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Members of the transforming acidic coiled coil (TACC) protein family are emerging as important mitotic spindle
assembly proteins in a variety of organisms. The molecular details of how TACC proteins function are unknown, but
TACC proteins have been proposed to recruit microtubule-stabilizing proteins of the tumor overexpressed gene (TOG)
family to the centrosome and to facilitate their loading onto newly emerging microtubules. Using Xenopus egg extracts
and in vitro assays, we show that the Xenopus TACC protein maskin is required for centrosome function beyond
recruiting the Xenopus TOG protein XMAP215. The conserved C-terminal TACC domain of maskin is both necessary and
sufficient to restore centrosome function in maskin-depleted extracts, and we provide evidence that the N terminus of
maskin inhibits the function of the TACC domain. Time-lapse video microscopy reveals that microtubule dynamics in
Xenopus egg extracts are unaffected by maskin depletion. Our results provide direct experimental evidence of a role for

maskin in centrosome function and suggest that maskin is required for microtubule anchoring at the centrosome.

INTRODUCTION

The centrosome is a nonmembrane-bound organelle that
serves as the major microtubule-organizing center of animal
cells and has crucial functions in cell division (Azimzadeh
and Bornens, 2007). Increasing numbers of human diseases
have been linked to defects in centrosomal proteins (Badano
et al., 2005; Bettencourt-Dias and Glover, 2007). Despite its
importance to human disease and more than a century of
scrutiny, however, many aspects of centrosome structure,
function, and composition remain unknown. For example,
little is known to date about how the hundreds of proteins
that associate with the centrosome are assembled into
functional microtubule-organizing centers (Andersen et al.,
2003).

During mitosis, centrosomes organize the poles of the
mitotic spindle, an elaborate macromolecular machine de-
signed to equally partition the chromosomes between the
daughter cells during cell division (Gadde and Heald, 2004).
Centrosomes perform three major microtubule-related func-
tions: they nucleate, anchor, and organize microtubules.
How the centrosome carries out these functions is not yet
fully understood.

Emerging evidence suggests that mitotic spindle assembly
requires protein complexes containing members of the trans-
forming acidic coiled coil (TACC) protein family of centro-
somal proteins (Raff, 2002; Wiese and Zheng, 2006). How-
ever, the molecular mechanisms of how TACC proteins
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function during spindle assembly remain obscure. Although
there is little or no similarity among members of the TACC
family otherwise, all TACC proteins share a conserved ~200
amino acid carboxy-terminal coiled coil domain (TACC do-
main) that targets the protein to the centrosome (Lee et al.,
2001; Gergely, 2002; Bellanger and Gonczy, 2003; Srayko et
al., 2003). Several lines of evidence have implicated TACC
proteins in mitotic spindle assembly and centrosome func-
tion. For example, Drosophila “D-TACC” mutants show de-
stabilized spindle microtubules (Raff, 2002), TAC-1 mutants
in Caenorhabditis elegans have short spindle microtubules
(Bellanger and Gonczy, 2003; Le Bot et al., 2003; Srayko et al.,
2003), and depletion of the Xenopus TACC protein maskin
from mitotic egg extracts results in fewer and smaller mi-
crotubule asters (O’Brien et al., 2005; Kinoshita et al., 2005;
Peset et al., 2005). These phenotypes (destabilized spindles
and small asters) could reflect a role for TACC proteins in
regulating overall microtubule stability. Alternatively, these
same phenotypes could also arise from defects in centro-
some function, with no role for maskin in microtubule sta-
bilization. In the latter scenario, either defects in microtubule
nucleation or defects in microtubule anchoring or organiza-
tion could lead to fewer microtubules being associated with
a given centrosome. Previous studies suggested that there
was no apparent defect in microtubule nucleation by cen-
trosomes assembled in the absence of maskin (Peset ef al.,
2005; Kinoshita ef al., 2005; also see Srayko et al., 2003).
Consistent with this, depletion of maskin had little effect on
the levels of y-tubulin (the major centrosomal microtubule
nucleator) associated with centrosomes (O’Brien et al., 2005).
Thus, maskin is unlikely to be required for microtubule
nucleation. However, the role of maskin in other centrosome
functions (notably, microtubule anchoring and organiza-
tion) has not been tested experimentally. Similarly, the effect
on microtubule dynamics of disrupting TACC proteins has
not been reported to date.
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In all species examined thus far, TACC proteins interact
with microtubule stabilizing proteins of the tumor overex-
pressed (TOG) protein family (Gergely, 2002; Wiese and
Zheng, 2006). TOG proteins localize to microtubule-organiz-
ing centers and regulate microtubule assembly and organi-
zation (Gard ef al., 2004). The TACC/TOG complex has been
proposed to help stabilize the plus ends of newly formed
microtubules as they emerge from the centrosome (Lee et al.,
2001; Srayko et al., 2003; Barros et al., 2005; Brittle and Oh-
kura, 2005). Implicit in this model is that TACC proteins
enhance the activity of TOG proteins, and consistent with
this idea maskin was reported to increase the affinity of
XMAP215 for microtubules (Kinoshita et al., 2005). Because
TOG proteins exert their effects mainly on the plus ends of
microtubules (Tournebize et al., 2000; Brouhard et al., 2008),
this could help to explain why disruption of TACC proteins
affects microtubules nucleated from centrosomes. However,
it is not clear how increasing the affinity of XMAP215 for
microtubules affects its microtubule-stabilizing activity, and
why mainly centrosome-nucleated microtubules would be
affected, whereas other spindle microtubules are not. It is
also worth considering that protein complex formation
might influence the activity not just of XMAP215 but also of
the TACC protein. Thus, it is important to revisit this ques-
tion to gain a better understanding of how TACC proteins
influence microtubule dynamics and centrosome function.

Previous work implicated maskin in centrosome function;
this was proposed to be mediated by a stabilizing effect of
maskin on newly formed microtubule plus ends rather than
a direct role for maskin in centrosome functions (Kinoshita ef
al., 2005). One prediction from the model that TACC/TOG
complexes stabilize newly formed microtubules at the cen-
trosome is that TACC proteins should have a stabilizing
effect on microtubule dynamics. Conversely, depletion of
TACC proteins should alter microtubule dynamics to desta-
bilize microtubules. In this study, we depleted maskin from
Xenopus egg extract and measured microtubule dynamics.
Surprisingly, we found no detectable difference in growth or
shrinkage rates, or in the frequencies of transitions between
growth and shrinkage (“catastrophe”) or shrinkage and
growth (“rescue”). In contrast, using in vitro centrosome
assembly assays we found that maskin is required for stable
association of microtubules with centrosomes. We further
found that the phosphorylation state of maskin regulates the
ability of XMAP215 to anchor microtubule minus ends. To-
gether, these results suggest that maskin is required for
centrosome function.

MATERIALS AND METHODS

Recombinant Protein Expression and Purification

Full-length maskin and the TACC domain (amino acids [aa] 714-913) were
described in O’Brien et al. (2005), and the “TACCless” domain (aa 1-774) was
described in Albee et al. (2006). The 3A and 3E mutants (Ser33, Ser620, and
Ser626 mutated to alanine or to glutamic acid, respectively) were generated
by site-directed mutagenesis of the full-length maskin clone. All proteins were
expressed in Escherichia. coli as glutathione transferase (GST) fusion proteins
and purified by GST-agarose affinity chromatography. The GST portion was
cleaved off with PreScission protease according to the manufacturer’s instruc-
tions, as described previously (O'Brien ef al., 2005). All proteins were concen-
trated to >10 mg/ml, dialyzed against XB (10 mM K-HEPES, pH 7.6, 100 mM
KCl, 2 mM MgCl,, 0.1 mM CaCl,, 50 mM sucrose, and 5 mM EGTA),
flash-frozen in liquid nitrogen in small aliquots, and stored at —80°C.

Egg Extract Preparation and Depletion

Cytostatic factor (CSF)-arrested Xenopus egg extracts were prepared as de-
scribed previously (Murray, 1991) and supplemented with A90 cyclin (1:40) to
arrest them in mitosis (Murray et al., 1989). Immunodepletions were per-
formed using either Affi-prep protein A beads (Bio-Rad, Hercules, CA) or
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protein A Dynabeads (Dynal Biotech, Oslo, Norway) as described in O’Brien
et al. (2005).

Centrosome Complementation Assay

The assay was performed as described in Moritz et al. (1998), with the
following modifications: maskin was depleted from extracts, and full-length
maskin or maskin mutants were added back to the depleted extract before
incubation with the salt-stripped centrosomes, as indicated in the figures.
Complementation was assessed based on the number of asters formed in 50
random microscope fields. For the “sequential” assay, salt-stripped centro-
somes were first incubated with maskin-depleted extracts, the extract was
washed away, and the “complemented” centrosomes were then incubated
with full-length maskin or maskin mutants in BRB80 buffer (80 mM K-PIPES,
1 mM EGTA, and 1 mM MgCl,, pH 6.8) supplemented with 10 mg/ml bovine
serum albumin and 10% glycerol; the samples were then processed as de-
scribed above.

Time-Lapse Analysis of Microtubule Asters

Microtubules were nucleated from demembranated Xenopus sperm chromatin
(0.5 ul) or Drosophila centrosomes (1 ul; isolated as described by Moritz et al.,
1995) added to Xenopus CSF-arrested egg extracts. In a typical reaction,
centrosomes or chromatin, 0.2 ul of rhodamine-tubulin (prepared as de-
scribed in Hyman et al., 1991), 0.5 ul of saturated hemoglobin, and 0.33 ul of
antifade (Tournebize et al., 1997) were added to 10 ul of extract on ice. Two
microliters of the mixture was then spotted onto a microscope slide, covered
with a 22- X 22-mm coverslip, and the edges were sealed with Valap (equal
parts Vaseline, lanolin, and paraffin; McGee-Russel and Allen, 1971). Images
were recorded every 1 s for 4 min with a 400-ms exposure (Supplemental
Videos 3 and 4) or every 2 s for 5 min with a 250-ms exposure (Supplemental
Videos 1, 2, 5, and 6) by using a Photometrics CoolSnap HQ cooled charge-
coupled device camera (Roper Scientific, Tucson, AZ) through a 100X /1.4
numerical aperture plan apo objective mounted on a Nikon Eclipse E800
fluorescence microscope equipped with MetaMorph software (Molecular De-
vices, Sunnyvale, CA). Dynamic parameters were calculated as described
previously (Wilde ef al., 2001).

y-Tubulin, XMAP215, and Maskin Recruitment to
Centrosomes

To study vy-tubulin and XMAP215 recruitment, salt-stripped centrosomes
were incubated with mock- or maskin-depleted extracts. The extracts were
washed away, and the centrosomes were fixed with 1% glutaraldehyde in
BRB80 and postfixed in —20°C methanol. Immunofluorescence was per-
formed as described in O’Brien et al. (2005) by using anti-acetylated tubulin
(Sigma-Aldrich, St. Louis, MO) to locate the centrosome and either XenC for
y-tubulin or DDL for XMAP215 (a kind gift from Y. Zheng). The amount of
protein recruited to the centrosome was quantified by the fluorescence inten-
sity. Alexa-488 and Alexa-594 anti-mouse or anti-rabbit secondary antibodies
(for immunofluorescence) were purchased from Invitrogen (Carlsbad, CA).

Microtubule Nucleation from Beads

Protein A Dynabeads (10 ul) were incubated with 10 ul of either anti-maskin,
anti-XMAP215, or unspecific rabbit serum immunoglobulin (IgG) according
to the manufacturer’s instructions. The antibody-bound beads were washed
three times with XB and then incubated with 63 ul of CSF extract (or
maskin-depleted extract, as indicated in Figure 4) for 1 h at 4°C. The beads
were retrieved with a magnet and washed three times with XB. The washed
beads (0.5 ul) were added to an in vitro polymerization reaction (3 mg/ml
tubulin, 0.3 mg/ml rhodamine-tubulin, and 1 mM guanosine triphosphate
[GTP] in BRBS8O; for the experiments shown in Figure 6G, the polymerization
reaction also contained maskin) and incubated at 30°C for 10 min. Samples
were fixed with 1% glutaraldehyde in BRB80 for 3 min and diluted with 250
ul of 80% glycerol in BRB80. A 3-ul aliquot of each reaction was spotted onto
a microscope slide, covered with a coverslip, sealed with nail polish, and
viewed in the microscope. The remaining beads (9.5 ul) were boiled in SDS
sample buffer, and proteins were separated on 10% SDS-polyacrylamide gel
electrophoresis (PAGE) gels.

To determine the orientation of microtubules associated with XMAP215-
coated beads, 0.5 ul of beads was added to an in vitro polymerization reaction
(final volume, 5 ul) without rhodamine tubulin (2.5 mg/ml tubulin and 1 mM
GTP in BRB80) and incubated at 37°C for 9 min. Then, 15 ul of prewarmed
elongation mixture containing rhodamine tubulin (2.5 mg/ml tubulin, 0.25
mg/ml rhodamine-tubulin, and 1 mM GTP in BRB80) was added to the
reaction and incubated for 1 min before the reaction was fixed with 200 ul of
1% glutaraldehyde in BRB80 for 3 min and diluted with 800 ul of 30% glycerol
in BRB80. The reactions were spun onto coverslips, postfixed in —20°C
methanol, and processed for immunofluorescence using an anti-tubulin anti-
body (DM1e; Sigma-Aldrich, St. Louis, MO). Images were taken as a Z-series
and then processed using blind three-dimensional deconvolution software
(AutoDeblur, Media Cybernetics, Silver Spring, MD) at the default settings.
The images shown in Figure 6, D and E, are Z-projections of the deconvolved
images.
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Figure 1. Maskin depletion from Xenopus egg
extracts results in smaller, disorganized asters.
(A and B) Time-lapse fluorescence microscopy
of microtubules assembled in mock-depleted
(a) or maskin-depleted (b) egg extracts in-
duced to assemble centrosomes and microtu-
bule structures by the addition of demem-
branated sperm chromatin. The extracts were
spiked with a small amount of rhodamine-
labeled tubulin to allow visualization of micro-
tubules by fluorescence microscopy. Record-
ing was initiated within the first 2 min (A) or
after a minimum of 3 min (B) after warming
the reaction mixture to initiate microtubule
assembly. Elapsed time is given in the lower
right-hand corner of each frame in minutes:
seconds. These stills correspond to Supple-
mental Videos 1 (Aa), 2 (Ab), 3 (Ba), and 4 (Bb).
Bars, 10 pm.

(og)

mock-A

maskin-A

Alternatively, 0.5 ul of XMAP215-coated beads was added to 10 ul of a
mitotic high-speed supernatant (Sampath et al., 2004) containing 0.2 ul of
rhodamine-tubulin and 0.01 mg/ml recombinant green fluorescent protein
(GFP)-EB1 and photographed live. Individual frames of the time-lapse series
are shown. To enhance visualization, the images were processed using the
unsharpmask (16 pixel filter width) and median (3 pixel filter width) filters of
MetaMorph.

Online Supplemental Material

Six videos are included, showing the assembly of microtubules by sperm-
associated centrioles (Supplemental Videos 1-4) or exogenously added cen-
trosomes (Supplemental Videos 5 and 6) in mock-depleted (Supplemental
Videos 1, 3, and 5) or maskin-depleted (Supplemental Videos 2, 4, and 6)
Xenopus egg extracts.

RESULTS

Sperm-induced Asters Assembled in Maskin-depleted
Extracts Are Highly Disorganized

We showed previously that asters assembled in maskin-
depleted Xenopus egg extracts supplemented with demem-
branated sperm chromatin are smaller and contain fewer
microtubules than asters assembled in control mock-de-
pleted extracts (O’Brien et al., 2005). To gain insight into the
effects of maskin depletion on microtubule assembly, we
followed the assembly of microtubule asters induced by
addition of sperm chromatin to maskin-depleted or mock-
depleted extracts spiked with small amounts of rhodamine-
labeled tubulin to allow imaging of microtubules by time-
lapse fluorescence microscopy (Figure 1 and Supplemental
Videos 1-4). Under conditions in which fixed samples
showed at least a threefold reduction in aster size compared

Vol. 19, August 2008

Microtubule Anchoring Requires Maskin Function

late time points (> 3min)

with mock-depleted controls (O’Brien et al., 2005; Supple-
mental Figure S1), sperm chromatin incubated in mock- or
maskin-depleted extracts nucleated comparable numbers of
microtubules. This supported the notion that microtubule
nucleation is not affected by maskin depletion, as reported
previously (Peset et al., 2005). Interestingly, both mock- and
maskin-depleted extracts exhibited remarkably high rates of
microtubule release early during the assembly process
(within ~5 min of the start of the reaction; Figure 1A and
Supplemental Videos 1 and 2). With slightly longer incuba-
tion times (>5 min after initiating microtubule assembly),
asters assembled in mock-depleted extracts underwent a
qualitative transition: fewer microtubules seemed to be re-
leased, and microtubules began to grow longer (Supplemen-
tal Videos 1 and 3). In contrast, asters assembled in maskin-
depleted extracts failed to undergo this qualitative
transition, because microtubule release seemed to continue
to occur (Supplemental Video 2). Concomitantly, maskin-
depleted asters became poorly organized and often con-
tained clusters of several microtubules that seemed to be
released from the centrosome in groups (arrowheads in
Figure 1Bb). This suggested that centrosome function may
be compromised in the absence of maskin.

Maskin Depletion Has No Effect on the Dynamics of
Microtubules Nucleated from Purified Centrosomes

Asters organized by sperm chromatin were too dense to
allow us to measure microtubule dynamics by following
individual microtubules, or to assay potential defects in
centrosome function. To tease apart the contributions to
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Figure 2. Microtubule dynamics are not affected by maskin deple-
tion. (A) Representative micrographs from time-lapse series show-
ing microtubule dynamics in mock (a) or maskin-depleted (b) ex-
tracts supplemented with centrosomes. Closed arrowhead denotes
the position of the microtubule end at the start; open arrowhead
denotes the position of the microtubule end at the end of the time
sequence. Elapsed time in minutes:seconds after the start of the
recording is shown in the lower right of each panel. Corresponding
videos are provided as Supplemental Videos 5 and 6. Bar, 10 um. (B)
Microtubule lifetime plots for four representative microtubules in
mock-depleted (a) or maskin-depleted (b) egg extracts. (C and D)
Quantification of microtubule growth (C) and shrinkage rates (D).
Dynamics of 228 (mock-depleted) or 231 (maskin-depleted) micro-
tubules in nine independent experiments were measured. These
data are summarized in Table 1.

aster assembly of changes in microtubule dynamics and
potential defects in centrosome function upon depletion of
maskin, we took advantage of in vitro assays to examine
centrosome functions and microtubule dynamics separately.
We began by examining microtubules nucleated from puri-
fied centrosomes, which only nucleate a handful of micro-
tubules under our experimental conditions. This allowed us
to follow individual microtubules by time-lapse fluores-
cence microscopy in mock-depleted or maskin-depleted ex-
tracts (Figure 2 and Supplemental Videos 5 and 6) and
calculate growth rates, shrinkage rates, and frequencies of
catastrophe (transition between growth and shrinkage) or
rescue (transition between shrinkage and growth). Analysis
of the behavior of >200 individual microtubules per condi-
tion (in 9 independent experiments) revealed that maskin
depletion had no detectable effect on microtubule dynamics,
as the parameters of dynamic instability were indistinguish-
able for microtubules assembled in mock-depleted or
maskin-depleted extracts (Table 1). This suggested that un-
der these experimental conditions, maskin was not required
for microtubule stability. We noticed, however, that centro-
somes incubated in maskin-depleted extracts seemed to re-
lease their microtubules more readily than centrosomes in-
cubated in mock-depleted extract (Supplemental Videos 5
and 6). Although we cannot yet rule out that enough TACC
protein was carried in by the exogenously added centro-
somes to overcome any potential defects of maskin-depleted
extracts in microtubule plus end dynamics, these centro-
somes apparently did not carry in enough TACC protein to
mask the observed anchoring defects.

The TACC Domain of Maskin Is Necessary and Sufficient
for Centrosome Function

To examine the potential effects of maskin depletion on
centrosomes in a way that is truly independent of microtu-
bule-stabilizing proteins present in the extract, we turned to
an assay that directly tests centrosome function. In this in
vitro “complementation assay” for centrosome assembly
(Moritz et al., 1998; also see Schnackenberg ef al., 1998; Popov
et al., 2002), which is diagrammed in Figure 3A, purified
centrosomes are treated with a chaotropic agent (in our case,
2 M potassium iodide) to “salt-strip” them of the microtu-
bule-nucleating material. This treatment renders the centro-
somes unable to nucleate microtubules when challenged
with purified tubulin. As expected, incubation of salt-
stripped centrosomes with Xenopus egg extracts (or mock-
depleted Xenopus egg extract) restored their ability to
nucleate microtubules (Figure 3A). In contrast, incubation
of salt-stripped centrosomes with maskin-depleted extracts
resulted in centrosomes unable to support the formation of

Table 1. Summary of microtubule dynamics measured in mock- or maskin-depleted extracts

Growth rate  Shrinkage rate  Catatrophe Rescue Pausing while Pausing while
No. MTs (um/min) (um/min) events/s events/s  growing events/s  shrinking events/s
Mock-depleted 228 6.5*+4.0 8.0*+49 0.014 0.009 0.004 0.002
Maskin-depleted 231 7.0 =48 75*47 0.013 0.008 0.004 0.003
For comparison:
Wilde et al. 2001 229 8334 8.6 =34 0.033 0.004 0.008 0.004
Tournebize et al. 2000
Control extract 91 11.5 16.9 0.015
XMAP215-depleted 74 10.6 144 0.035
extract
Belmont et al. 1990 96 123 *6 153 £ 5.6 0.117 0.021
3350 Molecular Biology of the Cell
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Figure 3. Maskin is required for centrosome function. (A) Schematic diagram of the centrosome complementation assay. Salt-stripped
centrosomes are applied to a coverslip and incubated with Xenopus egg extract. The extract is washed away and the centrosomes are
challenged with purified bovine tubulin. The samples are then fixed and scored for activity. (B) Schematic diagram of the maskin constructs
used in this study. The conserved TACC domain (amino acids 714-931) is shown in green, the TACCless domain (amino acids 1-774) is blue.
The overlap between the TACC and TACCless domains is gray. The highlighted Aurora A phosphorylation sites (S33, 5620, and S626) were
mutated to glutamic acids (maskin-3E) or alanines (maskin-3A). (C) Centrosome activity can be reconstituted if salt-stripped centrosomes are
incubated with maskin-depleted extracts containing recombinant full-length maskin or TACC domain. Centrosomes were salt-stripped and
incubated with extracts supplemented with recombinant proteins (or buffer) as indicated above the micrographs. Two representative
micrographs per complemented centrosomes are shown. Bar, 10 mm. (D) Quantification of centrosome activity in the complementation assay,
expressed as the number of asters found in 50 randomly selected microscope fields. The results for three independent experiments are shown
(circles). The average is represented as a horizontal line. Vertical lines indicate the spread of the data. Conditions are indicated below the

graph.

microtubule asters (Figure 3, C and D), suggesting that
maskin was required for centrosome function. Importantly,
the ability to assemble asters was mostly restored by addi-
tion of recombinant full-length maskin to depleted extracts.
Aster assembly activity was also mostly restored by the
addition of the conserved portion of maskin (Gergely, 2002;
Still et al., 2004), i.e., the ~200 amino acid C-terminal TACC
domain (Figure 3, C and D; constructs used in this study are
diagramed in Figure 3B). In contrast, a truncation mutant
lacking the TACC domain (“TACC-less”) was unable to
restore function. We concluded from these experiments that
although it was dispensable for microtubule nucleation,
maskin was required for full centrosome activity, and that
the TACC domain of maskin carried most of the activity
necessary for centrosome function.

The model in which TACC proteins function at least in
part by recruiting TOG proteins to the centrosome and
facilitating their loading onto newly born microtubules (Bar-
ros et al., 2005; Brittle and Ohkura, 2005) predicts that both
proteins would have to be present in the egg extract
simultaneously to be recruited. To test this idea, we de-
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veloped what we named the sequential assay. In this
assay, salt-stripped centrosomes were first incubated with
maskin-depleted extracts (presumably to rebuild centro-
some substructure and recruit y-tubulin, without which
centrosomes are nonfunctional (Felix et al., 1994; Moritz et
al., 1998; Schnackenberg et al., 1998). The extract was then
removed, and, after a buffer wash step, the centrosomes
were incubated with recombinant maskin or maskin trun-
cation mutants in buffer (Figure 4). After another wash
step to remove the excess recombinant protein, the cen-
trosomes were then challenged with purified tubulin as
described above. As shown in Figure 4B, incubation with
full-length maskin was unable to restore function to salt-
stripped centrosomes in this assay. This suggested that
full-length maskin had to be present in the extract to
function. Surprisingly, however, the TACC-domain alone
of maskin restored significant levels of activity to salt-
stripped centrosomes in the sequential assay (Figure 4B),
confirming that the TACC domain of maskin harbors the
activity required for centrosome function and ruling out a
role for maskin in recruitment of cytosolic proteins.
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Aurora A Phosphorylation of Maskin Exposes the TACC
Domain

Why does full-length maskin need to be present in the
extract, whereas the TACC domain by itself can restore
function to salt-stripped centrosomes? Association of
maskin (or its Drosophila homologue D-TACC) with the cen-
trosome is regulated by phosphorylation of TACC proteins
by the mitotic kinase Aurora A (Giet et al., 2002; Barros et al.,
2005; Kinoshita et al., 2005; Peset et al., 2005; Albee et al.,
2006). It was therefore possible that the need for full-length
maskin to be incubated in the extracts represents a need for
maskin to be phosphorylated to allow its association with
the centrosome. Based in part on the observation that the
Aurora A phosphorylation sites on maskin (Peset et al., 2005;
Kinoshita et al., 2005) lie outside of the TACC domain (Fig-
ure 3B), we reasoned that the TACC domain may not be
accessible in the unphosphorylated molecule, as proposed
previously (Peset et al., 2005). One prediction from this “in-
accessibility” model, namely, that the TACC domain re-
stores function in the sequential assay, whereas the full-
length protein does not, is supported by the results shown in
Figure 4B. A second prediction from this model is that
phosphorylated recombinant maskin, or a phospho-mimetic
mutant of maskin in which the three Aurora-A phosphory-
lation sites (Ser33, Ser620, and Ser626) has been mutated to
glutamic acid residues (“maskin-3E”; Peset ef al., 2005),
should be able to restore function in the sequential assay,
whereas a nonphosphorylatable maskin mutant (in which
all three serine residues have been mutated to alanines;
“maskin-3A”) should be unable to do so. We tested our
hypothesis in two ways: 1) we examined maskin-3E for its
ability to rescue centrosomes in the sequential assay (Figure
5A), and 2) we added ATP to full-length recombinant
maskin in the sequential assay, which presumably would
allow maskin to become phosphorylated by centrosome-
associated Aurora-A kinase (Figure 5B). Consistent with our
hypothesis, maskin-3E, but not the nonphosphorylatable
maskin-3A, was able to restore activity to salt-stripped cen-
trosomes in the sequential assay (Figure 5A). Similarly, re-
combinant maskin was able to restore activity only when
ATP was included in the incubation buffer (Figure 5B).
These results provide experimental evidence that phosphor-
ylation of maskin is required to allow access to the TACC
domain.

Maskin and XMAP215 Can Function Independently of
One Another

The results from the sequential complementation assay sug-
gested that the role of maskin in centrosome function was
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unlikely to involve recruitment of a cytosolic factor to the
centrosome. To test more specifically whether maskin’s role
in centrosome function could be explained by the failure to
recruit XMAP215 to centrosomes in our assay, we first esti-
mated the amount of XMAP215 associated with salt-
stripped centrosomes complemented in mock- or maskin-
depleted extracts by immunofluorescence. For technical
reasons, this was an estimate rather than a true measure-
ment: to distinguish centrosomes from random background
specks, we measured only those specks that were positive
with both vy-tubulin (control) and XMAP215 antibodies.
Given these technical limitations, we found that for those
centrosomes that we could unambiguously identify, maskin
depletion had only minor effects on the levels of XMAP215
recruited to complemented centrosomes (Figure 6, A and B).
This finding is consistent with the observation that knock-
down of human TACC3 by RNA interference in HeLa cells
has little effect on centrosomal levels of ch-TOG, the human
XMAP215 homologue (Gergely et al., 2003). However, we
and others reported previously that maskin depletion re-
sulted in reduced XMAP215 recruitment to centrosomes
assembled in Xenopus egg extracts (O’Brien et al., 2005; Peset
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Figure 5. Phosphorylation of maskin restores centrosome func-
tion. (A and B) Quantification of centrosome activity in the sequen-
tial assay, expressed as the number of asters found in 50 randomly
chosen microscope fields. Centrosomes were incubated with recom-
binant maskin phosphorylation mutants (A), or recombinant
maskin in the presence or absence of ATP (B) as indicated below the
graphs. Graphs represent three independent experiments (indicated
by circles).
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Figure 6. Maskin is required for centroso-
mal microtubule assembly independently of
XMAP215 localization to the centrosome.
(A) Salt-stripped centrosomes incubated in
mock (a) or maskin-depleted (b) extract re-
cruit similar amounts of XMAP215. Centro-
somes were double labeled for vy-tubulin
(red) and XMAP215 (green). Individual
channels and overlays are indicated on the
micrographs. Bar, 2 um. (B) Quantification
XMAP215 fluorescence intensity (normalized
against y-tubulin fluorescence and expressed
as percent of mock-depleted control) for cen- C
trosomes incubated in mock-depleted (light

bars) or maskin-depleted (dark bars) extracts. 250—

n = 3; values are mean * SD. (C) Coomassie- 150 —] —
stained gel of proteins coimmunoprecipitated 4 i
with antibodies to maskin (M) or XMAP215 100—|

(X). Arrowheads mark the positions of

XMAP215 (X) and maskin (M). (D) Microtu- 75—
bule asters are able to form around beads
coated with XMAP215, but not maskin. Anti-
bodies against random IgG (left), maskin
(middle), or XMAP215 (right) were bound to
beads and incubated in normal or maskin-
depleted extract, as indicated. The beads were
isolated, washed, and then challenged with
purified tubulin containing a small amount of

37—

rhodamine-labeled tubulin to allow visualiza-
tion in the microscope. The micrographs
show representative beads for each sample.
The insets show schematics of the beads (cir-
cles) with or without microtubules (red
lines), to aid visualization. Bar, 10 um. (E
and F) Full-length maskin and maskin-3A,
but not truncation mutants or maskin-3E,
suppress XMAP215-mediated aster forma-
tion. XM AP215-coated beads were challenged
with purified tubulin in the presence of 200
nM maskin, maskin-3A, maskin-3E, TACC
domain, or TACC-less domain as indicated
for each panel. The beads were processed as
in D. Insets as in D. Bar, 10 um. (G and H).
XMAP215 attaches to the minus ends of mi-
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microtubules, and GFP-EB1 to visualize microtubule plus ends. A single timeframe is shown for microtubules (red in the overlay) and
GFP-EBI (green in the overlay). Bar, 10 um. (H) XMAP215-coated beads (generated as in G) were washed and incubated in unlabeled tubulin
for 9 min, followed by incubation in rhodamine-labeled tubulin for 1 min. The microtubules were then fixed, spun onto coverslips, and
processed for immunofluorescence to visualize the microtubules. The rhodamine-labeled microtubule plus ends are distal to the beads. Bar,

10 pm.

et al., 2005; Kinoshita et al., 2005). We speculate that the
discrepancy arises from differences in the assembly pathway
of centrosomes assembled by sperm centrioles or from salt-
stripped centrosome scaffolds. Alternatively, the presence or
absence of microtubules might influence XMAP215 recruit-
ment, or our ability to detect XMAP215 by immunofluores-
cence. Regardless of the reasons for these differing observa-
tions, our finding that many salt-stripped centrosomes
incubated in maskin-depleted extracts recruited nearly nor-
mal levels of XMAP215, yet were unable to organize micro-
tubule asters, strongly suggested that failure to recruit
XMAP215 to centrosomes was an unlikely explanation for
the observed defects in centrosome function in the experi-
ments presented here.

To further explore the interaction between XMAP215 and
maskin, we immunoprecipitated XMAP215 or maskin from
Xenopus egg extracts and compared their protein profiles by
Coomassie-stained SDS-PAGE (Figure 6C). Although
maskin antibodies coimmunoprecipitated XMAP215 from
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egg extracts, only small amounts of maskin coimmunopre-
cipitated with XMAP215 (Figure 6C). Together with the
observation that the concentration of XMAP215 is ~25-fold
higher in egg extracts than the concentration of maskin
(~500 nM for XMAP215 vs. ~20 nM for maskin; Gard and
Kirschner, 1987; O’Brien et al., 2005), this suggested to us
that only a fraction of XMAP215 might be in a complex with
maskin in Xenopus egg extracts.

Beads coated with XMAP215 nucleate microtubule asters
when incubated in egg extracts, or when incubated with
purified tubulin in vitro (Popov et al., 2002). To test whether
maskin might be involved in this process, we coated beads
with maskin antibodies, incubated the beads in egg extract
to recruit maskin (and XMAP215; see above), recovered the
beads, washed them, and incubated the washed beads with
purified tubulin. To our surprise, maskin-coated beads were
unable to form microtubule asters under these conditions
(Figure 6D) despite the presence of XMAP215 on maskin-
coated beads (Figure 6C). In contrast, XMAP215-coated
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beads were able to form asters, as reported previously
(Popov et al., 2002). The aster-forming activity of XMAP215
was unaffected by depletion of maskin from the egg extract
used to isolate XMAP215 (Figure 6D), further underscoring
that the microtubule-anchoring activity of XMAP215 did not
require maskin. One interpretation of these findings is that
maskin might suppress the aster-forming activity of
XMAP215. To test this idea, we added purified maskin to in
vitro microtubule polymerization assays with XMAP215-
coated beads. Surprisingly, under these conditions, maskin
suppressed the ability of XMAP215 to generate microtubule
asters (Figure 6, E and F). Moreover, this activity of maskin
was regulated by its phosphorylation state, because only
wild type or maskin-3A suppressed XMAP215-mediated as-
ter formation, whereas maskin-3E had no effect (Figure 6E).
Neither the TACC domain alone nor the TACC-less domain
was active in this assay (Figure 6F). Together, these obser-
vations suggested that full-length maskin was able to regu-
late the interaction between XMAP215 and microtubules,
but phosphorylation of maskin suppressed this regulatory
function.

These observations prompted us to ask whether XMAP215-
coated beads interacted with the plus or the minus ends of
microtubules, and thus, whether maskin was more likely to
regulate the interaction of XMAP215 with the microtubule-
plus or the microtubule minus ends. We first tested the
orientation of microtubules tethered to XMAP215-coated
beads in purified tubulin by adding—at the end of the
reaction—a small amount of rhodamine labeled tubulin to a
polymerization reaction containing only unlabeled tubulin
(Figure 6G). We found that most of the rhodamine-labeled
tubulin was incorporated distal to the beads, suggesting that
microtubules were tethered to XMAP215 beads with their
plus ends extending outward. However, we could not de-
termine whether the observed fluorescence signal near the
beads arose solely from bead autofluorescence, or whether it
could also be attributed to the presence of microtubule plus
ends proximal to the beads. To determine what fraction, if
any, of microtubules were oriented “plus end in,” we
tracked microtubule plus ends by adding a small amount of
purified GFP-EBI1 to the egg extract. A still image from the
experiment is shown in Figure 6H. We found that all micro-
tubule ends we could follow were labeled with GFP-EB1
while they were growing (but, as expected, GFP-EB1 did not
associate with shrinking microtubule). Furthermore, the
GFP-EB1 always moved away from the beads. This obser-
vation supported the notion that all microtubule plus ends
were pointing away from the XMAP215-coated beads. To-
gether, these results therefore suggest that maskin regulated
the interaction of XMAP215 with microtubule minus ends.

DISCUSSION

An understanding of how TACC proteins participate in
normal cellular functions and how they contribute to cancer
(Raff, 2002) requires molecular insight into the details of how
TACC proteins are involved in mitotic spindle assembly,
and what role, if any, they play in centrosome function. A
previous model for how TACC proteins contribute to spin-
dle assembly (reviewed by Brittle and Ohkura, 2005) postu-
lates that the role of TACC proteins is to bring TOG proteins
to the centrosome to stabilize the plus ends of newly emerg-
ing centrosomal microtubules. Support for this “loading”
model comes from the observation that TACC proteins in-
teract with TOG proteins in all systems studied to date and
that Xenopus TOG (XMAP215) binds more strongly to mi-
crotubules in vitro in the presence of Xenopus TACC
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(maskin) (Kinoshita et al., 2005). Further support for this
model is given by the observation that GFP-labeled D-TACC
moves away from and toward centrosomes in Drosophila
embryos, as if it were tracking microtubule plus ends (Lee et
al., 2001). A second model, based on the observation that
phosphorylated D-TACC accumulates at the minus ends of
spindle microtubules, takes into consideration a more direct
centrosomal role for TACCs by postulating that a small
fraction of TACC proteins become activated by phosphory-
lation at the centrosome and thus help to stabilize microtu-
bule minus ends (Barros ef al., 2005). Although both models
are supported by experimental evidence, several of their
features have not yet been tested experimentally. For exam-
ple, it has not been determined whether D-TACC moves
with microtubule plus ends or whether it moves on micro-
tubules powered by molecular motors. In addition, it is not
known whether the putative plus end tracking of maskin
serves to stabilize microtubule plus ends or serves other
functions such as facilitating maskin turnover. Similarly, the
microtubule minus end-stabilizing role of TACC proteins
has not been explored.

An important prediction from the existing models is that
disrupting TACC proteins should affect the microtubule
dynamics. Here, we report that maskin depletion from Xe-
nopus egg extracts has no detectable effect on the dynamics
of microtubules associated with centrosomes. Thus, we pro-
vide experimental evidence that maskin is not required for
the microtubule plus end-stabilizing activity of XMAP215.
This was surprising for two reasons. First, maskin was pro-
posed to enhance the activity of XMAP215 (Kinoshita ef al.,
2005), and this presumably would lead to impaired micro-
tubule plus end stabilization by XMAP215 upon maskin
depletion from extracts. Our results argue against this pos-
sibility, consistent with a recent report by Brouhard et al.
(2008) that XMAP215 associates with microtubule plus ends
in the absence of maskin. Second, we previously showed
that maskin depletion impairs Ran-induced microtubule as-
ter assembly, which suggests that maskin depletion affects
microtubule dynamics (O’Brien et al., 2005). One possible
explanation for these apparent discrepancies might be that
maskin depletion affects microtubule minus end dynamics
in systems that lack centrosomes (such as, for example,
Ran-induced asters) rather than affecting plus end dynamics.
Because we measured the plus end dynamics of microtu-
bules anchored in the centrosome, the experiments de-
scribed here would not be expected to provide information
about the effect of maskin depletion on minus end dynamics.

A second major finding reported here is that maskin is
required for the assembly of a functional centrosome. Con-
sistent with several reports that the TACC domain targets
TACC proteins to the centrosome (Bellanger and Gonczy,
2003; Le Bot et al., 2003; Srayko et al., 2003; Peset et al., 2005;
Srayko et al., 2003; Kinoshita et al., 2005), our experimental
evidence supports the idea that the TACC domain is both
necessary and sufficient for centrosome function. Previous
work has shown that centrosomes do not require maskin to
nucleate microtubules (Kinoshita et al., 2005; Peset et al.,
2005) and that the centrosomal levels of the microtubule
nucleator y-tubulin are unaffected by the disruption of
TACC proteins (Lee et al., 2001; O’Brien et al., 2005). Our
time-lapse analysis confirms these results. However, centro-
somes assembled in maskin-depleted extracts seem unable
to properly anchor the microtubules. This is apparent both
for centrosomes assembled around sperm chromatin-associ-
ated centrioles (Figure 1) and for purified centrosomes in-
cubated in maskin-depleted extract (Figures 2 and 3). Inter-
estingly, mutants in the Schizosaccharomyces pombe TACC
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protein Mial/Alp7 also show microtubule detachment phe-
notypes (Zheng et al., 2006). Alp14 (TOG) mutants, in con-
trast, have problems in microtubule-based force production,
but not with microtubule detachment (Zheng et al., 2006).
These observations are consistent with the finding that dis-
tinct phenotypes arise from the depletion of maskin or of
XMAP215: XMAP215 depletion results in asters with very
short or no microtubules, due to an increase in catastrophe
frequency (Tournebize et al., 2000), whereas maskin deple-
tion results in smaller asters with fewer microtubules. Our
hypothesis that maskin is required for microtubule anchor-
ing at the centrosome is consistent with the observations that
TACC protein disruption selectively affects microtubules
associated with centrosomes (Le Bot et al., 2003; Barros et al.,
2005). For example, experiments in flies, worms, and frog
egg extracts have shown that astral (i.e., centrosome-an-
chored) microtubules are affected when TACC proteins are
mutated or disrupted, whereas microtubules assembled by
centrosome-independent mechanisms (i.e., by the chromo-
some-mediated microtubule assembly pathway; Gadde and
Heald, 2004) seemto function properly (Barros et al., 2005;
Kinoshita et al., 2005; Peset et al., 2005). Our model is also
consistent with the observation that D-TACC localizes to the
minus ends of spindle microtubules (Barros et al., 2005).

What are the potential mechanisms by which TACC pro-
teins regulate microtubule anchoring? One possibility is that
maskin serves as a connector between centrosomes and
microtubules, and in its absence microtubules are released
from centrosomes. We do not favor this possibility, because
maskin does not have a very high-affinity for microtubule
minus ends in vitro (Kinoshita et al., 2005; O’Brien et al.,
2005; Peset et al., 2005). A more likely explanation is that
maskin might regulate the activity of a microtubule-severing
protein such as katanin at the centrosome. In this context it
is interesting to note that the tac-1 (worm TACC) and zyg-9
(worm TOG) mutant phenotypes in C. elegans resemble the
phenotypes of mutants of the microtubule severing protein
mei-1 (katanin) (Srayko et al., 2003). Thus, many of the
observed phenotypes (including the lack of astral microtu-
bules and small spindles) can be accounted for by proposing
a role for TACC proteins in regulating severing proteins.

Two additional new findings are reported here. First, we
provide experimental evidence that Aurora A phosphoryla-
tion serves to regulate the accessibility of the TACC domain
by moving the non-TACC-domain portion of maskin out of
the way. Aurora A phosphorylation of maskin was known
to be required for centrosomal targeting of maskin (Ki-
noshita et al., 2005; Peset et al., 2005). We provide evidence
that the TACC domain alone of maskin can restore function
to centrosomes assembled in maskin-depleted extracts and
that the non-TACC portion of maskin prevents the TACC
domain from rescuing the depletion phenotype unless it is
phosphorylated. The non-TACC portion of maskin therefore
seems to serve an autoinhibitory function. These experi-
ments provide a biochemical explanation for the paradox
that the “activating” phosphorylation of maskin lies outside
the TACC domain.

Second, we show that maskin suppresses the microtu-
bule-aster-forming activity of XMAP215. Several lines of
evidence support this unexpected finding. Popov ef al. (2002)
showed that recombinant XMAP215 tethered to beads was
able to assemble asters in purified tubulin. Together with
our results that the microtubules in XMAP215 asters are
oriented with their minus ends proximal to the beads, this
shows that XM AP215 interacts with microtubule minus ends
in the absence of maskin. Consistent with this idea, we
found that only small amounts of maskin coimmunoprecipi-
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tated with XMAP215 and that XMAP215 attached to beads
via antibodies was able to form asters. It was therefore
surprising that maskin-coated beads, which were prepared
by incubating beads coated with anti-maskin antibodies in
egg extract and which also had XMAP215 on them, were
unable to form asters. Our biggest surprise, however, was
that soluble maskin was able to inhibit aster formation from
XMAP215-coated beads. The mechanism of this inhibition is
not yet clear, as maskin may affect either XMAP215 or the
microtubule minus end, or both. Maskin does not seem to
have an effect on the overall stability of microtubules assem-
bled in vitro (O’Brien et al., 2005), which suggests that
maskin does not destabilize microtubule minus ends di-
rectly. It is nonetheless possible that maskin prevented mi-
crotubules from forming on XMAP215-coated beads or that
microtubules were formed and were then released. Extant
experimental evidence strongly implicates XMAP215 in reg-
ulating microtubule plus end dynamics, which is difficult to
reconcile with the observation that XMAP215 nucleates and
anchors microtubules by their minus ends. It is therefore
possible that microtubule minus end dynamics, and/or
XMAP215 function, require that XM AP215 be released from
microtubule minus ends. We speculate that maskin could be
involved in this aspect of XMAP215 function.

In summary, the work presented here provides direct
evidence that maskin is required for centrosome function
and that this activity is distinct from any role TACC proteins
may have in recruiting XMAP215 to centrosomes or loading
XMAP215 onto microtubules. We also show that maskin
inhibits the interaction of XMAP215 with the minus ends of
microtubules. It remains to be determined whether and how
the putative role of maskin in regulating microtubule an-
choring is related to its role in regulating XMAP215.
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