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Spindle assembly and accurate chromosome segregation require the proper regulation of microtubule dynamics. MCAK,
a Kinesin-13, catalytically depolymerizes microtubules, regulates physiological microtubule dynamics, and is the major
catastrophe factor in egg extracts. Purified GFP-tagged MCAK domain mutants were assayed to address how the different
MCAK domains contribute to in vitro microtubule depolymerization activity and physiological spindle assembly activity
in egg extracts. Our biochemical results demonstrate that both the neck and the C-terminal domain are necessary for
robust in vitro microtubule depolymerization activity. In particular, the neck is essential for microtubule end binding, and
the C-terminal domain is essential for tight microtubule binding in the presence of excess tubulin heterodimer. Our
physiological results illustrate that the N-terminal domain is essential for regulating microtubule dynamics, stimulating
spindle bipolarity, and kinetochore targeting; whereas the C-terminal domain is necessary for robust microtubule
depolymerization activity, limiting spindle bipolarity, and enhancing kinetochore targeting. Unexpectedly, robust MCAK
microtubule (MT) depolymerization activity is not needed for sperm-induced spindle assembly. However, high activity
is necessary for proper physiological MT dynamics as assayed by Ran-induced aster assembly. We propose that MCAK

activity is spatially controlled by an interplay between the N- and C-terminal domains during spindle assembly.

INTRODUCTION

Bipolar spindle assembly is essential for the faithful segre-
gation of chromosomes into two daughter nuclei. Defects in
this process are often associated with aneuploidy, which can
lead to cancer or birth defects. The bipolar spindle is com-
posed of a dynamic array of microtubules (MTs) and their
associated proteins, including various MT-associated pro-
teins and motor proteins, which are essential for proper
spindle assembly (Gadde and Heald, 2004; Mogilner et al.,
2006). Proper MT dynamics are highly regulated during the
transition between interphase and mitosis, and many regu-
lators of MT dynamics are critical for proper spindle assem-
bly both in cells and in Xenopus laevis egg extracts (Kline-
Smith and Walczak, 2004). In egg extracts, spindle assembly
is dominated by chromatin-mediated MT nucleation and
organization (Sawin and Mitchison, 1991). During chroma-
tin-mediated spindle assembly, randomly nucleated MTs
around chromatin become organized into an astral array
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that leads to the formation of a bipolar spindle due to the
generation of anti-parallel overlapping MTs that are ex-
tended and focused into poles by molecular motors and
MT-associated proteins (Walczak ef al., 1997, 1998; Sharp et
al., 2000; Gaetz and Kapoor, 2004; Mitchison et al., 2004, 2005;
Goshima et al., 2005; Koffa ef al., 2006). In addition to relying
on molecular motors to organize and slide MTs, bipolarity
also depends on the regulation of proper physiological MT
dynamics by depolymerizing proteins that include depoly-
merizing kinesins and Op18/stathmin (Andersen et al., 1997;
Ganem and Compton, 2004; Rogers et al., 2004; Sharp et al.,
2005). One major signal chromatin uses to promote spindle
assembly is the activation of the small GTPase Ran via its
chromatin-linked exchange factor, RCC1 (Bilbao-Cortes et
al., 2002; Moore et al., 2002; Li et al., 2003). Addition of
Ran-GTP, the activated form of Ran, to egg extracts results in
bipolar spindle formation from the proper regulation of MT
nucleation, MT dynamics, and molecular motor activities
(Wilde and Zheng, 1999; Carazo-Salas et al., 2001; Wilde et
al., 2001). Although Ran-induced spindle activities are de-
pendent on chromatin, it is unclear how many chromatin-
induced activities are independent of Ran. One such activity
is the stabilization of MTs around chromatin by the chro-
mosome passenger complex through the regulation of
the depolymerizing kinesin MCAK and Op18/stathmin
(Sampath et al., 2004; Gadea and Ruderman, 2006).
Kinesins are molecular motors that convert the chemical
energy of ATP into mechanical work specifically on MTs.
The majority of kinesins are homodimeric proteins that walk
along MTs carrying various cargos such as vesicles, proteins,
and chromosomes (Hirokawa and Takemura, 2004; Wozniak
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et al., 2004; Miki et al., 2005). Many kinesins are important for
mitosis and spindle assembly such that upon depletion by
RNAI in cells or by immunodepletion in extracts, defects
occur that either inhibit mitosis or impair spindle assembly
(Walczak et al., 1998; Goshima and Vale, 2005; Zhu et al.,
2005). Kinesins are categorized into 14 families (Lawrence et
al., 2004; Miki et al., 2005) and are composed of four different
domains: a conserved catalytic MT-stimulated ATPase do-
main; a class-specific neck domain that is essential for mo-
tility (Vale and Goldstein, 1990; Case et al., 1997; Endow and
Waligora, 1998); a “stalk” domain that often functions to
dimerize the protein; and the “tail” domain that binds to
cargo and/or regulates activity (Hirokawa and Takemura,
2004). The location of these domains within the polypeptide
is dependent on the specific family of kinesins, but the neck
domain is always adjacent to the catalytic domain (Vale et
al., 2000). Although most kinesins walk along MTs, members
of the Kinesin-13 family catalytically induce MT depolymer-
ization at both ends of a MT and are necessary to regulate
MT dynamics (Desai ef al., 1999a, 1999b; Hunter ef al., 2003;
Helenius et al., 2006).

Structurally, the Kinesin-13s have a central catalytic do-
main with the neck domain amino-terminal to the catalytic
core. The neck and catalytic core are sufficient for MT depo-
lymerization activity in vitro and in vivo (Maney et al., 2001;
Newton et al., 2004; Ogawa et al., 2004; Hertzer et al., 2006),
with the positively charged neck domain being particularly
important for depolymerization activity (Ovechkina et al.,
2002). The N-terminal domain of MCAK is necessary
(Maney et al., 1998; Wordeman et al., 1999) and perhaps
sufficient (Walczak et al., 2002) to target MCAK to kineto-
chores. The C-terminal domain is responsible for dimeriza-
tion and plays a role in regulating the ATPase activity of
MCAK (Maney et al., 2001; Moore and Wordeman, 2004;
Hertzer et al., 2006). Biochemically, MCAK specifically binds
to the ends of MTs where it either stabilizes an already bent
conformation or induces a curvature at the MT end (Desai ef
al., 1999b; Moore and Wordeman, 2004; Ogawa et al., 2004;
Helenius et al., 2006; Hertzer et al., 2006). In dynamic MTs,
this curved protofilament within the MT is unstable and is
thought to cause the MT polymer to depolymerize (Desai
and Mitchison, 1997; Nogales, 2000). For in vitro-stabilized
MTs, it is unclear whether MCAK depolymerizes MTs by
removing individual tubulin dimers or tubulin oligomers
(Desai et al., 1999b; Hunter et al., 2003; Moores et al., 2006;
Tan et al., 2006), but it is thought that the ultimate end
product from MCAK-induced MT depolymerization is tu-
bulin heterodimer (Desai ef al., 1999b). MCAK may proces-
sively depolymerize MTs by a mechanism that involves
one-dimensional (1-D) diffusion of MCAK along the MT
lattice or by the accumulation of tubulin-MCAK rings at the
MT end (Hunter et al., 2003; Helenius et al., 2006; Tan ef al.,
2006), but it remains unclear how these mechanisms are
utilized during depolymerization of dynamic MTs and how
the different domains of MCAK contribute to this depoly-
merization activity.

MCAK predominantly localizes to three regions during
mitosis: the spindle poles, the cytoplasm, and the cen-
tomeres/kinetochores (Wordeman and Mitchison, 1995;
Walczak et al., 1996; Maney et al., 1998). It is unclear what
function MCAK plays at the spindle poles, but more is
known about the functions of MCAK in the cytoplasm and
at the kinetochore (Kinoshita ef al., 2006). MCAK was orig-
inally identified in cells as a kinesin that associates with
mitotic centromeres (Wordeman and Mitchison, 1995) and is
now known to regulate cytoplasmic MT dynamics in inter-
phase and mitosis (Maney et al., 2001; Kline-Smith and
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Walczak, 2002). In extracts, MCAK is the major catastrophe
regulator, and depletion perturbs MT dynamics, resulting in
large asters with increased amounts of MT polymer that are
unable to assemble into a bipolar spindle (Walczak et al.,
1996; Tournebize et al., 2000). Antibody inhibition or RNAi
of MCAK in cells causes excess polymer formation and/or
monopolar spindles that interfere with normal bipolar spin-
dle assembly (Walczak et al., 1996; Kline-Smith and Walczak,
2002; Cassimeris and Morabito, 2004; Ganem and Compton,
2004; Stout et al., 2006). The working model for MCAK
inhibition is that the excess MT polymer formation and
monopolar spindles are due to suppressed cytoplasmic MT
dynamics, which prevent the appropriate capture of MTs by
kinetochores and/or the appropriate sorting by molecular
motors around chromatin.

MCAK localizes to the inner kinetochore via its N-termi-
nal kinetochore targeting domain and regulates proper kin-
etochore-MT attachments by depolymerizing MTs that at-
tach incorrectly (Maney et al., 1998; Wordeman et al., 1999;
Walczak et al., 2002; Kline-Smith et al., 2004). Overexpression
or injection of a dominant negative construct in cells or
extracts that replaces endogenous MCAK at the centromere
results in normal bipolar spindle assembly, but chromosome
alignment and segregation are disrupted (Maney et al., 1998;
Walczak et al., 2002; Kline-Smith et al., 2004). Other members
of the Kinesin-13 family are also implicated in driving chro-
mosome segregation in anaphase by depolymerizing MTs
from both ends (Ganem and Compton, 2004; Rogers et al.,
2004; Ganem et al., 2005; Sharp et al., 2005). MCAK and the
related Kinesin-13, Klp10A, also associate with the +TIP-
tracking proteins APC and EB1, and the interactions may be
critical for their ability to +TIP-track on MTs (Banks and
Heald, 2004; Mennella et al., 2005; Moore ef al., 2005). It is still
unknown how or if +TIP tracking is required for spindle
assembly or for regulation of MT dynamics in extracts or in
cells. MCAK kinetochore targeting, depolymerization activ-
ity, tip-tracking, corrections of mal-attached kinetochore
MTs, and spindle assembly are all regulated by phosphor-
ylation (Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004;
Holmfeldt et al., 2005; Moore et al., 2005; Knowlton et al.,
2006), but the detailed molecular mechanisms of these com-
plex regulated processes remain unknown. Despite the
progress that has been made in identifying the mechanism
of MCAK-induced MT depolymerization and understand-
ing its physiological functions, many questions remain un-
answered. Here we present the first comprehensive domain
analysis of MCAK that correlates the roles of different do-
mains both biochemically with purified proteins and phys-
iologically in egg extracts. We show that there is an interplay
between the N- and C-terminal domains that is necessary for
physiological MT dynamics in extracts and that the N-ter-
minal domain is necessary for efficient spindle assembly
even though it is not required for in vitro MT depolymer-
ization activity, MT and tubulin binding, or MT end binding.
Additionally, we identify MCAK as an important regulator
of spindle bipolarity, which is controlled by the N- and
C-terminal domains of MCAK.

MATERIALS AND METHODS

Protein Expression and Purification

Green fluorescent protein (GFP) tagged expression constructs used in this
work were created by subcloning the MCAK coding sequence from pEGFPC1
deletion constructs (Hertzer et al., 2006) into pFastBacl-GFP using Sacl and
Kpnl restriction sites. Point mutations within the catalytic domain were
created using the QuikChange Site-Directed Mutagenesis System (Stratagene,
La Jolla, CA). All clones were verified by sequencing. The GFP-tagged pro-
teins were then expressed using the Bac-to-Bac baculovirus expression system
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(Invitrogen, Carlsbad, CA) in HighFive insect cells. GFP-MCAK (GMCAK)
and GMCAK mutants were purified to near homogeneity by conventional
chromatography using ion exchange and gel filtration as previously described
(Desai et al., 1999b). Modifications of GMCAK are designated as GM for
GFP-MCAK followed by the amino acid numbers in parentheses. Protein
concentrations are expressed in terms of monomer concentration and were
quantified from Colloidal Coomassie Blue G-250—stained SDS polyacryl-
amide gels and densitometry using BSA as a standard. Densitometry was
done using Image] software (NIH). At least two individual preparations of
proteins were used in the described experiments. His-RanL43E was ex-
pressed, purified, and loaded with GTP as previously described (Ems-
McClung et al., 2004). 6His-GFP was expressed in BL21(DE3) bacterial cells at
16°C for 24 h and was purified using NiNTA agarose as previously described
(Ems-McClung et al., 2004).

Microtubule Preparation

Microtubules were polymerized using either guanylyl-(a,b)-methylene-
diphosphonate (GMPCPP; Jena Scientific, Jena, Germany) alone or GMPCPP
and paclitaxel to create stable tubulin polymer (Desai and Walczak, 2001;
Hertzer et al., 2006). Briefly, recycled tubulin was clarified at 45,000 rpm for 5
min at 2°C in a TLA100 rotor (Beckman, Fullerton, CA). The tubulin concen-
tration was determined by absorbance at 280 nm using 115,000 M~! cm~! as
the extinction coefficient. Clarified tubulin was diluted to 10 uM for depoly-
merization and end binding assays or 40 uM for tubulin binding assays in
BRB80 (80 mM PIPES, pH 6.8, 1 mM MgCl,, 1 mM EGTA, 1 mM DTT) and
polymerized with 0.5 mM GMPCPP at 37°C for 30 min. For GMPCPP/
paclitaxel stabilized MTs, 10 uM paclitaxel was added 20 min into the poly-
merization of the MTs, and the MTs were then allowed to polymerize an
additional 10 min. All MT substrates were sedimented at 45,000 rpm at 35°C
in a TLA100 (5 min) or TLA100.3 (11 min) rotor. For GMPCPP stabilized MTs,
the MT pellet was either resuspend in BRB80 or BRB49 (49 mM PIPES, pH 6.8,
0.61 mM MgCl,, 0.61 mM EGTA, 1 mM DTT). For GMPCPP/paclitaxel
stabilized MTs, the MT pellet was resuspended in BRB80 containing 10 uM
paclitaxel.

MT EC;, Assays

MT ECs5, assays were done essentially as previously described (Hertzer et al.,
2006), except that the reactions were performed at a total ionic strength of 100
mM and included 0.2 ug/ul casein. GMPCPP-stabilized MTs were used at 1
uM, and enzyme concentrations ranged from 0 to 1 uM. MTs and enzyme
were incubated at room temperature for 30 min and then sedimented at
45,000 rpm at 22°C in a TLA100 rotor for 5 min. The supernatant was removed
and mixed with an equal volume of 2X sample buffer (125 mM Tris-HCI, pH
6.8, 4% SDS, 20% glycerol, 4% B-mercaptoethanol). The pellet was resus-
pended in one reaction volume of 2X sample buffer, added to an equal
volume of BRB80, and then the samples were boiled. An equal volume of the
supernatant and pellet fractions were electrophoresed on 10% SDS-PAGE gels
according to the method of Laemmli (1970) and stained with Colloidal Coo-
massie Blue. Stained gels were scanned, and the percentage of soluble tubulin
heterodimer was determined using Image]J software. The percentage of solu-
ble tubulin was determined for each reaction condition in Excel (Microsoft,
Redmond, WA) and plotted against the log of the enzyme concentration using
Prism 4 software (GraphPad, San Diego, CA). For each enzyme, the percent-
age of soluble tubulin was normalized to the lowest point for the no-enzyme
condition and to 100% depolymerization for the maximum response. The best
fit curve for the four parameter logistic equation or dose response curve was
determined with Prism using the following equation:

Equation: Response = A, i, + [(Apax = Amin)/ (1 + 10008ECS0-0H) ]
where Response is the percentage of tubulin in the supernatant at a particular
enzyme concentration; A, ;, is the percentage of tubulin in the supernatant in
the absence of enzyme; A,,,, is the highest percentage of tubulin in the
supernatant attained by the enzyme; logECs, is the logarithm of the enzyme
concentration that causes a response halfway between A, ;, and A,,,,; Xis the
logarithm of the enzyme concentration at a particular concentration; and H is
the Hill slope of the curve. The best fit EC5, curve was plotted against the
enzyme concentration on a log scale with the mean response for each enzyme
concentration and its corresponding standard error of the mean (SEM). Sta-
tistical significance between the ECs5, and maximum percent soluble tubulin
concentrations was determined with an F-test. The F-test compared a model
that constrained both curves to have identical EC5, or A ,,,, concentrations to
a model that did not have constrained concentrations. Significant differences
were considered if p < 0.05. Four or more experiments were performed per
enzyme.

Immunofluorescence MT End Binding

MT end binding assays were performed as described previously (Desai and
Walczak, 2001) except that reactions were performed at 100 mM total ionic
strength, with 1 uM GMPCPP-stabilized MTs, 0.2 ug/ul casein, 2 mM
MgATP, and 22.5 nM enzyme. 6His-GFP was used as a control for back-
ground staining. Reactions were allowed to proceed for 3 min at room
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temperature, fixed in 1% gluteraldehyde for 2 min, and then sedimented onto
poly-L-lysine-coated coverslips through a 10% glycerol, BRB80 cushion at
12,000 rpm for 45 min in a Beckman JS13.1 rotor at 20°C. The coverslips were
then fixed in —20°C methanol for 5 min, rehydrated in TBSTx (20 mM Tris, pH
7.5, 150 mM NaCl, 0.1% Triton X-100), washed, and then processed for
immunofluorescence as follows. Coverslips were blocked in AbDil-Tx (2%
bovine serum albumin, 20 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Triton X-100,
0.1% sodium azide) for 30 min. To detect the GFP-tagged proteins, the
coverslips were probed with 2 ug/ml rabbit anti-GFP antibody (Hertzer et al.,
2006) in AbDil-Tx, washed with TBSTx, and then probed with 1:50 dilution
donkey anti-rabbit Alexa488 secondary antibody (Invitrogen). The MTs were
visualized by probing the coverslips with 1:250 dilution of mouse DM1la
anti-tubulin antibody (Sigma-Aldrich, St. Louis, MO), washing with TBSTx,
and probing with 1:50 dilution goat anti-mouse Alexa594 secondary antibody
(Invitrogen). The coverslips were then mounted onto slides with anti-fade
(0.5% p-phenylenediamine, 20 mM Tris-Cl, pH 8.8, 90% glycerol) and sealed
with clear nail polish.

Analysis of the extent of MT binding by the different mutants was deter-
mined from five pictures taken blindly from each coverslip in four indepen-
dent experiments. More than 300 microtubules were scored per condition per
experiment. Images were taken with a Nikon 90i microscope equipped with
a 100% /1.3 NA Plan Fluor oil objective (Nikon, Melville, NY). Digital images
were collected at equivalent exposures with a Photometrics Coolsnap HQ
cooled CCD camera (Roper Scientific, Trenton, NJ). The camera and shutter
were controlled by MetaMorph software (Molecular Devices, Sunnyvale, CA).
Per experiment, images were scaled equally to optimize GMCAK binding,
and then the remaining images were scaled identically. Each image was
quantified for the percentage of MTs that had either end binding events,
lattice binding events, or no binding. The mean percentage of binding was
plotted with the SEM, and the significant difference from GMCAK was
determined using a Student’s t test in Excel. All images were processed
equivalently in Photoshop (Adobe, San Jose, CA) and assembled in Illustrator
(Adobe).

Tubulin Competition Binding Assays

Tubulin competition binding assays were performed similarly to Hertzer et al.
(2006). In this experiment, 200 nM of the GFP-tagged MCAK proteins were
incubated in BRB27, 88 mM KClI (total ionic strength of 140 mM), with 1.2 uM
doubly stabilized (GMPCPP and paclitaxel) MTs, in the presence or absence
of 4.7 uM soluble GDP tubulin heterodimer for 15 min at room temperature.
Reactions were sedimented at 45,000 rpm in a Beckman TLA100 rotor for 5
min at 22°C. After centrifugation, the supernatant and pellet of each reaction
were adjusted to equal volumes and electrophoresed on 10% SDS polyacryl-
amide gels. Colloidal Coomassie—stained gels from three independent exper-
iments representing multiple protein preparations were scanned, and then the
percentage of MCAK partitioning to either the supernatant or the pellet was
quantified using Image] software. The mean percentage of enzyme bound to
MTs or tubulin are graphed with the SEM. Statistically significant differences
from GMCAK were determined using a Student’s ¢ test in Excel.

Cytostatic Factor Extract Preparation and MCAK
Immunodepletion

Cytostatic factor (CSF)-arrested extracts were prepared as previously de-
scribed (Desai et al., 1999a) from X. laevis laid eggs. Extracts were supple-
mented with rhodamine-labeled tubulin for visualization of spindle struc-
tures. Extracts were immunodepleted of endogenous MCAK by incubation
with 4 ug anti-MCAK-NT or nonimmune IgG per 10 ul protein G Dynabeads
(Invitrogen) per 40 ul extract for 90 min on ice. Beads were isolated on a
magnet for 30 min, and the extract was removed. Depleted extracts were then
cycled into interphase with the addition of CaCl, and X. laevis sperm for 90
min and recombined on ice for 20 min. An equal volume of CSF-depleted
extract was then added to the interphase extract to send it into mitosis. For
each add-back reaction, 20 ul of extract was used with add-back of a final
concentration of 100 nM 6His-GFP or GFP-tagged enzyme. The spindle as-
sembly reactions were allowed to proceed for 90 min, fixed with 2% formal-
dehyde, 30% glycerol, BRB80, 0.5% TX-100, 2.5 mM MgCl, for 10 min, and
then sedimented onto coverslips through a 40% glycerol, BRB80 cushion at
6000 rpm for 20 min at 18°C in a Beckman JS7.5 rotor. Coverslips were
postfixed in —20°C methanol for 5 min, rehydrated in TBSTXx, stained with 2
ng/ml Hoechst No. 33258 (Sigma-Aldrich) for 5 min, mounted onto slides
with anti-fade, and sealed with clear nail polish.

Sperm containing structures were counted on each coverslip as either being
part of a spindle, large aster, or monopolar structure. A sperm containing
structure was classified as a spindle if it contained two (bipolar spindle) or
more (multipolar spindle) focused poles with the majority of the chromatin
arranged between the poles. Asters were classified as large when the diameter
of the aster exceeded the width of a normal spindle. These large asters
typically contained qualitatively more tubulin polymer than small asters and
were typical of MCAK depletion (Walczak et al., 1996). Because bipolar
spindle formation progresses through intermediate structures, which include
half-spindles and small asters, we grouped these in intermediate structures
into one category and called it monopolar structures. Sperm containing
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structures were classified as a small aster when the diameter of the aster was
equal to or less than the diameter of a normal bipolar spindle. Chromatin
within the small asters were either located close to the aster pole or arranged
around the periphery of the astral microtubules. Four separate experiments
were analyzed from three different extract preparations with ~100 structures
counted per reaction. The mean percentages of each structure category are
graphed with the SEM. Digital images were acquired with a 60 X 1.4 NA Plan
Apo oil objective mounted on a Nikon 90i microscope. Images were processed
in Photoshop and assembled in Illustrator (Adobe).

Kinetochore Targeting

Kinetochore targeting experiments were performed similarly to those previ-
ously described (Walczak et al., 2002). Briefly, 10 ug/ml nocodazole was
added to MCAK-immunodepleted extracts that were then mixed with X.
laevis sperm and 100 or 500 nM of the various GFP-tagged MCAK proteins on
ice. Reactions were started by transferring the reaction to room temperature
and were incubated for 45 min. Reactions were fixed and processed for
immunofluorescence as described above except that they were immuno-
stained with 1:430 dilution of rabbit anti-xCENP-A (a kind gift from Aaron
Straight) and 1:20,000 donkey anti-rabbit Alexa594 (Invitrogen).

Z-stepped images were taken with a Nikon 90i microscope equipped with
a 100X /1.3 NA Plan Fluor oil objective. Three-dimensional maximal projec-
tion images were scaled to best represent GMCAK localization, and then the
remaining images were scaled identically. All images were processed in
Photoshop and assembled in Illustrator (Adobe).

Ran Aster Analysis

Fresh CSF extract supplemented with X-Rhodamine-tubulin was immunode-
pleted of MCAK or nonimmune IgG as described above. His-RanL43E was
added to the extract to a final concentration of 25 uM and GFP, and GFP-
tagged MCAK proteins were added back to a final concentration of 100 or 200
nM. Protein addition did not exceed one-tenth the volume of the extract.
Reactions were incubated at room temperature for 45 min, fixed, and pro-
cessed as described above for sperm-assembled spindles. Approximately 300
MT structures were counted per condition per experiment from three separate
experiments from two independent extracts and were classified as spindles,
small asters, large asters, or MT aggregates. Similar results were seen in two
additional independent extracts.

An aster was classified as a small aster if it did not exceed the diameter of
the majority of asters observed in the control IgG depletion reaction, which
were typical of Ran-induced asters (Kalab ef al., 1999; Ohba et al., 1999; Wilde
and Zheng, 1999; Carazo-Salas et al., 2001; Gruss et al., 2001). When an aster
exceeded the size of a typical Ran-induced aster (small aster), which was
typical of MCAK-depleted extract, the aster was categorized as a large aster.
MT aggregates formed in MCAK-depleted extracts and were typified by a
size that grossly exceeded the size of large asters in the MCAK-depleted
extract. These MT aggregates did not have a focused pole, and the MTs were
often arranged parallel to one another. In Figure 4B, spindles and small asters
were grouped into the category called “Small Asters and Spindles” to repre-
sent structures that were rescued in comparison to large asters, which were
nonrescued structures typical of the MCAK-depleted phenotype. In Figure
4C, small asters and large asters were grouped into an “Aster” category to
exemplify the increased spindle formation that was observed with GM(2-592).
The data are graphed as either the mean percentage of small asters and
spindles or large asters from the total number of asters and spindles for each
construct (Figure 4B) or as the mean percentage of asters, spindles, or MT
aggregates from the total number of structures for each construct (Figure 4C).
The mean percentages were determined from three independent experiments
and graphed with the SEM using Excel (Microsoft). Statistical significance was
determined with a Student’s t test performed in Excel and was considered
significant if p < 0.05. Images were taken with a 40X 1.0 NA Plan Fluor oil
objective on a Nikon 90i microscope and processed equivalently in Photoshop
and assembled in Illustrator (Adobe).

RESULTS

The C-terminal Domain and Neck Are Required for
Robust MT Depolymerization Activity

To study MCAK domain function biochemically with puri-
fied proteins and physiologically in egg extracts, five dele-
tion constructs with N-terminally tagged GFP were ex-
pressed in insect cells and purified to near homogeneity
using conventional chromatography (Desai et al., 1999b;
Supplementary Figure 1). The modifications removed the
N-terminal domain, the neck, and/or the C-terminal domain
(Figure 1A). All constructs contained the catalytic domain.
For simplicity, GFP-MCAK is referred to as GMCAK, and
the GMCAK modified proteins are referenced as GM fol-
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Figure1l. The C-terminal domain and neck of MCAK are necessary
for efficient MT depolymerization activity. (A) Schematic diagram of
expressed and purified MCAK proteins. The GFP tag is located on
the N-terminus but was omitted from the diagrams for simplicity. (B
and C) GMPCPP stabilized MTs (1 uM) were incubated with in-
creasing concentrations of enzyme (0-1 uM) for 30 min in saturating
MgATP at room temperature. MTs were sedimented, and the solu-
ble tubulin heterodimer removed. Equal volumes of soluble tubulin
and MT pellets were electrophoresed on 10% SDS polyacrylamide
gels, and the gels were stained with Colloidal Coomassie Blue. The
percentage of soluble tubulin was quantified from the stained gels
and plotted against the log of the enzyme concentration. The four-
parameter logistic equation was used to determine the ECs, con-
centrations of each enzyme from four or more individual experi-
ments. The curves represent the best fit curve to the data with each
point represented by the mean *+ SEM.

lowed by the amino acids included in the protein. From
hydrodynamic analysis, GMCAK has a native molecular
weight of 262 kDa, which is slightly larger than its predicted
dimeric molecular weight of 220 kDa, suggesting an ex-
tended conformation (Hertzer et al., 2006). In contrast,
GM(187-592) has a native molecular weight of 74 kDa, which
is almost identical to its predicted monomeric molecular
weight of 75 kDa (Hertzer et al., 2006). Consistent with the
C-terminal domain being responsible for dimerization and
being extended, GM(187-731) and GM(263-731) also mi-
grated on gel-filtration with molecular weights that were
larger than that predicted for dimers (our unpublished
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data). GM(263-592), which lacked both the N- and C-termi-
nal domains, eluted as a monomeric protein by gel filtration
chromatography (our unpublished data). GM(2-592) mi-
grated on gel filtration and sucrose gradients with a molec-
ular weight that was larger than a monomer but smaller
than a dimer. The N-terminal domain alone was not suffi-
cient for dimerization in either two-hybrid or hydrodynamic
assays (our unpublished data); therefore we conclude that
GM(2-592) is most likely a monomeric protein, although we
cannot rule out the possibility that it forms a weak dimer
(Maney et al., 2001). Together, these data suggest that the N-
and C-terminal domains may exist in an extended state,
whereas the neck and catalytic domain in combination or the
catalytic domain alone may be more globular.

MCAK is a potent MT depolymerase (Desai ef al., 1999b;
Hunter et al., 2003; Hertzer et al., 2006), and to study subtle
differences in MT depolymerization activity, we used the
dose response assay described previously (Hertzer ef al.,
2006), but changed the salt conditions to physiological ionic
strength (100 mM) because we wanted to compare these in
vitro activities to physiological activities in Xenopus extracts
that are described below. The dose response or ECs, assay
provided us an overview of the catalytic efficiency of each
protein as a function of the enzyme concentration needed to
depolymerize a given concentration of MTs at a fixed time
point. In addition, to elucidate the mechanisms for any
differences in MT depolymerization activities between the
mutants, MT end binding and tubulin competition assays
were used to give snap shots of two steps in the MT depo-
lymerization cycle (Moore and Wordeman, 2004; Moore et
al., 2005; Hertzer et al., 2006). The visual MT end binding
assay illustrated the specificity by which the various mu-
tants bound MTs and MT ends. Thus, we expected the
proficient mutant MT depolymerases to bind MTs and MT
ends well and the poor MT depolymerases to bind poorly to
MTs and MT ends. The gel-based tubulin competition assay
demonstrated how well the mutant proteins bound MTs in
the presence of excess tubulin as an indication of how well
the enzymes bound tubulin heterodimer. We predict that the
robust MT depolymerases will bind MTs preferentially and
only minimally associate with tubulin heterodimer as seen
previously with wild-type MCAK (Moore et al., 2005;
Hertzer et al., 2006). Together, these analyses provided a
means to quantify the biochemical competency of each en-
zyme as described below.

Under physiological buffer conditions, 1.45 nM GMCAK
depolymerized 50% of 1 uM MTs in 30 min (Figure 1B;
Supplementary Table 1). Similar to previous work, MT end
binding assays illustrated that full-length GMCAK bound
MTs well and bound MT ends with high specificity (Sup-
plementary Figure 2; Moore and Wordeman, 2004; Hertzer
et al., 2006). Similarly, tubulin competition assays demon-
strated that GMCAK only marginally released from MTs in
the presence of excess tubulin heterodimer (Supplementary
Figure 3), which was consistent with previous results
(Moore et al., 2005; Hertzer et al., 2006). Deletion of the
N-terminal domain in GM(187-731) resulted in an ECs, of
144 nM, which was not significantly different from
GMCAK. This indicated that GM(187-731) is also a potent
MT depolymerase. MT end binding and tubulin competition
assays confirmed that GM(187-731) is a potent MT depoly-
merase because it bound MTs and released from MTs in the
presence of excess tubulin in a manner essentially indistin-
guishable from GMCAK (Supplementary Figures 2 and 3).
In sharp contrast, further truncation of the N-terminus,
which deleted the neck in GM(263-731), resulted in a ~150-
fold reduction in the ECs, for MT depolymerization (213
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nM; p < 0.0001; Figure 1B; Supplementary Table 1). MT end
binding experiments indicated that GM(263-731) did not
depolymerize MTs well because it bound MTs poorly and
with reduced MT end specificity (Supplementary Figure 2).
Interestingly, in the tubulin competition assays only twofold
more GM(263-731) released from MTs in the presence of excess
tubulin over that which did not bind MTs, suggesting that
GM(263-731) has a low tubulin affinity similar to GMCAK
(Supplementary Figure 3). These results are in agreement with
previous results showing that the neck domain is very impor-
tant for robust MT depolymerization activity (Maney ef al.,
2001; Ovechkina et al., 2002; Hertzer et al., 2006).

Removal of the C-terminal domain in GM(2-592) resulted
in a modest decrease (~2-fold) in the ECs, for MT depoly-
merization (2.63 nM) that was statistically different in com-
parison to GMCAK (p < 0.001; Figure 1C; Supplementary
Table 1). The MT end binding results suggest that in com-
parison to GMCAK, GM(2-592) had a very small but statis-
tically significant reduction in MT end binding (p < 0.01;
Supplementary Figure 2). In the tubulin competition assays,
there was a slightly reduced ability to bind MTs (p < 0.01),
but a nearly fourfold increase in the amount of GM(2-592)
that released from MTs in the presence of excess tubulin
(p < 0.0001; Supplementary Figure 3). Given the magnitude
of the differences between GM(2-592) and GMCAK tubulin
binding, we favor the idea that GM(2-592) is likely defective
in its ability to release tubulin dimer at the end of its catalytic
cycle, similar to what has been observed previously for
another monomeric MCAK construct (Hertzer et al., 2006).
However, we cannot exclude the possibility that this result is
due to a decreased ability of GM(2-592) to diffuse along the MT
lattice. Together our in vitro results so far support the ideas that
the C-terminal domain is necessary and that the N-terminal
domain is dispensable for efficient MT depolymerization (sum-
marized in Figure 5).

Similar to our previous report (Hertzer et al., 2006),
GM(187-592) had a fourfold reduction in the ECg, for MT
depolymerization (5.46 nM) in relation to GMCAK (p <
0.0001; Figure 1C; Supplementary Table 1). Overall, GM(187-
592) bound MT ends with slightly lower specificity (p <
0.001), bound MTs with a slightly lower affinity (p < 0.05),
and bound tubulin dimer fivefold more robustly (p < 0.01)
than GMCAK (Supplementary Figures 2 and 3). This indi-
cates that perhaps GM(187-592) is less adept at targeting
specifically to MT ends or diffusing along the MT lattice as
well as releasing from tubulin dimer in the final step of MT
depolymerization, which is consistent with our previous
results (Hertzer et al., 2006). Because removal of the N-
terminal domain severely affected the depolymerization ac-
tivity of GM(187-592) relative to GM(2-592), these results
suggest that the N-terminal domain of MCAK may play a
small role in regulating the in vitro MT depolymerization
activity, especially when the C-terminal domain is absent.
From our previous work with minimal domain MCAK, it is
likely that GM(2-592) and GM(187-592) both get stuck at
tubulin release, whereas GM(187-592) also gets stuck on the
MT lattice, thereby further reducing its MT depolymeriza-
tion potency (Hertzer et al., 2006). These results indicate that
GM(2-592) and GM(187-592) likely have similar biochemical
mechanisms, which in part is due to them being monomeric.

Interestingly, removal of the neck domain from GM(187-
592) to create GM(263-592) resulted in a protein with a
13-fold higher MT depolymerization activity (16 nM) than
GM(263-731; p < 0.0001) and an 11-fold lower MT depoly-
merization activity than GMCAK (p < 0.0001; Figure 1C;
Supplementary Table 1). MT end binding and tubulin com-
petition assays indicate that GM(263-592) was able to bind
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Figure 2. The N-terminal domain of MCAK
is required for efficient spindle assembly. CSF
extracts were depleted of endogenous MCAK
(MA) or mock-depleted with IgG (IgGA), cy-
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MTs better than GM(263-731) but bound to MT ends less
well than GMCAK, consistent with their differences in MT
depolymerization activities (Supplementary Figures 2 and
3). In addition, GM(263-592) released from MTs in the pres-
ence of excess tubulin more robustly than GMCAK and
GM(263-731; Supplementary Figure 3). These results sup-
port the idea that the neck is minimally required for 1-D
diffusion (Ovechkina et al., 2002; Helenius et al., 2006), be-
cause all proteins except the neckless mutants targeted to
MT ends effectively.

Overall, our data support previous work showing that the
neck domain is critical and that dimerization is important to
MCAK-induced in vitro MT depolymerization activity
(Maney et al., 2001; Ovechkina et al., 2002; Hertzer et al.,
2006). However, our results extend previous analyses to
indicate that the C-terminal domain positively influences
MCAK MT depolymerization activity when the neck do-
main is present, but becomes inhibitory when the neck do-
main is absent, suggesting a mechanistic interplay between
the C-terminal domain and neck that is necessary for effi-
cient MT depolymerization activity.

The N-Terminal Domain Is Required for Efficient Spindle
Assembly in MCAK-depleted Extracts

Although our in vitro work gave us new insights into the
biochemical mechanism of MCAK, we were interested in
understanding how it related to the physiological function
of MCAK. Thus, Xenopus CSF extracts were depleted of
endogenous MCAK, reconstituted with GMCAK or the var-
ious domain mutants (Supplementary Figure 4), and as-
sayed for spindle assembly. The extracts were cycled into
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interphase in the absence of MCAK, and GMCAK add-back
was done at the time of the second CSF addition to ensure
that the rescue would show only the effects of the mutants
on spindle assembly and not any defects in the intervening
interphase. MCAK immunodepletion resulted in 80-90%
depletion of endogenous MCAK as determined by Western
blot (Supplementary Figure 4A). Cycled spindle assembly of
control IgG depleted extract with the add-back of recombi-
nant GFP (IgGA + GFP) resulted in a large proportion of
spindles (56 * 10%), a small percentage of large asters (20 =
5%), and a small percentage of intermediary monopolar
structures (23 * 8%) that consisted of small asters and half
spindles (Figure 2; Supplementary Table 2). The spindles in
the control IgG depleted extract were of normal morphol-
ogy, with the majority having normal MT polymer levels
and aligned chromosomes, indicating normal physiological
MT dynamics (our unpublished observations). We consid-
ered this control IgG depletion phenotype as an example of
efficient spindle assembly. In contrast, MCAK depletion and
add-back of recombinant GFP (MA + GFP) resulted in the
complete failure to undergo efficient spindle assembly due
to suppressed MT dynamics. This was exemplified by very
few spindles (4.0 £ 2%, p < 0.05) and the formation of
mainly large asters (61 = 9%, p < 0.01), in comparison to
control IgG depleted extract (Figure 2; Supplementary Table
2). The few spindles that formed had excess MT polymer
and unaligned chromosomes, indicating suppressed physi-
ological MT dynamics (our unpublished results). This
MCAK depletion phenotype is similar to previously reported
results (Walczak et al., 1996). In comparison to the MCAK
depleted extract, add-back of GMCAK (MA + GMCAK) com-
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pletely rescued spindle assembly as the percentage of spindles,
large asters, and monopolar structures were statistically iden-
tical to control IgG depletion (Figure 2; Supplementary Table
2). The majority of the spindles had normal MT polymer levels
and aligned chromosomes, indicating normal physiological
MT dynamics.

Surprisingly, add-back of GM(187-731) [MA + GM(187-
731)], which lacked the N-terminal domain and had full in
vitro MT depolymerization activity, only partially rescued
the MCAK depletion phenotype in comparison to GMCAK.
This was exemplified by a twofold decrease in spindle for-
mation (27 * 8%, p < 0.05; Figure 2; Supplementary Table
2). Of the spindles in the GM(187-731) add-back, many of
them often had excess MT polymer and poor chromosome
alignment in comparison to control IgG or GMCAK add-
back, indicating suppressed MT dynamics (our unpublished
results). This result was very surprising based on the MT
depolymerization and MT binding abilities of GM(187-731).
Further truncation of the N-terminus to remove the neck in
GM(263-731) and add-back to MCAK depleted extracts re-
sulted in GM(263-731) being unable to rescue spindle assem-
bly in comparison to GMCAK (Figure 2). Specifically,
GM(263-731) add-back resulted in an approximate threefold
decrease in spindle formation (20 £ 8%, p < 0.05) and a
threefold increase in large asters (54 = 10%, p < 0.05; Figure
2; Supplementary Table 2). The few spindles that formed in
the GM(263-731) add-back were characterized by excess MT
polymer and wunaligned chromosomes. These results
strongly imply that the N-terminal domain is important and
that the neck is essential for spindle assembly and normal
physiological MT dynamics. Surprisingly, these results indi-
cate that competent in vitro depolymerization activity of
GM(187-731) did not predict its efficient spindle assembly in
extracts. In addition, these results imply that the N-terminal
domain of MCAK is critical for efficient spindle assembly.

Because the N-terminal domain appeared to be important
for spindle assembly in extracts, we next tested the impor-
tance of the N-terminal domain in spindle assembly by
adding back GM(2-592). Interestingly, GM(2-592) rescued
spindle assembly to levels statistically identical to the IgG
control depletion and the GMCAK add-back reactions, indi-
cating that GM(2-592) was efficient at inducing spindle as-
sembly (Figure 2; Supplementary Table 2). In comparison to
GMCAK, GM(2-592) add-back resulted in 57% spindle for-
mation, 20% large asters, and 23% monopolar structures
(Supplementary Table 2). Morphologically the majority of
the spindles that formed in the GM(2-592) add-back extract
had more MT polymer and had more poorly aligned chro-
mosomes than GMCAK spindles, suggesting that perhaps
MT dynamics were not completely normal (our unpublished
results). Overall, these results imply that the N-terminal
domain of MCAK is critical and the C-terminal domain is
dispensable for spindle assembly. This is completely oppo-
site our in vitro MT depolymerization results in which the
N-terminal domain is dispensable but the C-terminal do-
main is more important for activity. These results suggest
that GM(2-592), which has a twofold reduction in MT depo-
lymerization activity, is able to regulate MT dynamics suf-
ficiently for efficient spindle assembly.

To further test the theory that the N-terminal domain is
necessary for efficient spindle assembly, we added back
GM(187-592), which is missing both the N-terminal and
C-terminal domains, to MCAK depleted extracts. Similar to
GM(187-731), add-back of GM(187-592) only partially res-
cued spindle assembly. In comparison to GMCAK add-back,
add-back of GM(187-592) resulted an approximate twofold
decrease in spindle formation (30 = 7%; p < 0.05), which
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was identical to what we found for GM(187-731) (Figure 2;
Supplementary Table 2). This result is interesting because
GM(187-731) and GM(187-592) differed in their in vitro MT
depolymerization, MT end binding, and tubulin binding
assays. These results suggest that the C-terminal domain of
MCAK may not play a major role in spindle assembly,
despite its importance in regulating MT depolymerization
activity in vitro or that a twofold reduction in depolymer-
ization activity is sufficient for efficient spindle assembly.
Finally, add-back of GM(263-592) to MCAK-depleted ex-
tracts rescued spindle assembly poorly and was essentially
identical to GM(263-731) phenotypically and morphologi-
cally (Figure 2). In comparison to GMCAK add-back,
GM(263-592) add-back resulted in a threefold decrease in
spindle formation (17 * 5%; p < 0.01) and a threefold
increase in large asters (59 = 8; p < 0.01; Figure 2; Supple-
mentary Table 2). Overall, these add-back experiments show
that for efficient spindle assembly in egg extracts, the N-
terminal domain is required and the C-terminal domain is
not essential (summarized in Figure 5).

High MCAK MT Depolymerization Activity Is Not
Necessary for Efficient Sperm-induced Spindle Assembly

We were surprised that GM(187-731), which had full in vitro
MT depolymerization activity, did not effectively rescue
spindle assembly and that GM(2-592) fully rescued spindle
assembly despite its decreased in vitro MT depolymeriza-
tion activity. These results suggest that high MT depolymer-
ization activity is not critical for spindle assembly. Because
this finding was unexpected, we next asked if three different
catalytic domain mutations in full-length MCAK that inter-
fere with catalytic activity to varying degrees would pro-
mote spindle assembly in MCAK-depleted extracts. The first
mutation was an arginine-to-alanine modification at residue
522 (R522A) within helix 4 that is analogous to conventional
kinesin K256, which reduces MT binding without affecting
catalysis or MT gliding (Woehlke et al., 1997). In our in vitro
depolymerization assay, GM(R522A) MT depolymerization ac-
tivity was reduced by about twofold (3.15 nM; p < 0.001) in
comparison to GMCAK (1.45 nM), which was similar to the
decrease caused by removal of the C-terminal domain in
GM(2-592) (Figure 3A; Supplementary Table 1). In comparison
to GMCAK add-back, add-back of GM(R522A) to MCAK de-
pleted extracts resulted in similar spindle assembly efficiency
(Figure 3B). Specifically, add-back of GM(R522A) to MCAK
depleted extracts resulted in only a 1.4-fold lower percentage of
spindles (40 = 4%) and a twofold higher percentage of large
asters (36 = 11%) in comparison to GMCAK add-back (Figure
3B; Supplementary Table 2). Despite rescuing spindle assem-
bly, the spindles in the GM(R522A) add-back displayed in-
creased MT polymer and unaligned chromosomes, suggesting
reduced physiological MT dynamics (our unpublished data).
The second mutation we tested was a glutamic acid to
alanine mutation at residue 529 (E529A) in helix 4, which is
within the conserved KECIRAL motif of Kinesin-13s and is
predicted to be critical for MT depolymerization (Niederstasser
et al., 2002; Hertzer et al., 2003; Ogawa et al., 2004). GM(E529A)
had a 4.5-fold reduced MT depolymerization activity (6.53 nM;
p < 0.0001) in comparison to GMCAK and did not completely
depolymerize the MTs like GMCAK (Figure 3A; Supplemen-
tary Table 1). Add-back of GM(E529A) to MCAK depleted
extracts showed that this mutant rescued spindle formation
similar to GM(R522A) (Figure 3B). In comparison to GMCAK
add-back, add-back of GM(E529A) resulted in a 1.3-fold de-
crease in spindle formation (41 £ 5%), an approximate three-
fold decrease in large asters (6.7 * 3%), and an approximate
twofold increase in monopolar structures (53 *+ 6%; Figure 3B;
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Supplementary Table 2). In addition, the bipolar spindles in the
GM(E529A) did have more MT polymer and unaligned chro-
mosomes similar to GM(R522A) (our unpublished data). Thus,
up to an approximate fivefold reduction in MCAK depolymer-
ization activity did not significantly affect spindle assembly,
suggesting robust MT depolymerization activity is not neces-
sary for efficient sperm-induced spindle assembly.

The third mutation we analyzed was the deletion of the
KVD finger (amino acids 296-308) that is critical for the
ability of MCAK to depolymerize MTs in cells (Ogawa et al.,
2004; Shipley et al., 2004). The MT depolymerization activity
of GM(296-308A) was 11-fold decreased (15.7 nM; p <
0.0001) in comparison to GMCAK (1.45 nM) and was similar
to the depolymerization activity of GM(263-592), a very poor
depolymerase (Figure 3A; Supplementary Table 1). GM(296-
308A) add-back partially rescued spindle assembly in
MCAK-depleted extracts, suggesting that GM(296-308A)
was less efficient at promoting spindle assembly (Figure 3B).
In comparison to GMCAK, GM(296-308A) add-back resulted
in spindle formation that was reduced by only 1.7-fold (31 =
12%), large asters were increased threefold (56 * 14%; p <
0.05), and monopolar structures were twofold reduced (14 =
2%; Figure 3B; Supplementary Table 2). Essentially all the
spindles that formed in the GM(296-308A) reactions had
excess MT polymer and unaligned chromosomes, indicating
suppressed MT dynamics (our unpublished results). Over-
all, this data suggests that robust in vitro MT depolymeriza-
tion activity is not necessary for efficient sperm-induced
spindle assembly such that up to a 4.5-fold reduction in
depolymerization activity is sufficient (summarized in Fig-
ure 5).

Because the N-terminus is necessary for MCAK kineto-
chore-targeting (Maney et al., 1998; Walczak et al., 2002), one
possible explanation for the differences seen in spindle as-
sembly assays relative to the in vitro depolymerization as-

Vol. 18, January 2007

Spindles Large Asters Monopolars

says could be that the GMCAK mutants targeted differently
to kinetochores. To test this idea, we analyzed the localiza-
tion of each GMCAK mutant to kinetochores using MCAK-
depleted extracts in which the microtubule polymerization
was inhibited with nocodazole to enrich for kinetochore
proteins. GMCAK localized prominently to kinetochores in
these targeting assays as seen previously (Supplementary
Figure 5B; Walczak et al., 2002). In contrast, GM(187-731) did
not target to kinetochores (Supplementary Figure 5C). Un-
expectedly, GM(2-592) also did not target to kinetochores
when added back to endogenous levels (100 nM; Supple-
mentary Figure 5D). However, when GM(2-592) was added
back to five times the endogenous level (500 nM), it targeted
to kinetochores nicely (Supplementary Figure 5D’), whereas
add-back of GM(187-731) did not target to kinetochores at
this level (Supplementary Figure 5C’). These results indicate
that GM(2-592) targeted to kinetochores 5- to 10-fold less
efficiently than GMCAK and that the C-terminal domain
positively regulates the degree of kinetochore targeting, sim-
ilar to that demonstrated in mammalian cells (Maney et al.,
1998). In addition, the three catalytic domain mutant pro-
teins targeted robustly to kinetochores in the targeting assay
when added back to 100 nM (Supplementary Figure 5, E-G).
Together, these results support the idea that robust kineto-
chore targeting of MCAK is not necessary for sperm-in-
duced spindle assembly, but is likely important for proper
chromosome alignment as reported previously (Walczak et
al., 2002; Kline-Smith et al., 2004).

The N-Terminal Domain Regulates Physiological MT
Dynamics, and the C-Terminal Domain Regulates Spindle
Bipolarity

One complication of our analysis of spindle assembly reac-
tions is that MTs are nucleated from both centrosomes and
chromatin in the extracts, and therefore it was impossible to
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types is graphed as the mean percentage from the aster and spindle
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dissect whether these two sources of MTs were differentially
affected by MCAK loss. We wanted to identify a physiolog-
ical assay by which we could evaluate MT dynamics without
any contribution from chromatin. Because mostly small as-
ters and a small percentage of bipolar spindles form with the
addition of activated Ran (Kalab ef al., 1999; Ohba et al., 1999;
Wilde and Zheng, 1999; Carazo-Salas et al., 2001; Gruss et al.,
2001), this system may provide a means to directly test the
ability of MCAK to regulate physiological MT dynamics
independent of its role in chromatin-mediated spindle for-
mation. We depleted MCAK and added back GMCAK to
Ran-induced aster assembly reactions (Figure 4). Depletion
of MCAK and induction of aster assembly by addition of
His-RanL43E resulted in the formation of a very small per-
centage of spindles and small asters (15 = 1%) with the
majority of the structures being large asters (85 * 1%) and
large MT aggregates (28 * 3%; Figure 4; Supplementary
Table 3). This phenotype indicates that the physiological MT
dynamics in the extract are severely suppressed in response
to MCAK depletion, and is similar to the sperm-induced
phenotype of MCAK depletion. Add-back of physiological
levels of GMCAK (100 nM), as we did in the chromatin-
induced spindle assembly assay, resulted in mostly small
asters and a small percentage of spindles with a substantial
percentage of large MT aggregates (our unpublished data).
Instead, add-back of GMCAK to twice the physiological
level (200 nM) was needed to reduce the large MT aggre-
gates to near control IgG levels (6 = 2%) while maintaining
high percentages of small asters and spindles (86 *= 5%;
Figure 4, B and C; Supplementary Table 3). Thus, the Ran
system allowed us to study the contributions of the GMCAK
mutants to the regulation of physiological MT dynamics.

Add-back of GM(187-731) poorly rescued the MCAK-de-
pleted phenotype of mainly large asters, suggesting that
GM(187-731) is unable to properly regulate physiological
MT dynamics in the extract (Figure 4). Specifically, add-back
of GM(187-731) resulted in mostly large asters (68 * 4%; p <
0.001) and a small percentage of small asters and spindles
(32 = 4%; p < 0.001) with a high percentage of MT aggre-
gates (23 * 7%; p < 0.05) in comparison to add-back of
GMCAK (Figure 4, B and C; Supplementary Table 3). This
result strongly implies that GM(187-731) did not rescue
sperm assembled spindles well because it was much less
active in the extracts than in assays with purified MTs.
Because GM(187-731) is a potent in vitro MT depolymerase,
the extract results indicate that GM(187-731) activity was
mis-regulated in the extract. Therefore, in addition to kinet-
ochore targeting, the N-terminal domain of MCAK is likely
necessary for the regulation of proper physiological MT
dynamics.

If the hypothesis is true that the proper regulation of
MCAK depolymerization activity via the N-terminal do-
main is necessary for spindle assembly, then we would
expect GM(2-592) to rescue the MCAK-depletion phenotype
in the Ran system. Indeed, add-back of GM(2-592) fully
rescued the MCAK depletion phenotype (Figure 4), indicat-
ing that the N-terminal domain is necessary for regulating
physiological MT dynamics. Specifically, add-back of GM(2-
592) resulted in 85 = 3% small asters and spindles and only
15 = 3% large asters, which were statistically equivalent to
add-back of GMCAK (Figure 4B; Supplementary Table 3).

total plus the SEM from three independent experiments. Small
asters and spindles, which represent rescued structures, were com-
bined and are compared with large asters. An asterisk indicates
significant difference relative to GMCAK add-back.
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Depolymerization MTEnd Tubulin Sperm-Induced Kinetochore = Ran-Induced
Activity Binding Binding Spindle Assembly Targeting Aster Assembly
wGMCAK + 4+ + + 4+ + + + 4+ + + 4+ + + 4+ +
mem(1s7.731) ++ + + ++ + + + + - + +

Figure 5. Summary of the in vitro and extract
activities of GMCAK and its various mutants. w GM(263-731) +- + - ++ +/- ND ND
The data from each experiment are summarized
with plus signs to delineate the extent of activity. =~ @G0@»  GM(2-592) T+ +++ ++ 4+ +H++ + e+t
Four consecutive plus signs indicate the highest
activity (+ + + +) and a minus sign indicates a@®  GM(187-592) ++ tHE b+t ++ ND ++
no activity (—). ND indicates activity was not
determined for that assay. Each GMCAK mu- @ GM(263-592) + +/ - +++ +/- ND ND
tant is represented schematically based on the
domain(s) deleted or mutated. The domains are wp GM(R522A) ++ + ND ND ++++ ++++ + 4+ ++
as depicted in Figure 1. The catalytic domain
mutants are full-length GMCAK proteins with w GM(E5294) ++ ND ND R 4+ 4
either a point mutation (R522A or E529A) or a
13-amino acid deletion (296-308A) within the w GM(296-3084) + ND ND PRy P -

catalytic domain.

Surprisingly, GM(2-592) add-back to MCAK-depleted ex-
tracts dramatically increased the number of spindles that
formed (52 = 8%) to levels higher than control IgG depleted
extract (10 = 1%; p < 0.05; Figure 4, A and C; Supplemen-
tary Table 3). This increase in spindle assembly over control
IgG depletion was also seen with add-back of 100 nM GM(2-
592), but was not observed when GM(2-592) was added to
non-MCAK depleted extracts (our unpublished results). In-
creased spindle assembly with GM(2-592) add-back was
completely unexpected and suggests that MCAK may have
an undefined role in promoting spindle bipolarity that is
likely promoted by the N-terminal domain and inhibited by
the C-terminal domain. To fully assess the importance of the
N-terminal domain in MT depolymerization activity in the
absence of the C-terminal domain, GM(187-592) was added
back to the extract. Similar to the sperm induced add-back
assay, GM(187-592) did not fully rescue the MCAK deple-
tion phenotype in the Ran-induced assembly assay (Figure
4, A and B; Supplementary Table 3). Specifically, add-back of
GM(187-592) resulted in a twofold decrease in small aster
and spindle formation (41 = 6%, p < 0.01), a fourfold
increase in large aster formation (59 * 6%, p < 0.01), and a
threefold increase in MT aggregates (18 = 3%, p < 0.05) in
comparison to GMCAK add-back (Figure 4; Supplementary
Table 3). These results support the idea that the N-terminal
domain of MCAK is essential for the proper regulation of
physiological MT dynamics in extracts.

Our sperm-induced spindle assembly assays with the cat-
alytic domain mutants suggested that robust MT depoly-
merization activity is not critical for spindle assembly, but it
was unclear how their decreased activity would affect phys-
iological MT dynamics in the absence of chromatin.
GM(R522A) add-back rescued the MCAK depletion pheno-
type similar to GMCAK, indicating that GM(R522A) has
wild-type physiological MT depolymerization activity (Fig-
ure 4). In particular, GM(R522A) add-back resulted in a high
percentage of small asters and spindles (73 + 10%), a rela-
tively low percentage of large asters (27 * 10%), and a small
percentage of MT aggregates (4 = 1%), which were statisti-
cally identical to GMCAK add-back (Figure 4, B and C;
Supplementary Table 3). In contrast, add-back of GM
(E529A) poorly rescued the MCAK-depleted Ran aster phe-
notype and was similar to GM(187-731) and GM(187-592)
add-back (Figure 4, A and B). Add-back of GM(E529A)
resulted in a 2.5-fold decrease in small asters and spindles
(85 £ 9%, p < 0.01) and an approximate fivefold increase in
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large asters (65 = 9%, p < 0.01) in comparison to GMCAK
add-back, suggesting that GM(E529A) had a reduced ability
to regulate physiological MT dynamics (Figure 4B; Supple-
mentary Table 3). Add-back of GM(296-308A) failed to res-
cue the MCAK-depleted phenotype entirely and had an
approximate sixfold decrease in small asters and spindles
(15 £ 5%; p < 0.001), a sixfold increase in large asters (85 *
5%; p < 0.001), and a fivefold increase in MT aggregates
(80 = 8%; p < 0.05) in comparison to GMCAK add-back
(Figure 4; Supplementary Table 3). The GM(296-308A) phe-
notype was essentially identical to the MCAK-depleted phe-
notype in which physiological MT dynamics are drastically
suppressed (Figure 4; Supplementary Table 3). These results
are different from the sperm-induced spindle assembly as-
say in which GM(E592A) and GM(296-308A) were able to
rescue the MCAK depletion phenotype to some degree.

Together the results from the sperm-induced and Ran-
induced spindle assembly assays indicate that in the pres-
ence of chromatin, robust MCAK MT depolymerization ac-
tivity is not important for spindle assembly, but becomes
critical in the absence of chromatin. We believe that it is
likely that chromatin exerts an additional level of control
over the regulation of MT dynamics, which may aid in
spindle assembly when MCAK activity is less robust. Over-
all, our results indicate that high MCAK MT depolymeriza-
tion activity in vitro (ECs, 1.45-3.15 nM) is sufficient for the
proper regulation of physiological MT dynamics, that phys-
iological MCAK MT depolymerization activity is regulated
through the N-terminal domain, and that MCAK promotes
bipolar spindle assembly through an interplay between the
N- and C-terminal domains (summarized in Figure 5).

DISCUSSION

The Interplay of the Neck and C-Terminal Domain
Regulates MCAK In Vitro Activity

Using purified proteins, we demonstrate that robust in vitro
MT depolymerization by MCAK relies on the neck for effective
MT end binding and the C-terminal domain for efficient tubu-
lin release, indicating an important interplay between the neck
and C-terminal domain. Our current and previous data are
consistent with the model that the C-terminal domain is nec-
essary to keep the MCAK catalytic domain in an inactive state
by inhibiting lattice-stimulated ATPase activity until the MT
end is contacted where the C-terminal domain “primes”
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MCAK for MT depolymerization by activating the catalytic
domain (Moore and Wordeman, 2004). We would like to ex-
tend this model to suggest that the neck and the C-terminal
domain are flexible allowing them to bind and release one
another directly to promote activity, that the neck is necessary
to release the inhibitory hold of the C-terminal domain, that the
neck is required for MT end targeting, and that the C-terminal
domain is essential for quick tubulin dimer release. Such inter-
play between the domains of kinesin is not unheard of. The
conventional kinesin tail domain folds back onto the stalk and
hinge region, inactivating the enzyme, and upon binding sub-
strate the stalk-tail unfolds, activating the enzyme (Coy et al.,
1999; Friedman and Vale, 1999; Bathe et al., 2005; Adio ef al.,
2006). In addition, it is proposed that most kinesin necks pro-
vide the power stroke for motility by docking/undocking with
the catalytic domain (Vale et al., 2000). With regards to MCAK,
the crystal structure shows that the neck is flexible (Ogawa et
al., 2004) and therefore may directly contact the catalytic do-
main and C-terminal domain. Additionally, our gel-filtration
data and previous electron microscopy analysis of Kif2 (Noda
et al., 1995) suggest that MCAK can exist in an extended or a
compact state, supporting the idea that the N- and C-terminal
domains are flexible. Our model also explains the unusual
finding that GM(263-592) depolymerized MTs better than
GM(263-731). The model predicts that GM(263-731) stays in a
folded inactivated state, because it is missing the neck. In
contrast, GM(263-592) is not as inhibited, due to the missing
C-terminal domain. But, because GM(263-592) lacks both the
neck and the C-terminal domain, it is a poor depolymerase.
Thus, for robust MT depolymerization activity, we propose
that MCAK requires an interaction between the neck and C-
terminal domain to target effectively to MT ends, to activate
MT end-stimulated ATPase activity, and to efficiently release
from tubulin heterodimer in the final steps of catalysis.

Robust MT Depolymerization Activity Is Not Necessary
for Sperm-induced Spindle Assembly

We were surprised by our finding that full MCAK depoly-
merization activity was not necessary to get efficient sperm-
induced spindle assembly. One explanation could be that
the maximum depolymerization activity at physiological
ratios of MCAK to tubulin is most important. In our in vitro
MT depolymerization assays, the ECs, of GMCAK is ~1.5
nM using 1 uM MTs (or a ratio of ~1 MCAK to 1000 tubulin
dimers). In contrast, the physiological ratio of MCAK to
tubulin is 1-100. Perhaps, if the EC5, value is <10 nM, any
differences are insignificant. Alternatively, it may be more
appropriate to ask how much of the MTs can be fully depo-
lymerized in the in vitro assays when the concentration of
enzyme is 10 nM. Using this analysis, GMCAK and GM(2-
592) maximally depolymerize MTs at 10 nM enzyme, which
suggests that GM(2-592) activity is sufficient. In contrast,
GM(E529A), which rescued spindle assembly effectively,
only depolymerizes ~40% of the MTs at 10 nM enzyme. Is
this sufficient? We think not, because the ECs, results of
GM(2-592) and the catalytic domain mutants correlate with
the extent of rescue in the Ran aster assay, implying that
ineffective in vitro depolymerases are ineffective physiolog-
ical depolymerases. Perhaps kinetochore and/or chromatin
localization was a factor for the ability of GM(E529A) to
rescue sperm-induced spindle assembly, and not solely de-
polymerization activity. Indeed, all the GMCAK mutants
that did not bind kinetochores at all were poor rescuers of
sperm-induced spindle assembly. However, GM(2-592) is a
poor kinetochore binder, but was very effective at rescu-
ing spindle assembly. This suggests that spindle assembly
does not require robust MCAK kinetochore binding. Per-
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haps chromatin exerts an additional level of control over
the regulation of MT dynamics independent of MCAK,
which may aid in spindle assembly when MCAK activity
is less robust (Heald et al., 1996; Karsenti and Vernos,
2001).

The Interplay of the N- and C-Terminal Domains
Regulates Physiological MT Dynamics and Spindle
Bipolarity

Surprisingly, physiological analysis of the MCAK domains
demonstrated that the N-terminal domain is critical for reg-
ulating physiological MT dynamics, for promoting spindle
bipolarity, and for controlling kinetochore targeting. Of the
noncatalytic domain mutants, only GM(2-592) rescued spin-
dle assembly in MCAK-depleted extracts and targeted to
kinetochores, suggesting that physiologically the N-terminal
domain regulates the activation of MT depolymerization by
controlling the interplay of the neck with C-terminal do-
main. Despite missing the C-terminal domain, the N-termi-
nal domain in GM(2-592) is sufficient to adequately regulate
the activation of MT depolymerization activity to control
physiological MT dynamics. In addition, GM(2-592) targets
to kinetochores, albeit less efficiently, which may play into
its ability to rescue spindle bipolarity. But interestingly,
GM(2-592) dramatically enhanced spindle bipolarity in the
Ran aster assay, suggesting that perhaps GM(2-592) fully
rescued spindle assembly because GM(2-592) enhanced bi-
polarity and not simply because of its ability to regulate MT
dynamics. This finding raises the question, “Is the presence
of GM(2-592) sufficient to activate bipolarity by gain of
function?” The answer appears to be “No,” because adding
GM(2-592) to nondepleted extracts does not cause enhanced
spindle bipolarity. Thus, MCAK might naturally promote
spindle bipolarity by an unknown mechanism, and the C-
terminal domain then limits the extent of bipolarity.

We are left with the question, “Why is the C-terminal
domain needed?” Undoubtedly, the C-terminal domain is
required for robust in vitro MT depolymerization activity
via the interplay with the neck and efficient enzymatic recy-
cling. We believe that robust MT depolymerization activity
is physiologically important, but at spatially distinct places
within the spindle. For example, an efficient MT depoly-
merase is critical at kinetochores to correct mal-attachments
(Walczak et al., 2002; Kline-Smith ef al., 2004; Knowlton et al.,
2006). In support of this idea, GM(2-592) and GM(R522A)
have reduced in vitro depolymerization activities and cause
excess MT polymer and unaligned chromosomes within
spindles. In addition, the C-terminal domain, in conjunction
with the N-terminal domain, is needed for +TIP tracking
(Moore et al., 2005). We also find that both the N- and
C-terminal domains are needed for +TIP tracking, as neither
GM(2-592) or GM(187-731) track MT ends (our unpublished
results). These results imply that +TIP tracking is not re-
quired for spindle assembly, because GM(2-592) promotes
spindle bipolarity, but does not +TIP track. Perhaps +TIP
tracking is more important in interphase than in mitosis.

Our findings then leave open the question of how MCAK
activity might be spatially and temporally controlled. Phys-
iologically, this interplay will likely be regulated by proteins
interacting with the N- and/or C-terminal domains. Perhaps
MCAK phosphorylation regulates more than just MCAK
depolymerization activity and localization to centromeres
(Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004;
Sampath et al., 2004). Consistent with this idea, an Aurora B
phospho-mutant of MCAK (MCAK-4A) targets effectively to
centromeres, maintains wild-type MT depolymerization ac-
tivity, but is unable to promote spindle bipolarity in MCAK-
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depleted extracts (Ohi et al., 2004). It is interesting to note
that all of the MCAK Aurora B phosphorylation sites map to
the N-terminal and neck domains, so one can readily envi-
sion how phosphorylation of these domains might alter
interaction with the C-terminus and thus regulate the inter-
play between the domains. Given that MCAK is a substrate
of multiple kinases, it is likely that phosphorylation will be
a key mechanism to regulate MCAK activity during spindle
assembly.
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