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DSK1, a Kinesin-Related Protein Involved in
Anaphase Spindle Elongation, Is a
Component of a Mitotic Spindle Matrix

Harrison Wein,! Hank W. Bass,? and W. Zacheus Cande3*

LFederation of American Scientists, Washington, DC
2Department of Biological Sciences, Florida State University, Tallahassee
8Department of Molecular and Cell Biology, University of California, Berkeley

DSK1 is a kinesin-related protein that is involved in anaphase spindle elongation in
the diatomCylindrotheca fusiformifVein et al., 19963J. Cell Biol.113:595-604].
DSK1 staining appeared to be concentrated in the gap that forms as the two
half-spindles separate, suggesting that DSK1 may be part of a non-microtubule
spindle matrix. We set out to investigate this possibility using three-dimensional
high-resolution fluorescence microscopy, and biochemical methods of tubulin
extraction. Three-dimensional fluorescence microscopy reveals that DSK1 remains
in the midzone after the bulk of the microtubules from the two half-spindles have
left the region. Biochemical studies show that Ga&dtraction of tubulin from a
mitotic spindle preparation does not extract similar proportions of DSK1 protein.
Immunofluorescence confirms that this Ca&ltraction leaves behind spindle-like
bars that are recognized by anti-DSK1, but not by anti-tubulin antibodies. We
conclude that DSK1 is part of, or attached to, a non-microtubule scaffold in the
diatom central spindle. This discovery has implications for both the structural
organization of the mitotic spindle and the mechanism of spindle elongation. Cell
Motil. Cytoskeleton 41:214-224, 19980 1998 Wiley-Liss, Inc.
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INTRODUCTION DSK1 (Diatom Spindle Kinesin 1) was originally
isolated from &C. fusiformiscDNA expression library by

In diatoms, the movements associated with ana- : : : . ) .
screening with a peptide antibody raised against a con-

phase A (chromosome-to-pole movement) and anaphase S ; A
; . : Served region in the motor domain of the kinesin super-
B (spindle elongation) are structurally separated in spa¢e;_. 4
. ) mily [Wein et al., 1996]. By sequence homology, DSK1
the chromosomes and kinetochore microtubules (M . Lo
longs to the central motor family of kinesin-related

involved in anaphase A form a loose cone around th%teins (KRPs). Polyclonal antisera raised against a

central spindle, the structure res_ponsible for anaph.asfﬁacterially expressed DSK1 fusion protein stained the
[l'\gggopﬂilﬁ] teot sﬁl.ét1:|77i57997]9:rﬁglc(j?;tt-oHrr?iz?\t?gId STIif’)]F()ZII eiatom central spindle with a frequent bias toward the
' v ' P sipindle midzone. Anti-DSK1 also blocked central spindle

is an unusually highly ordered paracrystalline array @ S S N ;
microtubules [McDonald et al., 1977, 1979; Pickett?longatlon in an in vitro assay. Inhibition of spindle

Heaps and Tippit, 1978: Mclntosh et al., 1979; McDonaI%Ilongation could be reversed by coincubating with the
and Cande, 1989]. The microtubules in each half of the

central spindle interdigitate to form a well-defined regiogontract grant sponsor: NIH; Contract grant number: GM23238.

of antiparallel MT overlap that is generally referred to as
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fusion protein against which anti-DSK1 was raised. = Unfortunately, although several antigens show im-
These experiments illustrated that DSK1 is involved imunolocalization patterns at the spindle midzone [Frit-
spindle elongation and is likely the molecular motozler et al., 1987; Kingwell et al., 1987; Pankov et al.,
responsible for pushing half-spindles apart during an&990; Sellitto and Kuriyama, 1988; Kuriyama and Nis-
phase. low, 1992], little is really known about the non-MT
During the course of our studies, we observed thspindle matrix. In order to understand the functional role
DSK1 seemed to grow more concentrated in the spinddéthese widely documented matrices, it will be necessary
midzone during anaphase, as would be expected for tandetermine their molecular composition. Toward this
anaphase B motor. DSK1 also seemed to remain in tbad, we use biochemical and cytological techniques to
spindle midzone upon the completion of anaphase Bemonstrate that DSK1 is part of a matrix that can exist
after the bulk of the MTs had left the region. Thisndependently of the MTs of the half-spindles. As DSK1
observation suggests the existence of a non-MT spindigs previously been shown to be involved in anaphase
scaffold or matrix. The existence of such a matrix woulgpindle elongation, this discovery has implications for
have important implications for mechanisms of spindleoth the structural organization of the mitotic spindle and

function. the mechanism of anaphase spindle elongation.
It is well known that MTs are not the only compo-

nent responsible for the structural integrity of the mitotic
spindle [Kuriyama and Nislow, 1992]. For examplemATERIALS AND METHODS
Spihdles of marine invertet?ratg €ggs from clams gnd SH&itro Reactivation of Spindle Elongation
urchins were shown to maintain their shape and birefrin- o _ _
gence even after the extraction of MTs from isolated ~ For the study of DSK1 distribution during spindle
mitotic apparatuses [Rebhun and Sander, 1967]. Bridgd§ngation, two sets of synchronized permeabilized cells
between MTs can be seen by electron microscopy Were centrifuged at 2,5@0for 5 min through 3 ml of
midzone cross-sections from many different mitotiPMEG [50 mM 1,4-piperazinediethane sulfonic acid
spindles [Oakley and Heath, 1978; Ritter et al., 1978PIPES) pH 7.0, 5 mM MgSg 5 mM EGTA, 40 mM
McDonald et al., 1979; McDonald and Cande, 198$-glycerophosphate, 1 uM TROLOX, 1 mM PMSF,
McDonald, 1989; Ding et al., 1993; Winey et al., 19951 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl
These cross-bridges are thought to play a role in organfioride (PMSF), and proteolytic inhibitorgl pg/ml
ing the highly ordered square and hexagonal arrays legipeptin, 1 pg/ml pepstatin A, 10 pg/mbhbenzoyl-L-
MTs that are seen in spindle midzones from diatoms &ginine methyl ester (BAME), 10 pg/mldNp-tosyl-L-
fungi to mammals [McDonald et al., 1979; McIntosh egrginine methyl ester (TAME), 10 ug/ml N-tosyl-L-
al., 1979, 1985; Tippit et al., 1983, 1984: Ding et alphenylalanine chloromethyl ketone (TPCK), 10 pg/ml
1993; Mastronarde et al., 1993; Winey et al., 1995].  soybean trypsin inhibitor, 1 pg/ml aprotifiifiMasuda et

A spindle “matrix” independent of MTs has beenal., 1988] + 3% dimethyl sulfonic acid (DMSO) onto
identified consistently in the midzone (or interzone) ddoly-L-lysine-coated coverslips, then incubated in 100 pl
many mitotic spindles [McDonald, 1989]. It appear®MEG with (1) 0.05 mM ATP or (2) 1 mM GTP [Wein et
under the electron microscope as an osmiophilic, filameak, 1996]. For a period of 4 min, one coverslip was fixed
tous, or “fuzzy” material that is perhaps best visualizeg@very 30 seconds for 10 min in 0.1% glutaraldehyde,
during midbody formation in metazoans [McIntosh anf.05% paraformaldehyde in PME (50 mM PIPES, 5 mM
Landis, 1971; Mullins and Biesele, 1977] and in diatom¥lgSQO,, 5 mM EGTA). All coverslips were reduced in
during the latter stages of spindle elongation [McDonall mg/ml sodium borohydride in 50% MeOH/& and
et al.,, 1977]. This material appears to accumulate hocked in 0.3% BSA/PBS for 20 min. Coverslips were
anticipation of cytokinesis, during the latter stages dhen incubated in appropriate antibodies floh each:
spindle elongation. anti-DSK1 at 8 pg/ml, a monoclonal mouse anti-sea

In addition to its more obvious presence late inrchin a-tubulin (provided by Dr. D. Asai, Purdue
mitosis, the spindle matrix may also play roles itJniversity) at a 1:500 dilution, and then two secondary
organizing spindle MTs at earlier stages. During anaphagatibodies simultaneously, FITC-conjugated anti-rabbit
spindle elongation in many organisms, for example, the(€appel Research Reagents, Malvern, PA) at 1:100 and
is a change in the packing order of MTs in the spindl&exas-Red-conjugated anti-mouse (Jackson ImmunoRe-
midzone that may involve spindle matrix protein [McDonsearch, West Grove, PA) at 1:200. Coverslips were
ald et al., 1979; Heath, 1980; Ding et al., 1993; Winey @étcubated in PBS+ 1 pg/ml 4,6-diamidino-2-phenyl-
al., 1995]. One can also infer that the matrix might playiadole (DAPI) for 5 min before mounting on slides in
role in the formation of the mitotic spindle during90% glycerol containing 1 mg/ml 1,4-diazabicyclo[2,2,2]-
prophase and prometaphase. octane (Aldrich Chemical Co., Milwaukee, WI).
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Optical Sectioning and Spindle Modeling by Dr. R. Cyr, Penn State Univ.) at 1:500. HRP-
Images were collected on a widefield optical sectiofoNjugated anti-rabbit secondary antibody (Jackson Im-

ing microscope using an Olympus OML inverted micrgnunoResearch) was used at 1:5,00(_) and detected using
scope equipped with a 68 NAL.4 oil immersion lens ECL re.agents (Amersham Co'rp.., Arllngton Heights, IL)
(Olympus, Inc., Lake Success, NY) [Hiraoka et anccordlng to the manufacturer’s instructions.

1991]. Data was collected with a 12-bit charge-coupled

device camera by automatically stepping through tieoverslip MT Extractions

cells at 0.2 um intervals; voxel X, Y, Z dimensions were In order to view cells in which MTs have been
0.07, 0.07, 0.2 um. Three-dimensional data stacks captsistectively extracted, permeabilized cells were spun down
ing entire spindles contained 30 sections each. Dajato coverslips as described above. Solutions of PBS or
stacks were subjected to three-dimensional constrainegs + 4 mM CaC}, were added to the coverslips, which
iterative deconvolution [Agard et al., 1989; Chen et alwere then incubated f® h at4°C. ATP or GTP (1 mM)
1995, 1996]. Data manipulation and examination weigere added to some samples for 10 min before fixation.
then performed on the deconvoluted data using the Priighaverslips were processed as above for immunofluores-
software program [Chen et al., 1989, 1996]. The axigknce. Slides were observed using a Zeiss Axiophot
paths of the spindles were modeled such that a single lirRotomicroscope with a Zeiss 100X Neofluar objective
was made that passed through the center of the tubui@arl Zeiss, Inc., Thornwood, NY) with epifluorescence
signal. A three-dimensional tube centered about that liflRimination. Photographs were taken on T-MAX 400
contained the entire spindle, and was computationaliym (Eastman Kodak Co., Rochester, NY).

extracted and straightened for analysis. The total intensity

of each 0.1 um slice of this tube was determined and

plotted. For average spindle intensities, the numbeRESULTS

within each spindle were first normalized to the brighteg antitative Three-Dimensional Analysis

spindle point. Spindles were aligned by the brightegt psk1 Distribution

central point or dimmest central point, depending on
spindle class, before averaging. Average points calculat . ) F o ;
from less than two spindles were eliminated, resulting e spindle midzone during in vitro anaphase spindle

average spindle lengths shorter than most actual lengtfi _ngation and to remai_n in the midzoneforabrief period
gesp g g of time after the half spindles had separated [Wein et al.,

1996]. To more carefully examine the distribution of
DSK1 during spindle elongation, we fixed permeabilized
Isolated spindles in a total volume of 20 ml PMEGeells every 30 seconds for 10 min after the addition of
were divided into two tubes and centrifuged through & mM GTP or low levels of ATP (0.05 mM). At these
1 ml cushion of PMEG+ 40% sucrose at 16,080or 15 nucleotide concentrations, spindle elongation proceeds at
min. Each pellet was gently resuspended with 1 ml efslow rate [Hogan et al., 1992], that is, it takes more time
PBS (including 1 mM PMSF, 1 mM DTT, and proteolyticfor gaps to appear between the two half spindles. Each
inhibitors) + 0.2% Tween-20 or PBS 0.2% Tween-20+- coverslip examined contains several hundred spindles,
4 mM CaC}, and rotated at 4°C for 1 h. Samples werand the general effect of a nucleotide treatment over an
then centrifuged as above for 30 min. Supernatants weetire coverslip can be quickly assessed [Hogan et al.,
removed and concentrated using Centricon-10 (Amicon992].
Danvers, MA) devices according to manufacturer’s in-  To more precisely measure the levels of tubulin and
structions. Pellets were resuspended in a volume equabi8K1 along the lengths of spindles, we imaged entire
the final supernatant volumes using PBS0.5% SDS, spindles using quantitative 3-D microscopy, extracted a
then boiled for 10 min and centrifuged briefly in &-D tube of data, and computationally determined the
microfuge to remove remaining cellular debris. intensities in sequential slices along the tube. The resultis
Equal volumes were loaded onto a 10% polyacryk one-dimensional sequence of numbers representing the
amide gel, electrophoresed, then transferred to nitrocelleal-space intensity levels along the length of each
lose by semi-dry blotting. The blots were blocked ovespindle. While this method sacrifices the ability to
night at 4°C with 5% non fat milk in PBSt 0.2% measure any deviation in the radial symmetry of signals
Tween-20 and then incubated with antibodies Tch at about the spindle axis, it provides complete quantitative
room temperature. Anti-DSK1 was used at 4 pg/ml araghd spatial signal distribution information for compara-
affinity-purified rabbit anti-soybean-tubulin (provided tive analysis within and between spindles.

d DSK1 was previously shown to be concentrated in

Spindle MT Extractions
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This complete three-dimensional modeling anthe supernatant. DSK1 was not solubilized upon the
analysis was performed on 38 spindles at various stagkspolymerization of MTs.
of elongation. As diatom spindle populations cannot be  To determine what structure remains behind in
precisely synchronized, spindles were selected based adhese permeabilized cells, we performed a MT extraction
visual assessment from different coverslips fixed after adhering cells to glass coverslips. By electron
different time points. microscopy, we were unable to detect any MT-based

Figure 1 provides three examples of our thregpindles in this preparation, although we found several
dimensional spindle modeling. Figure 1a shows a spindiells containing spindle-shaped flocculent material (data
before the addition of nucleotide. DSK1 shows a distingiot shown). By immunofluorescence, DSK1 is seen to
midzone bias in this spindle, as noted previously [Wein gémain behind as part of a spindle-shaped structure even
al., 1996]. Figure 1b shows a spindle treated with logfter the vast majority of spindle MTs have been depoly-
levels of ATP. DSK1 has left the midzone region beforgerized (Fig. 4). Two different tubulin antibodies known
the fixation of this spindle. Figure 1c shows a spindig react with diatom tubulin, as well as two different
treated with GTP. DSK1 remains longer in the midzongacondary antibodies, were used to confirm that spindle
after the half-spindles have separated under the Giffs could not be seen with the naked eye under the

treatment. _ . microscope. However, long exposures times and high
Figure 2 shows the composite results of this studygntrast printing as shown here do reveal a trace of

Spindles were grouped into different classes based on igndle MTs with the CaGltreatment. A subsequent

distribution of their tubulin signal. The graphs are baseg],c|eotide treatment with either 1 mM ATP or 1 mM GTP
on averages of all spindles in a given class after numbets ,ses a further decrease in MT intensity, frequently
were normalized to the brightest pointin each spindle apg|qw the detection limits of any conventional photo-

aligned (see Materials and Methods). raphic enhancement methods (Fig. 4). DSK1 staining in
Before half-spindles have separated (class 1), DSKis case s still prominent, but becomes less bar-like,

shows a midzone bias. When haIf-spim_jIes hav_e jLiﬁtking on a flocculent quality and often looking like a
begun to separate (class 2), DSK1 peaks in the mldzop@bon
0

particularly in those spindles treated in the presence
GTP. By the time the tubulin intensity in the midzone has
dropped to 40% or less of a spindle’s peak intensity (cla
4), DSK1 also markedly decreases in the midzone (@?SCUSSION
ATP-treated spindles. In GTP-treated spindles, however, By slowing down the rate of anaphase B movement
DSK1 staining is still concentrated in the midzone and &t vitro, we have been able to fix and observe spindles
the ends of the half-spindles. Eventually, this midzorguring the process of elongation. Quantitative analysis of
bias dissipates in GTP-treated spindles as well (class dptically reconstructed spindles allowed us to make a
Note that both treatments did not produce spindles in alear description of the spatial rearrangements of DSK1
classes. For example, ATP treatment did not produce amyative to tubulin at different stages of elongation. DSK1
spindles in class 2. accumulates in the spindle midzone during spindle elon-
Although concentrations of ATP and GTP wergjation and remains in the spindle midzone even after the
selected that support spindle elongation at similar ratgglk of the spindle MTs have left the region. This effect is
[Hogan et al., 1992], we found that more half spindles hathhanced when GTP is used to support spindle elonga-
separated at earlier time points with the GTP treatmefidn. Both the biochemical and cytological analyses of
(data not shown). However, despite the higher number @hCl, treatments show that DSK1 is left behind in a
midzone tubulin gaps with the GTP treatment, DSK1 le§{pindle-shaped bar when the vast majority of spindle MTs

the midzone at a slower rate. are extracted. These results provide evidence that DSK1
is part of a mitotic spindle matrix.
Presence of DSK1 Does Not Depend Uncertainty about the function of the non-MT

on Spindle MTs mitotic spindle matrix stems from the lack of information
In order to determine whether DSK1 is part of agoncerning its molecular composition. One protein com-
insoluble spindle scaffold, we selectively extracted MTgonent that has been identified is a 50 kD polypeptide
to determine whether DSK1 was left behind. Permealfifom the detergent-resistant sea urchin egg cytomatrix
lized cells were incubated in a MT-destabilizing buffefRaymond et al., 1987]. Notably, this polypeptide shares
containing 4 mM CaGl Figure 3 demonstrates that whilea characteristic with intermediate filaments in that it is
almost all of the tubulin is extracted wita 1 hCaClL insoluble in high ionic strength buffer solutions. Indeed, it
treatment, no detectable amounts of DSK1 are presentwvas later shown that tektin, an intermediate filament
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Fig. 1. Three-dimensional analysis of DSK1 and tubulin in the centreded to the brightest “slice” of each data set for graphing, with a
spindle. All the light collected from sections through an entirenaximum intensity of 1 (see Materials and Methods for a description
three-dimensional spindle is combined into a single two-dimensionall modeling and data manipulatiorg: Spindle before the addition of
“through-focus projection” for each spindle. Graphs depict the corrazucleotide b: Spindle after the addition of 0.05 mM ATE: Spindle

sponding intensity profiles of tubulin and DSK1. Numbers are normaéfter the addition of 1 mM GTP. Bar 1 um.
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the presence of GTR: Intensity profiles from each class of spindle. Anor below 60% of brightest spindle intensity. Class 4, central dip at or
immunofluorescent image of the tubulin distribution in a representatibelow 40% of brightest spindle intensity. Note the comparative
spindle is displayed in the upper right-hand corner of the panel for eadifference in DSK1 distribution between the two nucleotide treatments.
spindle class. Numbers are normalized for each spindle, the spind@®ass 5, central dip at or below 20% of brightest spindle intenisity.

are aligned by their centers, then the values at each point are averageérages of the whole spindle intensities in each class.

Sample size is noted in brackets. Class 1, prior to detectable half-
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: In diatoms, a possible midzone matrix antigen was
Tubulin DSK1 identified using Stephanopyxis turrisbut due to the
200 — difficulty of biochemical studies in the system, no specific
116 — protein was isolated and characterized [Wordeman and
97 — . Cande, 1987]. Protein phosphorylation was shown to be
66 — necessary for spindle elongation in vitro in b&hturris
*- [Wordeman and Cande, 1987] and @. fusiformis
45 — [Hogan et al., 1993]. I$. turris,the ability of spindles to
elongate can be maintained by incubating spindles in low
levels of ATRYS, an ATP analog that results in the
30— nonreversible phosphorylation of many proteins. An
antibody to thiophosphorylated epitopes [Gerhart et al.,
1985] then allows for the visualization of thiophosphory-
|A B|A B|]|A B |A B]| latedproteinsinspindles treated with AJ®. The spindle
sup pel sup pel overlap zone is labeled under these conditions, as well as
the kinetochores and spindle poles in some cells [Worde-
Fig. 3. DSK1 remains insoluble when spindle MTs are extracted. Aftenan and Cande, 1987]. This staining pattern was also
a CaC} treatm_ent, the vast_ma.jority of tubulin is found in thedemonstrated irC. fusiformisusing similar techniques
supernatant while DSK1 remains in th_e peliet.PBS treatmentB: 4 e[rHOQan et al., 1992]. During spindle elongation, the
mM CaCl, treatment, sup, supernatant; pel, pellet. Equal volumes were. . .
loaded in each lane. thiophosphorylated midzone proteins do not move out of
the overlap zone with the sliding MTs [Wordeman et al.,

1989].
protein, was part of the tubulin-depleted spindle remnants ~ The staining pattern of DSK1 in thé. fusiformis
from clam eggs [Steffen and Linck, 1992]. spindle during metaphase and anaphase is similar to that

Another possible candidate for a spindle matrifound for thiophosphorylated epitopes when high concen-
protein arose from studies using CHO1, a monoclontitions of ATR/S are added to the system [Hogan et al.,
antibody raised against mitotic spindles from Chines®92] (personal observations). Upon spindle elongation,
hamster ovary cells. Immunolocalizations showed th®SK1 remains in the spindle midzone, much as the
the CHO1 antigen was restricted to the MTs at the spindf@ophosphorylated epitope does. The thiophosphorylated
midzone [Mclintosh and Landis, 1971; Sellitto and Kuriepitope seen in the spindle, then, may be located on the
yama, 1988; Kuriyama and Nislow, 1992]. Injection oDSK1 polypeptide or on another polypeptide associated
CHOL1 antibody resulted in the loss of CHO1 antigewith DSK1. Unfortunately, immunoblots @. fusiformis
localization as well as a disorganization of spindle MTgrotein extracts using the thiophosphorylated epitope
[Nislow et al., 1990]. The CHO1 antigen has since beeamntibody are too complex to interpret. A direct visual
identified as a KRP that mediates the sliding of antiparatomparison of the DSK1 and thiophosphorylated epitope
lel MTs in vitro [Nislow et al., 1992]. CHO1 antigen in distribution patterns during spindle elongation is problem-
cultured mammalian cells has a native molecular massatic as well; although AT#S does not support spindle
362 kD, suggesting the existence of a large compl&tongation inS. turris[Cande and McDonald, 1986], it
[Kuriyama et al., 1994]. This complex is likely involveddoes to a limited extent il€. fusiformis[Hogan et al.,
in spindle elongation in vivo and may be a component d@92], making thiophosphorylation experiments in
the spindle matrix. KRPs have also been identified asCa fusiformisdifficult to interpret.
component of the sea urchin spindle matrix; an antibody Figure 5 summarizes our current understanding of
against kinesin was used to demonstrate the presenc®8K1 distribution during in vitro anaphase B. Previous
KRPs in spindles, which had been completely extractestudies from our laboratory have shown a midzone bias in
of microtubules by treatment with a &acontaining DSK1 distribution before the addition of exogenous
buffer at 0°C [Leslie et al.,, 1987]. Although it wasnucleotide. We have argued in the past that this midzone
subsequently shown that the sea urchin kinesin whis appeared before spindles started to elongate. The
attached to spindle associated vesicles [Wright et alesults of the three-dimensional spindle modeling de-
1991], this cannot be the case for DSK1 since vesicles awibed in this paper, however, were quite revealing.
excluded from the densely packed microtubules of tt&everal spindles on coverslips untreated with nucleotide
diatom central spindle [Wein and Cande, unpublishedere classified as class 2 based on their tubulin distribu-
data] and the spindles were detergent extracted duriitigns, confirming our belief that the mitotic synchroniza-
their isolation. tion procedure used on these diatom cells does not create
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Tubulin DSK1 DAPI

PBS

PBS +
CaCly

PBS +
CaCly +

ATP

Fig. 4. DSK1 remains as a spindle-like bar even after spindle MTs have been removed. Cells were
incubated in control buffer or 4 mM Cagfor 2 h. A portion of cells were incubated in 1 mM ATP for the
last 10 min. Staining with anti-DSK1 was visualized with FITC-conjugated secondary antibody. Tubulin

was visualized with anti-tubulin antibody and a Texas-Red-conjugated secondary antibody. DNA was
visualized with DAPI. Bar= 3 um.

a true metaphase block and that a certain numberthé half-spindles slide apart, DSK1 is found mostly
spindles in the population are already in the process loétween the bulk of separating MTs. After the half-
elongating before the addition of exogenous nucleotidgpindles have slid completely apart, DSK1 eventually
These spindles may have been in the process of elondagves the spindle midzone, a second nucleotide-
ing when their cells were permeabilized, or they magependent step.
have begun elongating using the residual nucleotides in DSK1 has previously been shown to be involved in
solution, thereby accounting for the midzone bias wapindle elongation [Wein et al., 1996], yet its precise role
have seen in DSK1 distribution before nucleotide adds not yet understood. The motor may directly crossbridge
tion. We now think that it is likely DSK1 does not displayantiparallel MTs to generate movement, using the matrix
a midzone bias until spindle elongation actually begins.as a tethering scaffold to stay in the midzone as MTs slide
As elongation proceeds, DSK1 moves toward through, or alternatively may push the half-spindles apart
plus ends of MTs, collecting in the spindle midzone. Aby using the spindle matrix as a structural support. It is
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Fig. 5. Summary of changes in DSK1 distribution during anaphase B. DSK1 moves toward the plus ends

of MTs in the central spindle as anaphase begins. From the ends of the half-spindles, DSK1 moves into the
spindle midzone, where it associates with (or is itself a part of) the spindle matrix and plays a role in spindle

elongation. After the half-spindles have slid completely apart, DSK1 then leaves the spindle midzone. This

final release of DSK1 occurs at different rates with GTP and ATP.

also possible that DSK1 may promote plus-end Mdiscussed above [Wordeman and Cande, 1987; Cande et
depolymerization, an activity shown for XKCM1, aal., 1989], but this is the first demonstration that a protein
related KRP from Xenopus [Walczak et al., 1996known to be involved in anaphase spindle elongation is
However, this explanation seems unlikely, as previousdeed part of, or attached to, an insoluble scaffold in the
work from our lab has shown that elongating spindlawitotic spindle.

maintain biotinylated tubulin caps throughout in vitro

spindle elongation [Hogan et al., 1992]. Unfortunately, a

motor fragment of DSK1 expressed in bacteria [Wein @{ckNOWLEDGMENTS
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