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Co-regulation proteomics reveals substrates and
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Abstract

Using multiplexed quantitative proteomics, we analyzed cell cycle-
dependent changes of the human proteome. We identified >4,400
proteins, each with a six-point abundance profile across the cell
cycle. Hypothesizing that proteins with similar abundance profiles
are co-regulated, we clustered the proteins with abundance
profiles most similar to known Anaphase-Promoting Complex/
Cyclosome (APC/C) substrates to identify additional putative APC/C
substrates. This protein profile similarity screening (PPSS) analysis
resulted in a shortlist enriched in kinases and kinesins. Biochemical
studies on the kinesins confirmed KIFC1, KIF18A, KIF2C, and KIF4A
as APC/C substrates. Furthermore, we showed that the APC/C*PH2-
dependent degradation of KIFC1 regulates the bipolar spindle
formation and proper cell division. A targeted quantitative proteo-
mics experiment showed that KIFC1l degradation is modulated
by a stabilizing CDK1-dependent phosphorylation site within
the degradation motif of KIFC1. The regulation of KIFC1
(de-)phosphorylation and degradation provides insights into the
fidelity and proper ordering of substrate degradation by the APC/C
during mitosis.
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Introduction

The mammalian cell cycle is controlled by the distinct quantitative
oscillations of a subset of proteins that are ubiquitinated by the
E3 ligase Anaphase-Promoting Complex/Cyclosome (APC/C), and
subsequently degraded by the proteasome (Hadwiger et al, 1989;
Murray & Kirschner, 1989; Murray et al, 1989; Richardson et al, 1989;
King et al, 1996; Peters, 2006). Over the last two decades, the study of
APC/C and its targets resulted in the identification of a set of proteins
whose APC/C-mediated turnover is critical for the ordered progres-
sion through mitosis and the cell cycle in general. Strategies to identify
and validate novel APC/C targets have always been a matter of great
interest particularly due to the strong link between cell cycle regula-
tion and human diseases, most notably cancer. To date, systematic
screens for APC/C targets typically rely on laborious in vitro-based
methods (McGarry & Kirschner, 1998; Ayad et al, 2003, 2005). Recent
high-throughput methods have greatly simplified the search for APC/C
targets (Merbl & Kirschner, 2009; Kim et al, 2011; Wagner et al,
2011); however, the in vitro-based screen designs for ubiquitination
without the context of degradation are not readily confirmed. Under-
standing APC/C-mediated regulation of mitosis remains critical
because of the close relationship between malignant cell division,
genomic instability and tumorigenesis (Nakayama & Nakayama, 2006).

Here we exploit the versatility of multiplexed quantitative
proteomic strategies to develop an efficient in vivo-based strategy for
the identification of novel APC/C substrates and also to dissect the
mechanisms by which the degradation of these APC/C substrates are
regulated. We conducted a time-course experiment to identify
substrates degraded by the APC/C during mitosis. The basis for the
identification of novel APC/C substrates by co-regulation proteomics
resembles the approach taken in many transcriptomics studies in
which transcripts with similar quantitative profiles are identified to
find co-regulated genes (e.g. Brady et al, 2007a,b; Reinhold et al,
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2011). The premise is that genes involved in related pathways are
co-regulated at the transcriptional level, such that novel transcripts
whose profiles are similar to those of known function are likely to
function similarly. These genes are then followed up in-depth.

Following this idea, we employed a 6-plex tandem mass tagging
(TMT)-based quantitative proteomic strategy (Dayon et al, 2008)
that provides relative endogenous protein abundances. Synchro-
nized cells were sampled before, during and post-mitosis (Fig 1A),
where the APC/C displays activity specifically from prometaphase
to late G1 phase (Draetta et al, 1989; King et al, 1995; Clute & Pines,
1999; Zou et al, 1999; Hagting et al, 2002). Apart from the “proto-
typic” APC/C substrates, SECURIN and CYCLIN B, approximately 70
additional cell cycle-dependent APC/C substrates have since been
identified, and in most cases, their respective APC/C co-activators,
CDC20 or CDH1. Most of these substrates display a distinct protein
abundance profile during the cell cycle which has become a
hallmark for APC/C-dependent regulation (Fig 1A).

We hypothesized that all proteins ubiquitinated by the APC/C,
and then degraded by the proteasome in a cell cycle-dependent
manner, would show similar abundance profiles over the course
of the cell cycle. Thus, in order to identify novel substrates of the
APC/C, we determined reference protein abundance profiles based
on known APC/C substrates and compared them to the abundance
profiles of all the other proteins we detected. This approach
generated a shortlist of putative APC/C substrates, some of which
were confirmed using the conventional in vitro degradation
assays.

Selecting the newly identified APC/C substrate KIFC1 for detailed
follow-up studies, we used the FLEXIQuant strategy, which was
developed in our lab (Singh et al, 2009), to profile the cell cycle-
dependent dynamics of the post-translational modifications (PTMs)
of KIFC1. These experiments revealed insights into the interplay
between phosphorylation and APC-dependent degradation, pointing
towards a more common, though underappreciated mechanism for
timing the degradation of APC/C substrates.

Results

Our first goal was to generate synchronous cell populations at 6
different points along the cell cycle. To this end, cells were synchro-
nized using the double thymidine block approach since it shows less
pleiotropic effects than other commonly applied nocodazole/taxol-
based synchronization protocols, which activate the mitotic check-
points (Steen et al, 2008). Synchronization and validation details
can be found in Fig 1A and Supplementary Fig S1. After lysis of cell
pellets from each time point, proteins were trypsinized in solution.
The resulting peptides from each time point were subsequently
labeled with one of six TMT labels and combined into one sample
(Fig 1A). The peptide mixtures were fractionated into 24 fractions by
isoelectric focusing prior to LC-MS/MS analysis. To minimize under-
sampling of this complex sample, thereby ensuring a robust dataset,
three biological replicates were analyzed in triplicate by LC/MS
resulting in 216 LC/MS/MS runs matching 264,386 MS/MS spectra
identifying 44,085 unique peptides at a 1% false discovery rate
(FDR) (Supplementary Table S1). For subsequent protein grouping,
we required a 1% FDR cut-off and a minimum of at least two unique
peptides with complete TMT-reporter ion traces. Applying these
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criteria, this experiment identified and quantified 4,470 non-redun-
dant proteins (Supplementary Table S1). Of these 4,470 proteins,
95% had three or more matched MS/MS spectra and 78 % had three
or more assigned unique peptides, which is important for robust
quantification. MS/MS spectra derived from two known APC/C
substrates, NUSAP1 and TPX2 are displayed in Fig 1B and C. The
TMT reporter ions of these examples shown in the insets display the
canonical abundance profile for an APC/C substrate with an initial
increase in abundance that peaks between early to mid-mitosis,
followed by a marked decrease well into G1. In contrast, the
unregulated protein GAPDH shows no change in overall abundance
(Fig 1D).

To examine further the robustness of the data, the following two
metrics were evaluated: (i) the number of known APC/C substrates
identified and (ii) the reproducibility of the TMT-based quantifica-
tion. In our data set, we identified 24 known APC/C substrates
corresponding to approximately 30% of the proteins known to be
degraded by the APC/C. The very good reproducibility was
confirmed by extracting all complete TMT-based peptide abundance
profiles from the MS/MS spectra associated with NUSAP1 (24
complete peptide abundance profiles, Fig 1E), TPX2 (55 complete
peptide abundance profiles, Fig 1F), and the “house-keeping”
protein GADPH (371 complete peptide abundance profiles, Fig 1G),
with the red trace corresponding to the mean profile, i.e. the
respective protein abundance profile. The NUSAP1 and TPX2
profiles clearly represent the canonical abundance profile for APC/C
substrates in contrast to GAPDH serving as negative control.

To identify co-regulated proteins in the quantitative proteomics
datasets, a clustering analysis was performed using the protein abun-
dance profiles. We adapted our previously reported strategy for
screening protein profile similarities (Kirchner et al, 2010) to identify
proteins whose abundance profiles resemble those of known APC/C
substrates (Fig 2A). We used the normalized reporter ion traces from
all MS/MS spectra to generate abundance profiles for each protein
(Fig 2A, Steps 1 and 2). Next, the profiles of the identified known
APC/C substrates were extracted. In our dataset, 17 of 24 identified
known APC/C substrates, showed the canonical abundance profile
for APC/C substrates, i.e. an initial increase during G2 phase
followed by marked decrease in abundance, reaching the lowest
level in G1 phase (Fig 2A, Step 3). Rather than execute our protein
profile similarity screen on the average profile of all 17 APC/C
substrates, we tested the robustness of our strategy by first assessing
whether we could generate different APC/C reference clusters that
would reflect different classes of APC/C substrates with slightly
different abundance profiles. Using normal mixture modeling for
model-based clustering which makes use of the Bayes factor and pos-
terior model probabilities parameters, we established six as the opti-
mum number of reference clusters (Fig 2A, Step 4). These different
APC/C substrate references contained profiles that co-clustered into
subgroups based on, for example, their respective apices and/or the
steepness of their ascending and/or descending parts of their curves
(Fig 2B). Cluster 1 contains only the cyclins, i.e. CDC20 substrates,
whereas clusters 2—6 are predominated by CDH1 substrates (Fig 2B),
indicating that the sub-cluster strategy was able to detect differences
in degradation dynamics and to establish the cyclins as a unique
CDC20 sub-cluster. We subsequently ranked all observed 4,470
protein profiles according to their similarity with the average profile
of each reference cluster (Fig 2A, Step 5; Supplementary Table S2).

© 2014 The Authors
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Figure 1. Overview of cell cycle proteomics experiments of synchronized HelLa cells.

A Upper panel: A schematic of APC/C activity with respect to prototypical substrate level profiles. APC/C can complex with either CDC20 or CDH1 as a co-activator.
Lower panel: Workflow of the cell synchronization experiment and the subsequent TMT-based quantitative proteomics experiment.

B-D Representative MS/MS spectra and TMT reporter ion traces from the known APC/C substrates NUSAP1 (B), TPX2 (C) and from a non-APC/C substrate, GAPDH (D).

Lower case amino acids indicate sites of TMT labels.
E-G The complete TMT-based peptide abundance profiles (after sum normalization) from all MS/MS spectra (peptide-spectrum matches) associated with NUSAP1 (E),

TPX2 (F) and GAPDH (G), respectively, are shown in various shades of grey. The red traces indicate the mean.
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A The protein profile similarity screening workflow leading to the identification of novel APC/C substrates.
B The six APC/C reference clusters used in the co-regulation analysis as indicated in Steps 4 and 5 of (A). The proteins within each cluster are indicated. The arrowhead
indicates a distinct abundance apex, and the asterisk indicates a differential steepness in the ascent and/or descent of the abundance profile.

To prioritize which of the best-matching proteins or protein fami-
lies to study in more detail, a text analysis of the names of the
proteins found in the 1 percentile of each reference cluster was
performed (Fig 2A, Step 6 and Supplementary Fig S2). This analysis
resulted in “kinase” (25 occurrences, rank 6) and “kinesin” (22
occurrences, rank 7) as the two most frequent protein family names
following generic terms including “protein”, “isoform”, “similar”,
“flj”, “cdna”, “like”, and “highly” co-occupying ranks 1-6. It is not
surprising to find numerous kinases in the top percentile since
several protein kinases have been described as APC/C substrates. It
should be noted that given the variety of proteins (functions) identi-
fied to date for APC/C-substrates, it is likely that our dataset
includes additional novel non-kinesin substrates that can be readily
extracted either manually or with informatics approaches (Supple-
mentary Table S2).

In contrast to the expected high number of kinase hits, the
18-fold enrichment of kinesins in the 1% percentile (between 2 and 5
kinesins per reference cluster, Fig 3A) in comparison to the entire
dataset (20/4,470) was surprising. Only a single kinesin family
member in higher eukaryotes, KIF22, had been described as an
APC/C substrate previous to this study (Feine et al, 2007); in
addition, two kinesins (KIP1 and CIN8) had already been described
as substrates in yeast (Gordon & Roof, 2001; Hildebrandt & Hoyt,
2001). KIF22 was indeed within the 1% percentile in clusters 3, 4
and 6. The other kinesins within the top percentile of at least two
clusters were KIF18A, KIF2C, KIF23, KIF14 and KIFC1. During the
course of this work, KIF18A was described as an APC/C substrate
by Sedgwick et al, independently confirming our co-regulation
proteomics-based strategy and its results (Sedgwick et al, 2013).

Following the lead from the co-regulation analysis, we investi-
gated the possibility that kinesins are indeed common APC/C
substrates. To this end, we ranked the protein profiles of all identi-
fied kinesins in each reference cluster (Fig 2B) and subsequently
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calculated the median percentile for each kinesin (Fig 3A). To
expand our short list of kinesins to be tested for APC/C-dependent
degradation, we accepted all kinesins within the 5™ percentile as
potential APC/C substrates, thereby adding KIF13A and KIF4A to
the list of candidate substrates. The mean TMT-based protein pro-
files for the candidate kinesins are displayed in Fig 3B. Of the eight
kinesins selected by the screen KIF22, KIF14 and KIF13A were not
tested for degradation as KIF22 was a known substrate (Feine et al,
2007) and KIF14 and KIF13A did not easily translate in vitro due to
their molecular weights of >185 kDa. Although KIFC1 had been sug-
gested to be regulated by ubiquitination during the cell cycle (Zhao
et al, 2008), this protein has not been studied further in the context
of APC/C degradation and thus was included in the degradation
assays.

We then turned to the well established in vitro degradation assay
using G1 HeLa cell extracts, which maintain high APC/CPH! activity
in order to test whether this E3 complex targets KIF18A, KIF2C,
KIF23, KIFC1 and KIF4A for degradation by the proteasome (Pe’er
et al, 2013). We added two additional kinesins as negative controls:
KIF20A at the 50" percentile and KLC1 at the 96" percentile (Fig 2).
All seven kinesins were expressed in an in vitro transcription/
translation system in the presence of *°S-methionine and incubated
in HeLa S3 Gl-phase extracts — conditions under which SECURIN, a
prototypic APC/C substrate, is readily degraded. Two inhibition
controls were also used to confirm APC/C-specific degradation: (i)
addition of the C-terminal domain of the APC/C-binding region of
EMI1 as a non-competitive inhibitor and (ii) addition of an excess of
recombinantly expressed and His-tag purified non-radioactive SECU-
RIN as a competitive inhibitor (Fig 4A and Supplementary Fig S3A)
(Ayad et al, 2005; Schmidt et al, 2006). If degradation of the sub-
strate is observed in the presence of either inhibitor, it would indi-
cate APC/C-independent degradation modulated by an alternative
E3 ligase.

© 2014 The Authors
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Figure 3. Co-regulation analysis reveals kinesins as putative novel APC/C targets.

A Heat map reflecting the percentile (%) in which the kinesins identified in our analysis are ranked in the six reference clusters (C1-C6). Boxed kinesins were flagged as
putative APC/C targets based on their median percentile. Bolded values indicate ranks within the 1° percentile of each cluster.

B Individual protein abundance profiles for kinesins flagged as candidate (black traces) and non-candidate (green traces) APC/C substrates. KIF22, a known APC/C
substrate, is indicated in red. The y-axes indicate relative abundance ranging from 0 to 0.3.

Our in vitro degradation assays showed a time-dependent degra-
dation for four of the five potential substrates tested: KIF18A,
KIF2C, KIFC1 and KIF4A were readily degraded in vitro, however
remained stable in the presence of either APC/C inhibitor
(Fig 4A and Supplementary Fig S3A). In contrast, inconclusive
results were obtained for KIF23 and degradation was not observed
for the two negative controls KIF20A and KLC1 under the conditions
of our assay (Fig 4A and Supplementary Fig S3A).

APC/C substrates have two possible recognition motifs: the
destruction box (D-box), and the KEN-box. However, neither motif is
sufficient or necessary for degradation thereby making it challenging
to develop sensitive and specific bioinformatics approaches for the
de novo prediction of APC/C substrates. The D-box consensus
sequence was initially characterized as RXXL (Glotzer et al, 1991;
Pfleger & Kirschner, 2000). For follow-up experiments, we selected
KIF18A and KIFC1 with 5 and 6 candidate D-box motifs, respec-
tively, to verify which of their multiple RXXL motifs serve as the
bona fide D-boxes. These kinesins represent two distinct classes of
kinesins: KIF18A is a conventional kinesin with an N-terminal
motor domain, followed by the coiled-coil stalk and the C-terminal
head domain, and KIFC1 is one of three “inverted” kinesins with an
N-terminal head-domain followed by the stalk and a C-terminal
motor domain (Miki et al, 2005). Site-directed mutagenesis of each
individual candidate D-box (RXXL — GXXV) revealed that mutation
of a single motif close to the N-terminus (G5V8) rendered KIFC1
stable in G1 extracts with APC/C active, whereas either one of two
RXXL mutations towards the C-terminus, G283V286 or G668V671,
rendered KIF18A stable in the assay (Fig 4B).

Given that KIFC1 has an important role in spindle assembly and
the bi-polar arrangement of mitotic microtubules (Walczak et al,
1997; Cai et al, 2009b), we further investigated the importance of
APC/C-dependent degradation in the modulation of KIFC1 function

© 2014 The Authors

during mitosis. To determine which of the APC/C co-activators,
CDC20 or CDHI, regulate KIFC1 degradation, we used the Xenopus
laevis egg extract system described in detail by Pe’er et al
(Pe’er et al, 2013). This system allows the manipulation of the
co-activator binding to the APC/C. APC/CP®®° is highly active in
interphase extracts that are driven into mitosis by adding an excess of
non-degradable CYCLIN B1 (Lorca et al, 1998). Conversely, APC/
CEPHI activity can be introduced in interphase egg extracts by adding
recombinant CDH1 which is not present in early embryos. Wild-type
KIFC1 was assayed in both frog egg extracts featuring APC/CEP¢%°
and APC/CPM! activity, respectively, and was found to be degraded
exclusively in extracts with APC/C*P™!, but not in the extracts with
APC/CP20 activity. Furthermore, when incubating the stabilized
KIFC1 D-box mutant with APC/CP"! extract, no degradation could
be observed (Supplementary Fig S3B). We followed up further by
confirming, in vitro, that ubiquitination of WT-KIFC1 by the APC/C
was reduced when the D-box mutation was introduced (Fig 4C).

It is not clear which cellular cues promote ubiquitination of a
particular substrate by the APC/C. However, previous studies have
demonstrated that phosphorylation dynamics can play a role in the
susceptibility of an APC/C substrate for degradation (Littlepage
et al, 2002; Holt et al, 2008). We used FLEXIQuant, a quantitative
proteomics strategy developed by our group (Singh et al, 2009,
2012b), to conduct a more detailed quantitative characterization
of KIFC1 and its cell cycle-dependent PTM patterns. We therefore
in vitro synthesized an isotopically labeled variant of KIFC1 to serve
as an internal standard for quantitative MS. The relative peak pro-
files of the endogenous (light) KIFC1 peptides versus their respec-
tive in vitro labeled (heavy) variants inform us about the relative
stoichiometries of each observed KIFC1 peptide throughout the cell
cycle. Lower than expected endogenous-to-heavy labeled peptide
ratios are hallmarks for post-translational events.

The EMBO Journal Vol 33| No 42014 389
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at Ser6, which is also conserved across numerous species (Supple-

mentary Fig S4B). Furthermore, the phosphorylation of this Ser6 site

has been described before in several phosphoproteomics studies

(Malik et al, 2009; Olsen et al, 2010; Wang et al, 2010). Further

- I I analysis of the FLEXIQuant data identified Ser6, Ser26 and Ser31 as

being phosphorylated (example MS/MS spectra shown in Supple-
mentary Fig S4A, C and D); all sites have been described previously
(Dephoure et al, 2008; Olsen et al, 2010). In contrast to the Ser6-
containing peptide, which showed a clear cell cycle-dependent
dynamics, no such cell cycle dependence was observed for the
Ser26- and Ser31-containing peptide (Fig 5B and C, dashed red trace).
Given the cell cycle dependence and the extent of the Ser6
phosphorylation site, we hypothesized that this phosphorylation
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Figure 5. Identification and quantification of a cell cycle-dependent phosphorylation site in KIFC1.

A Observed sequence coverage for KIFC1. Sequence stretches in grey were not observed. Sequences indicated in red pertain to the corresponding traces in (B). The
FLEXIQuant KIFC1 clone contained an amino acid variant (T368P, italicized tryptic peptide) (Gerhard et al, 2004); this peptide was not used for further analysis.

B FLEXIQuant analysis of normalized KIFC1 peptide abundances across the cell cycle. Two different antibodies (A: SIGMA or B: Bethyl Laboratories) were used for
immunoprecipitating KIFC1. The red, solid trace highlights the peptide that is post-translationally modified during mitosis to a significant extent (corresponding to
phosphopeptide containing pS6). The red, dashed trace highlights the peptide with the known phosphorylation sites S26 or S31 that is not modified in a cell cycle-

dependent manner.

C Three FLEXIQuant-based KIFC1-derived peptide peak pairs as observed in the sample collected 9 hours post thymidine release: Two peptides (TTLEGHLAK and
APSQLPLSGSR) are not significantly modified and thus do not show a deviation from the mean (L:H = 12.4). In contrast, the peptide SPLLEVK is modified to a
considerable extent showing a significant deviation from the mean (L:H = 1.6 versus 12.4). The red dashed and solid frames correspond to the peptide trace profiles

in (B).

within the KIFC1 D-box motif could protect KIFC1 from premature
degradation by the APC/C; a similar effect has been described for
phosphorylation sites close to the degradation motifs of AURORA
kinase A (AURKA) (Littlepage & Ruderman, 2002) and SECURIN
(Holt et al, 2008). Such phosphorylation-dependent inhibition
of the APC/C-dependent degradation can sharpen the switch
between different phases as reported for SECURIN (Holt et al,
2008), and i.e. act to negatively regulate degradation by the APC/
C until necessary (Littlepage et al, 2002; Crane et al, 2004a).
Alternatively (and not mutually exclusive), such a phosphoryla-
tion can be a means of ensuring the proper ordering of the APC/
C-dependent degradation of (a subset of) the various APC/C
substrates. To test the latter hypotheses, we mutated Ser6 to
either an alanine or an aspartate residue to mimic loss of phos-
phorylation or constitutive phosphorylation, respectively, and
tested the effect of these mutations on the APC/C-dependent
degradation of KIFC1 wusing in vitro degradation assays as
described above. As functional controls, we also mutated the
other two N-terminal phosphorylation sites Ser26 and Ser31 to
alanine or aspartate. Additional positive and negative controls
included wild-type KIFC1 and its D-box mutant.

© 2014 The Authors

The only phosphorylation site mutation that rendered KIFC1
resistant to degradation similar to the D-box mutant was the Ser6 to
Asp substitution (S6D), mimicking constitutive phosphorylation.
All other mutations showed the same APC/C-dependent degradation
as the wild-type KIFC1 (Fig 6A and Supplementary Fig SSA).
Although Ser6 is located within the active D-box, its mutation does
not affect the functionality of the D-box as demonstrated by the
unaltered APC/C-dependent degradation of the S6A mutant. The
degradation of this S6A mutant clearly shows that Ser6 is not part of
the D-box function itself, but has a unique and distinct role in the
phosphorylation-induced degradation inhibition mechanism.

Ser6 is followed by a Pro residue. This well-known SP-motif led
to the hypothesis that CDK1/CYCLIN B is the relevant kinase
responsible for the cell cycle-dependent phosphorylation and stabil-
ization of KIFC1, similar to what has been described for SECURIN
(Holt et al, 2008). To test this hypothesis, we carried out in vitro
phosphorylation assays with KIFC1 in the presence of CDK1/
CYCLIN B. Tryptic digests of KIFC1 treated with CDK1/CYCLIN B
were analyzed by LC-MS/MS revealing phosphorylation at Ser6
(Supplementary Fig S5B). To verify that this phosphorylation
event could indeed impact the ubiquitination of KIFC1, in vitro
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Figure 6. Functional analysis of the Ser6 phosphorylations.

A Degradation assays of *S-labeled WT-KIFC1, DM-KIFC1, and various
serine-to-alanine and serine-to-aspartic acid mutants in G1 cell extracts
in the absence/presence of recombinant EMI1 and SECURIN. Red box
indicates mutants (DM and S6D) that are resistant to APC/C-dependent
degradation.

B Non-degradable KIFC1 induces the monopolar spindle phenotype in
mitotic cells. HelLa cells expressing WT or mutant KIFC1-tagged with eGFP
were fixed 36 h post transfection, and labeled with DAPI (DNA) and anti-
B-TUBULIN antibodies. Representative images from the normal bipolar
(WT, S6A) and abnormal monopolar (DM, S6D) phenotypes are shown.

C The fraction of bipolar and monopolar spindle cells, 36 h post transfection
with the depicted expression constructs.

Source data are available online for this figure.

ubiquitination assays of *°S-KIFC1 were conducted either post treat-
ment with CDK1/CYCLIN B or post treatment with CDK1/CYCLIN B
co-incubated with Purvalanol A, a known CDKI1 inhibitor (Villerbu
et al, 2002). Treatment with the kinase alone reduced ubiquitination
levels of KIFC1, whereas inhibition of CDK1 in a similar treatment
resulted in ubiquitination to a similar extent as the unphosphory-
lated protein (Supplementary Fig SS5C). These data indicate that
phosphorylation by CDK1/CYLCIN B contributes to KIFC1 stability
by protecting KIFC1 from APC/C-mediated ubiquitination and
subsequent proteasomal degradation.

Next, we tested the implications of stabilizing KIFCI1. Given
that the motor forces exerted by minus end-directed KIFC1 on
microtubules counterbalance the plus end-directed Eg5/KIF11
forces, we hypothesized that stabilization of KIFC1 might affect
the microtubule dynamics due to the resulting imbalances of the
KIFC1-Eg5 equilibrium. To test this hypothesis, we transfected
HeLa S3 cells with GFP-labeled versions of either the wild-type,
D-box, S6D or S6A KIFC1; all constructs were C-terminally tagged
with GFP in order to minimize any influence on the N-terminal
D-box (Crane et al, 2004b). Since overexpression assays need to
be carefully interpreted, we used wild-type KIFC1 overexpression
as our control and all phenotypes were scored relative to wild-type
KIFC1 overexpression.

The overexpression of wild-type KIFC1 was sufficient to induce
a monopolar spindle phenotype in approximately 15% of all mito-
tic cells (marked by a condensed chromatin structure as visualized
with DAPI staining). Similar percentages were observed when
overexpressing the non-stabilized KIFC1 S6A mutant (Fig 6B and
C). In contrast, transfection of either the stabilizing D-box or S6D
KIFC1 mutant increased the propensity of the monopolar spindle
phenotype to 30-40% of the total mitotic cells analyzed (Fig 6B
and C).

Discussion

In this study we employed our previously published protein profile
similarity screening strategy (Kirchner et al, 2010) to identify puta-
tive APC/C substrates from a quantitative global proteomics dataset
that profiles 4,470 proteins as a function of the cell cycle. In contrast
to alternative substrate screening strategies that rely on in vitro
conditions or focus on ubiquitination in general (Merbl & Kirschner,
2009; Kim et al, 2011; Wagner et al, 2011) our approach evaluates
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the biologically relevant in vivo protein degradation as a function of
the cell cycle. Candidate proteins are systematically evaluated,
based on their protein profiles and selected for validation studies.
Our hypothesis was that the mitotic abundance profiles of yet
unknown APC/C substrates will resemble those of the quantified
known APC/C substrates identified in our study (Fig 2). As such,
we monitored protein profiles across mitosis using the tandem mass
tag (TMT) strategy which permitted the simultaneous analysis of six
cell cycle stages before, during and after mitosis (Fig 1). Using the
abundance profiles of the identified known APC/C substrates as
references we performed co-regulation analysis using our protein
profile similarity screening strategy to identify other proteins with
similar abundance profiles. The top 1% of proteins from the protein
profile similarity screen showed an 18-fold enrichment of kinesins
(Fig 3A) which led us to investigate whether kinesins are more com-
monly degraded in an APC/C dependent manner than previously
thought.

Kinesins are microtubule-associated motor proteins, some of
which are known to regulate microtubule dynamics during cell divi-
sion. As such, some kinesins have been described as potential
targets for cancer drug development. For example, small molecule
inhibitors of the kinesins KIF11 (EG5) and KIF10 (CENPE) are both
in clinical trials as cancer therapies (Rath & Kozielski, 2012). Con-
sidering the massive rearrangement of the microtubule cytoskeleton
and chromosomes during mitosis, it is surprising that only two yeast
kinesins, KIP1 and CINS8, and two human kinesins, KIF18A and
KIF22, have been identified as APC/C substrates thus far (Gordon &
Roof, 2001; Hildebrandt & Hoyt, 2001; Feine et al, 2007; Sedgwick
et al, 2013).

Given that several kinesins showed such tight co-regulation in a
large-scale experiment where more than 4,400 proteins were profiled
across mitosis and that these proteins could be potential targets for
anti-cancer drugs, we tested whether these candidate proteins were
indeed bona fide APC/C substrates. We used the well-established
biochemical in vitro degradation assay to validate the short list of
potential APC/C targets. Four of five tested candidate kinesins,
KIFC1, KIF18A, KIF2C, and KIF4A exhibited APC/C-dependent
degradation profiles in our assay system (Fig 4A, and Supplementary
Fig S3A). KIF23 resulted in inconclusive degradation profiles under
the applied assay conditions (Supplementary Fig S3A).

We then focused on understanding the mechanisms behind APC/C-
mediated degradation of KIFC1 and KIF18A. These two kinesins
both play clear but distinct roles in cell division. For instance, KIFC1
and its opposing motor KIF11/EG5 are involved in organizing
microtubule spindle structure observed in mitosis. First, we identi-
fied their D-box motifs: one was identified at the N-terminus of
KIFC1 and two were identified within the C-terminal half of KIF18A.
Interestingly, during the course of this work, Liu et al (2012)
published an in silico study aimed at computationally screening for
APC/C substrates based on D-box and KEN-box motifs. This study
predicted that a number of kinesins are candidate APC/C substrates
with KIFC1 and KIF4A as predicted D-box dependent substrates and
KIF18A, KIF23 and KIF14A as KEN-box dependent substrates. We
confirmed that the RsSPLg sequence of KIFC1 is indeed a D-box
motif. After successfully identifying the relevant D-boxes, we did
not investigate any putative KEN-box motifs. However, it is now
apparent that a given substrate can be APC/C-regulated by multiple
recognition sites as demonstrated previously (Crane et al, 2004b),
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and recently by an excellent structural-guided biochemical study
(Tian et al, 2012). KIF18A for example appears to possess at least
two D-box motifs necessary for degradation based on our experi-
ments, in addition to the predicted tentative KEN box (Liu et al,
2012). The biological relevance of possessing multiple recognition
sites has not been fully investigated in the field in general and is
beyond the scope of this study. It is nonetheless plausible that multiple
sites may generate a kinetic proofreading mechanism that regulates
the susceptibility and timing of degradation.

A number of studies have investigated the roles and mechanisms
by which KIFC1 regulates bi-polarization of mitotic spindles (Moun-
tain et al, 1999; Cai et al, 2009a,b), however, none have made a
direct link between timely degradation by the APC/C and the func-
tion of KIFC1 during mitosis. First, we established that KIFC1 is a
CDH1-specific target (Supplementary Fig S4C), suggesting that
KIFC1 degradation occurs later in mitosis or early in G1 as is the
case for a number of CDH1 targets. APC/C substrates are degraded
in a very precisely ordered fashion to ensure the fidelity of cell divi-
sion (Peters, 2006). We hypothesized that PTMs are involved in
fine-tuning this timing precision. We tested this hypothesis of cell
cycle-dependent PTMs using our recently developed FLEXIQuant
approach which allows for an unbiased identification of peptides
that harbor PTM(s) and the quantification of the extent of the PTM
(Singh et al, 2009, 2012b). One specific advantage of this method is
that it prioritizes potential PTM sites for subsequent follow-up
experiments. While the standard qualitative MS data revealed three
KIFC1 phosphorylation sites on Ser6, Ser26 and Ser31, FLEXIQuant
demonstrated that only the abundance profile of the unmodified
peptide ScPLLEVK;, is clearly modulated during the transition
through mitosis, whereas the peptide harboring Ser26 and Ser31
demonstrated negligible changes during mitosis indicating low
mitosis dependency of these two phosphorylation sites (Fig 5B).
Given the timing of phosphorylation and placement of Ser6 within
the D-box motif, a clearer picture emerged when considering two
previous studies that demonstrated the role for specific phosphoryla-
tion sites in protecting the respective protein from APC/C-mediated
degradation (Holt et al, 2008; Cai et al, 2009b). In each study, a
phosphorylation site proximal to confirmed APC/C recognition
motifs rendered their given substrates, SECURIN and AURORA A,
resistant to degradation. In the case of KIFC1, however, the stabiliz-
ing phosphorylation site is located within the D-box itself.

Site-directed mutagenesis of three identified phosphorylation
sites was performed. Only the S6D mutation could stabilize KIFC1
levels whereas all other serine mutants displayed normal degrada-
tion profiles similar to the wild-type (Fig 6A and Supplementary Fig
SS5A). Overall these findings are consistent with the growing notion
that phosphorylation at specific sites within a substrate play a crucial
role in preventing premature recognition and ubiquitination by the
APC/C and hence the general timing of events in mitosis (Littlepage
et al, 2002; Holt et al, 2008). We and others (Ozlu et al, 2010;
Kettenbach et al, 2011) have shown that CDK1 plays a major role in
mitosis and thus may be the kinase involved in stabilization of
KIFC1. We confirmed that CDK1 phosphorylates Ser6 (Supplemen-
tary Fig S5B) and demonstrated that KIFC1 displays CDK1-mediated
resistance to ubiquitination by the APC/C (Fig S5C). Thus, the
mechanism that mediates KIFC1 and APC/C interactions must also
account for the roles of the mitotic phosphatases. The precise phos-
phatase(s) responsible for dephosphorylation of Ser6 have yet to be
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Figure 7. Model for phosphorylation-dependent inhibition of APC/C-mediated degradation of KIFC1.
Phosphorylation of KIFC1 at Ser6 by CDK1 renders KIFC1 incapable of binding to the APC/C°". The phosphate may form a salt bridge with the neighboring arginine which is
a key residue in the APC/C recognition motif, the D-box. Removal of the phosphorylation by a phosphatase permits APC/C access to the D-box for subsequent ubiquitination

and degradation.

identified, but can be postulated as PP2A (Wurzenberger & Gerlich,
2011).

Overexpression of wild-type KIFC1 in cells disturbs the stoichio-
metric balance between KIFC1 and its counterforce generating
kinesin EGS5/KIF11. This imbalance may be responsible for the
increased number of monopolar spindles observed. However, this
phenotype was even more profound in cells overexpressing non-
degradable D-box or S6D of KIFC1 (Fig 6C), which was not observed
with other phosphorylation site mutants. We consider these results
as consistent with the notion that the down-regulation of the KIFC1
antagonist EG5/KIF11 induces a monopolar spindle phenotype and
that the decrease of KIFC1 by RNA interference can induce multipo-
lar spindles (Zhu et al, 2005). However, it remains an unanswered
question as to how degradation late in mitosis will show an effect
early in the following mitosis as CDH1 knockdown experiments did
not show any defects in early spindle formation (Floyd et al, 2008).
More detailed experiments are required to answer this question.

Our model in Fig 7 summarizes our findings in the context of
previous structural studies of the APC/C (da Fonseca et al, 2011;
He et al, 2013). It proposes that KIFC1 susceptibility to the APC/C
is in part controlled by phosphorylation at Ser6. For example, a
CDK1-dependent phosphorylation at Ser6 may result in a salt
bridge with ArgS5, preventing Arg5 of the D-box to bind to the
APC/C. However, other models of modulating the interaction
between the APC/C and KIFC1 are possible. Recent structural data
of the C-terminal WD40 domain of S. cerevisiae CDH1 in complex
with the APC/C inhibitor, Acml, reveal hydrogen bond interac-
tions between the D-box arginine of Acm1, and two acidic residues
(glutamate and aspartate) from CDH1 (He et al, 2013), which is
consistent with the model of phosphorylation inhibition proposed
above. While this structural study provides some insight into the
structural underpinnings of the observed phenotypes of our KIFC1
mutants, only more in-depth structure-guided mutational analysis
can test the precise mechanism behind the KIFC1 D-box phosphor-
ylation and binding to the APC/C.
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The timely degradation of substrates is imperative for the fidelity
of mitosis and Rape et al have showed that substrate ordering
depends on the relative processivity of substrate multi-ubiquitina-
tion by the APC/C which is strongly influenced by the D-box
(Rape et al, 2006). This study suggested that earlier substrates are
better substrates of the APC/C. Our study and others (Littlepage &
Ruderman, 2002; Holt et al, 2008) suggest that PTMs such as phos-
phorylation fine tune the degradation of these substrates further to
ensure the temporal order of degradation. Overall, both published
and presented data from this study are consistent with the emerging
model that coordinated stabilization and degradation of several
mitotic kinesins in general is important for proper mitosis. The
timely degradation of kinesins and many other substrates is probably
tightly regulated by PTMs as observed with KIFC1. As the kinesins
are major regulators of cytoskeleton reorganization during mitosis,
our study emphasizes the role of APC/C coordinating cytoskeleton
topology in the context of cell division.

Materials and Methods
Cell culture

Reagents were purchased from Sigma-Aldrich unless otherwise
noted. HeLa S3 cells (ATCC) were maintained in DMEM supple-
mented with 10% fetal bovine serum, penicillin and streptomycin
(Cellgro).

For the mitosis TMT experiment, HeLa S3 cells were grown in
15-cm culture dishes until confluent, split in a 1-to-6 ratio and
grown for 12 h. Cells were then incubated with 2 mM thymidine for
20-22 h, washed and released into fresh media for 8 h, incubated
again with 2 mM thymidine for 20-22 h, and washed and released
for up to 15 h. The time points sampled for the TMT labeling
included, 0 h/S-phase (immediately before the second thymidine
release), and 7, 8, 9, 10 and 15 h post-thymidine release.
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For KIFC1 immunoprecipitation assays, S3 cells were synchro-
nized as described for the mitosis TMT experiment. Cells were
harvested at S-phase, and 4, 7, 8, 12 and 13 h post-thymidine
release. For in vitro degradation assays, S3 cells were grown in sus-
pension until the population reached a density of 2.5-3 x 10° cells/
ml. Cells were then incubated with 2 mM thymidine for 20-22 h,
washed and released into fresh media for 3 h, and blocked again
with 0.1 pug/ml nocodazole for 11 h. Cells were washed twice with
fresh warm media, released for 4 h and then harvested to obtain a
G1 population. Synchronization for all experiments was validated
using Flow Cytometry (5-laser LSRII; BD Biosciences) after propidium
iodide staining of ethanol-fixed cells.

In vitro degradation, ubiquitination and kinase assays

Degradation assays - Extracts of HeLa S3 cells were prepared as
described previously (Ayad et al, 2003). Degradation assays were
done in 20-pl cell extracts supplemented with 1 pl of energy regener-
ating mix (20 mM ATP, 150 mM creatine phosphate, 2 mM EGTA
pH 8.0, 20 mM MgCI2, 0.1 pg/ml Ubiquitin (Boston Biochem),
0.1 pg/ml Cyclohexamide), 1 pl of 1 mg/ml recombinant His6-
UBE2S (Boston Biochem), 1 ul of 1 mg/ml recombinant UBCH10
(Boston Biochem), and either 5 pl of 0.5 mg/ml 6 x His-tag purified
recombinant EMI1 (C-terminus) protein or SECURIN protein or PBS
for no inhibitor control and 1-2 pl radiolabelled in vitro synthesized
substrate expressed in reticulocyte lysate (Promega) with 3°S-labeled
methionine. Ubiquitination assays were done by pulling down the
APC/C (Singh et al, 2009), maintaining the complex on the beads,
and supplementing the APC/C with recombinant CDH1 (Ayad et al,
2003) and reagents described above. Samples were incubated at
30°C and aliquots were sampled every 15-30 min over a 2-h period.
Aliquots were added to Laemmli sample buffer (Bio-Rad), incubated
at 95°C for 5 min, and flash-frozen on dry ice. Samples were
resolved by SDS-PAGE and visualized by autoradiography. For
kinase-ubiquitination assays, >°S-labeled KIFC1 was pre-incubated
with CDK1/CYCLIN B (plus or minus Purvalanol A) for 1 h at 30°C,
and then added to the ubiquitination assay described above. To map
phosphorylation sites due to incubation with CDK1/CYCLIN B,
Ni-NTA-bound (GE Healthcare) His6-KIFC1 was incubated with
CDK1/CYCLIN B for 3 h, and the sample processed for MS analysis
as described in the below.

In order to obtain X. laevis egg extracts with interphase activi-
ties, frogs were injected with human chorionic gonadotropin, and
laid eggs were collected and washed in 1X MMR prior to dejelly-
ing in 2% aqueous cysteine and activation with 1 pg/ml calcium
ionophore (Sigma-Aldrich) (Pe’er et al, 2013). Next, the eggs were
washed in XB buffer and XB buffer with protease inhibitor mix
(Roche). Forty-five minutes post-activation, eggs were packed
by centrifugation (1 min at 157 x g) in an Ultraclear centrifuge
tube (Beckman Coulter, Inc.), supplemented with cytochalasin B
(Sigma-Aldrich) and finally crushed by centrifugation (10 min at
15,680 x g). The cytoplasmic/top layer was collected and clarified
by additional centrifugation (10 min at 15,680 x g). The following
reagents were then added to the listed final concentrations eqiva-
lent to 1X energy mix: 4% glycerol, 10 ug/ml cytochalasin B, and
100 pg/ml cycloheximide (Sigma-Aldrich). Protein degradation
was assayed in interphase egg extracts in the presence or absence
of 1 nM recombinant CDHI, or in extracts that were driven into
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mitosis by preincubation with 10 pg/ml A90 cyclin Bl for 40 min
at room temperature. Irrespective of the extract, 1 pl 3°S-labeled
protein substrate was mixed with 15 ul extracts, 1 pl of
20 x energy-regeneration mix, and 1 pl of 10 mg/ml ubiquitin.
The reactions were incubated at room temperature for up to 2 h
whereby aliquots were taken at the time points indicated
in Supplementary Fig S3B, and processed for SDS-PAGE and
autoradiography.

Plasmids

Human clones of KIFC1, KIF2C, KIF18A, KIF14, KIF20A, KIF22,
KIF23 and KLC1 were purchased from Open Biosystems (OB), the
KIF4A clone was a gift from the T. Mitchison Lab. The genes were
subcloned into the CellFree Sciences (CFS) vector, pEU-E01-MCS,
for in vitro degradation assays. KIFC1 was cloned into the pCS2
vector, the pCS2-Cterminal EGFP vector (Rape & Kirschner, 2004),
and the CFS-based N-terminal His tag FLEXIQuant vector (Singh et al,
2009) for in vitro degradation assays, in vivo imaging, and FLEXI-
Quant analysis, respectively. The various D-box and serine muta-
tions were generated using QuikChange site-directed mutagenesis
strategy (Stratagene).

KIFC1 immunoprecipitations for FLEXIQuant analysis

HeLa S3 cells harvested from a 15-cm culture dish were lysed in
200 pl lysis buffer [1X PBS, 0.1% Triton X-100, 1 mM orthovana-
date, 10 mM NaF and protease inhibitor cocktail (Roche)]. The cells
were kept on ice for 15 min and then lysed by three rounds of
freeze/thaw (liquid N2/30°C) cycling, followed by ten passages
through a 27G needle. Lysates were centrifuged at 20,000 x g on a
standard refrigerated tabletop centrifuge. Beforehand, the antibody
(Bethyl or SIGMA) was conjugated to AffiPrep Protein A sepharose
beads (Bio-Rad) in binding buffer containing 50 mM TrisHCI
pH 7.4, 1% NP40, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM
Na3VO,, 1 mM NaF, and phosphatase inhibitor cocktails 1 and 2.
Each HeLa S3 supernatant was mixed with an appropriate volume
of wheat germ extract expressing stable isotope labeled KIFC1
(Singh et al, 2009), and subsequently added to the antibody. The
antibody-lysate samples were incubated for 3 h at 4°C. Bound
protein was washed six times with 10x bead volume of wash buffer
(binding buffer + 300 mM NaCl). The bound protein was precipi-
tated for 5 min at 95°C in 100 pl of Laemmli sample buffer. The
immunoprecipitates were analyzed by SDS-PAGE and a molecular
weight window around the observed band for precipitated KIFC1
was excised and digested using trypsin.

Immunostaining and microscopy

HeLa adherent cells (ATCC) were grown on 3-4 coverslips/well, in
a 6-well flat-bottom tissue culture plate (BD Falcon) and transfected
using polyethylenimine (MW 25K, Polysciences). For each well of
cells, 30 pl of 0.5 mg/ml polyethylenimine was dissolved in 300 pl
of 150 mM NaCl and mixed with 1.0 pg plasmid dissolved in 300 pl
of 150 mM NaCl for 20 min before adding to the cells. WT or
mutant pCS2-KIFC1-EGFP plasmids were transfected for 24 h prior
to methanol fixation (3 min at —20°C). Cells were blocked (0.15 M
NaCl, 0.02 M TrisHCI pH 7.4, 2% BSA, 0.1% Triton X-100, 0.1%
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sodium azide) and subsequently incubated with anti-p-tubulin
primary antibody (Sigma-Aldrich) for 1 h followed by the Alexa
Fluor 568 rabbit anti-mouse secondary antibody (Invitrogen) for
1 h, at room temperature. Cells were mounted in Aqua-Mount
(Lerner Laboratories) and kept at 4°C. Microscopy was done using
the Perkin Elmer Ultraview Vox microscope and the data were
imaged using the Velocity Image Analysis Software (IDDRC Imaging
Core at Boston Children’s Hospital).

TMT labeling and peptide fractionation

Three biological replicates were performed for each cell cycle exper-
iment. Cells were lysed and the proteins extracted as outlined previ-
ously (Winter & Steen, 2011), digested using trypsin (Promega), and
labeled with the TMT 6-plex reagent (Thermo Scientific), combined
and desalted using Oasis Hlb 1 cc columns (Waters). The desalted
peptide samples were fractionated based on their isoelectric point in
a range of pI 3-10 in 24 fractions using an OFFGEL fractionator
(Agilent). The fractions were extracted, dried with a table top speed
vacuum (Thermo Scientific), resuspended in 20 pl 5% acetonitrile
5% formic acid and analyzed by LC-MS/MS in triplicate (for details
see below), resulting in nine replicates for each time point when
considering all three biological repeats.

Mass spectrometry

Peptide samples were analyzed with the high-resolution/accuracy
LTQ-Orbitrap mass spectrometer (Thermo Scientific, Classic
model, resolution setting for survey scans: 30K for the TMT
experiments and 60K for FLEXIQuant analyses) linked to a micro-
autosampler and a nanoflow HPLC pump (2D nanoLC, Eksigent).
The reverse phase columns were packed in-house using Magic
C18 particles (5 um, 200 A; Michrom) and PicoTip Emitters
(New Objective). Peptides were eluted with a 30 (FLEXIQuant) or
60 min (TMT) linear gradient from 95% A (water with 0.2%
formic acid) 5% B (acetonitrile with 0.2% formic acid) to 65% A
35% B. The data were acquired in the data dependent mode,
fragmenting the 6 most abundant peptide species. For the TMT
analyses, peptides were fragmented in the PQD-mode (Bantscheff
et al, 2008). For FLEXIQuant analyses, peptides were fragmented
in the CID mode.

The proprietary Thermo Scientific raw files were converted into
mgf files (Renard et al, 2009) and MS/MS data queried either
against the IPI Human v.3.69 protein sequence database (TMT
experiments), containing common contaminations and concatenated
to its decoy version, or an in-house custom database, containing
FLEX-tagged human KIFC1 (for the FLEXIQuant experiments), using
MASCOT version 2.1 (Matrix Science). TMT peptides were searched
with enzyme specificity trypsin, one missed cleavage site, propion-
amide (Cys) as a fixed modification; and TMT6plex (N-termini
and Lys), oxidation (Met), deamidation (N), and Gln to pyroGlu
(N-terminal Q) as variable modifications. Using the target-decoy
approach, peptides were filtered at a false discovery rate of 1% and
proteins assigned based on at least two unique peptide sequences
using in house software. After peptide and protein identification, IPI
accession numbers were converted to NCBI gene names in order to
overcome isoform and redundancy issues encountered when using
the IPI databases.
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Quantitative MS analysis and protein profile similarity screening

Pre-clustering steps

Peptide-spectrum matched TMT ion intensities were extracted from
the fragment ion spectra without applying MS- or MS/MS-based
cut-offs. Prior to further data analysis we corrected for loading
variation. Next, each TMT ion channel intensity was divided by the
sum of all sister channel intensities (sum normalization), which
resulted in the peptide abundance profiles. As it has been recently
shown that the Model-Based clustering based on finite mixture
models (Banfield & Raftery, 1993; Fraley & Raftery, 2002) can be
successfully applied to time series data analysis (Frohwirth-Schnatter
& Kaufmann, 2008) such that each time series y;, i = 1,...,N, in a
panel of N time points is considered to be a single entity connected
by a line (Fig 1E-G). The protein abundance profile was calculated
based on the average TMT-based peptide abundance profiles from
all associated peptide-spectrum matches. Compositional data analysis
was used in order to perform relative protein profiling (Aitchison,
1982, 1986). Compositional data consist of vectors whose compo-
nents are the proportions of a whole (here set to be 1). Thus, the
final sum normalized intensities calculated above provide the com-
positional vectors which correspond to the relative magnitudes of
the reporter ions. The isometric log-ratio transform was subse-
quently applied enabling the use of the Euclidean distance metric
for the compositional vectors (van den Boogaart & Tolosana-Delgado,
2008) for the clustering, protein profiling and co-regulation
analysis.

Clustering steps
The profiles of the APC/C substrates identified in our screen were
extracted and co-clustered using a Gaussian mixture model (Fraley
& Raftery, 2002) in the simplicial domain. One of the advantages
of this method is that the cluster analysis is based on probability
models which permit an unbiased approach for determining
potential APC/C target sub-clusters. The workflow of this algo-
rithm (implemented in R as “Mclust”) (Fraley et al, 2012) com-
bines hierarchical agglomeration (Murtag & Raftery, 1984),
(Banfield & Raftery, 1993), Expectation Maximization (EM) algo-
rithm (McLachlan & Basford, 1988), with a Bayesian Information
Criteria (BIC) approximation (Swartz, 1978). The overall complexity
of the mixture model is governed by the degrees of freedom
permitted by structure of the covariance matrices >, of the k
clusters (Fraley et al, 2012). The best model minimizes the BIC
(Swartz, 1978; Fraley et al, 2012): it delivers the best possible
tradeoff between the number of clusters and the intra-cluster vari-
ances. This procedure yielded our six reference groups (Fig 2B).
We subsequently determined a representative average protein
trace for each reference group and determined the similarity of
each observed protein trace to these reference protein traces.
Proteins were then ranked according to decreasing similarity for
every reference group. For the subsequent text analysis, the
descriptions of the 45 proteins most similar to each of the six
different reference profiles (top percentile, i.e. 270 protein descrip-
tions in total) were concatenated and submitted to http://
textalyser.net/ for text analysis to determine the frequency of each
word.

For FLEXIQuant experiments, the area under the selected ion
chromatograms for each light and heavy monoisotopic peak was
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determined using Xcalibur (Thermo Scientific). Details on the data
and statistical analyses have been outlined in our previous publica-
tion (Singh et al, 2012a).

Supplementary information for this article is available online:
http://emboj.embopress.org
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