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SUMMARY

While the treadmilling and retrograde flow of F-actin are
believed to be responsible for the protrusion of leading
edges, little is known about the mechanism that brings the
posterior cell body forward. To elucidate the mechanism
for global cell locomotion, we examined the organizational
changes of filamentous (F-) actin in liveDictyostelium
discoideum We labeled F-actin with a trace amount of
fluorescent phalloidin and analyzed its dynamics in nearly
two-dimensional cells by using a sensitive, high-resolution
charge-coupled device. We optically resolved a cyclic mode
of tightening and loosening of fibrous cortical F-actin and
guantitated its flow by measuring temporal and spatial
intensity changes. The rate of F-actin flow was evaluated

closely associated with cell migration. Similarly, in dividing
cells, the cortical F-actin accumulated into the cleavage
furrow. Although five times slower than the wild type, the
F-actin also flows rearward in migrating mhcA~ cells
demonstrating that myosin Il (‘conventional’ myosin) is not
absolutely required for the observed dynamics of F-actin.
Yet consistent with the reported transportation of ConA-
beads, the direction of observed F-actin flow in
Dictyosteliumis conceptually opposite from a barbed-end
binding to the plasma membrane. This study suggests that
the posterior end of the cell has a unique motif that tugs
the cortical actin layer rearward by means of a mechanism
independent from myosin IlI; this mechanism may be also

with respect to migration velocity and morphometric
changes. In migrating monopodial cells, the cortical F-actin
encircling the posterior cell body gradually accumulated
into the tail end at a speed of 0.3pim/minute. We show
qualitatively and quantitatively that the F-actin flow is

involved in cleavage furrow formation.

Key words: Amoeboid movement, Cytokinedctyostelium F-
actin, Locomotion

INTRODUCTION important to study the in vivo organization of different F-
actin structures with respect to binding proteins and specific
Dictyosteliumrepresents a group of highly motile amoeboidroles in cell locomotion.
cells that share many common features with mammalian cells The rearward traction forces are believed to be translated
(Harris, 1994). In fact, the ‘inch worm model’ for fibroblast into the retrograde transport of surface markers (Harris,
locomotion (Alberts et al., 1994) and the ‘three-step model’ fod994). This particle transport has been studied in detail in
amoeboid locomotion (Fukui and Yumura, 1986) both depictibroblasts (Abercrombie et al., 1970; Harris, 1973; Jacobson,
three common processes, i.e. protrusion, retraction, aret al., 1984), nerve axons (Bray, 1970; Forscher and Smith,
contraction. However, the architectural dynamics of actin and988), leukocytes (Harris, 1973; Lee et al, 1990),
its relevance to locomotion iBictyosteliumcells have not macrophages (Dembo and Harris, 1981; Sheetz et al., 1989),
been elucidated. The reason is technical, since cells are smiadh keratocytes (Lee et al., 1993), afichoeba(Grebecki,
and locomotion and shape changes are rapid. 1994). It is widely believed that the traction forces for the
Past immunofluorescence and ultrastructural studies hayarticle transport are driven by the cytoskeleton through
revealed the presence of distinctive organizations of F-acticrosslinks via membrane glycoproteins (Jacobson et al.,
in  Dictyostelium three-dimensional meshworks in 1984; Sheetz et al., 1989; Holifield et al.,, 1990). In
pseudopodia (Condeelis, 1993; Cox et al., 1995), corticdDictyostelium the particle transport was first described by
bundles or meshworks with increased thickness towards tt&haffer (1962) and, more recently, Jay and Elson (1992)
rear (Yumura et al., 1984; Fukui and Yumura, 1986; Fukuiperformed a detailed analysis. They found that ConA-coated
1993), and radial arrays emerging from postulated adhesigrarticles move from the leading edge all the way to the tail
sites (Yumura and Kitanishi-Yumura, 1990; Fukui and Inouéf locomoting amoebae and this transport also occurs in
1997). Neither the precise organization nor the function ofmyosin Il knock out cells.
these F-actin structures has been elucidated. Therefore, it isIn general, the actin-based and myosin-based mechanisms
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are believed to contribute to the surface particle movemenmion-nutrient agar plates and incubated for 3-4 hours at 22°C before
and likewise to cell locomotion (Harris, 1994). The electroporation.
‘treadmilling’ of actin (Wang, 1985) represents the actin- i
based mechanism (Heath and Holifield, 1991b). This theogjgtr;ospcoer;tlg‘/’” abeled phalloidin was loaded into cells by
Proposes the forces driv_en by the predominant eIongation_ ectroporation using the method modified from Yumura (1996). The
Egasczt)ln v%itchhe hfgzt'gggwggobggfgngggtézc?ua:/?vgqg géat'ge:’ells W%re centrifuged at 30 for 1.5 minute§ and suspende_d_ in
’ ; s osphate buffer to make a8ldells/ml suspension. FITC-phalloidin

preferred site for binding to the plasma [nembrane (S_mall 2%00 1g) was dissolved in a mixture of §0 of methanol and 2§l
al., 1978; Small, 1981; Tilney and Inoué, 1985; Svitkina ebf dimethylsulfoxide. After placing in a ventilated sterile hood for
al., 1986; Carlier, 1998). In neuronal growth cones, theeveral hours to evaporate off the methanol, the solution was diluted
involvement of myosin in retrograde flow of F-actin andwith 100pl of the phosphate buffer. An equal volume (2pof cell
growth of filopodia has been suggested (Lin et al., 1996)uspension and FITC-phalloidin (8 in 20% dimethylsulfoxide)
Importantly, however, these mechanisms have been examin€5282: Sigma Co., St Louis, MO) were mixed in a pre-cooled
only with respect to the protrusion of the anterior structure§lectroporation cuvette (1 mm of interelectrode space; #165-0289:
(lamellipodia and filopodia) but the mechanism that bring Lo'gtagégbsrfg{:]zs’;'g?omggg’ g':‘%'eTgil‘;g': Vl\faST?]IZCEZ[lgSe?NZ'I:’j
Lheeeﬁoasttteersl,?erdce” body (behind lamellipodia) forward has noutlmmediately washed with cold phosphate buffer.

The paradigm of actin mechanistics is that G-actin must beluorescence microscopy and digital image acquisition
added primarily to the barbed end at the frontal membrane angker electroporation, the cells were allowed to settle on & 22
transported towards the rear, generally up to the regiomm glass coverslip (no. 1-1/2: Corning Glass Works, Corning, NY)
containing the nucleus. The studies by Theriot and Mitchisoand overlaid with a 0.15 mm-thick, 2% agarose sheet (agarose-M:
(1991) and Symons and Mitchison (1991), howeverPharmacia LKB, Uppsala, Sweden) (Fukui and Inoué, 1991). The
demonstrated the organization and dynamics of F-actin in fistpverslip was inverted and placed on a glass slide topped with spacers
keratocytes (‘nucleation-release’ model) and ﬁbrOblaStg(];l?:dorNi(t)Hli nllqjtlhI(rfnlq(i;:J?ésffe?ar?gl?fs?/lgsﬁﬂg Ta'r‘% Sg‘ergf’s'ew"gis
‘gradient of filament length’) that are contradictory to the T ) ’ '
I(o%g-believed treadmilling?cor)tical flow mechanism. %Vhether(LAVAB) (Fukui and Inoué, 1997). The sample was observed under

. . - an epifluorescence microscope (Axioskop-50: Carl Zeiss, Inc.,
the above conflicting results came from different technique$, ;. nwood NY) equipped with an oil-immersior63 plan apo

(fluorescence  recovery  after  photobleaching  Vgpiective (NA 1.4). The image was acquired with a cooled CCD
photoactivation), or rather revealed different mechanisms hasxL: Photometrics Ltd, Tucson, AZ) installed with a Kodak KAF

not been determined (Heath and Holifield, 1991a). With thig400 chip. The fluorescence and phase-contrast images were
respect, a recent study by Cramer et al. (1997), identifying theequentially acquired at 8-bits of depth of gray scale using a filter
graded polarity of F-actin in locomoting fibroblasts, iswheel (Lambdal0-2: Sutter Instrument Co., Novato, CA) and an
inspiring. To date, however, it has not been determined whatectric shutter (UniBlitz D122: Vincent Associate, Rochester, NY).
brings theposteriorcell body forward and whether F-actin flow The acquisition time was 50-300 milliseconds and the interval
occurs in the rear cell cortex. Should the flow occur, how is F2etween different paths was about 5 milliseconds; they were
actin organized and how can flow be translated into the traC,[ioj;ﬁntrolled by the parallel port controller. The image acquisition was

f in th Il bodv? It is also i tant to det . automated by customized journals installed into an integrated image
orces In the rear cell body+ 1t 1S also Important 1o de errnlr"ﬁcquisition and processing system (MetaMorph: Universal Imaging

if myosins are involved, and how they might contribute to thesgqrporation, West Chester, PA). The spatial resolution of our system
movements. has been estimated to be 250 nm (Yumura and Fukui, 1998).

In the present study, we determined gentle conditions for o _
loading fl-phalloidin and, using this method, monitored veryTransmission electron microscopy
low level fluorescence with high spatial resolution. WeSmall droplets of cell suspension were placed on carbon-coated
demonstrate that the cortical F-actin layer encompassing ttastic coverslips. After the cells started migrating (ca. 2 hours), the
posterior cell body flows all the way to the tail as the celf@mples were processed for the agar-overlay method described mothe
migrates; this flow does not absolutely require myosin II. Th(?ectlon above. The samples were fixed with a mixture of 1%

. . rmaldehyde (Polysciences, Inc., Warrington, PA; cat. #18814) and
observed flow is conceptually paradoxical to the generallg)A% glutaraldehyde (Polysciences, Inc.; cat. #00216) in MFSS buffer

plasma membrane (reviewed by Small, 1994). We suggestminutes at room temperature. For preparation of the cytoskeleton,

possible models for the cortical F-actin flow and its role inne cells under the agarose were permeabilized with a mixture of 0.5%

amoeboid locomotion and cytokinesis. Triton X-100 and 0.5% digitonin (Sigma Chemicals, St Louise, MO;
cat. D-1407) for 10 minutes at room temperature in the presence of
1% formaldehyde, 0.4% glutaraldehyde, 0.1% 3-maleimidobenzoic
acid N-hydrosuccinimido ester (Sigma Chemicals; M-2786), and

MATERIALS AND METHODS 0.2% tannic acid (Tousimis Research Corp., Hockville, MD; cat.
#4241) in MFSS buffer. The samples were post-fixed with 1%0sO
Cells and culture in 15 mM Na/K-phosphate buffer (pH 6.4) for 30 minutes. After

Dictyostelium discoideungstrain NC4) cells were cultured with dehydration through an ethanol series, the samples were embedded
Escherichia coli(strain B/r) on nutrient agar plates (Fukui and with Spurr’s low-viscosity medium (Polysciences, Inc.; cat. #01916).
Inoué, 1991). Myosin heavy chains-null celishcA; Manstein et The coverslips were then removed and the samples were re-embedded
al., 1989) were cultured in 9 cm-diameter plastic dishes with HL&ith Spurr's medium. After staining with uranyl acetate and lead
medium. Cells were scraped with silicone rubber and washed witbitrate, thin sections were observed under a transmission electron
cold 15 mM Na/K phosphate buffer (pH 6.4). They were spread omicroscope (JEOL, Peabody, MA; model JEM-100CX).
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RESULTS conspicuous fluorescence in the leading edge. Therefore, in this

study, we only examined the F-actin dynamics in the posterior
Fl-phalloidin is bound to F-actin in the posterior cell cell body. For the mechanism of pseudopodial protrusion, see
cortex Condeelis (1993).

After attaching onto the substratum, the cells loaded with fl- To determine whether most fl-phalloidin was incorporated
phalloidin resumed the migration in 20-30 minutes (the contronto F-actin or there was a considerable amount of free fl-
cells loaded with the buffer started moving in 5-10 minutes)Phalloidin in the cytoplasm, we compared the rate of quenching
Under the fluorescence microscope, about 15% of the celf the fluorophore occurring in a 2010 pixel area either in
exhibited fluorescence. Highly fluorescent cells did not resumi&e cortex or the ground cytoplasm (Fig. 2). The result showed
the migration after 30 minutes and were omitted from furthethat the kinetics of the quenching are similar, for at least up to
observation. Weakly to moderately fluorescent cells didO seconds’ total excitation. This result indicates that there is
migrate and were examined for the following analyses. Durinéjttle, if any, free fl-phalloidin in the ground cytoplasm.
the recovery period, both fl-phalloidin-loaded and control cells ] ] )
were spherical and non-motile. Towards the end of this period\rchitectural dynamics of cortical F-actin
fl-phalloidin was observed gradually accumulating into thedemonstrates its mobility
cortical layer. The effects of fl-phalloidin in moderately When the cells resumed motility, they actively projected
fluorescent cells seem to be non-hazardous since the celiseudopodia, initially in a random fashion. Fig. 3 shows a
continued to migrate and divide normally. The fluorescenceepresentative sequence qualitatively illustrating this mode of
eventually disappeared after several hours. F-actin dynamics. The actual sequence consists of 30 images
The through-focus observation indicated that, in a crossecorded for a 10 minute period but only the early part is shown
sectioned view, the cortical F-actin layer encircles the entirén the representative figure (the full sequence can be seen as a
posterior cortex of the nearly two-dimensional cell. By TEMmovie at our Web site). The result shows that the fl-phalloidin
(Fig. 1), we show that the cortical F-actin is organized into ais predominantly bound to the cortical layer. When the cell
amorphous, fibrous submembranous meshwork surroundiricgansiently becomes polarized, fl-F-actin surrounds the
the posterior cell body (Fig. 1B: white arrows), while, in theposterior cell body (frames a-d). It should be noted that, in non-
anterior pseudopodium, it is assembled into a massive 3-Bigrating cells, fl-F-actin does not accumulate into the
network (Fig. 1B: dotted black square). Note that the posterigrosterior cortex. This is in marked contrast to migrating
end has the thickest cortical layer (Fig. 1A: thin arrows). In thiemoebae (Fig. 4: following section). Also note that fl-
report, we define the ‘cortical F-actin’ as the F-actin layeiphalloidin does not incorporate into the pseudopodium (a large
underlying the plasma membrane wrapping the entirarrow marked 1). This result is consistent with the earlier
‘posterior’ cell body; i.ebehind the pseudopodiufffig. 1C,D:  observations that the fl-phalloidin does not assemble into F-
darkly shaded area). Consistent with previous studies (Wehlardttin in leading edges, but it is a reliable marker for studying
and Weber, 1981; Wang, 1987), fl-phalloidin did not exhibitthe slowly exchanging actin structures (Wehland et al., 1980;

Fig. 1. Transmission electron
micrographs of intact (A) and
permeabilized (Bpictyostelium
amoebae showing the cortical F-
actin layer. (A) Side view of an
intact monopodial cell migrating
towards the left. The electron
opaque region in the anterior is the
pseudopodium. The posterior cortex:
is surrounded by a thick F-actin
layer (thin white arrows). (B) Side
view of a permeabilized cell. F-actin
in the pseudopodium shows an
extensive meshwork (black box)
while the entire posterior cell body
is surrounded by a layer of F-actin.
(C) A diagram illustrating the
longitudinal overview of migrating
amoeba. The cortical F-actin

organizes into about 1 mm thick Anterior Posterior

cortical layer in the posterior cell

(A) =

body. (D) An imaginary cross

section view of the region marked (C) 4+ s (D) T

with the dotted line in C. F-actin op
dynamics were examined in the Middle

posterior cortedoehind
pseudopodiuraorresponding to the
area painted black. *, agarose. .
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Fig. 2. The kinetics of fluorescence quenching of fl-phalloidin
located in the cortex (open circles) or in the ground cytoplasm
(closed circles) in live amoebae. The samples were continuously
illuminated for a total of 70 seconds, and the intensity was measure
every 7 seconds. The gray scale was measured as the total pixels
accumulated in the 70 millisecond duration in aliMpixel area,

that was precisely positioned on either a cortical actin layer or the
ground cytoplasm. The rate of quenching was very similar in both
areas, indicating that most fl-phalloidin was incorporated into F-actir
and that there was very little free fl-phalloidin diffusing in the ground
cytoplasm.

Wehland and Weber, 1981; Wang, 1987; Cao and Wang, 199
Lee et al., 1997).

The above results showed that F-actin labeled with fi
phalloidin is capable of integrating into functional actin-
containing structures based on: (1) the dynamic positional ar
organizational changes of the cortical F-actin; (2) a tighteninc
loosening mode of architectural changes, particularly notabl
during the rounding up process (Fig. 3e,f: small arrows); an
(3) changes in the number and orientation of the F-acti
bundles seen in the overview (Fig. 3a-d: small arrows).

In Fig. 3h, we illustrate the mode of motility of this cell. The
cell did not migrate but protruded and retracted severe
pseudopodia in different directions during the 10 minute
observation period. The dynamics of the first major
pseudopodium (labeled 1) are shown in a-g but the other thr
(labeled 2-4) that formed in the later sequence are not shov
in this panel. The peak of the pseudopodia protrusion occurre
at times 00:00 (1), 05:00 (2), 08:20 (3), and 10:00 (4) (data n«
shown). Note that the high intensity area is nearly circula
demonstrating that the fl-F-actin was mobile and continuously,

; : P : ; ig. 3. Dynamic changes in the organization of fl-F-actin in non-
Ligggggoé?ﬁ?n the position opposite from the prOtrUdIngmigrating wild typeDictyosteliumamoeba. Images were recorded

every 20 seconds for 10 minutes (total 30 frames) but only the early

. . . 7 frames are shown. (a-g) A representative image sequence showing
The intensity analysis demonsirates the retrograde that the fl-F-actin is capable of re-organizing into various cortical

flow of F-actin in migrating amoebae regions reflecting the cell’s behavioral changes. Note that the

In polarized cells, we found that fl-phalloidin is predominantlyposterior F-actin bundle loosened (e,f: arrows), when the existing
bound to F-actin surrounding the posterior cell body, and whepseudopodium (a: large arrow marked 1) was replaced with a new
the cell migrates, fl-F-actin moves towards the posterior eneseudopodium (h: arrow marked 2). F-actin also exhibits a parallel
(Fig. 4). As in non-migrating cells, the cortical F-actin bundlearray converging into the posterior body (a-d: small arrows). (h) An
exhibited a loosening and re-tightening mode of dynamics verlaid intensity profile illustrating the mode of motility during the

demonstrated by the fluorescence sequence (arrows in a’C%gtlre period of observation. The numbered arrows indicate the

; : . . .+ PSeudopodia formed in this order (only the first one is shown in a-g).
During the few minutes of observation, the cortical F aCtmtT)he movie showing the whole sequence can be seen at our Web site.

gradually accumulated into the posterior end. (For completﬁme in min:sec.
phase-contrast and fluorescence sequences, see our Web site.)

Since the cells were nearly two-dimensional, the relative
intensity is thought to represent the relative content of flmode of rearward accumulation of F-actin was quantitatively

phalloidin-F-actin in the cortical domain. In the following, the analyzed by measuring the rate of intensity changes in selected
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Fig. 4. Representative
sequence showing the
dynamics of fl-F-actin in
migrating wild type
amoebae. (A) Fluorescence
images shown with 8-bit
depth of intensity. The
actual images were
acquired every 20 seconds
but this sequence only
shows selected frames.
Note that the cortical F-
actin bundles exhibited a
cycling tightening and
loosening (small arrows in
a, ¢, e). Time in min:sec.
Bar, 5um. (B) A diagram
illustrating the geometric
relation of the high
intensity area (green)
relative to the cell periphery
(yellow) and the centroid
(black dot). Red dot =
intensity center. (C) A
diagram showing the cell
periphery and the centroid
position illustrating the
overall migratory behavior.
(D) Changes in the
migration velocity as
demonstrated by the
centroid translocation (av.,
2.14pm/minute). The
labels a-f indicate the
corresponding frames in A.
The velocity slightly
dropped (arrow) when the
cell changed the migration
direction by projecting a
new pseudopodium towards

Velocity (um/min)

1234567 89 101112131415
Time (20 seconds/leg)

(E)

a new direction (d in A), 20,000 @ 35
while the velocity remained s— (b) I
low (bracket) during the [ 13
contact inhibition. (E) The £ 16,000- (©) =]
retrograde flow of fl-F-actin b 125 &
as demonstrated by the < 14,0004 @ (e) 2
condensation of high 12 @
intensity area (square) and I 12,0007 () g
the movement of the 10,000+ 1.5
intensity center (circle: av.,

0.35um/minute). Those 8,000+ L ——L 1L Lt L 19

values decreased in a nearly
parallel manner,
demonstrating that fl-F-

actin flows rearward,
towards the posterior end of
the cell.

Time (minute)

frames (Fig. 4A). The cell's geometric profile and its centetransient decrease in the velocity (arrow) coincides with the
(‘centroid’) were determined from the phase-contrast imagehange of the migration direction (Fig. 4A: frames c-d) and the
(Fig. 4C). The result shows that the centroid moves at asudden decrease (double headed arrow) was apparently caused
average velocity of 2.1dm/minute (Fig. 4D). Note that the by the contact inhibition as indicated by the whole sequence
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(A) (B) (C)

Fig. 5. Representative sequence
demonstrating the retrograde flow
of F-actin in myosin Il null

(mhcA) amoebae. (For the
complete sequence, see the movie
at our Web site). (A) Fluorescence
sequence. (B) Fluorescence
morphometry, showing the shape b
change (yellow), geometric center
(centroid: black dot), the high
intensity area (green) and the
intensity center (red dot). (C) 3-D
intensity profile, illustrating the
accumulation of fl-F-actin into the
posterior cortex. The intensity of
each point (X, Y) was translated
into a line (Z) whose length and
the color represent its intensity.
Time in min:sec. Bar, fm.

(D) The diagram illustrating the
integrated mode of the cell
behavior made from B. The
distance between the intensity
center and the posterior end are
sequentially numbered where 1, 3,
and 5 correspond to frames a, b,
and c in A. Black dot = centroid.
The average centroid movement =
0.38um/minute. Bar, Jum.

(E) The accumulation of the high
intensity area (green area; B), and
the movement of the intensity
center (red dot; panel-B) towards
the posterior end. The intensity
center moved at an average
velocity of 0.07um/minute. The
data demonstrate that the
retrograde flow of F-actin does
not require myosin 1.

(E)

14,000

_é

=—a Area (pixel)
g

(wrf) eoueys|g «—e

2,000 4+ = 0.00
0

100 200 300 400
Time (second)

(see movie). The intensity measurements of the high intensitjecreases in size and distance from the tail end (Fig. 5B) in a
area (Fig. 4B: green area) quantitatively demonstrated that basimilar manner to that observed in the wild-type cell (Fig. 4).
the area of high intensity and the distance between the intensitye three-dimensional profile of the intensity (Fig. 5C)
center and the tail end of the cell linearly decreases at altustrates the mode of accumulation into the posterior cortex,
average velocity of 0.3fim/minute (Fig. 4E). These results in which the gray scale of each point (X, Y) is exemplified by
clearly demonstrate the occurrence of retrograde flow of Fa color-coded line (Z). The panel clearly demonstrates that

actin towards the tail of migrating amoebae. there is a gradual flow of fl-F-actin originating from the middle
cytoplasm (blue-green) and concentrating into the intensity

The retrograde flow of F-actin occurs in myosin || center located in the posterior cell end (orange-red).

null (mhcA~) cells The fluorescence morphometric analysis further shows that

Since the observed pattern of F-actin accumulation in th#he centroid moved at an average velocity of uB8minute
posterior cortex is similar to the published myosin IlI(Fig. 5D), more than 5 times slower than the wild type. The
organization in fixed and live amoebae (Yumura et al., 1984rea of high intensity and the distance between the intensity
Chu and Fukui, 1996), we examined if the flow also occurs icenter and the tail end also decreased almost linearly (Fig. 5E),
myosin Il null (nhcA) cells. The results demonstrated that theand the velocity of the intensity center movement was 0.07
retrograde flow does not absolutely require myosin Il. Aum/minute, which was also 5 times slower than the wild type.
representative sequence shows selected three frames fronThe slow rate of the F-actin flow is thought to be related to the
total of 33 frames (Fig. 5A: The complete sequence can be seslow rate of migration of these mutant cells but the exact reason
at our Web site). The result shows that the high intensity ards yet to be determined.
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(B)
(a)
175
2 1451148)
[
= 854
55 -
0 14 229 459
Position
Fig. 6. F-actin flow towards the 7
cleavage furrow. (A) A P, : T (153)
representative fluorescence %" 1457
sequence demonstrating the 8 15
movement of fl-F-actin. The £ g5l (35’
intensity was measured along a 55
10-pixel-wide line labeled with 0 229 459
0/459. The brackets show the Position
approximate width of the cleavage
furrow. Note that some F-actin (c)
fibrils appear in parallel (c: A
arrows) or random orientation (c: 2 1457 (198)
arrowheads). Arrows (f): cortical £ 415
accumulation after separation into UKV £ (84)
daughter cells. Time in min:sec. 85 A
Bar, 5um. (B) The intensity 55 i i nh .
profile of the first 4 panels in A. 0 4 Poiiztfnn a4 459
(a) Metaphase, (b) telophase, (c,d)
early and middle cytokinesis. The (d)
increase in peak intensity at the 175
furrow (shaded area) relative to > 145 1%®
the ground cytoplasm (horizontal i
lines) are 60% (a), 80% (b), 100% g 1157 (100)
(c), and 70% (d). The actual = 85+
image was acquired every 75 551 0 22 Aud : tes .
seconds, and the whole sequence HypE 30 0 114 229 344 459
can be seen at our Web site. Position
F-actin accumulates into the cleavage furrow during that the absolute constriction of the furrow requires the
cytokinesis establishment of the contractile ring (Schroeder, 1968), which

To assess a role of the observed F-actin flow in the generatitsh responsible for generating the actomyosin Il-based

of traction forces, we examined the amoebae undergoingpntractile forces.

cytokinesis. The results show that cortical F-actin slowly

accumulates into the cleavage furrow as shown in

representative sequence (Fig. 6A: six selected frames frolENSCUSSION

sixteen that can be seen at our Web site). Some frames indicate

the presence of 2-2j8m-long fibrous F-actin in the cleavage Fl-F-actin manifests defined dynamics of cortical F-

furrow (Fig. 6A-c), either oriented perpendicular to the poleactin

to-pole axis (c: arrows) or randomly oriented (c: arrowheads)Vhen injected into live cells, phalloidin and its fluorescent

At the end of cytokinesis, F-actin was re-assembled into thderivatives have been shown to preferentially bind preexisting

cortex (e-f) and integrated into the posterior domain of thé-actin and only secondarily bind nascent F-actin causing

daughter cells (f: arrows). aberrant filaments and induce decreased locomotion and
The intensity measurement clearly demonstrates that F-actimowth (Wehland et al., 1980). By controlled injections, the

progressively concentrated into the cleavage furrow (Fig. 6Bfluorescent phalloidin has been successfully used for studying

The increase in the peak intensity, relative to the bas#he F-actin dynamics in various cell types (Wehland and

cytoplasm was 60% (a: metaphase), 80% (b: telophase), 100#eber, 1981; Hamaguchi and Mabuchi, 1982; Cao and Wang,

(c: early cytokinesis), and 70% (d: mid-cytokinesis). This1990; Schmit and Lambert, 1987; Lee et al., 1997; Terasaki,

increase is significantly higher than the accumulation of th&996). In this study, we observed that microinjected fl-

total actin as demonstrated by our recent study (ca. 209%halloidin does not incorporate into the pseudopods. F-actin of

Yumura and Fukui, 1998), indicating that a considerabl®ictyosteliumpseudopodia has been shown to be organized

accumulation of F-actin at the cleavage furrow results fronnto a 3-D network (Cox et al., 1995) and known to be more

lateral transport of cortical F-actin. We do believe, howeverapidly exchanging (Condeelis, 1993). It seems very likely that
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o e Fig. 7. Diagrams illustrating possible models and their feasibility for
(A) < Oo%e® the observed F-actin flow Dictyostelium (A) A simplified diagram
00, e illustrating the general retrograde flow model proposed for the
’o_t"- lamellipodia or filopodia projection in higher organisms. Note that
* this diagram is presented only for comparison, and the ‘cortical

expansion’ model represents the possible mechanism for the
pseudopodial protrusion Dictyostelium(Condeelis, 1993). (B) The
first model suggesting the rearward flow of short, randomly oriented
F-actin bound to the membrane. This model presumes the

= organization of cortical F-actin into meshworks surrounding the
posterior cell body, and thgelationin the posterior end pulls the
entire meshwork towards the rear. If F-actin is linked to the surface,
this flow should be translated into traction forces (arrows). (C) The
second model presuming the organization of cortical F-actin into
bundles. This model is consistent with the observed F-actin flow and
reported transport of ConA beads (Jay and Elson, 1992). This model
assumes that F-actin interacts with the posterior cortex with some
factor(s) and loops back into the cytoplasm where they disassemble
into G-actin (left). (D) A diagram suggesting that the above models
are also responsible for the cleavage furrow formation. The flow of
F-actin will generate cortical tension (arrows) that can constrict the
furrow. (E) An imaginary cross section view of the area marked with
box in D. The diagram suggests that the movement of F-actin
produces the cortical tension which tugs on the plasma membrane
like a purse string (arrows). Note that all these models account for
the actin-based traction forces only.

in the myosin Il null cells (at a slower speed). The F-actin flow
observed in the present study is thought to contribute to both
cell locomotion and the particle transport. In fact, we showed
that F-actin flows rearward only when the cells migrate forward
(Figs 3, 4). In myosin Il null cells, we found that F-actin also
moves rearward but at a rate much slower than the wild type.
We also found that the rate of F-actin flow is 5 times slower
than the rate of cell migration in both wild type and the mutant
(Fig. 4). The evidence above collectively indicates that at least
a part of the observed F-actin flow occurring in the posterior
cell body is myosin ll-independent. The apparent correlation
of the rate of F-actin flow to the rate of cell migration further
suggests that this F-actin flow is responsible for the impaired
but still competent migration of the myosin Il null cells.

fl-phalloidin does not assemble into this class of F-actin iS our observation consistent with the conventional
Dictyostelium cortical flow model?

In contrast, fl-phalloidin was incorporated into the corticalThe ‘cortical flow’ of surface materials and certain cellular
actin layer. We demonstrated that the fl-F-actin exhibits atructures is generally thought to be the phenomenon depicting
cyclic tightening and loosening mode of dynamic. Wea long-range, net retrograde flux of actin by virtue of the
rationalized that, in two-dimensional cells prepared by théreadmilling mechanism (Bray and White, 1988; Forscher and
agar-overlay method: (1) the intensity change, in principleSmith, 1988; Fisher et al., 1988; Cao and Wang, 1990). In
reflects the concentration dynamics; and (2) the positiondibroblasts, however, Symons and Mitchison (1991) showed
change relative to the substratum can be interpreted in the sathat F-actin in the lamellipodium disassembles throughout its
way as the particle movement. The cells exhibiting the fl-Flength, resulting in a gradient of filament density in the lamella.
actin dynamics performed an apparently normal cytokinesidviore conflicting evidence was obtained by Theriot and
and eventually, the fl-F-actin dissipated after many hours dflitchison (1991, 1992), who challenged the general cortical
observation. These observations lead us to believe that the flsw model by examining the F-actin dynamics in fish
F-actin dynamics examined in this study correctly reported thkeratocyte. They showed that, in the lamella, relatively short

bona fide architectural dynamics of the cortical F-actin. and randomly oriented actin filaments move rearward after
being released from the leading edge. It seems that the exact

The observed F-actin flow indicates a myosin Il- mechanistics of the actin dynamics and its role in locomotion

independent force generation mechanism in the higher organisms are still under controversy (Heath and

Previously, inDictyostelium Jay and Elson (1992) analyzed Holifield, 1991a; Cramer et al., 1994; Small, 1994).
the mode of transport of ConA-beads in wild-type and myosin Note that the retrograde flow of F-actin demonstrated in the
Il null cells. They found that a similar mode of transport occurpresent study is distinct from known F-actin flow in other
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systems. First, the flow occurs in the cortex of pbosterior  Dictyosteliumamoebae and at least a part of this flow is
cell body but not in the leading edges. Second, the F-actindependent of myosin Il. We suggest that this flow is
manifesting the flow is composed of the cortical actin layeresponsible for the generation of traction forces for cell
encompassing the entire cell booghindthe pseudopodium. migration and furrowing. Importantly, the existing cortical flow
Third, the axial length on the cell body that manifests the flovand actin treadmilling models alone are hardly applicable to
shortens when the cell migrates. This is in marked contrast tationalize this movement.
the lamellipodia or filopodia that protrude with respect to the
base of the structures. More importantly, the observed direction We thank Dr James Spudich’s laboratory of Stanford University
of the flow (i.e. retrograde) is hardly rationalized based on thgchool of Medicine for the gift of thehcA” mutant. We thank Dr
generally believed mode of attachment of F-actin to th‘fgdward Kuczmarski for his valuable comments on the manuscript. We
membranes (see below for details). hank.R.obert'Vz.aIadka and Maya Moody for their help in computing
and digital printing. T.K.-Y. was a postdoctoral fellow, and S.Y. was
on sabbatical leave from Yamaguchi University. Supported by NIH

Suggested mechanism RO1 GM39548 to Y. F.
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