
Proteomic and functional analysis of the mitotic
Drosophila centrosome

Hannah Müller1,4, David Schmidt2,4,
Sandra Steinbrink3,4, Ekaterina
Mirgorodskaya1,4, Verena Lehmann1,
Karin Habermann1, Felix Dreher1,
Niklas Gustavsson1,5, Thomas Kessler1,
Hans Lehrach1, Ralf Herwig1,
Johan Gobom1, Aspasia Ploubidou2,
Michael Boutros3 and Bodo MH Lange1,*
1Department of Vertebrate Genomics, Max-Planck Institute for
Molecular Genetics, Berlin, Germany, 2Leibniz Institute for Age
Research—Fritz Lipmann Institute, Jena, Germany and 3German Cancer
Research Center (DKFZ), Division of Signaling and Functional Genomics
and University of Heidelberg, Faculty of Medicine Mannheim,
Department of Cell and Molecular Biology, Heidelberg, Germany

Regulation of centrosome structure, duplication and segrega-

tion is integrated into cellular pathways that control cell cycle

progression and growth. As part of these pathways, numerous

proteins with well-established non-centrosomal localization

and function associate with the centrosome to fulfill regula-

tory functions. In turn, classical centrosomal components take

up functional and structural roles as part of other cellular

organelles and compartments. Thus, although a comprehen-

sive inventory of centrosome components is missing, emer-

ging evidence indicates that its molecular composition reflects

the complexity of its functions. We analysed the Drosophila

embryonic centrosomal proteome using immunoisolation in

combination with mass spectrometry. The 251 identified

components were functionally characterized by RNA inter-

ference. Among those, a core group of 11 proteins was critical

for centrosome structure maintenance. Depletion of any of

these proteins in Drosophila SL2 cells resulted in centrosome

disintegration, revealing a molecular dependency of centro-

some structure on components of the protein translation

machinery, actin- and RNA-binding proteins. In total, we

assigned novel centrosome-related functions to 24 proteins

and confirmed 13 of these in human cells.
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Introduction

Detailed biochemical and functional information about the cen-

trosome is critical for a better understanding of basic cellular

organization, cell division, developmental processes and diseases

resulting from loss or abnormal function of centrosomal proteins

(Khodjakov and Rieder, 2001; Badano et al, 2005; Januschke and

Gonzalez, 2008). However, an in-depth biochemical characteri-

zation of the eukaryotic microtubule-organizing centre has been

hampered mainly by its low cellular abundance. Bioinformatic

and proteomic studies have identified components of the yeast

spindle pole body (Wigge et al, 1998) and of the Chlamydomonas

basal body (Li et al, 2004; Keller et al, 2005), which is the

structural and functional homologue of the centriole. In

Drosophila, genetic approaches and genome-wide RNAi screen-

ing have identified a series of centrosomal proteins (Bettencourt-

Dias and Glover, 2007; Goshima et al, 2007; Dobbelaere et al,

2008) but remained short of a comprehensive proteomic char-

acterization of the centrosome. In higher eukaryotic cells, centro-

some components have been identified and characterized

through bulk isolation methods (Komesli et al, 1989; Moritz

et al, 1995; Palazzo and Vogel, 1999; Lange et al, 2000) and by

combining mass spectrometry (MS) with protein correlation

profiling (Andersen et al, 2003).

Three classes of proteins are thought to be required for the

maintenance of centrosome structure (Bornens, 2002; Lange,

2002). First, proteins of the centrosomal core structure, the

centriole, as shown by depletion or inactivation of Ana1,

Ana2, Asl, Bld10, Sas-4, Sas-6 and Spd-2 (Basto et al, 2006;

Dix and Raff, 2007; Goshima et al, 2007; Varmark et al, 2007;

Rodrigues-Martins et al, 2007b; Blachon et al, 2008; Mottier-

Pavie and Megraw, 2009; Stevens et al, 2009, 2010). Second,

certain proteins of the pericentriolar material (PCM), such as

Cnn (Li and Kaufman, 1996), are essential for centrosome

integrity (Megraw et al, 1999), potentially linking the cen-

triole to other PCM components in Drosophila (Lucas and

Raff, 2007). Proteins of the small g-tubulin ring complex

(g-TuSC), namely Grip84, Grip91 and g-tubulin (Oegema

et al, 1999), form an integral part of the PCM structure

(Colombie et al, 2006; Verollet et al, 2006) in addition to

their role in microtubule nucleation. Third, factors that

regulate PCM recruitment at the interphase-mitosis transi-

tion, such as the cell cycle kinases Polo, Cdc2/Cdc2c and

AuroraA as well as the kinases SAK, Grp, Mei41 and the

ubiquitin ligase complex SCF, which control centrosome

duplication and segregation (Bettencourt-Dias and Glover,

2007). In contrast to the mechanisms mediating PCM in-

crease, little is known about the regulation of PCM reduction

that occurs during the mitosis to interphase transition, in

differentiation (Tassin et al, 1985; Manandhar et al, 2000) and

upon viral infection (Ploubidou et al, 2000; Jouvenet and

Wileman, 2005; Ferralli et al, 2006).

The diverse functions of the centrosome, especially

the regulatory ones, are also reflected by centrosomal

components shared between the centrosome and other cell
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organelles/compartments (Kalt and Schliwa, 1993). A number

of molecules previously described as components of the nu-

cleus, the focal adhesion complexes or diverse membrane

compartments have been subsequently localized at the centro-

some and found to exert a centrosome-related function. In turn,

several centrosomal proteins have been additionally localized

at other cell organelles and have been shown to perform also

non-centrosomal functions. Examples for the former are axin

that is also found in the nucleus (Fumoto et al, 2009), which is

implicated in centrosome segregation, b-catenin (Bahmanyar

et al, 2008), an adherens junction/nuclear protein and compo-

nent of the wnt signalling pathway that is involved in micro-

tubule nucleation, HEF1 (Law et al, 1998; Pugacheva and

Golemis, 2005), integrin-linked kinase (Fielding et al, 2008)

and focal adhesion kinase (Park et al, 2009). In contrast, the

centriolar protein centrin-2, which is required for centriolar

duplication (Salisbury et al, 2002), has recently been identified

as a component of the nuclear pore, where it is implicated in

mRNA and protein export (Resendes et al, 2008). Furthermore,

the g-TuRC is recruited to unattached kinetochores by the

nucleoporin Nup107–160 complex regulating microtubule nu-

cleation at the kinetochore (Mishra et al, 2010). Taken together,

the identification of novel centrosome-independent functions

and non-centrosomal subcellular localizations of known cen-

trosomal proteins point to a tight coordination of centrosome

structure and function with basic cellular processes that control

for example cell cycle regulation and cell growth (Sibon et al,

2000; Doxsey, 2001; Lange, 2002).

This study describes the identification of the proteome

of the Drosophila mitotic centrosome and its functional

characterization (Figure 1). Centrosome immunoisolation

from Drosophila preblastoderm embryos was followed by

MS identification of the organelle’s protein components.

Subsequently, RNAi in Drosophila SL2 cells was used in

order to determine the function of the identified proteins in

centrosome duplication/segregation and structure mainte-

nance, chromosome segregation and cell cycle progression,

by analysing 15 different phenotypic parameters. Within the

group of proteins functioning in centrosome structure main-

tenance, factors that upon depletion resulted in a striking loss

of PCM (‘0’ centrosome phenotype) were of particular

interest. As centrosome stability is frequently compromised

in human cancer cells or upon viral infection, this group was

characterized in more detail. In addition, a total of eight new

centrosome and five new spindle localizations were indepen-

dently confirmed, through tagging and antibody approaches.

Moreover, functional characterization of the human ortholo-

gues in HaCaT cells identified five proteins with conserved

function in centrosome structure maintenance. Most signifi-

cantly, this study identified novel biochemical and functional

links connecting proteins previously implicated in RNA bind-

ing, translational control and components of the actin cyto-

skeleton with the centrosome; thus revealing novel and

remarkable regulators of centrosome structure maintenance.

Results and discussion

Identification of 251 centrosomal candidate proteins

from immunoisolated Drosophila embryo centrosomes

One of the major drawbacks in the identification of the

centrosome proteome has been the limited quantity and

relatively low purity of centrosome preparations. Here, we

used immunoisolation following sucrose gradient centrifuga-

tion (Lange et al, 2000; Lehmann et al, 2005) to improve the

enrichment of centrosome proteins (Supplementary Figure

S1). The resulting preparations were analysed by liquid

chromatography–MS. MS analysis of the immunoisolated

centrosomes identified 251 proteins, of which 24 have been

localized to the Drosophila centrosome in previous studies.

All in all we MS-identified 65% (24/37) of all components

that were previously localized to the centrosome and 37%

(35/96) of proteins that were previously implicated in cen-

trosome-related processes (Supplementary Table S3; http://

flybase.bio.indiana.edu/). The MS data including identified

peptides are presented in Supplementary Table S1. The fact

that we identified low abundance centriolar proteins (Spd-2,

Sas-4), centrosomal core components (e.g. Cnn, g-TuRC

proteins) and transiently associated centrosomal mitotic ki-

nases (e.g. Aur, Polo) confirmed the enrichment of our

centrosome preparations. However, although our work is

likely to cover a major part of the structural centrosome

proteins, we cannot exclude that we missed a fraction of low

abundant proteins such as the centriolar proteins Ana-1,

Ana2 and Asl or proteins only transiently associated with

the centrosome such as Cp190 (Oegema et al, 1995), proteins

that were not MS identified by our approach.

We identified 17 proteins as contaminants (Supplementary

Tables S1 and S3). Major contaminants, as identified in our

mock isolation were the highly abundant yolk proteins (Yp1,

Yp2 and Yp3), Act5C, betaTub56D and Ef1alpha48D (for a

complete list see Supplementary Tables S1 and S3). The

identification of the major centrosomal proteins g-tubulin

and Cnn in the negative control sample is likely to be a result

of the control beads being exposed to highly concentrated

centrosome-enriched sucrose fractions during the immuno-

isolation (Supplementary data).

Of the 251 candidate centrosome proteins identified

here, 222 have known human orthologues according to

the Ensembl database (Supplementary Table S3). Of these

orthologues, 100 were also identified in the proteomic

analysis of the human centrosome (Andersen et al, 2003)

(Supplementary Table S2). Thus, the overlap of the proteins

identified by MS analysis of centrosomal preparations in the

two studies is B45%.

Functional characterization and classification

of centrosomal candidate proteins

To test the function of the MS-identified proteins in centrosome

structure maintenance, duplication and/or segregation and cell

cycle control, we carried out an in-depth immunofluorescence

microscopy analysis of SL2 cells depleted for all 251 candidates

by dsRNA-mediated silencing (Boutros et al, 2004; Bartscherer

et al, 2006). In addition, we analysed the phenotypes resulting

from depletion of 61 control proteins selected from the UniProt

database (http://www.uniprot.org/) through the search terms

centrosome and Drosophila (Supplementary Table S3). Of these

61 proteins, 13 were previously localized to the centrosome

according to the FlyBase database. The RNAi phenotypes of

these controls served as a phenotypical reference list for our

subsequent functional characterization (Supplementary Table

S3). Off-target effects were evaluated both bioinformatically

and through an additional repetition of RNAi experiments

for functionally important proteins using alternative dsRNA

sequences (Supplementary Table S4; Supplementary data). The

Drosophila centrosome proteome analysis
H Müller et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 19 | 2010 3345

http://flybase.bio.indiana.edu/
http://flybase.bio.indiana.edu/
http://www.uniprot.org/


high statistical cutoff levels implemented (significance level

o0.0001) allowed the robust identification of molecules func-

tioning in centrosome structure maintenance or centrosome

duplication/segregation, albeit at the cost of potentially over-

looking relatively weak phenotypes. For an overview of the

different phenotypic classes and their assignment to the cate-

gories centrosome duplication/separation and/or centrosome

structure see Supplementary data, section ‘Phenotypic scoring

parameters’.

The advantage of our biochemical approach is demonstrated

by the relatively high hit rate in comparison to genome-wide

RNAi screens. Our hit rate was 9.6% considering the identification

Drosophila preblastoderm embryos

Centrosome enrichment
from embryo homogenate

Centrosome immuno-affinity purification
using anti-Cnn antibodies

nano LC-MALDI MS

Purified mitotic centrosomes

Identification of 251 centrosomal proteins
(24 known, 227 new candidates)

RNAi-mediated knockdown
of the 251 MS-identified proteins

+ 61 controls in Drosophila SL2 cells
+ off-target controls 

Evaluation of:
• centrosome number
• centrosome morphology
• chromosomal aberrations
• cell cycle

Functions of MS identified proteins:
centrosome structure (28)

centrosome duplication & segregation (56)
cell cycle and cell proliferation (91)

chromosome aberrations (35)

RNAi-mediated knockdown
of 94 human orthologues
in HaCaT and U2OS cells

  Evaluation of:
• centrosome number
• centrosome morphology
• cell cycle
• chromosomal aberrations

Localization analysis
of 35 proteins in

Drosophila SL2 cells

24 new centrosome-related
functions identified

4 known centrosome localizations
13 new centrosome and spindle localizations

Functions identified in human HaCaT cells:
centrosome structure (8)

centrosome duplication & segregation (66)
cell cycle and cell proliferation (77)

Confirmation of centrosomal
localization

Conserved functions in Drosophila and human HaCaT cells:
centrosome structure (5)

duplication, segregation (34)
cell cycle and cell proliferation (22)

Figure 1 Experimental approach and main findings of the proteomic and functional characterization of the early preblastoderm Drosophila
centrosome. Drosophila preblastoderm embryo extract was used as starting material for the immunoisolation of mitotic centrosomes, followed
by the identification of the centrosomal proteome components by mass spectrometry. The 251 identified proteins plus 61 controls were
characterized by RNAi-mediated knockdown in Drosophila SL2 cells. Fifteen centrosomal, chromosomal and cell cycle features were analysed
using immunofluorescence microscopy or FACS. Subsequently, localization analysis was performed (GFP-, TAP-tag expression and
immunolocalization in SL2 cells) for the MS-identified proteins whose functional inhibition resulted in a ‘0’ centrosome phenotype, for
proteins with coiled-coil domains and for control proteins. Functional conservation of the identified proteins was confirmed in human HaCaT
and U2OS cells. (Main experimental steps are shown in red colour, experimental procedures and main findings are shown in blue).
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of 24 (out of 251 analysed) new proteins that upon RNAi-

mediated depletion produced a centrosome structure or

duplication/segregation phenotype. Using the flybase database

release FB2007_1 (Dmel Release 5.2) for better comparability

with previous screens mentioned below, we achieve a hit rate

of 10.8%. In comparison, genome-wide screens in Drosophila

identified 1.4% hits (205 relevant out of 14 425 analysed;

Goshima et al, 2007) and 0.3% hits (32 relevant out of 13 059

analysed; Dobbelaere et al, 2008) important for mitotic

spindle assembly and centrosome maturation, respectively.

Using also a biochemical approach to identify microtubule-

binding proteins, Hughes et al (2008) achieved a hit rate of

16% (13 relevant out of 83 analysed). However, the total

number of new protein functions identified with a whole

genome approach was significantly higher in the case of the

Goshima screen (Goshima et al, 2007). Hence, these different

types of approaches are complementary and all contribute

significantly to the identification and functional characteriza-

tion of centrosome and spindle-associated proteins. The

overlap of different relevant genomic and biochemical studies

with our study is listed in Supplementary Table S3.

We selected (Table I; Supplementary Table S3) a core group

of proteins for localization studies because their depletion

resulted in a striking ablation of PCM (‘0’ centrosome

phenotype) in our RNAi assay and/or because they

were annotated (http://www.ebi.ac.uk/interpro/) to possess

multiple coiled-coil domains, a common feature of centro-

some proteins. On the basis of these criteria, we carried out

N- and C-terminal GFP and tandem affinity purification (TAP)

tagging for 35 of the MS-identified proteins (Supplementary

Tables S5 and S6). In addition, we generated primary antisera

specific for four of the selected proteins and obtained addi-

tional sera from other groups (Supplementary data). All in

all, 34 GFP- or TAP-fusion proteins (Supplementary Table S5)

could be expressed in SL2 cells, of which 12 localized to

the centrosome and 5 to the mitotic spindle (Figure 2;

Supplementary Figures S2 and S3; Supplementary Table

S5). Furthermore, we found microtubule, nuclear and cyto-

plasmic localization (Supplementary Table S5). Primary anti-

sera specific for five of the selected proteins confirmed the

localization of the endogenous proteins to the centrosome or

the mitotic spindle, respectively. In total, we identified eight

new centrosome and five new spindle localizations (Table II)

in SL2 cells of Drosophila proteins initially identified from the

syncytial blastoderm embryo. The presence of spindle-asso-

ciated proteins in our preparations is not surprising as tethering

Table I Functional classification of the RNAi phenotypes in SL2 cells after depletion of MS-identified proteins

centrosome structure 
maintenance

centrosome duplication 

Gene ID Gene name GeneID Gene name GeneID Gene name

37368 Act57B 39130 alphaTub67C 39338 RpL10Ab 

33002 CG11943 41183 alphaTub85E 37235 RpL11 

34416 CG31716 41446 aur 34329 RpL13 

36491 cnn 37238 betaTub56D 38983 RpL14 

37467 Rae1 43359 betaTub97EF 31613 RpL17 

33835 eIF-4a 38062 CG6905 36985 RpL18A 

35696 scra 31838 CG7033 37995 RpL19 

39850 spd-2 31208 crn 35453 RpL21 

32946 Grip84 32015 feo 37628 RpL23 

48481 l(1)dd4 33501 gammaTub23C 38208 RpL23A 

33782 Lam 32478 Grip128 34754 RpL24 

42946 asp 39365 Grip163 43103 RpL27 

41446 aur 35130 Grip71 33654 RpL27A 

33934 cup 34441 Grip75 38397 RpL28 

37662 Fib 318855 His2A:CG31618 41347 RpL3 

33501 gammaTub23C 41773 His4r 44059 RpL30 

32478 Grip128 32133 Hsc70-3 31483 RpL35 

34441 Grip75 32049 Klp10A 43349 RpL4 

36454 lat 38135 Klp61F 43723 RpL6 

43517 ncd 36454 lat 34352 RpL7 

43864 Qm 50070 mask 31588 RpL7A 

38983 RpL14 45959 mts 44251 RpL8 

43103 RpL27 43517 ncd 34526 RpL9 

41347 RpL3 32630 Nup153 39484 RpS4

43723 RpL6 38515 pav 31700 RpS6

31588 RpL7A 34338 Pen 40859 sas-4 

36576 RpS23 2768940 Pp2A-29B 36538 tum 

39484 RpS4 43864 Qm 40687 RpL13A 

Significant phenotypes relating to centrosome structure (marked in green) and duplication (marked in brown) are listed for the MS-identified
centrosome-associated Drosophila proteins. The proteins, whose depletion result in a loss of centrosome (‘0’) phenotype, are marked in yellow.
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of spindle and centrosome proteins by microtubule minus ends

and molecular motors brings both spindle proteins to the

centrosome and vice versa. For example, D-TACC is targeted

to both centrosomes and microtubules through its C-terminal

region (Gergely et al, 2000) and is required for centrosomal

recruitment of Msps, a microtubule-associated protein that

mediates stabilization of centrosomal microtubules (Lee et al,

2001). We may have failed to localize some of the MS-identified

proteins to the SL2 centrosome (Supplementary Table S5)

because these proteins might possess a lower affinity to the

centrosome in cultured cells as compared with the highly

mitotic syncytial blastoderm embryo from which we isolated

the centrosomes for MS analysis.

Structural aberrations of the centrosome involve three

main classes of proteins: DNA/RNA-binding factors,

translational control components and actin-interacting

molecules

Although the acquisition of PCM (centrosome maturation)

has been studied in detail (Palazzo et al, 2000; Dobbelaere

et al, 2008), less is known about the reverse process, namely

reduction of PCM during the mitosis to interphase transition.

This process is likely to be inhibited in cancer cells,

which harbour hypertrophic centrosomes (Lingle et al, 1998;

Nigg, 2002). The inactivation of regulatory kinases, which

generally induce PCM increase when activated, is not the

only factor mediating PCM reduction. Additional postulated

factors are posttranslational modifications of PCM compo-

nents (e.g. ubiquitination, dephosphorylation) or the recruit-

ment of interphase-specific centrosomal proteins (Hansen

et al, 2002; Graser et al, 2007).

In order to identify centrosomal components functioning

in PCM acquisition and structure maintenance (28/251)

(Table I), we classified the effect of protein depletion

into three categories of abnormal centrosome structure

(Figure 3B, D and F): (i) zero centrosomes (11/251), (ii)

small centrosomes (5/251) and (iii) fuzzy centrosomes

(8/251) (Supplementary Table S3). In addition, for four

proteins, we detected a mixed phenotype upon depletion

that included at least one centrosome structural phenotype

(Supplementary Table S3). The most striking structural

phenotype was PCM ablation (‘0’ centrosome phenotype)

GFP

γ tub

Merged+
DAPI

New centrosomal localization

Coro

M

TFAM

Cka

K

Nat1

J

Lam

CA

GFP-control

Lat

L

Crn

I

eIF-4a

F

CG11148

H

Cort

G

Feo

New spindle localization

Nup153

GFP

QO

Known centrosomal localization

RP

Spd-2Grip91 CG1962Grip84

N

CG7033

GFP

γ tub

Merged+
DAPI

Cp309

B ED

Figure 2 Confirmation of centrosomal or spindle localization of candidate MS-identified proteins and controls. Stable expression of GFP-fusion
proteins in SL2 cells identifies new centrosomal and spindle localization of proteins whereas the GFP control shows uniform distribution (A).
A centrosome associated localization was identified for TFAM (B), Lam (C), Nup153 (D) (transient expression), Feo (E), eIF-4a (F), Cort (G),
CG11148 (H) and Crn (I). Not previously known was the spindle localization of the proteins Nat1 (J), Cka (K), Lat (L), Coro (M) and CG7033
(N). Positive controls confirm known centrosomal localization of Grip91 (O), Grip84 (P), Spd-2 (Q), CG1962 (R). The GFP-tag is shown in
green (upper panels, A–R), antibody staining against g-tubulin (middle panels, A–P, R) and Cp309 (Q) in red and superimposition of both
images with DNA labelled by DAPI in blue (lower panels, A–R). The inserts in B–I and Q show a magnification of the area of the respective
image marked with a white box.
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that resulted from depletion of Act57B, eIF-4a, CG11943,

CG31716, Lam, Rae1 and Scra, none of which have previously

been reported to be centrosome-related proteins. Very similar

phenotypes were observed upon depletion of several

known centrosomal components: Spd-2, a regulator of PCM

recruitment (Dix and Raff, 2007; Giansanti et al, 2008), the

major core PCM components Cnn (Li and Kaufman, 1996;

Megraw et al, 1999), Grip84 (Oegema et al, 1999; Colombie

et al, 2006) and l(1)dd4 (Barbosa et al, 2000) (Table I;

Supplementary Table S3).

Interestingly, three proteins shown here to function in

maintaining centrosome structure have previously been sug-

gested to be implicated in RNA binding and initiation of

protein translation: Rae1 (Sitterlin, 2004) CG31716 and eIF-4a

(Lasko, 2000; Palacios et al, 2004). We investigated in more

detail the consequence of eIF-4a knockdown on PCM and

centrioles. Depletion of eIF-4a resulted in reduction of cen-

trosomal g-tubulin, Cp309 (Kawaguchi and Zheng, 2004;

Martinez-Campos et al, 2004) and Spd-2 (Dix and Raff,

2007), but not of Asl (Varmark et al, 2007; Blachon et al,

2008), Bld10 (Blachon et al, 2009), Ana1, Ana2 (Goshima

et al, 2007; Stevens et al, 2010), Sas-4 or Sas-6 (Rodrigues-

Martins et al, 2007a) in our experiments (Figure 4;

Supplementary Figure S4). Therefore, eIF-4a depletion results

in removal of PCM components but not of core centriolar

proteins, suggesting that eIF-4a is required for PCM cohesion

and might be involved in the recruitment of PCM to the

centriole. To rule out the possibility that the observed PCM

reduction is a secondary effect caused by global inhibition of

protein translation, we inhibited translation in two experi-

ments: first, by knockdown of eIF-4e, which is the core

component of the translation initiation complex eIF-4F and

mediates mRNA cap binding, the first step of translation

initiation (Gingras et al, 1999). eIF-4e was not detected in

Table II Localization and function of the new centrosomal and spindle proteins, in SL2 and HaCaT cells

Drosophila SL2 cells human HaCaT cells 

Drosophila 
Gene name protein localization centrosome 

duplication 
centrosome structure 

maintenance centrosomal function 

Nup153 centrosome, spindle

feo centrosome

crn centrosome, spindle

alphaTub85E 

betaTub97EF 

His4r 

CG6905 nucleus N

His2A:CG31618 

mask 

Pen

tum 

Pp2A-29B 

Hsc70-3 

CG7033* spindle 

lat spindle N

cort centrosome no human orthologue 

Lam centrosome, spindle N

eIF-4a centrosome, spindle

CG11943 cytoplasm N

CG31716 

cup no human orthologue 

Fib 

Rae1 nucleus 

scra nucleus 

Act57B no human orthologue 

CG11148 centrosome, spindle N N

coro spindle N N

Cka spindle N N

TFAM centrosome, 
chromosomes N N

Nat1 spindle N N

Significant phenotypes relating to centrosome structure and duplication are listed for centrosome-associated Drosophila proteins and their
human orthologues. Localization in SL2 cells, when tested (when antibody/clone available), is also indicated.
The K indicates new centrosomal function. The J indicates that clones were not available or could not be tested. N¼no function. *Protein
with new localization only.
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our centrosome preparations. Second, by treatment with

sublethal concentrations of cycloheximide, an inhibitor of

translation elongation. Although knockdown of eIF-4a pro-

duced a ‘0’ centrosome phenotype in 46% of cells (Figure

4A–C and G), RNAi-mediated depletion of eIF-4e (confirmed

by western blotting; Figure 4D) resulted in elevated centro-

some number (42) in a large proportion of cells (40%) when

compared with the control (21%). Cycloheximide-mediated

inhibition of protein translation (Supplementary Figure S5)

resulted in elevated centrosome numbers, a phenotype simi-

lar to eIF-4e depletion but distinctly different to the eIF-4a

phenotype.

These data support the hypothesis that the centrosome

phenotype caused by eIF-4a depletion is not due to the

general inhibition of translation. Consistent with this, wes-

tern blot analysis of total cell lysates following eIF-4a RNAi, a

treatment that abolishes centrosomal localization of g-tubulin

(Figure 4B), detected no change of the total level of g-tubulin

(Figure 4D). In addition, detailed cell cycle analysis of eIF-4a-

depleted cells revealed a massive accumulation in prophase

(Figure 4F). This phenotype was much less pronounced in

eIF-4e-depleted cells. These additional phenotypical differ-

ences are consistent with the notion that PCM loss by eIF-4a

depletion is mechanistically distinct from the global inhibi-

tion of protein translation, indicating a regulatory or structur-

al role for this helicase at the centrosome.

eIF-4e has been previously localized to the centrosome

and was identified as microtubule-binding protein (Hughes

et al, 2008). The fact that we identified eIF-4a, but not eIF-4e

in the embryo centrosome preparations could be due to

different affinities to the centrosome. Interestingly, both eIF-4e

(Wilhelm et al, 2003) and eIF-4a (Palacios et al, 2004) were

previously shown to be part of protein complexes implicated

in microtubule-dependent mRNA localization and transloca-

tion in the Drosophila oocyte. Finally, components of the eIF-

3 translation initiation complex are involved in spindle

assembly, as their depletion leads to short and monopolar

spindles (Somma et al, 2008). Taken together, these results

support a centrosome-related function of RNA-binding pro-

teins that cannot be explained by their role in global mRNA

translation alone. It is likely that both regulation of centro-

some structure by RNA-binding proteins and local mRNA

translation at the centrosome/spindle are required for proper

mitotic function (Liska et al, 2004; Blower et al, 2005).

However, cap-dependent mRNA translation has been re-

ported to be inhibited during mitosis in higher eukaryotes

(Scharff and Robbins, 1966). In contrast, several proteins that

are required during mitosis are translated by a mechanism

that involves internal ribosome entry sites (IRES) rendering

translation independent of 50cap (Qin and Sarnow, 2004).

Hence, a specific molecular impairment of this translational

switch from cap-dependent translation to IRES-dependent

translation that regulates the expression of selected mRNAs

in mitosis (Barna et al, 2008) or the requirement of only parts

of the initiation complexes (Pestova et al, 1996) would be

alternative explanations for the phenotypes observed. Hence,

one possible model that could explain our observations

concerning the eIF-4a knockdown phenotype would involve

a mechanism allowing regulated translation of specific

mRNAs at the centrosome/spindle.

The second group of proteins, depletion of which results in

a ‘0’ centrosome phenotype, includes Act57B and Scra, which

were previously described to be involved in cytokinesis

(Thomas and Wieschaus, 2004). This result suggests that

actin-related processes are not only required for centrosome

separation in interphase (Stevenson et al, 2001) or clustering

in mitosis (Kwon et al, 2008) but also regulate centrosome

structure in SL2 cells. Other actin-related proteins identified

in this work, for example CG1962 (Centrocortin) (Kao and

Megraw, 2009) and Coro (Bharathi et al, 2004) had no effect

on centrosome structure upon RNAi-mediated depletion,

although localization to centrosome and spindle was demon-

strated for CG1962 (Figure 2R; Supplementary Figures S2C

and S3E) and Coro (Figure 2M; Supplementary Figure S2O).

Reduction of PCM (small centrosome phenotype) was the

consequence of RNAi-mediated silencing of Cup, Fib and

RpS4 (Supplementary Table S3). In addition, depletion of

the ribosomal proteins Qm, RpL27, RpL3, RpL6, RpL7A,

RpS23 led to fuzzy centrosome appearance. Some of these

ribosomal proteins (Supplementary Table S3) have been

described to regulate microtubule dynamics indirectly affect-

ing spindle elongation (Goshima et al, 2007). We propose an

additional function in the maintenance of centrosome struc-

ture for these proteins but cannot exclude an indirect effect as

a centrosome localization of these proteins could not be

confirmed.

Centrosome duplication and/or segregation function

Centrosome duplication and segregation depend on a

conglomerate of different molecules including regulatory

kinases, microtubule minus- and plus end-directed molecular

motor proteins, the E3 ubiquitin ligase system, centrosomal

linker proteins and a series of PCM components (Hinchcliffe

and Sluder, 2001; Lim et al, 2009). This is reflected both in the

Figure 3 Functional characterization of 251 MS-identified Drosophila centrosome candidate proteins plus 61 controls and 94 human
orthologues identified centrosomal and cell cycle functions. (A–L) Examples of the two phenotypic classes, aberrant centrosome structure
(B, D, F, H, J, L) or centrosome duplication/segregation (C, E, I, K) revealed by RNAi-mediated knockdown in SL2 and HaCaTcells. The RNAi
target protein is indicated within each panel. Anti-g-tubulin (green) and anti-phospho-histone 3 (red) antibodies were used to label
centrosomes and mitotic chromosomes, respectively. (M–R) Examples of the cell cycle distribution profiles, determined by FACS analysis of
dsRNA-treated SL2 cells. The RNAi target proteins whose depletion is inducing each phenotype are listed on the right of the corresponding cell
cycle distribution profile. (M) Control (EGFP dsRNA-treated cells) cell cycle distribution, (N) Sub-G1, (O) G1/G0, (P) S-phase, (Q) G2/M, (R)
more than G2 DNA content. (S, T) Representative fields of SL2 cells displaying low (S) or high (T) mitotic index following dsRNA treatment.
The RNAi target proteins whose depletion is inducing each phenotype are listed on the right of the corresponding image. DAPI (blue) and anti-
phospho-histone 3 antibodies (red) were used to label DNA and mitotic chromosomes, respectively. (U) Example of a cell showing an
abnormal chromosome segregation phenotype. The RNAi target proteins, whose depletion results in an aberrant chromosome segregation
phenotype are listed on the right of the image. Anti-g-tubulin (green) and anti-phospho-histone 3 (red) antibodies were used to label
centrosome and mitotic chromosomes, respectively. Scale bars represent 10mm in (F, U), and 20mm in (S, T). A complete list of all Drosophila
and human proteins and the result of their functional analysis can be found in Supplementary Table S3.
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composition of our centrosome preparation that contained

proteins related to each of the classes mentioned above

and in results of the subsequent functional analysis

(Table I; Supplementary Table S3). RNAi-mediated depletion

of 56 MS-identified proteins resulted in single and/or abnor-

mally large and/or 43 centrosomes, indicating malfunction

of centrosome duplication and/or segregation (Table I;

Supplementary Table S3). The group, depletion of which

resulted in a single-large centrosome, was the largest (24),

comprising proteins known to affect centrosome duplication

and segregation: a-/b-tubulins, g-TuRC (Colombie et al, 2006;

Verollet et al, 2006), Tum (Zavortink et al, 2005), Mts (Snaith
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et al, 1996) and the motor proteins Klp10A, Klp61F, Ncd

(Endow et al, 1994; Barton et al, 1995; Goshima et al, 2007).

Unexpectedly, knockdown of Hsc70-3 phenocopies five dif-

ferent phenotypic parameters including centrosome and chro-

mosome segregation plus cytokinesis phenotypes of the two

molecular motor proteins Pav (Adams et al, 1998) and Klp61F

(Wilson et al, 1997), indicating that these three proteins

might participate in the same pathway. Recently, a combined

role for Hsc70 and Kinesin-1 in the control of axonal transport

was demonstrated in mice (Terada et al, 2010). Together with

our results, this suggests a critical function of Hsc70 in the

regulation of disease relevant motor-dependent transport

processes (Gunawardena et al, 2003) that include centrosome

and chromosome segregation.

We identified a function in centrosome duplication and

segregation for a group of proteins (CG6905, CG7033, Crn,

ribosomal proteins) previously implicated in transcription,

translation, RNA processing and chaperoning based on se-

quence similarities or biochemical studies (Mount and Salz,

2000; Raisin-Tani and Leopold, 2002; Monzo et al, 2010)

(Table I; Supplementary Table S3). Of these, we localized

CG7033 and Crn to the spindle, midbody and centrosome

(Figure 2; Supplementary Figures S2 and S3; Table II).

CG7033 has a putative RNA helicase domain and a role in

mitotic spindle organization (Goshima et al, 2007; Hughes

et al, 2008). In our experiments, CG7033 was MS identified as

component of the centrosome preparations. The localization

of Crn and CG7033 at centrosome and spindle, respectively,

is consistent with either a regulatory or structural role in

the process of centrosome duplication and/or segregation. On

the basis of sequence homology, CG7033 has been suggested

to be part of the TCP (Hughes et al, 2008; Monzo et al,

2010), a chaperonin complex for actin and tubulins (Liang

and MacRae, 1997). A centrosome duplication/segregation

phenotype (single centrosome) was furthermore observed in

cells depleted for proteins of the large ribosome subunit

(Supplementary Table S3). The identification of factors im-

plicated in processes related to protein translation, as ob-

served in our experiments, could argue for an indirect effect

due to loss of protein expression. In contrast, our control

experiments showed that global inhibition of protein transla-

tion through cycloheximide (Supplementary Figure S5) re-

sults in overreplication of centrosomes. Taken together, these

results suggest that the identified proteins implicated in RNA

processing and translation are linked to a pathway required

for centrosome duplication or segregation (see also section on

protein translation above).

Links of the centrosome to cell cycle progression,

proliferation and cell viability

We characterized the effect of all MS-identified proteins (251)

and all control proteins (61) on cell cycle progression to

correlate the detected centrosome phenotypes with cell

cycle regulation and to elucidate possible links of centroso-

mal proteins to cell proliferation pathways (Supplementary

Table S3; Figure 3M–T). DNA-content and mitotic index

analysis by FACS and phospho-histone H3 labelling, respecti-

vely, revealed three major phenotypic groups (Figure 3M–T).

These were characterized by enrichment of cells with either

(i) sub-G1-phase DNA content, indicating decreased viability

(27/251); (ii) higher than G2 DNA content (19/251), suggest-

ing cytokinesis defects and (iii) an increased number of

phospho-histone H3-positive cells, indicating mitotic arrest

(27/251). Subsequently, we correlated centrosome aberration

phenotypes with cell cycle deregulation phenotypes (Supple-

mentary Table S3): of proteins previously described to be

centrosome-related control proteins (Supplementary Table

S3) functioning in centrosome segregation, we found

AlphaTub67C, Fzy, Klp61F, Mts, Pav, Thr to also affect cell

viability. In addition, depletion of CG11148 (a protein we

localized to the centrosome; Figure 2H; Supplementary

Figures S2F and S3B), Nup153 (Figure 2D; Supplementary

Figure S2J), His4R and Ote resulted in an increased number

of sub-G1 cells. Interestingly, most of the cell viability affect-

ing knockdowns resulted in a ‘1’ centrosome phenotype,

suggesting that the processes of centrosome duplication/

segregation and cell survival are interdependent in the majo-

rity of cases examined here.

Expected cytokinesis defects (higher than G2 DNA con-

tent) were observed after knockdown of Pav (Adams et al,

1998), Scra and Tum (Somma et al, 2008). A strong cyto-

kinesis defect was induced by depletion of the Heph protein,

which contains a RNA recognition motif and is involved in

Notch signalling (Dansereau et al, 2002), suggesting an

unexpected function of Heph in the cell division pathway.

Mitotic arrest was observed after RNAi of 27 centrosomal

candidate proteins (Supplementary Table S3). The majority of

cells arrested in mitosis had a single centrosome, suggesting

that depletion of these proteins (19) blocked both centrosome

duplication/segregation and mitotic progression. We con-

firmed that depletion of the g-TuRC, a minor subgroup

(4/27) of this phenotypic class, leads to mitotic arrest

(Müller et al, 2006; Verollet et al, 2006).

Highest functional conservation between fly and human

is observed for proteins functioning in centrosome

duplication and segregation

The total number of centrosome proteins remains open.

Andersen et al (2003) identified 114 centrosome/centrosome

candidate proteins in human interphase centrosome prepara-

tions. The centrosomeDB database (Nogales-Cadenas et al,

2009) lists 383 centrosome-related human genes based on a

compilation from the literature and homology to centrosome

genes identified in various organisms. Indeed, taking differ-

ent proteomic, bioinformatics and genetic studies into

account, an estimate of over 300 centrosome candidate pro-

teins has been proposed (Bettencourt-Dias and Glover, 2007).

However, there are uncertainties attached to these numbers

due to the fact that many proteins are only transiently

associated with the centrosome (Kalt and Schliwa, 1993).

In addition, the origin of the centrosome (isolated, e.g., from

established cell lines largely in interphase or from highly

mitotic embryonic tissue) is likely to contribute to major

differences in the types and number of proteins identified.

We tested all human orthologues of MS-identified proteins

that yielded a centrosomal and/or chromosome aberration

phenotype in the SL2 RNAi assay for functional conservation,

by short interfering RNA (siRNA)-mediated silencing

in human cells (Supplementary Table S3). We analysed

the knockdown effect on centrosome and cell cycle for 71

of these proteins. In addition, we included 23 controls known

to localize to the centrosome and/or to fulfill centrosome-

related functions, of which 12 resulted in a centrosomal

phenotype after knockdown in SL2 cells. We confirmed a
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conserved centrosome-related function for 42 proteins

(Supplementary Table S3).

The largest functional conservation occurs in the class of

centrosome duplication and segregation (34), whereas fewer

proteins (5) had a conserved function in maintaining centro-

some structure (Supplementary Table S3). In the group of

proteins, depletion of which affects centrosome duplication/

segregation are the two g-TuRC components 76P (Grip75) and

TUBGCP5 (Grip128), molecular motors KIF11 (Klp61F) and

KIF2 (Klp10A) together with HSPA5 (Hsc70-3), the regulatory

proteins CDC20 (Fzy), CDC25C (Stg), PPP2CA (Mts),

PPP2R1A (Pp2A-29B) and several ribosomal proteins. The

proteins CDK5RAP2 (Cnn), TUBG1 (g-tubulin), 76P (Grip75),

TUBGCP2 (Grip84) and TUBGCP3 (l(1)dd4) were found to be

required for centrosome structure maintenance in both SL2

and HaCaT cells.

Analysis of 10 selected human orthologues in U2OS

cells confirmed a function in the maintenance of centro-

some structure for NUP205 (CG11943), CEP192 (Spd-2) and

CNOT4 (CG31716) (Supplementary Figure S6; Supplementary

Table S3). Overall, the conservation in the class of proteins

that function in centrosome structure maintenance was about
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Figure 4 The eukaryotic initiation factor 4a has a centrosome and cell cycle related function. As compared with the control (A), depletion of
eIF-4a results in SL2 cells with small or no centrosomes as judged by staining with an g-tubulin antibody (B, G, H), high mitotic index (E) and
an accumulation of prophase cells (F), whereas eIF-4e knockdown led to cells with many centrosomes (C, G), normal mitotic index (E) and
normal distribution of mitotic phases (F). Western blotting shows protein depletion by RNAi using anti-eIF-4a and eIF-4e antibodies and a
stable protein level of g-tubulin following eIF-4a knockdown. a-Tubulin and actin are used as loading controls (D). The distinct differences
between the eIF-4a and eIF-4e RNAi phenotypes strongly suggest that the effect on the centrosome resulting from depletion of eIF-4a is most
likely not a consequence of global inhibition of translation. The g-tubulin reduction at the centrosome concomitant with an unaltered overall
protein level in the cell indicates a mislocalization of g-tubulin rather than disturbed translation (F, *could not be determined).
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29% (18% in HaCaT cells). The functional conservation

between HaCaT und SL2 was highest (B72%) in the class

of proteins relevant for centrosome duplication and/or seg-

regation. These data are consistent with previously published

results from RNAi screens comparing the osteosarcoma cell

line U2OS and the cervix cancer-derived HeLa cells with

Drosophila cell cultures (Kittler et al, 2007). The previously

published overlap between human and Drosophila RNAi

screens was 38% (Kittler et al, 2007). The lower level of

phenotypic overlap between SL2 and human cells in the

category centrosome structure maintenance could alterna-

tively be explained by a high level of redundancy within

this functional group of proteins in human cells.

Our MS analysis of immunopurified centrosomes identified

251 proteins of which 222 had human orthologues annotated

in the Ensembl database. All in all, 100 of these ortho-

logues (45%) (Supplementary Table S2) were previously

identified in preparations of human centrosomes (Andersen

et al, 2003). This overlap of the two data sets includes 20

known centrosomal proteins, 3 centrosome candidates and 1

novel centrosomal protein as classified by Andersen et al

(2003). Given the overall diversity between the two organ-

isms, this relative large overlap confirms the validity of our

MS analysis.

In summary, the functional characterization of the

Drosophila embryo centrosome proteome assigned a novel

function to 24 proteins, required for maintaining centrosome

structure and for centrosome duplication and segregation. We

identified 11 proteins that were assigned a previously not

described function in maintaining centrosome structure

(Table II). Depletion of seven of these proteins resulted in

PCM ablation. Interspecies comparison revealed that mainly

proteins involved in the processes of centrosome dupli-

cation and segregation are functionally conserved. Through

the proteomic and functional characterization of the

early Drosophila embryo centrosome, this work provides

a resource for further molecular characterization of the

mechanisms mediating centrosome duplication/segregation

and centrosome structure maintenance as well as the

implication of the centrosome in signalling pathways, cellular

processes and the development of diseases.

Materials and methods

Further details of all experimental procedures can be found in
Supplementary data.

Centrosome isolation
Embryo homogenate was prepared from Drosophila preblastoderm
stage embryos and centrosomes were enriched through sucrose
gradients centrifugation according to Moritz et al (1995). Subse-
quent immunoisolation of centrosomes was performed as described
previously (Lehmann et al, 2005), with modifications detailed in
Supplementary data.

Nano LC-MALDI MS
Nano LC-MALDI MS was performed according to Mirgorodskaya
et al (2005). In brief, peptides were separated on an 1100 Series
Nanoflow LC system (Agilent Technologies). Mass analysis of
positively charged peptide ions was performed on an Ultraflex II
LIFT MALDI-TOF/TOF mass spectrometer (Bruker Daltonics).
Protein identification was performed using the Mascot software
(Matrixscience), searching the FlyBase sequence database.

RNA interference and phenotype analysis
RNAi knockdown in Drosophila SL2 and siRNA knockdown in
human HaCaT or U2OS cells were each performed in two
independent experiments, followed by immunofluorescence label-
ling of the cells or processing for FACS analysis. For SL2 and U2OS
cells, in each experiment, on average, n¼ 100 mitotic cells were
analysed for centrosome number and shape, n¼ 2000 SL2 cells
were analysed for mitotic index calculation and n¼ 35 000 SL2 cells
were subjected to DNA-content analysis by FACS. For HaCaT cells,
in each experiment, on average, n¼ 550 mitotic cells were analysed
for centrosome number and area plus centrosomal g-tubulin
content, whereas n¼ 29 000 cells were subjected to mitotic index
and DNA-content analysis. The values measured were normalized
to the corresponding average value of the quadruplicate negative
control wells on the plate. Phenotypes were quantified using three
different software algorithms.

Data evaluation of RNA interference experiments
Each mitotic cell was assigned to phenotypic categories of centrosome
number and morphology as shown in Figure 3 and specified in
Supplementary data. The resulting phenotype distributions of the two
independent experiments were averaged and compared with the
average distribution of the negative controls, by means of a non-
parametric two-tailed w2 test. A significant deviation from the control
distribution was assigned for significance levels Po0.0001 (list of
P-values in Supplementary Table S4). For the knockdowns thus
determined to cause significant effects on centrosome number, the
phenotype was identified as the category that showed more than two-
fold increase compared with the negative control. If this threshold
was exceeded for two or more categories, a mixed phenotype was
assigned, unless one of these categories was more than two-fold the
abundance of the second highest.

For all other data analysis, the values measured were normalized
to the corresponding average value of the quadruplicate negative
control wells on the plate. Phenotypes were considered to be
statistically significant when a z-score X3 was obtained in both
independent experiments and, for mitotic index and DNA-content
analysis in HaCaT, when, in addition, the average z-score was X6.
The values (z-scores) listed in Supplementary Table S4 represent
the average distances between individual knockdowns and
control, determined as described above, in fold s.d. of the negative
controls.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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