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Abstract. Constitutive centripetal transport of the 
actin-based cytoskeleton has been detected in cells 
spreading on a substrate, locomoting fibroblasts and 
keratocytes, and non-locomoting serum-deprived 
fibroblasts. These results suggest a gradient of actin 
assembly, highest in the cortex at the cytoplasm- 
membrane interface and lowest in the non-cortical 
perinuclear cytoplasm. We predicted that such a gra- 
dient would be maintained in part by phosphoinosi- 
tide-regulated actin binding proteins because the intra- 
cellular free Ca 2+ and pH are low and spatially 
constant in serum-deprived cells. The cytoplasm- 
membrane interface presents one surface where the as- 
sembly of actin is differentially regulated relative to 
the non-cortical cytoplasm. Several models, based on 
in vitro biochemistry, propose that phosphoinositide- 
regulated actin binding proteins are involved in local 
actin assembly. To test these models in living cells 
using imaging techniques, we prepared a new fluores- 
scent analog of actin that bound profilin, a protein that 
interacts with phosphoinositides and actin-monomers 
in a mutually exclusive manner, with an order of mag- 
nitude greater affinity (Kd = 3.6 #M) than cys- 

374-labeled actin (Kd > 30 #M), yet retained the abil- 
ity to inhibit DNase I. Hence, we were able to di- 
rectly compare the distribution and activity of a 
biochemical mutant of actin with an analog possessing 
closer to wild-type activity. Three-dimensional fluores- 
cence microscopy of the fluorescent analog of actin 
with a high affinity for profilin revealed that it incor- 
porated into cortical cytoplasmic fibers and was also 
distributed diffusely in the non-cortical cytoplasm con- 
sistent with a bias of actin assembly near the surface 
of the cell. Fluorescence ratio imaging revealed that 
serum-deprived and migrating fibroblasts concentrated 
the new actin analog into fibers up to four-fold in the 
periphery and leading edge of these cells, respectively, 
relative to a soluble fluorescent dextran volume marker, 
consistent with the formation of a gradient of actin 
filament density relative to cell volume. Comparison 
of these gradients in the same living cell using analogs 
of actin with high and low affinities for profilin dem- 
onstrated that increased profilin binding enhanced the 
gradient. Profilin and related proteins may therefore 
function in part to bias the assembly of actin at the 
membrane-cytoplasm interface. 

OCOMOTION and cytokinesis require the precisely or- 
chestrated activity of actin assembly, myosin motor 
proteins, actin filament severing, crosslinking, and 

bundling proteins, and a family of actin-monomer-binding 
proteins (Stossel, 1989; Hartwig and Kwiatkowski, 1991). 
Maintaining the precise distribution of ions, metabolites, 
macromolecules, and organelles in time and space within the 
living cell must also be considered a much more subtle ex- 
pression of intraceUular motility. A characteristic of the cy- 
toplasm of motile and nonmotile cells is the centripetal 
transport of the actin-based cytoskeleton (Giuliano and Tay- 
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lor, 1990; Heath and Holifield, 1991; Conrad et al., 1993). 
It has been suggested to involve an integrated cycle of actin 
assembly and crosslinking into a meshwork near the cyto- 
plasm-membrane interface (Wang, 1985; Fisher et al., 1988; 
Forscher and Smith, 1988), transport of the meshwork away 
from the edge of the cell (McKenna et al., 1989; Giuliano 
and Taylor, 1990; Conrad et al., 1993), and disassembly of 
the meshwork in the perinuclear region with contraction in 
motile cells (Dunn, 1980; Kolega and Taylor, 1993) or with- 
out contraction in nonmotile cells (Giuliano and Taylor, 
1990; Kolega and Taylor, 1993). One general description of 
this cycle has been called cortical flow (Bray and White, 
1988). It is therefore essential that we map the dynamic dis- 
tribution of actin in its many states in both locomoting and 
stationary, yet biologically active cells. 
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Implicit in the description of cortical flow is the existence 
of a gradient of actin assembly that we predict would be max- 
imal at the cytoplasm-membrane interface where actin 
subunits preferentially incorporate into the meshwork of 
actin-based cytoskeleton (Wang, 1985; Fisher et al., 1988; 
Forscher and Smith, 1988; Okabe and Hirokawa, 1989; Sy- 
mons and Mitchison, 1991) and into specializations of the 
actin-based cytoskeleton-like stress fibers (Wang, 1984; 
Giuliano and Taylor, 1990) and actin arcs (DeBiasio et al., 
1988; Heath and Holifield, 1991). It follows that actin disas- 
sembly might dominate in the perinuclear region where 
stress fibers constitutively disassemble in serum-deprived 
ceils (Giuliano and Taylor, 1990) and where diffuse actin ac- 
cumulates upon the dispersion ofactin arcs in spreading cells 
(Wang, 1984; DeBiasio et al., 1988). Furthermore, optimal 
incorporation of actin into the cytoskeleton is likely to be 
predicated on the interaction of actin with a host of precisely 
localized or regulated actin binding proteins (Stossel, 1989, 
1990). 

Fluorescent analogs of actin have been prepared with sulf- 
hydryl- and amino-reactive dyes and used to map the dynam- 
ics of the whole actin population in living cells, while analyz- 
ing a subset of acfin with photobleaching (Taylor and Wang, 
1978; Wang and Taylor, 1980; Kreis et al., 1982; Amato 
and Taylor, 1986) or with a photo-activated fluorescent dye 
(Theriot and Mitchison, 1991). Fluorescent actin analogs ex- 
hibit incorporation into stress fibers, an immobile fraction, 
and hindered diffusion in living ceils (Kreis et al., 1982; 
Luby-Phelps et al., 1985; Wang, 1985; Amato and Taylor, 
1986; Theriot and Mitchison, 1991) despite nearly all of 
them being labeled at cys-374, a site known to be in the re- 
gion important for the interaction of actin monomers during 
polymerization and for the binding of several actin-binding 
proteins (Kabsch and Vandekerckhove, 1992). For example, 
the binding of actin monomers try profilin is dramatically de- 
creased when cys-374 of actin is chemically modified (IVlalm, 
1984) or mutated (Aspenstrom et al., 1993). It would there- 
fore be useful to prepare fluorescent analogs of actin with a 
higher affinity for profilin and to compare the incorporation 
of the new actin analogs with the traditional cys-374-labeled 
analogs into the actin-based cytoskeleton in the same cell. 
It is essential to do comparisons of this sort in the same cell 
because the biological heterogeneity between cells may pre- 
clude meaningful conclusions when comparing results of ex- 
periments in separate cells unless statistical analyses are per- 
formed on very large data sets, a situation that is difficult to 
create in microscope studies of living cells. Examples of this 
heterogeneity become evident in describing the dynamics of 
the actin-based cytoskeleton (Giuliano and Taylor, 1990), 
effector-induced changes in intracellular pH (Bright et al., 
1989) and free Ca 2+ (Byron and Villereal, 1989), and 
calmodulin activation (Hahn et al., 1992; Gough and Taylor, 
1993) in single living cells. 

Materials and Methods 

Protein Purification 
Bovine spleen profilactin was purified at 4°C as follows: spleen obtained 
from a local slaughterhouse was cleaned, chopped, quick frozen in liquid 
nitrogen, and stored at -70°C until needed. Partially thawed tissue weigh- 
ing 250 g was homogenized in 2.5 volumes of Buffer B (10 mM Tris-HC1, 

50 mM NaC1, I mM NaN3, 0.5 mM DTT, pH 7.5 at 23°C) in a blender 
using 20-s bursts every minute for 3 rain. The homogenate was centrifuged 
for 30 rain at 20,000 g. The supernatant was centrifuged again for 1 h at 
100,000 g. The high speed supernatant was filtered through glass wool and 
loaded onto a DE-52 column (5 x 19 cm; two tissue volumes) equilibrated 
with Buffer B. Washing the colmrm with Buffer B eluted free profilin and 
pigmented material that caused fouling of the subsequent affinity column 
if it was not removed beforehand. Profilactin was eluted by washing with 
one column bed volume of Buffer B containing 0.6 M KCI. The cloudy elu- 
ate was centrifuged for 1 h at 100,000 g and loaded onto a poly-L-proline 
Sepharose colurun (2.5 × 15 era) equilibrated with Buffer B. After washing 
the column with Buffer B, profllactin was eluted as described by Rozycki 
et al. (1991) with Buffer B minus DTT, but containing 40 % (vol/vol) DMSO. 
The duate was immediately dialyzed against saturated ammonium sulfate 
(pH 7) to remove the DMSO and precipitate the 35-50 mg of profilactin 
obtained with this procedure. 

We prepared spleen actin and profilin from profilaetin by modifying a 
previous procedure (Maim et al., 1983). Profilactin, stored at 4°C in ammo- 
nium sulfate, was centrifuged for 30 min at 27,000 g. The pellet was dis- 
solved in a minimal amount of Bicine Buffer A (2 mM Bicine, 0.2 mM 
Na2ATP, 0.2 mM CaC12, 50 mM KCI, 0.5 mM DTT, pH 8.3 at 23"C) and 
dialyzed against the same. We added an equal volume of Actin Paracrystal 
Buffer (2 M potassium phosphate, 4 mM Na2ATP, 6 mM MgCI2, 2 mM 
DTT, pH 7.6 at 23"C) to the dialysate and gently rocked the solution at room 
temperature for 1 h. The actin paracrystals that formed were collected by 
centrifugation for 30 rain at 100,000 g. The actin was washed by suspending 
the paracrystals in Actin Paraerystal Buffer that had been diluted 1:2 and 
centrifuging as above. The supematants were pooled and used for the prepa- 
ration of profilin as described below. The pellet containing actin para- 
crystals was homogenized in Buffer A (2 told Tris-HCl, 0.2 mM Na2ATP, 
0.2 mM CaCl2, 1 mM NAN3, 0.5 mM DTT, pH 8.0 at 23°C) and dialyzed 
against the same buffer. The dialysate was centrifuged for 2 h at 100,000 g 
and the superrmtant loaded onto a Sephadex G-150 gel filtration column 
(2.5 x 95 cm) equilibrated with Buffer A. The monomeric actin eluting 
from the column was concentrated using 25,000 Mr cutoff ultrafiltration 
cones (Amicon Corporation, Beverly, MA), polymerized in 100 mM KCI 
and 2 mM MgCl2, pelleted, and finally disassembled by dialysis against 
Buffer A minus NaN3 in a Collodion 25,000 Mr cutoff bag (Sehleicher and 
Schuell, Keene, NH). Small aliquots of monomeric actin were quick frozen 
in liquid nitrogen and stored at -700C. 

We purified profilin from the supernatants obtained from the preparation 
of spleen actin by dialyzing them against Buffer B containing 2 M urea fol- 
lowed by chromatography on a 5 ml column of DE-52 equilibrated with the 
same buffer. Profilin found in the flow-throngh was dialyzed against satu- 
rated ammonium sulfate and stored at 4"C as a precipitate. 

Nomenclature of Fluorescentiy Labeled Actins 
Labeled actins were distinguished from each other using a four letter ab- 
breviation (i.e., sAmR-actin). The first letter signifies the source of the ac- 
tin, either rabbit skeletal muscle (m) or bovine spleen (s). The next two let- 
ters describe the site of act-in labeling, an acetamido (Ac) linkage to cys-374 
or an amido (Am) linkage to a free amino group. The fourth letter stands 
for either carboxyfluorescein (F) or carboxytetramethylrhodamine (R). 

Preparation of Cys-374-Modified Fluorescent 
Actin Analogs 
Rabbit skeletal muscle actin was prepared according to Pardee and Spudich 
(1982). We labeled skeletal muscle and spleen actin at residue cys-374 with 
either earboxytetramethylrhodamine-5-(and -6)-iodoaeatamide or 5-iodo- 
acetamidocarboxyfluorescein (Molecular Probes, Inc., Eugene, OR) as de- 
scribed by Wang and Taylor (1980). 

Preparation of Fluorescent Analogs of Actin with an 
Increased Affinity for Profilin 
Amidocarboxytetramethylrhodamine (sArnR) and amidocarboxyfluores- 
cein (sAmF) actins were prepared by reacting profilactin (5-7 mg/ml) with 
a 10-fold molar excess of the succinimidyl ester of 5- (and -6)-carboxy- 
fluorescein or 5- (and -6)-carboxytetrametbylrhedamine (Molecular Probes, 
Inc.) for 1 h at room temperature in Bicine Buffer A. Labeled actin was then 
purified from the complex by forming actin paracrystals as described above. 
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Measurement of the Dissociation Constant for 
Reconstituted Profilactin Complexes 
The apparent dissociation constants (Kd) of reconstituted profilactin com- 
plexes were measured at 40C in Buffer A using the sedimentation equilib- 
rium method described by Clarke and Howler (1979). Briefly, 100-~1 sam- 
ples containing 5 #M actin or actin analog, 5 pM profilin, and 5 mg/ml 
dextran (Mr 40,000) to stabilize the gradients were centrifuged at 30,300 g 
until sedimentation equilibrium was attained (20-22 h). The upper 40 t~l 
of each sample was then carefully removed, diluted with 210 t~l Buffer A, 
and assayed for actin concentration using spoctrofluorimetry and the DNase 
I inhibition assay (Heacock and Bambttrg, 1983). The fraction of actin left 
in the upper 40% of the tube after sedimentation in the presence or absence 
of profilin was used to calculate the Kd (Clarke and Howlett, 1979). 

Cell Culture 
For some experiments we prepared serum-deprived Swiss 3T3 fibroblasts 
as described (Giuliano and Taylor, 1990). Other experiments required 
migrating fibroblasts undergoing different phases of the wound healing re- 
sponse. A wound was introduced in a stable monolayer of Swiss 3"1"3 fibro- 
blasts (DeBiasio et al., 1988; Conrad et al., 1993) and the cells at the edge 
of the wound were observed during the lamellar contraction stage of the pro- 
cess (3-6 h after wounding). We also devised a modified wound healing pro- 
tocol to generate large numbers of fully locomoting fibroblasts. The day be- 
fore an experiment, 75/~1 of a suspension of cells (50,000 ceUs/ml) was 
spotted in the center of a dry 40-mm coverglass in a petri dish. After an 
hour in the incubator most of the cells had attached to the glass. 5 mi of 
culture medium was gently added and the cells were allowed to spread over- 
night into a nearly confluent monolayer. To initiate cell polarization and 
locomotion, half of the spotted cells were scraped away with a razor blade 
leaving a semi-circle of ceils with a sharp edge. A synchronized line of 
migrating cells with few cell-cell contacts developed 2.5-4 h after 
wounding. 

Microinjection and Microscopy 
Approximately 5-10% of a cell volume (Amato et al., 1983) of a stock solu- 
tion containing a mixture of two distinctly labeled actin analogs at 3-5 
mg/ml and 1 mg/ml Cascade Blue dextran (Mr I0,000; Molecular Probes, 
Inc.) purified according to Pagliaro and Taylor (1988) in Buffer A was 
microinjected into fibroblasts. Because the extent of labeling varied, the 
amount of actin analogs in the injection solution was adjusted so that the 
concentration of each labeled species was approximately equal. Injected 
cells were allowed to recover for at least 1 h, then placed in a chamber on 
a temperature-controlled stage and either imaged with a mnitimode micro- 
scope (Biological Detection Systems, Inc., Pittsburgh, PA) as described by 
Giuliano et al. (1990) using a 576 × 384 Thompson chip cooled CCD cam- 
era (Photometrics Ltd., Tucson, AZ) or used for fluorescence recovery af- 
ter photobleaching experiments (Pagliaro and Taylor, 1988). For fluores- 
cence recovery experiments we used a 40× Plan-Neofluar objective (NA 
0.9). Perinuclear and peripheral data were collected by bleaching a 5.5-#m 
spot within 10 pm of the nucleus and cell edge, respectively. We performed 
ratio imaging according to DeBiasio et al. (1988) with a 63× Plan-Neofluar 
(NA 1.25) or a 100× Plan objective (NA 1.30) and a cooled CCD camera. 
Unless otherwise noted, the numerator for our ratio measurements was the 
image obtained of the fluorescent actin analog, representing the distribution 
of total actin in the cytoplasm and included both assembled and unassem- 
bled aetin species. The denominator was the fluorescence of Cascade Blue 
dextran and represented the volume of the cytoplasm accessible to particles 
of the same molecular dimensions (Luby-Phelps et al., 1985; DeBiasio et 
al., 1988). Consequently, the ratio was a measure of the concentration of 
actin (in all its forms) relative to the concentration of the freely diffusible 
Cascade Blue dextran. Within the volume accessible to actin, the ratio was 
always non-zero, as both actin and the volume marker were present. The 
ratio was zero only where there was no detectable fluorescent actin analog. 
When the fluorescent actin analog was detected, the ratio was minimal 
where there was no local enrichment of actin relative to the volume marker, 
i.e., a minimal level of actin assembly. We operationally defined the regions 
of cells with the highest ratio of actin filament density to dextran as being 
the regions of highest assembly of actin. 

Three-dimensional fluorescence microscopy was performed by acquiring 
a through focus series of 30 images for each cell microinjected with the 
fluorescent analog of actin. The nearest neighbor algorithm was used to cor- 

rect for out-of-focus fluorescence (Biological Detection Systems, Inc.) as 
described previously (Kolega and Taylor, 1993). 

Results 

Cys-374-1abeled Actin Did Not Exhibit a Gradient 
of Filament Density Relative to Cell Volume in Live 
Serum-deprived Cells 
Fig. 1 A depicts schematically our previous results showing 
that stress fibers constitutively form in the periphery of 
serum-deprived cells and are transported to the perinuclear 
region where they disappear without shortening (Giuliano 
and Taylor, 1990). Based on these observations and other 
results showing that stress fibers are localized in the cortex 
of these cells (Kolega and Taylor, 1993), we predicted that 
actin filament density relative to cell volume would be 
greatest in the cell periphery where the cell surface/volume 
ratio is maximal, and lowest in the thick perinuclear region 
where the cell surface/volume ratio is minimal. To test the 
prediction we microinjected cells with a fluorescent analog 
of cys-374-1abeled actin (Fig. I B), a second analog of actin 
labeled distinctly (see below), and a cell volume marker 
(Fig. 1 C) that served to map the cytoplasmic volume with 
an intensity proportional to the pathlength and accessible 
volume of the cell (DeBiasio et al., 1988). The ratio image 
of mAcR-actin/volume marker (Fig. 1 D) did not exhibit a 
gradient of filament density relative to cell volume (see also 
Fig. 3 D, dotted line) suggesting that mAcR-actin distributed 
much like the dextran volume marker (Fig. 1 C) except that 
it was readily incorporated into stress fibers (Fig. 1 B). If 
profilin and other proteins are involved in biasing actin as- 
sembly near the plasma membrane (Lassing and Lindberg, 
1988; Hartwig et al., 1989; Stosel, 1989), then it is not sur- 
prising that cys-374-1abeled actin did not exhibit a gradient 
of filament density relative to cell volume because cys-374 
is located in a region of the actin molecule important for 
actin-profilin interactions (Maim, 1984). We therefore pre- 
pared a new fluorescent analog of actin with a higher affinity 
for profilin than cys-374-1abeled actin analogs. 

A New FluorescentActin Analog Has 
a Higher AJ~inityfor Profilin than the Traditional, 
Biochemically Mutated, Cys-374-1abeled Analog 
while Retaining Its Ability to Inhibit DNase I 
We prepared a new fluorescent actin analog by labeling free 
amino groups of actin while it was complexed with profilin 
using the succinimidyl ester of either carboxyfluorescein or 
carboxytetramethylrhodamine. The assembly properties of 
the new actin analog were similar to native actin since the 
critical concentration was 0.1/~M in 2 mM MgC12 and 100 
mM KC1, a value equal to that of unlabeled spleen actin 
(Larsson and Lindberg, 1988). In addition, the fluorescence 
spectrum of the new actin analog showed no change upon as- 
sembly to the filamentous form. The dye/protein ratio for all 
of the actin analogs was in the range of 0.3-0.8. 

We tested the ability of all of our actin analogs to recom- 
bine with unlabeled profilin under low salt conditions using 
sedimentation equilibrium (Clarke and Howlett, 1979). The 
apparent dissociation constant (K~) value we measured for 
unlabeled spleen profilactin (Fig. 2) agreed well with the Kd 
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Figure 1. Cys-374-modified 
actin did not exhibit a gradient 
of filament density relative to 
cell volume across the width 
of a serum-deprived fibro- 
blast. (A) The dynamics of 
stress fibers, shown here sche- 
matically in cross section as 
bundles of actin filaments, 
suggest that there is a net as- 
sembly of actin in the thin pe- 
ripheral region of the cell 
where stress fibers constitu- 
tively form, and a net disas- 
sembly of actin in the thick 
perinuclear region where 
stress fibers constitutively dis- 
appear (Giuliano and Taylor, 
1990). (B) A serum-deprived 
cell was microinjected with 
three distinct fluorescent 
probes to quantify their rela- 
tive distributions. Shown here 
is the fluorescence image of 
rnAcR-actin. (C) Fluores- 
cence image of a cell volume 
marker (Cascade Blue dex- 
tran) in the same cell. (/9) Ra- 
tio image of mAcR-actin/vol- 
ume marker (B/C). Although 
mAcR-actin was incorporated 
into stress fibers, it did not ex- 
hibit a gradient of filament 
density relative to cell volume 
(see scan line data in Fig. 3). 
These patterns of actin dis- 
tribution were consistent in 
the >100 cells observed. Bar, 
10 #m. 

of 0.4 #M measured under actin assembly conditions (50 
mM KC1 + 1 mM MgC12) for the same complex using vis- 
cometry (Larsson and Lindberg, 1988). Nonmuscle actin la- 
beled as a complex with profilin recombined with profilin 
with an order of magnitude greater affinity than other ana- 
logs of actin labeled at cys-374 (Fig. 2) consistent with the 
finding of Maim (1984) and Aspenstr6m et al. (1993) who 
showed that profilin binding is dramatically decreased when 
cys-374 of actin is chemically modified or mutated. These 

ACTIN . . . . .  

FrtAcR .......... • . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

sAmR . . . . . . . . . . . . . . . . . . . .  • . . . . . . . . . . .  

SAmF . . . . . . . . . . . . . .  • . . . .  

. . . . . . . . . . . . . . . .  . . . . . . .  . . . . . . . . . . . . .  . . . . . .  . 

4 5 B 

pK d o f  P r o f i l a e t i n  C o m p l e x  

Figure 2. Apparent dissocia- 
tion constants of profilactin 
complexes reconstituted in 
vitro using unlabeled spleen 
actin and several fluorescent 
actin analogs. Apparent dis- 
sociation constants (Kd) were 
measured under low salt con- 
ditions with sedimentation 

equilibrium as described in Materials and Methods. Actin labeled 
while complexed with profilin had an ~10-fold lower affinity for 
profilin than did unlabeled spleen actin, but a 10-fold greater 
affinity for profilin than fluorescent actin analogs labeled at 
cys-374. 

data suggest that the affinity of actin analogs for profilin de- 
pended only on the site of actin labeling, not the source of 
the actin (skeletal vs. nonmuscle) or the fluorescent dye used 
to label the actin (carboxyfluorescein vs. carboxytetrameth- 
ylrhodamine). The affinity of our new actin analogs (sAmR- 
actin and sAmF-actin) for profilin was less than the affinity 
of unlabeled nonmuscle actin for profilin. We have been un- 
able to find conditions that produce labeled actin with the 
maximal affinity for profilin. However, we have two actin 
analogs: one a severe biochemical "mutant" that has a low 
affinity for profilin and another that exhibits a ten-fold in- 
crease in affinity for profilin. 

The DNase I binding site on actin has been mapped to a 
site on the surface of the actin molecule opposite to the side 
where profilin binds (Kabsch and Vandekerckhove, 1992). 
The binding site of this endonuclease is also important for 
actin-actin interactions (Kabsch and Vandekerckhove, 1992). 
We therefore tested whether our new actin labeling method 
produced an analog with a decreased capacity to inhibit 
DNase I since we prepared an actin molecule labeled at a site 
other than cys-374. When unlabeled actin or actin analogs 
were sedirnented alone in the centrifugation experiments de- 
scribed above, the average fraction remaining in the top 40% 
of the sample of all of the samples as determined by DNase 
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Figure 3. Fluorescent analogs 
of actin with an increased 
affinity for profilin exhibited a 
gradient of filament density 
relative to cell volume in se- 
rum-deprived cells. (,4) Fluo- 
rescence image of sAmF-actin 
distribution in the cell depicted 
in Fig. 1. (B) Ratio image of 
sAmF-actin/volume marker (A/ 
Fig. 1 C). (C) Ratio image of 
sAmF-actin/mAcR-actin (A/ 
Fig. 1 B). The actin analog 
with the highest affinity for 
profilin (sAmF-actin) was con- 
centrated in the peripheral re- 
gions of the cell, including 
stress fibers, relative to mAcR- 
actin in the same cell. (D) Flu- 
orescence ratio values for the 
scan line depicted in C. Ratio 
values were normalized to one 
at the border between cell nu- 
cleus and perinuclear regions. 
Actin with an enhanced affin- 
ity for pmfilin (sAmF-actin) 
showed a gradient of filament 
density relative to a cell 
volume marker (solid line, 
data from B) and mAcR-actin 
(dashed line, data from C). 
However, cys-374-modified 
actin did not exhibit a gradient 
of filament density relative to 
cell volume (dotted line, data 
from Fig. 1 D). Bar, 10 tLm. 

I inhibition was 0.416 + 0.036 (n = 12). The average frac- 
tion remaining of all of the actin analogs combined was 0.384 
5:0.036 (n = 10) as determined by spectrofluorometry. The 
two averages did not differ significantly (p < 0.05). Because 
the fraction of the actin remaining in the top 40% of each 
tube was the same using the two different measurements, the 
new actin analogs (sAmR-actin and sAmF-actin) and cys- 
374-labeled analogs (sAcF-actin, mAcF-actin, and mAcR- 
actin) inhibited DNase I to the same extent as did unlabeled 
spleen or muscle actin. Therefore, the new actin analogs ex- 
hibited greater affinity for profilin while maintaining the 
ability to bind to another class of actin-monomer-binding 
protein. 

The New Actin Analog Exhibited a Gradient 
of  l~lament Density Relative to Cell Volume and 
a Gradient of  Filament Assembly Relative to 
Cys-374-1abeled Actin in Living Cells 

In addition to a dextran volume marker and cys-374-1abeled 
actin, the cell depicted in Fig. 1 was also microinjected with 
the actin analog having the higher affinity for profilin (sAmF- 
actin). The new actin analog distributed into stress fibers 
(Fig. 3 A) and showed a gradient of filament density relative 

to cell volume (Fig. 3, B and D, solid line), consistent with 
our original prediction. When the distribution of sAmF-actin 
and the cys-374-1abeled actin (mAcR-actin) were directly 
compared by ratio imaging (Fig. 3, C and D, dashed line), 
we found that sAmF-actin was more concentrated in periph- 
eral actin bundles (stress fibers) and less concentrated in the 
perinuclear region relative to mAcR-actin. This is consistent 
with a biased assembly of actin at the peripheral cytoplasm- 
membrane interface where profilin is most likely to release 
assembly-competent actin for incorporation into the cyto- 
skeleton (Stossel, 1989). 

The Translational Mobility o f  Actin Analogs in 
Living Cells is a Complex Summation of  the Mobilities 
of  a Veide Range of  Actin Species 

The striking difference in incorporation into the actin-based 
cytoskeleton between actin analogs due to their affinity for 
profilin (Fig. 3 C) led us to predict that the mobile fraction 
of the two actin analogs, based on fluorescence photobleach- 
ing recovery (FPR) ~ measurements, would show a similar 

1. Abbreviations used in this paper: FPR, fluorescence photobleaching 
recovery; 3-D, three-dimensional. 
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Table I. The Translational Mobility of Two Fluorescent 
Actin Analogs in Serum-deprived Cells 

Mobile fraction (%)* M~* 

Actin Perinuclear Periphery cm2/s × 10 -I 

mAcR 82 5:3 (20) 66 + 5 (13) 3.8 + 0.85 (10) 
sAmR 73 :t: 4 (24) 52 + 4 (12) 5.6 + 1.1 (1(3) 

* The average (:t: SEM) mobile fraction and cytoplasmic mobility (M,.~o) of 
two actin analogs were measured in living cells at 37"C using the fluorescence 
photobleaching recovery method described by Luby-Phelps et al. (1985). 
Numbers in parentheses indicate the number of determinations made in each 
c a s e ,  

dependence on profilin binding. We found, however, that 
both actin analogs exhibited an immobile fraction in the 
range of  20-50% indicating that they incorporated into the 
actin-based cytoskeleton to some extent regardless of  their 
affinity for profilin or  location within the cytoplasm (Table 
I). While the mobile fraction of  sAmR-actin and mAcR-actin 
in the periphery of cells was less than their respective mobili- 
ties in the perinuclear region (p < 0.01), the mobile fraction 
of sAmR-actin was not significantly different ~ o m  mAcR- 
actin in either the periphery (19 > 0.025) or the perinuclear 
region (p > 0.05) of  serum-deprived cells. These results are 
consistent with earlier fluorescence photobleaching recov- 
ery studies showing that the translational mobility is similar 
for other fluorescent analogs of actin in living cells (Kreis 
et al., 1982; Luby-Phelps et al., 1985; Amato and Taylor, 
1986). In addition, the FPR results demonstrate that the mo- 
bility of  both types of  actin analogs are lower in the periphery 
compared with the perinuclear region, consistent with more 
assembly in the periphery. However, since FPR measure- 
ments of  mobility are directly proportional to the hydrody- 
namic radius of  the labeled macromolecule, it is difficult 
to differentiate between actin monomers,  actin multimers 
and actin complexed with actin-binding proteins. Therefore, 
FPR should not be used to interpret the subtleties of the dis- 
tribution of the whole range of actin species. 

Three-dimensional Imaging of  the New 
Analog in Living Cells Revealed that Stress Fibers 
Were Localized in the Cortical Cytoplasm 

Our results using fluorescence ratio imaging and fluores- 
cence photobleaching recovery indicated that the mobile 
actin in the perinuclear cytoplasm was less assembled than 
the highly organized and significantly more immobile actin 
in the cell periphery. In some cells though, we observed that 
stress fibers coexisted with diffusely distributed actin in the 
perinuclear cytoplasm (Fig. 3 A) suggesting a heterogeneity 
of  perinuclear actin assembly in the z-axis of  the cell. We 
therefore performed three-dimensional (3-D) fluorescence 
microscopy on serum-deprived cells microinjected with 
sAmR-actin to map the distribution of actin. Serial sections 
through 40 serum-deprived cells were examined, and a rep- 

Figure 4. 3-D distribution of sAmR-actin in serum-deprived cells. 
We microinjected serum-deprived Swiss 3"I73 fibroblasts with 
sAmR-actin and obtained a through-focus series of fluorescence im- 
ages from each cell. We used a z-axis spacing of 0.32 t~rn between 

image planes, (A) The distribution of sAmR-actin as visualized by 
conventional fluorescence microscopy. The focal plane was close 
to the substratum (<0.5 t~m above it). Cells exhibited an extensive 
array of peripheral stress fibers and diffusely distributed peri- 
nuclear actin characteristic of the quiescent, non-locomoting state 
of the cell. (8) Image A after de, convolution. The removal of most 
of the diffuse perinuclear fluorescence revealed stress fibers in the 
same optical section as the peripheral fibers. (Inset) A deconvoluted 
image from a plane lying near the top of the nuclear region, 2.53 
tzm above the plane shown in B. Peripheral stress fibers were dim 
in this plane and some of the bright perinuclear stress fibers were 
found to arch over the nucleus. Bar, 10 tzm. 
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resentative cell is presented in Fig. 4. Stress fibers con- 
taining actin were consistently localized in the cortical cyto- 
plasm. In the thin peripheral regions of the cell, there was 
no differentiation between dorsal and ventral cortical cyto- 
plasm; only a single plane of stress fiber focus was detected 
(Fig. 4, A and B). In the thick perinuclear region, many 
cells exhibited ventral stress fibers (Fig. 4 B) or contained 
dorsal stress fibers that sometimes arched over the nucleus 
(Fig. 4 B, inset), or both. Hence, although some of the actin 
in the perinuclear cortical cytoplasm was incorporated into 
stress fibers, the highest mobility actin in the cell was found 
in the bulk perinuclear cytoplasm where constitutively trans- 
porting stress fibers are known to disassemble (Giuliano and 
Taylor, 1990). Furthermore, the 3-D distribution of actin de- 
scribed here was similar to the 3-D distribution of myosin 
II in serum-deprived cells where stress fbers containing 
myosin II are confined to the cortical cytoplasm (Kolega and 
Taylor, 1993). 

The Biased Assembly of Actin Analogs in Living Cells 
Was Determined by the Site of  Actin Labeling 

Actin analogs with the highest affinity for profilin (sAmF- 
actin and sAmR-actin) were consistently more concentrated 
in peripheral cytoplasm and stress fibers relative to analogs 
with a lower affinity for profilin (mAcF-actin, mAcR-actin, 
and sAcF-actin) when their distributions were compared 
directly as in Figs. 3 C and 5, A and B. A control ratio image 
of two separate actin analogs, both with low affinities for 
profilin, demonstrated the lack of a gradient of concentration 
of the two analogs relative to each other (Fig. 5 C). The data 
further support the notion that biased assembly of profilin- 
competent actin analogs in the thin peripheral region of liv- 
ing cells depended only on the site of modification, not on 
the fluorescent dye used to label the actin or the tissue source 
of the actin. 

Maintenance of  a Gradient of  Actin Assembly 
After Stimulation of  Serum-deprived Cells Is 
Consistent with the Solation-Contraction 
Coupling Hypothesis 

Upon addition of serum to serum-deprived cells, a transient 
increase in intracellular free calcium concentration occurs 
(Hahn et al., 1992), calmodulin is activated and binds to tar- 
get proteins (Hahn et al., 1992; Gough and Taylor, 1993), 

Figure 5. Actin analogs with the highest affinity for profitin were 
consistently more concentrated in the peripheral cytoplasm and 
stress fibers relative to analogs with a lower affinity for profilin. 
Serum-deprived cells, microinjected with two fluorescent analogs 
of actin and a labeled dextran volume marker, were subjected to ra- 
tio imaging as described in Fig. 1. (A) Ratio image of sAmR- 
actirdmAcF-actin. (B) Ratio image of sAmR-actin/sAcF-actin. (C) 
Ratio image of mAcR-actin/sAcF-actin. Cells containing actin ana- 
logs with different affinities for profilin consistently exhibited a rel- 
ative gradient of concentration of the two with the high affinity ana- 
log concentrating into peripheral stress fibers (A and B). However, 
the source of actin (muscle or spleen) and the fluorescent probe 
(fluorescein or rhodamine) had no detectable effect on the results. 
Cells containing actin analogs with similar affinities for profilin dis- 
played a relatively uniform distribution of the two actins (C). 
Bar, 10 #m. 
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myosin II heavy and light chain phosphorylation increases 
causing many stress fibers to contract (Giuliano et al., 
1992), and a contraction of the actin-based gel into the 
perinuclear region ensues (Giuliano and Taylor, 1990). The 
solation-contraction coupling hypothesis predicts that a con- 
traction of the cytoplasmic gel would be accompanied by the 
release of monomeric gel components consistent with a self- 
destruct mechanism (Janson et al., 1991; Kolega et al., 1991; 
Janson and Taylor, 1993; Kolega and Taylor, 1993). We 
tested this prediction by measuring the gradient of actin as- 
sembly in serum-deprived cells before and after serum stim- 
ulation using ratio imaging (Fig. 6). Serum-deprived cells 
exhibited a gradient of filament density relative to cell vol- 
ume maximal in the cell periphery (Fig. 6,4). One hour af- 
ter serum-stimulation, video-enhanced contrast microscopy 
showed that much of the cytoplasmic gel had contracted into 
the perinuclear region as previously described (Giuliano and 
Taylor, 1990). Peripheral stress fibers were much less appar- 
ent, but actin filament density had increased in the periphery 
suggesting the stimulation of new actin assembly following 
contraction (Fig. 6 B). Although the cytoplasmic gel had ini- 
tially been concentrated into the perinuclear region as de- 
tected by video-enhanced contrast microscopy, the actin fila- 
ment density relative to the dextran volume marker in the 
perinuclear region did not increase. This is consistent with 
a transient contraction of the actin-based gel coupled with a 
concomitant decrease in the actin-based gel structure as 
predicted by the solation-contraction coupling hypothesis 
(Janson and Taylor, 1993). Note that serum stimulation 
caused a contraction of the stress fibers and less structured 
cytoplasmic gel meshwork (Giuliano and Taylor, 1990), and 
stimulated the movement of the cells beginning an hour after 
stimulation. Fig. 6 B shows the biased assembly of actin in 
the periphery, especially at the new leading edge (arrow). 

Actin Exhibited a Gradient of  Assembly That 
Was Maximal in the Leading LameUae of  Fibroblasts 
Undergoing Different Phases of  the Wound 
Healing Response 

The polarized assembly of actin and its interaction with myo- 
sin motors is believed to play a role in generating a directed 
contractile force for fibroblast locomotion (Fisher et al., 
1988; Forscher and Smith, 1988; McKenna et al., 1989; 
Stossel, 1990; Hahn et al., 1992; Conrad et al., 1993; Gough 
and Taylor, 1993; Kolega and Taylor, 1993). We analyzed the 

gradients of actin assembly in highly polarized cells under- 
going two phases of the wound-healing response. Fig. 7 A 
shows a gradient of actin assembly in a cell undergoing 
lamellar contraction, an early phase of the response (Conrad 
et al., 1993). The nearly ten-fold concentration of actin in 
transverse fibers and lamellipodia and its four-fold concen- 
tration elsewhere in the leading lamella relative to the vol- 
ume marker in the perinuclear region was consistent with the 
assembly of actin im'tiated in the lamelllpodia, formation of 
an actin-based cytoskeleton that transported rearward to- 
ward the tail, and a calcium-calmodulin-induced contrac- 
tion that transiently concentrated actin in the fibers (Hahn et 
al., 1992; Conrad et al., 1993; Gough and Taylor, 1993). 
Cortical contraction has been proposed as a mechanism in- 
volved in detaching cells from neighbors, molding cell shape 
for free locomotion, and aiding in the delivery of subunits 
to the leading edge (DeBiasio et al., 1988; Hahn et al., 1992; 
Conrad et al., 1993; Gough and Taylor, 1993; Kolega and 
Taylor, 1993). Freely locomoting fibroblasts with few or no 
attachments to neighboring cells displayed a range of mor- 
phologies, yet consistently concentrated actin in their lamel- 
lipodia and lamellae relative to a volume indicator (Fig. 7 
B). We interpreted this as a bias of actin assembly at the 
leading edge of migrating cells. Retracting tails also ex- 
hibited a gradient of filament density relative to a volume 
marker (Fig. 7 B). The perinuclear region appears to be the 
site of decreased actin assembly. 

Discussion 

Actin Is Concentrated by Incorporation into the 
Actin-based Cytoskeleton 

Although the cytoplasm of Swiss 3T3 cells is broadly acces- 
sible to freely diffusible, labeled dextran molecules (Luby- 
Phelps et al., 1988), our results showed that actin analogs 
with a high affinity for profilin exhibited a gradient of fila- 
ment density relative to dextran that was maximal in periph- 
eral regions of the cytoplasm. In contrast to fixed, extracted, 
and fluorescent phalloidin-stained cells, ratio imaging of liv- 
ing cells allows us to account for the dynamic distribution 
of both the cytoskeletal-associated and the soluble forms of 
actin. By coinjecting cells with two different actin analogs 
and a fluorescent dextran to map the relative concentration 
of the actins with high spatial and temporal resolution, each 

Figure 6. Serum-induced actin gel contraction and formation of new protrusions. (.4) This pseudo-color ratio image (sAmR-actin/Cascade 
Blue dextran) depicts a gradient of filament density relative to cell volume similar to that shown for the serum-deprived cell described 
in Fig. 3 B. (B) Ratio image of the same cell measured one hour after stimulation with 10% serum. The pseudo-color look up tables for 
this pair of images were identical. The gradient of actin concentration became steeper following the serum-induced condensation of cyto- 
plasmic material into the perinuclear region. Apparently, actin subunits were released after contraction and they became available for assem- 
bly in the newly polarized cell. Serum stimulation also initiated the polarization of the cell and the formation of a new leading edge with 
an increased concentration of actin in the new lamellipodia (B, arrow). Bar, 10/~m. 

Figure 7. The polarization of actin filament density relative to cell volume occurs in cells undergoing different phases of the wound healing 
response. (A) The ratio of actin/volume marker indicated that actin was concentrated relative to the soluble dextran in the leading lamellae 
of the 20 cells observed undergoing the lamellar contraction phase of wound healing. The warmer red colors signify a ten-fold increase 
in the ratio values over the deepest blue color and a twofold increase over yellow-green colors. (B) Ratio image of a freely locomoting 
fibroblast generated using a modified wound healing protocol that minimized cell contacts. The ratio values indicated that filament density 
in the leading lamellae was generally twofold greater than in the perinuclear tail region. Actin incorporation into fibers resulted in ratio 
values four times those found in the perinuclear region. Bar, 10 ftm. 
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cell became a complete experiment. This precluded the need 
to compare the statistical distribution of many actin analogs 
in a large number of separate and heterogeneous cells. 

The highest density of actin filaments relative to cell vol- 
ume was consistently found in cortical stress fibers. Thus, 
the concentration of actin molecules that results from biased 
filament assembly in the periphery of cells where sur- 
face/volume is maximal, followed by further concentration 
during bundling into fibers is consistent with our operational 
definition of actin assembly as described by ratio imaging 
(see Materials and Methods). We therefore interpreted the 
biased increase in filament density in the peripheral cyto- 
plasm and stress fibers of serum-deprived cells as well as in 
the leading edge of locomoting cells as being a consequence 
of localized actin assembly and its incorporation into higher 
order actin-based structures. This is also consistent with our 
previous observation that stress fibers constitutively assem- 
ble in the thin peripheral regions of serum-deprived cells 
(Giuliano and Taylor, 1990) and at the leading edge of 
locomoting cells (Conrad et al., 1993). 

Fluorescent phalloidin staining of fixed and extracted 
serum-deprived cells indicates that stress fibers can exist in 
the perinuclear region (Kolega et al., 1994). When visual- 
ized in living cells using fluorescent analogs of actin, 
perinuclear stress fibers are often obscured by the diffuse 
fluorescence from apparently less structured, labeled actin 
in the bulk cytoplasm. Three-dimensional fluorescence data, 
obtained here using a fluorescent actin analog and obtained 
elsewhere using a fluorescent analog of myosin II (Kolega 
and Taylor, 1993), show that some cortical fibers are main- 
tained above and below the nucleus, but the highest density 
of fibers is found in the cell periphery where the volume of 
non-cortical cytoplasm is minimal. The low actin filament 
density in the perinuclear region of the cell relative to the 
volume marker was consistent with photobleaching mea- 
surements made through the entire thickness of the cell, and 
suggested that this was the location of the most mobile and 
therefore least cytoskeletally associated actin in the cell. 
This was also consistent with our previous observation that 
stress fibers constitutively disassemble in the perinuclear re- 
gion of serum-deprived (Giuliano et al., 1990) and locomot- 
ing cells (Kolega and Taylor, 1993). 

Interaction with Monomer Binding Proteins such as 
Profilin Is Important for the Biased Incorporation of 
Actin into the Cytoskeleton 

In preparing our new actin analog the starting material was 
a high affinity profilactin complex isolated from bovine 
spleen (Carlsson et al., 1977). This complex, with a dissoci- 
ation constant of <0,02 #M in Mg 2÷ (Katakami et al., 1992) 
and no detectable nucleotide (Carlsson et al., 1977; Lind- 
berg et al., 1988), is difficult to reconstitute in vitro (Kata- 
kami et al., 1992). The original isolation of this high affinity 
profilactin complex prompted the still valid possibility that 
this physiologically derived form of profilactin acts as a res- 
ervoir of actin monomers in cells (Carlsson et al., 1977). 
Sanders and Wang (1990) found that monomer-binding pro- 
teins are likely to regulate the incorporation of actin into the 
cytoskeleton of living cells. Furthermore, microinjection of 
profilactin into cells induces the assembly of actin (Cao et 
al., 1992). Profilin has also been suggested to be concen- 
trated in the lamellipodia of locomotory cells (BuB et al., 

1992) where actin assembly has been detected (Wang, 1985; 
Fisher et al., 1988; Forscher and Smith, 1988; Theriot and 
Mitchison, 1992), although no ratio imaging measurements 
were made to normalize for optical pathlength. This recent 
evidence suggests that profilactin complexes do not necessar- 
ily act as a storage form of actin monomers.. 

Our live cell ratio imaging experiments using actin analogs 
with different affinities for profilin suggest that exchange of 
subunits with the actin-based cytoskeleton is enhanced when 
actin interacts with profilin or other actin binding proteins 
whose activity requires an unmodified actin cys-374 residue. 
Our photobleaching measurements did not detect a signifi- 
cant difference in the mobile fraction of two actin analogs 
whose affinity for profilin differed by an order of magnitude. 
The mobile fraction of actin within the cell has many compo- 
nents including actin monomers and oligomers, profilactin 
complexes, and actin monomers interacting with other solu- 
ble actin-binding proteins, thus making it difficult to resolve 
the exchange of actin between these pools. Likewise, photo- 
bleaching measurements would not be expected to differenti- 
ate between highly ordered states of F-actin in living cells 
(i.e., a loose meshwork of actin filaments versus actin incor- 
porated into large stress fibers). On the other hand, ratio im- 
aging detected differences between the cytoskeletal incorpo- 
ration of actin analogs. Although the low profilin affinity, 
cys-374-modified actin analogs appeared to qualitatively 
yield similar results as the high profilin affinity actin analogs, 
some of the earlier quantitative studies of polarized actin dy- 
namics should be re-addressed (Luby-Phelps et al., 1985; 
Wang, 1985; Theriot and Mitchison, 1992). 

How Is a Gradient of Actin Assembly Maintained in 
Serum-deprived Cells7 

We view the constitutive formation, transport, and disassem- 
bly of stress fibers in serum-deprived cells as an excellent 
opportunity to study the dynamics of actin and myosin 1I 
assembly-disassembly in living cells without the complica- 
tions of whole cell movement and transient changes in pH 
and pCa (Giuliano et al., 1990, 1992; Kolega and Taylor, 
1991, 1993; Kolega et al., 1991). The gradients of actin and 
myosin II (Kolega and Taylor, 1993) assembly that we ob- 
serve in these cells must therefore be maintained under con- 
ditions of low intracellular free Ca 2+ (McNeil and Taylor, 
1987; Byron and Villereal, 1989; Tucker and Fay, 1990), min- 
imal levels of Ca 2+ activation (Hahn et al., 1992; Gough 
and Taylor, 1993), low and constant cytoplasmic pH (Bright 
et al., 1987), and partial phosphorylation of myosin 11 (Giuli- 
ano et al., 1992). 

The gradient of actin assembly we observed appears to be 
more subtle than the gradient of myosin II assembly in the 
same cells because myosin II disassembles extensively into 
10S particles in the perinuclear region (Kolega and Taylor, 
1993) while, as we have shown here, actin maintains a 
cytoskeletally associated component in the same region. We 
previously showed that restricting the length of actin fila- 
ments in stress fibers without a change in the phosphoryla- 
tion state of the myosin II associated with the fibers causes 
them to contract (Kolega et al., 1991; Giuliano et al., 1992). 
On the other hand, dephosphorylation and disassembly of 
myosin II without a change in the assembly state of actin 
causes stress fibers to splay apart without shortening (Kolega 
and Taylor, 1993), suggesting that actin filament disassembly 
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in these ceils is coupled to the dephosphorylation and disas- 
sembly of myosin II. 

Several actin binding proteins including profilin (Lassing 
and Lindberg, 1988), actin depolymerizing factor or destrin 
(Yonezawa et al., 1990), u-actinin (Fukami et al., 1992), gel- 
solin (Janmey and Stossel, 1989), and myosin I (Adams and 
Pollard, 1989) interact with phosphoinositides sequestered 
in membranes. This interaction could regulate the activity of 
these proteins near the membrane-cytoplasm interface, thus 
leading to a polarization of actin assembly that favors corti- 
cal polymerization. This is evident in the peripheral region 
of serum-deprived ceils where the cortical cytoskeleton 
dominates over the non-cortical cytoplasm. 

To dissect the regulation of gradient formation and to de- 
termine whether or not actin filaments disassemble com- 
pletely to the monomer state we need to resolve the dynamic 
distribution of actin monomers and oligomers, actin com- 
plexed with monomer-binding proteins, and actin incorpo- 
rated into the actin-based cytoskeleton. The fluorescence 
photobleaching experiments we describe here do not allow 
us to distinguish among the "soluble" forms of actin in the 
cell but steady state fluorescence anisotropy microscopy 
used in conjunction with carefully designed fluorescent ana- 
logs (Gough and Taylor, 1993) should allow us to map both 
the states of unassembled actin in living ceils and the com- 
partmentalization of actin-monomer binding proteins in- 
cluding profilin (Hartwig et al., 1989), actin depolymerizing 
factor (Hayden et al., 1993), and thymosin/54 (Goldschmidt- 
Clermont et al., 1992). 

The Coordination of  Actin Assembly and Myosin H 
Motor Activity during l~broblast Locomotion 

The existence of a gradient of actin and myosin II assembly, 
high at the front and low in the perinuclear region of migrat- 
ing cells, can be explained as part of the cortical flow and 
solation-contraction coupling events that are believed to play 
a role in native cell locomotion (Taylor and Fechheimer, 
1982; Bray and White, 1988; Conrad et al., 1993; Janson 
an Taylor, 1993; Kolega and Taylor, 1993). In addition to 
gradients ofmacromolecular assembly, migrating fibroblasts 
exhibit gradients of free calcium, calcium binding to cal- 
modulin and calmodulin binding to target proteins, minimal 
at the leading edge and maximal in the posterior of the ceils 
(Hahn et al., 1992; Gough and Taylor, 1993). 

Our model of the roles that actin and myosin II play during 
"wild-type" fibroblast locomotion involves the precise regula- 
tion of the state of actin assembly and its interaction with myo- 
sin II to form a contractile gel (Fig. 8). It is predicted that 
short actin filaments will exist at the completion of the con- 
traction in the perinuclear region in the tail due to the activ- 
ity of gelsolin and other proteins that restrict the length of 
actin in a calcium-dependent manner. This would create a lo- 
cal elevation of actin monomer concentration. Profilactin, 
gelsolin-actin, and complexes of other actin-monomer- 
binding proteins may form with a bias in the perinuclear re- 
gion in the posterior and then be transported or diffuse to the 
leading edge, or both, while continually exchanging actin 
subunits with the established cytoskeleton. Our data are con- 
sistent with a biased release of assembly competent actin, 
possibly by interacting with phosphoinositides, at the mem- 
brane-cytoplasm interface followed by net actin polymeriza- 
tion at the site of release. Therefore, a gradient of profilin 

High Gradient of Free Ca ++ Low 
< 

Low Gradient of Actin Assembly High 
p -  

Figure 8. The role of actin assembly and myosin II motor activity 
during normal fibroblast locomotion. Actin (*) assembles with a 
bias at the leading edge with the aid of profilin and profilin-like mol- 
ecules (o) (Wang, 1985; DeBiasio et al., 1988; Fisher et al., 1988; 
Forscher and Smith, 1988), forms transverse fibers at the base of 
lamellipodia, and transports rearward together with myosin II as 
part of the actin-based cortex (Conrad et al., 1993). Maximal con- 
traction of the actin-myosin II cytoskeleton (large arrows) is initi- 
ated starting in the zone of elevated calcium (shaded area) by a 
combination of calcium activation of myosin light chain kinase and 
a decrease in the actin-gel structure through the action of calcium 
activation of severing proteins such as gelsolin (Hahn et al., 1992; 
Gough and Taylor, 1993). The cortical flow of the actin-myosin II 
(Bray and White, 1988), the initiation of contraction (Dunn, 1980), 
and the self-destruct nature of this cortical "corset" by solation-con- 
traction coupling (small arrows) (Taylor and Fechheimer, 1982; 
Kolega et al., 1991) creates a cycle of biased assembly of actin at 
the front of the cell and disassembly toward the tail where the con- 
traction is maximal. Myosin II exhibits a parallel gradient of assem- 
bly and a 3-D distribution similar to the distribution of actin de- 
scribed here (Kolega and Taylor, 1993). 

concentration, low in the perinuclear region and high in 
lamellipodia would be consistent with but not required in our 
model system; the differential regulation of a uniform con- 
centration of cytoplasmic profilin or profilin-like molecules, 
most likely driven by the proximity of phosphoinositides, 
would be enough to initiate a net release of assembly compe- 
tent actin monomers in thin lamellipodia and a net binding 
of monomers in the perinuclear region. Profilin is markedly 
enriched in the lamellipodia of fixed cells (Bug et al., 1992), 
but the measurement of a cytoplasmic gradient of profilin 
concentration in living cells will require the ratio imaging 
techniques described here; such experiments are now under- 
way in our laboratory. 

A coupling of the events initiated by gradients in free 
Ca 2+ concentration, calmodulin activation and target bind- 
ing, and actin and myosin II assembly may, in turn, initiate 
a gradient of contraction of actin-myosin II in the cortex with 
a maximum in the tail (Hahn et al., 1992; Conrad et al., 
1993; Gough and Taylor, 1993). These events would be 
predicted to control cell shape, optimize cell polarity, and 
possibly aid in the delivery of subunits to the leading edge 
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by creating a positive hydrostatic pressure. The increase in 
actin filament density in the tails of locomoting cells is due 
to the retraction fibers that would be predicted to contract 
due to the elevated calcium (Hahn et al., 1992) and calmodu- 
lin binding to targets (Gough and Taylor, 1993). 

The complete mechanism of fibroblast locomotion proba- 
bly involves a combination of distinct mechanisms coupled 
in time and space. The biased assembly of actin at the leading 
edge of migrating cells may also be important for other pos- 
sible mechanisms involved in cell locomotion including: (a) 
motor activity of myosin I (Fukui et al., 1989; Pollard et al., 
1991; Yonemura and Pollard, 1992; Conrad et al., 1993); (b) 
gel expansion (Oster and Perelson, 1987; Stossel, 1990; 
Condeelis, 1992); (c) osmotic pressure (Oster and Perelson, 
1987; Stossel, 1990); (d) nucleation-release (Theriot and 
Mitchison, 1992); and (e) thermal fluctuations (Peskin et al., 
1993). Additional mechanisms must be tested by mapping the 
distribution and activity of the major proteins and regulating 
processes. Using the living cell as a "microcuvette" will be 
an important complement to the tools of biochemistry, mo- 
lecular biology, and genetics (Taylor et al., 1992). 
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