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Abstract. 

 

Abnormal spindle (Asp) is a 220-kD microtu-
bule-associated protein from 

 

Drosophila

 

 that has been
suggested to be involved in microtubule nucleation
from the centrosome. Here, we show that Asp is en-
riched at the poles of meiotic and mitotic spindles and
localizes to the minus ends of central spindle microtu-
bules. Localization to these structures is independent of

 

a functional centrosome. Moreover, colchicine treat-
ment disrupts Asp localization to the centrosome, indi-
cating that Asp is not an integral centrosomal protein. In

 

both meiotic and mitotic divisions of 

 

asp

 

 mutants, mi-
crotubule nucleation occurs from the centrosome, and

 

g

 

-tubulin localizes correctly. However, spindle pole fo-
cusing and organization are severely affected. By exam-
ining cells that carry mutations both in 

 

asp

 

 and in 

 

aster-

less

 

, a gene required for centrosome function, we have
determined the role of Asp in the absence of cen-
trosomes. Phenotypic analysis of these double mutants
shows that Asp is required for the aggregation of micro-
tubules into focused spindle poles, reinforcing the con-
clusion that its function at the spindle poles is indepen-
dent of any putative role in microtubule nucleation.
Our data also suggest that Asp has a role in the forma-
tion of the central spindle. The inability of 

 

asp

 

 mutants
to correctly organize the central spindle leads to disrup-
tion of the contractile ring machinery and failure in cy-
tokinesis.
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Introduction

 

In most animal cells, spindle formation is mediated by the
centrosome, a specialized multiprotein organelle that nucle-
ates astral arrays of microtubules (Zimmerman et al., 1999).
Nucleation of microtubules is achieved using templates that
contain 

 

g

 

-tubulin, a member of the tubulin family local-
ized to centrosomes. These templates, called 

 

g

 

-tubulin–
containing ring complexes (

 

g

 

-TuRCs),

 

1

 

 bind with other
proteins to an insoluble centrosomal matrix and mediate
formation of new microtubules (for reviews see Zimmer-
man et al., 1999; Gunawardane et al., 2000). However, in
most cells the majority of microtubules nucleated by the

 

g

 

-TuRCs are released from the centrosome and held in
the vicinity of the spindle pole through interactions with a
minus end–directed motor complex containing dynein, dy-
nactin, and nuclear mitotic apparatus protein (NuMA)

(Merdes et al., 1996, 2000; Gaglio et al., 1997; Heald et al.,
1997). At the same time, plus end–directed motors act to
align microtubules such that their plus ends are in the vi-
cinity of chromatin (Sawin et al., 1992; Gaglio et al., 1996).
The balance set up between the minus end–directed com-
plexes and the plus end–directed motors form a polarized
and focused spindle that is capable of chromosome segre-
gation (Gaglio et al., 1996; Compton, 1998; Sharp et al.,
1999). In systems without centrosomes, the chromatin it-
self is responsible for microtubule nucleation, but other-
wise the mechanism of spindle assembly appears to be
similar to that of centrosome-containing cells (Gaglio et
al., 1997; Heald et al., 1997; Merdes and Cleveland, 1997).

Much less is known about the formation during late ana-
phase of the central spindle, the bundle of microtubules be-
tween the two daughter ana-telophase nuclei. Whether the
source of microtubules for this structure is the spindle on
which the chromatids have already been separated or
whether new microtubules are nucleated at the site of central
spindle formation is unclear. However, in 

 

Drosophila

 

 male
meiotic cells of 

 

asterless

 

 

 

(asl)

 

 mutants, which lack functional
centrosomes and hence asters, a normal central spindle can
self-assemble in the absence of properly oriented microtu-
bules emanating from the spindle poles (Bonaccorsi et al.,
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g

 

-TuRC, 

 

g
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1998). In addition, recent data have suggested that a coopera-
tive interaction exists between the central spindle and the
contractile ring during 

 

Drosophila

 

 male meioisis; when one of
these structures is disrupted, the proper assembly of the other
is also affected (Giansanti et al., 1998; Gatti et al., 2000).

Asp is a microtubule-binding protein of 220 kD that lo-
calizes to the polar regions of the mitotic spindle in early
embryos and larval neuroblasts of 

 

Drosophila

 

 (Saunders et
al., 1997; Avides and Glover, 1999). It possesses cdc2 kinase
and MAP kinase phosphorylation sites and putative cal-
modulin and actin-binding sites (Saunders et al., 1997).
Studies carried out on 

 

Drosophila

 

 embryonic and larval
brain cells have shown that this protein is required for cor-
rect spindle structure (Gonzalez et al., 1990; Saunders et al.,
1997; Avides and Glover, 1999). Moreover, recent work on
isolated embryonic centrosomes has led to the suggestion
that Asp is required for microtubule nucleation in vitro
(Avides and Glover, 1999). The phenotypic effects of 

 

asp

 

mutations have also been examined in male meiosis. It has
been reported that 

 

asp

 

 mutant males exhibit abnormally
shaped meiotic spindles and high levels of nondisjunction
(Ripoll et al., 1985; Casal et al., 1990; Gonzalez et al., 1990).

Here, we have reevaluated the role of the Asp protein by
analyzing its localization during neuroblast mitosis, female
meiosis, and male meiosis and by examining the cytological
phenotype of 

 

asp

 

 mutants in greater detail. To gain further
insight into the Asp function, we have also studied Asp lo-
calization in 

 

asl

 

 mutants and characterized the cytological
phenotype of 

 

asl

 

 

 

asp

 

 double mutants. Taken together, our
observations indicate that Asp functions by cross-linking
microtubule minus ends during cell division, helping to or-
ganize both the spindle poles and the central spindle.

 

Materials and Methods

 

Drosophila Stocks

 

The stocks used in this study were 

 

y/y

 

1

 

Y

 

, red 

 

asp

 

1

 

/TM6

 

 (Ripoll et al.,
1985), 

 

e asp

 

E3

 

/TM6B

 

 (Gonzalez et al., 1990; Carmena et al., 1991), 

 

asl

 

1

 

/
TM6B

 

 and 

 

asl

 

2

 

/TM6B

 

 (Bonaccorsi et al., 1998), and the Oregon R wild-
type strain that served as control. In addition, we used an 

 

asl

 

2

 

 asp

 

1

 

 double
mutant, which was constructed by recombination and then balanced over

 

TM6B

 

. Homozygous 

 

asp

 

1

 

 larvae were identified by the red malphigian tu-
bules produced by the 

 

red

 

 mutation. 

 

asl

 

1

 

/asl

 

1

 

, 

 

asl

 

2

 

/asl

 

2

 

, and 

 

asl

 

2

 

asp

 

1

 

/asl

 

2

 

asp

 

1

 

 larvae were discriminated from their 

 

TM6B

 

-bearing sibs, since they
do not exhibit the body shape phenotype elicited by the 

 

Tubby

 

-dominant
mutation carried by the 

 

TM6B

 

 balancer. 

 

red asp

 

1

 

/e asp

 

E3

 

 male larvae were
generated by crossing 

 

red asp

 

1

 

/TM6B

 

 males to 

 

e asp

 

E3

 

/TM6B

 

 females and
sorted from 

 

TM6B

 

-bearing sibs on the basis of their non-

 

Tubby

 

 pheno-
type. Balancers and markers are described in Lindsley and Zimm (1992).
The flies were reared on standard 

 

Drosophila

 

 medium at 25 

 

6

 

 1

 

8

 

C, and
dissections were performed at room temperature.

 

Brain and Testis Immunostaining

 

For brain preparation, we followed the method described by Bonaccorsi
et al. (2000b). Testis preparations were made with testes dissected from
third instar larvae or young pupae. Testes were fixed according to Bonac-
corsi et al. (1998) for 

 

g

 

-tubulin plus 

 

a

 

-tubulin imunostaining, to Cenci et
al. (1994) for either centrosomin or KLP3A plus 

 

a

 

-tubulin immunostain-
ing, and to Gunsalus et al. (1995) for 

 

a

 

-tubulin immunostaining followed
by actin staining with phalloidin. For Asp plus 

 

a

 

-tubulin immunostaining,
testes were fixed with formaldehyde and acetic acid as described by Gian-
santi et al. (1999). All of these testis fixation techniques are described in
detail in Bonaccorsi et al. (2000a).

Before incubation with antibodies, slides were rinsed several times in
PBS. Both brain and testis preparations were first incubated overnight at
4

 

8

 

C with any of the following rabbit primary antibodies diluted in PBT

(PBS containing 0.1% Triton X-100) containing 1% BSA: anti-Asp (1:50;
Saunders et al., 1997); anti–

 

g

 

-tubulin (1:200; Callaini et al., 1997); anticen-
trosomin (1:500; Li and Kaufman, 1996); anti-KLP3A (1:500; Williams et
al., 1995). Primary antibodies were detected by a 2-h incubation at room
temperature with TRITC-conjugated anti–rabbit IgG (Cappel Laborato-
ries) diluted 1:100 in PBT. Slides were then incubated for 1 h at room
temperature with a monoclonal anti–

 

a

 

-tubulin antibody (Amersham
Pharmacia Biotech) diluted 1:50 in PBS, which was detected by FLUOS-
conjugated sheep anti–mouse IgG (Boehringer) diluted 1:10 in PBS. For
actin plus tubulin staining, testes were first immunostained for 

 

a

 

-tubulin
as described and then incubated with rhodamine-phalloidin (Molecular
Probes) for 2 h at 37

 

8

 

C according to Gunsalus et al. (1995). Immuno-
stained preparations were air dried and mounted with Vectashield mount-
ing medium H-1200 with DAPI (Vector Laboratories).

 

Embryo Immunostaining

 

0–3-h 

 

Drosophila

 

 embryos were fixed with methanol and processed for in-
direct immunofluorescence according to Kellogg et al. (1989). This 0–3-h
collection yielded embryos that were sufficiently young to contain meiosis
II spindles and older syncytial stage embryos. For colchicine and taxol ex-
periments, 1–3-h embryos were treated with colchicine (5 mM) or taxol
(25 

 

m

 

M) for 20 min before fixation as described previously (Raff et al.,
1993). Fixed embryos were incubated overnight at 4

 

8

 

C with primary anti-
bodies (anti-Asp 1:50; anti–

 

g

 

-tubulin 1:500; anti-centrosomin 1:500). In
experiments using drug-treated embryos, it was not possible to compare
the localization of 

 

g

 

-tubulin (or centrosomin) and Asp in the same em-
bryo, since all of these antibodies were raised in rabbits. Instead, batches
of embryos were fixed, split, and stained with the DM1a mouse mono-
clonal antiboby to 

 

a

 

-tubulin (1:500; Sigma-Aldrich) and with either anti-
Asp, anti–

 

g

 

-tubulin, or anticentrosomin. RNase A was included with the
primary antibodies, and propidium iodide was used to stain the DNA
(Gonzalez and Glover, 1993). Cy5 anti–rabbit (Jackson ImmunoResearch
Laboratories) and Alexa 488 anti–mouse (Molecular Probes) secondary
antibodies were used at 1:500.

 

Microscopy

 

All brain and testis preparations were examined with an Axioplan
(ZEISS) microscope equipped with an HBO 50-W mercury lamp for ep-
ifluorescence and with a cooled charge-coupled device (CCD; Photomet-
rics Inc.). DAPI, FLUOS, and TRITC fluorescence were detected as de-
scribed (Gunsalus et al., 1995; Giansanti et al., 1999; Bonaccorsi et al.,
2000b). Grayscale digital images were collected separately using IP Lab
Spectrum software. Embryo imaging was performed using a Bio-Rad Lab-
oratories MRC 1024 scanning confocal head as described previously
(Gergely et al., 2000). Images were then converted to Photoshop

 

®

 

 2.5 or 4
format (Adobe

 

®

 

 System, Inc.), pseudocolored, and merged.

 

Results

 

Asp Is Enriched at the Minus Ends 
of Spindle Microtubules

 

Meiotic spindles of 

 

Drosophila

 

 males are much larger than
those of mitotic cells and particularly suitable for immu-
nolocalization studies (Bonaccorsi et al., 2000a). Thus, we
initially analyzed Asp localization during 

 

Drosophila

 

 male
meiosis. Wild-type testes were immunostained both with
an antibody produced against the NH

 

2

 

-terminal portion
of Asp (Saunders et al., 1997) and with an antibody to

 

a

 

-tubulin to label the microtubules (Fig. 1). During mei-
otic interphase I, the Asp antibodies stain the nucleus (not
shown), but upon entry into the first meiotic division the
signal relocates to the cytoplasm and weakly illuminates
the spindle poles. As meiosis proceeds, the spindle pole
staining increases until the spindle has formed completely
(Fig. 1 A). After the chromosomes have been segregated,
the polar staining of Asp begins to fade (Fig. 1 B). During
late anaphase and telophase I, Asp dramatically relocal-
izes to the minus ends of the central spindle microtubules
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(Fig. 1, C and D). This central spindle staining remains un-
til the central spindle is disassembled after cytokinesis. In
addition to microtubules, the antibodies also localize to
the reforming daughter nuclei during anaphase and telo-
phase I (Fig. 1, C and D). An identical immunostaining
pattern was observed in secondary spermatocytes under-
going the second meiotic division (not shown).

To investigate whether Asp localizes to the minus ends
of central spindle microtubules in other cell types, we
stained early 

 

Drosophila

 

 embryos and larval neuroblasts
with the anti-Asp antibody. In agreement with previous
studies, we found that during spindle formation Asp is

present at centrosomes and at the area of the spindle adja-
cent to the centrosome (Fig. 2 A and Fig. 3, A and B;
Saunders et al., 1997; Avides and Glover, 1999). However,
in addition Asp exhibits a striking enrichment at the minus
ends of central spindle microtubules similar to that seen
during male meiosis (Fig. 2 B and Fig. 3 C). Interestingly,
in both embryonic and neuroblast telophases the two
daughter nuclei are not immunostained by the anti-Asp
antibody, indicating that the nuclear staining observed in
meiotic telophases is a peculiar feature of this type of cell.

 

Asp Accumulates at the Minus Ends of Microtubules in 
Cells Lacking Functional Centrosomes

 

To determine whether centrosomes are required for Asp
localization to the spindle poles and to the outer regions of
the central spindle, we examined cells in which functional
centrosomes are absent. In 

 

Drosophila

 

, two such cell types
have been described: oocytes undergoing female meiosis
(Theurkauf and Hawley, 1992) and cells that carry a muta-
tion in the 

 

asl

 

 gene (Bonaccorsi et al., 1998, 2000b).

 

Drosophila

 

 female meiosis is mediated by anastral spin-
dles assembled from microtubules nucleated near the
chromosomes (Theurkauf and Hawley, 1992). During mei-
osis II, two spindles are tandemly arranged, perpendicular
to the oocyte cortex (Riparbelli and Callaini, 1996; Endow
and Komma, 1997). Between these two spindles there is an
aster-like structure that contains centrosomal components
such as 

 

g

 

-tubulin and CP190 (Riparbelli and Callaini,
1996, 1998). In contrast, the two outer poles, although well
focused, do not contain any reported centrosomal or mi-
crotubule-associated proteins (Theurkauf and Hawley,
1992; Matthies et al., 1996; Riparbelli and Callaini, 1996,
1998). When oocytes possessing these meiotic II spindles
were stained with the Asp antibody, the central aster was
recognized only weakly. However, the regions corre-
sponding to the minus ends of the focused spindle poles
showed strong Asp staining (Fig. 4).

 

asl

 

 spermatocytes and larval neuroblasts are both defec-
tive in centrosome structure and fail to nucleate astral mi-
crotubules. In both cell types, the loss of centrosomal in-
tegrity leads to the formation of anastral spindles that are
built around the chromatin. In 

 

asl

 

 spermatocytes, meiotic
spindles are very poorly focused; chromosomes fail to
align on a metaphase plate and often missegregate. None-
theless, they assemble perfectly normal central spindles
that are able to stimulate cytokinesis (Bonaccorsi et al.,
1998; Fig. 1 F). The anastral spindles of 

 

asl

 

 neuroblasts are,
in contrast, very well focused and are able to mediate cell
division correctly (Bonaccorsi et al., 2000b; Giansanti et
al., 2001; Fig. 3, D–F). The localization of Asp in 

 

asl

 

 sper-
matocytes and 

 

asl

 

 neuroblasts is shown in Fig. 1, E and F
and Fig. 3, D–F, respectively. In metaphase I 

 

asl

 

 spermato-
cytes, a clear Asp signal is present at the poorly focused
spindle poles (Fig. 1 E). During meiotic telophase I, the
anti-Asp antibody immunostains the minus ends of the
central spindle microtubules (Fig. 1 F). Similarly, in 

 

asl

 

mutant neuroblasts undergoing either metaphase, ana-
phase, or telophase (Fig. 3, D–F) Asp localization is com-
parable to that seen in wild-type controls (Fig. 3, A–C).
Thus, on the basis of our observations both of female mei-
osis and of 

 

asl

 

 mutant cells we conclude that the Asp pro-

Figure 1. Asp localization during the first meiotic division of
wild-type, asp, and asl males. Cells were fixed according to Gian-
santi et al. (1999) (described in Materials and Methods) and
stained for a-tubulin, Asp, and DNA (by DAPI). (A–D) Wild-
type meiotic cells. (A) Metaphase; (B) early anaphase; (C) late
anaphase; (D) telophase. Note that in metaphase (A) figures,
Asp is localized at the spindle poles. In telophase cells (D), Asp
predominantly accumulates at the extremities of the central spin-
dle but not in the central spindle midzone. (E) An asl anaphase-
like figure showing Asp staining at the spindle poles. (F) An asl
telophase with a well-organized central spindle showing a regular
Asp immunostaining at its extremities. Bar, 10 mm.
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tein does not require centrosomes to accumulate at or
near the minus ends of spindle microtubules.

 

Asp Is Not Present at the Centrosome in 
the Absence of Microtubules

 

To understand the basis of Asp localization to the cen-
trosome in greater detail, we treated embryos either with
colchicine or taxol (to depolymerize or stabilize microtu-
bules, respectively), and then compared the localization of
Asp to that of 

 

g

 

-tubulin. As shown in Fig. 5, when micro-
tubules are depolymerized or stabilized 

 

g

 

-tubulin staining
remains tightly associated with the centrosomes. Similar
results (not shown) were obtained using antibodies to the
integral centrosomal protein centrosomin (Li and Kauf-
man, 1996). However, Asp was not visible at the cen-
trosomes in embryos treated with colchicine (Fig. 5). Fur-
thermore, in embryos treated with taxol Asp staining was
not restricted to the centrosome but included a broader re-
gion at the minus ends of the stabilized microtubules (Fig.
5). Asp is therefore not an integral centrosomal compo-
nent but is dependent upon microtubules for its localiza-
tion to the centrosome.

 

The Role of Asp in Neuroblast Spindle Assembly

 

To define the functional role of Asp in neuroblast spindle
formation, we examined cell division in larval brains of

 

asp

 

1

 

/asp

 

1

 

 homozygotes and 

 

asp

 

1

 

/asp

 

E3

 

 heterozygotes. The

 

asp

 

1

 

 and 

 

asp

 

E3

 

 alleles are both semilethal mutations; they
are two of the strongest extant asp mutant alleles and ex-
hibit comparable mitotic phenotypes (Gonzalez et al.,
1989b; Carmena et al., 1991; White-Cooper et al., 1996).
When we looked at brains of asp1/asp1 and asp1/aspE3 lar-
vae, we also observed very similar phenotypes (data not
shown). Thus, we decided to focus on asp1/asp1 neuro-
blasts for detailed cytological analysis.

In asp1 brains, most dividing neuroblasts arrest in
metaphase. To analyze the structure of the spindle poles,

we double stained both wild-type and asp1 mutant brains
for either a- and g-tubulin or a-tubulin and centrosomin.
We found that the g-tubulin and centrosomin signals ob-
served in asp metaphases are of similar intensity to those
of controls (Fig. 6, A–D). However, although there is al-
ways a single signal at the spindle poles of control
metaphases (Fig. 6, A and C), in z40% of asp metaphases
we see two centrosomal signals at each pole (Fig. 6 B).
These results indicate that asp mutants normally accumu-
late g-tubulin and centrosomin at their centrosomes. In
addition, they show that in a substantial fraction of the asp
metaphases there is a precocious centrosome splitting.

The precocious centrosome separation observed in asp
metaphases is not surprising, since asp-dividing neuro-
blasts remain arrested in metaphase for a long time. This is
likely to ungear the centrosome cycle from the spindle dy-
namics, leading to centrosome splitting in metaphase. Our
results are in apparent contrast with those of Avides and
Glover (1999) who reported that asp mutant neuroblasts
have disorganized g-tubulin clumps at the spindle poles.
However, to document their data they showed an asp neu-
roblast metaphase with two g-tubulin spots at each pole. It
is thus likely that they interpreted the precocious cen-
trosome separation that occurs in asp metaphases as an
aberrant g-tubulin distribution at the spindle poles caused
by its dissociation from the centrosome.

Although asp and wild-type metaphases contain similar
amounts of centrosomal material, mutant metaphases
have fewer and generally shorter astral microtubules than
their wild-type counterparts (Fig. 6, A–D). Moreover, in
asp metaphases many spindle microtubules are poorly fo-
cused and do not appear to terminate at the centrosome
(compare Fig. 6, A and C with B and D). One interpreta-
tion of these observations is that Asp is required for cor-
rect microtubule nucleation from the centrosome. Alter-
natively, Asp could function directly at the microtubule
minus ends, mediating microtubule focusing and cen-
trosome attachment to the spindle poles.

Figure 2. Asp localization in cells of
wild-type Drosophila embryos. In the
merged images, DNA is colored in blue,
tubulin in green, and Asp in orange.
(A) Metaphases showing Asp localiza-
tion at the spindle poles; (B) telophases
showing Asp accumulation at the mi-
nus ends of central spindle microtu-
bules. Bar, 10 mm.
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By examining the cytological phenotype of asl2 asp1

double mutants, we sought to discriminate between these
possibilities. In asl2 mutants, despite the absence of func-
tional centrosomes and astral microtubules, metaphase
spindles of larval neuroblasts are very well focused at their
poles (Fig. 6 E; see also Bonaccorsi et al., 2000b). In con-
trast, in neuroblast metaphases of asl asp double mutants
the microtubule minus ends are splayed apart and fail to
converge into focused spindle poles (Fig. 6, F and G). This
suggests that the poorly focused spindles observed in asp1

mutants are not a consequence of centrosome abnormali-
ties. Instead, the above results indicate that Asp is a micro-
tubule minus end–associated protein that mediates spindle
pole formation independently of centrosomes.

The Role of Asp during Male Meiosis

Drosophila male meiosis offers a significant advantage over
mitotic larval brain cells for the phenotypic analysis of mu-
tants defective in spindle formation. In larval brain cells, the
presence of disorganized spindles activates the spindle integ-

Figure 3. Asp localization in neuroblasts of wild-
type and asl larval brains. Cells were stained for
a-tubulin, Asp, and DNA (by DAPI). In the
merged images, DNA is colored in blue, tubulin in
green, and Asp in orange. (A–C) Wild-type neuro-
blasts; (D–F) asl neuroblasts; (A and D) metaphases;
(B and E) anaphases; (C and F) telophases. Note
that both wild-type and asl neuroblasts divide asym-
metrically, giving rise to two daughter cells of differ-
ent sizes (C and F). For details on unequal neuro-
blast division see Giansanti et al. (2001). In
metaphase and anaphase figures, Asp is localized at
the spindle poles, wheras in telophases (C and F) it
accumulates at both the poles and the extremities of
the central spindle. Note that wild-type and asl neu-
roblasts exhibit similar patterns of Asp accumula-
tion. Bar, 5 mm.
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rity checkpoint, precluding the observation of cell division
subsequent to arrested metaphases (Avides and Glover,
1999). However, in spermatocytes the spindle checkpoint is
not stringent and causes only a small delay in progression
through meiosis (Basu et al., 1999; Rebollo and Gonzalez,
2000). Thus, by analyzing meiotic divisions in asp males, in
addition to the role of asp in spindle pole formation, we
could also address its role in central spindle assembly.

As an initial step to characterize male meiosis in asp mu-
tants, we analyzed “onion stage” spermatids in living
preparations of asp1/asp1 and asp1/aspE3 mutant testes
by phase–contrast microscopy. Because these males dis-
played comparable meiotic abnormalities, we focused on

asp1/asp1 testes for detailed cytological analysis. In wild
type, each spermatid consists of one phase–light nucleus
and one phase–dense mitochondrial derivative (called the
Nebenkern) of similar size (for review see Fuller, 1993).
The regular size of both nuclei and Nebenkern depends on
the correct execution of both meiotic divisions. Errors in
chromosome segregation result in the formation of nuclei
of abnormal size (Gonzalez et al., 1989a). Failures in cy-
tokinesis produce aberrant spermatids composed of an ab-
normally large Nebenkern associated with two or four nu-
clei of regular size (Fuller, 1993).

In asp mutant males (Fig. 7 and Table I), 41% of the
spermatids consist of a normal-sized nucleus associated
with a normal Nebenkern and are likely to be the product
of regular meiotic divisions. 15% of the spermatids contain
a normal Nebenkern associated with an abnormally sized
nucleus and are probably the consequence of a failure in
chromosome segregation but not in cytokinesis. Con-
versely, 23% of spermatids result from failures in cytokine-
sis but not in chromosome segregation, since they exhibit
two or four normal-sized nuclei associated with a single
Nebenkern of twice or four times the size of a normal
Nebenkern, respectively. Finally, we observed spermatids
consisting of a single large Nebenkern associated with two
(12%), four (3%), or more than four (6%) nuclei of differ-
ent sizes. These peculiar spermatids are likely to be the
consequence of failures in both chromosome segregation
and cytokinesis. Taken together, these results strongly sug-
gest that asp mutants are defective in both processes.

To determine the primary defects that cause the forma-
tion of aberrant spermatids, we examined meiotic cell divi-
sion in asp1 males by staining fixed preparations for chro-

Figure 4. Asp localization in cells undergoing the second meiotic
division in wild-type Drosophila oocytes. In the merged image, DNA
is colored in blue, tubulin in green, and Asp in orange. Note that Asp
accumulates at the poles of both meiotic spindles. Bar, 10 mm.

Figure 5. Localization of Asp in embryos treated with colchicine or taxol. Embryos were incubated in 5 mM colchicine or 25 mM taxol
for 20 min before fixation (described in Materials and Methods). Embryos from the same batch were stained with antibodies to either g-
and a-tubulin (A and C) or Asp and a-tubulin (B and D) and with propidium iodide to show the mitotic chromatin (A–D). In the
merged images, chromatin is colored in blue, tubulin in green, and Asp or g-tubulin in red/orange. (A and B) 5 mM colchicine. (A)
a-Tubulin staining is diffuse, suggesting all microtubules have been depolymerised. g-Tubulin, as an integral centrosomal protein, is
tightly focused at the centrosome. (B) a-Tubulin is not detectable, and Asp does not show any centrosomal localization. (C and D) 25
mM taxol. (C) Microtubules are stabilized and form astral arrays surrounding each centrosome. g-Tubulin is found only at the cen-
trosomes. (D) Asp staining is found throughout the area corresponding to the minus ends of the microtubules, and it is not focused at
the centrosome. Bar, 10 mm.
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matin, a-tubulin, and either g-tubulin or centrosomin.
Several phenotypes were observed. First, during pro-
metaphase the asters are smaller than their wild-type
counterparts and often are not attached to the nuclear en-
velope as in wild type. In addition, the two asters are usu-
ally close to each other, suggesting a delayed migration to
the opposite sides of the nucleus (Fig. 8, compare A and

B). Second, as described previously asp spermatocytes
form abnormally shaped and poorly focused bipolar spin-
dles (Fig. 8, C and D; Casal et al., 1990; Gonzalez et al.,
1990). Third, in many cells the centrosomes do not appear
to be attached to the ends of these spindles but float free
in the cytosol (Fig. 8 C). Fourth, g-tubulin is present at the
centrosomes in asp spermatocytes throughout meiosis, and

Figure 6. Spindle pole organization in asp neuro-
blast metaphases. Cells were stained for a-tubulin,
DNA, and either centrosomin (Cnn; A and B) or
g-tubulin (C–G). In the merged images, chromatin
is colored in blue, a−tubulin in green, and Cnn or
g-tubulin in orange. (A and C) Wild-type neuro-
blast metaphases; (B and D) asp; (E) asl2; (F and G)
asl2 asp1 neuroblast metaphases. Note in B the split-
ting of the Cnn signal and in E–G the lack of g-tubu-
lin accumulation in the centrosomes. The anastral
asl2 mutant metaphases (E) exhibit well-focused
spindle poles. By contrast, in asl2 asp1 metaphases
spindle microtubules fail to converge into the poles
and are splayed outward (F and G). Bar, 5 mm.
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we could detect no difference in immunostaining intensity
between asp and wild-type cells (Fig. 8). Staining with an-
tibodies to centrosomin gave similar results (not shown).
Thus, asp spermatocytes behave similarly to asp neuro-
blasts. Although they have small asters and poorly focused
spindle poles, their centrosomes recruit normal amounts
of g-tubulin and centrosomin.

To determine whether the Asp protein plays a role in
central spindle assembly, we examined asp1 telophases for
the presence and normality of the central spindle (Table II
and Fig. 9). Although central spindle morphology looked
rather normal in about one half of the telophases, in the
other half it was severely affected. In a fraction of the ab-
normal telophases, the central spindle fails to form com-
pletely, whereas in the remaining cells some interzonal mi-
crotubules can be discerned, which are organized in small
and irregular bundles that do not completely traverse the
cell (Fig. 9, E and F). To better define central spindle struc-
ture in asp mutant telophases, we immunostained asp1 tes-
tes for KLP3A, a plus end–directed microtubule motor that
localizes to the equatorial region of the central spindle and
is required for meiotic cytokinesis (Williams et al., 1995).
We observed a KLP3A distribution that reflects the orga-
nization of interzonal microtubules; this protein was not
detected in areas with sparse and unbundled microtubules
but accumulated in the center of the irregular microtubule

bundles (Table II and Fig. 9, B and C). We also examined
the actin-enriched contractile ring of asp telophases by
staining cells with rhodamine-phalloidin. In wild type, this
procedure reveals a clear acto-myosin ring that surrounds
the central spindle midzone (Gunsalus et al., 1995; Gian-
santi et al., 1998; Fig. 9 D). In asp telophases with a normal
central spindle, actin localized correctly at the cell equator.
However, in cells where the central spindle failed to form
properly actin localization was severely disrupted (Fig. 9, E
and F), and where the central spindle was completely ab-
sent we did not observe any actin staining.

Figure 7. Abnormal spermatids observed in living asp1 mutant
testes. (A) Two regular spermatids showing nuclei (white circles)
and Nebenkern (dark circles) of similar sizes. (B) An abnormal
spermatid with the nucleus smaller than the Nebenkern. (C and
D) Spermatids with two nuclei of similar sizes (C) or of different
sizes (D) associated with a single Nebenkern, which is twice the
size of a normal Nebenkern. (E and F) Abnormal spermatids
containing four equally sized (E) or differently sized (F) nuclei as-
sociated with only one Nebenkern that is four times larger than a
regular Nebenkern. (G) A spermatid containing only one abnor-
mally large Nebenkern associated with multiple nuclei. Bar, 10 mm.

Table I. Abnormal Spermatid Morphology in asp1 Mutants

Genotype Number of spermatids Type of spermatids (%)*

1:1 2:1 4:1 Other irregular Total irregular

A B A B A B

asp1/asp1 925 41.2 14.9 18.8 12.2 3.9 3.0 6.0 58.8
Oregon R 500 99.6 0.2 0.2 0 0 0 0 0.4

*Ratios refer to number of nuclei per Nebenkern; A and B indicate regular and irregular nuclear size(s), respectively.  (1:1 A) Regular spermatids containing one nucleus and one
Nebenkern of similar size (Fig. 7 A); (1:1 B) spermatids containing a regular Nebenkern associated with a nucleus of abnormal size (Fig. 7 B); (2:1) two nuclei of similar (A; Fig.
7 C) or different (B; Fig. 7 D) sizes associated with a single Nebenkern; (4:1) four nuclei of similar (A; Fig. 7 E) or different (B; Fig. 7 F) sizes associated with a single large
Nebenkern.  The class “other irregular” mostly includes spermatids containing one large Nebenkern associated with multiple nuclei (Fig. 7 G).

Figure 8. Aster positioning and spindle pole structure in asp1

primary spermatocytes. Cells were fixed according to Bonaccorsi
et al. (1998) (described in Materials and Methods) and stained
for DNA (blue), a-tubulin (green), and g-tubulin (orange). (A)
A wild-type prophase/prometaphase at the M1 stage showing
two robust asters closely apposed to the nuclear envelope and lo-
cated at the opposite sides of the nucleus. (B) An asp prophase/
prometaphase with small asters detached from the nucleus that
have failed to migrate to the cell poles. (C) An asp
prometaphase-like figure with one centrosome (arrow) detached
from a spindle pole. (D) An anaphase-like figure with broad
spindle poles and abnormally segregating chromosomes. Note
that the centrosomes of the asp mutant cells accumulate normal
amounts of g-tubulin. Bar, 10 mm.
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The defects in central spindle formation observed in asp
mutants could be either a secondary consequence of a glo-
bal disorganization of the meiotic spindle or a direct con-
sequence of an impairment of the Asp function. To dis-
criminate between these possibilities, we examined larval
testes of asl2 asp1 double mutants. In asl2/asl2 testes, telo-
phases display a morphologically normal central spindle
and cytokinesis occurs normally (Bonaccorsi et al., 1998;
data not shown). In the asl2 asp1 double mutant, the fre-
quency of cells undergoing meiosis is similar to that ob-
served in asl2/asl2 homozygotes. However, in contrast to
asl single mutants most if not all asl2 asp1 double mutant
telophase-like figures have highly disorganized central
spindles, which exhibit only small and irregular KLP3A
and F actin patches (data not shown). These results sup-
port the hypothesis that Asp contributes towards central
spindle organization during anaphase and telophase. The
defects in central spindle formation could then disrupt the
assembly of the contractile apparatus, causing defective
cytokinesis.

Discussion

The Role of Asp in Spindle Pole Organization

We have shown that Asp accumulates at the spindle poles
of both mitotic and meiotic Drosophila cells. This result is
consistent with those obtained previously on embryonic
and larval brain cells (Saunders et al., 1997; Avides and
Glover, 1999). In addition, we have demonstrated for the
first time that cells that are devoid of functional cen-
trosomes still accumulate Asp at the spindle poles. Fur-
thermore, we have shown that in the absence of microtu-
bules Asp does not accumulate at the centrosome. These
findings suggest Asp may function at the minus ends of mi-
totic and meiotic spindles rather than as part of the core
centrosome.

We have shown that both centrosome-containing asp
mutant neuroblasts and spermatocytes display common
phenotypical features. They form smaller astral microtu-
bule arrays than their wild- type counterparts, have poorly
focused spindle poles, and accumulate normal amounts of
g-tubulin and centrosomin at their centrosomes. In addi-
tion, in a substantial fraction of mutant cells centrosomes
are disconnected from the rest of the spindle. Previous
studies have shown that free centrosomes can also be ob-
served in embryos produced by homozygous asp mothers
(Gonzalez et al., 1990). An interpretation consistent with
all the phenotypes observed in asp mutant cells is that the
Asp protein mediates interactions between microtubule
minus ends and the centrosome. In asp mutants, the mi-
crotubules would be normally nucleated by the cen-
trosome but would not be held in its vicinity after their re-
lease from this organelle. This would account for the small
size of asters and for the detachment of the centrosomes
from the spindle poles.

This interpretation is supported by the analysis of neu-
roblast division in asl asp double mutants, which provides
a trenchant demonstration of Asp function in spindle pole
formation in the absence of centrosomes. In asl mutant
neuroblasts, despite the absence of functional centrosomes
and astral microtubule arrays, microtubule minus ends
converge into well-focused spindle poles. However, when
the asl and asp functions are simultaneously impaired, the
microtubule minus ends are splayed outward and fail to
converge into poles. This indicates that Asp plays a role in
microtubule focusing at the spindle poles that is indepen-
dent of any putative function in microtubule nucleation.

If our results indicate that Asp plays an essential role in
microtubule bundling at the spindle poles, how can we rec-

Figure 9. Central spindle morphology and acto-myosin ring for-
mation in meiotic telophases I of asp males. (A–C) Cells fixed ac-
cording to Cenci et al. (1994) (described in Materials and Methods)
and stained for DNA (blue), a-tubulin (green), and KLP3A (or-
ange). (A) A wild-type telophase showing a prominent central
spindle displaying a normal KLP3A accumulation at its midzone.
(B and C) asp telophases with abnormal central spindles. In B,
the central spindle microtubules are irregularly arranged, and
KLP3A accumulation in the midzone is partially disrupted. In C,
the central spindle is virtually absent, and only clumps of KLP3A
can be observed. (D–F) Cells fixed according to Gunsalus et al.
(1995) (described in Materials and Methods) stained for DNA
(blue), a-tubulin (green), and F actin (orange). (D) A wild-type
telophase displaying a normal actin-enriched contractile ring. (E
and F) asp telophases with poorly organized central spindles and
irregularly positioned and incomplete actin rings. Bar, 10 mm.

Table II. Central Spindle Defects in asp1 Telophases 
Immunostained for Tubulin and KLP3A

Genotype Number of telophases Types of central spindles (%)*

A B C D Total irregular

asp1/asp1 74 52.7 28.3 14.9 4.1 47.3
Oregon R 68 98.5 1.5 0 0 1.5

*(A) Morphologically normal central spindle with KLP3A staining traversing the
central spindle midzone. (B) Central spindle present but irregularly organized;
KLP3A does not completely traverse the central spindle midzone.  (C) Central spindle
severely defective; only clumps of KLP3A staining.  (D) Central spindle and KLP3A
staining are both absent.
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oncile them with the in vitro experiments using purified
centrosomes that point towards a microtubule nucleating
function for Asp (Avides and Glover, 1999)? In those in
vitro experiments, embryo extracts were added to purified
salt-stripped centrosomes, and microtubule nucleation
from the centrosome was measured. When wild-type ex-
tract was added, asters were formed. However, when ei-
ther asp extracts or extracts immunodepleted of Asp were
used asters did not form. Instead, many linear arrays of
microtubules were seen that did not appear to have a fo-
cus. This led the authors to suggest that Asp functions by
holding together g-TuRCs at the centrosome, thus facili-
tating microtubule nucleation. Clearly, this hypothesis
cannot fully account for the results described here. An al-
ternative model is that purified centrosomes do nucleate
microtubules in an asp mutant background but that the
microtubules are released very soon afterwards where
they could continue to grow, producing the linear arrays of
microtubules.

The functions we have proposed for Asp during spindle
formation are very similar to those thought to be played
by the dynein–dynactin–NuMA complex in a variety of
vertebrate cell systems (Merdes and Cleveland, 1997;
Compton, 1998). Disruption of the activity of either dy-
nein or NuMA during the in vitro assembly of Xenopus
acentrosomal spindles results in splayed spindle poles
comparable to those seen in asl asp double mutants
(Heald et al., 1996, 1997; Merdes et al., 2000). When the
function of either dynein, dynactin, or NuMA is disrupted
in centrosome-containing systems, the centrosomes retain
their nucleating ability and form small asters, but spindle
pole organization is disrupted; spindles display unfocused
poles, which are often disconnected from the centrosomes
(Gaglio et al., 1995; Echeverri et al., 1996; Merdes et al.,
1996; Gaglio et al., 1997; Heald et al., 1997; Quintyne et al.,
1999). These findings suggest that vertebrates and Dro-
sophila exploit similar mechanisms for microtubule tether-
ing at the spindle poles and that NuMA and Asp play sim-
ilar roles in these processes.

The Role of Asp in Central Spindle 
Assembly and Cytokinesis

Besides its function at the spindle poles, Asp appears to
perform an additional function during central spindle as-
sembly. We have shown that Asp is not uniformly distrib-
uted along the central spindle but exhibits a striking en-
richment at the microtubule minus ends of this structure.
Many proteins have been found to bind to the equatorial
region of the central spindle, and some of them have been
shown to be necessary for central spindle stability (for re-
view see Gatti et al., 2000). In contrast, as far as we are
aware only two proteins, Asp and g-tubulin, are known to
accumulate at the minus ends of central spindle microtu-
bules. The localization of g-tubulin to the central spindle
extremities has been seen only in mammalian cells. Ac-
cordingly, g-tubulin depletion by either antibody injection
or antisense RNA disrupts the central spindle and causes
failure in cytokinesis (Julian et al., 1993; Shu et al., 1995).
However, we and others have never been able to detect
the presence of g-tubulin at the central spindle extremities
in various Drosophila cell types (Raff et al., 1993; Callaini

et al., 1997; Bonaccorsi et al., 1998; Bonaccorsi et al.,
2000b). This suggests that in Drosophila the role played by
g-tubulin in mammalian central spindle assembly is ful-
filled by other proteins, one of which could be Asp.

When Asp function is disrupted, a large fraction of sper-
matocyte telophases display severe defects in central spin-
dle morphology. These defects are unlikely to be an indi-
rect consequence of abnormal microtubule organization in
earlier stages of meiotic cell division in asp mutants. asl
spermatocytes, which exhibit highly disorganized meta-
phase and anaphase spindles, nonetheless form central
spindles that are undistinguishable from their wild-type
counterparts (Fig. 1 F; Bonaccorsi et al., 1998). However, in
asl asp double mutants, although metaphase and anaphase
spindles are comparable to those of asl single mutants, cen-
tral spindles either fail to form or are severely defective.
Thus, we conclude that the Asp protein plays a specific role
in central spindle organization and stabilization.

The abnormalities seen in the central spindle of asp
spermatocytes suggest that the Asp protein may help to
cross-link the minus ends of central spindle microtubules,
preventing them from sliding and splaying apart. Central
spindle assembly during male meiosis also requires KLP3A,
a kinesin-like protein that accumulates in the central spin-
dle midzone (Williams et al., 1995). It is therefore likely
that central spindle formation depends on both plus end–
and minus end–associated proteins, which work in concert
to ensure proper orientation, alignment, and stabilization
of central spindle microtubules.

There is growing evidence that the assembly of the con-
tractile ring depends on the integrity of the central spindle
(for review see Gatti et al., 2000). Our observations on asp
mutant telophases provide additional support for this view.
In asp telophases with a normal central spindle, we also ob-
serve an apparently regular F actin–enriched ring. In cells
where the central spindle is completely disrupted, there is
no F actin accumulation at the cell equator. Finally, in asp
telophases that possess irregular bundles of microtubules
between the two daughter nuclei, we usually observe
patches of F actin that are always associated with bundled
microtubules but which never form a continuous contrac-
tile ring. We thus conclude that the failures in cytokinesis
observed in asp spermatids are brought about by a primary
defect in central spindle organization that leads to a partial
or complete failure in the acto-myosin ring assembly.

To summarize, we propose that Asp binds at or near the
microtubule minus ends of both the spindle poles and the
central spindle. At the spindle poles, Asp may cross-link
the microtubules, ensuring both their focusing into polar-
ized arrays and their attachment to centrosomes after re-
lease from these nucleating centers. During anaphase and
telophase, Asp could also serve to cross-link the minus
ends of central spindle microtubules, thus stabilizing this
structure and allowing formation of the acto-myosin con-
tractile apparatus required for cytokinesis.
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