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Quantitative analysis of human centrosome
architecture by targeted proteomics and
fluorescence imaging
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Abstract

Centrioles are essential for the formation of centrosomes and cilia.
While numerical and/or structural centrosomes aberrations are
implicated in cancer, mutations in centriolar and centrosomal
proteins are genetically linked to ciliopathies, microcephaly, and
dwarfism. The evolutionarily conserved mechanisms underlying
centrosome biogenesis are centered on a set of key proteins,
including Plk4, Sas-6, and STIL, whose exact levels are critical to
ensure accurate reproduction of centrioles during cell cycle
progression. However, neither the intracellular levels of centro-
somal proteins nor their stoichiometry within centrosomes is
presently known. Here, we have used two complementary
approaches, targeted proteomics and EGFP-tagging of centrosomal
proteins at endogenous loci, to measure protein abundance in
cultured human cells and purified centrosomes. Our results
provide a first assessment of the absolute and relative amounts of
major components of the human centrosome. Specifically, they
predict that human centriolar cartwheels comprise up to 16
stacked hubs and 1 molecule of STIL for every dimer of Sas-6. This
type of quantitative information will help guide future studies of
the molecular basis of centrosome assembly and function.
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Introduction

A thorough understanding of any cellular process will ultimately

require precise quantitative information on the expression levels of

endogenous proteins under physiological conditions. Moreover,

information about the stoichiometry of proteins within multiprotein

complexes will be indispensable for modeling approaches that aim

at understanding the assembly and function of cellular organelles at

systems level. Comprehensive studies on the proteomes of cells,

tissues, or organisms have been reported (e.g. Addona et al, 2009;

Nilsson et al, 2010; Beck et al, 2011; Nagaraj et al, 2011; for review,

see Bensimon et al, 2012; Kulak et al, 2014; Wilhelm et al, 2014;

Hein et al, 2015; Richards et al, 2015), but accurate quantitative

information on proteins expressed at low levels remains scarce. As

a consequence, published estimates for the abundance of specific

proteins sometimes vary over several orders of magnitude.

Recent progress with targeted proteomics offers new opportuni-

ties for acquiring quantitative information about the absolute

amounts of individual cellular proteins (Picotti et al, 2009; Gillette &

Carr, 2013; Simicevic et al, 2013). In particular, selected reaction

monitoring (SRM) allows the detection of specific proteins in

complex mixtures with high sensitivity and over a broad dynamic

range (Picotti et al, 2009; Bauer et al, 2014). In parallel, EGFP-

tagging of endogenous proteins through genetic engineering offers

opportunities for quantifying fluorescence signals at specific sub-

cellular locations (e.g. Wu & Pollard, 2005; Bodor et al, 2014). Here,

we have used these methodologies for a quantitative analysis of key

proteins implicated in the duplication and function of human

centrosomes.

Centrosomes are the major microtubule organizing centers of

animal cells and typically comprise two centrioles embedded in a

matrix of pericentriolar proteins (PCM) (Gonczy, 2012; Conduit

et al, 2015). Centrioles are microtubule-based cylindrical structures

that display evolutionarily conserved ninefold symmetry (Azimzadeh

& Marshall, 2010; Hirono, 2014; Winey & O’Toole, 2014). Centro-

somes are important for organelle positioning, cell shape, polarity,

and motility, as well as chromosome segregation and cell division

(Nigg & Stearns, 2011; Bornens, 2012). In addition to their role in

nucleating centrosome assembly, fully mature centrioles also func-

tion as basal bodies for the formation of cilia and flagella (Ishikawa

& Marshall, 2011; Bornens, 2012). Numerical and structural aberra-

tions in centrioles and centrosomes have been implicated in human

disease, including cancer, microcephaly, dwarfism, and ciliopathies

(Nigg & Raff, 2009; Zyss & Gergely, 2009; Bettencourt-Dias et al,
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2011; Ishikawa & Marshall, 2011; Chavali et al, 2014; Jana et al,

2014; Gonczy, 2015).

In most proliferating cells, centrioles are duplicated exactly once

per cell cycle (Nigg, 2007; Firat-Karalar & Stearns, 2014). Critical for

centriole formation is the assembly of a cartwheel structure onto

which nine triplet microtubules are assembled (Gonczy, 2012;

Hirono, 2014). The centriole-associated PCM comprises more than

100 proteins, including many coiled coil proteins (Andersen et al,

2003; Jakobsen et al, 2011) that form a complex matrix (Fu &

Glover, 2012; Lawo et al, 2012; Mennella et al, 2012; Sonnen et al,

2012). Additional prominent PCM components include c-tubulin
ring complexes (c-TuRCs) crucial for microtubule nucleation

(Kollman et al, 2011; Teixido-Travesa et al, 2012), proteins impor-

tant for tethering duplicated centrosomes (Nigg & Stearns, 2011;

Agircan et al, 2014), as well as cell cycle regulators and signaling

molecules (Arquint et al, 2014). The assembly of PCM components

onto centrioles is regulated during cell cycle progression, with major

expansion of the matrix occurring in preparation of bipolar spindle

formation at the onset of mitosis (Woodruff et al, 2014; Conduit

et al, 2015).

In proliferating human cells, one new (daughter) centriole forms

at the G1/S transition in near-orthogonal orientation close to the

proximal end of each of the two G1-phase (mother) centrioles.

Centriole formation is initiated by the protein kinase Plk4 (also

known as Sak; Bettencourt-Dias et al, 2005; Habedanck et al, 2005),

which undergoes activation through trans-autophosphorylation at a

T-loop residue (Lopes et al, 2015). Steady-state cellular levels of

Plk4 are generally kept low through trans-autophosphorylation of a

DSG-motif and subsequent degradation by SCF-b-TrCP (Guderian

et al, 2010; Holland et al, 2010). Plk4 assembles at the surface

of mother centrioles through binding to Cep152 and Cep192

(Cizmecioglu et al, 2010; Hatch et al, 2010; Kim et al, 2013; Sonnen

et al, 2013; Park et al, 2014). However, at the site of daughter

centriole formation, the STIL protein binds, activates, and stabilizes

Plk4, and phosphorylation of STIL by Plk4 triggers the recruitment

of Sas-6 (Dzhindzhev et al, 2014; Ohta et al, 2014; Arquint et al,

2015; Klebba et al, 2015; Kratz et al, 2015; reviewed in Arquint &

Nigg, 2016). Sas-6 is a major component of the cartwheel and

contributes to confer ninefold symmetry (van Breugel et al, 2011;

Kitagawa et al, 2011; Guichard et al, 2013; Fong et al, 2014; Wang

et al, 2015). The protein CPAP gets recruited to promote the assem-

bly of microtubules onto the cartwheel (Tang et al, 2011a; Cottee

et al, 2013; Sharma et al, 2016), and this step is likely assisted by

Cep135 (the human homolog of Chlamydomonas Bld10) (Hirono,

2014). CPAP also cooperates with additional proteins, including

CP110, in determining the length of nascent centrioles (Kohlmaier

et al, 2009; Schmidt et al, 2009; Tang et al, 2009; Comartin et al,

2013; Lin et al, 2013; Sharma et al, 2016). Finally, centriole matura-

tion is completed by the acquisition of subdistal and distal appen-

dages (Paintrand et al, 1992; Tateishi et al, 2013).

Centriole biogenesis and maintenance of correct centrosome

numbers in proliferating cells critically depend on the exact levels of

the key duplication factors Plk4 (Bettencourt-Dias et al, 2005;

Habedanck et al, 2005), Sas-6 (Leidel et al, 2005; Strnad et al,

2007), and STIL (Tang et al, 2011b; Arquint et al, 2012; Vulprecht

et al, 2012). To fully understand the regulation of centriole duplica-

tion, it will thus be important to obtain quantitative data on the

abundance of these proteins under physiological conditions.

However, many centriolar and centrosomal proteins are anticipated

to be expressed at very low levels, so that reliable measurement

of their abundance represents a formidable task. Here, we have

combined targeted proteomics (based on SRM) with EGFP-tagging

of proteins at endogenous loci (through homologous recombination)

to determine the absolute amounts of a selected set of human

centriolar and centrosomal proteins. Our data provide information

about the abundance of regulatory and structural proteins and allow

us to make specific predictions about the quantitative architecture

of the human centrosome.

Results

Use of complementary approaches for measuring centrosome
protein abundance

Most reported large-scale proteomics studies do not fully address the

challenges associated with determining accurate quantitative infor-

mation for low abundance proteins. To measure the abundance of

centrosomal proteins, both within cell lysates and at purified centro-

somes, we therefore used a combination of approaches (see flowchart

in Fig 1). First, we used SRM to measure the absolute abundance of

selected proteins in whole lysates prepared from RPE-1 cells as well

as different transformed cell lines, including KE-37 (Fig 2A). Then,

SRM was used to determine the relative amounts of the same proteins

associated with centrosomes purified from KE-37 cells (Fig 2C). In

addition, label-free shotgun proteomics was used to assess the abun-

dance of more than 70 proteins associated with the same centrosome

preparations (Fig 3). In a complementary approach, EGFP-tagging of

endogenous alleles in RPE-1 cells was used to quantify the localized

abundance of c-tubulin, Sas-6, and STIL at different cell cycle stages

(Figs 4 and 5). Taken together, the results of this multipronged

approach provide a comprehensive overview of the cellular and

localized abundance of key centrosomal proteins.

Use of SRM to measure absolute protein abundance in cells

SRM relies on a three-step process, the selection of precursor ions in

a tandem mass spectrometer, the fragmentation of these ions in a

collision chamber, and the monitoring of selected fragment ions,

termed SRM transitions (Picotti & Aebersold, 2012). As an important

preparatory step, the SRM workflow requires the identification of

peptides, so-called proteotypic peptides (PTPs), that are distinctive

for a given protein and display high ionization efficiency, and the

validation of optimized transitions specific for each PTP (Picotti &

Aebersold, 2012). In pilot experiments, we identified the two most

suited PTPs for each centrosomal protein to be quantified

(Appendix Fig S1), as detailed in Appendix Fig S2, and acquired

isotope-labeled synthetic versions of these peptides (AQUA peptides;

Gerber et al, 2003). After using these heavy reference peptides for

optimizing collision energies for all selected SRM transitions, the

linear dynamic range, reproducibility, and quantification limits of

each SRM assay were thoroughly assessed through analyses of dilu-

tion series with whole human cell lysates (Bauer et al, 2014).

Although wide dynamic ranges were observed for all assays (> 4

orders of magnitude), extract fractionation by Off-Gel electrophore-

sis was required to further improve the sensitivity of SRM assays
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(Picotti et al, 2009) and allow confident detection and quantification

of the least abundant target proteins. By comparing transition

intensities of “heavy” reference peptides (spiked in known amounts

into tryptic digests prior to any fractionation) and their correspond-

ing “light” counterparts derived from endogenous proteins

(Appendix Fig S3), the abundance of endogenous proteins in whole-

cell extracts could be accurately determined (Bauer et al, 2014).

Having established an efficient SRM workflow (Appendix Fig

S2), the approach was applied to a core set of proteins implicated in

the centrosome duplication cycle, many of which were expected to

be expressed at low levels. The selected proteins include key regula-

tors of centriole duplication and components of the centriolar cart-

wheel (Plk4, Sas-6, STIL, Cep135), recruitment factors for Plk4

(Cep152 and Cep192), regulators of centriole length (CPAP, CP110),

and the key PCM component required for microtubule nucleation

(c-tubulin). We first used SRM to determine the absolute amounts

of the above proteins in lysates prepared from different cells lines

(Fig 2A and Table EV1). As expected (Holland et al, 2012), we

found that Plk4 is a low abundance protein, ranging from 1,200 to

5,000 copies/cell in KE37 and U2OS cells, respectively. Considering

that cultured human cells are estimated to harbor some 6–8 × 109

protein molecules per cell (Sims & Allbritton, 2007; Siwiak &

Zielenkiewicz, 2013), this attests to the exquisite sensitivity of SRM

and implies that we have detected one Plk4 polypeptide chain

against a background of > 106 protein molecules. To the best of our

knowledge, Plk4 has not previously been detected in any published

whole-cell proteomics study. In all cell lines analyzed, Cep152 and

Cep192 are more abundant than Plk4 (Fig 2A), consistent with the

notion that these proteins function as major Plk4 recruitment factors

at centrioles (Cizmecioglu et al, 2010; Hatch et al, 2010; Kim et al,

2013; Sonnen et al, 2013; Park et al, 2014). The PCM component

c-tubulin is much more abundant than any of the other proteins

analyzed here, ranging from 180,000 to more than 300,000 copies

per cell, depending on cell type. No correlation could be observed

with malignant transformation. For example, Cep192 is more abun-

dant in the non-transformed RPE-1 cells than in most cancer cells.

Conversely, Sas-6 is about 4 times more abundant in HeLa than in

RPE-1 cells. Of all proteins analyzed, Sas-6 shows the largest varia-

tion in expression, differing by as much as 6.5-fold between HeLa

and KE37 cells. Although this observation may appear surprising,

considering that Sas-6 is a key structural component of the centrio-

lar cartwheel (Gonczy, 2012; Hirono, 2014), it supports the view

that recruitment of Sas-6 to nascent centrioles is extensively

controlled by posttranslational mechanisms (Dzhindzhev et al,

2014; Keller et al, 2014; Ohta et al, 2014; Arquint et al, 2015; Kratz

et al, 2015). Similarly, although CPAP and CP110 have both been

implicated in controlling the length of centrioles (Kohlmaier et al,

2009; Schmidt et al, 2009; Tang et al, 2009), their abundance in dif-

ferent cell lines shows no correlation, arguing that their functions at

centrioles do not simply reflect protein concentration. Finally, we

note that most centrosomal proteins were least abundant in the

KE37 T-lymphoblastoid line, which is commonly used for centro-

some purification (Gosti-Testu et al, 1986; Andersen et al, 2003).

This most likely reflects the reduced cytoplasmic volume typical of

lymphocytes, rather than lower protein concentrations.

Use of SRM to measure relative protein abundance in
purified centrosomes

Having established absolute amounts of centrosomal proteins in a

number of cell lines, we next used SRM to determine the abundance

of proteins associated with centrosomes purified from KE37 cells

(Fig 2B and C). Centrosome purification could readily be monitored

by immunofluorescence microscopy (Fig 2B), but we cannot rigor-

ously exclude selective loss or artefactual association of individual

proteins during centrosome purification. Also, reliable measurement

of the exact number of centrosomes entering the mass spectrometer

proved difficult. Hence, our quantifications of protein abundance at

purified centrosomes refer a priori to relative rather than absolute

numbers of molecules per organelle. To predict absolute numbers,

we used a value of 1,340 molecules of c-tubulin per interphase

centrosome for calibration (Fig 2C). This value was derived from a

comparison of whole-cell SRM data with fluorescence measurements

performed on RPE-1 cells expressing one EGFP-tagged allele of

c-tubulin, as described in detail below (see Fig 4). The data

compiled in Fig 2 indicate that no straightforward correlation exists

between protein abundance in whole-cell extracts (Fig 2A) and

protein abundance at purified centrosomes (Fig 2C). This strength-

ens the notion that posttranslational mechanisms play an important

Figure 2A: 

Figure 2C: 

Figure 3: 

Figures 4 & 5: 

SRM (total cell lysates)

SRM (purified centrosomes)

Shotgun proteomics
 (purified centrosomes)

EGFP-tagging of
 endogenous alleles

Plk4, Cep192, Cep152, Sas-6, STIL, Cep135, CPAP, CP110, γ-Tub

Plk4, Cep192, Cep152, Sas-6, STIL, Cep135, CPAP, CP110, γ-Tub

>70 proteins

γ-Tub, Sas-6, STIL

RPE-1, U2OS, HeLa, KE37, 293T (asynchronous)

KE37 (asynchronous)

KE37 (asynchronous)

RPE-1 (cell cycle synchronization)

Figure 1. Strategies for measuring abundance of centrosomal proteins.
Schematic illustrates the use of different technologies for measuring the absolute
or relative abundance of centrosomal proteins in total cell lysates or purified
centrosomes. The flowchart refers to the main figures and also indicates the cell
lines and cell cycle stages analyzed in each experiment. Arrows on the right
emphasize the use of data from different experiments for comparison and
calibration.
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Figure 2. Abundance of centrosomal proteins in whole-cell lysates and purified centrosomes.

A The absolute abundance of centrosomal proteins in whole-cell lysates, prepared from asynchronous growing cells, was determined using SRM mass spectrometry
combined with stable isotope dilution. Copy numbers per cell were measured in three independent experiments. Because not all peptides could be detected in all
experiments, histograms show average values determined in those two measurements in which most peptides could be measured reliably. Results presented are
means � SEM. RPE-1 (non-transformed) cells were compared with various tumor-derived (U2OS, HeLa, KE37) or transformed cells (HEK293T). Note the different scale
for c-tubulin on the y-axis.

B Representative image showing centrosome preparation stained with antibodies to NEDD1 (green) and CP110 (red). Scale bar: 10 lm.
C Purified centrosomes from KE37 cells were analyzed by SRM with stable isotope dilution. Histogram a priori represents relative copy numbers per centrosome (results

presented are means � SEM). To predict protein abundance in absolute numbers (average number of copies/centrosome), data were normalized to 1,340 c-tubulin
molecules, that is the average number of c-tubulin per centrosome as deduced by combining SRM and EGFP fluorescence measurements (Figs 4 and 5). Bars for
Sas-6 and STIL are marked in red to indicate that the corresponding values should be approximately doubled to correct for the fact that some 50% of purified
centrosomes are derived from G1-phase cells that mostly lack these two proteins. Note the different scale for c-tubulin on the y-axis.
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role in determining the enrichment of individual proteins at centro-

somes. For example, Cep192 and Cep152 are similarly abundant in total

KE37 cell lysates (Fig 2A), but the number of centrosome-associated

Cep152 molecules exceeds that of Cep192 by a factor of more than

2 (Fig 2C). It is also remarkable that Cep135 is much more

abundant at purified centrosomes than either STIL or Sas-6 (Fig 2C).

Although this result may appear surprising when considering the

striking association of the Cep135 homolog Bld10 with the centriolar

cartwheel in Chlamydomonas (Matsuura et al, 2004; Hiraki et al,

2007), it falls in line with the observation that the bulk of human

Cep135 associates with the proximal ends of mother centrioles

rather than the cartwheels of daughter centrioles (Sonnen et al,

2012). Finally, and most interestingly, our data predict that Sas-6 is

about twice as abundant as STIL. At face value, the data predict 85

and 36 molecules/centrosome for Sas-6 and STIL, respectively.

However, these numbers represent an underestimate, because ~50%

of centrosomes purified from asynchronously growing KE37 cells are

derived from G1-phase cells. In contrast to most other proteins

analyzed here, including the protein used for calibration

(c-tubulin), both Sas-6 and STIL show marked cycle regulation and

very similar cell cycle profiles; as a consequence, they are barely

detectable at most G1-phase centrosomes (Strnad et al, 2007;

Arquint & Nigg, 2014; Keller et al, 2014). Thus, an approximate

doubling of the above numbers likely provides a better estimate of

the absolute abundance of Sas-6 and STIL on those centrosomes

(S and G2 phases) that are positive for these proteins, resulting in

170 and 72 molecules for Sas-6 and STIL, respectively. Importantly,

our conclusion that Sas-6 is about twice as abundant as STIL is valid

regardless of the correction factor used to compensate for cell cycle

effects.

Label-free quantification of proteins in centrosome preparations

To obtain quantitative information about a broader range of centro-

somal proteins, we subjected the above centrosome preparations to

shotgun proteomics and estimated protein abundance using the

iBAQ method (Schwanhausser et al, 2011; Arike et al, 2012; Ahrne

et al, 2013). Figure 3 and Table EV2 summarize the results for 73

core centrosomal proteins [including 58/61 proteins described in

Azimzadeh et al (2012)]. The results obtained by iBAQ and SRM

were generally in excellent agreement (Fig EV1E), confirming that

label-free quantification provides useful, albeit approximate, infor-

mation about protein abundance (Ahrne et al, 2013).

To facilitate comparisons of proteins with similar localizations

and/or functions, information was extracted from the iBAQ and

SRM quantification data for selected subsets of proteins (Fig EV1A–D),

notably appendage proteins (A), centrosomal linker proteins (B),

proteins involved in centriole length control (C), and core compo-

nents involved in MT nucleation (D). These analyses reveal that

most distal appendage proteins are of lower abundance than

components of subdistal appendages; furthermore, while distal

appendage proteins occur in nearly equal proportions, the
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Figure 3. Label-free quantification of centrosome preparations.
Centrosome preparations from KE37 cells were analyzed by shotgun proteomics
and relative protein abundances determined using the iBAQ shotgun proteomics
method. The iBAQ values were normalized with the trendline as obtained from
the SRM measurements (Fig EV1E), and c-tubulin was normalized to 1,340
copies/centrosome. A subset of centrosomal proteins is shown as described in
Azimzadeh et al (2012). Black bars represent the centrosome subset, and red bars
represent the values obtained by SRM. Results presented are means � SEM.
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the two centrosomes present at this cell cycle stage. Panels illustrate sum projections of the stacks from an original picture (left), a whole-cell mask (middle), and a
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B EGFP-tagged viral-like particles (GFP-VLP2/6) are used as a reference for quantification of c-tubulin-EGFP. The histogram shows the distribution of the total
fluorescence intensity associated with single GFP-VLP2/6; the two dashed lines delimit the population used for assigning an average fluorescence intensity value to
represent the 120 GFP molecules associated with each VLP2/6 particle (Charpilienne et al, 2001). The inset shows a sum projection of EGFP-VLPs fluorescence image.
Scale bar: 10 lm.

C Scatter plots show the numbers of c-tubulin molecules per centrosome determined by calibrations using either SRM measurements (n = 46 cells) or EGFP-VLP2/6
fluorescence (n = 40 cells). The black lines represent mean values; numbers � SEM are indicated on top of each scatter plot. P-values from t-tests are indicated as
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ª 2016 The Authors The EMBO Journal Vol 35 | No 19 | 2016

Manuel Bauer et al Quantitative analysis of human centrosomes The EMBO Journal

2157



abundance of subdistal appendage proteins differs by up to 10-fold.

With regard to centrosomal linker proteins, we were surprised to

find that putative structural proteins are barely more abundant than

Nek2, the kinase held responsible for their regulation. Concerning

proteins implicated in the control of centriole length, our data indi-

cate that POC5 and POC1B are 3–4 times as abundant as CPAP and

CP110 and that Cep120 is more abundant than its putative interac-

tion partners Spice1 and CPAP (Comartin et al, 2013), suggesting

the existence of separate Cep120-Spice1 and Cep120-CPAP

complexes. With regard to proteins implicated in MT nucleation, we

find that GCP2 and GCP3, the core components of the c-tubulin
small complex (c-TuSC), are of equal abundance, in line with struc-

tural data (Kollman et al, 2015). GCP5 and GCP6 are also present in

stoichiometric amounts, but about three times less abundant than

GCP2 or GCP3, and GCP4 is nearly twice as abundant as GCP5 and

GCP6, but only half as abundant as GCP2 and GCP3. Finally, three

proteins associated with the c-TuRC, Nedd1 (Haren et al, 2006;

Luders et al, 2006) and Mozart 1, and Mozart 2 (Hutchins et al,

2010; Teixido-Travesa et al, 2010) are similarly abundant as the

GCP2 and GCP3 core components of c-TuSC. These data extend

previous biochemical studies (Murphy et al, 2001; Choi et al, 2010)

and support the notion that multiple c-TuSCs associate with GCP4,

GCP5, and GCP6 into c-TuRCs (Kollman et al, 2011; Lin et al,

2015).

EGFP-tagging of endogenous proteins to measure localized
protein abundance

To obtain information about absolute numbers of proteins at

centrosomes, we complemented the above-mentioned mass spec-

trometry-based approaches by an independent, fluorescence-based

quantification strategy. Specifically, we used adeno-associated virus

(AAV) for homologous recombination (Berdougo et al, 2009) to

engineer EGFP reporter groups into one allele each of the endo-

genous genes coding for c-tubulin, Sas-6, and STIL in RPE-1 cells.

Tagging of these centrosomal proteins did not detectably affect

either cell growth or centriole numbers (Fig EV2). Following selec-

tion of clones expressing EGFP-tagged transgenes (Figs EV3A, EV4A

and EV5A), using either FACS (c-tubulin) or an excisable Neo resis-

tance cassette (Sas-6 and STIL), correct integration was ascertained

by PCR. Western blotting demonstrated an approximately 50%

reduction in the expression of the endogenous c-tubulin, Sas-6, and
STIL proteins (compared to parental RPE-1 cells) and expression of
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Figure 5. Abundance of centrosomal proteins through the cell cycle.
To determine the cell cycle dependence of centrosomal protein abundance by
fluorescence quantification, endogenously tagged RPE-1 cells were synchronized
as described under Materials and Methods (see also Fig EV5D).

A–C Top panels: RPE-1 cells expressing (endogenous) c-tubulin-EGFP (A),
Sas-6 (B), or STIL (C) at the indicated cell cycle stages. Fluorescence
images of representative cells are shown as maximum projections. Scale
bars: 10 lm. Bottom panels: Fluorescence quantifications were
performed using the EGFP-VLP2/6 method for calibration. Scatter plots
represent the number of c-tubulin (A), Sas-6 (B), or STIL (C) molecules per
centrosome at the indicated cell cycle stages. The black lines represent
mean values; numbers � SEM are indicated on top of each scatter plot.
The following numbers of cells were analyzed in early S phase: c-tubulin:
45, Sas-6: 43, STIL: 79; in late S/G2 phase: c-tubulin: 45, Sas-6: 46, STIL:
68; in late G2 phase: c-tubulin: 48, Sas-6: 48, STIL: 68; and in early
mitosis: c-tubulin: 31. Note that fluorescence images were recorded
using identical settings. P-values from t-tests are indicated as follows:
***P < 0.001, **P = 0.001–0.01, *P = 0.01–0.05, and ns P > 0.05.
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the EGFP-tagged counterparts at approximately equal levels

(Figs EV3B, EV4B and EV5B). Moreover, fluorescence microscopy

demonstrated centrosomal localization of all three EGFP-tagged

proteins, c-tubulin, Sas-6 and STIL (Figs EV3C, EV4C and EV5C),

and EGFP-tagged c-tubulin and endogenous c-tubulin showed simi-

lar enrichments in centrosome fractions (Fig EV3D). We conclude

that EGFP-tagging through homologous recombination did not inter-

fere with the expression or subcellular localizations of the corre-

sponding proteins, supporting the assumption that EGFP signals

recovered from tagged proteins represent roughly 50% of the corre-

sponding protein at any given location.

To quantify the number of EGFP-tagged c-tubulin molecules at

centrosomes, we first analyzed RPE-1 cells that had been synchro-

nized in G2; this allowed for a clear distinction of the two centro-

somes present at this cell cycle stage. Quantification was then

performed using two independent, complementary approaches.

First, EGFP signals were measured in three-dimensional space,

using masks to integrate fluorescence intensities over the entire

cells or the duplicated centrosomes only (Fig 4A). This analysis

suggests that only a small fraction of the total cellular c-tubulin,
only ~1%, is associated with a G2-phase centrosome doublet (see

Materials and Methods). Although this number may appear

surprisingly small, we note that a previous cell fractionation study

also concluded that at least 80% of c-tubulin exists in a cytosolic

pool (Moudjou et al, 1996). Knowing from SRM measurements

that the signal intensity measured for whole RPE-1 cells corre-

sponds to about 257,000 copies of c-tubulin, the relative signal

intensity at G2 centrosome doublets implies that each of the two

centrosomes harbors 1,383 (+/� 44) copies of c-tubulin (Fig 4C).

To corroborate this estimate by a second, independent method for

determining EGFP signal intensity at centrosomes, we used EGFP-

tagged virus-like particles (VLPs) for calibration of fluorescence

signals (Fig 4B). Taking into account that the signal emanating

from a typical VLP particle represents 120 molecules (Charpilienne

et al, 2001; Dundr et al, 2002), we calculate that centrosomes typi-

cally harbor about 1,290 (+/� 46) c-tubulin molecules. Thus, the

two methods for EGFP quantification yield remarkably similar

results and point to a mean of approximately 1,340 (+/� 32)

copies of c-tubulin per interphase centrosome (Fig 4C). Hence, this

number had been used for calibration of protein abundance at

purified centrosomes (see above).

The availability of cell lines expressing endogenously EGFP-

tagged centrosomal proteins offered a straightforward approach for

measuring centrosomal protein abundance as a function of cell

cycle progression. Following synchronization of the three tagged

RPE-1 lines at different cell cycle stages, centrosome-associated

EGFP signals were quantified using the VLP particles for standard-

ization. Levels of c-tubulin at centrosomes remained fairly

constant at about 1,200 molecules during G1, S and G2 phases,

but increased approximately 3.5-fold at the G2 to M transition

(Fig 5A). This is fully consistent with data demonstrating that

c-tubulin is recruited to centrosomes in preparation of spindle

formation at the onset of mitosis (Zheng et al, 1991; Lajoie-

Mazenc et al, 1994; Lane & Nigg, 1996; Khodjakov & Rieder,

1999). Similarly, the number of Sas-6 molecules at centrosomes

rose from ~346 in G1/S arrested cells to 440 in G2/M cells

(Fig 5B) and those of STIL from 167 to 318 (Fig 5C). Neither Sas-

6-EGFP nor STIL-EGFP could be detected at centrosomes in mitotic

cells (Fig 5B and C), consistent with ubiquitin-dependent proteo-

lytic degradation of both proteins (Strnad et al, 2007; Tang et al,

2011a; Arquint et al, 2012; Vulprecht et al, 2012; Arquint & Nigg,

2014).

Assuming that 25% of cells are typically in late G2 (Keller et al,

2014), a weighted average of the above numbers results in 383

and 212 molecules of Sas-6 and STIL, respectively, per S- and

G2-phase centrosome. Because total cellular fluorescence of Sas-6

and STIL was too weak to be measured, these values could not be

corroborated by comparing EGFP signal intensity with SRM data.

This notwithstanding, these results support our conclusion that

centrosome-associated Sas-6 is about twice as abundant as STIL.

Furthermore, they are reasonably similar to the values inferred for

Sas-6 (170 molecules) and STIL (72 molecules) on purified S- and

G2-phase KE37 centrosomes (after calibrating data to 1,340 mole-

cules of c-tubulin; Fig 2C). Taking the average of the two

approaches, our data indicate that S- and G2-phase centrosomes

harbor approximately 276 copies of Sas-6 and about 142 copies of

STIL. Together with corresponding estimates for many more

centrosomal proteins (Fig 3), these numbers set the stage for

approaching the assembly and architecture of this organelle from a

quantitative perspective.

Discussion

To fully understand, and ultimately model, any complex biological

process in mechanistic terms, it will be necessary to obtain quantita-

tive information on the abundance and dynamics of all participant

components. Although impressive progress has been made toward

the characterization and quantification of comprehensive transcrip-

tomes, proteomes, and interactomes, it often remains difficult to

precisely quantify the abundance of individual proteins, particularly

if these are expressed at low levels. Further compounding this chal-

lenge are frequent posttranslational modifications, and temporal

changes in expression and/or subcellular localization. Most of the

centrosomal proteins studied here are expected to be expressed at

low levels, and information about their abundance remains scarce.

In comprehensive proteomics studies, key regulators of centriole

duplication, including Plk4, Sas-6, and STIL, were barely detectable,

if they were detected at all (Beck et al, 2011; Nagaraj et al, 2011).

For example, one extensive mass spectrometry-based analysis of

U2OS cells concluded that Sas-6 is expressed at fewer than 500

copies per cell (Beck et al, 2011). In striking contrast, an antibody-

based study, correlating immunofluorescence signal intensities with

semi-quantitative Western blotting in the same cell line, estimated

Sas-6 to be present at 185,000 copies in early S phase and 885,000

copies in late G2 phase (Keller et al, 2014). Such discrepancies in

estimates, differing by several orders of magnitude, clearly docu-

ment the need for quantitative approaches that are focused on

specific proteins of interest.

SRM mass spectrometry in combination with stable isotope

dilution is a powerful approach for protein quantification and

offers major advantages over antibody-based strategies (Addona

et al, 2009). Not only does the method circumvent the need for

antibody production, but it also provides information about abso-

lute rather than relative amounts of protein. However, to reliably

detect and quantify low abundance centrosomal proteins from cell
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extracts, we found that sample fractionation was inevitable. This

resulted in large numbers of mass spectrometry runs and made it

impractical to use SRM for monitoring expression profiles through

the cell cycle. To partially alleviate these limitations and at the

same time increase confidence in the accuracy of our estimates,

we have combined SRM measurements with a second, indepen-

dent approach centered on EGFP-tagging of endogenous proteins.

Microscopy-based protein quantification through measurement of

fluorescence intensity offers exquisite spatial and temporal resolu-

tion. Moreover, analysis of endogenous proteins tagged through

homologous recombination minimizes concerns related to non-

physiological expression of tagged transgenes. However, possible

interference of the fluorescent tag with protein function remains a

concern. In addition, quantitative measurements of fluorescence

signals are complicated by photo-bleaching, quenching of signal

intensity, and the difficulty of dependable standardization

(Joglekar et al, 2008; Lawrimore et al, 2011; Coffman & Wu,

2012). Thus, we are reassured by the good concordance between

results obtained through use of the two complementary

approaches.

Plk4, the master regulator of centriole duplication, has gener-

ally been difficult to detect, leading to the assumption that this

kinase is expressed “at low levels”. Our measurements now allow

us to put a specific number to this term. Levels of Plk4 are

remarkably similar in all cells analyzed, in line with the notion

that human Plk4 is subject to tight autoregulation through prote-

olytic degradation (Guderian et al, 2010; Holland et al, 2010).

STIL is expressed at similarly low levels as Plk4, but expression

of Sas-6 shows surprisingly high variation between cell lines.

Considering that STIL and Sas-6 are very low during most of G1

phase, an approximate doubling of the measured values likely

provides a realistic estimate for S- and G2-phase cells. For U2OS

cells, we thus estimate that Sas-6 levels may reach roughly

50,000 copies per S- and G2-phase cell. This number is about 10

times lower than a previous estimate (Keller et al, 2014). We

cannot definitively explain this discrepancy, but would surmise

that a combination of mass spectrometry-based SRM with EGFP-

tagging of endogenous centrosomal proteins is more likely to

produce accurate results than a combination of immunofluores-

cence staining with semi-quantitative Western blotting. In any

case, it might in future be rewarding to explore whether deregula-

tion of Sas-6 may contribute to numerical and/or structural

centrosome aberrations in human tumors.

As expected, the PCM component c-tubulin is expressed at more

than 10 times higher levels than most other proteins analyzed here,

ranging from 180,000 to 320,000 copies per cell, depending on cell

line. These values are in good agreement with estimates reported

in previous large-scale proteomics studies (Nagaraj et al, 2011;

Kulak et al, 2014; Hein et al, 2015), and this adds confidence to

our use of c-tubulin data for calibration purposes. Also, we empha-

size that although this calibration is critical for calculations of

exact absolute copy numbers, any future correction of c-tubulin
abundance would not affect relative numbers or any of the major

conclusions.

As detailed in the Results section, our data make several predic-

tions of biological relevance. These relate to the stoichiometry of

c-TuRCs, the composition of subdistal and distal appendages, intra-

centriolar linker structures, as well as proteins implicated in

centriole length control. Most intriguing are the implications of our

quantitative data for cartwheel structure in human centrioles. First

and foremost, our data predict that cartwheels comprise one mole-

cule of STIL for every Sas-6 dimer. It will be interesting to see

whether future structural studies confirm or refute this prediction.

Second, our data allow us to make a prediction on the number of

stacked hubs in the cartwheels of human centrioles. Because visual-

ization of cartwheels by electron microscopy has proven difficult in

human cells, the number of stacks is unknown. Considering that

each stacked hub is predicted to comprise 18 molecules (nine

dimers) of Sas-6 (van Breugel et al, 2011; Kitagawa et al, 2011), our

prediction of 276 molecules of Sas-6 per cartwheel-containing centri-

ole theoretically allows for the assembly of 15–16 stacks. This likely

represents an upper limit, because not all Sas-6 and STIL proteins

are necessarily assembled into cartwheels at all times (Fong et al,

2014; Keller et al, 2014) and we also recognize that the number of

stacks may differ between cell types. Nevertheless, it is interesting

to compare our prediction with estimates of cartwheel thickness,

albeit collected from centrioles of different organisms. Electron

microscopy and cryo-electron tomography suggest that cartwheels

in most species display a thickness in the order of 100 nm (Dippell,

1968; Cavalier-Smith, 1974; Nakazawa et al, 2007; Guichard et al,

2012, 2013; O’Toole & Dutcher, 2014). A similar value (60–150 nm)

was reported in a recent study using 3D-STORM imaging of stable

Sas-6-positive structures, likely reflecting cartwheels, in detergent-

extracted human U2OS cells (Keller et al, 2014). Assuming that

stacked hubs display a vertical periodicity of 8.5 nm (Kitagawa

et al, 2011; Guichard et al, 2012, 2013; Li et al, 2012), a cartwheel

thickness of 60–150 nm would thus allow for ~7–17 stacks. These

numbers, albeit tentative, are encouragingly close to our estimate of

15–16 stacked hubs per cartwheel.

From a more general perspective, our study demonstrates that

protein abundance at centrosomes does not scale with protein abun-

dance in total cell lysates. This underscores the importance of post-

translational mechanisms for regulating centrosome assembly.

Nevertheless, in view of the striking structural centrosome aberra-

tions that are commonly observed in tumor cells (Lingle et al, 2002;

Guo et al, 2007; Schnerch & Nigg, 2016), it may be rewarding to

study whether massively enlarged centrosomes can be attributed to

upregulation of critical matrix proteins (Woodruff et al, 2015).

Recent evidence suggests that many non-membrane-bound orga-

nelles, including centrosomes, display properties of liquids (Hyman

et al, 2014), and protein concentration is expected to influence these

processes. In particular, coalescence of matrix molecules into

droplet-like assemblies may play a crucial role in the control of

centrosome size (Brangwynne, 2013).

In conclusion, our study has addressed the challenges associated

with extracting accurate quantitative information on key centro-

somal proteins. It provides insight into the abundance of these

proteins in human cells, as well their general stoichiometry within

the human centrosome. This quantitative information provides a

benchmark for validation of structural studies, and it will hopefully

guide future biochemical and mechanistic studies. We anticipate

that future modeling of centrosome assembly in time and space will

require additional quantitative data, including detailed information

on splice forms and proteins carrying specific posttranslational

modifications. Acquisition of such data will almost certainly require

major technological breakthroughs.
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Materials and Methods

Cell culture and synchronization

Both wild-type and genetically engineered TERT-immortalized

human retinal pigment epithelial (RPE-1) cells were cultured in

DMEM:F12 (Sigma-Aldrich, St. Louis, MO, USA) supplemented

with 10% FCS (Life technologies, CA, USA), 2 mM glutamine

(Sigma-Aldrich, St. Louis, MO, USA), 0.26% sodium bicarbonate

(Sigma-Aldrich, St. Louis, MO, USA), and Pen/Strep 100 lg/ml (Life

technologies, Carlsbad, CA, USA). HeLa S3, U2OS, and HEK293T

cells were grown in DMEM–Glutamax medium (Life technologies,

Carlsbad, CA, USA), 10% FCS, and KE37 cells in DMEM medium

containing 0.1% Pluronic solution and 10% FCS. Cells were main-

tained in a 37°C incubator with 5% CO2 and regularly tested for

mycoplasma. Cell cycle synchronization was carried out as follows:

to obtain an early S-phase population, cells were treated for 18 h

with 5 mM thymidine (Sigma-Aldrich, MO, USA); a late S/G2 popu-

lation was prepared by arresting cells for 18 h with 5 mM thymidine

and then releasing them for 3 h into fresh medium; for a late G2

population, cells were treated for 18 h with 10 lM RO-3306 (Merck

Millipore, Darmstadt, Germany); for arrest in early mitosis, cells

were arrested with 10 lM RO-3306 for 18 h and then released for

2 h into 50 nM nocodazole (Sigma-Aldrich, MO, USA).

Western blotting

Cells were washed in PBS and lysed in the following buffer: 50 mM

Tris–HCl, pH 7.4, 0.5% IGEPAL (Sigma-Aldrich, St. Louis, MO,

USA), 150 mM NaCl, 1 mM DTT, 5% glycerol, 50 mM NaF, 1 mM

PMSF, 25 mM b-glycerophosphate, 1 mM vanadate, Complete Mini

Protease Inhibitor Cocktail (Roche Diagnostics, Basel, Switzerland).

Proteins were then resolved by SDS–PAGE and transferred onto a

nitrocellulose membrane. Primary antibodies were directed against

a-tubulin (clone DM1A, 1:5,000; Sigma-Aldrich, St. Louis, MO,

USA), c-tubulin (clone GTU-88, 1:5,000; Sigma-Aldrich, St. Louis,

MO, USA), GFP (ab290; 1:5,000; Abcam, Cambridge, UK), STIL

(ab89314, 1:2,000; Abcam, Cambridge, UK), Sas-6 (Kleylein-Sohn

et al, 2007), CP110 (1:2,000, Schmidt et al, 2009), cyclin A (1:2,000,

Maridor et al, 1993), cyclin B1 (05-373, 1:2,000, Merck Millipore,

Darmstadt, Germany), and phospho-histone H3/serine 10 (3377,

1:1,000, Cell Signaling Technology, Danvers, MA, USA); secondary

antibodies were HRP-conjugated anti-mouse immunoglobulin (170-

6516, 1:3,000, Bio-Rad, Hercules, CA, USA) or anti-rabbit

immunoglobulin (170-6515, 1:3,000, Bio-Rad, Hercules, CA, USA).

rAAV-mediated gene targeting

Homology arms to human c-tubulin (TUBG1), human STIL (STIL),

and human Sas-6 (SASS6) genes were amplified from hTERT-RPE-1

genomic DNA using PfuUltra II (Agilent technologies, Santa Clara,

CA, USA). Targeting constructs were obtained by four-piece DNA

ligation with a NotI-digested pAAV vector backbone, the two homo-

logy arms and the coding sequence of EGFP (fused to a neomycin-

resistant cassette where indicated). For details, see Figs EV3–EV5.

Production of recombinant adenovirus-associated virus (rAAV)

particles and infection of cells were carried out as described previ-

ously (Berdougo et al, 2009; von Schubert et al, 2015). To establish

the c-tubulin-EGFP cell line, a FACSAria IIIu (BD Biosciences, San

Jose, CA; USA) was used to isolate cells based on fluorescence.

Specifically, a 514/30 nm bandpass filter was used against a

585/42 nm bandpass filter to discriminate between positive cells

and background fluorescence. Cells were recovered on a 96-well

plate and positive cells screened by fluorescence microscopy.

For isolation of cell lines harboring EGFP-tagged STIL and Sas-6,

fluorescence signals were too weak to permit sorting by FACS.

Thus, STIL-EGFP and Sas-6-EGFP lines were generated using

neomycin selection, as described previously (Kohli et al, 2004). In

brief, neomycin-resistant clones were screened by PCR on genomic

DNA for correct integration. Then, the neomycin cassette was

removed using an adenovirus-expressed Cre recombinase (Vector

Biolabs, Malvern, PA, USA), and clones were isolated by serial dilu-

tion (loss of resistance to G418 was confirmed by replica plating).

Finally, positive cells were confirmed by fluorescence microscopy.

Microscopy and quantification of fluorescence

Cells were grown on l-Slide 8-well slides (Ibidi, Martinsried,

Germany) and imaged in DMEMGFP-2 medium (Evrogen, Moscow

Evrogen, Russia). All imaging was performed with a confocal

spinning-disk microscope (Intelligent Imaging Innovations, Denver,

CO, USA) based on a Zeiss Axio Observer stand equipped with CSU-

X1 head (Yokogawa), a Photometric Evolve 512 back-illuminated

EMCCD camera, and a 63x/NA1.4 Plan-Apochromat objective. For

interphase cells, 50 Z sections of 0.27 lm were taken with 50 ms

exposure time; for mitotic cells, 100 Z sections were taken to cover

the whole cell. For quantification of fluorescence, two methods were

used. In a first method, SRM data were used to calibrate signal

intensities. For this approach, masks covering either a whole cell or

a centrosome were generated in ImageJ based on intensity thres-

holding using the “3D objects counter” plugin. The integrated fluo-

rescence intensity obtained after background subtraction for the

whole cell was then correlated with the corresponding protein copy

number obtained by SRM measurements, and the integrated fluores-

cence intensity obtained for the centrosome (1.076% of total fluo-

rescence) allowed us to calculate the percentage of total protein

associated with this structure. In a second method, fluorescence

was calibrated by comparison to fluorescently labeled virus parti-

cles. To this end, GFP-VLP2/6 virus-like particles (stored in 20 mM

PIPES, 10 mM CaCl2, 500 mM CsCl, pH 6.8) were diluted 900-fold

into 60 mM PIPES 27.3 mM Hepes, 10 mM CaCl2, pH 6.8), spun

onto l-Slide 8-well slides coated with poly-L-lysine (Ibidi, Martin-

sried, Germany), and imaged with the same settings as described

above. The integrated fluorescence intensity was again obtained

using “3D objects counter” from ImageJ. After background subtrac-

tion, the different values obtained from ~1,000 VLP were binned

into a distribution histogram. A subpopulation, representing roughly

60% of all VLP measurements and falling within a twofold range of

intensity, was then averaged. The resulting value was then attrib-

uted to the 120 VLP-associated copies of GFP molecules and used

for calibration of cellular and centrosomal GFP signals.

Mass spectrometry: SRM analysis of cells

The development of SRM assays is described in detail in

Appendix Fig S1. For SRM analysis of whole-cell lysates, cells were
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trypsinized, washed with PBS, and counted using a Scepter 2.0 cell

counter (Merck Millipore, Darmstadt, Germany). After low-speed

centrifugation, cell pellets were lysed in lysis buffer [0.1 M ammo-

nium bicarbonate, 8 M urea, 0.1% RapiGest (v/v)], subjected to

three cycles of 30 s sonication and 5 min vortexing at 25°C. Follow-

ing centrifugation at 20,000 g for 5 min at 4°C, supernatants were

analyzed for protein content using the BCA assay (Pierce, Fisher

Scientific, Perbio Science Switzerland SA, Lausanne, Switzerland).

About 0.5–1 mg of protein was diluted with lysis buffer to a final

concentration of 2.5 lg/ll. Samples were reduced in 5 mM TCEP

(tris-2-carboxyethyl-phosphine) at 37°C for 60 min, alkylated in

10 mM iodoacetamide at 25°C for 30 min in the dark, and incubated

in 12.5 mM N-acetylcysteine at 25°C for 10 min. Samples were then

diluted 1:4 with 0.1 M ammonium bicarbonate and digested over-

night with trypsin (Promega, Madison, WI, USA) at an enzyme-to-

substrate ratio of 1:20 (w/w). The samples were supplemented with

250 fmol/mg of AQUA peptides (Thermo Scientific, Waltham, MA,

USA), before digestion was stopped and RapiGest was cleaved with

0.5% trifluoroacetic acid and 50 mM HCl. After centrifugation at

20,000 g for 5 min at 4°C, peptides in the supernatant were desalted

by solid-phase extraction according to the manufacturer’s instruc-

tions (C18 Sep-Pak Vac columns, Waters, Baden-Dättwil, Switzer-

land). Purified peptides were dried at 45°C under vacuum and

resuspended in 200 ll of 10% ACN/90% water (v/v) and subjected

to Off-Gel electrophoresis (OGE) using 24-cm strips with a pH range

from 3 to 10 (3100 OFFGEL Fractionator, Agilent technologies, Santa

Clara, CA, USA). The 24 OGE fractions were purified using micro-

spin solid-phase extraction C18 columns according to the manufac-

turer’s instructions (The Nest Group, Southborough, MA, USA),

dried at 45°C under vacuum, resuspended in an aqueous solution

containing 5% ACN/0.15% formic acid, and subjected to SRM anal-

ysis in a TSQ Vantage mass spectrometer (Thermo Scientific,

Waltham, MA, USA) as recently described (Bauer et al, 2014). Cycle

time was set to 2 s resulting in a dwell time of 20 ms per transition.

The transition lists with optimized collision energies for all peptides

were reported previously (Bauer et al, 2014). Ratios between heavy-

labeled AQUA peptides and light endogenous peptides were

determined using the Skyline software (MacLean B. et al, Bioinfor-

matics, 2010; version 1.3). Notably, the transition intensities of

peptides found across multiple fractions were summed before ratio

calculation. For each protein, except Cep152, two peptides were

used and average values determined; in case of Cep152, only one

peptide (INEVLAAAK) recognized both long and short isoforms

(Sonnen et al, 2013).

Mass spectrometry: SRM analysis of purified centrosomes

Centrosomes were purified as described previously (Bornens &

Moudjou, 1999; Andersen et al, 2003). For analysis by immunofluo-

rescence microscopy, 20 ll of the centrosomal fraction was diluted

in 5 ml of 10 mM PIPES, pH 7.2 and spun onto coverslips at

23,600 g for 10 min at 4°C in a HB4 rotor. Coverslips were fixed in

methanol at �20°C for 10 min, washed with PBS/0.1% Tween-20,

blocked for 30 min with PBS/0.1% Tween-20/0.5% BSA, and

incubated with anti-centrosome antibodies diluted in PBS/0.1%

Tween-20/0.5% BSA for 90 min. After three washes with PBS/0.1%

Tween-20, the coverslips were mounted on glass slides and imaged

using a 3i spinning-disk confocal microscope. For analysis by mass

spectrometry, 30–50 ll of the centrosomal fraction was supple-

mented with 10 M urea/0.1 M ammonium bicarbonate/0.1%

RapiGest to a final concentration of 8 M urea. Samples were then

subjected to three cycles of 30 s sonication and 5 min vortexing at

25°C, and lysates were digested with 1:500 (w/w) enzyme-to-

substrate ratio endoproteinase LysC (Wako Diagnostics, Richmond,

VA, USA) for 4 h at 37°C. Lysates were then diluted 1:4 with 0.1 M

ammonium bicarbonate and digested with trypsin (Promega,

Madison, WI, USA) 1:20 (w/w) enzyme-to-substrate ratio for 12 h at

37°C. The samples were supplemented with 10 fmol of AQUA

peptides (Thermo Scientific, Waltham, MA, USA). The digestion was

stopped, and RapiGest was cleaved with 0.5% trifluoroacetic acid

and 50 mM HCl. After centrifugation at 20,000 g for 5 min at 4°C,

peptides in the supernatant were desalted by solid-phase extraction,

purified using macro-spin solid-phase extraction C18 columns

according to the manufacturer’s instructions (The Nest Group, South-

borough, MA, USA), dried at 45°C under vacuum, resuspended in an

aqueous solution containing 5% ACN/0.15% formic acid, and

subjected to SRM analysis in a TSQ Vantage mass spectrometer or

shotgun analysis in a LTQ Velos mass spectrometer as described

below (both Thermo Scientific, Waltham, MA, USA). Ratios between

heavy-labeled AQUA peptides and light endogenous peptides were

determined using the Skyline software (MacLean et al, 2010).

Mass spectrometry: shotgun LC-MS analysis of
centrosome preparations

The centrosome preparations were analyzed by shotgun proteomics

as described previously (Glatter et al, 2012) with minor modifi-

cations. The hybrid Orbitrap-Velos mass spectrometer was

interfaced to a nanoelectrospray ion source coupled online to an

Easy-nLC 1000 system (all Thermo Scientific, Waltham, MA, USA).

About 1 lg of peptides was separated on a RP-LC column

(75 lm × 50 cm) packed in-house with C18 resin (Reprosil-AQ Pur,

1.9 lm; Dr. Maisch) using a linear gradient from 95% solvent A

(98% water, 2% acetonitrile, 0.15% formic acid) and 5% solvent B

(98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B

over 180 min at a flow rate of 0.2 ll/min. Each survey scan

acquired in the Orbitrap at 60,000 FWHM was followed by 20 MS/

MS scans of the most intense precursor ions in the linear ion trap.

Preview mode was enabled, and dynamic exclusion was set for

60 s. Charge state screening was employed to select for ions with at

least two charges and rejecting ions with undetermined charge state.

The normalized collision energy was set to 32%, and one microscan

was acquired for each spectrum. Notably, two LC-MS analyses were

carried out per sample.

For data analysis, the acquired raw files were imported into

the Progenesis LC-MS software (v4.0, Nonlinear Dynamics

Limited), which was used to extract peptide precursor ion intensi-

ties across the samples applying the default parameters. The

generated mgf-files were searched using MASCOT (Matrix Science,

version 2.4) against a decoy database (consisting of forward and

reverse protein sequences) of the predicted SwissProt entries of

Homo sapiens (www.ebi.ac.uk, release date 16/05/2012) and

commonly observed contaminants (in total 41,250 sequences)

generated using the SequenceReverser tool from the MaxQuant

software (version 1.0.13.13). The search criteria were set as

follows: Full tryptic specificity was required (cleavage after lysine
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or arginine residues, unless followed by proline); two missed

cleavages were allowed; carbamidomethylation (C) was set as

fixed modification; oxidation (M) was applied as variable modifi-

cations; mass tolerance of 10 ppm (precursor) and 0.6 Da (frag-

ments). The database search results were filtered using the ion

score to set the false discovery rate (FDR) to 1% on the peptide

and protein level, respectively, based on the number of reverse

protein sequence hits in the datasets. After normalizing the quan-

titative data of the technical replicates using the SafeQuant soft-

ware tool (Glatter et al, 2012), the summed precursor intensities

obtained from Progenesis for each centrosome preparation were

aligned with the absolute protein concentrations determined by

SRM analysis according to the iBAQ method (Schwanhausser

et al, 2011), respectively. The resulting models were applied to

estimate absolute protein levels for all proteins quantified in two

centrosome preparations, and data were combined by calculating

mean protein levels.

Mass spectrometry: accession codes

The raw mass spectrometric data used in this study and the Mascot

analysis files are available via ProteomeXchange (accession code

PXD003927).

Expanded View for this article is available online.
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