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Mitosis is triggered when the rising activity of CDK1-Cyclin B, ampli-
fied by the CDK1/Cdc25/Weel feedback loop, overcomes inhibitory sig-
nalling from Weel 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 APP1%*? genetic background in
Schizosaccharomyces pombe identified phosphorylation of T73 or T75 in the
regulatory B56°%! subunit. The B56"%1.T73T75 phosphorylation is directly
mediated by CDK1-Cyclin B, and a phospho-mimetic mutation increased
while a non-phosphorylatable mutation reduced PP2A-B56"%! phosphatase
activity. Blocking B56F%1.T73T75 phosphorylation reduced cell length in
unperturbed divisions from 14 to 12 um, without causing pleiotropic de-
fects. Therefore, blocking phosphorylation at T73T75 alone prematurely
unlocked amplification of the CDK1/Cdc25/Weel 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.

1. Introduction

During interphase, CDK1-Cyclin B activity is restrained through inhibitory
phosphorylation of CDK1 by Weel family kinases, until Cdc25 phosphatases
remove the inhibitory phosphate to enforce mitotic entry [1,2]. CDK1-Cyclin B
associates with the fission yeast equivalent of the centrosome, the spindle pole
body (SPB), from early G2 until Cyclin B destruction in mitosis [3-5]. CDK1-
Cyclin B engages polo kinase on the SPB in a positive CDK1/Cdc25/Weel feed-
back loop 30 minutes before mitosis, activating the SPB [6-10]. Mitosis in the
whole cell is triggered when the signal amplification exceeds the inhibitory im-
pact of Weel and CDK-counteracting phosphatases [11-14].

The serine/threonine phosphatases PP1 and PP2A are important regulators
of mitosis in Metazoa and fission yeast [15-17]. PP1 monomers achieve speci-
ficity by docking to regulatory proteins, which direct PP1 to substrates [18,19].
PP2A holoenzymes combine a catalytic and a scaffold subunit with one of four
B-type regulatory subunits, which determine the phosphatase specificity. Of
these, the B55 and B56 families have been linked to mitotic control [16,20]. All
three phosphatases employ preferences for the phosphorylated residue and the
surrounding amino acids (AA) and are recruited to the targets through specific
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sequences that include short linear motifs (SLiMs) [15,21-27]. Bulk activities of PP1 and PP2A are inhibited during mitosis,
although local activities to control phosphorylations remain [16,17,28,29].

In human cells, PP2A complexity is expanded by four genes encoding B55 subunits («, 8, y and ) and five genes encoding
B56 subunits (@, 8, ¥, § and ¢), which utilize distinct structural folds to dictate substrate specificity [30-32]. Furthermore, alter-
native splicing—particularly within the B56 genes—further expands this repertoire, enabling the formation of over 100 unique
heterotrimeric combinations [33,34]. The PP2A-B55 family is the main antagonist of CDK phosphorylations and contributes to the
bistability of mitotic entry and exit [35-37]. PP2A-B56 and PP1 are primarily employed in local controls during mitosis, where they
support microtubule-kinetochore capture, chromosome alignment and spindle assembly checkpoint (SAC) silencing [26,38,39].

By contrast to animal cells, the yeast Schizosaccharomyces pombe only has one B55 gene, B55/"", and two B56 paralogues, B56""
and B56"2, of which B56"! is the major variant [40]. This relative simplicity makes S. pombe, an established eukaryotic cell cycle
model, ideal for investigating conserved PP2A functions in mitosis. As in animal cells, PP2A-B55""! dephosphorylates many
CDK-dependent phosphorylation sites, although recent data suggest that only approximately 25% of the phosphosites can be
attributed to PP2A-B557%! alone, possibly reflecting substantial redundancy between phosphatases [15]. PP2A-B5572%! couples
cell growth to the cell cycle via the greatwall-endosulfine switch that inactivates PP2A-B55Fb1 at the onset of mitosis [41]. PP1
is encoded by two genes in S. pombe, PP1%? and PP1°%?!. The major PP1P*? isoform restricts the CDK1/Cdc25/Weel feedback
loop activation on the SPB in G2 [8,42]. During mitosis, PP1P*2 and to a lesser extent PP2A-B56"%™! contribute to SAC silencing
[43]. All three phosphatases join forces at mitotic exit to orchestrate orderly substrates dephosphorylations [28]. As Cyclin B de-
grades, PP1P2 auto-catalytically recovers and drives a phosphatase relay, in which PP1P*2 binds to and sequentially activates
PP2A-B55"2b! and PP2A-B56"". Binding assays and sequence conservation suggest that PP1 regulates PP2A-B55 and PP2A-B56
activities in a variety of signalling contexts throughout eukaryotes [28,44]. A recent systematic in vivo analysis of phosphoryla-
tions targeted by PP1, PP2A-B55, PP2A-B56 and the dual-specificity phosphatase CDC14 in S. pombe substantiated that all these
phosphatases negatively regulated CDK1-Cyclin B activity [15]. Interestingly, each phosphatase targeted distinct subgroups of
substrate sites that were net phosphorylated at different points during the S. pombe cell cycle, suggesting that these phosphoryla-
tion thresholds were important for mitotic onset.

The regulatory interplay between PP1"is2, PP2A-B55P%! and PP2A-B56"! at mitotic exit indicates that PP1P*? targets a phos-
phorylation site on the respective PP2A holoenzymes [28]. As the regulatory subunit determines PP2A specificity, we asked
whether the PP1P2 target on PP2A-B567%! resides within the regulatory subunit itself. Here, a screen for phosphorylation sites
altered upon the removal of PP1P? in fission yeast identified T73T75 phosphorylation on B567!. Mimicking T73T75 phosphory-
lation increased the phosphatase activity of the intact PP2A-B56"*"! complex, while blocking phosphorylation restricted activity.
Phospho-blocking mutations altered mitotic entry, leading to premature mitosis at an approximately 2 um reduced cell size, cor-
responding to 15% reduction in S. pombe cell length. The T73T75 regulation thus represents a mechanism of mitotic entry control
by PP2A-B56.

2. Results
2.1. PP2A-B56"" 173175 is phosphorylated and under PP1%2 control in vivo

To map phosphorylation on the regulatory B567%"! subunit, we first optimized large-scale precipitation of B56"*!1 HA under de-
naturing conditions, a method that preserves phosphorylations [45] (supplementary material, figure S1A). To identify PP1Pi2-
responsive sites, we then applied these optimized conditions to precipitate B567%1.HA from S. pombe cells with or without ge-
netic disruption of PP1%2 (supplementary material, figure S1B). Previous studies established that deletion of PP1%2 has no dis-
cernible effect on cell cycle progression in unperturbed cultures, likely owing to functional compensation by the paralogue PP1542!
[46-48]. Therefore, changes in B56"%"! phosphorylation in precipitates from APP1%%? cells are unlikely to reflect an altered cell-cycle
distribution and would be consistent with PP1P2 activity regulating the sites’ dephosphorylation.

Quantitative mass spectrometry identified differential phosphorylations within the unstructured N-terminal arm (threonines
73 or 75 and serine 99) and in the core B56 domain (serine 358 or 359 and threonine 361) of B56T! (figure 1A,B; supplementary
material, data 1). As phosphorylation of T73 or T75 was upregulated in cells lacking PP1952 | these sites were selected for further
investigation: both residues are flanked by Prolines, suggesting a cell cycle-dependent regulation [49], and the high level of se-
quence homology surrounding these sites among B56 orthologues in the Schizosaccharomyces species (figure 1C) as well as across
other eukaryotes (figure 1D), supports the existence of a conserved regulatory site.

To validate the quantitative mass spectrometry screen results, we generated dual phospho-specific antibodies against
B56F%1. T73T75 and monitored phosphorylation levels in HA-immunoprecipitates from B56/"!.HA cells following ablation of
individual mitotic phosphatases. Importantly, the phosphorylation was elevated in cultures which lacked PP1%?2, but not other
mitotic phosphatases (figure 1E). Combined, these results identified a new phosphorylation site on the B56"* subunit, T73T75,
which is under the regulation of the PP1 phosphatase, specifically the PP1P2 isoform.

2.2. T73T75 phosphorylation defines a novel PP1%2-dependent requlation of PP2A-B56""!

We next asked if B567%™1.T73T75 was a direct PP1°? target. To assess whether PP1 can directly dephosphorylate T73T75, we
purified B567.HA from S. pombe under denaturing conditions by HA affinity and used the purified protein as a substrate in
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Figure 1. PP2A-B56""1 173175 phosphorylation is under PP1%2 control. (A) Quantitative mass spectrometry post-translational modifications (PTM) analysis of the im-
pact of PP192 ablation upon phosphorylation of B56™"". Phospho-sites changing >2 fold between wild type and APP1%52 (p < 0.001) are labelled in red. (B) B56"*"!
predicted structure (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 B567". (C,D) Clustal Omega alignment of N-termini of B56 orthologues from Schizosaccharomyces (C) and eukaryotic (D) species. (E) B56P 73175
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 B56™"" 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 B567"!.T73175 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) B567".T73T75 phosphorylation levels in PP1
docking-site mutant B56°" 1 PDSN. Left, representative immunablot; right, quantification of levels (means =+ s.d., n = 3) measured as in (E). *p < 0.05. (H) Schematic
depicting the control of PP2A-B56"" . T73175 phosphorylation by PP1%s2. Dashed line represents a potentially indirect event. C, catalytic subunit; A, scaffolding subunit;
wt, wild type.
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Figure 2. PP2A-B56" 173175 phosphorylation rises in G2 and peaks in mitosis. (A—C) B56"" 173175 phosphorylation levels in cell cycle-synchronized B56" 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 B56"".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.kM377-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.

phosphatase assays with recombinant PP1Ca (MRC PPU Reagents and Services, University of Dundee, cat. no DU46517). PP1Ca
directly dephosphorylated B567%1.T73T75, while the reaction was inhibited by the addition of the PP1 inhibitor okadaic acid
(Sigma, cat. no. 495604; figure 1F). This result established that PP1 can directly target B56T*1.T73T75 in vitro.

We have previously shown that, at mitotic exit and as part of the PP1-PP2A phosphatase relay [28], PP1P2 directly binds B56F!
via G/SILK/R and K/RxVxF motifs located within the conserved common B56 core, and that mutating both motifs (B56P1 PDSN,
supplementary material, figure S1C) abolished this interaction [28]. To determine whether PP1P*2-mediated dephosphorylation
of B56"21. T73T75 depends on PP1P*2 docking to B5672™, we monitored the level of T73T75 phosphorylation in the B56/"1.PDSN
mutant. We reasoned that if the dephosphorylation requires PP1P%2 docking to B567%", the docking site mutant would mimic
the elevated T73T75 phosphorylation seen in APP1%? (figure 1E). Interestingly, the phosphorylation of B56"*1 PDSN remained
at wild-type levels (figure 1G), indicating that in cells, PP1P2 does not target B567*"1.T73T75 phosphorylation via docking to the
G/SILK/R and K/RxVxF motifs in B567% 1,

These results show that although PP1P*2 can directly dephosphorylate B56"%1.T73T75 in vitro, the dephosphorylation in cells
is independent of the PP1P#2 docking site on B56F%1. Therefore, T73T75 is unlikely to represent a direct PP1P"2 target within
the PP1-PP2A mitotic phosphatase relay [28], but instead defines a novel PP1P2-dependent mode of PP2A-B567*! regulation
(figure 1H).

Both threonines T73 and T75 are flanked by prolines (figure 1C,D). Since TP sites are often targeted by CDKs to regulate cell
cycle progression [49], we next asked if the phosphorylation was cell-cycle regulated.

2.3. PP2A-B56"".T73T75 phosphorylation rises in G2 and peaks in mitosis

To monitor the phosphorylation in an unperturbed cell cycle, we followed cells as they progressed through cell division in cultures
synchronized by centrifugal elutriation. S. pombe cells grown in standard minimal media divide after already completing S phase
and are born in G2 phase of the cell cycle [50]. Centrifugal elutriation isolates these small G2 cells, which can then be followed
over two subsequent cell division cycles, with the first cycle still showing stress response, while the second cycle represents
an unperturbed division [51]. B56"*1.T73T75 phosphorylation levels rose as septation (monitored with calcofluor (fluorescent
brightener 28, Sigma, cat. no. F3543) staining) of the first cell division cycle began to cease and then peaked just before the second
round of division, indicating that T73T75 phosphorylation rises in G2 and is maximal during mitosis (figure 2A).

To confirm that the B56F%1.T73T75 phosphorylation increases in mitosis with a more robust cell synchronization protocol, we
took advantage of the nda3.KM311 thermosensitive g-tubulin mutant, which arrests cells in mitotic prometaphase at restrictive
temperature [52,53]. B56P%1.T73T75 phosphorylation was strongly upregulated in the mitotically arrested sample (figure 2B).

To further investigate the dynamics of the phosphorylation during mitotic progression, we then followed the phosphory-
lation kinetics as cells progressed through the different mitotic phases in adenosine triphosphate (ATP) analogue 3BrB-PP1
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under denaturing conditions, dephosphorylated by PP1 and then phosphorylated by recombinant CDK1-Cyclin B (& CDK inhibitor roscovitine) in the presence of the PP1
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Q

(custom made by Toronto Research Chemical)-synchronized cdc2.as-M17 cultures [54]. In parallel with sampling for
B56F4 1. T73T75 phosphorylation, we quantified the frequency of metaphase, anaphase and septating cells by staining for alpha
tubulin (anti-Tatl antibody [55], mitotic spindles), DAPI (Scientific Laboratory Supplies D9542, nuclei) and calcofluor (septa). This
analysis revealed that T73T75 phosphorylation peaks in metaphase and then declines as cells complete anaphase (figure 2C).

Taken together, these results show that B5672"1. T73T75 phosphorylation rises in the G2 phase of the cell cycle, peaks in mitosis
and declines upon mitotic exit.

2.4. (DK1-Cyclin B phosphorylates PP2A-B56™ 773175

The mitotic up-regulation of the phosphorylation prompted us to ask whether it is directly mediated by the major mitotic ki-
nase CDK1-Cyclin B. Sequences surrounding threonines 73 and 75 match a long [S/T]-P-x-x-[K/R] or short [S/T]-P-[K/R] CDK1
phosphorylation consensus sequence variants, respectively (figure 3A). To address whether CDK1-Cyclin B directly phosphory-
lates these residues, we first asked whether B56"2! serves as a CDK1 phosphorylation substrate. CDK1-Cyclin BCde13 immuno-
precipitated from mitotic S. pombe cells using CKS15! affinity directly phosphorylated recombinant B56%1.GST in vitro, while
the phosphorylation was inhibited in the presence of the CDK inhibitor roscovitine (EMD Millipore, cat. no. 557364; figure 3B).
This result demonstrates that CDK1-Cyclin B can act as a B567"! kinase.

We next asked whether CDK1 directly phosphorylated B56'! isolated from yeast. We immuno-precipitated B567*. HA from
asynchronous S. pombe cultures by HA affinity under denaturing conditions, and dephosphorylated the precipitate with recom-
binant PP1Ca. The now dephosphorylated B56T"1. HA was then used as a substrate for recombinant CDK1-Cyclin B (Invitrogen,
cat. no. PV3292), in the presence of the PP1 and PP2A inhibitor okadaic acid to prevent any dephosphorylations. To determine
if CDK1 phosphorylated B56"%1. HA on T73T75, we monitored phosphorylation with pT73pT75 phospho-specific antibodies.
CDK1-Cyclin B directly phosphorylated B56"! on T73T75 (figure 3C).

The assays shown in figure 3B,C utilized an isolated B56"2rl molecule as the kinase substrate. In cells, however, B56"21 functions
as part of the trimeric PP2A-B56"%"! complex. To determine whether CDK1-Cyclin B phosphorylates T73T75 of B567%! when incor-
porated into the PP2A complex, we purified endogenous PP2A-B56"%! by sequential tandem affinity purification (TAP) tag and
HA affinities [28]. The purified complex was then used as a substrate in the recombinant CDK1-Cyclin B kinase assays performed
in the presence of a non-hydrolysable ATP analogue ATP-y-S to prevent dephosphorylation. Importantly, CDK1-Cyclin B directly
phosphorylated T73T75 when B56"%™! was purified as part of the endogenous PP2A-B567! complex (figure 3D). Interestingly, in
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an assay with hydrolysable ATP, CDK1-Cyclin B could only phosphorylate the complex in the presence of a PP2A inhibitor (nM [ 6 |
okadaic acid), indicating that PP2A-B562! can auto-dephosphorylate in these experimental conditions (supplementary material,
figure S2) [56,57].

We conclude that B56"1. T73T75 is a target for CDK1-Cyclin B phosphorylation, and that CDK1-Cyclin B directly phosphory-
lates PP2A-B56"2™! complex on T73T75 (figure 3E).

2.5. Mimicking PP2A-B567"" 173175 phosphorylation boosts while disabling blocks PP2A-B56™"" complex activity

Phosphorylations of PP2A subunits have been shown to impact PP2A complexes function, namely activity or integrity [35,58-67].
We therefore examined the effect of the T73T75 phosphorylation on the PP2A-B56" heterotrimer.

Since PP2A-B56 can auto-dephosphorylate (supplementary material, figure S2) [56,57], we addressed the impact of T73T75
phosphorylation on PP2A-B56"%™! using phospho-mimetic (T73DT75D) and non-phosphorylatable (T73VT75V) variants, which
are refractory to dephosphorylation at these sites.

We first asked if mimicking or disabling T73T75 phosphorylation affected the PP2A-B567! complexes integrity. PP2A het-
erotrimer assembly is a stepwise process, where the scaffold (A) subunit and the regulatory (B) subunit form a dimer, which then
binds the catalytic (C) subunit to form the final heterotrimer [68]. To address complex integrity, we therefore monitored the capac-
ity of the regulatory subunit (B56"%!) to co-precipitate with the major PP2A catalytic subunit (PP2ACFP32), Both B567*! phospho-
mimicking (T73DT75D) and non-phosphorylatable (T73VT75V) mutants remained in complex with the catalytic subunit in both
asynchronous and analogue-synchronized cultures as cells progressed through the different stages of mitosis (supplementary
material, figure S3A,B), confirming that PP2A-B56F%! complex integrity is not compromised by the T73XT75X mutation.

In vertebrates, phosphorylations of the N-terminal B56 arm at distinct serine residues by checkpoint, PKA or PKC kinases were
shown to either activate [61,63,65] or inhibit [67] PP2A-B56 holoenzymes. We, therefore, asked if the CDK1-Cyclin B-mediated
phosphorylation of the threonine-proline sites identified in our study modulates PP2A-B56F2"! phosphatase activity. We addressed
the question by measuring the activities of phospho-blocking or phospho-mimetic PP2A-B567% 1. T73XT75X mutant complexes.
To this end, we purified the major endogenous PP2A-B56F4! complexes (APaal-B5672r1-CPPa2 [40]) by sequential TAP tag and HA
affinities from S. pombe cells [28] (supplementary material, figure S4A and data 2). To measure the purified complexes activities, we
adopted a phosphatase assay developed for human PP2A-B56 [24,69]. The substrate in this assay is an engineered Cdc20 fragment
fused to a PP2A-B56 docking site motif LDTIQEEE (LxxIxE) and phosphorylated on threonine-proline sites by Cdk1-Cyclin B.
The assay was optimized to measure substrate dephosphorylation over a period of up to two hours (supplementary material,
figure 54B,C).

T73T75 phosphorylation is maximal in mitosis (figure 2A-C), which prompted us to determine the impact of the T73XT75X mu-
tations on the activity of PP2A-B56P*! complexes purified from mitotic cells. We arrested cells expressing endogenous T73XT75X
complexes variants in mitosis by nda3.KM311-mediated arrest (supplementary material, figure S5A) and purified the PP2A-B567!
complexes by sequential TAP tag-HA tag affinities. We then measured the purified mitotic complexes activity towards phospho-
rylated Cdc20-LxxIXE. The phospho-mimetic variant of the complex (T73DT75D) was able to dephosphorylate the substrate with
faster kinetics compared to wild type, while the non-phosphorylatable variant (T73VI75V) was less effective (figure 4A-C). The
activity was blocked by a PP2A inhibitor (supplementary material, figure S5B,C). A similar trend in activities of the T73DT75D
and T73VT75V variants was observed with purifications from asynchronous cultures (supplementary material, figure S6A-C).

These results indicate that phosphorylation of B5672"1.T73T75 increases the PP2A-B567%"! complex activity, while disabling the
phosphorylation blocks activity.
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2.6. T73T75 phosphorylation represents a control distinct from PP2A-B56""" role in mitotic exit

As B56T1. T73T75 phosphorylation increases at G2/M transition and declines upon mitotic exit (figure 2A-C), we next examined
the requirement of the B567*1. T73T75 phosphorylation for mitotic progression. To this end, we generated endogenous un-tagged
B56"! non-phosphorylatable (T73VT75V) and phospho-mimetic (T73DT75D) mutants and assessed their phenotypes.

PP2A-B56 has been shown to regulate events at metaphase/anaphase transition in both fission yeast [28,39,43,70] and higher
eukaryotes [29,38,71-75]. In fission yeast, B56"%" is also required for cytokinesis [76]. To ask if the phosphorylation impacts mitotic
exit, we monitored the variants’ progression through mitosis and cytokinesis in analogue-synchronized cultures. Both T73DT75D
and T73VT75V mutants progressed normally through the different mitotic phases and septation (figure 5A), indicating that the
phosphorylation was not required for mitotic exit and cytokinesis.

Although not a key player, PP2A-B56F2! has been shown to function in SAC silencing [43]. Mutations in genes required for
chromosome segregation, such as kinetochore-related or SAC-related genes, sensitize S. pombe cells to a microtubule-destabilizing
drug, thiabendazole (TBZ, Toronto Research Chemicals, cat. no. T344150 [78,79]). AB56/"! cells show TBZ sensitivity [70]. To test
the role of the T73T75 phosphorylation in SAC control, we assessed the phospho-mutants’ growth in the presence of TBZ. In-
creasing concentrations of TBZ had no impact on the growth of B56/"1.T73XT75X (figure 5B), suggesting a normal SAC function.
In addition to TBZ sensitivity, AB56P" cells experience chromosome segregation errors [28]. We therefore addressed the chromo-
some segregation fidelity of T73XT75X mutants in an assay that measures the stability of an artificial mini-chromosome Ch16 [80].
Ch16 stability was not affected by either of the B56""1. T73XT75X phospho-mutations (figure 5C). These results demonstrate that
under our experimental conditions, T73T75 phosphorylation has no impact on SAC control or chromosome segregation fidelity.
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Figure 5. PP2A-B56™M 173175 phosphorylation is not required for mitotic exit. (A) Mitotic index (left) and septation index (right) of cdc2.as-M17 B56°™ 1T73XT75X
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chromosome segregation fidelity-deficient control. Significance was calculated by a one-way ANOVA followed by Dunnett’s multiple comparisons test, ****p < 0.0001.

Taken together, these results indicate that T73T75 phosphorylation is obsolete once cells are in mitosis and represents a control
that is distinct from known PP2A-B56"! functions in mitotic exit and cytokinesis.

2.7. Blocking PP2A-B56"".T73T75 phosphorylation leads to premature division at a smaller cell size

We next investigated the role of T73T75 phosphorylation in G2/M transition. AB56/" cells divide at a wide distribution of
sizes, at an average cell size that is approximately 1 um smaller than wild type, which represents a reduction of approxi-
mately 9% (figure 6A,B) [28,70]. This cell size phenotype implies that the activity of PP2A-B56™! is required for cell size
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Figure 6. Blocking PP2A-B56""1 173175 phosphorylation induces premature division at a reduced cell size. (A,B) Cell size at division of asynchronous unperturbed cultures
of endogenous B56""".T73XT75X mutants. (A) Quantification of cell division sizes. AB56”*"" and phospho-blocking B56°%"".773V175V and B56°"".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 AB56°”7. Scale bar, 10 ym.

control at division. Additionally, AB56/"! cells exhibit morphological and septation defects (arrowheads in figure 6B), consistent
with PP2A-B56F2! role in cell polarity and cytokinesis [40,70,76,81,82]. Intriguingly, cells expressing the non-phosphorylatable
B561. T73VT75V mutant divided at an average cell length approximately 2 um shorter than wild type, corresponding to a 15%
reduction in cell length (figure 6A,B). To corroborate this finding, we generated an independent non-phosphorylatable variant,
B56r"1.T73AT75A, and observed a similar small-size phenotype. These results show that blocking T73T75 phosphorylation leads
to division at a reduced cell size. In line with that, phospho-mimetic B56P1 T73DT75D maintained wild-type length at division
(figure 6A,B). Neither T73XT75X mutant displayed morphological or septation defects seen in AB56/*'L.

In media with glucose and a rich nitrogen source, such as EMM2 used in our study, S. pombe cells only grow in the G2 phase
of the cell cycle (owing to a cryptic G1 cell size checkpoint) and arrest growth as they commit to mitosis with a defined cell size.
Cell size at division is therefore a function of mitotic entry timing [50,83,84].

We conclude that B567*1.T73T75 phosphorylation is required to maintain cell size control at mitotic entry in unperturbed
cycles. Disabling T73T75 phosphorylation leads to premature entry into mitosis at an approximately 2 um smaller cell size, rep-
resenting a 15% reduction in cell length.

3. Discussion

We initiated the present study by searching for PP1P"2 target sites on B56%™, which led to the identification of proline-directed
regulatory sites T73T75 in the N-terminal arm of B56"%1. Previously, we demonstrated that PP1Ps2 directly regulates PP2A-B5621
during mitotic exit through docking to G/SILK/R and K/RxVxF motifs on B56"! [28]. By contrast, the regulatory mechanism
described here is independent of this docking interaction (figure 1G), raising the possibility that PP1P*2 interacts with B567!
through an additional alternative mechanism or exerts its effect indirectly. The latter is supported by observations that both PP1
and PP2A-B56 dock to regulatory or intermediate targets that subsequently recruit them to their substrates [19,85].

Analysis of endogenous T73T75 phospho-mutants revealed an outstanding cell size phenotype. Blocking B56"*1. T73T75 phos-
phorylation reduced cell length at division in unperturbed cycles from 14 to 12 pm (figure 6A,B), dramatically altering the surface
area-to-volume ratio. In S. pombe, which in standard media grows in the G2 phase of the cell cycle, such cell length reduction
demonstrated that the phospho-blocking mutant prematurely unlocked mitotic CDK activity [11,12,50,83,84].

The B56P%r1. T73T75 phosphorylation is directly mediated by CDK1-Cyclin B (figure 3A-E), and phospho-mimicking mutation
increases PP2A-B56"%! phosphatase activity while non-phosphorylatable blocks activity (figure 4A-C; supplementary material,
figure S6A-C). This is consistent with evidence from experiments with vertebrate PP2A-B563, where phosphorylation of the long
disordered B565 N-terminal arm by PKA or checkpoint kinases increases the holoenzyme phosphatase activity [61,63]. Cryo-
electron microscopy models suggest that the activation is owing to conformational changes that enable substrate access to the
catalytic site [65]. We hypothesize that by phosphorylating T73T75, the rising CDK1-Cyclin B activity concurrently activates a pool
of the counteracting PP2A-B56""! phosphatase, limiting net accumulation of substrates phosphorylations. This CDK1-Cyclin B
and PP2A-B56™! interplay is potentially local. The active phospho-mimetic PP2A-B56/"1. T73DT75D mutant maintains cell size
threshold at mitotic entry (figure 6A,B). This suggests that in wild-type unperturbed divisions, the local PP2A-B56"*"! responsible
for modulating cell size is maximally phosphorylated on T73T75 and active at the time of G2/M transition. Blocking T73T75
phosphorylation reduces PP2A-B567%! activity, potentially leading to increased substrates phosphorylations, which results in an
accelerated mitotic onset and division at an approximately 2 um smaller cell size, corresponding to 15% reduction in cell length
(figure 7A-C). A similar concept where phosphatase activity rises concurrently with a counteracting kinase during G2 has been
proposed for PP2A-B55 in Xenopus [37]. Our model works with the premise that the opposing PP1P'? activity is kept low at mitotic
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Figure 7. Model of PP2A-B56"" T73T75 phosphorylation-mediated control of mitotic entry. (A) CDK1-Cyclin B phosphorylates B56"" on T73T75, positively requlating a
local pool of the PP2A-B56"*"" phosphatase. At the G2/M transition, increasing CDK1-Cyclin B activity and declining P12 activity [8,28,48,86] favour T73T75 phospho-
rylation. The locally phosphorylated PP2A-B56""" 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-B567™" pool, and cells commit to division at a wild-type
threshold. (C) Disabling B56™"" phosphorylation (856".773VT75V) results in a reduction of PP2A-B56™" 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 ym smaller cell
size. Insets show representative images of dividing cells. (D) Active PP2A-B56""" (wild type or T73DT75D mutant) restricts the activity of CKD1-Cyclin B feedback loop
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loop amplification, triggering advanced mitosis and division at a 2 um smaller cell size, corresponding to a 15% reduction in cell length.

entry. This is supported by evidence from fission yeast, where commitment to mitosis is marked by CDK1-Cyclin B and NIMAFin
kinases-mediated eviction of a PP1P*2 pool from the SPB [8,42]. In addition, CDK-dependent phosphorylation of a conserved
C-terminal threonine negatively regulates PP1 mitotic activity [28,48,86]. Together, these mechanisms support a decrease in local
PP1Pi2 activity at mitotic entry, thereby enabling the local net increase of PP2A-B5671. T73T75 phosphorylation and activity.
The approximately 2 um cell size reduction of the phospho-blocking mutant demonstrates that blocking the T73T75 phosphory-
lation prematurely unlocks the amplification of the CDK1/Cdc25/Weel feedback loop, which drives mitotic onset [11,12,50,83,84]
(figure 7D). Mitosis is triggered when the CDK/Cdc25/Weel feedback loop signalling at the SPB overcomes inhibitory sig-
nals from counteracting phosphatases and from Weel signalling emanating from the cell equator [11,87,88]. Curiously, B5672!
is found both on the SPB and in equatorial cortical nodes [76,89]. The premature mitosis of the lower-activity phospho-blocking
B56P1 T73VT75V mutant could result from activation of Cdc25, inhibition of Weel or a combination of the two. Interestingly,
in Xenopus and human cells, PP2A-B56 has been shown to directly dephosphorylate and inactivate Cdc25, as part of the DNA-
responsive checkpoint signalling in interphase [61] and at mitotic exit [90]. In fission yeast, CDK-mediated phosphorylations of
Cdc25, including phosphorylations of T104 and T379, were identified as PP2A-B56 targets in a phosphoproteomic screen upon
acute PP2A-B56 depletion in mitosis [15]. Additionally, the Nurse lab screen identified regulatory phosphorylation sites of the
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Cdc25 phosphatase CDC14Fp!, including inhibitory T453 phosphorylation, as PP2A-B56 substrates [15,91,92]. It remains to be m
determined whether PP2A-B56 prevents premature mitotic entry by inhibiting Cdc25, either directly by dephosphorylation of
CDK sites or indirectly through dephosphorylation and activation of CDC14F1P!, or through a combination of both mechanisms.

The fission yeast SPB, like the human centrosome, integrates signals from mitotic regulators [11,93-95]. Other CDK-opposed
phosphatases have been shown to regulate SPB activation and modulate Cdc25 or Weel signalling. PP1%? recruitment to SPB
governs the timing of the SPB activation in G2 [8,42]. CDC14*! eviction from the SPB at mitotic commitment reduces the local
threshold for CDK1-Cyclin B activation on the SPB [91,93]. PP2A-B552b! maintains low CDK1 activity by dephosphorylating
Cdc25 and Weel, which inhibit and activate the respective CDK1 regulators [41,96], while Weel localized to cortical ‘nodes’ that
form a band around the cell equator blocks propagation of feedback loop signalling from the SPB [88]. The above discussion,
together with our observation that PP2A-B567*! mutant cells divide at a 2 um smaller cell size, supports a tentative model in
which the SPB integrates diverse CDK-opposed phosphatase signalling prior to mitosis. We propose that phosphatase inputs
converging at the SPB are integrated into a coherent signal that is amplified throughout the cell to regulate mitotic entry. Although
speculative, this model provides a useful framework for future experimental investigations.

Phosphatases are notoriously difficult to study because their disruption often leads to pleiotropic defects. Here, we have iden-
tified a regulatory site on PP2A-B56"%! that specifically controls the timing of mitotic entry. Furthermore, to our knowledge, this
study is the first to demonstrate in any organism that PP2A-B56 regulation controls mitotic entry timing during unperturbed
cycles. The threonine-proline module is conserved in analogous regions of B56 orthologues, including humans (figure 1D). Given
the broad conservation of cell cycle control by CDK-opposed phosphatases from S. pombe to higher eukaryotes, it is likely that
similar regulatory mechanisms operate in human cells.
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4. Materials and methods
4.1. Yeast cell culture

S. pombe strains used for this study are listed in table S1 in the supplementary material. Reagents and resources used in this study
are listed in table 1. For standard growth and cell cycle synchronization assays by elutriation or the ATP analogue 3BrB-PP1,
cells from —70°C glycerol stocks were streaked on Yeast extract with supplements (YES) media (0.5% yeast extract, 3% D-glucose,
250 mg 1! adenine (Sigma A9126), histidine (Sigma H5659), leucine (Sigma L8000), uridine (Sigma U3750) and lysine (Sigma
L9037)), and then grown in liquid Edinburgh minimal media 2 (EMM2, supplementary material, table S2) without supplements
(unless otherwise specified) at 25°C in the log phase for 48 hours until the density of 2 x 10° cells ml™. For cell size measurement
experiments, cells were grown in EMM2 without supplements at 32°C in the log phase for 48 hours until the density of 2 x 10°
cells ml™.

Centrifugal elutriation was performed as described [51]. For ATP-analogue synchronizations of mitotic entry, cdc2.as-M17
cultures were arrested in G2 for 4 hours 15 minutes by 2 uM ATP-analogue 3Br-BPP1 and then filtered into a fresh media to
release from inhibition [54]. For nda3.KM311-mediated arrest, cultures were grown in YES at permissive temperature in the log
phase for 48 hours and the arrest was performed in YES for 8 hours at the restrictive temperature of 20°C [53].

For large-scale affinity purifications, cells were inoculated in YES medium overnight and then diluted in 2x concentrated
YES+AA and grown for 48 hours up to the density of 1 x 108 cells ml™L.

4.2. Large-scale affinity purification for quantitative mass spectrometry

In total, 2 x10! cells per sample were processed according to a standard protocol [45]. Briefly, cells were cryo-milled under lig-
uid nitrogen in a SPEX Sample Prep 6875D freezer mill (Wolflabs, eight cycles 2-2-2 with an impact rate of 14). Solubilization
was achieved by the addition of 6% SDS and immunoprecipitation (IP) was performed under denaturing conditions [45] with
HA-affinity (Pierce anti-HA magnetic beads, Thermo Scientific, cat. no. 88837) in IP buffer (50 mM Hepes pH 7.5, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 100 mM NaCl, 20 mM Na-g-glycerophosphate, 2 mM Na;VO,, 50 mM sodium fluoride (NaF),
0.1% NP40, 1 mM phenylmethylsulfonyl fluoride (PMSF), cOmplete™ EDTA-free Protease Inhibitor Cocktail, Merck 05056489001)
with ImM dithiothreitol (DTT) for 1 hour at 4°C. HA-precipitates were resolved in a 4%-12% 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol (Bis-Tris) gel (NuPage NP0322BOX) and stained with Coomassie Brilliant Blue G-Colloidal
concentrate (Merck B2025).

4.3. Mass spectrometry

Protein bands were excised from the gel destained with three 10 minute washes in 1 ml high-performance liquid chromatography
(HPLC) grade water with 40% acetonitrile and 200 mM ammonium bicarbonate. Samples were then cleaned with a 10-minute
wash with 1ml HPLC-grade water followed by dehydration with 1 ml of acetonitrile. This cycle of hydration-dehydration was
performed a total of three times followed by vacuum centrifugation. Protein bands were digested with 20 ng sequencing-grade
trypsin in 100 ul of 40 mM ammonium bicarbonate with 9% (v/v) acetonitrile at 37°C for 18 hours. The peptides were separated
using an RSLCnano ultra-high performance liquid chromatography (UPLC) system (Thermo Scientific) using a Thermo pepmap
C18 EasySpray column (75 ym inner diameter, 2 ym and 50 cm) with a gradient of 1-25% (v/v) of acetonitrile with 0.1% formic
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Table 1. Reagents and resources used in this study.

reagent/resource reference or source identifier or catalogue number

experimental models
‘ Spombe Strams .................................... thISSIUdy andOtherS B Supplementary tab|e 51 ..................................
‘ E Co/,Bu] (Odonpms .............................. |ab S tOCk ..........................................................................................................
. E Co/,Bm(DB)R”_ ............................... glftfmm Lowe |ab .................................................................................................
. recombmant DNA ...................................................................................................................................................
. pETDUEI 1H15856pm .............................. th,S SIUdy ................................................ N /A ......................................................
‘ TOpO kaPZA (ppazthMX6 ........................ thls StUdy ................................................ N /A ......................................................
. TOPO 856“ e Gra"ert et a/ [ 28] ......................................... N /A ......................................................
. pRK753 MBPH,STEV ................................ g|ftfr0m Lowe |ab ........................................ N /A ......................................................
. pEm (d(204973wn055 .......................... th,S StUdy ................................................ N /A ......................................................
. antlb Odles ...........................................................................................................................................................
rabbitant-phospho B T3S frogenec — asomgenerted
goatan“rabb'“gGAp ............................. S,gmaA3687 ...................................................
goatamlmouse'gGAP ............................ SlgmaA3688 ...................................................
. mous e anthSTag c |0ne SVS Pk1 .................. BIORad ................................................... M CAB 60 ................................................
mouseanthdcz ................................... AbcamAb5467 ..................................................
. mous e ant,HA done 12(A5 t, Ssue cu“ure .......... |ab S tOCk ................................................. N /A ......................................................

supernatant
goatant,mouse|gGHRp ........................... (e||5,gna|mg7076p2 ..................................................
. mouseamlphosphOthreomnepmlme ............ (e"S,gnahng o 93915 ...................................................
. mous eantlTaﬂ .................................... Gu" | ab [55] .............................................. N /A ......................................................
. goat antlmous .e. |gG HT( ........................... Slgma .................................................... : 0257 ...................................................

oligonucleotides and other
sequence-based reagents

AACTTAAATCTCAAAACCCTACTACTGTGCACTCTACTACTGAGAGACTAAAAAAACTTTCACTTGACTACACCAATGGTCGGATCCCC
GGGTTAATTAA

TAACTGAAAATGATATAGTATGTAAAATGTAAAAGAGGGAATATTAGAGAGACTAAGTACAATATATGGATCATTATTAAAAGAATTCG

AGCTCGTTTAAAC
TOPOPPUACH forward awenGeTciae
e B
e e

(Continued.)
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Table 1. (Continued.)

reagent/resource reference or source identifier or catalogue number

PP2ACPP® tagging primer 2 ATATACAAAATTCCATAATTAATGGGTATTCCTAACCCTTTG
. PPZA(WZ tagg, ng pnmer 3 ........................ CCTTAGTGTTCACTTACCTTAKGCATAA(ATTT(AA( ....................................................................
. ppzA(‘pp(IZ tagg, ng pn mer 4 ........................ GTAAGTGAA (A(TAAGGA GAGTATATATG ..............................................................................
. kaPZA(WaZ thMX6pnmer 1 ..................... AATTCTCTAATGAGTGAT(AAT( .......................................................................................
. kaPZACWaZ thMX6pnmer 2 ..................... CCTTCGAG(TATTACCG G .............................................................................................

AAGTCTTTTTACAATTCGATCCTGCCCCACGAGAAGGCGAACCGGTAATAGCTCGAAGGACACCAGACTACTTCCTTTAATGATAGCGG
ATCCCCGGGTT

TAATCTTGAGTATTAACTCAAAAATCAGAAAGGTGGATAAATTTTTTGAAACAATCACAATCGATTGATCACTCATTAGAGAATTCGAG
CTCGTTTAAAC

yeast extract Appleton Woods 212750
. Dg|uc05e .......................................... VWR ..................................................... 101 176K .................................................
ademne ............................................ SlgmaA9126 ...................................................
. hlstldme ......................................... Slgma .................................................... |.| 5659 ...................................................
. |euc,ne ............................................. Slgma .................................................... L 8000 ...................................................
. undme ............................................. Slgma .................................................... U 3750 ...................................................
‘ vl.yvs.lhé. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Slgma .................................................... L 9037 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
. EMM2 .............................................. Nu rse1975 ............................................. forcomposmonsee S upp|em entarytable 52 ............
|_g|utam|cac|d ..................................... S,gmanggg ...................................................
. 3Berp1 ......................................... Tomnto ResearCh (hem,ca|s B custom made ...........................................
. PPKa ............................................. Un Ivemty Of Dundee ..................................... D U46517 ................................................
Aprpn .......................................... Ha,tmannAna|yt,c55cp401 .................................................
ATPYS ............................................ AbcamABngH ...............................................
. TaquI ymeras e .................................. NE B ...................................................... M 02735 ................................................
PfUUItraHFPOIymerase ............................ Agllem600382 ..................................................
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Table 1. (Continued.)

reagent/resource reference or source identifier or catalogue number

dNTP mix 100 mM Bioline BI0-39029
‘ th,aben dmle ...................................... Tommo Resear(h (hem | ca|5 ............................. 7344150 .................................................
‘ CDK“ydm B act , ve ................................ anIt r ogen ................................................ P V3292 ..................................................
. PlerceamlHAmagnetheadS ..................... Thermosqemlﬁc O 88837 ...................................................
comp|eteTMED'|'Afreeproteasemhlbltor ........... Meer05056489001 ............................................

Cocktail
. 41 2% B|5'|'r|sge| .................................. Nu Page .................................................. N p032230X .............................................
. (00mass'e Br ,|| ,ant B|ueG(o||0,da| concemrate . Meer .................................................... B 2025 ...................................................
. DAP| ................................................ S(,em,ﬁc |ab0ratory Supp“es ............................. D 9542 ...................................................
NBTBIOChemKa .................................... panReacApp||chemA1243 ...................................................
‘ Bq P ................................................ Thermo 5(, ent mc ........................................ J6445103 ...............................................
‘ 5|:0A .............................................. S,gma .................................................... F 5013 ...................................................
. p,ot,an045umn,tmcdmlosemembrane .......... AmerSham o 010600002 ..............................................
. p,erce N Hsactwated magnen Cbeads CKS1SU(1 ...... Smgh eta/ [54] ........................................... N /A ......................................................
Roscovmne ......................................... EMDM,||p0re557364 ..................................................
LDssamplebuﬁer .................................. Nupagezozo%y .................................................
. trypsm S equencmg grade ........................... S,gma .................................................... : 1 047841 001 ..........................................
. (akoﬂuor F luorescem Bnghtenerzg ................ Slgma .................................................... : 3543 ...................................................
. pmtemmarker ..................................... NE B ...................................................... P 771 2 ...................................................
. pmtemmarker ..................................... NE B ...................................................... P 771 9 ...................................................
‘ Okadalc aad ........................................ Slgma ................................................... 495604 ..................................................
HipuTm NeNTA Superfowagarose. ThemoSdensfc osme
. |gGsephamse 6 fast ﬂOW ........................... Cytwa .................................................... : 7096901 ................................................
. p|erce A/Gmagnembeads am, HAc|one12(A5 . th|s StUdy ................................................ N /A ......................................................
HApept,de ......................................... Thermosaemlﬁc26184 ...................................................
. soﬂware .............................................................................................................................................................
. GraphPad Pnsm 10 ................................. https//ww W graphpadcom .......................................................................................
‘ Scaﬁom 5 .......................................... https//ww W pmteomesoﬂwarecom ..............................................................................
. Scaﬁom PTM ....................................... https//ww W pmteomesoﬁwarecom ..............................................................................
. F|J| ................................................. https//"nagejnet ................................................................................................
. SnapGene821 ..................................... https//ww W Snapgenecom .......................................................................................
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Table 1. (Continued.)

reagent/resource reference or source identifier or catalogue number

BioRender https://www.biorender.com
4 Mascm Dml”er ..................................... https//ww W mamxs ( , en(ecom/ms“ ||erhtm| ....................................................................
. MaSCOt ............................................. https//ww W mamxs c , encecom ...................................................................................
. ngeneSIS LCMS ................................... https//ww W non “ nearcom/pmgenes's/ ..........................................................................
. othe, .........................................................................................................................................................
. Econopa((hrom at ography cowmns ............... BwRa d ...........................................................................................................
. SPE X Samp|e Prep68750freezer m,” ............... Womabs ..........................................................................................................
. RSL C nanoUpL( Sys t em ............................. Thermo 3(, ent |ﬁc ..................................................................................................
4 Orb|trap|:u5|0nMaSS Spe(tmmete, ................ Thermo |:|Sher Sc|ent|ﬁc ....................................................................................
. Mumbeadsshocker ................................ Yasm K,ka, .........................................................................................................
. ZE|SSAX|O|m a gerM 2 mlcmswpe .................. Ze,ss ..............................................................................................................
. ZElSSAXIocam . 705 monocamera .................. Ze,ss ...................................................................................................
. Pur egene yeast/Ba(tk,t ............................ Q,agen ................................................... 1042607 .................................................

acid over 30 minutes at a flow rate of 200 nl min'. The Orbitrap Fusion Mass Spectrometer (Thermo Fisher Scientific) was operated
in data-dependent mode, where the survey scan was performed at a nominal resolution of 120 000 (at m/z 200) in the Orbitrap
analyser over an m/z range of 350-1200. The instrument performed as many higher-energy collisional dissociation (HCD) second-
stage mass spectrometry (MS2) scans as possible in a total cycle time of 1.1 seconds. HCD was performed at 28% normalized
collision energy, and the MS2 spectra were collected in the linear ion trap. For protein identification and phospho-mapping,
Mascot Generic Format datasets were generated in Mascot Distiller followed by a database search using Mascot (Matrix Science).
Mascot search results were imported into Scaffold and Scaffold PTM. Label-free quantification of phosphopeptides was achieved
with Progenesis LC-MS.

4.4. Genetic manipulations

To generate endogenous B56/1.T73T75 phospho-mutants, mutations encoding T73XT75X variants were introduced via site-
directed mutagenesis into a Topoisomerase-based cloning (TOPO) vector harbouring B567%! open reading frame (ORF) flanked by
100 bp 5’ and 3’ untranslated regions (UTRs) [28]. The clones were transformed into S. pombe AB56/" host according to standard
procedures [97], selected by 5-fluoroorotic acid (5-FOA, Sigma F5013) resistance and mutation confirmed by DNA sequencing.
HA-tagging of endogenous B56""! was performed as previously described [98].

To generate pk.PP2ACPP*2, the PP2ACP™2 ORF flanked by 3’ and 5’ UTRs was amplified by PCR and inserted into a TOPO
vector. N-terminal pk tag and hygromycin-resistant allele hphMX6 were inserted into the resulting plasmid by Gibson assembly
[99]. The pk.ppa2:hipHMXG6 cassette was then transformed into S. pombe APP2ACP*? host according to standard procedures [97],
clones selected by 5-FOA resistance and insertion confirmed by DNA sequencing.

4.5. Small-scale HA-affinity purification

In total, 2 X 108 cells (6 x 10® for B56"1. PDSN) were harvested by centrifugation (3500 g for 2 minutes), washed in STOP buffer
(50 mM NaF, 10 mM EDTA, 0.9% NaCl, 1 mM sodium azide [NaNj]) at 4°C and pellets were stored at =70°C until processing.
HA-affinity purification was performed as previously described under denaturing or native conditions [100]. Briefly, cell pellets
were disrupted using a multi-bead shocker (Yasui Kikai) and IP was performed with Pierce HA beads in IP buffer + ImM DTT
for 1 hat4°C.
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4.6. PP1°2 phosphatase assay

B56T3 1 HA substrate was precipitated from wild-type cells by small-scale denaturing IP [100]. The HA-beads-bound precipitates
were then washed in protein metallophosphatases (PMP) buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 2 mM DTT, 0.01% Brij-35,
1 mM MnCl,) and incubated in 10 ul PMP buffer with 1.38 ug PP1Ca without or with inhibitor (5 uM okadaic acid) for 1 h at 30°C.

4.7. Microscopy

Cell cycle progression was tracked by scoring the percentage of septating cells with calcofluor and/or monitoring chromatin
condensation with 4',6-diamidino-2-phenylindole (DAPI) according to standard procedures [101]. Mitotic phases were monitored
by combined DAPI staining and anti-tubulin immunofluorescence with Tatl tissue culture supernatant monoclonal antibody (1
: 80, a gift from Gull [55]), using established procedures [93,102]. Images were obtained using an Axio Imager.M2 microscope
(Zeiss) with an a Plan-FLUAR 100 x/1.45 oil objective (Zeiss) and Axiocam 705 mono camera (Zeiss) and processed with Fiji.

4.8. Recombinant protein expression and purification

B56'" coding sequence (CDS; custom made by GeneArt, Life Technologies) was cloned into pETDuet-1 by Sacl and Not re-
striction digest and ligation and His.B56""! was expressed in Escherichia coli BL21-CodonPlus. pRK753 plasmid harbouring
MBP.His.TEV (Tobacco Etch Virus protease; a gift from M. Lowe) was expressed in E. coli BL21(DE3)-RIL. Cdc20%-7% fragment
fused with ‘superbinder’ LxxIXE peptide LDTIQEE [24] was cloned by Ncol BamHI restriction digest and ligation into pET41
and Cdc20-LxxIxE.His was expressed in E. coli BL21-CodonPlus. Protein expression and purification were performed accord-
ing to standard protocols with HisPur™ nitrilotriacetic acid (Ni-NTA) agarose (Thermo Scientific, cat. no. 25216) under native
conditions.

4.9. PP2A-B56™" complex purification

PP2A-B56"%! complexes harbouring the major catalytic subunit PP2ACTP32 were purified by sequential TAP tag and HA- affinities
[28]. Briefly, 1 x 10 cell pellets were cryo-milled under liquid nitrogen in a SPEX Sample Prep 6875D freezer mill (eight cycles
2-2-2 with impact rate of 14). Immunoglobulin G (IgG) affinity was performed with 0.5 ml IgG Sepharose 6 fast flow beads (Cytiva,
cat. no. 17096901) in IP buffer without phosphatase inhibitors (50 mM Hepes pH 7.5, 1 mM EDTA, 100 mM NaCl, 1 mM PMSF,
0.1% NP40, cOmplete™ EDTA-free Protease Inhibitor Cocktail) at 4°C for 1 hour. Bound PP2A complexes were washed twice with
IP buffer without phosphatase inhibitors and twice with TEV buffer (10 mM Tris pH 8.0, 150 mM NaCl, 0.1% NP40, 0.5 mM EDTA,
1 mM DTT, cOmplete™ EDTA-free Protease Inhibitor Cocktail) by gravity flow in Econo-Pac Chromatography columns (BioRad).
Columns were then capped at both ends and incubated with 50 pg TEV protease and 500 ul TEV buffer at 25°C for 2 hours while
gently shaking at 100 r.p.m. Flow-through was then collected and topped with IP buffer without phosphatase inhibitors up to 7
ml and incubated O/N at 4°C with 125 pl Pierce A /G beads (Thermo Scientific, cat. no. 88802) covalently coated with monoclonal
12CA5 HA antibody. The HA beads-bound PP2A-B56"%"! complexes were then washed 4x with IP buffer without phosphatase
inhibitors at 4°C and either immediately used for enzymatic assays, or eluted at 30°C for 1 hour at 100 r.p.m. with 1 mg/ml HA
peptide (Thermo Scientific, cat. no. 26184) in elution buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1 mM MnCl,, cOmplete EDTA-free
Protease Inhibitor Cocktail) for protein identification by Mass Spectrometry.

4.10. PP2A-B567 activity assay

Phosphatase assays were performed with purified PP2A-B567"! complexes as previously described [24]. Cdc20-LxxIxE fragment
(150 pg) was phosphorylated with 0.7 pg recombinant CDK1-Cyclin B kinase and 100 uM ATP in 200 ul kinase assay buffer (KAB;
50 mM tris pH 7.4, 10 mM MgCl,, 1 mM DTT, cOmplete EDTA-free Protease Inhibitor Cocktail) for 30 minutes at 30°C. The
reaction was stopped with the addition of 1 mM roscovitine, buffer was then exchanged for phosphatase buffer (50 mM Tris pH
7.4,150 mM NaCl, 1 mM MnCl,, 1 mM DTT, 0.1% Igepal, cOmplete EDTA-free Protease Inhibitor Cocktail, 1 mM roscovitine) +
25% glycerol using ZebaSpin desalting columns and the phosphorylated Cdc20-LxxIxE fragment was stored in 20 pl aliquots at
-80°C at the concentration of 0.4 ug pl™.

Purified PP2A-B567! complexes bound to HA-beads were washed with phosphatase buffer in non-stick tubes on ice and
then mixed with 1.2 ng of the phosphorylated Cdc20-LxxIxE substrate in 50 pl phosphatase buffer. Reaction was incubated on a
rotator wheel for up to 120 minutes at 30°C with samples withdrawn at intervals. Reaction was stopped by the addition of lithium
dodecyl sulfate (LDS) sample buffer (NuPage) + 25% 3-mercaptoethanol for 10 minutes at 70°C.

4.11. (DK1-Cyclin B kinase assay

For S. pombe CDK1-Cyclin B®4<13 kinase assay, cdc25.22 cultures grown at permissive temperature (25°C) in EMM2 + AA (EMM2
supplemented with 250 mg I"! adenine, histidine, leucine, uridine and lysine) were arrested at G2/M transition by incubation
at 37°C for 4 hours and 30 minutes and then released into permissive 25°C [103]. After 20 minutes, 2 x 10® cells were harvested
by centrifugation (3500 g, 2 minutes) and CDK1-Cyclin B“4!3 was precipitated by small-scale CKS1%¢! affinity as previously
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described [54,104]. Recombinant His.B56""! substrate (1.2 ng) was added to 20 ul CKS1%%! beads with immobilized CDK1-Cyclin [ 16 |
BCd<13, and the kinase reaction was performed according to protocol [104] with ATP-y-P3? for 10 minutes at 30°C without or with
inhibitor (1 mM roscovitine).

Recombinant human CDK1-Cyclin B kinase assays were performed with B567 substrates (B567*"".HA subunit or PP2A-
B56P*1.HA complex) isolated from S. pombe. B567*"1. HA was HA-affinity purified under denaturing conditions from S. pombe
asynchronous cultures, in vitro dephosphorylated with PP1Ca, washed twice with KAB and resuspended in 10 ul KAB + 5 uM
okadaic acid. The PP2A-B567L. HA complexes harbouring the major pk.PP2ACTP?? catalytic subunit and bound to HA-beads
were washed twice with KAB and resuspended in 10 ul KAB + 20 nM okadaic acid. 0.5 pg of active recombinant CDK1-Cyclin
B kinase was mixed with the HA beads-bound B56"#"! or PP2A-B56"%", respectively, in the presence of 100 uM ATP or ATP-y-S
without or with inhibitor (roscovitine, 2 mM) and okadaic acid (5 uM) as indicated, and the reaction was incubated for 30 minutes
at 30°C.

4.12. Western blotting

Proteins in LDS sample buffer + 25% -mercaptoethanol were heated for 10 minutes at 70°C, separated on a 4-12% Bis-Tris gel
and transferred onto a nitrocellulose membrane. Ponceau staining was used as indicated to monitor total protein levels prior to
probing with antibodies. Polyclonal antibodies raised against the dual-phosphorylated pT73pT75 were custom-generated and
purified by Eurogentec. The following dilutions of antibodies were used in this study: anti-pk clone SV5-Pk1 (BioRad, cat. no.
MCA1360; 1 : 500), tissue culture supernatant anti-HA clone 12CAS5 (lab stock; 1 : 100), anti-Cdc2 (Abcam, cat. no. Ab5467; 1 :
2000), anti-phospho-threonine-proline (Cell Signaling, cat. no. 9391S; 1 : 2000) and anti-phospho-B5671.T73T75 (custo made by
Eurogentec; 1 : 1000). Horseradish peroxidase (HRP) or alkaline phosphatase-coupled secondary antibodies and chromogenic
detection, chemiluminescence or autoradiography were used to detect the signals. In case of reprobing, the membrane was first
incubated in a stripping buffer (0.2 mM glycine, 0.05% Tween, 0.7% $-mercaptoethanol, pH 2.5) for 30 minutes at 60°C before
probing with a second set of antibodies.

630097 391 Joiguady qosy/BioBulsygndiaaposefos

4.13. TBZ sensitivity assay

Cultures were grown exponentially for 48 hours in YES medium up to 1 x 10° cells ml™!, and serial 10x dilutions were spotted
onto YES plates containing increasing concentrations of TBZ. Colony formation was monitored for 4-6 days at 25°C.

4.14. Ch16 mitotic loss rate

Ch16 mitotic loss assays were performed as previously described [77]. Strains harbouring artificial Ch16 were grown exponentially
for 48 hours in Edinburgh Minimal Medium Glutamate (EMMG) [105]) without supplements up to the density of 1 x 10 cells ml™!,
and aliquots of 10-100 ul were plated on EMMG plates supplemented with 5 mg ml™ adenine. The frequency of Ch16 loss was
scored by monitoring the frequency of half-sector red colonies after 6 days at 25°C.
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