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Centrosomes are microtubule-organizing centers and play a dominant role in assembly of the microtubule spindle
apparatus at mitosis. Although the individual binding steps in centrosome maturation are largely unknown, Centrosomin
(Cnn) is an essential mitotic centrosome component required for assembly of all other known pericentriolar matrix (PCM)
proteins to achieve microtubule-organizing activity at mitosis in Drosophila. We have identified a conserved motif (Motif
1) near the amino terminus of Cnn that is essential for its function in vivo. Cnn Motif 1 is necessary for proper recruitment
of y-tubulin, D-TACC (the homolog of vertebrate transforming acidic coiled-coil proteins [TACC]), and Minispindles
(Msps) to embryonic centrosomes but is not required for assembly of other centrosome components including Aurora A
kinase and CP60. Centrosome separation and centrosomal satellite formation are severely disrupted in Cnn Motif 1
mutant embryos. However, actin organization into pseudocleavage furrows, though aberrant, remains partially intact.
These data show that Motif 1 is necessary for some but not all of the activities conferred on centrosome function by intact

Cnn.

INTRODUCTION

Centrosomes are comprised of a pair of centrioles sur-
rounded by a pericentriolar matrix (PCM) and represent the
major microtubule-organizing centers (MTOC) in most ani-
mal cells. Microtubules are nucleated at centrosomes pri-
marily from the y-tubulin (y-Tub) complexes that are bound
to the PCM (Gunawardane et al., 2000; Oakley, 2000). y-Tub
associates as a tetramer with Dgrip84 and Dgrip91 in a
stoichiometric ration of 2:1:1 into a structure called the y-Tub
small complex (y-TuSC; Gunawardane et al., 2000). y-TuSC,
together with Dgp71WD, Dgrip75, Dgrip128, and Dgrip163,
assemble into a larger 25-nm-diameter ring complex (y-
TuRC), which nucleates microtubules (Gunawardane et al.,
2000). y-TuSC appears to be sufficient for centrosome micro-
tubule assembly (Verollet et al., 2006). Microtubules are as-
sembled less efficiently from centrosomes upon y-Tub de-
pletion (Strome et al., 2001; Hannak et al, 2002). The
microtubule-stabilizing protein Minispindles (Msps), the
Drosophila homolog of the XMAP215/TOG family, and its
binding partner D-TACC (homolog of vertebrate transform-
ing acidic coiled-coil proteins [TACC]) are also required for
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efficient microtubule assembly at centrosomes (Cullen ef al.,
1999; Gergely et al., 2000). TACC and TOG family members
act together through direct binding and coordinate with
v-Tub to regulate microtubule assembly at the centrosome
(Cullen and Ohkura, 2001; Lee et al., 2001; Bellanger and
Gonczy, 2003; Le Bot et al., 2003; Srayko et al., 2003; Kinoshita
et al., 2005; Peset et al., 2005). In addition, Aurora A kinase is
required for centrosomal microtubule assembly and acti-
vates D-TACC by phosphorylation (Giet et al., 2002; Barros et
al., 2005; Kinoshita et al., 2005; Peset et al., 2005). Down-
stream of Aurora A, a proposed role for Msps/D-TACC is
the stabilization of microtubules nucleated by y-Tub at cen-
trosomes (Lee et al., 2001; Popov et al., 2002).

Centrosomin (Cnn) is a PCM protein required in Drosoph-
ila for assembly of the centrosome into a functional MTOC
(Megraw et al., 1999; Vaizel-Ohayon and Schejter, 1999;
Megraw et al., 2001). In cnn mutant embryos the centrosomal
proteins CP60 and CP190 fail to localize at centrosomes and
v-Tub accumulates at lower levels at spindle poles, yet astral
microtubules are detected at some spindle poles (Megraw et
al., 1999; Vaizel-Ohayon and Schejter, 1999). In contrast to
embryos, cnn mutant neuroblasts and S2 cells depleted of
Cnn by RNA interference (RNAi) lack any detectable y-Tub
signal at mitotic centrosomes, and astral microtubules are
not assembled at a detectable level (Megraw et al., 2001). In
these Cnn-deficient cells the spindle is assembled primarily
from microtubules that appear to originate at the chromo-
somes, employing a meiotic-like anastral mechanism
(Megraw et al., 2001; Mahoney et al., 2006). Remarkably, in a
cnn null mutant, zygotic development is achieved efficiently
without functional mitotic centrosomes, producing adult
flies using the “anastral” or “centrosome-free” pathway de-
scribed above (Megraw ef al., 2001). The Schizosaccharomyces
pombe Cnn homolog Mtolp is required for the assembly of
microtubules from all three types of MTOCs in fission yeast
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(Sawin et al., 2004; Venkatram et al., 2004; Zimmerman and
Chang, 2005). In both systems, Cnn and Mtolp are required
for the recruitment of y-Tub and the associated y-TuRC
proteins to spindle poles (Megraw et al., 2001; Sawin et al.,
2004; Venkatram et al., 2004).

After fertilization, development of the Drosophila early
embryo begins with 13 rapid, synchronous cleavage cycles
8-12 min long, with little or no gap phases, that occur within
a syncytium (Foe et al., 1993; Sullivan and Theurkauf, 1995).
The first 89 cycles occur deep within the embryo followed
by migration of the nuclei to the embryo cortex, where cycles
10-13 occur in a uniform monolayer at high density at the
cell cortex. During the cortical cycles centrosomes organize
actin into furrows that surround each spindle apparatus at
mitosis. The embryo cellularizes at cycle 14 to form a cellular
blastoderm.

In cnn maternal effect mutant embryos the cortical cleav-
age cycles are highly disorganized and progressively aneu-
ploid as a consequence of fused spindles at metaphase and
colliding nuclei at telophase (Megraw et al., 1999; Vaizel-
Ohayon and Schejter, 1999; and unpublished data). At the
first cortical division, cycle 10, the metaphase spindles are
appropriately spaced and y-Tub resides at spindle poles,
though at a reduced level compared with wild-type em-
bryos. At telophase of cycle 10, and in subsequent cleavage
cycles, neighboring nuclei collide and exhibit excessive lat-
eral movement at the cortex (unpublished data). This is
consistent with a lack of organized cortical actin microfila-
ments (Zalokar et al., 1975; Foe et al., 1993), a characteristic of
cnn mutant embryos. In later cycles (after cycle 10) spindle
poles lack detectable y-Tub and astral microtubules, appar-
ently because of centriole loss (see below). cnn maternal
effect mutant embryos fail to develop beyond late cleavage
cycles and do not cellularize.

Apparent homologues of cnn are found in most eu-
karyotes, including the fission yeast S. pombe and humans,
but appear absent in plants, which lack centrosomes (Me-
graw et al., 2001; Sawin et al., 2004). There are two putative
human Cnn homologues, CDK5RAP2 and Myomegalin
(Figure 1A; Wang et al., 2000; Verde et al., 2001). The func-
tions of these proteins have not been characterized, but
CDK5RAP2 mutations in humans cause microcephaly due to
severe reduction in the size of the cerebral cortex (Bond et al.,
2005). Because mutations in cnn affect spindle orientation in
neuroblasts (Megraw et al., 2001), one hypothesis is that the
reduced number of cortical neurons in CDK5RAP2 mutant
individuals results from defective asymmetric division of neu-
ral precursors due to centrosome defects (Bond et al., 2005).

Although Cnn is essential for centrosome maturation and
appears to act early in this process, how Cnn functions at the
molecular level is unknown. Here we show that Motif 1, a
conserved domain near the amino terminus of Cnn, is es-
sential in vivo and is required to recruit a suite of proteins
that are necessary for microtubule assembly at the centro-
some including y-Tub, D-TACC, and Msps. Moreover, de-
spite defects in microtubule-dependent activities from Cnn
Motif 1 mutant centrosomes, another function of the centro-
some in early embryos, actin organization into pseudocleav-
age furrows, is partially restored upon expression of Motif 1
mutant Cnn in cnn null embryos.

MATERIALS AND METHODS
Plasmids and Fly Stocks

cnn cDNA sequences were isolated from pBluescriptCnn (Heuer et al., 1995)
by digestion with Kpnl and Sall, ligated to KpnI-BamHI and Sall-Xbal linkers
(KBK and SXS, Supplementary Table S1), restriction-digested with BamHI
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and Xbal, and then subcloned into pBluescriptll KS—. The Kpnl site near the
amino terminus of the cnn coding sequence was utilized for subcloning
convenience, to shuttle the open reading frame between plasmids for mu-
tagenesis and construction of the transgenesis plasmid. This results in dele-
tion of the amino terminal 17 amino acids of the maternal transcript cnn-RA
(see Flybase for nomenclature). The enn™WT construct rescued the mutant,
indicating that the amino-terminal 17 aa peptide is not essential. Evidence
from rescue experiments in testis indicates that the amino terminal 77 amino
acids are not essential for in vivo function (unpublished data). Motif 1 begins
approximately at amino acid 98 in cnn-PA. Mutagenesis was performed using
the Stratagene quickchange kit (La Jolla, CA; primer sequences are listed in
Supplementary Table S1). The cnn wild-type sequences were then subcloned
using the BamHI and Xbal sites into pUASpEGFP (Megraw et al., 2002) to
generate pUASpEGFP-CNNBX. The wild-type Motif 1 sequence was replaced
with A1l mutant sequence by subcloning the 879-base pair KpnI-Sphl mutant
fragment into the KpnI-Sphl site of pUASpEGFP-CNNBX. Transgenic flies
were generated by standard methods.

pUASpEGFP-CnnWT and pUASpEGFP-Cnn”! were expressed in early em-
bryos using the nos-GAL4VP16 driver at 25°C for all experiments. For ex-
pression in larvae, HS-GAL4, elav-GAL4, and Tub-GAL4 drivers were used.
The GALA4 driver stocks were acquired from the Bloomington Drosophila Stock
Center.

cnn'21 is a null allele with a nonsense mutation that truncates the protein
at amino acid 106 (Megraw et al., 1999). The cnn?>"! allele is a deletion of most
of the cnn gene. The deletion spans from the first intron to 1.6 kb downstream
of the end of exon 7 (the last exon of cnn). The first exon of the maternal
transcript is retained, which encodes the first 62 amino acids of Cnn. The
deletion removes the first small exon of the next gene proximal to cnn,
CG17034. cnn?>"1 expresses no detectable Cnn protein by Western blotting or
immunostaining and is considered a null allele. cnn?>*! was generated by
using a P element in the first intron of cnn (cnnS<", Dobie et al., 2001) and
selecting for proximal deletions on chromosome arm 2R by the “male recom-
bination” method using cn’! as a marker (Preston et al., 1996). This allele
retains the P element. cnn?>"! is homozygous viable, but male sterile and
maternal effect lethal. The original allele, cnn®c", is maternal effect lethal but
male fertile. Throughout this report, cnn null refers to cnn’*?!/ecnn?>c"1, Unless
otherwise indicated, cnn™WT and cnn®! refer to embryos that were collected
from cnn null mothers that express the respective enhanced green fluorescent
protein (eGFP)-fusion protein from its transgene.

Immunofluorescence Staining and Antibodies

Embryos and third instar larval brains were immunostained as described
previously (Megraw et al., 1999, 2001). Antibodies to amino acids 1-574 of Cnn
were raised in rabbits and guinea pigs by Cocalico Biologicals (Reamstown,
PA). Primary antibodies used were rabbit anti-Cnn (1:1000; Heuer ef al., 1995),
guinea pig anti-Cnn (1:1000), rabbit anti-Aurora A (1:200), rabbit anti-D-
TACC (1:400), rabbit anti-Phospho (P)-D-TACC (1:500; Barros et al., 2005),
mouse anti-y-tubulin clone GTUS88 (Sigma, St. Louis, MO; 1:500), mouse
anti-a-tubulin clone DM1A (Sigma, 1:500), Rb anti-Msps (1:1000), Rb anti-
Nek2 (1:1000), DM1A-FITC (Sigma, 1:200), mouse anti-phosphotyrosine (1:
500, Santa Cruz Biotechnology, Santa Cruz, CA) and Alexa546-Phalloidin
(Molecular Probes, Eugene, OR; 1:80). DNA was stained with DRAQ5
(Axxora, San Diego, CA) at 1:800 dilution. Fluorescent secondary antibodies
were highly cross-absorbed goat conjugates to Alexa488, 546, or 633 (Invitro-
gen, Carlsbad, CA) used at 1:400 dilution.

Images were captured on a Leica TCS SP2 confocal microscope (Deerfield,
IL) using a 63X /NA1.4 oil immersion lens objective. Live imaging of Dro-
sophila embryos was performed at room temp (23-24°C) with the pinhole set
to three airy units. Frames were captured every 3 s, and .avi files were
generated with a frame rate of 15 frames per second. Movie files were
compressed and saved as QuickTime movies (Apple, Cupertino, CA) using
Image] software. For colocalization analysis, the Image] Colocalization
plug-in was used with the threshold pixel intensities set to 150-255 for the
Cnn and D-TACC 8-bit raw images. Quantification of the centrosomal immu-
nofluorescence of y-Tub was performed on maximum projections of image
stacks of metaphase cycles 10 and 11 embryos using the Leica TCS SP2
quantification tools.

RESULTS

Cnn Motif 1 Is Essential In Vivo

Cnn proteins have diverged much during evolution, even
among the dipterans. The level of overall sequence identity
after ClustalW alignment is 28% between Drosophila melano-
gaster and Anopheles gambiae (mosquito) and only 19% be-
tween D. melanogaster and Apis mellifera (honeybee). Two
domains, each 60-70 amino acids in length, are more highly
conserved among Cnn proteins (Figure 1A). We have des-
ignated these Cnn Motif 1 and Cnn Motif 2. Motif 1 has a
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Figure 1. Motif 1 of Cnn is essential. (A) Schematic of Cnn protein showing the two conserved motifs at the amino and carboxyl termini.
An expanded view of Motif 1 is shown with the 13 amino acids that are deleted in Cnn*! underlined in red. The alignments include the
putative Cnn homologues in Aedes egypti (mosquito, A.e.), CDK5RAP2 from Gallus gallus (chicken, G.g.) and human (H.s.), Myomegalin/
PDE4DIP from human, and Mtolp from S. pombe (S.p.). (B) Western blot showing the expression of GFP-Cnn"" and GFP-Cnn?! in a cnn null
mutant (cnn’*?!/enn?>"1) background (labeled “cnn-" above the lanes). The samples were loaded onto two gels and blotted, and one gel was
probed with anti-Cnn, anti-y-Tub, and anti-a-Tub (loading control) antibodies as indicated. The second blot, shown below the solid line, was
probed with anti-GFP antibody. Immunostaining of cnn null embryos expressing GFP-Cnn"T (C) and GFP-Cnn”! (D) shows localization to
centrosomes and mutant phenotype. Anti-GFP signal is green, anti-a-Tub signal is red, and DNA is blue. The erratic spacing of mitotic
figures, linked spindles, and aneuploid nuclei in D are all characteristic of cnn mutant embryos, showing that GFP-Cnn*! did not rescue. Note
the abundance of centrosome pairs or clusters in the cnn®! mutant embryo.
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Table 1. Embryonic rescue with wild-type and Motif 1 mutant cnn
transgenes

Genotype® Percent hatch rate

Wild type (w!'%) 94 (n = 272)
Cnnhkzi/cnnzﬁcn] 0 (1’1 = 311)
cnn’*21 fenn?5e1 UASpGFP-Cnn™'™ 94 (n = 275)
cnn’*21 fenn?5em1, UASpGFP-Cnn®? 0 (n = 145)

Dominant effects
Wild-type, UASplacZ 97 (n = 261)
Wild-type, UASpGFP-Cnn"™ 95 (n = 189)
Wild-type, UASpGFP-CnnA! 0 (n = 294)

@ All the UASp constructs were expressed using nos-GAL4VP16 at
25°C. enn"*?1 and cnn?>*! are cnn null mutants.

higher degree of sequence conservation (40% identity/49%
similarity) between Cnn and human CDK5RAP2 and is
present in all homologues from S. pombe to human. Motif 2,
at the extreme carboxyl-terminus of Cnn, shows 29% iden-
tity and 20% similarity between fly Cnn and human
CDKB5RAP2, yet appears conserved only among metazoan
Cnn homologues. Besides these two conserved sequence
domains, Cnn proteins are structurally similar with exten-
sive coiled-coil domains that separate the two conserved
regions. Here we focus on the role of Cnn Motif 1.

Motif 1 of Drosophila Cnn was mutated by deleting 13 core
amino acids in the conserved sequences (Figure 1A). The
Motif 1 mutant version of Cnn (Cnn?') and control “wild-
type” Cnn (amino acids 17-1148, Cnn"T) were expressed in
cnn null embryos as GFP fusion proteins at levels similar to

centrosome
duplication

metaphase

anaphaseB

the endogenous wild-type protein (Figure 1B). The control
protein (GFP-Cnn"T) localized to centrosomes and fully
rescued the lethality of cnn null embryos (Figure 1C and
Table 1) and therefore appears functional as previously re-
ported for a full-length Cnn fusion to GFP (Megraw et al.,
2002). GFP-Cnn”! also localized to centrosomes (Figure 1D)
but was nonfunctional for rescue in vivo (Table 1). Motif 1 of
Cnn is therefore essential for its function in vivo.

The phenotype of cnn null embryos replaced with GFP-
Cnn?! (hereafter referred to as cnn®! mutant embryos) is
similar but distinct from cnn null mutants. Like the cnn null
mutant, the mitotic figures in late cleavage stage cnn“! mu-
tant embryos are not distributed evenly and exhibit a high
degree of aneuploidy (Figure 1D). Cleavage cycles progress
to late syncytial blastoderm stages in cnn®! embryos, but
embryos fail to undergo cellularization, which normally oc-
curs at cleavage cycle 14. However, in contrast to cnn null
mutants, cnn®! mutant centrosomes are retained at spindle
poles and are predominantly in pairs that failed to separate.
Moreover, some centrosomal proteins are recruited to cnn®!
mutant centrosomes that are not found at cnn null spindle
poles (see below).

cnn®! Embryos Are Severely Deficient in Centrosome
Separation

In fixed and stained preparations the centrosomes in cnn®!
embryos were predominantly found in pairs or sets of pairs
that failed to separate after duplication (Figure 1D). Because
the Cnn proteins expressed in cnn™¥T and cnn®! embryos
were GFP-fusion proteins, live imaging of early embryos
was used to track the centrosome cycle (Figure 2 and Sup-
plementary Movies 1 and 2).

next
metaphase

early
separation

separation/
prophase

Figure 2. Centrosome separation and satellite movement require Motif 1 of Cnn. Live imaging of cnn null embryos expressing GFP-Cnn"'T
(cnn™T, A-F) or GFP-Cnn”! (cnn®!, G-L). Cropped stills of movies at metaphase (A and G), anaphase B (B and H), centrosome duplication/
telophase (C and I), early centrosome separation (D and J), separation/prophase (E and K), and metaphase of the next cycle (F and L). The time
code of these stills, taken from Supplementary Movie 1 (A-F) and Supplementary Movie 2 (G-L), are shown in the lower left in seconds. Small
arrows point to centrosomes beginning at one metaphase spindle (A and G) and follows them through one cleavage cycle (Supplementary Movie
1 progresses through three cycles, and Supplementary Movie 2 through four cycles). Each of the two centrosomes indicated with arrows in the
cnn™T frames divides once (C) and separates (E), and the nascent pair contributes to a bipolar spindle in the ensuing metaphase (F). In contrast,
the cnn®! centrosomes indicated with arrows in G are two pairs at each pole of a metaphase spindle that failed to separate in the previous cycle.
These pairs divide, producing two clusters of four centrosomes (J) that fail to separate (K). One pair of centrosome pairs did separate, whereas the
other remained as a cluster of four in the next metaphase (L). The asterisk (*) in G indicates two pairs of attached centrosomes that divide to produce
a cluster of eight centrosomes that failed to separate (K). More centrosome clusters form in subsequent cycles (see Supplementary Movie 2). The
arrowheads in E and K point to centrosomal satellites, which are abundant in cnn*¥" embryos but scarce in cnn®! embryos. The large arrows in E,
F, and K indicate the intracentrosomal fibers that connect separating centrosomes.
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In control cnn™T embryos, cleavage appeared normal (Fig-
ure 2, A-F, and Movie 1). Figure 2 shows stills of Supple-
mentary Movies 1 and 2 at six stages in one cleavage cycle
(Supplementary Movie 1 shows three cycles, and Supple-
mentary Movie 2 show four consecutive cycles). Centro-
somes in cnn™T embryos duplicate at telophase, and then
centrosome separation ensues during prophase of the next
cycle (Figure 2, D and E) as normally occurs in wild-type
embryos (Rothwell and Sullivan, 2000). GFP-CnnWT deco-
rates fibers that connect the two centrosomes during sepa-
ration (large arrows in Figure 2, E and F), and these fibers,
which are likely intercentrosomal microtubules, can persist
into late anaphase (large arrow in Figure 2F and Supplemen-
tary Movie 1). Although Cnn is prominent at centrosomes, it
is also localized weakly to spindle microtubules (Figure 2, A,
B, G, and H), but is more highly enriched on these presumed
intercentrosomal microtubules (Supplementary Movies 1
and 2 and Figure 2, E, F, and K).

Centrosome duplication appears normal in cnn®! em-
bryos, yet separation fails (compare Figure 2, ] and K to D
and E, and see Supplementary Movie 2). This results in pairs
of centrosomes that participate in spindle assembly in the
subsequent cycle, resulting in spindles with two centro-
somes at one pole and none at the other, or with multiple
centrosomes at each pole due to nuclear loss or fusion in
prior cleavage divisions (see Figures 3D and 4, D, H, and
L). When cnn”! centrosomes did separate, GFP-Cnn*!
decorated intercentrosomal fibers, as did GFP-Cnn"“T
(Figure 2, ] and K).

Live imaging revealed that pairs of cnn®! centrosomes that
failed to separate in the previous cycle duplicated to pro-
duce four conjoined centrosomes that would also fail to
separate or do so inefficiently. Often, four centrosomes
pulled apart as two pairs (pairs of newly duplicated centro-
somes, with the old connection being broken; see Figure 2K
and Supplementary Movie 2). We also observed centrosome
pairs arranged in long strings that form because of multiple
rounds of centrosome duplication accompanied by failed
separation (Figure 2K and Supplementary Movie 2).

Cnn Motif 1 Is Required for Satellite Production

Another striking feature of cnn®! mutant embryos is the near
absence of satellites (compare Figure 2, D and E to ] and K,
and Supplementary Movies 1 and 2). Centrosomal satellites
are a common feature of eukaryotic cells and have been
characterized in vertebrate, Drosophila, and S. pombe cells
(Kubo et al., 1999; Dammermann and Merdes, 2002; Megraw

Figure 3. Cnn motif 1 recruits y-tubulin to
centrosomes. Wild-type (A), cnn null (B), and
cnn null embryos with GFP-Cnn"'™ (cnn™7, C)
and GFP-Cnn*! (cnn®!, D) at early syncytial ~DNA
blastoderm cleavage stained for y-Tub (sepa-

rate channel shown below merged images).

The centrosome signals in C and D are yellow
compared with the signal for wild-type (A)
because of the green signal from GFP-Cnn

fusion proteins (red plus green overlap is yel-

low). The level of y-Tub localized at cnn®! 5
mutant centrosomes is reduced, yet similar to y-Tub
the levels seen at cnn null embryo spindle
poles. Note the unseparated centrosomes in the
cnn®! embryo on one spindle pole and none on
the opposite spindle pole (arrows in D).
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et al., 2002; Sawin et al., 2004; Venkatram et al., 2004). They
are 70-100-nm particles of PCM proteins that traffic to and
from centrosomes. In Drosophila, satellites contain Cnn, D-
TACC, and Msps (Lee et al., 2001; Megraw et al., 2002). In
vertebrates, PCM1, pericentrin, centrin, ninein, BBS4, and
Nek2 kinase are satellite components (Kubo et al., 1999;
Dammermann and Merdes, 2002; Kim ef al., 2004; Hames et
al., 2005). In S. pombe, satellites contain Mtolp, y-Tub, alp4p
(Dgrip84 homolog), and alp6p (Dgrip91 homolog; Sawin et
al., 2004; Venkatram et al., 2004; Zimmerman and Chang,
2005). The function of satellites is not clear, but in S. pombe
satellites are small MTOCs that nucleate microtubules along
existing microtubule tracks, leading to efficient antiparallel
bundle formation (Janson ef al., 2005). In all these systems,
satellite movement is microtubule-dependent (Kubo et al.,
1999; Dammermann and Merdes, 2002; Megraw et al., 2002;
Sawin et al., 2004; Venkatram et al., 2004; Hames et al., 2005).

Live imaging showed that satellites are produced in abun-
dance in cnn™7T embryos and traffic back and forth from
centrosomes as previously reported for GFP-Cnn (Megraw
et al., 2002). However, in cnn®! embryos satellites are rare,
with <1 satellite associated with each centrosome at inter-
phase (when they are most abundant), compared with 6-7
per centrosome in the wild-type (Figure 2 and Supplemen-
tary Movies 1 and 2).

Our live imaging analysis of cnn®! embryos revealed de-
fects in centrosome separation, a microtubule-dependent
process, and the poorly understood process of satellite for-
mation. This led us to examine recruitment of PCM proteins
to cnn®! centrosomes, including molecules with established
functions in microtubule assembly from the centrosome.

Cnn Motif 1 Recruits y-Tub to the Centrosome

cnn null embryos have reduced signal of y-Tub immunoflu-
orescence at centrosomes compared with wild-type embryos
(18.9 = 6.4%, p = 0.002, Student’s t test; Figure 3, A and B;
Megraw et al., 1999). cnn®! embryos also have reduced y-Tub
signal at centrosomes compared with wild-type (30.1 =
10.6%, p = 0.008), indicating that Motif 1 is required to fully
recruit the levels of y-Tub seen at wild-type centrosomes
(Figure 3, B and D; note that the centrosome signals in
Figure 3, C and D, are yellow compared with red in Figure
3A, due to green fluorescence from the GFP-Cnn fusion
proteins showing colocalization with y-Tub). Inmunostain-
ing against Dgrip84 showed a similar reduction in signal at
cnnAl centrosomes (data not shown), indicating that the
v-TuSC is not recruited to centrosomes at wild-type levels.

cnn null cnnWT

4041



J. Zhang and T. L. Megraw et al.

The reduced localization of y-Tub is not due to reduced
overall levels of y-Tub protein in embryos (Figure 1B). These
data show that there is a Cnn-independent pool of y-Tub at
embryonic centrosomes, but the major fraction of centroso-
mal y-Tub is dependent on Cnn Motif 1 for its localization.

Although the decreased localization of y-Tub at cnn®!
centrosomes is consistent with defects in microtubule-de-
pendent processes, we also examined the recruitment of
D-TACC/Msps, which are also required for efficient micro-
tubule assembly at centrosomes, and Aurora A kinase, a
regulator of this complex.

Cnn Motif 1 Is Required to Anchor D-TACC/Msps at
Centrosomes

In cnn null embryos the centrosomal proteins CP60 and
CP190 do not localize to centrosomes (Megraw et al., 1999;
Vaizel-Ohayon and Schejter, 1999). Here we show that Au-
rora A, D-TACC, and Msps are also mislocalized in cnn null
embryos (Figure 4, B, F, ], M, and N). Aurora A is localized
at low levels to small dots at spindle poles in cnn null
embryos, possibly reflecting localization to centrioles, but
nevertheless a loss of the normal contribution of Aurora A
that is seen at wild-type centrosomes. The Aurora A signal at
the centrosome remnant in cnn null embryos is progres-
sively lost from spindle poles in later (after cycle 10) cleav-
age cycles (data not shown), indicating that centrioles are
lost during late cleavage cycles. We also observed a loss of
signal for y-Tub and Nek2 (a centriolar protein) in later
cleavage cycles (Figure 3B and data not shown) that we
attribute to centriole loss from spindle poles in cnn null
embryos. This loss of the centrosome remnant in cnn null
embryos is likely due to detachment from the spindle. Cen-
triole detachment from spindle poles is a feature of cnn null
embryos (see Figure 4, B, F, and ]), in agreement with recent
observations using live imaging of GFP-labeled centrioles
(Lucas and Raff, personal communication, 2007).

Several studies have established that D-TACC and Msps
(and their counterparts in Xenopus and Caenorhabditis elegans)
form a complex through direct interaction (Lee et al., 2001;
Bellanger and Gonczy, 2003; Le Bot et al., 2003; Srayko et al.,
2003; Kinoshita et al., 2005; Peset et al., 2005). Msps localization
depends on D-TACC and vice versa (Cullen and Ohkura, 2001;
Lee et al., 2001). D-TACC and Msps localized to centrosomes
and to spindle microtubules in wild-type and cnn"¥" embryos
(Figure 4, E, G, I, and K), consistent with previous reports
(Cullen et al., 1999; Gergely et al., 2000; Lee et al., 2001; Barros et
al., 2005). In cnn null embryo early cortical divisions (cycles 10
and 11) D-TACC and Msps are recruited to spindle poles
(Figure 4, F and ]), but the localization is more dispersed
compared with wild-type or cnn™¥* embryos (Figure 4, E, G, I,
and K). Thus, D-TACC and Msps can be partially recruited to
the centrosome remnant present in cnn null mutants, but can-
not be fully anchored or maintained in the absence of Cnn. In
later cleavage cycles when the centrioles are lost, spindle mi-
crotubules are decorated with Msps and D-TACC but spin-
dle poles lack the signal (Figure 4, Q and R). Instead,
D-TACC accumulates into particles that localize near the
mitotic chromosomes (Figure 4Q).

In cnn™T embryos y-Tub, CP60, Aurora A, D-TACC, and
Msps localization to centrosomes is restored (Figures 3C, 4,
C, G, and K, and see Figure 6C). In contrast, D-TACC and
Msps are incompletely recruited to cnn®! centrosomes (Fig-
ure 4, H and L). D-TACC and Msps are loosely associated
near centrosomes in cnn®! mutant embryos, similar to cnn
null embryos. Although D-TACC and Msps are recruited to
the vicinity of centrosomes, they accumulate at the centro-
some periphery in cnn®! embryos (see below). Despite these
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defects in D-TACC and Msps recruitment to centrosomes,
the localization of Aurora A kinase, which regulates D-
TACC, appears normal in cnn®! embryos (Figure 4D). This
indicates that PCM architecture is not globally disrupted by
the mutation in Motif 1. Moreover, in contrast to the cnn
null, cnn®! embryos retain centrosomes at spindle poles into
late cortical cycles (albeit in clusters of 2 or more, see Figure
2 and Supplementary Movie 2). Furthermore, the association
of D-TACC and Msps with cnn®! centrosomes, though ab-
errant, persists into later cleavage cycles in cnn®! embryos.

Because Aurora A kinase is required for D-TACC local-
ization, and activates D-TACC through phosphorylation at
Ser863, we examined D-TACC phosphorylation with a phos-
pho-specific antibody (Barros et al., 2005). P-D-TACC is
found at centrosomes but not on spindle microtubules in
wild-type embryos as reported previously (Figure 4M). In
cnn null mutant embryos P-D-TACC was not detected at
spindle poles (Figure 4N). D-TACC Ser863 phosphorylation
was restored at cnn™7T centrosomes (Figure 40), yet showed
weak localization at the centrosome periphery in cnn! em-
bryos similar to the accumulation observed with anti- D-
TACC antibodies (compare Figure 4, H and P).

Colocalization analysis of D-TACC with GFP-Cnn"T and
GFP-Cnn*! (Figure 5) shows reduced colocalization of D-
TACC with Cnn*! at the PCM compared with Cnn"7'. In-
stead, the major pool of centrosomal D-TACC accumulates
at the immediate periphery of the PCM (arrows in Figure
5B), and only partial recruitment of D-TACC within the
central mass of the PCM is achieved at cnn®! mutant cen-
trosomes. Msps was similarly relegated to the centrosome
periphery with poor recruitment or maintenance at cnn®?
centrosomes (Figure 4L). These data are consistent with an
interdependence of D-TACC and Msps for centrosomal lo-
calization (Cullen and Ohkura, 2001; Lee et al., 2001).

In cnnA! mutant embryos defective centrosome separation is
likely the result of reduced y-Tub localization and/or improper
assembly of D-TACC/Msps. Thus, the perturbed assembly of
these components likely alters the mechanics of microtubule
assembly at cnn®! centrosomes. Nevertheless, microtubule as-
ters are produced at cnn®! centrosomes (e.g., see insets in
Figure 6).

Some Centrosome Components Localize Normally to
Cnn** Centrosomes

Because y-Tub, D-TACC, and Msps are aberrantly distrib-
uted in cnn?! embryos, we tested whether the cnn®! mutant
had a global affect on the PCM architecture. We found that
Motif 1 is not required for recruitment of other centrosome
proteins, including Aurora A kinase, CP60, and Nek2 kinase
(Figures 4 and 6), indicating that only specific aspects of
PCM assembly are controlled by Cnn Motif 1. Nek2 kinase is
a centriolar protein (Prigent et al., 2005), and in embryonic
centrosomes there is a single, sharp signal at the center of the
spindle pole (Figure 6E). The presence of centrioles at cnn
maternal effect mutant spindle poles (at early cortical cycles
but lost in later cycles; see above) is consistent with our
previous report of centrioles in cnn mutant imaginal disk
cells (Megraw et al., 2001). Together, the restored localization
of Aurora A and CP60 to cnn®! mutant centrosomes (com-
pared with the cnn null mutant; Figures 4D and 6D) and the
retention of centrioles into late cleavage suggests that PCM
structure may not be severely disrupted at cnn®! centro-
somes. Furthermore, the ability to partially assemble actin
into cleavage furrows (see below) shows that aspects of
centrosome function are intact in the cnn! mutant.
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Figure 4. D-TACC and Msps are localized improperly
at cnn®! centrosomes. Wild-type (A, E, I, and M), cnn
null (B, F, J, and N), cnnT (C, G, and K) and cnn®' (D,
H, L, and P) embryos at early syncytial blastoderm
cleavage stage stained for Aurora A (A-D), D-TACC
(E-H), Msps (I-L) or P-D-TACC (M-P). All samples
were counterstained for microtubules (green) and DNA
(blue). Below each row is displayed the channel for
Aurora A (Aur-A), D-TACC, Msps and P-D-TACC (all
are red in the merged images). Insets are shown to
highlight the localization of Aurora A, D-TACC, and
Msps at spindle poles. Arrows in (F, H, J, and L) point
to centrioles/centrosomes that are free or displaced
from the spindle pole. The arrows in P indicate centro-
somes with P-D-TACC signal at the centrosome periph-
ery. All embryos shown are in cycles 10-12 except for
(Q and R), which appear to be at later cycles. In cnn null
mutant embryos the cycle number is unclear after cycle
10 or 11 because of the high degree of nuclear loss,
disorder, and aneuploidy. In early cortical cycles (cycles
10 and 11) centrioles are detected at cnn null mutant
spindle poles. In later cycles (Q and R), where centri-
oles are lost from spindle poles, D-TACC accumulates
in particles that localize near microtubule bundles in
the proximity of mitotic chromosomes (arrows in Q).
Bar, 10 um.
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cnnA! Is a Dominant Mutation

Overexpression of GFP-Cnn™7T in a wild-type cnn back-
ground produces only minor defects in cleavage, and em-
bryos hatch at wild-type percentages (Figure 7, A and C, and
Table 1). The hatch rate is zero when we overexpress GFP-
Cnn”! in a wild-type background (Table 1). The overexpres-
sion phenotype is indistinguishable from the expression of
GFP-Cnn?! in the cnn™2!/cnn?®e! (null) background, in-
cluding centrosome separation defects, reduced satellites,
and reduced y-Tub localization at centrosomes (Figure 7, B
and D). GFP-Cnn?! is not lethal zygotically, however, when
expressed ubiquitously from late embryogenesis onward
using a Tub-GAL4 driver.

Third instar larval brains expressing GFP-Cnn#! in wild-
type or cnn null backgrounds showed only occasional un-
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Figure 5. Cnn and D-TACC colocalization at
centrosomes. cnn'¥T (A) and cnn! (B) embryos
were stained for Cnn (green), D-TACC (red),
and DNA (blue). Two close-up views of each
are shown below, with the separate channels
for Cnn and D-TACC signals. In the cnn®!
mutant D-TACC localized at and near centro-
somes, but with higher levels of accumulation
at the immediate periphery of the centrosome
(arrows in B and in close-up images). There is
also a higher level of D-TACC associated with
free centrosomes (arrowheads in B). The
“Coloc” images show colocalized Cnn and D-
TACC signals. The white signal in each image
represents colocalized signals above a pixel
intensity threshold of 150 (see Materials and
Methods). Bar, 10 um.

Figure 6. Localization of CP60 and Nek2 to centro-
somes does not require Cnn Motifl. Wild-type, cnn null,
cnn™T, and cnn®! embryos were stained for a-tubulin
(green), DNA (blue), and CP60 (top row, red) or Nek2
(bottom row, red). Arrowheads in bottom row point to
the dot of Nek2 signal at the centrioles. For cnn null
embryos, the Nek2 signal is present in early syncytial
blastoderm embryos shown here, but is lost at later
cleavage stage embryos due to loss of centrioles (not
shown). Bar, 10 um.

separated centrosomes among cells in metaphase (data not
shown). This indicates that Motif 1 has a more stringent
requirement in the early embryo for centrosome separation.

cnn®! Mutant Embryos Assemble Aberrant
Pseudocleavage Furrows

In view of the fact that centrosomes organize actin into
cleavage furrows, we examined the ability of cnn®! mutant
centrosomes to assemble pseudocleavage furrows. Cortical
actin normally undergoes concerted cleavage cycle—depen-
dent rearrangements from actin caps at interphase, to mi-
totic furrows that surround and separate each syncytial
nucleus into its own pseudocleavage furrow at metaphase
(Figure 8, A and C; Foe et al., 1993; Sullivan and Theurkauf,
1995). Previous studies showed that centrosomes direct actin
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Figure 7. cnn®! is a dominant mutation. Overexpression of GFP-
Cnn?! in a wild-type cnn background (B and D) has dominant
phenotypes compared with GFP-Cnn"T overexpression (A and C).
Only mild cleavage failure defects were seen with GFP-Cnn"'"
overexpression (arrows in A and C), which had little bearing on
embryo viability (see Table 1). In wild-type embryos where GFP-
Cnn?! was expressed, most centrosomes were in pairs at metaphase
(arrowheads in B and D) due to centrosome separation failure. As
was the case for expression in a cnn null mutant background,
expression of GFP-Cnn*! in a wild-type background resulted in
reduced recruitment of y-Tub to centrosomes (compare y-Tub chan-
nel in C to D).

organization in the syncytial blastoderm and at cellulariza-
tion (Raff and Glover, 1989; Rothwell and Sullivan, 2000).
cnn null embryos show no organization of F-actin into caps
at interphase or to furrows at mitosis (Figure 8B; Vaizel-
Ohayon and Schejter, 1999). cnn®! mutant centrosomes,
however, are able to assemble actin into pseudocleavage
furrows. Staining for F-actin showed robust but defective
furrow formation in cnn®! embryos (Figure 8D). In contrast
to wild-type and control cnn™T embryos, the furrows assem-
bled in the cnn®! mutant are varied in size and frequently
incomplete (Figure 8D). The variability in furrow size or
diameter is likely due to the failure of centrosomes to sep-
arate and the abundant free centrosomes in cnn®! embryos.
Consistent with these findings, free centrosomes not associ-
ated with nuclei have previously been shown to produce
smaller furrows in early embryos (Raff and Glover, 1989;
Rothwell and Sullivan, 2000). Staining for phosphotyrosine
epitopes, which are enriched at the furrowed membranes,
revealed defects similar to the actin organization pheno-
types (data not shown).

The depth of furrow ingression in the cnn! mutant was
more variable than cnn™7, but achieved similar lengths of
4-8 pm (Figure 8, E and F). The sagittal views of cnn®!
embryos shown in Figure 8F also revealed prominent actin
accumulation or retention at the cortex in the cnn®! mutant
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embryos at metaphase compared with cnn™7. In wild-type
embryos actin caps form over the nuclei in interphase in a
centrosome-dependent manner, and the actin spreads at
prophase and is predominantly localized in furrows at meta-
phase (Raff and Glover, 1989; Foe et al., 1993; Sullivan and
Theurkauf, 1995). The substantial amount of actin that re-
mains at the cortex in cnn®! mutants at metaphase (Figure
8F) indicates that efficient spreading of actin from caps into
furrows is dependent on Cnn Motif 1.

Our analyses also revealed a high frequency of nuclear
fallout (arrowheads in Figure 8F) and mitotic spindles that
are rotated 90° from their wild-type orientation, where the
spindle axis is parallel relative to the embryo cortex (com-
pare mitotic figures in Figure 8G to misoriented one in
Figure 8H, yellow arrow). The yellow arrow in Figure 8D
shows an example of a rotated spindle from an en face view,
looking down the spindle axis. This suggests that mitotic
spindles are not anchored properly at the cortex or fail to
assemble along the cortical axis.

Here we show that, although cortical actin organization is
highly erratic in cnn®! mutant embryos, the furrow defects
are not as severe as the cnn null mutant. This partial resto-
ration of centrosome function suggests that Cnn domains
other than Motif 1 exert control over the actin-organizing
function of the centrosome.

DISCUSSION

Previous studies showed that Cnn is required for centro-
some assembly/maturation, for microtubule assembly from
the centrosome at mitosis, and to organize actin into
pseudocleavage furrows in the early embryo. Here we show
that Motif 1 of Cnn is required for specific and essential
aspects of centrosome function. Centrosomes assembled in
cnn®! embryos recruit some PCM components and are par-
tially proficient to organize actin into pseudocleavage fur-
rows, but do not properly recruit or maintain proteins with
an established role in microtubule assembly: y-tubulin, D-
TACC, and Msps. Thus, although astral microtubules are
produced at cnn®! mutant centrosomes, centrosome separa-
tion, a microtubule-dependent process, is severely affected.
In addition, the less-understood process of satellite forma-
tion is inhibited at cnn®' centrosomes.

Anchoring of y-Tub, D-TACC, and Msps to Centrosomes
Requires Cnn Motifl

Microtubule assembly at centrosomes is regulated by nucle-
ation, where y-Tub plays a key role, and by microtubule
growth, which depends on a host of factors including Au-
rora A, D-TACC, and Msps, that promote stability. How
these proteins are assembled and regulated is still largely
unknown. Here we show that Cnn Motif 1 controls assembly
of PCM proteins that are required for MTOC activity at
centrosomes.

v-Tub is an essential component of MTOCs in eukaryotes
for microtubule assembly (Wiese and Zheng, 2006). In cnn
null mutant neuroblasts, imaginal disk cells, and cells de-
pleted of Cnn by RNAI, neither y-Tub nor astral microtu-
bules are detected at centrosomes (Megraw et al., 2001; Ma-
honey et al., 2006). However, in contrast to the above cell
types, a Cnn-independent pool of y-Tub is at the centrosome
remnant in c¢nn null mutant early embryonic spindle poles
(Megraw et al., 1999). The small, sharp signal for y-Tub at
cnn null spindle poles implicates a centriolar pool of y-Tub
that is unique to the rapid divisions of early embryos. The
level of y-Tub at cnn®! mutant centrosomes is similar to the
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cnn null mutant, indicating that Motif 1 is required for
recruitment of the Cnn-dependent pool of y-Tub to the PCM
in embryos. Drosophila Cnn and the S. pombe homolog Mtolp
have been reported to colP with y-Tub (Terada et al., 2003;
Sawin et al., 2004; Venkatram et al., 2004), but a direct inter-
action with y-Tub or any of the y-TuRC proteins has not
been demonstrated.

D-TACC and Msps, and their counterparts in Xenopus
(TACC3/maskin and XMAP215) and C. elegans (TAC-1 and
ZYG-9) are direct binding partners required for centrosome-
dependent growth of long microtubules (Gergely et al., 2000;
Bellanger and Gonczy, 2003; Le Bot et al., 2003; Srayko et al.,
2003; Kinoshita et al., 2005; Peset et al., 2005). Mutation or
depletion of D-TACC or its homologues does not affect
v-Tub localization to centrosomes, but rather appears to
function with Msps in the stability of microtubules that are
nucleated by y-Tub (Lee ef al., 2001; Popov et al., 2002).
D-TACC and Msps are partially recruited to centrosomes in
cnn null and cnn®! mutants, accumulating at the centrosome
periphery in cnn®! embryos. This incomplete assembly sug-
gests that recruitment of D-TACC and Msps to centrosomes
normally involves at least two steps and that Motif 1 of Cnn
is required for a secondary step in the process subsequent to
docking of D-TACC at the periphery of the centrosome.
Thus, Cnn Motif 1 may be required for a later phase of
recruitment to the centrosome or have a role in maintaining
D-TACC and Msps once they are recruited.

Aurora A kinase is required to localize D-TACC to cen-
trosomes (Giet et al., 2002) and directly phosphorylates D-
TACC at Ser863 to activate its microtubule-stabilizing activ-
ity (Barros et al., 2005). The reduced recruitment of Aurora A
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Figure 8. Cleavage furrow assembly from
cnnA! mutant centrosomes. Actin is organized
aberrantly into pseudocleavage furrows in
cnnA! mutant embryos. Wild-type (A), cnn null
(B), and cnn null cleavage stage embryos with
GFP-CnnWT (cnn™7T, C, E, and G) and GFP-
Cnn! (cnn?!, D, F, and H) at metaphase
stained for filamentous actin, Cnn, and DNA.
The furrow organization is highly irregular in
the cnnA! mutant, with variable integrity and
size of furrows. Incomplete furrows are fre-
quently formed (D). The depth of the furrow
ingression is variable in the cnn®! mutant, but
can achieve the same depth as the cnn"'7 con-
trol (compare E and F). Arrows in E and F
highlight the difference in cortical actin distri-
bution in cnn™T and cnn®! embryos at meta-
phase. The white arrowheads in F show nuclei
that have dropped from the cortex. Embryos
in G and H were stained for Cnn, microtu-
bules, and DNA. Yellow arrows in D and H
indicate mitotic figures that are rotated 90°
from the normal parallel orientation to the
embryo cortex. The yellow arrow in H indi-
cates a misoriented half spindle, nearby to one
that is oriented correctly (yellow arrowhead)
and another that is splayed parallel and per-
pendicular to the cortex (blue arrow). Note
that one of the spindles in G is at an oblique
angle, such that the posterior half of the
spindle is not included in the image stack.
Bar, 10 um.

to cnn null centrosomes further highlights the requirement
for Cnn in PCM assembly. However, Aurora A localization
did not appear affected in cnn®! embryos, indicating that,
although Aurora A is necessary to recruit D-TACC/Msps,
its localization at centrosomes is not sufficient to accomplish
this. Aurora A binds directly to the C-terminal half of Cnn
(Terada et al., 2003), which remains intact in the cnn®! mu-
tant. Moreover, D-TACC is phosphorylated by Aurora A in
cnn®l embryos; however, this activated pool of D-TACC is
exiled to the centrosome periphery with the bulk pool of
centrosomal D-TACC. This indicates that Motif 1 of Cnn is
required for anchoring or maintaining D-TACC at centro-
somes subsequent to its regulatory phosphorylation by
Aurora A. Alternatively, because the immunofluorescence
signal for P-D-TACC was weak and we did not quantify
P-D-TACC levels, we cannot exclude an affect by cnn®! on
Aurora A activity toward D-TACC.

In cnnA! and cnn null embryos microtubule asters are
present, particularly at early cortical cycles (cycles 10 and
11). At later cycles asters are not detected at spindle poles in
cnn null embryos, coinciding with centriole loss, which is
evident from the absence of Nek?2 signal. Centriole displace-
ment from the spindle poles in cnn null embryos leads to
centriole loss, resulting in anastral spindle poles (Lucas and
Raff, personal communication, 2007). By comparison to cnn
null embryos, PCM integrity is restored to cnn®! mutant
centrosomes, enough to retain centrosomes at spindle poles
into later cleavage cycles and with retained ability to assem-
ble astral microtubules. Nevertheless, centrosome separa-
tion failure indicates that microtubule-dependent processes
are impaired at cnn®! centrosomes.
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Centrosome Separation

Centrosome separation is a microtubule-dependent process
that is coordinated by pushing forces from interpolar micro-
tubules and forces supplied by molecular motors that in-
clude kinesin-5, kinesin-14 (Ncd), and dynein/Lis1/dynac-
tin (Gonczy et al., 1999; Mountain et al., 1999; Robinson et al.,
1999; Sharp et al., 1999; Cytrynbaum et al., 2003; Cockell et al.,
2004; Siller et al., 2005). The relative contributions of motor
proteins and the pushing forces generated from the assem-
bly of interpolar centrosomal microtubules have not been
determined.

A necessary role for microtubules in centrosome separa-
tion was shown using microtubule-depolymerizing drugs in
cell culture and in early Drosophila embryos (Stevenson et al.,
2001; Uzbekov et al., 2002). Interpolar centrosomal microtu-
bules may represent a specialized class of microtubules, an
idea supported by the recent discovery of an a-tubulin vari-
ant, a4-tubulin, which is associated with faster-growing mi-
crotubules and is enriched in interpolar microtubules. a4-
tubulin is required for centrosome separation in early
embryos (Venkei ef al., 2006). Cnn localized more strongly to
interpolar fibers compared with spindle microtubules, sug-
gesting that Cnn Motif 1 may regulate the organization of
interpolar centrosomal microtubules to promote centrosome
separation. In instances when cnn®! centrosomes separated,
interpolar fibers formed, suggesting that interpolar fibers are
obligatory to centrosome separation. Although we favor the
proposal that Motif 1 regulates microtubule assembly to
achieve centrosome separation, we cannot rule out a role for
Motif 1 in regulating molecular motors that are involved in
this process. However, localization of the kinesin-5/Eg5
family member KIp61F to spindle poles and spindle micro-
tubules was no different in cnn™7T and cnn®! embryos (data
not shown).

Consistent with a role for y-Tub and D-TACC recruitment
to centrosomes by Cnn Motif 1 in centrosome separation,
depletion or mutation of y-Tub, y-TuSC proteins, and D-
TACC also perturbed centrosome separation (Barbosa ef al.,
2000; Gergely et al., 2000; Sampaio et al., 2001; Colombie et al.,
2006; Verollet et al., 2006). Thus, although we can detect
v-Tub at reduced levels and also astral microtubules, em-
bryonic cnn! centrosomes have insufficient or inappropri-
ate microtubule assembly activity to achieve centrosome
separation.

Satellite Activity

We previously showed by live imaging of GFP-Cnn em-
bryos that centrosomal satellites are highly dynamic struc-
tures that traffic in a microtubule-dependent and an actin-
independent manner (Megraw et al., 2002). Satellites, or
“flares,” emerge from the PCM and move bidirectionally at
speeds of 4-20 um min~' and are produced at highest
numbers at telophase/interphase, coincident with the rela-
tive intensity of astral microtubules during the cleavage
cycle (Megraw et al., 2002). cnn®! mutant embryos produce
significantly fewer satellites. Even incipient satellites, which
are apparent on cnn™T centrosomes (Figure 6C and Supple-
mentary Movie 1) and are present at colchicine-treated cen-
trosomes (Megraw et al., 2002), were nearly absent at cnn®!
centrosomes (see Figure 6I). Satellite assembly may be an
intrinsic function for Motif 1. Alternatively, fewer satellites
may arise as a secondary consequence of altered MTOC
activity at cnn®! centrosomes. Currently, we cannot distin-
guish between these two possibilities.
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Cnn and Pseudocleavage Furrow Formation

The organization of actin into pseudocleavage furrows, an
activity conveyed by centrosomes, is highly aberrant yet
partially restored in cnn®! mutant embryos. This is in sharp
contrast to cnn null embryos, where no apparent organiza-
tion of cortical actin occurs. Although some studies have
indicated that microtubules are required for cortical actin
organization in the early Drosophila embryo (reviewed in
Rothwell and Sullivan, 2000), other evidence suggests that
centrosomes organize actin and cortical polarity indepen-
dent of microtubules (Stevenson et al., 2001; Cowan and
Hyman, 2004). Because microtubule-dependent processes
are disrupted in cnn®! embryos, our data support the model
that centrosomes can organize actin independent of micro-
tubules, but we cannot exclude the possibility that cnnA!
centrosomes produce sufficient astral microtubules to coor-
dinate with actin in the assembly of furrows.

In summary, Motif 1, conserved among Cnn family mem-
bers, is required for centrosome function in early embryos
through the recruitment and anchoring of y-Tub, D-TACC,
and Msps, key factors in MTOC function in all eukaryotes
where they have been examined. PCM architecture is partially
restored in the cnn®! mutant compared with the cnn null, as
shown by the normal distribution of CP60 and Aurora A. In
addition, conspicuous yet aberrant pseudocleavage furrows
assemble in cnn®! embryos but not in the cnn null, evidence
that organization of actin by centrosomes is partially re-
stored to cnn®! mutant centrosomes. This suggests that the
activity to direct actin organization into cleavage furrows
resides in another domain of Cnn. Identification of the direct
binding partner for Cnn Motif 1 will be an important step
toward understanding the relationship between Motif 1 and
the MTOC functions that it governs.
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