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I. Introduction

Microtubule organization into a bipolar spindle is essential for chromosome segrega-
tion during mitosis or meiosis. Because fidelity of this process is so important, multiple
mechanisms promote proper spindle assembly. One tactic used by vertebrate somatic
cells employs distinct paired structural cues, such as duplicated centrosomes that nu-
cleate microtubules in a defined orientation, and kinetochores on chromosomes that
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provide bivalent capture sites. In addition, a set of microtubule-based motor proteins
functions to cross-link microtubules and maintain spindle pole separation and orga-
nization. Motor-dependent function is even more evident in female meiotic cells that
lack centrosomes (Gard, 1992; McKim and Hawley, 1995). In these systems, spin-
dles assemble through a different pathway, termed “self-organization,” in which micro-
tubules polymerized randomly in the vicinity of mitotic chromosomes are sorted into a
bipolar structure by motor proteins (Heald et al., 1996). This centrosome-independent
pathway can also occur in vertebrate somatic cells in which one or both centrosomes
have been removed by laser ablation (Khodjakov et al., 2000). Therefore, microtubule
nucleation and organization can occur both in the presence and in the absence of
centrosomes to form a bipolar spindle, and these two pathways of spindle assembly
likely represent redundant mechanisms by which cells ensure faithful chromosome
segregation.

Because most dividing somatic cells contain centrosomes, the most widely used ex-
perimental systems to explore centrosome-independent spindle assembly are Xenopus
laevis and Drosophila oocytes undergoing meiosis (Endow and Komma, 1997; Gard,
1992; Theurkauf and Hawley, 1992). The Xenopus egg extract system has proven ex-
tremely valuable because spindle assembly reactions can be performed either in the pres-
ence or in the absence of centrosomes (Heald et al., 1997). Pioneered by Lohka, Masui,
and Maller (Lohka and Maller, 1985; Lohka and Masui, 1983), this system has been
used to recapitulate many cellular processes, including cell cycle progression (Murray
and Kirschner, 1989), chromosome condensation (Hirano and Mitchison, 1991), nuclear
envelope dynamics, DNA replication (Almouzni and Wolffe, 1993), spindle assembly
(Sawin and Mitchison, 1991), and anaphase chromosome segregation (Murray et al.,
1996; Shamu and Murray, 1992).

Xenopus eggs are arrested in metaphase of meiosis 1I by cytostatic factor (CSF), the
product of the c-mos protooncogene, until fertilization triggers a calcium wave pro-
moting entry into the first mitotic cell cycle (Sagata er al., 1989). Extracts prepared
from laid eggs in the presence of the calcium chelator EGTA maintain this metaphase
arrest and are therefore called CSF extracts. CSF extracts can be cycled into inter-
phase by calcium addition (Lohka and Maller, 1985) and then back into mitosis by the
addition of a fresh CSF extract. Addition of demembranated Xenopus sperm nuclei per-
mits the analysis of centrosome-directed spindle assembly, as the centriole-containing
basal body of the flagellum remains tightly attached to the sperm and becomes com-
petent to nucleate microtubules in the extract, to duplicate during interphase, and to
define the location of spindle poles during mitosis. To study spindle assembly in the
absence of centrosomes, a source of DNA lacking centrosomes can be added. Most
convenient is the use of plasmid DNA immobilized on magnetic beads, which assem-
bles into chromatin in the extract and induces microtubule polymerization and spindle
self-organization (Heald et al., 1996). The power of this in vitro system comes from
the ease of biochemical manipulation. The roles of proteins involved in both types
of spindle assembly can be studied by adding specific inhibitors to the extract or by
immunodepletion.
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This chapter discusses methods for the study of both centrosome-mediated and centro-
some-independent spindle assembly in Xenopus egg extracts. We first describe simple
assays for microtubule polymerization and organization, through the addition of dimethyl
sulfoxide (DMSO) or purified centrosomes to form mitotic asters. We then provide meth-
ods for centrosome-directed and centrosome-independent spindle formation using sperm
nuclei or DNA beads, respectively. Finally, we describe methods to specifically inhibit
the function of extract proteins, through the addition of reagents to the extract, or by
immunodepletion. In cases where protocols for particular methods have been published
recently, we reference the protocols and provide our modifications when applicable.

II. Preparation of Xenopus Egg Extract and Necessary Reagents

Methods for the preparation of Xenopus egg extracts are not discussed in this chap-
ter, as good, comprehensive protocols for CSF extracts have been published elsewhere
(Desai et al., 1999 ). Preparation of Xenopus sperm nuclei is performed based on Murray
(1991). Our stocks are diluted to a density of 2 x 10° sperm/mlin 100 mM KCl, 150 mM
sucrose, I mM MgCl,, frozen in liquid nitrogen, and stored in small aliquots at —80°C.
These stocks are 20x, and upon dilution in extract, the concentration is approximately
100 sperm/ul extract. Rhodamine-labeled tubulin is prepared based on Hyman et al.
(1991). The rhodamine tubulin stock is 200x (20-30 mg/ml) and is stored at —80°C. In
order to retain maximal activity, it is best to avoid multiple rounds of freezing and thawing
so rhodamine tubulin should be stored in small, single-use aliquots of 1-2 ul. Stocks can
be prediluted in CSF extract at 1/10 and then added to the spindle reaction at 1/20. The
preparation of mammalian centrosomes is discussed in other chapters of this volume.
Our stock of KE37 centrosomes purified from lymphoid cells is at a concentration of
5 x 10* m1™! and is stored in small aliquots at —80°C.

III. Microtubule Polymerization Assays in Extract

Microtubule aster reactions are useful for studying microtubule nucleation and organi-
zation. Asters form in CSF extracts through both centrosome-directed and centrosome-
independent pathways, as diagrammed in Fig. 1. Purified centrosomes added to the extract
nucleate microtubules with their plus ends emanating outward in a radial array, forming
an aster (Fig. 3A). In the absence of centrosomes, addition of a microtubule-stabilizing
agent such as DMSO or taxol induces global microtubule polymerization, and the assem-
bled microtubules are then organized into a focused aster (Fig. 3B) by microtubule motor
proteins, including cytoplasmic dynein and associated factors, dynactin (Verde et al.,
1991) and the spindle pole protein NuMA (Merdes et al., 1996). These pathways of aster
formation highlight the different mechanisms of centrosome-directed and centrosome-
independent spindle assembly. Microtubule polymerization in these assays is monitored
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A. DMSO aster reaction
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Fig. 1 Schematic drawings illustrating microtubule aster formation in Xenopus egg extracts. (A) DMSO
aster reaction. (B) Centrosomal aster reaction.

by the addition of rhodamine-labeled tubulin, which incorporates into microtubules and
allows visualization by fluorescence microscopy. Polymerization initiates within minutes
after the addition of DMSO or centrosomes and incubation at 20°C. Reactions are then
monitored by transferring small samples to microscope slides.

CSF extract
Rhodamine-labeled tubulin (20-30 mg/ml stock)
1.5-ml microcentrifuge tubes

Spindle fix: 48% glycerol, 11% formaldehyde, 1 x MMR (100 mM NaCl, 2 mM KCl,
1 mM MgCl,, 2 mM CaCl,, 0.1 mM EDTA, 5 mM HEPES, ph 7.8) 5 ug/ml
Hoechst dye

Wide-orifice or cutoft 1- to 200-u1 pipette tips
20°C water bath

Anhydrous DMSO

Purified centrosomes (5 x 108 centrosomes/ml)
Microscope slides

18- x 18-mm? coverslips
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Nail polish
Fluorescence microscope with 40x or 63x lens

B. Protocol for Centrosomal and Noncentrosomal Aster Formation

Note: For all protocols described in this chapter, it is important to mix and transfer
the extract and extract reactions with wide-orifice (or cutoff) pipette tips to minimize
disruption of the extract.

1. On ice, add the rhodamine tubulin stock at a 1:200 dilution to 25 ul of CSF extract
in a 1.5-ml tube. It is important to use 1.5-ml tubes and not let reaction volumes exceed
100 ul to permit gas exchange.

2. Add 1.25 pul of anhydrous DMSO or 1.25 ul of purified centrosomes to stimulate
microtubule polymerization and transfer the tubes to a 20°C water bath. The bath can
be prepared by adding ice to a room temperature bath to adjust to 20°C. Additional ice
should be added as needed to maintain temperature. Once reactions are initiated at 20°C,
samples should be maintained at that temperature. Placing reactions back on ice before
taking samples will result in rapid microtubule depolymerization.

3a. For centrosome reactions, incubate at 20°C and take “squash samples” at time
points ranging from 5 to 15 min by transferring 1 w1 of the reaction to a microscope
slide. Carefully overlay the drop of extract with 5 ul of spindle fix and squash by
gently lowering an 18 x 18-mm coverslip on top. For best results, lower the coverslip
as carefully as possible. Because squashes can be somewhat variable, it is best to take
duplicate samples. Two or three coverslips fit on each slide. In order to minimize the
variability of samples, reactions should be mixed with a cutoff pipette tip before taking
the squash sample. Samples can be analyzed on a fluorescence microscope using the
rhodamine channel. Red asters of microtubules emanating from single focal points should
be apparent at early time points, and aster size will increase with longer incubation
time.

3b. To monitor DMSO reactions, incubate for 5-30 min and remove a 1-ul sample
of the reaction to fix and squash as described earlier. At early time points, extensive
microtubule polymerization is apparent. By 20 min, asters have organized that contain
many more microtubules than centrosome asters.

4. Squash samples can be stored in the dark at 4°C after sealing the edges of the

coverslips with nail polish. Alternatively, the entire reaction mixtures can be spun onto
a coverslip, fixed, and mounted as described in Section VL.

IV. Spindle Assembly Assays

Spindle assembly with and without centrosomes can be recapitulated in Xenopus
egg extracts through the addition of sperm nuclei or DNA-coated beads, respectively
(Figs. 3C and 3D). Each Xenopus sperm nucleus has an associated centrosome, which
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becomes competent to nucleate microtubules upon incubation in extract. Sperm spin-
dles can be formed in extract by two different methods (Sawin and Mitchison, 1991).
Addition of sperm nuclei to CSF extracts results in microtubule nucleation at each cen-
trosome. forming monopolar or “half” spindles. These half spindles then fuse pairwise
to yield bipolar spindles. Although this form of spindle assembly does not mimic in vivo
spindle assembly, the half-spindle reaction is a simple and quick assay. Sperm spindles
can also be formed by adding sperm nuclei to the extract and then cycling the extract
through interphase and back into mitosis. This cycling step allows centrosome and DNA
replication, and therefore spindles are assembled in a more physiological manner. Mi-
crotubules nucleated from the centrosomes can attach to duplicated kinetochores on the
replicated chromosomes, mimicking what occurs in vivo. Protocols for these pathways
of centrosome-directed spindle assembly will not be given here, as a comprehensive
protocol has been published in Desai et al. (1999).

Spindle assembly in the absence of centrosomes can be performed in Xenopus egg
extracts using DNA-coated beads (Heald et al., 1996). In this protocol, biotinylated
plasmid DNA is coupled to magnetic beads, taking advantage of a biotin—streptavidin
linkage. These beads are added to the CSF extract that is then cycled into interphase to
allow DNA replication and chromatin assembly on the beads. Upon cycling of the extract
back into mitosis, microtubules are nucleated around the chromatin and then organized
into a bipolar spindle by microtubule-based motors. Beads can also be retrieved on a
magnet after incubation in the extract to allow biochemical characterization of proteins
bound to the DNA.

As before, microtubule formation and spindle assembly in these assays are monitored
by the addition of rhodamine-labeled tubulin to the extract. Squashes of reactions can
be taken at various time points, and the reactions can also be spun down onto coverslips
for long-term storage.

DNA bead preparation:
Plasmid DNA (> 5 kb)
Appropriate restriction enzymes (see protocol)
TE: 10 mM Tris, | mM EDTA, pH 8
Biotin-dATP, biotin-dUTP, thio-dCTP, thio-dGTP
Klenow fragment of DNA polymerase
Pharmacia nick columns
Washing and binding solutions from Dynal Kilobase BINDER kit
Bead buffer: 2 M NaCl, 10 mM Tris, | mM EDTA, pH 7.6
Streptavidan dynabeads from Dynal Kilobase BINDER kit
Dynal MPC (magnetic particle concentrator, Dynal)
Rotator at 16°C.
UV spectrophotometer
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Spindle assembly: ,
Materials used for aster reactions (Section I11,A)
10X calcium solution: 4 mM CaCl,, 100 mM KCI, 1 mM MgCl,

B. Centrosome-Independent Spindle Assembly
1. DNA Bead Preparation

An overview of the bead preparation protocol is shown in Fig. 2A. Plasmid DNA is
first linearized using restriction enzymes that produce sticky ends, and then the ends
are filled in using the Klenow fragment of DNA polymerase. One end is filled in with
thio nucleotides to prevent exonuclease digestion, and the other is filled in with biotin-
conjugated nucleotides, which allows coupling to streptavidin-coated dynabeads. After
an overnight binding reaction, beads are washed and resuspended in bead buffer and can
be stored at 4°C indefinitely.

1. Purify plasmid DNA using Qiagen column purification or a similar method. In
theory, any plasmid can be used for coupling to the beads because the sequence is
not important, although the length of the linearized DNA should be greater than 5 kb
to ensure efficient chromatin assembly on the beads. In addition. a plasmid should be

A. DNA bead preparation

BamHI
Not | couple to

digest ®® Dynabeads
iges ?, S

fill-in ® )

plasmid thio-dCTP, dGTP
DNA biotin-dATP, dUTP DNA-coated
bead

B. Bead spindle reaction

Interphase Mitosis
+ CSF- —
* + Ca?* ® @ extract i
DNA-coated beads DNA replication, Microtubule Spindle
+ CSF-extract chromatin assembly nucleation, sorting formation

Fig. 2 Steps involved in noncentrosomal spindle assembly. (A) DNA bead preparation. (B) Bead spindle
assembly.
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chosen that has unique restriction enzyme sites in the poly linker. One enzyme should
leave an overhang containing only Gs and Cs, while the other should also contain As
and Ts. Notl and BamHI are good choices.

2. Digest 50 ug of plasmid DNA to produce one short and one long (>5 kb) DNA
fragment. Ethanol precipitate the DNA, resuspend in 25 ul TE, and quantify recovery
by measuring the OD-g.

3. Set up the fill-in reaction in a total volume of 70 ul. This reaction contains 30 g
DNA, 1X Klenow buffer, 50 uM each nucleotide (biotin-dATP, biotin-dUTP, thio-dCTP
and thio-dGTP), and 20 units Klenow fragment of DNA polymerase. Incubate at 37°C
for 2 h.

4. Use Pharmacia nick columns to remove unincorporated nucleotides, following the
supplied instructions. These columns allow better recovery than spin columns. Elute the
DNA in 400 ul TE.

5. Set up the coupling mixture by combining the 400 w1 of eluted biotinylated DNA
and 400 ul binding solution (included in the Dynal Kilobase BINDER kit). Save 25 ul
of this mixture for later determination of coupling efficiency.

6. Determine the volume of streptavidin dynabeads to use in the coupling reaction.
Four microliters of dynabeads should be used for each microgram of DNA (120 ul
beads for 30 ug DNA). Use the magnetic particle concentrator (MPC) to retrieve the
beads, wash once with 5 volumes of binding solution, retrieve the beads again, and then
resuspend them in the coupling mixture prepared in step 5.

7. Couple the DNA by incubating the bead/DNA mixture on a rotator at 16°C for
several hours (the reaction can also be left overnight).

8. Retrieve the beads using the MPC and save the supernatant. Measure the ODag of
a 1:40 dilution of the supernatant and compare to the precoupling mixture to determine
coupling efficiency. Two-thirds of the DNA is usually coupled.

9. Wash the beads twice with washing solution (Dynal kit) and twice with bead buffer
(2 M NaCl, 10 mM Tris, | mM EDTA, pH 7.6). Resuspend the beads in bead buffer to
a final concentration of 1 g immobilized DNA for every 5 ul of beads. Some batches
of beads may be clumpy. If so, pass the beads through a 27-gauge needle before use.

2. Spindle Assembly Reaction

A schematic of this protocol is shown in Fig. 2B. After resuspending DNA-coupled
dynabeads in fresh CSF extract, the extract is cycled into interphase so that chromatin
assembles on the beads, and then into mitosis to allow mitotic chromatin assembly. Resus-
pension of the chromatin beads in fresh CSF extract then supports efficient bead spindle
assembly. The sticky nature of the DNA beads causes them to aggregate into differently
sized clumps. Clumps of 10—20 beads are optimal, as this corresponds to the amount of
DNA in a single Xenopus sperm nucleus (Heald er al., 1996). Although aggregate size
cannot be controlled precisely, excessive clumping can be prevented by frequent mixing.




16. Methods for the Study of Centrosome-Independent Spindle Assembly 249

|

1. Pipette 3 1 of DNA beads (approximately 0.5 g DNA) into a 0.5-ml microcen-
trifuge tube and place on ice. Collect the beads on a MPC magnet, remove the super-
natant, and wash the beads by resuspending them in 20 ul of CSF extract. Retrieve the
beads on the magnet, remove the supernatant again, and resuspend in 100 ] fresh CSF
extract.

2. Transfer the reaction to a 1.5-ml microcentrifuge tube and incubate at 20°C.

3. After 10 min of incubation, add 10 pl of 10x calcium solution (4 mM CaCl,,
100 mM KCI, I mM MgCl,) and mix with a cutoff pipette tip to release the extract into
interphase. Incubate for 2 h at 20°C, mixing every 20-30 min to reduce clumping.

4. Add 50 ul of fresh CSF extract to return the extract reaction to mitosis. Incubate
for an additional 30 min at 20°C.

5. Incubate the extract reaction on ice for a few minutes and then place the mixture
on a magnet for 10—15 min to retrieve the chromatin beads. This retrieval step is slow
because the extract is viscous. Pipetting the extract every few minutes while keeping the
tube on a magnet accelerates bead retrieval.

6. Keeping the tube on the magnet, remove the extract and verify that the beads
have been retrieved. Resuspend the beads in 100 ul of fresh CSF extract containing
rhodamine-labeled tubulin (1/200 dilution of stock).

7. Incubate the reaction at 20°C and monitor spindle assembly by transferring 1-u1
samples to a microscope slide. Overlay with 5 ;1 spindle fix and squash with a coverslip
as described previously. Spindles can sometimes be seen after 30 min, although in some
extracts the reaction takes as long as 90 min.

8. Squash samples can be stored at 4°C after sealing the coverslips with nail polish
or the reactions can be spun down onto coverslips as described in Section VI.

V. Studying Proteins Involved in Spindle Assembly

The roles of proteins involved in spindle assembly can be evaluated easily using
Xenopus egg extracts because the extracts are open to manipulation. Four approaches
to inhibit the function of a protein in the extract are dominant-negative protein addi-
tion, antibody addition, immunodepletion, and drug addition. A good example of the
first approach is the addition of a subunit of the dynactin complex, p50/dynamitin,
to inhibit dynein function (Echeverri er al., 1996: Wittmann er al., 1998). A proto-
col for this method is provided in Wittmann and Hyman (1999). Second, the addi-
tion of antibodies to extract has been used successfully to inhibit a wide variety of
proteins, including many microtubule-based motors (Boleti er al., 1996; Heald er al.,
1996; Vernos et al., 1995). Methods for this approach are discussed in Desai et al.
(1999).

This chapter concentrates on the other two methods to inhibit protein function, im-
munodepletion, and drug addition. Both are powerful ways to analyze the function of
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proteins in the extract. We first provide modifications to published protocols that we use
for immunodepletion in order to minimize the loss of extract activity. We then discuss
the use of chemical compounds to inhibit extract proteins and provide a protocol for
screening drugs to identify inhibitors of spindle assembly. Using chemical compounds
to disrupt the function of proteins has proven to be an effective way of studying cell divi-
sion processes (Gray et al., 1998; Mayer et al., 1999; Rosania et al., 2000). In addition,
the ability to couple drugs to affinity matrices and identify their targets biochemically
represents a powerful new approach to identify proteins involved in mitosis (Rosania
et al., 1999).

20X demembranated sperm nuclei, 2 x 10%/ml stock
Materials used for aster reactions (Section III,A)
Immunodepletion:

Protein A-coated dynabeads

TBS/0.1% Triton X-100

CSF-XB: 10 mM HEPES, pH 7.7, 2 mM MgCl,, 0.1 mM CaCl,, 100 mM KCl,
5 mM EGTA, 50 mM sucrose

1000X protease inhibitors: 10 mg/ml leupeptin, pepstatin, and chymostatin
dissolved in DMSO and stored at —20°C

Drug addition:
Compounds in 1-10 mM stocks, dissolved in DMSO

B. Immunodepletion of Extracts

Immunodepletion has been used to inhibit the function of many extract proteins, in-
cluding Eg5, a tetrameric kinesin-like protein involved in cross-linking and organizing
microtubules in the spindle (Sawin et al., 1992; Walczak et al., 1998). Following Eg5 de-
pletion from Xenopus egg extracts, spindles are unable to form around DNA-coated beads
and instead form monopolar astral arrays (Walczak ef al., 1998), as shown in Fig. 3F.

Good protocols for immunodepletion have been published elsewhere (Desai
et al., 1999). We use a modification of this protocol, designed to minimize disruption
of the extract. While most immunodepletion protocols utilize protein A-coated Affiprep
beads as a solid support, protein A-coated dynabeads offer the advantage that they are
small and remain resuspended in the extract without constant rotating, thereby causing
minimal disruption of the extract. After the addition of antibody-coated dynabeads to
the extract, beads are mixed by flicking the tube gently and then the reaction is incubated
on ice. Dynabeads have been used successfully for immunodepletion by other groups
(Funabiki and Murray 2000; Wittmann ef al., 2000) and our protocol is similar to those
published.
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Fig. 3 Examples of microtubule aster and spindle reactions visualized by fluorescence microscopy.
(A) Centrosomal aster. (B) DMSO aster. (C) Sperm spindle. (D) DNA bead spindle. (E) Sperm spindle
reaction performed in the presence of 200 M NG97. which inhibits cdk]. (F) DNA bead spindle assembled
in Xenopus egg extract depleted of Eg5. Scale bar in A and B is 5 um. bar in C=F is 10 sm. Images in C-F
are overlays of microtubule staining (gray) and DNA staining (bright).

1. Couple 2-10 pg of affinity-purified antibody or control IgG to 25 ul protein
A-coated dynabeads. The amount of antibody needed will depend on the nature of
the antibody and epitope. Many antibodies are effective at 2-pg levels, whereas others
may require multiple rounds of immunodepletion and higher amounts. The amount of
antibody used should be optimized for each depletion. On ice, set up the coupling mix-
ture in 200 p1 total volume, containing affinity-purified antibody or control IgG. diluted
in TBS/0.1% Triton X-100. Transfer 25 p1 of protein A-coated dynabeads to a 0.6-ml
low-retention microcentrifuge tube, wash twice with TBS/0.1% Triton X-100, and then
add the coupling mixture. Rotate the mixture at 4 C for 2 h or overnight.

2. Retrieve the beads on a magnet (MPC) and remove the supernatant. Wash once
with TBS/0.1% Triton X-100 and then four times with CSF-XB containing 1X protease
inhibitors. For each wash, resuspend the beads in the wash buffer and then retrieve on
the MPC.

3. After the last wash, remove as much of the wash buffer as possible using a thin
gel-loading pipette tip. Resuspend the beads in 75 ul CSF extract by gently pipetting
with a wide-orifice pipette tip.

4. Incubate on ice for 90—120 min. Mix the reaction every 15 min by flicking gently.

5. Retrieve the beads using the MPC for 10—15 min as described in the bead spindle
protocol. Transfer the supernatant to a fresh tube, taking care to avoid the transfer of
beads. Use this extract as the depleted extract. and set up aster reactions or spindle
assembly reactions as described previously.
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Note: This protocol can be used to generate enough depleted extract for aster or half-
spindle reactions. If cycling reactions are to be used, the volumes should be scaled up
accordingly.

-

C. Screening of Chemical Compounds in Xenopus Egg Extracts

Chemical compounds that can be used to inhibit specific protein function are pow-
erful tools to study complex processes in extracts and in cells. This approach has been
used successfully by many groups, including Mayer and colleagues (1999), who iden-
tified a specific inhibitor of Eg5, monastrol, using a cell-based screen. Inhibition of
Eg5 using monastrol induces a phenotype similar to immunodepletion. Many chemical
inhibitors are available commercially, including antimitotic drugs such as colchicine,
nocodazole, and taxol. Methods for the use of these drugs are provided in Jordan and
Wilson (1999). In addition, many laboratories are currently synthesizing libraries of
diverse chemical compounds for use in biological screens, and many potent inhibitors
have been identified (Chang et al., 1999; Gray er al., 1998; Haggarty et al., 2000). This
section describes methods to screen for inhibitors of spindle assembly in Xenopus egg
extracts.

Libraries of chemical compounds can be screened using any of the assays discussed in
this chapter. Addition of compounds to aster reactions, sperm spindle reactions, or bead
spindle reactions is a good way to identify inhibitors of microtubule nucleation, growth,
and organization. To simplify the screening process, we use either a simple aster reaction
or a half-spindle reaction (described later) as a primary screen, as these protocols are
simpler and quicker than cycled spindle assembly. Interesting compounds can then be
tested in other assays.

Compounds can be added to the extract at a range of concentrations, and different
compounds will have different potencies. When screening compounds, one concentra-
tion should be chosen for all compounds so that comparisons between them can be
made easily. In determining a concentration, it is important to consider the goal of the
screen. A low concentration (1-10 uM) will yield few hits, but the compounds iden-
tified will be potent inhibitors. Screening at higher concentrations (100 uM-1 mM)
will yield more hits, but the compounds pulled out of the screen will be less potent.
We typically screen compounds at a final concentration of 100 .M in the extract and,
after interesting compounds are identified, titrations are performed to determine com-
pound efficacy. Compounds can be diluted and stored in a variety of solvents. We use
anhydrous DMSO because many compounds are stable in this solvent, and the addition
of DMSO to the extract at low dilutions results in minimal disruption of microtubule
morphology.

One compound that has a strong effect on spindle assembly in Xenopus egg extracts
is NG97, which alters the cell cycle state of the extract. NG97 is an inhibitor of cdkl
and therefore causes CSF extracts to enter interphase, resulting in chromosome decon-
densation, increased microtubule stability, and reduction of histone H1 kinase activity
(Rosania et al., 1999), as shown in Fig. 3E. The following protocol is used to test the
effects of NG97 and other inhibitors.
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1. Compounds are typically added to the extract at a 1:100 dilution. Predilute com-
pounds in DMSO to an appropriate concentration (for an extract concentration of 100 M,
compound stocks should be 10 mM). If a range of concentrations is being used, it is im-
portant to predilute the compound stocks in DMSO so that the volume of DMSO added
to each extract reaction is the same for all reactions.

2. Aliquot 0.25 ul of each compound into a prelabeled 1.5-ml microcentrifuge tube.
Set up a DMSO-only control also. Do not place these tubes on ice, as the DMSO will
solidify.

3. Onice, combine the CSF extract, rhodamine tubulin (1:200 dilution), and sperm nu-
clei (1:20 dilution). Allow 25 ul of extract mixture for each compound, and overestimate
slightly to compensate for losses that occur when aliqouting.

4. Using a cutoff pipette, transfer 25 ul of the extract mixture to each tube and mix
by pipetting. Immediately place the tubes at 20°C.

5. Take squash samples at a defined time point between 45 and 60 min as described
previously. At these time points, bipolar spindles should have formed. It does not matter
which time point is used as long as it is consistent between screens. Due to variability in
squash samples, two squashes should be done for each reaction. Mix each reaction with
a cutoff pipette tip before squashing.

6. Visually screen through the squash samples to identify potential inhibitors of spindle
assembly. Compounds of interest should be reassayed with a second extract to confirm
results.

7. For a further characterization of compounds, the assays and compound concentra-
tions can be varied. In addition, compounds can be added to the reactions after incubation
at 20°C to determine effects on preformed spindles.

VI. Methods to Observe Spindle Assembly

The simplest way to monitor spindle assembly reactions is to take small squash samples
as described in previous protocols. However, entire reactions can also be transferred
onto glass coverslips, fixed, and mounted on microscope slides for long-term storage.
This procedure also allows the samples to be subjected to immunostaining techniques.
Protocols for this method are given in Desai et al. (1999), and because our procedure is
similar, this section only provides a brief overview.

First, reactions are diluted into 1 ml of spin down dilution buffer [30% glycerol,
1% Triton X-100, 1X BRB80 (80 mM PIPES, 1 mM MgCl2, | mM EGTA, pH 6.8) for
spindle reactions; 15% glycerol, 1% Triton X-100, 1X BRBSO for aster reactions]. This
mixture is then layered gently onto a 5-ml spin-down cushion (40% glycerol, 1X BRB80
for spindle reactions; 25% glycerol, 1X BRB80 for aster reactions) in a modified Corex
tube containing a 12-mm round coverslip. Centrifugation is performed in a swinging
bucket rotor at 16°C, which pellets insoluble structures such as microtubule asters and
spindles, but removes soluble material, including unincorporated rhodamine tubulin
subunits. For this reason, background fluorescence is reduced significantly. Coverslips
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are then fixed in methanol at —20°C, washed in PBS/0.1% Nonidet P-40, subjected
to immunofluorescence if desired, and stained with Hoechst dye. The coverslips are
then mounted on microscope slides using mounting media (90% glycerol, 10% 0.2 M
Tris—HCl, pH 8) and sealed with nail polish. *

VII. Conclusions

This chapter presented methods for studying centrosome-independent spindle assem-
bly using Xenopus egg extracts. The protocols described include microtubule aster re-
actions, bead spindle reactions, and inhibition of extract proteins. This system is ideal
for studying mechanisms of self-organization, including microtubule nucleation around
chromatin and motor-dependent function. The value of these methods extends beyond
the study of microtubule self-organization, however. Both centrosome-mediated and
centrosome-independent spindle assembly share mechanisms in common. Although
centrosomes constitute visible and dominant organizing centers when they are present,
motor functions are superimposed and are crucial for spindle organization, as they are
when centrosomes are absent. Therefore, the study of both types of spindle assembly
is important to understand the principles of microtubule organization in mitosis and
meiosis.

Acknowledgments

References

We acknowledge our colleagues in the Xenopus extract field who have pioneered and communicated
technical developments in this system. We also thank members of the Heald laboratory for helpful comments.
This work was supported by an NSF predoctoral fellowship to S.M.W. and by grants from the NIH and Pew
Charitable Trust to R.H.

Almouzni, G.. and Wolffe, A. P. (1993). Nuclear assembly. structure, and function: The use of Xenopus in vitro
systems. Exp. Cell Res. 205(1), 1-15.

Boleti, H., Karsenti. E.. and Vernos, 1. (1996). XkIp2, a novel Xenopus centrosomal kinesin-like protein
required for centrosome separation during mitosis. Cell 84(1), 49-59.

Chang. Y. T.. Gray. N. S., Rosania. G. R., Sutherlin, D. P.. Kwon, S., Norman, T. C., Sarohia, R., Leost, M..
Meijer, L.. and Schultz, P. G. (1999). Synthesis and application of functionally diverse 2,6,9-trisubstituted
purine libraries as CDK inhibitors. Chem. Biol. 6(6), 361-375.

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 Cell Biol. 61(2), 385-412.

Echeverri. C. J.. Paschal, B. M., Vaughan, K. T., and Vallee. R. B. (1996). Molecular characterization of the 50-
kD subunit of dynactin reveals function for the complex in chromosome alignment and spindle organization
during mitosis. J. Cell Biol. 132(4), 617-633.

Endow. S. A.. and Komma, D. J. (1997). Spindle dynamics during meiosis in Drosophila oocytes. J. Cell Biol.
137(6). 1321-1336.

Funabiki. H.. and Murray, A. W. (2000). The Xenopus chromokinesin Xkid is essential for metaphase chro-
mosome alignment and must be degraded to allow anaphase chromosome movement. Cell 102(2). 411-424.




16. Methods for the Study of Centrosome-Independent Spindle Assembly 255

Gard. D. L. (1992). Microtubule organization during maturation of Xenopus oocytes: Assembly and rotation
of the meiotic spindles. Dev. Biol. 151(2). 516-530.

Gray, N. S., Wodicka, L.. Thunnissen, A. M.. Norman. T. C.. Kwon. S.. Espinoza. F. H.. Morgan. D. O..
Barnes, G., LeClerc, S.. Meijer, L.. Kim. S. H.. Lockhart. D. J.. and Schultz. P. G. (1998). Exploiting
chemical libraries, structure. and genomics in the search for kinase inhibitors. Science 281(5376). 533-
538.

Haggarty. S. J., Mayer. T. U.. Miyamoto. D. T.. Fathi. R.. King, R. W.. Mitchison. T. J.. and Schreiber. S. L.
(2000). Dissecting cellular processes using small molecules: Identification of colchicine-like. taxol-like and
other small molecules that perturb mitosis. Chen. Biol. 7(4). 275-286.

Heald, R., Tournebize, R.. Blank, T., Sandaltzopoulos. R.. Becker. P., Hyman. A.. and Karsenti. E. (1996). Self-
organization of microtubules into bipolar spindles around artificial chromosomes in Xenopus egg extracts.
Nature 382(6590), 420-425.

Heald, R.. Tournebize, R.. Habermann. A.. Karsenti, E.. and Hyman. A. (1997). Spindle assembly in Xenopus
egg extracts: Respective roles of centrosomes and microtubule self-organization. J. Cell Biol. 138(3). 615—
628.

Hirano. T.. and Mitchison, T. J. (1991). Cell cycle control of higher-order chromatin assembly around naked
DNA in vitro. J. Cell Biol. 115(6), 1479-1489.

Hyman, A.. Drechsel. D.. Kellogg, D.. Salser, S.. Sawin, K.. Steffen. P.. Wordeman. L.. and Mitchison. T.
(1991). Preparation of modified tubulins. Methods Enzymol. 196(18). 478-485.

Jordan, M. A., and Wilson, L. (1999). The use and action of drugs in analyzing mitosis. Methods Cell Biol.
61(1), 267-295.

Khodjakov, A., Cole, R. W., Oakley, B. R.. and Rieder, C. L. (2000). Centrosome-independent mitotic spindle
formation in vertebrates. Curr: Biol. 10(2). 59-67.

Lohka, M. J., and Maller, J. L. (1985). Induction of nuclear envelope breakdown, chromosome condensation.
and spindle formation in cell-free extracts. J. Cell Biol. 101(2). 518-523.

Lohka, M. J., and Masui, Y. (1983). Formation in vitro of sperm pronuclei and mitotic chromosomes induced
by amphibian ooplasmic components. Science 220(4598). 719-721.

Mayer. T. U.. Kapoor. T. M., Haggarty. S. J., King, R. W., Schreiber, S. L.. and Mitchison. T. J. (1999). Small
molecule inhibitor of mitotic spindle bipolarity identified in a phenotype-based screen. Science 286(5441).
971-974.

McKim, K. S., and Hawley, R. S. (1995). Chromosomal control of meiotic cell division. Science 270(5242).
1595-1601.

Merdes, A., Ramyar, K., Vechio, J. D., and Cleveland, D. W. (1996). A complex of NuMA and cytoplasmic
dynein is essential for mitotic spindle assembly. Cell 87(3), 447-458.

Murray, A. W. (1991). Cell cycle extracts. Methods Cell Biol. 36(1). 581-605.

Murray, A. W., Desai, A. B., and Salmon, E. D. (1996). Real time observation of anaphase in vitro. Proc. Natl.
Acad. Sci. USA 93(22), 12327-12332.

Murray. A. W., and Kirschner, M. W. (1989). Cyclin synthesis drives the early embryonic cell cycle. Nature
339(6222), 275-280.

Rosania, G. R.. Chang, Y. T., Perez, O.. Sutherlin, D., Dong, H.. Lockhart. D. J.. and Schultz. P. G. (2000).
Myoseverin, a microtubule-binding molecule with novel cellular effects. Nature Biotechnol. 18(3).304-308.

Rosania, G. R., Merlie, J., Jr.. Gray, N., Chang, Y. T., Schultz, P. G., and Heald. R. (1999). A cyclin-dependent
kinase inhibitor inducing cancer cell differentiation: Biochemical identification using Xenopus egg extracts.
Proc. Natl. Acad. Sci. USA 96(9), 4797-4802.

Sagata, N., Watanabe. N., Vande Woude, G. F., and Ikawa. Y. (1989). The c-mos protooncogene product is a
cytostatic factor responsible for meiotic arrest in vertebrate eggs. Narure 342(6249). 512-518.

Sawin, K. E., LeGuellec, K., Philippe. M., and Mitchison, T. J. (1992). Mitotic spindle organization by a
plus-end-directed microtubule motor. Nature 359(6395), 540-543.

Sawin, K. E., and Mitchison, T. J. (1991). Mitotic spindle assembly by two different pathways in vitro. J. Cell
Biol. 112(5), 925-940.

Shamu, C. E., and Murray, A. W. (1992). Sister chromatid separation in frog egg extracts requires DNA
topoisomerase Il activity during anaphase. J. Cell Biol. 117(5), 921-934.



Sarah M. Wignall and Rebecca Heald

Theurkauf, W. E., and Hawley, R. S. (1992). Meiotic spindle assembly in Drosophila females: Behavior of
nonexchange chromosomes and the effects of mutations in the nod kinesin-like protein. J. Cell Biol. 116(5),
1167-1180.

Verde, F.. Berrez, J. M., Antony, C., and Karsenti, E. (1991). Taxol-induced microtubule asters in mitotic
extracts of Xenopus eggs: Requirement for phosphorylated factors and cytoplasmic dynein. J. Cell Biol.
112(6), 1177-1187. -

Vernos. 1., Raats, J., Hirano, T., Heasman, J., Karsenti, E., and Wylie, C. (1995). Xklpl, a chromosomal
Xenopus kinesin-like protein essential for spindle organization and chromosome positioning. Cell 81(1),
117-127.

Walczak, C. E., Vernos, L, 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(16),903-913.

Wittmann, T., Boleti, H., Antony, C.,Karsenti, E.,and Vernos, L. (1998). Localization of the kinesin-like protein
Xklp2 to spindle poles requires a leucine zipper, a microtubule-associated protein, and dynein. J. Cell Biol.
143(3), 673-685.

Wittmann, T., and Hyman, T. (1999). Recombinant p50/dynamitin as a tool to examine the role of dynactin in
intracellular processes. Methods Cell Biol. 61(12), 137-143.

Wittmann, T., Wilm, M., Karsenti, E., and Vernos, L. (2000). TPX2, A novel xenopus MAP involved in spindle
pole organization. J. Cell Biol. 149(7), 1405-1418.




