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entrosomes are the dominant sites of microtubule
(MT) assembly during mitosis in animal cells, but
it is unclear how this is achieved. Transforming

acidic coiled coil (TACC) proteins stabilize MTs during
mitosis by recruiting Minispindles (Msps)/XMAP215
proteins to centrosomes. TACC proteins can be phosphor-
ylated in vitro by Aurora A kinases, but the significance
of this remains unclear. We show that 

 

Drosophila mela-
nogaster 

 

TACC (D-TACC) is phosphorylated on Ser863
exclusively at centrosomes during mitosis in an Aurora
A–dependent manner. In embryos expressing only a mutant

C

 

form of D-TACC that cannot be phosphorylated on
Ser863 (GFP-S863L), spindle MTs are partially destabi-
lized, whereas astral MTs are dramatically destabilized.
GFP-S863L is concentrated at centrosomes and recruits
Msps there but cannot associate with the minus ends of
MTs. We propose that the centrosomal phosphorylation
of D-TACC on Ser863 allows D-TACC–Msps complexes
to stabilize the minus ends of centrosome-associated
MTs. This may explain why centrosomes are such domi-
nant sites of MT assembly during mitosis.

 

Introduction

 

The centrosome is the main microtubule (MT) organizing cen-
ter in animal cells, and it plays an important part in organizing
many processes in the cell, including cell polarity, intracellular
transport, and cell division (Glover et al., 1993). Aurora A pro-
tein kinases are centrosomal proteins that are essential for
mitosis and have been widely implicated in human cancer
(Meraldi et al., 2004; Marumoto et al., 2005). They have sev-
eral functions in mitosis, and they appear to play a particularly
important part in regulating centrosome behavior. They are, for
example, required for the dramatic recruitment of pericentriolar
material to the centrosome, which occurs as cells enter mitosis
(Hannak et al., 2001; Berdnik and Knoblich, 2002). This cen-
trosome “maturation” is thought to ensure that centrosomes are
the dominant sites of MT assembly during mitosis.

It was recently shown that Aurora A can phosphorylate the
transforming acidic coiled coil (TACC) family of centrosomal
proteins in vitro (Giet et al., 2002; Pascreau et al., 2005). TACC
proteins stabilize spindle MTs in flies (Gergely et al., 2000a; Lee

et al., 2001), humans (Gergely et al., 2003), worms (Bellanger
and Gonczy, 2003; Le Bot et al., 2003; Srayko et al., 2003), and
frogs (O’Brien et al., 2005) apparently by recruiting the MT-
stabilizing protein Minispindles (Msps)/XMAP215/ch-TOG
(colonic and hepatic tumor overexpressing gene; hereafter re-
ferred to as Msps) to the centrosome. Msps proteins bind directly
to MTs and regulate MT dynamics primarily by influencing
events at MT plus ends (for review see Cassimeris, 1999;
Ohkura et al., 2001; Kinoshita et al., 2002). In 

 

Xenopus laevis

 

egg extracts, for example, the balance of activity between
XMAP215 and the MT-destabilizing protein XKCM1/MCAK
(mitotic centromere-associated kinesin) at MT plus ends seems
to be the main parameter that determines the overall stability of
MTs (Tournebize et al., 2000; Kinoshita et al., 2001).

These findings present something of a paradox; Msps
proteins act mainly on MT plus ends, yet, in vivo, they are most
strongly concentrated at centrosomes, where the minus ends of
MTs are clustered. To explain this paradox, it has been pro-
posed that TACC proteins recruit Msps to centrosomes to en-
sure either that Msps is efficiently “loaded” onto MT plus ends
as they grow out from centrosomal nucleation sites or that
Msps can stabilize the minus ends of centrosomal MTs after they
have been released from their nucleating sites (Lee et al., 2001).
The finding that a GFP–

 

D. melanogaster 

 

TACC (D-TACC)
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fusion protein appears to associate with both the plus and minus
ends of MTs in living 

 

D. melanogaster

 

 embryos is consistent
with both possibilities (Lee et al., 2001).

Ser626 of 

 

X. laevis 

 

TACC3/maskin has recently been
identified as a major site of Aurora A phosphorylation in vitro
(Kinoshita et al., 2005; Pascreau et al., 2005), and this site is
conserved in humans (Ser558) and flies (Ser863). We have in-
vestigated the potential significance of the phosphorylation of
this site in D-TACC in regulating MT behavior in 

 

D. melano-
gaster

 

 embryos. Our findings suggest that D-TACC–Msps
complexes can stabilize MTs in two ways: (1) when not phos-
phorylated on Ser863, they can stabilize MTs throughout the
embryo, presumably through interactions with MT plus ends;
(2) when D-TACC is phosphorylated on Ser863, the complexes
can stabilize MTs by interactions with MT minus ends. This
second mechanism appears to be activated by Aurora A specifi-
cally at centrosomes, which perhaps explains why centrosomes
are such dominant sites of MT assembly during mitosis.

 

Results

 

D-TACC is phosphorylated at Ser863 in 
vivo in an Aurora A–dependent manner

 

Aurora A can phosphorylate TACC proteins in vitro (Giet et
al., 2002; Pascreau et al., 2005), and Ser626 of 

 

X. laevis

 

TACC3/maskin is a major site of Aurora A phosphorylation in
vitro (Kinoshita et al., 2005; Pascreau et al., 2005). This phos-
phorylation site is conserved in humans (Ser558) and flies
(Ser863). To begin to investigate the functional significance of
the phosphorylation of TACC by Aurora A, antibodies were
raised in rabbits against a phosphopeptide from this region of
D-TACC. Sera from these rabbits were first depleted of anti-
bodies that recognize nonphosphorylated D-TACC by passing
the sera over a column of nonphosphorylated peptide until no
further immunoreactivity against the nonphosphopeptide could
be detected in the sera in ELISA assays. Antibodies were then
purified from this depleted sera with a column containing the
phosphopeptide.

In immunofluorescence experiments, both anti–D-TACC
and antiphospho–D-TACC (P–D-TACC) antibodies strongly
stained centrosomes during mitosis; anti–D-TACC antibodies
also stained spindle MTs, but this staining was essentially un-
detectable with anti-P–D-TACC antibodies. This demonstrates
that these antibodies did not recognize all of the D-TACC in
the embryo, presumably because not all of the D-TACC was
phosphorylated on Ser863 (Fig. 1 A). In early embryos, in
which rapid mitotic cycles lack G1 and G2 phases, both anti-
bodies stained centrosomes throughout the cell cycle (not
depicted), whereas in cellularized embryos (Fig. 1 B), they
stained centrosomes only during mitosis. Thus, in somatic
cells, D-TACC and P–D-TACC are only detectable at cen-
trosomes during mitosis.

To confirm that anti-P–D-TACC antibodies recognized
only P–D-TACC, we generated flies that expressed a fusion
protein in which GFP is coupled to either wild-type D-TACC
(GFP–D-TACC) or a mutant D-TACC in which Ser863 was
replaced by a leucine residue (GFP-S863L). In 

 

d-tacc

 

 mutant

embryos, which lacked detectable endogenous D-TACC pro-
tein (Fig. 2 A), anti-P–D-TACC antibodies no longer stained
centrosomes (not depicted). Centrosome staining was restored
in 

 

d-tacc

 

 mutant embryos that expressed GFP–D-TACC (hereaf-
ter referred to as GFP–D-TACC embryos; Figs. 1 C and 2 A) but
not in 

 

d-tacc

 

 mutant embryos that expressed GFP-S863L (here-
after referred to as GFP-S863L embryos; Fig. 2 A) even though
GFP-S863L was present on centrosomes and spindle MTs (Fig.
1 D). Thus, P–D-TACC antibodies appear to specifically recog-
nize D-TACC that has been phosphorylated on Ser863.

To test whether the phosphorylation of D-TACC on
Ser863 was dependent on Aurora A, we examined embryos
that were laid by homozygous mutant 

 

aur

 

1

 

 females. These
embryos have 

 

�

 

10% of wild-type Aurora A levels, and they
invariably die as a result of mitotic defects (Glover et al., 1995;
unpublished data). Aurora A is required for the efficient re-
cruitment of several proteins to centrosomes during mitosis
(Hannak et al., 2001; Berdnik and Knoblich, 2002; Giet et al.,
2002). In 

 

aur

 

1

 

 mutant embryos, D-TACC was distributed nor-
mally on mitotic spindle MTs, but greatly reduced levels were
present at centrosomes (Fig. 1 E, arrows). In such embryos,
however, P–D-TACC was essentially undetectable at cen-

Figure 1. P–D-TACC is concentrated at centrosomes during mitosis. (A
and B) The distribution of D-TACC, P–D-TACC, and DNA (green, red, and
blue in merged image, respectively) in a wild-type syncytial embryo (A) and
a wild-type cellularized embryo (B). D-TACC and P–D-TACC are not detect-
able at centrosomes in interphase cells in cellularized embryos (interphase
cells are indicated by arrows). Note that only a single centrosome from
each mitotic cell is present in the focal planes shown. (C) The distribution of
GFP–D-TACC, P–D-TACC, and DNA in a d-tacc mutant embryo that has no
endogenous D-TACC. GFP–D-TACC is concentrated at centrosomes and
spindles, whereas P–D-TACC is concentrated at centrosomes. (D) The distri-
bution of GFP-S863L, P–D-TACC, and DNA in a d-tacc mutant embryo.
P–D-TACC is no longer detectable at centrosomes. (E) The distribution of
D-TACC, P–D-TACC, and DNA in aur1 mutant embryos. D-TACC is weakly
detectable at centrosomes but P–D-TACC is not. Bar, 10 �m.
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trosomes (Fig. 1 E). Thus, Aurora A is required to generate
P–D-TACC at centrosomes.

 

P–D-TACC can only be detected at 
centrosomes

 

These immunofluorescence studies suggested that P–D-TACC
was more concentrated at centrosomes than the bulk of the
D-TACC protein. To confirm this, we performed Western blot-
ting experiments on whole embryo extracts and on purified
centrosome fractions. Anti–D-TACC antibodies recognized
D-TACC in both preparations, and we calculated that 

 

�

 

1% of
total embryonic D-TACC is present in purified centrosome
fractions (Fig. 2 B; see Centrosome purification). We obtained
similar results with antibodies against other centrosomal pro-
teins, including Aurora A, 

 

�

 

-tubulin (Fig. 2 B), Msps, CP190,
and CP60 (not depicted). In contrast, anti-P–D-TACC antibodies
did not recognize D-TACC in the embryo extract, again dem-
onstrating that these antibodies do not recognize the majority
of D-TACC in the embryo, presumably because it is not phos-
phorylated on Ser863 (Fig. 2 B, left lane). These antibodies
did, however, recognize a protein of exactly the same size as
D-TACC in purified centrosome fractions (Fig. 2 B, right lane).
Together with our immunofluorescence studies (Fig. 1), these
data indicate that our anti-P–D-TACC antibodies recognize
only P–D-TACC, that only a small fraction of total D-TACC in
the embryo is phosphorylated at Ser863, and that this fraction
of P–D-TACC appears to be exclusively found at centrosomes.

 

Ser863 is essential for the function of 
D-TACC but not for its localization to 
centrosomes

 

To test the functional significance of the phosphorylation of
D-TACC on Ser863, we examined the behavior of GFP–D-TACC
and GFP-S863L embryos. We first tested the viability of these
embryos. Most 

 

d-tacc

 

 mutant embryos die early in embryonic
development as a result of either a failure in pronuclear fusion
or an accumulation of mitotic defects; both phenotypes appear

to be caused by a destabilization of MTs (Gergely et al., 2000b;
Lee et al., 2001). Less than 1% of 

 

d-tacc

 

 mutant embryos were
viable (Fig. 3 A), and those that did develop had a high inci-
dence of mitotic defects (Fig. 1 B), which were quantified in this
study as the percentage of embryos with “extra centrosomes” at
the cortex during nuclear cycle 14 (these extra centrosomes are
indicative of earlier failures in mitosis; Fig. 3 B; for review see
Raff, 2003). In contrast, 

 

�

 

90% of GFP–D-TACC embryos were
viable (Fig. 3 A), and these embryos had very few mitotic de-
fects (Fig. 3 B), suggesting that GFP–D-TACC was almost fully
functional. The viability of GFP-S863L embryos, however, was
only 

 

�

 

30% (Fig. 3 A), and those embryos that did develop had
a high incidence of mitotic defects (Fig. 3 B), suggesting that
GFP-S863L was only partially functional.

To investigate why GFP-S863L was only partially func-
tional, we examined the behavior of GFP–D-TACC and GFP-
S863L in living 

 

d-tacc

 

 mutant embryos by using time-lapse
confocal microscopy. Like D-TACC in normal embryos,
GFP–D-TACC was strongly localized to centrosomes (Fig. 4
A and Video 1, available at http://jcb.org/cgi/content/full/
jcb.200504097/DC1). GFP-S863L was also strongly concen-
trated on centrosomes (Fig. 4 B and Video 2, http://jcb.org/cgi/
content/full/jcb.200504097/DC1), although this concentration
was consistently slightly weaker than that seen with GFP–
D-TACC (Fig. S1). In embryos that were treated with colchicine to
depolymerize MTs, GFP–D-TACC (Fig. 5 A) and GFP-S863L
(Fig. 5 B) remained concentrated at centrosomes, demonstrating
that both proteins behave as integral centrosomal proteins (al-
though the centrosomal localization of GFP-S863L was again
slightly weaker than that seen with GFP–D-TACC; unpublished
data). Moreover, the recruitment of Msps to centrosomes was es-
sentially indistinguishable in GFP–D-TACC and GFP-S863L
embryos (Fig. 5). Thus, although GFP-S863L is only partially
functional, its ability to localize to centrosomes and recruit Msps
there appears largely unperturbed. In support of this conclusion,
we found that GFP–D-TACC and GFP-S863L interacted equally
well with Msps in immunoprecipitation experiments (Fig. S2).

Figure 2. Western blot analysis of GFP–D-TACC and GFP-S863L expression
and of the association of P–D-TACC with centrosomes. (A) A Western blot
probed with anti–D-TACC antibodies. First lane, wild-type (WT) embryos;
second lane, d-tacc mutant embryos; third lane, d-tacc mutant embryos
expressing GFP–D-TACC; fourth lane, d-tacc mutant embryos expressing
GFP-S863L. The same blot was reprobed with antibodies against the cen-
trosomal protein CP60 as a loading control. (B) Western blots of whole em-
bryo extracts (first lane) and purified centrosomes (second lane) probed with
anti–D-TACC, -P–D-TACC, –Aurora A, and –�-tubulin antibodies.

Figure 3. Quantitation of viability and mitotic defects in GFP–D-TACC and
GFP-S863L embryos. (A) A bar chart showing the percentage of embryos
that hatch from the following genotypes: wild-type (WT), d-tacc mutant,
d-tacc mutant expressing GFP–D-TACC, and d-tacc mutant expressing GFP-
S863L. Error bars represent SD. (B) A bar chart showing the percentage of
embryos with extra centrosomes at nuclear cycle 14 (indicative of mitotic
errors during earlier rounds of nuclear division; Raff, 2003). Numbers at
the top of each bar are the number of embryos that were counted.
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Astral MTs are destabilized in 
GFP-S863L embryos

 

Although GFP-S863L was concentrated on centrosomes and
spindles, there were significant differences in its behavior
when compared with GFP–D-TACC. GFP–D-TACC exhibited
prominent “flaring” activity (Lee et al., 2001; Megraw et al.,
2002) as the protein moved back and forth from the centrosome
in association with the astral MTs (Fig. 4 A, arrow; and Video
3, available at http://jcb.org/cgi/content/full/jcb.200504097/
DC1). Because this movement is also exhibited by Msps-GFP
and is dependent on MTs, we have speculated that it reflects
the movement of D-TACC–Msps complexes on the growing
and shrinking plus ends of MTs (Lee et al., 2001). GFP-S863L
also exhibited some flaring, but it was consistently much less
than that seen with GFP–D-TACC (Fig. 4 B, arrow; compare
Videos 1 with 2 and Videos 3 with 4, available at http://
jcb.org/cgi/content/full/jcb.200504097/DC1). Moreover, dur-
ing anaphase, when centrosomes normally organize very long
astral MTs, astral MTs were easily visible in GFP–D-TACC
embryos (Fig. 4 A, arrowheads) but were much less prominent
in GFP-S863L embryos (Fig. 4 B, arrowheads). These observa-
tions suggested that either there were fewer astral MTs in GFP-
S863L embryos or GFP-S863L was specifically unable to bind
to astral MTs.

To distinguish between these possibilities, we fixed GFP–
D-TACC and GFP-S863L embryos and stained them with
antitubulin antibodies to examine the distribution of MTs (Fig.
6). In GFP–D-TACC embryos, astral MTs were readily detect-
able at all stages of the cell cycle and were particularly promi-
nent during anaphase (Fig. 6 A). In GFP-S863L embryos, few
astral MTs were detectable at any stage of the cell cycle, in-
cluding anaphase, although spindle MTs appeared to be rela-
tively normal (Fig. 6 B). To confirm that spindle MTs were rel-
atively unaffected in GFP-S863L embryos, we compared the
lengths of mitotic spindles in living GFP–D-TACC and GFP-
S863L embryos at the same stage of mitosis (10 s before the
initiation of anaphase) during nuclear cycle 10. The mean
spindle length was 14.7 

 

�

 

 0.35

 

 �

 

m (mean 

 

�

 

 SD) in GFP–
D-TACC embryos (22 spindles were measured from three dif-
ferent embryos) and 13.2 

 

�

 

 0.5 

 

�

 

m in GFP-S863L embryos
(20 spindles were measured from three different embryos),
which is a difference of only 

 

�

 

10%. In contrast, when we in-
jected anti–D-TACC antibodies into wild-type embryos to

perturb global D-TACC function, the mitotic spindles short-
ened by 

 

�

 

25% (Gergely et al., 2000b; unpublished data). Thus,
although GFP-S863L is apparently unable to stabilize astral
MTs, it can at least partially stabilize spindle MTs. It is pre-
sumably this lack of astral MTs that explains the high fre-
quency of mitotic defects in GFP-S863L embryos (de Saint
Phalle and Sullivan, 1998).

 

GFP-S863L appears unable to interact 
with MT minus ends

 

We previously observed that a GFP–D-TACC fusion protein
was concentrated at the minus ends of spindle MTs, which are
slightly separated from the centrosome (Gergely et al., 2000b).
We observed a similar localization of GFP–D-TACC in this
study when we observed mitosis in either live or fixed GFP–
D-TACC embryos (Fig. 4 A, open arrowheads; and Fig. 6 A, ar-
rowheads). We failed, however, to observe this localization in
any live or fixed GFP-S863L embryos that we observed in mi-
tosis (Fig. 4 B, open arrowheads; and Fig. 6 B, arrowheads).
Thus, GFP-S863L appears unable to interact with the minus
ends of spindle MTs.

 

Discussion

 

We have investigated the function of phosphorylation on
Ser863 of D-TACC, which is a major site of Aurora A phos-

Figure 4. Analysis of living GFP–D-TACC and GFP-S863L
embryos. Selected images from videos of living GFP–D-TACC
(A) and GFP-S863L (B) embryos (see Videos 1 and 2, respec-
tively, available at http://www.jcb.org/cgi/content/full/
jcb.200504097/DC1). Time (minutes/seconds) is shown at
the bottom right of each image. Images show the embryos
just before entry into mitosis, in metaphase, early anaphase,
and early interphase of the following nuclear cycle. Arrows
indicate the position of centrosomal flares; closed arrow-
heads indicate the long arrays of astral MTs in anaphase;
open arrowheads indicate the concentration of the GFP fu-
sion protein on the minus ends of spindle MTs. These features
are readily detectable in GFP–D-TACC embryos but not in
GFP-S863L embryos (see text for details). Bar, 10 �m.

Figure 5. The distribution of Msps and GFP–D-TACC or GFP-S863L in
embryos treated with colchicine. (A) A GFP–D-TACC (green in merged im-
age) embryo treated with colchicine to depolymerize MTs. The distribution
of Msps (red in merged image) and DNA (blue in merged image) are also
shown. (B) A GFP-S863L embryo treated with colchicine, labeled as in A.
Bar, 10 �m.
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phorylation in vitro (Kinoshita et al., 2005; Pascreau et al.,
2005). We find that D-TACC phosphorylated on this site
(P–D-TACC) is only detectable at centrosomes, whereas nonphos-
phorylated D-TACC, like most other centrosomal proteins
(including 

 

�

 

-tubulin, Aurora A, Msps, CP190, CP60, and
centrosomin), has large pools of protein that are present in the
cytoplasm of 

 

D. melanogaster 

 

embryos. We conclude that
Aurora A only stimulates the phosphorylation of D-TACC at
centrosomes and that, once phosphorylated, P–D-TACC is either
unable to exchange with the soluble pool of D-TACC or is
rapidly dephosphorylated when it leaves the centrosome. As
Ser863 is a conserved site of Aurora A phosphorylation in
vitro, it seems likely that Aurora A directly phosphorylates
Ser863 in vivo, although we cannot exclude the possibility that
Aurora A indirectly stimulates the phosphorylation of Ser863
at centrosomes by activating another kinase. It is unclear why
Aurora A only stimulates the phosphorylation of D-TACC at
centrosomes, but we note that two activators of Aurora A kinase,
TPX2 and Ajuba, are themselves concentrated at centrosomes
(Hirota et al., 2003; Tsai et al., 2003).

It has previously been reported that Aurora A is required
to recruit D-TACC to centrosomes (Giet et al., 2002). We find,
however, that GFP-S863L still concentrates at centrosomes, al-
though this concentration is somewhat weaker than that seen
with GFP–D-TACC, demonstrating that phosphorylation on
Ser863 plays some part in recruiting D-TACC to centrosomes
but is not absolutely essential. In the accompanying paper
(Kinoshita et al., 2005), we show that the 

 

X. laevis 

 

TACC
(X-TACC) protein X-TACC3 is phosphorylated by Aurora A
in vitro on three sites that are conserved between frogs and hu-
mans, only one of which (Ser863) is conserved in flies. A form
of X-TACC3 that mutated at all three serines localizes to
centrosomes very weakly. It is possible, therefore, that there
are other, nonconserved, Aurora A phosphorylation sites in
D-TACC that have a more important role in recruiting the pro-
tein to centrosomes. Importantly, GFP–D-TACC and GFP-S863L
interact equally well with Msps in immunoprecipitation experi-
ments, and the localization of Msps to centrosomes appears
largely unperturbed in GFP-S863L embryos. Thus, we con-

clude that the defects in centrosome/MT behavior that we ob-
serve in GFP-S863L embryos are unlikely to arise simply from
a failure to recruit D-TACC–Msps complexes to centrosomes.

Although GFP-S863L concentrates at centrosomes, it is
only partially functional. Whereas spindle MTs are relatively
unperturbed in GFP-S863L embryos, astral MTs are dramati-
cally destabilized. In addition, unlike GFP–D-TACC, GFP-
S863L appears unable to interact with the minus ends of spindle
MTs, suggesting that this interaction requires the Aurora
A–dependent phosphorylation of D-TACC. If this were so, we
might expect to detect P–D-TACC on the minus ends of spin-
dle MTs. Although this is not usually the case (Fig. 1 A), we
can detect such a staining with anti-P–D-TACC antibodies in
favorable preparations of fixed embryos (Fig. S3, available at
http://www.jcb.org/cgi/content/full/jcb.200504097/DC1). We
suspect, therefore, that P–D-TACC generated at the centro-
some can interact with the minus ends of spindle MTs, but this
is difficult to visualize in fixed preparations. In addition, we
speculate that P–D-TACC can bind to the minus ends of all
centrosomal MTs (not just those in the spindle), but this inter-
action can only be visualized in the spindle, where large num-
bers of minus ends are tightly clustered in a region that is
slightly separated from the centrosome.

Altogether, our observations suggest a model for how
Aurora A, D-TACC, and Msps may cooperate to stabilize MTs
during mitosis in 

 

D. melanogaster 

 

embryos (Fig. 7). We pro-
pose that D-TACC–Msps complexes normally stabilize MTs in
two ways. First, when D-TACC is not phosphorylated on
Ser863, the complexes are present throughout the embryo and
can potentially stabilize all MTs through either lateral interac-
tions with MTs or interactions with MT plus ends (Fig. 7,
mechanism 1). We favor the latter possibility because both
D-TACC and Msps appear to concentrate at MT plus ends
(Lee et al., 2001), and Msps family members primarily influ-
ence MT dynamics through interactions with plus ends. As

Figure 6. The distribution of MTs in GFP–D-TACC and GFP-S863L embryos.
The distribution of MTs (red in merged images) and GFP–D-TACC or GFP-
S863L (green in merged images) is shown in GFP–D-TACC (A) and GFP-
S863L (B) embryos during anaphase. Arrowheads indicate the position of
GFP–D-TACC binding to the minus ends of spindle MTs. This is not detect-
able in GFP-S863L embryos. DNA is shown in blue in the merged images.
Bar, 10 �m.

Figure 7. A schematic model of how the D-TACC–Msps complex stabilizes
MTs in D. melanogaster embryos. MTs are nucleated at centrosomes by
the �-tubulin ring complex (�-TuRC). These MTs are often released from
�-TuRC but are held in the vicinity of the centrosome by the action of MT
motors. The bulk of D-TACC–Msps complexes (that are present at cen-
trosomes, along MTs, and throughout the cytoplasm) can bind these MTs
either laterally or at plus ends and stabilize them (mechanism 1). Aurora A
can specifically activate a small fraction of D-TACC–Msps complexes that
are at the centrosome. This allows the phosphorylated complexes (P, red)
to interact with and stabilize MT minus ends (mechanism 2). Importantly,
this mechanism is only active at centrosomes, and any MTs that form in the
cytoplasm will not be stabilized in this way. This may explain, at least in
part, why centrosomes are such dominant sites of MT assembly in mitosis.
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this stabilization is independent of phosphorylation on Ser863,
GFP-S863L can fulfill this function, which would explain why
the expression of GFP-S863L significantly rescues the viabil-
ity of 

 

d-tacc

 

 mutant embryos (from 

 

�

 

1% to 

 

�

 

30%). In sup-
port of this possibility, we show in an accompanying paper
that nonphosphorylated X-TACC3 can enhance the ability of
XMAP215 to stabilize MTs in vitro (Kinoshita et al., 2005).

The Aurora A–dependent phosphorylation of D-TACC on
Ser863 at centrosomes, however, activates a second MT stabili-
zation mechanism that acts exclusively on MTs associated with
the centrosome. This mechanism cannot operate in GFP-S863L
embryos, and, as a result, astral MTs are dramatically destabi-
lized. The lack of this stabilization mechanism in GFP-S863L
embryos, however, appears to have only a limited effect on
spindle MTs. We speculate that this is because there is a chro-
matin-based acentrosomal pathway of spindle assembly that can
compensate for the instability of centrosomal MTs. Such a path-
way exists in many cell types (Heald et al., 1996; de Saint Phalle
and Sullivan, 1998; Khodjakov et al., 2000; Giansanti et al.,
2001; Megraw et al., 2001) and is especially robust in 

 

D. mela-
nogaster 

 

(Raff, 2001). Because centrosomes still nucleate many
MTs in GFP-S863L embryos (centrosomal MTs are simply less
stable than normal), these centrosomal MTs can interact with
the MTs that assembled around the chromatin to form relatively
normal spindles (although they are clearly error prone; Fig. 3 B).
In contrast, astral MTs, which are exclusively nucleated by cen-
trosomes and do not interact with MTs nucleated around the
chromosomes, are dramatically destabilized in GFP-S863L
embryos. In an accompanying paper (Kinoshita et al., 2005),
we show that the Aurora A–dependent phosphorylation of
X-TACC3 is also required to stabilize centrosomal (but not spin-
dle) MTs in 

 

X. laevis 

 

egg extracts, suggesting that this mecha-
nism is conserved at least in frogs and flies.

Although it is unclear how the phosphorylation of D-TACC
on Ser863 leads to MT stabilization at centrosomes, we pro-
pose that phosphorylation allows D-TACC to interact with MT
minus ends and stabilize them (Fig. 7, mechanism 2). This pro-
posal will be controversial, as Msps proteins appear to stabilize
MTs mainly through interactions with MT plus ends (Cassi-
meris, 1999; Ohkura et al., 2001; Kinoshita et al., 2002). Msps
proteins are thought to have such a dramatic effect on MT plus
end stability because they specifically counteract the MT desta-
bilizing activity of Kin I kinesins at plus ends (Tournebize et
al., 2000; Kinoshita et al., 2001, 2002; Ohkura et al., 2001;
Popov et al., 2001; Usui et al., 2003; van Breugel et al., 2003).
Several Kin I kinesins, however, are also concentrated at cen-
trosomes (for review see Moore and Wordeman, 2004). In

 

D. melanogaster 

 

embryos, the Kin I kinesin Klp10A has been
reported to destabilize the minus ends of centrosomal MTs
(Rogers et al., 2004). Like D-TACC, Klp10A is concentrated
both at centrosomes and on the minus ends of spindle MTs that
are clustered close to centrosomes (Rogers et al., 2004), and we
find that Klp10A remains clustered at these MT minus ends in
GFP-S863L embryos (Fig. S4, available at http://www.jcb.org/
cgi/content/full/jcb.200504097/DC1). Perhaps the phosphory-
lation of D-TACC on Ser863 allows D-TACC–Msps com-
plexes to counteract the destabilizing activity of Klp10A at MT

minus ends. If so, then a balance between the activities of
Msps/XMAP215 and a Kin I kinesin seems to regulate the sta-
bility of MTs at both plus and minus ends.

Finally, our findings provide important insight into why
centrosomes are the dominant sites of MT assembly during mi-
tosis. As cells enter mitosis, centrioles recruit pericentriolar
material in the Aurora A–dependent process of centrosome
maturation, which increases the MT nucleating capacity of cen-
trosomes (Hannak et al., 2001; Berdnik and Knoblich, 2002).
Our results suggest that this increase in nucleating capacity is
insufficient on its own to generate large centrosomal arrays of
MTs during mitosis; Aurora A must also phosphorylate D-TACC
to activate D-TACC–Msps complexes at centrosomes, which
can then stabilize these centrosomal MTs. In this new model,
Aurora A ensures that centrosomes are the major site of MT as-
sembly during mitosis both by increasing the MT nucleating
capacity of centrosomes and by stabilizing centrosomal MTs.
As Aurora A, TACC, and ch-TOG (the human homologue of
Msps) have all been implicated in human cancer (Raff, 2002;
Meraldi et al., 2004), it will be interesting to determine whether
their common role in stabilizing centrosomal MTs is linked to
their roles in oncogenesis.

 

Materials and methods

 

Antibodies, immunofluorescence, and Western blotting

 

Anti-P–D-TACC antibodies were raised in rabbits by Eurogentec against
the phosphopeptide IDRSSLLLKFDP (where the underlined S represents
phosphorylated Ser863). The sera from these rabbits were first depleted
from any antibodies that might cross react with the nonphosphorylated
form of D-TACC by repeated passage over a column of the nonphospho-
peptide until no immunoreactivity of the sera could be detected against the
nonphosphopeptide in ELISA assays. The antibodies were then affinity pu-
rified with a column containing the phosphopeptide. Affinity-purified rab-
bit anti–D-TACC, anti-Msps, and anti-CP60 antibodies have been de-
scribed previously (Raff et al., 1993; Gergely et al., 2000b; Lee et al.,
2001). Antibodies were raised in rabbits by Eurogentec against a mal-
tose-binding protein fusion to the first 104 amino acids of 

 

D. melanogaster

 

Aurora A and to the first 228 amino acids of Klp10A; these were purified
as described previously (Huang and Raff, 1999). All antibodies were
used at 1–2 

 

�

 

g/ml in both immunofluorescence and Western blotting ex-
periments. The mouse mAbs DM1a and GTU88 (Sigma-Aldrich) were
used at a 1:500 dilution to detect 

 

�

 

- and 

 

�

 

-tubulin, respectively. Embryos
were fixed with either methanol or formaldehyde and were processed for
immunofluorescence as described previously (Huang and Raff, 1999). Em-
bryos were treated with colchicine (to depolymerize MTs) before fixation
as described previously (Gergely et al., 2000b). Methanol-fixed embryos
were suspended in protein sample buffer, subjected to SDS-PAGE, and
processed for Western blotting using either Supersignal West Pico or
Supersignal West Dura chemiluminescent reagents (Pierce Chemical Co.)
as described previously (Huang and Raff, 1999).

 

Centrosome purification

 

Centrosomes were purified from embryo extracts as described previously
(Moritz and Alberts, 1999). On SDS gels, 0.1% of the total embryo ex-
tract fraction and 10% of the total centrosome fraction (which equated to
approximately equal amounts of protein as judged from Coomassie-
stained gels) were loaded in each lane, and these were processed for
Western blotting as described above. We estimated the percentage of
proteins that was present in the centrosome fraction by comparing the to-
tal signal in each lane. A 1:1 ratio of signal would mean that 

 

�

 

1% of the
total protein that was present in the embryo extract was present in the
purified centrosome fraction.

 

Image acquisition and processing

 

Fixed embryos were examined with a microscope (Eclipse 800; Nikon)
and a 60

 

�

 

 NA 1.4 plan Apo objective by using a confocal system (Radi-
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ance; BioRad Laboratories) that was equipped with LaserSharp 2000
software (Bio-Rad Laboratories). Live embryos were aligned on coverslips
as described previously (Huang and Raff, 1999) and were examined on a
microscope (Axiovert 200M; Carl Zeiss MicroImaging, Inc.) with either a
63

 

�

 

 NA 1.25 or 100

 

�

 

 NA 1.3 plan Neofluor objective on a spinning
disc confocal system (Ultraview RS; PerkinElmer) that was equipped with
Ultraview RS software (PerkinElmer). Images of fixed embryos are all max-
imum intensity projections of five to eight image stacks that were taken at
0.5-

 

�

 

m intervals and made with the LaserSharp 2000 software. All im-
ages were imported into Adobe Photoshop 7.0 and adjusted to use the
whole range of pixel intensities. An unsharp mask filter was applied to
some images. In these images, the filter was applied to the whole image,
and control and experimental images were treated in exactly the same
way. Videos were made using Volocity 3.0 software (Improvision), and
spindle length was measured with this software.

Quantitation of the centrosomal fluorescence of GFP–D-TACC and
GFP-S863L in living embryos was performed by making maximum inten-
sity projections of 10–12 image stacks that were taken at 0.5-

 

�

 

m intervals
from cycle 10–11 embryos in midinterphase. The projections were im-
ported into Metamorph software (Universal Imaging Corp.), and mean
fluorescence intensities were measured in a small area that was manually
positioned around 30 centrosomes in each embryo. The mean pixel inten-
sity per centrosome for each embryo was calculated.

 

Generation of GFP–D-TACC– and GFP-S863L–expressing flies

 

A full-length D-TACC cDNA in pBluescript-SK (Stratagene) was modified
by PCR to allow GFP to be inserted in frame upstream of the initiating ATG
codon (generating pBS-GFP–D-TACC). This plasmid was modified by us-
ing PCR to replace Ser863 with a leucine (generating pBS–GFP-S863L).
All PCR products were sequenced to confirm that they contained no se-
quence errors. GFP–D-TACC and GFP-S863L were then subcloned into the
pWR-pUbq transformation vector (Huang and Raff, 1999), and 

 

w,f

 

 flies
were transformed using standard techniques (Roberts, 1986). Trans-
formed flies containing the GFP–D-TACC or GFP-S863L transgene were
mated with 

 

d-tacc

 

stella592

 

 flies to generate stocks that were homozygous for
the 

 

d-tacc

 

 mutation and contained one copy of the transgene. All experi-
ments were performed with two independent transformed lines for each
construct, and results from both lines were pooled.

 

Online supplemental material

 

Videos of the embryos shown in Fig. 4 are included, as are additional vid-
eos showing the flaring behavior of GFP–D-TACC and GFP-S863L. Four
additional figures are also included that show (1) the quantitation of cen-
trosomal levels of GFP–D-TACC and GFP-S863L; (2) the interaction between
Msps and GFP–D-TACC or GFP-S863L in immunoprecipitation experiments;
(3) the staining of P–D-TACC on the minus ends of spindle MTs; and (4)
the localization of Klp10A in GFP-S863L embryos. Online supplemen-
tal material is available at http://www.jcb.org/cgi/content/full/jcb.
200504097/DC1.
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