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Mitosis is triggered when the rising activity of CDK1-Cyclin B, ampli- 
fied by the CDK1/Cdc25/Wee1 feedback loop, overcomes inhibitory sig- 
nalling from Wee1 and counteracting phosphatases. CDK-opposing phos- 
phatases PP1, PP2A-B55 and PP2A-B56 are regulators of mitosis. A screen 
for differentially phosphorylated sites in a ΔPP1dis2 genetic background in 
Schizosaccharomyces pombe identified phosphorylation of T73 or T75 in the 
regulatory B56Par1 subunit. The B56Par1 .T73T75 phosphorylation is directly 
mediated by CDK1-Cyclin B, and a phospho-mimetic mutation increased 

while a non-phosphorylatable mutation reduced PP2A-B56Par1 phosphatase 
activity. Blocking B56Par1 .T73T75 phosphorylation reduced cell length in 
unperturbed divisions from 14 to 12 μm, without causing pleiotropic de- 
fects. Therefore, blocking phosphorylation at T73T75 alone prematurely 
unlocked amplification of the CDK1/Cdc25/Wee1 feedback loop, advanc- 
ing cells into mitosis. Signalling from T73T75 reveals for the first time 
that timely mitotic commitment in unperturbed cycles is mediated by 
PP2A-B56. 
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. Introduction 

uring interphase, CDK1-Cyclin B activity is restrained through inhibitory 
hosphorylation of CDK1 by Wee1 family kinases, until Cdc25 phosphatases 
emove the inhibitory phosphate to enforce mitotic entry [1 ,2 ]. CDK1-Cyclin B
ssociates with the fission yeast equivalent of the centrosome, the spindle pole
ody (SPB), from early G2 until Cyclin B destruction in mitosis [3 –5 ]. CDK1-
yclin B engages polo kinase on the SPB in a positive CDK1/Cdc25/Wee1 feed-
ack loop 30 minutes before mitosis, activating the SPB [6 –10 ]. Mitosis in the
hole cell is triggered when the signal amplification exceeds the inhibitory im-
act of Wee1 and CDK-counteracting phosphatases [11 –14 ]. 
The serine/threonine phosphatases PP1 and PP2A are important regulators 

f mitosis in Metazoa and fission yeast [15 –17 ]. PP1 monomers achieve speci-
city by docking to regulatory proteins, which direct PP1 to substrates [18 ,19 ].
P2A holoenzymes combine a catalytic and a scaffold subunit with one of four
-type regulatory subunits, which determine the phosphatase specificity. Of 
hese, the B55 and B56 families have been linked to mitotic control [16 ,20 ]. All
hree phosphatases employ preferences for the phosphorylated residue and the 
urrounding amino acids (AA) and are recruited to the targets through specific
©2026 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License 
http://creativecommons.org/licenses/by/4.0/ , which permits unrestricted use, provided the original author and 
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s  of PP1 and PP2A are inhibited during mitosis, 
a

 subunits ( α, β, γ and δ) and five genes encoding 
B  substrate specificity [30 –32 ]. Furthermore, alter- 
n rtoire, enabling the formation of over 100 unique 
h t of CDK phosphorylations and contributes to the 
b loyed in local controls during mitosis, where they 
s  assembly checkpoint (SAC) silencing [26 ,38 ,39 ]. 

B55 gene, B55pab1 , and two B56 paralogues, B56par1 

a akes S. pombe , an established eukaryotic cell cycle 
m mal cells, PP2A-B55Pab1 dephosphorylates many 
C y approximately 25% of the phosphosites can be 
a etween phosphatases [15 ]. PP2A-B55Pab1 couples 
c tes PP2A-B55Pab1 at the onset of mitosis [41 ]. PP1 
i oform restricts the CDK1/Cdc25/Wee1 feedback 
l  extent PP2A-B56Par1 contribute to SAC silencing 
[ strates dephosphorylations [28 ]. As Cyclin B de- 
g hich PP1Dis2 binds to and sequentially activates 
P ggest that PP1 regulates PP2A-B55 and PP2A-B56 
a ecent systematic in vivo analysis of phosphoryla- 
t se CDC14 in S. pombe substantiated that all these 
p each phosphatase targeted distinct subgroups of 
s mbe cell cycle, suggesting that these phosphoryla- 
t

t mitotic exit indicates that PP1Dis2 targets a phos- 
p  subunit determines PP2A specificity, we asked 

w nit itself. Here, a screen for phosphorylation sites 
a ylation on B56Par1 . Mimicking T73T75 phosphory- 
l hile blocking phosphorylation restricted activity. 
P s at an approximately 2 μm reduced cell size, cor- 
r s represents a mechanism of mitotic entry control 
b

2
2 vivo 
T  large-scale precipitation of B56Par1 .HA under de- 
n entary material, figure S1A). To identify PP1Dis2 - 
r 6Par1 .HA from S. pombe cells with or without ge- 
n ies established that deletion of PP1dis2 has no dis- 
c unctional compensation by the paralogue PP1Sds21 

[ dis2 cells are unlikely to reflect an altered cell-cycle 
d dephosphorylation. 

hin the unstructured N-terminal arm (threonines 
7 nine 361) of B56Par1 ( figure 1A, B ; supplementary 
m cking PP1dis2 , these sites were selected for further 
i pendent regulation [49 ], and the high level of se- 
q saccharomyces species ( figure 1C ) as well as across 
o site. 

rated dual phospho-specific antibodies against 
B tates from B56par1 .HA cells following ablation of 
i ed in cultures which lacked PP1dis2 , but not other 
m sphorylation site on the B56Par1 subunit, T73T75, 
w soform. 

2 n of PP2A-B56Par1 

W r PP1 can directly dephosphorylate T73T75, we 
p y and used the purified protein as a substrate in 
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equences that include short linear motifs (SLiMs) [15 ,21 –27 ]. Bulk activities
lthough local activities to control phosphorylations remain [16 ,17 ,28 ,29 ]. 
In human cells, PP2A complexity is expanded by four genes encoding B55

56 subunits ( α, β, γ, δ and ε), which utilize distinct structural folds to dictate
ative splicing—particularly within the B56 genes—further expands this repe
eterotrimeric combinations [33 ,34 ]. The PP2A-B55 family is the main antagonis
istability of mitotic entry and exit [35 –37 ]. PP2A-B56 and PP1 are primarily emp
upport microtubule-kinetochore capture, chromosome alignment and spindle
By contrast to animal cells, the yeast Schizosaccharomyces pombe only has one 

nd B56par2 , of which B56Par1 is the major variant [40 ]. This relative simplicity m
odel, ideal for investigating conserved PP2A functions in mitosis. As in ani
DK-dependent phosphorylation sites, although recent data suggest that onl
ttributed to PP2A-B55Pab1 alone, possibly reflecting substantial redundancy b
ell growth to the cell cycle via the greatwall-endosulfine switch that inactiva
s encoded by two genes in S. pombe , PP1dis2 and PP1sds21 . The major PP1Dis2 is
oop activation on the SPB in G2 [8 ,42 ]. During mitosis, PP1Dis2 and to a lesser
43 ]. All three phosphatases join forces at mitotic exit to orchestrate orderly sub
rades, PP1Dis2 auto-catalytically recovers and drives a phosphatase relay, in w
P2A-B55Pab1 and PP2A-B56Par1 . Binding assays and sequence conservation su
ctivities in a variety of signalling contexts throughout eukaryotes [28 ,44 ]. A r
ions targeted by PP1, PP2A-B55, PP2A-B56 and the dual-specificity phosphata
hosphatases negatively regulated CDK1-Cyclin B activity [15 ]. Interestingly, 
ubstrate sites that were net phosphorylated at different points during the S. po
ion thresholds were important for mitotic onset. 

The regulatory interplay between PP1Dis2 , PP2A-B55Pab1 and PP2A-B56Par1 a
horylation site on the respective PP2A holoenzymes [28 ]. As the regulatory
hether the PP1Dis2 target on PP2A-B56Par1 resides within the regulatory subu
ltered upon the removal of PP1Dis2 in fission yeast identified T73T75 phosphor
ation increased the phosphatase activity of the intact PP2A-B56Par1 complex, w
hospho-blocking mutations altered mitotic entry, leading to premature mitosi
esponding to 15% reduction in S. pombe cell length. The T73T75 regulation thu
y PP2A-B56. 

. Results 
.1. PP2A-B56Par1 .T73T75 is phosphorylated and under PP1Dis2 control in 
o map phosphorylation on the regulatory B56Par1 subunit, we first optimized
aturing conditions, a method that preserves phosphorylations [45 ] (supplem
esponsive sites, we then applied these optimized conditions to precipitate B5
etic disruption of PP1dis2 (supplementary material, figure S1B). Previous stud
ernible effect on cell cycle progression in unperturbed cultures, likely owing to f
46 –48 ]. Therefore, changes in B56Par1 phosphorylation in precipitates from ∆PP1
istribution and would be consistent with PP1Dis2 activity regulating the sites’ 
Quantitative mass spectrometry identified differential phosphorylations wit

3 or 75 and serine 99) and in the core B56 domain (serine 358 or 359 and threo
aterial, data 1). As phosphorylation of T73 or T75 was upregulated in cells la

nvestigation: both residues are flanked by Prolines, suggesting a cell cycle-de
uence homology surrounding these sites among B56 orthologues in the Schizo
ther eukaryotes ( figure 1D ), supports the existence of a conserved regulatory 
To validate the quantitative mass spectrometry screen results, we gene

56Par1 .T73T75 and monitored phosphorylation levels in HA-immunoprecipi
ndividual mitotic phosphatases. Importantly, the phosphorylation was elevat
itotic phosphatases ( figure 1E ). Combined, these results identified a new pho
hich is under the regulation of the PP1 phosphatase, specifically the PP1Dis2 i

.2. T73T75 phosphorylation defines a novel PP1Dis2 -dependent regulatio
e next asked if B56Par1 .T73T75 was a direct PP1Dis2 target. To assess whethe
urified B56Par1 .HA from S. pombe under denaturing conditions by HA affinit
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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Figure 1. PP2A-B56Par1 .T73T75 phosphorylation is under PP1Dis2 control. (A) Quantitative mass spectrometry post-translational modifications (PTM) analysis of the im- 
pact of PP1dis2 ablation upon phosphorylation of B56Par1 . Phospho-sites changing > 2 fold between wild type and ∆PP1dis2 ( p < 0.001) are labelled in red. (B) B56Par1 

predic ted struc ture (source: pombase.org) with phospho-sites identified in (A) highlighted in magenta. Note that T73T75 (inset) resides in a structurally disordered N- 
terminal arm of B56Par1 . (C,D) Clustal Omega alignment of N-termini of B56 orthologues from Schizosaccharomyces (C) and eukaryotic (D) species. (E) B56Par1 .T73T75 
phosphorylation levels in phosphatase-deficient mutants. Left, a representative immuno-blot; right, quantification of phosphorylation levels (means ± standard devi- 
ation (s.d.), n = 4). Phospho-specific signals detected with pT73pT75 phospho-specific antibodies were normalized to total levels of the B56Par1 target protein run on a 
parallel Western blot as sample processing controls, and normalized values were plotted relative to wild-type, which was set to 1. Significance was calculated by a two- 
way ANOVA followed by Dunnett’s multiple comparisons test. ** p < 0.01. (F) Dephosphorylation of B56Par1 .T73T75 by PP1 in an in vitro phosphatase assay. pT73pT75 
levels were detected by phospho-specific antibodies, and signal was developed by a chromogenic method, and the same membrane was then probed with anti-HA an- 
tibodies as a loading control with signal developed by chemiluminescence. Okadaic acid was used as a PP1 inhibitor. (G) B56Par1 .T73T75 phosphorylation levels in PP1 
docking-site mutant B56par1 .PDSN . Left, representative immunoblot; right, quantification of levels (means ± s.d., n = 3) measured as in (E). * p < 0.05. (H) Schematic 
depicting the control of PP2A-B56Par1 .T73T75 phosphorylation by PP1Dis2 . Dashed line represents a potentially indirect event. C, catalytic subunit; A, scaffolding subunit; 
wt, wild type. 
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Figure 2. PP2A-B56Par1 .T73T75 phosphorylation rises in G2 and peaks in mitosis. (A–C ) B56Par1 .T73T75 phosphorylation levels in cell cycle-synchronized B56Par1 .HA 
cultures. Top, representative immunoblots with samples from asynchronous cultures as controls; bottom, quantification of phosphorylation levels alongside scores of cell 
cycle stages (means ± s.d., n ≥ 2). pT73pT75 levels were normalized to total levels of the B56Par1 .HA target protein run on a parallel Western blot as sample processing 
controls, and normalized values were plotted relative to asynchronous wild type, which was set to 1. (A) Centrifugal elutriation. Cell cycle progression was monitored by 
scores of septating cells. (B) nda3.KM311 -mediated mitotic arrest. Arrest was monitored by the accumulation of prometaphase cells that displayed condensed chromo- 
somes. Significance was calculated by a ratio paired t -test, * p < 0.05 (phosphorylation levels), and an unpaired t -test, **** p < 0.0001 (mitotically arrested cells). (C) 
Mitotic progression of cdc2.asM17 cultures upon release from 3BrB-PP1-induced G2 arrest. Cell cycle phases were monitored by scoring for metaphase, anaphase and 
septating cells. wt, wild type. 

p , University of Dundee, cat. no DU46517). PP1C α
d y the addition of the PP1 inhibitor okadaic acid 

( target B56Par1 .T73T75 in vitro . 
osphatase relay [28 ], PP1Dis2 directly binds B56Par1 

v ore, and that mutating both motifs ( B56par1 .PDSN , 
s ne whether PP1Dis2 -mediated dephosphorylation 
o el of T73T75 phosphorylation in the B56par1 .PDSN 

m to B56Par1 , the docking site mutant would mimic 
t , the phosphorylation of B56Par1 .PDSN remained 

a 56Par1 .T73T75 phosphorylation via docking to the 
G

ar1 .T73T75 in vitro , the dephosphorylation in cells 
i likely to represent a direct PP1Dis2 target within 
t Dis2 -dependent mode of PP2A-B56Par1 regulation 
(

 sites are often targeted by CDKs to regulate cell 
c lated. 

2 is 
T s they progressed through cell division in cultures 
s al media divide after already completing S phase 
a these small G2 cells, which can then be followed 

o ress response, while the second cycle represents 
a eptation (monitored with calcofluor (fluorescent 
b n to cease and then peaked just before the second 

r aximal during mitosis ( figure 2A). 
h a more robust cell synchronization protocol, we 

t rrests cells in mitotic prometaphase at restrictive 
t  in the mitotically arrested sample ( figure 2B ). 

c progression, we then followed the phosphory- 
l enosine triphosphate (ATP) analogue 3BrB-PP1 
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hosphatase assays with recombinant PP1C α (MRC PPU Reagents and Services
irectly dephosphorylated B56Par1 .T73T75, while the reaction was inhibited b
Sigma, cat. no. 495604; figure 1F ). This result established that PP1 can directly 
We have previously shown that, at mitotic exit and as part of the PP1-PP2A ph

ia G/SILK/R and K/RxVxF motifs located within the conserved common B56 c
upplementary material, figure S1C) abolished this interaction [28 ]. To determi
f B56Par1 .T73T75 depends on PP1Dis2 docking to B56Par1 , we monitored the lev
utant. We reasoned that if the dephosphorylation requires PP1Dis2 docking 

he elevated T73T75 phosphorylation seen in ∆PP1dis2 ( figure 1E ). Interestingly
t wild-type levels ( figure 1G ), indicating that in cells, PP1Dis2 does not target B
/SILK/R and K/RxVxF motifs in B56Par1 . 
These results show that although PP1Dis2 can directly dephosphorylate B56P

s independent of the PP1Dis2 docking site on B56Par1 . Therefore, T73T75 is un
he PP1-PP2A mitotic phosphatase relay [28 ], but instead defines a novel PP1
 figure 1H ). 
Both threonines T73 and T75 are flanked by prolines ( figure 1C , D ). Since TP

ycle progression [49 ], we next asked if the phosphorylation was cell-cycle regu

.3. PP2A-B56Par1 .T73T75 phosphorylation rises in G2 and peaks in mitos
o monitor the phosphorylation in an unperturbed cell cycle, we followed cells a
ynchronized by centrifugal elutriation. S. pombe cells grown in standard minim
nd are born in G2 phase of the cell cycle [50 ]. Centrifugal elutriation isolates 
ver two subsequent cell division cycles, with the first cycle still showing st
n unperturbed division [51 ]. B56Par1 .T73T75 phosphorylation levels rose as s
rightener 28, Sigma, cat. no. F3543) staining) of the first cell division cycle bega
ound of division, indicating that T73T75 phosphorylation rises in G2 and is m
To confirm that the B56Par1 .T73T75 phosphorylation increases in mitosis wit

ook advantage of the nda3.KM311 thermosensitive β-tubulin mutant, which a
emperature [52 ,53 ]. B56Par1 .T73T75 phosphorylation was strongly upregulated

To further investigate the dynamics of the phosphorylation during mitoti
ation kinetics as cells progressed through the different mitotic phases in ad
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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Figure 3. CDK1-Cyclin B phosphorylates PP2A-B56Par1 .T73T75. (A) The sequence surrounding the B56Par1 .T73T75 phospho-site alongside consensus variant sequences 
for CDK phosphorylation. (B–D) Phosphorylation of B56Par1 by CDK1-Cyclin B in an in vitro kinase assay. (B) Recombinant B56Par1 was phosphorylated ( ± CDK inhibitor 
roscovitine) by CDK1-Cyclin BCdc13 precipitated from mitotic S. pombe cells by CKS1Suc1 affinity. Phosphorylation was detected by autoradiography. Ponceau staining and 
anti-Cdc2 antibodies against the fission yeast CDK1 were used as loading controls. (C) B56Par1 .HA was HA-immunoprecipitated from asynchronous S. pombe cultures 
under denaturing conditions, dephosphorylated by PP1 and then phosphorylated by recombinant CDK1-Cyclin B ( ± CDK inhibitor roscovitine) in the presence of the PP1 
inhibitor okadaic acid. Phosphorylation was detected by pT73pT75 phospho-specific antibodies and B56Par1 .HA levels were analysed in a parallel loading on the same 
Western blot as sample processing controls. (D) Endogenous PP2A-B56Par1 .HA and PP2A-B56Par1 .T73VT75V.HA complexes were purified from asynchronous cultures and 
subjected to thio -phosphorylation by recombinant CDK1-Cyclin B and ATP- γ-S. Phosphorylation was detected by pT73pT75 phospho-specific antibodies, and B56Par1 and 
PP2ACPpa2 levels were analysed on a parallel Western blot as sample processing controls. (E) Schematic depicting that CDK1-Cyclin B directly phosphorylates PP2A-B56Par1 

at T73T75. C, catalytic subunit; A, scaffolding subunit; wt, wild type. 

(  cultures [54 ]. In parallel with sampling for 
B naphase and septating cells by staining for alpha 
t upplies D9542, nuclei) and calcofluor (septa). This 
a eclines as cells complete anaphase ( figure 2C ). 

s in the G2 phase of the cell cycle, peaks in mitosis 
a

2
T r it is directly mediated by the major mitotic ki- 
n  [S/T]-P-x-x-[K/R] or short [S/T]-P-[K/R] CDK1 
p ress whether CDK1-Cyclin B directly phosphory- 
l rylation substrate. CDK1-Cyclin BCdc13 immuno- 
p horylated recombinant B56Par1 .GST in vitro , while 
t itine (EMD Millipore, cat. no. 557364; figure 3B ). 
T

 yeast. We immuno-precipitated B56Par1 .HA from 

a nd dephosphorylated the precipitate with recom- 
b trate for recombinant CDK1-Cyclin B (Invitrogen, 
c o prevent any dephosphorylations. To determine 
i ion with pT73pT75 phospho-specific antibodies. 
C

inase substrate. In cells, however, B56Par1 functions 
a in B phosphorylates T73T75 of B56Par1 when incor- 
p ential tandem affinity purification (TAP) tag and 

H mbinant CDK1-Cyclin B kinase assays performed 

i phorylation. Importantly, CDK1-Cyclin B directly 
p P2A-B56Par1 complex ( figure 3D ). Interestingly, in 
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custom made by Toronto Research Chemical)-synchronized cdc2.as-M17
56Par1 .T73T75 phosphorylation, we quantified the frequency of metaphase, a
ubulin (anti-Tat1 antibody [55 ], mitotic spindles), DAPI (Scientific Laboratory S
nalysis revealed that T73T75 phosphorylation peaks in metaphase and then d
Taken together, these results show that B56Par1 .T73T75 phosphorylation rise

nd declines upon mitotic exit. 

.4. CDK1-Cyclin B phosphorylates PP2A-B56Par1 .T73T75 
he mitotic up-regulation of the phosphorylation prompted us to ask whethe
ase CDK1-Cyclin B. Sequences surrounding threonines 73 and 75 match a long
hosphorylation consensus sequence variants, respectively ( figure 3A). To add
ates these residues, we first asked whether B56Par1 serves as a CDK1 phospho
recipitated from mitotic S. pombe cells using CKS1Suc1 affinity directly phosp
he phosphorylation was inhibited in the presence of the CDK inhibitor roscov
his result demonstrates that CDK1-Cyclin B can act as a B56Par1 kinase. 
We next asked whether CDK1 directly phosphorylated B56Par1 isolated from

synchronous S. pombe cultures by HA affinity under denaturing conditions, a
inant PP1C α. The now dephosphorylated B56Par1 .HA was then used as a subs
at. no. PV3292), in the presence of the PP1 and PP2A inhibitor okadaic acid t
f CDK1 phosphorylated B56Par1 .HA on T73T75, we monitored phosphorylat
DK1-Cyclin B directly phosphorylated B56Par1 on T73T75 ( figure 3C ). 
The assays shown in figure 3B , C utilized an isolated B56Par1 molecule as the k

s part of the trimeric PP2A-B56Par1 complex. To determine whether CDK1-Cycl
orated into the PP2A complex, we purified endogenous PP2A-B56Par1 by sequ
A affinities [28 ]. The purified complex was then used as a substrate in the reco

n the presence of a non-hydrolysable ATP analogue ATP- γ-S to prevent dephos
hosphorylated T73T75 when B56Par1 was purified as part of the endogenous P
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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a  complex in the presence of a PP2A inhibitor (nM 

o xperimental conditions (supplementary material, 
fi

ion, and that CDK1-Cyclin B directly phosphory- 
l

2 ling blocks PP2A-B56Par1 complex activity 
P s function, namely activity or integrity [35 ,58 –67 ]. 
W 56Par1 heterotrimer. 

 S2) [56 ,57 ], we addressed the impact of T73T75 
p n-phosphorylatable (T73VT75V) variants, which 
a

the PP2A-B56Par1 complexes integrity. PP2A het- 
e e regulatory (B) subunit form a dimer, which then 
b plex integrity, we therefore monitored the capac- 
i lytic subunit (PP2ACPpa2 ). Both B56Par1 phospho- 
m ned in complex with the catalytic subunit in both 
a h the different stages of mitosis (supplementary 
m ompromised by the T73XT75X mutation. 

residues by checkpoint, PKA or PKC kinases were 
s  therefore, asked if the CDK1-Cyclin B-mediated 

p  PP2A-B56Par1 phosphatase activity. We addressed 

t etic PP2A-B56Par1 .T73XT75X mutant complexes. 
T B56Par1 -CPpa2 [40 ]) by sequential TAP tag and HA 

a ). To measure the purified complexes activities, we 
a rate in this assay is an engineered Cdc20 fragment 
f ted on threonine-proline sites by Cdk1-Cyclin B. 
T iod of up to two hours (supplementary material, 
fi

d us to determine the impact of the T73XT75X mu- 
t e arrested cells expressing endogenous T73XT75X 

c aterial, figure S5A) and purified the PP2A-B56Par1 

c fied mitotic complexes activity towards phospho- 
r ) was able to dephosphorylate the substrate with 
f  (T73VT75V) was less effective ( figure 4A–C ). The 
a ,C). A similar trend in activities of the T73DT75D 

a ltures (supplementary material, figure S6A–C). 
P2A-B56Par1 complex activity, while disabling the 

p

2 Par1 role in mitotic exit 
A pon mitotic exit ( figure 2A–C ), we next examined 

t  To this end, we generated endogenous un-tagged 

B utants and assessed their phenotypes. 
ition in both fission yeast [28 ,39 ,43 ,70 ] and higher 

e [76 ]. To ask if the phosphorylation impacts mitotic 
e  analogue-synchronized cultures. Both T73DT75D 

a ses and septation ( figure 5A), indicating that the 
p

C silencing [43 ]. Mutations in genes required for 
c sitize S. pombe cells to a microtubule-destabilizing 
d  ]). ∆B56par1 cells show TBZ sensitivity [70 ]. To test 
t pho-mutants’ growth in the presence of TBZ. In- 
c X ( figure 5B ), suggesting a normal SAC function. 
I n errors [28 ]. We therefore addressed the chromo- 
s ability of an artificial mini-chromosome Ch16 [80 ]. 
C ations ( figure 5C ). These results demonstrate that 
u  SAC control or chromosome segregation fidelity. 
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n assay with hydrolysable ATP, CDK1-Cyclin B could only phosphorylate the
kadaic acid), indicating that PP2A-B56Par1 can auto-dephosphorylate in these e
gure S2) [56 ,57 ]. 
We conclude that B56Par1 .T73T75 is a target for CDK1-Cyclin B phosphorylat

ates PP2A-B56Par1 complex on T73T75 ( figure 3E ). 

.5. Mimicking PP2A-B56Par1 .T73T75 phosphorylation boosts while disab
hosphorylations of PP2A subunits have been shown to impact PP2A complexe
e therefore examined the effect of the T73T75 phosphorylation on the PP2A-B
Since PP2A-B56 can auto-dephosphorylate (supplementary material, figure

hosphorylation on PP2A-B56Par1 using phospho-mimetic (T73DT75D) and no
re refractory to dephosphorylation at these sites. 
We first asked if mimicking or disabling T73T75 phosphorylation affected 

rotrimer assembly is a stepwise process, where the scaffold (A) subunit and th
inds the catalytic (C) subunit to form the final heterotrimer [68 ]. To address com
ty of the regulatory subunit (B56Par1 ) to co-precipitate with the major PP2A cata
imicking (T73DT75D) and non-phosphorylatable (T73VT75V) mutants remai
synchronous and analogue-synchronized cultures as cells progressed throug
aterial, figure S3A,B), confirming that PP2A-B56Par1 complex integrity is not c
In vertebrates, phosphorylations of the N-terminal B56 arm at distinct serine 

hown to either activate [61 ,63 ,65 ] or inhibit [67 ] PP2A-B56 holoenzymes. We,
hosphorylation of the threonine-proline sites identified in our study modulates
he question by measuring the activities of phospho-blocking or phospho-mim
o this end, we purified the major endogenous PP2A-B56Par1 complexes (APaa1 -
ffinities from S. pombe cells [28 ] (supplementary material, figure S4A and data 2
dopted a phosphatase assay developed for human PP2A-B56 [24 ,69 ]. The subst
used to a PP2A-B56 docking site motif LDTIQEEE (LxxIxE) and phosphoryla
he assay was optimized to measure substrate dephosphorylation over a per
gure S4B,C). 
T73T75 phosphorylation is maximal in mitosis ( figure 2A–C ), which prompte

ations on the activity of PP2A-B56Par1 complexes purified from mitotic cells. W
omplexes variants in mitosis by nda3.KM311- mediated arrest (supplementary m
omplexes by sequential TAP tag–HA tag affinities. We then measured the puri
ylated Cdc20-LxxIxE. The phospho-mimetic variant of the complex (T73DT75D
aster kinetics compared to wild type, while the non-phosphorylatable variant
ctivity was blocked by a PP2A inhibitor (supplementary material, figure S5B
nd T73VT75V variants was observed with purifications from asynchronous cu
These results indicate that phosphorylation of B56Par1 .T73T75 increases the P

hosphorylation blocks activity. 

.6. T73T75 phosphorylation represents a control distinct from PP2A-B56
s B56Par1 .T73T75 phosphorylation increases at G2/M transition and declines u
he requirement of the B56Par1 .T73T75 phosphorylation for mitotic progression.
56par1 non-phosphorylatable ( T73VT75V ) and phospho-mimetic ( T73DT75D ) m
PP2A-B56 has been shown to regulate events at metaphase/anaphase trans

ukaryotes [29 ,38 ,71 –75 ]. In fission yeast, B56Par1 is also required for cytokinesis 
xit, we monitored the variants’ progression through mitosis and cytokinesis in
nd T73VT75V mutants progressed normally through the different mitotic pha
hosphorylation was not required for mitotic exit and cytokinesis. 
Although not a key player, PP2A-B56Par1 has been shown to function in SA

hromosome segregation, such as kinetochore-related or SAC-related genes, sen
rug, thiabendazole (TBZ, Toronto Research Chemicals, cat. no. T344150 [78 ,79
he role of the T73T75 phosphorylation in SAC control, we assessed the phos
reasing concentrations of TBZ had no impact on the growth of B56par1 .T73XT75
n addition to TBZ sensitivity, ∆B56par1 cells experience chromosome segregatio
ome segregation fidelity of T73XT75X mutants in an assay that measures the st
h16 stability was not affected by either of the B56par1 .T73XT75X phospho-mut
nder our experimental conditions, T73T75 phosphorylation has no impact on
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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Figure 4. Mimicking PP2A-B56Par1 .T73T75 phosphorylation boosts while disabling blocks PP2A-B56Par1 complex activity. (A–C ) Activity assay of purified endogenous 
PP2A-B56Par1 .T73XT75X complexes variants. (A) Activity was measured in vitro by monitoring the rate of dephosphorylation of a Cdc20 substrate harbouring the PP2A- 
B56 LxxIxE docking motif [24 ]. (B) Equal amounts of purified mitotic PP2A-B56Par1 complexes variants were mixed with a phosphorylated Cdc20-LxxIxE substrate, and 
dephosphorylation was monitored for 120 minutes with aliquots withdrawn in every 30 minutes. (C) Quantification of activity measured in A by level of substrate de- 
phosphorylation (means ± s.d., n = 4). pCdc20-LxxIxE levels were normalized against loading control (B56Par1 .HA), and normalized values were plotted relative to 
time point 0 minute, which was set to 1. Area under the curve (AUC) significance was calculated by unpaired t -test, * p < 0.05, ** p < 0.01, *** p < 0.001. T73VT75V, 
B56Par1 .T73VT75V.HA complex; T73DT75D, B56Par1 .T73DT75D.HA complex; wt, wild-type complex; sub., substrate only. 

Figure 5. PP2A-B56Par1 .T73T75 phosphorylation is not required for mitotic exit. (A) Mitotic index (left) and septation index (right) of cdc2.as-M17 B56par1 .T73XT75X 
cultures upon release from 3BrB-PP1-induced G2 arrest (means ± s.d., n = 2). (B) Spot test of serial dilutions of asynchronous yeast cultures assessing TBZ sensitivity. 
The Δbub1 strain lacking the essential SAC component Bub1 [77 ] was used as a SAC-deficient control. (C) Ch16 mitotic loss assay. The Δbub1 strain was used as a 
chromosome segregation fidelity-deficient control. Significance was calculated by a one-way ANOVA followed by Dunnett’s multiple comparisons test, **** p < 0.0001. 

e once cells are in mitosis and represents a control 
t sis. 

2 ivision at a smaller cell size 
W n. ∆B56par1 cells divide at a wide distribution of 
s  type, which represents a reduction of approxi- 
m ctivity of PP2A-B56Par1 is required for cell size 
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Taken together, these results indicate that T73T75 phosphorylation is obsolet
hat is distinct from known PP2A-B56Par1 functions in mitotic exit and cytokine

.7. Blocking PP2A-B56Par1 .T73T75 phosphorylation leads to premature d
e next investigated the role of T73T75 phosphorylation in G2/M transitio
izes, at an average cell size that is approximately 1 μm smaller than wild
ately 9% ( figure 6A, B ) [28 ,70 ]. This cell size phenotype implies that the a
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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c

Figure 6. Blocking PP2A-B56Par1 .T73T75 phosphorylation induces premature division at a reduced cell size. (A,B) Cell size at division of asynchronous unperturbed cultures 
of endogenous B56Par1 .T73XT75X mutants. (A) Quantification of cell division sizes. ΔB56par1 and phospho-blocking B56par1 .T73VT75V and B56par1 .T73AT75A divide at 
a reduced cell size. Significance was calculated by Kruskal-Wallis’s test followed by Dunn’s multiple comparisons test. ** p < 0.01, **** p < 0.0001. (B) Representative 
images with inset magnifications of calcofluor-stained cultures. Arrowheads mark septation defects present in ∆B56par1 . Scale bar, 10 μm. 

tion defects (arrowheads in figure 6B ), consistent 
w ingly, cells expressing the non-phosphorylatable 
B  shorter than wild type, corresponding to a 15% 

r d an independent non-phosphorylatable variant, 
B how that blocking T73T75 phosphorylation leads 
t 3DT75D maintained wild-type length at division 
(  defects seen in ∆B56par1 . 

r study, S. pombe cells only grow in the G2 phase 
o s they commit to mitosis with a defined cell size. 
C

cell size control at mitotic entry in unperturbed 

c s at an approximately 2 μm smaller cell size, rep- 
r

3
W which led to the identification of proline-directed 

r trated that PP1Dis2 directly regulates PP2A-B56Par1 

d 6Par1 [28 ]. By contrast, the regulatory mechanism 

d the possibility that PP1Dis2 interacts with B56Par1 

t  latter is supported by observations that both PP1 
a ruit them to their substrates [19 ,85 ]. 

ell size phenotype. Blocking B56Par1 .T73T75 phos- 
p m ( figure 6A, B ), dramatically altering the surface 
a hase of the cell cycle, such cell length reduction 
d  CDK activity [11 ,12 ,50 ,83 ,84 ]. 

 ( figure 3A–E ), and phospho-mimicking mutation 
i s activity ( figure 4A–C; supplementary material, 
fi te PP2A-B56 δ, where phosphorylation of the long 
d  holoenzyme phosphatase activity [61 ,63 ]. Cryo- 
e ional changes that enable substrate access to the 
c K1-Cyclin B activity concurrently activates a pool 
o ubstrates phosphorylations. This CDK1-Cyclin B 

a 2A-B56par1 .T73DT75D mutant maintains cell size 
t rbed divisions, the local PP2A-B56Par1 responsible 
f t the time of G2/M transition. Blocking T73T75 
p  substrates phosphorylations, which results in an 
a ze, corresponding to 15% reduction in cell length 
(  with a counteracting kinase during G2 has been 
p the opposing PP1Dis2 activity is kept low at mitotic 
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ontrol at division. Additionally, ∆B56par1 cells exhibit morphological and septa
ith PP2A-B56Par1 role in cell polarity and cytokinesis [40 ,70 ,76 ,81 ,82 ]. Intrigu
56par1 .T73VT75V mutant divided at an average cell length approximately 2 μm
eduction in cell length ( figure 6A, B ). To corroborate this finding, we generate
56par1 .T73AT75A, and observed a similar small-size phenotype. These results s
o division at a reduced cell size. In line with that, phospho-mimetic B56par1 .T7
 figure 6A, B ). Neither T73XT75X mutant displayed morphological or septation
In media with glucose and a rich nitrogen source, such as EMM2 used in ou

f the cell cycle (owing to a cryptic G1 cell size checkpoint) and arrest growth a
ell size at division is therefore a function of mitotic entry timing [50 ,83 ,84 ]. 
We conclude that B56Par1 .T73T75 phosphorylation is required to maintain 

ycles. Disabling T73T75 phosphorylation leads to premature entry into mitosi
esenting a 15% reduction in cell length. 

. Discussion 

e initiated the present study by searching for PP1Dis2 target sites on B56Par1 , 
egulatory sites T73T75 in the N-terminal arm of B56Par1 . Previously, we demons
uring mitotic exit through docking to G/SILK/R and K/RxVxF motifs on B5
escribed here is independent of this docking interaction ( figure 1G ), raising 
hrough an additional alternative mechanism or exerts its effect indirectly. The
nd PP2A-B56 dock to regulatory or intermediate targets that subsequently rec
Analysis of endogenous T73T75 phospho-mutants revealed an outstanding c

horylation reduced cell length at division in unperturbed cycles from 14 to 12 μ
rea-to-volume ratio. In S. pombe , which in standard media grows in the G2 p
emonstrated that the phospho-blocking mutant prematurely unlocked mitotic
The B56Par1 .T73T75 phosphorylation is directly mediated by CDK1-Cyclin B

ncreases PP2A-B56Par1 phosphatase activity while non-phosphorylatable block
gure S6A–C). This is consistent with evidence from experiments with vertebra
isordered B56 δ N-terminal arm by PKA or checkpoint kinases increases the
lectron microscopy models suggest that the activation is owing to conformat
atalytic site [65 ]. We hypothesize that by phosphorylating T73T75, the rising CD
f the counteracting PP2A-B56Par1 phosphatase, limiting net accumulation of s
nd PP2A-B56Par1 interplay is potentially local. The active phospho-mimetic PP
hreshold at mitotic entry ( figure 6A, B ). This suggests that in wild-type unpertu
or modulating cell size is maximally phosphorylated on T73T75 and active a
hosphorylation reduces PP2A-B56Par1 activity, potentially leading to increased
ccelerated mitotic onset and division at an approximately 2 μm smaller cell si
 figure 7A–C ). A similar concept where phosphatase activity rises concurrently
roposed for PP2A-B55 in Xenopus [37 ]. Our model works with the premise that 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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e

Figure 7. Model of PP2A-B56Par1 .T73T75 phosphorylation-mediated control of mitotic entry. (A) CDK1-Cyclin B phosphorylates B56Par1 on T73T75, positively regulating a 
local pool of the PP2A-B56Par1 phosphatase. At the G2/M transition, increasing CDK1-Cyclin B activity and declining PP1Dis2 activity [8 ,28 ,48 ,86 ] favour T73T75 phospho- 
rylation. The locally phosphorylated PP2A-B56Par1 counterbalances CDK1-Cyclin B to maintain an optimal level of substrates phosphorylation and ensure a timely mitotic 
entry. (B) The T73DT75D phospho-mimetic mutation mimics the activity of the locally phosphorylated PP2A-B56Par1 pool, and cells commit to division at a wild-type 
threshold. (C) Disabling B56Par1 phosphorylation ( B56Par1 .T73VT75V ) results in a reduction of PP2A-B56Par1 activity, potentially leading to increased substrates phospho- 
rylation. The phosphorylation threshold for mitotic entry is reached earlier and results in an advanced mitotic onset and division at an approximately 2 μm smaller cell 
size. Insets show representative images of dividing cells. (D) Active PP2A-B56Par1 (wild type or T73DT75D mutant) restricts the activity of CKD1-Cyclin B feedback loop 
at SPB, preventing signal amplification. The weak T73VT75V phospho-blocking mutant fails to maintain the block and prematurely unlocks the CKD1-Cyclin B feedback 
loop amplification, triggering advanced mitosis and division at a 2 μm smaller cell size, corresponding to a 15% reduction in cell length. 

itosis is marked by CDK1-Cyclin B and NIMAFin1 

k CDK-dependent phosphorylation of a conserved 

C her, these mechanisms support a decrease in local 
P -B56Par1 .T73T75 phosphorylation and activity. 

emonstrates that blocking the T73T75 phosphory- 
l ck loop, which drives mitotic onset [11 ,12 ,50 ,83 ,84 ] 
(  signalling at the SPB overcomes inhibitory sig- 
n om the cell equator [11 ,87 ,88 ]. Curiously, B56Par1 

i re mitosis of the lower-activity phospho-blocking 
B  Wee1 or a combination of the two. Interestingly, 
i rylate and inactivate Cdc25, as part of the DNA- 
r fission yeast, CDK-mediated phosphorylations of 
C -B56 targets in a phosphoproteomic screen upon 
a dentified regulatory phosphorylation sites of the 

Downloaded fro
by guest
on 28 August 20
ntry. This is supported by evidence from fission yeast, where commitment to m
inases-mediated eviction of a PP1Dis2 pool from the SPB [8 ,42 ]. In addition, 
-terminal threonine negatively regulates PP1 mitotic activity [28 ,48 ,86 ]. Toget
P1Dis2 activity at mitotic entry, thereby enabling the local net increase of PP2A
The approximately 2 μm cell size reduction of the phospho-blocking mutant d

ation prematurely unlocks the amplification of the CDK1/Cdc25/Wee1 feedba
 figure 7D ). Mitosis is triggered when the CDK/Cdc25/Wee1 feedback loop
als from counteracting phosphatases and from Wee1 signalling emanating fr
s found both on the SPB and in equatorial cortical nodes [76 ,89 ]. The prematu
56par1 .T73VT75V mutant could result from activation of Cdc25, inhibition of
n Xenopus and human cells, PP2A-B56 has been shown to directly dephospho
esponsive checkpoint signalling in interphase [61 ] and at mitotic exit [90 ]. In 
dc25, including phosphorylations of T104 and T379, were identified as PP2A
cute PP2A-B56 depletion in mitosis [15 ]. Additionally, the Nurse lab screen i
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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C  PP2A-B56 substrates [15 ,91 ,92 ]. It remains to be 
d g Cdc25, either directly by dephosphorylation of 
C 1 , or through a combination of both mechanisms. 

itotic regulators [11 ,93 –95 ]. Other CDK-opposed 

p 5 or Wee1 signalling. PP1Dis2 recruitment to SPB 

g  the SPB at mitotic commitment reduces the local 
t ntains low CDK1 activity by dephosphorylating 
C  ,96 ], while Wee1 localized to cortical ‘nodes’ that 
f nalling from the SPB [88 ]. The above discussion, 
t  smaller cell size, supports a tentative model in 
w  to mitosis. We propose that phosphatase inputs 
c ughout the cell to regulate mitotic entry. Although 
s vestigations. 

n leads to pleiotropic defects. Here, we have iden- 
t itotic entry. Furthermore, to our knowledge, this 
s ontrols mitotic entry timing during unperturbed 

c rthologues, including humans ( figure 1D ). Given 
t m S. pombe to higher eukaryotes, it is likely that 
s

4
4
S aterial. Reagents and resources used in this study 
a ys by elutriation or the ATP analogue 3BrB-PP1, 
c ts (YES) media (0.5% yeast extract, 3% D-glucose, 
2 8000), uridine (Sigma U3750) and lysine (Sigma 
L mentary material, table S2) without supplements 
( ity of 2 × 106 cells ml–1 . For cell size measurement 
e og phase for 48 hours until the density of 2 × 106 

c
e synchronizations of mitotic entry, cdc2.as-M17 

c 3Br-BPP1 and then filtered into a fresh media to 
r own in YES at permissive temperature in the log 
p ictive temperature of 20◦C [53 ]. 

 overnight and then diluted in 2 × concentrated 

Y

4
I col [45 ]. Briefly, cells were cryo-milled under liq- 
u s 2-2-2 with an impact rate of 14). Solubilization 
w erformed under denaturing conditions [45 ] with 
H n IP buffer (50 mM Hepes pH 7.5, 1 mM ethylene- 
d e, 2 mM Na3 VO4 , 50 mM sodium fluoride (NaF), 
0 e Protease Inhibitor Cocktail, Merck 05056489001) 
w ed in a 4%–12% 2-[bis(2-hydroxyethyl)amino]-2- 
( ined with Coomassie Brilliant Blue G-Colloidal 
c

4
P  in 1 ml high-performance liquid chromatography 
( te. Samples were then cleaned with a 10-minute 
w onitrile. This cycle of hydration-dehydration was 
p ands were digested with 20 ng sequencing-grade 
t t 37◦C for 18 hours. The peptides were separated 

u stem (Thermo Scientific) using a Thermo pepmap 

C t of 1–25% (v/v) of acetonitrile with 0.1% formic 
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dc25 phosphatase CDC14Flp1 , including inhibitory T453 phosphorylation, as
etermined whether PP2A-B56 prevents premature mitotic entry by inhibitin
DK sites or indirectly through dephosphorylation and activation of CDC14Flp

The fission yeast SPB, like the human centrosome, integrates signals from m
hosphatases have been shown to regulate SPB activation and modulate Cdc2
overns the timing of the SPB activation in G2 [8 ,42 ]. CDC14Flp1 eviction from
hreshold for CDK1-Cyclin B activation on the SPB [91 ,93 ]. PP2A-B55Pab1 mai
dc25 and Wee1, which inhibit and activate the respective CDK1 regulators [41
orm a band around the cell equator blocks propagation of feedback loop sig
ogether with our observation that PP2A-B56Par1 mutant cells divide at a 2 μm
hich the SPB integrates diverse CDK-opposed phosphatase signalling prior
onverging at the SPB are integrated into a coherent signal that is amplified thro
peculative, this model provides a useful framework for future experimental in
Phosphatases are notoriously difficult to study because their disruption ofte

ified a regulatory site on PP2A-B56Par1 that specifically controls the timing of m
tudy is the first to demonstrate in any organism that PP2A-B56 regulation c
ycles. The threonine-proline module is conserved in analogous regions of B56 o
he broad conservation of cell cycle control by CDK-opposed phosphatases fro
imilar regulatory mechanisms operate in human cells. 

. Materials and methods 
.1. Yeast cell culture 
. pombe strains used for this study are listed in table S1 in the supplementary m
re listed in table 1 . For standard growth and cell cycle synchronization assa
ells from –70◦C glycerol stocks were streaked on Yeast extract with supplemen
50 mg l–1 adenine (Sigma A9126), histidine (Sigma H5659), leucine (Sigma L
9037)), and then grown in liquid Edinburgh minimal media 2 (EMM2, supple
unless otherwise specified) at 25◦C in the log phase for 48 hours until the dens
xperiments, cells were grown in EMM2 without supplements at 32◦C in the l
ells ml–1 . 
Centrifugal elutriation was performed as described [51 ]. For ATP-analogu

ultures were arrested in G2 for 4 hours 15 minutes by 2 μM ATP-analogue 
elease from inhibition [54 ]. For nda3.KM311 –mediated arrest, cultures were gr
hase for 48 hours and the arrest was performed in YES for 8 hours at the restr
For large-scale affinity purifications, cells were inoculated in YES medium

ES + AA and grown for 48 hours up to the density of 1 × 108 cells ml–1 . 

.2. Large-scale affinity purification for quantitative mass spectrometry 
n total, 2 ×1011 cells per sample were processed according to a standard proto
id nitrogen in a SPEX Sample Prep 6875D freezer mill (Wolflabs, eight cycle
as achieved by the addition of 6% SDS and immunoprecipitation (IP) was p
A-affinity (Pierce anti-HA magnetic beads, Thermo Scientific, cat. no. 88837) i
iaminetetraacetic acid (EDTA), 100 mM NaCl, 20 mM Na- β-glycerophosphat
.1% NP40, 1 mM phenylmethylsulfonyl fluoride (PMSF), cOmplete ™ EDTA-fre
ith 1mM dithiothreitol (DTT) for 1 hour at 4◦C. HA-precipitates were resolv

hydroxymethyl)propane-1,3-diol (Bis-Tris) gel (NuPage NP0322BOX) and sta
oncentrate (Merck B2025). 

.3. Mass spectrometry 
rotein bands were excised from the gel destained with three 10 minute washes
HPLC) grade water with 40% acetonitrile and 200 mM ammonium bicarbona
ash with 1ml HPLC-grade water followed by dehydration with 1 ml of acet
erformed a total of three times followed by vacuum centrifugation. Protein b
rypsin in 100 μl of 40 mM ammonium bicarbonate with 9% (v/v) acetonitrile a
sing an RSLCnano ultra-high performance liquid chromatography (UPLC) sy
18 EasySpray column (75 μm inner diameter, 2 μm and 50 cm) with a gradien
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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Table 1. Reagents and resources used in this study. 

reagent/resource reference or source identifier or catalogue number 

experimental models 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

S. pombe strains this study and others supplementary table S1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

E. coli BL21 CodonPlus lab stock 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

E. coli BL21(DE3)-RIL gift from Lowe lab 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

recombinant DNA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pETDuet-1 His.B56par1 this study N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TOPO pk.PP2ACppa2 :hpHMX6 this study N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TOPO B56par1 Grallert et al. [28 ] N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pRK753 MBP.His.TEV gift from Lowe lab N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pET41 Cdc2049-78 .LDTIQEE this study N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

antibodies 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

rabbit anti-phospho-B56Par1 .T73T75 Eurogentec custom generated 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

goat anti-rabbit IgG AP Sigma A3687 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

goat anti-mouse IgG AP Sigma A3688 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mouse anti-V5-Tag clone SV5-Pk1 BioRad MCA1360 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mouse anti-Cdc2 Abcam Ab5467 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mouse anti-HA clone 12CA5 tissue culture 
supernatant 

lab stock N/A 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

goat anti-mouse IgG HRP Cell Signaling 7076P2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mouse anti-phospho-threonine-proline Cell Signaling 9391S 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

mouse anti-Tat1 Gull lab [55 ] N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

goat anti-mouse IgG FITC Sigma F0257 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

oligonucleotides and other 
sequence-based reagents 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 tagging primer forward 
AACTTAAATCTCAAAACCCTACTACTGTGCACTCTACTACTGAGAGACTAAAAAAACTTTCACTTGACTACACCAATGGTCGGATCCCC 
GGGTTAATTAA 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 tagging primer reverse 
TAACTGAAAATGATATAGTATGTAAAATGTAAAAGAGGGAATATTAGAGAGACTAAGTACAATATATGGATCATTATTAAAAGAATTCG 
AGCTCGTTTAAAC 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TOPO PP2ACppa2 forward ACTATGTACGCTTCTTCTCG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TOPO PP2ACppa2 reverse CCTTGAGTACTCTTCTTGCCTTCAA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PP2ACppa2 tagging primer 1 TAATTATGGAATTTTGTATATAGTAAAAAG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

( Continued. ) 

Downloaded from royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
by guest
on 28 August 2026
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Table 1. ( Continued. ) 

reagent/resource reference or source identifier or catalogue number 

PP2ACppa2 tagging primer 2 ATATACAAAATTCCATAATTAATGGGTATTCCTAACCCTTTG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PP2ACppa2 tagging primer 3 CCTTAGTGTTCACTTACCTTATCGCATAACATTTCAAC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PP2ACppa2 tagging primer 4 GTAAGTGAACACTAAGGAGAGTATATATG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pk.PP2ACppa2 hpHMX6 primer 1 AATTCTCTAATGAGTGATCAATC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pk.PP2ACppa2 hpHMX6 primer 2 CCTTCGAGCTATTACCGG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pk.PP2ACppa2 hpHMX6 primer 3 
AAGTCTTTTTACAATTCGATCCTGCCCCACGAGAAGGCGAACCGGTAATAGCTCGAAGGACACCAGACTACTTCCTTTAATGATAGCGG 
ATCCCCGGGTT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pk.PP2ACppa2 hpHMX6 primer 4 
TAATCTTGAGTATTAACTCAAAAATCAGAAAGGTGGATAAATTTTTTGAAACAATCACAATCGATTGATCACTCATTAGAGAATTCGAG 
CTCGTTTAAAC 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73VT75V mutagenesis primer forward: AAGTACCTATTGATACCGTACCAGTACCTAGAGATGAGATCTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73VT75V mutagenesis primer reverse: AAGATCTCATCTCTAGGTACTGGTACGGTATCAATAGGTACTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73DT75D mutagenesis primer forward: AAGTACCTATTGATACCGATCCAGATCCTAGAGATGAGATCTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73DT75D mutagenesis primer reverse: AAGATCTCATCTCTAGGATCTGGATCGGTATCAATAGGTACTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73AT75A mutagenesis primer forward: AAGTACCTATTGATACCGCACCAGCACCTAGAGATGAGATCTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B56par1 . T73AT75A mutagenesis primer reverse: AAGATCTCATCTCTAGGTGCTGGTGCGGTATCAATAGGTACTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chemicals, enzymes and other reagents 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

yeast ex trac t Appleton Woods 212750 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

D-glucose VWR 101176K 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

adenine Sigma A9126 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

histidine Sigma H5659 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

leucine Sigma L8000 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

uridine Sigma U3750 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

lysine Sigma L9037 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EMM2 Nurse, 1975 for composition, see Supplementary table S2 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

L-glutamic acid Sigma G5889 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3BrB-PP1 Toronto Research Chemicals custom made 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PP1C α University of Dundee DU46517 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ATP- γ-P32 Hartmann Analytics SCP-401 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ATP- γ-S Abcam AB138911 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Taq polymerase NEB M0273S 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

PfU Ultra HF polymerase Agilent 600382 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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dNTP mix 100 mM Bioline BIO-39029 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

thiabendazole Toronto Research Chemicals T344150 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CDK1-Cyclin B active Invitrogen PV3292 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pierce anti-HA magnetic beads Thermo Scientific 88837 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cOmplete ™ EDTA-free Protease Inhibitor 
Cocktail 

Merck 05056489001 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4-12% Bis-Tris gel NuPage NP0322BOX 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Coomassie Brilliant Blue G-Colloidal concentrate Merck B2025 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DAPI scientific laboratory supplies D9542 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NBT Biochemica PanReac Applichem A1243 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BCIP Thermo Scientific J64451.03 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5-FOA Sigma F5013 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Protran 0.45 μm nitrocellulose membrane Amersham 010600002 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pierce NHS-activated magnetic beads CKS1Suc1 Singh et al. [54 ] N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Roscovitine EMD Milipore 557364 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LDS sample buffer NuPage 2020067 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

trypsin sequencing grade Sigma 11 047 841 001 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calcofluor Fluorescent Brightener 28 Sigma F3543 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

protein marker NEB P7712 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

protein marker NEB P7719 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

okadaic acid Sigma 495604 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

HisPurTm Ni-NTA Superflow agarose Thermo Scientific 25216 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IgG sepharose 6 fast flow Cytiva 17096901 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pierce A/G magnetic beads anti-HA clone 12CA5 this study N/A 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

HA peptide Thermo Scientific 26184 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

software 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GraphPad Prism 10 https://w w w.graphpad.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scaffold 5 https://w w w.proteomesoftware.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Scaffold PTM https://w w w.proteomesoftware.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

FiJi https://imagej.net 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SnapGene 8.2.1 https://w w w.snapgene.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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BioRender https://w w w.biorender.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mascot Distiller https://w w w.matrixscience.com/distiller.html 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mascot https://w w w.matrixscience.com 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Progenesis LCMS https://w w w.nonlinear.com/progenesis/ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

other 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Econo-Pac Chromatography columns BioRad 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SPEX Sample Prep 6875D freezer mill WolfLabs 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RSLC nano UPLC system Thermo Scientific 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Orbitrap Fusion Mass Spectrometer Thermo Fisher Scientific 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Multi-beads shocker Yasui Kikai 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ZEISS Axio Imager.M2 microscope Zeiss 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ZEISS Axiocam 705 mono camera Zeiss 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Puregene Yeast/Bact. kit Qiagen 1042607 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

a ctrometer (Thermo Fisher Scientific) was operated 

i esolution of 120 000 (at m/z 200) in the Orbitrap 

a her-energy collisional dissociation (HCD) second- 
s econds. HCD was performed at 28% normalized 

c or protein identification and phospho-mapping, 
M  a database search using Mascot (Matrix Science). 
M  quantification of phosphopeptides was achieved 

w

4
T ng T73XT75X variants were introduced via site- 
d ring B56Par1 open reading frame (ORF) flanked by 
1  into S. pombe ΔB56par1 host according to standard 

p ce and mutation confirmed by DNA sequencing. 
H . 

as amplified by PCR and inserted into a TOPO 

v d into the resulting plasmid by Gibson assembly 
[ Cppa2 host according to standard procedures [97 ], 
c ng. 

4
I on (3500 g for 2 minutes), washed in STOP buffer 
( nd pellets were stored at –70◦C until processing. 
H ring or native conditions [100 ]. Briefly, cell pellets 
w d with Pierce HA beads in IP buffer + 1mM DTT 

f
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cid over 30 minutes at a flow rate of 200 nl min–1 . The Orbitrap Fusion Mass Spe
n data-dependent mode, where the survey scan was performed at a nominal r
nalyser over an m/z range of 350–1200. The instrument performed as many hig
tage mass spectrometry (MS2) scans as possible in a total cycle time of 1.1 s
ollision energy, and the MS2 spectra were collected in the linear ion trap. F
ascot Generic Format datasets were generated in Mascot Distiller followed by
ascot search results were imported into Scaffold and Scaffold PTM. Label-free
ith Progenesis LC-MS. 

.4. Genetic manipulations 
o generate endogenous B56par1 .T73T75 phospho-mutants, mutations encodi
irected mutagenesis into a Topoisomerase-based cloning (TOPO) vector harbou
00 bp 5 ′ and 3 ′ untranslated regions (UTRs) [28 ]. The clones were transformed
rocedures [97 ], selected by 5-fluoroorotic acid (5-FOA, Sigma F5013) resistan
A-tagging of endogenous B56par1 was performed as previously described [98 ]
To generate pk.PP2ACppa2 , the PP2ACppa2 ORF flanked by 3 ′ and 5 ′ UTRs w

ector. N-terminal pk tag and hygromycin-resistant allele hphMX6 were inserte
99 ]. The pk.ppa2:hpHMX6 cassette was then transformed into S. pombe ∆PP2A
lones selected by 5-FOA resistance and insertion confirmed by DNA sequenci

.5. Small-scale HA-affinity purification 
n total, 2 × 108 cells (6 × 108 for B56par1 .PDSN ) were harvested by centrifugati
50 mM NaF, 10 mM EDTA, 0.9% NaCl, 1 mM sodium azide [NaN3 ]) at 4◦C a
A-affinity purification was performed as previously described under denatu
ere disrupted using a multi-bead shocker (Yasui Kikai) and IP was performe

or 1 h at 4◦C. 
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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4
B turing IP [100 ]. The HA-beads-bound precipitates 
w S pH 7.5, 100 mM NaCl, 2 mM DTT, 0.01% Brij-35, 
1  with inhibitor (5 μM okadaic acid) for 1 h at 30◦C. 

4
C lls with calcofluor and/or monitoring chromatin 
c  procedures [101 ]. Mitotic phases were monitored 

b ssue culture supernatant monoclonal antibody (1 
: e obtained using an Axio Imager.M2 microscope 
(  mono camera (Zeiss) and processed with Fiji. 

4
B was cloned into pETDuet-1 by Sac I and Not I re- 
s li BL21-CodonPlus. pRK753 plasmid harbouring 
M sed in E. coli BL21(DE3)-RIL. Cdc2049-78 fragment 
f BamH I restriction digest and ligation into pET41 
a ression and purification were performed accord- 
i e (Thermo Scientific, cat. no. 25216) under native 
c

4
P e purified by sequential TAP tag and HA- affinities 
[ PEX Sample Prep 6875D freezer mill (eight cycles 
2 ith 0.5 ml IgG Sepharose 6 fast flow beads (Cytiva, 
c H 7.5, 1 mM EDTA, 100 mM NaCl, 1 mM PMSF, 
0 . Bound PP2A complexes were washed twice with 
I  pH 8.0, 150 mM NaCl, 0.1% NP40, 0.5 mM EDTA, 
1 in Econo-Pac Chromatography columns (BioRad). 
C se and 500 μl TEV buffer at 25◦C for 2 hours while 
g  IP buffer without phosphatase inhibitors up to 7 
m  cat. no. 88802) covalently coated with monoclonal 
1 n washed 4 × with IP buffer without phosphatase 
i at 30◦C for 1 hour at 100 r.p.m. with 1 mg/ml HA 

p 150 mM NaCl, 1 mM MnCl2 , cOmplete EDTA-free 
P

4
P reviously described [24 ]. Cdc20-LxxIxE fragment 
( d 100 μM ATP in 200 μl kinase assay buffer (KAB; 
5 e Inhibitor Cocktail) for 30 minutes at 30◦C. The 
r xchanged for phosphatase buffer (50 mM Tris pH 

7  Protease Inhibitor Cocktail, 1 mM roscovitine) + 

2 0-LxxIxE fragment was stored in 20 μl aliquots at 
–

hosphatase buffer in non-stick tubes on ice and 

t  phosphatase buffer. Reaction was incubated on a 
r s. Reaction was stopped by the addition of lithium 

d  minutes at 70◦C. 

4
F issive temperature (25◦C) in EMM2 + AA (EMM2 
s  were arrested at G2/M transition by incubation 
a 3 ]. After 20 minutes, 2 × 108 cells were harvested 

b ed by small-scale CKS1Suc1 affinity as previously 
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.6. PP1Dis2 phosphatase assay 
56Par1 .HA substrate was precipitated from wild-type cells by small-scale dena
ere then washed in protein metallophosphatases (PMP) buffer (50 mM HEPE
 mM MnCl2 ) and incubated in 10 μl PMP buffer with 1.38 μg PP1C αwithout or

.7. Microscopy 
ell cycle progression was tracked by scoring the percentage of septating ce
ondensation with 4 ′ ,6-diamidino-2-phenylindole (DAPI) according to standard
y combined DAPI staining and anti-tubulin immunofluorescence with Tat1 ti
 80, a gift from Gull [55 ]), using established procedures [93 ,102 ]. Images wer
Zeiss) with an α Plan-FLUAR 100 ×/1.45 oil objective (Zeiss) and Axiocam 705

.8. Recombinant protein expression and purification 
56par1 coding sequence (CDS; custom made by GeneArt, Life Technologies) 
triction digest and ligation and His.B56Par1 was expressed in Escherichia co
BP.His.TEV (Tobacco Etch Virus protease; a gift from M. Lowe) was expres

used with ‘superbinder’ LxxIxE peptide LDTIQEE [24 ] was cloned by Nco I 
nd Cdc20-LxxIxE.His was expressed in E. coli BL21-CodonPlus. Protein exp
ng to standard protocols with HisPurTm nitrilotriacetic acid (Ni-NTA) agaros
onditions. 

.9. PP2A-B56Par1 complex purification 
P2A-B56Par1 complexes harbouring the major catalytic subunit PP2ACPpa2 wer
28 ]. Briefly, 1 × 1011 cell pellets were cryo-milled under liquid nitrogen in a S
-2-2 with impact rate of 14). Immunoglobulin G (IgG) affinity was performed w
at. no. 17096901) in IP buffer without phosphatase inhibitors (50 mM Hepes p
.1% NP40, cOmplete ™ EDTA-free Protease Inhibitor Cocktail) at 4◦C for 1 hour
P buffer without phosphatase inhibitors and twice with TEV buffer (10 mM Tris
 mM DTT, cOmplete ™ EDTA-free Protease Inhibitor Cocktail) by gravity flow 

olumns were then capped at both ends and incubated with 50 μg TEV protea
ently shaking at 100 r.p.m. Flow-through was then collected and topped with
l and incubated O/N at 4◦C with 125 μl Pierce A/G beads (Thermo Scientific,
2CA5 HA antibody. The HA beads-bound PP2A-B56Par1 complexes were the
nhibitors at 4◦C and either immediately used for enzymatic assays, or eluted 

eptide (Thermo Scientific, cat. no. 26184) in elution buffer (20 mM Tris pH 7.4, 
rotease Inhibitor Cocktail) for protein identification by Mass Spectrometry. 

.10. PP2A-B56Par1 activity assay 
hosphatase assays were performed with purified PP2A-B56Par1 complexes as p
150 μg) was phosphorylated with 0.7 μg recombinant CDK1-Cyclin B kinase an
0 mM tris pH 7.4, 10 mM MgCl2 , 1 mM DTT, cOmplete EDTA-free Proteas
eaction was stopped with the addition of 1 mM roscovitine, buffer was then e
.4, 150 mM NaCl, 1 mM MnCl2 , 1 mM DTT, 0.1% Igepal, cOmplete EDTA-free
5% glycerol using ZebaSpin desalting columns and the phosphorylated Cdc2
80◦C at the concentration of 0.4 μg μl–1 . 
Purified PP2A-B56Par1 complexes bound to HA-beads were washed with p

hen mixed with 1.2 μg of the phosphorylated Cdc20-LxxIxE substrate in 50 μl
otator wheel for up to 120 minutes at 30◦C with samples withdrawn at interval
odecyl sulfate (LDS) sample buffer (NuPage) + 25% ß-mercaptoethanol for 10

.11. CDK1-Cyclin B kinase assay 
or S. pombe CDK1-Cyclin BCdc13 kinase assay, cdc25.22 cultures grown at perm
upplemented with 250 mg l–1 adenine, histidine, leucine, uridine and lysine)
t 37◦C for 4 hours and 30 minutes and then released into permissive 25◦C [10
y centrifugation (3500 g , 2 minutes) and CDK1-Cyclin BCdc13 was precipitat
m royalsocietypublishing.​org/​rsob/​article-pdf/​doi/​10.​1098/​rsob.​260089/​6159319/​rsob.​260089.​pdf
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d l CKS1Suc1 beads with immobilized CDK1-Cyclin 
B  ATP- γ-P32 for 10 minutes at 30◦C without or with 
i

B56Par1 substrates (B56Par1 .HA subunit or PP2A- 
B ified under denaturing conditions from S. pombe 
a ith KAB and resuspended in 10 μl KAB + 5 μM 

o CPpa2 catalytic subunit and bound to HA-beads 
w c acid. 0.5 μg of active recombinant CDK1-Cyclin 
B tively, in the presence of 100 μM ATP or ATP- γ-S 
w ed, and the reaction was incubated for 30 minutes 
a

4
P inutes at 70◦C, separated on a 4–12% Bis-Tris gel 
a  indicated to monitor total protein levels prior to 
p horylated pT73pT75 were custom-generated and 

p is study: anti-pk clone SV5-Pk1 (BioRad, cat. no. 
M ; 1 : 100), anti-Cdc2 (Abcam, cat. no. Ab5467; 1 : 
2 and anti-phospho-B56Par1 .T73T75 (custo made by 
E -coupled secondary antibodies and chromogenic 
d als. In case of reprobing, the membrane was first 
i toethanol, pH 2.5) for 30 minutes at 60◦C before 
p

4
C  cells ml–1 , and serial 10 × dilutions were spotted 

o  was monitored for 4–6 days at 25◦C. 

4
C rbouring artificial Ch16 were grown exponentially 
f supplements up to the density of 1 × 106 cells ml–1 , 
a g ml–1 adenine. The frequency of Ch16 loss was 
s 5◦C. 

E  committee. 
D  supplementary material as supplementary data 1 and 
s
D
A ethodology, project administration, supervision, valida- 
t n; D.S.: data curation, formal analysis; J.P.: supervision, 
w roject administration, supervision, writing—review and 
e

the work performed therein. 
C
F  C5759/A27412). 
A eefe, Steve High, Phil Woodman, Martin Lowe and Viki 
A or the gift of E.coli BL21(DE3)-RIL [pRK753], Keith Gull 
f ssistance in the early stages of the project. 

R
1 8/344503a0 ) 
2 s Genet. 12 , 345–350. ( doi:10.1016/s0168- 9525(96)80016- 3 ) 
3 cdc2 in fission yeast. Nature 347 , 680–682. ( doi:10.1038/347680a0 ) 
4  cyclin B cdc13p during mitosis and meiosis. J. Cell Sci. 114 , 2627–2640. 

5  to centrosomes to promote global CDK phosphorylation at mitosis. Curr. 
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escribed [54 ,104 ]. Recombinant His.B56Par1 substrate (1.2 μg) was added to 20 μ
Cdc13 , and the kinase reaction was performed according to protocol [104 ] with
nhibitor (1 mM roscovitine). 

Recombinant human CDK1-Cyclin B kinase assays were performed with 
56Par1 .HA complex) isolated from S. pombe . B56Par1 .HA was HA-affinity pur
synchronous cultures, in vitro dephosphorylated with PP1C α, washed twice w
kadaic acid. The PP2A-B56Par1 .HA complexes harbouring the major pk.PP2A
ere washed twice with KAB and resuspended in 10 μl KAB ± 20 nM okadai
 kinase was mixed with the HA beads-bound B56Par1 or PP2A-B56Par1 , respec
ithout or with inhibitor (roscovitine, 2 mM) and okadaic acid (5 μM) as indicat
t 30◦C. 

.12. Western blotting 
roteins in LDS sample buffer + 25% ß-mercaptoethanol were heated for 10 m
nd transferred onto a nitrocellulose membrane. Ponceau staining was used as
robing with antibodies. Polyclonal antibodies raised against the dual-phosp
urified by Eurogentec. The following dilutions of antibodies were used in th
CA1360; 1 : 500), tissue culture supernatant anti-HA clone 12CA5 (lab stock
000), anti-phospho-threonine-proline (Cell Signaling, cat. no. 9391S; 1 : 2000) 
urogentec; 1 : 1000). Horseradish peroxidase (HRP) or alkaline phosphatase
etection, chemiluminescence or autoradiography were used to detect the sign
ncubated in a stripping buffer (0.2 mM glycine, 0.05% Tween, 0.7% ß-mercap
robing with a second set of antibodies. 

.13. TBZ sensitivity assay 
ultures were grown exponentially for 48 hours in YES medium up to 1 × 106

nto YES plates containing increasing concentrations of TBZ. Colony formation

.14. Ch16 mitotic loss rate 
h16 mitotic loss assays were performed as previously described [77 ]. Strains ha
or 48 hours in Edinburgh Minimal Medium Glutamate (EMMG) [105 ]) without 
nd aliquots of 10–100 μl were plated on EMMG plates supplemented with 5 m
cored by monitoring the frequency of half-sector red colonies after 6 days at 2

thics. This work did not require ethical approval from a human subject or animal welfare
ata accessibility. Mass spectrometry data associated with the manuscript are available in
upplementary data 2 [106 ]. 
eclaration of AI use. We have not used AI-assisted technologies in creating this article. 
uthors’contributions. L.H.: conceptualization, data curation, formal analysis, investigation, m
ion, visualization, writing—original draft, writing—review and editing; Y.C.: investigatio
riting—review and editing; I.H.: conceptualization, funding acquisition, methodology, p
diting. 
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