(50). If cells that have been injected with fluorescent tropo- 
myosin are treated with phalloidin or cytochalasin-B, the 
fluorescent tropomyosin becomes localized in aggregates in 
the same way as the endogenous tropomyosin (50). These 
experiments all suggest that injected fluorescent proteins are 
selectively incorporated by living cells into structures and 
domains where their endogenous counterparts are localized 
and that once incorporated they respond in the same way as 
the cells' own proteins. In this study, we have exposed cell 
models to fluorescently labeled actin, alpha-actinin, and tro- 
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pomyosin to see if a living cell is necessary for incorporation 
of these proteins into the cytoskeleton and if self-assembly or 
protein-protein interactions play a role in the process of  
incorporation. 

MATERIALS A N D  M E T H O D S  

Cell Cultures: PtK2 cells, an epithelial line, and gerbil fibroma cells 
(American Tissue Type Collection, Rockville, MD) were grown on glass cover- 
slips in culture dishes as described previously (30, 38). Chick fibroblasts and 
epithelial cells were obtained from primary and secondary cultures of embry- 
onic cardiac muscle and grown on glass coverslips (32). The medium used was 
Eagle's minimal medium supplemented with 10% fetal calf serum, 1% anti- 
biotic (10,000 U penicillin, 10,000 ~g streptomycin, 25 ttg Fungizone), and 
1.5% glutamine (all obtained from GIBCO Laboratories, Grand Island, NY). 

Preparation of Cell Models: Cell models were made in three 
different ways. (a) The medium in the culture dishes was removed and replaced 
with a cold solution (4"C) of 25% glycerol in standard salt solution (0.1 M KCI, 
0.01 M phosphate buffer, 0.001 M MgCI2, pH 7.0). The cells were kept in this 
cold solution for 2 h in the refrigerator (4"C) and then washed with cold 
standard salt and exposed to labeled proteins. (b) The medium in the dishes 
was removed and the cells placed in 0.02% Nonidet P-40 in standard salt 
solution for 1-5 min at 22"C, then washed with cold standard salt before being 
exposed to labeled proteins. (c) Finally, some cells on coverslips were exposed 
to cold acetone (-20"C) for 10 s to 5 min, and washed with cold standard salt 
solution (4"C) before staining. 

Preparation of Fluorescently Labeled Proteins: F-actin was 
prepared from acetone powder of rabbit skeletal muscle by standard procedures 
(25). Tropomyosin and alpba-actinin were purified from fresh or frozen chicken 
gizzards (8, 41, 45). Crystalline BSA and ovalbumin were purchased from 
Sigma Chemical Co. (St. Louis, MO). Lissamine rhodamine sulfonyl chloride 
(LR) ~ was obtained from Molecular Probes (Junction City, OR). The proteins 
were labeled with the fluorescent dye essentially by the method of Brandtzaeg 
(5). 

F-actin was dialyzed overnight against 0.1 M KCI and 0.05 M sodium 
bicarbonate (pH 9.0) and lissamine rhodamine sulfonyl chloride was added in 
powder form (25 ug/mg protein; protein concentration 4-6 mg/ml). The 
labeling was carried out for I-2 h at 4°C, and the reaction was terminated by 
adding 1 M NH4 C1 solution to a final concentration of 50 raM. The labeled 
protein was dialyzed for 2 d against several changes of depolymerizing buffer 
(0.2 mM ATP, 2 mM Tris, 0.2 mM CaC12, 0.5 mM beta-merceptoetbanol, and 
0.005% NAN3, pH 8.0) (22), and then centrifuged for 3 h at 80,000 g to remove 
aggregates. The monomer actin-LR was cycled through one more polymeriza- 
tion-depolymerization cycle before the monomer actin-LR was adsorbed to a 
DEAE cellulose column (DE-52, Whatman, Inc., Clifton, N J) equilibrated with 
depolymerization buffer. Actin-LR was eluted with 0-0.5 M gradient of KCI 
in the depolymerization buffer. The labeled protein fractions that eluted be- 
tween 0.3-0.5 M KCI were pooled, polymerized, and depolymerized as de- 
scribed above. The dye/protein molar ratio was between 1 and 2 (5). Actin-LR 
was stored either as F-actin-LR at 0°C and converted to monomer form before 
use or stored as monomer in depolymerizing buffer in liquid nitrogen up to 
several months. 

Before labeling, alpha-actinin was dialyzed against 1 mM potassium bicar- 
bonate. 1 M sodium carbonate was added to the protein solution to give a final 
concentraiton of 0.2 M sodium carbonate, pH 9.0. The dye was mixed with 
the protein at 50 ug/mg protein for 2 h at 4°C. After spinning out the dye 
aggregates, unbound dye was removed with a Sephadex G-25 column (Phar- 
macia, Piscataway, N J) equibrated with 20 mM Tris-aeetate, 20 mM NaC1, 0.1 
mM EDTA, 1 mM beta-merceptoethanol, pH 7.6, and the labeled protein was 
further subjected to DEAE cellulose chromatography. The protein used for our 
experiments eluted between 0.27 and 0.37 M KCI and had a dye/protein molar 
ratio between 1 and 2. It was stored in a 50% glycerol-standard salt solution at 
0°C. 

Tropomyosin was first dialyzed overnight with 0.2 M KCI, 0.01 M sodium 
phosphate, pH 7.4. Before the protein was labeled, Na2CO3 was added to make 
the solution 0.2 M Na2CO3 and pH 9.0. Labeling was carried out for 1 b at 4*C 
with 25 ug dye/mg protein. Unbound dye was removed with Sephadex G-25 
(equilibrated with 10 mM Tris-HC1 buffer, pH 7.6) and the tropomyosin-LR 
solution then adsorbed to DEAE cellulose. The protein eluting between 0.15- 
0.25 M NaCI was used in the experiment. The tropomyosin-LR was concen- 
trated by isoelectric precipitation at pH 4.3--4.6 (41). The dye/protein molar 
ratio was between 1 and 2. 

The conditions for labeling of BSA and ovalbumin were similar to those for 
alpba-actinin. However these proteins were not placed on a DEAE-eellulose 
column. The dye/protein molar ratio was between 2 and 3. 

Abbreviation used in this paper." LR, lissamine rhodamine. 

Gel Electrophoresis and Protein Assays: A 7.5% acrylamide gel 
was used in Laemmli's buffer system (19). Protein samples were boiled in SDS 
buffer (1% SDS, 1% beta-mercaptoethanol, 10 mM Tris-HC1, 10% glycerol, 
pH 6.8) and 10-20 ug protein were loaded into each lane. After electrophoresis, 
gels were fxed in methanol-acetic acid solution (40% methanol, 10% acetic 
acid) and the bands visualized either unstained under ultraviolet light or stained 
with Coomassie Blue (Fig. 1). 

The concentrations of purified unlabeled contractile proteins were deter- 
mined spectrophotometrically using the following values for A,~,~: G-actin, 11.0 
(4), alpha-actinin, 9.7 (43), tropomyosin, 3.0 (51). The concentrations of the 
LR-labeled proteins and dye/protein ratios were determined spectrophoto- 
metrically using the formulae derived by Brandtzaeg (5). 

The specificity of the various labeled proteins was tested by using myofibrils 
as assay systems (33). Alpha-actinin-LR stained Z-bands (Fig. 2, a and b). 
Myofibrils stained with monomer actin-LR (in the absence of ATP) yielded 
doublets of staining in the H-zone (Fig. 2, c and d). Tropomyosin-LR did not 
stain control myofibrils unless unlabeled actin was added first. In this case (Fig. 

FIGURE ] (a) Coomassie Blue-stained gel of purified fluorescently 
labeled proteins. Lane 1 contains BSA-LR (top; 66 kdaltons) and 
ovalbumin-LR (bottom; 43 kdaltons). Lane 2 contains actin-LR. Lane 
3 contains gizzard tropomyosin-LR, alpha and beta chains. Lane 4 
contains alpha-actinin-LR. (b) The same fluorescently-labeled puri- 
fied proteins as in Fig. 1 a photographed with ultraviolet light. Lanes 
1-4 in Fig. 1 b correspond to lanes 1-4 in Fig. 1 a. 

FIGURE 2 Phase and fluorescent micrograph pairs of myofibrils 
exposed to (a and b) alpha-actin-LR, (c and d) actin-LR, and (e and 
f) unlabeled actin fol lowed by tropomyosin-LR. Alpha-actinin-LR 
binding (b) is confined to the Z-bands. Actin-LR binding (d) is 
confined to a doublet in the H-zone. Tropomyosin-LR which does 
not bind to control myofibrils (not shown), binds in a doublet in 
the H-zone (f) to myofibrils pretreated with unlabeled actin. No 
tropomyosin-LR binds in the I-band. x 3,000. 
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FIGURE 3 Actin-LR binding. (a) Glycerinated chick cardiac epithelial cell with actin-LR in ruffles and stress fibers; (b) glycerinated 
chick cardiac fibroblasts with actin-LR in filopodia, ruffle, stress fibers, and arc near the dorsal surface of the cell; (c) detergent- 
treated PtK2 cells with actin-LR bound to stress fibers and attachment plaques; (d) glycerinated PtK2 cell in which actin-LR bound 
in a periodic pattern to stress fibers; (e) glycerinated gerbil fibroma cell with periodic pattern of actin-LR binding; (f) videomicro- 
graph of a living PtK2 cell that has been microinjected 2 h previously with actin-LR. Bars, 10 ~m. X 1,500 (a-c); x 1,700 (d and e); 
x 1,400 (f). 

9 2 0  THE JOURNAL OF CELL BIOLOGY . VOLUME 99, 1984 



2, e and f ) ,  we obtained doublet patterns identical to actin-LR patterns (Fig. 
2, c and d). When the proteins were over-labeled or too old, a lot of nonspecific 
binding occurred. This was particularly true ofacfin-LR which could reversibly 
polymerize when labeled with an excess of fluorochromes, but which produced 
continuous myofibrillar staining rather than doublet staining if over-labeled. 
When we used labeled proteins that stained myofibrils as in Fig. 2, we rarely 
observed nuclear staining in our cell models and microinjected living cells. 
Over-labeled proteins often stained mitochondria, nuclei, and nucleoli of cell 
models. 

Addition of Labeled Proteins to Cell Models: After F-actin- 
LR was converted to monomer actin-LR, it was necessary to remove any 
unbound ATP so that any contraction of the cell model would be inhibited 
and binding of actin to myosin would not be inhibited. To do this, monomer 
actin-LR was treated with Dowex-I (Sigma Chemical Co., St. Louis, MO) for 
10 rain, and the Dowex beads then spun down leaving monomer actin-LR. 
100 ul of the actin (0.5-1 mg/ml)  was added to cell models that were incubated 
with the protein for 30-60 min at 4"C, washed in several changes of standard 
salt, fixed with 3% paraformaldehyde (34), and mounted on a slide in 25-50% 
glycerol in standard salt. 

100 ul tropomyosin-LR, alpha-actinin-LR, BSA-LR, or ovalbumin-LR in a 
standard salt solution were each added to cell models at a concentration of 
0.5-1 mg/ml for 1 h at 4"C. The cell models were washed, fixed, and mounted 
as described for actin-LR. For some experiments, unlabeled monomer actin 
(1-2 mg/ml), tropomyosin (1-3 mg/ml), or alpha-actinin (2-5 mg/ml)  was 
added to the cell models for an hour at 4"C, and the cell models then rinsed 
several times before labeled protein was added. Processing was carried out as 
described for addition of a single labeled protein. 

Microinjection of Labeled Proteins into Living Cells: Cells 
were microinjected with labeled proteins that had passed the myofibril assay 
tests described above. The cells were placed on glass coverslips and microin- 
jected using techniques previously described (26). Fresh medium was used to 
wash the cells, and after various time periods of incubation at 37"C, the glass 
slides were mounted with a vasoline seal on a glass slide. A heat curtain at 37"C 
was used during microscopic study of the injected cells. 

Microscopy: The stained cells on coverslips were rinsed with a 25% 
glycerol solution in standard salt solution (see above) and mounted in this 
solution on a glass slide. The coverslip was then sealed with clear nail polish. 
These preparations as well as mounted living microinjected cells were examined 
with an Olympus Vanox Photomicroscope equipped for epifluorescence. The 
objectives used were Zeiss Planapochromats, x63 and x l00 .  Images were 
recorded using Kodax Tri-X film developed with Acufine (Acufine, Inc., 
Chicago, IL) for an ASA rating of 1,000. Microinjected ceils were viewed with 
a SIT camera and the images photographed off the TV monitor as described 
previously (26). 

RESULTS 

Addition of Fluorescent Actin to Cell Models 

When monomer  actin coupled to lissamine rhodamine 
(LR) was added to permeabilized cells in the absence of  ATP 
in a standard salt solution that permits actin polymerization, 
ruffles, fllopodia, stress fibers, and attachment plaques were 
labeled (Fig. 3, a-e). In most cases the stress fiber labeling in 
cells was continuous, the same pattern produced by actin 
antibodies (22) and other actin staining agents (3, 29, 30). In 
some PtK2 and gerbil cell models, the fluorescence was dis- 
continuous along the fiber (Fig. 3, d and e). The spacing 
between the fluorescent bands was longer in the fibroma cell 
(Fig. 3 e) than in the epithelial PtK2 (Fig. 3 d). This periodic 
actin staining of  the stress fibers is present in 0-5% of cells 
stained and is unaffected by the time of  exposure of  the cell 
models to labeled actin. Exposure of  the models to actin-LR 
for as little as 5 min resulted in the same low percentage of  
cells with striated stress fibers. When actin-LR was present in 
a striated pattern in stress fibers, all stress fibers in the cell 
were similarly banded. When the actin-LR was microinjected 
into living PtK2 cells, the fluorescence along some stress fibers 
was continuous and along others it was banded (Fig. 3f) .  
Several cells were found that had been permeabilized at 
telophase in the mitotic cycle (Fig. 4). In these cells, actin-LR 
was concentrated between the separated chromsomes in the 
cleavage furrow area (Fig. 4). 

Actin-LR was also added to cell models in the presence of  
2 mM ATP (Fig. 5 a) or 2 mM sodium pyrophosphate (data 
not shown). In both cases, the actin-LR patterns were the 
same as those obtained in the absence of ATP (Fig. 3, a-c). 
We made an attempt to block the actin-LR binding in cell 
models by first adding unlabeled monomer actin to cell 
models for 30-60 min, washing out the unbound actin, and 
adding monomer actin-LR for 30 rain. This procedure did 
not block the addition of  fluorescent actin to the cell although 

FIGURE 4 Glycerinated and detergent models of dividing PtK2 cells exposed to actin-LR. (a) Glycerinated cell in early cleavage 
with broad belt of actin-LR in furrow region; (b) detergent-treated cell in mid-cleavage; (c) near the end of cytokinesis, actin-LR 
bound in the furrow and diffusely throughout the cytoplasm of this glycerinated cell. Bar, 10 #m. x 1,700. 
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FIGURE 5 (a) Detergent-treated PtK2 cell exposed to actin-LR in the presence of 2 mM ATP. ATP does not prevent actin-LR from 
binding to stress fibers; (b) glycerinated PtK2 cell exposed first to unlabeled actin and then to actin-LR. Actin-LR was not inhibited 
from binding to the stress fibers. Bars, 10/~m. x 1,500 (a); x 1,300 (b). 

fluorescence was more diffusely distributed along the stress 
fiber and in the cell (Fig. 5 b). If  the cell models were fixed in 
3% paraformaldehyde and washed with standard salt solution 
(38) before incubation with monomer  actin-LR, there was no 
binding to any elements of the cytoskeleton. 

Addition of Fluorescent Alpha-actinin to 
Cell Models 

Alpha-act inin-LR addit ion to cell models of  PtK2 and gerbil 
fibroma cells invariably produced a striated pattern along 
stress fibers and also stained cell junctions, attachment 
plaques, and ruffles (Fig. 6, a-d). In addition, the foci of 
dome-like structures in gerbil fibroma cells were also stained. 
The periodicity of alpha-actinin-LR along stress fibers was 
longer in gerbil fibroma cells than it was in PtK2 cells (Fig. 6 c 
vs. 6 a). When the same alpha-actinin-LR was microinjected 
into living nonmuscle cells, similarly striated stress fibers were 
also observed (Fig. 6 e). If  cell models were pretreated with 
unlabeled alpha-actinin and then stained with alpha-actinin- 
LR, the binding appeared just as it did with alpha-actinin-LR 
alone. No binding was found if cell models were fixed with 
paraformaldehyde before addition of alpha-actinin-LR. Cells 
that had been grown in medium containing 20 mM azide and 
10 mM 2-deoxyglucose for 1.5 h to cause stress fiber break- 
down (39), and then permeabilized and exposed to alpha- 
actinin-LR, were filled with fluorescent aggregates (Fig. 5 f )  
that were identical to treated cells stained with alpha-actinin 
antibody (39). When alpha-actinin-LR was added to cyto- 
skeletons of chick fibroblasts (Fig. 7, a and b), stress fiber 
staining was continuous rather than banded. The leading edge 
of these fibroblasts also bound alpha-actinin-LR strongly as 
did an arc of  material located between the leading edge of the 
cell and the nucleus. Similar arcs in other fibroblast cytoskel- 
etons bound actin-LR (Fig. 3 b). 

PtK2 cells permeabilized during mitosis also bound alpha- 
actinin-LR (Fig. 8, a-d). In anaphase cells, the concentration 
of alpha-actinin-LR was greater outside the spindle area than 
between the separated chromosomes (Fig. 8 a). In telophase, 
alpha-actinin-LR binding was slightly higher on either side of 
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the spindle (Fig. 8 b), and at the beginning of cleavage, was 
greater in the furrow region (Fig. 8, c and d). 

Addition of Fluorescent Tropomyosin to 
Cell Models 

Tropomyosin-LR reacted at very low levels with the inter- 
phase cytoskeletons of  permeabilized chick fibroblasts and 
epithelial cells as well as gerbil and PtK2 cells (Fig. 9 a). If  cell 
models were treated first with unlabeled tropomyosin and 
then exposed to tropomyosin-LR, no staining at all was 
detected in the cells. If  the permeabilized cell models were 
exposed first to unlabeled actin and then to tropomyosin-LR, 
stress fiber fluorescence was bright and continuous along the 
length of the fibers (Fig. 9b). In contrast to the extremely 
weak binding of tropomyosin-LR in interphase cells, a con- 
centration of tropomyosin-LR was apparent in cleaving cells 
(Fig. 9, c and d). In cells midway through cleavage there was 
a diffuse distribution of tropomyosin-LR binding in the fur- 
row region (Fig. 9 c), and a marked concentration along the 
membrane adjacent to the furrow at the end of cytokinesis 
(Fig. 9d). When tropomyosin-LR was microinjected into 
living nonmuscle cells, the fluorescence along some stress 
fibers was continuous and along others in the same cell it was 
banded (Fig. 10). It generally took 4 h or longer for periodic 
stress fibers to stand out from the diffuse fluorescence in the 
cytoplasm. This is in contrast to the incorporation of  actin- 
LR and alpha-actinin-LR, each of which was incorporated 
into stress fibers within 30 m after microinjection. 

Addition of Fluorescent Ovalbumin and BSA to 
Cell Models 

Neither ovalbumin-LR (Fig. 11) nor BSA-LR bound to any 
element of  the cytoskeleton. Staining was usually observed in 
nuclei, vesicles, and in the perinuclear region. Microinjection 
of either ovalbumin-LR (47) or BSA-LR into nonmuscle cells 
did not lead to any staining of the cytoskeleton. Microinjected 
BSA-LR and ovalbumin-LR were concentrated in the peri- 
nuclear regions as well as in ruffles. Ovalbumin-LR, in addi- 
tion, was concentrated in the nuclei of injected cells. 



FIGURE 6

	

Alpha-actinin-LR binding. (a) In a glycerinated PtK2 cell, flucrescen( e is concentrated in attachment plaques as well as
in closely spaced bands along the stress fibers . (b) Alpha-actinin-LR binds strongly to junctions between cells as well as to stress
fibers in detergent-treated PtK2 cells . c) In glycerinated gerbil fibroma cells, alpha-actinin-LR binds to stress fibers in widely
spaced bands along their lengths . (d) Gerbil fibroma cell briefly premeabilized with cold acetone binds alpha-actinin-LR in ruffles,
attachment plaques and stress fibers . (e) Alpha-actinin-LR microinjected into this living PtK2 cell one day earlier binds in a striated
pattern to stress fibers and also to attachment plaques . (f) PtK 2 exposed to NaN, and 2-deoxyglucose for 90 min before
permeabilization for 10 s in cold acetone . Alpha-actinin-LR binds to scattered aggregates throughout the cytoplasm, the same
distribution that is seen in similar cells stained with alpha-actinin antibodies . Bars, 10 jm . x 1,900 (a, c, and d) ; x 2,500 (b) ;
x 1,700 (e and f) .
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FIGURE 7 TWO different focal views of the same glycerinated cardiac fibroblast illustrating the binding of alpha-actinin-LR to the 
stress fibers, leading edge of the cell, as well as an arc on the dorsal surface of the cell distal to the ruffle. Bar, 10 ~.m. x 1,400. 

FIGURE 8 Acetone-permeabil ized mitotic PtK2 cells exposed to alpha-actinin-LR. (a) In mid-anaphase, no concentration of alpha- 
actinin-LR is observed between the separating sets of chromosomes. (b) At the end of anaphase a light band of alpha-actinin-LR 
is observed at the equator of the cell. (c) In early cleavage a continuous ring of alpha-actinin-LR binding is found in the cleavage 
furrow. (d) In mid cleavage a bright-band of alpha-actinin-LR is concentrated in the furrow. Bars, 10 n.m. x 2,300 (a-c); x 1,800 
(d). 
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FIGURE 9 Tropomyosin-LR binding to glycerinated PtK2 cells. (a) Very little tropomyosin-LR binds to the cytoskeleton in interphase 
cells. (b) This PtK2 cell model was exposed to unlabeled actin, washed with low salt solution, and then exposed to tropomyosin- 
LR. Tropomyosin-LR binds to the stress fibers and periphery of the treated cell. (c) A diffuse distribution of fluorescence is 
concentrated in the furrow region of a cell glycerinated during cleavage. (d) At the end of cleavage, tropomyosin-LR binds along 
the membrane of the former cleavage furrow. Bar, 10 #m. × 1,400. 

DISCUSSION 

When microinjected into nonmuscle cells, fluorescently la- 
beled actin, tropomyosin, and alpha-actinin associate with 
specific subeellular regions (7, 18, 35, 40, 47, 50) in patterns 
that closely resemble those found with antibody localization 
techniques in fixed cells (20-22). Our results show that labeled 
actin and alpha-actinin, but not tropomyosin, reacted with 
permeabilized cell models of PtK2 and gerbil fibroma cells in 
the same way as proteins injected into living cells. Although 
addition of labeled actin usually produced solidly labeled 
stress fibers (Fig. 3, a-c), examples could be found of cells 
with striated stress fiber labeling (Fig. 3, d and e). In these 
cells, the pattern of banding along the fibers differed in the 
two cell types with the fluorescent bands closer together in 
the PtK2 fibers than in the gerbil fibers, similar to the banding 
observed with alpha-actinin-LR staining (compare Fig. 3, d 
and e with Fig. 6, a and c). 

Actin-LR interaction with stress fibers in the cell models 
could occur as a result of polymerization onto the ends of 
stress fiber microfilaments, binding to stress fiber myosin, or 
interaction with actin-binding proteins in stress fibers (e.g., 
alpha-actinin, filamin, etc.) In glycerinated myofibrils in the 
absence of ATP, actin-LR does bind to myosin where free 
cross-bridges are available in the H-band (Fig. 2, c and d) 
(34). In the presence of ATP, actin-LR does not bind to 
myofibrils (34). It is unlikely that in nonmuscle cells enough 
myosin binding sites would be free to interact with the exog- 
enous actin in view of the high ratio ofactin to myosin present 
in these cells (24) and the absence of H-bands in stress fibers 
(38). The inability of ATP (Fig. 5 a) or sodium pyrophosphate 
to block the binding of actin-LR to stress fibers also indicates 
that the binding site is not myosin. Our results cannot distin- 
guish between the possibilities that actin-LR polymerized 
from the ends of stress fiber microtilaments or that it formed 
filaments that bound to the stress fibers via actin-binding 
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FIGURE 10 Videomicrograph of living PtK2 cell that had been mi- 
croinjected one day earlier with tropomyosin-LR. Many of the stress 
fibers appear striated. Bar, 10 ~m. x 1,300. 

FIGURE 11 Detergent-treated PtK2 cells exposed to ovalbumin-LR. 
Binding occurs in many of the nuclei and perinuclear granules but 
not to any elements of the cytoskeleton. Bar 10 ~m. x 1,500. 

proteins like alpha-actinin in the dense bodies and attachment 
plaques. For actin-LR to polymerize from the ends of micro- 
filaments, capping proteins (9) would have to be lacking. This 
would be in direct contrast to the capped actin filaments in 
myofibrils (34). 

When cell models were exposed to unlabeled actin followed 
by actin-LR, fluorescence remained localized along the length 
of the stress fibers (Fig. 5 b), although the amount of back- 
ground fluorescence was higher than when actin-LR alone 
was added (compare Fig. 5 b with Fig. 3 c). Myosin and other 
actin-binding proteins should have been fully complexed by 
the unlabeled actin in this experiment. Therefore, the staining 
observed in these pretreated ceils may have resulted from 
elongation of existing stress fiber microfilaments or from 
polymerization of actin-LR onto the bound, unlabeled exog- 
enous actin. We never observed periodic actin-LR patterns in 
these blocking experiments indicating that the periodic pat- 
terns represent short filaments that can grow further. 
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It is unlikely that the actin binding we observed was passive 
sticking of actin-LR to stress fibers or other elements of the 
cytoskeleton because when the cells were fixed prior to actin- 
LR addition no binding occurred. Furthermore, neither oval- 
bumin-LR nor BSA-LR bound to unfixed cytoskeletons in- 
dicating that the LR dye itself is not responsible for any 
binding to elements of the cytoskeleton. It is clear also that 
there was no binding of actin-LR to the extensive, wavy 
networks of keratin and vimentin found in PtK2 cells (9, 33). 
As a control for actin microinjection experiments, Glacy (13) 
fixed and permeabilized chick fibroblasts and myocytes, 
added labeled actin, and found no fluorescence associated 
with stress fibers or myofibrils. This was interpreted as evi- 
dence that a living cell is necessary for actin incorporation. 
Our results demonstrated that fixation of permeabilized cells 
abolishes actin-LR binding in cell models and that a living 
cell is not required for incorporation of actin into the cyto- 
skeleton. Our patterns of actin-LR binding in cell models 
mirror actin incorporation in microinjected cells by others 
(13, 17) and ourselves (40, this paper) and actin localization 
in cells that have been stained with actin antibodies or actin- 
binding probes (22, 29). This is not to say that actin-LR 
addition in cell models occurs in the same way as the incor- 
poration of microinjected actin into living cells. We can only 
say from these experiments that it occurs in the same locations 
in nonmuscle cells. 

The localization of alpha-actinin-LR that we have found in 
chick, PtK2, and in gerbil fibroma cells confirms the results 
reported by Geiger (12) on the incorporation of this protein 
into models of chicken gizzard fibroblasts and Madin Darby 
canine kidney ceils. In those cells, Geiger showed that all 
areas that were known from antibody studies to contain alpha- 
actinin would combine with alpha-actinin-LR in cell models. 
Our results further show that the spacing between the bands 
of alpha-actinin fluorescence in gerbil fibroma cell models 
was longer than in the epithelial PtK2 cell models. This is the 
same relationship that is found when the two different cell 
types are stained with alpha-actinin antibodies (38) and is 
consistent with the models of the stress fiber structure Sanger 
et al. recently proposed (38). Our attempts to block the 
binding of alpha-actinin-LR to cell models by first exposing 
the cells to unlabeled alpha-actinin were unsuccessful, sug- 
gesting that alpha-actinin binds to itself. This interpretation 
is supported by our work on the binding of alpha-actinin to 
the Z-bands of muscle which also indicates that alpha-actinin 
binds to itself (34). Masaki and Takaita (23) demonstrated 
that alpha-actinin self-associated in 0.1 M KCI, but was 
prevented from self-association in 1 mM bicarbonate solution. 
We have found that alpha-actinin-LR did not associate with 
the Z-bands of myofibrils in the presence of 1 mM sodium 
bicarbonate but did bind when the myofibrits were stained in 
the presence of 0.1 M KC1 (34). Furthermore, the binding 
was not prevented by prior exposure of the myofibrils to 
unlabeled alpha-actinin. 

In contrast to these cell types, glycerinated chick cardiac 
fibroblasts bound alpha-actinin-LR in a continuous pattern 
along the stress fibers (Fig. 7, a and b). Alpha-actinin antibody 
staining of these fibroblasts often shows alpha-actinin to be 
distributed continuously along the complete length of the 
stress fibers (data not shown). Another area in chick fibroblasts 
that reacted with alpha-actinin-LR was an arc positioned 
between the nucleus and leading edge of the cell (Fig. 7, a 
and b). Similar arcs were seen frequently in other fibroblast 



models where they bound actin-LR (Fig. 3 b) but not tropo- 
myosin-LR. Soranno and Bell (42) reported that birefringent 
arcs that stained with actin antibody formed near the leading 
edge of locomoting human lung fibroblasts. They speculated 
that the arcs resulted from condensations of microfilaments. 
In our fibroblast models, the arcs bound alpha-actinin-LR 
and actin-LR in the same way as the ruffles, thus lending 
support to this idea. 

In contrast to actin-LR and alpha-actinin-LR, tropomy- 
osin-LR did not react with permcabilized cell models of chick 
cells, PtK2, and gerbil fibroma cells in patterns mimicing 
antibody localization studies (38). Tropomyosin-LR bound 
very faintly to stress fibers in chick, gerbil, and PtK2 cell 
models (Fig. 9 a) but this weak binding could be increased if 
the cell models were pretreated with unlabeled actin before 
exposure to tropomyosin-LR (Fig. 9b). In glycerinated my- 
ofibrils, tropomyosin-LR binds to the thin filaments only if 
the native tropomyosin is removed first (34). This suggests 
that most of the stress fiber actin in the cell model is fully 
complexed with tropomyosin and other actin-binding pro- 
teins, and only if exogenous actin is allowed to polymerize 
along the stress fiber, will tropomyosin-LR bind to the fibers. 
The very low level of continuous tropomyosin-LR binding 
along stress fibers in cytoskeletons may be due to a small 
population of actin filaments lacking tropomyosin or to stress 
fiber microfilaments incompletely complexed with tropomy- 
osin and actin-binding proteins such as alpha-actinin. It is 
also possible that when cells are premeabilized, actin filaments 
lacking tropomyosin may be extracted. In both glycerinated 
muscle (34) and nonmuscle cells (Fig. 9 a), tropomyosin-LR 
does not react with areas where alpha-actinin is concentrated, 
i.e., Z-bands, cell junctions, attachment plaques, and ruffles. 
Antibody studies (12, 20, 38) show such areas also lack 
tropomyosin. 

Tropomyosin-LR did bind to cleavage furrows in cell 
models (Fig. 9, c and d) as did actin-LR (Fig. 4, b and c) and 
alpha-actinin-LR (Fig, 8, b-d). This is the only place where 
both tropomyosin-LR and alpha-actinin-LR bound the same 
area of the cell. Since both proteins will bind to actin that is 
free of tropomyosin (34), it may be that microfilaments 
lacking tropomyosin are present in the furrows. Such micro- 
filaments would be more labile than those complexed with 
tropomyosin (24) and might be intermediates in a structure 
that must assemble and disassemble in a short period of time 
(28, 36). 

Although actin-LR and alpha-actinin-LR do noi need a 
living cell to become associated with their endogenous coun- 
terparts, tropomyosin-LR does require a living cell before it 
can be incorporated into stress fibers. The staining patterns 
produced in our cell models resemble closely those in cells 
microinjected with alpha-actinin (7, Fig. 6 e), or actin (16, 17, 
40; Fig. 3f), but not tropomyosin (50, Fig. 10). The incor- 
poration of microinjected fluorescent tropomyosin into stress 
fibers of living cells (50, Fig. 10) may be due to an exchange 
of native and fluorescently labeled tropomyosin in living cells 
that we do not see in cell models. We also did not see this 
exchange in myofibrils (34). Alternatively, microinjected tro- 
pomyosin may induce the polymerization of nonfilamentous 
actin into the stress fiber. 

Fluorescent analog cytochemistry (44-46) has the potential 
for making dynamic processes in cells visible with the light 
microscope. A major concern in these studies is that the 
functional properties of the labeled molecule be retained. Our 

studies show that myofibrils and cell models provide excellent 
assay systems for testing the specificity of labeled contractile 
proteins that are to be microinjected into living cells. This 
approach also indicates the extent to which various proteins 
can self-associate or react with other proteins in the absence 
of metabolic controls that a living cell would normally impose. 
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