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SUPPLEMENTAL FIGURES

Fig. S1. Schematic outline of the double PCP-SILAC method. (A) We explored the
ability of PCP-SILAC to profile simultaneously the enrichment of proteins in two
independent centrosome preparations using a third preparation as a common internal
standard. The correlated distributions between two different gradients were shown to
further increase the confidence in organelle classification. In the double PCP-SILAC
experiment, three cell populations were labeled with different isotopes. The centrosome-
containing fractions prepared from unlabeled cells were mixed and used as the common
internal standard for the corresponding fractions prepared from each of the two labeled
cell populations. (B) SDS-PAGE separation of centrosomal proteins from the PCP-
SILAC experiment based on 2 four centrosome containing fractions (see Fig. 2E, F). (C)
The centrosome-containing fractions chosen for the PCP-SILAC experiments were
identified by LC-MS analysis of peptide mixtures derived from in-solution digests of
aliquots taken from each fraction. In the case shown here, centrosomal proteins were
profiled across 10 fractions by averaging the signal intensity of 1158 peptides from 42
centrosomal proteins. These data show that the centrosomes elute in a limited number of

fractions.

Fig. S2. Quantitation and organelle classification of proteins by the program MSQuant.
(A) Quantitation window for Rootletin with a list of peptides assigned to each fraction
where the enrichment ratios medium/light and heavy/light for the double PCP-SILAC
experiments is shown in the columns labeled 2/1 and 3/1, respectively, followed by their
corresponding standard deviation. The program also provide a list of mass spectra data
for the quantified peptides, a mass spectrum of the peptide VEAEGQLQQLR with
indication of the isotope clusters selected for quantitation, and the LC-elution profiles for
each isotope cluster. (B) Visualization window with the protein enrichment profiles
calculated from the isotope ratios medium/light (dish 2/1) and heavy/light (dish 3/1) in
the double PCP-SILAC experiment. Data are shown for five centrosomal proteins as
compared to the centrosomal consensus profile in blue and a contaminant in green. The

Mahalonobis distance is shown for the non-specific protein.



Fig. S3. Comparison of the PCP-SILAC method with the label-free PCP method. The
specificity of the PCP-SILAC methods was compared to the PCP method by plotting
classification scores calculated in three different ways from the double PCP-SILAC
experiment (experiment A vs experiment B, red: known centrosomal proteins, blue: other
proteins). The scores were calculated as the Mahalanobis distance between the profile for
each protein and the profile for the centrosomal consensus profile. (A) In the case of
PCP-SILAC, the profiles were calculated as the median of isotope signal intensity ratios
for all peptides representing the same protein in each fraction. (B) In the case of PCP,
normalized profiles were calculated from individual isotope intensities (medium or
heavy) for each protein in each fraction as the sum of intensities for all peptides
representing the same protein or (C) as the median of normalized profiles determined
from the signal intensity (medium or heavy) of each peptide m/z in each fraction. (D, E)
The superior specificity and sensitivity of the PCP-SILAC method is illustrated by a
ROC-curve analysis using the classification scores described above to distinguish true
positives (centrosomal proteins) from false positives (non-specific proteins) assuming
that the known centrosomal proteins are true-positives (D) or that the known and
candidate centrosomal proteins are true-positives (E). Blue ROC-curve: PCP-SILAC, red
ROC-curve: PCP based on the median of profiles for all peptides representing the same
protein, green ROC-curve: PCP based on profiles calculated from the sum of intensity of

all peptides representing the same protein.

Fig. S4. Organelle classification by the PCP-SILAC methods. (A, B) To support the
conclusion that the PCP-SILAC method has the ability to classify organellar proteins we
performed a more global analysis of the data from the double PCP-SILAC experiment.
To this end, we clustered the profiles from the two datasets derived from the double PCP-
SILAC experiment into five clusters each using the Mfuzz clustering algorithm. (C) Gene
Ontology (GO) term enrichment for the proteins observed in each clusters was then
performed using hypergeometric testing (P<0.05, Benjamini-Hochberg adjusted,
enrichment score = -log(P). Clearly, cluster 1 (exp. 3A) and cluster 4 (exp. 3B) perfectly
corresponds to each other, since all significant Cellular Compartment (GOCC) terms are



identical. Indeed, cluster 1 (A) and cluster 4 (B) are highly specific for centrosomal
proteins, since they are exclusively enriched (P<0.001, Fishers Exact test) in proteins
known to be associated with the GO-term centrosome. Although the gradient
centrifugation method was optimized to separate centrosomes from other substructures
the non-random GO-term distribution across the different clusters illustrate that other

substructures are clearly resolved.

Fig. S5. Images of centrosomal candidate proteins at various stages of the cell cycle.
Candidate proteins were stained by antibodies in U-2 OS cells or stably expressed as
GFP-fluorescent fusion proteins in HeLa Kyoto cells. (A) Antibody-staining of
candidates in U-2 OS cells (Alexa 488), the centrosomal marker protein y-tubulin was
stained with Cy3 and DNA with DAPI, (B, C) Candidate proteins expressed as GFP-
fluorescent fusion proteins in HeLa Kyoto or for CCDC123 in U-2 OS cells. Proteins
were stained with y-tubulin (B) or a-tubulin (C) and DNA with DAPI. Bars, 10 um.
Additional images are available at http://www.cebi.sdu.dk/CepDB, www.proteinatlas.org,

and http://dh.mpi-cbg.de:8080/bac_viewer/search.action.

Fig. S6. Cluster analysis of protein turnover data. (A) Known and candidate centrosomal
proteins were grouped into proteins with ‘low’ (<40 %), ‘intermediate’ (40-75 %) and
‘fast’ (>75%) turnover (Table S4) based on their turnover distribution. The three groups
are indicated by the color bar below the distribution histogram. (B) Gene Ontology
enrichment, using hypergeometric testing, indicate that the three groups of proteins,
besides having a number of identical general significant terms, have distinct properties.
Proteins with slow turnover are enriched in cytoskeleton associated proteins (P<0.001,
Fishers Exact test), proteins with slow and intermediate turnover are enriched in motor
protein associated processes as compared to the “fast” group. The ‘intermediate’ group is
together with the “fast” group enriched in proteins associated with cell division processes
whereas this is not the case for the ‘slow’ group. The “fast’ group are enriched in protein
kinases (CSNK1A1, CSNK1D, PLK1, NEK2, AURKA and CDKS5, P<0.01, Fishers exact
test) whereas this is not the case for the two other groups. This indicates that even though

the centrosomal proteins as a whole is enriched in proteins associated with the cell cycle,



the proteins involved in cell division is more dynamically associated with the centrosome
scaffold.

Fig. S7. Subcellular localization of candidates identified by the HPA-screen (A)
Antibody-staining of FRMD5 in U-251MG cells indicated that the protein localize to the
centrosome. The staining pattern of FRMD5 (Alexa 488) was not supported in U-2 OS
cells counterstained for the centrosomal marker protein y-tubulin (Cy3). Instead, midbody
staining was observed. (B) BTN3AS3 stained a single centrosome at the G1/S phase of the
cell cycle in U-2 OS cells as compared to the centrosomal marker protein y-tubulin (Cy3).
Analysis of ciliated RPE cells colored with anti-acetylated tubulin (Cy3) suggests that
BTN3A3 associate with the daughter centriole. DNA were stained with DAPI, yellow

indicates coincidence of green and red signals. Bars, 5 um.

Fig. S8. CCDC21 localize to the centrosome in a cell cycle dependent manner. Analysis
of CCDC21 in U-2 OS cells stained with anti-CCDC21antibodies (Alexa 488) at various
stages of the cell cycle show that CCDC21 reside in nucleoli during interphase and only
weakly to centrosomes. During mitosis, stronger staining of CCDC21 is observed in
contrast to the diminishing staining of nucleoli. Anti y-tubulin were stained with Cy3 and

DNA with DAPI, yellow indicates coincidence of green and red signals. Bars, 5 um.

SUPPLEMENTAL TABLES

Table S1. Peptides and proteins identified by PCP-SILAC from centrosome preparation
1. The ratio of enrichment for each fraction is color coded when falling within the

boundary of the centrosomal consensus ratio + 2 x standard deviation.

Table S2. Peptides and proteins identified by PCP-SILAC from centrosome preparation
2. The ratio of enrichment for each fraction is color coded when falling within the

boundary of the centrosomal consensus ratio + 2 x standard deviation.



Table S3. Peptides identified by PCP-SILAC from centrosome preparation 3A and 3B.
The ratio of enrichment for each fraction is color coded when falling within the boundary
of the centrosomal consensus ratio £ 2 x standard deviation. The relative proteins

abundance of is calculated from the peptide intensity signals (see methods).

Table S4. Proteins identified by PCP-SILAC from centrosome preparation 3A and 3B.
The ratio of enrichment for each fraction is color coded when falling within the boundary
of the centrosomal consensus ratio + 2 x standard deviation. The proteins are classified as
‘centrosome’ when previously reported in the literature, ‘candidate’ when reported in our
previous PCP study, and ‘new candidate’ when having a classification score equal to or
below 9 in experiments 3A and 3B. The identified proteins are compared with published
proteomics and functional studies of centrosomes and centrosome-related structures:
spindle (Sauer et al., 2005), midbody (Skop et al., 2004), cilia (Ostrowski et al., 2002),
photoreceptor sensory cilium complex (Liu et al., 2007), cell division defects (Kittler et
al.,, 2007) and cell cycle phenotypes (Neumann et al.,, 2010). The table contains
information about the subcellular localization of proteins to various structures during
interphase and mitosis shown in separate columns for the experiments using GFP-tagged
proteins and antibodies. The protein turnover data summarizes results presented in Fig. 7
and Table S6 and S7.

Table S5. Subcellular localization of proteins using Human Protein Atlas antibodies. The
first part of the table summarizes localization data for proteins identified in the MS-
screen comprising known and candidate centrosomal proteins. These proteins were
stained with HPA-antibodies in U-20S cells co-stained with anti-y-tubulin antibodies as a
marker for centrosomes. The second part of the table summarizes localization data for
proteins identified in the HPA-screen by the evaluation of images obtained by confocal
immunofluorescence microscopy of U-251MG, A-431, and U-20S cells stained with
HPA-antibodies and anti-a-tubulin antibodies as a marker of microtubules. A subset of
these candidates was evaluated by y-tubulin co-localization in U-20S cells (HPA-tested).
Size of structure stained: S=small, M=medium, L=large, VL=very large. Staining of
centrosomes is indicated by: Y=yes, Y1= yes but weak, N=No.



Table S6. Turnover of centrosomal proteins. Proteins were pulse-labeled for 20 hours
and 40 hours with SILAC medium containing Lys-?H, followed by centrosome isolation,

peptide analyses by LC-MS, and protein quantitation.

Table S7. Turnover of centrosomal proteins. Proteins were pulse-labeled for 20 hours
with SILAC medium containing Lys-*C¢°N, and mixed with fully Lys-*H, labeled
proteins as an internal standard followed by centrosome isolation and peptide analyses by
LC-MS. The experiment was repeated with cells fully labeled with Lys-**C¢**N, and
pulsed with SILAC medium containing Lys-*?Cs**Ns.

SUPPLEMENTAL MEHHODS

Isolation of centrosomes. Centrosomes were isolated as described by Moudjou and
Bornens (Moudjou and Bornens, 1994). Briefly, exponentially growing cells were treated
for one hour with nocodazole and cytochalasin D at final concentrations of 60 ng/mLand
1 pg/mL, respectively. Cells were pelleted by centrifugation at 280 xg for 10 min and
washed with 10 mM Tris-HCI (pH 7.4), 150 mM NacCl, followed by a second wash with
1 mM Tris-HCI (pH 7.4), 15 mM NaCl, 8% sucrose (w/v). Cells were lysed for 5 minutes
in a hypotonic buffer of 1 mM Hepes (pH 7.2), 0.5% NP-40, 0.5 mM MgCl,, 0.1% -
mercaptoethanol containing protease inhibitors. After hypotonic lyses, chromatin and
nuclei were pelleted by centrifugation at 2500 xg for 10 min. The lysate was filtered
through a medical gauze and remaining chromatin was digested by adjusting the Hepes
concentration to 10 mM and by incubation with benzonase at a final concentration of 10
pg/mLfor 30 min at 4°C. Centrosomes were sedimented onto a sucrose cushion (50%
sucrose (w/v), 10 mM K-Pipes pH 7.2, 0.1% Triton X-100, 0.1% [-mercaptoethanol) by
centrifugation at 22500 x g for 20 minutes. Centrosomes from the gradient interface were
transferred to a discontinuous sucrose gradient (70%, 50% and 40% sucrose in 10 mM K-
Pipes, pH 7.2, 0.1% Triton X-100, 0.1% p-mercaptoethanol) and centrifuged at 116000

xg for 75 minutes. Fractions of either 0.4 or 0.5 mL were collected from the bottom of



the tubes. Centrosome-containing fractions were identified by LC-MS of peptide

mixtures derived from the in-solution digest of 25 ul aliquots of each fraction.

Preparation of peptides for mass spectrometry. Aliquots from each sucrose gradient
fraction were combined with 100 pL 8 M urea, 100 mM Tris-HCI, pH 8 and incubated at
37°C overnight with endoproteinase Lys-C or trypsin according to the SILAC amino
acids used. The resulting peptides were reduced with dithiothreitol (DTT) and alkylated
with iodoacetamid for 20 minutes before acidification with 1% triflouroacetic acid (TFA)
and desalting on STAGE tips for mass spectrometric analysis. Pelleted centrosomes from
the gradient fractions were dissolved in LDS sample buffer, heated for 10 min at 70°C,
reduced with DTT, and alkylated with iodoacetamide. Proteins were separated by
electrophoresis on NUPAGE Bis-Tris 4-12% gradient gels (Invitrogen) and stained with
Comassie Blue. Gel slices (10-12 slices) were cut into small pieces, washed several times
with 50 mM ammonium bicarbonate, 50% acetonitrile or ethanol and incubated with 12.5
ng/pL endoprotease LysC in 50 mM ammonium bicarbonate at 37°C overnight. The
resulting peptides were extracted with 1% TFA, desalted on STAGE tips and eluted into

96 well plates for mass spectrometric analysis.

Mass spectrometry and peptide identification. Mass spectrometric 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). Peptides were separated by a 120 min linear gradient of 95% buffer A
(0.5% acetic acid in water) to 50% buffer B (80% acetonitrile, 0.5 % acetic acid in
water). The LTQ-FT-ICR instrument was operated in the data-dependent mode to acquire
high-resolution precursor ion spectra (m/z 300-1,500, resolution 50,000 and ion
accumulation to a target value of 3 x 10° ions) in the ICR cell. The three most intense
ions were sequentially isolated for accurate mass measurements by selected ion
monitoring (SIM) scans (10 Da mass windows, resolution 50,000, and a target
accumulation value of 50,000). The ions were simultaneously fragmented in the linear
ion trap with a normalized collision energy setting of 27% and a target value of 10,000.
The LTQ-Orbitrap mass spectrometer was operated in the data-dependent mode to



acquire high-resolution precursor ion spectra (m/z 300-1,500, resolution 60,000 and ion
accumulation to a target value of 5 x 10° jons) in the Orbitrap. The five most intense ions
were sequentially isolated for accurate mass measurements and fragmentation in the

linear ion trap.

Statistical 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 log;
transformed peptide ratios were computed for each protein in each fraction. Ratios were
expressed in a vector form, X = (X1, X2, ..., Xn), Where each dimension (entry) corresponds
to an analysis fraction, and n is the total number of fractions. Ratios of a ‘consensus set’
of 32 known centrosomal proteins, against which all other proteins were compared, were
averaged along each dimension to give a vector of expected values for each fraction,
1= (, 1o, ..., tn), known as the centroid. The distance of a given observation (e.g. from
another protein) from this point is a measure of the similarity of that protein’s profile to
the tuning set. This similarity was quantified as a Mahalanobis distance, dw:
dv = ((x- )" ZHx- wf?®
where S is the variance-covariance matrix of the tuning set. The Mahalanobis distance
represents the distance of a given point from the centre (mean) of the tuning proteins in n-
dimensional space, normalised by the variance (and covariance) of this group of points.
Equal deviations from the centroid in two different dimensions (fractions) may yield
different contributions to the Mahalanobis distance, depending upon the breadth of the
tuning protein distribution in those dimensions. The metric therefore makes a simple and
easily understood measure of the similarity of a given point to the consensus set. Relative
protein abundance 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 pulse isotope labelling were calculated as
(1/((1/ratio)+1))*100
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A
File Edit Wiew Quantitation TestOnk:
Peptide List 207 to quantify. Spectum List |
Sequence [ Exp... [ Score[ Ouey| 271 a. [ 3. av.. | 21 sthe.. [ 3/ sthe... | 271.%IC .. [ Cycle[ a1] se] a3[] 2a] 34 [Ma. [Ma.~
[ STVNALTSELR f11 970 333% 075 270 003 026 076 5444 105.. 131 130 1 1241 1804 1 127.. 127
TDGAMOAHEDAGR f11 Ez0 43%89 0.54 333 0.00 0.00 055 5450 214.. 239. 954. 1 112 445 1127 127
WAEOAREALEQOLPTLR 11 1040 55333 0.53 301 011 0.34 5455 631.. B8A.. 274. 1 093 436 1127 127
5461 137 954 485 1 070D 354 1127 127
f11 730 24783 057 303 5467 171.. 132 BEF. 1 077 331 1127 127
WRGLEEQVSTLE f11 520 41160 078 3560 L 5473 236.. 173. 7E3. 1 073 322 112 127
YEASODLLGTLR f11 ES0 #1118 070 a0z 004 5479 262.. 176.. 747.. 1 D067 284 1127 127 -
ALAQLEAEKR f1z 7.0 30891 028 137 010 5485 262.. 192. F13. 1 073 271 1127 127
ALTACEHDR f1z 760 27500 0.27 1.30 0.0z 5491 241.. 162.. €20.. 1 O6F 257 1127 120
ASLDKELMARK. 1z 560 36025 0.25 1.49 015 5497 179.. 119.. 489. 1 068 281 1127 127
CSELEQGLLER 12 830 42195 0.23 108 005 5503 114.. F05. 272 1 061 238 1127 127
DLAQAAMOSDLDKADLSAR  fr12 630 53926 0.30 1.47 010 0.20 0.27 [J52z.. 5303 451.. 299.. 126.. 1 086 281 1127. 127
DLLOLGGELAR 1z 720 32637 0.30 1.33 0.0z 018 0.3 [J524.. 65515 291.. 106.. 533. 1 036 018 1127. 127
EAGELR f12 270 582 029 136 003 018 030 [J524.. 5521 244 103.. 132. 1 042 005 1127. 127
EEAAAAHADEVR f12 630 37815 025 132 003 016 027 [Csz4. 5527 414 152 3905 1 037 001 1127. 127
I3 CoocthAvEShEUSD [T n Ravac nac 1cn e =) A MY Mese FR a7 AN eead 4 non A 1437 19T 0
< il | ] < i | >
Protein ratia:  [0,65 + 0.50; inv ratio: 1.47 + 2.43
G540.549399
100 r LC profiles. Query 37402,
20 900
E 64133881 e ettt
5 60
=z P A e S
2 a0 B35 84205 =
é &638.85080 % B iy el
3 B30 24203 641.847 16 g
20 536 59564 630 36428 2 o0
63408285 T earesaer 639.85240 F42.34908 E
[T M M | TN S .‘..‘l-‘...l.—‘...‘.‘....‘.g‘“ -----------------------------
B35 iZ6 537 29 340 41 592 643 :
r F 154 N
i
A qure gwr 42 -1 qwrs gwr +2 -1 qwrs gwr 42 o b oo PN ____
Riatio tansform Stop! Moo oo oo MR o _____
€ MNone & Log
FTMS + p NSI Full ms [300.00-2000.00] Cycle: 5479 B ! '
Plot Type 51.0 51.6 52.0 525 53.0 635 &40 545
 ClassicLC & NewlC ( Ratios Retention time [min]
Fiaw file: 20080629LJ_PCP-SILACA_11-2.1aw A

Mk 2600 o

[ Ratiol/l ¥ Rain2 & Rsio3/1

TS o

*8.6, PIO0019502 3 0,62 Corssrwus score: 9140 contannant.




Supplemental Figure 3
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Supplemental Fig. 4
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Supplemental Fig. 4C
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Supplemental Fig. 5A
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Supplemental Fig. 5A
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Supplemental Fig. 5C
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Supplemental Fig. 6
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Supplemental Fig. 7
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Supplemental Fig. 8
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