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XKCM1: A KINESIN-RELATED PROTEIN REQUIRED FOR MITOTIC SPINDLE 
ASSEMBLY 

INTRODUCTION: 

The faithful segregation of genetic material to daughter cells which occurs during mitosis is 

essential for the survival of an organism. This process is carried out by the mitotic spindle, which 

consists of a dynamic array of microtubules responsible for distributing replicated sister chromatids to 

each daughter cell. During mitosis, mechanical force is essential to separate spindle poles, to bring 

chromosomes to the equatorial plate at metaphase, to maintain the intact spindle, and to drive the 

separation of sister chromatids at anaphase. Many of these processes are likely to involve the use of 

microtubule-based motor proteins which couple the energy of ATP hydrolysis to force production and 

translocation along the microtubule (reviewed [1-3]). Kinesin is the originally identified member of a 

family of proteins, called kinesin-related proteins (KRPs), which have high sequence similarity to the 

motor domain of kinesin. Several KRPs are implicated in the assembly and function of mitotic and 
meiotic spindles (reviewed in [1, 2]). 

To explore further the mechanisms of mitotic spindle assembly and motor protein function, I 

isolated KRPs from Xenopus that might be important in this process. One of the identified KRPs, which 

I named XKCM1 (for Xenopus Kinesin Central Motor 1) is essential for mitotic spindle assembly in 

vitro, localizes to centromeres, and regulates the polymerization dynamics of microtubules [4, 5]. This 

proposal focuses on the further study of the in vivo function of XKCM1, its biochemical activity, and the 
beginnings of an analysis of its structure. 

BODY: 

XKCM1 is Required for Spindle Assembly. 

XKCM1 (Xenopus Kinesin Central Motor 1) is an 85 kDa protein with an N-terminal globular 
domain, a central kinesin-like motor domain and a short C-terminal alpha-helical tail. It is a simple 

dimer with no associated subunits [4, 5] XKCM1 is a member of the Kin I (Kinesin internal) family of 

KRPs that have their catalytic domain in the central part of the molecule [6]. Antibodies to XKCM1 

stain mitotic kinetochores and spindle poles in tissue culture cells and on spindles assembled in Xenopus 

egg extracts. To probe the function of XKCM1, we took advantage of the ability to form spindles in 

Xenopus egg extracts. In the absence of XKCM1 function, large microtubule asters are formed that 

have both longer and more numerous microtubules. This long microtubule defect can be rescued by the 

addition of purified XKCM1 protein suggesting that these results are due specifically to loss of XKCM1 

and not to loss of some other protein. The extremely long microtubules seen in the XKCM1-depleted 

structures suggested that some aspect of microtubule dynamics was altered in the absence of XKCM1 

function. To test this possibility, we measured the parameters of dynamic instability in extracts that 

lacked XKCM1 activity. We found that the microtubules behaved normally in the absence of XKCM1 

function except that they transited from growth to shrinkage less frequently (catastrophe frequency) 

suggesting that XKCM1 itself may be promoting microtubule depolymerization. This was a novel and 
unexpected finding for a kinesin-related protein. 

5 
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Purified XKCM1 Protein Destabilizes Microtubules 
Based on the above studies, it was possible that XKCM1 itself acted at the end of a microtubule 

to trigger depolymerization [7]. Alternatively, it was possible that XKCM1 acted as a conventional 

motor protein that walked along a microtubule and translocated a cargo protein or molecule that was 

responsible for triggering microtubule catastrophes. To distinguish between these models, we tested the 

effect of purified XKCM1 protein on the dynamics of pure microtubules. Purified recombinant XKCM1 

completely inhibited microtubule assembly off axonemes; a similar activity was observed with native 

XKCM1 purified by immunoaffinity (Figure 1 a). 
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Figure 1. Pure XKCM1 induces catastrophes 

of dynamic microtubules. a) Microtubules were 

assembled off axonemes in the presence of a 

control buffer or XKCM1 protein, b) Length 

vs. time plots of a microtubule treated with 

control buffer plus tubuiin followed by buffer 

alone (left graph) or with XKCM1 plus tubuiin 

(right graph). The rapid change in slope from 

positive to negative indicates that a catastrophe 

has occurred. 
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These results strongly favor the idea that XKCM1 itself is responsible for triggering microtubule 

depolymerization. To determine what parameter of dynamic instability was being affected, we used 

real-time video microscopy to analyze the fate of prepolymerized microtubules after exposure to pure 

XKCM1 [8]. Microtubules were polymerized off axonemes, then the solution was replaced with a 

mixture of tubuiin and control buffer or tubuiin and XKCM1 (Figure lb). In the control, all 

microtubules remained in the polymerization phase. In contrast, when XKCM1 was added, nearly all 

the microtubule ends had transited to the depolymerization phase indicating that a catastrophe had 
occurred. These results demonstrate that pure XKCM1 directly inhibits microtubule polymerization and 
acts as a catastrophe factor that can destabilize polymerizing microtubule ends. 

XKCM1 is not a Conventional Motor Protein 
Our original model implied that XKCM1 uses ATP-dependent motility to target to the plus ends 

of microtubules where it induces microtubule depolymerization. One can make several testable 

predictions from this model. In attempts to observe microtubule motor activity, we performed standard 

motility assays that have been used to demonstrate motility of other kinesins [9]. When XKCM1 was 

adsorbed to a coverslip and taxol microtubules were added, the microtubules bound to the surface and 
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exhibited depolymerization of microtubules from both the plus ends and the minus ends at equivalent 

rates. Motility of the bound microtubules was never observed. 

XKIF2, another Kin I Kinesin, Also Destabilizes Microtubules 

The ability of XKCM1 to induce microtubule depolymerization was an unexpected activity for a 

KRP. To determine whether the observed depolymerization activity was unique to XKCM1, or whether 

it was conserved in other Kin I family members, we tested whether Xenopus KTJF2 (XKIF2), another Kin 

I kinesin, could also depolymerize microtubules. XKIF2 is approximately 87% identical to mouse 

KIF2; its catalytic domain shares 75% identity with the catalytic domain of XKCM1 and only about 

25% identity in regions outside the catalytic domain. Based on this homology, we would predict that 

XKIF2 is a conventional motor protein like mKIF2 [10] and not a microtubule destabilizing protein like 

XKCM1. When assayed for its effects on either dynamic microtubules or on stabilized microtubules, 

XKIF2 caused microtubule destabilization in a manner identical to that observed for XKCM1. These 

results strongly imply that Kin I kinesins are not conventional motor proteins but instead act as 

microtubule destabilizing enzymes. 
A series of mechanistic studies were performed to determine how Kin I family members 

destabilize microtubules [5]. Based on these mechanistic studies, we propose a new model for XKCM1 

(and other Kin I family members) activity (Figure 2). In this model, Kin I kinesins target to microtubule 

ends during polymerization and disrupt end structure. This step is depicted to occur in the absence of 

ATP hydrolysis. A catastrophe occurs which induces microtubule depolymerization and release of the 

Kin I-tubulin dimer complex. ATP hydrolysis dissociates Kin I from tubulin dimer and allows it to act 

again on another microtubule end. This mechanism is clearly distinct from that of kinesin and other 

KRPs which bind to the entire length of a microtubule and use the energy of ATP hydrolysis to walk 

along the microtubule [11, 12]. 

Polymerization Phase 

End targeting 
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Figure 2. Model for XKCM1 

inducing catastrophes. XKCM1 is 

postulated to act as a microtubule 

depolymerizing enzyme. 

Induction of 
catastrophe 

Depolymerization phase 

The Catalytic Domain of XKCM1 Binds to Microtubules 
We hypothesized that like other KRPs, XKCM1 had distinct domains that might be important for 

different functions such as microtubule binding, cargo binding or dimerization [6]. To address this 
hypothesis, we generated glutathione-S-transferase (GST) fusion proteins to the N-terminal globular 

domain (GST-NT), the centrally located catalytic domain (GST-CD), and the C-terminal alpha-helical 

7 



Walczak, Claire E. DAMD17-97-1-7168 

tail (GST-CT). These were expressed in bacteria, purified, and analyzed biochemically. Hydrodynamic 

analysis using sucrose gradients and gel filtration chromatography [13] showed that both GST-NT and 

GST-CD were simple dimers in solution, presumably mediated by the GST which is dimeric [14]. In 

contrast, GST-CT appeared multimeric suggesting that the C-terminus of XKCM1 participates in 

dimerization of the protein. 

The GST-NT, GST-CD, and GST-CT were also tested for their ability to bind to microtubules as 

assayed by sedimentation. Only GST-CD bound to microtubules suggesting that its kinesin-like domain 

still functions to bind microtubules. However, GST-CD did not induce microtubule depolymerization 

suggesting that other domains of the protein might contribute to this activity or that the protein 

expressed in bacteria is not fully functional. GST-CD was also not enriched at the ends of GMPCPP 

microtubules as is the full length XKCM1. This suggests that GST-CD may not be sufficient to induce 

a conformational change in the microtubule, which is a prerequisite for accumulation of XKCM1 at 

microtubule ends. However, if microtubule protofilament peels were induced by first adding full length 

XKCM1 protein, the GST-CD protein did enrich at the ends of these microtubules in the protofilament 

peels. These results suggest that the catalytic domain (GST-CD) has the ability to bind to sites exposed 

on the inner surface of the microtubule and may be sufficient to bind to tubulin dimers. A detailed 

analysis of which regions of XKCM1 are important for its microtubule destabilization is currently 

underway. 
The N-terminus of XKCM1 is Targeted to Kinetochores and Disrupts Chromosome Alignment 

The GST fusion proteins were also tested for their ability to affect spindle assembly in extracts. 

The fusion proteins were added to extracts prior to spindle assembly, spindles were assembled, 

sedimented onto coverslips, fixed and stained with antibodies. Anti-GST antibodies were used to follow 

the fate of the exogenously added fusion protein while antibodies to other domains of XKCM1 were 

used to follow the fate of the endogenous XKCM1 protein. Neither GST-CD nor GST-CT bound to the 

spindle when added to extracts, and spindle formation was normal. When the GST-NT protein was 
added to extracts, it bound to kinetochores during spindle assembly suggesting that the N-terminal 

domain of XKCM1 is sufficient for kinetochore localization (Figure 3). 

Merged anti»GST UNA 

Figure 3. The N-terminus of 

XKCM1 is sufficient to target to 

kinetochores. The top panels 

show spindles from extracts 

incubated with control GST 

protein. The bottom panels show 

spindles from extracts incubated 

with GST-NT protein. 
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Addition of GST-NT to extracts displaced the endogenous XKCM1 from the kinetochore but did not 

displace CENP-E, another kinetochore KRP, showing the specificity of the reagent. The displacement 

of endogenous XKCM1 from kinetochores by GST-NT caused a misalignment of chromosomes on the 

metaphase plate (Figure 3). These results suggest that XKCM1 is important in chromosome positioning 

within the spindle. Because spindle formation proceeded normally in the presence of GST-NT, this 

suggests that the endogenous soluble pool of XKCM1 is not inhibited, and only the kinetochore-bound 

portion of XKCM1 is affected. 

XKCM1 Dissociates from Kinetochores During Anaphase 
We wondered whether XKCM1 function at kinetochores was also required to segregate 

chromosomes during anaphase as was observed for the MCAK protein in tissue culture cells [15]. 

Spindles were assembled in the presence of GST-NT and then induced to enter anaphase by the addition 

of calcium [16]. After 20', spindles were fixed and analyzed for their morphology and the location of 

their chromosomes. Chromosomes appeared to be distributed randomly on the spindle as if the 

chromosomes were not segregated properly. One possible interpretation of these results is that XKCM1 

is required during anaphase to depolymerize microtubules from the kinetochore and thus move 

chromosomes. Alternatively it is possible that chromosomes segregate normally but because they 

started out misaligned, their final distribution on the spindle is random. To begin to distinguish between 

these two possibilities, we examined the localization of endogenous XKCM1 during anaphase on 

spindles assembled in extracts. To our surprise, XKCM1 staining was greatly diminished at 

kinetochores during anaphase in extracts. This is in contrast to the localization in tissue culture cell 

spindles where XKCM1 or its mammalian homologue, MCAK, remain associated with kinetochores 

throughout anaphase [4, 17]. One attractive explanation for these results is that they may reflect the 

different mechanisms of anaphase A chromosome movement between somatic cells and spindles 

assembled in extracts. During anaphase A in somatic cells, chromosomes move poleward with 

microtubule depolymerization occuring near the kinetochore [4, 17-24] - XKCM1 provides an attractive 

candidate for mediating this activity. Consistent with this idea, the mammalian MCAK protein has been 

recently implicated in anaphase chromosome segregation in cells [15]. In Xenopus extract assembled 

spindles, chromosomes move poleward with microtubule depolymerization occuring near the poles [25]. 

In this case, XKCM1 activity would no longer be needed at kinetochores. How does the extract or a cell 

distinguish between these mechanisms, how is that distinction communicated to the XKCM1 protein, 

and what can these results tell us about how chromosomes are segregated? These are questions that are 

currently being investigated in the lab. 

How does XKCM1 Function in cells? 
Based on our results of XKCM1 function in extracts, we propose several models of how 

XKCM1 functions in cells. First it is possible that XKCM1 is important in regulating the dynamics of 

microtubules in cells, specifically during the transition from interphase to mitosis. Second, XKCM1 

may be important in controlling the dynamics of spindle microtubules in mitosis and thus be important 

in building a spindle. Third, kinetochore-bound XKCM1 may be important in regulating the local 

polymerization dynamics of kinetochore microtubules and thus be important in moving chromosomes 

during prometaphase or during anaphase. To begin to address these models, antibodies to XKCM1 were 

9 
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injected into frog tissue culture cells during interphase. The cells were allowed to grow for 12 to 24 hrs, 

and then they were fixed and stained with anti-tubulin antibodies to visualize the microtubule 

cytoskeleton. Under these conditions, there was no change in the number of microtubules or in the 

morphology of the microtubule array. An alternative approach to this problem is to overexpress 

XKCM1 in cells by injection of purified protein or by overexpression of a transfected version of the 

protein. We generated a fusion protein between GFP (green fluorescent protein) and full length 

XKCM1. Preliminary studies showed that transient overexpression of XKCM1 in cells caused a marked 

decrease in the microtubule network of transfected cells supporting the idea that XKCM1 is a global 

regulator of microtubule dynamics in cells. Current experiments are aimed at quantitative correlations 

between XKCM1 levels in cells and the extent of the microtubule network. 

To ask if XKCM1 is required for spindle assembly or for chromosome movement, anti-XKCMl 

antibodies were microinjected into mitotic PtK2 cells, and the fate of the cells was followed by time- 

lapse video microscopy. Approximately 30% of the injected cells were arrested or delayed in mitosis, 

but no clear arrest point was detected nor were there any obvious defects in the motility of the 

chromosomes. These preliminary results suggest that under certain conditions, our antibodies are 

capable of inhibiting XKCM1 function when injected into cells and thus will be useful reagents for 

probing XKCM1 function. The observation that we can achieve some delay or block in mitosis suggests 

that XKCM1 is important in spindle assembly or chromosome movement in cells and future experiments 

will address this problem. 
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APPENDIX 

1) Key research accomplishments: 
• The identification and characterization of the XKCM1 protein 

• The discovery that XKCM1 is not a conventional motor protein but rather a microtubule 

destabilizing enzyme 
• The finding that XKCM1 function at kinetochores is required for chromosome alignment in frog 

egg extract spindles 

2) Reportable Outcomes: 

a)  Manuscripts: abstracts, presentations: 

Desai, A. and Walczak, C.E. (submitted). Assays for Microtubule Destabilizing Kinesins. Methods in 
Mol. Biol. (invited chapter for special issue on Kinesin protocols). 

Heald, R. and Walczak, C.E. (1999). Microtubule-based motor function in mitosis. Curr. Opin. Struc. 
Biol. 9: 268-274 (Review). 

Desai, A., Verma, S., Mitchison, T.J., and Walczak, C.E. (1999) Kin I Kinesins are Microtubule 
Destabilizing Enzymes. Cell 96: 69-78. 

Desai, A., Murray, A., Mitchison, T.J., and Walczak, C.E. (1999). The Use of Xenopus Egg Extracts to 
Study Mitotic Spindle Assembly and Function in Vitro. Methods in Cell Biol. 61: 385-412 

Sharp, DJ., McDonald, K.L., Brown, H.M., Matthies, H.J., Walczak, C.E., Vale, R.D., Mitchison, T.J., and 
Scholey, J.M. (1999). Visualization of the Bipolar Kinesin, KLP61F, on Microtubule Bundles within 
Spindles of Drosophila Early Embryos. J. Cell Biol. 144:125-138. 

Shirasu, M., Yonetani, A., and Walczak, C.E. (1999). Microtubule Dynamics in Xenopus Egg Extracts 
Microsc. Res. Tech. 44: 435-445. (Review) 

Walczak, C.E., Vernos, I., Mitchison, T.J., Karsenti, E., and Heald, R. (1998). A Model for the Proposed 
Roles of Different Microtubule Based Motor Proteins in Establishing Spindle Bipolarity. Curr. Biol. 8: 
903-913. 

Field, CM., Oegema, K. Zheng, Y., Mitchison, T.J., and Walczak, C.E. (1998). Purification of 
Cytoskeleton Proteins using Peptide Antibodies. Methods Enz. 298: 525-541. 

Abstracts: 
Microtubule Destabilization by XKCM1 and XKIF2- Two Internal Motor Domain Subfamily Kinesins 

(A. Desai, TJ. Mitchison, and C.E. Walczak). Mol. Biol. Cell (1997) 8: 3a. 

Dissecting the Function of Kinetochore-Bound XKCM1 in Chromosome Movement in vitro and in vivo 

(C.E. Walczak, A. Desai, andT.J. Mitchison). Mol. Biol. Cell (1997) 8: 125a. 
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Presentations: 

Microtubule Destabilization by XKCM1 and XKIF2- Two Internal Motor Domain Subfamily Kinesins 
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1. INTRODUCTION 

The kinesin superfamily is a large family of microtubule (MT)-stimulated ATPases that 

couple the energy of ATP hydrolysis to force production (reviewed in 1, 2). Conventional 

kinesin was identified as a motor protein that could translocate along MT polymers. Since the 

molecular cloning of kinesin (3), well over one hundred additional proteins have been identified 

that share high sequence homology with the catalytic domain of kinesin. Many of these kinesin- 

related proteins (KRPs) have also been shown to be MT-based motor proteins using in vitro 

motility assays (reviewed in 2). 

Although kinesin and many KRPs share high sequence homology in their catalytic 

domain, recent evidence suggests that some kinesin superfamily members may not act as 

conventional motor proteins but may be microtubule destabilizing enzymes (4-6). The first hints 

at this function came from studies on the yeast Kar3 protein. Analysis of the in vitro motility of 

a bacterially expressed fragment of Kar3 revealed that it slowly depolymerizes MTs from the 

minus ends as it translocates along MTs toward the minus end (5). The most striking example of 

the ability of some KRPs to destabilize MTs came from studies of the Kin I KRPs XKCM1 and 

XKIF2 (4). Both XKCM1 and XKEF2 were shown to directly destabilize MTs in an ATP- 

dependent manner. Their ability to destabilize MTs does not involve classical motor activity. 

Furthermore, this MT-destabilization activity can be distinguished mechanistically from that of 

conventional kinesin and other kinesin family motors. 



Here we describe the biochemical assays used to analyze the effect of MT destabilizing 

kinesins on various MT substrates. These assays will be useful to discern the mechanism of 

other KRPs that have been proposed to act as MT destabilizing enzymes based on genetic studies 

(6-9). In addition, these assays will be useful to analyze the mechanism of other MT dynamics 

regulators. 

2. MATERIALS 

1. Pure enzyme preparation: We use recombinant XKCM1 or XKIF2 purified from insect Sf-9 

cells using conventional Chromatographie techniques (4). The final preparation was eluted 

from a MonoS cation exchange column in BRB80 (section 2, #4) + 1 mM DTT + 10 uM 

MgATP + 1 ug/ml leupeptin, pepstatin A, chymotrypsin + ~ 300 mM KC1. Fractions were 

supplemented with 10% sucrose (w/v), aliquoted, frozen in liquid nitrogen, and stored at -80 

°C. (see Note 1). 

2. Recycled tubulin: We use phosphocellulose-purified bovine brain tubulin that has been 

cycled at least one additional time after purification using standard procedures (10) 

(http://skye.med.harvard.edu/newprotocols/toc.html). All tubulin is stored in aliquots at -80 

°C in IB (50 mM K-glutamate, 0.5 mM MgCl2). Tubulin concentration is determined using 

Etubulin,280nm= 115,000 M-icm-1. 



3. Fluorescent tubulin: Tubulin polymer is labeled with fluorescent dyes using standard 

procedures (10) (http://skye.med.harvard.edu/newprotocols/toc.htmD. 

4. BRB80 Buffer: (80 mM Pipes, 1 mM MgCl2, 1 mM EGTA, pH 6.8 with KOH). This buffer 

is also made as a 5X stock for many of the experiments. Sterile filter and store at 4 °C (see 

Note 2). 

5. MgATP: Sigma A-2383. The disodium salt of ATP is made up as a 0.5 M stock in water to 

which an equimolar amount of MgCl2 is added so the final concentration of the solution is 

0.5 M MgCl2 and 0.5 M ATP. Solution is sterile-filtered and stored in aliquots at -20 °C. 

6. MgAMPPNP: Sigma A-2647. The dilithium salt of AMPPNP is made up as a 0.1 M stock in 

water to which an equimolar amount of MgCl2 is added so the final concentration of the 

solution is 0.1 M MgCl2 and 0.1M AMPPNP. Solution is sterile-filtered and stored in 

aliquots at -20 °C. 

7. MgGTP: Sigma G-8877. The disodium salt of GTP is made up as a 0.1 M stock in water. 

Solution is sterile-filtered and stored in aliquots at -20 °C. 

8. MgGDP: Sigma G-7127 The disodium salt of GDP is made up as a 0.1 M stock in. 

Solution is sterile-filtered and stored in aliquots at -20 °C. 

9. GMPCPP: Unfortunately, there is no commercial source of GMPCPP and it must be 

synthesized in house (11). All stocks are at 0.1 M GMPCPP in water. They are stored in 

aliquots at -20 °C. 



10. Axonemes: axonemes are prepared according to standard procedures as described previously 

(12). They are stored at -20 °C in 50% v/v glycerol, 5 mM Pipes, 0.5 mM EDTA, 1 raM 2- 

mercaptoethanol, pH 7.0 with KOH. 

11. BRB80 + 1% glutaraldehyde: This is IX BRB-80 containing 1% final concentration of 

glutaraldehyde. Make fresh before use. 

12. BRB80 + 30% glycerol: Make by adding glycerol to IX BRB80 buffer. This solution can 

be stored at 4 °C. 

13. Spindown tubes: These are 15 ml corex tubes that have been modified to hold a coverslip at 

the bottom of the tube so that samples can be readily centrifuged onto coverslips. They have 

been described previously (13). 

14. Flow-chambers: These are microscope slides that have been modified to create a flow cell 

and are used routinely in studies of microtubule dynamics and motility assays. They have 

been described previously (14). 

15. Oxygen Scavenging Mix (OSM): (200 ug/ml glucose oxidase, 35 ug/ml catalase, 4.5 mg/ml 

glucose, 0.5% 2-mercaptoethanol). This is made fresh daily from concentrated stocks of 

each of the components. 

16. Taxol: Paclitaxel-Sigma T7402. 

3.   METHODS 



3.1 Preparation of Microtubule Substrates 

The effects of kinesins on MT dynamics can be assayed by using three different types of MT 

substrates. The first type of substrate is a dynamic MT. For this experiment, we use MTs that 

have been polymerized off axoneme seeds in the presence of GTP. These samples can be 

analyzed by either fixed time point assays (section 3.2.1) or in real time (section 3.2.2). The 

other two types of substrates are MTs stabilized with the non-hydrolyzable GTP analog GMP- 

CPP or with the MT stabilizing drug taxol (section 3.3). 

3.1.1    Preparation of Dynamic MTs Nucleated from Axonemes 

1. Make 225 pi of 20 uM tubulin mix on ice such that at 15 uM the BRB80 concentration is IX 

and the GTP concentration is 0.5 mM. For a recycled tubulin stock of 150 uM concentration, 

the reaction mix would be as follows: 60 ul 5X BRB80; 30 ul 150 uM recycled tubulin; 1.5 

pi 100 mM GTP; water to 225 pi. 

2. Incubate tubulin mix at 0 °C for 5', spin 90,000 rpm 5' at 2 °C in a TLA100 rotor. Transfer 

supernatant to a cold tube on ice. 

3.1.2   Preparation of GMPCPP MTs 

GMPCPP is the best current GTP analog for tubulin polymerization. GMPCPP is a potent 

nucleator of microtubules. Therefore, at tubulin concentrations of 1 mg/ml or higher, very 



numerous and short microtubules are formed in the presence of GMPCPP. If longer GMPCPP 

microtubules are desired, nucleation can be limited by diluting the tubulin to -2-3 uM (0.2 - 0.3 

mg/ml). We generally make a 1-3 mg/ml CPP tubulin mix and store it at -80 °C in small 

aliquots. Directly polymerizing this mix results in short GMPCPP seeds. Diluting the mix while 

thawing it results in formation of longer GMPCPP microtubules. 

1. On ice mix unlabeled tubulin and labeled tubulin (1-3 mg/ml final) at an appropriate ratio in 

IX BRB80 with 1 mM DTT and 0.5-1 mM GMPCPP. Incubate at 0 °C for 5'-10'. 

2. Clarify mix in TLA100 rotor at 90K for 5' at 2 °C. 

3. For the visual assay (section 3.3.1), freeze supernatant in 5-10 ul aliquots in liquid nitrogen 

and store at -80 °C. 

4. To form long GMPCPP microtubules, thaw a CPP mix tube by adding in enough warm 

BRB80 + 1 mM DTT such that the final tubulin concentration is 2-3 uM (pipet in 37 °C 

BRB80 + 1 mM DTT, mix by gently pipeting up and down until the frozen seed mix pellet is 

thawed, then place in 37 °C water bath). Incubate at 37 °C for 30' or longer. Free GMPCPP 

can be removed as described in 3.1.3 or the CPP microtubules can be used directly for 

assays. 



5. For the sedimentation assay (section 3.3.2), polymerize the supernatant at 37 °C for 30'. 

Pellet the polymerized MTs in a TLA100 rotor (90K 5' at 25-30 °C), discard supernatant and 

resuspend pellet in 0.8 - IX the starting volume of BRB80 + 1 mM DTT. 

6. MT concentration, i.e., concentration of tubulin dimer in MT polymer, in the resuspended 

pellet is determined from the A280 of an aliquot of the sedimented and resuspended MTs 

diluted in BRB80 + 5 mM CaCl2 and incubated at 0 °C for 10' to induce depolymerization 

(using etubuiin,280 nm = 115,000 M^cnr1). The appropriate resuspension buffer diluted in 

parallel is used as a blank, (see Note 3) 

3.1.3    Preparation of Taxol-stabilized MTs 

1. On ice mix unlabeled tubulin and labeled tubulin (visual assay, section 3.3.1) or unlabeled 

tubulin alone (sedimentation assay, section 3.3.2) at an appropriate ratio in IX BRB80 with 1 

mM DTT and 1 mM GTP. Incubate at 0 °C for 5'. 

2. Clarify mix in TLA100 rotor at 90K for 5' at 2 °C. Incubate supernatant at 37 °C for l'-2'. 

3. Add taxol stepwise to equimolar as follows (for 1 mg/ml tubulin) (see Note 4): 

4. Pipet in the taxol and immediately flick the tube to mix it in. 

5. Add 1/100 vol 10 uM taxol; Incubate at 37 °C for 5'-10' 

6. Add 1/100 vol 100 uM taxol; Incubate at 37 °C for 5'-10' 

7. Add 1/100 vol 1000 uM taxol; Incubate at 37 °C for 15' 



8.   Pellet microtubules over a warm 40% glycerol in BRB80 cushion. Spin at 75K for 15' in a 

TLA100, 100.2 or 100.3 rotor, aspirate and wash sample/cushion interface, rinse pellet and 

resuspend in warm BRB80 + 1 mM DTT + 10-20 uM taxol (taxol should be at least 

equimolar and preferably in excess to the tubulin). 

3.2 Assays on Dynamic MTs 

The effects of kinesins on MT dynamics are first assessed on dynamic MTs nucleated off 

Tetrahymena axonemes (12). Tetrahymena axonemes are ciliary fragments that serve as nuclei 

for MT polymerization. The effect of kinesins on MTs polymerized off axonemes can be 

assessed using both fixed (section 3.2.1) and real-time (section 3.2.2) assays as described below. 

3.2.1    Fixed Time-point Assay 

The effect of a purified kinesin or partially pure fraction on MT assembly is assayed on 

15 uM tubulin polymerized off Tetrahymena axonemes at 37 °C in the presence of ATP. In 

addition to concentration of the kinesins tested, the time of incubation, the adenine nucleotide, 

the final salt concentration, as well as the tubulin concentration can be varied. The kinesin can 

also be added after allowing MT assembly for some duration although we prefer to do this 

experiment live using VE-DIC (section 3.2.2). Note that tubulin requires GTP for 

polymerization and GTP can be used as a substrate by some kinesins (15) so any interpretation of 
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non-hydrolyzable adenine nucleotide analogs added into the reaction must take into account this 

possibility. 

The following protocol is for 6 reactions - a convenient number to pellet in one HB-6 

rotor. 

1.   Prepare assay mixes on ice: 

a. 30 pi tubulin mix (section 3.1.1) 

b. 2 pi 30 mM MgATP 

c. purified kinesin or fraction and KC1 such that final volume is 40 pi and final concentration 

of KC1 is 50 - 75 mM (all reactions to be compared must have similar, i.e. ± 5 mM, KC1 

concentration) 

2. Mix and add axonemes (<1 pi for typical axoneme preparations), mix again and transfer 10 

pi to a new tube on ice. (see Note 5). 

3. Transfer the 10 pi reactions to 37°C. Stagger tubes by 30s. 

4. After 7' at 37°C, add 100 pi BRB80 + 1% glutaraldehyde (at RT), mix gently with a cutoff 

P200 tip and incubate at RT for 3'. Dilute with 900 pi RT BRB80, mix by gentle inversion 

and load 100 pi onto a 5 ml BRB80 + 30% glycerol cushion in a spindown tube. 

5. Sediment at 16 °C for 20' at 10,000 rpm in an HB-6 rotor. 

6. Aspirate partially, rinse sample-cushion interface 2 times with BRB80, aspirate completely 

and postfix in -20 °C methanol for 5' 
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7.   Rehydrate 2 times with TBSTx and perform anti-tubulin immunofluorescence as described 

(12). An example of typical results is shown in Figure 1A. 

3.2.2 Real-time Assay 

To assess the effect of a kinesin on prepolymerized MTs we utilize flow cells and real- 

time VE-DIC analysis. Briefly, we use double stick-tape flow cells made from clean coverslips 

(http://skye.med.harvard.edu/newprotocols/toc.htmn (14) and axonemes as nucleating structures 

for MTs. 

1. Axonemes are adsorbed to flow cell surfaces for 3', the surface blocked with 5 mg/ml BSA 

for 5' after which the chamber is rinsed with 3-4 chamber volumes of BRB80. 

2. 2-3 chamber volumes of tubulin mix (section 3.1.1) is introduced (the mix is prepared in 

BRB80 buffer containing GTP and ATP). 

3. After -10' when significant MT assembly is evident from both ends of axonemes we flow in 

a mix of the kinesin diluted into the initial tubulin mix and record the effect on the 

prepolymerized MTs. Storage buffer diluted similarly is used as a control (see Note 6) 

3.3. Assays on Stabilized MT Substrates 

To characterize how a kinesin destabilizes MTs, we analyze its effect on MTs stabilized 

by the drug taxol or by polymerization with GMPCPP, a GTP analog that is essentially 

12 



nonhydrolyzable by tubulin over the time course of most experiments (11, 16). Because taxol 

and GMPCPP eliminate the intrinsic GTP hydrolysis-driven destabilization mechanism of 

tubulin, depolymerization of stabilized MTs requires input of free energy and multiple rounds of 

action. Thus, these substrates are very useful to analyze if the action of a destabilizer is catalytic 

and if so to analyze the details of the reaction mechanism. In this section we describe a quick 

qualitative visual assay to test if a kinesin depolymerizes such MTs (section 3.3.1) as well as a 

more rigorous sedimentation assay (section 3.3.2).   In addition we describe a microscopy assay 

to look at the depolymerization reaction in real-time (section 3.3.3). 

3.3.1.   Qualitative Visual Fluorescence Assay 

Fluorescent stabilized MTs are polymerized from a mixture of unlabeled and labeled 

tubulin (generally with tetramethylrhodamine;) as described in section 3.1.2 or section 3.1.3 

above depending on whether they are stabilized with GMPCPP or taxol. We generally use a 

ratio of 1 part labeled tubulin to 7 parts unlabeled tubulin. 

In this assay, the adenine nucleotide, the type and amount of kinesin as well as the final 

salt concentration can be varied.   To rigorously assess the effects of these manipulations, the 

sedimentation assay described in 3.3.2 should be performed on the variations (see Note 7). 

1.   At RT mix the following: 

1 Hi 15 mM MgATP or 50 mM MgAMPPNP 
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1 |il 5X BRB80 

1-3 ul purified kinesin or fraction to be tested; for a new protein the final KC1 concentration 

should be varied between 0 and 100 mM. 

2. Add 5 ul of -2-3 uM GMPCPP MTs or ~2 uM taxol-stabilized MTs (in BRB80 + 10-20 uM 

taxol; the final taxol concentration should be 2-3X the final tubulin concentration). 

3. After 5', 10' etc. at RT, squash 1.5 ul under an 18x18 mm coverslip and view by 

epifluorescence microscopy. A typical example is shown in Figure IB. 

3.3.2 Sedimentation Assay 

Taxol and GMPCPP MTs are polymerized from unlabeled tubulin as described (sections 

3.1.2 and 3.1.2). Polymerized MTs are sedimented and resuspended to -10-15 uM in BRB80 + 

1 mM DTT (for GMPCPP MTs) and BRB80 + 20 uM taxol + 1 mM DTT (for taxol-stabilized 

MTs). The stabilized MT stock concentrations are then adjusted to 2X the final desired MT 

concentration using the appropriate resuspension buffer (see Note 8). 

1.   For a 100 ul reaction prepare a 50 ul mix at RT comprised of IX BRB80, 1 mM DTT, 

MgATP (2-4 mM) or MgAMPPNP (10 mM), the kinesin to be tested and KC1 such that the 

final KC1 concentration in 100 ul will be 50 - 75 mM. To this mix add 50 ul of 4 uM 

stabilized MTs (final 2 uM tubulin in MT polymer). Incubate at RT for 15' - 30'. 

14 



2. Sediment 80 ul in a TLA100 rotor at 100,000 rpm for 5' at 23 °C. The residual 20 ul can be 

frozen in liquid nitrogen and used to estimate total recovery if desired. 

3. Remove supernatant as thoroughly as possible and save; resuspend pellet in 80 ul BRB80 + 5 

mM CaCl2 + same KC1 concentration as reaction and incubate on ice for 10'. 

4. Analyze 20 - 25 ul of the supernatant and the resuspended pellet on a 10% SDS-PAGE gel 

followed by Coomassie staining. The amount of tubulin in the supernatant and pellet can be 

quantified by densitometry of a scanned Coomassie-stained gel. In addition, western blotting 

of ~5 ul supernatant and pellet can be used to assess where the kinesin used in the assay 

fractionates. 

3.3.3 Real-time Assay 

We used real-time analysis of XKCM1-induced depolymerizing GMPCPP MTs to show 

that the depolymerization action of this kinesin acted on ends and not via a severing mechanism 

and also to determine the polarity of action - an important criterion to distinguish between 

motility-based targeting to ends versus direct targeting to ends. The assay we used allowed us to 

film depolymerization of GMPCPP MTs and then unambiguously assign polarity to the substrate 

MTs. 

1.   Coat double-stick tape flow cell surfaces with the MT glue for 3' (see Note 9). 
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2. Block the flow cell surfaces with 5 mg/ml BSA in BRB80. This preparation binds MTs to 

the coverslip surface without significantly releasing, moving or depolymerizing them in the 

presence of ATP in the time scale of this assay. 

3. Introduce segmented GMPCPP MTs into the flow cell for 2' - adjust the time and 

concentration of the segmented MTs to result in a "good" density on the surface (see Note 

10). 

4. Rinse extensively with BRB80 + 1 mM DTT + 1.5 mM MgATP + IX OSM. 

5. Introduce the kinesins to be tested into the flow cell (in our case 20 nM XKCM1, 

preincubated for 10' on ice with 30-fold molar excess of either anti-XKCMl antibody or an 

irrelevant rabbit IgG) adjusted to BRB80 + 1 mM DTT + 1.5 mM MgATP + 1 mg/ml BSA + 

IX OSM. 

6. Monitor the reaction using timelapse fluorescence microscopy with a 60X, 1.4 NA Nikon 

objective and a video/cooled CCD camera. We routinely collect one image every 10 -20 s 

with each exposure being 0.5 -Is. 

7. After 10'-15', introduce -200 nM K560 into the flow cell and record the motility of the 

observed MTs to retroactively and unambiguously assign their polarity. 

3.4 Immunofluorescence Assay 
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To determine if the kinesin of interest targeted specifically to the ends of the 

microtubules or if it bound all along the walls of the microtubules, it is necessary to carry out 

immunofluorescence analysis of the kinesin localization during the depolymerization reaction. 

For immunofluorescence analysis of kinesins on GMPCPP MTs it is necessary to have a 

glutaraldehyde resistant primary antibody to the kinesin. We have had good success obtaining 

glutaraldehyde-resistant antibodies by pretreating antigens prior to injection with glutaraldehyde. 

1. Mix -50 nM XKCM1 with 1-2 uM GMPCPP MTs in 1.5 mM MgATP or 5 mM 

MgAMPPNP in BRB80+ ImM DTT. 

2. After 3' (ATP) or 15' (AMPPNP) at RT, fix 3 ul with 30 ul of RT BRB80 + 1% 

glutaraldehyde and incubate at RT for 3'. 

3. Dilute with 800 ul of RT BRB80 and sediment 50 ul onto a coverslip (gently mix by 

inversion just before withdrawing the 50 pi). 

4. For the sedimentation put 5 ml BRB80 in a spindown tube and underlay (using a very cutoff 

lml pipet tip) with 2 ml of BRB80 + 10% glycerol. Pipet the 50 pi fixed diluted reaction on 

top of the BRB80 and sediment 1-1.5 hrs at 12-13K in a HB-6 rotor at 20 °C. If the MTs are 

too dense or too sparse, adjust the amount sedimented in subsequent expts. 

5. After sedimentation, postfix in -20 °C methanol for 5', rehydrate and process for indirect 

immunofluorescence using glutaraldehyde-resistant anti-XKCMl and anti-tubulin antibodies. 
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The results of such an experiment performed with XKCM1 in the presence of 5 mM 

MgAMPPNP is shown in Figure 1C (see Note 11). 

3.5 Tubulin Dimer Binding Assays 

In our analysis of Kin I kinesins we found that ATP hydrolysis is not required for MT 

end targeting nor for induction of a conformational change at the MT end. Therefore, we 

hypothesized that it is used to recycle XKCM1/XKIF2 by dissociating them from tubulin dimer. 

With dynamic MT substrates, disruption of end structure would presumably induce a 

catastrophe, releasing a small number of XKCMl/XKTF2-tubulin dimer complexes and a much 

larger number of free tubulin dimers as the unstable GDP-tubulin core of the MT depolymerizes. 

The XKCMl/XKIF2-tubulin dimer complex would need to dissociate to allow the 

XKCM1/XKIF2 to act again at a new MT end. This hypothesis predicts that an 

XKCMl/XKIF2-tubulin dimer complex should persist in the presence of AMPPNP but not ATP. 

To test this, we developed a gel filtration chromatography assay to analyze the interaction of Kin 

I kinesins versus K560 with tubulin dimer in the presence of ATP or AMPPNP. The assay is 

designed for small scale analysis using a Pharmacia SMART system thus requiring only small 

amounts of protein and nucleotide analogs (see Note 12). 
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6. SMART system should be set at 20 °C. Prepare ATP Column Buffer or AMPPNP Column 

Buffer consisting of: 1XBRB80 +75 mM KC1 + 200 uM MgATP or 200 uM MgAMPPNP + 

20 uM GDP + 1 mM DTT 

7. Make 80 ml buffer without nucleotides or DTT, degas, then add nucleotides plus DTT and 

wash 1 pump into the buffer. To do this, pour -40 ml buffer into a 50 ml conical, transfer the 

pump frit to the buffer (use a plastic transfer pipet to suck off water adhered to the sides of 

the frit) and while the pump is washing pour in the other 40 ml of buffer. With some practice 

one can use -60 ml for 3 runs needed per experimental condition. NOTE: the buffer 

volumes described are for 10 ml pumps; some systems are equipped with 20 ml pumps which 

will require twice the buffer volume). The buffer volume is minimized primarily because of 

the expense of AMPPPNP. 

8. Rinse system and 20 ul loop well with the Column Buffer. Install the Superose 6 column 

and equilibrate at 20 ul/min for 2 hours followed by 40 ul/min for 1 hour (20 column 

volumes). 

9. Mix either 10 uM Tubulin + 2 uM kinesin to be tested or 10 uM tubulin alone or 2 uM 

kinesin alone in a buffer of the following final composition: BRB80 + 75 mM KC1 + 1 mM 

DTT + 50 uM GDP + 3 mM MgATP/3 mM MgAMPPNP. Mix all buffer and nucleotide 

components before adding the proteins. Incubate at RT for 15', then spin filter using a 0.45 

urn Ultrafree MC filter at 7000 rpm in an eppendorf microfuge for 2' at RT. Fractionate the 
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filtrate on the Superose 6 at 40 (il/min collecting 50 pi fractions. The total program is 2.9 ml 

after start of injection: collect fractions between 0.5 and 2.2 ml after start of injection. 

10. Add 17 pi 4X Sample Buffer to each 50 pi fraction and analyze 30-35 pi on a 10% SDS- 

PAGE gel followed by Coomassie-staining. An example of a typical run is shown in Figure 

ID. 

4. NOTES 

1. It is important to measure the salt concentration of the eluted fractions from each of the 

different preparations and to make up a control buffer that corresponds exactly to this buffer 

composition for all of the assays described. 

2. When working with microtubules, especially with microtubules stabilized with GMPCPP, it 

is essential to make all buffers as potassium salts. It has been shown that the combination of 

glycerol and sodium ions can induce hydrolysis of GMPCPP and thus decrease the stability 

of these microtubule preparations (17). 

3. GMPCPP MTs are cold-labile so they should not be stored on ice. 

4. If taxol is added all at once it will cause tubulin precipitation! If polymerizing 2 mg/ml 

tubulin, use 2 uM, 20 pM and 200 uM steps 

5. The axoneme concentration must be optimized for each prep such that 1 pi of the reaction 

(the volume pelleted onto the coverslip) results in a "good" density when viewed using a 60X 
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objective. "Good" density is when the axonemes are not too sparse but are also not so dense 

as to prevent easy photography and length measurements of the nucleated MTs. 

6. A major problem with the analysis of kinesins using such an assay is the tendency of the 

kinesins to adsorb to flow cell surfaces and as a consequence to rigor bind MTs to surfaces as 

well as to remove the kinesin from solution. This problem disallows use of such an assay to 

quantitatively assess the effects of kinesins on the individual parameters of microtubule 

dynamics. Nevertheless, this assay was extremely important in our analysis since it provided 

direct evidence that XKCM1 is a catastrophe-inducing kinesin. 

7. Using this type of quick assay we can detect depolymerization activity in lysates of insect 

cells infected by baculoviruses coding for Kin I kinesins but not control virus-infected cells. 

In addition, we can monitor depolymerization activity during purification. 

8. In our assays the final concentration of MTs used was low (2 uM) because the released end 

product from the depolymerization induced by Kin I kinesins is competent to repolymerize 

To minimize complications in interpretation arising from potential repolymerization we 

performed the analysis at low MT concentrations. Analysis of varying MT concentration 

could possibly be performed using nocodazole to trap released tubulin dimer and prevent 

repolymerization. However, potential interference from nocodazole at MT ends might 

complicate interpretation of such an analysis. 
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9. MT glue : a preparation used to coat a flow cell such that it will bind MTs but not release, 

move or depolymerize them in the presence of ATP. We used a very dilute SP-Sepharose 

fraction from a insect cell lysate expressing low levels of XKIF2 that satisfied these three 

criteria. Alternatives include NEM-treated Xenopus extract (14, 18) or a mutant kinesin (19) 

although different adherence methods may significantly affect the observed rates of 

depolymerization. 

10. Segmented GMPCPP MTs that have dimly labeled plus and minus end segments 

polymerized off brightly labeled GMPCPP MT seeds were prepared by diluting bright 

GMPCPP seeds (1:2 rhodamine labeled : unlabeled tubulin) into 1.5 uM dim GMPCPP 

tubulin mix (1:11 rhodamine labeled : unlabeled tubulin) and incubating at 37°C for 1-2 

hours. All GMPCPP mixes contained 500 uM GMPCPP 

11. In addition to this method, morphological analysis of GMPCPP MTs incubated with XKCM1 

can also be performed using negative stain electron microscopy. In this case reaction mixes 

are pipeted onto a glow-discharged carbon and formvar-coated copper grid, negative stained 

using uranyl acetate and viewed in an electron microscope (see (4) for further details). 

12. For each two-protein (i.e. Kin I kinesin-tubulin or K560-tubulin) combination there are 3 

runs in ATP Column Buffer and 3 runs in AMPPNP Column Buffer (each protein alone plus 

the two-protein mixture). The reaction mixes should be prepared from frozen stocks, 

incubated and immediately injected onto the column after filtration. After the 3 runs in one 
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nucleotide state are done, equilibrate the column in the other nucleotide state as described in 

step 1. and then do the other 3 reactions. 
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FIGURE LEGEND: 

Figure 1. Examples of results from various assays used to detect microtubule destabilization 

activity. (A). Results from fixed time-point assay on dynamic microtubules showing 

microtubules incubated with a control buffer (left-hand panel) or XKCM1 (right-hand panel). 

(B) Results from a qualitative visual fluorescence assay on stabilized microtubule substrates 

showing GMPCPP microtubules incubated with a control buffer (left-hand panel) or XKCM1 

(right-hand panel). The small inset shows the results of the same samples run on a sedimentation 

analysis. (C) Results from the immunofluorescence analysis showing the localization of tubulin 

(left-hand panel) and XKCM1 (right-hand panel) during microtubule depolymerization. (D) 

Results from the tubulin dimer binding assays showing the nucleotide-dependency of XKIF2 

binding to tubulin as analyzed by gel filtration chromatography. Reproduced from Desai et. al 

(1999) Cell 96: 69-78 with permission from the publisher. 

25 



eaflBBHNi 

Tubulin \         1 XKCM1. : 

—•■» 

N 
■ 

• . 

\«5>* 

▼ 

*      * 
* • 

D 
Fraction # 121314151617 is 19 20 2122 23 24 2s 26 27 28 

ATP 

AMPPNP: 

-XKIF2 

-Tubulin 
-XKIF2 

-Tubulin 



268 

Microtubule-based motor function in mitosis 
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Microtubule-based motors are essential both for the proper 

assembly of the mitotic spindle and for chromosome 

segregation. Mitotic motors in the yeast Saccharomyces 

cerevisiae exhibit either overlapping or opposing activities in 

order to achieve proper spindle function, whereas the analysis 

of motors using vertebrate cytoplasmic extracts has revealed 

less functional redundancy. In several systems, biochemical, 

genetic and two-hybrid approaches have been used both to 

identify associated nonmotor proteins and to address the 

molecular mechanisms behind kinetochore movements during 

chromosome alignment and segregation. 
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Abbreviations 
BUB1 budding uninhibited by benzimidazole 
CENP-E centromere protein E 
CLIP-170 cytoplasmic linker protein 170 
KRP kinesin-related protein 
MCAK mitotic centromere-associated kinesin 
NuMA nuclear/mitotic apparatus protein 

Introduction 
Mitosis is the process by which a cell faithfully and accu- 
rately distributes its genetic material to two daughter 
cells. This process is carried out on the mitotic spindle, 
the macromolecular apparatus that functions to physically 
segregate the duplicated chromosomes into two complete 
sets. The spindle is composed of microtubules and associ- 
ated proteins that, together, create the forces that are 
necessary both to assemble and orient the spindle appara- 
tus and to drive chromosome segregation during 
anaphase. Microtubule-based motor proteins, which cou- 
ple the energy of ATP hydrolysis to movement and force 
production, are central to these processes. 

The past year has seen significant advances in our under- 
standing of the molecular mechanisms by which motor 
proteins function during mitosis. The integration of indi- 
vidual motor activities in spindle formation and function 
has been elucidated both in vivo, through yeast genetics, 
and in vitro, with the use of vertebrate cytoplasmic extracts. 
Information is also emerging regarding the physical interac- 
tions among motor and nonmotor proteins in the spindle. In 
addition, chromosome alignment and segregation is an area 
of intense research that is beginning to yield a molecular 

foundation for understanding the functions of motor pro- 
teins at the kinetochore. The analysis of different motor 
functions during mitosis has benefited immensely from 
technical advances in real-time imaging of living cells. 

In this review, we discuss papers published since 1997 that 
address the role of microtubule-based motors in mitosis. 
Although actively investigated in a broad range of organisms, 
we focus primarily on motor function in the yeast S. cerevisi- 
ae and in vertebrate cells and cytoplasmic extracts. We have 
attempted to highlight papers providing insight into the 
function of the spindle as a whole, but these represent only 
a fraction of the exciting work characterized by this field. 

Motors in spindle assembly 
Several recent studies have examined how multiple motor 
proteins function in concert in a single system. The most 
thorough analysis has been carried out in the yeast S. cere- 
visiae, as complete genome sequencing has revealed all of 
the motor proteins in this organism. 

Budding yeast spindle assembly and 
chromosome segregation 
S. cerevisiae division occurs through an unconventional 
mechanism, in which the daughter cell buds off from the 
mother cell. This requires the proper positioning of the 
spindle in the mother-bud neck. Recent studies have 
demonstrated a role for two different kinesin-related pro- 
teins (KRPs) in this process, Kip2p and Kip3p, as well as a 
role for cytoplasmic dynein, encoded by the DYN1 gene 
[1,2,3",4',5",6]. None of these genes is essential and major 
defects are apparent only when more than one of them is 
deleted. Careful cytological and genetic analyses, however, 
have revealed that the functions of these proteins are over- 
lapping, but not identical [A',S",1]. Spindle positioning at 
the mother-bud neck appears to be accomplished primarily 
by Kip3p, whereas dynein function appears to be important 
to ensure the insertion of the spindle into the bud during 
anaphase [5"]. Kip2p is thought to contribute to nuclear 
positioning by exerting a force towards the mother cell that 
antagonizes the force exerted by Kip3p and dynein [4*]. 

Like spindle positioning, spindle assembly and function is 
also achieved through the activities of multiple motors. The 
major players in spindle assembly and chromosome segrega- 
tion are the KRPs Gin8p and Kiplp. Both Gin8p and Kiplp 
are important for spindle pole separation and anaphase spin- 
dle elongation, but the effects due to the loss of Cin8p are 
more severe than those due to the loss of Kiplp [8-10]. The 
actions of Cin8p and Kiplp are opposed by the activity of 
the KRP Kar3p, which provides an inward force that is 
relieved at the onset of anaphase [11 *,12]. Dynein also con- 
tributes to anaphase chromosome segregation, perhaps 
by  pulling the  spindle  through  the  mother-bud  neck 
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Figure 1 

Motors involved in mitosis in the yeast 
S. cerevisiae. As the cell enters mitosis, Kip3p 
is important in positioning of the nucleus at 
the site of the mother-bud neck. Kip2p, Kar3p 
and dynein also contribute to spindle 
positioning. As the cell enters anaphase, 
Cin8p is important for the fast phase of 
anaphase spindle elongation, while Kip1 p is 
important for the slow phase of spindle 
elongation. Dynein is proposed to contribute 
to chromosome segregation through its action 
on cytoplasmic microtubules. At the end of 
mitosis, Kip3p is important for the breakdown 
of the spindle microtubules. 
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[3",5", 13]. At the end of anaphase, Kip3p is thought to pro- 
mote the breakdown of the spindle, as k'ip3 mutants have 
longer spindles that persist relative to the wild type [14"]. 

The analysis of motors in yeast and other organisms is ben- 
efiting tremendously from the use of time-lapse video 
microscopy combined with the fluorescent tagging of pro- 
teins. This approach has allowed researchers to analyze the 
dynamics of spindles, microtubules, chromosomes and cen- 
tromeres in wild type and mutant living cells 
[3",6,14",15",16,17]. In S. cerevis'we, such elegant genetic 
and morphological analyses have allowed the assignment of 
specific motors to given functions, as outlined in Figure 1. 

Do motors regulate microtubule dynamics? 
One interesting finding that has emerged from recent 
yeast studies is that the deletion of many of the motor pro- 
teins affects microtubule stability. The deletion of KAR3, 
DYN1 or KIP3 causes an increase in the number and length 
of cytoplasmic microtubules, whereas the deletion of KIP2 
causes a reduction in the number and length of cytoplas- 
mic microtubules [3",4*,5",7,12]. Of these motors, only 
Kar3p has been analyzed in vitro in motility assays and has 
been shown to destabilize microtubule minus ends [18] 
and only dynlA cells have been examined carefully for 
effects on microtubule dynamics in vivo [3"]. It will be 
important to determine whether these motors regulate 
microtubule stability directly or indirectly through altering 

microtubule attachments to cellular structures, such as the 
cortex or other microtubules. 

Establishing spindle bipolarity 
An alternative approach to the in vivo analyses of spindle 
function in yeast and other organisms has been to reconsti- 
tute aspects of spindle assembly in cell-free systems 
[19-21]. This approach allows biochemical examination of 
protein function through immunodepletion and antibody 
blocking experiments. During the past year, the roles of sev- 
eral motor proteins have been better defined using these in 
vitro approaches in Xenopus egg extracts [22",23,24,25"] and 
in HeLa cell extracts [26*,27]. These experiments have gen- 
erated a model for the proposed roles of several different 
motors in determining bipolar spindle structure, as outlined 
in Figure 2. The Xenopus chromokinesin Xklpl appears to 
mediate chromatin-microtubule attachments, independent 
of kinetochores, and contributes to spindle pole extension. 
Eg5, a highly conserved tetrameric motor, is crucial for 
establishing spindle bipolarity by providing a microtubule 
bundling and antiparallel sorting activity. The motors cyto- 
plasmic dynein and XCTK2 are both important in spindle 
pole formation, with dynein playing the dominant role. In 
contrast to experiments in yeast, the disruption of individual 
motors in vertebrate cell extracts often has dramatic effects, 
which has made motor functions easier to dissect in these 
systems. This surprising observation may be explained by 
the fact that extract systems are more easily perturbed or 
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Figure 2 
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Proposed roles of different motors in 
generating a bipolar spindle in vertebrate 
cells, (a) Chromosomally localized Xklpl 
connects microtubules to chromosome arms 
and provides a force for extending spindle 
poles, (b) As it is a plus-end-directed 
tetramer, Eg5 could contribute to spindle 
bipolarity by bundling microtubules to form a 
bipolar axis and by sorting microtubules into 
an antiparallel array, (c) Both minus-end- 
directed motors, cytoplasmic dynein and 
XCTK2 are involved in the organization and 
focusing of microtubule minus ends into 

spindle poles. 

that only a subset of vertebtate spindle motots have been 
identified or that this discrepancy may reflect a true differ- 
ence in the level of motor redundancy between budding 
yeast and vertebrate cells. 

Motor-associated proteins 
Two major questions with respect to motor protein func- 
tion in the spindle are how are the motor interactions 
with the spindle regulated and what nonmotor proteins 
are involved in motor targeting. These questions have 
been difficult to address because most motor interactions 
appear to be labile. Several groups have made significant 
progress in this area through the use of biochemical and 
two-hybrid screening analyses. 

Interactions in the spindle 
Cytoplasmic dynein localization and its spindle pole focus- 
ing activity appear to depend on its interaction with 
both  the  dynein-activating complex  dynactin  and  the 

nuclear/mitotic apparatus protein (NuMA), as similar 
defects in pole formation result from their disruption 
[22*,23,26*,28]. In support of these interactions, a complex 
containing dynein, dynactin and NuMA was isolated from 
Xenopus egg extracts [29]; however, dynein interactions 
have proved to be less tractable in other systems [27]. 
Dynactin may serve as a linker protein between different 
motors in the spindle. Recent studies have shown that the 
pl50glued subunit of dynactin interacts with the phospho- 
rylated version of the human Eg5 C-terminal tail domain 
in a two-hybrid assay [30]. Previous work indicated that the 
phosphorylation of Eg5 family tail domains is essential for 
the localization of the motor to the spindle [31-33]. The 
universality of this mechanism is questioned, however, by 
a recent study showing that the phosphorylation of the tail 
of the Schizosaccharomyces pombe homolog of Eg5, Cut7, is 
not required for spindle localization [34]. Therefore, how 
Eg5 associates with the spindle and the role of dynactin in 
this process remains to be fully elucidated. 
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Figure 3 
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Proposed motor protein function at the kinetochore. (a) CENP-E, a 
plus-end-directed kinesin, is thought to act at the leading kinetochore 
(direction of movement indicated by the arrow) by maintaining 
attachment to the microtubule. At the lagging kinetochore, CENP-E 
acts to stabilize kinetochore-microtubule interactions, (b) MCAK 

function at kinetochores contributes to anaphase chromosome 
segregation. MCAK, which is proposed to act as a 
microtubule-destabilizing enzyme, may function by inducing 
microtubule depolymerization at kinetochores during anaphase. 

Recent experiments on the C-terminal spindle-targeting 
domain of the Xenopus motor Xklp2, which is involved in 
centrosome separation, have revealed that two factors in 
mitotic extracts are required for the proper localization of 
Xklp2. A novel microtubule-associated protein (TPX2) 
mediates the binding of the Xklp2 tail to microtubules, 
whereas the dynein-dynactin complex is required for the 
accumulation of Xklp2 at microtubule minus ends [35]. 
Therefore, motor targeting appears to be a complex 
process depending on interactions between both motor 
and nonmotor proteins. 

Interactions at the kinetochore 
The dynein-dynactin complex also appears to play an 
important role in targeting proteins to the kinetochore, 
including the microtubule/vesicle-binding protein GLIP- 
170 (cytoplasmic linker protein 170). The overexpression 
of the dynactin subunit p50 (dynamitin) causes a 
decrease in GLIP-170 staining at kinetochores in mam- 
malian tissue culture cells [36*]. Like dynein-dynactin, 
the association of CLIP-170 with the kinetochore appears 
to be required for prometaphase chromosome alignment 
[36*]. The current model is that dynactin is required for 
the targeting of dynein and other proteins to kineto- 
chores, but what proteins recruit dynactin? The key to 
this may be ZW10, a Drosophila melanogaster kinetochore 

protein required for chromosome segregation 
[37,38",39*]. Mutations in the ZW10 gene abolish the 
localization of dynein at kinetochores. This link may be 
mediated by dynactin, as p50/dynamitin interacts with 
ZW10 in a yeast two-hybrid assay [39*]. Thus, ZW10 may 
be one of the initial components recruited to the kineto- 
chore, onto which motor complexes assemble. 

Two-hybrid analysis may prove to be an effective way of 
determining and confirming the associations of proteins on 
the spindle and at the kinetochore. A two-hybrid screen 
using the kinetochore-targeting domain of centromere pro- 
tein E (CENP-E) was used to isolate interacting proteins 
from a cDNA library [40*]. This screen identified CENP- 
E itself, as well as CENP-F, another known kinetochore 
protein, indicating the validity of the approach. In addi- 
tion, a BUBl-related kinase, hBUBRl, was identified. 
BUBI (budding uninhibited by benzimidazole) kinases 
have been shown to be conserved between yeast and 
mammals, and are required for regulating mitotic check- 
points at the kinetochore [41*]. Therefore, the connection 
between GENP-E and BUBI links kinetochore motor pro- 
teins that are important for moving chromosomes with the 
checkpoint machinery, which determines chromosome 
misattachment and signals the cell to delay mitosis until all 
the chromosomes are attached and aligned. 
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Motors in chromosome movement 
Both motors and microtubule dynamics appear to regulate 
kinetochore movements and chromosome positioning, 
making it a challenge to study their relative roles." Several 
recent studies have begun to elucidate the molecular 
mechanisms by which two kinetochore-associated 
kinesins may function [42**-44**] (Figure 3). Using a vari- 
ety of techniques, CENP-E was shown to be important for 
chromosome alignment. One study used a combination of 
microinjection and transfection experiments to show the 
importance of CENP-E function in aligning chromosomes 
in vivo [43"]. Under these conditions, CENP-E-depleted 
kinetochores were not capable of establishing stable bipo- 
lar connections on the spindle, which inhibited their 
ability to align on the metaphase plate. A complementary 
study in Xenopus egg extracts showed that CENP-E func- 
tions as a plus-end-directed microtubule motor that is 
essential for chromosome alignment during metaphase 
[42**]. The requirement for CENP-E in chromosome 
positioning is consistent with earlier studies indicating a 
role for this motor in coupling chromosome movement 
with microtubule depolymerization [45]. The mitotic cen- 
tromere-associated kinesin (MCAK), another kinetochore 
KRP, was shown to be important in chromosome segrega- 
tion [44**]. Using antisense-induced depletion of MCAK 
from kinetochores or transfection of dominant-negative 
constructs, a lagging chromosome phenotype was 
observed during anaphase, indicating a defect in chromo- 
some segregation. MCAK is the mammalian homolog of 
the Xenopus XKCM1 protein, which was shown to be a 
microtubule-destabilizing enzyme [46,47**]. It is not yet 
clear whether the role of MCAK/XKCM1 at the kineto- 
chore involves microtubule destabilization. 

Conclusions 
The role of motor proteins in mitosis is becoming more 
evident, but the mechanisms of spindle assembly and 
chromosome movement are not yet fully understood. 
Elegant genetic and microscopy studies in budding yeast 
have begun to define the roles of motor proteins in this 
system. Future biochemical experiments will determine 
the motility properties of each motor and will clarify 
their effects on microtubule dynamics. In addition, an 
important issue is to measure the dynamics of individual 
microtubules within the yeast spindle. This has proven 
to be difficult, because the yeast spindle consists of a 
bundle of microtubules that is difficult to resolve. The 
great advances in high-resolution microscopy and the 
innovative scientists behind these advances will soon 
transcend these barriers. 

Motor targeting appears to be a complex process involving 
interactions among both motor and nonmotor proteins. 
Cytoplasmic dynein, which plays a role in both spindle 
pole assembly and kinetochore function, appears to inter- 
act with dynactin at multiple sites in the cell, and the 
dynein-dynactin complex interacts specifically with 
NuMA and the Xklp2 tail at spindle poles, and with ZW10 

at kinetochores. The identification of other motor-associat- 
ed proteins through genetic, biochemical and two-hybrid 
analyses will help to address the complex process of motor 
targeting and will expand our knowledge of how the spin- 
dle functions as a macromolecular assembly. 

Studies of two different motor proteins at the kinetochore are 
finally allowing us to address the complex movements 
required for chromosome alignment in metaphase and chro- 
mosome segregation in anaphase. Inhibitors generated 
against both CENP-E and MCAK/XKCM1 will be valuable 
tools for probing the movements of chromosomes on the 
spindle using high-resolution video microscopy in living 
cells. In addition, electron microscopy studies will allow us to 
probe the ultrastructural basis of chromosome movement by 
comparing normal and defective spindles and kinetochores. 

The achievements during the past several years in this 
field have been outstanding and they will continue to be so 
as more reagents and techniques become available to us. 
This rapid progress is exciting as we continue to advance 
our understanding of this remarkable area of cell biology. 
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Summary 

Using in vitro assays with purified proteins, we show 
that XKCM1 and XKIF2, two distinct members of the 
internal catalytic domain (Kin I) kinesin subfamily, cat- 
alytically destabilize microtubules using a novel mech- 
anism. Both XKCM1 and XKIF2 influence microtubule 
stability by targeting directly to microtubule ends 
where they induce a destabilizing conformational 
change. ATP hydrolysis recycles XKCM1/XKIF2 for 
multiple rounds of action by dissociating a XKCM1/ 
XKIF2-tubulin dimer complex released upon microtu- 
bule depolymerization. These results establish Kin I 
kinesins as microtubule-destabilizing enzymes, distin- 
guish them mechanistically from kinesin superfamily 
members that use ATP hydrolysis to translocate along 
microtubules, and have important implications for the 
regulation of microtubule dynamics and for the intra- 
cellular functions and evolution of the kinesin super- 
family. 

Introduction 

Microtubules (MTs) are noncovalent polar polymers of 
otß-tubulin heterodimers found in all eukaryotic cells that 
play an essential role in cell division, cytoplasmic organi- 
zation, generation and maintenance of cell polarity, and 
many types of cell movements. MTs are inherently dy- 
namic polymers that transduce energy derived from nu- 
cleotide hydrolysis into polymer dynamics. In addition, 
the surface of the MT polymer serves as a track on 
which motor proteins transport cargoes throughout the 
cell. These two distinct facets of the MT polymer are 
central to the many biological functions of the MT cy- 
toskeleton. 

MTs are 25 nm diameter, 12-15 protofilament poly- 
mers that utilize polymerization-induced GTP hydrolysis 
on ß-tubulin to generate dynamic instability—a behavior 
where polymerizing and depolymerizing MTs coexist in 
the same population, infrequently interconverting be- 
tween these two states (Mitchison and Kirschner, 1984; 
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Erickson and O'Brien, 1992; Desai and Mitchison, 1997). 
Polymerizing MT ends are thought to maintain a stabiliz- 
ing "cap" of GTP/GDP.Pi-tubulin, the loss of which re- 
sults in exposure of an unstable GDP-tubulin core and 
rapid depolymerization. Thus, tubulin has a built-in lat- 
tice destabilization mechanism driven by GTP hydrolysis 
on ß-tubulin. Kinetically, hydrolysis and phosphate re- 
lease result in a GDP-tubulin lattice that has a >1000- 
fold higher subunit off rate from an MT end than GTP- 
tubulin (Walker et al., 1988). Structurally, GDP-tubulin 
protof ilaments are thought to prefer a conformation with 
increased outward curvature relative to GTP-tubulin 
protofilaments (Melki et al., 1989; Mandelkow et al., 
1991; Müller-Reichert et al., 1998). In the lattice of a 
polymerizing MT, GDP-tubulin protofilaments are con- 
strained to being straight, presumably by lattice inter- 
actions, but during depolymerization they can relax into 
the preferred curved conformation. The free energy re- 
leased during this relaxation is thought to drive the 
rapid depolymerization phase of dynamic instability. 
Consistent with these ideas, tubulin polymerized with 
GMPCPP, a slowly hydrolyzable GTP analog, forms sta- 
ble MTs that do not undergo dynamic instability (Hyman 
et al., 1992; Caplow et al., 1994). Taxol, a drug isolated 
from the bark of the yew tree that binds tubulin, also 
stabilizes MTs by suppressing dynamic instability (Hor- 
witz, 1994). 

MT polymerization dynamics are fundamentally im- 
portant to the intracellular functions of the MT cytoskele- 
ton, as best illustrated by analysis of chromosome 
movement (Inoue and Salmon, 1995). In vivo, the intrin- 
sic dynamic instability of tubulin is extensively regulated 
(Cassimeris, 1993; McNally, 1996; Desai and Mitchison, 
1997). MTs in vivo turn over much more rapidly than 
MTs assembled from pure tubulin in vitro, in large part 
because of an increase in the frequency of transitions 
from the polymerization phase to the depolymerization 
phase, called the frequency of catastrophe (Belmont et 
al., 1990; Verde et al., 1992). This finding is consistent 
with modeling studies showing that regulation of catas- 
trophe frequency is an extremely efficient way to rapidly 
modulate MT dynamics (Verde et al., 1992). The ob- 
served high frequency of catastrophe has been sus- 
pected to result from the action of cellular proteins that 
destabilize the stabilizing caps at polymerizing MT ends. 

In addition to being dynamic polymers, MTs also serve 
as tracks for motor proteins. Conventional kinesin, the 
founding member of the kinesin superfamily, was identi- 
fied on the basis of its ability to use energy derived from 
ATP hydrolysis to translocate along the MT lattice (Vale 
et al., 1985). In the last decade, ~1 00 eukaryotic proteins 
have been identified that contain a domain homologous 
to the ~300 amino acid catalytic ATPase domain of 
conventional kinesin (Vale and Fletterick, 1997; Hiro- 
kawa et al., 1998). Based solely on sequence alignments 
of their catalytic domains, the majority of kinesins have 
been classified into eight subfamilies with a minority 
being "orphans" (Vale and Fletterick, 1997). These sub- 
family categorizations are supported to varying extents 
by location of the catalytic domain within the polypep- 
tide chain of the protein, by analysis of the quaternary 
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structures of the native proteins, and by the similarity 
of the biological processes in which members of a sub- 
family derived from different organisms are implicated. 
Approximately 20% of identified kinesins have been re- 
ported to have motor activity in in vitro motility assays. 
Among the kinesins characterized in vitro is at least 
one member of each of the eight subfamilies, strongly 
supporting the assertion that kinesins are mechano- 
chemical ATPases that translocate along the MT lattice. 

Previously, we described a kinesin, XKCM1, that is 
involved in regulating MT dynamics in frog egg extracts 
(Walczak et al., 1996). Depletion of XKCM1 resulted in 
a dramatic increase in MT polymerization, suggesting 
that XKCM1 promotes MT destabilization in egg cyto- 
plasm. Analysis of MT dynamics showed that depletion 
of XKCM1 did not influence the rates at which MTs 
polymerized or depolymerized in extracts but did result 
in a 4-fold reduction in the catastrophe frequency. These 
results indicate that XKCM1 acts, either directly or indi- 
rectly, to destabilize the ends of polymerizing MTs in frog 
egg extracts. The dramatic effect of XKCM1 depletion 
indicated that XKCM1 is an important regulator of MT 
polymerization in egg cytoplasm, prompting us to inves- 
tigate how XKCM1, a kinesin, has such a striking effect 
on MT dynamics. 

XKCM1 is one of eight kinesins in the internal catalytic 
domain subfamily (Kin I subfamily for Kinesin Internal; 
Vale and Fletterick, 1997). This subfamily also includes 
MCAK, a hamster kinesin implicated in cell division 
(Wordeman and Mitchison, 1995; Maney et al., 1998), 
and mouse KIF2 (mKIF2), implicated in nervous system 
function (Noda et al., 1995; Morfini et al., 1997). Kin I 
kinesins were expected to be motor proteins on the 
basis of their sequence homology to kinesins. Consis- 
tent with this expectation, fast plus end-directed motility 
was reported for mKIF2 (Noda et al., 1995), suggesting 
that motility was likely to be central to the mechanism 
of MT destabilization by XKCM1. Therefore, at the con- 
clusion of our previous study, we proposed that XKCM1 
used plus end motility to target itself to MT ends where 
it either directly destabilized the MT end or indirectly 
aided destabilization by delivering a catastrophe-induc- 
ing factor (Walczak et al., 1996). 

In this paper we show that pure XKCM1 and XKIF2 
{Xenopus KIF2; 87% overall identity to mKIF2) directly 
destabilize MTs in a catalytic, ATP-dependent manner. 
More significantly, we find no involvement of motor ac- 
tivity in MT destabilization. Instead, we find that both 
XKCM1 and XKIF2 target directly to MT ends where they 
trigger a destabilizing conformational change. Catalytic 
domain ATP hydrolysis, used to power motility in kine- 
sins that translocate along the MT lattice, is instead 
used to dissociate a complex of XKCM1/XKIF2 with 
tubulin dimer released upon MT depolymerization. The 
distinction of the molecular mechanism for MT destabili- 
zation from that of motility, and the similar in vitro behav- 
ior of XKCM1 and XKIF2, two functionally distinct Kin I 
kinesins, lead us to conclude that Kin I kinesins are MT- 
destabilizing enzymes and not motor proteins. These 
results represent not only a characterization of the mech- 
anism of a MT-destabilizing enzyme but also reveal the 
existence of a novel molecular mechanism inherent to 
the kinesin superfamily that is distinct from the mecha- 
nism of motility. 
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Figurel. Purified XKCM1 Inhibits MT Assembly and Induces Catas- 
trophes 
(a) Baculovirus expression and purification of XKCM1 and XKIF2. 
Clarified Sf-9 cell lysate (1), SP Sepharose f lowthrough (2), SP Seph- 
arose elution (3), Superose 6 elution (4), and Mono S elution (5) from 
an XKIF2 prep. Lane 6 shows XKCM1 prepared similarly. Lane 7 
shows K560 purified from bacteria. 
(b) XKCM1 inhibits MT polymerization off axonemes. Bovine brain 
tubulin (15 \M) was polymerized off axonemes in the presence of 
a control buffer, 80 nM K560, or 80 nM XKCM1 in BRB80 + 70 mM 
KCI + 0.5 mM GTP + 1.5 mM MgATP. After 7 min at 37°C, the 
reactions were fixed, pelleted onto coverslips, and processed for 
tubulin immunofluorescence. Bar, 10 jim. 
(c) XKCM1 induces catastrophes. Life history traces of MT plus ends 
polymerizing off axonemes with 7 nM frog egg tubulin in assembly 
buffer (BRB80 + 1 mM GTP + 1.5 mM MgATP). Time 0 is when the 
tubulin was introduced into the flow cell. At times indicated by the 
arrows, the solution in the flow cell was exchanged by a mixture of 
7 yM frog egg tubulin and either a control buffer (left panel) or 80 
nM XKCM1 (right panel) in assembly buffer. The control buffer trace 
also shows rapid depolymerization following isothermal dilution with 
BRB80 buffer alone (arrowhead). 

Results 

XKCM1 Inhibits Microtubule Assembly 
and Induces Catastrophes 
Our previous study established that XKCM1, a Kin I 
kinesin, promoted MT destabilization in frog egg ex- 
tracts (Walczak et al., 1996). To determine whether puri- 
fied Kin I kinesins could directly destabilize MTs, we 
expressed full-length, untagged XKCM1 and XKIF2 in 
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Figure 2. XKCM1 and XKIF2 Depolymerize Stabilized MT Sub- 
strates 

(a) Visual assay of depolymerization of GMPCPP MTs. GMPCPP 
MTs (1.5 |JL.M) were mixed with K560/XKCM1/XKIF2 (10 nM) or a 
control buffer in ATP or AMPPNP, as indicated. Panels show micro- 
scope fields after 15 min of incubation at RT. Similar results were 
obtained with taxol-stabilized MTs. Bar, 10 urn. 

baculovirus and purified them by conventional chroma- 
tography (Figure 1 a). As a control we used K560, a plus 
end-directed motor protein that is the 560 aa N-terminal 
fragment of human conventional kinesin (Woehlke et al., 
1997). We tested the effect of XKCM1 and K560 on MT 
polymerization nucleated off axonemes. Pure XKCM1, 
in the presence of ATP and at concentrations highly 
substoichiometric to tubulin, completely inhibited MT 
assembly off axonemes, whereas K560 had no effect 
(Figure 1b). A similar activity was exhibited by native 
XKCM1 purified by immunoaffinity from frog egg ex- 
tracts (data not shown). 

To determine what parameter of MT dynamic instabil- 
ity was being affected, we used video microscopy to 
analyze the fate of prepolymerized MTs after exposure 
to XKCM1. Purified frog egg tubulin was used for this 
assay because it is the physiological substrate of XKCM1, 
it assembles robustly at room temperature, and it has 
an extremely low intrinsic frequency of catastrophe 
(<0.00011 s_1 for plus ends and <0.0003 s_1 for minus 
ends at 7 (xM). MTs were polymerized off axonemes 
adhered to the surface of a flow cell. The solution in the 
flow cell was then replaced with a mixture of tubulin and 
control buffer or tubulin and XKCM1. Without XKCM1, all 
MT ends observed remained in the polymerization phase 
(n = 25 plus ends; 18 minus ends; Figure 1 c). In contrast, 
in the presence of XKCM1, nearly all MT ends had tran- 
sited to the depolymerization phase (n = 35/36 plus 
ends; 11/13 minus ends; Figure 1c), indicating that the 
MTs had undergone a catastrophe. The introduced 
XKCM1 rapidly adsorbed to the flow cell surfaces, re- 
sulting in binding of the MTs to the coverslip surface 
and significant reduction in their depolymerization rate 
relative to MTs depolymerized by dilution in buffer with- 
out tubulin (Figure 1c). This adsorption prevented us 
from determining whether XKCM1 influenced the rate 
of depolymerization of dynamic MTs in solution. These 
results demonstrate that pure XKCM1 directly inhibits 
MT polymerization and is a potent catastrophe factor 
that can destabilize polymerizing MT ends. 

XKCM1/XKIF2 Catalytically Depolymerize 
Stabilized Microtubules 
To characterize how XKCM1 destabilizes MTs, we ana- 
lyzed its effect on MTs stabilized by the drug taxol or 

(b) Sedimentation analysis of GMPCPP (CPP) and taxol MT depoly- 
merization. Reactions, identical to those in (a), were sedimented 
after 30 min at RT, and supernatants (S) and pellets (P) were analyzed 
by SDS-PAGE. 
(c) XKCM1/XKIF2 act catalytically. Taxol MTs (1.5 (JLM) were incu- 
bated for 30 min at RT with the indicated substoichiometric molar 
amounts of XKCM1/XKIF2 and analyzed as in (b). Depolymerization 
is complete even at 1:160 molar ratio of XKCM1/XKIF2:tubulin (con- 
trol reactions indicated that 85%-90% of the tubulin in the reaction 
is polymer; thus, at 1:160 XKCM1/XKIF2:total tubulin molar ratio, 
the relevant molar ratio of XKCM1/XKIF2:tubulin polymer is ~1:140). 
XKCM1/XKIF2 are visible in the supernatant at the two highest con- 
centrations used (1:20 and 1:40). 
(d) Analysis of GMPCPP hydrolysis during GMPCPP MT depolymer- 
ization. GMPCPP MTs (1.5 (JLM) containing [7-32P]GMPCPP were 
mixed with a control buffer (Ctrl) or 40 nM XKCM1 (XKCM1) in 
BRB80 + 1.5 mM MgATP or adjusted to 60% glycerol in Na-BRB80 
[Glycerol (Na+)]. At the indicated time, the reaction was stopped 
and hydrolysis assayed by thin layer chromatography. 
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by polymerization with GMPCPP, a GTP analog that 
is essentially nonhydrolyzable by tubulin over the time 
course of most experiments (Hyman et al., 1992; Caplow 
et al., 1994). Because taxol and GMPCPP eliminate the 
intrinsic GTP hydrolysis-driven destabilization mecha- 
nism of tubulin, depolymerization of stabilized MTs re- 
quires input of free energy and multiple rounds of action 
at an MT end. We used fluorescent stabilized MTs to 
qualitatively assay the effect of XKCM1/XKIF2/K560 on 
their stability. In the presence of ATP, substoichiometric 
amounts of XKCM1 depolymerized both GMPCPP- and 
taxol-stabilized MTs; purified XKIF2 had an identical 
activity, whereas K560 had no depolymerizing activity 
(Figure 2a). The activity of both XKCM1 and XKIF2 re- 
quired ATP and was inhibited by the nonhydrolyzable 
ATP analog, AMPPNP (Figure 2a). Addition of an anti- 
XKCM1 antibody inhibited the activity of XKCM1 but not 
of XKIF2 (data not shown), suggesting that the observed 
depolymerization activity is not due to a cofractionating 
contaminant. 

We used sedimentation and SDS-PAGE analysis to 
analyze the extent of stabilized MT depolymerization in 
our reactions. This analysis confirmed the conclusions 
derived from the qualitative visual assays (Figure 2b). 
To demonstrate that XKCM1/XKIF2 catalytically depoly- 
merize stabilized MTs in the presence of ATP, we titrated 
XKCM1/XKIF2 while keeping the concentration of the 
substrate MTs constant. This analysis demonstrated 
that each XKCM1/XKIF2 dimer can release at least 140 
tubulin dimers (Figure 2c), suggesting a catalytic mecha- 
nism. Gel filtration analysis indicated that the end prod- 
uct of GMPCPP MT destabilization by XKCM1/XKIF2 is 
6S tubulin dimer; in addition, 85% ± 5% (n = 2 experi- 
ments) of the tubulin released into the supernatant was 
capable of repolymerizing into MTs (data not shown). 

If GMPCPP MTs are treated with glycerol in the pres- 
ence of sodium ions, the normal ß-7 phosphate bond 
of GMPCPP bound to ß-tubulin is hydrolyzed, and the 
MT lattice is destabilized (Caplow et al., 1994). To test 
whether XKCM1/XKIF2 destabilize GMPCPP MTs by a 
similar mechanism, we analyzed XKCM1-induced de- 
polymerization of fluorescent GMPCPP-stabilized MTs 
containing [7-32P] GMPCPP. Depolymerization was moni- 
tored using fluorescence microscopy, and GMPCPP hy- 
drolysis was monitored using thin layer chromatogra- 
phy. Treatment with glycerol in the presence of sodium 
ions was used as a positive control (Figure 2d). This 
assay showed that XKCM1 depolymerizes GMPCPP 
MTs without inducing hydrolysis of the ß-tubulin-bound 
GMPCPP (Figure 2d). This result demonstrates that cat- 
alytic depolymerization of stabilized MTs by XKCM1/ 
XKIF2 occurs independently of the intrinsic lattice de- 
stabilization mechanism of tubulin and suggests that 
XKCM1/XKIF2 do not induce catastrophes by stimulat- 
ing GTP hydrolysis at polymerizing MT ends. In addition, 
this result implicates ATP hydrolysis by these kinesins 
as the free energy source in the catalytic depolymeriza- 
tion of stabilized MTs. 

XKCM1/XKIF2 Depolymerize Stabilized Microtubules 
Equivalents from Both Ends and Do Not 
Exhibit Motor Activity 
A previous report that mKIF2 is a fast plus end-directed 
MT motor (Noda et al., 1995) suggested that XKCM1/ 
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Figure 3. Real Time Analysis of GMPCPP MT Depolymerization 

(a) Panels show fate of segmented GMPCPP MTs in a control versus 
XKCM1 reaction. Plus and minus signs indicate MT polarity. Both 
reactions contained 20 nM XKCM1; the control was preincubated 
with an anti-XKCM1 antibody (30-fold molar excess), while the 
XKCM1 reaction was preincubated with an equivalent amount of an 
irrelevant rabbit IgG. 
(b) Length versus time traces of plus and minus end segments of 
the MTs shown in (a). 
(c) Summary of analysis of 14 MTs showing the depolymerization 
rate at both MT ends is nearly equivalent. 

XKIF2 use ATP-dependent motility to target to MT plus 
ends, where they induce end destabilization (Walczak 
et al., 1996; Waters and Salmon, 1996). A prediction of 
this hypothesis is that depolymerization would occur 
preferentially from the plus end of the MT. To test this 
hypothesis, we monitored XKCM1 -induced depolymer- 
ization of GMPCPP MTs in real time using an assay that 
unambiguously assigns polarity to the substrate MTs. 
GMPCPP MTs with dimly labeled plus and minus end 
segments polymerized off brightly labeled GMPCPP MT 
seeds (Figure 3a) were adhered to the surface of a flow 
cell, exposed to either XKCM1 inactivated by preincuba- 
tion with an anti-XKCM1 antibody (control) or XKCM1 
preincubated with an irrelevant antibody (XKCM1), and 
monitored by time lapse fluorescence microscopy. After 
MO min, the plus end-directed K560 motor was intro- 
duced into the flow cell, and the resulting motility of the 
MTs was recorded to retroactively and unambiguously 
assign their polarity. Using this assay, we found that 
XKCM1 depolymerized GMPCPP MTs from both ends 
at nearly equivalent rates (Figures 3a, 3b, and 3c). A 
similar result was obtained using taxol-stabilized MTs 
as substrates (data not shown). These results suggest 
that XKCM1 does not use directed motility to reach an 
MT end. They also demonstrate that stabilized MTs are 
depolymerized endwise and not by an internal severing 
mechanism as described for katanin, an MT-severing 
ATPase (McNally and Vale, 1993; Hartman et al., 1998). 

In attempts to observe MT motor activity, we per- 
formed standard motility assays that have been used 
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(Control 

Figure 4. Ultrastructural Analysis of GMPCPP MTs Being Depoly- 
merized by XKCM1 

Protofilament peeling is evident at GMPCPP MT ends undergoing 
XKCM1-induced depolymerization. Reactions containing 1.5 jiM 
GMPCPP MTs and 40 nM XKCM1 in BRB80 + 1 mM DTT + 1.5 mM 
MgATP were analyzed by negative stain electron microscopy after 
incubation at RT for 3 min. Right panels show a higher magnification 
view. Similar structures were observed in reactions containing 
XKIF2. Bar, 200 nm for left panels. 

to demonstrate motility of other kinesins (Cohn et al., 
1993). When XKCM1/XKIF2 were adsorbed to a cov- 
erslip surface and taxol MTs added, the MTs bound to 
the surface and exhibited slow bipolar depolymeriza- 
tion. However, motility of the bound MTs was never 
observed (data not shown). In parallel assays, K560 
exhibited robust motility without any MT depolymeriza- 
tion. Preliminary ATPase analysis of XKCM1 and XKIF2 
showed that both proteins have very weak MT-stimu- 
lated ATPase, inconsistent with their being fast plus 
end-directed motors (data not shown). Cumulatively, 
these results suggest that XKCM1/XKIF2 directly target 
to MT ends, prompting us to investigate how this tar- 
geting occurs and what happens at ends to cause desta- 
bilization. 

XKCM1/XKIF2 Induce a Destabilizing 
Conformational Change 
at Microtubule Ends 
One attractive possibility for the mechanism of end de- 
stabilization is that XKCM1 /XKIF2 physically disrupt end 
structure. Consistent with this idea, negative stain elec- 
tron microscopy of GMPCPP MTs during depolymeriza- 
tion induced by either XKCM1 or XKIF2 revealed the 
presence of peeling protofilaments at their ends (Figure 
4). Such peeled protofilaments were found on most of 
the residual GMPCPP MTs in the process of being de- 
polymerized by XKCM1/XKIF2, whereas the ends of 
control buffer-treated GMPCPP MTs were blunt (Figure 
4; n > 200 MTs). Where clearly visible, we observed 
protofilament peels at both MT ends, consistent with 
our finding that XKCM1 depolymerizes GMPCPP MTs 
from both ends (also see Figure 5d). These protofila- 
ment peels are reminiscent of the structure of rapidly 
depolymerizing dynamic MT ends, where relaxation of 
the exposed GDP-tubulin subunits to their preferred 
"curved" state can generate protofilament bulbs (Man- 
delkow et al., 1991; Tran et al., 1997). Because XKCM1/ 

XKIF2 do not induce GMPCPP hydrolysis (Figure 2d), 
these kinesins must have the ability to change tubulin 
protofilament structure, independent of the nucleotide 
state of the tubulin. Extension of these results to dy- 
namic MTs suggests that these kinesins induce catas- 
trophes by physically disrupting end structure and not 
by stimulating GTP hydrolysis on tubulin subunits at 
polymerizing MT ends. 

XKCM1/XKIF2 Target to and Induce a Destabilizing 
Conformational Change at Microtubule 
Ends in AMPPNP 
To analyze the role of catalytic domain ATP hydrolysis 
in MT destabilization by XKCM1/XKIF2, we attempted 
to determine which of the following three steps of the 
destabilization reaction cycle could occur in the pres- 
ence of AMPPNP: (1) targeting to MT ends; (2) induction 
of the destabilizing conformational change; and (3) recy- 
cling for multiple depolymerization cycles. 

To test whether XKCM1 targeted to MT ends in 
AMPPNP, GMPCPP MTs were incubated in the pres- 
ence of AMPPNP and XKCM1, fixed and sedimented 
onto coverslips, and stained with an anti-XKCM1 anti- 
body to visualize the XKCM1 protein. Underthese condi- 
tions, XKCM1 targeted to and accumulated at both ends 
of GMPCPP MTs (Figures 5a, 5b, and 5c; similar results 
were obtained with XKIF2). XKCM1 was present at both 
ends of 87% of the MTs, one end of 8%, and neither 
end of 4% (n = 303 MTs). The observed end localization 
represents an intermediate in the destabilization reac- 
tion cycle because it was also observed in GMPCPP 
MTs undergoing depolymerization in the presence of 
ATP (data not shown; in this case XKCM1 was present 
at both ends of 73% of the MTs, at one end of 11%, 
and neither end of 16%; n = 153 MTs). Green fluorescent 
protein (GFP)-K560 (Pierce et al., 1997) used in a similar 
assay did not show end targeting and accumulation but 
localized all along the MTs (data not shown). The unique 
ability of XKCM1/XKIF2 to target to both MT ends in the 
presence of AMPPNP strongly argues against a role for 
ATP-dependent motility in end targeting and distin- 
guishes them further from motile kinesins. 

To test whether ATP hydrolysis by Kin I kinesins was 
necessary to induce the conformational change seen 
at GMPCPP MT ends, we analyzed GMPCPP MTs by 
negative stain electron microscopy in the presence of 
AMPPNP and XKCM1/XKIF2. Under these conditions 
there is no significant depolymerization of the GMPCPP 
MTs (Figures 2a and 2b). Protofilament peeling was 
clearly evident in the presence of AMPPNP and XKCM1/ 
XKIF2, resulting in large protofilament bulbs at both MT 
ends (Figure 5d). These results suggest that the lattice- 
destabilizing conformational change is derived from the 
binding energy of XKCM1/XKIF2 at MT ends and not 
from ATP hydrolysis. 

Unlike GMPCPP MTs, taxol MTs do not exhibit end 
accumulation of XKCM1/XKIF2 or protofilament peels 
even though they undergo bipolar depolymerization 
(data not shown). We suspect this reflects differences 
in the interactions of tubulin dimers within the lattices 
of the two different stabilized MT substrates (Mickey 
and Howard, 1995). The strong immunofluorescence 
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XKCM1 
Figure 5. Targeting and Accumulation of XKCM1 at GMPCPP MT Ends in 5 mM MgAMPPNP 
Panels show (a) GMPCPP MTs, (b) anti-XKCM1 immunofluorescence, and (c) a color overlay of a microscope field demonstrating that targeting 
and accumulation to both MT ends can occur in AMPPNP. Bar, 10 p.m. (d) Negative stain analysis under similar conditions revealed the 
presence of protofilament bulbs at both MT ends in reactions containing XKCM1. Right panels show a higher magnification view. Similar 
results are obtained with XKIF2 in both assays and in reactions performed in the presence of apyrase and AMPPNP. Bar, 200 nm for left 

panels. 

signal at GMPCPP MT ends presumably reflects accu- 
mulation of XKCM1/XKIF2 along protofilament peels 
generated as a consequence of strong longitudinal tu- 
bulin dimer interactions. In taxol-stabilized MTs, weaker 
longitudinal interactions would inhibit formation of the 
peels and instead result in release of XKCM1/XKIF2- 
bound tubulin dimers from the ends. This hypothesis is 
supported by sedimentation analysis in AMPPNP that 
indicates a greater soluble fraction of tubulin dimer and 
XKCM1/XKIF2 in reactions containing taxol MTs versus 
GMPCPP MTs (data not shown). 

XKIF2 Forms a Nucleotide-Sensitive 
Complex with Tubulin Dimer 
Because ATP hydrolysis is not required for MT end tar- 
geting or for induction of a conformational change at 
the MT end, we hypothesized that it is used to recycle 
XKCM1/XKIF2 by dissociating them from tubulin dimer. 
With dynamic MT substrates, disruption of end structure 
would presumably induce a catastrophe, releasing a 
small number of XKCM1/XKIF2-tubulin dimer complexes 
and a much larger number of free tubulin dimers as the 
unstable GDP-tubulin core of the MT depolymerizes. 
The XKCM1/XKIF2-tubulin dimer complex would need 
to dissociate to allow the XKCM1/XKIF2 to act again at 
a new MT end. This hypothesis predicts that an XKCM1/ 
XKIF2-tubulin dimer complex should persist in the pres- 
ence of AMPPNP but not ATP. To test this, we used gel 
filtration chromatography to analyze the interaction of 
either XKIF2 or K560 with tubulin dimer in the presence 

of ATP or AMPPNP (Figure 6). Consistent with our hy- 
pothesis, XKIF2 formed a complex with tubulin dimer in 
AMPPNP but not in ATP. K560 used at identical concen- 
trations did not interact with tubulin dimer in either 
AMPPNP or ATP, further distinguishing XKCM1/XKIF2 
from motile kinesins. This result is also consistent with 
XKCM1/XKIF2 having an affinity for MT ends that may 
have binding sites similar to those present in tubulin 
dimers/oligomers but buried by subunit interactions in 
the MT lattice. 

Discussion 

Kin I Kinesins Are Microtubule-Destabilizing Enzymes 
Seven of the ten Kin I subfamily kinesins identified to 
date fall into two categories based on alignment of cata- 
lytic domain sequences (The Kinesin Home Page; http:// 
www.blocks.fhcrc.org/~kinesin/). The first category is 
exemplified by MCAK/XKCM1, kinesins implicated in 
cell division (Wordeman and Mitchison, 1995; Walczak 
et al., 1996; Maney et al., 1998). The second category 
is exemplified by mKIF2, a kinesin implicated in neuronal 
function (Noda et al., 1995; Morfini et al., 1997). XKCM1 
and X/mKIF2 share a high degree of homology in their 
catalytic domains (75% identity) but are divergent in 
their N- and C-terminal domains (20%-25% identity in 
each domain). Despite differences in primary sequence 
and biological function, our results show that both 
XKCM1 and XKIF2 destabilize MTs in vitro, leading us 
to conclude that members of both major categories of 
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Figure 6. XKIF2 Forms a Nucleotide-Sensi- 
tive Complex with Tubulin Dimer 

Mixtures of 2 p.M XKIF2 or K560 and 10 |xM 
tubulin dimer in buffer containing either ATP 
or AMPPNP were analyzed by gel filtration on 
a column equilibrated in buffer containing the 
same adenine nucleotide as the reaction. The 
elution volume of each protein of the two- 
protein mixture in ATP is identical to the elu- 
tion volume of each protein analyzed individ- 
ually in ATP. The observed shift for XKIF2 in 
the presence of tubulin dimer and AMPPNP 
represents a change in Stokes radius of 9 Ä 
(from 69 A to 78 Ä). 

Kin I kinesins are MT-destabilizing enzymes. The three 
more divergent members of the Kin I subfamily are 
DSK1, a diatom kinesin implicated in spindle elongation 
(Wein et al., 1996), and two kinesins identified by geno- 
mics, C. elegans 11 d9 and Leishmania MCAK. It will be 
interesting to test whether these more divergent Kin I 
kinesins are also MT-destabilizing enzymes. 

A Model for the Mechanism of Microtubule 
Destabilization by Kin I Kinesins 
We propose a preliminary molecular mechanism for MT 
destabilization by Kin I kinesins (Figure 7). The key fea- 
tures of this mechanism are direct targeting of Kin I 
kinesins to MT ends, physical disruption of MT end 
structure, and utilization of catalytic domain ATP hydro- 
lysis to dissociate a released complex of Kin I kinesins 
with tubulin dimer. Below we describe how our results 
support the key features of this model. 

The targeting of Kin I kinesins directly to MT ends is 
supported by the equivalent depolymerization of GMPCPP 
MTs from both ends in the presence of ATP and by 
targeting and accumulation of XKCM1/XKIF2 at both 
ends of GMPCPP MTs in the presence of AMPPNP. 
These results suggest that Kin I kinesins have a special 
affinity for MT end structures, and they argue against 
models that invoke motility as a mechanism for targeting 
them to MT ends. The end structures recognized by Kin 
I kinesins are probably exposed protofilament edges at 

polymerizing MT ends (Chretien et al., 1995; Desai and 
Mitchison, 1997). This idea is supported by our finding 
that Kin I kinesins can interact with tubulin dimer, which 
may share sites with exposed protofilament edges that 
are buried within the lattice of the MT. 

Our model proposes that binding of Kin I kinesins to 
MT ends induces a destabilizing conformational change 
that results in a catastrophe. Physical disruption of end 
structure is supported by negative stain analysis of 
GMPCPP MTs undergoing XKCM1 catalyzed depoly- 
merization. Biochemical analysis showed that this dis- 
ruption occurs without GMPCPP hydrolysis. These re- 
sults highlight the remarkable ability of Kin I kinesins 
to destabilize tubulin conformation without triggering 
nucleotide hydrolysis on ß-tubulin. Because XKCM1/ 
XKIF2 induce a destabilizing conformational change at 
MT ends in the presence of AMPPNP, the lattice-desta- 
bilizing conformational change must be derived from 
the binding energy of these kinesins at MT ends and 
not from ATP hydrolysis. 

In the presence of AMPPNP, XKCM1/XKIF2 do not 
significantly depolymerize GMPCPP MTs despite tar- 
geting to their ends and inducing a destabilizing confor- 
mational change. Thus, we propose that the role of ATP 
hydrolysis by Kin I kinesins is to make their action cata- 
lytic by dissociating a released complex with tubulin 
dimer. Consistent with this idea, gel filtration analysis 
provided evidence for a complex of XKIF2 with tubulin 
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Figure 7. A Model for the Induction of MT 
Catastrophes by Kin I Kinesins 

For simplicity, only one end of an MT is 
shown. Kin I kinesins target to MT ends during 
polymerization and disrupt end structure. A 
catastrophe occurs that induces MT depoly- 
merization and release of a Kin l-tubulin di- 
mer complex. ATP hydrolysis-dependent dis- 
sociation of a Kin l-tubulin dimer complex 
allows for repeated action. For simplicity, a 
1:1 Kin I kinesin:tubulin dimer complex is 
depicted, and the tubulin GTPase cycle, nu- 
cleotide exchange on tubulin dimers and Kin 
I kinesins, and reverse reactions are not 
shown. 

Depolymerization Phase 
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dimer in AMPPNP but not in ATP; such a complex was 
not observed with the motile K560 kinesin. 

Relationship of Microtubule Destabilization 
by Kin I Kinesins to Potential 
Motor Activity 
The key features of Kin I kinesins-unique affinity for 
MT ends, physical disruption of end structure, and use 
of catalytic domain ATPase activity to dissociate a com- 
plex with tubulin dimer-are also the features that 
strongly distinguish them from motile kinesins. Motile 
kinesins, such as K560 used in our assays, target to the 
outside surface along the length of the MT lattice, do 
not induce a destabilizing conformational change in the 
MT lattice, and use catalytic domain ATPase activity to 
power motility along the MT lattice. Our results also 
conclusively disprove the hypothesis that plus end mo- 
tility targets XKCM1 to MT plus ends, where either 
XKCM1 itself or its cargo induces MT destabilization 
(Walczak et al., 1996; Waters and Salmon, 1996). In addi- 
tion, the assays described here suggest that XKIF2 is 
not a plus end-directed MT motor. In contrast, fast plus 
end-directed motility was reported for mKIF2 (Noda et 
al., 1995). Because XKIF2 and mKIF2 are very similar in 
primary sequence (96% identity in the catalytic domain; 
87% overall identity), we think it unlikely that the differ- 
ence between our analysis of XKIF2 and the previously 
reported plus end motility of mKIF2 is species based. 
Resolving this discrepancy will require a reexamination 
of the reported motile activity of mKIF2. 

Functional and Evolutionary Implications of Kin I 
Kinesins Being Microtubule-Destabilizing Enzymes 
The robust MT-destabilizing activity of Kin I kinesins in 
vitro leads us to suspect that these kinesins are major 
regulators of MT dynamics inside cells. Consistent with 
this expectation, our previous characterization of XKCM1 
in Xenopus extracts demonstrated it to be a major nega- 
tive regulator of MT dynamics in egg cytoplasm (Wal- 
czak et al., 1996). A small fraction of XKCM1/MCAK also 
localizes to the centromere/kinetochore region where 
it presumably plays a role in chromosome movement. 
Deciphering this role will be aided by considering that 
XKCM1/MCAK may act exclusively as an MT-destabiliz- 
ing enzyme and not as a motor protein (Maney et al., 
1998). Similarly, analysis of the role of KIF2 in neuronal 
development will be aided by knowledge of its in vitro 
activity, and previous studies interpreting its function 
primarily as a motor protein may need to be reevaluated 
(Morfini et al., 1997). 

Our findings also provide strong support for the hy- 
pothesis that regulation of MT dynamics is a fundamen- 
tal intracellular activity of kinesins. Interestingly, KAR3 
and KIP3, two of the six kinesins in the genome of the 
budding yeast Saccharomyces cerevisiae, have been 
genetically implicated in MT depolymerization (Cotting- 
ham and Hoyt, 1997; DeZwaan et al., 1997; Saunders et 
al., 1997; Huyett et al., 1998), and a bacterially expressed 
fragment of KAR3 that exhibits minus end motility also 
slowly depolymerizes MT minus ends in vitro (Endow et 
al., 1994). Neither of these two kinesins belongs to the 
Kin I subfamily, indicating that MT destabilization may 

be an activity selected for in other kinesins. The Kin I 
subfamily may represent an eventual specialization for 
exclusively performing the function of MT destabili- 
zation. 

The ability of members of the kinesin superfamily to 
move toward either end of an MT (Vale and Fletterick, 
1997; Hirokawa et al., 1998), to couple to the dynamic 
behaviour of MTs (Lombillo et al., 1995), and, as de- 
scribed here, to actively promote MT destabilization by 
a mechanism distinct from motility highlights the re- 
markable flexibility inherent in the design of kinesins. A 
chimera analysis of the relationship between the mecha- 
nisms of motility and destabilization, similar to that em- 
ployed for opposite polarity kinesins (Case et al., 1997; 
Henningsen and Schliwa, 1997), will be important for 
exploring this remarkably flexible design. We speculate 
that coupling to or regulation of polymer dynamics may 
be evolutionary precedents to motor activity. Dynamic 
polymers most likely preceded the motor proteins that 
utilized these polymers as substrates, and coupling to 
or regulation of the dynamics of the polymers may be 
the function initially selected for that later evolved into 
motility. 

Future Directions 
Future insight into the reaction mechanism proposed 
here will come from many avenues, including determina- 
tion of whether Kin I dimerization is required for the 
destabilization activity, identification of the minimal do- 
main capable of carrying out the destabilization reac- 
tion, characterization of the ATPase activity of the cata- 
lytic domain, and further analysis of the Kin l-tubulin 
dimer complex. Elucidation of the detailed coupling of 
the ATPase cycle to MT destabilization, determination 
of the strength of coupling of binding to an MT end to the 
induction of catastrophe, and analysis of the relationship 
between mechanisms of motility and destabilization are 
more distant future challenges. The assays developed 
here will also allow a systematic dissection of other 
Kin I kinesins, as well as kinesins not belonging to this 
subfamily but implicated in MT destabilization, such as 
KIP3 and KAR3 from budding yeast. The potency of Kin 
I kinesins as MT destabilizers in vitro suggests their 
activity will be regulated in vivo either directly and/or 
by regulation of the susceptibility of the MT substrate 
to their action. Thus, in vitro analysis of the effect of Kin 
1 kinesins on complex substrates, such as MTs coated 
with single or different MT associated proteins (MAPs) 
will also be important. Perhaps the most interesting fu- 
ture endeavor will be analysis of the biological functions 
of Kin I kinesins in light of their remarkable in vitro ac- 
tivity. 

Experimental Procedures 

Expression and Purification of Recombinant Proteins 
Baculovirus expression was performed as described (Walczak et 
al., 1997) using either a full-length XKCM1 clone inserted into the 
BamHI to Kpnl site of pVLI 393N or afull-length XKIF2 clone inserted 
into the Notl to Kpnl site of pVL1392N. Sf-9 cells (250 ml) expressing 
either XKCM1 or XKIF2 were pelleted, frozen in liquid nitrogen, and 
stored at -80°C. Frozen cell pellets were resuspended by vigorous 
pipeting in 25 ml of ice-cold lysis buffer (BRB80 + 125 mM KCI + 
2 mM EGTA + 1 mM DTT + 0.5 mM MgATP + 1 mM PMSF + 
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10 n,g/ml leupeptin/pepstatin/chymostatin [LPC]; BRB80: 80 mM 
PIPES, 1 mM MgCI2, 1 mM EGTA [pH 6.8] with KOH). The lysate 
was cleared by centrifugation, loaded onto a HiTrap SP Sepharose 
column (Pharmacia), and eluted with an increasing KCI gradient. 
The peak of XKCM1/XKIF2 from the HiTrap SP column (assayed by 
SDS-PAGE) was loaded onto a Superose 6 gel filtration column 
(Pharmacia) equilibrated in BRB80 + 75 mM KCI + 1 mM DTT + 
10 |xM MgATP + 1 jig/ml LPC. The peak of full-length XKCM1/XKIF2 
was loaded onto a 1 ml Mono S column (Pharmacia) equilibrated 
in BRB80 + 75 mM KCI + 1 mM DTT + 10 |xM MgATP + 1 (xg/ml 
LPC and eluted with an increasing KCI gradient. K560 (Woehlke et 
al., 1997) was purified from bacteria by nickel affinity followed by 
Superose 6 gel filtration in BRB80 + 200 mM KCI + 1 mM DTT + 
10 (J.M MgATP + 1 (ig/ml LPC. The final XKCM1/XKIF2/K560 frac- 
tions were supplemented with solid sucrose to 10% (w/v), aliquoted, 
frozen in liquid nitrogen, and stored at -80°C. Control buffers of 
ionic strength and composition identical to the purified protein frac- 
tions were used in control reactions, unless indicated otherwise. 
Protein concentration was determined colorimetrically using BSA 
as a standard (Bradford, 1976). All three proteins (XKCM1, XKIF2, 
and K560) are dimers as judged by sucrose density gradient and 
gel filtration analysis, and all reported concentrations are of the 
molar concentration of dimer in the reaction. For unknown reasons, 
X/mKIF2 migrate anomalously large on denaturing SDS-PAGE gels 
(apparent MW ~20 kDa larger than MW calculated from primary 
sequence). 

General Microtubule Methods and Assays 
for Dynamic Microtubules 
Purification of bovine brain/frog egg tubulin, labeling of bovine tu- 
bulin with fluorescent dyes, and polymerization of taxol/GMPCPP 
MTs from bovine tubulin was performed using standard procedures 
(Hyman et al., 1991). Preparation of [7-32P] GMPCPP and analysis 
of its hydrolysis were performed as described (Hyman et al., 1992). 
Fixed and real time assays on dynamic MTs nucleated off axonemes 
were performed as described (Mitchison and Kirschner, 1984; 
Walker et al., 1988) except that in the latter frog egg tubulin and 
double-stick tape flow cells were used, and the flow cell surface 
was blocked with 5 mg/ml BSA in BRB80 after adsorption of axo- 
nemes. For GMPCPP and taxol MT reactions, MT concentration 
(i.e., concentration of tubulin dimer in MT polymer) was determined 
from the A2eo of an aliquot of sedimented and resuspended MTs 
diluted in BRB80 + 5 mM CaCI2 and incubated at 0°C for 10 min to 
induce depolymerization (using e-tubulin, 280 nm = 115,000 
M-'cm-1). 

Visual and Sedimentation Analysis of Stabilized 
Microtubule Depolymerization 
For qualitative visual analysis of depolymerization of stabilized MTs, 
40 nM XKCM1/XKIF2/K560 was mixed with 1.5 (JLM fluorescent 
GMPCPP/taxol MTs (1:9 rhodamine-labeled:unlabeled tubulin; ~1:40 
molar ratio of XKCM1/XKIF2/K560:tubulin) in BRB80 + 70 mM KCI + 
1 mM DTT + 1.5 mM MgATP/5 mM MgAMPPNP (+ 15 (iM taxol for 
taxol MT reactions) and incubated at RT. At various intervals 1 JULI 

of the reaction mix was squashed under an 18 x 18 mm coverslip 
and viewed by fluorescence microscopy using a 60X, 1.4 NA Olym- 
pus objective mounted on a Nikon Optiphot-2 microscope. Sedi- 
mentation analysis of depolymerization of stabilized MTs was per- 
formed using SDS-PAGE of supernatants and pellets generated by 
centrifuging 80 p,l reactions at 100,000 rpm for 5 min in a TLA100 
rotor at 23°C. The pellet was resuspended in 80 JJLI BRB80 + 70 mM 
KCI + 5 mM CaCI2 on ice for 10 min with vigorous pipeting. Equiva- 
lent amounts (20-25 p.l) of the supernatant and pellet were analyzed 
by 10% SDS-PAGE followed by Coomassie staining. 

Real Time Analysis of GMPCPP Microtubule Depolymerization 
Segmented GMPCPP MTs were prepared by diluting bright 
GMPCPP seeds (1:2 rhodamine-labeled:unlabeled tubulin) into 1.5 
|xM dim GMPCPP-tubulin mix (1:11 rhodamine-labelediunlabeled 
tubulin) and incubating at 37°C for 1-2 hr. Double-stick tape flow 
cell surfaces were coated with a very dilute partially pure fraction 
of XKIF2 and blocked with 5 mg/ml BSA in BRB80. This preparation 
binds MTs to the coverslip surface without significantly releasing, 

moving, or depolymerizing them in the presence of ATP. Segmented 
GMPCPP MTs were allowed to bind to the flow cell surface and 
rinsed extensively with BRB80 + 1 mM DTT + 1.5 mM MgATP + 
1X Oxygen Scavenging Mix (1X OSM: 200 \t,g/m\ glucose oxidase, 
35 (ig/ml catalase, 4.5 mg/ml glucose, 0.5% 2-mercaptoethanol). 
XKCM1 (20 nM), preincubated for 10 min on ice with 30-fold molar 
excess of either anti-N-terminal XKCM1 antibody (Walczak et al., 
1996) or an irrelevant rabbit IgG, was adjusted to BRB80 + 1 mM 
DTT + 1.5 mM MgATP + 1 mg/ml BSA + 1X OSM and introduced 
into the flow cell. The reaction was monitored using time lapse 
fluorescence microscopy with a 60X, 1.4 NA Nikon objective and a 
Princeton Instruments cooled CCD camera. After 10-15 min, ~200 
nM K560 was introduced into the flow cell and the motility of the 
observed MTs recorded to retroactively and unambiguously deter- 
mine their polarity. 

Immunofluorescence Analysis and Negative Stain 
Electron Microscopy 
Reactions of GMPCPP MTs and XKCM1/XKIF2 identical to those 
described above were fixed using 10 vol of 1% glutaraldehyde in 
BRB80, sedimented onto coverslips as described (Evans et al., 
1985), postfixed in methanol, rehydrated, blocked with BSA, and 
processed for immunofluorescence using an affinity-purified anti- 
C-terminal XKCM1 antibody raised against the carboxy-terminal 138 
amino acids of XKCM1. An affinity-purified anti-N-terminal XKIF2 
antibody was used to detect XKIF2. To obtain antibodies that would 
recognize their antigens after fixation with glutaraldehyde, the im- 
munogens were briefly fixed with glutaraldehyde prior to injection 
into rabbits. AMPPNP reactions were fixed after incubation at RT for 
15 min; ATP reactions were fixed at the midpoint of depolymerization 
gauged by qualitative visual analysis. Negative stain electron mi- 
croscopy was performed by adsorbing 1-2 y.l of a reaction mix to a 
glow-discharged, formvar-coated, carbon-coated 200-mesh copper 
EM grid for ~10 s and applying 20 |xl of 0.5% aqueous uranyl actetate 
while simultaneously absorbing it using a Whatman #1 filter paper 
strip. The grid was thoroughly dried prior to viewing with a Philips 
EM400 electron microscope. 

Analysis of Tubulin Dimer Binding 
XKIF2/K560 (2 JJLM) and tubulin dimer (10 (iM) were incubated in 
BRB80 + 75 mM KCI + 1 mM DTT + 50 JJLM GDP + 3 mM MgATP/ 
3 mM MgAMPPNP for 15 min at RT and 20 (xl was analyzed by gel 
filtration using a Superose 6 column on a Pharmacia Smart system. 
The column was equilibrated in BRB80 + 75 mM KCI + 20 p.M GDP + 
200 (JLM MgATP/MgAMPPNP. Column fractions were analyzed by 
10% SDS-PAGE followed by Coomassie staining. The column was 
calibrated using the following standards (Stokes radii are indicated 
in brackets): chymotrypsinogen (20.9 A), ovalbumin (30.5 A), aldol- 
ase (48.1 Ä), catalase (52.2 Ä), ferritin (61.0 Ä), and thyroglobulin (85.0 
A). Stokes radii were estimated from a Porath correlation generated 
using the elution volumes of the standards (Siegel and Monty, 1966). 
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VIII.   Conclusions 
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I. Introduction 

Since Flemming first described mitosis more than a century ago, understanding 
the mechanisms underlying cell division has been a major focus in cell biology 
(Flemming, 1965). Over the years, the study of cell division has evolved from a 
detailed description of mitosis by the early cytologists to a modern molecular 
investigation. Essential for this evolution has been the development of experi- 
mental systems in which molecular and observational studies can be linked. 
Extracts from unfertilized Xenopus eggs provide one such system. These extracts 
are capable of maintaining specific cell cycle states and carrying out many of the 
events associated with cell division in vitro (Lohka and Masui, 1983; Blow and 
Laskey, 1986; Hutchison et al, 1988; Murray and Kirschner, 1989). In addition 
to providing fundamental insights into the nature of the cell cycle, these extracts 
have been very useful for dissecting downstream mitotic processes, such as regula- 
tion of microtubule dynamics, chromosome condensation, mitotic spindle assem- 
bly, sister chromatid separation, anaphase chromosome movement, and kineto- 
chore assembly (Lohka and Mailer, 1985; Belmont et al, 1990; Verde et al, 1990; 
Hirano and Mitchison, 1991; Sawin and Mitchison, 1991; Shamu and Murray, 
1992; Murray et al, 1996; Desai et al, 1997, 1998). A hallmark of studies in 
Xenopus extracts has been the combination of detailed structural and functional 
analysis of complex macromolecular assemblies such as the mitotic spindle with 
the manipulation of selected components. Similar feats have been difficult to 
accomplish in genetic systems such as budding yeast because the cytology is 
limiting and the biochemistry is difficult. Furthermore, Xenopus extracts also 
provide insight into the mechanisms of vertebrate mitosis, the details of which 
may not be revealed from studies in lower eukaryotes. 

The two most useful attributes of Xenopus extracts are their ability to maintain 
specific cell cycle states and to recapitulate many of the detailed morphological 
changes associated with mitosis. Both of these features depend on the natural 
cell cycle arrest of the frog egg and on the ability to make concentrated extracts 
that retain many of the properties of intact cytoplasm. Mature Xenopus eggs are 
arrested in metaphase of meiosis II by an activity termed cytostatic factor (CSF), 
which is thought to be the product of the c-mos protooncogene (Sagata et al, 
1989). Sperm entry triggers a calcium spike that initiates a series of events leading 
to the destruction of CSF and exit from the meiosis II metaphase arrest. This 
calcium sensitivity of the CSF arrest is exploited in the preparation of extracts 
by use of the calcium chelator EGTA. The presence of EGTA in buffers results 
in extracts that maintain the CSF arrest (referred to as CSF extracts) but can 
be induced to exit the CSF arrest by addition of calcium (Lohka and Mailer, 
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1985). This convenient control of cell cycle state allows one to easily obtain in 
vitro spindles with replicated chromosomes as described later in detail. It should 
be noted that CSF extracts are meiotic (meiosis II) and not mitotic cytoplasm, 
a distinction that has not generally been made in the literature. However, given 
the mechanistic similarity of meiosis II and mitosis, studies using CSF extracts 
should be generally relevant to the study of mitosis, and several phenotypes of 
depletion of spindle assembly components in CSF extracts have also been ob- 
served in antibody-injection experiments in somatic cells (Sawin et al, 1992; 
Blangy et al, 1995; Gaglio et al., 1995, 1996, 1997; Merdes et al, 1996; Heald et 
al, 1997) as well as with genetic analysis of mitotic mutants (Enos and Morris, 
1990; Hagan and Yanagida, 1990; Hoyt et al., 1992; Roof et al, 1992). 

In this chapter, we will present detailed methods for the preparation of CSF 
extracts and for performing spindle assembly reactions. We will also describe 
methods for depleting specific components from extracts, an approach that has 
been used successfully to determine the contributions of both motor and nonmo- 
tor components to spindle assembly (Sawin et al., 1992; Merdes et al, 1996; 
Walczak et al, 1996, 1997). Finally, we will describe methods for analyzing 
anaphase in vitro (Murray et al, 1996). We recommend that anyone interested 
in using Xenopus egg extracts as an experimental system should first consult 
Murray (1991) who provides an introduction to the early stages of the Xenopus 
life cycle, documents the history of cell cycle extracts, provides detailed technical 
descriptions on the preparation of different types of extracts, and gives advice 
on troubleshooting problems with extracts; Murray's article serves as the basis 
for several of the procedures described here. 

II. Preparation of CSF Extracts for Spindle Assembly 

A. Requirements for Extract Preparation 

1. Buffer and Reagent Stocks 

10X MMR 
50 mill Na-Hepes, pH to 7.8 with NaOH 
1 mill EDTA 
1 M NaCl 
20 mM KC1 
10 mM MgCl2 

20 mM CaCl2 

Autoclave and store at room temperature (RT); if desired, MMR can also 
be prepared as a 25 X stock 

20X XB salts 
2MKC1 
20 mM MgCl2 
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2 mM CaCl2 

Sterile filter and store at 4°C 

2 M Sucrose 
Sterile filter or autoclave and store at 4°C or in aliquots at -20°C 

1 M K-Hepes 
pH to 7.7 with KOH, sterile filter and store at 4°C or in aliquots at -20°C 

0.5 M K-EGTA 
pH to 7.7 with KOH, sterile filter and store at RT 

1 M MgCl2 

Sterile filter and store at RT 

20X energy mix 
150 mM creatine phosphate 
20 mM ATP 
20 mM MgCl2 

Store in 100-ju.l aliquots at -20°C 
Protease inhibitors (LPC) 

10 mg/ml each of leupeptin, pepstatin A, and chymostatin dissolved in 
DMSO; store in lOO-pd aliquots at -20°C 

Cytochalasin B or D 
10 mg/ml in DMSO; store in 10- or 50-/xl aliquots at -20°C 
(Note: Both protease inhibitors and cytochalasin stocks can be frozen and 
thawed multiple times without detriment) 

5% Gelatin (w/v) 
Dissolved in water; autoclave and store in aliquots at -20°C 

Cysteine, free base 
Sigma No. C-7755 

Versilube F-50 
ANDPAK-EMA 

Hormone stocks for priming frogs and inducing ovulation 
Pregnant mare serum gonadotropin  (PMSG):  100 U/ml  (Calbiochem 
No. 367222) made up in water and stored at -20°C 
Human chorionic gonadotropin (hCG): 1000 U/ml (Sigma No. CG-10) made 
up in water and stored at 4°C 
(Hormones are injected into the dorsal lymph sac using a 27-gauge needle) 

2. Equipment 

Glass petri dishes 
60-, 100-, 150-mm-diameter regular and 150-mm-diameter high-sided, i.e., 
150-mm diameter and 75-mm height 

13 X 51-mm Ultraclear tubes (Beckman No. 344057) 
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Ultracentrifuge and SW50.1/SW55.1 rotor 

Clinical centrifuge 

3. Primed Frogs 

Frogs for extract preparation are primed using progesterone (present in 
PMSG) which induces maturation of oocytes. Priming is performed in two steps 
by injection with 50 U of PMSG (0.5 ml of 100 U/ml stock) on Day 1 and 25 U 
of PMSG (0.25 ml) on Day 3. Primed frogs are stored in dechlorinated water 
containing 2 g/liter rock salt in a cool room (ambient temperature of 16-20°C) 
and can be induced to lay eggs for up to 2 weeks after the second priming. 

B. Protocol for Extract Preparation 

1. Day before Extract Preparation 

Sixteen to 18 h before extract preparation, four to six primed frogs are induced 
to ovulate by injection with 500 U (0.5 ml) of hCG. After injection, frogs are 
rinsed well in distilled water, put individually into plastic buckets (Fisher No. 
03-484-21) containing two liters MMR, and stored overnight in a 16°C incubator. 

2. Setup for Extract Preparation 

For a four to six frog prep, you will need the following prior to beginning 
the prep: 

a. Buffers 
Prepare just before use unless indicated otherwise; all graduated cylinders and 

glassware should be rinsed well with double-distilled water (dd H20) prior to use. 

Two or three liters IX MMR (the MMR can be made the night before and 
stored in a plastic carboy in the 16°C incubator) 

200 ml dejellying solution: 2% (w/v) cysteine in IX XB salts; pH to 7.8 by 
adding 0.9 ml of 10 N NaOH 

750 ml XB: 10 mM K-Hepes (pH 7.7), 100 mM KC1, 1 mM MgCl2, 0.1 mM 
CaCl2, and 50 mM sucrose; prepare using 20X XB salts, 2 M sucrose, and 1 M 
K-Hepes (pH 7.7) stocks; to maintain a pH of 7.7 at 10 mM Hepes, add 11 fü 
10 N KOH per 100 ml XB 

250 ml CSF-XB: XB + 1 mM MgCl2 + 5 mM EGTA; to prepare, transfer 
250 ml of XB (from the 750 ml prepared previously) to a separate graduated 
cylinder and add EGTA to 5 mM and MgCl2 to 1 mM final 

100 ml CSF-XB + Pis: CSF-XB + 10 //,g/ml LPC; to prepare, transfer 100 ml 
of CSF-XB (from the 250 ml prepared previously) to a separate graduated 
cylinder and add LPC to 10 /xg/ml (mix immediately after adding LPC) 
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b. Equipment, etc. 

SW55.1 or SW50.1 rotor at 16°C in ultracentrifuge 
Two Pasteur pipettes with tips broken and fire polished to ~3 or 4-mm diameter 

Four to six 13 X 51-mm Ultraclear tubes 
Two 150-mm regular petri dishes, one high-sided 150-mm petri dish; rinse 

well with dd HzO and coat with 100 jug/ml gelatin (thaw gelatin at 37°C, pour 
—30 ml MMR into petri dish, pipet in 60 fjul of gelatin and swirl well for 
~30 sec, and pour out MMR and replace with XB); if making a squeezed egg 
extract in parallel (see Section VII,A) gelatin coat four 60-mm petri dishes 
(15 ml MMR and 30 fil gelatin) and fill with MMR for squeezing frogs into dishes, 
and coat one 100-mm petri dish for processing the squeezed eggs after dejellying 

600-ml glass beaker (rinsed well with dd H20) 

C. General Considerations for Preparing Spindle Assembly Extracts 

Spindle assembly is best performed using freshly prepared extracts because 
freezing extracts considerably decrease their ability to form bipolar spindles. For 
spindle assembly extracts, egg quality must take precedence over egg quantity. 
Because 1 or 2 ml of extract is more than sufficient for most experiments, it is 
best not to use any batches of eggs containing significant numbers (>10%) of 
lysed eggs, activated eggs (detected by contraction of dark pigment at the animal 
pole), or "puffballs" (eggs which are swollen and often white and puffy). Strings 
of eggs which do not have fully separated jelly coats can be used as a last resort 
unless they contain a high percentage of deformed or activated eggs. Any batches 
of eggs which are distinguishable in quality should be processed separately. 
Although the best spindle assembly extracts are often made from freshly squeezed 
eggs, we have had good success with laid eggs and will focus here on their use. 
Further discussion of squeezed egg extracts is presented in Section VII,A. 

For laid eggs, extract preparation should begin 16-18 hr after hCG injection. 
We recommend that the temperature of the buffers and the room in which eggs 
will be manipulated not exceed 23°C (ideally 18-20°C). Warmer temperatures will 
almost certainly result in lower quality extracts. Rinsing of eggs after dejellying is 
best performed in gelatin-coated petri dishes by swirling the dishes a couple of 
times and pouring out the buffer. Never pour solutions directly onto the dejellied 
eggs because they are quite fragile. Pour the solutions down the side of the wash 
vessel, and then gently swirl the eggs. Maximal buffer exchange in petri dishes 
can be achieved by turning the dish away from you and quickly removing buffer 
at the edge of the egg mass using a wide-bore Pasteur pipet prior to pouring in 
the next wash buffer. During the washes, the eggs should be "gardened," i.e., 
visibly deformed eggs, activated eggs, puffballs, and large pieces of debris should 
be removed using the wide-bore Pasteur pipets. However, one should not get 
so caught up in removing bad eggs and debris that this slows the preparation of 
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the extract. Time is another important variable. Generally it should be possible 
to go from collecting of eggs to the crushing spin in 45 min to 1 hr. 

D. Procedure for Extract Preparation 

1. Combine batches of good laid eggs and remove as much MMR as possible. 
2. Wash eggs in 2 or 3 liter of MMR until all of the debris is removed. Combine 

good egg batches in a frog bucket, rinse a couple of times with MMR, and pour 
the eggs into a 600-ml beaker for the rest of the MMR washes. Since eggs settle 
quickly, pouring out the MMR immediately after the eggs have settled allows 
easy removal of debris. Eggs should be gardened during this step and during 
washes after dejellying. 

3. Remove as much MMR as possible and rinse eggs into dejellying solution. 

4. Swirl gently and intermittently in the dejellying solution. While the eggs 
are dejellying, pipet 1 ml of CSF-XB + Pis to each 13 X 51-mm Ultraclear 
centrifuge tube and add 10 jw.1 of 10 mg/ml cytochalasin B/D per tube (flick the 
tube well immediately after pipeting in the cytochalasin or it will precipitate). 

5. After eggs are dejellied (this will take 7-10 min and the volume will decrease 
approximately five-fold; eggs will pack tightly and orient with their vegetal poles 
down), remove as much dejellying solution as possible, rinse eggs with residual 
dejellying solution and once with XB, then transfer eggs to gelatin-coated petri 
dishes. Wash dejellied eggs three or four times with XB in the petri dish as 
described in Section II,C. For larger batches of eggs, we recommend using the 
high-sided 150-mm petri dishes. 

6. Wash eggs two or three times in CSF-XB. Remove as much buffer as pos- 
sible. 

7. Wash eggs twice in CSF-XB + Pis. Leave eggs in a small volume of CSF- 
XB + Pis after the second wash. 

8. Draw eggs up into the wide-bore Pasteur pipet and slowly drop them into 
the 1-ml CSF-XB + Pis + 100 Atg/ml cytochalasin solution in the ultraclear tube. 
Insert the pipet below the meniscus to break the surface tension and gently 
release eggs into the solution. Minimize transfer of buffer along with the eggs. 

9. Aspirate excess buffer from the top of the eggs. 
10. Put the ultraclear tubes into 14-ml polypropylene round-bottom culture 

tubes (Falcon No. 2059) and spin for 10 sec at setting No. 4 (approx. 1500 rpm) 
in a clinical centrifuge. 

11. Gently aspirate buffer from top of the eggs and layer on 0.75-1 ml of 
Versilube F-50. Use of versilube minimizes dilution during extract preparation. 
The density of versilube is intermediate between that of buffer and cytoplasm; 
thus, versiluble displaces buffer between the eggs during the packing spin but 
floats to the top of the cytoplasmic layer during the crushing spin. 
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12. Pack the eggs by spinning at setting No. 5 for 30 sec (2000 rpm) and full 
speed (No. 7) for 15 sec (2500-3000 rpm) in the clinical centrifuge. 

13. Aspirate all buffer and versilube from the top of the packed eggs. 

14. Transfer the tubes containing the packed eggs to the SW55.1 rotor in the 
ultracentrifuge. Crush the eggs by centrifugation at 10,000 rpm for 15 min at 
16°C (full brake). 

15. Store tubes with crushed eggs on ice. The light yellow layer on top repre- 
sents the lipid droplets and the dark layer on the bottom contains the yolk and 
nuclei. The cytoplasmic layer is the muddy or straw-colored layer in the middle 
of the tube. Prior to collecting the cytoplasmic layer, wipe the sides of the tubes 
with 95% ethanol. Puncture the tube near the bottom of the cytoplasmic layer 
with an 18-gauge needle (on a 1-cc syringe), and gently draw out the extract. 
[See Fig. 3 of Murray (1991) for a picture of an extract.] We find it best to use 
a new needle for each centrifuge tube. Transfer the collected extract to a 5-ml 
snap cap tube and estimate its volume. 

16. Add 1/1000 volume of protease inhibitor (LPC) and cytochalasin stocks, 
1/20 volume of 20X energy mix, and 1/40 volume of 2 M sucrose. Note that 
some people do not add additional sucrose to the extract after preparation, but 
we find that it often helps stabilize the extract during immunodepletions (see 
Section V,A). 

E. Preparation and Use of Sperm Nuclei and Fluorescent Tubulin 

Sperm nuclei are prepared exactly as described by Murray (1991) and stored 
in small aliquots at -80°C at a density of 1-5 X 107/ml. Sperm nuclei can be 
frozen and thawed multiple times without apparent loss of activity, but we prefer 
to store them in small aliquots and only freeze-thaw once for spindle assembly 
reactions. Sperm nuclei are added to extracts at a 1/100-1/200 dilution yielding 
a final concentration of 100-300 nuclei/|Lil. 

Fluorescent tubulin is used to monitor microtubule distributions during spindle 
assembly and is prepared by the high pH labeling protocol described by Hyman 
et al, (1991). Fluorescein, tetramethyl rhodamine, or X-rhodamine-labeled tu- 
bulin can be used to monitor spindle assembly. We generally use X-rhodamine- 
labeled tubulin because it has better spectral separation from fluorescein than 
does tetramethyl rhodamine, allowing double-label immunofluorescence stud- 
ies with fluorescein-conjugated secondary antibodies (see Section IV). Our X- 
rhodamine-labeled tubulin preps have final concentrations varying between 15 
and 25 mg/ml with labeling stoichiometries between 0.5 and 1. For monitoring 
spindle assembly, we add X-rhodamine tubulin to the extract at a final concentra- 
tion of 20-50 ju,g/ml (generally a 1/400 dilution). Although tubulin by itself is 
highly unstable, it appears to be very stable in the extract and can be added 
immediately after extract preparation. 
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=    III. Spindle Assembly Reactions 

Three types of spindle assembly reactions have been described in the literature 
(Sawin and Mitchison, 1991; Heald et al, 1996). In the first type of reaction, 
termed CSF spindle assembly, each sperm nucleus added to the extract drives 
the formation of a half spindle. Two such half spindles then fuse to form a bipolar 
mitotic spindle (Fig. 1, top) (Sawin and Mitchison, 1991). Thus, two haploid 
sperm nuclei drive the formation of a single bipolar spindle. In the second type 
of reaction, termed cycled spindle assembly or interphase-to-mitosis spindle 
assembly, calcium is added to a CSF extract containing sperm nuclei, inactivating 
the CSF arrest and driving the extract into interphase. As the nuclei in the extract 
cycle through interphase their DNA is replicated once (Sawin and Mitchison, 
1991). Fresh CSF extract without any sperm nuclei is then added to drive the 
extract containing replicated sperm nuclei into metaphase. In this type of spindle 
assembly reaction, each sperm nucleus undergoes one round of replication and 
drives the formation of a bipolar mitotic spindle (Fig. 1, bottom). Cycled spindles 
containing replicated chromosomes are arrested in metaphase by CSF; addition 
of calcium for a second time results in inactivation of CSF and anaphase chromo- 
some segregation (Shamu and Murray, 1992). Heald and coworkers (1996) de- 
scribed the assembly of spindles around DNA-coated beads in extracts. These 
studies demonstrated that chromatin-coated beads are sufficient to generate a 
bipolar mitotic spindle in the absence of centrosomes and kinetochores. A study 
describing the use of DNA-coated beads for studying spindle assembly has been 
presented recently (Heald et al, 1998). 

A. General Considerations for Spindle Assembly Reactions 

Xenopus extracts are a powerful tool for studying mitosis but their use can 
be very frustrating because of high variability. These extracts are very sensitive 
to physical perturbations and must be treated gently to ensure the best results. 
Avoid pipeting up and down vigorously with narrow-bore pipet tips or dropping 
tubes containing extract reactions since either of these can sufficiently perturb 
the extract to disrupt the spindle assembly process. We recommend pipeting 
with either commercially available wide-bore P-200 tips (Rainin HR-250W) or 
regular P-200 tips that have been cut off to an opening of ~2 mm diameter and 
mixing by either gently tapping the bottom of the tube or inverting the tube two 
or three times. Use a fresh pipet tip for each aliquot, especially for experiments 
requiring quantitation because these extracts are very viscous. Never vortex a 
tube containing extract because this will surely destroy the extract. Finally, avoid 
diluting the extract with buffer or other reagents because this can also inhibit 
spindle assembly (see Section V,B). 

To set up spindle assembly reactions, add sperm nuclei and labeled tubulin 
to a large volume of extract and then aliquot it into individual reactions. The 
extract is very viscous and difficult to pipet accurately. Use a fresh pipet tip for 
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each aliquot to ensure reproducibility and allow for a 20% volume loss upon 
aliquoting. Do not exceed a reaction volume of >50 fil/1.5 ml Eppendorf tube 
since larger reaction volumes tend to inhibit spindle assembly. We recommend 
incubating reactions at 20°C in a cooled water bath (a home-made one can be 
a plastic tray containing water with some ice to maintain 20°C). However, if the 
room temperature is stable from day to day and does not exceed 24 or 25°C, 
then the reactions can be incubated on the bench top. 

B. Reagents Required for Spindle Assembly 

Sperm nuclei at 1-5 X 107/ml 
Fluorescently labeled tubulin 
Extract fix: 60% (v/v) glycerol, lx MMR, 1 /ig/ml Hoechst 33342/33258, 10% 

formaldehyde [from 37% (w/v) stock] 
Sperm dilution buffer (lx): 10 mM Hepes (pH 7.7), 1 mM MgCl2, 100 mM 

KC1,150 mM sucrose, 10 jag/ml cytochalasin B/D; can be prepared as a 5X stock; 
both lx buffer and 5X stock should be stored at -20°C 

10X calcium: 4 mM CaCl2 in lx sperm dilution buffer 

C. CSF Spindle Assembly 

To CSF extract containing labeled tubulin add sperm nuclei to a final concentra- 
tion of 100-300/jul Mix gently, aliquot 25 /xl/tube, and incubate at 20°C. At 15, 
30, 45, and 60 min take samples to test the progress of the reaction as follows: 
pipet a 1-jui aliquot of the reaction on a microscope slide, overlay with 3 fü of 
extract fix, cover gently with an 18 X 18-mm coverslip, and view by fluorescence 
microscopy. At the 15-min time point, small microtubule asters emanate from 
the sperm centrosome (Fig. 2, top); these often have a very dense core of 
microtubules. By 30 min the chromatin has migrated away from the centrosome, 
and the microtubules are polarized toward the chromatin: These structures are 
termed half spindles (Fig. 2, middle). Between 30 and 60 min, half spindles begin 
to fuse to form bipolar spindles (Fig. 2, bottom). During CSF spindle assembly, 
the percentage of total structures that are bipolar spindles varies considerably 
from extract to extract. In a typical extract, 40-60% of the total structures are 
bipolar spindles by the 60-min time point. This number can range from <10% 
in very poor extracts to >90% in the best extracts. 

D. Cycled Spindle Assembly 

For cycled spindle assembly the extract is divided into two tubes after the 
addition of labeled tubulin. One tube is supplemented with sperm nuclei and 
cycled into interphase by the addition of calcium, whereas the second tube 
is held on ice until it is needed to drive the extract with replicated sperm nu- 
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Tübulin DNA 

Fig. 2 Reaction intermediates of CSF spindle assembly reaction. Samples were removed from the 
reaction and sedimented onto coverslips as described in the text. The microtubules and chromatin 
structures formed during the reaction are shown for 15-, 30-, and 60-min time points. 

clei back into metaphase. Specifically, to one-half of the extract containing la- 
beled tubulin add sperm nuclei. Withdraw a small amount as a negative control 
(-20 [A), and to the rest add 1/10 volume of 10X calcium solution. Mix the 
calcium into the extract gently but thoroughly, aliquot 20-/i,l/tube, and incubate 
both the aliquot withdrawn prior to calcium addition and the reaction tubes 
supplemented with calcium at 20°C for 80 min. During this incubation the extract 
is monitored by taking samples at 30-, 45-, and 60-min time points as described 
in Section III,C. Reactions to which calcium was added should exit the CSF 
arrest and cycle through interphase; negative control sample (withdrawn before 
calcium addition) should remain in CSF (mitotic) arrest. Morphology of the 
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mitotic arrest was described in Section III,C. The reactions with calcium should 
appear as follows: after 30 min, the sperm nucleus should be swollen and many 
free microtubules should be present in the extract; after 45 min, the sperm 
nucleus should be large and round and resemble a typical mammalian cell inter- 
phase nucleus; after 60 min, the sperm nucleus should appear large and reticular 
much like an early prophase nucleus, suggesting that the extract may be starting 
to cycle back into metaphase. In our experience, extracts that have irregularly 
shaped interphase nuclei at the 45-min time point tend to be less robust in 
generating mitotic spindles. After 80 min at RT, 20 fü of CSF extract containing 
labeled tubulin but not sperm nuclei is added to each reaction (this represents 
an equal volume of extract added to the initial reaction), mixed in gently and 
incubated at 20CC for 60-90 min to allow establishment of the metaphase CSF 
arrest and formation of bipolar spindles. The reactions containing bipolar spindles 
can be held at RT for many hours without detriment, although with increased 
time the number of single bipolar spindles drops significantly because the spindles 
tend to aggregate laterally, forming large multipolar structures. 

In general, cycled spindle assembly results in a more uniform distribution of 
structures than CSF spindle assembly and yields a higher proportion of bipolar 
spindles (80-90% of total structures at 60 min). Cycled spindles have chromo- 
somes aligned in an equatorial plane, highly reminiscent of a metaphase plate 
in somatic cells (Fig. 3, top). However, the tightness of the metaphase plate in 
cycled spindles can vary significantly between extracts. In good extracts, the 
chromosomes are tightly focused at the spindle equator, whereas in less robust 
extracts, the chromosomes tend to be both at the spindle equator and scattered 
on either side of the equator. These less robust extracts generally do not work 
well for anaphase chromosome segregation (see Section VII). 

The morphological pathway by which cycled spindles assemble remains to be 
clarified. Sawin and Mitchison (1991) first described the pathway as being chroma- 
tin driven, i.e., microtubules assembled in the region of the chromatin and with 
time organized into a bipolar structure with morphologically distinguishable 
poles. This pathway is similar to that described recently using chromatin-coated 
magnetic beads, with the exception that spindles assembled from sperm nuclei 
contain centrosomes. However, Boleti and coworkers (1996) reported that two 
distinct centrosomal arrays of microtubules are separated to opposite sides of 
the nucleus in a more classical somatic cell-type spindle assembly pathway. A 
clear picture of the cycled spindle assembly pathway awaits a thorough real-time 
study of this reaction using fluorescence video microscopy. 

=   IV. Monitoring Spindle Assembly Reactions 

A. Methods for Pelleting Spindles onto Coverslips 

Spindle assembly reactions are routinely monitored using fixed squashes as 
described in Section III,C. However, for quantitative analysis we prefer to sedi- 
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Tubulin DNA 

Metaphase 

Anaphase 

Fig. 3 Optimal fixation of spindle structures. Using the optimized fixation conditions it is possible 
to preserve chromosome structure and microtubule structure. (Top) Metaphase spindles assembled 
by the cycled spindle pathway. (Bottom) Spindles that have been induced to enter anaphase following 

calcium addition. 

ment the spindles from a large volume (20 /xl) of extract onto a coverslip. The 
advantages of sedimenting spindles onto coverslips are threefold. First, spindles 
from 20 fxl of reaction are concentrated onto a 12-mm coverslip, providing a 
dense, relatively homogenous sample for quantitative analysis. Second, having 
the spindles fixed on coverslips allows one to perform immunofluorescence to 
analyze the localization of specific antigens on the in vitro spindles. Third, unlike 
squashes, the pelleted samples are very stable when stored at -20°C. This allows 
one to prepare many samples at once but analyze them when convenient and 
store them for any future reanalysis. We use two procedures for pelleting spindles 
onto coverslips. In the first (method 1), reactions are diluted extensively into a 
microtubule-stabilizing buffer, pelleted unfixed onto coverslips, and fixed onto 
the coverslips using methanol. Two limitations of this method are an extreme 
disruption of chromosome structure and day-to-day variability. Recently, we 
have developed an alternative method (method 2) that involves first diluting the 
spindles into a microtubule-stabilizing buffer and then fixing the spindles in 
solution using formaldehyde, pelleting the spindles onto coverslips, and postfixing 
using methanol. Using method 2 we have satisfied the demanding requirement 
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* 
of retaining the fine structure of chromosomes as they are undergoing anaphase 
without causing significant disruption of spindle structure (Fig. 3, bottom). 

1. Requirements for Pelleting Spindles onto Coverslips 

BRB80 
80 mM K-Pipes, pH 6.8 
1 mM MgCl2 

1 mM EGTA 
Make as 5X stock, sterile filter and store at 4°C 

5-ml snap cap tubes (Sarstedt No. 55.526.006) 
Dilution buffer 

BRB-80 
+ 30% (v/v) glycerol 
+ 0.5% Triton X-100 

Fixation buffer 
BRB80 
+ 30% (v/v) glycerol 
+ 0.5% Triton X-100 
+ 4% formaldehyde, added just before use from 37% stock 

Cushion 
BRB80 
+ 40% (v/v) glycerol 

Spindown tubes (Evans et at, 1985) 
With 12-mm coverslips and 4-ml cushion at room temperature 

Coverslip holders 
For 12-mm round coverslips; we like to use Thomas Scientific No. 8542-E40 

-20°C methanol 
TBS-TX 

IX TBS [10 mM Tris (pH 7.4) and 150 mM NaCl] 
0.1% Triton X-100 

Mounting medium 
0.5% p-phenelynediamine (free base) in 90% glycerol and 20 mM Tris-Cl, 
pH9.0 

2. Method 1 

1. Prior to beginning the spindown procedure, prepare spindown tubes with 
coverslips and cushion and 5-ml snap cap tubes with 2 ml of dilution buffer. All 
buffers should be at RT. 

2. Pipet 20 ju,l of spindle assembly reaction into the dilution buffer. Prior to 
transferring the extract into the dilution buffer, we often pipet up and down two 
or three times with a regular yellow tip to break any large aggregates. 
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3. Immediately cap the tube and mix by gently inverting four or five times. 
4. Using a disposable plastic transfer pipet, layer the diluted sample onto the 

cushion in the spindown tube. After dilution, the spindles are stable; therefore, 
if a large number of samples are being pelleted, first do the dilution and mixing 
for all samples and then layer them sequentially onto cushions. 

5. Centrifuge the tubes in an HS-4 rotor at 18°C for 20 min at 5500 rpm 
(6000g). We use the HS-4 because it can hold 16 tubes; an HB-4, HB-6, or 
equivalent rotor can be used for smaller numbers of tubes. 

6. Aspirate until just below the sample-cushion interface, rinse with BRB80, 
aspirate off the rinse and the cushion, and transfer the coverslips to a cover- 
slip holder. 

7. After all coverslips are in the holder, fix by immersion in -20°C methanol 
for 3 min. 

8. Rehydrate using two sequential 5-min incubations in TBS-TX. 
9. Label DNA by rinsing coverslips with 1 /Ag/ml Hoechst in TBS-TX for 

30 sec, mount in mounting medium, and seal with nail polish. Rinse top surface 
of coverslip with water prior to observation. 

3. Method 2 

Method 2 is different from method 1 as follows: 

1. Dilute 20 /A of sample into 1 ml of dilution buffer as in step 2 of method 1. 
2. Dilute all samples first, then add 1 ml of fixation buffer and mix well 

by inversion. 
3. Fix for 5 min at RT prior to layering onto cushion. 
4. After pelleting fixed spindles onto coverslips and aspirating the cushion 

after rinsing (step 6 in method 2) postfix the coverslips in -20°C methanol. 

Using this method we have successfully preserved the fine structure of chromo- 
somes (Fig. 3) without significantly compromising spindle structure. 

Spindles pelleted onto coverslips using either method can be processed for 
immunofluorescence using antibodies to specific spindle components (Walczak 
et al, 1996). After rehydrating in TBS-TX, coverslips are blocked in TBS-TX + 
2% BSA (antibody dilution buffer or AbDil) for 15-30 min, incubated sequen- 
tially with primary and secondary antibodies diluted in AbDil, rinsed in TBS-TX 
containing 1 jug/ml Hoechst, and mounted as described previously. For localizing 
antibodies added to inhibit function of a particular component, only incubation 
with the appropriate secondary is necessary (Walczak et al, 1997). 

B. Time-Course Experiments 

While characterizing the functions of spindle components using the CSF spindle 
assembly reaction, it is often desirable to monitor the intermediates in the path- 
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way. In order to set up time-course experiments for this purpose, it is important 
that samples for all time points are derived from a single pool of reaction mix 
and that they are sedimented onto coverslips at the same time. Specifically, to 
a volume of extract sufficient for all time points, add sperm nuclei and any other 
reagents, such as antibodies or dominant-negative fusion proteins, and store on 
ice. At various intervals beginning with t = 0 min, remove 25 /A and transfer to 
a tube at 20°C. At the end of the time course, pellet all samples onto coverslips 
using either of the methods described in Section IV,A. 

—   V. Manipulation of Extracts 

The ability to manipulate specific components in the extract by either immuno- 
depletion or reagent addition and to assay the effects of these manipulations on 
spindle assembly is one of the main advantages of Xenopus egg extracts. A recent 
flurry of publications applying this strategy to dissect the role of both motor and 
nonmotor components during spindle assembly demonstrates the value of this 
approach (Sawin et al, 1992; Vernos et al, 1995; Boleti et al, 1996; Heald et al, 
1996, 1997; Merdes et al, 1996; Walczak et al, 1996, 1997). 

A. Immunodepletion of Extracts 

The main difficulty with immunodepletion of CSF extracts is that they lose 
the CSF arrest during or soon after immunodepletion. In our experience, the 
following actions seem to aid in immunodepleting proteins without losing the 
CSF arrest: 

1. During the CSF extract prep, after washing with XB, the eggs are washed 
thoroughly with CSF-XB without protease inhibitors (step 6 in Section II,D). 
This CSF-XB wash ensures that there is sufficient EGTA in the final extract to 
maintain a tight CSF arrest. 

2. Eggs are crushed at 10,000 rpm (full brake) in a SW55 rotor at 16°C. Even 
a slightly faster spin (12,500 rpm) does not work well—one does not obtain 
robust spindle assembly after immunodepletion. 

3. Antibodies are coated on BioRad Affi-Prep Protein A beads (BR No. 156- 
0006). Unlike regular protein A agarose beads, these high-density beads sediment 
readily through the viscous extract at speeds gentle enough to not perturb the ex- 
tract. 

4. Remove as much buffer as possible after coating the beads with antibody 
to avoid diluting the extract, which will inhibit spindle assembly. 

5. Extracts are handled extremely gently during manipulations such as resus- 
pending beads or sedimenting beads. 

The ability to deplete a specific protein from the extract is dependent on both 
the quality of the antibody used for depletion and the abundance of the protein 
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being depleted. Regarding antibody quality, for reasons we do not understand, 
we have had much better success with antibodies prepared by immunizing with 
native proteins as opposed to antibodies generated against denatured proteins, 
e.g., proteins excised from acrylamide gels. 

The following protocol is for depleting a protein present at -10-20 //.g/ml in 
the extract using high-affinity polyclonal antibodies. While this presents a good 
starting point, exact conditions must be optimized for each new antibody, particu- 
larly the amount of antibody needed for maximal depletion. As a control, we 
use an equivalent amount of random IgG from the same species; given the 
extreme perturbation of the extract by the immunodepletion procedure all inter- 
pretations of depletion phenotypes must be restricted to comparison with random 
IgG depletion performed at the same time and processed identically. The proce- 
dure for depletion is as follows: 

1. Pipet 25 /A of Affi-Prep protein A beads (50 /xl of slurry) into a 0.5-ml 
Eppendorf tube. 

2. Wash beads three times with 0.5 ml TBS-TX [20 mM Tris (pH 7.4), 
150 mM NaCl, and 0.1% Triton-X 100]. 

3. Add 4 jug of antibody and bring total volume to 200 /x.1 using TBS-TX. 

4. Bind antibody to beads at 4°C for 1 hr on rotator. Make sure beads are 
rolling around during the incubation. 

5. Pellet beads in a microfuge for 20 sec, wash one time with TBS-TX and 
three times with CSFXB + Pis using 200 ^I/wash. Remove as much buffer as 
possible to avoid diluting the extract. 

6. Add 200 fjd of extract to each tube and resuspend beads in extract very 
gently using a wide-bore P-200 tip; Do not pipet up and down more than three 
times and avoid tapping the tube or any other type of vigorous agitation. 

7. Before the beads settle, rapidly place the tube on the rotator and rotate 
for 1 hr at 4°C. Make sure that the beads are mixing well with the extract during 
this period. 

8. Pellet the beads for 20 sec in a microfuge and transfer the supernatant 
to a fresh tube—this is the depleted extract. It is difficult to recover more than 
175 jLtl from a 200-^1 depletion without contaminating the extract with the beads. 
Save a small amount of depleted extract to test the extent of depletion by 
immunoblotting. 

9. To analyze what is bound to the beads, wash the beads two times with CSF- 
XB + Pis, three times with TBS-TX, and one time with TBS. Resuspend the 
beads in 50 p,l SDS-PAGE sample buffer and boil to release the IgG-antigen 
complexes from the beads. Analyze the sample by SDS-PAGE and Coomassie 
brilliant blue staining. 

Extracts that have been immunodepleted are far less robust than nondepleted 
extracts. A good CSF extract will remain mitotic for at least 6-10 hr on ice, 
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whereas a depleted extract will remain mitotic for a few hours at most. We find 
that with depleted extracts CSF spindle assembly proceeds normally, although 
the extent of bipolar spindle formation is reduced by twofold compared to the 
undepleted extract (Walczak et al, 1997). At a frequency lower than that for 
CSF spindle assembly, we have successfully used immunodepleted extracts for 
cycled spindle assembly. We have yet to attempt anaphase chromosome segrega- 
tion in depleted extracts. 

We have tried to optimize the immunodepletion procedure to minimize pertur- 
bation of the extract but have yet to find the perfect conditions. We believe that 
the primary problem with immunodepletions is the physical perturbation of the 
extract by the beads as they are sloshing through the extract. Our most successful 
manipulation to minimize extract perturbation has been to reduce the time of 
depletion to 30-45 min instead of 1 hr. However, with lowered times we also 
see a reduced efficiency of depletion; we have yet to systematically investigate 
this issue. We have also wondered whether doing the depletions at RT might 
be better since calcium uptake machinery would sequester released calcium more 
efficiently at RT than at 4°C and also whether adding antibody directly to extracts 
and collecting the antibody-antigen complexes later might be faster and less 
disruptive than using antibody-coated beads. Addition of excess EGTA to se- 
quester released calcium never gave reproducible improvements. Given the logi- 
cal importance of immunodepletion experiments, technical improvements to 
immunodepletion procedures are eagerly awaited by many researchers. 

B. Reagent Addition to Extracts 

A complementary approach to immunodepletions is to assay the effect of 
adding either inhibitory antibodies or dominant-negative proteins on spindle 
assembly. This approach is useful because it is less perturbing to the extract than 
immunodepletion. In addition, it allows one to perturb protein function both 
before and after spindle assembly, thus allowing one to address the requirement 
of protein function in both the establishment and maintenance of spindle 
structure. 

One concern with respect to addition of reagents to extracts is dilution of the 
extract. We recommend not adding reagents to >10% of extract volume since 
greater dilution results in poor extract performance. For antibodies, we recom- 
mend dialyzing into a buffer that is compatible with extracts, such as 10 mM 
Hepes (pH 7.2) and 100 mM KC1. In this buffer, several antibodies that we 
generated are stable at -80°C and working stocks are stable for several months 
at 4°C. Also compatible with extracts is 50 mM K-glutamate (pH 7.0) and 
0.5 mM MgCl2j and this can also be used for storage of antibodies. We avoid 
the use of CSF-XB or sperm dilution buffer for storing antibodies since both 
these buffers contain sucrose, making them highly susceptible to bacterial con- 
tamination at 4°C. We also avoid adding azide to our antibody stocks. Dominant- 



404 Arshad Desai et at. 

negative fusion proteins can be dialyzed into CSF-XB and stored at -80°C prior 
to addition to extracts. 

The amount of antibody that must be added to perturb function depends on 
the quality of the antibody being used and on the abundance of the target protein 
in the extract. We have found that as little as 25-50 ^g/ml of a very potent 
antibody, such as the polyclonal anti-XKCMl antibody, completely inhibits 
XKCM1 function, whereas 1 mg/ml of a monoclonal antibody to the intermediate 
chain of dynein is required to inhibit dynein function. We suggest that each new 
antibody be titrated to determine the amount necessary for full inhibition. Since 
the mode of action of dominant-negative proteins is presumably to compete with 
the endogenous protein, the amount of fusion protein that must be added to 
perturb function depends on the endogenous concentration of the target protein. 
We recommend a 10-fold molar excess of fusion protein as a starting point but 
the concentration for optimal inhibition must be empirically determined for 
each protein. 

=    VI. Data Analysis and Interpretation 

Xenopus extracts are very powerful for analyzing protein function in spindle 
assembly, but all extract workers admit that their use is plagued by variability. 
It is not uncommon to go through periods in which several concurrent extracts 
will not assemble good spindles or in which immunodepletions consistently lead 
to extract activation. This is perfectly normal and can only be overcome by 
persistence. However, the extreme variability does necessitate care in performing 
and interpreting experiments, and we discuss how we approach the analysis of 
protein function in spindle assembly. 

To analyze spindle assembly defects, we recommend starting with technically 
simpler antibody addition experiments, varying the concentration of added anti- 
body and analyzing the effect using spindowns to facilitate detailed analysis. We 
quantitatively characterize the phenotype in at least three different experiments 
on three different extracts, often preparing duplicate samples on a single extract 
to increase the sample size. Once the effect of antibody addition is clear, the 
next step is to determine the effect of protein depletion. The immunodepletion 
procedure itself perturbs the extract significantly, making it difficult to discern 
subtle phenotypes. Furthermore, immunodepletion is technically much more 
difficult to execute than antibody addition. However, the results of antibody 
addition experiments must be interpreted cautiously in the absence of a confir- 
mation of the observed effects by immunodepletion. In the absence of immunode- 
pletions, combining antibody inhibition with a dominant-negative approach might 
help strengthen conclusions with respect to the role of a specific protein in spindle 
assembly. In addition, determining the effect of manipulating a particular protein 
on all three types of spindle assembly reactions—CSF spindle assembly, cycled 
spindle assembly, and DNA bead spindle assembly—can also provide greater 
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insight into its role in spindle assembly (Heald et al, 1997). Performing identical 
manipulations on different types of spindle assembly reactions can also provide 
new insights into the process of spindle assembly itself, as demonstrated by recent 
work characterizing the role of centrosomes during spindle assembly (Heald et 
al, 1997). Finally, the most desirable extension of the manipulation of specific 
components during spindle assembly is to reconstitute spindle assembly by adding 
back purified protein to immunodepleted extract—the logical equivalent of a 
genetic complementation. However, as might be expected, this has proven to be 
quite difficult and has only been partially achieved (Merdes et al, 1996; Walczak 
et al, 1996). Future technical improvements in immunodepletion procedures will 
be necessary to achieve this goal. 

The extreme variability between extracts makes identifying the effect of manip- 
ulating specific components heavily dependent on the strength of the observed 
phenotype. Certain phenotypes, such as the one induced by inhibition of XKCM1, 
are extremely dramatic and can be easily defined in the first extract analyzed 
(Walczak et al, 1996). Others, such as the one induced by inhibition of the 
spindle motor XCTK2, are much more subtle and difficult to detect without 
careful inspection of many extracts (Walczak et al, 1997). Reproducibility and 
quantitative analysis become critical in determining the nature of subtler pheno- 
types. 

     VII. Anaphase in Vitro 

Cycled spindles assembled in Xenopus egg extracts are capable of undergoing 
anaphase chromosome segregation (Shamu and Murray, 1992). This in vitro 
anaphase reaction has proven valuable for dissecting both the mechanism of sister 
chromatid separation and the mechanism of chromosome movement (Murray et 
al, 1996; Desai et al, 1998). However, successful anaphase in vitro requires 
considerably higher quality extracts than those used for spindle assembly and 
this has significantly limited the use of this reaction. In the following sections 
we provide some hints to facilitate successful preparation of anaphase-competent 
extracts. We also describe methods to set up and monitor an anaphase reaction 
using either fixed time points or time-lapse fluorescence microscopy. 

A. Preparation of Anaphase-Competent Extracts 

Extracts for monitoring anaphase are prepared exactly as described for CSF 
extracts (see Section II). Anaphase extracts require high-quality eggs, and frogs 
which lay even small amounts of puffballs or stringy eggs should not be used. 
Note that the absolute volume of extract required for these experiments is very 
small and quality should always take precedence over quantity. One factor, which 
should be minimized in the preparation of anaphase-competent extracts, is the 
time between egg-laying and extract preparation. Often the best extracts are 
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prepared from freshly squeezed eggs since they have not been floating for several 
hours in "frog-conditioned" MMR. However, laid egg extracts, which are easier 
to prepare, can also be fully competent for anaphase. We routinely collect laid 
eggs from four to six frogs about 12-14 hr after injection with hCG (frogs are 
stored at 16°C in IX MMR as described previously, generally two to four of the 
frogs lay eggs of sufficient quality for extract preparation) and prepare extracts 
from the laid eggs and freshly squeezed eggs in parallel. While squeezing the 
frogs, it is extremely important to avoid getting any frog skin secretions ("frog 
slime") into the squeezed eggs or the eggs will activate. Frog slime can be avoided 
by frequently dipping the frog into a bucket of clean distilled water during the 
squeezing process. Squeezed eggs from different frogs should be kept separate 
initially but can be pooled after dejellying if they do not exhibit signs of activation. 
It is difficult to obtain large quantities of squeezed eggs, but from four frogs we 
generally get enough to fill one-half to three-fourths of a 13 X 51-mm Ultraclear 
tube. The laid eggs and squeezed eggs are separately processed as described 
previously for the CSF extract prep. It is important to thoroughly wash out 
residual jelly coat after the dejellying step and to crush the eggs at 10,000 rpm 
for 15 min at 16°C (full brake). This speed spin results in highly turbid muddy- 
colored extracts. Faster spins result in clearer extracts that often suffer from 
extensive and rapid spindle aggregation, resulting in very limited time of manipu- 
lation and precluding any significant analysis. We also note that newer frogs that 
have not been through multiple rounds of ovulation tend to be better for anaphase 
experiments, although, as with many other aspects of frog egg extracts, this is 
by no means definitive. Using frogs that have been through less than two cycles 
of ovulation (with at least a 3-month rest between ovulations) after being obtained 
from a distributor and taking great care in preparing the extracts, we have been 
able to successfully obtain anaphase extracts on a routine basis (70% of the time). 

B. Setting Up and Monitoring Anaphase Reactions 

Anaphase reactions require spindles obtained by cycled spindle assembly as 
described in Section IIIJD. It is essential that the cycled spindles have tight 
metaphase plates; often, chromosomes on the spindles are not confined to a tight 
metaphase plate but stray over the entire spindle, and these extracts are not 
useful for anaphase. To perform an anaphase reaction, 9 /A of a cycled spindle 
assembly reaction is mixed with 1 fü of the 10X calcium stock (see Section III,B) 
and monitored by taking fixed time points every 5 min for 30 min. The added cal- 
cium should be mixed well with the extract, either by gently flicking the bottom of 
the tube or by gently pipeting up and down. The addition of calcium results in the 
destruction of CSF and exit from the metaphase arrest. Between 5 and 15 min 
after calcium addition, clear evidence for anaphase should be evident in the 
chromosome morphology as depicted in Fig. 3. In addition to anaphase chromo- 
some movement, changes in spindle structure, particularly thinning out of spindle 
MT density and expulsion of asters, should be evident (Murray et al, 1996). By 
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25-30 min, rounded interphase nuclei should be visible in the reaction. In a good 
anaphase extract, 40-80% of the spindles show clear evidence of anaphase. 
However, it is not unusual to have an extract whose spindles have tight metaphase 
plates but do not exhibit anaphase. In addition, the percentage of spindles that 
exhibit anaphase often decreases dramatically with aging of the extract. 

C. Real-Time Analysis of Anaphase in Vitro 

1. Lengthening Extract Life Span 

Although technically challenging, it is possible to observe anaphase in vitro 
in real time allowing detailed analysis of chromosome movement and spindle 
dynamics (Murray et al, 1996; Desai et al, 1998). Since there is no reliable 
procedure for freezing extracts while maintaining anaphase competency, and 
since each anaphase reaction takes approximately 30 min, during which only one 
spindle can be observed per field of view (of which <50% will provide analyzable 
data), it is essential to maximize the life span of the extract to perform real-time 
analysis. We have found it best to stagger the entire spindle assembly reaction 
by 3.5-4 hr, storing the original extract on ice during the interim, to maximize 
the amount of time that observational studies can be performed. We find this 
to be better than storing the extract on ice after cycling through interphase and 
have been able to use extracts routinely for 12-16 hr after preparation. We have 
also had some success with storing the cycled spindles at 10-12°C and warming 
them up to room temperature for 10-15 min prior to their use. We note, however, 
that with increased time spindles will be present in larger aggregates and the 
percentage of spindles capable of undergoing anaphase will decline. 

2. Slide and Coverslip Cleaning 

Requirements 
Water, acetone, ethanol, slides, and coverslips (22 X 22 mm; No. 1), hotplate, 

slide storage box, 100-mm tissue culture dish, and coverslip spinner (optional). 
It is essential to obtain homogenous sample films to avoid problems derived 

from air bubbles—we have often watched a spindle just beginning or in the 
middle of anaphase, only to have a bubble roll into view and wipe it out of 
existence. The key to good sample films is clean particulate-free slide and cover- 
slip surfaces. 

Cleaning Slides 
1. Set up three 50-ml conical tubes filled with water, acetone, and ethanol and 

have a hotplate with a clean surface set such that the top feels hot to the 
touch (50-60°C). 

2. Holding the frosted end, dip the slide several times in water and then in 
acetone and finally in ethanol. Transfer to the hotplate surface to rapidly dry 
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off the ethanol and store in a covered slide box. It is best to use a reasonably 
new box of slides to minimize particulates on the slides. If problems with bubbles 
persist, clean slides in a cup sonicator filled with warm water containing a small 
amount of detergent and rinse off the detergent prior to cleaning with acetone 
and ethanol. 

Cleaning Coverslips 
Coverslips are cleaned exactly as slides, except that coverslip holders are used 

for rinsing 12 coverslips at a time and the coverslips are dried using a homemade 
coverslip spinner. If no spinner is available, the coverslips can be dried by gently 
wiping both surfaces using lens paper (wear gloves while doing this). Clean 
coverslips can be stored in a plastic 100-mm tissue culture dish for several weeks. 

3. Sample Preparation 

Requirements 
Valap, hotplate (for melting Valap), clean slides and coverslips, 10X calcium/ 

DAPI stock (4 mM calcium chloride, 750 ng/ml DAPI in IX sperm dilution 
buffer), extract reactions with cycled spindles. 

Spindle microtubules are visualized using X-rhodamine tubulin added to the 
extract just after preparation. Chromosomes are visualized using DAPI and it 
is most convenient (and least perturbing) to add the DAPI to the calcium stock 
used for triggering anaphase. The 10X calcium/DAPI stock can be stored indefi- 
nitely at -20°C and is not sensitive to freezing and thawing. Prior to sample 
preparation, make sure that melted Valap is available to seal the sample. Valap 
is a 1:1:1 mixture of vaseline: lanolin: paraffin prepared by weighing equal 
amounts of the three components into a beaker and melting and mixing them 
on a hotplate. 

Preparation of Sample 
1. Transfer 9 /JLI of the cycled spindle assembly reaction to an Eppendorf tube. 
2. Add 1 /A of the 10X calcium/DAPI stock. Mix gently but thoroughly by 

flicking and pipeting up and down. 
3. Pipet 8 fil onto a clean slide. Cover gently with a clean 22 X 22-mm No. 1 

coverslip. It is essential not to squash the sample film too vigorously. If there 
are many bubbles in the film, the sample should be discarded and a new sample 
should be prepared; however, it is often impossible to avoid one or two small 
bubbles near the center of the coverslip. 

4. Seal the edges with Valap and start observation (a Q-tip works well as a 
Valap applicator). 

We have experimented with more elaborate schemes to prevent distortion of 
spindles during sample preparation, such as coating of the slide surface with 
spacer latex beads, and also with alternative means of sealing the sample that 
avoid any local heating problems associated with the use of Valap (Murray et 



20. Xenopus Egg Extracts in in Vitro Studies 409 

al, 1996). However, we find that the simple procedure outlined previously is 
sufficient for observing anaphase and considerably reduces the complexity of 
sample preparation. 

4. Sample Observation 

Given the variable composition of products in a spindle assembly reaction, it 
is essential to pick the correct type of spindle for observation. We find it best 
to scan the sample in the DAPI channel using a 20X dry objective lens (with a 
25% transmission neutral density filter in the light path) and to select medium- 
sized spindles with tight metaphase plates for time lapsing. Often, small spindles 
are too sensitive to flows under the coverslip (which are highly variable from 
extract to extract) that cause them to either spin around or float out of the field 
of view (both of which make analysis nearly impossible). Larger aggregates, 
while they do exhibit good anaphase, tend to be very messy and difficult to 
analyze. With a little practice, one can begin to pick spindles good for time 
lapsing anaphase with a frequency of 60-80%. 

For acquiring images, we use low-power dry objectives (20 X, 0.5 or 0.75 NA) 
and a cooled charged-coupled device camera. The minimal additional require- 
ments for the real-time observation are the ability to acquire images at two 
different wavelengths (X-rhodamine and DAPI), to store the acquired images, 
and to shutter the illuminating light to minimize photodamage. A detailed de- 
scription of the microscope setup used to acquire the images shown in Fig. 4 has 

DNA 

Tubulin 

Fig. 4   Time course of anaphase chromosome movement. Individual frames are presented from 
a time-lapse recording of anaphase in vitro. 
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been published (Salmon et al, 1994). Analysis of chromosome movement and 
spindle microtubule density can be performed on the collected images using one 
of several commercially available image analysis software packages. 

D. Manipulation of Anaphase in Vitro 

Manipulation of anaphase reactions has been restricted to addition of either 
nondegradable cyclin (cyclin A90) or pharmacological agents. For addition of 
cyclin A90, titrate the cyclin concentration such that physiological levels of HI 
kinase are attained (Murray et al, 1989). For optimal results, the cyclin A90 must 
be added to the extract for 20-30 min prior to triggering anaphase by addition of 
calcium. In the presence of cyclin A90 sister separation appears normal, although 
spindle microtubule density near the spindle poles does not decline and chromo- 
some decondensation and formation of nuclei does not occur. For addition of 
pharmacological agents, trigger anaphase by adding 1/10 vol of a 10X calcium/ 
agent stock and monitor as described previously. If anaphase is being monitored 
in real time, then add the agent from a 10 X calcium/D API/agent stock. We have 
successfully used real-time analysis to monitor the effects of cyclin A90, AMPPNP, 
taxol, and vanadate on anaphase (Murray et al, 1996; Desai et al, 1998). 

The more ambitious manipulation of depleting specific components and assay- 
ing the effect on chromosome segregation remains a technical challenge for the 
future. However, addition of reagents to anaphase reactions has been very useful, 
leading to the important discoveries that activation of the cyclin destruction 
machinery is sufficient to promote sister chromatid separation and that topoisom- 
erase II activity is required for sister separation (Shamu and Murray, 1992; 
Holloway et al, 1993). 

VIII. Conclusions 

In this chapter we have described detailed procedures for the preparation of 
spindle assembly extracts, for manipulation of extracts to define the function of 
specific proteins in spindle assembly, and for the analysis of anaphase chromo- 
some movement in vitro. The importance of Xenopus extracts for analyzing 
spindle assembly and function is evident from their increasing use in recent years. 
However, many technical advances need to be made to allow a realization of 
the full potential of Xenopus extracts, particularly with respect to the manipula- 
tion and storage of extracts. We hope that the methods described here will serve 
as a starting point for future studies on spindle assembly and function and will 
stimulate technical innovations that will expand the types of analyses possible 
using Xenopus egg extracts. 
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Abstract. Previous genetic and biochemical studies 
have led to the hypothesis that the essential mitotic bi- 
polar kinesin, KLP61F, cross-links and slides microtu- 
bules (MTs) during spindle assembly and function. 
Here, we have tested this hypothesis by immunofluo- 
rescence and immunoelectron microscopy (immu- 
noEM). We show that Drosophila embryonic spindles 
at metaphase and anaphase contain abundant bundles 
of MTs running between the spindle poles. These inter- 
polar MT bundles are parallel near the poles and anti- 
parallel in the midzone. We have observed that 
KLP61F motors, phosphorylated at a cdkl/cyclin B 
consensus domain within the BimC box (BCB), localize 
along the length of these interpolar MT bundles, being 
concentrated in the midzone region. Nonphosphory- 

lated KLP61F motors, in contrast, are excluded from 
the spindle and display a cytoplasmic localization. 
Immunoelectron microscopy further suggested that 
phospho-KLP61F motors form cross-links between 
MTs within interpolar MT bundles. These bipolar 
KLP61F MT-MT cross-links should be capable of orga- 
nizing parallel MTs into bundles within half spindles 
and sliding antiparallel MTs apart in the spindle mid- 
zone. Thus we propose that bipolar kinesin motors and 
MTs interact by a "sliding filament mechanism" during 
the formation and function of the mitotic spindle. 

Key words:   mitosis 
tubule • Drosophila 

bipolar kinesin • Bim C • micro- 

SUCCESSFUL mitosis requires that genetic material is 
equally segregated into two daughter nuclei upon a 
self-organizing bipolar protein machine known as 

the mitotic spindle. This structure forms from two partially 
overlapping radial arrays of microtubules (MTs)1 oriented 
with their minus-ends focused at duplicated centrosomes 
and their plus ends radiating outward. During early mito- 
sis when the spindle assembles, these centrosomes and 
their associated asters migrate to opposite sides of the nu- 
cleus. Subsequently, the nuclear envelope breaks down, al- 
lowing MTs from each aster to interact with condensed 
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1. Abbreviations used in this paper: BCB, unphosphorylated BimC box; 
cdkl, cyclin-dependent kinase 1; CSF, cytostatic factor; HPF/FS, high- 
pressure freezing/freeze substitution; HSS, high speed supernatant; immu- 
noEM, immunoelectron microscopy; LB, Luria broth; MAP, microtubule- 
associated protein; MT, microtubule; p-BCB, phosphorylated BCB; PI, 
protease inhibitor; Rs, Stokes radius; TEM, transmission EM. 

chromosomes or with MTs of the other aster, and thus the 
basic lattice of the spindle forms. Chromosome segrega- 
tion occurs during anaphase when spindle MTs move sis- 
ter chromatids to opposite spindle poles (anaphase A) and 
push the spindle poles apart (anaphase B). 

To explain the forces involved in spindle formation and 
function, Mclntosh et al. (1969,1971) proposed the sliding 
filament model of mitosis, in which some spindle move- 
ments were seen as analogues of the sliding of cytoskeletal 
elements that drive muscle contraction and flagellar beat- 
ing (McDonald et al., 1977). In this model, electron-dense 
crossbridges observed between spindle MTs were pro- 
posed to be motor proteins capable of generating force 
along the surface of MTs and moving them in relation to 
one another. Although this sliding filament mechanism 
cannot account for all movements associated with spindle 
MTs (such as kinetochore motility), it does account nicely 
for the forces associated with antiparallel MTs that act on 
opposite spindle poles. This polar repulsive force could 
drive spindle pole migration during prophase, hold the 
poles apart during metaphase and anaphase A, and drive 
spindle elongation during anaphase B. 
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While their specific modes of action have not been de- 
, termined, MT-based motor proteins are now known to 

play important roles in mitosis (Gelfand and Scholey, 
1992; Barton and Goldstein, 1996; Hoyt 1994; Walczak 
and Mitchison, 1996). Genetic analyses, antibody microin- 
jections, and immunodepletions from extracts have shown 
clearly that MT-associated motor proteins are essential for 
the proper formation of the mitotic spindle in a variety of 
organisms (see Heck et al., 1993; Wright et al., 1993; Sawin 
et al., 1992). Furthermore, one prominent group or sub- 
family of mitotic motors, the bipolar kinesins (or BimC 
family of kinesins), have been proposed to organize spin- 
dle poles, to contribute to pole-pole separation, and to 
drive spindle elongation (Enos and Morris, 1990; Hagan 
and Yanagida, 1990, 1992; Hoyt et al., 1992; Roof et al, 
1992; Saunders and Hoyt, 1992; Heck et al, 1993; O'Con- 
nell et al, 1993; Saunders et al, 1995; Blangy et al, 1995, 
1997; Straight and Murray, 1998), all of which may poten- 
tially use a sliding filament mechanism. 

Although it is unclear how bipolar kinesins exert their 
effects in the spindle, recent work suggests that at least 
one member of this family could affect spindle bipolarity 
by cross-linking and sliding MTs by a sliding filament 
mechanism. Probes of Drosophila embryonic cytosol with 
pan-kinesin antibodies led to the purification of a slow, 
plus-end-directed, homotetrameric kinesin (Cole et al, 
1994) that is structurally bipolar having two motor do- 
mains at both ends of a ~60-nm-long rod (Kashina et al, 
1996a). Microsequencing and MALDI mass spectroscopy 
of tryptic digests revealed that this bipolar motor was, in 
fact, the product of the gene encoding the bipolar kinesin, 
KLP61F (Kashina et al, 1996b). KLP61F was discovered 
as a late larval lethal mutant encoding a kinesin-like pro- 
tein. Interestingly, severe loss of function mutations of this 
bipolar kinesin are hallmarked by monoastral spindles ap- 
parently resulting from unseparated or collapsed spindle 
poles within proliferative tissues (Heck et al, 1993). 

Based on these biochemical and genetic data, we have 
proposed that KLP61F and its homologues function as 
spindle MT cross-linkers, acting on antiparallel MTs to 
separate and hold apart spindle poles or on parallel MTs 
to drive subunit flux in kinetochore MTs (Kashina et al, 
1996a). Our aim here is to test this hypothesis by immu- 
nolocalizing KLP61F within the spindles of early Dro- 
sophila embryos using peptide antibodies monospecific for 
a phospho-epitope in the tail of the motor. Given the 
known transport properties of the motor and the terminal 
phenotype of the KLP61F mutant, the determination of 
how the motor holoenzyme associates with MTs and the 
polarity of the MTs with which it interacts will provide a 
crucial functional link between the in vitro transport prop- 
erties of the motor (Cole et al, 1994; Barton et al, 1995) 
and the monoastral spindles that characterize severe loss 
of function mutants (Heck et al, 1993). 

Materials and Methods 

Preparations and Care of Fly Stocks 
Oregon red strains of Drosophila melanogaster were maintained in large 
farms as previously described (Ashburner, 1989; Meyer et al., 1998). In 
some of the immunofluorescence and electron microscopic analyses de- 

scribed below, flies were collected from the University of California San 
Francisco fly facility. 

Drosophila Embryonic Tubulin Preparation 

High speed supernatant (HSS) from extracts of 0-2 h Drosophila embryos 
was generated as previously described (Meyer et al., 1998). Actin and my- 
osin were depleted from HSS by incubation with hexokinase (10 U/ml) 
and 0.9% glucose for 30 min at room temperature and spinning at 35,000 g 
for 30 min. The supernatant was then collected and incubated with 1 mM 
GTP and 20 |xM taxol for 45 min, then spun through a 15% sucrose cush- 
ion (containing 100 u.M GTP, 100 u,M ATP, and 5 u.M taxol) and spun 
again at 20,000 g for 60 min at 10°C. The pellet was resuspended in 
PMEG, and immediately spun again for 20 min at 60,000 g at 10 C. The 
pellets were then resuspended in PMEG containing 10 u,M ATP, 10 u,M 
MgSC-4,10 u.M taxol, 100 u.M GTP, and 0.5 M KC1 for 4 h at 4°C and spun 
at 130,000 g for 45 min at 4°C. The pellets were resuspended in PMEG 
containing 100 u.M GTP and 10 JAM taxol aliquoted and stored at -80°C. 
Tubulin prepared in this manner was used for antibody generation and af- 
finity purification, described below. 

Preparation of Drosophila Embryonic 
Tubulin Antibodies 

The taxol stabilized MTs were injected into three rabbits along with 
Freund's complete adjuvant and a week later 10 ml of blood was taken. 
This occurred once a month for 5 mo. Samples from each bleed were 
taken and tested for reactivity with tubulin by Western blotting Dro- 
sophila HSS and preparations of MTs and microtubule-associated pro- 
teins (MAPs). One of the three rabbits showed a strong response to the 
tubulin injections. 

Anti-tubulin antibodies were affinity purified on columns of affigel 15 
(Biogel) coupled to Drosophila embryonic tubulin. After binding of the 
tubulin to the columns, the columns were washed 10 vol of PBS-0.5% 
Tween-20 (PBS-Tween) and then blocked in PBS-Tween containing 5% 
BSA (Sigma) for 1 h at room temperature. Next, the columns were 
washed with 10 vol of PBS-Tween and incubated with the antiserum di- 
luted 1:5 in blocking solution overnight at 4°C. The columns were then 
washed in 20 vol of PBS-Tween. Antibody was eluted from the column 
with 0.1 M glycine, pH 2.7, and collected in 0.8-ml fractions into clean 
tubes containing 0.2 ml of 1 M Tris, pH 8.0. The OD 280 of all elution frac- 
tions was determined against a standard of the tris/glycine mixture. All 
fractions with an OD 280 of >0.05 were kept and dialyzed into PBS over- 
night at 4°C. 

Design and Preparation ofBCB Antibodies 

Polyclonal anti-BCB peptide antibodies were raised using synthetic pep- 
tides of sequence CPTGTTPQRRDYA, corresponding to the highly con- 
served BCB of frog Eg5. The peptide was synthesized with and without a 
phospho-threonine residue at residue position 6 corresponding to the con- 
sensus cdkl phosphorylation site (Heck et al., 1993; Sawin and Mitchison, 
1995), and NH2-terminal acetyl and COOH-terminal amide groups were 
included. Approximately 40 mg both peptides at >92% purity were ob- 
tained by HPLC at the UCSF biomolecular resource center where the 
masses of the p-BCB and BCB peptides were confirmed by mass spectros- 
copy. Both peptides were found to be highly water-soluble and were con- 
jugated to KLH carrier protein (5 mg peptide/50 mg KLH). The anti- 
p-BCB and anti-BCB antibodies were produced by BabCo (Richmond) 
and specific antibodies were purified from immune sera on columns of 
BCB or p-BCB peptides coupled to affigel 10. Bound antibodies were 
eluted using 0.1 M glycine, pH 2.5, and rapidly neutralized using 1 M Tris 
buffer, pH 10. Antibodies were then incubated with a 100-fold excess of 
blocking peptide (p-BCB peptide in the case of the anti-BCB antibody 
and BCB peptide in the case of the anti-p-BCB antibody). 

To test the reactivity of these antibodies against phospho- and unphos- 
pho-KLP61F, recombinant KLP61F (or its stalk-tail fragment) prepared 
as described by Barton et al. (1995) was bound batchwise to glutathione- 
agarose beads, the beads were washed in CSF extract buffer then incu- 
bated with M-phase or I-phase Xenopus egg extracts or corresponding 
buffer plus [32P]ATP for 10 min (see below), then the beads were washed 
in cytostatic factor (CSF) extraction buffer, boiled in sample buffer, and 
analyzed by SDS-PAGE, immunoblotting with the BCB and p-BimC box 
antibodies, and autoradiography. 
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Hydrodynamic Analysis of Native and Recombinant 
KI.P61F and Phospho-KLP61F 
To analyze the hydrodynamic properties of phosphorylated and unphos- 
phorylated native KLP61f from fly embryos, fractions prepared as de- 
scribed previously (Cole et al., 1994) were analyzed by immunoblotting 
with the anti-BCB and anti-p-BCB antibodies. 

Isolation and Purification of Bacterially Expressed 
Full-Length KLP61F 
Bacterial strain BL21(DE3) was transformed with the pRSET vector con- 
taining a full length KLP61F insert. To isolate KLP61F from the transfor- 
mant, a colony from a freshly streaked plate was inoculated into Luria 
broth medium (LB) containing 200 u,g/ml ampicillin and incubated over- 
night at 37°C. The culture was then diluted 1:100 with fresh LB+ contain- 
ing 200 |xg/ml ampicillin and grown at 37°C to an optical density of A600 = 
0.80. The culture was then cooled to 25°C for 30 min and then induced for 
4 h at 25°C with 0.2 mM IPTG. After washing, the cells were resuspended 
in lysis buffer (50 mM NaH2P04, 300 mM NaCl, 10 mM imidazole, pH 8.0, 
100 [iM MgATP) and protease inhibitors (Pis; PMSF, leupeptin, pepstatin 
A, benzamidine) and then lysed. The lysate was spun at 39,000 g for 45 
min at 4°C. The supernatant was loaded onto a column containing Ni 
NTA superflow resin (Qiagen Inc.) then washed with lysis buffer and 
wash buffer (50 mM NaH2P04, 300 mM NaCl, 20 mM imidazole, pH 6.0, 
100 (xM MgATP and Pis). rKLP61F was eluted with 250 mM imidazole, 5 
mM magnesium acetate, 2 mM EGTA, 15 mM potassium acetate, pH 
7.25,100 |xM MgATP and Pis. rKLP61F containing fractions were pooled, 
filtered through a 0.2-2 nm Millex-GV syringe filter, and loaded onto a 
Biogel A-1.5 m column preequilibrated with IMEK (100 mM imidazole, 5 
mM magnesium acetate, 2 mM EGTA, 15 mM potassium acetate, pH 
7.25) + 300 mM NaCl, 100 |xM MgATP and Pis. rKLP61F was then con- 
centrated with high trap Q column (Pharmacia) and eluted using a step 
gradient from 0.1-1.0 M NaCl in IMEK. The peak fraction from this con- 
centration step was then used for the hydrodynamic studies. 

Phosphorylation of Bacterially Expressed KLP61F 
While on the Ni-NTA column (see above), rKLP61F was washed with 
CSF-XB (10 mM Hepes, pH 7.7, 2 mM MgCl2, 0.1 mM CaCl2, 100 mM 
KC1, 5 mM EGTA, and 50 mM sucrose). 200 u,l of Xenopus mitotic ex- 
tract and 1.8 ml of CSF-XB + 2 mM ATP and 10 mM MgS04 were added 
followed by gentle rocking at room temperature for 20 min. The beads 
were then returned to 4°C and washed with wash buffer. The phosphory- 
lated rKLP61F was then eluted and treated as stated above for further pu- 
rification and concentration. 

Stoichiometry 
The Stokes radius, Rs, was determined for both phosphorylated and un- 
phosphorylated rKLP61F by loading 500 jjd of the peak high trap Q frac- 
tion onto a pharmacia superose-6 column preequilibrated with IMEK + 
300 mM NaCl. Graphs of Rs vs. -0.51ogKav were plotted and the Rs de- 
termined from these plots. The standard proteins and their stokes radii in- 
cluded cytochrome C (1.7 nm), carbonic anhydrase (2.0 nm), BSA (3.5 nm), 
beta amylase (5.4 nm), and thyroglobulin (8.5 nm). The sedimentation co- 
efficient, S value, was determined for rKLP61F on 5-ml 5-20% linear su- 
crose gradients in IMEK + 300 mM NaCl, 100 u,M ATP, and Pis. The gra- 
dients were overlaid with a solution containing the rKLP61F, 30 u,g BSA 
(4.4 s), 30 u,g aldolase (7.3 s), and 30 |xg catalase (11.3 s). The gradients 
were centrifuged at 218,000 g for 12 h at 4°C The gradients were deter- 
mined to be linear by using a refractometer. A linear plot of the S value vs. 
the percent sucrose was used to calculate the S value for rKLP61F. The 
molecular mass of rKLP61F was calculated from the measured sedimenta- 
tion values and Rs. 

Immunofluorescence Analyses 
Drosophila embryos were prepared for immunofluorescence with a modi- 
fication of the protocol described by Theurkauf (1994). 0-2 h Drosophila 
embryos were collected on food trays and rinsed from the tray with Tri- 
ton-NaCl and collected onto a 200-u.m nylon mesh rinsed with water. The 
chorions were removed by immersion in 50% bleach in Triton-NaCl for 2 
min. The embryos were then extensively rinsed in double distilled water 
and Triton-NaCl. The vitelline was removed by immersion in 100% hep- 

tane at room temperature for 2 min and fixed by the addition of an equal 
volume of fresh 37% formaldehyde for 5 min. The formaldehyde was then 
removed and replaced with 100% methanol. The heptane and most of the 
methanol were removed, the embryos were incubated in fresh 100% 
methanol for 2-3 h, and then rehydrated by washes in a graded methanol 
series and two washes in 100% PBS. The embryos were then washed in 
PBS-0.01% Triton X-100 (wash solution) and blocked for 30 min to 1 h in 
PBS-0.01% Triton X-100 containing 5% BSA (blocking solution). Pri- 
mary antibodies, either rabbit anti-Drosophila tubulin, rabbit anti- 
p-BCB, rabbit anti-BCB, or mouse anti-ß-tubulin (N357; Amersham Life 
Sciences), were diluted to a concentration of 1 u,g/ml in blocking solution 
and incubated with the embryos at 4°C overnight. In double label experi- 
ments, embryos were incubated with the anti-phospho-KLP61F antibody 
for 4 h at room temperature, then the mouse anti-ß-tubulin was added and 
the incubation proceeded overnight at 4°C. After incubation with primary 
antibodies, the embryos were washed, blocked as above, and incubated 
with secondary antibodies, either goat anti-mouse conjugated to lissamine 
rhodamine, goat anti-mouse conjugated to cy5 or goat anti-rabbit cy3 
(Jackson ImmunoResearch) diluted in blocking solution (1:100 for lissa- 
mine rhodamine and cy 5 and 1:500 for cy 3) and incubated with embryos 
for 2-3 h at room temperature. The embryos were washed then incubated 
in 4',6'-diamidino-2-phenylindole (DAPI; Sigma) diluted to 0.1 u,g/ml in 
PBS-Triton, for 4-10 min, rinsed washed again, rinsed with 100% PBS, 
and mounted in p-phenylenediamine (Sigma) 10 mg/ml in 90% glycerol/ 
PBS. Secondary antibody alone controls were used for all staining condi- 
tions. Embryos were visualized on a Leica TCS NT confocal microscope. 
Images were acquired by averaging 16-32 scans of a single optical section 
with the pinhole opened for optimal resolution. 

Preparation for EM and ImmunoEM 
Samples were prepared for EM by high pressure freezing and freeze sub- 
stitution as described previously (McDonald, 1994). Fixed embryos were 
embedded in Eponate 12/Araldite (Ted Pella) for standard Transmission 
EM (TEM) or immunoEM or in LR-White (Ted Pella) for immunoEM. 
35-50-nm sections were collected on an Ultracut T microtome (Leica) and 
picked up on copper grids coated with 0.3-0.5% formvar (Electron Mi- 
croscopy Sciences) for standard TEM or on nickel grids (Ted Pella) 
coated with carbon and 0.5% formvar. For standard TEM, sections were 
post stained for 5 minutes in 2% uranyl acetate/70% methanol and 4 min 
in 0.5% lead citrate. 

For immunoEM, sections were blocked in 5% BSA, 0.1% fish gelatin 
(Sigma) in PBS-0.05% Tween-20 for 30 min (blocking buffer), incubated 
with primary antibody (either rabbit anti-p-BCB or BCB antibodies di- 
luted to 50 jig/ml or rabbit anti-tubulin diluted to 10 u,g/ml in blocking 
buffer) for 1.5-2 h. Sections were rinsed in PBS-Tween then PBS and in- 
cubated in secondary antibodies (goat anti-rabbit IgG F(ab')2 [H+L]) 
conjugated to either 5 or 10 nm gold particle; Ted Pella) diluted 1:20 in 
blocking buffer for 1 h. Sections were washed as before, incubated in 0.5% 
glutaraldehyde in PBS for 5 min then rinsed in PBS and water. Sections 
were post stained in 2% uranyl acetate in 70% methanol for 5 min and in 
lead citrate for 4 min. Samples were visualized on a Philips 410 LS trans- 
mission electron microscope. Identically treated samples were stained 
with secondary antibody only as controls that in all cases revealed no la- 
beling pattern. Sections labeled with the BCB antibodies revealed only 
background labeling as well. Digital image enhancement of gold-labeled 
spindles was done with Adobe Photoshop 5.0 on scanned photographs. 

MT Tracking and Reconstruction 
MTs were tracked using markers and plastic overlays as described in Mc- 
Donald et al. (1977). 

Results 

Mitosis in Early Drosophila Embryos 

To understand the mechanism of action of the bipolar ki- 
nesin, KLP61F, in Drosophila early embryos it was impor- 
tant to determine the organization of the mitotic spindle 
components with which the motor might associate. To ac- 
complish this, we used immunofluorescence and EM to 
analyze the organization of spindle MTs and the changes 
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in overall spindle morphology that occur throughout mito- 
sis (Figs. 1 and 2). 

Fig. 1 shows confocal immunofluorescence of embryos 
immunostained with a rabbit polyclonal antibody raised 
against embryonic Drosophila MTs (see Materials and 
Methods) and the DNA stain DAPI. These images suggest 
that as prophase begins, duplicated centrosomes split and 
migrate away from the embryo surface, traveling down op- 
posite sides of the nucleus (Fig. 1 A). The nuclear enve- 
lope remains intact throughout prophase (Oegema et al., 
1995; Fig. 1 A, inset) and very little or no tubulin staining 
is observed in the nuclear region. By metaphase (Fig. 1 B), 
the nuclear envelope has fenestrated at the poles (Stahf- 
strom and Staehelin, 1984), microtubules have entered the 
nuclear region and the chromosomes have aligned at the 
metaphase plate. Dense bundles of MTs are observed in 
the half spindles while very few astral MTs are visible. The 
overall morphology of the metaphase spindle is fusiform 
and the average spindle length is ~12 p.m. Fig. 1, C and D 
show the tubulin staining pattern from an embryo in which 

m^ .0 Jr 
.Vl*Ä^t 

Figure 1. Mitosis in the syncytial blastoderm of early Drosophila 
embryos. Confocal immunofluorescence images of embryos im- 
munostained with an antibody raised against Drosophila embry- 
onic tubulin (yellow) overlaid with the corresponding DNA stain 
DAPI (blue). (A) Prophase. The chromosomes have begun to 
condense and centrosomes have separated significantly toward 
opposite sides of the nucleus. (A, inset) Cross sectional view of a 
prophase nucleus showing only tubulin immunofluorescence. (B) 
Metaphase. MTs have entered the nuclear region, and chromo- 
somes have aligned along the metaphase plate. (C) Anaphase A. 
The sister chromatids have separated to opposite spindle poles 
but the spindles have not elongated. (D) Anaphase B. The spin- 
dles have elongated to an average length of 17.5 \x,m. Note that 
the central spindle is no longer fusiform but straight-edged. Bar, 
7.6 u,m. 

anaphase A (C) has been completed in all nuclei, but only 
a subset have undergone anaphase B (D). In panel C, sis- 
ter chromatids have moved completely to opposite poles, 
yet the length of the spindles, pole-pole, range from 12 to 
14 pm, similar to metaphase. The spindles shown in Fig. 1 
D, on the other hand, have clearly elongated, reaching 
lengths of ~17-18 pm. Note that the decondensation of 
DNA begins during anaphase B. Also note the distinct 
change in the morphology of the interzone (region of the 
spindle lying between the separated chromosomes). Be- 
fore spindle elongation, the region corresponding to the 
interzone is fusiform as in metaphase, however, as the 
spindle elongates the interzone becomes straight edged. 
We use this change in spindle geometry to distinguish 
anaphase A from B in the subsequent fluorescence analy- 
ses of KLP61F localization (below). One feature of the 
anti-tubulin immunofluorescence shown here and in other 
studies is that during both metaphase and anaphase, very 
few MTs cross the midzone and bridge the half spindles. 
However, the EM analyses shown below show abundant 
MTs crossing the midzone suggesting that antigenic sites 
are masked in immunofluorescence images. 

Ultrastructural Analysis of Metaphase and Anaphase 
Spindles Preserved by High Pressure Freezing 
and Freeze/Substitution 

An ultrastructural description of mitotic spindles from 
several stages in Drosophila syncytial blastoderms has 
been reported previously (Stahfstrom and Staehelin, 1984). 
However, the size of these embryos and rapid rate of mito- 
sis during this stage of development results in a great deal 
of ultrastructural damage during fixation. Therefore, the 
use of EM to localize low abundance and easily extract- 
able proteins requires preservation methods of a quality 
exceeding standard chemical fixation (McDonald, 1994). 
To minimize the potential extraction or mislocalization of 
KLP61F motors during specimen preservation, we have 
prepared our samples for EM by high-pressure freezing/ 
freeze substitution (HPF/FS; for a review of this technique 
see Steinbrecht and Mueller, 1987; McDonald, 1994; Kiss 
and Staehelin, 1995). In this method, whole embryos are 
frozen under pressure then dehydrated and fixed simulta- 
neously at low temperatures to preserve cellular structures 
rapidly and evenly with minimal extraction. (In contrast to 
cryofixation, in which unfixed frozen embryos are embed- 
ded or viewed on cold stage, the preparation of embryos 
by HPF/FS allows structures such as MTs or the nuclear 
envelope to be visualized easily.) 

Fig. 2 is shown to illustrate, in fine detail, the organiza- 
tion of spindle microtubule bundles and poles after preser- 
vation by HPF/FS. Fig. 2 A shows a bundle of MTs run- 
ning from the pole to the chromosome at the metaphase 
plate. These MTs end on an electron-dense halo, presum- 
ably the kinetochore and its corona, extending as a bolus 
from the chromosomes. Interestingly, no kinetochores ob- 
served were overtly trilaminar as has been reported in 
other systems (for review see Brinkley, 1990). Fig. 2, B and 
C show bundles of MTs that bridge the half spindles dur- 
ing metaphase and anaphase, respectively. Note that in 
contrast to immunofluorescence, EM clearly reveals abun- 
dant midzonal microtubules suggesting that the lack of 
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Figure 2. Detailed infrastruc- 
ture of MT bundles and spin- 
dle poles during mitosis. (A) 
Kinetochore MT bundles. 
(B) Interpolar MT bundles 
during metaphase. (C) Inter- 
polar MT bundles during 
anaphase. D-G show the or- 
ganization and structure of 
centrioles throughout mito- 
sis. (D) Spindle poles con- 
tain two orthogonally posi- 
tioned centrioles. The image 
shown is from the pole of a 
metaphase spindle. (E) Dur- 
ing prophase, each centriole 
consists of nine singlet MTs 
around a central singlet MT. 
(F) by metaphase, the centri- 
oles become much more elec- 
tron dense and some of the 
outer MTs begin to form 
doublets. (G) In anaphase, 
doublets continue to form on 
the outer MTs. The standard 
organization of centrioles, 
nine outer triplets offset in a 
barrel shape, is never ob- 
served in Drosophila early 
embryos. Bar: (A) 1.3 u,m; 
(B) 1.5 u.m; (C) 1.1 jjim; (D) 
1.2 M-m; (E-G) 0.3 \um. 

anti-tubulin fluorescence in the midzone, shown in Fig. 1, 
results from the masking of antigenic sites. Similar bundles 
have been identified in vertebrate spindles and have been 
termed interpolar MT bundles because the entire MT bun- 
dle runs from pole to pole (although individual MTs in the 
bundles do not; Mastronarde et al., 1993). Here, the term 
interpolar MT bundles will be used to describe bundles of 
MTs that traverse the spindle midzone and extend into 
each half spindle. 

Fig. 2, D-G show the organization and overall preserva- 
tion of spindle poles during different stages of mitosis. 
Throughout the cell cycle, the most prominent structural 
feature of spindle poles is two orthogonally positioned 
centrioles (Fig. 2 D). In prophase, centrioles consist of 
nine outer singlet MTs plus one central singlet (Fig. 2 E). 
By metaphase, they become increasingly electron dense 
and doublets can be seen forming on some of the outer 

MTs. In anaphase, more doublets can be seen on the outer 
nine MTs and the electron density remains similar to that 
observed in metaphase. The organization and preservation 
of MT bundles and spindle poles shown in Fig. 2 is charac- 
teristic of all the samples used in this study and reinforces 
our confidence in the use of HPF/FS for our immunoEM 
analyses. 

Interpolar MT Bundles Consist of Overlapping MTs 
Emanating from Opposite Poles 

Because of their position in relation to the spindle poles, 
the interpolar MT bundles in Drosophila early embryonic 
spindles (described above) may be sites for MT-MT inter- 
actions that play a role in centrosome positioning. To gain 
a sense of the organization of the MTs and extent of half 
spindle overlap within these bundles, a representative in- 
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Figure 3. The MTs within in- 
terpolar MT bundles are par- 
allel near the poles and anti- 
parallel in the midzone. An 
interzonal MT bundle from a 
spindle beginning anaphase 
B was reconstructed from se- 
rial cross-sections to deter- 
mine its MT polarity pat- 
tern. (A) The distribution of 
MT plus-ends in the recon- 
structed interpolar MT bun- 
dle. Individual MTs are rep- 
resented by horizontal lines. 
The position of the plus-ends 
of MTs emanating from the 
left pole are indicated by 
open circles and those from 
the right are indicated as 
solid diamonds. The MTs 
from each half spindle are ar- 
ranged top to bottom in or- 
der of increasing length in or- 
der to show the extent of 

possible MT overlap. (B and C) Cross-sectional profiles of the re- 
constructed bundle near the poles (B) and at the midzone (C). In 
C, MTs emanating from one pole are marked in the center with a 
black circle, while those from the other are not. Bar, 70 nm. 
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near the poles while, in the midzone, MTs are organized 
into numerous small sets of 2-4 MTs surrounded by an 
electron-dense material. Antiparallel MTs spaced 50-100 nm 
apart often run adjacent to one another and electron- 
dense crossbridges between both parallel and antiparallel 
MTs are often visible. 

Immunodetection of Phosphorylated KLP61F 

To detect KLP61F motors in the mitotic spindle, we raised 
anti-peptide antibodies that react with a 12-residue seg- 
ment of the Bim C box located within the tail of KLP61F 
(Heck et al., 1993). It has been proposed that a threonine 
residue within the Bim C box is phosphorylated by the mi- 
tosis-promoting kinase, cdkl/cyclin B that targets bipolar 
kinesins to spindles (Sawin and Mitchison, 1995; Blangy et 
al., 1995). We prepared antibodies using both BCB and 
p-BCB peptides and determined that these antibodies dis- 
criminate between the phosphorylated and unphosphory- 
lated forms of KLP61F. 

Both antibodies react specifically and with high affinity 
with a single band in Drosophila syncytial blastoderm cy- 
tosol at the predicted molecular mass for KLP61F (Fig. 4 
A; antibodies raised against recombinant KLP61F [Barton 
et al., 1995] react with the same band on immunoblots 
[data not shown]). However, Fig. 4 B shows that only the 
BCB antibody reacts with untreated bacterially expressed 
KLP61F (rKLP61F), while the p-BCB antibody reacts 
with rKLP61F only after its phosphorylation by incubation 
with M-phase Xenopus extracts (lane M) and does not re- 
act with untreated rKLP61F (lane U) or with rKLP61F 
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terpolar bundle was reconstructed from serial cross-sec- 
tions through a mitotic spindle just beginning anaphase B, 
as determined by morphology and pole-pole length (Fig. 
3). The results of this reconstruction are shown schemati- 
cally in Fig. 3 A. Similar to other systems (McDonald et al, 
1977; Euteneuer et al., 1982; Mastronarde et al., 1993; 
Winey et al., 1995), parallel MTs (MTs from the same 
pole) predominate near the poles, while antiparallel MTs 
are present in the midzone and extend ~1-1.5 (im into 
each half spindle (Fig. 3 A). Fig. 3, B and C show cross- 
sectional profiles of the MTs in this bundle near the poles 
(B) and at the midzone (C), respectively. Surprisingly, 
MTs are more closely associated and appear more ordered 

Figure 4. Characterization of the unphospho- and phospho- 
KLP61F antibodies. (A) Western blot of Drosophila 0-2-h em- 
bryonic cytosol probed with the anti-BCB and p-BCB antibodies. 
Both antibodies react specifically with the KLP61F polypeptide 
in Drosophila syncytial blastoderm cytosol, however, at equiva- 
lent antibody concentrations, the p-BCB antibody shows more 
intense staining. (B) Western blots of bacterially expressed, re- 
combinant KLP61F before and after phosphorylation by incuba- 
tion with Xenopus M-Phase extracts, probed with the BCB and 
p-BCB antibodies. While the BCB antibody reacts with un- 
treated recombinant KLP61F (rKLP61F), the p-BCB antibody 
only reacts specifically with rKLP61F after it has been phos- 
phorylated in M-phase extracts (lane M) and does not react with 
untreated KLP61F (lane U) or with recombinant KLP61F treated 
with matched interphase extracts (lane I). 
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Table I. Hydrodynamic Properties ofKLPölF 

' S value Rs (nm) MW Subunits 

kD 

Native fly embryo KLP61F 
Phospho 7.8 15.6 504 4.1 
Unphospho 7.8 15.6 504 4.1 

Recombinant KLP61F 
Phospho 7.3 14.9 444 3.6 
Unphospho 7.6 15.1 472 3.8 

treated with matched interphase extracts (lane I). Parallel 
experiments using radiolabeled ATP revealed that the 
rKLP61F in lane M was phosphorylated ~4.4-fold relative 
to the rKLP61F in Fig. 4, lane I. Based on these results, 
we will subsequently refer to the BCB antibody as anti- 
unphospho-KLP61F and the p-BCB antibody as anti- 
phospho-KLP61F. 

Using these antibodies to probe the phosphorylation 
state of native and recombinant KLP61F, we determined 
that the phosphorylation of KLP61F does not appear to 
affect the homotetrameric state of KLP61F motors in 
vitro, as both phospho- and unphospho-KLP61F appear to 
be homotetrameric based on hydrodynamic analyses (Ta- 
ble I). This suggests that the oligomeric state of the motor 
that we immunolocalized using these antibodies (below) is 
likely to be homotetrameric. 

KLP61F Localizes to Mitotic Spindles in a 
Phosphorylation-dependent Manner 

To determine the general localization of both phospho- 
and unphospho-isoforms of KLP61F within Drosophila 
syncytial blastoderms, we used the anti-KLP61F antibod- 
ies described above for immunofluorescence analyses. Fig. 
5 shows confocal immunofluorescence images of embryos 
stained with the anti-unphospho-KLP61F overlaid with 
DAPI staining to indicate the relative position of DNA. 

Throughout mitosis, unphospho-KLP61F is diffuse and cy- 
toplasmic, displaying no discernible association with MT 
arrays, nuclei, or spindles. 

Embryos stained with anti-phospho-KLP61F show a 
markedly different staining pattern (Fig. 6). During inter- 
phase (Fig. 6 A), phospho-KLP61F staining is punctate 
and concentrated in the nucleus. This same pattern is ob- 
served in prophase (Fig. 6 B), after the centrosomes have 
separated but before nuclear envelope breakdown. How- 
ever, on occasion, a very faint but noticeable dot just next 
to the nucleus can be seen. Double labeling with anti-tubu- 
lin antibodies indicate that these dots colocalize with the 
centrosome (not shown). Little or no colocalization with 
the microtubule bundles rimming the nuclear envelope or 
between the centrosomes is observed (not shown). By 
metaphase, after the fenestration of the nuclear envelope 
(Fig. 6 C), the phospho-KLP61F staining localizes to the 
spindle and appears filamentous. Phospho-KLP61 F is par- 
ticularly concentrated on the half spindles and densely 
stained bridges between the half spindles in the midzone 
(Fig. 6 C, arrow). A slightly less concentrated staining is 
also visible at the poles and a grainy cytoplasmic staining 
is present. As the chromosomes begin to separate during 
anaphase A (Fig. 6 D), phospho-KLP61F staining resem- 
bles metaphase, with the most intense staining on the half 
spindles and filamentous bridges between the half spindles 
in the midzone. Interestingly, very little or no phospho- 
KLP61F staining can be seen on the astral MTs that begin 
to emanate from the poles at the onset of anaphase (see 
Fig. 1 C). By anaphase B (Fig. 6 E; see interzone morphol- 
ogy in Fig. 1 D) the staining pattern of the motor changes 
dramatically, as nearly all of the phospho-KLP61F is 
present in the spindle between the separating nuclei. 
Again, filaments of phospho-KLP61f staining cross the 
midzone while little or no staining is associated with the 
spindle poles and astral MTs or within the daughter nuclei. 
In telophase (Fig. 6 F), as the nuclear envelopes reform 
around daughter nuclei, phospho-KLP61F is most pro- 

Figure 5. Unphospho-KLP61F is excluded from mitotic spindles in Drosophila early embryos. Confocal immunofluorescence images of 
Drosophila early embryos stained with the unphospho-KLP61F antibody (yellow) and DAPI (blue). Throughout the cell cycle, the lo- 
calization of unphospho-KLP61F is cytoplasmic and does not appear associated with MTs. (A) Prophase. Before nuclear envelope 
breakdown, unphospho-KLP61F is specifically excluded from the nuclear region. (B) Metaphase. Once the metaphase spindle has 
formed, unphospho-KLP61F staining is excluded from the spindle. (C) Anaphase. The exclusion of unphospho-KLP61F from the spin- 
dle persists through anaphase. Bar, 12 u,m. 
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Figure 6. Phospho-KLP61F 
is sequestered in the nucleus 
during interphase and pro- 
phase and it associates with 
the mitotic spindle during 
metaphase and anaphase. 
Confocal immunofluores- 
cence images of Drosophila 
early embryos stained with 
the anti-phospho-KLP61F 
antibody (yellow) and DAPI 
(blue). White indicates high 
overlap. (A) In interphase, 
before mitosis, phospho- 
KLP61F is concentrated in 
nuclei and overlaps signifi- 
cantly with DNA. (B) In 
prophase, before nuclear en- 
velope breakdown, phospho- 
KLP61F is still concentrated 
in the nuclei. At this point, 
some staining is also detect- 
able in the cytoplasm and 
perhaps on centrosomes but 
not on cytoplasmic microtu- 
bules. (C) In metaphase, 
phospho-KLP61F is now con- 
centrated on the half spindles 
and on dense filaments bridg- 
ing the half spindles (arrow). 
(D) In anaphase A, phospho- 
KLP61F is still concentrated 
on the spindles as well as on 
filaments bridging the half 
spindles. (E) In anaphase B, 
nearly all of the phospho- 
KLP61F is now concentrated 
in the spindle interzone, 
while the spindle poles and 
astral MTs show very low 
phospho-KLP61F staining. 
(F) In telophase, phospho- 
KLP61F is concentrated at 
two distinct punctae oriented 
between the daughter nuclei. 
Often, smaller punctae can be 
seen in the reforming daugh- 
ter nuclei, as well. Bar, 10 \im. 

nounced on two adjacent patches on the remnants of 
the central spindle. Close examination of the phospho- 
KLP61F staining pattern in the daughter nuclei also re- 
veals that bright punctae begin to form within them. Based 
on these data, we conclude that, similar to its Eg5 homo- 
logues from frog and human (Sawin and Mitchison, 1996; 
Blangy et al., 1996), KLP61F associates with the mitotic 
spindle in a phosphorylation dependent fashion. More- 
over, phospho-KLP61F motors associate with "filaments" 
crossing the spindle midzone that we believe correspond 
to the interpolar bundles as determined by EM (below). 

Phospho-KLP61F Does Not Associate Equally with All 
Spindle MTs 

The localization of phospho-KLP61F to distinct spindle 
regions may provide information about the subsets of MTs 
upon which the motor acts. Conversely, it may simply mir- 
ror differences in tubulin concentration within the spindle. 
To address this, Fig. 7 shows confocal immunofluores- 
cence overlaying anti-phospho-KLP61F staining with 
anti-ß-tubulin. Instead of determining the concentration 
of phospho-KLP61F throughout the spindle in absolute 
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Figure 7. Relative distribu- 
tion of phospho-KLP61F and 
tubulin in the mitotic spindle 
during metaphase and 
anaphase B. Confocal immu- 
nofluorescence images show- 
ing anti-phospho-KLP61F 
staining (blue) overlaid on 
anti ß-tubulin (yellow) stain- 
ing. In these images, yellow 
indicates the regions of the 
spindle in which the relative 
intensity of tubulin immuno- 
fluorescence is dispropor- 
tionately high compared with 
phospho-KLP61F, white in- 
dicates the regions of rela- 

tively equal tubulin and phospho-KLP61F concentrations and blue indicates regions in which the intensity of phospho-KLP61F immu- 
nofluorescence is disproportionately high compared with tubulin. (A) In metaphase very little phospho-KLP61F colocalizes with astral 
MTs while the central spindle shows a high degree of overlap. The spindle midzone appears blue indicating a disproportionately high 
relative concentration of phospho-KLP61F to tubulin. (B) In anaphase B, nearly all of the KLP61F is concentrated in the interzone and 
very little is detected on chromosomes, spindle poles or astral MTs. Again, some regions of blue are apparent in the midzone indicating 
that phospho-KLP61F staining is disproportionately higher than tubulin staining. Bar, 5.7 u,m. 

terms, these images show the relative fluorescence inten- 
sity of phospho-KLP61F when compared with MTs. Dur- 
ing metaphase (Fig. 7 A), the region of the half spindles 
between the poles generally shows relatively equal inten- 
sity for tubulin and phospho-KLP61F fluorescence. In 
contrast, the poles and astral MTs display disproportion- 
ately low phospho-KLP61F staining whereas the interpo- 
lar MT bundles crossing the midzone display dispropor- 
tionately high phospho-KLP61F fluorescence. Somewhat 
similar results are obtained as the spindle elongates during 
anaphase B (Fig. 7 B), as the poles and astral MTs display 
disproportionately low phospho-KLP61F and bundles of 
MTs traversing the midzone display disproportionately 
high phospho-KLP61F staining. However, in metaphase 
some phospho-KLP61F staining is visible at the poles 
while, during anaphase B, polar localization of phospho- 
KLP61F is nearly undetectable. These data support the 
hypothesis that phospho-KLP61F is associated with "fila- 
ments" corresponding to interpolar MT bundles and be- 
comes concentrated in the region of these bundles con- 
taining antiparallel MTs. 

Visualization of KLP61F Associated with Interpolar 
Bundles of MTs by ImmunoEM 

Although our immunofluorescence analyses indicate that 
phospho-KLP61F is present in the spindle, they cannot re- 
solve whether the motor associates directly with individual 
spindle MTs. We performed immunoEM analyses using 
our anti-phospho-KLP61F antibody in order to examine 
the spatial relationship between the bipolar kinesin and 
MTs. Because the antibody is specific for a phospho- 
epitope in the tail of KLP61F these analyses allow us to 
examine not only whether phospho-KLP61F associates 
with spindle MTs but also how it is positioned relative to 
them by determining the position of the tail. 

Fig. 8 shows the results of anti-phospho-KLP61F immu- 
nostaining performed on thin sections from embryos un- 

dergoing either metaphase (Fig. 8, A-D) or anaphase B 
(Fig. 8, E and F) labeled with secondary antibodies conju- 
gated to 10- or 5-nm gold particles. The images shown in 
Fig. 8, A-C and E are from embryos embedded in the 
standard immunoEM resin, LR-White. At low magnifica- 
tion (Fig. 8, A and E), the staining patterns observed are 
consistent with the immunofluorescence shown above. 
Dense staining of the metaphase half spindles (Fig. 8 A), 
the anaphase interzone (E), and filaments bridging the 
midzone in both spindles (A and E) is observed. Gold la- 
beling is also present on the poles but does not appear as 
concentrated as in the half spindles. The gold particle den- 
sity in the spindle region is extremely high in relation to 
the cytoplasm (^253 vs. 7.3 particles/|xm2 during meta- 
phase and ~237 vs. 54 particles/u.m2 during anaphase B in 
spindles vs. cytoplasm, respectively). Higher magnification 
reveals that gold labeling is clearly concentrated on or 
near interpolar MTs in the metaphase midzone (Fig. 8, 
B-D) and anaphase interzone (F). Note that immuno- 
labeling only occurs at the surface of the section (Stierhof 
et al., 1991) and this accounts for the patchy labeling of 
MTs. The close juxtapositioning of gold particles to MTs 
was best seen in sections from embryos embedded in 
Eponate 12/Araldite resin to optimize spatial resolution 
(Fig. 8, D and F). Fig. 8 D shows the staining pattern along 
a metaphase interpolar MT bundle and Fig. 8 F shows the 
labeling of a bundle from an anaphase spindle. In both im- 
ages it is apparent that the gold labeling is located ex- 
tremely close to the surface of MTs. Measurements of the 
distance between gold particles and MTs indicates that, on 
average, gold particles lie ^9 and 7 nm from the surface of 
MTs during metaphase and anaphase, respectively (see 
Table II). 

Anti-phospho-KLP61F Antibodies Associate with 
Crossbridges between MTs 

Our structural model posits that KLP61F motors cross- 
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Figure 8. Visualization of phospho-KLP61F associated with interpolar MT bundles in metaphase and anaphase spindles. EMs of thin 
sections of Drosophila syncytial blastoderms preserved by HPF/FS and immunostained with the anti p-BCB antibody and gold conju- 
gated secondary antibodies. (A and E) Phospho-KLP61F staining pattern on whole metaphase and anaphase spindles, respectively, 
from embryos embedded in LR-White and labeled with secondary antibodies conjugated to 10 nm gold (P, spindle poles; MB, interpo- 
lar MT bundle; N, separating daughter nuclei). (A inset) Higher magnification of the interpolar bundle (MB) indicated by the arrow 
and shown in digitally enhanced contrast in Fig. 9. When this region is enhanced for contrast, the gold can be seen to associate with elec- 
tron-dense crossbridges between microtubules (Fig. 9). (B and C) Higher magnification of the immunostaining pattern in metaphase 
spindle midzones. (D and F) Phospho-KLP61F immunostaining pattern on interpolar MT bundles during metaphase and anaphase B, 
respectively, from embryos embedded in Eponate 12/Araldite and stained with secondary antibodies conjugated to 5 nm gold to increase 
the precision with which the proximity of the gold to the MT can be determined. Gold particles are closely associated with the surface of 
MTs within these bundles. Bar: (A and E) 1.3 u.m; (B) 320 nm; (C) 160 nm; (D and F) 100 nm. 

link interpolar MTs as bipolar homotetramers. A predic- 
tion of this model is that our anti-phospho-KLP61F anti- 
body should lie at spacings ~60 nm apart at opposite ends 
of MT crossbridges (Fig. 9 A). In support of this hypothe- 

Table II. Average Distance of Gold Particles from the 
Nearest MT* 

Mitotic stage Average distance between gold and MT 

Metaphase 

Anaphase 

9.4 ± 6.2 nm 

7.6 ± 4.5 nm 

*For each stage these numbers were derived by averaging the distances between 500 
gold particles from the nearest microtubule. Five different spindles were examined 
(100 gold particles/spindle). 

sis, we observed gold-labeled MT cross-links when the im- 
ages shown in Fig. 8 were digitally enhanced to increase 
contrast. Fig. 9 B (top panel) shows a region of the 
anti-phospho-KLP61F-labeled interpolar MT bundle indi- 
cated by the inset in Fig. 8 A. In this image, a portion of 
the gold particles can be seen clearly associated with elec- 
tron-dense filaments running between adjacent MTs (red 
arrows point down the long the axis of these filaments). In 
many cases, such as the one shown, these filaments are ex- 
tremely numerous, producing a formation similar to rungs 
on a latter. Similar crossbridges were observed in different 
regions of multiple spindles and all showed nearly identi- 
cal morphologies (Fig. 9 B, bottom panels). We identified 
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Figure 9. Antiphospho- 
KLP61F antibodies associ- 
ate with electron-dense cross- 
bridges between spindle 
microtubules. (A) Sche- 
matic illustration showing 
the predicted immunogold 
labeling pattern in spindles 
stained with the anti-phos- 
pho-KLP61F antibody. Based 
on the predicted position of 
the Bim C boxes on a bipolar 
KLP61F holoenzyme, gold 
particles should be spaced 
~60 nm apart on electron- 
dense MT crossbridges. Note 
that although the antigenic 
sites are spaced ~60 nm 
apart, the crossbridges them- 
selves are longer. Further- 
more, the gold should be 
closely juxtaposed with mi- 
crotubules, lying, on average, 
within 10 nm from the micro- 
tubule surface, just as we ob- 
serve, (see Table II). (B) Ob- 

served gold labeling pattern in the spindle midzone. (Top) The image shown is the inset from Fig. 8 A with digitally enhanced contrast. 
(MT, microtubules, red arrowheads point down the long axis gold particle associated crossbridges.) (Bottom) Gallery of gold-labeled 
crossbridges. Red arrowheads indicate the two ends of the crossbridge adjacent to the associated gold particles. (C) Histogram of cross- 
link lengths. 115 MT crossbridges with gold particles associated at both ends were identified from two spindles and the length between 
the center of each gold particle was measured. The spacing ranged between 35 and 95 nm with a mean ~60-65 nm. Bar: (B, top) 60 nm; 
(B, bottom) 45 nm. 
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115 of these filaments that were decorated with gold parti- 
cles on both ends. The spacing between gold particles on 
the filaments ranged from ^30-90 nm but was most com- 
monly between 60-65 nm (Fig. 9 C). 

Discussion 
The purpose of this study was to visualize KLP61F within 
mitotic spindles of Drosophila syncytial blastoderms, in 
order to determine whether KLP61F acts as a MT-MT 
sliding motor involved in spindle pole separation or if it 
cross-links MTs to a spindle matrix and organizes the 
poles. To this end, we immunolocalized KLP61F in mitotic 
spindles using immunofluorescence and immunoEM and 
we performed a detailed structural analysis of the mitotic 
spindle components with which KLP61F putatively associ- 
ates. The results of these analyses support the hypothesis 
that KLP61F participates in the formation and function of 
bipolar mitotic spindles by cross-linking and sliding MTs 
in relation to one another. 

Drosophila Embryonic Spindles Contain Interpolar MT 
Bundles, Potentially Capable of Exerting Pushing 
Forces on Opposite Spindle Poles 

In order for a MT-MT sliding mechanism to play a role in 
spindle pole positioning, the half spindles must be in con- 
tact through overlapping antiparallel MTs, most likely at 
the spindle midzone. Yet, tubulin immunofluorescence 
shows little or no staining of the spindle midzone in 

Drosophila embryos. Strikingly, however, EM reveals the 
presence robust interpolar MT bundles running through 
this region to bridge together the half spindles. Recon- 
struction of a representative interpolar bundle from serial 
cross-sections indicates that they consist of two MT arrays 
emanating from opposite poles that interdigitate in the 
midzone region. The region of antiparallel MT interdigita- 
tion extends ~1 u.m into each half spindle and, thus, motor 
proteins that drive MT-MT sliding within these interpolar 
MT bundles could play a role in spindle pole positioning. 
For example, plus-end-directed motors could cross-link 
and slide apart antiparallel MTs in the region of interdigi- 
tation resulting in a repulsion of the poles (outward force), 
while minus-end-directed motors could pull the poles to- 
gether (inward force). 

The morphological characteristics of Drosophila embry- 
onic spindles are consistent with the exertion of such coun- 
terbalancing forces. Since MTs will grow as straight tubes 
in the absence of an external force, the curvature of the in- 
terpolar MT bundles on the perimeter of the fusiform 
metaphase and anaphase A spindles (Fig. 1, B and C) sug- 
gests that they are being subjected to compressive forces 
resulting from a counterbalance of antagonistic forces 
pulling the poles inward and pushing them outward. An 
abrupt change in this counterbalance appears to coincide 
with the onset of anaphase B, which is characterized by 
straightening of interpolar MTs (Fig. 1 D). In such a sce- 
nario, a release of the inward force would relax the com- 
pressive forces acting on MTs allowing the poles to be 
pushed apart. A similar counterbalance of forces involving 
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bipolar kinesins has been proposed for S. cerevisiae (Saun- 
.ders et al., 1997b), S. pombe (Pidoux et al., 1996), and A. 
nidulans (O'Connell et al., 1993). 

KLP61F Is Appropriately Positioned to Slide Apart 
Antiparallel MTs 

The hypothesis that KLP61F functions by cross-linking 
and sliding spindle MTs apart is supported by the observa- 
tions that a severe loss-of-function mutation in the gene 
encoding KLP61F results in a late larval lethal phenotype, 
hallmarked by monoastral spindles in proliferating cells 
(Heck et al., 1993) and that the native KLP61F holoen- 
zyme is a bipolar homotetramer, capable of cross-linking 
adjacent MTs and sliding them in relation to one another 
(Cole et al., 1994; Kashina et al., 1996a,b). To test this 
model, it is essential to determine the structural basis of 
the interaction between KLP61F motors and the mitotic 
spindle. The immunolocalization of KLP61F provides data 
relevant to this issue by revealing that KLP61F associates 
with spindle MTs in a phosphorylation dependent fashion, 
that it associates directly with interpolar MT bundles, and, 
strikingly, that bipolar KLP61F motors cross-link MTs 
within these bundles. 

Phosphorylation ofKLPölF by cdkl/CyclinB Targets 
KLP61F to Mitotic Spindles 

Work on the bipolar Eg5 kinesin in humans and frogs has 
shown that the phosphorylation of bipolar Eg5 kinesin 
motors by cdkl/cyclinB at a specific site in the BCB tar- 
gets these motors to spindles. Similarly, our results show 
that KLP61F associates with the spindle when phosphory- 
lated in the BCB. This contrasts with the results from stud- 
ies on the bipolar kinesins from the budding yeast S. cere- 
visiae that lack BCBs (Heck et al., 1993) and fission yeast 
S. pombe where the phosphorylation of this site does not 
affect the spindle association of the motor (Drummond et al., 
1998). The significance of this difference is unclear but 
may reflect the fact that in both types of yeast, mitosis oc- 
curs completely within the confines of the nuclear enve- 
lope so that mitotic motors can interact with spindle MTs 
but not cytoplasmic MTs. However, in most other systems 
the spindle forms in the cytoplasm and precocious contact 
between mitotic motors and cytoplasmic MTs might per- 
turb interphase MT arrays. 

In Drosophila early embryos, the nuclear envelope 
never completely breaks down but instead fenestrates only 
at the points where spindle MTs enter the nuclear region. 
Our results showing that phospho-KLP61F associates with 
nuclei and spindles while nonphosphorylated KLP61F is 
excluded from these compartments, suggest that phos- 
phorylation serves to sequester an active pool of the motor 
in a compartment where it can contact spindle MTs but 
not cytoplasmic MTs. How phosphorylation regulates the 
localization of KLP61F is unknown. It does not appear to 
do so by inducing the formation of bipolar tetramers, 
as our hydrodynamic analyses show that both phospho- 
and unphospho-KLP61F motors are predominantly tet- 
rameric (Table I). It is also possible that phosphorylation 
increases the processivity of KLP61F motor activity that 
would, in turn, increase the time the motor spends associ- 
ated with MTs. However, data regarding this are lacking. 

Clearly, the mechanism of the phospho-regulation of 
KLP61F localization and function requires additional in- 
vestigation and will not be discussed further here. 

KLP61F Is Concentrated on Interpolar MT Bundles 

Our data show a clear association of KLP61F with interpo- 
lar MT bundles, visible as thin filaments of phospho- 
KLP61F bridging the midzone during both metaphase and 
anaphase by immunofluorescence (Fig. 6) that colocalize 
with interpolar MT bundles (Fig. 7). Interestingly, double 
label immunofluorescence images also show that the con- 
centration of KLP61F is disproportionately high on MT 
bundles in the midzone and disproportionately low at the 
poles and on astral MTs when compared with tubulin 
staining. (Whole mount immunofluorescence provides a 
superior method for comparing the concentrations of mo- 
tors and microtubules than does immunoEM of ultrathin 
sections, so the relative enrichment for KLP61F in these 
bundles is not apparent in Fig. 8.) This pattern shows a 
striking correspondence with the region of half spindle in- 
terdigitation within interpolar MT bundles suggesting that 
phospho-KLP6F has a particular affinity for antiparallel 
MTs (conversely, KLP61F could have an affinity specifi- 
cally for the plus-ends of spindle MTs). However, it should 
be noted that other factors, such as the masking of both tu- 
bulin and phospho-KLP61F antigenic sites within the 
midzone might also affect the relative intensity of their 
fluorescence; for example, if the masking of tubulin and 
KLP61F antigenic sites in this region is nonequivalent, the 
ratio of their fluorescence intensities would not mirror 
their relative concentrations. We note, however, that the 
region of the spindle showing disproportionately high 
phospho-KLP61F fluorescence intensity extends ~l-2 urn 
into each half spindle, well beyond the zone of potential 
antigenic masking, indicating that the concentration of 
KLP61F in regions of MT interdigitation is truly dispro- 
portionately high. 

KLP61F Is a Bipolar MT-MT Cross-linker 

Whereas immunofluorescence reveals a general colocal- 
ization of KLP61F with interpolar MT bundles, immu- 
noEM shows a close juxtaposition of the motor with the 
MTs within these bundles. At low magnification the im- 
munolabeling pattern is obviously linear, similar to that 
expected from a microtubule stain. At higher magnifica- 
tions, the gold particles are clearly aligned along MTs, and 
closely juxtaposed to the MT surfaces (Table II). Since our 
phospho-KLP61F antibody recognizes an epitope in the 
tail domain of the motor, this close juxtaposition of gold 
particles and MTs strongly suggests that the tail is posi- 
tioned adjacent to a motor domain (see Fig. 9 A). The av- 
erage distance between gold particles and the MT surface 
is ~10 run, approximately the diameter of a KLP61F mo- 
tor domain, supporting this suggestion. Furthermore, the 
analysis of the deduced sequence of KLP61F together with 
rotary shadowing EM analysis of the native holoenzyme, 
place the BCBs at the opposite end of an a-helical rod 
spaced ^60 nm apart, consistent with the model shown in 
Fig. 9 A. 

Direct evidence in support of MT-MT cross-linking by 
bipolar KLP61F motors was obtained by visualizing gold 
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decorated spindles after digital enhancement of contrast. 
In the images shown in Fig. 9 B, for example, gold-labeled 
phospho-BCBs clearly associate with electron-dense cross- 
bridges at a spacing of ~60 nm, in strong support of our 
previously proposed structural model for KLP61F. The av- 
erage distance of 10 nm between the gold-labeled BCB 
and the MT surface (discussed above) summed with the 
~60 nm spacing between the gold particle clusters on indi- 
vidual crossbridges, suggests a spacing between cross- 
linked MTs of ~80 nm, consistent with the relatively wide 
spacing between antiparallel MTs within interpolar MT 
bundles (Fig. 3 C). However, KLP61F is also clearly 
present in regions of the interpolar MT bundles that con- 
tain only parallel MTs, in which cross-links of a similar 
length (^60 nm) are also observed. Therefore, these data 
are most consistent with the idea that bipolar KLP61F mo- 
tors cross-link both parallel and antiparallel MTs but other 
factors (MAPs or motors) must contribute to the generally 
closer packing of nearest neighbor MTs observed within 
parallel MT bundles (Fig. 3 B). Moreover, the close spac- 
ing of parallel MTs near the poles suggests that in this re- 
gion of the spindle, KLP61F motors must cross-link paral- 
lel MTs that are not nearest neighbors. Further testing of 
this hypothesis requires a more thorough understanding of 
the organization of parallel vs. antiparallel MTs within in- 
terpolar MT bundles. 

Model for KLP6IF Function in the Spindle 

Based on the localization of KLP61F shown here, its trans- 
port properties, and the phenotype of severe loss of func- 
tion mutants, we propose the following expanded model 

Sfsttr 
Chrcraitid 

Figure 10. Model for KLP61F function. (A) As the nuclear enve- 
lope fenestrates and MTs enter the nuclear region, KLP61F 
cross-links spindle MTs regardless of orientation and rides to- 
ward their plus ends thereby becoming concentrated in the mid- 
zone. (B) If KLP61F cross-links parallel MTs they will be orga- 
nized into bundles but no MT-MT sliding will be generated. (C) 
If KLP61F cross-links antiparallel MTs, the force generated by 
KLP61F will push the MTs apart. This results in isometric forces 
that hold the poles apart during metaphase and anaphase A, and 
isotonic forces that drive spindle elongation during anaphase B. 

for KLP61F function (shown schematically in Fig. 10). 
During centrosome migration, KLP61F is active and ho- 
motetrameric but sequestered away from MTs within the 
intact nuclear envelope. As the nuclear envelope fenes- 
trates during prometaphase and MTs enter the nuclear re- 
gion, KLP61F is free to bind and cross-link parallel and 
antiparallel spindle MTs, alike, riding slowly toward their 
plus-ends. The ability of KLP61F to cross-link MTs of 
both polarities assumes that theKLP61F motor domain is 
capable of swiveling 360° as has been shown for conven- 
tional kinesin (Hunt and Howard, 1993). Because of the 
plus-end-directed motility of KLP61F, a steady state is es- 
tablished in which KLP61F is present throughout the spin- 
dle but concentrated in the midzone, where the plus-ends 
of MTs from both half spindle interdigitate. The interac- 
tion of KLP61F with parallel MTs results in the formation 
of MT bundles capable of capturing kinetochores or inter- 
acting with MT bundles emanating from the opposite pole 
but, since the force vector on both MTs is the same, no net 
MT-MT sliding occurs. Conversely, when KLP61F inter- 
acts with antiparallel MTs, cross-linked MTs slide apart, 
generating an outward force on the poles. During meta- 
phase and anaphase A, this force produces isometric ten- 
sion counterbalancing an inward force to hold the poles 
apart. As the antagonistic inward force is released during 
anaphase B, the outward force serves to drive the poles 
apart. In other systems, where anaphase B involves strong 
pulling forces on the poles (Kronebusch and Borisy, 1982; 
Aist et al., 1993), the MT-MT interactions mediated by 
KLP61F might also serve as a brake, regulating the rate of 
spindle elongation. 

While our data clearly show KLP61F cross-linking inter- 
polar MTs, it does not directly address several important 
issues. First, implicit in this model is that centrosome mi- 
gration during prophase does not involve KLP61F, since 
this occurs before nuclear envelope fenestration when the 
motor is sequestered in the nucleus (Fig. 1 A). While 
we cannot exclude the possibility that the low level of 
KLP61F present in the cytoplasm is sufficient to drive 
prophase centrosome migration, it is also conceivable that 
spindle formation proceeds normally before nuclear enve- 
lope fenestration in the absence of KLP61F function and 
that the monoastral spindles seen in KLP61F mutants re- 
sult from the collapse of a preformed bipolar spindle. It 
should be noted that such a spindle collapse has been ob- 
served in S. cerevisiae mutants carrying null alleles for the 
bipolar kinesins, cin8 and kipl (Saunders et al, 1997). 
Moreover, although the monoastral spindles observed in 
bipolar kinesin mutants in A. nidulans (Enos and Morris, 
1990), and 5. pombe (Hagan and Yanagida, 1990) have 
been interpreted as resulting from defects in the initial 
separation of the spindle poles during spindle assembly, 
one cannot rule out the possibility that these structures re- 
sult from the collapse of already assembled spindles. Di- 
rect visualization of spindle formation in KLP61F mutants 
should help resolve precisely when KLP61F function is 
needed. Second, although we have not observed KLP61F 
concentrated on kinetochore MT bundles or associated 
with a spindle matrix we cannot rule out the possibility 
that such interactions can occur at least in some systems. 

The bipolar kinesin, KLP61F is critically important for 
mitosis. The data reported here, in concert with the motil- 
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ity properties of the motor and the phenotype of severe 
• loss of function mutants, strongly suggest that KLP61F 
functions in a sliding filament mechanism to hold the spin- 
dle poles apart during metaphase and anaphase A and to 
drive spindle elongation during anaphase B. Given the 
strikingly similar molecular architecture of myosin II and 
KLP61F, it is appealing to speculate that the bipolar con- 
figuration of force generating enzymes involved in the 
sliding of cytoskeletal filaments is highly conserved and a 
fundamental feature of cytoskeletal activity. 
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ABSTRACT The organization and function of microtubules change dramatically during the cell 
cycle. At the onset of mitosis, a radial array of microtubules is broken down and reorganized into a 
bipolar spindle. This event requires changes in the dynamic behavior of individual microtubules. 
Through the use of Xenopus laevis egg extracts, a number of proteins affecting microtubule behavior 
have been identified. Recently, progress has also been made towards understanding how the 
activities of such microtubule-affecting proteins are regulated in a cell cycle-dependent manner. 
It is hoped that understanding how microtubule behavior is controlled during the cell cycle in vitro 
may illuminate the role of microtubule dynamics in various cellular processes. Microsc. Res. Tech. 
44:000-000,1999.     © 1999 wiicy-Liss, inc. 

INTRODUCTION 
Underlying basic cellular functions, including intra- 

cellular transport and chromosome segregation, is a 
network of cytoskeletal polymers called microtubules. 
During interphase in animal cells, microtubules ema- 
nate from a single microtubule-organizing center 
(MTOC) found near the nucleus and form an astral 
array extending to the cell periphery. These microtu- 
bules are long and sparse relative to those found in 
mitotic cells. During mitosis, newly-duplicated MTOCs 
separate, and the microtubules associated with them 
form a bipolar spindle, which is responsible for segregat- 
ing chromosomes to daughter cells. Bipolar spindles are 
built from a dense population of short and highly 
dynamic microtubules (Fig. 1). The means by which 
microtubules undergo this dramatic transformation 
during the cell cycle is an important cell biological 
problem; this review will focus on recent progress 
towards understanding this phenomenon through the 
use of Xenopus egg extracts. 

Microtubules are hollow filaments, 25 nm in diam- 
eter, composed of alpha/beta tubulin heterodimers. 
Unlike equilibrium polymers, microtubules in steady- 
state undergo stochastic transitions between phases of 
polymerization and depolymerization. The transition 
from polymerization to depolymerization is called "ca- 
tastrophe", and the transition from depolymerization to 
polymerization is termed "rescue" (Fig. 2). This behav- 
ior is known as "dynamic instability" (Mitchison and 
Kirschner, 1984) Microtubules exhibit inherent polar- 
ity in their dynamic behavior at each end of the 
polymer. One end (the "plus" end) polymerizes at a 
faster rate than the other (the "minus" end) (Walker et 
al., 1988). In most cell types, microtubules are strictly 
organized with respect to this polarity; microtubule 
minus ends are found proximal to the MTOC and plus 
ends found distal, at the cell periphery. 

Using purified tubulin, measurements of microtu- 
bule behavior in vitro show significant differences from 
measurements in vivo (reviewed in Desai and Mitchi- 
son, 1997). In vitro, increasing concentrations of tubu- 

lin lead to increased rates of polymerization and de- 
creased rates of catastrophe (Walker et al., 1988). In 
vivo, the rate of polymerization is much higher than 
expected for the concentration of tubulin in the cyto- 
plasm but is nevertheless associated with a high rate of 
catastrophe (reviewed in Cassimeris, 1993). Clearly, 
microtubule-affecting proteins exist in vivo which ac- 
count for these differences and play an important role 
in modulating the behavior and organization of microtu- 
bules in cells. Of particular interest are those proteins 
that promote the dramatic changes in microtubule 
dynamics during the transition from interphase to 
mitosis. 

Microtubules can be observed in cells in many ways 
(reviewed in Inoue and Salmon, 1995). Historically, 
fibers were first seen by electron microscopy, but their 
preservation varied with different fixation techniques. 
It was not until the advent of polarized light microscopy 
that birefringent fibers could be observed reliably in 
living cells. Polarized light studies could demonstrate 
that this fibrous array undergoes dynamic rearrange- 
ment during the cell cycle and is extremely labile to low 
temperature and anti-mitotic drugs such as colchicine. 
However, use of this technique was restricted to the 
observation of microtubules within dense, highly orga- 
nized structures such as the mitotic spindle. Improve- 
ment in fixation techniques for electron microscopy as 
well as the development of immunofluorescence micros- 
copy allowed initial observations to be made about 
microtubule dynamics. However, it is important to 
realize the limitations of deducing dynamic behavior 
from fixed samples. Currently, time-lapse video micros- 
copy in live cells, using GFP-labeled tubulin, microinjec- 
tion of fluorescently-labeled tubulin, or video-enhanced 
differential interference contrast (VE-DIC) microscopy, 
allows direct observation of the dynamics of individual 
microtubules (Cassimeris et al., 1988; Gelfand and 
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Fig. 1. Microtubule morphology changes 
dramatically during the cell cycle, (a) In an 
interphase animal cell, microtubules are found 
in a radial array around the microtubule- 
organizing center (MTOC). Microtubules are 
long and sparse and have a wavy appearance. 
(b) During mitosis, microtubules are orga- 
nized into a symmetrical bipolar spindle. 
Condensed chromosomes are aligned in pairs 
at the central metaphase plate before being 
separated and pulled towards opposite spindle 
poles. 

Bershadsky, 1991; Stearns, 1995; Walker et al., 1988). 
These techniques have their own drawbacks; for ex- 
ample, cells are perturbed by microinjection and by 
photodamage generated from fluorescent probes. DIC 
microscopy, while a sensitive and non-invasive tech- 
nique, is limited by sample thickness. DIC allows 
high-resolution visualization of microtubules within 
the relatively flat peripheral sections of interphase 
cells, but microtubules in the central parts of the cell 
and in rounded mitotic cells are more difficult to 
observe. As a result, in vivo measurements of microtu- 
bule dynamics by this method have been restricted to 
microtubule plus ends found in thin regions near the 
cell periphery. 

Cytoplasmic extracts of Xenopus eggs (as well as 
other amphibian and marine invertebrates) have proven 
to be extremely useful in studying MT dynamics, 
lending themselves more readily to microscopic tech- 
niques than do intact cells. Perhaps more importantly, 
extracts are biochemically tractable. Egg extracts are 
often a rich source of native protein for biochemical 
fractionation. Because embryos undergo a series of very 
rapid cell divisions following fertilization, eggs are 
stockpiled with proteins involved in cell division includ- 
ing those involved in reorganizing the microtubule 
cytoskeleton. 

Xenopus egg extracts are well suited for the study of 
MT dynamics for two reasons. First, Xenopus egg 
extracts offer the advantage of a synchronized and 
controllable cell cycle. Studies of cell cycle progression 
in Xenopus egg extracts have shown that the matura- 
tion promoting factor (MPF), which induces mitosis and 
meiosis, corresponds to the active protein kinase cdc2 
complexed with cyclin B (Lohka, et al., 1988). MPF 
activity (as monitored by HI kinase activity) is high in 
metaphase and low in interphase. By controlling the 
activity of MPF, experimentalists can manipulate Xeno- 
pus egg extracts to be stably arrested in either inter- 
phase or mitosis (Murray, 1991). This makes it possible 
to purify native proteins in particular cell cycle states 
(ie, phosphorylated or complexed). 

Second, these highly concentrated frog extracts are 
capable of recapitulating complex changes in MT dy- 
namics, which occur during cell cycle progression, such 
as those required for mitotic spindle assembly. These 
extracts can then be manipulated in ways which would 
be extremely difficult (if not impossible) in whole cells. 
For example, inhibition of specific proteins by antibody 

addition or immunodepletion is technically simpler in 
extracts than in cells, where such procedures require 
microinjection or gene expression. Pure protein can also 
be added back to immunodepleted extracts, demonstrat- 
ing that depletion phenotypes are specific to the protein 
of interest. In this way, the effects on MT dynamics 
produced by perturbing a particular protein can be 
determined during each stage of the cell cycle (Desai et 
al., 1998). 

In order to observe real-time MT dynamics in crude 
extracts, it is necessary to visualize the microtubules by 
addition of fluorescentiy-labeled tubulin, which incorpo- 
rates into endogenous microtubules. For observation by 
DIC, the extract must first be clarified of refractile 
particles such as membrane vesicles. Clarified extracts 
(also called high-speed supernatants or HSS) retain 
their cell cycle state and, though incapable of 
bipolar spindle formation, will polymerize microtubules 
from a nucleating substrate. Common microtubule- 
nucleating substrates for both crude and clarified ex- 
tracts include purified centrosomes and axonemes. 
Reagents such as taxol and DMSO stabilize microtu- 
bules and can induce the formation of organized micro- 
tubule arrays in Xenopus extracts (Verde et al., 1991); 
however, these reagents obviously perturb MT dynam- 
ics and are thus unsuitable for studying physiological 
dynamics. 

In this review, we focus on changes in MT dynamics 
during the cell cycle. Precise determination of MT 
dynamic parameters in interphase and mitotic Xenopus 
extracts constituted a major step toward understand- 
ing how microtubules undergo the dramatic structural 
rearrangement during the interphase-to-mitosis transi- 
tion. Xenopus egg extracts have also been central to the 
identification and characterization of many microtubule- 
affecting proteins, some of which may be key players in 
mediating the differences between interphase and mi- 
totic MT dynamics. Finally, we review current investiga- 
tion into links between the cell-cycle machinery (like 
cdc2/cyclinB kinase) and MT dynamics. 

CHANGES IN MTS WITH CELL CYCLE 
PROGRESSION 

In the transition from interphase to mitosis, struc- 
tural rearrangement of microtubules is accompanied by 
changes in polymer length, number, and turnover 
rate. Microtubules in mitosis are shorter on average 
than microtubules in interphase and the total number 
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Fig. 2. Dynamic behavior of microtubule polymers, (a) Schematic 
representation of centrosome-nucleated microtubules as viewed by 
VE-DIC microscopy. The behavior of individual microtubules are 
independent of each another, with some polymerizing and others 
depolymerizing at any given time, (b) Graph representing the length 
of two particular microtubules as a function of time. Transitions 
(rescue and catrastrophe) between phases of polymerization and 
depolymerization are stochastic. 

of microtubules increases (Zhai and Borisy, 1994; Zhai 
et al., 1995). Mitotic cells also display a higher rate of 
microtubule turnover than do interphase cells, as shown 
by the rapid incorporation of labeled tubulin into 
cellular microtubule structures as well as the rapid 
recovery of fluorescence after photobleaching (Salmon 
et al., 1984; Saxton et al., 1984). In newt lung cells, for 
example, microtubules are several times shorter, four 
times as numerous, and turn over two to three orders of 
magnitude faster in the mitotic spindle than in the 
interphase array (Cassimeris et al., 1988; Wadsworth 
and Salmon, 1986). 

Understanding these changes in population morphol- 
ogy required the precise determination of changes in 
MT dynamics. Theoretically, altering any of the four 
parameters of MT dynamics (polymerization, depoly- 
merization, catastrophe, and rescue) might account for 
a transition from long, stable microtubules to short, 

dynamic ones. Microtubules in mitosis could polymer- 
ize more slowly or depolymerize more quickly than they 
do in interphase. Alternatively, microtubules in mitosis 
could spend more time depolymerizing than they do 
polymerizing, which might result from an increase in 
catastrophe rate or a decrease in rescue rate. 

Early studies of MT dynamics in extracts measured 
the lengths of microtubules which had been fixed at 
successive time-points (Verde, et al., 1990). This type of 
analysis could not distinguish between changes in each 
dynamic parameter and gave only net polymerization 
and depolymerization rates. Microtubules were shown 
to exhibit a lower rate of net growth in mitosis relative 
to interphase (Verde, et al., 1990). This was interpreted 
as a lower rate of polymerization in mitosis and led to 
two early hypotheses on cell-cycle regulation of MT 
dynamics. The first hypothesis proposed that the in- 
crease in microtubule nucleation sites during mitosis 
might be sufficient to deplete the cytoplasm of tubulin 
dimer (Mitchison and Kirschner, 1984). Because poly- 
merization is a bimolecular reaction, polymerization 
rate decreases with decreased tubulin concentration. It 
was postulated that this would result in short, dynamic 
polymers The second hypothesis was influenced by 
studies on neuronal microtubule-associated proteins 
(MAPs), proteins which bind and stabilize microtu- 
bules, thereby increasing their polymerization rate 
(Drechsel et al., 1992; Pryer et al., 1992). It was 
proposed that decreased assembly rates and stability in 
mitosis may be due to phosphorylation of these MAPs, 
which inhibits their binding to microtubules and pre- 
vents them from promoting microtubule polymeriza- 
tion (reviewed in McNally, 1996). 

However, real-time analysis of MT dynamics (Bel- 
mont et al., 1990) showed that in Xenopus egg extracts 
the transition from interphase to mitosis is character- 
ized by a change in catastrophe rate. The rate of 
polymerization was not decreased in mitotic extracts 
relative to interphase; in fact, both polymerization and 
depolymerization rates were slightly higher in mitosis. 
The major difference between the two cell cycle states 
was a 5- to 10-fold increase in catastrophe rate during 
mitosis. It was later shown that this increased catastro- 
phe rate is specifically triggered by cyclinB-associated 
cdc2 kinase (MPF); addition of cyclinA-associated cdc2 
kinase to interphase extracts did not affect catastrophe 
frequencies (Verde et al., 1992). 

Is this change in catastrophe rate enough to account 
for the increase in MT turnover observed during mito- 
sis? Verde et al. (1992) discussed a mathematical model 
for microtubule dynamics previously studied by T Hill 
(1985). This model relates the average length of stiff, 
non-interacting polymers in an infinite, homogenous 
medium (like microtubules in Xenopus egg extracts) to 
the four parameters of dynamic instability. Given experi- 
mentally-determined rates for each dynamic param- 
eter, the model predicts an average microtubule length 
which correlates amazingly well with measured micro- 
tubule lengths. 

The Hill model predicts that minimal changes in 
transition frequencies (catastrophe or rescue) will have 
far greater effect on average MT length than correspond- 
ing changes in polymerization or depolymerization 
rates but does not predict whether catastrophe or 
rescue is the dominant parameter. In Xenopus extracts, 
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increased catastrophe rate appears to be primarily 
responsible for increased MT turnover in mitosis. How- 
ever, a study by Gliksman et al. (1992) showed that, in 
sea urchin egg extracts treated with phosphatase inhibi- 
tors, a similar effect could be produced by decreased 
rescue rate. The regulation of catastrophe versus res- 
cue events may be cell-type specific. 

The Hill analysis also makes no assumptions about 
the molecular mechanisms underlying specific changes 
in MT dynamic parameters. Phosphorylation of MAPs 
and subsequent decreases in their affinity for microtu- 
bules do not lead to decreased polymerization rates in 
Xenopus egg extracts. However, it is possible that, 
during mitosis, this decrease in MAP affinity makes 
microtubules more sensitive to other destabilizing activi- 
ties, such as a mitotic catastrophe factor. 

Though this type of Hill analysis has been extremely 
useful, it is limited to the four classic dynamic param- 
eters. There are several, more complex, types of micro- 
tubule behavior seen in both mitotic cells and mitotic 
Xenopus extracts: increased microtubule nucleation, 
microtubule severing, and poleward microtubule flux. 
These types of microtubule behavior are frequently 
overlooked in analyses of MT dynamics but may be 
important for microtubule function during mitosis and 
therefore warrant mention here. Microtubule nucle- 
ation is clearly cell-cycle regulated and, while it does 
not lead to a depletion of tubulin monomer as originally 
proposed, it is probably important for formation of a 
bipolar spindle. Microtubule severing has only recently 
been observed in tissue culture cells, and its function 
remains unknown. Poleward microtubule flux is de- 
fined as the coordinated movement of microtubule 
subunits in the mitotic spindle toward spindle poles. 
Pharmacological studies in Xenopus extracts have sug- 
gested that flux may drive chromosome movement 
during anaphase A (Desai et al., 1998); however, flux 
appears to play a more minor role in chromosome 
segregation in tissue culture cells (Mitchison and 
Salmon, 1992). 

Quantitative measurements of MT dynamics vary 
between different cell types and between cells and 
extracts. It should be noted that precise dynamics 
measurements may even vary from one extract prepara- 
tion to the next. Microtubule behavior may also be 
affected by techniques involving addition of exogenous 
(often bovine) and/or modified tubulin, dilution with 
buffer, and clarification by centrifugation, and extreme 
care should be taken in noting these differences during 
comparisons of results from independent studies. 

In a recent paper by Parsons and Salmon (1997), data 
is presented which describes MT dynamics in a clarified 
HSS extracts, as visualized by DIC. No exogenous, 
fluorescently-labeled tubulin, which is known to have 
effects on MT dynamics, was added to the extract. 
Dynamic measurements in these extracts were signifi- 
cantly different from those made in crude extracts by 
Belmont and Verde (Belmont et al., 1990; Verde et al., 
1992). Both polymerization and depolymerization rates 
were much higher in interphase and depolymerization 
significantly higher in mitosis. More disturbingly, both 
mitotic and interphase extracts had extremely low 
catastrophe frequencies. Does this mean that the high 
rates of catastrophe seen in crude mitotic extracts was 
somehow an artifact generated by the addition of 

exogenous tubulin? Addition of bovine brain tubulin to 
these highly-clarified mitotic extract was not sufficient 
to restore catastrophe frequencies to those seen in 
crude mitotic extracts. This result implies that high 
catastrophe frequencies are not an artifact due to 
exogenous tubulin. In this system, high-speed centrifu- 
gation appears to remove an important factor that 
directly or indirectly induces microtubule catastrophe. 
The identification of this catastrophe-promoting factor 
will be an important area of future research. 

While measurements of MT dynamics in extracts 
cannot be taken as literal interpretations of cellular MT 
dynamics, the relative changes in these dynamics can 
provide valuable insight into how the transition be- 
tween interphase and mitotic MT dynamics may be 
mediated. In being able to perturb this system, assess 
changes in microtubule lengths and lifetimes, and 
determine which MT dynamic parameters are respon- 
sible for those changes, investigators have a unique 
window into the inner workings of the cell. In this way, 
utilization of Xenopus egg extracts has led to the 
identification and characterization of some of the most 
important proteins so far discovered to modulate MT 
dynamics. 

PROTEIN MODULATORS OF MICROTUBULE 
DYNAMICS 

Microtubule affectors can be divided into three classes: 
1) proteins that affect MT dynamics, as defined by the 
four dynamic parameters (polymerization, depolymer- 
ization, rescue, or catastrophe); 2) proteins that affect 
the number of polymer ends; and 3) proteins that bind 
microtubules and rearrange them into higher order 
structures. We will emphasize proteins in the first 
class. Proteins belonging to the last category, including 
many kinesin-related motor proteins, have been well- 
studied in Xenopus egg extracts; however, they have 
been discussed in several recent reviews and will not be 
covered here (reviewed in Barton and Goldstein, 1996; 
Vale and Fletterick, 1997). 

Mathematical modeling of theoretical polymer dynam- 
ics by Hill (1985), as well as computer simulation 
studies by Gliksman et al. (1993), predict that small 
changes in transition frequencies (catastrophe and 
rescue) could have rapid and dramatic effects on poly- 
mer populations. Cellular factors which mediate such 
changes in microtubule behavior have long been sought 
and, in the last several years, a number of these 
proteins have been identified in Xenopus egg extracts. 

XMAPs (Xenopus Microtubule-Associated 
Proteins) 

Gard and Kirschner (1987) observed that Xenopus 
extracts contained an activity which greatly stimulated 
microtubule assembly. Purification of the protein respon- 
sible for this activity resulted in the identification of 
XMAP215. Using a fixed timepoint assay, purified 
XMAP215 protein was found to accelerate tubulin 
polymerization at microtubule plus-ends, resulting in 
longer but, paradoxically, less stable microtubules. 
Subsequently, real-time analysis revealed that the ef- 
fect of this protein on microtubule dynamics was com- 
plex. In vitro, XMAP215 increases MT polymerization 
rate by an order of magnitude, causes a three-fold 
increase in depolymerization rate, and nearly elimi- 
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nates rescue (Vasquez et al., 1994). Because the in- 
crease in polymerization rate is greater than the effects 
on depolymerization and rescue, the net effect of 
XMAP215 is to promote MT assembly; however, this 
net assembly is associated with increased MT turnover. 

XMAP215 was the first MAP found to increase MT 
turnover. A human homologue of the protein TOG has 
recently been identified and found to have similar 
effects on microtubules (Charrasse et al., 1998). With- 
out immunodepletion data, the physiological function 
of XMAP215 remains unclear. Its activity may be 
modulated in vivo by interaction with other MAPs and 
MT-affecting proteins. However, it is likely that the 
activity of factors like XMAP215 contribute to the high 
rate of microtubule turnover observed in vivo, relative 
to solutions of pure tubulin. XMAP215 might also be 
involved in regulating MT dynamics during mitosis, 
when polymer concentration is maintained at inter- 
phase levels even though turnover rate is greatly 
increased. 

In contrast to XMAP215, most known MAPs de- 
crease, rather than increase, MT turnover. Two Xeno- 
pus MAPs of this kind were recently isolated and 
characterized by Karsenti and coworkers (Andersen et 
al., 1994; Andersen and Karsenti, 1997b). The effects of 
the purified proteins on microtubule dynamics were 
assayed by monitoring the behavior of centrosome- 
nucleated microtubules with VE-DIC microscopy 
XMAP230 and XMAP310 were both found to have 
stabilizing effects on microtubules, but each acts by a 
different mechanism. XMAP230 caused a significant 
decrease in catastrophe rate; XMAP310, on the other 
hand, had the primary effect of increasing rescue rate. 
These studies demonstrate the importance of real-time 
observation since the mechanisms by which these two 
MAPs act would likely have been indistinguishable in 
fixed timepoint assays. 

Studies of Xenopus as well as neuronal MAPs have 
demonstrated that these proteins are important modu- 
lators of microtubule behavior. However, the collective 
effect of these Xenopus MAPs is not sufficient to account 
for the dramatic increase in microtubule turnover 
observed during mitosis. In particular, none of the 
hnownXenopus MAPs increases the rate of microtubule 
catastrophe. 

Catastrophe factors 
Opl8IStathmin. After making the initial observa- 

tion in frog extracts that microtubule catastrophe rate 
increased several-fold during mitosis, Belmont and 
Mitchison (1996) set out to purify microtubule-destabi- 
hzing activities present in extracts. One protein factor, 
which they isolated from thymus extracts, was identi- 
cal to a previously characterized leukemia-associated 
oncoprotein called Opl8 or stathmin. Opl8 had ini- 
tially been identified as a protein whose expression was 
highly induced in some tumor cells, and its phosphory- 
lation was characterized extensively (Sobel, 1991). The 
physiological function of the protein, however, re- 
mained unclear until Opl8 was identified as a catastro- 
phe-inducing factor. 

Immunodepletion of Opl8 from Xenopus egg extracts 
resulted in increased microtubule length and density in 
sperm centrosome-nucleated asters. Readdition of pure 
protein to the depleted extract restored microtubule 
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polymer to normal levels (Belmont and Mitchison, 
1996). The role of Opl8 in the mitotic spindle, however, 
remains elusive. Immunodepletion of the protein caused 
excessive microtubule polymerization during the early 
stages of spindle assembly, but normal bipolar spindles 
were ultimately formed (Andersen et al., 1997a). 

Op 18 was also shown to interact with tubulin dimers. 
A tubulin-sequestering protein might be predicted to 
increase microtubule catastrophe rate by decreasing 
growth rate as a consequence of depleting soluble 
tubulin dimers. Whether or not Opl8 acts in this way is 
an unresolved issue; Belmont and Mitchison (1996) 
maintain that the protein acts catalytically whereas 
Jourdain et al. (1997) support a sequestering role. 

XKCM1. The Xenopus kinesin-like protein XKCM1 
was identified during a screen for kinesin-like motor 
proteins which might be involved in spindle assembly 
(Walczak et al., 1996). Immunodepletion from extracts 
showed that XKCM1 was necessary for spindle assem- 
bly and, surprisingly, modulated MT dynamics. In the 
absence of XKCM1 protein, microtubule asters were 
ten times larger than in mock-depleted extracts, imply- 
ing that XKCM1 acts to destabilize microtubules. Stud- 
ies using the purified enzyme showed that it was 
capable of promoting microtubule catastrophes in an 
ATP-dependent manner (Desai et al. submitted). This 
result was a landmark in microtubule motor studies, 
showing definitively for the first time that motor-like 
molecules can affect the behavior of the microtubules to 
which they bind. The molecular mechanism by which 
XKCM1 acts to induce end-wise microtubule disassem- 
bly is currently the subject of active investigation. 

Proteins affecting filament number: MT severing 
and nucleation 

Xenopus extracts have brought about the character- 
ization of proteins which affect other notable aspects of 
microtubule behavior. These proteins modulate bulk 
microtubule behavior by affecting the number of micro- 
tubule ends available to shrink or grow. This second 
category of proteins includes a microtubule severing 
protein and a microtubule nucleating factor, both of 
which have been characterized in Xenopus. 

Katanin. Katanin was identified as an activity which 
causes fragmentation of microtubules in Xenopus egg 
extracts (McNally and Thomas, 1998; Vale, 1991). 
When purified and cloned from sea urchin egg extracts, 
it was found to be a heterodimeric molecule, composed 
of a p60 and p80 subunit (Hartman et al., 1998; 
McNally and Vale, 1993). Katanin's severing activity is 
dependent on ATP hydrolysis but how the enzyme 
utilizes the energy of nucleotide hydrolysis to disrupt 
the microtubule lattice remains unknown. 

Though several possibilities have been proposed, the 
in vivo function of microtubule severing has yet to be 
determined. Severing may be involved in the rapid 
disassembly of the microtubule cytoskeleton at the 
onset of mitosis. Also, release of microtubules from 
centrosomal nucleating sites has been documented in 
mitotic Xenopus extracts (Belmont et al., 1990). This 
observation may be important in understanding the 
phenomenon of polewards microtubule flux, which must 
allow disassembly at microtubule minus ends at spindle 
poles. Indeed, McNally et al. (1996) have recently 
shown katanin to be centrosome-associated. 
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k-tubulin. Control of microtubule nucleation is an- 
other means by which cells can modulate cytoskeletal 
morphology. Due to the kinetic barrier to nucleation, 
microtubules do not nucleate spontaneously in the 
cytoplasm but assemble at distinct nucleating sites 
such as the centrosome. The microtubule-nucleating 
capacity of centrosomes has been shown to increase 
significantly during mitosis (Kuriyama and Borisy, 
1981). Xenopus egg extracts have been a fruitful in vitro 
system for the study of centrosome microtubule nucle- 
ation, most notably in investigating the structure and 
function of -y-tubulin-containing complexes (Zheng, et 
al., 1995). 

Since its discovery, 7-tubulin was hypothesized to 
play a role in microtubule nucleation (reviewed in 
Pereira and Schiebel, 1997). Ahomologue of alpha and 
beta tubulin, it localizes to sites of microtubule nucle- 
ation. Inhibition of -y-tubulin function in vivo or in 
extracts abolishes nucleation activity at centrosomes 
(Felix et al., 1994; Stearns et al., 1991; Stearns and 
Kirschner, 1994). Native 7-tubulin has been purified 
from Xenopus egg extracts in the form of a ring-shaped 
complex (7-TuRC) (Zheng et al., 1995). In isolated 
centrosomes, similar ring structures containing 7-tubu- 
lin have been visualized within the pericentriolar mate- 
rial at the base of associated microtubules (Moritz et 
al., 1995). The purified 7-TuRC has been shown to 
promote microtubule assembly in vitro and the complex 
is found associated with microtubule minus ends (Zheng 
et al., 1995). These studies showed convincingly that 
7-tubulin is a central component of microtubule nucleat- 
ing structures and perhaps templates the assembly of 
tubulin subunits at these sites. 

LINKING THE CELL CYCLE TO CHANGES 
IN MT DYNAMICS 

In the absence of protein synthesis, addition of 
purified cdc2/cyclinB kinase to interphase Xenopus egg 
extracts is sufficient to induce mitotic MT dynamics 
(Verde et al., 1990). Inhibition of cdc2 kinase activity by 
the general kinase inhibitor DMAP completely inhibits 
this transition, indicating that phosphorylation is impor- 
tant for modulating microtubule behavior. Phosphatase 
inhibitors like okadaic acid and 1-2 have also been used 
to show that dephosphorylating activities are also 
important. Different classes of phosphatases appear to 
play distinct roles in the cell-cycle regulation of MT 
dynamics. For example, protein phosphatase type 2A 
(PP2A) helps to modulate metaphase dynamics and 
protein phosphatase type 1 (PP1) seems to be involved 
in prophase and anaphase dynamics (Tournebize et al., 
1997). 

Purified MAP kinase has also been shown to be 
capable of inducing changes in microtubule dynamics 
similar to those elicited by addition of exogenous cdc2 
kinase when added to Xenopus egg extracts. Inhibition 
of MAP kinase activity either by immunodepletion from 
extracts or via microinjection of inhibitory MAP kinase 
phosphatase into Xenopus tissue culture cells inter- 
fered with the mitotic spindle assembly checkpoint 
after treatment with nocodozole (Wang et al., 1997; 
Takenaka et al., 1997). The kinase substrates directly 
responsible for these changes in microtubule behavior 
and spindle organization remain to be elucidated. 

Some microtubule-affecting proteins have been shown 
to be substrates for these kinases and phosphatases. 
Though many microtubule affectors have been charac- 
terized in Xenopus extracts, the cell cycle-dependent 
regulation of their activities has often turned out to be 
much more complicated than a simple "on/off' switch 
triggered by the absence or presence of phosphoryla- 
tion. 

MT stabilizing proteins 
The activities of a number of neuronal MAPs have 

been shown to be regulated by phosphorylation in a 
cell-cycle dependent manner. Mitotic phosphorylation 
of XMAP230 appears to inhibit its ability to stabilize 
microtubules (Andersen et al., 1994). Many MAPs 
contain potential cdc2 phosphorylation sites and puri- 
fied cdc2 kinase has been shown to phosphorylate a 
number of these in vitro. However, the effects of cdc2- 
cyclin kinase on MT dynamics is likely to involve 
additional downstream signaling molecules. For ex- 
ample, MAP kinase has also been shown to target 
microtubule-associated proteins and, like cdc2/cyclinB 
kinase, its addition to interphase Xenopus extracts can 
induce mitotic MT dynamics (Gotoh et al., 1991). 

The newest players in cellular MAP regulation are 
the recently-identified MARK kinases. MARK kinase 
has been shown to phosphorylate several different 
MAPs in vitro and cause their dissociation from micro- 
tubules. Overexpression of MARK in tissue culture 
cells results in hyperphosphorylation of MAPs and 
dramatically disrupts the microtubule cytoskeleton 
(Drewes et al., 1997). AXenopus homologue has not yet 
been identified. 

Proteins which affect MT dynamics 
Opl8. The cell cycle-regulated phosphorylation of 

Opl8 was intensely studied even before its role in 
modulating microtubule dynamics was discovered. Dur- 
ing mitosis, Opl8 is phosphorylated at multiple resi- 
dues, including two cdk2 consensus sites. Belmont, et 
al. (1996) postulated that this catastrophe factor might 
be activated by mitotic phosphorylation, leading to 
increased catastrophe rates and the establishment of 
mitotic MT dynamics. This model was consistent with 
the increase in Opl8 expression and phosphorylation 
seen in rapidly dividing tumor cells. 

Since then, however, work on Opl8 has led to a 
different perspective on its cell cycle regulation. Studies 
in human tissue culture cells indicate that cdk- 
mediated serine phosphorylation, rather than activat- 
ing Opl8, actually inhibits its microtubule destabiliza- 
tion activity (Marklund et al., 1996). This implies, 
paradoxically, that this catastrophe factor is highly 
phosphorylated and therefore inactive during mitosis. 
Two other serines which are phosphorylated by an 
unidentified kinase could, in theory, modulate or antago- 
nize the effect of cyclin-dependent kinase modifications; 
however, recent evidence seems to indicate that Opl8 is 
not in fact a major regulator of global MT dynamics in 
mitosis. For example, depletion of Opl8 from mitotic 
egg extracts induces only a slight decrease in catastro- 
phe rate, certainly not to interphase levels (Tournebize 
et al., 1997). 

Andersen et al. (1997a) propose that local inactiva- 
tion of Opl8 near chromosomes might promote microtu- 
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Fig. 3. Poleward microtubule flux (a) ver- 
sus microtubule treadmilling (b). (a) Tubulin 
subunits of spindle microtubules move pole- 
ward over time. Net polymerization at MT 
plus ends is coordinated with net depolymer- 
ization at MT minus ends at spindle poles. 
Note that tubulin subunits move poleward 
(dark circles) and MT ends appear fixed; force 
is required to translocate the MT lattice to- 
ward the pole, (b) The microtubule on the 
right side of this interphase array has been 
released from its MTOC. This particular free 
microtubule undergoes plus-end polymeriza- 
tion and minus-end depolymerization. Tubu- 
lin subunits remain stationary and, due to 
shrinkage of the minus end and growth of the 
plus end, the microtubule translocates to- 
ward the cell periphery, in the direction of 
polymerization. 

movement of tubulin 
subunits towards poles 

movement of MT away 
from MTOC 

bule-chromatin interactions during spindle assembly. 
Hyperphosphorylation of Opl8 was shown to be depen- 
dent on the presence of chromatin; however, the effect of 
this hyperphosphorylation on MT dynamics has not 
been clearly demonstrated. This chromatin-induced 
hyperphosphorylation may be due to a chromatin- 
associated kinase; alternatively, the chromatin could 
contain a factor which inhibits Opl8 dephosphoryla- 
tion. In support of the latter, Opl8 hyperphosphoryla- 
tion was also shown to be induced, in the absence of 
chromatin, by addition of 0.5 uM okadaic acid. This 
concentration of okadaic acid inhibits type 2Aphospha- 
tases but not type 1 phosphatases, implying that PP2A 
may mediate chromatin-induced inhibition of Opl8. 

This is not the only downstream effect of okadaic 
acid. Addition of okadaic acid to spindle assembly 
reactions resulted in abnormal spindles with very long 
microtubules-an effect not seen with Opl8 depletion 
(Tournebize et al., 1997). Okadaic acid may inhibit 
another phosphatase important for MT dynamics or, 
alternatively, PP2Amay control more than one microtu- 
bule regulator. 

XKCM1. XKCM1 is a phosphoprotein, but it has not 
yet been determined whether this phosphorylation 
differs between interphase and mitotic extracts nor if 
the catastrophe-inducing activity of XKCM1 is cell 
cycle-regulated (Walczak, unpublished results). Baculo- 
virus-expressed XKCM1 protein used in the in vitro 
experiments characterizing the enzyme's activity was 
purified predominantly from interphase cells, suggest- 
ing that XKCM1 is capable of promoting microtubule 
destabilization throughout the cell cycle (Desai and 
Walczak, unpublished results). If so, it is possible that 
microtubules are somehow less susceptible to XKCM1- 
mediated destabilization in interphase than in mitosis. 
For example, the association of MAPs may inhibit 
binding of XKCM1 to interphase microtubules or stabi- 
lize microtubules against XKCM1 activity. 

While XKCM1 is clearly a major promoter of MT 
catastrophe, it has not been shown whether immuno- 
depletion from mitotic extracts is sufficient to reduce 
the rate of catastrophe down to interphase levels. 
XKCM1 may have a more specific role in mitosis, 
controlled by its localization. For both XKCM1 and its 
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MAP Phosphorylation 

catastrophe / severing 
factor activation 

Fig. 4. Overview of several molecular 
mechanisms involved in changing microtu- 
bule morphology/dynamics from interphase 
to mitosis. The onset of mitosis requires acti- 
vation of cyclin-dependent kinases, which di- 
rectly or indirectly participate in the activa- 
tion of nucleation-promoting factors, the 
inactivation of MT-stabilizing MAPs, and the 
induction of catastrophe factors, as well as 
other proteins which may affect MT dynam- 

human homologue MCAK, a fraction of the protein 
appears to localize to kinetochores (Wordeman and 
Mitchison, 1995). It is interesting to speculate that this 
protein may function to promote microtubule disassem- 
bly at kinetochores during anaphase and/or be involved 
in mediating interactions between kinetochores and 
microtubules (Maney, et al., 1998). 

Other types of microtubule behavior 
Three types of microtubule behavior that do not fall 

strictly into the classic categories of MT dynamics were 
described earlier: microtubule nucleation, microtubule 
severing, and poleward microtubule flux. Though little 
is known about the cell-cycle regulation of these activi- 
ties, there is evidence to support the existence of such 
regulation. 

Microtubule nucleation. Ring-shaped complexes 
containing 7-tubulin are now widely accepted to be 
microtubule nucleation sites at the centrosome. The 
increase in microtubule number at the centrosome 
during mitosis may be due to an increase in the number 
of these  sites  or regulation of their microtubule- 

nucleating activity. There is no evidence to date distin- 
guishing between these two possibilities. 

Microtubule severing. Katanin, the most well- 
characterized of the three known microtubule-severing 
proteins, is postulated to be cell-cycle regulated; how- 
ever, there is little evidence to support this (Vale, 1991). 
Determination of its regulation may give insight into its 
physiological function. Microtubule severing could help 
to increase the number of microtubules in mitosis by 
increasing the number of ends available for polymeriza- 
tion; alternatively, severing could promote rapid disas- 
sembly of microtubules in prophase by increasing the 
number of ends available for depolymerization. MT 
severing has also been postulated to be involved in the 
release of microtubules from centrosomes (McNally and 
Thomas, 1998). 

Poleward microtubule flux. Poleward flux, the 
coordinated movement of tubulin subunits within 
spindle microtubules toward spindle poles, requires 
three events: net polymerization at microtubule plus 
ends, net depolymerization at microtubule minus ends, 
and translocation of the microtubule lattice toward the 
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poles (Fig. 3) (Mitchison, 1989). Poleward flux appears 
to be a cell-cycle regulated phenomenon, though this 
has been examined in a limited number of cell types. In 
mitotic spindles of somatic cells, microtubule bundles 
connecting chromosomes to spindle poles (kinetochore 
MTs) exhibit poleward flux (Mitchison and Salmon, 
1992). In mitotic Xenopus egg extracts, bipolar spindles 
as well as simpler centrosome and/or chromatin-free 
structures have been observed to exhibit poleward flux 
(Sawin and Mitchison, 1991; Sawin and Mitchison, 
1994). Poleward flux does not appear to exist in inter- 
phase microtubule arrays, though it is technically more 
difficult to detect poleward flux in sparse interphase 
structures. 

In several types of interphase cells, a similar but 
distinct phenomenon called "microtubule treadmilling" 
has recently been observed (Fig. 3) (Rodionov and 
Borisy, 1997). Microtubules which are released from the 
centrosome appear to translocate towards the cell 
periphery by a "treadmilling" mechanism, undergoing 
net polymerization at their plus ends (distal to the centro- 
some) and net depolymerization at their minus ends (proxi- 
mal to the centrosome) (Waterman-Storer and Salmon, 
1997). In these cases, microtubules still attached to 
centrosomes do not seem to exhibit poleward flux. 

It is not known whether treadmilling and poleward 
flux occur by similar mechanisms; no molecular compo- 
nents responsible for either phenomena have been 
identified. Treadmilling is a single microtubule event 
whereas flux is a population dynamic; in treadmilling, 
the microtubule is free and translocates in the direction 
of polymerization whereas in poleward flux microtu- 
bules are fixed within a complex structure and tubulin 
subunits move toward the pole (Fig. 3). However, they 
do have one element in common: minus end dynamics. 
The minus ends of centrosome-anchored microtubules 
in interphase appear to be stably capped and do not 
exhibit any dynamic behavior. The minus-end depoly- 
merization seen in both treadmilling and poleward flux 
indicates that these microtubule ends must be free to 
depolymerize, even those in the mitotic spindle. In fact, 
EM studies of mitotic spindles in several cell types have 
shown that many spindle microtubules do not termi- 
nate in the pericentriolar material (Mastronarde et al., 
1993). MT minus ends have been described as the "dark 
side of microtubule dynamics" (Desai and Mitchison, 
1997). Most research on MT dynamics, especially in 
vivo, has focused on MT plus ends; much less is known 
about the dynamics and regulation of minus ends, 
which are difficult to visualize. It is now clear that 
insight into minus end dynamics, particularly at the 
centrosome, will be crucial for understanding complex 
microtubule behavior in cells. 

CONCLUSION 
The behavior of microtubules in vivo differs signifi- 

cantly from the dynamics of pure tubulin in vitro. An 
elaborate system of protein modulators exists to regu- 
late MT dynamics both temporally (throughout the cell 
cycle) and spatially (in different parts of the cell). 
During mitosis, for example, specific subpopulations of 
microtubules (astral or cytoplasmic microtubules, 
spindle microtubules, kinetochore microtubules, and 

interzone microtubules) behave very differently from 
each other. Why does the cell expend considerable 
energy and employ so many proteins to maintain this 
complex, dynamic microtubule cytoskeleton? 

We can only speculate on the biological functions of 
dynamic instability in vivo. This unique polymer behav- 
ior may facilitate the rapid rearrangement of microtu- 
bules during the interphase to mitosis transition. Dy- 
namic instability has also been proposed to increase the 
efficiency by which microtubules probe cytoplasmic 
space (Holy and Leibler, 1994); this would be particu- 
larly important during mitosis, when microtubules 
must rapidly find and capture very small target zones, 
the kinetochores of individual chromosomes. Disrup- 
tion of MT dynamics in many cell types will trigger 
mitotic arrest even after kinetochore capture, indicat- 
ing a function for dynamic instability in later stages of 
mitosis. Types of MT dynamics like poleward flux and 
inhibition of plus end polymerization appear to assist in 
the segregation of chromosomes at anaphase. It is 
likely that MT dynamics play an important role in other 
processes which have yet to be identified. 

Many complex in vivo MT dynamics can be reconsti- 
tuted in Xenopus egg extracts, allowing the character- 
ization of a number of important microtubule-affecting 
proteins. We have described a few of these proteins and 
recent progress made toward investigating their spa- 
tial and temporal regulation (Fig. 4). Through this kind 
of work, which dissects the molecular mechanisms 
behind different types of MT dynamics, we understand 
the roles of these dynamics in specific subcellular 
processes; only then will we begin to answer the 
question, "Why dynamic instability?" 
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A model for the proposed roles of different microtubule-based 
motor proteins in establishing spindle bipolarity 
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Background: In eukaryotes, assembly of the mitotic spindle requires the 

interaction of chromosomes with microtubules. During this process, several 

motor proteins that move along microtubules promote formation of a bipolar 

microtubule array, but the precise mechanism is unclear. In order to examine the 

roles of different motor proteins in building a bipolar spindle, we have used a 

simplified system in which spindles assemble around beads coated with 

plasmid DNA and incubated in extracts from Xenopus eggs. Using this system, 

we can study spindle assembly in the absence of paired cues, such as 

centrosomes and kinetochores, whose microtubule-organizing properties might 

mask the action of motor proteins. 

Results: We blocked the function of individual motor proteins in the Xenopus 

extracts using specific antibodies. Inhibition of Xenopus kinesin-like protein 1 

(Xklpl) led either to the dissociation of chromatin beads from microtubule 

arrays, or to collapsed microtubule bundles on beads. Inhibition of Eg5 resulted 

in monopolar microtubule arrays emanating from chromatin beads. Addition of 

antibodies against dynein inhibited the focusing of microtubule ends into 

spindle poles in a dose-dependent manner. Inhibition of Xenopus carboxy- 

terminal kinesin 2 (XCTK2) affected both pole formation and spindle stability. 

Co-inhibition of XCTK2 and dynein dramatically increased the severity of 

spindle pole defects. Inhibition of Xklp2 caused only minor spindle pole defects. 

Conclusions: Multiple microtubule-based motor activities are required for the 
bipolar organization of microtubules around chromatin beads, and we propose a 

model for the roles of the individual motor proteins in this process. 
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Background 
In eukaryotes, the accurate segregation of chromosomes 
during cell division occurs on a complex apparatus called 
the spindle, whose assembly requires the interaction of 
chromosomes with microtubules, which form a bipolar 
array. The antiparallel organization of microtubules into 
two poles is essential for the physical separation of chro- 
mosomes to two daughter cells during anaphase. The 
mechanisms and principles behind spindle assembly have 
begun to be elucidated (reviewed in [1,2]). Upon entry 
into mitosis, the dynamics of tubulin polymerization are 
modulated to allow dissolution of the interphase micro- 
tubule array and selective stabilization of microtubules 
around chromosomes (reviewed in [3]). In addition to 
changes in microtubule dynamics, mechanical forces gen- 
erated by microtubule-based motor proteins are thought to 
play an important role in generating the spindle structure. 
The motor protein cytoplasmic dynein and other motor 
proteins from at least seven families of kinesin-like pro- 
teins (KLPs) have been localized to the mitotic spindle 
[4-8]. Motor proteins use the energy of ATP hydrolysis to 
move  along  microtubules  in  a  unidirectional   manner, 

transporting spindle cargo such as chromosomes or other 
microtubules toward either the plus or minus end of the 
microtubule polymer. The proposed functions of motors 
include driving centrosome separation and chromosome 
movement, maintaining a force that holds the spindle 
together, driving poleward microtubule flux, and control- 
ling microtubule dynamics within the spindle. The 
precise roles of individual motors are poorly understood, 
however, and it is not clear how multiple motor activities 
are integrated to form the bipolar structure of the spindle. 

Precise interpretation of how motors function in spindle 
assembly is complicated by the existence of other micro- 
tubule-organizing forces. In most cells, microtubules grow 
from focal nucleation centers, such as centrosomes, which 
define the polarity of the microtubules and determine the 
sites of spindle pole formation. In the presence of a single 
centrosome, or unseparated centrosomes, a monopolar 
spindle will form even if microtubule motor functions have 
not been perturbed [9-12]. Centrosomes therefore domi- 
nate microtubule organization and make it problematic to 
distinguish the motor activities required for centrosome 



904    Current Biology, Vol 8 No 16 

separation from those that are necessary to form a bipolar 
antiparallel microtubule array. 

To avoid the complication of focal microtubule nucleation 
sites, we decided to study the roles of different motor pro- 
teins during spindle assembly around DNA-coated beads 
in extracts from Xenopus eggs. In this system, as in female 
meiosis of most animal species, bipolar spindles form in 
the absence of centrosomes by the self-organization of 
microtubules growing randomly around chromatin [13]. 
Because this system requires sorting of microtubules 
according to their polarity, it is highly dependent on the 
activities of motor proteins to generate an antiparallel 
bipolar array. To address the general roles of motor pro- 
teins in determining the bipolar arrangement of micro- 
tubules around chromatin beads, we undertook a 
comprehensive analysis by inhibiting the functions of 
motor proteins individually and in combination. To 
accomplish this, we used specific antibodies to immuno- 
deplete the motor protein, or to inhibit its function by 
adding the antibody directly to the extract. Except where 
noted, antibody addition mimicked immunodepletion, 
indicating that we are blocking the function of the motor 
protein by both techniques. 

Multiple Xenopus KLPs that localise to the spindle have 
been cloned — including Eg5, Xenopus kinesin-like pro- 
teins 1 and 2 (Xklpl and Xklp2) and Xenopus carboxy-ter- 
minal kinesin 2 (XCTK2) — and the functions of these 
motors have been characterized using centrosome- 
directed spindle assembly around sperm nuclei [14-21]. In 
addition, cytoplasmic dynein has been shown to be 
required for spindle pole formation in Xenopus [12,22]. 
Here, using the chromatin bead spindle assembly assay, 
we show evidence that both Eg5 and Xklpl are critical for 
spindle bipolarity. Eg5 seems to provide a sorting activity 
that generates an antiparallel array, whereas Xklpl appears 
to maintain the interactions between chromatin and 
microtubules that are required for extending spindle 
poles. Whereas dynein seems to be the dominant motor 
that focuses microtubule minus ends into spindle poles, 
XCTK2 appears to contribute to the organization of 
spindle poles and to spindle integrity. Xklp2 inhibition 
did not have a significant effect on the bipolar micro- 
tubule organization around chromatin beads, indicating 
that the main role of this motor is probably in processes 
that require centrosome separation. 

Results 
We present here an analysis of the function of different 
microtubule motor proteins in spindle assembly around 
chromatin beads. For simplicity, each motor is presented 
in a separate figure, which includes an indication of the 
domain structure, the localization pattern on chromatin 
bead spindles, the different spindle structures seen upon 
inhibition of the motor, quantification of these structures, 

and a proposed model for how the motor functions in 
spindle assembly. 

Xklpl mediates chromatin-microtubule interactions and 
contributes to spindle pole extension 
Xklpl was identified as a chromosomally localized motor 
with an amino-terminal motor domain [18]. Sucrose 
density gradient sedimentation, gel filtration chromatogra- 
phy and immunoprecipitation experiments revealed that 
Xklpl is a dimer in solution and has no associated proteins 
(data not shown; Figure la). The mouse homologue, 
KIF4, has been shown to be plus-end-directed [23]. Dis- 
ruption of Xklpl during spindle assembly around Xenopus 
sperm nuclei by the addition of antibodies leads to a loss 
of microtubules in the central spindle and to spindle insta- 
bility [18]. To identify a role for Xklpl in spindle assem- 
bly around chromatin beads, we first determined the 
localization of the protein by immunofluorescence. Anti- 
Xklpl antibodies strongly stained the beads (Figure lb), 
indicating that distinct chromosomal sequences are not 
required for the localization of Xklpl, and that the 
plasmid DNA on the beads is sufficient to recruit Xklpl 
from Xenopus egg extracts. 

To test the role of Xklpl in spindle assembly around chro- 
matin beads, two different polyclonal antibodies raised 
against non-overlapping domains of Xklpl were assayed for 
their effects. The first, Ab65, was raised against the tail 
domain of the protein. Addition of this antibody to extracts 
before the initiation of spindle assembly reactions resulted 
in a much lower proportion of bipolar structures than in 
control reactions (17% versus 85%; Figure le). In the pres- 
ence of Ab65, monopolar spindles predominated, as well as 
bent bipolar structures and free monopolar structures 
lacking chromatin beads (Figure lc,e). Visualization of the 
added antibody (secondary staining; Figure lc) revealed 
staining on the beads and on microtubules, with an enrich- 
ment at the plus ends. These results suggested that Ab65 
did not directly interfere with the bipolarity of spindles, 
but that it inhibited microtubule-chromatin interactions, 
causing spindle instability and dissociation of the beads 
from microtubule arrays. Addition of the second antibody, 
Ab03, which was raised against the neck and stalk region of 
Xklpl, resulted in a distinctly different effect. In approxi- 
mately 90% of the structures examined, microtubule 
bundles formed around chromatin beads, but did not 
extend poles (Figure ld,e). In this case, Xklpl was 
immunolocalized only to the chromatin beads. A similar 
effect was observed when Xklpl was depleted from 
spindle assembly reactions (data not shown). 

Together, the results using anti-Xklpl antibodies suggest 
that although both antibodies interfere with Xklpl func- 
tion, Ab03 does so more severely as its effect is similar to 
that of immunodepletion. Because the two antibodies are 
directed against different regions of Xklpl, it is possible 
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Xklpl is involved in chromatin-microtubule 
interactions and spindle pole extension. 
(a) The domain structure of Xklpl. 
(b) Localization of Xklpl. The left-hand panel 
shows an overlay of a spindle stained for DNA 
(blue), microtubules (red) and the motor 
protein (green); the right-hand panel shows 
staining for the motor protein only. Overlap 
between the motor protein and the DNA 
appears aquamarine, and overlap between the 
motor protein and the microtubules appears 
yellow. (c,d) Representative images of the 
spindle structures that formed in the presence 
of one of two anti-Xklp1 antibodies: (c) Ab65 
and (d) Ab03. 'Collapsed' indicates a 
collapsed microtubule array lacking poles. 
Staining was for DNA and microtubules only 
unless secondary staining is indicated, in 
which case FITC-conjugated secondary 
antibodies were used, showing that Ab65 
decorated microtubule plus ends in a free 
monopolar spindle, and Ab03 decorated 
chromatin beads, (e) Quantification of the 
structures formed in spindle assembly 
reactions. More than 85% of the spindles 
were bipolar in the control reaction, which 
contained control immunoglobulin G (IgG) 
antibodies (n = 607, three separate 
experiments); addition of Ab65 yielded 
predominantly monopolar spindles and bent 
bipolar spindles (n = 503, three experiments); 
addition of Ab03 resulted in collapsed 
structures lacking spindle poles (n = 485, 
three experiments). (f,g) Two proposed 
models for Xklpl function, (f) Because Ab65 
caused dissociation of beads from spindle 
microtubules, Xklpl is proposed to promote 
stable microtubule-chromatin interactions, 
(g) Ab03 addition resulted in microtubule 
bundles lacking poles, indicating a role for 
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Xklpl in extending spindle poles. By moving 
toward microtubule plus ends, Xklpl would 

extend minus ends away from the beads. 
The bars are 1 0 (im. 

that they interfere with Xklpl function in different ways. 
Ab65 recognizes the tail domain and may interfere with 
the ability of Xklpl to bind to chromatin, whereas Ab03 
recognizes the neck and stalk region and may interfere 
with Xklpl motor activity. A model consistent with these 
results is that Xklpl is required for chromatin-micro- 
tubule interactions, and that this interaction is required 
both to extend spindle poles away from the chromatin 
beads, and to hold the structure together once it has 
formed (Figure lf,g). 

Eg5 is required for spindle bipolarity 
Eg5 is a plus-end-directed motor that is a member of the 
bipolar kinesin family [14,17]. The Drosophila homologue 
has been shown to be tetrameric, with pairs of motor 
domains at opposite ends of the molecule (Figure 2a) [24]. 
Eg5 is also tetrameric in solution (data not shown). The 
bipolar kinesin family is conserved throughout evolution, 
and has been shown to play a role in spindle pole formation 

and separation [25-31]. In spindle assembly reactions con- 
taining Xenopus sperm DNA, inhibition of Eg5 causes 
spindle pole defects and results in 'rosette' structures with 
unseparated centrosomes in the center and microtubules 
extending radially to surrounding chromosomes [17]. 

We wondered whether Eg5 also played a role in spindle 
assembly in the absence of centrosomes. As in spindles 
assembled around Xenopus sperm nuclei, Eg5 was located 
throughout microtubules of chromatin bead spindles, 
showing an enrichment at spindle poles (Figure 2b). 
Immunodepletion of Eg5 or disruption of Eg5 activity by 
the addition of specific antibodies gave the same result 
(Figure 2c,d and data not shown); more than 95% of the 
spindle structures formed consisted of microtubules 
packed around chromatin beads, often extending outward 
in astral arrays. To determine the orientation of micro- 
tubules in these radial arrays, we immunostained the struc- 
tures using antibodies against nuclear/mitotic apparatus 
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Figure 2 
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Eg5 is required for forming antiparallel 
microtubule arrays. Colors and 
immunofluorescence staining are as for 
Figure 1. (a) The structure of Eg5. 
(b) Localization of Eg5 by 
immunofluorescence. (c) Quantification of 
the spindle structures formed in the 
presence of anti-Eg5 antibody showed that 
there were few bipolar spindles. Instead, 
collapsed microtubule structures often 
extending astral microtubules formed on 
chromatin beads in the presence of anti-Eg5 
antibodies [n = 607, three experiments for 
the control and n = 556, three experiments 
for Eg5 inhibition), (d) Representative 
fluorescence micrographs of a bipolar 
spindle and a collapsed aster that formed in 
the presence of anti-Eg5 antibody. Similar 
structures formed in extracts depleted of 
Eg5 (data not shown), (e) Immunostaining of 
the nuclear/mitotic apparatus protein 
(NuMA) revealed that it is enriched in the 
center of asters that formed in the presence 
of anti-Eg5 antibody, (f-h) Proposed model 
of Eg5 function, (f) In the absence of Eg5 
function, asters form with microtubule plus 
ends extending distally from the chromatin 
beads, (g) We therefore propose that Eg5 
crosslinks microtubules in spindles, bundles 
them, and sorts them into an antiparallel 
array, (h) Proposed model for how Eg5 might 
promote spindle bipolarity for microtubules in 
the same or in opposite orientations. The 
bars are 10 u,m. 

protein (NuMA) which has been shown to decorate the 
minus ends of microtubules at spindle poles and the 
centers of asters found in cells treated with dimethyl sul- 
foxide (DMSO) or taxol — two microtubule-stabilizing 
drugs [12,22,32,33]. NuMA was found associated with the 
microtubules where they came to a focus on the beads, 
indicating that microtubule plus ends are distal to the 
structures (Figure 2e). In addition, stable microtubule 
seeds, which have been shown previously to accumulate at 
foci of microtubule minus ends [13], also accumulated at 
the central focus of microtubules on the beads (data not 
shown). Eg5 disruption, therefore, appears to prevent the 
formation of antiparallel, bipolar arrays, yielding instead 
monopolar, astral arrays with microtubule plus ends 
extending outward (Figure 2f). This result indicates that 
in the absence of Eg5 function other motors still function 
to sort microtubule minus ends into pole-like structures. 

How does Eg5 function in bipolar spindle assembly? It has 
been shown that microtubules growing around chromatin 
beads in the early stages of spindle assembly are in random 

orientations [13]. Because of its tetrameric, bipolar struc- 
ture, Eg5 could function in two ways to promote spindle 
formation (Figure 2g,h). First, by crosslinking two micro- 
tubules that are in the same orientation and moving toward 
their plus ends, Eg5 would bundle the microtubules, 
thereby promoting formation of a spindle axis. Second, 
microtubules in opposite orientations would be pushed 
apart by Eg5, and thereby sorted into an antiparallel array. 

Thus both Xklpl and Eg5 are required for spindle forma- 
tion around chromatin beads. These plus-end-directed 
motors have been proposed to function as sorting devices 
in establishing a bipolar array [6,34]. Our results indicate 
that neither motor is sufficient — Eg5 is required to form 
antiparallel microtubule arrays, but perhaps Xklpl-medi- 
ated interactions between microtubule plus ends and chro- 
matin are required to form a spindle. This could explain 
why asters that form in the presence of DMSO or taxol are 
monopolar, despite the presence of Eg5 in the cytoplasm. 
Why is Xklpl function insufficient to extend the single 
spindle pole formed when Eg5 is inhibited? We propose 
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Figure 3 

Dynein is required to focus spindle poles. 
Colors and immunofluorescence staining are 
as for Figure 1. (a) The structure of dynein and 
(b) its localization by immunofluoresence. 
Dynein is a large, multimeric minus-end- 
directed motor localized diffusely along spindle 
microtubules with an enrichment at spindle 
poles. The staining of the beads is due to 
autofluorescence of the beads which occurs at 
the long exposure time necessary to visualize 
the dynein staining, (c) Quantification of 
spindle pole structures formed in the presence 
of different amounts of antibody against the 
intermediate chain of dynein shows that 
1.7 mg/ml antibody leads to completely 
splayed poles in 75% of the structures formed, 
whereas 1.2 mg/ml antibody has a weaker 
effect (n = 607, three experiments for control 
antibody addition; n = 279 for 1.2 mg/ml 
antibody and n = 375 for 1.7 mg/ml antibody, 
two experiments), (d) Representative 
micrographs of a normal bipolar spindle with 
focused poles, and partly and completely 
splayed spindle poles, (e) Proposed model for 
dynein function. In the absence of dynein 
activity, poles are loose and splayed. By 
crosslinking microtubules and moving toward 
their minus ends, dynein would function to 
focus spindle poles. The bars are 10 u.m. 
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that the microtubule-bundling activity of Eg5 is required 
to form a bipolar axis, without which microtubules cannot 
effectively be sorted apart into two arrays. Alternatively, 
minus-end-directed motors such as dynein might domi- 
nate over Xklpl activity in the absence of Eg5 function. 

Dynein is essential for spindle pole formation 
Cytoplasmic dynein is required to focus spindle poles, 
both in the presence and absence of centrosomes [12,13]. 
Dynein function in pole formation appears to depend on 
its interaction with the dynactin complex and the spindle 
pole protein NuMA [22,31,35] (T. Wittmann, H. Boleti, C. 
Antony, E.K. and I.V., unpublished observations). On the 
spindles assembled around chromatin beads, dynein is 
localized to the spindle poles (Figure 3b). As shown previ- 
ously, in the presence of an antibody (70.1) against the 
intermediate chain of dynein, microtubule arrays formed 
that were centered around chromatin beads, but had 
frayed ends (Figure 3c,d) [13]. We show here that the 
severity of the defect depends on the amount of antibody 
added, with the maximum effect at about 1.7 mg/ml anti- 

body. At this concentration, more than 75% of spindles 
had poles that were completely splayed. Addition of 
1.2 mg/ml antibody also disrupted spindles, but approxi- 
mately 50% of the structures contained poles that were 
only partially splayed and only 21% had poles that were 
completely splayed (Figure 3c,d). Despite the defect in 
the spindle poles that occurs when dynein function is 
blocked, the microtubules of these spindles are still orga- 
nized into an antiparallel array [12]. These observations 
suggest both that Eg5 and Xklpl still function to sort 
microtubules in the absence of dynein activity so that the 
minus ends of the microtubules are distal to the beads, 
and that the primary function of dynein is to focus micro- 
tubule minus ends into spindle poles (Figure 3e). 

XCTK2 contributes to spindle integrity and pole formation 
XCTK2 belongs to the minus-end-directed KinC family of 
kinesins and exists in a large complex with other non- 
motor subunits [20] (Figure 4a). Mutations in the 
Drosophila homologue, Ned, result in spindle instability 
and   spindle   pole   defects    [36-39].    In   Saccharomyces 
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Figure 4 
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XCTK2 contributes to spindle integrity and 
pole formation. Colors and 
immunofluorescence staining are as for 
Figure 1. (a) The structure of XCTK2, a 
dimeric motor protein with the motor domain 
at the carboxyl terminus and which complexes 
with associated proteins, (b) Localization of 
XCTK2 by immunofluorescence. 
(c) Quantification of spindle structures formed 
in the presence of anti-XCTK2 antibodies 
shows a fourfold increase in monopolar 
spindles compared to control reactions, and 
an increase in the proportion of spindles with 
split poles (n = 959, five experiments for 
control antibody addition; n = 973, five 
experiments for anti-XCTK2 antibody 
addition), (d) Representative micrographs of a 
normal bipolar spindle, a monopolar spindle, 
and a spindle with split spindle poles. 
(e) Proposed model of XCTK2 function on the 
basis of its stabilizing effects on spindles and 
poles. XCTK2 might crosslink microtubules 
and move poleward, stabilizing microtubule 
bundles and contributing to the focusing of 
spindle poles, (f) Quantification of the spindle 
structures formed when both dynein and 
XCTK2 were inhibited (n = 303, two 
experiments). In a partially blocked dynein 
background, XCTK2 inhibition dramatically 
increased the proportion of completely 
splayed poles, (g) Representative 
micrographs of the effects of XCTK2 and 
dynein co-inhibition. The bars are 10u.m. 

cereuisiae, Schizosaccharomyces pombe and Aspergillus nidulans, 
there exists an antagonistic force relationship between the 
KinC family members and the bipolar kinesins [40-42]. 
However, the precise function of KinC family members is 
unclear. In Xenopus egg extracts, inhibition of XCTK2 
results in spindle instability whereas increasing the amount 
of XCTK2 promotes formation of bipolar spindles around 
sperm nuclei [20]. 

To further explore the role of XCTK2, we assessed its func- 
tion in spindle assembly around chromatin beads. XCTK2 
was found on chromatin bead spindle microtubules and 
enriched at spindle poles (Figure 4b), as it is on spindles 
formed around sperm DNA. Addition of antibodies to 
XCTK2 increased the proportion of monopolar spindles 
from 2% to 27%. Spindle pole structure was also affected, 
with almost twice the number of 'split' poles, which fail to 
form a single minus-end focus (Figure 4c,d). Similar results 
were obtained if XCTK2 was immunodepleted from 
extracts (data not shown). These results indicate that 
XCTK2 contributes to spindle integrity, and they are con- 
sistent with the previously proposed model that XCTK2 
bundles microtubules, thereby promoting antiparallel 
microtubule interactions and bipolarity (Figure 4e)  [20]. 

Our results also indicate a role for XCTK2 in pole formation 
in the absence of centrosomes. 

In order to test whether XCTK2 functions in conjunction 
with dynein to form spindle poles, we tested the effects of 
XCTK2 inhibition in the presence of 1.2 mg/ml of the anti- 
dynein antibody 70.1, which by itself causes only partial 
splaying of spindle poles (Figures 3c,4g). Under these con- 
ditions, co-inhibition of XCTK2 caused a dramatic increase 
in the proportion of spindles with completely splayed 
poles, from 21.5% to 98%. Furthermore, the bipolar 
spindle axis was often distorted, as microtubules failed to 
form a single bundle (Figure 4f,g). Therefore, XCTK2 
appears to have a pole-forming function partially redun- 
dant with that of dynein, and XCTK2 also appears to con- 
tribute to the integrity of the bipolar spindle. 

Xklp2 plays a minor role in spindle assembly in the 
absence of centrosomes 
Xklp2 is a dimeric plus-end-directed motor with an 
amino-terminal motor domain (Figure 5a) [21]. A mouse 
homologue has been identified using a PCR screen, but 
its function has not been addressed [43]. Studies using 
Xenopus sperm nuclei indicate that Xklp2 is required for 



Research Paper Motor proteins in spindle assembly Walczak et al.    909 

Figure 5 

Xklp2 plays a subtle role in spindle assembly. 
Colors and immunofluorescence staining are 
as for Figure 1. (a) Xklp2 is a plus-end- 
directed, dimeric motor protein with the motor 
domain at its amino terminus, (b) Xklp2 
antibodies added to extracts are revealed by 
secondary antibodies to localize throughout 
spindle microtubules. (c) Quantification of 
structures formed in the presence of anti- 
Xklp2 antibodies shows only minor effects on 
spindle integrity (n = 959, five experiments for 
control antibody addition). Co-inhibition of 
Xklp2 and XCTK2 caused an increase in 
monopolar spindles (n = 594, four 
experiments), (d) Co-inhibition of Xklp2 and 
dynein also increased the proportion of 
completely splayed spindle poles (n = 222, 
two experiments). (e,f) Representative spindle 
structures from the experiments quantified in 
(c) and (d), respectively. The bars are 10 (im. 
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centrosome separation [21]. To determine whether Xklp2 
plays a role in spindle assembly in the absence of centro- 
somes, we examined its function during spindle assembly 
around chromatin beads. Using two different polyclonal 
antibodies, we failed to detect Xklp2 on chromatin bead 
spindles by immunofluorescence. However, antibodies 
added to extracts could be visualized by a fluorescent sec- 
ondary antibody and were localized on spindle micro- 
tubules (Figure 5b). As on sperm DNA spindles, an Xklp2 
carboxy-terminal fusion protein localized to spindle poles 
(T. Wittmann, H. Boleti, C. Antony, E.K. and I.V., unpub- 
lished observations), indicating the presence of a spindle 
pole targeting domain in the tail of the protein. Addition 
of anti-Xklp2 antibodies or depletion of the protein from 
the extract, however, did not have a significant effect on 
spindle assembly around chromatin beads (Figure 5c and 
data not shown). Addition of the carboxy-terminal fusion 
protein altered pole morphology, but did not affect the 
percentage of bipolar spindles formed (data not shown and 
T. Wittmann, H. Boleti, C. Antony, E.K. and I.V., unpub- 
lished observations). 

These results raised the possibility that Xklp2 function is 
critical only in systems that contain centrosomes. Alterna- 
tively, Xklp2 might play a minor or redundant role in 
spindle assembly in the chromatin bead system. To 
examine the role of Xklp2 in the context of other motor 
proteins involved in pole organization, we co-inhibited 
Xklp2 and XCTK2, or Xklp2 and dynein (Figure 5c-f). 

Xklp2 inhibition increased the proportion of monopolar 
spindles from 28% to 50% in an XCTK2-inhibited back- 
ground (Figure 5c,e). As for XCTK2, Xklp2 co-inhibition 
increased the severity of pole defects caused by partial 
dynein inhibition, leading to an increase in the proportion 
of completely frayed spindle poles from 21.5% to 44% 
(Figure 5d,f). This increase was not nearly as dramatic as 
that seen when both dynein and XCTK2 were inhibited 
(see Figure 4f). Therefore, Xklp2 appears to play a minor 
role in bipolar spindle formation, acting in combination 
with XCTK2 and dynein to stabilize bipolar spindles and 
poles. Its primary function is probably in centrosome- 
dependent spindle assembly reactions. 

Discussion 
Multiple motor proteins act in concert to build a spindle 
We have examined the roles of five different motor proteins 
in determining the bipolar arrangement of microtubules 
using a system in which spindles form around DNA-coated 
beads. Because spindles form by a microtubule self-organi- 
zation mechanism in the absence of centrosomes, this 
system has allowed us to evaluate motor protein function 
independent of focal microtubule nucleation. Our finding 
that multiple motor proteins are necessary to build a mitotic 
spindle is not unexpected. Our approach is unique, 
however, in that we have been able to define the functions 
of individual motor proteins in a simplified system that is 
completely dependent on motor proteins as organizing 
forces to generate a bipolar array. Spindle assembly around 
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Figure 6 
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Summary of the roles of motor proteins during the process of bipolar 
spindle assembly around chromatin beads. Microtubules are 
nucleated in the region around the chromatin beads. Eg5 bundles 
and sorts microtubules during the coalescence phase. Xklpl is 
required for spindle pole extension, and both dynein and XCTK2 
focus spindle poles. 

chromatin beads can be separated into several processes 
(Figure 6): first, nucleation and random growth of micro- 
tubules around chromatin beads; second, coalescence of 
those microtubules into bundles and sorting of bundles into 
an antiparallel array; third, extension of spindle poles; and 
fourth, focusing of spindle poles. We have been able to 
define the motor protein activities required in three of 
these processes. 

Nucleation of microtubules around chromatin beads 
None of the motor proteins we examined here had any 
effect on the nucleation of microtubules around chromatin 
beads. XKCM1, however, a KLP with a central motor 
domain, has been shown to influence global microtubule 
dynamics in Xenopus extracts [19]. A future project will be 
to study whether its activity is regulated locally to promote 
microtubule stabilization around chromatin beads. It is 
likely that non-motor proteins — such as Stathmin/Opl8, 
microtubule-associated proteins, and factors involved 
directly in microtubule nucleation such as gamma tubulin 

— are important in generating a population of stable 
microtubules in this first step of spindle assembly [44^8]. 

Coalescence of microtubules into bundles and antiparallel 
microtubule sorting 
A key step in spindle assembly is the bundling and sorting 
of microtubules that is necessary to set up the bipolar axis 
of the spindle. We have shown here that Eg5 function is 
required for this process. Inhibition of the protein resulted 
in monopolar-like microtubule structures emanating from 
chromatin beads, with their plus ends extending outward. 
In contrast, in Xenopus sperm spindle reactions, or in mam- 
malian cells containing centrosomes, Eg5 inhibition 
resulted in astral or rosette structures with microtubules 
emanating from unseparated centrosomes and extending 
outward toward chromosomes [17,29,31]. We propose that 
the difference is due to the sites of microtubule nucleation, 
which in the absence of centrosomes are on or near the 
chromatin. Minus-end-directed motors are presumably still 
active when Eg5 is inhibited and can focus the micro- 
tubules into astral arrays, but because antiparallel pushing 
forces are compromised, the microtubule focus remains on 
the beads. The outwardly splayed structures formed upon 
Eg5 inhibition, both in the presence and absence of centro- 
somes, also support a role for Eg5 in establishing the 
bipolar axis of the spindle by microtubule bundling. These 
results indicate a role for Eg5 beyond its role in centrosome 
separation, to form and stabilize parallel and antiparallel 
microtubule interactions. Support for this model comes 
from experiments with a Drosophila Eg5 homologue, 
KLP61F [49]. Strong mutant Klpölf alleles completely 
block formation of bipolar spindles, while weaker Klpölf 
alleles result in monoastral bipolar spindles, in which cen- 
trosome separation has failed, but a bipolar spindle still 
forms. Presumably, partial function of the protein allows 
some antiparallel arrays to form by a self-organization 
mechanism, although centrosome separation still fails. 

XCTK2 also contributes to spindle integrity, as inhibition 
of its function caused an increase in the proportion of 
monopolar spindles. As with sperm DNA spindle reac- 
tions, the addition of excess XCTK2 protein enhanced 
spindle formation around DNA beads [20] (unpublished 
observations). These findings are consistent with the 
model that XCTK2 bundling activity is important for 
bipolar spindle formation, independent of the spindle 
assembly pathway [20]. 

Extension of spindle poles 
It has been proposed that KLPs on chromosome arms con- 
tribute to the molecular mechanism responsible for 
holding mono-oriented chromosomes away from the pole 
in prometaphase and for ejection of severed chromosome 
arms from the spindle [34]. This so-called 'polar ejection 
force' could be produced by plus-end-directed chromoso- 
mal motors, driving chromosomes toward the metaphase 
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plate [50,51]. Alternatively, it could be produced by micro- 
tubule polymerization pushing attached chromosomes 
toward the spindle equator. We show here that inhibition 
of Xklpl during spindle assembly around chromatin beads 
resulted in a failure to extend spindle poles. We also found 
that inhibition of Xklpl with Ab03 blocks the migration of 
chromatin from the center of the aster to the ends of the 
microtubules in a sperm half-spindle reaction (unpub- 
lished observations). Taken together, these results are 
consistent with a role for Xklpl in the polar ejection force. 

Focusing of spindle poles 
We have shown previously that cytoplasmic dynein is 
required to focus microtubule minus ends into spindle 
poles [13]. Despite the different pathways of centrosome- 
dependent and centrosome-independent spindle assem- 
bly, dynein function in pole assembly appears to be 
conserved in both systems [12,35,52]. In Drosophila, the 
KinC family member Ned is important for focusing poles. 
Ned mutants form abnormal meiotic and mitotic spindles 
that contain multiple or splayed poles [36-38]. We show 
here that the KinC family member XGTK2 contributes to 
spindle pole formation in Xenopus extracts, but only in the 
absence of centrosomes. In sperm DNA spindle reactions 
containing centrosomes, inhibition of XCTK2 had no 
effect on pole morphology [20]. We propose that the role 
of XCTK2 in pole formation in Xenopus extracts is minor 
relative to dynein and is only revealed in the absence of 
focal nucleation by centrosomes. 

Our studies on Xklp2 function in DNA bead spindles 
suggest that this motor is not important for spindle forma- 
tion in our assay, but that its activity might be redundant 
with that of other motors for pole organization. Inhibition 
of Xklp2 in combination with dynein or XCTK2 aggra- 
vated the effects of inhibition of either XGTK2 or dynein 
alone, though not dramatically. We favor the idea that 
Xklp2 activity is more important in the cycled spindle 
reactions of sperm DNA which contain duplicated centro- 
somes. Classical centrosome separation has been difficult 
to document in this system; however, the observation that 
Xklp2 inhibition causes the collapse of spindles that 
contain duplicated centrosomes, but has only minor 
effects on spindles formed by fusion of half-spindles or 
around DNA beads, suggests that Xklp2 is required to 
push or hold centrosomes apart [21]. 

Common mechanisms of spindle assembly 
The formation of DNA bead spindles is a model for 
meiotic spindle assembly, which occurs in the absence of 
centrosomes. It is important to note that, although spindles 
in meiotic and somatic cells form by different pathways, 
many of the same motor proteins are involved in both 
cases. In mitotic cells, centrosomes dominate as the point 
of focused microtubule nucleation and provide a kinetic 
advantage to spindle assembly  [12].  Microtubule-based 

motor proteins are still essential under these conditions, 
but their precise mechanism of action might be partially 
masked by the organizational properties of centrosomes. It 
is likely that motor-dependent microtubule self-organiza- 
tion still occurs in the presence of centrosomes and serves 
as a redundant mechanism to ensure the accurate forma- 
tion of a bipolar array. Thus, an analysis of motor protein 
function in different spindle assembly pathways is essen- 
tial to our understanding of spindle morphogenesis. 

Conclusions 
We have examined the roles of different motor proteins 
during spindle assembly around beads coated with 
plasmid DNA to generate a model of motor-dependent 
microtubule organization during spindle formation. We 
found that spindle bipolarity depends on the activity of 
Eg5 to bundle and sort microtubules, and on Xklpl to 
tether microtubules to chromatin and extend spindle 
poles. XCTK2 plays a supporting role in maintaining 
spindle integrity and spindle pole formation, whereas 
dynein is the dominant motor that focuses microtubules 
into spindle poles in our system. Thus, we have now iden- 
tified roles for several motor proteins in the global organi- 
zation of microtubules into bipolar spindles. It is possible, 
however, that we have not yet identified all of the motor 
proteins involved. Furthermore, we will not fully under- 
stand how the activities of the motor proteins are inte- 
grated to form the dynamic structure of the spindle until 
we can examine their temporal activation and regulation 
during the spindle assembly process. In the long run, 
these analyses will contribute significantly toward recon- 
stituting spindle assembly using purified components. 

Materials and methods 
Antibodies 
Anti-Xklp1 antibodies were raised to bacterially expressed fusion pro- 
teins containing the tail domain (Ab65) or part of the stalk (Ab03) as 
described [18]. Anti-Eg5 antibodies to the stalk and tail region were 
prepared as described [17]. Anti-XCTK2 antibodies raised to the stalk 
and tail domain were produced as described [20]. Xklp2 antibodies 
were generated to the tail region using a fusion of this region and glu- 
tathione-S-transferase (GST) [21]. The rabbits were immunized with 
this fusion protein, and the sera were depleted of anti-GST antibodies 
before specific anti-Xklp2-tail antibodies were affinity purified accord- 
ing to published procedures [53]. The monoclonal immunoglobulin M 
(IgM) anti-dynein-intermediate-chain antibody (70.1) and control IgG 
antibodies were obtained from Sigma Chemical Co. For antibody addi- 
tion experiments, antibodies were dialyzed against 50 mM potassium 
glutamate, 0.5 mM MgCI2, or 10mM Hepes, pH 7.2, 100mM KCI, 
concentrated, flash frozen, and stored in aliquots at -80°C. Thawed 
antibodies were stored at 4°C for up to several months. 

Extract preparation and spindle assembly assays 
Cytoplasmic extracts of unfertilized Xenopus eggs arrested in 
metaphase of meiosis II by colony stimulating factor (CSF) activity were 
prepared fresh as described [54,55]. Rhodamine-labeled tubulin pre- 
pared from calf brain tubulin was added to 0.2 mg/ml [56]. DNA beads 
and chromatin bead spindles were prepared as described [13,57]. For 
antibody addition experiments, all antibodies were added to the reaction 
before spindle assembly at a dilution of 1:10 or 1:15 of the final reaction 
volume.  In some double-inhibition experiments,  it was necessary to 
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dilute each antibody to 1:15, which resulted in a final dilution of antibod- 
ies of 1:7.5 in the extract. In each case, the control IgG antibody was 
diluted accordingly so that each series of experiments was consistently 
performed. All inhibition results were confirmed in sperm DNA spindle 
assembly reactions to show that the reagents were functioning in the 
same manner as described previously for each motor protein. 

Immunodepletion experiments were carried out as described previously 
[19,55]. The amount of antibody necessary for depletion varied 
between proteins in a given 200 |il depletion reaction. We used 4 ^g 
antibody for XCTK2 and Xklp2 and 10 \ig antibody for Eg5 and Xklpl. 
For all depletions except that of Xklpl, chromatin was assembled onto 
the beads in a non-depleted extract. The beads containing assembled 
chromatin were isolated and then washed with the depleted extract 
before assembling spindles in the depleted extract. This procedure 
helped increase the life span of the extract which is greatly shortened 
after depletion. Because Xklpl associates with chromatin in the 
absence of spindle assembly, it was necessary to assemble chromatin 
and spindles using an Xklpl-depleted extract to ensure that no Xklpl 
was present on the chromatin. The efficiency of depletion was assayed 
by immunoblot of mock and depleted samples, as well as by immuno- 
fluorescence on the spindles assembled after depletion. 

It should be noted that the DNA-bead spindles are much more sensi- 
tive to the effects of depletion than sperm DNA spindles. In general, the 
efficiency of spindle formation of DNA-bead spindles is routinely lower 
than that of sperm DNA in the same extract. Immunodepletion also 
lowers the efficiency of spindle assembly of any given extract, and this 
is even more apparent in the DNA-bead spindles. After immunodeple- 
tion, at least 50% of the extracts were no longer competent to form 
DNA-bead spindles even though they still formed spindles around 
sperm DNA. In addition, for Xklpl it was very difficult to get complete 
depletion of all detectable protein, and this proved important in inter- 
preting the results. Any residual Xklpl in the extract after depletion was 
sufficient to assemble onto chromatin beads and function in spindle 
assembly. For all other motors, an incomplete depletion still severely 
compromised the ability to form spindles in the extracts. 

Immunofluorescence 

Spindle assembly reactions were diluted and spun onto coverslips as 
described [55,58]. The samples were post-fixed with methanol and 
then processed for immunofluorescence as described [19,20,58]. Anti- 
bodies to Eg5 were used at a final concentration of 1 |ig/ml'; all other 
antibodies were used at a final concentration of 5 |ig/ml. 

Data acquisition 

To evaluate structures formed in spindle reactions, samples were 
examined from at least three independent experiments. In most experi- 
ments, the same results were obtained qualitatively in at least five inde- 
pendent experiments. Coverslips were examined under a 40x lens 
field-by-field, and bead-microtubule arrays were classified accordingly. 
Data presented are summations of two to five experiments; between 
220 and 1000 spindle structures were evaluated for each motor or 
motor combination. Photomicrographs were taken on either a Nikon 
Optiphot-2 or a Nikon E-600 with a 40x objective (Planfluor 0.75NA) 
and a cooled charged-coupled device camera (Princeton Instruments). 
Images were transferred to Adobe Photoshop and processed. 
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The goal of this work is to identify functional kinetochore DNA from 
mammalian centromeres. CENP-A is a centromere specific histone H3 
homologue found in the inner kinetochore plate of human mitotic 
chromosomes and is predicted to associate with DNA to form a nucleosome- 
like structure with other core histones. We have used a biochemical 
approach to identify kinetochore-associated DNA sequences. Chromatin was 
solubilized from HeLa cells that express an epitope tagged form of CENP-A. 
Following immunoprecipitation, CENP-A-associated DNA sequences were 
cloned and subjected to DNA sequence analysis and hybridization assays. 
The predominant DNA sequence class that co-purified with CENP-A was 
alpha satellite DNA, which was enriched by a factor of at least 20 fold relative 
to its genomic abundance. Chromosome-specific alpha satellite subfamilies 
from nearly all human chromosomes were identified in a sample of 50 
sequenced CENP-A-associated DNA fragments. A predominant micrococcal 
nuclease digestion site was found by mapping the termini of individual alpha 
satellite DNA fragments, suggesting that the inner kinetochore plate is 
comprised, at least in part, of phased arrays of CENP-A nucleosomes. 
Similar experiments were performed in the Indian muntjac, resulting in the 
isolation of a complex satellite DNA sequence that mapped to centromeres 
by In situ hybridization. These experiments provide evidence that 
mammalian kinetochore DNA is, in fact, complex satellite DNA. The lack of 
conservation of complex satellite DNA sequences suggests that kinetochore 
formation in mammals is not directly specified by DNA sequence. 
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POLYMERIZATION-COUPLED MOVEMENT OF 
CHROMOSOME-BOUND MICROTUBULES IN VITRO. ((A.J. Hunt 
and J.R. Mclntosh.)) Dopt, of Molecular, Cellular, and Developmental Biology, 
University of Colorado, Boulder, CO 80309 

During mitosis, kinetochore microtubules (MTs) elongate and shorten by in- 
corporation or loss of tubulin subunits, principally at their chromosome-bound 
ends. We have modeled this phenomenon in vitro, using an assay in which move- 
ment of a labeled MT segment is observed as the MT loses or gains subunits 
at its chromosome-bound end. Chromosomes isolated from cultured CHO cells 
are bound to coverslips coated with antibody to DNA. Short MTs, brightly la- 
beled with rhodamine and stabilized by polymerization in the GTP analogue, 
GMPCPP, are allowed to bind to the chromosomes. From these seeds labile MTs 
are grown in the presence of GTP and dimly labeled tubulin. After washing with 
GTP and unlabeled tubulin we observe bright seeds within dimly labeled MTs 
that are bound end-on to chromosomes. As a MT continues to grow, its labeled 
portion moves away from the chromosome to which it is bound. Sometimes a 
MT switches to rapid shortening and the bright seed is reeled in toward the 
chromosome until either there is a transition back to growth or the labile portion 
is completely dopolymerizcd. The speed of movement away from a chromosome 
is similar to the rate of elongation of free MT ends, while movement toward a 
chromosome proceeds at about 1/5 the rate of rapid shortening of free ends. 
By using the optical tweezers to apply forces on silica beads that are bound to 
MTs we are studying the strength of a MTs attachment to a chromosomes. The 
MT-chromosome interaction can bear tensions greater than 15 ± 0.5 pN, and an 
opposing force of less than 2 pN will inhibit polymerization-coupled movement. 
Supported by GM 33787 and 3663 to JRM. 

a 

- 

723 

CENP-E IS A PLUS END-DIRECTED KINETOCHORE MOTOR 
REQUIRED FOR CHROMOSOME CONGRESSION ((K.W. Wood', R. 
Sakowicz2, L.S.B. Goldstein2, D. W. Cleveland1)) 'Laboratory of Cell 
Biology, Ludwig Institute for Cancer Research and 'Howard Hughes 
Medical Institute, Division of Cellular and Molecular Medicine, University 
of California at San Diego, La Jolla, California 92093-0660. 

Mitosis requires dynamic attachment of chromosomes to spindle 
microtubules. This interaction is mediated largely by kinetochores, which 
also coordinate chromosome movement with kinetochore microtubule 
assembly and disassembly. During prometaphase, forces exerted at 
kinetochores, in combination with polar ejection forces, drive congression 
of chromosomes to the metaphase plate. A major question has been 
whether kinetochore-associated microtubule motors play an important role 
in congression. Using immunodepletion from, and antibody addition to, 
Xenopus egg extracts we show that the kinetochore-associated kinesin-like 
motor protein CENP-E plays an essential role in congression. We further 
demonstrate that CENP-E powers movement toward microtubule plus ends 
in vitro. CENP-E thus defines a plus end-directed kinetochore motor 
activity required for congression. These findings suggest a model in which 
CENP-E functions to tether kinetochores to dynamic microtubule plus ends. 
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DISSECTING THE FUNCTION OF KINETOCHORE-BOUND 
XKCM1 IN CHROMOSOME MOVEMENT IN VITRO AND IN 
VIVO ((C.E. Walczak, A. Desai and T.J. Mitchison.)) Department of Cellular 
and Molecular Pharmacology , University of California, San Francisco, CA 
94143-0450 

XKCM1 is a novel member of the kinesin-related protein family that uses the 
energy of ATP hydrolysis to depolymerize microtubules (see related abstract by 
Desai, et al.). We demonstrated previously that XKCM1 is essential for mi- 
totic spindle assembly in vitro and acts by regulating microtubule dynamics in 
extracts. A portion of XKCM1 is specifically localized to kinetochores during mi- 
tosis and may be important in chromosome movement. To dissect the function 
of only the kinetochore-bound XKCM1, we generated glutathione-S-transferase 
(GST) fusion proteins containing the N-terminal globular domain (GST-NT), the 
centrally located motor domain (GST-M), and the C-terminal alpha-helical tail 
(GST-CT) of XKCM1. The GST-NT protein targeted to kinetochores during 
spindle assembly suggesting that the N-terminal domain of XKCM1 is sufficient 
for kinetochore localization. Addition of GST-NT prior to or after spindle as- 
sembly competed off endogenous XKCM1 suggesting that kinetochore targeting 
may be a more dynamic process than was previously thought. The displacement 
of endogenous XKCM1 from kinetochores by GST-NT caused a misalignment of 
chromosomes on the metaphase plate and an increase in astral microtubules with- 
out affecting the global spindle structure. These results implicate kinetochore- 
bound XKCM1 as having an important role in chromosome positioning within the 
spindle. We plan to use the GST-NT protein to address the role of kinetochore- 
bound XKCM1 in chromosome movement in vitro using the Xenopus egg spindle 
assembly system and in vivo by microinjection into tissue culture cells. 
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EVIDENCE THAT THE ESSENTIAL KINETOCHORE COMPONENT 
ZW10 RECRUITS DYNACTIN AND DYNEIN TO THE KINETOCHORE 
«D.A. Starr, B.C. Williams, Z. Li, T.S. Hays», and M.L. Goldberg)) 
Section of Genetics and Development, Cornell University, Ithaca, NY 14853 
♦Departments of Genetics and Cell Biology, University of Minnesota, St. 
Paul, MN 55108. 

ZW10 is a conserved protein needed for accurate chromosome segregation 
that localizes to the kinetochore region at prometaphase, then associates with 
kinetochore microtubules during metaphase, and «localizes to the kinetochore 
at anaphase onset. These changes are dependent upon bi-polar spindle tension 
exerted across the chromosomes at metaphase (Williams et al, JCB 134-1127- 
40 1996 and Starr et al, JCB in press 1997). The following evidence 
indicates that ZW10 targets dynein to the kinetochore, probably through an 
interaction with the p50 subunit of dynactin. (1) The normal prometaphase 
localization of dynein to kinetochores is abolished in zwJO mutants, and also 
in rod mutants which prevent association of ZW10 protein with kinetochores. 
Interestingly,' the intensity of dynein signals on metaphase kinetochores is also 
influenced by tension. (2) A two hybrid screen with human ZW10 as bait 
identified the p50 subunit of dynactin as an interactor. We have mapped the 
interaction domain of p50 to a 30 amino acid stretch essential for p50 function 
(Echeverri and Vallee, personal communication). The role of dynein at the 
kinetochore may thus be intimately associated with or influenced by the 
measurement of spindle tension. The kinetochore machinery of which ZW10 
is a part, is likely to be quite complex. We have raised antibodies to another 
two hybrid interactor of ZWK) and shown that it is a novel component of 
HeLa cell kinetochores. In collaboration with R. Karess (CNRS, Gif-sur- 
Yvette, France), we also have genetic and two-hybrid evidence that the rod 
gene product interacts with ZWK). 
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MICROINJECnON OF MITOTIC CELLS WITH ANTIBODY AGAINST p55CDC 
INDUCES M-PHASE ARREST AND ABERRANT CELL DIVISION. ((M. Kallio', J. 
Weinstein', DJ. Burke", and OJ. Gortjsky1)) Dept. of Cell Biology, Dept. of Biology" Univ. 
of Virginia, Charlottesville, VA 22908, Amgen Inc.', Thousand Oaks, California 91320. 

We have examined the localization and function of p55CDC, a mammalian homolog of 5. 
cerevisiae cdc20,5. pombe slpl, and Drosophila cell cycle gene fizzy, at M-phase of PtKl 
cells. Immunofluorescence analysis shows that p55CDC is expressed at M-phase of mitosis 
and meiosis. From late prophase to metaphase p55CDC localizes primarily at the 
kinetochores. Some p55CDC is also associated with spindle microtubules and spindle poles. 
At anaphase p55CDC remains kinetochore bound but the intensity of the immunofluorescent 
signal gradually decreases and is lost by the late telophase. Microinjection of cells from 
prophase to early metaphase with anti-p55CDC antibody induces metaphase arrest or delay in 
the onset of anaphase, slow sister chromatid separation in anaphase, and failure to perform 
cytokinesis. Many anti-p55CDC-injected cells (34/87) arrested at metaphase. Others were 
significantly delayed in the onset of anaphase (21.9 ± 18.6 min) compared to controls (10.8 ± 
4.7 min). In the anti-p55CDC injected cells mat eventually progressed to anaphase, chromatid 
movement to the poles was slow, requiring on average twice as long as in the buffer-injected 
cells (19.3 ± 12.3 min vs. 9.3 ± 4.0 min). In addition, 9 out of 48 cells that progressed into 
anaphase did not exit M-phase. Cells injected at late metaphase or after anaphase onset showed 
no apparent effect. Chromosome movements at prometaphase were not noticeably affected. 
These data imply that p55CDC is required at metaphase to promote the metaphase-anaphase 
transition and to ensure the normal progression of anaphase. Microinjection of anti-p55CDC 
antibody also affected mitotic spindle morphology. Injected mitotic cells show a transient 
increase of exceptionally long microtubules and their microtubules are more resistant to 
micrombule-disrupting agents. We propose that pS5CDC is a conserved cell cycle protein 
whose function is essential for normal chromosome segregation, (supported by grants to G J.G. 
and DJ.B. from the National Institute of General Medical Sciences and to M.K. from the 
Academy of Finland). 
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ATOMIC MODEL OF TUBULIN. ((K. H. Downing and E. Nogales )) 
Life Science Division, Lawrence Berkeley National Laboratory, Berkeley, 
CA 94720. 

The otß tubulin heterodimer is the structural subunit of microtubules. In 
the presence of zinc ions, purified tubulin assembles into 2-D sheets 
which are ideal samples for electron crystallographic studies. In these 
sheets protofilaments associate in an antiparallel fashion, as opposed to 
the parallel arrangement in microtubules. An atomic model of the tubulin 
dimer has been obtained from an electron crystallography map of these 
sheets at 3.7 A. The high quality of the phases produced a map that is 
clean and readily interpretable in terms of secondary structure elements, 
with good connectivity between most helix and strand segments. The 
model shows that a and ß tubulin have basically identical structures, with 
main differences limited to loop regions. Each monomer is very compact, 
with a core that is formed by two beta sheets and 11 surrounding alpha 
helices. We can identify three sequential domains: the N-terminal domain 
forming a Rossmann fold and including the nucleotide binding region, an 
intermediate domain containing the second beta sheet and the taxol 
binding site, and the C-terminal domain composed of two helices that 
form the binding surface for motor proteins. Although refinement is still 
in progress to improve definition of side chain positions, the model is 
very useful in understanding the overall structure of the protein and such 
features as nucleotide exchangeability and drug binding. 

13 

MICROTUBULE DESTABILIZATION BY XKCM1 AND XKIF2 - TWO INTERNAL 
MOTOR DOMArN SUBFAMILY KINESINS. ((A. Desai, T. J. Mitchison. and C. E. 
Walczak)) Dept. of Cell. Mol. Pharm., University of California, San Francisco, CA 94143. 

Wc have previously shown that inhibition of XKCM1, an internal motor domain kinesin, 
in Xenopus extracts caused a reduction in the catastrophe frequency of dynamic MTs. To 
understand the mechanism by which XKCM1 perturbs MT dynamics, we have performed a 
detailed study of the effect of purified XKCM1 on MTs assembled from pure tubulin. 

Baculovirus-expressed and purified XKCM1 depolymerizes both taxol-stabilized and 
GMPCPP MTs in an ATP-dependent manner. Depolymerization occurs equivalcntly from 
both ends of the MT at highly substoichiometric concentrations of XKCM1, releasing 
tubulin dimer which is competent to reassemble. XKCM1 also induces catastrophes at both 
ends of dynamic MTs polymerized from purified Xenopus egg tubulin. 

Destabilization of GMPCPP MTs by XKCM1 occurs without hydrolysis of tubulin-bound 
GMPCPP. Negative stain EM of GMPCPP MTs being destabilized by XKCM1 reveals 
large protofilament bulbs at both ends of the MT. These studies suggest that XKCM lean 
change the conformation of the tubulin subunit and peel apart MT protofilaments without 
inducing GTP hydrolysis on the tubulin subunit. Immunofluorescence and negative stain 
analysis of GMPCPP MTs incubated with XKCM 1 in 10 mM Mg AMPPNP show that 
XKCM1 can target to both MT ends and induce protofilament peeling at these ends in the 
absence of ATP hydrolysis. These results suggest that the ATP-like state of XKCM1 has an 
intrinsic affinity for MT ends and can induce a destabilizing conformational change in 
tubulin. Unlike in the presence of ATP, where each XKCM1 molecule can cause release of 
50-100 tubulin subunits, the reaction in AMPPNP does not result in significant release of 
tubulin dimer suggesting that ATP hydrolysis is used to recycle the motor to perform 
multiple depolymerization cycles. 

Baculovirus-expressed and purified XKIF2, a neuronal vesicle-associated kinesin highly 
homologous to XKCM 1 in the motor domain, also possesses an ATP-dependent MT 
destabilizing activity. Thus, internal motor domain kinesins may be regulators of MT 
dynamics not only during mitosis but also in differentiated cell types. These studies 
represent the first detailed characterization of a physiological MT destabilizer and 
demonstrate a clear non-motor function for a kinesin. 
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The Structure and Function of The Gamma Tubulin Ring Complex 
((Yixian Zheng*, Ona Martin*, Akihiro Iwamatsu-1-, and Chris Wiese*.)) 
*Carnegie Institution of Washington Department of Embryology Baltimore. 
MD21210, USA -(-Section of Protein Chemistry Central Laboratories for Key 
Technology Kirin Brewery Co., LTD. 1-13-5 Fukuura Kanazawa-ku, Yokohama 
Kanagawa, Japan 

Previous studies showed that gamma tubulin, which forms a ring complex with 
several other proteins, is involved in microtubule nucleation from the centrosome. 
We have initiated both molecular and biochemical analyses of the Drosophila and 
Xenopus gamma tubulin ring complexes (gammaTuRC). Using internal peptide 
sequencing information or mouse polyclonal antibodies raised against the gam- 
maTuRC protein subunits, we are in the process of characterizing each of the 
gammaTuRC subunits. So far, we have cloned and completely or partially se- 
quenced four subunits in the gammaTuRC. These molecular characterization will 
allows us to further analyze the assembly and function of the gammaTuRC. In 
addition, we have found that gamma tubulin in the gammaTuRC binds to GTP 
and GDP using UV-crosslinking of 32P-label guanine nudeotides: We are cur- 
rently investigating the GTP and GDP binding and exchange properties of the 
gammaTuRC. 
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INTERACTIONS BETWEEN VIMENTIN AND MICROTUBULES (MT) DURING 
THE FORMATION OF AN INTERMEDIATE FILAMENT (IF) NETWORK IN VIVO. 
((V. Prahlad, M. Yoon, L. Marekov*, P. Steinert*, and R.D.Goldman)) Dept. of Cell and 
Mol. Biol, Northwestern Univ. Med. Sch. and »Skin Biology Group, NIAMS/ NIH. 

Previous studies indicate that there exists a close association between the (IF) and MT 
networks in many eukaryotic cells. For instance, the presence of an intact MT network is 
required for the formation of an IF network following trypsinization-replating. This was 
used as a model system to study IF-MT interactions. BHK cells were transfected with 
GFP-vimentin (vimentin cDNA fused with S65T green fluorescent protein), and the 
formation of the IF network following trypsinization-replating was followed in live cells. 
As early as 30 min following replating, the GFP-vimentin formed aggregates, which 
assembled into a typical IF network by 6-8 hrs. The assembly of these aggregates into IF 
appeared to involve their movement towards the cell periphery. This involved a fast 
directional movement towards the periphery of the cell in a manner typical of saltatory 
movements with peak rates ranging from 0.5um/s to 0.75pm/s. This movement was 
absent when cells were plated into colchicine-containing medium to inhibit microtubule 
polymerization. Further, immunofluorescence studies indicated that the GFP-vimentin 
aggregates at the cell periphery were closely associated with MT. Since vimentin and 
tubulin do not appear to interact in vitro, these interactions are probably mediated by 
other crossbridging proteins. We have identified one potential crossbridging protein in 
BHK cells. This protein is a 450kD nestin-like protein (NLP). NLP colocalizes with the 
vimentin aggregates following trypsinization-replating. NLP co-cycles with both 
vimentin IF and taxol-stabilized MT in vitro. Further, NLP binds to vimentin during, but 
not following, its polymerization into lOnm IF. From the above studies we hypothesize 
that the formation of a vimentin IF network in spreading BHK cells occurs, in part, by 
the movement of nonfilamentous vimentin aggregates towards the periphery of the cell 
along MT tracks. Further, NLP appears to be a candidate for mediating this interaction. 
Supported by NIGMS. 
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DISRUPTION OF THE INTERACTION BETWEEN ZYXIN AND a-ACTININ 
USING A SPECIFIC PEPTIDE INHIBITOR CAUSES THE LOSS OF ZYXIN 
FROM FOCAL CONTACTS AND A RETRACTION OF THE CELL PERIPHERY. 
((B.E. Drees and M.C. Beckerle)) Department of Biology, 201 South Biology, University of 
Utah, Salt Lake City, UT. 84112. 

Actin assembly is a highly regulated and organized process. The means by 
which this control occurs is a central question in cell biology. Zyxin, a protein 
found at focal contacts and at sites of actin assembly at the leading edge, has 
recently emerged as a candidate for involvement in the control of actin 
dynamics. Zyxin is structurally related to the ActA protein of Listeria 
monocytogenes; and like ActA, zyxin is able to direct actin assembly when 
targeted to the plasma membrane (1,2). Zyxin may contribute to actin assembly 
through its interaction with the profilin-binding proteins mena and VASP. 
Zyxin also interacts with the actin crosslinking protein a-actinin (3). This 
Interaction could be important for positioning zyxin at sites destined to become 
zones of actin assembly. We precisely mapped the a-actinin binding site of 
zyxin using a custom synthesized peptide library. Microinjection of synthetic 
Peptides corresponding to this sequence caused the loss of zyxin from focal 
contacts as well as a retraction at the cell periphery. This response was blocked 
oy preincubation of the peptides with purified a-actinin. Thus, the 
appropriate subcellular distribution of zyxin depends on its interaction with o- 
•ctinin. Moreover, disruption of this association affects the behavior of 
lamellipodia, structures dependent on the actin cytoskeleton. We postulate 
•      *M 

m servcs as a molecular scaffold that promotes spatially restricted 
S*fmb'y of protein complexes that stimulate actin polymerization. (The 

authors are grateful to J. Wehland for providing reagents and many helpful 

IGotSi" ft1?5' Proc Na"- Acad- Sd- 92:7956-7960. 
3 rÄ" *'• }■Cen *>, in Dress. 
3. Crawford et af, 1994, J. CelfBiol. 129:117-128. 
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ACTOMYOSIN-BASED RETROGRADE FLOW OF MICROTUBULES IN 
MIGRATING EPITHELIAL CELLS INFLUENCES DYNAMIC 
INSTABILITY AND IS ASSOCIATED WITH MICROTUBULE 
BREAKAGE AND TREADMILLING. ((C. M. Waterman-Storer and E.D. 
Salmon)) Department of Biology, University of North Carolina, Chapel Hill, 
NC, 27599 

We have discovered several novel features exhibited by microtubules (MTs) 
in migrating newt lung epithelial cells by time-lapse imaging of fluorescently 
labeled, microinjected tubulin. These cells exhibit leading edge ruffling and 
retrograde flow in the lamella and lamellipodia. The plus ends of MTs persist 
in growth perpendicular to the leading edge until they reach the base of the 
lamellipodium, where they oscillate between short phases of growth and 
shortening. Occasionally, pioneering MTs grow into the lamellipodium, where 
microtubule bending and reorientation parallel to the leading edge is associated 
with retrograde flow. Parallel MTs persist in growth move rearward in the 
lamella at the velocity of retrograde flow. Fluorescent marks on the lattice of 
MTs perpendicular to the leading edge show that all microtubules in the lamella 
are transported rearward at the rate of retrograde flow. MT rearward transport 
persists when the assembly/disassembly of plus ends is blocked by 100 nM 
nocodazole, but is blocked by inhibition of actomyosin by cytochalasin D or 
BDM. During rearward flow, MT buckling and breaking is observed. This 
generates non-centrosomal MTs.  The new plus ends generated by breakage 
grow toward the leading edge and the free minus ends are either stabilized or 
shorten toward the original plus ends, producing a MT that "treadmills" 
through the lamella. Analysis of the centrosome regions shows that 80% or 
less of MTs in the lamella are centrosomal, and centrosomes rarely release 
MTs. These findings show that actin-myosin activity has a major effect on MT 
dynamics in migrating cells and retrograde flow may play a major role in 
orienting and controlling the assembly dynamics of MTs during cell migration. 
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