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Abstract. Cofilin is a low molecular weight actin-mod-
ulating protein whose structure and function are con-
served among eucaryotes. Cofilin exhibits in vitro both
a monomeric actin-sequestering activity and a filamen-
tous actin-severing activity. To investigate in vivo func-
tions of cofilin, cofilin was overexpressed in Dictyostel-
ium discoideum cells. An increase in the content of
D. discoideum cofilin (d-cofilin) by sevenfold induced
a co-overproduction of actin by threefold. In cells over-
expressing d-cofilin, the amount of filamentous actin
but not that of monomeric actin was increased. Overex-
pressed d-cofilin co-sedimented with actin filaments,
suggesting that the sequestering activity of d-cofilin is

weak in vivo. The overexpression of d-cofilin increased
actin bundles just beneath ruffling membranes where
d-cofilin was co-localized. The overexpression of d-cofi-
lin also stimulated cell movement as well as membrane
ruffling. We have demonstrated in vitro that d-cofilin
transformed latticework of actin filaments cross-linked
by a-actinin into bundles probably by severing the fila-
ments. D. discoideum cofilin may sever actin filaments
in vivo and induce bundling of the filaments in the pres-
ence of cross-linking proteins so as to generate contrac-
tile systems involved in membrane ruffling and cell
movement.

hibited by living organisms, and is directed by in-

teractions among proteins, membrane lipids, and
extracellular matrices. Cell movement may be divided into
three elementary processes; protrusion of leading edges,
association and dissociation of membranes to substrata,
and backward retraction of detached peripheral mem-
branes. Actin filaments, one of cytoskeletal components,
are organized into highly ordered architectures, and are
involved in these processes. The architecture of actin fila-
ments is regulated by several kinds of actin-binding pro-
teins including cross-linking proteins, severing proteins,
end-capping proteins, and monomer-sequestering proteins
(Stossel et al., 1985; Pollard and Cooper, 1986; Vandekerck-
hove and Vancompernolle, 1992).

Cofilin is a low molecular weight actin-modulating pro-
tein that is ubiquitously distributed among eucaryotes
(Pollard, 1993; Sun et al., 1995). Cofilin-related proteins
have been shown to be essential for Dictyostelium discoi-
deum (Aizawa et al., 1995) and Saccharomyces cerevisiae
(lida et al., 1993; Moon et al., 1993) to be viable. Since both
porcine cofilin and destrin, a cofilin-related protein, com-
plement the lethality associated with yeast cofilin—null mu-
tants, functions of cofilin-related proteins are conserved

CELL movement is a complicated phenomenon ex-
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among eucaryotes (lida et al., 1993). Cofilin-related pro-
teins bind to monomeric actin in one-to-one molar ratio,
and consequently sequesters it from self-assembly reaction
in vitro (Nishida et al., 1985; Moriyama et al., 1992; Hay-
den et al., 1993). Cofilin-related proteins bind also to actin
filaments in vitro, and occasionally severs them (Nishida et
al., 1985; Cooper et al., 1986; Maciver et al., 1991a; Haw-
kins et al., 1993). In a variety of cells, cofilin-related pro-
teins are localized in cellular regions which exhibit move-
ment, such as ruffling membrane in D. discoideum cells,
Acanthamoeba, and cultured fibroblastoma, and cortical
actin patches in S. cerevisiae (Bamburg and Bray, 1987,
Yonezawa et al., 1987; Moon et al., 1993; Quirk et al.,
1993; Aizawa et al., 1995). These facts suggest the relation-
ship of cofilin-related proteins with cell movements.

To elucidate in vivo functions of cofilin-related proteins,
we examined biological phenotypes of D. discoideumn cells
in which the expression of D. discoideum cofilin (d-cofilin)!
was experimentally increased.

Materials and Methods
Cell Lines and Vectors

Overexpression plasmid of d-cofilin, pCOF, was constructed as follows.
The d-cofilin cDNA was amplified by PCR using a synthetic oligonucleotide
(AAAAATGCATCTTCAGGTATTGCTTTAGCT) and a T7 primer as

1. Abbreviation used in this paper: d-cofilin, D. discoideum cofilin.
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primers from the template plasmid, pDCOF2 (Aizawa et al., 1995). The
amplified cDNA was sequentially treated with EcoT221, klenow large
fragment, and Xhol, and ligated into pBsr2 (Sutoh, 1993) which had been
pre-treated sequentially by BamHI, mung bean exonuclease, and Xhol.
The resultant plasmid contains an artificial d-cofilin gene consisting of ac-
tin 15 promoter, initiation methionine codon followed by in-frame d-cofi-
lin cDNA, and actin 8 terminator in pUC19. The plasmid was digested by
EcoRYV and Xhol and self-ligated after treatment with klenow large frag-
ment in order to eliminate an internal HindlIII site. The artificial d-cofilin
gene was then excised from the plasmid by sequential treatments of HindlII,
klenow large fragment, and Xbal, and inserted into the D. discoideum ex-
trachromosomal shuttle vector, pBIG (Uyeda et al., 1994; a generous gift
from Dr. J. Spudich, Stanford University of Medicine, Stanford, CA),
which had been pre-treated sequentially by BamHI, klenow large frag-
ment, and Xbal. The resultant plasmids, pCOF and pBIG, were sepa-
rately introduced into D. discoideum Ax2 cells by electroporation and
transformed cells were selected in HLS medium containing 10 pg/ml neo-
mycin as described before (Aizawa et al., 1995).

Protein Compositions

Transformed cells (1 X 107 cells on a 9 cm dish) were harvested and grown
in 80 ml of HL5 medium with 10 pg/ml neomycin as liquid culture shaking
at 22°C to a density at 1 X 107 cells/ml. Cells were harvested by centrifuga-
tion at 250 g for 5 min at 4°C, and the packed cells (0.6 g) were suspended
with 6 ml of MEM buffer (20 mM Mes, 2 mM EGTA, 1 mM MgCl,, pH
6.85) containing protease inhibitors (1 mM PMSF, 50 pg/ml leupeptine,
and 0.5% [vol/vol] aprotinin) and sonicated to prepare total protein frac-
tion. The fraction was centrifuged at 400,000 g for 30 min. The superna-
tant faction (6 ml) was adjusted to 40% saturation of ammonium sulfate,
and centrifuged at 10,000 g for 15 min, and the precipitates were collected
and resuspended in 1 ml of MEM buffer as the 0-40% ammonium sulfate
fraction. The supernatant was further sequentially fractionated into the
40-60% ammonium sulfate fraction and the 60-80% ammonium sulfate
fraction. After dialysis against 50 mM Tris (pH 7.5), the 60-80% fraction
was charged onto 1 ml of DEAE-—cellulose column, and the flow through
fraction was collected. Protein composition of each fraction was analyzed
by SDS-PAGE (Laemmli, 1970) with 10-20% gradient gel. Molecular
weight markers for SDS-PAGE (Bio-Rad Laboratories, Hercules, CA)
contain myosin (200 kD), B-galactosidase (116 kD), phosphorylase b (97
kD), bovine serum albumin (66 kD), ovalbumin (45 kD), carbonic anhy-
drase (31 kD), trypsin inhibitor (21.5 kD), and lysozyme (14.4 kD). Gels
were stained by Coomassie brilliant blue R-250. Western blotting was per-
formed as previously reported (Aizawa et al., 1995) using a rabbit antise-
rum against d-cofilin (Aizawa et al., 1995) at 2,000 dilution and a mouse
anti—actin monoclonal antibody clone C4 (ICN Biomedicals Inc., Costa
Mesa, CA) at 500X dilution in blocking solution (5% skim milk in PBS),
respectively, as the first antibodies. Alkaline phosphatase-conjugated goat
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA) and horse radish peroxidase-conjugated goat anti-mouse IgG were
used as second antibodies at 2,000X dilution. Reacted proteins were visu-
alized by adding nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-
indolyl phosphate for staining d-cofilin, and H,0,, 4-chloronaphthol, and
o-dianisidine for staining actin, as substrates.

Subcellular Fractionation

Transformed cells (2 X 107 cells) were grown on a 9 cm dish. After starva-
tion for 1 h at 22°C in MCM buffer (20 mM Mes, 0.2 mM CaCl,, 2 mM
MgCl,, pH 6.85), the cells were washed twice on the plate by lysis buffer
(20 mM Mes, 15 mM KCl, 2 mM MgCl,, 5 mM EGTA, 1 mM DTT, the
protease inhibitors, pH 6.85) at 22°C. After a complete removal of the ly-
sis buffer, 0.5 ml of lysis buffer containing 0.5% NP-40 was added gently
onto the plate, and was incubated at 22°C for 5 min to lyse all the cells on
the plate completely. The complete lysis was checked under microscopy.
The lysate was collected by cell scrapers as the total fraction. The lysate
was centrifuged at 400,000 g for 30 min, and the supernatant and precipi-
tates were collected separately. The amounts of d-cofilin and actin were
measured by densitometer after SDS- PAGE of each fraction. We calcu-
lated intracellular concentrations of the two proteins from the data that
the total protein concentration of cell homogenate with 9-vol lysis buffer
and 1-vol packed Ax2 cell pellet is 10 mg/ml.

Cell Staining

Cells grown on a glass cover slip were starved in MCM buffer for 1 h, and
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then fixed in MCM buffer containing 3.7% formaldehyde. For single
staining of actin filaments, the fixed cells were incubated in PBS contain-
ing 1 U/ml rhodamine phalloidin (Molecular Probe, Eugene, OR) for 1 h
at 25°C. For double staining of actin filaments and plasma membrane,
cells were fixed and stained by rhodamine phalloidin as above, and then
incubated with 800X diluted Dil stock solution (3 mg/ml in EtOH) in PBS
for 30 min at 25°C. For double staining of d-cofilin and actin filaments, the
fixed cells were further permeabilized by incubation in EtOH containing
1% formaldehyde at —15°C for 5 min. Then the cells were incubated se-
quentially in the blocking solution (10% goat serum in PBS) for 20 min at
25°C, 100x diluted anti-d-cofilin antiserum for 16 h at 4°C, 100X diluted
fluorescein-conjugated goat anti-rabbit IgG antibody for 2 h at 25°C, and
1 U/ml rhodamine phalloidin in PBS for 1 h at 25°C. The stained cells
were observed and recorded under a confocal laser scanning microscopy
MRC600 (Bio-Rad Laboratories, Tokyo, Japan) equipped with an Argon
ion (25 mW) and Helium/Neon (0.3 mW) dual laser system, Nikon op-
tiphot-2, and a Nikon Plan Apo60 oil immersion objective (Nikon Co.,
Tokyo, Japan), and under a Zeiss Axiovert 135 equipped with an Plan-
Apochromat 63X oil immersion objective (Carl Zeiss, Oberkochen, Ger-
many).

Protein Purification

Rabbit muscie actin was prepared as described (Spudich and Watt, 1971),
and further purified as described before (Aizawa et al., 1995). D. discoi-
deum cofilin was purified from Ax2 cells as described before (Aizawa et
al., 1995). D. discoideum c-actinin was purified from Ax2 cells as de-
scribed (Condeelis et al., 1982) except for the use of HiLoadTM 16/60 Su-
perdex TM 200 preparation grade gel filtration column (Pharmacia LKB
Biotechnology, Uppsala, Sweden} equilibrated with 10 mM Mes, 1 mM
EGTA, pH 6.9 instead of Bio-Rad A15M gel filtration open column.

Cell Movement

Transformed cells were grown on a 35 mm dish at a density of 1 X 10°
cells/dish for overnight in HLS medium containing 10 pwg/ml neomycin.
After removal of the medium, cells were suspended in 1 ml of MCM
buffer by gentie pipetting. An aliquot (50 pl) of the suspension was added
to a Falcon 35 mm tissue culture dish (Becton Dickinson Co., Mountain
View, CA) containing 2 ml of MCM buffer and the dish was settled at
22°C for 30 min so that the cells attached to the substrate. The movement
of the cells was observed under Axiovert 135 equipped with Argus 50 im-
age analyzing computer system and SIT camera C2400-08. For high-mag-
nification observation by Nomarski DIC system, we used PlanApochro-
mat 63X oil emulsion object and 35 mm glass bottom microwell dishes
coated with poly-L-lysine (MatTek Corp., Ashland, MA). Original images
were enhanced and subtracted with the background image in real time by
Argus system and recorded sequentially at every 10-s intervals on its
RAM disk. To regulate temperature of the buffer at 22°C, we placed all
the observation system in a room adjusted at 22°C, and the power of light
for observation was settled under the range 4. For low magnification ob-
servation under light microscopy, we used PlanNeofluar 20X object and a
Falcon tissue culture dish uncoated or coated with various materials. Orig-
inal microscopic images were enhanced, subtracted with the background
image, sliced, and negatively polarized in real time, and recorded sequen-
tially on a time-lapse 8-mm video recorder (Mitsubishi, Tokyo, Japan).
Making movies and parameter calculations of cell movement were auto-
matically performed using computer program DIAS (Soltech Inc., Qakdale,
LA) from the recorded 8 mm video tapes.

Results

Preparation and Characterization of Cells
Overexpressing d-Cofilin

To overexpress d-cofilin in D. discoideum Ax2 cells, we
used an extrachromosomal plasmid pBIG as a shuttle vec-
tor, whose copy number is ~150 in a single cell (Firtel et
al., 1985). Since the pBIG contains a neomycin resistant
gene, cells carrying the plasmid were selectively cloned in
HL5 medium containing 10 pg/ml neomycin (Uyeda et al.,
1994). The d-cofilin gene, DCOF1 was first introduced to-
gether with actin 8 terminator into pBIG. Transfectants
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Figure 1. Protein composition of control and overexpressor cells.
(A) SDS-PAGE of fractions prepared from control and overex-
pressor cells. (B) Western blotting of fractions using anti-actin
antibody. (C) Western blotting of fractions using anti-d-cofilin
antiserum. Lanes 7, 3,5, 7,9, and 17; fractions prepared from con-
trol cells. Lanes 2, 4, 6, 8, 10, and 12; fractions prepared from
overexpressor. Lanes I and 2, total protein; lanes 3 and 4, ultra-
centrifuged supernatant; lanes 5 and 6, 0-40% ammonium sulfate
fraction; lanes 7 and 8, 40-60% ammonium sulfate fraction; lanes
9 and 10, 60-80% ammonium sulfate fraction; lanes 17 and 12,
DEAE flow-through fraction of 60-80% ammonium sulfate frac-
tion. M, marker proteins.

carrying the plasmid did not overproduce d-cofilin, how-
ever (data not shown). Next, we introduced actin 15 pro-
moter, d-cofilin cDNA, and actin 8 terminator into pBIG.
The resultant plasmid, pCOF, successfully overexpressed
d-cofilin in Ax2 cells (Fig. 1). When 10 pg plasmid was in-
troduced into vegetatively growing Ax2 cells (1 X 10’
cells) by electroporation, more than 100 colonies were re-
producibly formed after neomycin selection. 2 wk after
electroporation, all colonies were harvested and used in
further experiments. The content of d-cofilin in cells carry-
ing pCOF was seven times higher than that in cells carry-
ing the control plasmid pBIG (Fig. 1, A and C). We found
that the content of a 42-kD protein in cells carrying pCOF
also increased threefold compared to that in the control
cells (Fig. 1 A). The 42-kD protein was identified as actin
on the basis of immunoreactivity with a monoclonal anti-
actin antibody (Fig. 1 B) and binding to DNase-I column
(data not shown). The contents of proteins other than d-cofi-
lin and actin did not differ (Fig. 1 A, lanes 3-12). The ex-
pression level of d-cofilin in the above transformants con-
tinued high for 3 wk after electroporation, and gradually
decreased thereafter to the control level (data not shown).
The expression of actin in cells carrying pCOF decreased
during passages for several weeks as that of d-cofilin de-
creased. Thus, we performed all the experiments in this
study within 3 wk after electroporation.

Starvation of the overexpressing cells on a filter induced

Figure 2. Quantitative analysis of d-cofilin and actin in control
and overexpressor cells. Total protein fraction was prepared from
control and overexpressor cells by lysis buffer containing 0.5%
NP-40 as described in Materials and Methods. The fraction was
further fractionated by ultracentrifugation into precipitates and
supernatant. The amounts of d-cofilin (A) and actin (B) in each
fraction were determined by SDS-PAGE followed by densito-
metric analysis. The concentrations of d-cofilin and actin which
were produced by pCOF were also calculated (C). The mean
value of three experiments were presented.
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normal differentiation into aggregation stage and mature
fruiting body at 5.5 and 22 h, respectively. Starved control
cells differentiated into the above two stages at 6 and 24 h,
respectively. The content of d-cofilin and that of actin in
the overexpressing cells decreased to 30% and 10% of the
vegetative levels at 6 and 16 h, respectively, after the in-
duction of differentiation. For this reason, we performed

Figure 3. Intracellular distri-
bution of actin filaments in
flattened control and overex-
pressor cells. Cells were placed
on a glass coverslip in MCM
buffer for 1 h before fixation.
The fixed cells were stained
with rhodamine phalloidin to
visualize actin filaments. Opti-
cally sectioned images were re-
corded by laser scanning con-
focal microscopy at 0.5-pm
intervals along the vertical
axis. Reconstituted figures by
projecting all the Z-series of
two typical flattened cells were
represented here for control
(A and B) and overexpressor
(C and D), respectively. Bars:
(B)5 um (D) 10 pm.

all the experiments using cells in MCM buffer solution
within 3 h. No significant difference was detected between
doubling times of the overexpressing cells (17 + 0.5 h) and
control cells (18 = 0.5 h) when they grew on a dish in HLS
medium containing 10 ug/ml neomycin. Overexpressing
cells and control cells did not differ in phagocytic activity
with microbeads (data not shown).

Figure 4. Double-staining of overexpressor for actin filaments and plasma membrane. Overexpressor cells were grown and fixed as in
Fig. 3. The cells were doubly stained by rhodamine phalloidin and Dil to visualize actin filaments and plasma membrane, respectively.
Observation was performed as in Fig. 3. Reconstituted figures from optical sections for actin filaments (A), plasma membrane (B), and

merger of A and B (C) are represented. Bar, 5 pum.

The Journal of Cell Biology, Volume 132, 1996
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Figure 5. Intracellular distribution of actin filaments in actively
moving control and overexpressor cells. Control cells (A and B)
and overexpressor (C and D) were grown, fixed, and stained with
rhodamine phalloidin as in Fig. 3. Observation was performed us-
ing Nomarski differential microscopy (A and C) and fluorescent
microscopy (B and D). Asterisks indicate actin latticework on
contact sites with the substratum. Arrows indicate actin bundles
under plasma membrane. Bar, 20 pm.

Effect of d-Cofilin Overexpression on Actin Assembly
in Cells

The total concentration of d-cofilin and that of actin in
cells carrying pCOF were both approximately 600 pM
higher than those in control cells (Fig. 2). Cell lysates were
subjected to centrifugation so as to recover polymerized
actin and unpolymerized actin as precipitated and super-
natant fractions, respectively. Fig. 2 C showed that 83% of
overexpressed d-cofilin and 90% of co-overproduced actin
were recovered in precipitated fractions, indicating that
the overexpression of d-cofilin co-overproduced actin fila-
ments but not actin monomers in D. discoideum cells.

Effect of d-Cofilin Overexpression on Actin
Architectures in Cells

Actin architectures of cells were visualized with rhodamine
phalloidin by fluorescence microscopy. In control cells, ac-
tin filaments were observed predominantly in the regions
of peripheral ruffling membranes (Fig. 3, A and B). In cells
overexpressing d-cofilin and actin filaments, numerous
bundles of actin filaments just under the dorsal plasma
membranes were observed (Fig. 3, C and D). Double
staining of actin filaments with rhodamine phalloidin and
plasma membranes with dil in a single flattened cell
clearly revealed that the overexpression of d-cofilin signif-
icantly stimulated membrane ruffling in dorsal cell sur-
faces which appeared to be associated with bundles of ac-
tin filaments (Fig. 4).

Next, we examined actin architectures in cells with elon-
gated cell shapes which were actively moving. In control
cells, we observed at least three types of phalloidin stain-
ing; first, relatively strong staining at the ventral adhesion

Aizawa et al. Qverexpression of Cofilin

Figure 6. Double staining of overexpressor for actin filaments
and d-cofilin. Overexpressor cells were grown and fixed as in Fig.
3. The cells were doubly stained by rhodamine phalloidin and
anti-d-cofilin antibodies to visualize actin filaments (A, C, E, and
G) and d-cofilin (B, D, F, and H), respectively. Observations
were performed as in Fig. 3. Reconstituted figures by projecting
all the Z series are shown at the top (A and B). Sectioned images
at 3.0 um (C and D), 1.5 pm (E and F), 0 pm (G and H) from the
glass substrate are also shown. Bar, 20 um.
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Figure 7. Reconstitution of
actin bundles from actin fila-
ments, a-actinin, and d-cofi-
lin in vitro. Purified rabbit
muscle actin (10 pM) and D.
discoideum «-actinin (0.5
wM) were mixed in the ab-
sence (A) and presence (B)
of d-cofilin (1 pM) at 4°C.
The final condition of reac-
tion mixture was 10 mM Mes,
50 mM KCl, 1 mM EGTA,
0.5 mM ATP, 1 mM MgCl,,
0.1 pM rhodamine phalloi-
din, pH 6.85. The mixture
was incubated at 25°C for 2 h
in a small cuvette made of a
slide glass and a cover glass
with 0.15-mm-thick spacers.
The actin architectures re-
constituted in the cuvette
were observed under a Zeiss

Axiophot fluorescent microscope, and the images were recorded in a computer image analyzer system through a SIT camera. In order
to demonstrate clearly the actin bundles, we subtracted a background fluorescent image corresponding to the fine actin filaments
which distributed uniformly all over the field from the original images of actin architectures, and present here the resultant figures.

Bar, 200 pm.

plaques where cells attached to substrate, second, diffuse
staining of cell bodies, and third, thin actin bundles along
elongated cell bodies (Fig. 5 B). In cells overexpressing
d-cofilin and actin filaments, although the first and sec-
ond-type stainings were not greatly altered, thick actin
bundles along the long cell axes were observed instead of
the thin bundles detected in control cells (Fig. 5 D). These
results indicated that the actin filaments co-overproduced
by the d-cofilin overexpression were selectively reorga-
nized into the third type of actin architectures in D. discoi-
deum cells.

We compared intracellular distribution of d-cofilin to
that of actin filaments in a single moving cell that was
overexpressing d-cofilin (Fig. 6). As was observed in con-
trol cells (Aizawa et al., 1995), d-cofilin did not localize in
adhesion plaques (Fig. 6, G and H), but co-localized with
bundles of actin filaments. This co-localization of d-cofilin
and actin filaments in the cell is well consistent with the
fact that almost all the overexpressed d-cofilin was co-pre-
cipitated with actin filaments in vitro (Fig. 2). These re-
sults suggest that the d-cofilin overexpression caused not
only the overproduction of actin filaments but also the re-
organization of the filaments into the third type of actin
architectures, that is, actin bundles in D. discoideum cells.

Enhancement of Actin Filament Bundling
by d-Cofilin In Vitro

It has been demonstrated that actin latticework was trans-
formed into bundles when actin filaments cross-linked by
a-actinin in the latticework were severed by treatments
with actophorin, a cofilin-related protein in Acanthamoeba
in vitro (Maciver et al., 1991b). We performed an analo-
gous experiment using d-cofilin as a possible severing fac-
tor (Fig. 7). Actin latticework was reconstituted from 10
M actin and 0.5 pM D. discoideum «-actinin (Fig. 7 A).
The latticework was not brightly stained with rhodamine
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phalloidin because each actin filament was thin and, there-
fore, stained under a threshold level to be detected. When
the latticework was treated with 1 pM d-cofilin, the bun-
dles of actin filaments brightly stained with rhodamine
phalloidin were induced (Fig. 7 B).

Amoeboid Movement

During the course of selection for cells containing plas-
mids, pCOF and pBIG, we realized that colonies of cells
overexpressing d-cofilin were generally larger than those
of the control cells. At day 7 and 11 after plating, the over-
expressing cells formed approximately 1.6-times larger
colonies in radius than the control cells (Fig. 8). Doubling
time of the overexpressing cells and that of the control
cells were 17 = 0.5 and 18 = 0.5 h, respectively. It seems
that this difference, if any, in doubling time does not ac-
count for difference in colony size. Since the radius of a
colony is a function of growth rate and cell motility, we
speculated that the overexpressing cells move faster than
the control cells. To confirm this, we decided to measure
cell movement directly by real-time observation using a
computer-digitated video-microscopy.

Although there is some deviation in the motility among
cells, we found that cells overexpressing d-cofilin moved
significantly faster than the control cells. Presented are se-
quential photographs of examples; a relatively fast moving
cell of the control (Fig. 9 A) and one of the overexpressing
cells (Fig. 9 B), taken at an interval of 20 s. The overex-
pressing cells developed a larger lamellipodium in front of
the cell (Fig. 9, 20 s) and more rugged dorsal plasma mem-
brane (Fig. 9, 40 s) than the control cell. For statistic treat-
ment of motility data, we used an automatic image analyzing
computer system combined with a microscope equipped
with a low magnification objective. With the control and
overexpressing cell types, we observed about 25 cells in
each field at an interval of 3 min for 30 min (Fig. 10, A and B).

340



[] pBIG

Figure 8. Colony formation of con-
trol and overexpressor cells. D. dis-
coideum Ax2 cells were trans-
formed by electroporation of plasmid
vectors pBIG for control and pCOF
for overexpression of d-cofilin. Af-
ter electroporation, cells were grown
on a dish in HL5 medium contain-
ing 10 pg/ml neomycin in order to
screen cells carrying pBIG or pCOF.
During the screening of trans-
formed cells, the cells carrying the
plasmids proliferated well and
formed colonies, while the other Ax2
cells died. We present here photo-
graphs of typical colony of cells car-
rying pBIG (A and C) and pCOF
(B and D) at day 7 (A and B) and at
day 11 (C and D). (E) Mean radius
d ay7 d ayl 1 of control and overexpressor colo-

nies at days 7 and 11. Bar, 500 pm.
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Figure 9. Direct observation of single cell movement. Cells were
grown in HLS medium containing 10 pg/ml neomycin. At 1 h be-
fore analysis, 10° cells were harvested and placed on a 35 mm cell
culture dish in MCM solution at a low density (127 cells/mm?).
Cell movement was recorded at every 10-s intervals using a com-
puter video microscopy system. We represent a time series of
photographs of control (A) and overexpressor (B) cells, which
move the fastest in our hundreds of observed cells, at 20-s inter-
vals for one minute. Bar, (B) 10 pm.

After the automatic calculation of centroid position (Fig.
10, C and D), histograms of cell frequency were made as a
function of cell motility after collecting data in four inde-
pendent experiments (Fig. 10, E and F). The results shown
in the histograms clearly indicate that the overexpression
of d-cofilin enhanced cell movement. Mean speeds of the
control and overexpressing cells were calculated to be 1.09
and 1.86 pm/min, respectively. Even when the surfaces of
dishes were coated with poly-L-lysine, gelatin, fibronectin,
or collagen, the mean speed of the overexpressing cells
(1.62, 1.16, 1.14, and 1.17 pm/min, respectively) was al-
ways about two times faster than that of the control cells
(0.95, 0.51, 0.60, and 0.74 pm/min, respectively). This indi-
cates that the enhancement of cell movement by the over-
expression of d-cofilin is independent of substrate proper-
ties which affect cell motility.

Discussion

In this study, to address the question of what is (are) the in
vivo function(s) of cofilin, we have analyzed altered prop-
erties associated with D. discoideum cells in which d-cofi-
lin was overexpressed. We found that the overexpression
of d-cofilin caused (@) an increase in the amount of actin
filaments but not in the amount of unpolymerized actin
(Fig. 2), (b) an appearance of ruffling membranes associ-
ated with cytoplasmic actin bundles (Figs. 3-7), and (c) an
enhancement of amoeboid movement (Figs. 8 and 9).
How did d-cofilin overexpression cause an increase in
the amount of actin filaments? It was demonstrated that a
cofilin-related protein protected actin molecule from de-
naturation by EDTA in vitro (Hayden et al., 1993). Thus,
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Figure 10. Quantitative analysis of cell movement. Cell move-
ment was automatically analyzed from serial images of cells as
described under Materials and Methods. We represent one exam-
ple among computer-digitized movies of control (4) and overex-
pressor (B) movements at 3-min intervals for 30 min. (C and D)
Centroid movement calculated automatically from computer-dig-
itized movies in A and B, respectively. The outlines of cells at
time O are also shown. (E and F) The histogram of mean speeds
of each control (E) and overexpressor (F) cells. Bar, 150 pm.

it is possible that the overexpression of d-cofilin stabilizes
actin molecules and consequently causes the accumulation
of actin in the cells. Since the contribution of d-cofilin to
sequestering monomeric actin is small as described below,
the amount of polymerized actin is considered to increase
as the amount of total actin increases. Another possibility
is that severing activity of d-cofilin may cause an increase
in the number of free ends of actin filaments where mono-
meric actin molecules are preferentially polymerized, and
that lowering the concentration of free monomeric actin
might enhance the synthesis of actin. The latter possibility
may be supported by the recent report that the underex-
pression of capping protein, which increased the number
of free ends of actin filaments, resulted in increases of cel-
lular contents of both total and polymerized actin presum-
ably because of the same mechanism as in the case of the
overexpression of d-cofilin (Hug et al., 1995).

We previously reported that 9 uM d-cofilin depolymer-
ized and sequestered only 1 uM actin in the presence of
3.2 uM total actin at pH 6.8 in vitro (Aizawa et al., 1995).
Several reports have also demonstrated that about a 10
mol excess of cofilin-related proteins is needed to seques-
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ter actin monomer at neutral pH (Nishida et al., 1984;
Moriyama et al., 1992; Hawkins et al., 1993; Hayden et al.,
1993). This weak sequestering activity of cofilin-related
proteins well explains the fact that the overexpression of
600 pM d-cofilin by pCOF only slightly increased the con-
centration of sequestered actin from 120 to 180 p.M while
it greatly increased the concentration of actin filaments
from 180 to 720 uM in D. discoideum cells (Fig. 2). Since
the concentration of d-cofilin in Ax2 cells was estimated to
be 100 pM, d-cofilin may sequester ca. 10 pM actin in the
cells. Since the total concentration of sequestered actin in
Ax2 cells was calculated to be ca. 120 uM, 110 upM actin
should be sequestered by other proteins than d-cofilin
such as profilin. We concluded that d-cofilin is not a major
actin-sequestering protein in D. discoideum cells.

We showed that the overexpression of d-cofilin en-
hanced actin bundles in D. discoideum cells (Figs. 3-6). It
was also reported that microinjection or transient overex-
pression of cofilin-related proteins induced actin bundles
in mammalian cultured cells (Nagaoka et al., 1995;
Moriyama et al., in press). These results suggest that cofi-
lin-related proteins trigger the formation of actin bundles
in cells although purified cofilin-related proteins them-
selves do not have any activity to bundle actin filaments in
vitro. Porcine destrin, Acanthamoeba actophorin, and hu-
man actin depolymerizing factor, all of which are cofilin-
related proteins, have an activity to sever actin filaments in
vitro (Nishida et al., 1985; Cooper et al., 1986; Maciver et
al., 1991a; Hawkins et al., 1993). It has been shown that ac-
tophorin re-organized latticework consisting of actin fila-
ments and a cross-linking protein, into actin bundles by
severing actin filaments in vitro (Maciver et al., 1991b).
We also observed the lattice-bundle transition of actin fila-
ments by d-cofilin in vitro (Fig. 6). These in vitro results
suggest that the formation of actin bundles in the overex-
pressing cells is attributed to the severing activity of cofi-
lin-related proteins.

Cells overexpressing d-cofilin exhibited enhanced cell
motility (Figs. 9 and 10). This indicates that d-cofilin is an
upstream positive regulator of cell motility. Very recently,
phosphorylation of cofilin-related proteins at their Ser-3
residue has been shown to inactivate the protein in actin
binding (Agnew et al., 1995; Moriyama et al., in press). We
observed that the overexpressed d-cofilin was not signifi-
cantly phosphorylated and that the overexpression of
d-cofilin mutant containing Glu-3 instead of Ser-3 did not
overproduce actin bundles, ruffling membranes, or cell
motility in D. discoideum (data not shown). A body of evi-
dence has been accumulated that various cellular activa-
tions accompany dephosphorylation of cofilin-related pro-
teins and enhanced cell motilities such as stimulation of
ruffling membranes (Davidson and Haslam, 1994) and se-
cretion (Saito et al., 1994; Kanamori et al., 1995). These
correlations are consistent with our conclusion that the ac-
tivation of cofilin-related proteins may cause the enhance-
ment of cell motilities. The enhancement of cell motility
may be accounted for by the co-overproduction of actin
filaments, since d-cofilin itself is not shown to produce
mechanochemical power. The majority of actin filaments
in the overexpression cells were organized into bundles
under ruffling membranes (Figs. 3-6). Recently it was re-
ported that underexpression of capping protein caused
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overproduction of actin filaments which were organized
into actin arrays just in microspikes, but did not enhance
cell motility (Hug et al., 1995). These results suggest that
the enhancement of cell motility induced by the overex-
pression of d-cofilin is not solely attributed to the overpro-
duction of actin filaments. We suggest that the overexpres-
sion of d-cofilin may stimulate the lattice-to-bundle transition
of actin architectures, leading to cell locomotion in D. dis-
coideum cells.
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