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To investigate myosin II function in cell movement within a cell mass, we imaged green
fluorescent protein-myosin heavy chain (GFP-MHC) cells moving within the tight
mound of Dictyostelium discoideum. In the posterior cortex of cells undergoing rotational
motion around the center of the mound, GFP-MHC cyclically formed a “C,” which
converted to a spot as the cell retracted its rear. Consistent with an important role for
myosin in rotation, cells failed to rotate when they lacked the myosin II heavy chain
(MHC2) or when they contained predominantly monomeric myosin II (3xAsp). In cells
lacking the myosin II regulatory light chain (RLC2), rotation was impaired and eventu-
ally ceased. These rotational defects reflect a mechanical problem in the 3xAsp and RLC2

cells, because these mutants exhibited proper rotational guidance cues. MHC2 cells
exhibited disorganized and erratic rotational guidance cues, suggesting a requirement for
the MHC in organizing these signals. However, the MHC2 cells also exhibited mechan-
ical defects in rotation, because they still moved aberrantly when seeded into wild-type
mounds with proper rotational guidance cues. The mechanical defects in rotation may be
mediated by the C-to-spot, because RLC2 cells exhibited a defective C-to-spot, including
a slower C-to-spot transition, consistent with this mutant’s slower rotational velocity.

INTRODUCTION

Cell migration within a three-dimensional (3D) cell
mass is common to many biological processes, such as
embryonic development, wound healing, and tumor
cell invasion. Despite its importance, the mechanisms
of locomotion within such an environment are poorly
understood. This problem is amenable to study in the
cellular slime mold Dictyostelium discoideum (Kay and
Insall, 1994) where a variety of molecularly generated
mutants are available, and where cells undergo exten-
sive rearrangements within a 3D cell mass called the
mound.

Earlier studies have shown that normal cell move-
ment within the mound requires myosin II. In mounds
composed of myosin heavy chain–null cells (MHC2),

directional motion is largely abolished, most cells
merely jiggle in place (Eliott et al., 1993; Doolittle et al.,
1995), and the mounds fail to proceed further in de-
velopment (DeLozanne and Spudich, 1987; Knecht
and Loomis, 1987; Manstein et al., 1989).

There are several possible explanations for the se-
vere motility defects of MHC2 cells in the mound.
First, myosin II may be important for maintaining the
rigidity that cells require to move on and around each
other in the tightly packed 3D cell mass. Support for
this view comes from mixing experiments in which a
small percentage of MHC2 cells were combined with
normal cells and allowed to develop. In chimeric ag-
gregation streams, the mutant cells appeared abnor-
mally stretched and deformed, suggesting that they
could not resist the traction forces of the surrounding,
normal cells (Knecht and Shelden, 1995; Shelden and
Knecht, 1995). Even isolated MHC2 cells exhibit sig-
nificant cell shape differences compared with normal
cells (Shelden and Knecht, 1996; Wessels et al., 1988),
further suggesting a role for myosin II in cell shape
maintenance. The aberrant cell shapes in MHC2 cells

□V Online version contains video material for Figures 1, 2, and 5.
Online version available at www.molbiolcell.org.
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may be caused by a loss of cortical tension, because the
mutant cells are less stiff than normal cells (Pasternak
et al., 1989).

As a second possibility, myosin II may be involved
in breaking adhesive bonds during cell locomotion
within the mound (Doolittle et al., 1995; Knecht and
Shelden, 1995). Adhesive forces between cells are
thought to increase as the mound forms, thereby cre-
ating an environment where bond breaking becomes
critical. Consistent with this possibility are the obser-
vations that MHC2 cells cannot move on adhesive
substrates, even though normal cells still can (Jay et al.,
1995).

A third conceivable role for myosin II in mound
motility is in chemotactic signaling. Within the
mound, chemotactic signals in the form of cAMP
waves are thought to be present and to play a role in
directional cell motion (Siegert and Weijer, 1995; Riet-
dorf et al., 1996). In principle, if myosin II were in some
way required for this signaling, then in a myosin
II–null mound chemotactic guidance cues would be
disrupted, thereby disrupting cell motion. However,
previous work has shown that myosin II–null cells
have a normal chemotactic response to cAMP, normal
levels of cAMP receptors, and a normal rate of cAMP
secretion (Peters et al., 1988). Thus, there is no evi-
dence to date that myosin II plays a role in signaling.

To understand more about myosin II’s role in 3D
motility, we have examined its distribution within
moving cells in the mound, extended earlier mutant
analyses of mound cell locomotion, and finally exam-
ined its effect on chemotactic signaling waves in the
mound. We found that normal cells at a certain stage
of mound development often displayed a characteris-
tic distribution of green fluorescent protein (GFP)-
myosin II in the cell posterior. As the rear retracted,
GFP-myosin II condensed from a “C” to a spot at the
posterior cell cortex. At this point in mound develop-
ment, cells executed vigorous rotational motion that
was adversely affected in three different myosin II
mutants. One of these mutants, the regulatory light
chain null (RLC2), exhibited an aberrant C-to-spot
during its defective rotational motion, suggesting a
further correlation between the myosin II pattern and
cell locomotion. We hypothesize that the C-to-spot
condensation represents an actomyosin contraction
that retracts the cell rear by pulling in the cortex
and/or by breaking adhesive bonds between neigh-
boring cells and therefore is required for normal rota-
tional motion in the mound. RLC2 cells attempting to
rotate also showed a significant reduction in the gen-
eralized cortical localization of myosin II, consistent
with the hypothesis that myosin II provides cortical
tension required for normal rotational motion. To our
surprise, in the course of our studies, we have also
found some influence of myosin II on signaling pat-
terns in the mound, demonstrating that myosin II is in

some way required for organization of these signaling
patterns.

MATERIALS AND METHODS

Cell Lines and Culture Conditions
The following D. discoideum cell lines were used: HS1 expressing
GFP fused to the N terminus of MHC (referred to here as GFP-
MHC), kindly provided by Drs. James Sabry and James Spudich
(Stanford University, Stanford, CA) (Moores et al., 1996); HS1 (Rup-
pel et al., 1994), a derivative of JH10, as the MHC-null strain; JH10
(Hadwiger and Firtel, 1992), a derivative of KAx3, as a parent strain
for HS1 and RLC2; pBIG-ASP (3xAsp) and its parent pBIG-WT,
both derivatives of HS1, kindly provided by Dr. Thomas Egelhoff
(Case Western Reserve University, Cleveland, OH) (Egelhoff et al.,
1993); and RLC2, a derivative of JH10, kindly provided by Dr. Rex
Chisholm (Northwestern University, Chicago, IL) (Chen et al., 1994).
All cell lines were grown at 21°C in HL-5 medium (Spudich, 1982)
in 100-mm-diameter plastic Petri plates. All motility studies were
repeated on at least two independent clones of each mutant line.
GFP-MHC, 3xAsp, and pBIG-WT were maintained with 10 mg/ml
geneticin selection. JH10 requires 100 mg/ml thymidine for growth.
Cells were starved by harvesting, centrifugation, and washing in
phosphate buffer (5.7 mM K2HPO4, 17.0 mM KH2PO4, 2.0 mM
MgSO4 z 7H2O, 0.2 mM CaCl2 z 2H2O, 0.34 mM dihydrostreptomy-
cin sesquisulfate salt) (Clark et al., 1980; DeLozanne and Spudich,
1987).

Cell-labeling Procedure
After washing cells in phosphate buffer, we incubated them at ;107

cells/ml in 0.1 mM 5-chloromethylfluorescein diacetate (Molecular
Probes, Eugene, OR). After 20 min of incubation, cells were washed
once in phosphate buffer, allowed to release dye for 10 min, washed
twice in phosphate buffer, and then mixed with unlabeled cells such
that labeled cells comprised 2–3% of the total cell population.

Microscopy
Mixtures of labeled and unlabeled cells were allowed to settle onto
a dialysis membrane laid on a coverslip kept in a humid chamber.
Imaging setup and collection were performed as described by
Doolittle et al. (1995). We recorded images from a custom-modified
Olympus Optical (Tokyo, Japan) IMT-2 inverted microscope with a
scientific grade charge-coupled device camera cooled to 240°C.

Time-Lapse Two-dimensional Microscopy of GFP-MHC Cells.
GFP-MHC cells were imaged alone or by mixing with unlabeled
cells of the wild-type control (pBIG-WT). Vegetative cells, aggrega-
tion fields, and various mound stages were imaged in the humid
chamber described above. Depending on the magnification and
resolution required for a particular experiment, we used one of the
following lenses: an Olympus D Plan Apo UV 0.8 numerical aper-
ture (NA)/203 oil immersion lens, a Leitz (Wetzlar, Germany) NPL
Fluotar 1.3 NA/403 oil immersion lens, a Nikon (Garden City, NY)
Plan Apo 1.4 NA/603 oil immersion lens, or an Olympus D Plan
Apo UV 1.3 NA/1003 oil immersion lens. An exposure time of
10–300 msec was used with a 50–95% neutral density filter in the
light path of a 150-W xenon arc lamp. Two-dimensional (2D) images
were acquired at 5-s to 5-min intervals, depending on the experi-
ment.

Time-Lapse 3D Fluorescence Microscopy of Myosin II Mutants. To
determine 3D cell trajectories, we used 3D time-lapse fluorescence
microscopy. Imaging was begun when the cells reached the appro-
priate developmental stage. We used an Olympus D Plan Apo UV
0.8 NA/203 oil immersion objective lens; x and y resolution of the
charge-coupled device camera was 1.3 mm/pixel; focal plane posi-
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tion was set by a computer-controlled microstepping motor; and z
step size was also 1.3 mm, thereby yielding comparable resolution in
x, y, and z. Thirty-two or 64 focal planes were collected per time
point. An exposure time of 50–200 msec/focal plane was used with
a 50–95% neutral density filter in the light path of a 100-W mercury
arc lamp or 150-W xenon arc lamp. 3D images were acquired at 2-
to 5-min intervals. A typical experiment had 30 time points.

Dark-Field Microscopy. 2D dark-field wave images were collected
as follows. The microscope was set up for differential interference
contrast (DIC) imaging using the halogen lamp, polarizer, Wollas-
ton prisms, and analyzer. The prism beyond the objective lens was
set such that the image background was black. We used either an
Olympus S Plan PL 0.3 NA/103 objective lens or an Olympus D
Plan Apo UV 0.8 NA/203 oil immersion objective lens. Depending
on the experiment, we used either a red emission filter or no
emission filter. Exposure times of 10–50 msec were used, and im-
ages were acquired at 10- to 30-s intervals.

Cell Viability. The following precautions were taken to ensure cell
viability. First, after an imaging experiment, cell chambers were
observed up to 1 d later to confirm that development proceeded
properly. Second, the rate of development was compared in cell
chambers on and off the microscope and found to be the same.
Third, to reduce light exposure to a specimen, time points were
spaced more widely, or 2D imaging was performed instead of 3D
imaging. In either case, cell movements were consistent with those
observed under increased light exposure. Finally, to verify that
transitions in cell motile behavior were not due to imaging, data
collection was sometimes started after the transition occurred to
demonstrate that light exposure did not induce the transition.

Image Processing
Recorded 3D images were processed to reduce out-of-focus light by
several different well-characterized restoration methods (Preza et al.,
1992; Conchello and McNally, 1996). See Doolittle et al. (1995) and
McNally et al. (1994) for a detailed discussion of these methods and
their validation.

To better visualize dark-field waves, successive time-lapse images
were subtracted. This produced brighter pixels where intensities
differed and dimmer pixels where intensities were similar.

Quantification of Cell Motion
3D cell tracking was performed using an upgraded version of
customized software (Awasthi et al., 1994).

For a quantitative analysis of cell trajectories, cell motion was
divided into two broad categories: directional and nondirectional. A
cell was considered directional if it moved in a linear or circular
path for at least 30 min. Most directional cells could be further
subclassified as radial or rotational. Radial motion was defined as
movement greater than two cell diameters (;20 mm) occurring
within a 5-min period along radii running from the mound center to
the mound edge. Rotational motion was defined as movement
greater than two cell diameters occurring within a 5-min period
along any circular arc centered about the mound’s center. A cell was
considered nondirectional if, for at least 30 min, it failed to follow a
persistent linear or circular path. Nondirectional motion was sub-
divided into two categories: random and jiggling. Random motion
was defined as a cell that moved at least two cell diameters away
within 5 min and eventually moved outside of a three-cell-diameter
circular zone drawn around the cell at the first time point. Jiggling
motion was defined as a cell that moved no more than one cell
diameter away within 5 min and thereafter remained within a
three-cell-diameter circular zone drawn around the cell at the first
time point (i.e., stayed in that constrained location). For each cell
line, motion statistics were generated for both loose and tight
mounds. The result of motion analysis for each mound was the

percentage of total trajectories in these four categories: rotation,
radial, random, and jiggling.

Immunofluorescence of Myosin II
Immunofluorescence was performed on mounds using a modified
version of a protocol by Eliott et al. (1991). Mounds on a dialysis
membrane were fixed in methanol (with or without 1% formalin) at
220°C for 15–25 min. Some mounds had been previously sub-
merged in liquid nitrogen for 10 s. Mounds were washed in PBS for
10–20 min or overnight. Mounds were blocked in 5% nonfat dry
milk in PBS for 30 min. After three 5-min washes in PBS, mounds
were incubated for 2–4 h at room temperature with mAb M151 (5
mg/ml) specific for D. discoideum myosin II (Reines and Clarke,
1985). After a 5-min wash in PBS, mounds were blocked in 5% milk
for 20–35 min. Then after three 5-min washes in PBS, mounds were
incubated at room temperature for 0.5–3.5 h with a secondary
antibody, either donkey anti-mouse dichlorotriazinyl amino fluo-
rescein (Chemicon International, Temecula, CA) diluted 1:200 or
Oregon Green 488 goat anti-mouse immunoglobulin G (heavy- and
light-chain) conjugate (Molecular Probes, Eugene, OR) diluted 1:250
or 1:500. Then mounds were washed in PBS three times for 10 min
each.

Observation of the Cringe Response after cAMP
Stimulation of Cells
Parental strain (JH10) and MHC-null (HS1) cells were starved in
phosphate buffer for ;16 h. Drops of cells were put in a humid
chamber at a density such that individual cell shapes could be easily
viewed. Before addition of cAMP, cells were imaged by DIC mi-
croscopy for at least 75 s to establish that active pseudopodia were
present. Then a known volume of cAMP was added via pipette to
one side of the field. Final cAMP concentrations ranged from 5 3
1027 to 3 3 1024 M. To view cell recovery after addition of cAMP,
DIC imaging continued for 2–9 min at 2- to 5-s intervals.

Transformation Procedure
RLC2 and JH10 cells were transformed with the GFP-MHC con-
struct described by Moores et al. (1996) (kindly provided by Drs.
James Sabry and James Spudich) using standard CaCl2 protocols
(Nellen et al., 1987). Clones were selected and then maintained at 20
mg/ml geneticin.

RESULTS

GFP-Myosin II Exhibits a C-to-Spot during Rear
Retraction
We imaged D. discoideum cells containing the well-
characterized fusion of MHC to GFP. This GFP-MHC
rescues all defects in MHC2 cells and in biochemical
assays exhibits both normal actin-activated ATPase
activity and in vitro motility rate (Moores et al., 1996).
We observed GFP-MHC cells in many developmental
stages, including vegetative cells, starved amoebae on
a substrate, streams, and mounds. We found that GFP-
MHC often exhibited complex and dynamic patterns
of distribution within moving cells. Many cells
showed an enhancement of myosin staining at the
cortex (Figures 1 and 2). At the tight mound stage of
development, when cells have begun to rotate around
the mound center, we discerned a prominent spatio-
temporal pattern of GFP-MHC.
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In rotating cells within the mound, GFP-MHC was
often enhanced at the cell posterior in a cortical C,
which then condensed into a spot during rear retrac-
tion (Figure 1, A–F). The spot then disintegrated, a
new cortical C appeared, and the cycle repeated. Cycle
time varied from 0.2 to 5 min (Figure 3A). Consistent
with a possible role of the C-to-spot transition in rear
retraction, we found that on average cells shortened
by 15% as the C converted to a spot (n 5 15 cells;
Figure 3B). The GFP-MHC distribution patterns did
not appear to be artifactual, because we observed sim-
ilar patterns for native myosin II in mounds visualized
by immunofluorescence with a myosin II antibody
(Figure 1G).

Rotating mound cells had the most prominent C-to-
spot, but it could also be discerned in the following
instances. The tips of retracting pseudopodia had a

cortical C of myosin II, which condensed to a spot as
retraction occurred (Figure 2, A–C). This was observed
in at least 100 retracting pseudopodia. In contrast, in
extending pseudopodia, there was no enhancement of
fluorescence at the cortex but only a dim, diffuse flu-
orescence throughout the cytoplasm. C-to-spot transi-
tions could also be observed in some aggregating cells
and in cells squeezing between other cells on a sub-
strate (Figure 2, D–G). In all cases, there was a strong
correlation between retraction of a cell extension and a
C-to-spot transition.

Myosin II Is Required for 3D Rotational Cell
Motion
Because the myosin II C-to-spot was especially prom-
inent in rotating cells, we asked whether myosin II

Figure 1. Examples of the C-to-
spot transition of myosin II at the
cell rear. (A and B) Sampling of
C-to-spot patterns in GFP-MHC
cells seeded into a mound of un-
labeled cells. In this mound, a
number of cells undergoing coun-
terclockwise rotation exhibit Cs
(arrows 1–4), Cs condensing to a
spot (arrows 5 and 6) and spots
(arrows 7–9). Assignment of Cs
and spots are based on movie
data incorporating these images,
and in each case showing the full
transition from a C to a spot (See
online movies or the author’s
website as listed in ACKNOW-
LEDGEMENTS.) Each view is a
projection of three focal planes
spanning a total depth of 20 mm.
The time interval from A to B is
280 s. The mound edge is defined
by the dim gray ring. (C–F) Se-
quence of the C-to-spot transition
in an individual cell (arrows),
showing the initial C (C), the C
condensing to a spot (D and E),
and the spot (F). Images are from
the same focal plane obtained
100 s apart. This tight mound is
composed entirely of GFP-MHC
cells undergoing clockwise rota-
tion. (G) Control demonstrating
Cs and spot patterns in a mound
fixed and stained for immunoflu-
orescence using an anti-myosin II
mAb. Shown is one focal plane
slice from a 3D image stack that
was deconvolved to reduce out-
of-focus light. Bars, 10 mm.
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was important for rotation. Using time-lapse 3D mi-
croscopy, a preliminary screen of myosin II mutants
identified three mutants with obvious problems in
rotational motion. These mutants were 1) a myosin II
heavy chain null (MHC2), 2) a site-directed mutant
that mimics heavy chain phosphorylation (3xAsp),
and 3) a regulatory light chain null (RLC2). All three
mutants arrest development at the mound stage. Each
of these mutants was subjected to a more a careful
analysis of motion in the mound.

Our previous studies had shown that individual
MHC2 cells moved poorly in mounds (Doolittle et
al., 1995), but this analysis was done in an Ax2
background, which is a parental strain that does not
exhibit vigorous rotational motion (Kellerman and
McNally, 1999). When the MHC-null mutation was
made in an Ax3 background, a parental strain that
does normally rotate, Eliott et al. (1993) observed
that rotational cell flows were abolished, but their
technique did not permit examining the motion of

Figure 2. Examples of the C-to-spot
transition during pseudopod retraction
and cell squeezing. (A–C) C condensing
to a spot (arrows) in a pseudopod as it
retracts in a starved GFP-MHC cell rest-
ing on a substrate. (Also see online mov-
ies, or the author’s web site listed in
ACKNOWLEDGMENTS.) (A) C, 0 s; (B)
condensing C, 35 s; (C) spot, 65 s. (A sec-
ond pseudopod in the same cell is being
retracted just below the spot marked by
the arrow. This second pseudopod is in
the process of condensing to a spot.)
(D–F) C condensing to a spot as a starved
cell squeezes between two neighbors. The
image was obtained by simultaneous flu-
orescence and bright-field microscopy. A
GFP-MHC–labeled cell is moving be-
tween several unlabeled adjacent cells.
Arrows indicate the C at the cell posterior
(D, 0 s) undergoing condensation (E, 23 s)
to a spot (F, 39 s), which eventually dis-
integrates (G, 62 s). Bars, 5 mm.

Figure 3. C-to-spot statistics.
(A) The conversion from a C to a
spot is on average slower in
RLC2 cells. Dots represent the
duration of a C-to-spot conver-
sion for a particular cell in the
mound as measured from time-
lapse images recorded at inter-
vals ranging from 1 to 60 s, de-
pending on the experiment.
Only cells that remained in focus
throughout the entire C-to-spot
conversion were selected for
these measurements. Duration
of the C-to-spot was determined
by measuring the time interval
between the first appearance of a
C through the condensation into
a spot at the cell rear. Normal on
the left represents nine GFP-
MHC cells in five different
mounds. RLC2 on the right rep-
resents 23 RLC2 cells with GFP-
MHC in 10 different mounds. (B)
The conversion of a C to a spot is normally associated with cell retraction. To determine percent cell shortening, cell length was measured
at the beginning of a C and then at the end of the cycle when a full spot had formed. Percent shortening was calculated by subtracting the
cell length at the spot stage from the cell length at the C stage and then normalizing this difference by cell length at the C stage. Negative
values therefore represent an increase in cell length. Again, only cells that remained in focus throughout the entire C-to-spot conversion were
selected for these measurements. Fifteen cells are represented in six different mounds; 14 of these cells shortened when a spot formed.
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individual mutant cells in the mound. To determine
whether the MHC is required for rotation of indi-
vidual cells, we examined MHC2 cells in the same
strain background (KAx3) as the GFP-MHC cells
described above. In this KAx3 strain, cells rotate
vigorously. When this strain carried the MHC
knockout, rotation was abolished, and instead most
cells merely jiggled in place (Figure 4C).

A quantitative analysis verified that the MHC is
essential for cell rotation in the mound. Cell trajecto-
ries were classified into one of three categories—jig-
gling, random, or rotational—for both MHC2 mounds
(n 5 487 trajectories) and for parent mounds (n 5 535
trajectories). In tight mounds, 1% of MHC2 trajecto-
ries could be classified as rotational (Figure 4D) com-
pared with 80% in the parent (Figure 4, A and B). In
contrast, most MHC2 trajectories were categorized as
jiggling.

In the second mutant examined, 3xAsp, the MHC
phosphorylation sites are converted to aspartate resi-
dues, thereby inhibiting filament formation (Egelhoff
et al., 1993). We found that in these 3xAsp cells, which
form few if any filaments, rotation was abolished. In
3xAsp mounds (n 5 528 trajectories), no cells rotated
(Figure 4, E and F), whereas in the parent strain (pBIG-
WT) tight mounds (n 5 317 trajectories), 71% of cells
rotated. We conclude that myosin II filaments are
essential for rotational motion.

Our mutant analysis also showed that the myosin II
RLC is required for proper cell rotation in the mound.
Compared with their parent (JH10; n 5 535 trajecto-
ries), fewer RLC2 cells (n 5 2013 trajectories) rotated,
their rotational velocity was slower, and rotation

eventually stopped. Only 21% of RLC2 tight mound
cells were classified as rotational (Figure 4, G and H),
compared with 80% of parental tight mound cells. The
mean rotational velocity for RLC2 cells was 3.5 mm/
min (n 5 14 cells; range, 1–15 mm/min), compared
with a mean rotational velocity of 15.8 mm/min for the
parent (n 5 11 cells; range, 4–36 mm/min). RLC2 cells
stopped rotating completely by 5–7 h after mound
formation. At this time, ;14% of the cells exhibited a
radially outward movement away from the center of
the mound, rarely seen in the parent.

Myosin II Plays a Role in Establishing Chemotactic
Wave Patterns
The cell motion data show that myosin II is required
for rotational motion. It is during rotation that the
myosin II C-to-spot pattern becomes especially prom-
inent, suggesting that this pattern may reflect myosin
II function during rotation. This pattern and its asso-
ciation with rear retraction suggest that myosin II
could play a mechanical role in cell motility in the
mound. However, in principle, the defective rotation
observed in the myosin II mutants could also be
caused by a defect in guidance signals.

Guidance signals in the mound have been indirectly
visualized using a modified form of time-lapse, dark-
field microscopy. As applied to mounds, this tech-
nique reveals light and dark patterns moving across
the mound. Some evidence suggests that these optical
density patterns represent underlying chemical cAMP
waves propagated by cells (Siegert and Weijer, 1995;
Rietdorf et al., 1996). Dark-field images are thought to
reveal these wave patterns by highlighting the cell
shape change or “cringe,” which occurs as a cAMP
pulse passes by a cell (Alcantara and Monk, 1974;
Tomchik and Devreotes, 1981). When cells rotate in a
mound, counter-rotating spiral waves are always ob-
served (Siegert and Weijer, 1995) (see example in Fig-
ure 5, A and B). Because cells are known to move
perpendicular to dark-field wave fronts, rotational
motion is a likely consequence of the rotating spiral
wave patterns.

To test for impaired signaling, we examined dark-
field wave patterns in the three different myosin II
mutants. In MHC2 mounds, we found that dark-field
signaling waves were present, but their patterns were
disrupted. Wave patterns in the parent strain mounds
(n 5 15) took the form of either concentric rings (bull’s
eye pattern) or spirals (Figure 5, A and B), in approx-
imately equal proportions. In contrast, MHC2

mounds (n 5 20) did not have organized wave pat-
terns. In these mounds, a single wave front sometimes
propagated across the mound (Figure 5, C–E), often
followed by weaker pulses arising from different lo-
cations in the mound. These pulses appeared to be
bona fide waves, because when they reached the edge

Figure 4 (facing page). Representative cell trajectories and motion
statistics for parent strain and mutant cells. (A, C, E, and G) Trajec-
tories from a representative tight mound from each strain. Arrow-
heads represent the location of a cell, and lines connect a cell’s
position at successive time points. Time increases in the direction of
the arrowheads from black to white. (B, D, F, and H) Schematics
summarizing measurements of 3D motion for tight mounds in each
strain. See MATERIALS AND METHODS for a definition of each
motile category. Motion percentages were determined for each
mound and then averaged over the set of mounds in each strain.
Each symbol in the schematic reflects a 10% representation of that
type of motion in the measured data. Exact percentages are given to
the right. (A) Parent strain (JH10). Rotational motion is prominent.
Arrowheads represent time points 5 min apart. (B) Average statis-
tics for eight mounds of the parent strain calculated from a total of
400 cell trajectories. (C) MHC2 (HS1). Jiggling motion is prominent,
and arrowheads representing cell position at each time point are
largely superimposed. Time points are 2.3 min apart. (D) Average
statistics for 11 mounds of the MHC2 calculated from a total of 439
cell trajectories. (E) 3xAsp. Jiggling motion is prominent, and ar-
rowheads representing cell position at each time point are largely
superimposed. Time points are 2.5 min apart. (F) Average statistics
for four mounds of 3xAsp calculated from a total of 233 cells. (G)
RLC2. Random and some rotational motion is evident. Arrowheads
represent time points 5 min apart. (H) Average statistics for 22
mounds of RLC2 calculated from a total of 1906 cells. Bar, 30 mm.
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Figure 5. Dark-field waves in parent and mutant mounds. Wave patterns are most easily visualized in movies available online or at the
author’s web site listed in ACKNOWLEDGMENTS. The still-frame images shown here have been image enhanced to help highlight the wave
front. Adjacent to each wave image is a schematic of the wave pattern. The dashed line in the schematic indicates the mound periphery, and
the solid line indicates the wave front. (A) Dark-field image of parent strain (JH10) mound. The wave pattern is not visible in a still-frame
image but can be seen when a time sequence of such images is played in rapid succession, as available online. (B) Two-armed spiral wave
from the same mound as in A, but after subtraction of time points 30 s apart to enhance the differences between the two images and thereby
highlight the moving wave front (which in this case rotates counterclockwise). (C–E) Aberrant waves in an MHC2 mound. Instead of
producing a clear wave front, these mutant mounds tended to form a dark zone that propagated, in this case from left to right, into a light
zone. Wave centers tended to be at the edge of the mound (leftmost edge in this mound) and were transient, with new centers eventually
arising elsewhere near the mound periphery. (F) Dark-field image of 3xAsp mound. (G) Apparently normal wave in a 3xAsp mound
displaying a single dominant center about which a one-armed spiral wave rotates. The image is the same mound as in F but after subtraction
of time points 90 s apart to enhance the wave profiles. (This one-armed spiral wave rotates clockwise.) (H) Dark-field image of an RLC2

mound. (I) Apparently normal wave in an RLC2 mound displaying a single dominant center about which a three-armed spiral wave rotates.
The image is the same mound as in H but after subtraction of time points 30 s apart. (This rotates counterclockwise.) Bars, 40 mm.
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of the mound they became more clearly visible as they
propagated down the lengths of streams.

Dark-field wave patterns are thought to arise from a
transient cell shape change or cringe induced by the
passage of a cAMP wave (Siegert and Weijer, 1995;
Rietdorf et al., 1996). The presence of such dark-field
waves in the MHC2 cells suggested that these cells
might be able to undergo a shape change or cringe in
response to cAMP. To test this directly, we imaged
single cells isolated on a coverslip before, during, and
after addition of cAMP. Over a range of cAMP con-
centrations (5 3 1027–3 3 1024 M), a cell shape change
could still be detected in 74% (n 5 94) of MHC2 cells
(Figure 6) and, as expected, 100% (n 5 15) of the
parental strain (Figure 6). These data demonstrate that
the MHC is not required for a cell shape change in-
duced by cAMP and further suggest that dark-field
waves remain visible in MHC2 because these cells are
still exhibiting some cringe response.

The wave patterns that are present in MHC2

mounds are aberrant, and this offers a possible expla-
nation for the lack of rotation in the MHC2 cells. To
test whether the MHC2 cells could move rotationally
when provided with proper guidance signals, we
seeded parent mounds with a few labeled MHC2

cells. To incorporate mutant cells into mound interi-
ors, we added a small number of labeled, starved
mutant cells to parent mounds as they were forming.
We then observed the mutant cells within mounds.
Seventy-five percent of the mutant cells were seem-
ingly oblivious to the vigorous rotational motion of
the parent strain and quickly drifted to the inner core
or outer edge (Figure 7, A and B). Twenty-five percent
rotated in the same direction as the parent cells but
reached the inner core or outer edge of the mound
within at most a quarter of a full rotation around the
mound (Figure 7, A and B). Parent cells similarly
seeded into normal mounds always joined the rota-
tional motion and never segregated to the mound’s

periphery or core (Figure 7, C and D). We conclude
that the MHC2 cells likely suffer from a motility de-
fect, which leads to aberrant motion even in the pres-
ence of proper guidance cues. In sum, our dark-field
wave studies demonstrate that the MHC is somehow
required to organize signaling wave patterns, and our
seeding experiments support a mechanical role for the
MHC in motility.

When we examined signaling wave patterns in the
3xAsp mutant, we found some improvement com-
pared with MHC2 cells. 3xAsp waves were more
clearly visible, and organized wave patterns were ob-
served. Of 15 3xAsp mounds examined, 10 exhibited
concentric ring waves, and the other 5 exhibited one-
armed spiral waves (Figure 5, F and G). Although
such one-armed spirals are sometimes observed in
other WT strains, the parent strain for the 3xAsp mu-
tant normally exhibited a multiarmed spiral wave pat-
tern. This suggests that the production and/or main-
tenance of multiarmed spiral wave patterns may
require normal myosin II filament levels. Because
some 3xAsp mounds do exhibit at least a single-armed
spiral, this should be a sufficient signal for rotational
cell motion. Nevertheless, 3xAsp mound cells never
rotate; so our data suggest that filamentous myosin II
also plays a mechanical role in cell motility in the
mound.

In mounds of the third mutant, RLC2, we found
normal wave patterns comparable to those in the par-
ent strain, demonstrating that the RLC is not required
for normal wave patterns. Of 34 RLC2 mounds exam-
ined, 18 showed concentric ring waves, and 16
showed multiarmed spiral waves, which is in similar
proportion to the parent strain (Figure 5, H and I). The
latter patterns should be sufficient for normal rota-
tional motion, but nevertheless the RLC2 cells rotate
more slowly and eventually stop. This implies that the
RLC plays a mechanical role in rotational cell motility.

Figure 6. Cell cringe in response to cAMP. Numbers in each panel indicate the approximate time (62 s) before or after addition of cAMP
to starved cells of the normal strain (top row) or MHC2 cells (bottom row). Observe how the central cell in each panel is more elongate before
addition of cAMP but becomes more rounded at, or just subsequent to, addition of cAMP. Specifically, the normal cell is less elongated at
112 s compared with 29 or 233 s, and the MHC2 cell is nearly round at 115 s compared with 230 or 215 s. By 130 s, this particular MHC2

cell begins to show signs of new pseudopodia (arrow) and by 185 s is once more elongate. This normal cell shows new pseudopodia (arrow)
by the 130-s time point. cAMP concentrations ranging from 1027–1024 M were tested, and no significant differences were observed by this
assay. For the images shown, 1024 M cAMP was used in the top row, and 1027 M cAMP was used in the bottom row. Bar, 5 mm.
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RLC2 Myosin II Exhibits an Aberrant C-to-Spot
and Reduced Cortical Localization
Of the three mutants examined, the RLC2 cells were
the only ones that appeared to exhibit completely
normal signaling wave patterns in the mound; so this
mutant provides the cleanest example of a purely
mechanical defect in cell motility attributable to a
disruption in myosin II. If myosin II’s mechanical
function is exemplified by some visible feature such as
the C-to-spot, then we reasoned that feature might be
aberrant in RLC2 cells.

To observe myosin II in living RLC2 cells, we trans-
formed RLC2 cells with the GFP-MHC construct.
These RLC2 cells already have an MHC gene, unlike
the GFP-MHC cells described above, in which GFP-
MHC was expressed in an MHC2 background. To test
whether excess MHC might disrupt myosin II distri-
butions, we transformed a parental strain (JH10) with

the GFP-MHC. These cells exhibited comparable pat-
terns of GFP-MHC, as seen in the MHC2 background,
suggesting that excess myosin II did not affect its
spatial and temporal distributions.

In RLC2 cells, previous immunofluorescence stud-
ies with a myosin II antibody had shown that myosin
II tended to form aberrant aggregates in many vege-
tative cells (Chen et al., 1994). After transformation of
the RLC2 cells with GFP-MHC, we observed compa-
rable aggregates in vegetative and starved cells (Fig-
ure 8, E and F), further substantiating that the GFP-
MHC was a reliable reporter of myosin II distributions
in the RLC2 cells. These myosin II aggregates in the
RLC2 cells (Figure 8F) were not the same as the spot
that we observed in normal cells after condensation of
a C pattern (Figures 1 and 2). The myosin aggregates
were significantly larger than the spot observed in a
C-to-spot. Moreover, the RLC2 myosin II aggregates

Figure 7. Fluorescently labeled
cells seeded into a mound com-
posed of parent strain cells. (A) In
such chimeric mounds, MHC2

cells segregated to the inner core
or outer periphery. Shown is one
image from a time-lapse movie
obtained ;3 h after a small num-
ber of starved MHC2 cells were
added to a mound of unlabeled
parent strain cells. (B) MHC2 cells
fail to rotate in such chimeric
mounds. Five sample trajectories
are shown (the two near the 4:00
position partially overlap). Con-
ventions for trajectory display are
as described in Figure 4. Arrow-
heads represent time points 1 min
apart. The slow, irregular move-
ments of the MHC2 cells indicate
that the spiral wave generated by
the parent cells is not enough to
restore normal motion in MHC2

cells. (C) Control. One time point
of a 2D time-lapse movie taken
;3.5 h after starved parent cells
were added to a parent mound.
Fluorescently labeled parent cells
do not segregate in these mounds.
(D) Typical trajectories of parent
cells added to a parent strain
mound. The seeded cells rotate
normally. Arrowheads represent
time points 40 s apart. Bars, 10
mm.
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persisted for hours, whereas the spots associated with
a normal condensing C disintegrated within minutes,
at most.

We found that the aberrant GFP-MHC aggregates
were still present during aggregation and in the early
mounds of RLC2 cells (Figure 8A). Within early
mounds of RLC2 or its parent, cells move randomly
and then after ;0.5 h, organized rotational motion
develops. To our surprise, when rotation ensued in the
RLC2 cells, the aberrant GFP-MHC aggregates disin-
tegrated. GFP-MHC instead became concentrated at
the posterior cortex of rotating cells where C-to-spot
patterns were observed (Figure 8, B and G–J). These
RLC2 C-to-spots were different in two ways from the
parent: 1) the C appears to be shorter in RLC2 cells
(lengths ranging from 7 to 13 mm [average, 10.9 mm] in
RLC2 [n 5 7 cells] vs. lengths ranging from 10 to 17
mm [average, 13.3 mm] in the parent [n 5 7 cells]),
although because of a small sample size, we could not
assess statistical significance; and 2) in RLC2 cells the
C-to-spot transition was slower (2–22 min [n 5 6 cells]
versus 0.2–5 min in the parent [n 5 9 cells]) (Figure
3A). In the RLC2 cells, the spot that formed at the end
of a C-to-spot transition always disintegrated (Figure
8J), just as in the parent strain. The GFP-MHC distri-
bution patterns in the mound did not appear to be
artifactual, because we observed similar patterns for
native myosin II in RLC2 mounds visualized by im-
munofluorescence with a myosin II antibody (Figure
8, C and D).

The GFP-MHC distribution in rotating RLC2 cells
differed from the parent in one other way. In parent
strain mounds containing only GFP-MHC cells (i.e.,
no unlabeled cells), the entire cell cortex was often
visible circumscribing each cell (Figure 1, C–F). In
rotating parent cells, this general cortical staining was
typically less intense than the cortical staining specif-
ically associated with a C or a spot at the posterior. In
rotating RLC2 cells, this general cortical staining of
GFP-MHC was typically absent (Figure 8B). After ro-
tation finally stopped in RLC2 mounds (which oc-
curred at a point when the cells had remained at the
mound stage for at least 2–4 h longer than normal), we
found that all GFP-MHC was diffusely distributed
throughout the cell.

DISCUSSION

The Myosin II C-to-Spot Is Associated with
Retraction of Cell Extensions
We have examined the distribution of GFP-MHC in
Dictyostelium cells and have found a novel, dynamic
pattern in cells undergoing rotational motion within
the multicellular mound. In these rotating cells, a C of
myosin II became localized to the rear cortex and
converted to a spot as the rear retracted. The spot then

dissolved, and later a new C reformed. This is the first
report of dynamic redistributions of myosin II associ-
ated with cell locomotion. Because this C-to-spot tran-
sition in myosin II was so prominent during rotational
motion, we asked whether myosin II was required for
such motion. In three different myosin II mutants, we
showed that rotation was abolished or severely hin-
dered, even when a proper chemotactic signal was
present. This suggests that each of these myosin II
mutants suffers a mechanical defect in motility. Two
observations suggest that at least part of myosin II’s
mechanical function during rotation involves the C-to-
spot transition. First, the C-to-spot is the most prom-
inent distribution of myosin II in rotating cells. Sec-
ond, the RLC2 mutant exhibits both defective rotation
and an aberrant C-to-spot.

What function might this C-to-spot serve? We found
several different examples suggesting it could play a
role in retraction of cell extensions. Within the mound,
rotating cells shortened as the C converted to a spot at
the cell rear. For cells crawling between other cells on
a substrate, we observed a comparable C-to-spot tran-
sition as the cell rear was retracted between adjacent
cells. We also found for isolated cells on a substrate
that pseudopodia retracted as a C converted to a spot.
Enhanced cortical myosin was not present in extend-
ing pseudopodia; so monomers of myosin II may as-
semble into filaments just as the pseudopod begins to
retract.

Although it was seen in several cases of retracting
cell extensions, this C-to-spot process was most prom-
inent during rotational motion when the mound con-
denses into a densely packed cell mass. This tightly
confined hemisphere is likely to have many cell–cell
adhesive forces that place greater constraints on cell
movement than would be present for individual cells
on a substrate. If the C-to-spot helps a moving cell
overcome this tight packing and adhesion, we would
expect to see it occur when cells are in such an envi-
ronment. Consistent with this expectation, a myosin II
C has also been observed in fixed cells in the densely
packed environment of the slug (Eliott et al., 1991;
Yumura et al., 1992), as well as in fixed cells under the
constraining pressure of an agar overlay (Yumura and
Fukui, 1985). Moores et al. (1996) also observed a spot
in pseudopodia with the same GFP-MHC but did not
detect the preceding C, in part because they may not
have examined motion in the mound when the C-to-
spot conversion becomes most prominent.

If the C-to-spot is involved in retraction of cell ex-
tensions, it could aid these processes by helping pull
in the extension or by applying a shear force to cell–
cell contacts to overcome adhesive bonds. A role for
myosin II in overcoming adhesion is supported by
studies of Jay et al. (1995), who showed that MHC2

cells barely move on coverslips coated with poly-l-
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lysine, even though parent cells at the same concen-
tration of poly-l-lysine moved normally.

Regardless of its specific function, we suggest that
the C-to-spot transition could reflect an actomyosin
contraction. Some evidence to support this model
comes from our observation that cells without the
myosin II RLC exhibited a slower C-to-spot transition.
The time required for the C-to-spot conversion could
be related to the rate of myosin movement relative to
actin, as measured in in vitro motility assays. In such
assays, other myosins lacking the RLC were found to
move more slowly (Lowey et al., 1993; Uyeda and
Spudich, 1993; Trybus et al., 1994).

In addition to highlighting the C-to-spot transition,
observing cell motion in the 3D adhesive environment
of the mound allowed us to uncover distinctions
among several myosin II mutants, which had previ-
ously exhibited nearly identical phenotypes. For ex-
ample, 3xAsp and MHC2 cells both displayed defects
in cytokinesis, receptor capping, and developmental
arrest (DeLozanne and Spudich, 1987; Knecht and
Loomis, 1987; Egelhoff et al., 1993). We found, how-
ever, a striking difference between signaling wave pat-
terns in these two mutants (see below). Similarly,
RLC2 and MHC2 cells also displayed comparable
defects in cytokinesis and developmental arrest, al-
though unlike MHC2 cells, RLC2 cells could cap cell
surface receptors (Chen et al., 1994). Our findings now
show that RLC2 cells can rotate in the mound,
whereas MHC2 cells cannot, even though both mu-
tant strains arrest development at the mound. These
observations not only suggest that different compo-
nents of the myosin II molecule may contribute to
different functions, they also underscore the utility of
sophisticated assays for uncovering mutant pheno-
types.

Myosin II Is Not Required for Visualization of
Signaling Waves or for a Cell Shape Cringe in
Response to cAMP
We used dark-field microscopy of mounds to visualize
so-called signaling waves thought to reflect underly-
ing cAMP signals (Siegert and Weijer, 1995; Rietdorf et
al., 1996). We could still see waves in mounds lacking
the MHC, even though these dark-field waves are
known to reflect transient cell shape changes or the
so-called cringe in response to passage of a cAMP
wave (Alcantara and Monk, 1974; Futrelle et al., 1982;
Siegert and Weijer, 1995). In addition, we recorded
individual MHC2 cells cringing upon addition of
cAMP, suggesting that sufficient cell shape changes
occur even in the absence of myosin II to permit wave
visualization. However, the MHC2 waves are less
intense than normal, as expected if myosin II ordi-
narily plays some role in the cringe response (Yumura
and Fukui, 1985). Our observation of less intense wave
profiles in the MHC2 cells is also consistent with a
body of data suggesting that these mutant cells have
altered cell shapes (Wessels et al., 1988; Shelden and
Knecht, 1996; Xu et al., 1996). The fact that waves are
nevertheless visible in MHC2 mounds and that
MHC2 cells cringe upon addition of cAMP does sug-
gest that other myosins and/or actin also contribute to
cell shape changes in response to chemotactic signals
in the mound.

When two other myosin II mutants (3xAsp and
RLC2) were examined, we observed waves of essen-
tially normal intensity. The 3xAsp cells contain pre-
dominantly monomeric myosin II, suggesting that
myosin II monomers may be sufficient for the requisite
cell shape change, or that residual filamentous myosin
II in 3xAsp cells is sufficient. Our data also suggest
that the RLC is not needed for the cell shape change
required to see waves, because waves of normal in-
tensity were also seen in this mutant.

Myosin II Is Required for Normal Signaling
Patterns in the Mound
Because we could visualize waves in the myosin II
mutants, we were also able to see the wave pattern.
Surprisingly we found that in mounds of some myosin
II mutants, the wave pattern is altered. This suggests
that myosin II itself is involved in establishing these
patterns. In the parent strain, we consistently ob-
served one dominant signaling center either from
which concentric waves emanated or about which a
multiarmed spiral wave pivoted. In contrast, MHC2

mounds could not maintain a dominant signaling cen-
ter, and neither concentric nor spiral waves were ever
seen. These data show that the MHC is required for
establishing a single, dominant signaling center within
mounds. In the second mutant examined, 3xAsp, a
dominant signaling center was established in each
mound, but only one-armed spiral waves formed,

Figure 8 (facing page). Myosin II in RLC2 cells. Starved cells with
GFP-MHC reveal a bright myosin II aggregate (E, bright field; F,
fluorescence), consistent with the distribution of myosin II previ-
ously observed by immunofluorescence in isolated RLC2 cells
(Chen et al., 1994). RLC2 cells retain their GFP-MHC aggregate
during aggregation and in the early mound (A). Cells in the mound
shown in A were moving randomly, as is normal for early mounds.
As rotation begins in RLC2 mounds, the GFP-MHC aggregate dis-
appears, and a cortical C pattern appears instead (B, arrows). The
disappearance of the GFP-MHC aggregate is not an artifact of this
GFP construct. Immunofluorescence staining reveals native myosin
II aggregates in an early mound (C) and reveals Cs (arrows) and
spot patterns in a later mound (D). Rotating RLC2 mound cells with
GFP-MHC exhibit a C-to-spot transition (G–J), including dissolution
of the spot (J). The C-to-spot transition is much slower than normal
(also see Figure 3A). Although the mound shown in B is composed
entirely of RLC2 cells, the generalized enhancement of GFP-MHC
around cell perimeters is largely absent. Compare with Figure 1,
C–F, which shows a mound also composed entirely of normal
GFP-MHC cells, in which many individual cell outlines can be
clearly discerned. Bars, 10 mm.
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never multiarmed waves. This suggests that myosin II
monomers or the residual filaments still present in the
3xAsp strain are sufficient to establish center domi-
nance, but filamentous myosin II is otherwise required
for multiarmed spiral waves. The third mutant that we
examined, RLC2 cells, showed normal wave patterns,
demonstrating that the RLC is not required for wave
pattern establishment.

How might myosin II be required for proper signal-
ing wave patterns? One possibility is that motile de-
fects indirectly cause signaling defects. In normal
mounds, a subset of prestalk cells ordinarily migrates
to the mound apex to form a cluster that might be
involved in the initiation of signaling waves. In
MHC2 mounds, a prestalk cluster still forms in the
middle core of the mound, although not at the mound
apex (Traynor et al., 1994). Thus, MHC2 mounds
should also have a dominant signaling center if
prestalk cluster formation is a prerequisite for this
process. More generally, it does not appear as if ex-
tensive cell motility in the mound is required to estab-
lish a dominant signaling center. Cell motility in
mounds of the 3xAsp mutant was as minimal as that
in the MHC2 mutant, yet 3xAsp mounds consistently
formed a dominant signaling center. Thus, at present,
it is unclear how defects in motility could indirectly
cause the signaling defect seen in the MHC2 cells.

The alternative possibility is that myosin II in some
way participates directly in the signaling process that
establishes a dominant wave center, although to date
there is no evidence to indicate how myosin II could
play such a direct role in signaling. The mechanism by
which a dominant dark-field wave center is estab-
lished in the mound is unknown. Some upstream
regulatory genes in this process have been identified,
and some evidence suggests that in normal mounds
multiple centers are suppressed by some form of in-
hibition (Sukumaran et al., 1998), but none of these
data suggests how myosin II could be involved. The
dark-field waves observed in mounds may reflect an
underlying cAMP signal (Siegert and Weijer, 1995;
Rietdorf et al., 1996), although that has not been
proven. Even if this is true, the establishment or main-
tenance of a dominant signaling wave center may be
independent of cAMP or whatever else may underlie
the dark-field wave. In any event, it is difficult to
envision that myosin’s role in center establishment
occurs via cAMP signaling, because there is no direct
evidence to date that cAMP signaling is altered in
MHC2 cells. These cells are chemotactically respon-
sive, have normal levels of cAMP receptors, and se-
crete normal levels of cAMP in response to a cAMP
stimulus (Peters et al., 1988). Until more is known
about the mechanisms of wave center dominance in
mounds, it is difficult to speculate about myosin’s
potential role in this process. More generally, how-
ever, some precedent exists for the influence of cy-

toskeletal proteins upon cell signaling (Moll et al.,
1991; Bahler, 1996; Chrzanowska-Wodnicka and Burr-
idge, 1996; Sisson et al., 1997), and our observations on
wave patterns in the myosin II mutants may reflect
another example of such phenomena.

Myosin II’s Function
What then is myosin II’s role in motility within the
mound? Three possible functions have been cited (see
INTRODUCTION), and our results have provided, in
varying degrees, some measure of support for each.

Our observations of disrupted signaling wave pat-
terns in MHC2 cells suggest that myosin II is involved
in some way in establishing a dominant signaling
center in the mound. Our observations of enhanced
GFP-MHC throughout the cell cortex of rotating cells
are consistent with the hypothesis that myosin II sup-
plies structural rigidity to cells within a cell mass
(Knecht and Shelden, 1995; Shelden and Knecht, 1995).
This structural rigidity may be critical for proper ro-
tational motion, because altered rotation in RLC2 cells
was correlated with a loss of this generalized cortical
distribution of GFP-MHC. Our observations of the
C-to-spot transition support a role for myosin as a
motor that generates some of the force required to
withdraw cell extensions, a function that may be par-
ticularly important in the adhesive environment of the
mound. Consistent with this possibility, the C-to-spot
transition was slower than normal in RLC2 cells, cor-
relating with the reduced velocity of these mutant
cells. Our data suggest that each of these factors may
contribute to the defective rotational motion observed
in various myosin II mutants.
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