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Figure S12 Numerical Simulation of mitotic substrate phosphorylation network in response to rising Cyclin levels
The model simulates mitotic entry experiments where cyclin levels become stabilized by APC/C inhibition. Each row 
corresponds to one of the experimental conditions used in this work (control, CycA depletion etc.). Left columns: Cyclin 
levels and phosphorylated mitotic substrates (early, intermediate and late). Right columns: temporal changes of some mitotic 
regulators. Changes of Cdc25P and GwlP (not shown) are similar to phosphorylated ENSA (pENSA). 
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Supplementary Material 

A) Supplementary Videos 

Supplementary Video 1  
B1dd/B2ko cells expressing FusionRed-Histone H2B (green) and Mis12-GFP (white) and labelled 
with SiR-Tubulin (red) going through mitosis. Time is indicated as hh:min. Scale bar represents 
5µm. Images are airy scan reconstructions and maximum intensity projections of seven stacks taken 
at 2µm intervals.  

Supplementary Video 2 
DIA treated B1dd/B2ko cells expressing FusionRed-Histone H2B (green) and Mis12-GFP (white) 
and labelled with SiR-Tubulin (red) going through mitosis. Time is indicated as hh:min. Scale bar 
represents 5µm. Images are airy scan reconstructions and maximum intensity projections of seven 
stacks taken at 2µm intervals.  

Supplementary Video 3  
B1dd/B2ko cells expressing FusionRed-Histone H2B (green) and Aurora-B-GFP (white) and labelled 
with SiR-Tubulin (red) going through mitosis. Time is indicated as hh:min. Scale bar represents 
5µm. Images are airy scan reconstructions and maximum intensity projections of seven stacks taken 
at 2µm intervals.  

Supplementary Video 4 
DIA treated B1dd/B2ko cells expressing FusionRed-Histone H2B (green) and Aurora-B-GFP (white) 
and labelled with SiR-Tubulin (red) going through mitosis. Time is indicated as hh:min. Scale bar 
represents 5µm. Images are airy scan reconstructions and maximum intensity projections of seven 
stacks taken at 2µm intervals.  

Supplementary Video 5  
Mitotic progression in B1dd/B2ko cells transfected with Ctr siRNA with or without DIA treatment 
and Ensa/ARPP19 siRNA transfected B1dd/B2ko cells without DIA treatment. 12 hours after siRNA 
transfection cells were blocked for 24 hours by Thymidine, released from the arrest and imaged 10 
hours after release. The cells are expressing FusionRed-Histone H2B (red) and are labelled with 
SiR-Tubulin (white). Time is indicated as hh:min. Scale bar represents 5µm. Images are airy scan 
reconstructions and maximum intensity projections of seven stacks taken at 2µm intervals.  

Supplementary Video 6  
Prophase arrest and slippage in B1dd/B2ko cells transfected with Ensa/ARPP19 siRNA treated with 
DIA following release from Thymidine arrest. The cells are expressing FusionRed-Histone H2B 
(red) and are labelled with SiR-Tubulin (white). Time is indicated as hh:min. Scale bar represents 
5µm. Images are airy scan reconstructions and maximum intensity projections of seven stacks taken 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/501684doi: bioRxiv preprint first posted online Dec. 19, 2018; 

http://dx.doi.org/10.1101/501684
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 

at 2µm intervals.  

B) Supplementary Tables 

Supplementary Table 1  
All detected phosphorylation sites. Columns include protein identifiers, the site localisation proba-
bilities, positions in protein, positions in peptide sequence, the identification score, the posterior er-
ror probability (PEP), the localisation score, the normalised TMT reporter intensities for the phos-
phorylated peptides, the normalised TMT reporter intensities for the unmodified protein, ratio of 
phosphorylated/unmodified, the mean fold change (3 biological replicates), the p-value (t-test, un-
corrected), and columns indicating whether several linear motifs are found in the phosphorylated 
peptide sequence (e.g. CDK consensus motif, etc.) 

Supplementary Table 2  
Significantly changing phosphorylation sites as determined by 2x-fold change and 0.05 p-value cut-
offs. Columns include protein identifiers, the site localisation probabilities, positions in protein, po-
sitions in peptide sequence, the identification score, the posterior error probability (PEP), the locali-
sation score, the normalised TMT reporter intensities for the phosphorylated peptides, the normal-
ised TMT reporter intensities for the unmodified protein, ratio of phosphorylated/unmodified, the 
mean fold change (3 biological replicates), the p-value (t-test, uncorrected), and columns indicating 
whether several linear motifs are found in the phosphorylated peptide sequence (e.g. CDK consen-
sus motif, etc.) 

C) Material and Methods 

Tissue Culture and Chemical Reagents 
hTERT RPE-1 cells were obtained from ATCC (cat. CRL-4000) and were grown at 37°C with 5% 
CO2 in DMEM/F12 (Sigma-Aldrich) media containing 10% fetal bovine serum (FCS) and 1% pen-
icillin–streptomycin. 

Drugs used for this study and working concentrations were: 
PD0166285 (0.5µM) (Stratech Scientific Limited, S8148-SEL) 
Apcin (26µM) (Sigma-Aldrich SML1503)  
ProTame (6µM) (Bio-techne I-440-01M) 
Asunaprevir (3µM) (BMS-650032, Bioquote, A3195) 
indole-3-acetic acid (IAA, 500µM) (Sigma Aldrich I5148) 
Doxycyclin (1µg/ml) (Takara-bio, Clontech 631311) 
Thymidine (4mM) (Sigma Aldrich T1895) 
SiR-DNA (50-100nM) (Tebu-bio Ltd. SC007) 
SiR-Tubulin (50-100nM) (Tebu-bio Ltd. SC002 ) 
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Antibodies 

 
Antigen Host Company Cat. Number secondary ABs Company Cat. Number 
Alpha-tubulin mouse Abcam nr. 7291 Alexa647 donkey 

anti-rabbit  
Invitrogen A31573 

Gamma-tubulin rabbit Abcam ab84355 Alexa555 donkey 
anti-goat 

Invitrogen A21432 

Pericentrin rabbit Abcam ab4448 Alexa488 donkey 
anti-mouse  

Invitrogen A21202 

CREST human ImmunoVision HCT-0100 HRP Goat anti-
mouse 

DAKO P0447 

Lamin A/C goat Santa Cruz sc-6215 Lot 
I2111 

HRP Goat anti-
Rabbit 

Bethyl A120-201P 

pLamin A/C S22 rabbit Cell Signaling 
Technology 

2026S  

pCdk1-sub-
strates 

rabbit Cell Signaling 
Technology 

9477S 

Aurora B rabbit Abcam ab2254 
KI67 rabbit Abcam ab16667 
Cyclin A2 mouse Abcam ab38 
Cyclin B1 mouse Abcam ab72 
Cyclin B2 mouse SC sc-28303 
Cyclin B3 mouse SC sc-515887 
Cyclin B3 rabbit ThermoFisher PA5-37254 
myc mouse Abcam ab32 
GAPDH mouse Genetex GTX627408 
Aurora A mouse Abcam ab13824 
Aurora B rabbit Abcam ab2254 
ENSA rabbit Abcam ab180513 
pENSA (ser67) rabbit CST nr. 5240 
Greatwall rabbit Sigma HPA02717 
Tpx2 rabbit Bethyl A300-429A 
Repoman 
(CDCA2 

rabbit Sigma SAB4500599 

CenpA mouse Abcam ab13939 
CenpB rabbit Abcam ab25734 
Topo2B mouse BD Transd. Labs nr. 611492 

 

Generation of endogenously tagged cell lines  
gRNAs were designed using Benchling CRISPR tool (https://benchling.com/). The sequences 5’ 
ACTAGTTCAAGATTTAGCCA 3’ , 5’ TGTTTCTAAAACCATCAAGT 3’, 5’ GCACACTCAC-
CGTCGGGCGT 3’ and 5’ GACCTGCTACAGGCACTCGT 3’ were chosen for cyclin B1, cyclin 
A2, cyclin B2 and Rosa26 respectively, and introduced into the vector pSpCas9(BB)-2A-Puro 
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(PX459) V2.0 following the protocol described in (1). PX459 acquired from Feng Zhang via 
Addgene (plasmid # 48139). Indel mutations in Cyclin B2 were confirmed by Sanger sequencing as 
two frameshift mutations downstream of the initiating ATG in the CCNB2 gene (CTCGACG-
CCCGACG-GTGAG and CTCGACGCC-C-GACGGTGAG with the missing residues marked by 
hyphenation). The Puromycin resistance in hTERT RPE-1/OSTIR1 cells was removed using 
CRISPR using the following gRNA sequence: 5’ AGGGTAGTCGGCGAACGCGG 3’. To make 
the targeting template, Gibson assembly was used to assemble into NotI-digested pAAV-CMV vec-
tor (gift from Stephan Geley, University of Innsbruck, Austria) the fragments in the following or-
der: the left arm, a linker (5’ CGCCTCAGCGGCATCAGCTGCAGGAGCTGGAGGTG-
CATCTGGCTCAGCGGCAGG 3’), mAID 3, SMASh 5, T2A-neomycin and the right arm. To get 
CRISPR-resistant constructs, the following sequences were mutated as followed: ACTAGTTCAA-
GATTTAGCCAAGG by AtTAGTcCAgGAccTAGCtAAaG for cyclin B1 and 
CCATCAAGTCGGTCAGACAGAAA by CCATgAtGaCGcTCAcACAGttA for cyclin A2. Muta-
tions (lowercase letters) are silent and preferential codon usage was taken into account. For induci-
ble expression of OsTIR1 we used the construct described in (2) combined it with a bleomy-
cin/zeocin resistance marker and cloned it into a Rosa26 targeting construct. Integration was con-
firmed by genomic PCR (Supplementary Fig. 1b). To generate stable clones, 106 hTERT immortal-
ised RPE-1 cells were transfected with 0.5µg of gRNA/Cas9 expression plasmid and 1.5µg of tar-
geting template using Neon transfection system (Invitrogen), with the following settings: 10µL nee-
dle, 1350V, 20ms and 2 pulses. Clones were incubated for 3 weeks in media containing 1mg/mL of 
neomycin (Sigma-Aldrich), 5µg/mL blasticidin (Gibco) or 500µg/mL zeocin (Invivogen) and se-
lected clones were screened by western blot. 

Generation of PCNA tagged cell lines 
AAV-293T cells (Clontech) were seeded into a T75 flask one day before transfection, such that 
they were 70% confluent on the day of transfection. Cells were transfected with 3µg each of pAAV-
mRuby-PCNA (3) pRC and pHelper plasmids, and 20µl Lipofectamine 2000, diluted in 3ml OPTI-
MEM (Gibco). Lipofectamine/DNA mixture was added to cells in 7ml of complete medium 
(DMEM with 10% FBS and 1% penicillin-streptomycin). Cells were incubated at 37’C for 6 hours 
and before medium was replaced with 10ml of complete medium. Three days post transfection, me-
dium and cells were transferred to a 50 ml falcon tube. Cells were lysed with three rounds of freeze-
thaw. The sample was centrifuged at 10,000 x g for 30min at 4’C. Supernatant containing AAV par-
ticles was collected and either used immediately or aliquoted and stored at -80’C. Cyclin A2dd cells 
were plated one day before transduction, such that they were 40% confluent for transduction. Cells 
were washed twice in PBS and incubated in 5ml of complete medium plus 5ml of AAV-mRuby-
PCNA containing supernatant for 48 hr. Cells were expanded for a further 48 hr followed by FACS 
sorting using a BD FACSMelody sorter according to the manufacturer’s instruction. 
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Generation of cell lines stably expressing fluorescent protein markers  
For rapid generation of multiple fluorescent protein tagged cellular markers we cloned a sequence 
of P2A-ScaI-mEmeraldT2A-Balsticidin resistance marker into the pFusionRed-H2B expression 
construct (Evrogen, FP421). the ScaI site was then used to clone Mis12 and AurB in-frame with the 
preceding P2A and the following T2A sequence. Cyclin A2dd and B1ddB2ko cells were transfected 
with 2µg of the expression plasmids by NEON electroporation (Invitrogen) and grown for two 
weeks in medium containing 5µg/mL blasticidin (Gibco). Fluorescent protein expressing cell lines 
were isolated by FACS sorting using a BD FACSMelody sorter according to the manufacturers in-
struction. 

Genomic PCR 
Genomic DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen) according to the in-
structor’s recommendation then DNA was amplified with Phusion High Fidelity DNA polymerase 
(New England Biolabs) using the following primer pairs to check genomic integration: 5’ CTG-
CATTCTAGTTGTGGTTTGTCCA 3’ and 5’ ACTATGACCCACGCAGTACAA 3’ (TetON-
OsTIR1 into Rosa26 locus) , 5’ ATTGCTGAAGAGCTTGGCGG 3’ and 5’ TCACACCATTCAA-
GCACCTGTA 3’ (degron tags into Cyclin A2 locus), 5’ CTGAGCGGAAAACCTGCTATC 3’ and 
5’ CTGAACGAACAGGGGAAATGGTT 3’ (degron tags into Cyclin B1 locus), 5’ TGGTGGAA-
GATTGGTGGCTC 3’ and 5’ CTGCTTCTGGCATGGCTTTC 3’ (internal amplification control in 
Kif23 locus). Samples were loaded onto 1% agarose gel (Fisher) in 1X TAE buffer and containing 
ethidium bromide then imaged using Ingenius, Syngene Bio-imaging apparatus. 

RT-qPCR 
cDNA was prepared from extracted mRNA (RNeasy kit, Qiagen) using oligo d(T) (Ambion), mu-
rine RNase inhibitor (New England Biolabs) and M-MuLV reverse transcriptase (New England Bi-
olabs) following the manufacturer’s directions. Samples were then treated with RNase A (Sigma) 
and cleaned using QIAquick PCR purification kit (Qiagen). Next, qPCR was carried out with HOT 
FIREPol EvaGreen qPCR Mix Plus (no Rox, Solis BioDyne) and primers for cyclin B3 (5’ AAGA-
CACTGACCTTGTCCCG 3’ and 5’ AGAGGGCCAGGAGTAAGGAG 3’) and the loading con-
trols: actin (5’ GAAGTGTGACGTGGACATCC 3’ and 5’ CTCGTCATACTCCTGCTTGC 3’) and 
TATA-binding protein (5’ CACGAACCACGGCACTGATT 3’ and 5’ TTTTCTTGCTGCCAG-
TCTGGAC 3’). The reaction was performed on a PCR Stratagene MX3005P system. Fold change 
in expression over control was calculated using the delta-delta Ct method (4). 

Proliferation assay 
1000 cells per well were seeded and treated or not with 1µg/mL of doxycycline, 3µM of Asv and 
500µM of IAA for 1 week then cells were fixed and stained with a solution containing 0.05% crys-
tal violet (Sigma-Aldrich), 1% formaldehyde (Sigma-Aldrich), 1% methanol in PBS for 10min. 
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FACS analysis  
Cells were incubated with 10µM of EdU for 1h before being harvested and fixed in 70% ethanol. 
Next, EdU was labelled with the fluorophore Alexa 647 using Click-iT EdU Imaging Kit (Invitro-
gen) and DNA were stained with 5µg/mL of propidium iodide (Fluka) and 150µg/mL of RNAseA 
(Sigma-Aldrich). FACS profiles were obtained from data acquired on Accuri C6 Flow cytometer 
(BD Biosciences). 

Cell synchronisation 
To enrich mitotic cells and block cells in metaphase, we used a single 24 hour Thymidine block re-
lease. Apcin (25µM) and ProTame (6µM) were added 12 hour after the release for 2 hours before 
fixation and analysis. For more efficient mitotic enrichment to collect cells for proteomic or im-
munoblotting analysis we pre-synchronised cells by serum starvation for 72 hours, followed by a 24 
hour release into serum and Thymidine containing medium, followed by release from thymidine. 
ProTame (6µM) was added 12 hours after release for two to four hours and mitotic cells were col-
lected by shake off.  

siRNA transfection  
siRNAs were resuspended to 20µM stock concentration. 1.5ml 20x104 cells were reverse trans-
fected with siRNA diluted in 500µL MEM (Gibco) media containing (10µl) siRNA-MAX reagent 
(Invitrogen) and a final concentration of 80nM siRNA. After 7h-O/N incubation the media was 
changed to the standard growth media. The cells were subsequently used for analysis after 48h de-
pending, or 72 hours in the case of CCNB3. The following siRNAs were used for this study siGWL 
(Qiagen Ltd SI02653182 HsMASTL7 FlexiTube), siARPP19 (Dharmacon L-015338-00), siENSA 
(Dharmacon L-01182-00), siCCNB3 (Dharmacon L-003208-00-0005), All Stars negative control 
siRNA (Qiagen 1027280). In the case of Gwl and Ensa/ARPP siRNA transfections cells were syn-
chronised 12 hours after siRNA transfection by a 25 hour single Thymidine block, and analysed 10-
12 hours after release.  

Immuno-blotting 
Cells were pre-treated for 2h with 1µg/mL of doxycycline (Clontech) then 3µM of asunaprevir 
(Asv; ApexBio) and/or 500µM IAA were added to the media for indicated time periods. Cells were 
harvested and lysed in EBC buffer (50mM Tris pH 7.5, 120mM NaCl, 0.5% NP40, 1mM EDTA, 
1mM DTT, Protease and Phosphatase inhibitors (Complete and PhosStop; Roche Diagnostics)) then 
mixed with 5x sample buffer (0.01% bromophenol blue, 62.5mM Tris-HCl pH 6.8, 7% SDS, 20% 
sucrose and 5% β-mercaptoethanol). The samples were sonicated then boiled at 95°C for 5min. 
Samples were analysed by western blotting and the signal was detected using Immobilon Western 
Chemiluminescent HRP substrate (Millipore). The intensity of cyclins A2 and B1 signals were 
quantified using ImageJ software. GAPDH was used to normalize the samples.  
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Immuno-fluorescence 
Cells were fixed for 10 minutes with 3.7% formaldehyde (Sigma-Aldrich) in PBS , washed in PBS 
and permeabilised with PBS containing 0.5% NP40 for 10 minutes. Following 30 minutes blocking 
in 3% Bovine Serum Albumin (BSA, Sigma Alderich) cells were labelled with the indicated anti-
bodies diluted in 3%BSA/PBS. Secondary antibodies were labelled with Alexa Fluor dyes pur-
chased from Invitrogen. Cell nuclei were counterstained with 4,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; Sigma-Aldrich) then slides were mounted with ProLong Diamond Antifade 
Mountant (Invitrogen).  

Cold treatment 
Cells were grown on coverslips and were or not pre-treated with 1µg/mL of doxycycline for 2h then 
3µM of Asv and 500µM of IAA were added for 4h. Next, the cells were incubated on ice for 10 
min. For microtubule regrowth assay, the cells were re-incubated at 37°C for indicated times. Fixa-
tion was carried out with PHEM (60mM Pipes, 25mM HepesKOH pH 7.0, 5mM EGTA, 4mM 
MgSO4, 0.5% NP40 and 3.7% formaldehyde) for 5 min followed by 95% ice-cold methanol/5mM 
EGTA for 5 min. The samples were then subjected to immuno-fluorescence, widefield microscopy 
an deconvolution. 

Chromosome spreads 
Cells were synchronised by single Thymidine release and Protame/Apcin arrest as described above. 
Mitotic cells were collected by shake off and resuspended in warm 75mM KCl solution for 10min 
before centrifugation. After aspirating KCl, Methanol:Acetic acid (3:1) was added to cells and incu-
bated at RT for 5min. Cells were centrifuged and resuspended in 300-500l remaining solution and 
dropped on glass coverslips. They were allowed to dry for 1h prior to additional 4% Formaldehyde 
fixation for 10min followed by immuno-fluorescence using Ki67 antibodies. 

Widefield live cell microscopy  
Cells were seeded on µ-slide from Ibidi. Cells were pre-treated with 2µg/mL of doxycycline for 2h 
before imaging and 3µM of Asv and 500µM of IAA were added at the beginning of the imaging. To 
observe the nucleus, cells were pre-treated with 50nM SiR-DNA (Spirochrome) for 2h. To analyse 
mitotic entry, time-lapse microscopy was performed in an environmental chamber (Digital Pixels, 
Microscopy Systems & Solutions) heated at 37°C with 5% CO2 supply using an Olympus IX71 
equipped with Orca-flash4.0LT camera and a LUCPlanFLN, NA 0.45, 20X objective, or 0.64 NA, 
LUCPlanFLN 40x lens and 2 × 2 binning. Cells were imaged using differential interference contrast 
(DIC), and fluorescent illumination using a Lumencor Spectra LED light source, and 640/40 Excita-
tion, 705/72 Emission filters. Images were acquired every 5min using Micro-Manager v1.4 software 
and cells that rounded-up and condensed their nucleus were scored.  
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Widefield immuno-fluorescence microscopy and deconvolution 
Slides were imaged using an Olympus IX70 equipped with CoolSNAP HQ2 camera and an UApo 
N 340 NA 1.35, 40X oil immersion objective controlled by Micro-Manager v1.4 software. Stacks 
were taken at 0.2µm intervals and deconvolved using the Huygens Classic Maximum Likelihood 
Estimation algorithm (Scientific Volume Imaging) based on a measured point spread function. 

Airyscan confocal microscopy (Zeiss) 
Confocal imaging was performed on the Airy scan module of Zeiss LSM880 (Carl Zeiss AG®, 
Germany) with Plan-Apochromat 63x/1.4 Oil objective in a live support chamber (Digital Pixels, 
Microscopy Systems & Solutions) at 5%CO2 and 37°C . The ‘Fast’ scanning mode was used to 
speed up the imaging. At each imaging position, 7 axial slices with 2um interval were taken in three 
fluorescence channels including EGFP, RFP and Cy5. The excitation wavelengths were 488nm, 
561nm and 633nm. The emission filters in front of the Airyscan detectors were BP495-550, BP495-
620 and LP645 respectively. Each image was accumulated from four scans to minimize laser in-
duced photo-bleaching and photo-toxicity. The time lapses were set to last over 18 hours with 5 
mins interval. Raw images were processed using Airyscan processing algorithm in Zen (Carl Zeiss 
AG®, Germany). The processed image sequence was then maximum projected. 

Spinning Disc Confocal imaging on Operetta (Perkin Elmer) 
High throughput imaging was performed on Operetta CLS (PerkinElmer Ltd@) in confocal mode 
with 40x/0.9 water objective. Cells were cultured and imaged in PerkinElmer CellCarrier Ultra 96 
well plates. At each imaging point, 3 axial slices with 4 µm interval were scanned every 5 mins in 
three fluorescence channels including EGFP, RFP and Cy5. The imaging lasted around 18 hours in 
5% CO2 and 37°C live environment. The image sequence was maximum projected, and then ana-
lyzed using Harmony software. 

Image segmentation and quantification of immuno-fluorescence 
Regions of interest were either manually generated in ImageJ or using Harmony segmentation algo-
rithms. Mean and Sum Intensity were estimated in ImageJ or Harmony and plotted using Python 
Pandas, Matplotlib and Seaborn APIs (https://www.python.org,https://matplotlib.org,https://sea-
born.pydata.org) 

High pH reverse phase chromatography and phospho-enrichment  
Control and DIA-treated cells were lysed in 2% SDS in Dulbecco’s PBS containing protease and 
phosphatase inhibitors (Roche; mini-cOmplete protease inhibitors EDTA-free, PhosStop). Lysates 
were homogenised by sonication using a probe sonicator (Branson sonifier, 20% power, 30 s). 200 
µg protein was reduced with 25 mM TCEP (Thermo Pierce), alkylated with N-ethylmaleimide 
(Sigma, 55 mM prepared fresh) and then precipitated using the chloroform-methanol method. The 
protein precipitate was resuspended in 0.1 M triethylammonium bicarbonate (TEAB), pH 8.5 and 
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digested first with 2 µg LysC (Wako) for 4 hours and then 2 µg trypsin (Thermo Pierce) overnight. 
The digest was then reacted with 6-plex TMT reagents (Thermo Pierce) using the manufacturer’s 
recommended protocol. The TMT-labelled peptides were then mixed. 

Peptides were separated off-line by high pH reverse phase chromatography using an Ultimate 
3000 high performance/pressure liquid chromatography system (HPLC) (Thermo Dionex) equipped 
with a BEH 4.6 cm x 150 mm BEH C18 column (Waters) using the following mobile phases: A) 10 
mM ammonium formate, pH 9.3 and B) 10 mM ammonium formate, pH 9.3 in 80% acetonitrile 
(ACN). Peptides were eluted using a linear gradient into 24 fractions. 5% of each fraction was dried 
and retained aside for total proteome analysis. The remaining 95% was taken forward for phos-
phoenrichment. 

Phospho-enrichment was performed using magnetic Ti:IMAC beads according to manufac-
turer’s instructions (Resyn Biosciences), similar to previously described (5). Dried fractions were 
resuspended in load buffer (80% ACN, 5% TFA, 5% glycolic acid) and combined into 16 fractions 
in the following manner: F17+F1, F18+F10, F19+F11, F20+F12, F21+F14, F23+F15, F24+F16. 
Enriched phosphopeptides were concentrated by evaporation. 

LC-MS/MS and MS data analysis 
Peptides were resuspended in 5% formic acid and separated by reverse phase chromatography on a 
Ultimate3000 RSLCnano HPLC (Thermo Dionex) equipped with an EasySpray 75 µm x 50 cm col-
umn (Thermo Scientific). Peptides were eluted using a linear elution gradient from 2 to 35% B over 
2 hours using the following mobile phases: A) 0.1% formic acid, and B) 80% ACN + 0.1% formic 
acid. Peptides were then ionised and desolvated in an EasySpray electrospray source with a 2.5 kV 
voltage applied between the emitter and the ion transfer capillary front-end of a Fusion Linear Ion 
Trap-Orbitrap mass spectrometer (Thermo Scientific). The acquisitions were data-dependent. For 
MS1 scans, ions from 350 to 1400 m/z were selected using the quadrupole and m/z scanned using 
the Orbitrap at 120,000 resolution. For MS2 scans, the instrument was operated in top speed mode. 
Precursors were selected using a 1.6 m/z window for CID fragmentation at 30 normalised collision 
energy units followed by m/z measurement in the linear ion trap. The top 3 MS2 fragments were 
then selected for synchronous precursor selection (SPS) using an isolation window of 2 m/z and a 
maximum injection time of 300 ms. The MS2 fragments were then subjected to further HCD frag-
mentation at 55 normalised collision energy units. An MS3 scan of the HCD fragments was then 
performed in the Orbitrap at 60,000 resolution using a scan range of 100 to 150 m/z.  
Peptide identification and quantitation was performed using MaxQuant (version 1.5.6.5) (6), which 
incorporates the Andromeda search engine (7). Default parameters for TMT quantitation were used 
in MaxQuant, allowing for the following variable modifications: Phospho(STY), protein N-terminal 
acetylation, glutamine to pyro(glutamate) conversion, and deamidation of Gln and Asn. The human 
reference proteome from UniProt (accessed on July 25, 2016) was used as the sequence database 
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for the identification. Raw MS files and MaxQuant output files underpinning the mass spectrome-
try-based phosphoproteomics data shown are available through the ProteomeXchange partner 
PRIDE (accession PXD01210) 

Post-MaxQuant processing was performed using R (version 3.5.0). Potential contaminant pro-
teins and hits to the reverse database were removed from consideration. TMT reporter were normal-
ised by the median protein TMT reporter intensities to correct for unequal loading and also cor-
rected for isotope contamination. Phosphorylation site ratios were then calculated for each of the 
three biological replicates and normalised to the ratios measured for the total protein. Fold-change 
cutoffs at x̅ ± 1.96 * s were determined by modelling log ratios as a normal distribution. Motif anal-
ysis was performed by mapping regular expressions downloaded for phosphorylation consensus 
motifs from ELM. 

Functional classification of the candidates.  
Outliers were analysed for biological process ontology. Annotations were extracted from the Gene 
Ontology database using QuickGO. Only qualifier ECO:0000269 experimental evidence used in 
manual assertion was considered. Biological process ontology verified by direct assay or mutant 
phenotype from Uniprot database was used to complement the protein classification.  

Protein interaction map.  
The interactome was built from human protein-protein interaction (PPI) databases. All Outliers 
were considered to build a PPI map using the software Cytoscape 3.5.1. Human PPIs from data-
bases were retrieved using the plugin Bisogenet. Small-scale studies were considered and in vivo 
interactions or PPIs from direct complexes were displayed. The PPI map was complemented using 
data concerning protein complexes obtained from Uniprot and Corum ( http://mips.helmholtz-
muenchen.de/corum/ ). Only PPIs relevant or possibly related to mitosis and proteins present in sev-
eral protein complexes were shown.  

Mathematical modelling of mitotic substrate phosphorylation. 
We have extended our previous model (8) with three different (early, intermediate and late) mitotic 
substrates showing different sensitivities to Cyclin:Cdk1 complexes and PP2A:B55 phosphatase 
(see Fig.4). CycB:Cdk1, but not CycA.Cdk1, is regulated by inhibitory Cdk1-phosphorylation con-
trolled by Wee1 and Cdc25. Both of the Tyr-modifying enzymes are regulated by CycB:Cdk1 itself 
as well as by CycA:Cdk1 and PP2A:B55. The activity of PP2A:B55 is controlled by the Greatwall-
ENSA pathway which is activated by cyclin:Cdk1 dependent phosphorylation of Greatwall-kinase. 
The early mitotic (prophase) substrates could be phosphorylated by both cyclin:Cdk1 complexes 
and dephosphorylated by an unknown phosphatase. In contrast, the intermediate (prometaphase) 
and the late mitotic substrates are both dephosphorylated by PP2A:B55. While the intermediate 
substrate are phosphorylated by both cyclin:Cdk1 complexes, the phosphorylation of late substrates 
requires CycB:Cdk1 activity. We used nonlinear ordinary differential equations to describe the rate 
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of change for protein concentrations in the network. 
All the reactions are described by law of mass action kinetics except for the early mitotic sub-

strates (pSearly) which is approximated by the Hill-equation. The rate constants are abbreviated by 
‘k’ with subscripts referring to the type of reaction (a-activation, i-inhibition, p-phosphorylation and 
dp-dephosphorylation) and the substrate of the reaction. The numerical values of kinetic parameters 
are provided in the XPPAut ‘ode’ code that allows the users to reproduce Figure S14.  

 
# XPPAut code for simulation mitotic entry on Figure 4F and S14 
 
CycA' = kscyca - kdcyca*CycA  
CycBT' = kscycb*(1-CycBT)*CycBT  
Wee1' = (kawee1' + kawee1*PP2AB55)^N*(1 - Wee1) - \ 
                    (kiwee1'*CycA + kiwee1*Cdk1)^N*Wee1 
Cdc25P' = (kaCdc25'*CycA + kaCdc25*Cdk1)^N*(1 - Cdc25P) - \ 
                    (kiCdc25' + kiCdc25*PP2AB55)^N*Cdc25P 
Cdk1' = (kacdk1' + (kacdk1"-kacdk1')*Cdc25P)*(CycBT - Cdk1) - \ 
               (kicdk1' + (kicdk1"-kicdk1')*Wee1)*Cdk1 
Gwlp' = (kaGwl'*CycA + kaGwl*Cdk1)*(1 - Gwlp) - kiGwl*PP2AB55*Gwlp 
pENSAt' = kpEnsa*Gwlp*(ENSAtot - pENSAt) - kdpEnsa*(B55tot - PP2AB55) 
PP2AB55' = (kdiss + kdpEnsa)*(B55tot - PP2AB55) - kass*PP2AB55*(pENSAt - 
(B55tot - PP2AB55)) 
pSearly' = (kpearly'*CycA + kpearly*Cdk1)^M*(1 - pSearly) - kdpearly^M*pSearly 
pSinter' = (kpinter'*CycA + kpinter*Cdk1)*(1 - pSinter) - kdpinter*PP2AB55*pSinter 
pSlate' = (kplate'*CycA + kplate*Cdk1)*(1 - pSlate) - kdplate*PP2AB55*pSlate 
 
init CycA=0, CycBT=0.01, Wee1=1, Cdc25P=0, Cdk1=0, Gwlp=0, pENSAt=0, 
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PP2AB55=0.25, pSearly=0, pSinter=0, pSlate=0 
 
# Values of kinetic parameters 
# for Cyclin synthesis & degradation 
p kscyca=0.02, kdcyca=0.02, kscycb=0.1 
# for Wee1 & Cdc25 activation &inactivation 
p kawee1'=0.2, kawee1=8, kiwee1'=1, kiwee1=2, N=2 
p kaCdc25'=1, kaCdc25=2, kiCdc25'=0.2, kiCdc25=8,   
# for Cdk1 activation & inactivation 
p kacdk1'=0.01, kacdk1"=1, kicdk1'=0.01, kicdk1"=1 
# for Greatwall, ENSA & PP2A:B55 
p kaGwl'=0.15, kaGwl=0.5, kiGwl=10 
p ENSAtot=1, kpEnsa=6, kdpEnsa=3 
p B55tot=0.25, kass=3600, kdiss=0.4 
# for phosphorylation & dephosphorylation of mitotic substrates 
p kpearly'=1, kpearly=7, kdpearly=0.05, M=5 
p kpinter'=0.1, kpinter=10, kdpinter=5 
p kplate'=0, kplate=1, kdplate=100 
 
@ xp=time, yp=CycA,xlo=0,xhi=100,ylo=0,yhi=1, total=100, meth=stiff 
@ nplot=8, yp=CycA, yp2=CycBT, yp3=Cdk1, yp4=pENSAt, yp5=PP2AB55, 
yp6=pSearly, yp7=pSinter, yp8=pSlate 

done  

Statistical Analysis 
All experiments included at least three independent biological repeats. Sample size per repeat var-
ied between experiments and are indicated in the Figure Legends. Sample size was based on stand-
ard practise in cell biological assays and not specifically pre-estimated. P-values were calculated 
using an independent two sample t-test. Levels of significance are indicated by stars (* p<0.05, ** 
p<0.01, ***p<0.001). For all experiments, samples were not randomized and the investigators were 
not blinded to the group allocation during experiments and outcome assessment. No exclusion crite-
ria were used and all collected data were used for statistical analysis.  
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