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Centrosomes in animal cells are dynamic organelles with a

proteinaceous matrix of pericentriolar material assembled

around a pair of centrioles. They organize the microtubule

cytoskeleton and the mitotic spindle apparatus. Mature

centrioles are essential for biogenesis of primary cilia that

mediate key signalling events. Despite recent advances,

the molecular basis for the plethora of processes coordi-

nated by centrosomes is not fully understood. We have

combined protein identification and localization, using

PCP-SILAC mass spectrometry, BAC transgeneOmics, and

antibodies to define the constituents of human centro-

somes. From a background of non-specific proteins, we

distinguished 126 known and 40 candidate centrosomal

proteins, of which 22 were confirmed as novel compo-

nents. An antibody screen covering 4000 genes revealed

an additional 113 candidates. We illustrate the power of

our methods by identifying a novel set of five proteins

preferentially associated with mother or daughter cen-

trioles, comprising genes implicated in cell polarity.

Pulsed labelling demonstrates a remarkable variation in

the stability of centrosomal protein complexes. These

spatiotemporal proteomics data provide leads to the

further functional characterization of centrosomal

proteins.

The EMBO Journal (2011) 30, 1520–1535. doi:10.1038/

emboj.2011.63; Published online 11 March 2011

Subject Categories: cell & tissue architecture; cell cycle;

genomic & computational biology

Keywords: centrosome; mass spectrometry-based proteo-

mics; mother and daughter centriole; protein turnover; SILAC

Introduction

The definition of the components of large non-membranous

organelles, their relative abundance, and their turnover

rates, are important, but unsolved goals in cell biology.

Generally, organelles cannot be purified to homogeneity

and methods are required to determine the actual compo-

nents. Furthermore, the components change through the

cell cycle and development. In an attempt to address these

challenges, we focused on the centrosome which is a

dynamic cell organelle with a proteinaceous matrix of peri-

centriolar material assembled around a pair of centrioles. The

single centrosome present in G1-phase cells is usually posi-

tioned near the nucleus where it organizes microtubules that

coordinate the shape, polarity, adhesion, and mobility of the

cell, and facilitates intracellular transport and positioning of

the organelles (Doxsey, 2001; Bornens, 2002; Nigg, 2002).

Centrosomes at this stage harbour a daughter centriole and a

mature mother centriole. The mature centriole has the ability

to function as a basal body that seeds the growth of a primary

cilium protruding from the cell surface. In multiciliated

epithelial cells, de novo assembled basal bodies nucleate

motile cilia important for fluid flow and cell migration

(Satir and Christensen, 2007). It is now clear that primary

cilia are sensory organelles that regulate signalling path-

ways such as sonic hedgehog and Wnt/planar cell polarity

pathways, which in turn regulate essential cellular and

developmental processes. The significance of sensory cilia

is underlined by the recent findings that mutations affecting

genes essential for their formation or function can lead to a

number of severe human diseases and developmental

defects, now known as the ‘ciliopathies’ (Fliegauf et al, 2007).

During the S-phase of the cell cycle, the centrosome

duplicates by the formation of procentrioles adjacent to

each of the two parental centrioles. At the G2-M transition,

the microtubule-nucleating capacities are increased by the

recruitment of g-tubulin ring complexes (g-TuRCs) before the

centrosomes separate and promote the formation of spindle

asters and the positioning of the two spindle poles important

for chromosome and centrosome segregation during mitosis.

The duplication and segregation cycles of centrosomes and

chromosomes are coordinated to avoid the numerical aberra-

tion of centrosomes, the missegregation of chromosomes,

and the ploidy changes that are typical features of human

tumours (Nigg, 2006). Moreover, the equal segregation of one

centrosome per cell ensures that each cell has the potential

to grow a single primary cilium (Tsou and Stearns, 2006).

Plurifunctional roles in cell division are further supported by

multiple lines of evidence, suggesting that the centrosome

also contributes to cell-cycle regulation and checkpoints,

asymmetric division and fate of sister cells, and acts as a

scaffold for additional regulatory processes in the cell

(Doxsey, 2001; Doxsey et al, 2005; Wang et al, 2009).
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Information about the protein composition of centrosomes

and centrosome-related structures has been obtained through

the application of proteomics, genomics, and bioinformatics

in various eukaryotic cells (Bettencourt-Dias and Glover,

2007). The yeast spindle poles were the first to be character-

ized by mass spectrometry (MS)-based proteomics (Wigge

et al, 1998). This study has been followed by the proteomic

analyses of centrosomes from human lymphoblast cells

(Andersen et al, 2003), the midbody from Chinese hamster

ovary cells (Skop et al, 2004), the mitotic spindle from

synchronized HeLa S3 cells (Sauer et al, 2005), in vitro-

assembled spindle structures from Xenopus and HeLa cell

extracts (Liska et al, 2004), and the centrosome of

Dictyostelium discoideum (Reinders et al, 2006). Proteomic

studies have also revealed the composition of ciliary and

flagellar structures including the human ciliary axoneme

(Ostrowski et al, 2002), the mouse photoreceptor sensory

cilium complex (Liu et al, 2007), the flagellum and basal body

of Chlamydomonas reinhardtii (Keller et al, 2005; Pazour

et al, 2005), and the flagellum of Trypanosoma brucei

(Broadhead et al, 2006). The cilia and flagella studies have

been complemented by comparative genomics to identify

genes that exist exclusively in organisms that have basal

bodies and cilia (Li et al, 2004; Chen et al, 2006; Baron

et al, 2007; Merchant et al, 2007). Taken together, these

efforts have revealed candidate proteins associated with the

centrosome, the centrioles, the mitotic spindle, midbody, and

the cilium, some of which have been validated through

localization (Andersen et al, 2003; Keller et al, 2005; Sauer

et al, 2005) and RNA interference studies (Graser et al, 2007a;

Lawo et al, 2009).

The above findings illustrate how different strategies have

contributed to the identification of 4100 proteins associated

with the centrosome leading to functional insight and mole-

cular understanding of genetic disorders (Chang et al, 2006;

Sayer et al, 2006; Valente et al, 2006; den Hollander et al,

2006; Spektor et al, 2007; Graser et al, 2007a, b; Nigg and

Raff, 2009). Despite these advances, many unsolved ques-

tions regarding centrosome and cilia function remain. For

example, while the studies described above have revealed

the identity of cilia and centrosomes components, we still

do not know how most of these components dynamically

localize, interact, and function at the molecular, cellular,

and organismal level. Likewise, the causative gene in

families with ciliopathies is unknown in most cases, suggest-

ing that additional genes expected to be associated with

cilia or centrosomes remain to be identified (Otto et al,

2010).

To address these questions, we describe here the combined

use of complementary proteomics strategies based on MS and

microscopy to further explore the localization, abundance,

and turnover of centrosomal proteins. The combined efforts

resulted in a more comprehensive coverage of the human

centrosome proteome than previously reported, comprising

known and novel components. The advancement was made

possible by the availability of affinity purified antibodies

form the Human Protein Atlas (HPA) project (Barbe et al,

2008) and by the development of a novel MS-based proteo-

mics method, which improved the confidence in identifying

genuine organelle components from a background of

non-specific proteins. Candidates were validated by image

analyses of cells stably expressing fluorescently tagged fusion

proteins at the endogenous level employing BAC Trans-

geneOmics (Poser et al, 2008). Additional microscopy and

MS-based experiments revealed the dynamic and asymmetric

association of novel proteins with the mother and daughter

centriole. The resulting spatiotemporal proteomics data are

likely to provide leads to further insight into the functional

significance of centrosome-associated proteins.

Results

Complementary proteomics methods identify novel

centrosomal proteins

To evaluate the dynamic composition and localization of the

centrosome proteome with the ultimate goal to better under-

stand its structure and function we carried out two comple-

mentary screens. In the ‘MS-screen’, we developed an MS-

based proteomics method to selectively identify centrosomal

proteins from a background of unrelated proteins typically

present in preparations of biochemically purified centro-

somes. In the ‘HPA-screen’, we identified additional compo-

nents localizing to the centrosomes by evaluating confocal

images of three different cell lines stained with HPA anti-

bodies (Barbe et al, 2008). An outline of the two screens and

the follow-up experiments performed to validate and further

characterize the identified candidate proteins are summa-

rized in Figure 1A. The resulting data are visualized as a

dynamic network of proteins associated with the centrosome

and its substructures (Figure 1B).

MS-screen: PCP-SILAC increases the confidence

in identifying novel centrosomal proteins

We have previously characterized the protein composition of

the human centrosome by using protein correlation profiling

(PCP) (Andersen et al, 2003). In this approach, proteins

identified by MS are profiled from peptide intensity signals

in several gradient centrifugation fractions and distinguished

as genuine components when matching a consensus profile

determined for known organellar proteins. The principle idea

of this method is powerful to sort out unrelated proteins, but

the inaccuracy of label-free protein quantitation diminishes

its performance; in particular for proteins identified by a few

peptides. Thus, to further advance our ability to classify

organelle proteins, we aimed at increasing the accuracy of

protein quantitation in PCP by introducing stable isotope

labelling by amino acids in cell culture (SILAC) (Figure 2A).

This was achieved by generating an unlabelled matching

internal standard that could be mixed with the corresponding

fractions prepared from one or two differentially isotope-

labelled cell populations. The method, termed PCP-SILAC,

has features distinct from related strategies based on chemi-

cal isotope labelling by ICAT (Dunkley et al, 2004; Sadowski

et al, 2006), iTRAQ (Borner et al, 2006; Yan et al, 2008),

and strategies based on subtractive proteomics (Yates et al,

2005).

In practice, two centrosome preparations were isolated in

parallel from asynchronously growing human cells cultured

in medium containing either normal lysine (Lys0) or 13C6
15N2

isotope-labelled lysine (Lys8). Fractions collected after the

final sucrose gradient centrifugation were tested for the

presence of centrosomal proteins by MS analysis of peptides

derived from in-solution digests of aliquots taken from

each fraction (data not shown). The analysis identified six
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fractions with detectable levels of centrosomal proteins.

These fractions collected from Lys0-labelled cells were

mixed to generate a common internal standard for peptide

isotope ratio determination. Aliquots of the internal standard

were distributed into the corresponding six centrosome-

containing fractions collected from Lys8-labelled cells.

Proteins in these six samples were then separated by

one-dimensional gel electrophoresis, in-gel digested with

endoproteinase Lys-C, and the resulting peptides analysed

by LC-MS (see Materials and methods).

Mass spectrometry-based proteomics screen Microscopy-based screen

Identify centrosomal proteins
using >4000 HPA antibodies
and α-tubulin counterstaining
in U-2 OS, U-251 MG,
and A-431 cells:
HPA-candidate: 113/4000 (TS5)

Isolate centrosomes from KE37
cells and identify centrosomal
proteins by PCP-SILAC:
Profiled: 1318 /1850 (TS1-3)
MS-known: 126/1318 (TS4)
MS-candidate: 40/150* (T1,TS4)   

Validate candidates by γ-tubulin
co-localization in U-2 OS cells
using HPA antibodies:
MS-known: 26/30 (TS4, TS5)
MS-candidate: 14/16 (T1, TS4)  

Validate candidates by tubulin co-
localization in HeLa cells stably
expressing GFP-construct
MS-known: 6/10 (TS4)
MS-candidate: 14/27 (TS4) 

Evaluate candidates by γ-tubulin
co-localization in U-2 OS cells:
HPA-candidate: 14/21 (TS5)  

Roughly estimate protein
abundance using peptide 
intensity signals from PCP-SILAC
data (T1, TS6)  

Evaluate subcellular localization during the cell cycle and asymmetric
centrosome localization by γ-tubulin co-localization in U-2 OS cells:
Cell cycle (Fig. S4), asymmetric candidates: 5 (Fig. 6, S7B) 

Determine turnover of
centrosomal protein using pulsed
SILAC (T1, TS6–7)  

Evaluate mother/daughter centriole localization in ciliated RPE cells:
Mother: 3, daughter: 1 (Fig. 6, S7B).

Statistical and bioinformatic
analysis (T1,TS4-7,Fig.3,S2-4,6)  

A

B

Figure 1 Mapping the centrosome proteome. (A) Schematic outline of the mass spectrometry and microscopy-based screens carried out to
identify and characterize candidate centrosomal proteins. In the MS-screen (left), centrosomal proteins were identified by the PCP-SILAC
method (see Figure 2) and validated by co-localization experiments using antibodies and GFP-tagged proteins. In the HPA-screen (right),
images of three different cell lines were evaluated for centrosomal staining using human protein atlas (HPA) antibodies. In follow-up
experiments, we estimated the abundance, measured the turnover, and determined the subcellular localization of the identified proteins. The
number of ‘profiled’ proteins refers to those quantified in all fractions out of those quantified in at least one fraction. The number of ‘MS-
candidate’ and ‘MS-known’ refers to those annotated as novel or known centrosomal proteins, respectively, out of those scored as centrosomal
proteins by the PCP-SILAC method (*) or those tested by microscopy. References to the relevant tables and figures are shown in brackets.
(B) Dynamic protein localization network of the identified proteins. The network is manually curated using the software ‘Cytoscape’ and
protein localization data extracted from this study and from the literature. The shape of the nodes indicates our classification of proteins as
known or novel or identified by the MS-screen or the HPA-screen. The colour of the nodes indicates the percentage of metabolic isotope
labelling after 20 h (protein turnover). A green node border indicates proteins validated in this study by fluorescence microscopy. For simplicity,
each protein is shown with a single localization pattern.
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Mass spectra of the peptide DFLQETVDEK derived from

the centrosomal protein CEP135 displayed a large analyte to

internal standard ratio (Lys8/Lys0) for the peak centrosomal

fraction as compared with spectra of the corresponding

peptide in the other fractions (Figure 2B, panel 2). The six

isotope ratios allowed us to calculate a protein enrichment

profile as the median of the Lys8/Lys0 isotope ratio for all

lysine-containing peptides identified for CEP135 in each of
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Figure 2 Identification of centrosomal proteins by PCP-SILAC. (A) Schematic outline of the PCP-SILAC method used to distinguish
centrosomal proteins from a background of co-purifying proteins. Centrosomes were isolated by sucrose gradient centrifugation from
isotope-labelled and unlabelled cells. The six centrosome-containing fractions collected from the unlabelled cells were pooled to generate
an internal standard, which was distributed into the six corresponding fractions collected from the labelled cells before processing these
samples for MS analysis. (B) The enrichment of proteins relative to the internal standard is illustrated by the mass spectra of a single peptide
(DFLQETVDEK) from the centrosomal protein CEP135 in fractions 1–6 where the peptide isotope clusters are marked by a triangle for signals
representing the unlabelled internal standard (light isotope-labelled peptide) and by an asterisk for signals representing the sample in each
fraction (heavy isotope-labelled peptide). (C) The enrichment profile of CEP135 was calculated from the isotope ratios shown in (B). (D)
Profiles of 32 known centrosomal proteins and the resulting average consensus centrosomal profile. (E, F) Profiles of the DFLQETVDEK peptide
from CEP135 and the consensus set of centrosomal proteins were determined from an independent experiment using only four fractions.
The 32 proteins co-eluting in both experiments are included in Supplementary Tables S1 and S2).
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the six samples (Figure 2C). Protein enrichment profiles were

then calculated for all proteins. A group of 32 known centro-

somal proteins were selected for inter-experiment comparison

and for determination of a consensus profile for organelle

classification (Supplementary Table S1). Profiles of the centro-

somal proteins closely followed the CEP135 profile and

demonstrate that accurate enrichment profiles can be obtained

by PCP-SILAC (Figure 2D). A second independent PCP-SILAC

experiment with four fractions and inverted isotope labelling

demonstrated that the method can be performed with a

variable number of fractions and reproducibly identify centro-

somal proteins with a narrow distribution of profiles (Figure

2E and F; Supplementary Table S2).

In a third experiment, we explored the ability of PCP-SILAC

to profile simultaneously the enrichment of proteins in two

independent centrosome preparations using a third prepara-

tion as a common internal standard. The correlated distribu-

tions between two different gradients were expected to

further increase the confidence in organelle classification.

To this end, three cell populations were labelled with different

isotopes. The centrosome-containing fractions prepared from

unlabelled cells were mixed and used as the common internal

standard for the corresponding fractions prepared from

each of the two labelled cell populations (Supplementary

Figure S1A). The set of 32 known centrosomal proteins

were represented by a total of 4661 peptide ratios in the

peak fraction and resulted in a narrow distribution of profiles

in both experiments (Figure 3A and B). The consensus

profiles derived from these data were compared with the

profiles of proteasomal and ribosomal subunits, representing

co-purifying contaminants residing in structures of different

sizes. The profiles were clearly separate from the consensus

profiles and displayed consistently altered fractionation

behaviour for all proteins in these structures (Figure 3C–F).

A goodness of fit was determined as the Mahalanobis

distance from the centrosomal consensus profiles, which

take into account the variance and the covariance of the

measured ratios. Distance scores o9 in both experiments

were observed for 110 of the 116 (95%) known centrosomal

proteins identified with complete profiles in both experi-

ments, whereas all identified subunits of the proteasome

and the ribosome resulted in larger values (415)

(Figure 3G; Supplementary Table S4). Moreover, only three

apparent false positive proteins (ALDOA, ALDOC, and ADSL)

had distance scores o9. These data demonstrate that the

double PCP-SILAC experiment has indeed the ability to

distinguish organelle proteins from a background of unre-

lated proteins with a high degree of confidence on the basis

of correlated profile distributions. Data derived from this

experiment also demonstrated a clear gain in the sensitivity

and specificity of the PCP-SILAC method to distinguish

true centrosomal proteins from a large background of

unrelated proteins as compared with its label-free version

(Supplementary Figures S3 and S4). Importantly, the relative

enrichment profile of 1318 proteins quantified in the 2� 5

fractions revealed a group of 150 proteins that fulfilled the

stringent criteria of distance scores o9 in both experiments

(Figure 3G). With few exceptions, this list comprises the

majority of known centrosomal proteins (110 proteins)

including the 23 novel proteins reported in our previous

study (Andersen et al, 2003) (Table I; Supplementary Tables

S3 and S4).

Image analysis of cells stably expressing GFP-fusion

proteins or stained with antibodies confirms

centrosome localization for candidate proteins

identified by PCP-SILAC

To confirm the in vivo subcellular localization of the identi-

fied MS-candidates at any stage of the cell cycle, we stably

expressed N- or C-terminally tagged green fluorescent fusion

proteins at their endogenous levels in HeLa Kyoto cells using

BAC TransgeneOmics (Poser et al, 2008). The resulting cell

pools were immunostained with anti a- or g-tubulin antibo-

dies to visualize centrosomes and anti-GFP antibody to

enhance the fluorescence signal of the tagged proteins.

In vivo localization to centrosomes and spindles were

observed for 14 of 27 tested candidate proteins (Figure 4,

Supplementary Figure S5; Table I, Supplementary Table S4).

MS-candidate proteins were also confirmed by immunofluor-

escence microscopy in U-2 OS cells using HPA antibodies.

Localization to centrosomes were observed for 11 of 16 tested

candidate proteins (MPHOSPH9, C6orf204, SLAIN2, CCDC46,

Albatross, C14orf145*, CCDC45*, MIB1*, KIAA0753*,

CCDC21*, and GARNL4). Candidates marked by an asterisk

were also confirmed in HeLa cells stably expressing the

corresponding GFP-tagged fusion protein. Images are avail-

able at http://www.cebi.sdu.dk/CepDB. In general, we

observed a good correlation between the GFP and antibody

staining, although the signals for the GFP-tagged proteins

were often weaker and in some cases too weak (e.g.,

MPHOSPH9, C6orf204, and SLAIN2) to confirm centrosome

association. Staining of structures around centrosomes simi-

lar to centrosome satellites was observed for CCDC123*,

PRKACB, and CCDC14A.

To identify centriole-associated proteins, we counted the

number of structures stained in the centrosome area. In most

cases, two dots co-localizing with the pericentriolar marker

protein g-tubulin were observed (Figure 4A; Supplementary

Figure S5). GFP–KIAA0562, however, was resolved in four

dots suggesting that this protein localize to centriole pairs in

duplicated centrosomes comparable to, for example, CEP97

(Figure 4A). MPHOSPH9 stained two–six dots in non-sepa-

rated centrosome pairs. This unusual staining was interpreted

as proximal and distal staining of centrioles when comparing

with the staining of g-tubulin (Figure 4A; Figure 6D). The

antibody specificity was supported by reduced staining in

cells depleted for MPHOSPH9 by esiRNA (data not shown).

Comparison of the staining patterns of centrosomes

between interphase and mitotic stages revealed that the

majority of candidate proteins localized differentially to

centrosomes, spindles, and midbody during the cell cycle

(Supplementary Table S4; Supplementary Figure S5). This is

illustrated by images of C3orf34 at different stages of the cell

cycle. C3orf34 localized asymmetrically to centrosome/

centriole pairs in early interphase, to spindle poles during

mitosis, and to distinct foci oriented towards the midbody at

telophase (Figure 4B).

HPA-screen: evaluation of confocal images of three

different cell lines stained with HPA antibodies

identifies additional centrosome candidate proteins

Centrosomes are plurifunctional organelles with specialized

roles in various cell types. To characterize the centrosome

proteome representing more than a single cell type, we

performed a complementary antibody-based screen in U-251

Centrosome proteomics
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MG glioblastoma, A-431 epidermoid carcinoma, and U-2 OS

osteosarcoma cells. Proteins were stained with HPA anti-

bodies covering 44000 genes and the resulting immuno-

fluorescence images were initially evaluated for centrosome

localization using a-tubulin as a marker for microtubules.

The 4000 genes comprised 46 genes that were already

identified as known or candidate centrosomal proteins

by the MS-screen. This subset was further evaluated by

g-tubulin co-localization in U-2 OS cells. We found that 14

of these antibodies validated the novel MS-candidates

described above and that 26 of 30 antibodies representing

known centrosomal proteins clearly supported centro-

some association (Supplementary Table S5). These experi-

ments ascertained the quality and value of the HPA

antibodies for detecting known and novel centrosomal

proteins.
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in Supplementary Figure S1). The profiles for 32 known centrosomal proteins follow a narrow enrichment profile in both preparations and
demonstrate that these proteins co-elute. The shape of the profiles is not critical for organelle classification but reflects a shift in the elution of
proteins between the two experiments. (C–F) The profiles of proteasomal and ribosomal subunits obtained from the same data set are distinct
from the centrosomal consensus profiles. (G) An organelle classification score was calculated as the Mahalanobis distance between the
centrosomal consensus profile and all other proteins with a complete enrichment profile in the double PCP-SILAC experiments 3A and 3B.
Known centrosomal proteins and likely candidates clustered in a region with distance scores o9 as compared with, for example, proteasomal
and ribosomal subunits with high distance scores.
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A combination of automated and manual annotation of

images acquired for the remaining HPA antibodies indicated

centrosome staining for an additional 113 proteins in at least

one of the three cell lines. The immunofluorescence images

were scored in comparison to a negative control. Any staining

stronger than the control was assigned one or multiple

location as indicated in Supplementary Table S5. Centro-

some association were assigned when at least two cells

displayed the characteristic two-dot staining pattern of dis-

engaged centrioles or duplicated centrosomes and/or when

the protein staining clearly co-localized with a-tubulin

at microtubule organising centres. Centrosome localization

varied from fine two-dot structures to more diffuse structures

or distinct satellites in the surrounding area of centrosomes

(Figure 5). We selected a subset of 21 of these HPA candidates

representing primarily the former group and tested for

g-tubulin co-localization in U-2 OS cells. Ten candidates

co-localized with g-tubulin (PRICKLE3, PCDH19, TNFAIP3,

PCDHB15, OAZ1, SERPINB6, BTN3A3, CHST15, KIAA1107,

and NAV1). An additional four candidates (DDHD2, TECTA,

LGI2, and TWSG1) stained structures in the vicinity of

centrosomes. Half of the 100 candidate proteins were initially

observed in only one of the three cell lines. FRMD5, for

example, displayed only intense centrosomal straining in

Table I Candidate centrosomal proteins identified by PCP-SILAC

Gene name Suggested
new name

Localization Turn
over (%)

Substructure

PCP-SILAC score GFP HPA

KIAA0562 CEP104 7.8 � 95 Centriole
IFFO2 4.7 — 94
CKAP2L 7.1 � 93 Spindle pole, spindle, midbody
MIB1 6.4 � � 89 GFP: satellites, spindle poles

HPA: centrosomal with some satellites
AKNA 2.7 — 86
CCDC21 CEP85 2.3 � � 83 GFP: centrosomal, spindle poles

HPA: nucleolar interphase, spindle poles
C6orf182 2.6 — 83
CCDC14 6.1 � 77 Satellites
FBXW11 3.0 � 75 Probably centrosomal, spindle pole
MAP7D3 4.1 74
MPHOSPH9 3.0 — � 72 Centriole
Albatross 4.8 � 72 Mother centriole, spindle pole
SLAIN1 1.7 (� ) — 71 Weak spindle
CCDC123 CEP89 1.8 � � 71 GFP: near centrosomes, spindle poles

HPA: satellites
CCHCR1 2.5 — 71
CCDC102A 2.2 — 66
GARNL4 6.5 � 64 Centrosomal in some cells
CCDC34 2.4 64
C3orf34 CEP19 5.0 � 64 Preferentially mother centriole
C6orf204 1.9 (� ) � 62 GFP: weak midbody and spindle

HPA: spindle poles, possibly centrosomal
KIAA1712 CEP44 3.0 � 60 Centrosomal (two dots), spindle poles, weak midbody,

possibly spindle
ANKRD26 2.8 � 58 Centrosomal, spindle poles
SLAIN2 2.2 (� ) � 58 GFP: very weak spindle, weak midbody

HPA: centrosomal, spindle poles
KIAA0753 3.5 � � 56 GFP: satellites, spindle poles, some midbody

HPA: near centrosomes
CCDC45 CEP45 3.9 � � 54 GFP: weak

HPA: centrosomal (two dots), spindle poles
C16orf63 6.2 � 50 Satellites around centrosome, spindle poles
TCHP 2.3 � 49 Spindle, midbody, possibly weak centrosomal
C1orf96 6.7 � 48 Midbody, possibly spindle and spindle poles
CCDC46 CEP112 4.1 � 48 Centrosomal (two dots), around spindle poles in some cells
C14orf145 CEP128 0.5 � 40 Mother centriole, spindle pole
ACTR1B 8.7 � 38 Spindle poles, possibly centrosomal
ACTR10 5.3 34
CCDC41 3.0 (� ) 28
C7orf47 3.8 22
RTTN 6.4 — 21
NOG 3.8 19
PRKACB 3.3 � NA Satellites, possibly midbody
WDR90 3.3 — NA
IIP45 5.0 NA
IRAK1BP1 6.0 — — NA

Novel proteins identified with low PCP-SILAC organelle classification score were validated by fluorescence microscopy using human protein
atlas antibodies (HPA) or cell pools stable expressing fluorescently tagged proteins (GFP), where indicated. Protein turnover rates
were calculated as the percentage of stable isotope labelling after 20 h. Novel factors are termed CEP and a number, where CEP stands
for centrosomal protein and is followed by the Mr calculated from the full-length sequence. For additional information, see Supplementary
Table S4.

Centrosome proteomics
L Jakobsen et al

The EMBO Journal VOL 30 | NO 8 | 2011 &2011 European Molecular Biology Organization1526



U-251 MG cells but not in U-2 OS cells where it clearly stained

the midbody (Supplementary Figure S7A). OAZ1 stained

satellites concentrated around centrosomes in A-431 cells.

A more defined localization to basal bodies was apparent

from the staining of motile cilia in ciliated tissues and

primary cilia and basal body in hTERT-RPE1 cells

(Figure 5). These experiments demonstrate that the HPA-

antibody screen is complementary to the MS-screen and

suggest that genuine centrosomal proteins worthy of further

study are likely to be found from the list of HPA candidates

(Supplementary Table S5; http://www.proteinatlas.org).

Although the HPA antibodies were epitope purified and

evaluated for specificity and assigned reliability score (see

Materials and methods), we cannot exclude false assign-

ments due to fortuitous cross-reaction (Nigg et al, 1982).

Hence, caution needs to be exerted when interpreting the

results of the antibody screen and additional experiments are

required to confirm the HPA candidates.

Image analysis of cells at different stages of cell-cycle

progression identifies proteins localizing selectively to

the mother centriole

Ultrastructural analysis of centrosomes and cilia has revealed

proteins localizing to functionally relevant substructures such

as the distal and subdistal appendages of the mature mother

centriole involved in anchoring of microtubule and docking

of basal bodies at the plasma membrane (Marshall, 2008;

Debec et al, 2010). These proteins are often asymmetrically

associated with the centrosome during the cell cycle. To

identify proteins with this behaviour, we examined images

with two closely spaced dots marked by g-tubulin. The two

dots likely represent already duplicated centrosomes or indi-
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Figure 4 Protein candidates identified by the MS-screen localize to the centrosome. (A) Co-staining with the centrosomal marker protein
g-tubulin (Cy3) support centrosome (two dots) or centriole (four dots) localization for the indicated candidates (green). Additional candidates
validated as novel centrosomal proteins are listed in Table I and Supplementary Tables S4 and S5. (B) GFP–C3orf34 co-localize with g-tubulin
(Cy3) at all major stages of the cell cycle in HeLa cells. DNA was stained with DAPI, yellow indicates coincidence of green and red signals. Bars,
1 mm (insert) and 5mm.
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vidual centrioles disengaged for procentriole formation

where the distance between the mother and daughter cen-

triole is sufficiently large to be resolved by light microscopy.

Differential staining of the two dots at the G1–S–G2 phases

was observed for C14orf145, BTN3A3, PRICKLE3, Albatross,

C3orf34, ODF2, and CNTROB. Thus, these proteins might

selectively associate with the mother or the daughter

centriole. C14orf145 and Albatross were shown to localize

to the distal end of the mother centriole in hTERT-RPE1 cells

serum starved for 48 h to induce primary cilium formation

from the mother centriole (Figure 6A and B). In contrast,

PRICKLE3 localized to a single centrosome throughout inter-

phase, even after centrosome splitting. Moreover, PRICKLE3

was observed at the spindle poles during mitosis and stained

both the mother and daughter centrioles in ciliated hTERT-

RPE1 cells (Figure 6C). C3orf34-GFP co-localized with ODF2

at the mother centriole (Figure 6D) whereas BTN3A3 was

shown to localize to the daughter centriole in ciliated hTERT-

RPE1 cells (Supplementary Figure S7B). Additional experi-

ments are, however, required to confirm this finding because

a second HPA antibody for BTN3A3 revealed non-centroso-

mal staining. Interestingly, MPHOSPH9 stained three dots in

ciliated hTERT-RPE1 cells, suggesting that it localize to the

proximal and distal end the daughter centriole, the proximal

end of the mother centriole, and no longer to the distal end of

the mother centriole forming the axoneme structure

(Figure 6D, panel 3).

Rough estimates of the relative protein abundance

indicate the subunit stoichiometry of centrosome

subcomplexes

Quantitation of proteins by MS provides the opportunity

to examine the biochemical properties of these candidates

in more detail. To roughly estimate the relative protein

abundance of proteins in isolated centrosomes we made

use of the peptide intensity signals from the double PCP-

SILAC experiment. As the intensity signals between different

peptides display large variation we averaged as many signals

as possible and calculated the centroid of protein abundance

profiles to improve reliability. The resulting data indicated

that the abundance of centrosomal proteins spans at least

two orders of magnitude (Figure 7A and B; Supplementary

Table S3). This is exemplified by PLK4 with a relative

abundance of 4% as compared with g-tubulin with a relative

abundance near 100%.

The roughly estimated relative protein abundances were

consistent with the stoichiometry reported for the g-tubulin

small complex (g-TuSC), which is composed of two mole-

cules of TUBG1 associated with one molecule each of

TUBGCP2 and TUBGCP3 (Figure 7B). Multiple copies of the

g-TuSC proteins associate with additional proteins, including

TUBGCP4, TUBGCP5, TUBGCP6, and NEDD1 to form the

g-TuRC. The stoichiometry of this complex is less well

established. Our data indicate that NEDD1 is equally abun-

dant to TUBGCP2 and TUBGCP3, whereas TUBGCP4,

TUBGCP5, and TUBGCP6 are substoichiometric (Figure 7B).

Pulsed-SILAC labelling identifies centrosomal proteins

with high turnover rates

Centrosomes have been proposed to act as scaffolds for

regulatory processes based on their dramatic change in

composition and activity during cell-cycle progression.

To gain insight into the dynamic recruitment of centrosome

activity, we globally assessed the turnover of the centrosomal

proteins identified in the MS-screen using pulsed-SILAC

followed by centrosome isolation and peptide analyses by

LC-MS (Figure 7C; Supplementary Tables S4, S6 and S7).

Cells were labelled for 20 or 40 h using Lys-2H4. We repeated

the experiment with the inclusion of a fully labelled internal

standard (Figure 7C–E). This experimental design provided

an internal control for the measured ratios by the sum of the

signals representing the old and the newly synthesized pool

of proteins adding-up to the signal of the internal standard

(Figure 7G and H).
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Figure 5 HPA-antibody screen in three different cell lines identify additional centrosomal proteins. Antibody staining of OAZ1 in U-251 MG,
A-431, and U-2 OS cells suggests centrosome localization. Staining of OAZ1 in serum starved hTERT-RPE1 cells and nasopharynx tissue support
basal body and cilia (primary and motile) localization. The centrosomal marker protein g-tubulin (or a-tubulin) was stained with Cy3 and DNA
with DAPI, yellow indicates coincidence of green and red signals. Bars, 5mm. The immunohistochemical staining (brown–black) was
counterstained with haematoxylin (blue colouring of both cells and extracellular material) to enable visualization of microscopic features.
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The centrosomal proteins covered a broad spectrum of

reproducibly measured isotope incorporation ratios after 20 h

with small ratios observed for subunits of the g-TuRC and

HAUS complexes and large ratios observed for the protein

kinases PLK1, PLK4, NEK2, and AURKA (Figure 7F; Supple-

mentary Table S4). These kinases regulate key steps in the

centrosome cycle such as centriole duplication and cohesion.

Several proteins involved in these transitions (e.g., CENJP,

SASS6, CEP215, and CEP68) were also observed with high

percentage of labelling, indicating high turnover (Figure 1B).

Moreover, proteins with the Gene Ontology term ‘cell

division’ were associated with high turnover based on clus-

ter- and GO-term enrichment analysis (Supplementary

Figure S6). Thus, high percentage of labelling might predict
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regulatory or dynamic functions for novel centrosomal pro-

teins such as CCDC123, Albatross, CCDC21, MPHOSPH9, and

KIAA0562. In support of this notion, the staining patterns of

these proteins suggest that they associate with the centro-

some in a cell-cycle-dependent manner (Figures 4 and 6;

Supplementary Figures S5 and S8).

For the g-TuRC, we observed comparable turnover for all

subunits with the exception of NEDD1 and the newly identi-

fied MOZART2B, both having a significantly higher percen-

tage of labelling (Figure 7F and G). These similarities and

differences are interesting in light of recent findings, suggest-

ing that NEDD1 has a distinct role in recruiting g-TuRC

subunits to the centrosome (Luders et al, 2006). For the

eight subunit HAUS complex (Lawo et al, 2009), we also

observed an equally low percentage of labelling for all

components with only slightly higher turnover of HAUS1

and HAUS4 (Figure 7H). From the measured ratios, we

cannot easily tell apart the contributions from synthesis,

degradation, import, and dynamic exchange between cellular

pools of protein. We immunoprecipitated g-TuRC from

centrosome-depleted lysate using GFP–MOZART2A as bait

and observed the same relative distribution of turnover rates

as in the centrosome isolation experiments (data not shown).

These data support the view that the g-TuRC subunits are in

rapid exchange between the cytoplasmic and the centrosomal

pools of protein. Thus, the percentages of isotope labelling

are likely to reflect cellular turnover rates and might be a

useful parameter to estimate the time required for knock-

down of centrosomal proteins by RNAi. In this regard,

we noticed minimal correlation between the percentage of

isotope labelling and the estimated relative abundance of

centrosomal proteins, which indicates that protein turnover

and abundance are independent parameters.

Discussion

MS and microscopy-based proteomics have the ability to

provide functional insight when applied to the analysis of
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multiprotein complexes. Inventory analysis by fluorescence

microscopy requires the availability of antibodies or cell

pools expressing GFP-fusion proteins and is dependent on

the quality, in vivo behaviour, and detectability of these

reagents. Inventory analysis by MS is challenged by lists of

proteins crowded with unrelated entries in the midst of

genuine components, even when analysing high-purity pre-

parations. As a consequence, the identified proteins provide

corroborating rather than unequivocal evidence of organelle

association. We have developed a quantitative proteomics

method termed PCP-SILAC and demonstrated its ability to

distinguish genuine organelle components from co-purifying

contaminants. In combination with an antibody-based

screen, we have obtained a more extensive coverage of the

human centrosome proteome than hitherto available. In

support of the method, 126 previously reported centrosomal

proteins, including several candidates reported in the course

of this study, were identified in the MS-screen.

We tested the subcellular localization for known centro-

somal proteins and found that 31 co-localize with g-tubulin.

Importantly, we successfully validated 22 of 40 candidate

proteins identified in the MS-screen. Previously uncharac-

terized proteins were termed CEP of x kDa, where CEP

stands for centrosomal protein and x is the molecular weight

calculated from the full-length sequence (Table I). Sequence

analysis of the identified candidates revealed proteins with

predicted coiled-coil domains, including the validated pro-

teins CCDC21, CCDC45, and CCDC46. Among the proteins

identified with a complete centrosomal enrichment profile

there is a propensity for this domain structure (60%), which

seems to be important in centrosome organization.

Several parameters contribute to the reliability of the

PCP-SILAC method as compared with other methods based

on protein fractionation behaviour. Most importantly, the

introduction of SILAC enhances the confidence in the deter-

mination of protein enrichment profiles by increasing

the quantitation accuracy. The gain in accuracy is mainly

related to the intensities and number of signal intensity ratios

that contribute to the profile determination as compared

with methods such as iTRAQ and label-free quantitation

(Supplementary Figure S3). Other advantages of PCP-SILAC

include facilitated peptide detection and retention time

correlation by the constant signal of the internal standard

in all fractions and the additional information provided

by enrichment profiles as compared with standardized abun-

dance profiles obtained by other methods. We observed

that even a single distinct ratio of enrichment in the peak

fraction was indicative of organelle classification and

that a complete profile from one or two experiments trans-

lated into a clear distinction between genuine components

and co-purifying non-specific proteins. We have shown

that the PCP-SILAC method allows for the analysis of a

variable number of fractions, which imply that experi-

ments can be designed to achieve a peak capacity sufficiently

high to resolve structures of interest. This possibility is

attractive if the coverage of the gradient is extended with

the purpose of profiling multiple organelles. We antici-

pate, however, that the relative ratio of enrichment and

the proportion of other proteins introduced by the internal

standard might increase to a point where a better choice

would be to cover the gradient with several PCP-SILAC

experiments.

Despite these advances, we estimate that the centrosome

proteome described above is incomplete. Proteins identified

by MS-based proteomics are limited to those that survive the

isolation procedure and fulfil stringent quantification and

database search criteria. Operationally, these proteins can

be defined as the core centrosome proteome derived from a

single asynchronous cell system from which centrosomes are

readily isolated. The majority of these core components were

successfully validated by centrosome co-localization experi-

ments using antibodies and cell pools stably expressing GFP-

tagged proteins. Comparable success rates were obtained for

known and novel centrosomal proteins and were mainly

limited by low signal intensity or indistinct staining patterns

for a subset of the cell pools making it difficult to confirm

or exclude centrosome association with certainty for all

candidates.

We challenged the completeness of the centrosome pro-

teome by a complementary antibody-based screen in three

different cell lines and identified an additional 113 potential

candidates. The reasons for this large number of additional

candidate proteins might be related to the ability of antibo-

dies to detect proteins of low abundance, proteins loosely

associated with centrosomes, and proteins associated with

centrosomes in a microtubule or cell-cycle-dependent man-

ner. Conversely, proteins identified by the HPA-screen might

represent cases of incorrect annotation caused by antibodies

cross-reacting with epitopes on different proteins (Nigg et al,

1982). Analysis of 30 previously reported centrosomal pro-

teins was useful to benchmark the quality of the HPA anti-

bodies and to arrive at annotation criteria that take into

account the diverse staining patterns observed for known

centrosomal proteins. As expected, the most successful group

of validated candidates stained two fine dots at interphase as

compared with candidates staining a more diffuse area near

the centrosome. Although we confirmed g-tubulin co-locali-

zation for a subset of the identified HPA candidates in the

presence and absence of nocodazole, further experiments are

necessary to validate antibody specificity and to annotate

accurate subcellular localization for all the HPA candidates.

Obvious experiments are staining before and after knock-

down and counterstaining with a more diverse set of cen-

trosomal markers such as PCM1 staining centrosomal

satellites.

In contrast to other organelles, centrosomes stay assem-

bled throughout the cell cycle and are expected to vary

considerably in composition because of their plurifunctional

capabilities. We observed candidate proteins with large ratio

of pulsed labelling that also varied in their centrosome

association during the cell cycle (e.g., KIAA0562, CCDC21,

Albatross, and MPHOSPH9). Both parameters are indicative

of regulated proteins. For example, the M-phase phosphopro-

tein MPHOSPH9 (Matsumoto-Taniura et al, 1996) appears to

localize to the distal and proximal end of centriole pairs in

duplicated centrosomes. Following centrosome splitting the

protein was no longer visible, suggesting that it has a role in

the early steps of the centrosome cycle. Dissociation of

MPHOSPH9 from the distal end of the mother centriole in

ciliated cells suggests that it might have a role in ciliogenesis.

The coiled-coil containing protein CCDC21 stained interphase

centrosomes rather weakly and more clearly nucleoli. Upon

entry into mitosis, CCDC21 relocated from nucleoli and

accumulated at spindle poles (Supplementary Figure S8).
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These observations suggest that CCDC21 might be a spatially

regulated maturation factor similar to the CDC14B phospha-

tase (Shou et al, 1999).

Interestingly, we also identified several proteins associated

asymmetrically to the mother or daughter centriole in a cell-

cycle-dependent manner. This is a distinct feature of a relative

small group of proteins comprising CEP164 (Graser et al,

2007a), Cenexin/ODF2 (Lange and Gull, 1995), CEP170

(Guarguaglini et al, 2005), NIN (Piel et al, 2000), Nlp,

CEP110, CNTROB (Zou et al, 2005), PARP-3 (Augustin et al,

2003), TUBE1 (Chang and Stearns, 2000), APC and EB1

(Louie et al, 2004) and Cep120 (Mahjoub et al, 2010). We

observed by fluorescence microscopy that C14orf145,

Albatross, and C3orf34 localize to the mature mother cen-

triole, akin to CEP170 and CEP164 that localize to the appen-

dage structures of the mature centriole. Thus, it will be

interesting to test if they share a structural or functional role

in the formation or function of cilia such as microtubule

anchoring or selective transport of molecules into and out

of the cilium through a cilium gate. Our data suggest that

PRICKLE3 associates with older centrosomes. PRICKLE3

shares the Prickle, Espinas, and Testin and LIN-11, Isl1, and

MEC-3 domain structure of the planar cell polarity pathway

components PRICKLE1 and PRICKLE2, but lacks the C-term-

inal Prickle domain. PRICKLE3 is uncharacterized but its

sequence features and localization pattern suggest a role in

cell polarity determination. A relationship to cell polarization

has also been reported for other candidate proteins, for

example, SCRIB (Qin et al, 2005), CCDC66 (Dekomien et al,

2010), and Albatross (Sugimoto et al, 2008). The identification

of asymmetrically localized centriolar proteins (PRICKLE3,

Albatross, C3orf34, C14orf145, BTN3A3, and MPHOSPH9) is

also interesting in light of recent findings, which implicate

differently aged centrioles in asymmetric cell division (Piel

et al, 2001; Yamashita et al, 2007). Thus, proteins selectively

associated with the mature mother centriole could be impor-

tant for cell polarization and stem cell fate determination via

asynchronous microtubule anchorage activity, spindle orien-

tation, and primary cilium growth leading to biased signalling

in sister cells (Anderson and Stearns, 2009).

Proteins co-purifying with centrosomes were compared

with proteins reported in other proteomics studies

(Supplementary Table S4). The best overlap with 65 shared

proteins was found in the study of the mouse photoreceptor

sensory cilium complex (Liu et al, 2007). The shared proteins

indicate good coverage in both studies and suggest that a

large number of centrosomal proteins remain associated with

the basal body despite photoreceptor sensory cilium specia-

lization. The 32 proteins shared with the human spindle

proteome (Sauer et al, 2005) were mainly microtubule asso-

ciated and did not include novel candidates. In the course

of this study, several of the identified candidate proteins

were validated in protein–protein interaction and locali-

zation studies, for example by the Mitocheck consortium

(Hutchins et al, 2010). In particular, most of our previously

reported centrosomal candidates (Andersen et al, 2003) were

targeted for analysis with a positive outcome. This is also the

case for the human homologues of the Chlamydomonas

centriolar proteins POC1/WDR51, POC5/C5orf37, POC11/

CCDC77, POC18/WDR67, and POC19a/FAM161a (Keller

et al, 2005, 2009), which illustrates the evolutionary conser-

vation of centrosomal and cilia proteins. Global analyses of

phenotypes induced by knockdown using RNAi (Kittler et al,

2007; Neumann et al, 2010) provide functional insight for

several of the identified centrosomal proteins. Phenotypes

among the known centrosomal proteins were mainly

observed for proteins necessary for centrosome duplication

such as PLK4, CEP192, CEP135, and SAS-6, and for proteins

with a role in microtubule organization such as dynactins,

and subunits of the g-TuRC and HAUS complexes. Phenotypes

among the candidates include CCDC123, CCDC34, and

C7orf47, which appear to undergo apoptosis upon knock-

down, and WDR90 and CCDC21 having cell division defects.

In conclusion, the PCP-SILAC method presented here is a

generic method to better define the core protein composition

of single organelles and has the potential to classify proteins

to multiple structures within the cell simultaneously (Foster

et al, 2006; Lilley and Dunkley, 2008). The resulting data sets

facilitate future structural and functional experiments includ-

ing quantitative proteomics approaches to follow in time

how localizations, modifications, and interaction partners

change under different physiological conditions (Andersen

and Mann, 2006; Mann, 2006; Lam et al, 2007). Together with

the candidates identified by the HPA-antibody screen, it is our

hope that the centrosome proteome presented here will

provide functional leads to a better understanding of the

multitude of activities associated with this important cellular

structure.

Materials and methods

Cell culture and isotope labelling
Human lymphoblastic KE37 cells were grown asynchronously in
custom-synthesized RPMI 1640 medium at 371C, 5% CO2 in a
humidified incubator with normal L-lysine (Lys0) and L-arginine
(Arg0) or isotope-labelled L-lysine 2H4 (Lys4) or 13C6

15N2 (Lys8)
and L-arginine 13C6

14N4 (Arg6) or 13C6
15N4 (Arg10) (Sigma-Isotec,

St Louis, MO). The medium was supplemented with 10% dialysed
fetal calf serum (Gibco-Invitrogen), 100 U penicillin/ml, 100mg
streptomycin/ml, and 2 mM L-glutamine. The cells were cultured
for at least six cell divisions to fully incorporate the SILAC amino
acids for the PCP-SILAC experiments. Complete isotope incorpora-
tion is critical to avoid skewed distribution patterns in PCP-SILAC
experiments possible leading to false assignments. In separate
experiments, cells were pulsed-labelled with SILAC amino acids for
20 or 40 h to determine protein turnover.

Isolation of centrosomes
Centrosomes were isolated as described by Moudjou and Bornens
(1994), see supplemental methods. Centrosome-containing frac-
tions (0.4 or 0.5 ml) were identified by LC-MS of peptide mixtures
derived from in-solution digests of 25ml aliquots of each fraction
(see Supplementary data).

PCP-SILAC
The centrosome-containing fractions from unlabelled cells (Lys0)
were mixed to generate a matching internal standard. The
combined fractions were diluted with 10 mM Pipes buffer (pH 7.2)
and aliquots were added to fractions containing centrosomes from
SILAC-labelled cells (Lys8). Centrosomes from the resulting
samples were pelleted by centrifugation at 16 000 g for 15 min. In
an inverted labelling experiment, centrosomes from Lys8-labelled
cells were mixed as the matching internal standard and divided into
four fractions containing centrosomes from unlabelled cells. In a
separate double PCP-SILAC experiment, centrosomes from unla-
belled cells were mixed as the matching internal standard and
divided into the 2� 5 centrosome-containing fractions isolated from
Lys4þArg6-labelled cells and from Lys8þArg10-labelled cells.
Centrosomes from the final samples were pelleted by centrifugation
by centrifugation at 16 000 g for 15 min. The centrosomal proteins
were separated by SDS–PAGE (see Supplementary Figure S1A) and
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in-gel digested with endoprotease Lys-C or trypsin. The resulting
peptides were extracted and desalted for LC-MS analysis (see
Supplementary data).

MS and peptide identification
MS analysis was performed by LC-MS using an Agilent HP1100
system and a linear ion-trap Fourier-transform ion-cyclotron
resonance (LTQ-FT-ICR) or an LTQ-Orbitrap mass spectrometer
(Thermo Fisher) (see Supplementary data). Peak lists for protein
database searches (Human IPI version 3.52) were extracted from
the resulting data using MSQuant, an in-house developed open
source application (http://msquant.sourceforge.net/), or MAX-
Quant (version 1.0.12.16) (Cox and Mann, 2008). Both programs
were also used to calculate peptide enrichment ratio and to evaluate
the certainty in peptide identification and quantitation based on
Mascot score, false discovery rates, MS3 scoring (Olsen and Mann,
2004), or manual inspection. Initially all peptides with a Mascot
score of at least 15 were quantified automatically to include as
many peptides in all fractions as possible. Proteins included in
Table I are based on proteins identified by at least two unique
peptides and a false discovery rate of 0.01 derived by decoy
database searching (Cox and Mann, 2008). Tools for direct
evaluation of PCP-SILAC experiments were implemented in
MSQuant, including the display of protein enrichment profiles,
calculation of consensus profiles of selected proteins, and a score
for organelle classification (Supplementary Figure S2).

Statistical and bioinformatic analysis
The relative enrichment of quantifiable peptides in each of the
sucrose gradient fractions was calculated from the peak area of the
‘light/heavy’ isotope ratio for each single scan mass spectrum. For
each experiment, the median of log2 transformed peptide ratios was
computed for each protein in each fraction. Ratios of a ‘consensus
set’ of 32 known centrosomal proteins, against which all other
proteins were compared, were used to calculate an organelle
classification score (see Supplementary data). The relative abun-
dance of protein was estimated from the averaged intensities of all
peptide m/z signals associated with each protein in each fraction
and calculated as the centroid of the resulting abundance profiles.
The percentage of pulsed isotope labelling was calculated as
(1/((1/ratio)þ 1))� 100. ProteinCenter (Proxeon A/S) was used
for clustering of proteins identified across independent experiments
and for comparison with published data sets of proteins from
centrosome-related structures with 98–95% sequence homology.

Cloning, tagging, and expression of fluorescent proteins
Cell pools with N- or C-terminally tagged enhanced green fluores-
cent protein (EGFP) were generated using BAC TransgeneOmics as
previously described (Poser et al, 2008). For a smaller group of
selected candidates, cDNAs were obtained from the Kazusa DNA
Research Institute, Japan and cloned N- or C-terminally to EGFP by
using the Gateway cloning system (Invitrogen). U-2 OS cells were
cultured, transfected with the DNA constructs using calcium
phosphate precipitates, and grown in selection medium containing
G418 (1600mg/ml) to establish cell lines stably expressing EGFP-
tagged proteins.

Immunofluorescence microscopy
HeLa Kyoto cells stably expressing EGFP-tagged proteins were
cultured on glass coverslips and fixed in cold methanol (�201C) for
at least 5 min and rehydrated in phosphate buffered saline (PBS)
before blocking in 1% horse serum, 0.1% Tween-20 in PBS for
10 min. Cells were stained with anti a-tubulin or mouse anti

g-tubulin (GTU-88, Sigma) and goat anti-GFP antibody for 1.5 h
followed by the secondary donkey-anti-mouse Cy3 (Jackson
ImmunoResearch) and chicken-anti-goat Alexa 488 antibodies
(Invitrogen) in combination with DAPI for 1 h. hTERT-RPE1 cells
were serum starved for 48 h before fixation and staining with mouse
anti-acetylated tubulin (clone 6-11B-1, Sigma) together with HPA
antibodies at a final concentration of 2 mg/ml. In the HPA project,
immunofluorescence microscopy was systematically used to deter-
mine protein subcellular location in U-251 MG, A-431, and U-2 OS
cells using in-house produced antibodies, as previously described
(Barbe et al, 2008). The antibodies were epitope purified and have
been evaluated for specificity and assigned a reliability score
(supportive, uncertain, and not-supportive) in protein arrays,
western blot, immunohistochemistry, and immunofluorescence
microscopy. The validation data as well as the antigen sequence are
available in the HPA. See http://www.proteinatlas.org/about/assays+
annotation and http://www.proteinatlas.org/about/quality+scoring
for more information. Selected HPA candidates were also co-stained
with anti-g-tubulin antibodies in U-2 OS cells. Coverslips were
mounted on glass slides and imaged using a Zeiss Axiovert 200M
laser scanning confocal microscope LSM510 or a Zeiss CellObserve and
an Apochromat � 63 1.4 n.a. oil-immersion objective.

Software availability
MSQuant software is freely available under an open source licence
at http://msquant.alwaysdata.net/. MAXQuant is freeware avail-
able at http://www.maxquant.org/.

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