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Introduction
In metazoans, the centrosome organizes the microtubule cyto-
skeleton. The molecular mechanisms responsible for the initia-
tion and the regulation of microtubule assembly remain unclear, 
although γ-tubulin appears critical to these processes. In addi-
tion to a centrosomal fraction, γ-tubulin is present in cytosolic 
high-order protein structures (Akashi et al., 1997; Murphy et al., 
1998; Oegema et al., 1999; Fujita et al., 2002). In Drosophila 
melanogaster, two main complexes have been characterized. 
The simplest ones, called γ-tubulin small complexes (γ-TuSCs), 
are salt-stable tetramers of ~10S that are composed of two 
γ-tubulin molecules and two associated proteins, Dgrip84 and 
Dgrip91 (Oegema et al., 1999). They represent the basic com-
ponents of the larger complexes, the γ-tubulin ring complexes 
(γ-TuRCs). γ-TuRCs, whose sedimentation coeffi cients range 
from 25 to 35S, contain at least four other proteins (Dgrip75, 
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Dgrip128, Dgrip163, and Dgp71WD) in addition to the γ-TuSC 
subunits, in a yet unknown stoichiometry. Dgrip75, Dgrip128, 
and Dgrip163 exhibit sequence homologies called grip motifs, 
with the two γ-tubulin–associated proteins of the γ-TuSC (Fava 
et al., 1999; Gunawardane et al., 2000; Murphy et al., 2001). In 
contrast, Dgp71WD does not posses any grip motifs, but con-
tains seven WD (tryptophan–aspartic acid) repeats (Haren et al., 
2006). In vitro, this protein directly interacts with the grip motif 
containing γ-TuRC subunits, suggesting that it may play a scaf-
folding role in γ-TuRC organization (Gunawardane et al., 
2003). Current models suggest that γ-TuRCs that have been 
previously assembled in the cytoplasm are recruited to the cen-
trosomes, where they play a role in microtubule nucleation and 
stabilization (Stearns and Kirschner, 1994; Zheng et al., 1995; 
Fava et al., 1999; Zhang et al., 2000).

The functions of γ-tubulin and its associated proteins in 
the γ-TuSC have been extensively studied. Deletion of either 
corresponding gene is lethal, resulting in an accumulation of 
cells in mitosis. This is usually correlated with the appearance 
of strong mitotic defects such as monopolar structures or bipo-
lar spindles exhibiting unfocused poles, impairment of pole 
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In metazoans, γ-tubulin acts within two main com-
plexes, γ-tubulin small complexes (γ-TuSCs) and γ- tubulin 
ring complexes (γ-TuRCs). In higher eukaryotes, it is 

assumed that microtubule nucleation at the centrosome 
depends on γ-TuRCs, but the role of γ-TuRC components 
remains undefi ned.

For the fi rst time, we analyzed the function of all four 
γ-TuRC–specifi c subunits in Drosophila melanogaster: 
Dgrip75, Dgrip128, Dgrip163, and Dgp71WD. Grip-
motif proteins, but not Dgp71WD, appear to be required 
for γ-TuRC assembly. Individual depletion of γ-TuRC com-

ponents, in cultured cells and in vivo, induces mitotic 
delay and abnormal spindles. Surprisingly, γ-TuSCs are 
recruited to the centrosomes. These defects are less severe 
than those resulting from the inhibition of γ-TuSC compo-
nents and do not appear critical for viability. Simultane-
ous cosilencing of all γ-TuRC proteins leads to stronger 
phenotypes and partial recruitment of γ-TuSC. In conclu-
sion, γ-TuRCs are required for assembly of fully functional 
spindles, but we suggest that γ-TuSC could be targeted to 
the centrosomes, which is where basic microtubule assem-
bly activities are maintained.
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maturation, and increase in aneuploidy (Oakley et al., 1990; 
Sunkel et al., 1995; Geissler et al., 1996; Spang et al., 1996; 
Knop et al., 1997; Barbosa et al., 2000; Paluh et al., 2000; Vardy 
and Toda, 2000; Hannak et al., 2002; Colombie et al., 2006). 
In contrast, our knowledge about the function of γ-TuRC– specifi c 
components is limited. In D. melanogaster, Dgrip75 is essential 
for fertility, but not for viability. Dgrip75 loss-of-function 
 mutants specifi cally affect localization of the maternal determi-
nant bicoid during oogenesis, suggesting a role in the organiza-
tion or in the dynamics of a subset of microtubules (Schnorrer 
et al., 2002). In Schizosaccharomyces pombe, mutants in 
Gfh1 (a Dgrip75 orthologue) and in Alp16 (a Dgrip163 ortho-
logue) exhibit defects associated with altered microtubule func-
tion, but without any effect on cell viability (Fujita et al., 2002; 
Venkatram et al., 2004). Current models cannot explain these 
data.  Instead, they raise questions not only about the redun-
dancy or the specifi city of the γ-TuRC–specifi c proteins but 
also about the respective functions of γ-TuSCs and γ-TuRCs. In 
this work, we have tested whether γ-tubulin is only recruited to 
the centrosome in the form of γ-TuRCs or if γ-TuSCs can be 
recruited and subsequently matured into functional γ-tubulin 
complexes by attracting additional components. To this aim, we 
have developed two strategies: (1) RNA interference (RNAi) in 
cultured cells involving individual or concomitant depletion of 

γ-TuRC components, and (2) genetic analyses by taking advan-
tage of the availability of mutant strains (Dgrip75, Dgrip163, 
and Dgp71WD). We demonstrate that the γ-TuRC–specifi c sub-
units display functional specifi cities and that the γ-TuSCs could 
be targeted to the centrosome where basic microtubule assem-
bly functions are maintained.

Results
RNAi-directed depletion of Dgrip75 impairs 
cytosolic 𝛄-TuRC assembly or stability
First, we characterized the consequences of the depletion of a 
γ-TuRC–specifi c protein on the assembly of cytosolic γ-tubulin 
complexes. Cultured D. melanogaster S2 cells were treated by 
RNAi to deplete Dgrip75, a grip protein specifi cally present in 
the γ-TuRC (Fava et al., 1999). The treatment led to a strong 
decrease of the protein level (Fig. 1 A; >95% of the control 
level, as judged by Western blot analysis). This effect was spe-
cifi c, as determined by examining the amount of the three 
γ-TuSC proteins (γ-tubulin, Dgrip84, and Dgrip91) and actin 
(Fig. 1, A and D). Immunofl uorescence analysis of control cells 
showed that although Dgrip75 was undetectable at the inter-
phase centrosome, it localized to the poles at the onset of 
 mitosis, where it was maintained throughout cell division 

Figure 1. Characterization of Dgrip75 depletion by RNAi. 
(A) Analysis of protein depletion by Western blot. Total  protein 
extracts of control or treated cells (Dgrip75RNAi) were  analyzed 
using Dgrip75 affi nity–purifi ed antibodies and antibodies 
against Dgrip84, γ-tubulin, or actin (internal loading control). 
(B) Analysis of protein depletion by immunofl uorescence. a and b, 
microtubules; c and d, Dgrip75 signal. A quantitative view is 
shown in Table I. (C) Analysis of γ-tubulin complexes after 
Dgrip75 depletion. Total protein extracts prepared from 
 control or treated cells (Dgrip75RNAi) were centrifuged in a su-
crose gradient. Soluble fractions were analyzed by immuno-
blotting against γ-TuRC components. (D) Recruitment of γ-TuSC 
components into the cytoskeletal fraction after Dgrip75 deple-
tion. Total protein extracts (T) of control or treated cells 
(Dgrip75RNAi) were centrifuged for 10 min at 10,000 g. Then, 
the supernatants (S) and the pellets (P) were analyzed by 
 immunoblotting with antibodies against Dgrip91, Dgrip84, 
γ-tubulin, and Dgrip75. Bar, 5 μm.
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(Fig. 1 B, c). In marked contrast, the protein was absent from 
the mitotic centrosomes in Dgrip75-depleted cells, consistent 
with Western blot quantifi cation (Fig. 1 B, d; and Table I).
 When extracts from treated cells were submitted to sucrose gra-
dient sedimentation, γ-TuRCs were severely reduced, as indi-
cated by immunoblotting of soluble fractions with antibodies 
against γ-tubulin, Dgrip84, Dgrip91, Dgrip128, and Dgrip163 
(Fig. 1 C). The main remaining complexes appeared to be 
γ-TuSCs, as judged by their protein content and their sedimen-
tation coeffi cient. In addition, the total level, as well as the solu-
ble and cytoskeletal fractions of the three γ-TuSC proteins, are 
unchanged in control and Dgrip75-depleted cells (Fig. 1 D), 
suggesting a redistribution of these proteins in the different 
complexes rather than a change in quantity. In contrast, after 
Dgrip75-RNAi treatment, we noticed a decrease in the total 
level of the two other grip-motif proteins of the γ-TuRC, 
Dgrip128 and Dgrip163. The remaining Dgrip128 protein was 
distributed on the gradient in the form of heterogeneous and un-
characterized complexes with apparent masses equal or slightly 
higher than the mass of the γ-TuSC. Dgrip163 protein migrated 
mainly in light fractions (<10S). One hypothesis could be that 
this protein was present as a monomeric or dimeric form. Thus, 
Dgrip75 appears to be required for effi cient assembly or stabil-
ity of cytoplasmic γ-TuRCs.

Impairment of 𝛄-TuRC assembly induces 
moderate mitotic defects, but does not 
preclude 𝛄-TuSC centrosomal recruitment
We next investigated whether Dgrip75 depletion, and thus the 
subsequent decrease of γ-TuRCs, affected mitotic progression. 
The mitotic index was signifi cantly increased by �2.6-fold 
(2.9%; n = 4,766; probability of 95% [P95] = 2.5–3.3 in treated 
cells, compared with 1.1%; n = 9,235; P95 = 0.9–1.3 in 
control cells). This mitotic accumulation coincided with the 
 maintenance of an active mitotic checkpoint, as judged by a 
strong BubR1 signal at kinetochores (not depicted), which was 
indicative of a transient block in prometaphase. α-Tubulin 
 immunostaining analysis confi rmed an accumulation of cells in 

premetaphase stages (increased 1.8-fold in frequency), whereas 
postmetaphase fi gures exhibited a 2.6-fold decrease relative to 
controls (Table II). Aberrant mitotic fi gures were observed, 
mainly monopolar spindles and bipolar spindles that were either 
elongated or with lagging chromosomes (Fig. 2 and Table II). 
Approximately one third of prometaphases and metaphases 
were still organized as bipolar structures, albeit with a longer 
interpolar distance (average increase of 50%; 7.9 ± 0.9 in 
treated cells vs. 5.3 ± 0.7 in controls) and a poor microtubule 
density. However, treated bipolar spindles exhibited astral mi-
crotubules (Fig. 2 A, d, h, and l). Their poles were normally 
 focused, consistent with polar localization of Asp (Fig. 2 B, a), 
a marker of the spindle microtubules minus ends (Wakefi eld 
et al., 2001). They seemed to properly separate their centro-
some, as 97% (n = 112; P95 = 92–99) exhibited centrosomin 
(Cnn) labeling at both poles (Fig. 2 B, b; Megraw et al., 1999). 
Surprisingly, in Dgrip75-depleted cells, γ-tubulin was still re-
cruited to the poles at all stages of mitosis (Fig. 2 A, a–d; and 
Table I). The maximal fl uorescence values raised by γ-tubulin 
antibodies at the two poles of symmetrical spindles did not differ 
between Dgrip75-treated and control cells (Fig. 2 C). The two 
γ-tubulin partners in the γ-TuSC, Dgrip84, and Dgrip91 were 
also targeted to the poles in an effi cient manner (Fig. 2 A, e–l; 
and Table I). At the same time, pole localization of γ-TuRC–
specifi c proteins (Dgrip128, Dgrip163, and Dgp71WD) was 
signifi cantly inhibited, but not completely abolished (Fig. 2 D 
and Table I). The reductions in Dgrip128 or Dgrip163 stainings 
(Fig. 2 D, a–f, Table I) may result, at least partly, in the overall 
decrease in the levels of these proteins after Dgrip75 depletion. 
Dgp71WD staining was present, but reduced in intensity in 
most of the cases (Fig. 2 D, g–i, insets). To illustrate these 
changes, we performed double-labeling immunofl uorescence on 
cells depleted of Dgrip75, showing colocalization of γ- tubulin 
with γ-TuSC–associated proteins (Dgrip84 or Dgrip91) or 
with Dgp71WD, whereas the γ-TuRC proteins Dgrip128 or 
Dgrip163 were no longer detectable (Fig. S1, available at http://
www.jcb.org/cgi/content/full/jcb.200511071/DC1). The local-
ization of γ-tubulin along spindle microtubules, observed in 
97% (n = 138; P95 = 93–99) of control cells, was detected in 

Table I. Accumulation of centrosomal components in mitotic cells after 
Dgrip75 depletion in cultured cells

Staining Control Dgrip75RNAi

Bipolar Monopolar

% % %

γ-Tubulin 100 (n = 100) 100 (n = 124) 95 (n = 66)
Dgrip84 99 (n = 186) 98 (n = 170) 98 (n = 50)
Dgrip91 91 (n = 103) 100 (n = 55) 100 (n = 48)
Dgrip75 100 (n = 95) 6 (n = 70) 0 (n = 52)
Dgrip128 78 (n = 71) 3 (n = 93) nd
Dgrip163 98 (n = 132) 24 (n = 119) nd
Dgp71WD 95 (n = 109) 100 (n = 65) 100 (n = 43)

Microtubules were stained with antibodies against α-tubulin and chromosomes 
with DAPI, whereas the spindle poles were immunostained with antibodies 
against γ-tubulin, Dgrip84, Dgrip91, Dgrip75, Dgrip128, Dgrip163, and 
Dgp71WD. For a correct interpretation, we need to keep in mind a decrease 
in the total amount of Dgrip128 and Dgrip163 in Dgrip75-depleted cells. 
n, number of prometaphases/metaphases analyzed. nd, not determined.

Table II. Distribution of the different mitotic stages after Dgrip75 
depletion in cultured cells

Mitotic fi gures Control
n = 100

Dgrip75RNAi

n = 244

% %

Unfocuseda 21 ± 8b 24 ± 6
Prometaphases/metaphases
 Symmetrical bipolar 28 ± 9 20 ± 5
 Abnormal bipolar 4 ± 4 22 ± 6
 Monopolar 0 16 ± 4
Postmetaphase stages 47 ± 10 18 ± 4

Mitotic stages were determined after chromosome staining (DAPI) and immuno-
labeling of microtubules (α-tubulin antibodies). n, number of mitotic spindles 
analyzed. These results are representative of three independent experiments.
aSpindles with no evident polarity, which represent mainly prophase stages or 
highly abnormal spindles.
bConfi dence intervals calculated for P95.
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only 10% (n = 146; P95 = 5–15) of the depleted cells (Fig. 
2  A, a–d). Similarly, the two γ-TuSC proteins, Dgrip84 and 
Dgrip91, were no longer detected along spindle microtubules 
(Fig. 2 A, e–l). Moreover, staining of γ-TuSC proteins at the 
midbody was impaired in treated cells (not depicted). Hence, 
the assembly of cytoplasmic γ-TuRCs does not appear as a pre-
requisite for centrosomal recruitment of the γ-TuSCs, but seems 
essential for its localization along spindle microtubules and at 
the midbody.

Dgrip75 loss-of-function mutant is delayed 
in mitosis, but still recruits 𝛄-tubulin 
to the centrosome
To examine the functional signifi cance of Dgrip75 in vivo, we 
took advantage of the availability of the mutant allele 175–14 
(Dgrip75175), which was either a null or a strong allele (Schnorrer 
et al., 2002). Dgrip75175 mutant was viable, although adults of 

both sexes exhibited a slight increase in lethality some days 
 after hatching. Moreover, they showed abnormalities in the 
 abdominal cuticle segmentation and the thoracic macrochaete 
pattern (unpublished data), which were common in mutations 
affecting mitosis. Finally, mutant females were sterile because 
of a failure to undergo normal oogenesis.

Although Dgrip75 did not appear essential for viability, 
the phenotypes observed after RNAi treatment of cultured cells 
prompted us to study the mitotic processes in mutant L3 larval 
brains. Western blot analysis showed that Dgrip75 levels were 
reduced below the threshold of detection in Dgrip75175 brain ex-
tracts (Fig. 3 A). The mitotic index was elevated approximately 
three-to fourfold (2.5%; n = 12,410; P95 = 2.2–2.8) com-
pared with wild-type cells (0.7%; n = 16,134; P95 = 0.6–0.8). 
Mutant cells accumulated in prometaphase stages, whereas post-
metaphase fi gures were reduced (unpublished data). More than 
half of the mutant cells exhibited overcondensed  chromosomes 

Figure 2. Immunofl uorescence analysis of 
phenotypes induced by Dgrip75 depletion in S2 
cells. (A) Localization of γ-TuSC components in 
mitotic cells. Control or Dgrip75-treated cells 
(Dgrip75RNAi) were analyzed by staining with 
antibodies against γ-tubulin (a and c), Dgrip84 
(e and g), and Dgrip91 (i and k). Merge (b, d, 
f, h, j, and l): blue, chromosomes; red, microtu-
bules; green, γ-TuSC components. (B) Spindle 
pole focusing and localization of centrosomal 
markers. Dgrip75-depleted cells were stained 
with antibodies against Asp (a, green) or Cnn 
(b, green). Red, α-tubulin; blue, chromosomes. 
(C) Quantifi cation of polar γ-tubulin by immuno-
fl uorescence. The maximal signal obtained 
after γ-tubulin staining was scored on each 
pole of bipolar spindles for control (closed 
bars) and Dgrip75-depleted cells (open bars). 
 Correlations of 0.73 (n = 67; P95 = 0.62–
0.84) and 0.72 (n = 69; P95 = 0.61–0.83), 
respectively, were observed between the maxi-
mal fl uorescence measured at the two poles 
of control or treated cells. (D) Localization 
of γ-TuRC–specifi c components (Dgrip128, 
Dgrip163, and Dgp71WD) in mitotic cells. 
Blue, chromosomes; red, microtubules; green, 
γ-TuRC–specifi c components. Insets represent 
a hemispindle stained with antibodies against 
Dgrip128, Dgrip163, and Dgp71WD. For A 
and D, a quantitative view is shown in Table I. 
Bars, 5 μm.
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(60%; n = 186; P95 = 53–67) compared with wild type (2%; 
n = 211; P95 = 0–4; Fig. 3 B). These results were consistent 
with prolonged prometaphase and metaphase stages. However, 
only very few mutant cells showed an aneuploid phenotype (6%; 
n = 112; P95 = 3–9) compared with wild type (1%; n = 116; 
P95 = 0–3), and this low frequency was consistent with Dgrip75175 
adult viability.

Transient prometaphase delays observed in the Dgrip75 
mutant could be a consequence of defects in the mitotic 
 apparatus. Nevertheless, immunofl uorescence analysis revealed 
neither a clear difference in spindle morphology nor a sig-
nifi cant decrease of cells stained positively for γ-tubulin or 
Dgrip84 (Fig. 3 C). Given the limitations of immunofl uores-
cence in neuroblasts, we cannot exclude defects in micro tubule 

organization, such as changes in microtubule density or inter-
polar distance.

These data suggest that in Dgrip75175 brains, most of the 
cells complete cell division even though mitosis might be 
slowed down, consistent with our observations in RNAi-treated 
cultured cells. γ-TuSC components are still recruited to the cen-
trosomes and most of the mitotic apparatus are able to ensure 
correct chromosome segregation.

Removal of Dgrip128 or Dgrip163 
is not essential for centrosomal 
𝛄-TuSC recruitment
To evaluate whether the phenotypes induced by Dgrip75 deple-
tion were specifi c of this grip-motif protein, we performed an 
RNAi treatment against Dgrip128 or Dgrip163, the two other 
grip-motif γ-TuRC–specifi c components. Depletion was effi -
cient in either case: after Dgrip128 RNAi, no poles (n = 142) 
were labeled, and after Dgrip163 RNAi, <4% of the poles 
(n = 150) were labeled with respective Dgrip128 and Dgrip163 
antibodies (Fig. 4 A). Western blot analysis confi rmed this view 
(not depicted). Sucrose gradient analysis of extracts depleted 
for Dgrip128 or Dgrip163 showed a marked decrease in γ-TuRC 
content (Fig. 4 B). These experiments show that these proteins, 
like Dgrip75, appear involved in the assembly or stability of 
γ-TuRCs. Moreover, silencing of either protein led to accumu-
lation of cells in mitosis (approximately three- to fourfold), 
which resulted from a higher frequency of prometaphases con-
comitant with a decrease in postmetaphase stages (Fig. 4 C). 
Mitotic phenotypes were mainly characterized by elongated bi-
polar spindles and less frequently by monopolar structures. 
γ-Tubulin (Fig. 4 D) as well as Dgrip84 and Dgrip91 (not de-
picted) were effi ciently recruited to the centrosomes, even in 
mitotic cells that exhibited severe phenotypes (i.e., monopolar 
spindles). However, γ-tubulin labeling along spindle micro-
tubules was no longer observed (Fig. 4 D). It was striking that 
these phenotypes were similar to the defects obtained after de-
pletion of Dgrip75.

Furthermore, we next performed an in vivo study using 
a Dgrip163 P insertion mutant (Dgrip163GE27087) in which the 
P transposable element was inserted into exon 4 (out of 5) between 
codons 822 and 823. This mutant behaved genetically as a null 
or strong allele (unpublished data). Dgrip163 mutants exhibited 
reduced viability. The emerging homozygous or hemizygous 
Dgrip163GE27087 adults displayed abdominal abnormalities, and 
mutant females were sterile. Altogether, these studies reveal 
that inhibition of each individual grip-motif protein specifi c of 
the γ-TuRC leads to similar phenotypes in cultured cells and 
in vivo.

Dgp71WD is neither essential for 
𝛄-TuRC assembly nor for its recruitment 
to the centrosome
In contrast to the other proteins specifi c of the γ-TuRCs, 
 Dgp71WD does not belong to the same structural family 
 (Gunawardane et al., 2003). RNAi treatment induced a strong 
inhibition, as judged by Western blot analysis (Fig. 5 A). 
In agreement with this quantifi cation, Dgp71WD centrosomal 

Figure 3. In vivo phenotypes observed in Dgrip75 mutant brains. 
(A) Characterization of Dgrip75 depletion by Western blot. Total protein 
extracts from wild-type (WT) or Dgrip75 mutant (Dgrip75−/−) L3 larval 
brains were analyzed with affi nity-purifi ed Dgrip75 antibodies. Actin was 
used as an internal loading control. (B) Analysis of chromosomal fi gures. 
Wild-type or mutant L3 larval brains were stained with DAPI. Five brains 
were scored for each genotype. (C) Immunofl uorescence analysis of the 
mitotic fi gures in Dgrip75 mutant neuroblasts. Green, spindle; blue, chro-
mosomes; red, γ-tubulin (a and b) and Dgrip84 (c and d). Bars, 5 μm.

 on July 9, 2017
jcb.rupress.org

D
ow

nloaded from
 

http://jcb.rupress.org/


JCB • VOLUME 172 • NUMBER 4 • 2006 522

 recruitment was severely impaired in treated cells (1%; n = 385; 
P95 = 0–2) compared with control cells (95%; n = 296; 
P95 = 93–97; Fig. 5 B). In treated cells, we noticed the system-
atic loss of Dgp71WD staining on other mitotic structures, such 
as spindle microtubules (Fig. 5 B, inset) and midbodies (not 
 depicted). As Dgp71WD contains WD repeats and interacts 
in  vitro with the four grip-motif subunits Dgrip84, Dgrip91, 
Dgrip128, and Dgrip163 (Gunawardane et al., 2003), it might 
play a role as a scaffold for cytosolic γ-TuRC assembly. When 
control extracts were subjected to sucrose gradient sedimenta-
tion, this protein appeared not only as part of γ-TuRCs but also 
of smaller uncharacterized complexes (Fig. 5 C). In Dgp71WD-
depleted conditions (Fig. 5 C), no signifi cant modifi cation in the 
quantity of �30S complexes is observed, as judged by γ- tubulin 
or Dgrip75 labeling. This result suggests that Dgp71WD, in 
contrast to Dgrip75, appears to be dispensable for the assembly 
or the stability of large γ-tubulin complexes. However, we can-
not exclude the possibility that the assembly of these complexes 
is mediated by residual amounts of Dgp71WD.

Studies of the mitotic phenotypes observed after Dgp71WD 
down-regulation revealed similarities to the defects recorded 
after the removal of Dgrip75, Dgrip128, or Dgrip163; an 
 increase of the mitotic index (2.7%; n = 7,970; P95 = 2.3–3.1) 
compared with control cells (0.9%; n = 19,650; P95 = 0.8–1); 
and an accumulation of cells in the prometaphase and meta-
phase stages (Fig. S2 A, available at http://www.jcb.org/cgi/
content/full/jcb.200511071/DC1). Dgp71WD-depleted cells 
showed defects in spindle morphology, such as bipolar spindles 
with unfocused poles or monopolar structures (Fig. 5, B and D; 
and Fig. S2 B) with unseparated poles, as determined by 
Cnn staining (not depicted). γ-TuSC components (γ-tubulin, 
Dgrip84, and Dgrip91), as well as γ-TuRC–specifi c subunits 
(Dgrip75 and Dgrip163), were still targeted to the mitotic cen-
trosomes, but often the stainings were weak (Fig. 5 D and Fig. 
S2 C). These proteins were no longer detected at the spindles. 
These results suggest that Dgp71WD is dispensable for γ-TuRC 
assembly and recruitment, but is required for the effi cient func-
tion of this complex.

Figure 4. Phenotypes observed in Dgrip128- 
or Dgrip163-depleted cells. For morphological 
phenotype analyses, cells were immuno-
stained against microtubules (red) and chromo-
somes (blue). (A) Analysis of Dgrip128 (a) or 
Dgrip163 (b) depletions. Dgrip128 (a) or 
Dgrip163 (b) are shown in green. Insets repre-
sent a hemispindle stained with antibodies 
against Dgrip128 and Dgrip163. (B) Pattern 
of γ-tubulin cytosolic complexes after Dgrip128 
(a) or Dgrip163 (b) depletions. Soluble frac-
tions from a sucrose gradient were analyzed 
by immunoblotting against γ-tubulin. (C) Distri-
bution of cells in the different stages of mitosis 
after depletion of Dgrip128 (a) or Dgrip163 
(b). The different mitotic stages were scored 
over >100 cells undergoing mitosis. Error 
bars represent the confi dence interval calcu-
lated for P95. (D) Analysis of localization of 
γ-tubulin in mitotic cells. γ-Tubulin is stained in 
green in merge (a–c) and in white in a’–c’. 
More than 97% of Dgrip128- (a) or Dgrip163-
depleted (c) cells showed γ-tubulin at the poles 
(scored on >100 cells in the prometaphase/
metaphase stages). Bars, 5 μm.
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A genetic approach was performed to test this hypo-
thesis in vivo. We used a mutant strain that carried a P element 
insertion (GE30807) in the 5′ untranslated mRNA region at 
position 49 from the translation initiator ATG. As shown by 
Western blot, the level of Dgp71WD was strongly reduced in 
a mutant larval brain extract compared with a wild-type ex-
tract (Fig. 6 A). An immunofl uorescence analysis performed 
in larval brains sustained that Dgp71WD was no longer detect-
able in mutants (n = 120), whereas 96% of wild-type poles 
(n = 110; P95 = 92–100) exhibited a clear staining (Fig. 
6 B). These results indicate that Dgp71WDGE30807 is at least a 
strong allele. This was confi rmed by analysis of hemizygous 
fl ies, using a chromosomal defi ciency that covers Dgp71WD. 
Most of the homozygous or hemizygous mutants reached the 
adult stage. However, they showed a shorter life, morphologi-
cal abnormalities, and female sterility. Mitotic phenotypes had 
been analyzed in L3 larval brains confi rming RNAi-mediated 
phenotypes. We observed a fourfold increase in the mitotic in-
dex, an accumulation in prometaphase stages associated with 
a signifi cant hypercondensation of chromosomes and a high 
incidence of disorganized or monopolar spindles (Fig. S3, 
available at http://www.jcb.org/cgi/content/full/jcb.200511071/
DC1). However, γ-tubulin is detected at all the centrosomes of 
Dgp71WDGE30807 neuroblasts (n = 130; Fig. 6 C). Moreover, 
mutant neuroblasts exhibited an increase in aneuploidy (12%; 
n = 139; P95 = 7–17) versus wild-type brains (1%; n = 125; 

P95 = 0–5), suggesting that spindles without Dgp71WD were 
not fully functional.

𝛄-TuSC components are targeted 
to the poles even after cosilencing 
of the four 𝛄-TuRC subunits
Whatever their role in the assembly and recruitment of cytosolic 
γ-tubulin complexes, the inhibition of each individual γ-TuRC 
subunit allowed effi cient γ-TuSC anchoring to the centrosomes. 
It was possible that some grip-motif proteins were in part re-
dundant and could complement each other to some extent. 
 Alternatively, the residual γ-TuRC–specifi c proteins could ac-
count for the formation of a γ-TuRC–like structure that was un-
stable in the cytoplasm, but stabilized upon assembly with the 
pericentriolar matrix. Hence, we performed cosilencing of the 
four proteins Dgrip75, Dgrip128, Dgrip163, and Dgp71WD. 
The levels of the four proteins were dramatically reduced as 
judged by Western blot (Fig. 7 A) and immunofl uorescence an-
alyses (Fig. 7 B and Table III). The mitotic index was increased 
in treated cells (3.9%; n = 2,552; P95 = 3.4–4.4) compared 
with control cells (1.1%; n = 8,567; P95 = 0.8–1.4). Most of 
the mitotic structures consisted of monopolar prometaphases/
metaphases (70%; n = 80; P95 = 60–80) compared with con-
trol cells (1%; n = 104; P95 = 0–3; Fig. 7, B and C). A striking 
feature of this treatment was the signifi cant accumulation of 
polyploid cells and the appearance of very large interphase cells 

Figure 5. Phenotypes induced by Dgp71WD 
depletion in cells. (A) Analysis of Dgp71WD 
depletion by Western blot. Total protein extracts 
of control or of treated cells (Dgp71WDRNAi) 
were analyzed using antibodies against 
 Dgp71WD or actin (internal loading control). 
(B) Analysis of the protein depletion by immuno-
fl uorescence. Control (a) or Dgp71WD-treated 
cells (b) were analyzed by staining with an-
tibodies against Dgp71WD (insets). Merge: 
blue, chromosomes; red, microtubules; green, 
Dgp71WD. (C) Pattern of γ-tubulin cytosolic 
complexes after Dgp71WD depletion. Soluble 
fractions from a 5–40% sucrose gradient were 
analyzed by immunoblotting against γ-tubulin, 
Dgrip75, or Dgp71WD. (D) Localization of 
γ-tubulin, Dgrip84, Dgrip91, Dgrip75, and 
Dgrip163 in mitotic Dgp71WD-depleted cells. 
γ-TuRC components are shown in green (a–e) 
or in white (a’–e’). For D, a quantitative view is 
shown in Fig. S2 C, available at http://www.
jcb.org/cgi/content/full/jcb.200511071/DC1. 
Bars, 5 μm.
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(9%; n = 281; P95 = 5–12), which appeared to account for 
only 0.6% of control interphase cells (n = 320; P95 = 0–1.4) 
(Fig. 7 D, left arrowhead). Most of the poles exhibited γ- tubulin, 
Dgrip84, and Dgrip91 stainings (Fig. 7 C and Table III), but at 
reduced intensities. Spindle labeling was no longer detectable 
(Fig. 7 C). These parameters showed that codepletion of these 
proteins induced more severe phenotypes than after any indi-
vidual down-regulation. This result was supported by the 
 synthetic lethality observed when the Dgp71WDGE30807- and 
Dgrip163GE27087-viable alleles were combined in the same geno-
type (unpublished data). Altogether, these data confi rm that the 
γ-TuSC assembled in the cytoplasm can, at least to some extent, 
be directly targeted to the poles.

Discussion
The molecular mechanisms responsible for γ-tubulin recruit-
ment to nucleation centers and microtubule nucleation itself re-
main poorly understood. Several models have been proposed, 
and all imply that the cytosolic assembly of γ-TuRCs is a criti-
cal step for γ-tubulin targeting to the centrosome. For the fi rst 
time, we analyzed the function of all four γ-TuRC–specifi c sub-
units during mitosis, using either RNAi treatment in cultured 
cells or genetic analyses in D. melanogaster.

𝛄-TuRC–specifi c proteins play a distinct 
role in 𝛄-TuRC assembly
Individual depletion of Dgrip75, Dgrip128, or Dgrip163 in-
duced a strong decrease in cytoplasmic γ-TuRCs in cultured S2 
cells. This is consistent with previous data obtained in vitro 
showing that immunodepletion of Xgrip210, the Xenopus laevis 
orthologue of Dgrip163, blocks the reassembly of purifi ed and 
salt-treated γ-TuRCs (Zhang et al., 2000). In contrast to the 
strong decrease of γ-TuRCs observed after the depletion of 
grip-motif proteins, the down-regulation of Dgp71WD did not 
produce a signifi cant effect on the ratio and the sedimentation 
coeffi cients of the γ-tubulin complexes. However, we cannot 
exclude the possibility that residual amounts of this protein are 
suffi cient to maintain the overall structure of these complexes. 
Dgp71WD is probably associated with the γ- TuRCs at a low 
stoichiometry, explaining why no change in the sedimentation 
coeffi cient could be detected after its depletion. Our data sug-
gest that although the grip-motif proteins are essential for the 
assembly and stability of γ-TuRCs, Dgp71WD appears dis-
pensable for these processes.

The complete 𝛄-TuRC is necessary for an 
effi cient progression through mitosis
In Dgp71WD-depleted cells, we observed no obvious effect on 
the level of cytosolic γ-TuRCs and on the recruitment of the 
different γ-TuRC components to the mitotic centrosomes, sug-
gesting that γ-TuRCs depleted of Dgp71WD had not completely 
lost their ability to be targeted to the poles. However, γ-tubulin 
localization along spindle microtubules was impaired and mo-
nopolar fi gures with poorly separated poles appeared with a 
high occurrence. These monopolar phenotypes are similar to 
those observed after depletion of Nedd1, the human Dgp71WD 
orthologue (Haren et al., 2006). The mitotic defects could result 
from a partial functionality of the γ-tubulin complexes recruited 
to the centrosomes or from modifi cation in the properties of 
 microtubule arrays that were no longer decorated by γ-tubulin. 
Thus, it appears that the complete γ-TuRC is required for nor-
mal mitotic progression.

𝛄-TuRC assembly is not a prerequisite 
for the centrosomal targeting of 𝛄-tubulin
If one assumes that γ-tubulin is recruited to the centrosome in 
the form of γ-TuRCs, depletion of γ-TuRCs and γ-tubulin 
would be expected to lead to similar phenotypes. In fact, deple-
tion of grip-motif components of the γ-TuRCs, such as Dgrip75, 
did not fully mimic the effects of depletion of γ-TuSC subunits 
on mitotic progress (Sunkel et al., 1995; Barbosa et al., 2000; 
Paluh et al., 2000; Vardy and Toda, 2000; Fujita et al., 2002; 
Venkatram et al., 2004; Colombie et al., 2006). Less severe de-
fects were observed as indicated by the lower occurrence of mo-
nopolar spindles, the effi cient distribution of centrosomes to the 
two poles, the maintenance of bipolar spindles with astral mi-
crotubules and focused poles. These phenotypes had been con-
fi rmed in vivo, using mutant larval neuroblasts. These moderate 
defects were consistent with the viability of Dgrip75 mutants 
and the weak percentage of aneuploidy. Surprisingly, despite 
a signifi cant reduction of the cytosolic pool of γ-TuRCs, the 

Figure 6. In vivo phenotypes observed in Dgp71WD mutant brains. 
(A) Analysis of Dgp71WD depletion in mutant brains by Western blot. Wild-
type or Dgp71WD mutant (Dgp71WD−/−) brains were analyzed with 
 Dgp71WD antibodies or actin (internal loading control). (B) Organization 
of spindles in mutant neuroblasts. (C) Localization of γ-tubulin to the spindle 
poles of mutant neuroblasts. green, microtubules; blue, chromosomes; red, 
Dgp71WD (B) or γ-tubulin (C). Bars, 5 μm.  on July 9, 2017
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 tethering of the three γ-TuSC proteins to the centrosomes was 
not impaired, as judged by immunofl uorescence analyses both 
in mutant neuroblasts and in cultured cells. Similar phenotypes 
were observed after individual silencing of the two other grip-
motif proteins, Dgrip128 and Dgrip163. It was noteworthy that 
after an RNAi treatment against any one of the three grip-motif 
proteins specifi c of the γ-TuRCs, a decrease in the level of the 
two others was noticed (unpublished data), suggesting some co-
regulation between this set of proteins. Altogether, these results 
show that the complete γ-TuRC is not a prerequisite for the cen-
trosomal accumulation of γ-TuSC proteins.

𝛄-Tubulin can be recruited 
to the centrosomes as 𝛄-TuSC
Because γ-tubulin could be recruited to the centrosomes 
 independently of the γ-TuRCs, we wanted to characterize the 
complex that mediates its targeting. Sucrose gradient and im-
munofl uorescence analyses after depletion of individual 
γ-TuRC components strongly suggest that γ-tubulin is recruited 
to the centrosomes as γ-TuSC. Codepletion of the four γ-TuRC–
specifi c proteins still allowed the polar accumulation of the 
γ-TuSC components in most of the cells. This latter experiment 
supports the hypothesis that the γ-TuSC is a vector competent 
for targeting γ-tubulin to the centrosome. However, as RNAi 
treatments do not completely remove all protein, it is possible 
that the residual γ-TuRC–specifi c proteins participate in the 

formation of a γ-TuRC–like structure that is unstable in the cyto-
plasm, but stabilized upon assembly within the pericentriolar 
matrix. The idea that γ-TuSC could be recruited to the poles is 
consistent with data reported in Saccharomyces cerevisiae, in 
which no orthologues of the γ-TuRC–specifi c proteins have 
been reported. In this organism, the main interactions of γ-tubulin 
with the microtubule-organizing centers are mediated by the 
two γ-tubulin–associated proteins in the γ-TuSC (Knop and 
Schiebel, 1997, 1998; Nguyen et al., 1998; Vinh et al., 2002). 
Similarly, in mammals, the γ-TuRCs can be tethered to the cen-
trosomes via interactions of the orthologues of Dgrip84 and 
Dgrip91 with the centrosomal anchoring proteins kendrin and 
centrosome- and Golgi-localized protein kinase N–associated 
protein (Takahashi et al., 2002; Zimmerman et al., 2004). 
In D.  melanogaster, the calmodulin-binding protein CP309 has 
been proposed to anchor γ-TuRCs to the centrosome by direct 
binding to the γ-TuSC (Kawaguchi and Zheng, 2004). However, 
γ-tubulin recruitment to the centrosomes is probably a complex 
process, as additional proteins, including ninein (Delgehyr 
et al., 2005) and centrosomin (Terada et al., 2003), provide al-
ternative sites for γ-tubulin anchorage. Although evidence sug-
gests that γ-tubulin can be targeted to the centrosomes in the 
form of γ-TuSCs, we cannot rule out that in D. melanogaster 
other proteins at low abundance, previously uncharacterized 
proteins such as the Dgrip79 and Dgrip223 identifi ed by in 
silico analyses, or different combinations of known γ-tubulin 

Figure 7. Phenotypes observed after cosilencing of all 
four specifi c components of the 𝛄-TuRC. (A) Analysis of the 
codepletion by Western blot. Total proteins extracts of 
control or cosilenced cells were analyzed using antibodies 
against Dgrip163, Dgrip128, Dgrip75,  Dgp71WD, or 
γ-tubulin (internal loading control). (B) Analysis of the 
codepletion by immunofl uorescence. (C) Localization of 
γ-TuSC components in mitotically treated cells. Insets rep-
resent a hemispindle stained with antibodies against 
γ-tubulin, Dgrip84, and Dgrip91. (D) Interphasic pheno-
type observed after cosilencing. The left arrowhead indi-
cates a large polyploid cell, whereas the right one shows 
a normal sized interphase cell. (B–D) Blue, chromosomes; 
red, microtubules; green, γ-TuRC components (B) or γ-TuSC 
components (C). For B and C, a quantitative view is shown 
in Table III. Bars, 5 μm.
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partners could be involved in this recruitment (Gunawardane 
et al., 2003). Moreover, after concomitant depletion of all 
γ-TuRC–specifi c proteins, spindles were nonfunctional and the 
amount of γ-TuSC recruited to the mitotic centrosomes was 
 reduced. Because of the observation that the small complexes 
are less active than γ-TuRCs in promoting nucleation (Oegema 
et al., 1999; Gunawardane et al., 2000), we propose that the de-
crease in the amount of γ-TuSCs under a threshold can be criti-
cal for spindle functionality.

Interestingly, the transient association of γ-tubulin to the 
spindle, as well as to the midbody (Julian et al., 1993; Lajoie-
Mazenc et al., 1994; Khodjakov and Rieder, 1999; Raynaud-
Messina et al., 2001, 2004), was no longer detectable after 
individual or concomitant RNAi treatment against Dgrip75, 
Dgrip128, Dgrip163, and/or Dgp71WD. Hence, mitotic γ-tubulin 
localization to structures outside the pericentriolar material re-
quires the fully assembled γ-TuRCs, and Dgp71WD could play 
an active role in this process. The absence of γ-tubulin recruit-
ment along the spindle microtubules and at the midbody can 
also be explained by distinct properties of docking proteins at 
centrosomes and at noncentrosomal sites. Actually, novel pro-
teins in charge of the recruitment of γ-tubulin complexes along 
spindle microtubules have recently been identifi ed in fi ssion 
yeast (Sawin et al., 2004; Janson et al., 2005).

Poles lacking complete 𝛄-TuRC fulfi ll basic 
microtubule organization
In contrast with the impairment of microtubule assembly from 
the pericentriolar material after removal of γ-TuSC components 
(Barbosa et al., 2000; Raynaud-Messina et al., 2004; Colombie 
et al., 2006), the pericentriolar material appears to remain active 
as a microtubule-nucleating center after down-regulation of 
specifi c γ-TuRC proteins, as shown by the presence of astral 
microtubules identifi ed both by immunofl uorescence and elec-
tron microscopy (unpublished data). Moreover, microtubules 
containing 13 protofi laments were still nucleated, challenging 
the “template model” (Fig. S4, available at http://www.jcb.org/

cgi/content/full/jcb.200511071/DC1; Moritz and Agard, 2001). 
This indicates that preassembly of cytosolic γ-TuRCs does 
not seem required for the formation of canonical microtubules. 
It is not excluded that a ringlike structure could be assembled 
from γ-TuSCs alone or in combination with small amounts of 
γ-TuRC–specifi c proteins at the pericentriolar level, although 
the purifi ed γ-TuSC does not assemble into larger structures 
in vitro (Oegema et al., 1999). In that case, such ringlike com-
plexes would exhibit stoichiometries and protein compositions 
different from γ-TuRCs.

Our observations could reconcile the fi ndings of micro-
tubule nucleation in animal cells and in S. cerevisiae. Moreover, 
after depletion of γ-TuRC–specifi c components, recruitment of 
γ-TuSC appeared suffi cient, in most of the cases, to control the 
formation of spindles competent for chromosome segregation. 
However, mitotic processes were partly disrupted in cells lack-
ing γ-TuRCs, leading to a transient prometaphase accumulation 
and a poor density of spindle microtubules. Several possibilities 
could account for these defects, such as a lower effi ciency of 
γ-TuSCs compared with γ-TuRCs in microtubule nucleation 
(Oegema et al., 1999; Gunawardane et al., 2000), the presence 
of distinct binding sites for γ-TuSCs and γ-TuRCs, or the loss 
of γ-TuRC recruitment along spindle microtubules, which 
would affect the organization or the dynamics of specifi c 
 microtubule arrays.

Collectively, our results strongly suggest that the assem-
bly of γ-TuRCs is not essential for γ-tubulin–dependent micro-
tubule nucleation at the centrosome, but instead is required for 
other, noncentrosomal localization of γ-tubulin. In D. melano-
gaster, γ-TuRCs may target a fully organized “nucleation ma-
chinery” to the sites of nucleation; γ-TuSC would act as a 
functional unit, whereas γ-TuRC–specifi c proteins would rather 
play a more refi ned role in regulating or optimizing of micro-
tubule arrays during mitosis. γ-Tubulin can be targeted to the 
poles by the direct docking of γ-TuSCs that exert basic nucle-
ation activity (Fig. 8). This γ-TuSC recruitment could be a 
“salvage pathway,” involved only when the dominant microtubule 

Figure 8. Model for 𝛄-tubulin recruitment during mitosis in D.  melanogaster. 
γ-Tubulin is targeted to the centrosome as γ-TuRC, but it appears that 
γ- tubulin complexes that are different from γ-TuRC, probably γ-TuSC, could 
be directly addressed to the poles.

Table III. Accumulation of centrosomal components in mitotic cells 
after cosilencing of Dgrip75, Dgrip128, Dgrip163, and Dgp71WD 
in cultured cells

Staining Control Cosilencing

Bipolar Monopolar

% % %
γ-Tubulin 100 (n = 22) 100 (n = 88) 100 (n = 102)
Dgrip84 98 ± 4a 99 ± 3 100 (n = 76)
Dgrip91 98 ± 4 100 (n = 112) 98 ± 4
Dgrip75 90 ± 6 14 ± 6 0 (n = 70)
Dgrip128 88 ± 6 2 ± 2 0 (n = 62)
Dgrip163 94 ± 5 0 (n = 61) 0 (n = 50)
Dgp71WD 95 ± 2 0 (n = 45) 4 ± 6

Microtubules were stained with antibodies against α-tubulin and chromosomes 
with DAPI, whereas the spindle poles were immunostained with antibodies 
against γ-tubulin, Dgrip84, Dgrip91, Dgrip75, Dgrip128, Dgrip163, and 
Dgp71WD. For a correct interpretation, we need to keep in mind a decrease in 
the total amount of γTuRC–specifi c components in-depleted cells. n, number of 
prometaphases/metaphases analyzed.
aConfi dence intervals calculated for P95.
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assembly mechanism mediated by γ-TuRCs is impaired or as a 
physiological pathway acting in parallel to γ-TuRC nucleation 
activity. Altogether, our data should prompt the reexamination 
of the current nucleation models.

Materials and methods
Cell culture and RNA-mediated interference
RNAi was performed in S2 D. melanogaster cells (Schneider, 1972) ac-
cording to Clemens et al., (2000). Cells were treated twice with RNAi at 
days one and fi ve and harvested on day seven for immunoblottting and 
 immunofl uorescence staining. To perform cosilencing, cells were incubated 
in the same way, with the four double-stranded RNAs (dsRNAs) against 
Dgrip75, Dgrip128, and Dgrip163, and Dgp71WD together (20 mM 
each). The dsRNAs used correspond to positions 717–1,577, relative to 
start of translation, for Dgrip75 (cDNA clone LD 19773); 157–918, relative 
to the start position for Dgrip128 (clone GH 21414); 141–846, relative to 
the start position for Dgrip163 (clone RE 43571); and 145–849, relative 
to the start position for Dgp71WD (clone RE59956). These dsRNAs were 
generated from the cDNA plasmid clones as described in Raynaud-
Messina et al. (2004).

Fly strains
Strains y1w118 or w118 were used as control strains, and mutant strains 
Dgrip75175 (Schnorrer et al., 2002), Dgrip163GE27087, and Dgp71WDGE30807 
(GenExel, Inc.) were used for the study. Each mutant chromosome had 
been balanced over CyO, P[Kr:Gal4], P[UAS:GFP]or TM3,Sb,P[Kr:Gal4], 
P[UAS:GFP] (Casso et al., 2000). The GFP-balanced strains were used to 
select the homozygous mutant larvae. Viability of 100 selected larvae was 
studied during 28 d. The defi ciencies Df(2L)Exel7071 and Df(3L)Exel6115 
uncovering Dgp71WD or Dgrip163, respectively, were used to produce 
hemizygous fl ies. Note that Dgp71WD is referred as Dgrip71 in the Fly-
base database (http://fl ybase.bio.indiana.edu).

Antibodies
The mouse monoclonal antibodies T-5168, GTU88 (Sigma-Aldrich), and 
1501 (CHEMICON International, Inc.) were used to stain α-tubulin, γ-tubulin, 
and actin, respectively. The following rabbit antibodies were raised: R62 
specifi cally directed against D. melanogaster 23C γ-tubulin (Raynaud-
 Messina et al., 2004); R403 against the COOH-terminal peptide of 
Dgrip91 (-C R L D F N E Y Y K K R D T N L S K ) for Western blot and R7075 against 
the recombinant COOH-terminal Dgrip91 (415–917 aa) for immuno-
fl uorescence (Colombie et al., 2006); and R367 against the recombinant 
full-length Dgrip84. R300 was raised against recombinant full-length 
Dgrip75 and affi nity purifi ed on recombinant Dgrip75, which is produced 
in Escherichia coli, R267 was raised against the recombinant COOH-
 terminal  Dgp71WD (486–647 aa), and R360 against the recombinant 
COOH- terminal Dgrip163 (1150–1352 aa) was used for Western blot. For 
γ-tubulin detection, we used GTU88 for Western blot analysis and R62 for 
immunofl uorescence experiments, except for double labeling, where mono-
clonal GTU88 antibody was used instead of polyclonal R62 antibody.

We also used Rb666 against BubR1 (Logarinho et al., 2004; gift 
from C. Sunkel, Universidad do Porto, Porto, Portugal), Rb3133 against 
Asp (Saunders et al., 1997; gift from D. Glover, University of Cambridge, 
Cambridge, UK), R19 against Cnn (Heuer et al., 1995; gift from T.C. 
Kaufman, Howard Hughes Institute, Indiana University, Bloomington, IN), 
and antibodies against Dgrip128 and Dgrip163 (Gunawardane et al., 
2000; gift from Y. Zheng, Howard Hughes Institute, Carnegie Institution of 
Washington, Baltimore, MD).

Sucrose gradients
5–40% sucrose gradient was prepared as described previously (Oegema 
et al., 1999). Cell extracts (500 μg of protein) were overlaid onto the gra-
dient and centrifuged for 4 h and 30 min at 4°C in a swinging rotor 
(SW55.1; Beckman Coulter) at 45,000 rpm (average 150,000 g). 10 0.5-ml 
fractions were collected and 250 μl of each fraction were precipitated 
with cold methanol (−20°C). The nine fractions corresponding to the solu-
ble part of the extracts were analyzed by immunoblotting. The calibration 
of the gradient was determined by running in parallel 0–3-h D.  melanogaster 
embryonic extracts that contain γ-TuSCs and γ-TuRCs.

Western blotting
Protein extracts from cultured cells (Raynaud-Messina et al., 2004) and 
from total larval brains (Colombie et al., 2006) were prepared and sub-

jected to Western blot analyses (7.5% polyacrylamide gel and SDS [Sigma-
Aldrich]). Apparent masses were determined by comparison with the 
SDS-PAGE molecular weight standards (broad range), which were ob-
tained from Bio-Rad Laboratories.

Cytological analysis and microscopy techniques
For immunostaining, S2 cultured cells and semisquashed L3 larval brains 
were fi xed and permeabilized as previously described (Colombie et al., 
2006). DAPI staining of squashed third instar larvae was performed as 
 described previously (Sunkel et al., 1995). For detection, secondary anti-
bodies conjugated to Alexa Fluor 488 or 568 (Invitrogen) were used. 
Fluorescence microscopy was performed on a microscope (Axiovert; Carl 
Zeiss MicroImaging, Inc) equipped with a Z-motor, using 100×, 1.4 NA, 
objectives. Z-series images were acquired with a camera and software 
 (Axiocam MRm and Axiovision; Carl Zeiss MicroImaging, Inc.). S2 cell or 
brain images were subsequently deconvolved using Axiovision, and Z-planes 
were projected onto a single view. The percentages of the different mitotic 
phenotypes were determined with confi dence intervals calculated for a 
P95. Usually, image processing and quantifi cation of fl uorescence were 
done using Photoshop (Adobe). For quantifi cation of polar γ-tubulin by im-
munofl uorescence, we measured the maximal signal obtained after γ-tubulin 
staining. The signal of the camera was proportional to the  fl uorescence in-
tensity, and the background and the maximal fl uorescence values were ad-
justed to 0 and 25, respectively (Lajoie-Mazenc et al., 1994).

Online supplemental material
Fig. S1 shows colabeling of γ-tubulin with associated proteins in Dgrip75-
depleted cells. Fig. S2 shows phenotypes observed after Dgp71WD deple-
tion in S2 cells. Fig. S3 shows mitotic phenotypes in the Dgp71WD mutant. 
Fig. S4 shows the number of microtubule protofi laments in mitotic cells after 
Dgrip75 RNAi treatment. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200511071/DC1.
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