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Abstract. We investigated the mechanism of turnover
of an actin microfilament system in fibroblastic cells
on an electron microscopic level. A new derivative of
actin was prepared by labeling muscle actin with bio-
tin. Cultured fibroblastic cells were microinjected with
biotinylated actin, and incorporated biotin-actin mole-
cules were detected by immunoelectron microscopy
using an anti-biotin antibody and a colloidal gold-la-
beled secondary antibody. We also analyzed the local-
ization of injected biotin-actin molecules on a molecu-
lar level by freeze-drying techniques.

Incorporation of biotin-actin was rapid in motile pe-
ripheral regions, such as lamellipodia and microspikes.
At ~1 min after injection, biotin-actin molecules were
mainly incorporated into the distal part of actin bun-
dles in the microspikes. Heavily labeled actin fila-
ments were also observed at the distal fringe of the
densely packed actin networks in the lamellipodium.
By 5 min after injection, most actin polymers in
microspikes and lamellipodia were labeled uniformly.
These findings suggest that actin subunits are added
preferentially at the membrane-associated ends of
preexisting actin filaments. At earlier times after injec-
tion, we often observed that the labeled segments were
continuous with unlabeled segments, suggesting the in-

corporation of new subunits at the ends of preexisting
filaments.

Actin incorporation into stress fibers was a slower
process. At 2-3 min after injection, microfilaments at
the surface of stress fibers incorporated biotin-actin,
but filaments in the core region of stress fibers did
not. At 5-10 min after injection, increasing density of
labeling along stress fibers toward their distal ends was
observed. Stress fiber termini are generally associated
with focal contacts. There was no rapid nucleation of
actin filaments off the membrane of focal contacts and
the pattern of actin incorporation at focal contacts was
essentially identical to that into distal parts of stress
fibers. By 60 min after injection, stress fibers were la-
beled uniformly. We also analyzed the actin incorpora-
tion into polygonal nets of actin bundles. Circular
dense foci, where actin bundles radiate, were stable
structures, and actin filaments around the foci incorpo-
rated biotin-actin the slowest among the actin-con-
taining structures within the injected cells.

These results indicate that the rate and pattern of ac-
tin subunit incorporation differ in different regions of
the cytoplasm and suggest the possible role of rapid
actin polymerization at the leading margin on the pro-
trusive movement of fibroblastic cells.

nent of the cytoskeleton in a variety of cell types (11,

13, 14, 31, 33). Networks of microfilaments in non-
muscle cells are composed of both actin, the principal struc-
tural protein, and a diverse group of regulatory proteins that
are collectively known as actin-binding proteins.

There is now increasing evidence suggesting that actin fila-
ments in vivo continue to turn over and change their interac-
tion with each other and with other cell organelles (5). It is
known that assembly-disassembly of actin subunits in vitro
persists at a steady state and the filament length and interfila-
ment interactions can be altered rapidly by the addition of
actin-binding proteins (15, 27). Furthermore, many studies
using pharmacological and morphological techniques have
suggested that the assembly-disassembly of actin filaments
plays some role in dynamic cellular activities and morpho-

THE actin microfilament system is a prominent compo-
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genesis (7, 22, 34, 35). Although these in vitro and in vivo
experiments have demonstrated that actin subunits exchange
rapidly in areas of highly motile activity, clear descriptions
of the underlying molecular mechanism have not yet ob-
tained.

Fibroblastic cells show motile behavior on the culture sub-
stratum and have been used as a model of nonmuscle cell mo-
tility (1). Actin filaments are organized in a few characteristic
patterns in the different cytoplasmic domains of fibroblasts
(11, 31). The leading edge contains densely packed actin fila-
ments that are differentially organized in two distinct types
of protrusions, microspikes and lamellipodia (11, 33). In
microspikes, where the cytoplasm protrudes in the form of
long, thin processes, actin filaments form tightly packed
bundles. On the other hand, randomly oriented networks of
actin filaments fill the cytoplasm of lamellipodia, where the
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cell margin forms thin sheet-like extensions. Another promi-
nent actin-containing structure in fibroblastic cells is stress
fibers, which are composed of densely packed, large bundles
of microfilaments running through the cell body and are as-
sociated at their termini with the plasma membrane (6, 10).

Recently, the techniques of microinjection of fluorescently
labeled cytoskeletal proteins have been developed and ap-
plied to the study of molecular dynamics of actin turnover
in fibroblastic cells (2, 8, 16, 17, 36, 37). Microinjection of
fluorescently labeled actin has revealed that actin filaments
in the leading edge and stress fibers continue to exchange
subunits (8, 16). FRAP measurements have also character-
ized the turnover of actin filaments at a steady state (17, 37).
Though these studies have characterized the overall pattern
and rate of actin turnover in fibroblasts, they do not have
sufficient resolution to determine the sites of subunit addition
on a molecular level.

To study the mechanism of actin subunit incorporation on
an electron microscopic level, we microinjected biotin-
labeled actin into 3T3 fibroblasts and analyzed the pattern of
incorporation using an anti-biotin antibody and a secondary
antibody conjugated with colloidal gold. Microinjected and
antibody-decorated cells were thin sectioned or freeze-dried
and observed with an electron microscope. The results indi-
cate that the incorporation of actin subunits occurs at the dis-
tal part of actin bundles in microspikes and at the membrane-
associated region of actin networks in lamellipodia. We also
report that the rate and pattern of actin subunit incorporation
differs in four actin-rich cytoplasmic domains: the leading
edge, stress fibers, focal contacts, and circular dense foci.

Materials and Methods

Preparation of Biotin-labeled Actin

A new derivative of actin was prepared by labeling skeletal muscle actin
with biotin. Actin was prepared from an acetone powder of chicken breast
muscle (26). 25 mg of purified G-actin in disassembly buffer (2 mM Tris-
HCI], pH 7.5, 0.1 mM CaCl,) was polymerized by the addition of 1 M Tris-
HCI, pH 7.5, 0.2 M MgCl, 3 M KCl, and 100 mM ATP to final concentra-
tions of 10, 2, 100, and 1 mM, respectively. After incubation at 25°C for
10 min, 8 mg of N-hydroxysuccinimidyl biotin (at a concentration of 100
mg/ml in DMSO) (18) was added and biotinylation proceeded for 10 min.
The reaction was quenched by the addition of 100 mg Na-glutamate, and
then F-actin was pelleted for 90 min at 150,000 g at 4°C. The pellet was
resuspended and depolymerized in 2 ml of disassembly buffer plus 0.5 mM
ATP and 0.2 mM DTT. Biotinylated actin preparations were taken through
two cycles of polymerization-depolymerization. The final pellet was resus-
pended in 2 mM Tris-HCI, pH 7.5, and 0.1 mM ATP and dialyzed against
the same buffer to obtain G-actin. The sample was clarified by centrifuga-
tion at 100,000 g for 5 min, frozen in aliquots in liquid nitrogen, and stored
at —80°C.

Cell Culture

Mouse 3T3 fibroblasts (a kind gift of H. Yoshikura, University of Tokyo,
Tokyo, Japan) were grown at 37°C in DME (Gibco Laboratories, Grand Is-
land, NY) supplemented with 5% FCS (Gibco Laboratories). For microin-
Jjection studies, the cells were trypsinized and plated onto glass coverslips
for immunofluorescence: 35-mm petri dishes for immunoelectron micros-
copy of thin-sectioned cells and small fragments of coverslips for freeze-
drying. The cells were allowed to settle for 24 h before microinjection.

Microinjection
Microinjection was performed on an inverted microscope (Diaphot; Nikon

Inc., Garden City, NY) equipped with a micromanipulator (Narishige
Scientific Laboratory, Tokyo, Japan) and a stage heater. Procedures for
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microinjection (24) were similar to that described by Graessmann et al. (9).
Biotin-actin was diluted to 2 mg/ml, clarified by centrifugation, and loaded
into needles. Cells were penetrated by the needles at the perinuclear region.

Immunofluorescence

Cells were briefly washed in PHEM buffer (60 mM Pipes, 25 mM Hepes,
10 mM EGTA, and 2 mM MgCl,, pH 6.9), lysed with PHEM buffer plus
0.3% Triton X-100 and 10 M Taxol for 2 min, and fixed with 0.3% glutaral-
dehyde in PHEM buffer for 20 min. After fixation, cells were washed with
PBS, incubated with a solution of PBS plus 1% Triton X-100 for 20 min at
room temperature, and then placed in PBS with 1 mg/ml NaBH4 for 10
min to quench the glutaraldehyde. The samples were briefly washed with
PBS and incubated successively with the following antibodies: rabbit anti-
biotin (Enzo Biochem, Inc., New York, NY), fluorescein-conjugated goat
anti-rabbit IgG, and fluorescein-conjugated rabbit anti-goat IgG. All anti-
bodies were diluted 1:100 in PBS. Fluorescein-conjugated second antibodies
were from Cappel Laboratories (Cochranville, PA). After each incubation,
the cells were washed three times for 10 min in PBS plus 0.1% Triton X-100.
The samples were further reacted with 0.2 uM rhodamine-phalloidin in PBS
(Molecular Probes Inc., Eugene, OR), washed three times for 5 min in PBS,
mounted on slides, and examined with a microscope (Axiophot; Carl Zeiss,
Inc., Thornwood, NY).

Immunocytochemistry for Electron Microscopy

The extraction and fixation procedures were the same as that for immu-
nofluorescence except that 0.5% glutaraldehyde was used for fixation. The
fixed cells were briefly washed with TBS, pH 7.4, treated with TBS plus
0.2% Triton X-100 for 30 min, and then reacted with 1 mg/ml NaBH, in
TBS for 10 min. They were incubated with 10% goat serum in TBS, pH
7.4, for 30 min to block nonspecific reactions and, subsequently, with rabbit
anti-biotin diluted 1:100 in TBS plus 1% BSA for 3 h. The cells were washed
twice for 10 min in TBS, pH 7.4, and then three times for 10 min in TBS,
pH 8.2. The secondary antibody (goat anti-rabbit IgG) coupled to 5-nm
gold (Janssen Pharmaceutica, Beerse, Belgium) was diluted 1:10 in TBS
plus 1% BSA and the reaction was continued for a total of 12 h at room tem-
perature and/or at 4°C. After washing five times for 10 min in TBS, pH 8.2,
the cells were postfixed in 1% glutaraldehyde plus 0.2% tannic acid in 0.1
M phosphate buffer, pH 7.2, for 30 min (20), washed in the same buffer,
postfixed in 0.5% osmium tetroxide at 4°C for 10 min, and washed exten-
sively with distilled water. Injected cells were identified by using the video
tape recorder during the injection procedure and marked by a needle or an
objective marker. The marks on the substrate were used as a reference for
embedding and sectioning.

Embedding and Sectioning for Electron Microscopy

Postfixed samples were stained in 1% uranyl acetate for 30 min, dehydrated,
and embedded in Epon 812. Epon-embedded samples were excised and seri-
ally sectioned as previously described (24, 25).

Preparation of Freeze-dried Samples

For native cells, the samples were extracted in the same way as for im-
munofluorescence and fixed with 1% glutaraldehyde in PHEM buffer for 30
min. The fixed cells were washed with 0.1 M phosphate buffer, pH 7.2, and
treated with 1% glutaraldehyde plus 0.2% tannic acid in the same buffer for
30 min. After washing with the same buffer, cells were postfixed in 0.5%
osmium tetroxide at 4°C for 10 min and washed extensively with distilled
water.

For cells injected with biotin-actin, the procedures for extraction, fixa-
tion, antibody decoration, and postfixation were the same as described in
immunocytochemistry for electron microscopy. Postfixed samples were
rinsed in 70% methanol in water. Freezing was performed as described pre-
viously (12). The frozen cytoskeletons were transferred into the freeze-
fracture device (Balzers Corp., Hudson, NH), warmed up to —90°C at a
vacuum of 1078 torr for 2 h, and rotary shadowed with platinum-carbon
(11, 12). The resulting platinum replica was treated with 25% hydrofluoric
acid to remove the coverglass, and then with household bleach, washed with
distilled water, and picked up on a formbar-coated grid.

Electron Microscopy
Samples were observed with an electron microscope (1,200 EX; JEOL
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USA, Peabody, MA) at 80 kV for thin sections and at 100 kV for platinum
replicas.

Other Methods

Biotin-labeled BSA was prepared as follows. 25 mg of BSA in 10 mM Tris-
HCI, pH 7.5, was reacted with 8 mg of N-hydroxy-succinimidyl biotin for
30 min at 25°C, and the reaction was stopped by the addition of 100 mg
of Na-glutamate. BSA and unbound biotin were separated on a Sephadex
G-25 column, and biotin-BSA-containing fractions were collected and con-
centrated by precipitation with 50% saturated ammonium sulfate. The pellet
of ammonium sulfate precipitation was dissolved in 2 mM Tris-HCI, pH 7.5.

SDS-gel electrophoresis was performed according to the method of
Laemmli using 10% acrylamide in the running gel and 5% acrylamide in
the stacking gel (19). Protein concentrations were estimated by the method
of Bradford (3).

Results

Characterization of Biotin-labeled Actin

We prepared chicken muscle actin labeled with biotin as a
probe for actin filament dynamics in fibroblastic cells. As
shown in Fig. 1, this preparation was essentially free of con-
taminants, such as myosin and tropomyosin. The labeled ac-
tin formed 7-nm filaments that were indistinguishable from
native actin filaments (data not shown). Fig. 2 shows time
course of biotin-actin polymerization in vitro. Although
the extent of polymerization of biotin-actin was somewhat
smaller than that of unlabeled actin (~90%), the rate and
pattern of polymerization were almost identical. We also es-
timated critical concentration of biotin-actin by using the
plot of specific viscosity vs. actin concentration. The esti-
mated critical concentration did not differ between biotinyl-
ated and unlabeled actin preparations (data not shown). When
injected into 3T3 fibroblasts, biotin-actin was rapidly incor-
porated into the cytoskeleton. Fig. 3, a and b, shows a cell
permeabilized 2 min 27 s after injection. Anti-biotin staining
was prominent in peripheral regions corresponding to ruffling
membranes (Fig. 3 b, arrows). Although bright patches of
fluorescence were observed in the interior cellular regions,
incorporation of biotin-actin into stress fibers was not sig-
nificant at this time point (Fig. 3 b, arrowheads). Anti-biotin
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Figure 1. SDS-PAGE analysis
of the preparation of actin mod-
ified with biotin. Actin pre-
pared from chicken breast mus-
cle (lane A) was labeled with
biotin and purified through
two cycles of polymerization-
22— - depolymerization. Only a sin-

gle band which had the same
]4_ - electrophoretic mobility with

actin (43 kD) was observed in
kd the final product (lane B).
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Figure 2. Polymerization of biotin-actin and unlabeled actin as
monitored by viscosity measurements. Monomeric actin (0.15
mg/ml) was polymerized by the addition of (final concentrations)
50 mM KCI and 1 mM MgCl,.
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staining in stress fibers initially appeared 5 min after injec-
tion and by 30 min it became prominent in a majority of in-
jected cells. Fig. 3, ¢ and d, shows a cell permeabilized 3 h
after injection, and biotin-actin was incorporated into stress
fibers homogeneously. Intense staining with anti-biotin was
observed in the cells incubated for >24 h and this suggests
that extensive degradation of biotin-actin does not occur in
vivo. The observed pattern and time course of biotin-actin
incorporation is in good agreement with those of previous
studies using fluorescent analogues of actin (8, 16). These in
vitro and in vivo experiments collectively indicate that bio-
tin-labeled actin can be used as a probe for actin filament
turnover within living cells.

Controls

We studied the incorporation of biotin-actin microinjected
into fibroblastic cells on an electron microscopic level using
an anti-biotin antibody and a goat anti-rabbit IgG antibody
conjugated with colloidal gold. To critically interpret pat-
terns of colloidal gold distribution in microinjected cells, it
was important to ascertain the level of the nonspecific bind-
ing of antibodies and colloidal gold to the cytoskeleton of 3T3
fibroblasts. Fig. 4 shows two characteristic actin-containing
structures, a lamellipodium and a dense focus of actin bun-
dles, in uninjected cells. Few gold particles were observed
in these areas and this indicates that the nonspecific binding
of primary and secondary antibodies is negligible.

To eliminate the possibility of nonspecific binding of bio-
tinylated proteins to the cytoskeleton, we microinjected bio-
tin-labeled BSA into 3T3 fibroblasts. Fig. 5 shows a cell in-
jected with biotin-labeled BSA, permeabilized, and fixed 15
min after injection. Anti-biotin staining of the cytoplasm is
very low and this result indicates that biotinylated proteins
do not adhere nonspecifically to the cytoskeleton.

Actin Turnover in the Leading Edge

The incorporation of biotin-actin into actin networks of the
leading edge was studied by immunoelectron microscopy.
We recorded the morphology of injected cells on a videotape
and analyzed the motile behavior of the leading edge until
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Figure 3. 3T3 fibroblastic cells microinjected with biotin-actin, permeabilized and fixed, and then stained with an anti-biotin antibody
and rhodamine-phalloidin. (a) Rhodamine-phalloidin staining showing total F-actin distribution of a cell permeabilized 2 min 27 s after
injection. (b) Fluorescein anti-biotin staining of the same cell as in a showing polymerized biotin-actin after injection. Intense fluorescence
was observed in ruffling membrane (arrows), but stress fibers were not stained prominently (arrowheads). (c) Rhodamine-phalloidin stain-
ing of a cell permeabilized 3 h after injection. (d) Anti-biotin staining of the same cell as in c. Biotin-actin was incorporated into stress
fibers homogeneously. Bar, 20 pm.

cells were permeabilized and fixed. Cells that showed no
change in the shape of the leading edge and its activity were
processed further. Under our culture conditions, there was
little net translocation of the leading edge of 3T3 fibroblasts
during observations. Fig. 6 a shows a bundle of actin fila-
ments in a microspike of a cell injected 52 s before permea-
bilization. Biotin-actin assembled after injection was recog-
nized by an antibody to biotin and colloidal gold, and gold
particles were localized in the distal part of actin bundles (ar-
rows). At S min after injection, the proximal part of actin
bundles also incorporated biotin-actin (Fig. 6 b). The core
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of actin bundles tended to be labeled less prominently than
the surface at this time point (arrowheads). This was not due
to the limited penetration of antibodies and/or colloidal gold
because colloidal gold adhered to the core region of actin
bundles in microspikes of a cell incubated for 1 h after injec-
tion (Fig. 6 ¢). These results indicate that the turnover of ac-
tin filaments is rapid both at the distal end and peripheral,
membrane-associated regions of microspikes and suggest
that the incorporation of monomeric actin occurs at the
membrane-associated ends of preexisting actin filaments in
microspikes.
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Figure 4. Thin sections of 3T3 fibroblastic celis that were not injected with biotin-actin and processed in an identical way as immunoelectron
microscopy for injected cells. (a) A lamellipodium of a control cell. The nonspecific background staining is extremely low (arrows). (b)
A focus of polygonal networks of actin bundles in another control cell. Few gold particles were observed in this region. Bar, 200 nm.

We also examined the actin dynamics in lamellipodia. Fig.
7 a shows a thin-section electron micrograph of a lamellipo-
dium of the cell injected 2 min 32 s before permeabilization.
Dense networks and bundles of actin filaments were ob-

@J \. : k_/
Figure 5. A 3T3 fibroblast microinjected with biotin-labeled BSA
at 2 mg/ml and stained with an anti-biotin antibody. (a) Phase-con-
trast image of a cell permeabilized 15 min after injection with
biotin-labeled BSA. (b) Fluorescein anti-biotin staining of the same
cell as in a. Bar, 20 um.
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served, and gold particles were mainly localized to the
membrane-associated fringe of actin filament networks. A
microfilament bundle running perpendicularly to the cell
margin incorporated biotin-actin into its distal part (arrows).
By 5 min after injection, actin filaments in lamellipodia were
labeled homogeneously (Fig. 7 b). No substantial changes of
the distribution of colloidal gold were observed at 1 h after
injection (data not shown). These results indicate that the
incorporation of monomeric actin mainly occurs at the mem-
brane-associated distal fringe of the actin network in lamel-
lipodia and the turnover of actin filaments occurs in a cen-
tripetal fashion.

Actin Turnover in Stress Fibers

When cells were permeabilized and fixed within 1 min after
injection, most stress fibers contained no gold particles (data
not shown). Fig. 8 shows stress fibers of a cell injected with
biotin-actin 2 min 32 s before permeabilization. Thick stress
fibers were still largely unlabeled, but some gold particles
were localized on the surface of these fibers (arrows). At 5
min after injection, increasing density of colloidal gold along
stress fibers toward their peripheral ends was observed. The
distal ends of stress fibers usually spread out to become thin-
ner diameter bundles in the peripheral cellular regions and
were labeled with anti-biotin prominently at this time point
(Fig. 9 a). In contrast, the middle part of the same stress
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Figure 6. Time course of biotin-actin incorporation into actin bundles of microspikes. (a) A microspike of a cell permeabilized 52 s after
injection. Labeled actin subunits polymerized after injection were recognized by an antibody to biotin and colloidal gold. Gold particles
were localized in the distal part of actin bundles (arrows). (b) Localization of biotin-actin within a microspike of a cell incubated for 5
min 2 s after microinjection. The proximal part of the actin bundle incorporated biotin-actin, but the core region was labeled less promi-
nently (arrowheads). (c) A microspike of a cell injected with biotin-actin 1 h before permeabilization. Homogeneous labeling of the actin

bundle with colloidal gold was observed. Bar, 200 nm.

fibers, which passed through the perinuclear region, con-
tained less gold particles (Fig. 9 b). This increasing density
of labeling along stress fibers was frequently observed by 10
min after injection. As incubation time lengthened, the label-
ing density of stress fibers became uniform. Fig. 10 shows
thick diameter bundles in the perinuclear region of a cell in-
cubated for 1 h after injection. Large actin bundles contained
gold particles homogeneously and the labeling density did
not differ between the surface and core regions. One possible
explanation for the increasing density of labeling along stress
fibers is that thinner parts of fibers in peripheral cellular
regions incorporate biotin-actin more rapidly than thicker
parts in the perinuclear region. Another possibility is that the
rate of actin incorporation at the surfaces of fibers is uniform
along their length but the increase of surface area as the di-
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ameter of stress fibers decrease results in a relative increase
of labeling density per unit area of thin-sectioned cells.
To approach this question, we analyzed the cytoskeletons
of 3T3 fibroblasts that were injected with biotin-actin, deco-
rated with antibodies and colloidal gold, freeze-dried, and
rotary shadowed with platinum-carbon. Fig. 11 shows stress
fibers of a native 3T3 fibroblast. Three-dimensional organi-
zation of densely packed actin filaments in parallel running
stress fibers were clearly observed. We attempted to see the
distribution of biotin-actin shortly after injection. To do this,
cells grown on fragments of coverglass were injected rapidly
(within 5 min) and permeabilized and fixed immediately af-
ter injection. We did not determine the exact incubation time
for each cell. In replicas, nonspecific labeling of uninjected
cells was quite low and it was not difficult to identify the in-
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Figure 7. Time course of biotin-actin incorporation into actin networks of lamellipodia.

(@) A lamellipodium of a cell permeabilized 2

min 32 s after injection. Gold particles were mainly localized to the membrane-associated, distal margin of actin networks. A microfilament
bundle, which was embedded in dense meshwork of actin filaments, also incorporated biotin-actin into its distal part (arrows). (b) Actin
filament networks in a lamellipodium of a cell incubated for 5 min after injection. Actin filaments in the lamellipodium were labeled

homogeneously. Bar, 200 nm.

jected cells because of the high density of colloidal gold par-
ticles on the filaments. Fig. 12 a illustrates the distribution
of colloidal gold on the surface of thick stress fibers. Al-
though complexes of antibodies and colloidal gold were

Okabe and Hirokawa Actin Turnover within Fibrobiasts

localized on the stress fibers (arrows), the labeling density
of thick stress fibers in the perinuclear region was not high
and bare surfaces of fibers were frequently observed (arrow-
heads). In contrast, thin actin bundles in the peripheral cel-
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Figure 8. An electron micrograph of stress fibers within a cell injected with biotin-actin 2 min 32 s before permeabilization. Gold particles
were localized on the surface of actin bundles. (arrows). Bar, 200 nm.
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Figure 10. Thick stress fibers running in the perinuclear region of a cell incubated for 1 h after injection. Large actin bundles contained
gold particles homogeneously. Bar, 200 nm.

€

Figure 11. Rapidly frozen, freeze-dried cytoskeleton of stress fibers in a native 3T3 fibroblast. Single actin filaments, which were densely
packed within parallel running stress fibers, were clearly observed. Bar, 100 nm.

Figure 9. Increasing density of labeling along stress fibers toward their peripheral ends within a cell injected with biotin-actin 5 min 2 s
before permeabilization. (a) The peripheral part of stress fibers spreading out to become thinner diameter bundles. These thinner bundles
incorporated biotin-actin prominently. (4) The middle part of the same stress fibers as in a passing through the perinuclear region. The
stress fibers became thick in this part and contained less gold particles. Bar, 200 nm.
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Figure 12. Replica of a freeze-dried cytoskeleton of a cell permeabilized and fixed shortly (<5 min) after injection and decorated with

an anti-biotin antibody and colloidal gold. (a) The distribution of colloidal gold on the surface of thick stress fibers in the perinuclear
region. Complexes of antibodies and colloidal gold were localized on the stress fibers (arrows) but bare surfaces of stress fibers were fre-
quently observed (arrowheads), suggesting that the labeling density was not high. (b) Thin stress fibers fully decorated with complexes
of antibodies and colloidal gold in the peripheral regions of the same cell as in a. The decoration with antibodies and colloidal gold com-

pletely masked the surfaces of stress fibers. Bar, 100 nm.

lular regions of the same cell were fully decorated with com-
plexes of antibodies and colloidal gold along their length,
and the native appearance of each fiber was mostly masked
by these complexes (Fig. 12 b). These results indicate that
the rate of actin incorporation at the surfaces of stress fibers
really differs at different parts of stress fibers. In both thin-
sectioned and freeze-dried cytoskeletons, we could not detect
any periodic localization of colloidal gold along stress fibers,
which was previously reported by Amato and Taylor (2). In
summary, these results illustrate that the incorporation of ac-
tin into stress fibers is a slower process and occurs more rap-
idly in thinner fibers at the cellular periphery.

The Journal of Cell Biology, Volume 109, 1989

Actin Turnover at Focal Contacts

Focal contacts are sites of cell-substratum adhesion and the
ends of stress fibers are generally anchored at these regions.
We first analyzed the overall pattern of actin incorporation
into focal contacts by using immunofluorescence microscopy
in combination with interference reflection microscopy (10).
When injected cells were permeabilized within 5 min after
injection, no detectable staining with anti-biotin was ob-
served at focal contacts. Incubation of injected cells for ~10
min resulted in the appearance of intensely stained streaks
in the peripheral cellular regions (Fig. 13, b and d). These
streaks were located at the termini of stress fibers (Fig. 13
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Figure I3. Fluorescence and interference reflection images of cells injected with biotin-actin and stained with an anti-biotin antibody. (a)
Rhodamine-phalloidin staining of a cell injected 11 min 38 s before permeabilization. (b) Fluerescein anti-biotin staining of the same cell
as in a. Brightly stained streaks correspond to the termini of stress fibers shown in a (arrows). () The interference reflection microscopic
image shows that brightly stained streaks also correspond to focal contacts (arrows). (d) Fluorescein anti-biotin staining of another cell
incubated for 9 min 22 s after injection. Intensely stained streaks were observed inside the cell (arrows). (¢) The interference reflection
microscopic image of the same cell as in d, indicating that bright streaks correspond to focal contacts (arrows). Bars, 10 um.

a) and interference reflection microscopy revealed that they
also corresponded to the areas of focal contacts (Fig. 13,
c and e). In cells permeabilized >30 min after injection,
anti-biotin staining in stress fibers became prominent and fo-
cal contacts were no longer detected as discrete fluorescent
patches. Although the appearance of intensely stained streaks
might be due to rapid turnover of actin filaments at the distal
part of stress fibers, it is also possible that the appearance
of anti-biotin staining at focal contacts reflects extensive po-
lymerization of actin filaments at these specialized mem-
brane domains. To distinguish these two possibilities, we
further analyzed incorporation of biotin-actin at focal con-
tacts by using immunoelectron microscopy. If focal contacts
serve as polymerization sites of monomeric actin, extensive
formation of microfilaments would be observed immediately
after injection. Fig. 14 a shows a focal contact in the cell in-
jected with biotin-actin and permeabilized 2 min 32 s after
injection. A microfilament bundle closely associated with
extracellular matrix (Fig. 14 a, arrows) was largely unla-
beled, suggesting that focal contacts do not work as the sites
of rapid nucleation of new filaments in vivo. When cells were
incubated for 5-10 min after injection, actin bundles at focal
contacts had already incorporated biotin-actin (Fig. 14 b).

Okabe and Hirokawa Actin Turnover within Fibroblasts

The rate and pattern of actin incorporation at focal contacts
appeared to be almost identical to those in the distal part of
stress fibers.

Actin Turnover in the Foci of Polygonal Network

Polygonal nets of actin bundles were frequently observed in
3T3 fibroblasts and were composed of circular dense foci and
actin bundles interconnecting them. Fig. 15 a shows one of
the foci within a cell injected 2 min 32 s before permeabiliza-
tion. No gold particles were localized on the core region and
radiating filaments. The foci remained largely unlabeled un-
til 5 min after injection and then gradually incorporated
biotin-actin. At 1 h after injection, prominent incorporation
of biotin-actin into the foci was observed (Fig. 15 b). Al-
though radiating actin bundles were heavily decorated with
colloidal gold, the core region still remained unlabeled (ar-
row), suggesting inadequate penetration of gold particles into
this highly condensed material (20). As far as we have exam-
ined, the actin bundles around the foci incorporated biotin-
actin the slowest among the actin-containing structures
within the injected cells.
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Figure 14. Electron micrographs of focal contacts within cells injected with biotin-actin. (a) A region of focal contacts in the cell permeabi-
lized 2 min 32 s after injection. Actin filaments at focal contacts were largely unlabeled. (b) A region of focal contacts in the cell permeabi-
lized 10 min after injection. Actin filaments have already incorporated biotin-actin prominently. ECM, extracellular matrix. Bar, 200 nm.

Figure 15. Electron micrographs of dense circular foci of polygonal nets within cells injected with biotin-actin. (a) A focus of a cell injected
2 min 32 s before permeabilization. Few gold particles were localized on the radiating actin bundles. (b) A focus of a cell incubated for
1 h after injection. The actin bundles of polygonal network were labeled prominently but the core region still remained unlabeled (arrow).
Bar, 200 nm.
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Figure 16. Electron micrographs of junctures between labeled and unlabeled segments of single

actin filaments. In thin sections (a and

b) and in freeze-dried samples (c) of the cytoskeleton of injected cells, junctures between labeled and unlabeled segments can be observed

(arrows). Bar, 100 nm.

Turnover of Single Actin Filaments

In the cells that were fixed a few minutes after injection, we
frequently observed actin segments that were fully decorated
with colloidal gold and continuous to unlabeled segments
(Fig. 16, a and b). These junctures between labeled and unla-
beled segments could also be seen by freeze-drying tech-
niques. Fig. 16 ¢ shows a peripheral region of a cell per-
meabilized shortly (<5 min) after injection, and a juncture
between heavily labeled and unlabeled segments of a single
actin filament can be clearly observed. These results are con-
sistent with previous in vitro data that have shown that actin
filament assembly is mediated by the interaction of filament
ends with actin monomers (15, 27). However, there remains
another possibility that these junctures are the points where
annealing of two filaments occurs (23).

Discussion

Experimental Design

In this study we followed the incorporation of microinjected
biotin-actin into actin-containing cytoskeletal domains of
fibroblastic cells. The major concern for microinjection ex-
periments is the possibility that injection procedures disturb
the steady state of actin filament dynamics. Using the method
described in our previous paper (24), the injected volume per
each cell was estimated to be <10% of the cell volume. Be-
cause cells were injected with biotin-actin at a concentration
of 2 mg/ml and a concentration of actin within fibroblasts
was reported to be 4 mg/ml (4), we estimated the increase
of the total actin pool to be up to 5%. Whether this slight
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increase of actin concentration after injection induces ar-
tifactual polymerization is not clear. However, the pattern of
biotin-actin incorporation was essentially identical with bio-
tin-actin concentrations of 0.5-3 mg/ml (data not shown).
Therefore it is less likely that the increase of actin concentra-
tion by injection significantly perturbs native actin turnover
in vivo. Possible effects of biotinylation on the properties of
actin molecules should also be a concern. Biotin-actin be-
haved in the same manner as native actin during assembly-
disassembly cycles in vitro. Biotin-actin polymerized in vitro
formed long, straight, 7-nm filaments. Furthermore, the pat-
tern and rate of biotin-actin incorporation into the cytoskele-
ton was in good agreement with previous light microscopic
studies (8, 16). These data collectively indicate that biotiny-
lation does not affect assembly properties of actin.

Actin Dynamics in the Leading Lamella

Incorporation of injected actin into the leading edge occurs
within 1 min after injection and this rapid incorporation is
in agreement with previous reports (8, 16). Furthermore, we
have illustrated that the incorporation of actin occurs at the
distal part of actin bundles in microspikes and membrane-
associated fringes of actin networks in lamellipodia. In
microspikes, actin filaments form tightly packed bundles and
are oriented with their barbed ends toward the cell periphery
(32, 33). Therefore, incorporation of biotin-actin into the
distal part of actin bundles suggests that the actin polymer-
ization occurs at the barbed ends of preexisting filaments
within microspikes. With longer incubation, biotin-actin is
also incorporated into the membrane-associated surface re-
gion of actin bundles. One possible explanation of this label-
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ing pattern is that the incorporation of biotin-actin occurs at
the filament ends that are distributed along the surfaces of
actin bundles within microspikes. Because microspikes have
decreasing diameters and probably decreasing numbers of
actin filaments toward their tips, it is likely that the ends of
actin filaments are not restricted to the tips of microspikes
but are distributed along their length. Another possibility is
that actin filaments in the surface region extend along the en-
tire length of microspikes and have their ends exclusively at
the tips, but are more dynamic than filaments in the core re-
gion and turn over rapidly. Although it is difficult to discern
these two possibilities from our observations, the results
presented here clearly illustrate that the turnover of actin in
microspikes is not uniform and the incorporation mainly oc-
curs at the membrane-associated regions.

In lamellipodia, we also observed that the incorporation
of actin is rapid at the membrane-associated peripheral re-
gions. Because it has been documented previously that ac-
tin filaments in lamellipodia are largely oriented with their
barbed ends toward the leading edge (32, 33), the observed
pattern of actin incorporation may result from the addition
of actin monomers at the barbed ends of preexisting fila-
ments. Wang has reported a constant movement of rhoda-
mine-labeled actin molecules toward the cell center within
lamellipodia using the method of photobleaching by a laser
microbeam (37). This result is in agreement with our obser-
vations because the movement of the bleached zone away
from the cell periphery suggests continuous incorporation of
actin monomer at the cell periphery. Our results have shown
that the rate and pattern of actin incorporation into the cyto-
skeleton does not largely differ between microspikes and
lamellipodia, suggesting that actin dynamics in these cellular
regions are driven by a common underlying mechanism.

Actin Dynamics in Stress Fibers

Using fluorescently labeled actin analogues, several reports
have illustrated that the turnover of actin in stress fibers is
slower than that of the leading lamella (2, 8, 16, 17). How-
ever, precise description of the pattern of actin incorporation
into stress fibers has not yet been obtained. We characterized
the incorporation of actin into stress fibers on a molecular
level by immunoelectron microscopy. Injected biotin-actin
was first incorporated onto the surface of stress fibers and
then gradually into the core region of fibers. These observa-
tions are in agreement with a previous report of Amato and
Taylor (2) that has characterized the turnover of fluorescently
labeled actin by immunoelectron microscopy. At 5-10 min
after injection, increasing density of labeling along stress
fibers was observed, and thinner bundles in peripheral cel-
lular regions incorporated biotin-actin more rapidly than
thicker bundles in the perinuclear region. It has been docu-
mented that terminal regions of stress fibers continue to be
reorganized within living cells (36) and rapid turnover of ac-
tin in thin bundles would be partly due to de novo formation
of stress fibers at motile peripheral regions.

Actin Dynamics at Focal Contacts

Focal contacts are sites of cell-substratum adhesion and also
serve as attachment sites of stress fibers (6, 10). Although ac-
tin filaments in stress fibers have antiparallel polarities in
general, those at focal contacts are oriented with their barbed
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ends toward the plasma membrane (29). These differences
in the polarity orientation raise the possibility that dynamics
of actin turnover at focal contacts differ from it in the other
parts of stress fibers. However, our results have indicated that
uniformly polarized microfilaments at focal contacts do not
incorporate free monomers rapidly. This also suggests that
turnover rate of actin filaments at the barbed ends differs be-
tween the leading edge and focal contacts (8). Because there
are several proteins that are specifically localized at focal
contacts, it is possible that these proteins regulate the dy-
namics of actin turnover locally through their interaction
with filament ends (6).

Actin Dynamics in the Foci of Polygonal Network

Polygonal nets of actin bundles are composed of circular
dense foci and interconnecting actin bundles that have a simi-
lar molecular composition to stress fibers (21, 28, 30). Our
observations have indicated that the turnover of actin fila-
ments in the polygonal nets is a slow process, and actin fila-
ments in this region are stabilized by an unknown mechanism
possibly with involvement of actin-binding proteins. Be-
cause Sanger et al. (30) have shown that the foci of 3T3
fibroblasts continue to subdivide and/or disappear, the incor-
poration of biotin-actin after extended incubation would be
partly due to reorganization of actin filaments around the foci
during these structural changes.

In conclusion, the data presented here illustrated differen-
tial patterns of actin turnover in four distinct cytoplasmic do-
mains: the leading lamella, stress fibers, focal contacts, and
circular dense foci. Motile behaviors of a variety of cell types
appear to be closely linked to the dynamic reorganization of
actin filaments. A better understanding of the mechanism of
cellular motility will require further information about the
molecular dynamics of the actin assembly and actin-myosin
interactions. Further studies using the techniques of cryo-
genic sample preparation in combination with microinjec-
tion of cytoskeletal proteins will soon provide new informa-
tion about this issue.
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