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MCAK belongs to the Kinesin-13 family, whose members depolymerize microtubules rather than translocate along them.
We defined the minimal functional unit of MCAK as the catalytic domain plus the class specific neck (MD-MCAK), which
is consistent with previous reports. We used steady-state ATPase kinetics, microtubule depolymerization assays, and
microtubuleeMCAK cosedimentation assays to compare the activity of full-length MCAK, which is a dimer, with
MD-MCAK, which is a monomer. Full-length MCAK exhibits higher ATPase activity, more efficient microtubule end
binding, and reduced affinity for the tubulin heterodimer. Our studies suggest that MCAK dimerization is important for
its catalytic cycle by promoting MCAK binding to microtubule ends, enhancing the ability of MCAK to recycle for
multiple rounds of microtubule depolymerization, and preventing MCAK from being sequestered by tubulin het-

erodimers.

INTRODUCTION

Microtubules (MTs) are cytoskeletal polymers that serve two
main cellular functions: they form tracks on which molecu-
lar motor proteins sort and deliver cellular components
(Hirokawa and Takemura, 2004), and they are essential for
the assembly of the mitotic spindle (Kline-Smith and Walc-
zak, 2004). MTs are made of «/f tubulin heterodimers that
assemble longitudinally to form protofilaments, 13 of which
associate laterally to form the MT. MTs exhibit a behavior
known as dynamic instability, in which populations of MTs
coexist in states of growth and shrinkage and interconvert
randomly between these two states (Desai and Mitchison,
1997; Nogales, 2000). Although solutions of purified tubulin
exhibit dynamic instability, cellular factors have been shown
to be important modulators of MT dynamics (Cassimeris
and Spittle, 2001).

One important class of MT regulatory proteins is the
Kinesin-13 family (Lawrence et al., 2004; Miki et al., 2005).
Kinesin-13 family members, including MCAK (Kif2C),
pKinl, and Kif2A, depolymerize MTs in vitro (Desai et al.,
1999; Moores et al., 2002; Hunter et al., 2003) and regulate MT
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dynamics and chromosome segregation in cells (Maney et
al., 1998; Maney et al., 2001; Kline-Smith and Walczak, 2002;
Kline-Smith et al., 2004; Rogers et al., 2004). In addition to its
important function in mitosis (Gaetz and Kapoor, 2004;
Ganem and Compton, 2004), Kif2A is also required for
proper neuronal outgrowth (Morfini et al., 1997; Homma et
al., 2003).

MCAK is a homodimeric molecule that can depolymerize
stabilized MTs as well as dynamic MTs in vitro (Desai et al.,
1999; Hunter et al., 2003; Newton et al., 2004). It is composed
of an N-terminal globular domain that functions in subcel-
lular targeting (Maney et al., 1998, Wordeman et al., 1999;
Walczak et al., 2002; Kline-Smith et al., 2004), a class-specific
neck and catalytic core that are essential for MT depolymer-
ization activity (Maney et al., 2001; Ovechkina et al., 2002;
Ogawa ef al., 2004), and a C-terminal tail that plays a role in
dimerization and regulates ATPase activity (Maney et al.,
2001; Moore and Wordeman, 2004). Although the native
protein is dimeric, a monomeric form consisting of the neck
and catalytic core is sufficient for MT depolymerization in
vitro and in cells (Maney et al., 2001). It was originally
proposed that a dimeric molecule would be necessary to
push apart the lateral interactions of the protofilaments of
the MT lattice, but this hypothesis seems not to be true
because MCAK was shown to act on a single protofilament
during depolymerization (Niederstrasser et al., 2002). The
mechanistic significance for a two-headed molecule in vivo
is therefore unknown.

The MT binding properties of Kinesin-13s are distinct
from other kinesin superfamily members. Both MCAK and
Kif2A bind to tubulin heterodimers and to the MT lattice,
but they seem to exhibit a preference for the ends of MTs
(Desai et al., 1999; Moore and Wordeman, 2004). Physiolog-
ically, this end binding activity may be important for the
recently discovered tip-tracking activity of Kinesin-13s
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(Mennella et al., 2005; Moore et al., 2005). Mechanistically,
this end binding is likely critical as the ATPase activity is
preferentially stimulated by MT ends (Hunter et al., 2003;
Moores et al., 2003). However, the ATPase activity is also
stimulated in the presence of tubulin heterodimers (Moores
et al., 2002, 2003; Hunter et al., 2003; Moore and Wordeman,
2004; Shipley et al., 2004).

Significant insight into how Kinesin-13 family members
function, including a potential role for the class-specific
neck, has been provided in the recently reported crystal
structure of monomeric forms of Kif2C and pKinl (Ogawa et
al., 2004; Shipley et al., 2004). Although the fold and place-
ment of nucleotide in Kinesin-13s are conserved with those
of other kinesins (Sack et al., 1999), the state of the ATP
binding pocket is distinct, suggesting that Kinesin-13s may
use their ATPase cycle differently than conventional kinesin.
Interestingly, in silico modeling demonstrates that the Kine-
sin-13 structures fit better to curved protofilaments (Ogawa
et al., 2004; Shipley et al., 2004), which are thought to be
intermediates of MT depolymerization. In addition, the neck
of Kif2C may associate laterally between the protofilaments
of the MT, indicating that the neck may be crucial for MT
destabilization (Ogawa et al., 2004).

In this study, we compare the activity of two Xenopus
MCAK proteins to further probe the mechanistic cycle of MT
depolymerization. We explored the catalytic differences be-
tween dimeric, full-length MCAK (FL-MCAK) and mono-
meric, minimal domain MCAK (MD-MCAK). Although the
minimal domain of mammalian MCAK has been previously
identified in cellular assays, it has never been fully charac-
terized biochemically in comparison with full-length
MCAK. Our data show that monomeric MD-MCAK exhibits
significantly different properties compared with FL-MCAK.
We propose that dimerization plays an important role in the
catalytic cycle of MCAK-promoted MT depolymerization by
enhancing the ability of MCAK to target to MT ends and by
increasing the dissociation of the MCAK-tubulin het-
erodimer complex. The overall effect is to increase the free
MCAK available for MT end binding to drive another cycle
of ATP-promoted MT depolymerization.

MATERIALS AND METHODS

Cloning and Transfection of Deletion Constructs

MCAK deletion constructs were created by PCR amplification of Xenopus
MCAK library clone pBS11B using sequence-specific primers and cloned back
into pEGFPC1 using Sacl and EcoRV restriction sites or Kpnl and HindIII sites.
Constructs for protein purification were cloned into pFastBacl or pFastBacl-
GFP using Sacl and Kpnl restriction sites. pFastBac1-GFP was created by PCR
amplification of the enhanced green fluorescent protein (EGFP) sequence
from pEGFPC1 and cloned into the BamHI and Sacl sites of pFastBacl. All
constructs were verified by DNA sequence analysis. Constructs were trans-
fected into PtK2 cells and fixed and stained as described previously (Kline-
Smith and Walczak, 2002). Cells were then categorized based on the intensity
of green fluorescent protein (GFP) fluorescence. Cells expressing a moderate
level of GFP fluorescence were scored without knowledge of the MCAK
transfection construct, and the percentage of cells with destabilized MT arrays
was determined for 40-100 cells per transfection as described previously
(Kline-Smith and Walczak, 2002). Images were acquired using a Nikon E-600
with a 40X 1.0 Plan Apo objective and a MicroMax 1300 Y camera (Princeton
Scientific Instruments, Monmouth Junction, NJ). The camera, shutters, and
filters were controlled by MetaMorph (Molecular Devices, Sunnyvale, CA).

Protein Expression and Purification

FL-MCAK (MCAK amino acids 2-731) and MD-MCAK (MCAK amino acids
187-592) protein were expressed in either Sf9 or HighFive insect cells using
the Bac-to-Bac baculovirus expression system (Invitrogen, Carlsbad, CA).
Purification of FL-MCAK, GFL-MCAK (GFP-tagged FL-MCAK), and GMD-
MCAK (GFP-tagged MD-MCAK) was as described previously (Desai et al.,
1999). MD-MCAK was purified similarly to FL-MCAK, except MD-MCAK
purified to near homogeneity with the first cation exchange column and did
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not require further purification. All protein concentrations are reported in
terms of monomer and were determined using gel densitometry of Coomass-
ie-stained gels relative to a BSA standard and quantified by NIH Image.
Because the predicted molecular weight of MD-MCAK is roughly half that of
the predicted molecular weight of FL-MCAK, the band intensities of equal
molar concentrations of MD-MCAK and FL-MCAK on Coomassie-stained
gels (Figures 2 and 6) are not equal. Multiple preparations of both FL-MCAK
and MD-MCAK were used in all experiments.

Molecular Weight Determination

Molecular weights were determined using multiple preps of all proteins at
equal concentrations. Stokes radii were determined using a Superose 6 10/300
GL column in 400 mM KCl, 20 mM PIPES, 1 mM MgCl,, 1 mM EGTA, 0.1 mM
EDTA, 1 mM dithiothreitol (DTT), 10 uM MgATP, 0.1 pg/ml leupeptin,
pepstatin A, chymostatin (LPC) using blue dextran, thyroglobulin, B-amylase,
alcohol dehydrogenase, bovine serum albumin (BSA), carbonic anhydrase,
and cytochrome c as standards. Protein peaks were detected by A,g, readings,
by Coomassie brilliant blue-stained gels, or by Western blot. Stokes radii were
calculated as an average of Laurent and Killander and Porath plots (Porath
and Flodin, 1959; Laurent and Killander, 1964). S values were determined
using BSA, catalase, ovalbumin, carbonic anhydrase, and alcohol dehydroge-
nase as standards. Sucrose gradients were run in 100 mM KCl (or 400 mM
KCl), 20 mM PIPES, 1 mM MgCl,, 1 mM EGTA, 0.1 mM EDTA, 1 mM DTT,
10 uM MgATP, 0.1 ug/ml LPC through a 5-20% sucrose gradient in a
Beckman SW55 rotor for 15 h at 4°C. Fractions (250 pl) were collected
manually, and protein peaks were detected by Western, Bradford reagent, or
by GFP fluorescence with similar results. Molecular weights were calculated
with Equation 1:

M= (6mXR, X AXSXmn)/(1 - vp) 1)

M is the molecular weight, R, is the Stokes radius, A is Avagadro’s number,
S is the sedimentation value, 1 is the solvent viscosity, v is the calculated
protein density from the amino acid composition, and p is the solvent density
(Siegel and Monty, 1966).

Preparation of MT Substrates

Guanylyl-(a,B)-methylene-diphosphonate (GMPCPP)-stabilized MTs were
polymerized from cycled bovine tubulin as described previously (Desai and
Walczak, 2001). Briefly, tubulin was clarified with a high-speed spin for 5 min
at 2°C in a TLA100 rotor (Beckman Coulter, Fullerton, CA) and then poly-
merized in the presence of 0.5 mM GMPCPP (Jena Bioscience USA, San Diego,
CA), 1X BRB80 (80 mM PIPES, pH 6.8, 1 mM MgCl,, and 1 mM EGTA), 1 mM
DTT for 30 min at 37°C. The MTs were then pelleted for 5 min in a TLA100
rotor at 37°C and resuspended in 1X BRB80, 1 mM DTT. GMPCPP- and
paclitaxel-stabilized MTs were made in a similar manner except that pacli-
taxel was added to 10 uM at 20 min after the start of polymerization. After
pelleting, MTs were resuspended in 1X BRB80, 1 mM DTT, 10 uM paclitaxel.
To determine the average length of the MTs, MTs were polymerized in an
identical manner using rhodamine-labeled tubulin, squashed onto coverslips,
and visualized by fluorescence microscopy.

MT Depolymerization Assays

Depolymerization assays were performed using GMPCPP-stabilized MTs.
For a direct comparison between fixed amounts of FL-MCAK and MD-
MCAK, 50 nM enzyme was incubated at room temperature in 1.5X BRB80, 42
mM KCl, 2 mM MgATP, and 1.5 uM MTs. In assays to determine the ECs,
FL- or MD-MCAK was titrated in a reaction (0-128 nM) that included 1 uM
MTs. All reactions were incubated for 15 min at 22°C, and subsequently
centrifuged in a Beckman TLA 100 rotor for 5 min at 90,000 rpm at 22°C. The
pellet was resuspended in the original volume of 1X BRB80, and the super-
natants and pellets were mixed with equal volumes of 2X Laemmli sample
buffer (SB), boiled, and equal volumes were electrophoresed on a 10% SDS-
PAGE gel. The gels were stained with Coomassie Brilliant Blue, scanned, and
the fraction of soluble tubulin heterodimer was quantified by densitometry of
the stained gel using NIH Image. In all cases, the amount of tubulin depoly-
merized in the absence of enzyme was subtracted as background so that the
percentage of microtubules depolymerized is that from enzyme addition
only. The data from at least three independent experiments were combined
and fit to the four-parameter logistic equation or dose-response curve (Equa-
tion 2), and the EC5, was calculated for FL- and MD-MCAK using GraFit 5
software, where Response is the fraction of tubulin heterodimer in the super-
natant, A,;, is the baseline or background response, A, is the maximal
response, logECs is the log of the effective concentration that gives a 50%
response, X is the log of the enzyme concentration, and H is the Hill slope.

Response = Anin + [(Amax ~ Ania)/ (1 + 10055C54)] @

MCAK MT Cosedimentation Assays

The cosedimentation assays shown in Figure 2 were performed using
GMPCPP- and paclitaxel-stabilized MTs (doubly stabilized) as described
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previously (Foster et al., 1998). Equal molar concentrations (1.24 uM) of
purified protein (MD-MCAK or FL-MCAK) were incubated in 1.25X BRB80,
100 mM KCl, and increasing concentrations of doubly stabilized MTs (0.25-8
uM). The reactions were pelleted at 90,000 rpm in a Beckman TLA 100 rotor.
The pellet of each reaction was resuspended in 1X BRB80 equal to the volume
of its supernatant, and then the supernatant and pellet were diluted with
equal amounts of 2X SB. Equal volumes of each sample were analyzed by
SDS-PAGE and stained with Coomassie Blue. The concentration of MCAK
partitioning to the supernatant and pellet was quantified by densitometry of
the stained gel using NIH Image. The data from at least three independent
experiments were fit to Equation 3 to determine the apparent K; of FL- or
MD-MCAK for MTs, where MT-E is the concentration of MCAK partitioning
to the pellet with the MTs. MT, is the tubulin concentration as MTs, and E is
the total MCAK concentration.

MT-E = 0.5 X {(K4 + MT, + E¢) — [(Kq + MT, + E;)*> — 4MTE()]"* (3)

Fluorescence-based MT Binding Assays

End binding assays were performed similarly to Desai et al. (1999). Briefly, 9
nM GFL-MCAK or GMD-MCAK was incubated with 400 nM GMPCPP-
stabilized MTs in 1.5X BRB80, 100 mM KCl, plus or minus 5 mM nucleotide
(MgAMPPNP or MgADP) for 15 min at 22°C (Figure 3). Reactions were fixed
in 1% glutaraldehyde, diluted, and subsequently loaded onto 10% glycerol
cushions in 1X BRB80. Reactions were sedimented for 45 min at 12,000 rpm
at 20°C in a Beckman JS13.1 rotor onto poly-L-lysine-coated coverslips, which
were processed for immunofluorescence to enhance the GFP signal. Anti-GFP
antibodies were raised in rabbits to recombinant EGFP and affinity purified
before use. All subsequent steps were carried out at room temperature. The
coverslips were blocked in AbDil (2% BSA, 0.1% NaNj in Tris-buffered
saline-Triton X [20 mM Tris, 150 mM NaCl, pH 7.5 + 0.1% Triton X-100;
TBS-TX]) for 30 min. All subsequent rinses between antibody incubations
were performed using TBS-TX. Coverslips were incubated in primary anti-
GFP antibody diluted to 2 pg/ml in AbDil for 30 min. They were washed in
TBS-TX and incubated in 1/50 goat anti-rabbit fluorescein isothiocyanate
(Jackson ImmunoResearch Laboratories, West Grove, PA). To visualize MTs,
the coverslips were stained with 1/250 DM1« (Sigma-Aldrich) followed by
1/50 donkey anti-mouse Texas Red (Jackson ImmunoResearch Laboratories).
Images were acquired from at least three independent experiments using a
Micromax 1300 Y camera attached to a Nikon E-600 microscope with a 100X
1.3 Plan Fluor objective. To control for any nonspecific background binding of
our anti-GFP antibody, we also performed the assay in the absence of enzyme.
In no enzyme controls, >98% of the MTs had no staining. Within each
independent experiment, photomicrographs were scaled similarly based on
the average GFP fluorescence. MTs with binding events were then scored
without knowledge of the sample identity. All binding events were compiled
in Microsoft Excel and then analyzed using Student’s ¢ test.

Steady-State ATPase Assays

ATPase assays were performed using the Malachite green colorimetric assay
to detect P; (P;) (Lanzetta et al., 1979). For these experiments, 50 nM FL- or
MD-MCAK was incubated with 2 mM MgATP, 50 mM KCl, 1 mg/ml casein,
1.25X BRB80, and varying concentrations (0—20 uM) of tubulin heterodimer
or doubly stabilized MTs for 30—-60 min at 25°C. The rate of P; release was
linear over this time course. Data were collected and analyzed from at least
three independent experiments, and the plots represent the average of these
experiments. The microtubule concentration dependence data in Figure 5A
were fit to the quadratic equation (Equation 4) because some of the microtu-
bule concentrations used in the experiment were similar to the concentration
of MCAK. The data in Figure 5, B and C, were fit to the Michaelis-Menten
equation (Equation 5). For Figure 5C, the MgATP concentration was varied
(0-1 mM) with doubly stabilized MTs held constant at 8 uM for FL-MCAK
and 4 uM for MD-MCAK. The ATPase rates are reported per active site. Note
that the MT concentration for FL-MCAK at 8 uM was subsaturating; there-
fore, the k., obtained from the ATP concentration dependence experiment
(Figure 5C) was somewhat lower than the k_,, obtained from the MT concen-
tration dependence (Figure 5A).

Rate = 0.5 X kea X {(Kosnr + MT, + Eg) — [(Kosnr + MT, + Eo)®

— 4MTE)]? (4)
Rate = (ke X S)/(K+5) ®)

S is the substrate concentration (tubulin heterodimer or MgATP), k,, is the
maximum rate constant of steady-state ATP turnover, E, is the MCAK con-
centration, MT, is the microtubule concentration, K5 is the steady-state
K., for MTs and represents the concentration needed to provide one-half the
maximal velocity. K corresponds to the K, for tubulin (Kg 5 rupulin) or ATP
(K, ap) and is the concentration of tubulin heterodimer or ATP, respectively,
necessary to provide one-half the maximal velocity.
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Competition Binding Assays

To test the hypothesis that soluble tubulin heterodimer sequestered MD-
MCAK, we designed a MT-"MCAK cosedimentation assay using soluble tu-
bulin heterodimer to compete with the binding sites on the MT polymer
(Figure 6). In this experiment, 500 nM FL- or MD-MCAK was incubated with
3.25 uM doubly stabilized MTs, 1.25X BRB80, and 100 mM KCI in the
presence of increasing concentrations of soluble tubulin heterodimer (0-13
uM) plus 250 uM GDP for 15 min. The GDP was added to decrease the ability
of the added tubulin heterodimer to assemble into MT polymer. After cen-
trifugation, the supernatant and pellet of each reaction were adjusted to equal
volumes and electrophoresed on 10% SDS-PAGE gels. Colloidal Coomassie-
stained gels from three independent experiments were quantified using Im-
age ] software.

The fraction of MCAK partitioning to the pellet was normalized to the
amount of MCAK sedimenting with the MT pellet in the absence of additional
soluble tubulin heterodimer (i.e., 0:1 reactions). The results are presented as a
ratio of soluble tubulin heterodimer to MT polymer. A ratio of 1:1 represents
3.25 uM soluble tubulin heterodimer + 3.25 uM MTs; a ratio of 2:1 represents
6.5 uM soluble tubulin heterodimer + 3.25 uM MTs; and a ratio of 4:1
represents 13 uM soluble tubulin heterodimer + 3.25 uM MTs.

RESULTS

The Identification of the Minimal Domain of MCAK
Necessary for MT Depolymerization

To initiate our biochemical investigations of what features of
Xenopus MCAK are required for MT depolymerization ac-
tivity, we first needed to determine the minimal domain of
MCAK necessary to depolymerize MTs. We screened a se-
ries of GFP-fusion constructs in which MCAK sequences
were deleted using a cellular-based transfection assay
(Kline-Smith and Walczak, 2002) and found that the minimal
domain of MCAK necessary for efficient depolymerization
activity is contained within residues 187-592; we refer to
these residues as the minimal domain of MCAK (MD-
MCAK) (Figure S1 and Table S1). The MD-MCAK charac-
terized here is similar in sequence to other MCAK mono-
mers used for cellular and structural studies (Maney et al.,
2001; Ogawa et al., 2004).

MD-MCAK Is Monomeric and Depolymerizes MTs In
Vitro

To analyze the catalytic mechanism of MCAK, we expressed
and purified FL-MCAK and MD-MCAK as well as GFP
fusions of both proteins for biochemical assays (GFL-MCAK
and GMD-MCAK) (Figure 1, A and B). We tested each pure
protein in a sedimentation-based MT depolymerization as-
say and found that substoichiometric amounts of MD-
MCAK depolymerized GMPCPP-stabilized MTs as well as
FL-MCAK (Figure 1C), showing that both FL-MCAK and
MD-MCAK (as well as the GFP fusion proteins) catalytically
depolymerize MTs.

Because the C terminus of MCAK contains a weak coiled-
coil domain and interacts with itself in yeast two-hybrid
assays (our unpublished data), we performed hydrody-
namic analysis of all proteins to determine their estimated
molecular mass. We found that FL-MCAK and GFL-MCAK
are dimeric but that MD-MCAK and GMD-MCAK are mo-
nomeric (Figure 1D). Because MD-MCAK is the smallest
functional unit of MCAK that exhibited activity equal to that
of FL-MCAK in our cellular assay, and because it is mono-
meric, we used it to probe the mechanistic differences be-
tween MT depolymerization induced by MD-MCAK in di-
rect comparison with FL-MCAK.

FL-MCAK Binds with Greater Specificity to MT Ends
Than MD-MCAK

We first measured the binding affinity of FL- or MD-MCAK
for MTs using a cosedimentation assay in the absence of
added nucleotides (Figure 2). In this experiment, the MTs
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Figure 1. FL-MCAK is dimeric and MD- FL-MCAK MD-MCAK W |
MCAK is monomeric. (A) Schematic repre- NT Neck D cr
sentation of the proteins used in this study.
NT, N terminus; Neck, class-specific neck re- GFL-mcak @1 N T GMD-MCAK a0 |
gion; CD, catalytic domain; CT, C terminus.
The dark gray box within the C terminus v o X
represents the putative coiled coil region. The L < = 3
numbers correspond to amino acid residues. é S § g =
(B) Equal amounts (0.5 ug) of purified recom- B = = 4 a g o C NoM FL-M GFL-M MD-M GMD-M GEP
binant proteins were run on SDS-PAGE gels AEGE=SG 06 S PSPSPSPSPSEP
and stained with Colloidal Coomassie Blue.
Molecular mass markers in kilodaltons are 200 == Fo
indicated on the left. (C) GMPCPP-stabilized 117 »= *
MTs (1.5 uM) were incubated with control 974 % b
buffer (No M) or equal molar amounts (50 66 = il T L T - P - T
nM) of FL-MCAK (FL-M), GFL-MCAK (GFL-
M), MD-MCAK (MD-M), GMD-MCAK 45 = -
(GMD-M), or GFP alone for 30 min at 22°C.
MTs were separated from soluble tubulin =
heterodimer by ultracentrifugation. Superna- 31 - -
tant (S) and pellet (P) were analyzed by SDS-
PAGE followed by Coomassie staining. The
position of tubulin (T) is indicated on the D
right. (D) Purified proteins were analyzed by Hydrodynamic Properties of FL-MCAK and MD-MCAK
sucrose gradient sedimentation and gel filtra- FL-MCAK MD-MCAK GFL-MCAK ___ GMD-MCAK
tion chromatography to determine estimated Stokes Radius (nm) 8.4+0.1 2.8+0.02 9.1+0.2 39+0.03
molecular weights using Equation 1. All val- Sedimentation Coefficient (S) 5710.2 34+0.2 6.810.1 44101
ues represent an average * SEM for at least ~ Calculated Native Molecular Weight (Da) 204,262 41,090 261,954 74,390
Predicted Molecular Weight (Da) 82,582 47,384 110,215 75,000

three experiments.

were doubly stabilized with paclitaxel and GMPCPP to min-
imize destabilization of the MTs during the reaction. We
found that both FL-MCAK and MD-MCAK exhibited simi-
lar microtubule affinities (0.84 uM for FL-MCAK versus 0.70
uM for MD-MCAK). In these cosedimentation assays, the
concentration of MCAK (1.24 uM) to MT (0-8 uM tubulin)
was much higher than in our depolymerization assays (Fig-

L 02505 1 2 3 4 6 8 uMMT
A SPSPSPSPSPSPSPSPS P
R p—— | V)
- - - o ® ©® 97
- - e o o 90909
- — — — - - - - - - MD-M
C MTBinding Affinity
FL-MCAK MD-MCAK
Kd 0.84+0.1 uM 0.70+0.1 uM
MTeE max 1.1+0.02 pM 1.3+0.05 pM

ures 1 and 4); therefore, the high-affinity end binding sites
for MCAK on the MT are saturated, and MCAK is binding to
the MT lattice as well. Thus, the experimentally determined
Ky in this experiment is a composite constant reflecting the
affinity for both the MT ends and the MT lattice. These
results indicate that MCAK is capable of binding to the MT
lattice, but the K4 observed is weaker than the 37-620 nM

MTeE (uM)

04

—8— FL-MCAK
—0O— MD-MCAK

02

0 1 | 1 | 1 | L |
4 6
MT Concentration (uM)

Figure 2. At high ratios of MCAK to MTs, FL-MCAK and MD-MCAK show similar affinities for MTs. (A) FL-MCAK or MD-MCAK (1.24
uM) was incubated in the absence of nucleotide with increasing concentrations of paclitaxel- and GMPCPP-stabilized MTs (0-8 uM) for 15
min at 22°C. FL-MCAK or MD-MCAK bound to MTs was separated from unbound enzyme by ultracentrifugation. Equal volumes of
supernatant (S) and pellet (P) were run on SDS-PAGE gels and stained with Coomassie Brilliant Blue. (B) The amount of FL-MCAK or
MD-MCAK in the supernatant and the pellet was quantified. The binding affinity curves were derived from Equation 3 and represent
averaged data from at least three individual experiments. MT-E is the amount of FL- or MD-MCAK fractionating with MTs. (C) A summary

of the binding affinities.
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constants that have been reported for conventional kinesin
(Kinesin-1), Ncd (Kinesin-14), and monomeric Eg5 (Kinesin-
5), all of which translocate along MTs (Crevel ef al., 1996;
Foster et al., 1998; Cochran et al., 2005). Our next experiments
were designed to evaluate the MT end binding behavior of
MCAK.

Previous work indicates that MCAK binds specifically to
MT ends when MCAK is substoichiometric to the tubulin
concentration (Desai et al., 1999; Hunter et al., 2003; Moore
and Wordeman, 2004). We therefore wanted to determine
whether MD-MCAK had similar end binding properties to
FL-MCAK. To discriminate between the end binding and
lattice binding properties of MCAK, we incubated substoi-
chiometric concentrations of GFL-MCAK or GMD-MCAK
with MTs in the presence of varying nucleotide conditions
and then visualized the MTs by immunofluorescence mi-
croscopy (Figure 3) (Desai et al., 1999; Hunter et al., 2003;
Moore and Wordeman, 2004).

In the absence of added nucleotide and at a molar ratio of
one MCAK head to 44 tubulin heterodimers, GFL-MCAK
was bound to 76 = 5% of the MTs (Figure 3, A and ]) and
was highly enriched at the ends of MTs (Figure 3, B and C).
GFL-MCAK bound exclusively to the ends of the majority of
the MTs (67 = 6%), whereas 25 * 4% of the MTs had
GFL-MCAK bound to both the lattice and MT ends. GFL-
MCAK bound exclusively to the lattice of only 8 = 2% of the
MTs. Unlike GFL-MCAK, GMD-MCAK bound to only 52 =
15% of the MTs, a 1.5-fold decrease in the percentage of MTs
with enzyme bound compared with GFL-MCAK (Figure 3,
A and J). Furthermore, in sharp contrast to GFL-MCAK,
GMD-MCAK exhibited a great reduction in the preference
for MT end binding in comparison with MT lattice binding
(Figure 3, B and C). Overall, there was a significant decrease
in the number of MTs with GMD-MCAK bound to the ends
compared with GFL-MCAK, with a concurrent increase in
the percentage of MTs with GMD-MCAK bound only to the
lattice (Figure 3, B and C). These results suggest that GMD-
MCAK has some preference for MT ends but that GFL-
MCAK has a higher affinity for MT ends than does MD-
MCAK.

Because GFL-MCAK clearly bound preferentially to the
ends without added nucleotide, we wondered whether the
addition of saturating concentrations of a nonhydrolyzable
analogue of ATP (MgAMPPNP) could increase the affinity
of GFL-MCAK for MT ends or enhance the binding of GMD-
MCAK to the ends. Overall, the percentage of MTs bound by
GFL-MCAK or GMD-MCAK did not differ from the exper-
iments in which no additional nucleotide was added (Figure
3, A, D, and ]). However, the distribution of binding events
did change. MgAMPPNP addition significantly reduced the
number of MTs with GFL-MCAK bound only to the ends by
~1.5-fold (Figure 3, B, E, and J), suggesting that MgAMP-
PNP enhances lattice binding and suppresses end binding.
However, the percentage of MTs with end binding was still
greater than the percentage of MTs with lattice binding. For
GMD-MCAK in the presence of MgAMPPNP, the percent-
age of MTs that remained unbound (48 * 5%) was similar to
what was seen without additional nucleotide (48 = 7%).
However, the percentage of MTs with only lattice binding
increased 1.4-fold (Figure 3, B, E, and ]). In general, there
was a distinct shift (2-fold) toward more GMD-MCAK bind-
ing exclusively to the lattice versus exclusively to the end of
the MT. Overall, our data suggest that AMPPNP promotes
lattice binding of MD-MCAK and diminishes end binding of
FL-MCAK.

To further address what effect the nucleotide state of
MCAK has on MT binding properties, we determined
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whether the addition of MgADP altered MT binding. In the
presence of saturating MgADP, both GFL-MCAK and GMD-
MCAK behaved similarly (Figure 3, G, H, and J). The ma-
jority of MTs had no enzyme bound (88 = 8% for GFL-
MCAK and 88 * 6% for GMD-MCAK), suggesting that the
MCAK-ADP state is weakly bound to MTs. Of the few MTs
that did have enzyme present (12% of all the MTs counted),
most of GFL-MCAK and GMD-MCAK were bound to the
lattice and not the MT ends. These data suggest that in the
ADP state, MCAK does not bind well to the MT, and any
binding that does occur is not MT end-specific.

In summary, our end binding analysis indicates that MD-
MCAK does not bind to MT ends with the same high-affinity
as FL-MCAK. Interestingly, we find that the greatest end
binding of FL-MCAK occurs without the addition of nucle-
otide. An ATP-like state (MgAMPPNP) does not increase the
end binding affinity of FL-MCAK and in fact increases
the amount of enzyme on the lattice of the MT. However, the
nucleotide state is less influential for the end binding affinity
of MD-MCAK. These results suggest that the coupling of the
ATP catalytic cycle to high-affinity MT end binding and
presumably MT depolymerization may be differentially reg-
ulated by dimeric FL-MCAK in comparison with monomeric
MD-MCAK.

FL-MCAK Depolymerizes MTs More Efficiently than
MD-MCAK

Because MD-MCAK did not bind with high-affinity to MT
ends, we expected it to be less efficient at inducing MT
depolymerization because end binding is thought to be an
essential part of the depolymerization mechanism (Desai et
al., 1999; Hunter et al., 2003). However, our cellular and
sedimentation-based depolymerization assays revealed no
significant reduction in the activity of MD-MCAK compared
with FL-MCAK; therefore, we needed an assay that was
capable of reproducibly detecting subtle changes in depoly-
merization activity. Because we found that real-time MT
depolymerization assays are highly variable and difficult to
quantify accurately, we used a sedimentation assay in which
we added increasing concentrations of enzyme to determine
the effective concentration at which each enzyme gives 50%
MT depolymerization (ECs,; Figure 4). For each MCAK
concentration analyzed, the fraction of MT polymer to sol-
uble tubulin heterodimer at a fixed time point was quanti-
fied and compared with the log of the enzyme concentration
(Figure 4B; Motulsky and Christopoulos, 2003). At high
MCAK concentrations for both FL-MCAK and MD-MCAK,
the MT polymer was almost completely converted to soluble
tubulin heterodimer (Figure 4A); however, there was a clear
difference in the concentration of enzyme at which there was
50% MT polymer and 50% soluble tubulin heterodimer. The fit
of the data to the dose-response curve provided an ECy, for
FL-MCAK of 5.6 nM and for MD-MCAK of 17 nM (Figure 4C).
These data show that it takes nearly threefold more MD-
MCAK than FL-MCAK to achieve the same molar quantity of
soluble tubulin heterodimer relative to MT polymer.

FL-MCAK Has Higher ATPase Activity than MD-MCAK

To determine the underlying kinetic differences between
FL-MCAK and MD-MCAK that may contribute to the ob-
served differences in depolymerization activity, we mea-
sured the ATPase activity of each protein at concentrations
substoichiometric to MT polymer. In these assays, we used
doubly stabilized MTs, which are more resistant to depoly-
merization, to minimize MT substrate loss during the assay
and to prevent accumulation of tubulin heterodimers in the
assay, which can also stimulate ATPase activity (Moores et
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Figure 3. At substoichiometric ratios of MCAK to MTs, GFL-MCAK binds more effectively to MT ends than GMD-MCAK. GFL-MCAK or
GMD-MCAK (9 nM) was mixed with 400 nM GMPCPP-stabilized MTs for 15 min at room temperature without additional nucleotide (A-C),
in the presence of 5 mM MgAMPPNP (D-F), or in the presence 5 mM MgADP (G-I). Reactions were fixed, sedimented onto coverslips, and
processed for immunofluorescence. MTs were scored for the percentage of binding events (A, B, D, E, G, and H) without knowledge of the
sample identity. Asterisk (*) denotes a statistically significant difference between GFL-MCAK and GMD-MCAK with a p value < 0.05.
Representative micrographs of GFL-MCAK (green) or GMD-MCAK (green) binding to MTs (red) without additional nucleotide (C), or in the
presence of MgAMPPNP (F) or MgADP (I). Bar, 5 um. The localization of GFL-MCAK or GMD-MCAK in fluorescence microscopy binding
assays was quantified (J). The reported value is the average percentage of MTs with GFL-MCAK or GMD-MCAK localization + SEM. n is
the total number of MTs counted from five independent experiments.
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Figure 4. FL-MCAK depolymerizes MTs
more efficiently than MD-MCAK. (A)

GMPCPP-stabilized MTs (1 uM) were incu-
bated with increasing concentrations (0-128
nM) of either FL-MCAK or MD-MCAK in the
presence of saturating MgATP for 15 min at
22°C. Soluble tubulin heterodimer was sepa-
rated from the remaining MTs by centrifuga-
tion. Equal volumes of supernatant (S) and pel-
let (P) were analyzed by SDS-PAGE followed
by Coomassie staining, and the amount of de-
polymerization was then quantified using NIH
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al., 2002, 2003; Hunter et al., 2003; Moore and Wordeman,
2004; Shipley et al., 2004; see below). Both FL-MCAK and
MD-MCAK exhibited a low basal ATPase activity in the
absence of MTs (0.03 = 0.002 s~ 1), and exhibited MT-stim-
ulated ATPase activity (Figure 5A); however, the ATPase
kinetics differed greatly between the two proteins (Figure
5D).

We observed that the k_,, \sr for the FL-MCAK was sig-
nificantly higher than that of the monomeric MD-MCAK
(0.73 versus 0.49 s~ !, respectively; Figure 5A). These data
indicate that each FL-MCAK head hydrolyzes ATP nearly
twofold faster than the single head of MD-MCAK. However,
what is most significant is the K 5 \,1, reflecting that dimeric
FL-MCAK binds MTs much more weakly during ATP turn-
over than monomeric MD-MCAK (2.8 uM for FL-MCAK vs.
0.01 uM for MD-MCAK).

Both FL-MCAK and MD-MCAK also exhibited tubulin
heterodimer-stimulated ATPase activity (Figure 5B). In com-
parison with the MT-stimulated ATPase activity, the overall
magnitude of tubulin heterodimer-stimulated ATPase activ-
ity (Keat Tubuiin) Was significantly lower, indicating that MTs

Image. (B) The combined data derived from at
least three separate experiments were fit to the
dose-response curve (Equation 2). (C) Summary
of the data derived from the graphs in B.

are better stimulators of ATPase activity for both enzymes.
In addition, for both FL-MCAK and MD-MCAK the
Ko 5,1rupmin indicates a weaker affinity for the tubulin het-
erodimer than for the MT polymer. This steady-state kinetic
parameter indicates a dramatic difference in tubulin het-
erodimer affinity for FL-MCAK in comparison with MD-
MCAK, which is relevant to the depolymerization mecha-
nism. For FL-MCAK, the K; 5 rypuiin 15 4.9 1M, suggesting
that the full-length MCAK dimer is bound relatively weakly
to the tubulin heterodimer. In contrast, the K51 puin for
MD-MCAK is 0.06 uM. This 60 nM constant indicates that
the MCAK monomer is very tightly bound to the tubulin
heterodimer.

We also explored MT-activated steady-state kinetics as a
function of MgATP concentration for both FL-MCAK and
MD-MCAK (Figure 5C). Although the K, ,yp constants re-
flect a difference in relative affinity for MgATP, the catalytic
efficiency constants (k /Ky, o1p) are similar: 0.008 uM~*'s~!
for FL-MCAK and 0.007 uM~! s~ for MD-MCAK. These
results indicate that the differences in the ATP turnover are
dictated by the differences in affinity for the MT polymer
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rameters derived from A to C.
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Figure 6. MD-MCAK binds with higher affinity to tubulin het-
erodimer than FL-MCAK. (A) FL-MCAK (FL-M) or MD-MCAK
(MD-M) at 500 nM was incubated in the absence of nucleotide with
paclitaxel- and GMPCPP-stabilized MTs (3.25 uM tubulin) as a
function of soluble GDP tubulin heterodimer (0-13 uwM) for 15 min
at 22°C followed by centrifugation. Equal volumes of the superna-
tant (S) and pellet (P) for each reaction were analyzed by SDS-PAGE
followed by Colloidal Coomassie staining. Because of the high ratios
of total tubulin to MCAK enzyme in each reaction, the regions of
each gel containing FL-MCAK or MD-MCAK were equally contrast-
enhanced relative to the tubulin portion of the gel. T, tubulin. B,
FL-MCAK and MD-MCAK partitioning to the supernatant and the
pellet were quantified. The fraction of MCAK in the pellet in the
absence of additional GDP tubulin heterodimer (0:1) was consid-
ered 100%. The partitioning of MCAK to the pellet as a function of
GDP tubulin heterodimer was normalized to the 0:1 control. The
data represent mean = SEM for three individual experiments.

and the soluble tubulin heterodimer. We propose that the
steady-state ATPase kinetics reflect the coupling of ATP
turnover to MT depolymerization by both FL- and MD-
MCAK. The reduction in ATPase activity of monomeric
MD-MCAK and the apparent high-affinity for the tubulin
heterodimer may account for some of the reduced efficiency
seen in MT depolymerization assays.

MD-MCAK Has a Higher Affinity for Soluble Tubulin
Heterodimer

We were surprised that the K 5 1ypu1in Was much lower for
MD-MCAK than for FL-MCAK, which suggested that MD-
MCAK bound more tightly to tubulin heterodimer. How-
ever, our ATPase assays do not address the interaction of
MCAK with MT polymer and tubulin heterodimer when
both are present, a situation that is more physiologically
relevant. To compare the relative binding of MCAK to MTs
in the presence of tubulin heterodimer, we developed a MT
cosedimentation competition assay in which FL- or MD-
MCAK was incubated with a saturating concentration of
doubly stabilized MTs in the presence of increasing concen-
trations of soluble tubulin heterodimer (Figure 6A). We
quantified the amount of MCAK that partitioned to the
supernatant (assumed to be associated with soluble tubulin
heterodimer) or the pellet (associated with MTs). We found
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that as the tubulin heterodimer concentration was increased,
MD-MCAK partitioned to the supernatant with the soluble
tubulin heterodimer rather than in the pellet with the MT
polymer (Figure 6A). At a 4:1 M ratio of soluble tubulin
heterodimer to MTs, only 30 * 0.05% of the MD-MCAK
remained in the pellet compared with no tubulin het-
erodimer addition (Figure 6B). In contrast, as the concentra-
tion of tubulin heterodimer increased, the amount of FL-
MCAK in the pellet remained relatively constant. These data
are consistent with the hypothesis that MD-MCAK has a
higher affinity for tubulin heterodimer than FL-MCAK. We
propose that the high-affinity of MD-MCAK for tubulin
heterodimer acts to stabilize the MCAK-tubulin het-
erodimer complex, thereby, slowing its dissociation for re-
binding to the MT end for another cycle of ATP-promoted
MT depolymerization.

DISCUSSION

A major question in the Kinesin-13 field is aimed at under-
standing the differences between MT-depolymerizing kine-
sins and MT-translocating kinesins. Our analysis extends
previous work by showing that the cooperative interactions
provided by the FL-MCAK are critical for effective depoly-
merization activity in vivo. The steady-state ATPase kinet-
ics, the MT-end binding properties, and the affinity for sol-
uble tubulin heterodimer revealed by our in vitro assays
with MD-MCAK in comparison with FL-MCAK (Figures
3-6) support this hypothesis.

MD-MCAK Exhibits Slower Kinetics Than FL-MCAK

Unlike most translocating kinesins, the ATPase activity of
Kinesin-13 members is stimulated by MTs as well as by
tubulin heterodimer (Moores et al., 2002, 2003; Hunter ef al.,
2003; Moore and Wordeman, 2004; Shipley et al., 2004). This
difference in MT- and tubulin heterodimer-stimulated activ-
ity could be because Kinesin-13s recognize unique tubulin
quaternary structures that are exposed only at the end of the
MT or because they can bind directly to tubulin heterodimer
(Desai et al., 1999). Interestingly, it was recently shown that
Xklp1 (Kinesin-4 family) can translocate along MTs as well
as regulate their dynamics (Bringmann et al., 2004). The
ATPase activity of Xklp1 is also stimulated by tubulin het-
erodimer, suggesting the intriguing possibility that tubulin
heterodimer-stimulated ATPase activity is a conserved fea-
ture of kinesins that regulate MT dynamics. However, Kar3
(kinesin-14 family), which influences MT dynamics in yeast
(Meluh and Rose, 1990; Saunders et al., 1997; Troxell et al.,
2001) and depolymerizes MTs in vitro (Endow et al., 1994;
Sproul et al., 2005), exhibits only MT-stimulated ATPase
activity and shows much less robust depolymerization ac-
tivity compared with Kinesin-13 family members (Sproul et
al., 2005). Thus, even within the kinesin superfamily, the
mechanism of MT depolymerization has diverged and high-
lights the need to study the detailed catalytic mechanism of
multiple members within a kinesin subfamily.

Our findings that the tubulin heterodimer-stimulated
ATPase activity is lower than MT-stimulated ATPase activ-
ity for FL-MCAK are similar to what has been observed for
mammalian MCAK (Hunter et al., 2003), yet curiously the
tubulin heterodimer-stimulated ATPase activity is equal to
MT-stimulated ATPase activity for the pKinl catalytic core
(Moores et al., 2002, 2003; Shipley et al., 2004). This may be
because of, in part, the type of MT substrate used in the
assay: a recent report showed that MCAK exhibited MT-
stimulated ATPase activity comparable with that of tubulin
heterodimer when long paclitaxel-stabilized MTs were used
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Figure 7. Model for the role of dimerization of MCAK. The catalytic cycle is diagrammed at only one end of the MT, although MCAK
depolymerizes MTs from both ends. (A) With FL-MCALK, a critical number of molecules (for clarity, only one is diagrammed) are necessary
to induce ATP-promoted depolymerization at the end of the MT. The tubulin heterodimer-MCAK complex is released from the shortening
MT. The affinity of FL-MCAK for the tubulin heterodimer is weak, resulting in release of MCAK with rapid rebinding to the MT end. (B)
MD-MCAK also can depolymerize MTs, but it requires a greater number of molecules than FL-MCAK because of the lower binding
specifically to the ends of the MT. The higher affinity of MD-MCAK for the tubulin heterodimer delays its release to the solution and therefore
slows its overall recycling rate for MT end binding and subsequent MT depolymerization.

as a substrate (Moore and Wordeman, 2004). Given that the
ATPase activity of MCAK is highly stimulated by MT ends
(Hunter et al., 2003; Moore and Wordeman, 2004), it is pos-
sible that the end structures of GMPCPP-stabilized MTs may
be slightly different from paclitaxel-stabilized MTs. Alterna-
tively, the differences in ATPase activity may simply be a
reflection of the length of MTs that were used in the assay
(Hunter et al., 2003; Moore and Wordeman, 2004) or a re-
flection of the differences between the expressed proteins
(the pKinlI construct used contained only the catalytic core).

Although the Kinesin-13s are stimulated by both MTs and
tubulin heterodimer, the relative activities and apparent
substrate affinities of FL-MCAK and MD-MCAK are very
different. Our data suggest that although MD-MCAK still
has a higher affinity for MTs than for tubulin heterodimer, it
may be hampered in its depolymerization activity in part be-
cause its end binding ability is not as robust as FL-MCAK. For
MD-MCAK, the K, 5y,r also may reflect both end and lattice
affinities; therefore, the decreased ATPase activity measured
may reflect a reduction of activity because of nonproductive
lattice binding and compromised end binding.

Our data suggest that another difference between FL-
MCAK and MD-MCAK is that a significant amount of MD-
MCAK may remain tightly bound to tubulin heterodimer
that is released during depolymerization. Consistent with
this idea, MD-MCAK has a considerably higher affinity for
soluble tubulin heterodimer than does FL-MCAK as assayed
by binding competition assays. These results suggest that in
the cellular transfection assay, MD-MCAK may be bound to
free tubulin heterodimer and act as a tubulin-sequestering
protein in addition to a microtubule-depolymerizing en-
zyme. In the future, it will be important to determine
whether the ability of MCAK to sequester tubulin het-
erodimer is physiologically important.

Two Heads Are Better than One

Our data support a model in which dimerization of MCAK
seems to be important for efficient MT depolymerization.
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The steady-state ATPase kinetics for FL-MCAK reveals a
higher k_,, in the presence of MTs and significantly weaker
affinity for tubulin heterodimer in comparison with MD-
MCAK. These results indicate that ATP turnover is coupled
to the force production for MT depolymerization. We pro-
pose that the increased efficiency of MT destabilization by
FL-MCAK results because of the cooperative interactions of
the dimeric molecule that increase the MT end binding and
decrease the affinity for the tubulin heterodimer. The mech-
anistic basis of the cooperativity, the pathway of communi-
cation, and whether the neck plays a role are questions to be
addressed in the future.

Another model is that dimerization may contribute to
processive depolymerization of stabilized MTs. One model
of MCAK action is that the enzyme remains bound to the
MT and continues to hydrolyze ATP while inducing tubulin
heterodimer release from the MT end. This processivity
seems to depend on the stability of the MT substrate (Hunter
et al., 2003), which in vivo could depend on the number of
stabilizing proteins present. Perhaps dimerization of MCAK
plays a vital role in the establishment of processivity. For
example, conventional kinesin as a monomer can walk along
the MT, but it is not processive (Berliner et al., 1995; Hancock
and Howard, 1998; Romberg ef al., 1998; Inoue et al., 2001). If
Kinesin-13s are processive depolymerizers, it is possible that
monomeric Kinesin-13s are not processive depolymerizers
in vitro, which could explain why MD-MCAK seems less
efficient.

It is also possible that the differences between FL-MCAK
and MD-MCAK are not a reflection solely of dimerization
but are complicated by the presence of additional regulatory
domains in the C terminus. Deletion of the C-terminal nine
amino acids of mammalian MCAK increases depolymeriza-
tion activity in vivo and also increases ATPase activity in
vitro (Moore and Wordeman, 2004). The authors propose
that MCAK binds weakly to the lattice but that ATPase
activity is inhibited by the far C terminus until the enzyme
reaches its high-affinity binding site at the end of the MT
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(Moore and Wordeman, 2004). From our transfection data,
we found that truncation of 28 amino acids from the C
terminus of Xenopus MCAK caused a small but significant
decrease in depolymerization activity (Table S1) contrary to
previous findings (Moore and Wordeman, 2004). Despite
these differences, our monomeric MD-MCAK, which lacks
the entire C terminus, shows similar MT depolymerization
in vivo, decreased affinity for MT ends, and decreased
ATPase activity in vitro compared with FL-MCAK. In addi-
tion, our preliminary data suggests that deletion of potential
regulatory domains in either the N or C termini do not
significantly influence depolymerization activity when as-
sayed under similar conditions. However, it should be noted
that the ionic strength used in the depolymerization assay
buffers does affect the activity of several of the truncation
mutants (our unpublished observations). Together, these
results suggest that Kinesin-13s have more than one mech-
anism for the control of ATPase activity, which is another
example of the complexity of this enzyme family.

MD-MCAK Binds Less Efficiently to MT Ends

One interesting finding from our studies is that FL-MCAK
has a much stronger preference for binding to MT ends
relative to MD-MCAK. MD-MCAK may be unable to recog-
nize the end structure of the MT as well as FL-MCAK or it
may be unable to reach the end by a nondirectional mech-
anism such as one-dimensional (1D) diffusion. It is also
possible that other parts of the binding cycle, such as disso-
ciation from the MT, may occur faster for MD-MCAK, and
thus MD-MCAK may not remain on the MT end long
enough to visualize its binding.

The nucleotide state of MCAK was also an important
feature governing end binding. In contrast to previous find-
ings (Desai et al., 1999; Moore and Wordeman, 2004), we
found that although FL-MCAK still showed specificity for
the MT ends in the presence of MgAMPPNP, the amount of
FL-MCAK at the ends only was significantly decreased. Our
results are curious considering that the 1D diffusion of
MCAK, proposed to be necessary for end-targeting, requires
the presence of added nucleotide (Hunter et al., 2003). How-
ever, we found that FL-MCAK bound most efficiently to MT
ends without additional nucleotide, challenging this model.
In comparison, studies involving the pKinl catalytic core
have revealed that nucleotide state does not affect the affinity
of pKinl binding to the MT lattice (Moores et al., 2003).
Overall, these studies indicate that nucleotide state plays a
role in regulating end binding and not lattice binding affinity
for Kinesin-13s.

A Model for MCAK-~induced Depolymerization

Given the difference in ATPase kinetics and end binding
specificity, we propose the following model for how the two
heads of MCAK may be used during MT depolymerization
(Figure 7). FL-MCAK specifically binds to the end of the MT
(Figure 7A). The binding of ATP may allow for stabilization
of an already bent protofilament, or it may induce curvature
of a protofilament that destabilizes the MT. Whereas several
molecules of MCAK are likely necessary to depolymerize a
stabilized MT, only one MCAK may be needed for the
depolymerization of a dynamic MT. On end binding, ATP is
hydrolyzed, tubulin heterodimer dissociates with bound
MCAK, and then MCAK is released from the tubulin het-
erodimer and recycled for another round of depolymeriza-
tion. MD-MCAK does not recognize or bind to the MT end
as well as FL-MCAK (Figure 7B), thus the initial binding
event is inefficient. Because MD-MCAK does not bind as
well to the end, it takes more MD-MCAK than FL-MCAK for
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efficient depolymerization because the lattice serves as a sink
for the binding of MD-MCAK molecules. Once the number
of MD-MCAK molecules reaches a critical concentration at
the end, depolymerization occurs. Because MD-MCAK has a
higher affinity for tubulin heterodimer, it remains bound to
the released tubulin heterodimer, which slows recycling and
lowers the effective concentration of MD-MCAK available to
initiate another round of depolymerization.
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