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It is well established that multiple microtubule-based motors contribute to the formation and
function of the mitotic spindle, but how the activities of these motors interrelate remains unclear.
Here we visualize spindle formation in living Drosophila embryos to show that spindle pole
movements are directed by a temporally coordinated balance of forces generated by three mitotic
motors, cytoplasmic dynein, KLP61F, and Ncd. Specifically, our findings suggest that dynein acts
to move the poles apart throughout mitosis and that this activity is augmented by KLP61F after
the fenestration of the nuclear envelope, a process analogous to nuclear envelope breakdown,
which occurs at the onset of prometaphase. Conversely, we find that Ncd generates forces that
pull the poles together between interphase and metaphase, antagonizing the activity of both
dynein and KLP61F and serving as a brake for spindle assembly. During anaphase, however, Ncd
appears to have no effect on spindle pole movements, suggesting that its activity is down-
regulated at this time, allowing dynein and KLP61F to drive spindle elongation during anaphase B.

INTRODUCTION

The segregation of chromosomes during mitosis depends on
the action of a self-organizing, bipolar machine called the
mitotic spindle. It is now established that the formation and
function of the mitotic spindle requires numerous microtu-
bule (MT)-based motor proteins (Hoyt and Geiser, 1996;
Vale and Fletterick, 1997). Although the identities of many of
these mitotic motors are becoming clear, their specific func-
tional interrelationships have been extremely difficult to as-
certain.

Among all mitotic movements, the positioning of spindle
poles during the assembly and elongation of the bipolar
mitotic spindle may require the greatest degree of coopera-
tion between different motors. This process is particularly
complex because it occurs in a pathway consisting of sev-
eral, temporally distinct stages, during which the organiza-
tion of spindle microtubules and the general environment of
the cell change dramatically (McIntosh and McDonald,
1989). The members of at least three families of MT motors
are thought to play important roles in this pathway. These
are the bipolar kinesins, the C-terminal kinesins, and cyto-
plasmic dynein.

The bipolar (or BimC) kinesins (Vale and Fletterick, 1997)
comprise a family of plus-end-directed motors, which have
a bipolar morphology with motor domains at both ends of a
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central rod (Cole et al., 1994; Kashina et al., 1996a,b; Gordon
and Roof, 2000). Functionally, these motors are thought to
play a role in either the assembly or maintenance of spindle
bipolarity, because their inhibition results in the formation
of monopolar mitotic spindles (Enos and Morris, 1990; Ha-
gan and Yanagida, 1990; Roof et al., 1991; Hoyt et al., 1992;
Sawin et al., 1992; Heck et al., 1993; Blangy et al., 1995; Sharp
et al., 1999b). Support for a role for bipolar kinesins in
spindle maintenance but not assembly comes from the re-
cent findings that inhibiting the Drosophila bipolar kinesin
KLP61F does not prevent the initial separation of spindle
poles but results in their collapse after nuclear envelope
breakdown (NEB) (Sharp et al., 1999b). Immunoelectron mi-
croscopy analyses have also shown that KLP61F motors
cross-link spindle MTs within interpolar MT bundles (Sharp
et al., 1999a), consistent with the hypothesis that these mo-
tors exert their effects by sliding antiparallel MTs in relation
to one another to push the poles apart. Bipolar kinesins have
also been shown to play a role during anaphase B spindle
elongation in budding yeast, perhaps by invoking a similar
“sliding filament mechanism” (Saunders ef al., 1995; Straight
et al., 1998).

The C-terminal kinesins comprise a family of minus-end—
directed mitotic motors, which have been proposed to exert
forces that antagonize bipolar kinesin activity during mitosis
(Endow ef al., 1990, 1994; Walker et al., 1990; McDonald and
Goldstein, 1990; McDonald et al., 1990; Meluh and Rose,
1990; Saunders and Hoyt, 1992; Saunders et al., 1997; Hoyt et
al., 1993; O’Connell et al., 1993; Pidoux et al., 1996; Sharp et
al., 1999b). Although the mechanism of action of C-terminal
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kinesins remains controversial, several members of this fam-
ily, including Ncd from Drosophila, are known to cross-link
MTs in vitro (McDonald et al., 1990; Chandra et al., 1993;
Pidoux et al., 1996; Narasimhulu and Reddy, 1998; Karabay
and Walker, 1999). Interestingly, like KLP61F, Ncd also lo-
calizes to interpolar microtubule bundles within embryonic
spindles (Endow and Komma, 1996). Thus it has been pro-
posed that both Necd and KLP61F cross-link and slide anti-
parallel spindle MTs, generating counterbalancing forces,
with KLP61F pushing the poles apart and Ned pulling them
together (Sharp et al., 1999b).

Cytoplasmic dynein is a large, multimeric, minus-end—
directed motor that is involved in numerous cellular events
including mitosis (Karki and Holzbaur, 1999). Several lines
of evidence suggest that dynein positions spindle poles dur-
ing spindle assembly and elongation. These include the
observations that the microinjection of antibodies inhibiting
dynein function into mammalian cells gives rise to monoas-
tral spindles containing side-by-side spindle poles (Vaisberg
et al., 1993) and that dynein null mutants in budding yeast
display defects in spindle elongation during anaphase B
(Saunders et al., 1995). A very recent study has also shown
that hypomorphic mutations of the dynein heavy chain in
Drosophila inhibits spindle pole separation in early embryos
(Robinson et al., 1999). Although it is plausible that dynein
motors function during mitosis by driving MT-MT sliding
as they do in the ciliary axoneme (Heald et al., 1996), there is
also evidence that dynein becomes anchored on the cell
cortex (Bloom ef al., 1999) where it could slide astral MTs
relative to the fixed cortex to separate the poles (Karsenti et
al., 1996).

In this study, we use time-lapse confocal microscopy of
living, fluorescent tubulin-labeled Drosophila embryos in the
presence and absence of specific inhibitors of the bipolar
kinesin KLP61F, the C-terminal kinesin Ned, and cytoplas-
mic dynein. This has allowed us to assess, quantitatively,
how the activities of these motors are coordinated to posi-
tion spindle poles during the pathway of spindle assembly,
maintenance, and elongation. Our findings indicate that
KLP61F and dynein act on distinct subsets of spindle MTs to
generate complementary forces that push and pull the poles
apart, respectively. Ncd, on the other hand, antagonizes
both motors by acting as a brake for spindle pole separation
at all stages through metaphase.

MATERIALS AND METHODS
Drosophila Stocks and Embryo Collections

Flies were maintained and embryos were collected in our laboratory
facility as previously described (Sharp et al., 1999a,b). Ca" (Ncd null
allele resulting from a radiation-induced deletion within the gene
encoding the motor; Lewis and Gencarella, 1952) flies were pro-
vided by R. Scott Hawley. To generate Ncd null embryos, homozy-
gous ca™ females were mated with homozygous ca™ males.

Antibody Preparation

The preparation of the anti-KLP61F and anti-tubulin antibodies was
described previously (Sharp et al., 1999a,b). The mAb against the
dynein heavy chain was generated by injecting mice with bulk
preparations of Drosophila MT-associated proteins (MAPs). Individ-
ual clones were isolated and grown by standard methods (Harlow
and Lane, 1988). The specificity of clones against the dynein heavy
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chain was determined by Western blots on crude Drosophila cytosol,
purified MAP preparations, and fractions of these preparations
containing only the purified dynein holoenzyme (Hays ef al., 1994).
Before injection, the antibody was purified from mouse ascites fluid
on a protein A column (Bio-Rad, Hercules, CA) and then concen-
trated to between 8 and 22 mg/ml by spin filtration using Nanosep
spin concentration columns with a 10-kDa cutoff (Pall Filtron,
Northborough, MA).

Bacterial Expression and Purification of Human p50
Dynamitin

Human p50 dynamitin was cut from a pET14b expression plasmid
using Ncol and EcoRI restriction enzymes, subcloned directionally
into a pRSETB (His)6/T7 tag expression plasmid (Invitrogen, Carls-
bad, CA), and transformed into a BL21(DE3) bacterial expression
strain. Recombinant p50 was expressed and purified in injection
buffer (150 mM potassium aspartate, 10 mM potassium phosphate,
20 mM imidazole, pH 7.2) under nondenaturing conditions on
Ni-nitrilotriacetic acid Superflow resin (Qiagen, Valencia, CA) using
standard purification procedures (Signor et al., 1999). Column frac-
tions were analyzed by SDS-PAGE, and peak fractions were dia-
lyzed into injection buffer and concentrated for microinjection.

Immunocytochemistry

The protocols used for immunofluorescence and immunoblots are
described in detail elsewhere (Sharp et al., 1999a). UV vanadate
photocleavage was performed as described previously (Hays et al.,
1994).

Embryo Microinjections

Microinjections of 0- to 2-h Drosophila embryos were carried out as
described previously (Sharp et al., 1999b). Briefly, embryos were
initially injected with rhodamine-conjugated bovine tubulin (pur-
chased from Molecular Probes, Eugene, OR; or made in our own
laboratory), allowed to recover for 5 min, and then injected with
antibodies or with control solutions (see below). In our hands,
tubulin injections before the cortical migration of nuclei at cycle 10
(the filtrate from spin concentration) often halts development; thus
embryos were injected with antibodies during cycle 11. This along
with the time delay that occurs between anti-dynein heavy chain
(DHC) injections and the earliest resulting defects in spindle pole
separation (which were not normally observed until at least pro-
metaphase of cycle 12; see next paragraph) made it impossible for us
to assess the effects of anti-DHC injections on interphase—prophase
spindle pole movements before cycle 13. For consistency, we limited
our analyses of interphase—prophase spindle pole movements in all
other conditions to those that occur during cycle 13, as well.

In anti-KLP61F- and anti-DHC-injected embryos, at least one
complete cell cycle usually occurred before the first abnormalities
were evident; thus our analyses were performed during cycles 12
and 13. Effects of p50 dynamitin injections were generally apparent
within one cell cycle after the injection, but embryos were chosen
such that spindle pole movements during the same mitotic cycles
could be examined. Anti-DHC was injected at concentrations rang-
ing from 8 to 22 mg/ml. Optimal effects were observed at concen-
trations of =18 mg/ml; antibody concentrations =12 mg/ml pro-
duced no noticeable effects. p50 dynamitin was injected at 18 mg/
ml. For controls, embryos were injected with nonspecific
immunoglobulin G or BSA in the same buffer and at the same
concentration as the antibodies or p50 dynamitin, respectively. No
controls showed the effects described below. In all, 12 wild-type
embryos were injected with anti-DHC at optimal concentrations
and analyzed in real time. One of these embryos showed no notice-
able effects and proceeded through cellularization normally. Two
displayed massive nuclear fallout immediately after injection and
thus were not analyzed further. The remaining nine embryos all
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exhibited defects in spindle pole separation during interphase-
prophase of cycle 13 (shown graphically in the Figure 3, top panel).
In addition, seven of these exhibited earlier defects during promet-
aphase-metaphase and anaphase B of cycle 12 (see Figures 4, top
right panel, and 5, right panel, respectively). Ten embryos injected
with p50 at the appropriate cycles were analyzed, as well. All
showed defects similar to anti-DHC-injected embryos. Moreover,
nearly all of these embryos displayed a prophase arrest with par-
tially separated spindle poles near the injection site in the cycle after
the injection. In addition, 10 ca" (Ncd null; see Drosophila Stocks and
Embryo Collections above) embryos were injected with anti-DHC
(18 mg/ml) and analyzed. Two were indistinguishable from control
injected ca" embryos, and the remaining eight exhibited wild-type
spindle pole separation during cycle 13 and aberrant anaphase B in
cycle 12 (see Figure 3, bottom panel). The concentrations of anti-
KLP61F antibodies used in this study were the same as described
previously (Sharp et al., 1999b). In all, 10 wild-type and 10 ca™
embryos were injected with these antibodies, and all displayed the
same effects. A single freeze—thaw of either the anti-KLP61F anti-
bodies or anti-DHC destroyed their effects; thus these antibodies
were purified and concentrated immediately before use and stored
for reuse over the next 1-2 wk at 4°C.

Time-Lapse Laser Scanning Confocal Microscopy

All images were acquired on a Leica (Nussloch, Germany) TCS SP
confocal microscope run by the Leica TCS software. Time series
were generated using the “Time Series” function contained in the
control panel. Each image results from two accumulated (averaged)
scans of the sample, and new images were acquired every 5 s.
Because changes in the MT arrays of early embryos occur so quickly,
all of the images shown and analyzed in this study represent one
focal plane (no z-series were performed). This allowed for the
highest temporal and spatial resolution with the least amount of
bleaching and other damage resulting from multiple laser scans.

Quantitative Image Analysis

After their collection, time series were imported into University of
Texas Health Science Center (San Antonio, TX) Image Tool version
2.00 for Windows (downloaded from the Internet at http://ddsdx-
.uthscsa.edu/dig/itdesc.html). Nuclei in the half of the embryo
surrounding the injection site were analyzed. The distance between
spindle poles was determined with the “Distance” tool under the
“Analysis” menu in the Image Tool software. In all cases the
through-space distance between spindle poles was determined (the
length of a straight line drawn between the middle of each spindle
pole). To determine the actual extent of spindle pole migration
during interphase—prometaphase when spindle poles move circum-
ferentially around the nuclear envelope (see Figures 1A and 3), the
arc length (distance traveled by the spindle poles along the curved
surface of the nuclear envelope) was derived from the following
equation: d = 2*r*Asin(X/2r), where r = radius of the nucleus and
X = the through-length between spindle poles. The data shown
were acquired from averaging five spindles from two different
embryos (10 spindles total). On occasion (10-20% of all embryos
observed), massive defects in spindle structure were observed im-
mediately after microinjections. The observed defects, which con-
sisted primarily of multipolar spindles or massive nuclear fallout,
occurred with equal frequency in both control and experimental
embryos. Thus, we concluded that such defects represented non-
specific effects of microinjection. Because of this, only embryos
displaying no obvious defects in spindle structure immediately after
antibody, p50, or control injections were included in our analyses.
Using this selection criterion, very little variability was observed in
the rates of spindle pole movements when measurements were
compared between control embryos.
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RESULTS

Our goal here was to observe and quantitate the relative
activity of a subset of MT motors on spindle pole positioning
during the assembly and elongation of bipolar mitotic spin-
dles in Drosophila embryos. To this end, we have used time-
lapse laser scanning confocal microscopy on embryos con-
taining fluorescently labeled tubulin to measure the extent
of spindle pole separation as a function of time in the pres-
ence and absence of inhibitors of three mitotic motors,
namely the bipolar kinesin KLP61F, the C-terminal kinesin
Necd, and cytoplasmic dynein.

Quantitative Analysis of Mitotic Spindle Pole
Positioning in the Drosophila Syncytial Blastoderm

Because the cell cycles in Drosophila early embryos become
progressively longer as they near cellularization (Foe and
Alberts, 1983), it is important to compare spindle pole move-
ments that occur within the same cycle. For technical reasons
(see MATERIALS AND METHODS, Embryo Microinjec-
tions), in this study we focus on the spindle pole movements
that occur in one of the final two cycles before cellularization
during three distinct stages in the pathway of mitotic spin-
dle formation and function: 1) interphase—prophase of cycle
13 (the last cycle before cellularization) when duplicated
spindle poles migrate to nearly opposite sides of the nuclear
envelope; 2) prometaphase-metaphase (between NEB and
the onset of anaphase A) of cycle 12; and 3) anaphase B
(spindle elongation) of cycle 12. In the quantitative studies
presented below, each line plot was derived from the anal-

sis of 10 mitotic spindles from two different embryos (see
MATERIALS AND METHODS, Quantitative Image Analy-
sis).

Figure 1A shows plots of spindle pole separation as a
function of time during these three stages of mitosis. The top
panel plots the positions of pairs of spindle poles, which
separate around the nuclear envelope during interphase and
prophase and come to lie ~7 um (arc length) or ~120° apart
(Figure 1B). The middle panel (Figure 1A) shows a second
phase of spindle pole movements that occur during promet-
aphase as the spindle elongates from ~7 to ~10 um (Figure
1, C and D, respectively). Finally, Figure 1A, bottom panel,
shows a plot of spindle pole movements that occur during
anaphase B when the spindle elongates from ~10 to ~14 um
(Figure 1E). Although it is clear that there is a general trend
for the spindle poles to separate throughout mitosis, spindle
pole separation does not occur at a linear rate. Instead, the
rate of pole separation as reflected in the slopes of the curves
in Figure 1 changes in a complex manner with stops, starts,
and rate changes.

During the first 300 s of spindle pole migration in inter-
phase—prophase of cycle 13 (Figure 1A, top panel) spindle
poles appear to separate in a roughly hyperbolic manner.
The initial rate of this separation is ~0.11 wm/s, which
gradually slows down to a plateau at ~175-180 s when the
spindle poles are ~6 um apart. After this hyperbolic phase
there is a slower, roughly linear rate of spindle pole separa-
tion (~0.01 um/s) during the ensuing 150 s that pushes
apart the poles until they lie 7-8 um apart just before NEB.
After NEB in cycle 12, the length of the spindle remains
constant (at ~7 um) for ~25 s and then displays a nearly
linear rate of elongation (~0.06 um/s) driving the poles to a
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separation length of ~10 wm during metaphase (Figure 1A,
middle panel). Finally, as anaphase begins there is another
nearly linear phase of spindle elongation at a rate of ~0.09
pm/s driving the spindle to reach a peak length of ~14 um
(Figure 1A, bottom panel). Spindle length then decreases
slightly during telophase. (A video showing spindle forma-
tion during these mitoses can be viewed with Figures 1,
B-E.)

A plausible explanation for this complex behavior is that
the rate of spindle pole separation remains constant when
the net force acting on the poles is constant, whereas any
change in the rate reflects a corresponding change in this net
force. Specifically, an increase in the rate reflects an enhance-
ment in the net force serving to separate the poles, whereas
a decrease in the rate reflects either the decrease in this force
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Figure 1. Spindle pole movements in wild-
type embryos analyzed in real time. (A) Plots of
spindle pole separation versus time during in-
terphase—prophase of cycle 13 (top panel), pro-
metaphase-metaphase of cycle 12 (middle pan-
el), and anaphase B of cycle 12 (bottom panel)
in control-injected wild-type Drosophila early
embryos. Measurements are from time-lapse
confocal micrographs taken every 5 s from liv-
ing Drosophila embryos injected with fluores-
cent tubulin. The star in the middle panel
marks the onset of metaphase. (B-E) Still im-
ages showing tubulin fluorescence at the time
points marked B-E on the plots shown in A.
Bar, 7.5 um. Video for B-E, Mitotic cycles 11-13
in wild-type Drosophila embryos: time series of
confocal micrographs from a living Drosophila
embryo injected with fluorescent tubulin. The
number of the occurring mitotic cycle is indi-
cated in the top right corner of the video. Ac-
tual elapsed time, 25 min 55 s.

or the addition of an antagonistic force that slows spindle
pole separation down.

Antagonistic Microtubule Motors Involved in
Spindle Pole Migration during Interphase and
Prophase

Two motors that might provide force to drive spindle pole
separation during the early phases of mitosis are cytoplas-
mic dynein (Vaisberg et al., 1993; Robinson et al., 1999) and
the bipolar kinesin KLP61F (Heck et al., 1993). Our previous
studies suggest that KLP61F does not act until the later
stages of mitosis (Sharp et al., 1999a,b), and this was sup-
ported by our current analyses, which indicate a rate for
interphase—prophase spindle pole separation after the injec-
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Figure 2. Specificity of the anti-DHC mAb and the immunolocal-
ization of dynein in Drosophila early embryos. (A) Immunoblots of
purified MAP fractions from Drosophila embryonic high-speed su-
pernatant probed with the anti-DHC monoclonal antibody (lane 1)
and similar fractions after irradiation with UV light (lane 2) in the
presence of Mg-ATP and sodium vanadate. Anti-DHC reacts spe-
cifically with one MAP at ~500 kDa, which is sensitive to UV
photocleavage in a manner consistent with it being the heavy chain
of dynein (Gibbons et al., 1987; Hays et al., 1994; Li et al., 1994). Based
on the molecular weight of the cleaved (lower-molecular-weight)
band recognized by anti-DHC (lane 2), it is likely that anti-DHC
reacts specifically with an epitope contained within the HUV frag-
ment of the dynein heavy chain. Anti-DHC was also used to probe
preparations of crude Drosophila embryonic cytosol and showed a
similarly specific but less intense reactivity (our unpublished re-
sults). (B and C) Immunofluorescence of Drosophila early embryos
double labeled with antibodies against tubulin (green) and the
dynein heavy chain (red) during prophase and early anaphase,
respectively. Dynein appears to colocalize with the actin-rich cortex
or actin caps that surround each nuclear domain. Bar, 3.6 um.

tion of anti-KLP61F antibodies that is indistinguishable from
controls (our unpublished results). Thus, we assessed the
role of cytoplasmic dynein in the initial separation of spindle
poles. For this, cytoplasmic dynein activity was inhibited in
Drosophila embryos by two separate methods. In one set of
studies we disrupted dynein activity by injecting human p50
dynamitin into Drosophila embryos. p50 is a component of
the dynein “activator” dynactin (Gill et al., 1991; Schroer and
Sheetz, 1991) and has been shown to specifically inhibit
cytoplasmic dynein when overexpressed (Echeverri et al.,
1996). In a second set of studies, we injected a mAb that
specifically recognizes the dynein heavy chain (anti-DHC;
Figure 2A) into embryos. Immunofluorescence using anti-
DHC shows a cortical staining pattern, very similar to the
actin-rich “caps” known to surround each nuclear domain
(Warn et al., 1984; Karr and Alberts, 1986; Kellogg et al.,
1988), into which the ends of astral MTs extend (Figure 2B).
Diffuse staining is also seen on the central spindle but not at
the poles after NEB (Figure 2C). For unknown reasons, this
localization for the dynein heavy chain in Drosophila early
embryos is different than that reported previously (Hays et
al., 1994), although similar cortical staining has been ob-
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served in vertebrate epithelial cells (Busson et al., 1998).
Possible explanations for this observation include that anti-
DHC is specific for a distinct dynein isoform or recognizes a
site on the same dynein isoform that is masked unless the
motor is bound to specific cellular targets such as the cortex.

When microinjected into Drosophila embryos, both p50
dynamitin and anti-DHC substantially reduce the rate and
extent of spindle pole migration during interphase—
prophase of cycle 13 (Figure 3, top panel). The initial rapid
phase of spindle pole separation is almost completely elim-
inated, and spindle poles separate to a distance of ~4 and 3
pm in p50- and anti-DHC-injected embryos, respectively,
compared with 7 um in controls. In some cases, the inhibi-
tion of dynein also results in a prophase arrest in the affected
spindles (see Figure 7, top panel, for video). These data
suggest that cytoplasmic dynein located on the cortical actin
caps (cortical dynein) exerts pulling forces on astral MTs to
provide the major force for spindle pole separation during
early phases of mitosis. The inhibition of dynein was also
observed to result in the formation of abnormally large
nuclei with four associated spindle poles, suggesting defects
in karyokinesis (our unpublished results). Such nuclei were
never included in our quantitative analyses of spindle pole
migration.

Previous studies suggested that the C-terminal kinesin
Ncd provides a force that antagonizes the pole-separating
activity of the bipolar kinesin KLP61F at stages subse-
quent to NEB (Sharp et al., 1999b). To determine whether
Ncd performs a similar counterbalancing function to cor-
tical dynein in earlier phases of mitosis, we exploited the
Ncd null mutant claret-nondisjunctional (ca”?; see MATE-
RIALS AND METHODS, Drosophila Stocks and Embryo
Collections) (Sturtevant, 1929; Lewis and Gencarella,
1952). Strikingly, the overall rate and extent of spindle
pole separation in ca™ embryos is much greater than in
wild-type embryos (Figure 3, center panel). Closer analy-
sis reveals that in the absence of Ncd activity the early fast
phase of spindle pole separation occurs at roughly the
same rate as in wild-type embryos (~0.19 vs. 0.11 um/s)
but overshoots. This overshoot causes the spindle poles to
separate nearly completely within the first 100 s of this
phase and also results in an overall decrease in the length
of each mitotic cycle, in general as illustrated in Figure 4
(see associated video). Based on these observations, we
propose that Ncd serves as a brake during the initial
migration of spindle poles, limiting its rate and length and
preventing the premature separation of spindle poles.
This activity may result from the putative capacity of Ncd
to cross-link antiparallel microtubules and generate mi-
nus-end-directed forces, which would serve to oppose
spindle pole separation. In the absence of this control,
spindle poles from adjacent nuclei may form aberrant
contacts, which could, in turn, result in the formation of
microtubule “spurs” often observed between spindles
lacking normal Ncd activity (see Figure 4, top right panel,
arrow) (Endow and Komma, 1996). The resulting struc-
tural instability of these spindles may ultimately decrease
the fidelity of chromosome segregation (Endow et al.,
1990).

In anti-DHC-microinjected ca™ embryos, we observed a
complete rescue to the wild-type rate of spindle pole
migration (Figure 3, bottom panel; see Figure 7, bottom
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Figure 3. Cytoplasmic dynein and Ncd generate antagonistic
forces on spindle poles during interphase-prophase. Top panel,
Comparison of spindle pole separation versus time in control-, p50
dynamitin-, and anti-DHC-injected wild-type embryos. Middle
panel, Spindle pole separation versus time measured in control-
injected wild-type and ca™ (Ned null) embryos. Bottom panel, Spin-
dle pole separation versus time measured in control-injected wild-
type and anti-DHC injected ca" embryos.

left panel, for video). The plots of spindle pole migration
versus time for the wild-type embryos and anti-DHC-
injected ca"™ embryos after the perturbation of cortical
dynein activity are essentially identical. This strongly
supports the notion that cytoplasmic dynein and Necd
generate antagonistic forces during the initial separation
of spindle poles. Moreover (as discussed below), this ob-
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servation suggests the existence of an underlying mecha-
nism for spindle pole migration that is independent of
cortical dynein and Ncd.

Antagonistic Microtubule Motors Involved in
Spindle Pole Separation during Prometaphase and
Metaphase

During prometaphase and metaphase of cycle 12, our
observations suggest that KLP61F and dynein cooperate
to drive the separation of spindle poles, whereas Ncd
continues to antagonize this activity by pulling them to-
gether. Figure 5, top left panel, shows the temporal se-
quence of events occurring in wild-type embryos injected
with anti-KLP61F antibodies. As previously reported
(Sharp et al., 1999b), spindles collapse to form MT mono-
asters under these conditions. However, our current anal-
yses show that these spindles do not begin to collapse
immediately after NEB and maintain a constant spacing of
~7 pm for 25-30 s (similar to controls) before the spindle
poles begin to slide together at a rate of ~0.06 um/s (see
Figure 7, top right panel, for video). Figure 5, top right
panel, shows the effects of anti-DHC injections during the
same stage in spindle formation. Although these spindles
do not collapse, the rate and extent of spindle elongation
are greatly reduced, with spindles reaching a length at
metaphase of only ~8 vs. ~10 um in controls. Similar
results were obtained after the injection of p50 dynamitin
(our unpublished results). These observations are consis-
tent with the hypothesis that KLP61F and cortical dynein
work in concert to elongate the spindle during promet-
aphase. Finally, in ca"? embryos, the temporal plot of
prometaphase-metaphase spindle pole separation ap-
pears nearly identical to wild type under control condi-
tions (our unpublished results), but the absence of Ncd
activity ameliorates the effects resulting from the injection
of anti-KLP61F or anti-DHC antibodies (Figure 5, bottom
panels; see Figure 7, bottom right panel, for video). This
indicates that Ncd has a role in this process that is antag-
onistic to both KLP61F and dynein.

Antagonistic Microtubule Motors Involved in
Spindle Elongation during Anaphase B

As in prometaphase-metaphase, the activity of both dy-
nein and KLP61F appears to be required for the proper
separation of spindle poles during anaphase spindle elon-
gation. Figure 6, top left panel, shows the effects of anti-
DHC injection on anaphase B in wild-type embryos. Al-
though spindles are abnormally short in anti-DHC-
injected embryos at the onset of anaphase (resulting from
an abnormal prometaphase), they elongate at an initial
rate that is nearly identical to that observed in controls.
However, later anaphase B movements (from 25 to 55 s)
are severely hampered, and the spindles shorten signifi-
cantly, suggesting that dynein is involved in late but not
early anaphase B. The mechanical basis for this observa-
tion is unclear but may result because, early in anaphase
B, spindles are too short to allow extensive contacts to
form between astral microtubules and cortical dynein. An
entirely similar inhibition of anaphase B was observed in
p50-injected embryos, as well (our unpublished results).
Figure 6, top right panel, shows the effects of anti-KLP61F
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Figure 4. The lack of Ncd activity results in
an increased rate of mitosis. Time series im-
ages show mitotic spindles from wild-type
(left panels) and ca™ (right panels) embryos at
identical time points. The actual times are
indicated at the bottom right of each image.
The time series begin with both embryos in
metaphase of cycle 11 (the arrow points to a
microtubule spur of the type that is often
observed to form between ca" spindles; En-
dow and Komma, 1996). Within 9 min (mid-
dle panels) the wild-type embryo has com-
pleted one complete mitotic cycle and is in
metaphase of cycle 12. By this time point in
the ca™ embryo, metaphase of cycle 12 is al-
ready complete, and anaphase has begun.
Note that the interzonal microtubules are
clearly disorganized in many ca™ spindles.
Within 20 min from the onset of the time
series (bottom panels) the wild-type embryo
has completed a second cycle and is now in
metaphase of cycle 13. The ca™ embryo, on
the other hand, is beginning interphase of
cycle 14. Video for left panels, Mitotic cycles
11-13 in ca™ Drosophila embryos: time series
of confocal micrographs from a living ca"
injected with fluorescent tubulin. The number
of the occurring mitotic cycle is indicated in
the top right corner of the video. Actual
elapsed time, 24 min 30 s.

injection on anaphase B. Because spindles collapse during
prometaphase when KLP61F is inhibited in wild-type em-
bryos, it was necessary to perform this set of experiments in
ca™ embryos. Overall, under these conditions, both the early
and later phases of anaphase B are greatly diminished (al-
though elongation does occur in some spindles), supporting
the notion that KLP61F actively drives the apparently dynein-
independent early movements in anaphase B. Ncd on its own,
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however, appears to have little or no influence on anaphase B
because, as shown in Figure 6, bottom two panels, the temporal
plots of anaphase B in the presence or absence of Ncd activity
appear nearly identical in both control and anti-DHC-injected
embryos (Figure 6, bottom right and bottom left panels, respec-
tively). Thus, it is possible that anaphase B is triggered by the
down-regulation of Ncd, allowing first KLP61F alone and then
KLP61F in concert with cortical dynein to drive the poles apart.

247



D.J. Sharp et al.

Prometaphase-Metaphase

(cycle 12)

Wild type vs. a-KLPB1F

Wild type vs. a-DHC

T
20 40 60 80 100 120 140

—o— wild type
— anti-DHC

Wild type vs. a-DHC-ca™

Figure 5. KLP61F and dynein
function in concert to separate
spindle poles during promet-
aphase-metaphase and are antag-
onized by Ncd. Shown is a com-
parison of spindle pole separation
versus time during prometaphase
and metaphase in control injected
wild-type embryos (all panels),
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Further experimentation will be required to test the merits of
this hypothesis.

Simultaneous Functional Inhibition of Pairs of
Antagonistic Motors Uncovers an Underlying
“Backup” Mechanism for Mitosis

One striking observation that should be noted is that the
inactivation of pairs of counterbalancing MT motors at ap-
propriate stages of mitosis leads to a rescue of successful
mitotic spindle assembly and function (Figure 7). For exam-
ple, the coinhibition of Ncd with dynein (left panels) or Ncd
with KLP61F (right panels) results in a nearly complete
restoration of normal spindle pole positioning and bipolar
spindle assembly during interphase—prophase or promet-
aphase-metaphase, respectively. Thus, these “double knock-
outs” may have uncovered underlying mechanisms for bi-
polar spindle assembly and maintenance before anaphase.
Although the identity of these backup mechanisms is un-
known, possibilities include: 1) a low level of residual
KLP61F or dynein motor activity that is sufficient to drive
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spindle formation in the absence of the antagonistic forces
generated by Ncd; 2) redundant sets of MT motors whose
activities are normally masked by dynein, KLP61F, and Ncd;
3) the force derived from MT dynamics; 4) interactions be-
tween MTs and the dynamic actin network that surrounds
the spindle; and 5) a novel, unidentified mechanical system
that contributes to mitosis.

DISCUSSION

In this study, we performed a series of real-time quantitative
analyses to assess how the activities of three mitotic motors
are coordinated to appropriately position spindle poles dur-
ing mitosis. To accomplish this it was necessary to quantitate
spindle assembly with a higher temporal resolution than has
previously been accomplished in animal cells. This approach
revealed that, in control embryos, there is a general trend for
the spindle poles to separate throughout mitosis, but the rate
of pole separation is nonlinear, suggesting that the net forces
acting on the poles are not constant. Quantitation of spindle
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jected ca"@ embryos.

pole movements in the presence of various combinations of
specific inhibitors of cytoplasmic dynein, Ncd, and KLP61F
has indicated that spindle pole positioning is precisely con-
trolled by a carefully orchestrated balance of forces that
results from the combined activities of these three motors.
The potential mechanistic details of this balance will be
discussed in greater detail below (see Figure 8).

Model: Coordinated Sliding Filament Mechanisms in
the Pathway of Mitosis

Nearly 30 years ago it was proposed that mitosis was driven
by a sliding filament mechanism in which force-generating
enzymes cross-link adjacent spindle MTs and slide them in
relation to one another (McIntosh et al., 1969; McDonald et
al., 1977). The results reported in this and previous studies
suggest that the three MT motor proteins analyzed here,
dynein, the C-terminal kinesin Ncd, and the bipolar kinesin
KLP61F, cooperate in such a mechanism to drive bipolar
spindle assembly and elongation (Figure 8). Previous stud-
ies have shown that both KLP61F and Ncd localize to inter-
polar MT bundles where they can cross-link antiparallel
MTs and slide them in relation to one another (Endow and
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Komma, 1996; Sharp et al., 1999a). The immunolocalization
of dynein to the cortical actin caps, shown here, is consistent
with the hypothesis that this motor functions by a modifi-
cation of the sliding filament mechanism, cross-linking, and
sliding astral MTs in relation to the fixed actin cortex. It has
also been proposed that the association between dynein and
the cortex occurs via dynactin (Karki and Holzbaur, 1999),
which may explain the similar effects resulting from anti-
DHC and p50 dynamitin injections. Given that spindle MTs
are oriented with their minus ends focused at the poles
(Euteneuer et al., 1982), these activities would allow the
plus-end-directed KLP61F and the minus-end-directed cor-
tical dynein to push and pull the poles apart, respectively,
while allowing the minus-end-directed Ncd to act as a
brake or counterbalance and pull the poles together.

Our data suggest the following functional relationships
among dynein, KLP61F, and Ncd during the pathway of
spindle assembly and elongation (shown schematically in
Figure 8). During the initial migration of spindle poles in
interphase—prophase, the activity of dynein, which is an-
chored to the cortex by dynactin, provides the major pole
separation force as KLP61F is sequestered in the nucleus
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Inter-Pro

Promet-Met
o-KLP61F *

Figure 7. Spindle defects induced by in-
hibiting either dynein or KLP61F are re-
versed by double knockouts with Ncd. Con-
focal micrographs from live wild-type
- embryos coinjected with fluorescent tubulin
and anti-DHC (top left) or anti-KLP61F (top
right) are shown. The inhibition of dynein
results in only partial spindle pole separa-
tion during interphase-prophase, and the
inhibition of KLP61F results in spindle col-
lapse during prometaphase. Bottom panels
show the same time points in ca”? embryos
treated similarly. In the absence of both dy-
nein and Ncd or KLP61F and Ncd the spin-
dles form and function relatively normally
through metaphase. Bar, 6 um. Video for
top left panel, Inhibition of spindle pole
separation after the inhibition of cytoplas-
mic dynein: interphase—prophase of cycle 13
in a wild-type embryo injected with anti-
DHC. Near the injection site (at the extreme
left of the field shown in the video), nuclei
arrest in prophase with partially separated
spindle poles. At sites distal to the injection
site, some nuclei attempt to undergo mito-
sis. In this video, some nuclei are positioned
extremely close to one another because of
aberrant anaphase B during the previous
cycle (cycle 12). Actual elapsed time, 13 min
20 s. Video for top right panel, Collapse of
bipolar spindles during prometaphase after
the inhibition of KLP61F: Interphase—
prophase and prometaphase of cycle 12 in a
wild-type embryo injected with anti-
KLP61F antibodies. Actual elapsed time, 4
min 20 s. Video for bottom left panel, Res-
cue of spindle pole separation by coinhibi-
tion of cytoplasmic dynein with Ncd: inter-
phase—prophase of cycle 13 in ca™ embryo

injected with anti-DHC. Actual elapsed time, 8 min 20 s. Video for bottom right panel, Rescue of spindle collapse by coinhibition of
KLP61F with Ned: cycle 12 in ca™ embryo injected with anti-KLP61F antibodies. Actual elapsed time, 4 min 20 s.

(Sharp et al., 1999a) and thus cannot participate in these
movements. Ncd antagonizes dynein-driven spindle pole
migration, gradually slowing the rate of spindle pole move-
ments by using its ability to cross-link MTs between the
poles to serve as a brake. After NEB, the activity of dynein is
augmented by KLP61F, which is now capable of cross-link-
ing antiparallel MTs within interpolar MT bundles and ex-
erting pushing forces that contribute to pole separation. We
propose that during this time the main function of KLP61F
is to counterbalance Ncd, maintaining the spindle under
isometric tension and preventing spindle collapse. The aug-
mentation of the activity of KLP61F with that of dynein,
however, overrides the balance between KLP61F and Ncd
and drives a rapid, linear rate of spindle pole separation that
ends when a new isometric balance between the three mo-
tors is reached at metaphase (alternatively, the pause in
spindle pole movements during metaphase may be the re-
sult of stable bipolar attachments between spindle microtu-
bules and chromosomes that are established at approxi-
mately the same point in the cell cycle). Finally, during
anaphase, our data suggest that the activity of Ncd may be
decreased or turned off. If this is indeed the case, this de-
crease may tip the isometric balance established at meta-
phase, allowing the additive effects of pushing forces driven
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by KLP61F on interpolar MT bundles together with pulling
forces driven by cortical dynein on astral MT to drive an-
aphase B spindle elongation.

Experimental Rationale

To carry out the studies that led to our model, it was necessary
for us to inhibit dynein and KLP61F by way of antibody
microinjections. Dynein was also inhibited by the microinjec-
tion of p50 dynamitin. This approach allowed us to control
when the inhibition of these motors occurs, assuming, of
course, that the injected antibodies quickly bind and inactivate
their intended targets. Although we are aware of the caveats, as
well as the strengths, of antibody microinjection experiments
(Scholey, 1998), we consider it likely that the antibodies used in
this study strongly and specifically inhibit the activities of
dynein and KLP61F for the following reasons. First, the micro-
injection of our anti-DHC or anti-KLP61F antibodies produced
effects on spindle pole positioning that are similar to those
reported in KLP61F (Heck et al., 1993) and dynein (Robinson et
al., 1999) mutants. Second, in the case of dynein, two different
inhibitors, anti-DHC and p50 dynamitin, produced strikingly
similar results.
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Figure 8. Model: pathway of spindle pole posi-
tioning determined by dynein, KLP61F, and Ned
activity during mitosis. Schematic illustrations de-
pict the proposed timing and mechanism of action
for dynein, KLP61F, and Ncd during the assembly
and function of mitotic spindles in Drosophila
early embryos. (A) Prophase. Dynein, anchored to
the cortex by dynactin, pulls on astral MTs to
separate spindle poles, whereas Ncd cross-links
and slides together antiparallel MTs between the
spindle poles to act as a brake. KLP61F is seques-
tered in the nucleus and does not participate in
these movements. (B) Prometaphase/Metaphase.
After NEB, KLP61F can cross-link and slide apart
antiparallel MTs balancing the “inward” force
generated by Ncd on these same MTs and offset-
ting spindle collapse. Cortical dynein pulls on
astral MTs and in concert with KLP61F drives
prometaphase spindle elongation. (C) Anaphase
B. The inactivation of Ncd at anaphase allows
KLP61F and cortical dynein to drive the poles
farther apart. KLP61F appears to act before dy-
nein in this process.

In theory, these studies could also be performed using the
mutational inhibition of dynein and KLP61F. However, be-
cause severe loss-of-function mutations in the genes encod-
ing these motors are lethal, and because maternal transcripts
and proteins are loaded into early embryos (O’Farrell et al.,
1989), we thought that this approach would not be appro-
priate for our purposes. Therefore, only Ncd, which is not
essential for the survival of embryos or the formation of
spindles, was inhibited genetically. We note that an added
benefit of using antibody microinjections in mutant back-
grounds (e.g., anti-dynein in Ncd null mutants) is that they
can be used to generate double knockouts.

Relationship of Our Results to Previous Studies

The functions of dynein, KLP61F, and Ncd have been as-
sessed in Drosophila early embryos in two recent studies. In
the first of these, it was shown that KLP61F and Ncd gen-
erate antagonistic forces to position mitotic spindle poles
after NEB (Sharp et al., 1999b). More recently, it was shown
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that hypomorphic mutations in the dynein heavy chain re-
duced the extent of spindle pole separation during inter-
phase—prophase in this system (Robinson et al., 1999). Al-
though the roles of dynein, KLP61F, and Necd are also
reported here, the important novel feature of our work is to
show how the activities of these motors are organized into
an ordered pathway for spindle assembly and function.
The functions of cytoplasmic dynein, bipolar kinesins, and
C-terminal kinesins have also been studied extensively in
fungi, but the results of those studies leave many unan-
swered questions, some of which are addressed here. First,
we show that cytoplasmic dynein is involved in positioning
spindle poles throughout all stages of spindle assembly and
elongation; because dynein is not necessary for proper spin-
dle pole separation before anaphase in fungi (Eshel et al.,
1993; Li et al., 1993; Xiang et al., 1994; Yeh et al., 1995), its
role(s) in the early stages of mitosis could not be examined.
Second, we show that the Drosophila C-terminal kinesin Ned
constrains the rate of spindle pole separation during spindle
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assembly; similar kinetic analyses have not been performed
in fungi, probably because of the small size of preanaphase
fungal spindles. Third, we show that Ncd acts antagonisti-
cally to both dynein and the bipolar kinesin KLP61F; al-
though the latter interaction has been carefully characterized
in fungal systems (Saunders and Hoyt, 1992; Saunders et al.,
1997; Hoyt et al., 1993; O’Connell et al., 1993; Pidoux et al.,
1996), the former has not been reported previously. Finally,
we show with high temporal resolution how dynein and
KLP61F cooperate to elongate the spindle during promet-
aphase and anaphase. Specifically, our data suggest that
KLP61F is inactive before NEB (Sharp ef al., 1999a,b), but
then it exerts a stronger influence on spindle pole position-
ing during prometaphase and acts earlier during anaphase B
than dynein. Although studies in fungi have also revealed
that bipolar kinesins and dynein cooperate during spindle
elongation (Saunders et al., 1995), their specific temporal
relationships in this process were not determined.

Concluding Remarks

Our studies reveal functional relationships between three
mitotic motors (Figure 8) and show that nearly every major
change in the elongation rate of Drosophila embryonic mi-
totic spindles can be associated with the addition or subtrac-
tion of dynein, KLP61F, or Ncd activity. However, our ob-
servation that the inhibition of pairs of antagonistic motors
rescues spindle activity (at least through metaphase) sug-
gests that these three motors are not the only factors in-
volved in this process and may unmask a redundant mech-
anism for bipolar spindle assembly and maintenance
(although the activity of a residual pool of active motors
after antibody microinjections cannot be ruled out as the
driving force behind this). Future studies should be aimed at
elucidating the molecular mechanisms and function of this
redundant process, as well as probing, in more detail, the
precise structural mechanisms by which dynein, C-terminal
kinesins, and bipolar kinesins cooperate to drive bipolar
spindle assembly and elongation. Such endeavors may be
assisted significantly by the use of high-resolution “real-
time” quantitative analyses of living organisms, such as
those reported here.
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