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ABSTRACT In this study we investigated concanavalin A (Con A) induced changes in the
locations of actin, myosin, 120K, and 95K (e-actinin) to determine the extent to which actin
and myosin are reorganized during capping and the roles that 120K and 95K might play in
this reorganization. We observed the location of each protein by indirectimmunofluorescence
using affinity purified antibodies. Four morphological states were distinguished in vegetative
Dictyostelium amebae: ameboid cells before Con A binding, patched cells, capped cells, and
ameboid cells with caps.

The location of each protein was distinct in ameboid cells both before and after capping.
Actin and 120K were found in the cell cortex usually associated with surface projections, and
myosin and 95K were diffusely distributed. Myosin was excluded from surface projections in
ameboid cells. During patching, all four proteins were localized below Con A patches. During
capping, actin, myosin, and 95K protein moved with the Con A patches into the cap whereas
120K protein was excluded from the cap. During the late stages of cap formation actin and
myosin were progressively lost from the cap, and 120K became concentrated in new actin-
filled projections that formed away from the cap. However, 95K remained tightly associated
with the cap. Poisoning cells with sodium azide inhibited capping but not patching of ligand.
In azide-poisoned cells, myosin and 95K did not co-patch with Con A, whereas copatching of
120K and actin with Con A occurred as usual.

Our results support the hypothesis that capping is an actomyosin-mediated motile event
that involves a sliding interaction between actin filaments, which are anchored through the
membrane to ligand patches, and myosin in the cortex. They are also consistent with a role
for 120K in the formation of surface projections by promoting growth and/or cross-linking of
actin filaments within projections, and with a role for 95K in regulating actomyosin-mediated
contractility, earlier proposals based on the in vitro properties of these two proteins (Condeelis,
J., M. Vahey, ). M. Carboni, J. DeMey, S. Ogihara, 1984, J. Cell Biol., 99:119s-126s).

Cells of the vegetative stage of Dictyostelium discoideum are
characterized as ameboid by their ability to exhibit dramatic
shape changes involving extension and retraction of protru-
sions from the cell surface, events usually associated with
locomotion on a substrate but that also occur when cells are
in suspension. Another form of motility associated with the
cell surface is chemotaxis, a process that involves an interac-
tion between an extracellular ligand and the cytoskeleton (14,
18, 42) and that occurs during normal morphogenesis of this
organism. A third process, exemplary of cell surface motility,
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is the ligand-induced capping of cell surface receptors, which,
in this organism, is correlated with the ligand-induced recruit-
ment of actin and myosin to the plasma membrane under
ligand-receptor complexes (7, 8).

Although the motile mechanisms underlying these proc-
esses are not understood, a common theme has emerged that
involves the actin cytomatrix in generating the force for
membrane-associated motility. The cytoplasmic region im-
mediately subjacent to the plasma membrane, the cell cortex,
has been identified as an actin-rich zone containing dense
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networks of microfilaments (2, 8, 21). Much of this actin is
tightly associated with the cell membrane and will co-purify
with it (7, 28, 38). Interactions between the barbed ends of
actin-containing filaments and the plasma membrane of Dic-
tyostelium amebae have been observed in the electron micro-
scope (2). This is the interaction most commonly seen in
various cell types. In addition to these, numerous interactions
have been observed in Dictyostelium amebae, between the
sides of actin filaments and the plasma membrane that are
mediated by lateral bridges 17 nm long (2). These are remi-
niscent of the lateral bridges seen in the microvilli of intestinal
epithelial cells (32). Biochemical studies have also identified
lateral interactions between microfilaments and the plasma
membrane of Dictyostelium discoideum (22).

Finally, dramatic changes in the amount and organization
of actin in the cell cortex occur during cell spreading (15, 34)
and lectin binding and capping (7). Presumably, it is the
growth and reorganization of actin filaments in the cell cortex,
mediated by myosin and various actin binding proteins, that
provide the force and spatial information necessary for
changes in cell shape, locomotion, and capping. Hence, infor-
mation about the location of actin and its associated proteins
in these cells during ligand patching and capping is of consid-
erable interest in the context of all forms of cell surface
motility.

Myosin, 120K (9), and 95K (11, 16) are actin-associated

"proteins that are present in relatively large amounts in vege-
tative amebae and probably play important roles in the reg-
ulation of cortical actin structure. Both the 120K and 95K
proteins have been characterized in detail (12). The 120K
protein promotes the assembly of actin filaments and cross-
links and branches actin filaments to form networks (8, 9,
12). It also inhibits the actin-stimulated Mg-ATPase of
myosin. Previous work indicates that 120K is located in the
cell cortex (10, 33). We have proposed that 120K protein
participates in regulating the site of actin filament growth and
gelation in vivo (12).

The 95K protein is Dictyostelium a-actinin: It cross-links
actin filaments to form lateral arrays and stimulates, in a
Ca’*-dependent manner, the Mg-ATPase activity of acto-
myosin (12). It has been localized in the cell cortex and other
regions of the cytoplasm (4). We have proposed that 95K
helps organize actin filaments in vivo into lateral arrays
suitable for interaction with myosin to produce force (12).

In this paper we describe the distribution in Dictyostelium
amebae of actin, myosin, 120K, and 95K during various
stages of patching and capping of the lectin concanavalin A
(Con A)' on the cell surface, to determine the extent to which
actin and myosin are reorganized in the cell cortex during
capping and to infer the roles that 120K and 95K proteins
might play in this reorganization.

MATERIALS AND METHODS

Preparation of Antigens:  Dictyostelium discoideum strain AX-3 was
grown in axenic culture (26) to a density of 1 x 107 cells/ml. Dictyostelium
myosin was isolated according to previously published methods (31). The 120K
protein was purified from Dictyostelium as described elsewhere (9).

Dictyostelium actin was isolated with modifications of the procedure of
Gordon et al. (23) for the isolation of Acanthamoeba actin. The modifications
are as follows: (@) The washed cell pellet was resuspended in 2 vol cold 5 mM
Pipes (pH 7.0), 5 mM EGTA, | mM dithiothreitol, including 0.03 ml/ml
Trasylol {Mobay Chemical Corp., Pittsburgh, PA) and 10 ug/ml Chymostatin

' Abbreviation used in this paper: Con A, concanavalin A.
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(Sigmal Chemical Co., St. Louis) (2). Amebae were lysed in a Kontes glass
homogenizer (Kontes Glass Co., Vineland, NJ) by hand (15-17 passes) at 0°C
and the homogenate was centrifuged at 100,000 g for 1 h at 4°C. The super-
natant was fractionated by passage over a DES2 column that had been saturated
with ATP, and the actin, recovered from this column, was further purified
according to Gordon et al. (23).

Dictyostelium 95K was isolated with modifications of the procedure of
Condeelis and Vahey (11). The initial procedure for isolation of 95K protein is
identical to that followed for actin isolation. The 95K protein elutes with actin
between 0.17 and 0.27 M KCl. These fractions were pooled, made 2 mM in
MgSO, from a 1 M stock, and incubated for 15 min at 22°C. Since Ca?* and
pH 7.6 inhibit the binding of 95K to F-actin (11), the incubation buffer was
made 0.1 mM in CaCl, and pH 7.6, and F-actin was pelleted at 35,000 rpm
for 3 h at 4°C. 95K protein was recovered in the supernatant, F-actin in the
pellet. The supernatant was dialyzed overnight against two changes of 10 mM
Pipes, 50 mM KCl, 0.5 mM EDTA, 0.25 mM dithiothreitol, pH 7.0. The
dialyzed material was pumped onto a | X 30 cm column of Bio-Rad hydrox-
ylapatite (Bio-Rad Laboratories, Richmond, CA) equilibrated in the above
buffer, and | column vol of this buffer was passed through the column. The
protein was eluted with a 400 ml gradient from 0 to 0.15 M potassium
phosphate, pH 7.0. The position of 95K protein was detected by SDS PAGE.
These fractions were pooled and dialyzed against 50 vol of the hydroxylapatite
column buffer, and pumped onto a 1 X 2.5 cm column of hydroxylapatite.
Bound protein was eluted with a 7-ml pulse of 100 mM potassium phosphate,
pH 7.0. SDS PAGE was used to locate the purified protein.

Preparation of Antibodies: Preimmune sera were collected from
New Zealand white rabbits and screened by Western blot analysis against
homogenates of Dictyostelium amebae. Rabbits that showed no reaction against
Dictyostelium antigens were injected with the purified antigens in complete
Freund’s adjuvant (1:1 vol/vol) subcutaneously along their dorsal surfaces. 0.5
mg of actin, myosin, 95K, and 120K, were injected at each inoculation. 3-4
wk later, each rabbit was boosted with 1 mg of the respective antigen in
incomplete Freund's adjuvant between previously injected areas along the
dorsal surface. 2 wk later rabbits were bled by cardiac puncture. Whole blood
was allowed to clot at room temperature for | h and then at 4°C for 1 h.
Separation of immune serum from the clot was achieved by centrifugation at
2,000 rpm for 10 min. Centrifugation was repeated until the serum was depleted
of residual erythrocytes.

Affinity Purification of Antibodies: Monospecific antibodies
against actin, myosin, 95K, and 120K were obtained from immune sera by
affinity chromatography using CNBr-activated Sepharose 4B (Pharmacia Fine
Chemicals, Piscataway. NJ) columns to which the respective Dictyostelium
antigens had been covalently attached. Specifically bound antibody was eluted
from the column by rinsing with 0.1 M glycine-HCI buffer, pH 2.8. The eluted
protein fractions were neutralized immediately by the addition of 0.1 M Tris-
HCl buffer, pH 8.5 and dialyzed overnight on ice into Tris-buffered saline (20
mM Tris, 0.9% NaCl, pH 7.6).

The amount of affinity purified antibody was determined spectrophoto-
metrically assuming an Algy .m of 14.4. The fractions were aliquoted and stored
at —70°C after the addition of 0.02% NaN; and 1% BSA.

Electrophoretic Procedure and Western Blot Analysis:
Dictyostelium amebae were resuspended to a final concentration of 1 X 107
cells/ml in PDF buffer (20 mM KCl, 40 mM sodium phosphate, 0.7 mM
CaCl,, 2 mM MgSO,, pH 6.4) containing 10 ug/ml Chymostatin and 0.04 ml/
ml Trasylol. 400 ul of the cell suspension was added to 100 ul hot (5x) Laemmli
sample buffer containing 30 mM dithiothreitol. The sample was boiled for 5
min and 90 ul was added to a single broad well (curtain) of a 5-15% polya-
crylamide gradient gel.

SDS PAGE was carried out according to the procedure of Laemmli (25) in
the microslab apparatus designed by Matsudaira and Burgess (30). Gels stained
with Coomassie Blue were scanned with a Gilford spectrophotometer (Gilford
Instrument Laboratories, Inc., Corning Glass Works, Oberlin, OH) at a wave-
length of 650 nm. The area under the protein peaks was measured by cutting
and weighing.

Electrophoretic transfer of proteins from unstained gels to nitrocellulose
paper was done in a Hoefer Transphor Apparatus (Hoefer Scientific Instru-
ments, San Francisco, CA) according to the techniques of Towbin et al. (41) in
electrode buffer (20 mM Tris, 200 mM glycine, 0.05% Tween 20, 16% [vol/
vol] methanol). Electrophoretic transfer was carried out exhaustively at 40 V
for at least 24 h at 4°C. Dried, blocked strips were incubated with purified
antibodies (0.2-2 ug) for 2 h and rinsed three times (15 min each) with 0.1%
BSA-Tris-buffered saline, pH 8.2. The strips were then incubated with dilution
of biotinylated goat anti-rabbit IgG secondary antibody (0.1% BSA-Tris-
buffered saline, 1% fetal calf serum, pH 8.2) for 30 min. The strips were washed
as above and incubated with a "so dilution of the avidin-biotin-peroxidase
complex (Vectastain Kit, Vector Laboratories, Inc., Burlingame, CA) in 0.1%

1885



BSA-Tris-buffered saline, pH 8.2. 4-Chloro-1 naphthal (3 mg/ml in methanol),
diluted in 100 mM Tris—=HC], pH 7.6, and 0.8% hydrogen peroxide, was added
to obtain a colored reaction product. The stained strips were photographed
immediately upon drying.

Reagents: Fluorescein isothiocyanate was conjugated to Con A accord-
ing to the procedure of Mallucci (29). For use in immunofluorescence experi-
ments, a determined amount of lyophilized Con A was solubilized in SS buffer
(10 mM sodium phosphate, ! M NaCl, 0.25 mM CaCl,, 0.25 mM MnCl;, pH
7.0) overnight on ice and clarified at 9,500 rpm for 30 min. The supernatant
was recovered and the protein concentration was determined spectrophoto-
metrically under the assumption of an A% o of 11.4.

Kinetics of Capping at 22°C: Dictyostelium amebae were resus-
pended in PDF buffer to 3 x 10%/ml. Con A was added to cells in suspension
1o 70 ug/ml, and the cells were swirled on an orbital shaker at 22°C. Aliquots
of cells were removed at 2, 10, 15, 20, 25, and 40 min after ligand challenge
and immediately added to an equal volume of 7.4% formaldehyde while
vortexing occurred, An aliquot of fixed cells was placed on a microscope slide,
and a coverslip was placed over the drop of cells. The coverslip was sealed to
the slide with clear nail polish, and the cells were viewed on a Zeiss Photomi-
croscope equipped with epi-illumination and filter sets for fluorescein.

Immunofluoresence Procedure: Dictyostelium amebac were
washed and resuspended to 3 X 10%/ml in PDF buffer and shaken at 22°C for
30 min. Before Con /4 was added an aliquot of cells was removed from
suspension and added to an equal volume of 7.4% formaldehyde while vortex-
ing occurred. Con A (70 ug/ml) was then added to the suspension of unfixed
cells, and aliquots of cells were removed at various times after Con A challenge
and fixed as before. 100 ul of fixed cells was added to a coverslip previously
coated with 0.1% polyethylenimine, and the cells were allowed to adhere to the
coverslip for 8 min. The coverslips were then washed twice for 5 min each time
by immersion in small plastic beakers containing ~15 ml of room temperature
PDF buffer. The coverslips were dipped briefly (5 s) in distilled HO and
immediately added to a Coplin jar containing ~20°C acetone. After 15 min the
Coplin jar was submerged under distilled H,O, and each coverslip was carefully
moved into the H,O and held there for ~30 s. By this procedure, air drying of
cells, which sometimes caused collapse of very fine projections on the cell
surface, was avoided after acetone permeabilization.

We carried out staining by removing each coverslip from the H,O and
inverting it onto 75 ul of blocking solution composed of 1% BSA-phosphate-
buffered saline (PBS) (1% BSA, 10 mM sodium phosphate, 0.9% NaCl, pH
7.0) containing 1% FCS for 10 min in a humidified chamber. The coverslip
was lifted away from the blocking solution, blotted, and immediately inverted
onto 50 gl of antibody (20 ug/ml) diluted in 1% BSA-PBS, pH 7.0, for I h. It
was then rinsed in two beakers, each containing 15 ml of 0.1% BSA-PBS, pH
7.0, for S min each. The coverslip was blotted and inverted onto 50 ul (1/
1,000) rhodamine-labeled goat anti-rabbit IgG (Gibco Laboratories, Inc.,
Grand Island, NY) diluted in 1% BSA-PBS, pH 7.0, for 1 h. It was rinsed as
above, blotted, and inverted onto a glass slide containing 25 ul of 0.1 M propyl
gallate made in 50% glycerol-PBS, pH 7.0. The coverslips were sealed to glass
slides with clear nail polish and stored at 4°C for future reference. Control
experiments were performed as described above except for two modifications:
(a) incubation of permeabilized cells with primary antibody alone, secondary
antibody alone, primary antibody preabsorbed with native antigen overnight,
or preimmune whole antisera followed by incubation with secondary antibody;
or (b) unpermeabilized cells incubated with both primary and secondary
antibodies. Cells were observed with either 40X or 100X Neoflur phase objec-
tives on a Zeiss photomicroscope equipped with epi-illumination and standard
filter sets for fluorescein and rhodamine. Images were recorded on Tri-X film
and developed with Diafine (Eastman Kodak Co., Rochester, NY). Exposure
times and printing conditions for both experimental and control preparations
were identical.

Effect of Sodium Azide: Dictyostelium amebae were washed and
resuspended in PDF buffer to 3 x 10° celis/ml as previously described. The
cells were shaken for 15 min at 22°C and then incubated with | mM NaN; for
15 min more. Con A was added at 70 ug/ml for 2-45 min. The cells were fixed
and stained as described above.

Percent Co-localization of Con A and the Antigens: We
determined quantitatively the percent co-patching and co-capping of antigens
with Con A on cells that had been fixed and stained according to the immu-
nofluoresence procedure described above. Cells were counted as capped if more
than half of the cell surface was cleared of Con A. Cells were counted as patched
if punctate accumulations of Con A were seen on the cell membrane. Based on
these criteria, an antigen was scored as co-patched if it was seen as a discreet
“spot,” i.e., was not diffuse, below Con A. An antigen was scored as co-capped
if it was seen in the cap of Con A. Counts were made in a double blind format
to determine the percent co-patching of ligand with antigen on cells that had
been incubated with Con A and NaNa.
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RESULTS
Specificity of the Antibodies

Affinity-purified antibodies were used in the experiments
described in this paper. We determined the specificity of these
antibodies using nitrocellulose blots that had been prepared
by exhaustive transfer of polypeptides from the original pol-
yacrylamide gel (Fig. 1). When applied to blots of whole
vegetative amebae previously separated by SDS PAGE, each
antibody stained a band with the same mobility as that of the
purified antigen. The two additional bands in the 120K whole
cell blot (Fig. 1, lane b) are proteolytic fragments of 120K
based on the following evidence: (@) polypeptides of 110K
and 83K are the two most prominent fragments produced by
limited proteolysis of 120K in vitro (9). The extra bands in
Fig. 1, lane b comigrate with 110K and 83K. (b) The anti-
serum used as the source of the affinity purified anti-120K
employed in this study has been demonstrated to be mono-
specific for 120K by immuno-double diffusion and immu-
noelectrophoresis (10). (¢) The intensity of the two extra bands
in whole cell blots stained with anti-120K varies depending
upon the preparation. These bands are less intense when care
is taken to avoid proteolysis during homogenization of the
amebae as described above.

Control experiments were done to test further the specificity
of the antibodies. Cells were stained by identical procedures
for indirect immunofluorescence with affinity purified anti-
bodies, preimmune sera, and affinity-purified antibodies
preabsorbed with the corresponding purified antigen. As
shown in Figs. 2 and 3, no staining was observed with any of
the preimmune sera or antibodies preabsorbed with purified
antigen, whereas cells stained with the affinity purified anti-
bodies showed bright fluorescence (Figs. 4-8).

In addition, deletion of either the secondary antibody (rho-
damine-conjugated goat anti~rabbit IgG) or permeabilization
with acetone resulted in the absence of cell-associated fluores-
cence, demonstrating the lack of autofluorescence and the
cytoplasmic location of the antigens, respectively (data not
shown).

Immunofluorescence Localization

ACTIN: Before ligand is added, Dictyostelium amebae in
suspension repeatedly extend and retract projections from
their surfaces, resulting in extensive changes in cell shape.
These projections stain intensely with anti-actin, and the

Ficure 1 SDS PAGE and nitrocellu-
lose blots of homogenates of Dictyos-
= telium amebae. (a) SDS PAGE of ho-
- | - mogenate of amebae stained with Coo-
massie Blue. (b-e) Nitrocellulose blots
of a preparation identical to that in a
stained with the following antibodies:
(b) anti-120K, (c) anti-95K, (d) anti-
o myosin, and (e) anti-actin. Molecular
masses of the bands indicated are, from
top to bottom, 210,000, 120,000, 95,000 and 42,000. (f) A prepa-
ration identical to that in a after transfer of polypeptides to nitro-
cellulose. The gels in a and f were stained with Coomassie Blue by
use of identical procedures to demonstrate that little stainable
protein remains associated with the acrylamide gel after transfer to
nitrocellulose and, hence, that the efficiency of transfer is high.



FiGure 2 Staining of cells with preimmune serum. Cells were fixed
and processed for immunofluorescence as usual except that preim-
mune serum at a dilution of 1/500 was substituted for the primary
antibody. (a, ¢, and e) Phase and (b, d, and f) fluorescence images
after staining with preimmune sera for (b) myosin, (d) actin, and (f)
95K. Exposures are identical to those in Figs. 3-8. X 625.

remainder of the cytoplasm shows relatively dim fluorescence
(Fig. 4, a-d).

After the addition of Con A, amebae retract their projec-
tions and cease to extend new ones, so that after a few minutes
the cells have rounded up (Fig. 4¢). During this time (2-15
min after addition of Con A), Con A spontaneously forms
patches on the cell surface. In such cells, actin is localized as
a thin rim under the cell membrane and is often found to be
concentrated under patches of Con A (Fig. 4, e-g).

If the cells are maintained in suspension at 22°C, they will
move the patches of Con A into caps. The rate and extent of
capping varies with the amount of Con A initially added to
the cells. The results obtained with 70 ug/ml Con A as used
in these experiments are shown in Fig. 5. During capping the
anti-actin staining redistributes with the Con A patches into
the cap (Fig. 4, h-j). Simultaneously, most cells extend new
projections from their surfaces distant from the site where
caps are forming. These new projections also stain with anti-
actin (Fig. 4, h-m). Once capping is complete the cells exhibit
the same dynamic extension and retraction of projections
from their surfaces, as we observed before the addition of Con
A, while the caps are eventually internalized. Intense anti-
actin staining is progressively lost from the cap and becomes
associated with the new surface projections (Fig. 4, k-m).

MYOSIN: Before Con A is added, myosin is localized in
a patchy distribution throughout the cytoplasm but not in
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FiGure 3 Staining of cells with affinity-purified antibodies after
pre-absorption with purified antigen. Cells were fixed and proc-
essed for immunofluorescence as usual except that the affinity
purified antibody was preincubated overnight with purified antigen
(40 ug of antibody mixed with 300 ug antigen in 2 ml). (a, ¢, and e)
Phase and (b, d, and f) fluorescence images after staining with (b)
anti-myosin preabsorbed with myosin, (d) anti-actin preabsorbed
with actin, and (f) anti-95K preabsorbed with 95K. X 625.

projections from the cell surface (Fig. 6, @ and b). Hence, it is
quite distinct from the distribution pattern observed for actin.
However, upon addition of Con A, anti-myosin staining
undergoes a dramatic redistribution into the cell cortex and
is associated with Con A patches and caps (Fig. 6, c-h). Once
a cap has formed, myosin staining is progressively lost from
the cap, but, unlike actin, myosin becomes localized in a
diffuse distribution throughout the cytoplasm as it was before
Con A addition (Fig. 6, i-k) and is not associated with new
projections that form away from the cap (Fig. 6, I-n).

95K PROTEIN: Before the addition of Con A, the distri-
bution of 95K is distinct from that observed for either actin
or myosin. Unlike actin, 95K is found in a patchy distribution
throughout the cytoplasm, and, unlike myosin, it is also
observed in some cell surface projections (Fig. 7, a-d). Ad-
dition of Con A causes a dramatic redistribution of anti-95K
staining into the cell cortex where it is observed as a thin rim
under the cell membrane and eventually becomes associated
with Con A patches (Fig. 7, e~j). During capping, 95K redis-
tributes with Con A patches into the cap, but, unlike the
distribution found for either actin or myosin, distribution of
95K tends to remain associated with the cap even after
capping is completed (Fig. 7, k-m).

120K PROTEIN: Before the addition of Con A, the dis-
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FIGURE 4 Dictyostelium amebae stained with anti-actin. a, ¢, e, h,
and k are phase micrographs; f, i, and | show the distribution of
Con A; and b, d, g, j, and m show fluorescence due to staining with
anti-actin. (a-d) Before the addition of Con A, actin is associated
with surface projections on amebae in suspension. (e-g) As Con-A
patches on the cell surface, actin accumulates in cortical patches
below Con A. (h—j) Actin is found in the forming cap (arrowheads)
and in new projections that form on regions of the cell surface
distant from the cap (arrows). (k-m) After capping is complete,
intense anti-actin staining is no longer associated with the cap
(arrowheads) but is now associated with surface projections which
form at sites distant from the cap (arrows). (a and b) X 625. (c and
d) X 1,700. (e-g) X 750. (h—j) X 1,000. (k-m) X 1,400.

tribution of the 120K resembles that found for actin: Staining
for 120K is associated with the cell cortex and projections
from the cell surface, whereas the remainder of the cytoplasm
shows relatively dim fluorescence (Fig. 8, a-d). After the
addition of Con A, 120K is found associated with Con A
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eof Ficure 5 The capping of Dictyos-
telium amebae in suspension. The
rate and extent of capping shown
here are typical of the results ob-
tained upon addition of 70 ug/mi of
Con A to 3 X 10° cells/ml at 22°C.
The error bars indicate the spread
of data obtained for three experi-
ments, 500 cells were counted.

8
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patches (Fig. 8, e-g), but, unlike actin, myosin, and 95K,
120K is excluded from the cap (Fig. 8, h—j). During capping,
120K becomes localized in surface projections that form away
from the cap (arrows, Fig. 8, i—j).

Percent Co-localization of Con A and the
Antigens

Cells were scored for co-patching and co-capping of the
various antigens with Con A as described above. At the times
indicated in Fig. 9 all four antigens showed substantial co-
patching with Con A, and this increased between 15 and 40
min. Scores for cells that were capped at 40 min demonstrate
that actin, myosin, and 95K are present in most caps whereas
120K is conspicuously absent. These results confirm those
shown in Figs. 4-8.

Fffect of Sodium Azide on the Localization of the
Antigens during Con A Patching

It has been well documented that movement of receptors
into patches is energy independent, but capping requires
metabolic energy (27, 39). Hence, it is possible to separate
patching from capping with a metabolic poison such as so-
dium azide. By forcing the cells to accumulate in the patched
state with sodium azide it is possible to score the co-localiza-
tion of Con A and antigen with precision and determine if
metabolic energy is required for accumulation of any of the
antigens under the Con A patches.

Cells were incubated with 1 mM sodium azide for 15 min
before the addition of Con A as described above. We then
added Con A and allowed the cells to patch for 40 min before
scoring them for co-localization of Con A patches and the
antigens. The cells remained viable during this procedure as
demonstrated by their ability to form caps and surface projec-
tions when sodium azide was removed by washing.

Figs. 10 and 11 summarize the effects of sodium azide on
the co-localization of the antigens with patched Con A. In the
presence of sodium azide, actin and 120K are localized to
areas beneath the Con A patches as observed before in the
absence of sodium azide. However, myosin and 95K are
localized throughout the cytoplasm in the presence of sodium
azide, and little co-localization is observed between these
antigens and the patches of Con A. This contrasts sharply
with the results obtained for myosin and 95K in the absence
of sodium azide (Fig. 11).

To determine if the inhibition of co-localization of myosin,
95K, and Con A was due to an increase in the free Ca®*
concentration in the cytoplasm caused by sodium azide, 0.7
mM CaCl, in the incubation buffer was replaced with 0.1
mM EGTA, and the experiment was repeated. Double blind
scoring of the co-localization of actin, myosin, 95K, and 120K
with Con A demonstrated that identical results were obtained



FIGURE 6 Amebae stained with anti-myosin. a, ¢, f, i, and [ are
phase micrographs; d, g, j, and m show the distribution of Con A;
and b, e, h, k, and n show fluorescence due to staining with anti-
myosin. (a and b) Before the addition of Con A, myosin is found in
a diffuse distribution in the cytoplasm except for surface projections
from which it is absent (arrows). After the addition of Con A, myosin
is found in the cell cortex where it is co-patched (c-e) and co-
capped (f-h) with Con A. (i-k) After capping is completed, anti-
myosin staining of the cap is greatly diminished while.most of the
stain is found in a diffuse distribution in the cytoplasm. (I-n) New
surface projections that form at sites away from the cap {arrows) do
not stain for the presence of myosin. (a and b) X 625. (c-h) X 750.
(i-n) X 1,400.

whether CaCl, or EGTA was present in the extracellular
medium.

DISCUSSION

The addition of Con A to Dictyostelium amebae in suspension
causes a dramatic change in cell shape. A cell previously
active in extension and retraction of projections from its
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FiGURE 7 Amebae stained with anti-95K. (a, ¢, e, h, and k) are
phase micrographs; f, i, and | show the distribution of Con A; and
b, d, g, j, and m show fluorescence due to staining with anti-95K.
(a—d) before the addition of Con A, 95K is found in a diffuse
distribution in the cytoplasm, including surface projections. {e-j}
When cells are patched, 95K undergoes a dramatic redistribution
into the cell cortex where it underlies Con A patches. (k-m) Once
capping is completed, 95K remains associated with the cap and is
not found concentrated in other regions of the cytoplasm as are
myosin and actin. (a and b) X 625. (c and d) X 1,700. (e-m) X 750.

surface will cease this activity and round up upon binding
Con A. It will then actively cap patches of Con A that have
passively formed on its surface. During the latter stages of
capping the cell extends new projections from its surface
usually away from where the cap has formed. Hence, four
discrete morphological states can be distinguished: ameboid
before Con A binding, patched, capped, and capped ameboid.

We conclude that the immunofluorescence pattern ob-
served for each antigen in each morphological state is specific
for several reasons. First, antibodies used in this study were
affinity purified and demonstrated to be monospecific. Sec-
ond, the immunofluorescence procedure used preserved fine
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FIGURE 8 Amebae stained with anti-120K. a, ¢, e and h are phase
micrographs; f and i show the distribution of Con A; and b, d, g,
and j show fluorescence due to staining with anti-120K. (a-d) Before
the addition of Con A, 120K is localized in the cell cortex and
projections from the cell surface {arrows). (e-g) 120K is found to
co-patch with Con A. (h-j) During capping, 120K is excluded from
the cap (arrowhead). It is localized in surface projections that form
at sites distant from the cap (arrows). (a2 and b) X 1,400. (c and d) %
1,700. (e-g) X 750. (h-j) X 1,400.

structural features on the cell surface. Third, each antigen
exhibited a distribution distinct from that of the other antigens
in several of the four morphological states observed. Finally,
the cortical distribution of actin and 120K in ameboid cells
was not due to lack of accessible volume in the cytoplasm as
suggested previously (4), since, in identical preparations, 95K
and myosin showed a more diffuse cytoplasmic location, and
myosin was excluded from cortical projections.

Significance of the Localization Patterns

ACTIN AND MYOSIN: Actin is the most abundant of the
four proteins we studied. Estimates by densitometry indicate
that of the total cell protein, actin constitutes ~8%; myosin,
2.3%; 120K, 2.3%; and 95K, 1.9% (12). In ameboid cells in
suspension, both before and after capping, actin is found
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FIGURE 9 Percent co-localization of Con A and the antigens. Co-
localization of each antigen with patches or caps of Con A was
quantitated as described in Materials and Methods. Single lightly
hatched and double hatched bars correspond to the percentage of
patches of Con A that are co-patched with each antigen at the
times indicated. Dense single hatched bars indicate the percentage
of Con A caps that are co-capped with each antigen at 40 min. 100
cells were counted per bar.

Ficure 10 Effect of sodium azide on the localization of the anti-
gens during Con A patching. a, ¢, e, and g show the location of Con
A. b, d, f, and h demonstrate the location of the following antigens:
(b) actin, (d) 120K, (f) 95K, and (h) myosin. Actin (a and b) and 120K
(c and d) co-patch with Con A in the presence of NaN; whereas
95K (e and f) and myosin (g and h) remain diffusely distributed. %
700.
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Ficure 11 Percent co-localization of Con A patches and each
antigen in the absence and presence of sodium azide. Single
hatched bars indicate the percentage of Con A patches that are co-
patched with each antigen at 40 min in the absence of NaNs.
Double hatched bars indicate the percentage of Con A patches
that are co-patched with each antigen at 40 min in the presence of
NaNj. 100 cells were counted per bar.

concentrated in the cell cortex and its projections. This is the
same distribution found in cells that have been permitted to
spread and locomote on a surface (15, 34). The abundance
and preponderance of this protein in cortical projections
suggests that it might be involved in the growth and/or
mechanical support of cell surface projections, functions anal-
ogous to the role of actin in the growth and maintenance of
several well studied cell processess (13, 40).

The role that myosin might play in the growth of surface
projections is not well understood. Although myosin is found
distributed throughout the cytoplasm, it does not enter the
projections (see reference 34 and Fig. 6). It has been suggested
that myosin, located at the base of actin-containing projec-
tions, might play a role in mediating the translocation of F-
actin within these structures, causing the projections to wag
like a dog’s tail (34).

Patching of Con A on the surface of ameboid cells in
suspension causes recruitment of both actin and myosin into
regions of the cell cortex below Con A patches. The redistri-
bution of myosin is most dramatic since, unlike actin, which
is already in the cell cortex, myosin must move from deeper
in the cytoplasm into discrete locations in the cortex within
minutes after Con A binding. This is consistent with the
previous finding that plasma membranes isolated from cells
during patching or capping of Con A contain ~20 times more
myosin and three times more actin than do plasma mem-
branes isolated from cells before Con A challenge (7).

Both actin and myosin move with Con A patches into the
cap. This is the same result that has been reported for capping
of a variety of ligands in cultured cells (19). Hence, our results
further support the hypothesis that capping is an actomyosin-
mediated motile event, as proposed previously for cultured
cells (37) and Dictyostelium amebae (7).

During the final stages of capping, actin and myosin are
progressively lost from the cap and return to other regions of
the cytoplasm. A similar result has been observed for myosin
in lymphocytes during IgG-induced capping (36). The newly
recycled actin and myosin may be important for the resump-
tion of ameboid movement that occurs at this time. This
observation is consistent with a previous finding that the
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plasma membrane isolated from cells that had completed
capping contains much less actin and myosin than does the
plasma membrane isolated from patched cells (7). Possible
physiological mechanisms for the dissociation of actin and
myosin from the plasma membrane after capping are Ca®*
induced severing of actin filaments (2, 5, 21) and dissociation
of myosin from the membrane by Mg-ATP (7).

120K: In vitro, 120K protein promotes the growth of
actin filaments, cross-links filaments to form a gelled network,
and inhibits the actin-stimulated Mg-ATPase of myosin. We
have proposed that 120K helps determine the sites of actin
filament growth and gelation in cells, resulting in gels that
can expand their volume by polymerization of new actin
filaments. Such gels could push on the plasma membrane to
cause formation of projections at the cell surface (8, 12).
Filaments within such a structure would be less able to activate
the Mg-ATPase of myosin and participate in contractility.
This hypothesis predicts that 120K should be found in situ in
regions where actin polymerization and gelation, but not
actomyosin-mediated contraction, are occurring.

The staining pattern obtained with anti-120K in ameboid
cells in suspension resembles that for actin. It is associated
with the cortex and, in particular, with projections of the cell
surface. A similar type of distribution is observed in cells that
have spread on a surface (10). Staining with rhodamine-
labeled phallotoxin (34) and electron microscopy (2, 7, 8)
showed cell surface projections to contain F-actin. The loca-
tion of 120K in such projections may be sufficient to promote
polymerization and/or to cross-link actin filaments, leading
to the growth of these projections. Furthermore, the presence
of 120k below Con A patches may be important for recruiting
actin into this region. Studies employing high resolution
immunocytochemistry are needed to study these possibilities
further (33).

The ligand cap is a region where actin, myosin, and 95K
have accumulated and, presumably, active contraction is
occurring. The 120K protein, although present below Con A
patches, is excluded from the cap. This is consistent with the
prediction that 120K is unlikely to be found in regions of
actomyosin mediated contractions. Exclusion could result
from competition between myosin and 120K for actin binding
(12).

95K: The 95K protein is Dictyostelium a-actinin (11, 12,
16). It cross-links actin filaments to form lateral arrays and
stimulates, in a Ca**-dependent manner, the Mg-ATPase
activity of actomyosin (12). We have proposed that in vivo,
95K helps to organize actin filaments into lateral arrays
suitable for interaction with myosin to produce force (12).
This hypothesis predicts that 95K should be found in situ
where actomyosin is being assembled for contractility.

Cells in suspension show a distribution of 95K throughout
the cytoplasm that is much less cortical than that observed in
cells that have been spread on a surface (4), Binding of Con
A to the cell surface causes dramatic recruitment of 95K into
the cortex where it co-patches and co-caps with Con A. These
results are reminiscent of the behavior of a-actinin in different
types of vertebrate cultured cells during patching and capping
of a variety of ligands (17, 20).

The sites of contractility within cells, whether in suspension
or spread on a surface, are unknown, so the localization of
95K throughout the cytoplasm in ameboid cells before cap-
ping (Fig. 7 and reference 4) is not helpful in testing our
hypothesis. This observation may indicate that any region of
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the cytoplasm is capable of 95K-mediated assembly of acto-
myosin. However, the movement of 95K into patches and
then the cap is consistent with the hypothesis, since in this
situation 95K is associated with regions of the cell that contain
actomyosin (7) that apears to be actively contracting.

It is possible that 95K, as an actin binding protein, is simply
following the position of actin in the cell. If this were so, 95K
should be cortical in ameboid cells even when in suspension,
form co-patches with Con A in the presence of sodium azide,
and rapidly vacate the cap after its formation to reside in new
surface projections, since these are the locations of actin in
identical preparations. However, 95K is distributed more
diffusely in the first two cases and remains tightly capped in
the latter.

Furthermore, previous work showed that cross-linking of
surface receptors causes mobilization of Ca** from both ex-
tracellular (1, 35) and intracellular stores (3). It also causes
the co-patching and capping of cytoplasmic calmodulin with
the ligand, and this is believed to require a rise in cytoplasmic
calcium levels (35). Therefore, the co-patching and capping
of 95K with actin and myosin that we have shown here
probably occur in the presence of elevated calcium levels.
Since 95K would be dissociated from actin in the presence of
calcium (11, 16), the position of 95K in the cell may reflect
binding interactions between 95K and other proteins besides
F-actin alone. We suspect that this interaction is between 95K
and actomyosin, since 95K always co-localizes with actin
when myosin does the same. We are currently investigating
the possibility that 95K binds more strongly to actomyosin
than to F-actin.

The Sodium Azide Effect

Incubation of cells with sodium azide causes reversible
inhibition of electron transport in mitochondria (43), which
is sufficient to inhibit capping in a variety of cell types (19).
Patching of ligand still occurs as a result of passive diffusion
and cross-linking of multivalent ligand-receptor complexes in
the plane of the cell membrane (27). Our finding that 120K
and actin become concentrated below Con A patches in the
presence of sodium azide indicates that metabolic energy is
not essential for the Con A-induced redistribution of these
proteins. This is consistent with the observation that the
interaction between 120K and actin in vitro is not influenced
by ATP (9).

However, the presence of sodium azide blocks the Con A-
induced redistribution of myosin and 95K into the cortex
below Con A patches. It is not surprising that sodium azide
affects the localization of myosin in situ. Variations in the
ATP concentration caused by sodium azide could alter the
degree of phosphorylation of the heavy chain of Dictyostelium
myosin. This would produce a change in both the actin-
stimulated Mg-ATPase of the myosin and the thick filament
formation (24), either of which might alter the location of
myosin in the cell. In fact, we will present experiments else-
where to demonstrate that Con A and sodium azide affect the
phosphorylated state of the myosin heavy chain in vivo (Car-
boni, J. M., and J. S. Condeelis, manuscript in preparation).

Sodium azide also inhibits the Con A-induced redistribu-
tion of 95K. It is possible that a decrease in cytoplasmic ATP
concentration or oxidative phosphorylation would cause dis-
sipation of pH and pCa gradients across plasma or cyto-
plasmic membranes. Since the binding of 95K to F-actin is
inhibited at elevated pH and pCa (11, 16), a sodium azide-
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induced increase in either should inhibit the co-localization
of actin and 95K in the cortex below Con A patches, if actin
binding is the only mechanism involved in determining the
location of 95K. Since varying the extracellular Ca®* concen-
tration in an acidic medium (pH 6.4) had no effect on the
inhibition of 95K redistribution by sodium azide, dissipation
of pH and pCa gradients across the plasma membrane are
unlikely to be important in determining the distribution of
95K.

An alternative explanation for the inhibition of the Con A-
induced redistribution of 95K by sodium azide is that 95K
may have a higher affinity for actomyosin than for F-actin
alone, as discussed above. Inhibition of the redistribution of
myosin below Con A patches by sodium azide could decrease
the affinity of 95K for actin in this domain. We are currently
testing this possibility.
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