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SUMMARY

To study centrosome motility and the interaction of
microtubules with the cell cortex in mitotic, post-mitotic
and interphase cellsp-tubulin was tagged inDictyostelium
discoideumwith green fluorescent protein. Multinucleate
cells formed by myosin IlI-null mutants proved to be
especially suited for the analysis of the control of cleavage
furrow formation by the microtubule system. After
docking of the mitotic apparatus onto the cell cortex
during anaphase, the cell surface is activated to form
ruffles on top of the asters of microtubules that emanate

Occurrence of unilateral furrows indicates that a closed
contractile ring is dispensable for cytokinesis in

Dictyostelium The progression of cytokinesis in the
multinucleate cells underlines the importance of proteins
other than myosin Il in specifying a cleavage furrow. The

analysis of centrosome motility suggests a major role for a
minus-end directed motor protein, probably cytoplasmic

dynein, in applying traction forces on guiding

microtubules that connect the centrosome with the cell
cortex.

from the centrosomes. Cleavage furrows are initiated at
spaces between the asters independently of the positions of

spindles. Once initiated, the furrows expand as deep folds Key words: Contractile ring, CytokinesBictyostelium discoideum
without a continued connection to the microtubule system. Dynein, GFP-tubulin, Motor protein

INTRODUCTION in the space between two asters, and this process is
independent of the presence of a spindle (Rappaport, 1961,
Mitotic cell division is based on the coordinated activities 0f1986). The blastoderm formed by nuclear migration and
the microtubule and microfilament systems. At thecellularization in earlyDrosophiladevelopment is a superior,
commencement of mitosis, the interphase microtubules amdthough specialized, system for the genetical analysis of the
replaced by microtubules that build the spindle and others thatganization of the cell cortex in coordination with the
form asters around the spindle poles. Interaction of the mitotignderlying system of microtubules (Schejter and Wieschaus,
apparatus with the cortical region of a dividing cell is importanfL993).
for the actin system to form a cleavage furrow at the correct In order to analyse the dynamics of microtubule-cortex
location and exactly after segregation of the chromosomesteractions, we have used multinucleate cells of myosin
along the spindle. The cleavage furrow incises the cell body—null mutants grown up in suspension (DelLozanne and
between the asters and eventually separates the daughter c8fidich, 1987; Knecht and Loomis, 1987) and compared them
(for reviews, see Conrad and Schroeder, 1990; Rappapowijth wild-type cells of Dictyostelium discoideumFixed
1996). In interphase cells the microtubule system is organizgateparations of myosin ll-null cells indicated that the mitotic
by the centrosomes, which are normally linked to the nucleusomplexes are translocated during anaphase from the center to
and Golgi apparatus. the cortical region of the cells (Neujahr et al., 1997a). To
Two lines of experimentation have provided most of ourcontinuously record microtubule dynamics in living cells, we
knowledge on the interaction of the microtubule system witlhave taggeda-tubulin from D. discoideumwith green
the cortex of a dividing cell. One is the experimentalfluorescent protein (GFP). The fusion protein incorporated into
dislocation of the mitotic apparatus, the other is the utilizatiorytoplasmic microtubules and also into the spindle, as has
of a system in which the nucleus and centrosome are naturaligcently been shown for yeast-tubulin (Carminati and
translocated from a central position to their proper location irstearns, 1997; Straight et al., 1997). Two questions will be
the cortical region of a cell. Classical experiments performedddressed. How is centrosome moatility guided, and how are
by mechanically dislodging the nucleus have demonstratedleavage and cell-surface ruffling in mitotic cells linked to the
that, in dividing sea urchin eggs, cleavage furrows are formeuahicrotubule system?
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MATERIALS AND METHODS transfer the data within less than 20 milliseconds to the memory of a

host PC before the data were converted to TIFF format. Software was
Vector construction and transformation of Dictyostelium designed to read the images out of the memory, to adjust frame size,
cells time-lapse interval and number of frames in a series, and to average

Vectors for the expression of a GBRwbulin fusion under the actin fluorescence images for noise suppression. One image was obtained
15 promoter were constructed from either the plasmid pDEXRH (FaiRe" Second by averaging over four frames of the SIT camera.
et al., 1996) or from pDBsr (kindly obtained from A. Erdmann). The USing Application Visualization System software (Advanced
insert in both vectors comprised a continuous reading frame from ¥isual Systems Inc., Waltham, MA 02154, USA), non-linear contrast
to 3 of the sequence of GFP S65T (Heim and Tsien, 1996), gnhancement was applied on r_nlcrotubule fluorescence intensities. For
hexapeptide linker KLGGRQ, which resulted from the cIoningF'g- _8, a color table progressing from black to red and yellow was
procedure, and the entire coding region & aliscoideunu-tubulin  apPplied.
cDNA clone (kindly provided by C.-L. Lu and G. Marriott). After .
introducing cloning sites by PCR, the sequence was verified b?lectron mlcrosc.o.py o .
comparison with the authentictubulin sequence (Trivinos-Lagos et I the flat cortexillin I/II_ double mutant cells &f. dlscmdeun(Falx_
al., 1993). The entire insert was blunt-end ligated Hited!Il sites. et al., 1996) the nuclei and centrosomes were mostly located in one
Célls were transfected by electroporation. plane. Mutant cells spread on glass were fixed for 15 minutes at room
The pDEXRH vector construct was used for selection oftemperature followed by 45 minutes on ice in 17 mM K/Na-phosphate
transformants in the AX2 wild-type strain with gg mi-t of G418, ~ buffer, pH 6.0, containing 1% glutaraldehyde and 0.1% osmium
and the pDBsr construct for selection in the G418-resistant myosin [[€troxide. After staining for 1 hour on ice with 1% uranyl acetate, the

null mutant with 20ug mi? of blasticidin S. HS2205 is a derivative SPecimens were dehydrated with ethanol and embedded in epon. 70
of AX2 obtained by eliminating the myosin Il heavy chain through"M Sections were stained with 3% lead citrate and 4% urany! acetate,

gene replacement (Manstein et al., 1989). The Gf&bulin and micrographs taken on a JEM 100 CX transmission electron

producing clone from AX2-214 was designated as HG1668, and thAticroscope (Joel) on Scienta EM film (AGFA).
from HS2205 as HG1671.

Culture and treatment of GFP- a-tubulin-producing cells RESULTS

Uninucleate cells were obtained by culture in polystyrene Petri dishes

with nutrient medium. To produce multinucleate cells, HG1671 wasSpindle dynamics and cytokinesis in GFP-  a-tubulin-
cultivated for 36 hours in shaken suspension with nutrient mediufabelled wild-type and myosin II-null cells

according to DeLozanne and Spudich (1987) and Knecht and Loomliﬁ order to record microtubule dynamics and centrosome

(1987). glnotility in parallel with changes in cell shape, wild-type and

For confocal microscopy, HG1671 cells were gently transferre X . .
into a chamber consisting of a%cm glass coverslip onto which a MYOSin II-null cells were transfected with a vector encoding a

plastic ring of 40 mm diameter was mounted with paraffin. TheGFP-a-tubulin fusion protein. In both the wild-type and mutant
chamber was filled with 5 ml of nutrient medium, and the cells wer&€lls, two activities associated with the actin cytoskeleton in
imaged either freely dividing in the fluid layer or under compressiothe cell cortex are linked to mitosis. The first activity is
by a 0.2 mm layer of agarose (Yumura et al., 1984). For time-lapsdisplayed by the polar regions of the cell, and is characterized
microscopy in the experiment shown in Fig. 8, HG1668 cells wergpy dynamic protrusions that have the appearance of ruffles.
incubated in the chamber with 17 mM K/Na-phosphate buffer, pH 6.0gimilar protrusions ultimately form the leading edges of each
supplemented witklebsiella aerogeneas a food source in order to gayghter cell. The second activity is typified by the smooth
minimize background fluorescence caused by the nutrient mediung, face of the rapidly progressing cleavage furrow (Fig. 1
Immediately before microscopy, these cells were strongly compress%(ﬁase contrast images). The midzone of the cell becomés

by agar overlay (Yumura et al., 1984). . .
Butanedione monoxime (BDM; Sigma Chemical Co., St I_Ouislconstncted at the end of telophase, when the spindle has

MO 63178, USA) was diluted from a 5 M stock solution in DMSO aI(eady dlsassemblepl between the separated daughter nu'clel
into 17 mM K/Na-phosphate buffer, pH 6.0. Cells were preincubatedFig- 1, fluorescence images). Cleavage proceeds to completion
for 15 minutes with 50 or 100 mM of the drug, and overlaid with arwhile the microtubule system is being re-organized into the
agarose sheet equilibrated with the same solution before centrosoiiméerphase state.

movement was assessed. The uninucleate myosin Il-null cell shown in Fig. 1B passed
_ o through the same stages of cytokinesis but divided more slowly
Confocal and time-lapse fluorescence imaging than the wild-type cell in Fig. 1A. This is consistent with the

Confocal_ ﬂuorescepce images were (_)btained in parallel to phasgroad variation in time required by myosin Il-null cells for
contrast images using an LSM 410 microscope and all®®lan cytokinesis (Neujahr et al., 1997a).

NEOFLUAR objective (Zeiss). To minimize damage by light, cells

entering mitosis were first identified by conventional phase-contrast

microscopy. Subsequently, the 488 nm line of an argon-ion laser waocking of the mitotic apparatus to the cortex in
used for excitation. The pinhole was slightly opened, so thamultinucleate cells, followed by cell-surface ruffling
confocality was reduced to a resolution of firf in thez-axis. and furrowing

For time-lapse microscopy of the GFP S65T fluorescence, agyjiinucleate myosin I1-null cells, generated in suspension

Axiovert microscope (Zeiss) was equipped with an adjustabl o P
tungsten lamp. A DA85 filter was used for excitation and a Q50%‘md transferred to a glass surface, exhibit surface activities

dichroic mirror and a HQ535/50 filter for emission, all purchased from'":‘irnilar to thos_e coupled to_ m!tosis in uninucleate cells (Fig.
Chroma Technology Corp. (Brattleboro, VT 05301, USA). The2)- After docking of the mitotic apparatus (MA) to the cell

emission was recorded using a SIT C 2400-08 camera (Hamamats@@rtex, cell-surface ruffling is strongly increased (Fig. 2A,
A frame grabber (MVC-Image Capture PCI, Imaging Technology280- compared to O-second frame). This ruffling is
Incorporation, Bedford, MA 01730, USA) served as a digitizer tocomparable to the activities of the polar regions of uninucleate



Centrosome motility and cytokinesis 1229

Fig. 1. Microtubule dynamics in mitotic cells aligned with cytokinesis. Wild-type (A) and myosin lI-null (B) cells producingi-@Hedin
divided in a fluid layer on a glass surface. Numbers indicate seconds after the beginning of each sequence. Overlap tEniictiotubu
middle region of the spindle is recognizable at the 80- and 70-second frames, respectively, of A and B. In B the spthdledratst@med its
final orientation at 2 minutes before the position of the cleavage furrow became apparent. Constriction of the cleavaigetédavite 190-
second frame in A, and the 320-second frame in B; this means that it was coincident with disassembly of the spindlewiltdjipéhand
myosin ll-null cell. Fluorescence images (upper panels) were obtained by confocal laser scanning microscopy; the stsgae oétlseare
shown in phase contrast (lower panels). Bargri0

cells, and is concentrated to cell-surface areas that apgeparations of cells not transfected with a GFRibulin
underlaid by centrosomes and connected to the microtubufasion construct (Neujahr et al., 1997a). Since a spindle is
asters emanating from them. The centrosomes are locatedfatmed in Dictyostelium by 20 or more microtubules
the distal side of the nuclei close to the ruffling surface, &@manating from each spindle pole body (Moens, 1976;
position which corresponds to the regular location ofMcintosh et al., 1985), the forces generated by docking of the
centrosomes in motile interphase cells (see the uninucleatsters to the cell cortex must be strong enough to overcome the
cell on top of the multinucleate one in Fig. 2C, 360-secondombined stiffness of that number of microtubules.
frame). Microtubules arranged in an arrowhead configuration At the stage of docking the cell surface is still smooth,
are in fact attached to the nuclear surface (in the 280- and 46@dicating that docking precedes the ruffling period.
second frames of Fig. 2A). In multinucleate cells cleavag&ubsequently, protrusions are profusely formed over the
furrows grow out from small, rounded invaginations of the celkurface of the cell shown in Fig. 2C (980-second frame). The
surface between the asters (Fig. 2A, 280- to 460-secorabundance of protrusions is probably due to the decreased
frames). When furrows fuse, they either cleave the cell intsurface to volume ratio of this exceptionally large cell. As a
two or more portions containing multiple nuclei, or they giveconsequence, the microtubule asters become densely packed
rise to uninucleate buds (Fig. 2A, 780-second frame). and capable of imprinting ruffling activity onto the entire cell
The two cells shown in Fig. 2B,C illustrate special featuresurface. It is only at a late stage that a single cleavage furrow
of cytokinesis in multinucleate cells. The cell in Fig. 2Bis formed in this cell (Fig. 2C, 1560-second frame).
exemplifies unilateral progression of a cleavage furrow. This Fig. 3 illustrates the spatial relationship between the
furrow spreads over the entire lower surface of the cell, and pbsitions of asters and cleavage furrows that are initiated
one point meets with a furrow incising the cell from abovebetween them. In the binucleate wild-type cell shown in Fig.
Fusion of the two furrows results in cleavage of the cell (filleBA, furrows are formed between each aster of microtubules,
arrowhead in Fig. 2B, 340-second frame). A third furrowregardless of whether or not they are connected by a spindle.
formed in this cell stops growing but persists as an irregularlgimilarly, in multinucleate myosin II-null cells, cleavage
folded part of the cell surface (open arrowhead). furrows often arise at sites between two asters that are
In the cell shown in Fig. 2C, docking of the asters results iconnected to each other via the spindle, but they can also be
bending of the spindles, as previously observed in fixefbrmed at the interspace between separate mitotic complexes



1230 R. Neujahr and others

A

Fig. 2. Three cells exemplifying cytokinesis in multinucleate myosin Il-null cells. To relate microtubule dynamics to changehapealhd
cleavage, confocal GF®-tubulin fluorescence images are falsely coloured in red and superimposed onto simultaneously recorded phase-
contrast images displayed in green. (A) Formation of multiple cleavage furrows, which were sharply separated from theasifiiethe cell
surface. In the 280- and 460-second frames centrosomes were located beneath the ruffling areas, typically at the drstahgddiei,oivhose
centers are marked by white dots. The furrow in the middle fused with the two other ones, as indicated in the 780-sebgrairvarseThe
three daughter cells became completely separated from each other at 180 seconds later. (B) Unilateral furrow formatfomrofvldegered
from two separate furrows on the lower cell surface. From above, a progressing and an abortive furrow were producediufiosvsonathe
left side of the upper surface (filled arrowhead in the 340-second frame) led to complete cleavage at 220 seconds adtrahe #86e.
The furrow on the upper right lost its rounded surface (open arrowhead in the 340-second frame) but persisted as anfordenestsin 1
minutes after the end of the sequence. (C) A large cell showing that docking of asters to the cell cortex precedes cefflisyfaudfling
then continued most extensively at the surface of this unusually big cell after the centrosomes had left their initiddskieg ¢980-second
frame). A furrow appeared late at the right hand side of the cell. In the 360-second image a cell entered the field afhviewealbd the
typical centrosome location in an interphase cell behind the leading edge and in front of the nucleus. The cells in AdaddrCadiluid

layer on a glass surface, that in B was slightly compressed by agar overlay. Bans th@ bar on the 360-second frame in C also applies to
the subsequent frames.

(arrowheads in Fig. 3B). The centrosomes do not rest at theiomplement of microtubules for more than 13 minutes, with
initial sites of docking. They move apart not only during thethe centrosome in front and the bulk of microtubules forming
lengthening of spindles, but also after breakdown of the tail (Fig. 4B). The average time required for one rotation was
cytoplasmic portions of the spindles (Fig. 3, centrosomed5 seconds. This circular movement of a centrosome was
numbered 1 to 3). While the centrosomes thus separate frampeatedly observed in small uninucleate cells produced by the
their docking sites, the cleavage furrows, once primed, procedaidding of large myosin Il-null cells. It was not due to rotation
to incise the cell body, increasing in area until they encountesf the entire cell, as judged from stationary vesicles
an opposing furrow. recognizable in phase contrast.

Because of irregularities in the initiation, progression or
fusion of cleavage furrows in multinucleate myosin II-null Guiding microtubules interacting with the cell cortex
cells, cleavage products strongly vary in size. Fig. 4An mitotic cells
illustrates an extreme example of unequal division. Of interesEentrosome movement is most evident in multinucleate cells,
is the unusually small daughter cell boxed in the 800-secorult it reflects an activity also found in normal, uninucleate
panel. In this cell, the centrosome circulated together with theells. In order to analyse this motility, we have imaged
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Fig. 3. A binucleate wild-type cell (A) and a multinucleate myosin II-null cell (B) showing similar positioning of cleavage furrewsildrh
type cell divided uncompressed as did the uninucleate cells shown in Fig. 1. The myosin II-null cell was strongly comphessetiess
docked to the upper or lower cell surface are seen in one plane. In both cells, furrows formed in the spaces betweenptaiaicaowell
as on top of the spindles. In A the furrows separating the two mitotic complexes even preceded the other ones. In Bran&atfostvieen
asters that belonged to separate mitotic complexes is marked by the arrowhead. In this cell, cleavage is clearly sewlil@rocee
centrosomes leave their initial sites of docking. The changing positions of three centrosomes are indicated by numbegscEligres
superimposed onto phase-contrast images as in Fig. 2. Numbers are seconds after the first frampnBars, 10

uninucleate wild-type and myosin II-null cells with high MA with the cell cortex are evidently not altered by the absence
resolution at mitotic, post-mitotic and interphase stages. of the motor protein. The interval between the 0- and 20-second

Fig. 5 shows how centrosomes interact, from the anaphasames of Fig. 5C demarcates the mitotic stage at which
onwards, with the cell cortex by the extension of microtubulesnicrotubular connections between the centrosomes and the cell
Often single microtubules or thin bundles span the gap to theortex become detectable. At the beginning, long microtubules
cortex in the direction of the centrosome’s movement. Ware protruded from the centrosomes towards the cell cortex (Fig.
designate these microtubules ‘guiding microtubules’, tdbA, O-frame). Subsequently, the distance between centrosomes
distinguish them from the majority of microtubules in an asterand cell periphery is shortened, often under rotation of the
which trail behind the moving centrosomes. Microtubules exerpindle (Fig. 5C). This process is comparable to the docking of
the guiding function only temporarily, as indicated by thethe MAs in multinucleate cells, which occurs at the same mitotic
examples shown in Fig. 5A,C,D. stage (Fig. 4A, 60-second frame).

Stage by stage comparison of wild-type (Fig. 5A,B) and Spindle bending, as observed at telophase stages of
myosin II-null cells (Fig. 5C-E) indicates that interactions of themultinucleate cells (Fig. 2C, 0-frame), also occurs in uninucleate
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Fig. 4. Unequal division of a multinucleate myosin II-null cell followed by circular movement of the microtubule system in a srmaiiqiicst
cell. (A) After typical anaphase docking of microtubule systems (0- to 120-second panels) and membrane ruffling aboge( 1120 -akiek70-
second panels), this cell gave rise to three daughter cells of extremely different sizes. An unusually small uninusleambeeceihithe last
frame. The cell was slightly flattened by an agar overlay and imaged as in the previous figures. (B) Circulation of theeceiitinos@met-
like tail of microtubules in the cell boxed in A. The top row shows @RBbulin fluorescence, the bottom indicates the number of circles
passed between the frames. Numbers are seconds after the first frame in A. pargA},® pm (B).

cells, as shown in the telophase sequences of Fig. 5A,D. Fig. %A tipped extension of the nuclear envelope (Fig. 6A).
illustrates the microtubule dynamics linked to spindle bendingMicrotubules make contact with the nucleus near to their origin
Between the 80- and 90-second frames the centrosome on titethe centrosome and also further along their length. Fig. 6B
left side is laterally connected to the cell cortex by what appeashows a compact intranuclear bundle of microtubules
to be a bundle of microtubules, as judged from its higltonnected to the centrosome, which corresponds to a remnant
fluorescence intensity. This microtubular bridge is moved alongf the spindle often seen to traverse the nucleus at the post-
the cell cortex towards the top of the images. As a consequenceitotic stage. In living cells, this intranuclear remnant of the
the spindle is bent into a U-turn (Fig. 5A, 110-second frame)pindle proved to be a valuable indicator of the position and
Straightening of the spindle coincides with the switch to othetranslocation of the nucleus.
microtubules that extend from the centrosome to the opposite Only few microtubules emanate from a centrosome at the
side of the cell (Fig. 5D, 70-second frame). post-mitotic stage, and they have not yet attained their full
At the end of telophase, the two centrosomes still connectddngth. In cells with this incomplete complement of
by the spindle move preferentially into opposite directions, amicrotubules, phases of more or less straight movement of
demonstrated in the multinucleate cell shown in Fig. 3centrosomes typically alternated with abrupt changes in
Accordingly, guiding microtubules contact the cell cortexdirection (Fig. 7A). During the straight runs of this saltatory
roughly in the direction of the spindle (Fig. 5B,E). Thesetype of movement, velocities varied between 0.2 anduth7
microtubules are clearly distinguishable from the microtubuleper second, with an average of 0|85 per second, based on
that surround the nucleus behind the centrosome in &l independent series of post-mitotic myosin II-null cells.

arrowhead configuration. Often guiding microtubules were seen to point during these
) o phases into the direction of the centrosome movement (Fig.

Centrosome movement in post-mitotic cells and 7B).

passive translocation of the nuclei The intranuclear remnant of the spindle was used to identify

In electron micrographs the centrosome is typically attached the organelle at which the forces responsible for the joint
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—— Wild-type ———— Myosin lI-null ———

Fig. 5. Dynamics of microtubule interactions with the cell cortex in mitotic cells. Mitotic stages of wild-type AX2 cells (A,B) qra@redm
with those of uninucleate myosin II-null cells (C-E). Cells were strongly compressed by an agar overlay in order to fatobuteisiby
confocal scanning microscopy over their entire length. (A,C,D) Anaphase and telophase stages. Sites of microtubuleviittetheticsi|
cortex are marked by white dots. Numbers are seconds after the beginning of each sequence. (B,E) Fluorescence (lefpparels) and
contrast (right panels) images of post-telophase stages. Each cell shows on its right-hand centrosome a single midtatubuted(e) that
is separate from the majority of microtubules in the aster, and which makes contact with the cortex at the positionineheinolebe-
contrast images. Bar, 10n.
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Fig. 6. Electron micrographs of sections through the boundary between centrosome and nucleus. (A) Association of the centrosome with a
tipped extension of the nuclear membrane in an interphase cell. (B) An intranuclear bundle of microtubules connectetidsdheecan

seen in fluorescence images of post-mitotic cells. CS, centrosome; N, nucleus; NC, nuclear caps (nucleoli); NM, nuclb&r, matrix;
microtubules; MTB, microtubule bundle. Bars, (8.

movement of the centrosome and nucleus apply. When tleentrosome was pressed against the nucleus, thus deforming it
direction of movement abruptly changed, this fluoresceninto a heart-shaped body (Fig. 8, 37- to 68-second frames).
microtubule bundle was elastically bent in a way suggestive @ubsequently, these guiding microtubules relaxed after their
the nucleus being carried by the centrosome in a piggybaaetachment from the cell cortex, and another microtubule took
manner and dragged against the resistance of the cytoplaswer the guiding role, connecting the centrosome to the left side

(arrowheads in Fig. 7B). of the cell cortex (Fig. 8, 100- and 110-second frames). This
microtubule became sharply bent at its cortical attachment site.

Guiding microtubules and force transmission to Its terminal portion was oriented parallel to the cell surface,

centrosomes in interphase cells and seemed to increase in length during the translocation of the

Interphase cells contain long microtubules that span the entioentrosome towards the cortex (Fig. 8, 171- and 175-second
intracellular space and are often bent at the cell peripherframes). From five consecutive images an average radius of
These microtubules are flexible, as indicated by waves afurvature of 1.44m was calculated for this microtubule at its
bending that travel along their length. The strongly compressesite of bending.

cell shown in Fig. 8 gives an impression of the forces involved These results, suggesting a function of microtubules in
in moving the centrosome, and illustrates how changes in treentrosome motility, accord with the inefficiency of
direction are linked to the switch from one guiding microtubuleébutanedione monoxime (BDM) to block the motility of
to another. Two microtubules were drawn as a bundle over tleentrosomes. BDM inhibits the ATPase activity of myosins
nucleus (Fig. 8, 0- to 37-second frames). Thereafter, th&Cramer and Mitchison, 1995). Centrosome movement was
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Fig. 7. Saltatory centrosome movement in a post-mitotic myosin II-
null cell and co-transport of the nucleus. (A) Centrosome track
indicating variations in the speed of movement and abrupt changes in
direction, often by nearly 180°. Centrosome positions were
determined at 10 second intervals of scanning. Numbers indicate
seconds after beginning of the sequence. (B) Phase-contrast (top
panels) and confocal fluorescence images of Gfbulin (all other
panels) illustrating movement of the centrosome whose track is
shown in A. In the phase-contrast images, centrosome positions
taken from the corresponding fluorescence images are indicated by
white dots. The centrosome on the right is the tracked one. Between
210 and 230 seconds, centrosome movement was accelerated from
0.04 to 0.7um per second. Elastic bending of the intranuclear rod of
microtubules is marked by arrowheads. Guiding microtubules in
front of the centrosome are recognizable at 80 and 230 seconds,
which correspond to phases of high-speed motility. Seconds on the
frames are consistent with those in A. Bargnb(A), 10pum (B).

still observed in cells treated with 50 mM BDM. This was the
highest concentration applicable, since at 100 mM BDM
obviously unspecific effects were observed, including the
dissociation of microtubules.

DISCUSSION

Cytokinesis versus traction-mediated cytofission

The fluorescence imaging of GFP-taggedtubulin in
combination with phase-contrast microscopy made it possible
continually to monitor the interplay between microtubules and
the cell cortex in wild-type and myosin II-null cells. The GFP-
labelled microtubules reflected all changes in the mitotic
apparatus that have previously been recognized in cells that are
free of any GFP-tag (Neujahr et al., 1997a).

The analysis of mitosis revealed that multinucleate myosin
lI-null cells were not only capable of initiating the formation
of furrows as shown before (Neujahr et al., 1997a), but also to
complete cleavage (Figs 2-4). Like the cleavage furrows that
are formed during cytokinesis in uninucleate cells, those
formed in the multinucleate myosin Il-null cells are concave
with a rounded contour and sharp demarkation from the polar
regions of the cells (Fig. 2A). Movement of these ruffling
regions is usually negligible during cytokinesis and alone
would never separate the daughter cells. This is exemplified by
the multinucleate myosin Il-null cell shown in Fig. 3, where
the front positions of two incipient daughter cells remain
almost unchanged during progression of the cleavage furrows
(cells on top and on the right of the 170- to 560-second frames).
It is typical of the final step of cytokinesisinctyosteliunthat
the cleavage products are held together by a confined strand of
cytoplasm, which ultimately disrupts when the daughter cells
move apart. This is seen in wild-type as well as uninucleate
and multinucleate myosin II-null cells (Figs 1A,B, 2A,B, 3B,
4A).

Cytokinesis, i.e. mitotic cleavage in multinucleate myosin
lI-null cells as described here, is clearly distinguishable from
traction-mediated cytofission, a process not linked to mitosis
(Spudich, 1989). Cytofission is essentially due to the activity
of a leading edge, which by its migration draws a portion out
of a multinucleate cell until only a thin thread of cytoplasm
connects this portion with the main cell body (Fig. 3 in Warrick
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100

Fig. 8. Guiding microtubules connecting the centrosome with the cortex in an interphase cell. This sequence shows fluorescence images of
GFP-a-tubulin in a strongly compressed wild-type cell. The dark area in the middle is the nucleus; dark spots are mostly naitd@hondri

make delicate structures more easily distinguishable, fluorescence intensities are colour coded from dark red (low ibiggisityglow

(high intensity). In the first frame most of the microtubules form a tail behind the centrosome, some of them being bemtesieosibime is
turning towards the left (20-second frame). Microtubules laterally associated with the nucleus are drawn over the nucikeis. Afte

attachment to the cell cortex (arrowhead at 64 seconds), the centrosome is translocated towards the bottom, therebyheleiactairsy At

74 seconds two guiding microtubules are discernible, which at 100 seconds have lost contact with the cortex (arrowhe¢aal) gUttirac
microtubule in the last two frames is sharply bent. The site of its association with the cell cortex and its apparemoécateddy

arrowheads. Bar, 10m.

and Spudich, 1987). The cytoplasmic bridge may eventuall$983), or on the induction of contractility at the midzone of
break, but in our experience it often retracts and the extensithe cell (Devore et al., 1989).

is eventually drawn back into the main body of the cell. In the multinucleate myosin II-null cells studied, cell-surface
ruffling is linked to docking of the centrosomes to the cell

Features of multinucleate cells relevant to models of cortex, and the formation of cleavage furrows is restricted to

cytokinesis areas separating the asters of microtubules from each other

Current models of cytokinesis are based on findings whicfFigs 2A, 3B, 4A). In sea urchin blastomeres (Rappaport,
indicated that a cleavage furrow is distinguished from thé€.986) as well as ibictyostelium(Niewdhner et al., 1997) and
polar regions by its high contractile activity and stiffnessthe related genuolysphondyliunfRoos and Cattelan-Kohler,
(Swann and Mitchison, 1953; Wolpert, 1966; White and1989), the spindle is dispensable for the formation of a
Borisy, 1983; Harris and Gewalt, 1989; Rappaport, 1996¢cleavage furrow. Accordingly, gaps between asters that are not
Burton and Taylor, 1997; He and Dembo, 1997; Oegema arslipported by a spindle can give rise to a furrow on the surface
Mitchison, 1997). The centrosomes, or the asters obf multinucleate cells (Fig. 3). The system controlling cleavage
microtubules surrounding them, are generally considered s probably less complicated iictyostelium than in

be the major sources of signals that make the furrow distinchammalian cells, where signals derived from the spindle are
from the poles. Emphasis is either placed on a relaxation @fivolved in the initiation of a furrow (Cao and Wang, 1996;
the cortical regions on top of the asters (White and BorisyWheatley et al., 1997).
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Our data strongly suggest that the asters exert a locHlessential for the formation of a cleavage furrow (Neujahr et
influence on the cell cortex, stimulating ruffling andal., 1997a; this paper). However, myosin Il increases the
suppressing cleavage furrow formation. The suppression eoéliability and speed of cytokinesis iDictyostelium cells
furrowing is evident in large multinucleate myosin II-null cells,anchored to a substrate (Neujahr et al., 1997a) and is
in which the surface area to volume ratio is lower than inndispensable for the cleavage of cells in suspension
uninucleate cells (Fig. 2C). The limitation of surface aregDelLozanne and Spudich, 1987; Knecht and Loomis, 1987).
results in a denser packing of the centrosomes in the corticklyosin Il is typically accumulated on both sides of a cleavage
layer, which will not leave enough space between them for thieirrow, suggesting that it plays a role in stabilizing the furrow
initiation of furrows. These results are consistent with the vievand restricting its position to the midzone of the cell (Neujahr
that there is a general increase of contractile activity in thet al., 1997b). The spreading of cleavage furrows over a major
course of mitosis (Hara et al., 1980; Schroeder, 1981) and, portion of the cell surface, as illustrated in Figs 2B, 3B and 4A,
the sites of their docking, the asters antagonize this activity. is possibly due to the lack of myosin II.

The sharp demarkation recognized in multinucleate myosin If myosin Il is not essential for cytokinesis, which proteins
lI-null cells between the furrows and the ruffling portions ofendow the furrow with the mechanical properties necessary for
the cell surface is a general feature of cytokinesis. White amleavage? Dictyostelium cells contain more than 12
Borisy (1983) make allowance for this sharp boundary bwyinconventional myosins. Some of these might support
assuming mobile contractile elements that accumulate in treontractility of the cleavage furrow, although only myosin Il is
furrow region. known to form bipolar filaments. Pair-wise elimination of

In the multinucleate myosin II-null cells, cleavage furrowsmyosins | has caused little, if any, impairment of cytokinesis
reach contour lengths that exceed by severalfold cleavagéung et al., 1996; Novak et al., 1995). Strong impairment of
furrows typical of uninucleate cells (Figs 2-4). Since thecytokinesis has been obtained, however, by the knock-out of
centrosomes are moving away from their initial sites otwo non-motor proteins iDictyostelium the F-actin bundling
docking while the furrows proceed to incise the cell body, thend crosslinking proteins cortexillin I and 1l (Faix et al., 1996).
asters cannot exert a continued influence on the furrow regidrhis effect of the loss of non-motor proteins indicates that a
(Fig. 3). Progression of cleavage furrows is, therefore, a selfecal increase in stiffness can replace the function of myosin
sustained process, which indicates that the signals required fiorin furrow formation. The recent model of He and Dembo
initiating a furrow are no longer needed for its maintenanc€l997) is in agreement with the possibility that proteins other
and expansion. This self-sustained progression of cleavagigan myosin Il may contribute to constriction by increasing the
furrows is a tenet of the polar relaxation concept of White andortical stiffness in the furrow region relative to the poles of a
Borisy (1983). According to this model, the influence of asterslividing cell.
is limited to the initiation of a furrow. He and Dembo (1997)
have taken self-sustained progression of a furrow into accoufuiding microtubules and motor proteins involved
by modeling contraction as a slightly autocatalytic process. in centrosome motility

Striking aberrations from a bilateral symmetry in theA common denominator in the interaction of mitotic and
formation and progression of cleavage furrows ardnterphase centrosomes with the cell cortex is the involvement
characteristic of cytokinesis in the multinucleate myosin lI-nullof microtubules that span from the centrosome to the cell
cells. Tripartite cleavage occurs at sites where a furrow comesrtex. These guiding microtubules point into the actual
in contact with two other furrows (Fig. 2A). The formation of direction of centrosome movement, while the majority of
unilateral furrows (Fig. 2B) relates mitotic cleavageDn  microtubules are dragged behind and bent when the
discoideunto cytokinesis in amphibian embryogenesis, whereentrosome changes direction. The finding that forces
this phenomenon has previously been analysed (Hara, 197t¢sponsible for movement of the nuclei apply on the
The formation of unilateral furrows is inconsistent with anycentrosomes (Fig. 7B) accords with previous data on early
hypothesis that requires a closed contractile ring fobDrosophila embryogenesis, where forces acting on the
cytokinesis, and suggests that contractile elements amentrosomes mediate the migration of nuclei to the cell cortex
continuously recruited to, and eliminated from, the progressin(Raff and Glover, 1989).

furrow. Are microtubule- or actin-based motor proteins engaged in
moving the centrosome in myosin ll-null cells?

Which proteins specify a cleavage furrow and how is Unconventional myosins might be involved; however, inability

the force for its constriction produced? of the myosin-ATPase inhibitor BDM (Cramer and Mitchison,

Differential activation of members of the ras family of small1995) to block centrosome motility does not support this
GTPases along a dividing cell might be responsible for thpossibility. Our data are consistent with the view that
induction of ruffling at the poles and its suppression in theentrosomes are moved by microtubule-based motors that are
furrow. RacE (Larochelle et al., 1996), rasG (Tuxworth et al.anchored to the plasma membrane or bound to the cortical
1997) and two homologs of GTPase-activating proteins (Fairetwork of actin filaments. Dynein, or other minus-end
and Dittrich, 1996; Adachi et al., 1997), are implicated indirected motors, may pull on the guiding microtubules in front
cytokinesis oDictyosteliumcells. By contact of the GTP-rich of the centrosome, and plus-end directed kinesins may push on
caps of microtubules with the cell cortex a rac isoform may behe trailing microtubules behind the organelle. Although our
activated that induces ruffling. The finding that tubulin bindsdata do not exclude a contribution of kinesins in the movement
in vitro specifically to the GTP-bound form of Racl (Best etof centrosomes, they are consistent with a primary role of a
al., 1996) supports of this possibility. minus-end directed motor, probably cytoplasmic dynein.
Neither in uninucleate nor in multinucleate cells is myosin The measured velocities of centrosome movement of
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between 0.2 and 0.dm per second are comparable to the |
speed of 0.9um per second obtained for dynein-driven A
microtubule motility in vitro (Koonce and Mclintosh, 1990).

Motility of centrosome-microtubule complexes with similar
speed has been found in leukocytes after TPA-induce
centrosome splitting (Euteneuter and Schliwa, 1985). Th
finding that this motility is inhibited by cytochalasin D

provides support for an anchorage of microtubule-base
motors to the actin cytoskeleton.

In yeast evidence has been provided that the spindle pc
body is pulled towards the bud, and the spindle is orientate
by a dynein-driven process (Carminati and Stearns, 199 B
Shaw et al., 1997). These movements are associated with i
depolymerization of microtubules that contact the cell corte:
at their plus end. IDictyostelium the anaphase movement of
asters towards the cell periphery may be based in a simil
manner on the shortening of microtubules (Fig. 5C). As ir
anaphase cells of yeast, the aster microtubules interacting w
the cell cortex display dynamic instability Dictyostelium
The microtubule pattern appears to change even one order f§. 9. Schemes of the proposed driving of centrosomes by dynein.
magnitude faster iDictyosteliunthan in yeast, if Fig. 5A,C,D The diagrams are based on the circular centrosome movement shown
of this paper is compared with Fig. 3 by Shaw et al. (1997)n Fig. 4B, the saltatory movement analysed in Fig. 7, and the
This accelerated microtubule re-organization is in accord witRehaviour of guiding microtubules demonstrated in Fig. 8. One or a
the fast passage dbictyosteliumcells through ana- and few_of the mlcrqtubule_s emanating from a centrosome are supposed
clophase (Fg. 1A). O e e

It is hard to recoerIIe_ that t_he long-term CIrCUIatIOn 0faye assumed to draw the centrosome by the mir?us-en% directed motor
centrosomes shown in l_:|g. 4B IS based_ on an alternatl_on Qttivity of dynein towards their cortical site of attachment. The
attachment and shortening of guiding microtubules, as is thgsumption that dynein is the motor involved is based on previous
centrosome movement in yeast. Furthermore, microtubulgudies by Koonce and Mcintosh (1990) and Koonce and Samsé
bent at their cortical attachment site indicate that, at least 1996). However, dynein can be replaced in the scheme by any other
interphase cells, microtubules are not immediatelyminus-end directed microtubule motor. CS, centrosome; GMT,
depolymerized at their plus end when they contact the cedluiding microtubule; N, nucleus. Decoration of the cell cortex and
cortex (Fig. 8). We prefer, therefore, a model of centrosomBucleus with dynein is indicated by spikes.
motility in Dictyosteliumthat is based on microtubule gliding.

By imposing force on microtubules, minus-end directed motor

proteins fixed to the cell cortex may mediate both the saltatory

and circulatory centrosome movement observed in the presepttysical measurements based on thermal fluctuations, which
study (Figs 4B, 7). Direction will change in a saltatory fashiorindicated that microtubules polymerized in vitro are stiff, with
when a guiding microtubule is replaced by another one. Tha persistence length of about 5 mm (Gittes et al., 1993; Mickey
comet-like circulatory movement of a centrosome, togetheand Howard, 1995). MAPs even increase the flexural rigidity
with a bunch of trailing microtubules, can be explained byof microtubules (Felgner et al., 1996). Bending of the spindle
continuous traction exerted on the minus end of a guidin@rig. 2C) and kinks in cytoplasmic microtubules close to their
microtubule (Fig. 9). cortical attachment sites (Fig. 8, 171- and 175-second frames)

D. discoideuntontains a single gene encoding dynein heavyguggest a mechanism in vivo for the relaxation of microtubules.
chain (Koonce et al., 1992). The dynein is localized in th&he observed bending radius of less thamn2 parallels
cytoplasm and strongly enriched at the centrosome and nuclefirsdings in vitro that led Amos and Amos (1991) to propose
(Koonce and Mclntosh, 1990). Its activity can be reduced bthat dynein can distort the microtubule lattice in a non-elastic
the dominant negative effect of an N-terminally truncatedashion. Dynein molecules attached to the cell cortex may twist
fragment. Overexpression of this fragment impairs the guiding microtubule and irreversibly alter its structure, as
interaction of interphase microtubules with the cell cortexsuggested by the coiling of microtubules after their detachment
leading to whorls of microtubules that are connected to thsom the cell cortex (Fig. 8, 110-second frame).
centrosome (Koonce and Samsg@, 1996). Probably these whorls,
observed in fixed cells, circulate in living cells as the cometProspects
like arrays in small myosin II-null cells do (Fig. 4B). In normal Giant multinucleate cells, as used here in combination with a
interphase cells, multiple microtubules pointing in differentGFP-tag on microtubules and centrosomes, provide a tool with
directions will keep the centrosome in balance at a distanaghich to search for proteins involved in cytokinesis. The
from the cell surface. In unusually small cells or in cells withmyosin Il-deficient cells have the advantage that any
reduced dynein activity, this balance is obviously not achieveaontribution of this motor protein to cytokinesis is excluded.
causing the centrosome to circulate close to the cell surfaceBy mutational analysis, factors may be identified that mediate

A final point to be discussed is the apparent flexibility ofthe docking of mitotic complexes to the cell cortex or act as
microtubules observed in vivo. This flexibility contrasts tomotor or adaptor proteins in microtubule-mediated centrosome
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motility. The large, sharply confined furrows of multinucleate Cortexillins, major determinants of cell shape and size, are actin-bundling
myosin II-null cells will help to localize proteins other than proteins with a parallel coiled-coil taiCell 86, 631-642

myosin |l to the cleavage furrow. Among the candidates arge'gner. H., Frank, R. and Schiiwa, M. (1996). Flexural rigidity of
y Y 9 5 microtubules measured with the use of optical tweeder€ell Sci.109,

cortexillin I and II, which are actin-bundling proteins shown to 59 516

mEChamce}”y stabilize the cell cortex (S|m50n et al., 1998) angittes, F., Mickey, B., Nettleton, J. and Howard, J(1993). Flexural rigidity

to be required for normal cytokinesis (Faix et al., 1996). of microtubules and actin filaments measured from thermal fluctuations in
Mechanisms similar to those reported here may specify shapeJ. Cell Biol 120 923-934.

; it ; ; aHara, K. (1971). Cinematographic observation of surface contraction waves
spindle position in ear!y embryogenesis (Hyman and Whité, (SCW) during early cleavage @fxolotl eggs.Wilhelm Roux’ Arch. Entw.
1987) and neurogenesis (Chenn and McConnell, 1995), wherg, .., Org167, 183-186.

orientation of t_he spindle determines cell fate. EVi_d_enC@ara, K., Tydeman, P. and Kirschner, M.(1980). A cytoplasmic clock with
suggests that in early cleavage stagesCagnorhabditis the same period as the division cycleé@nopuseggs.Proc. Nat. Acad. Sci
elegansthe spindles are positioned by microtubules, which USA77, 462-466.

transmit traction from the cell cortex onto Centrosomeéﬂarris, A. K. and Gewalt, S. L. (1989). Simulation testing of mechanisms
. . . for inducing the formation of the contractile ring in cytokinedigell Biol.
(Hyman, 1989). Analysis of the regulation of dynein or other 159 5515.9903.

microtubule motors in_ the cell cortex may therefore unravehe, X. and Dembo, M(1997). On the mechanics of the first cleavage division
centrosome-based activities that contribute to the generation ofof the sea urchin eg@xp. Cell Res233 252-273. )
cell and tissue architecture. The crucial question to pHeim, R. and Tsien, R. Y(1996). Engineering green fluorescent protein for

. e s . . ;. Improved brightness, longer wavelength and fluorescence resonance energy
answered in centrosome positioning is how a microtubule IS {-ansfer.Curr. Biol. 6, 178.182.

turned into a guiding one, and how this role comes to a ha-ltHyman, A. A. (1989). Centrosome movement in the early divisions of

Caenorhabditis elegan#\ cortical site determining centrosome positidn.
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