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Cell cycleregulation is well understood in opisthokonts (fungiand

metazoans) but notin plants or Apicomplexa, as some cell cycle regulators
are not conserved. In opisthokonts, cell cycle progression requires the
dephosphorylation of cyclin-dependent kinase (CDK) by the CDC25
phosphatase. Plants have no CDC25, and thus their mechanisms of cell
cycleregulation remain elusive. Here we show that the BSL1 phosphatase
dephosphorylates CDKB1to promote mitotic entry in Chlamydomonas.
Alterations of BSL1 or CDKBI1 block mitotic entry after DNA replication. BSL1
shows dynamic localization through the cell cycle at the basal bodies, spindle
poles and cleavage furrow. CDKBL is hyperphosphorylated at the Thr14 and
Tyrl5residues in the bs/I mutant and in wild-type cells treated with DNA
replicationinhibitors. BSL1binds to CDKB1and dephosphorylates CDKB1
pThrl4/pTyrl5invitro. Phospho-mimicking alterations of Thr14/Tyr15
inactivate CDKBI1 function, whereas phospho-blocking alterations cause
sensitivity to DNA replication inhibitors, which delay cytokinesis in wild-
type cells more thanin cells expressing unphosphorylatable mutant CDKBI.
Theseresults indicate that CDKB1 Thrl4 and Tyrl5 are phosphorylated

to block mitotic entry before DNA replication is complete, and BSL1
dephosphorylates CDKB1 to promote mitosis. Our study demonstrates that

BSL1, a phosphatase conserved in plants and Apicomplexa but absent in fungi
and animals, is a CDKB1-activating mitosis-promoting factor that has evolved
additional signalling functions in receptor kinase pathways in higher plants.

Progression through the eukaryotic cell cycle is highly regulated to
ensure faithful propagation of the genetic material to daughter cells'.
The mechanisms of cell cycle regulation have been studied extensively
infungaland animal model systems, which represent the opisthokont
branch of eukaryotes, but these mechanisms remain poorly under-
stood in other branches of eukaryotes, including plants and medically
relevant parasites belonging to the Apicomplexa phylum??. In both
fungi and metazoans, orderly progression through sequential cell

cycleeventsisorchestrated by cyclin-dependent kinase (CDK), whose
activity is regulated by not only the rising and falling level of cyclin
but also checkpoint-controlled phosphorylation*. CDK isinactivated
duetothe phosphorylationof threonine 14 and tyrosine 15 residues to
preventcell cycle progression when DNA is damaged or incompletely
replicated*®. Dephosphorylation of pThrl4 and pTyr15 by the CDC25
phosphataseisrequired to activate CDK and recover from checkpoint
arrest* %, Dysfunctions in CDC25 cause defects in mitotic entry control,
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Fig.1| BSL1phosphatase activity is essential for viability in Chlamydomonas.
a, Diagram of the Prog, ::BSL1-Venus::paroR construct showing the locations of
the bsl1-1 mutation, the insertion in bs/I-ko and the D619N substitution. b, Anti-
FLAG immunoblot (IB) showing BSL1-VF and BSL1(D619N)-VF in the bs{I-1 and
bsl1-kobackgrounds. WT, wild type. ¢, Growth assay of the indicated strains. Cells
grown at 21 °C were spotted in fivefold serial dilutions and then grown at 21 °C or
33 °C. Note the lethality of bslI-1 and of bsl1-1::BSL1>**"-VF at 33 °C.d, Anti-FLAG
and anti-BSL1immunoblots showing the expression of BSL1, BSL1(L46P)-VF and
BSL1-VF, and the absence of endogenous BSL1in bslI-ko. The experiment was
performed once.

leading to genome instability and cancers’. This core CDK-CDC25 cell
cycle regulation mechanism is conserved in fungi and animals. How-
ever, CDC25 is absent in plants and Apicomplexa®'°, which includes
plastid-containing parasites causing major human diseases such as
malaria. How cell cycle progression is regulated without CDC25 in
plants and apicomplexan parasites remains a major mystery in biology.

Plants have evolved a plant-specific family of CDKs, named CDKB,
in addition to CDKA, the orthologue of fungal/animal Cdk1/Cdc2
(refs. 11-14). Genetic studies indicate that CDKA plays a dominant
role in G1/S transition and CDKBI is essential for mitotic entry'>>¢,
in contrast to a single CDK acting in both transitions in yeast”. How
checkpointsignalling regulates CDKA and CDKB1activities and thereby
transitions into Sand M phasesin plants is not fully understood'. The
Thrl14 and Tyrl5residues are conserved in CDKA and CDKB1, but their
functions remain elusive. Altering Thr14/Tyr15 of Arabidopsis CDKA
suggested that their phosphorylation inactivates CDKA but is not
required for normal response to DNA replication stress”. The func-
tion of CDKB1 Thr14/Tyrl5 phosphorylation has not been reported.
Without CDC25 and functional evidence for the importance of CDK
phosphorylation during replication stress, recent research has focused
on transcriptional and protein-protein interaction mechanisms that
modulate CDK activities in plants®.

With multiple technical advantages over multicellular higher
plants, the unicellular green alga Chlamydomonas reinhardtiiis a pow-
erful model system for genetic studies of cell division®. Screening
for temperature-sensitive mutants identified conserved eukaryotic
cell cycle regulators and plant-specific genes required for mitosis
in Chlamydomonas**'. These include a mutation in the BSL1 phos-
phatase gene that blocks mitosis after DNA replication, a phenotype
similar to the cyclin b (cych) and cdkb mutants®. The BSL1 family of

proteins is characterized by an amino-terminal Kelch repeat domain
and a carboxy-terminal phosphatase domain, and is thus also named
protein phosphatase with Kelch-like domain (PPKL). BSL1is universally
conserved throughout the green plant kingdom and apicomplexan
parasites but is absent from fungi and metazoans® . Arabidopsis
contains four BSL family members, BSU1 (bril Suppressorl) and BSL1,
2 and 3 (BSUI-like 1, 2 and 3), which have been studied extensively as
components of receptor kinase pathways that regulate brassinosteroid
promotion of growth*?, immune signalling®® and stomatal develop-
ment” . However, the Arabidopsis triple mutants lacking BSL1, 2 and
3 are embryonic lethal®®, whereas Chlamydomonas contains a single
BSL1paralogue that is essential for mitosis", suggesting that the BSL
members share an ancestral and essential role in Chlamydomonas and
higher plants. Here we investigate the function of BSL1 in cell cycle
regulationin Chlamydomonas. Our resultsindicate that mitoticentry is
arrested by the phosphorylation of CDKB1Thr14/Tyrl5 and promoted
by BSL1-mediated dephosphorylation.

The BSL1 phosphatase is essential for mitosis
inChlamydomonas

Tounderstand the function of BSL1in mitosis, we characterized the cell
cycle phenotypes resulting from various loss-of-function alleles of bsl1
mutants. The Chlamydomonas bsl1-1 mutant carries a missense L46P
substitution in the N-terminal Kelch domain of BSL1and is inviable at
33 °C,atemperature that does not affect the growth of wild-type cells.
The phenotype of bsl1-1was rescued by a full-length genomic sequence
of Chlamydomonas BSL1 (Cre01.g050850) fused with a C-terminal
mVenus-3xFLAG tag (BSL1-VF; Fig. 1a), but not by a variant protein
with a substitution in a conserved phosphatase active site residue
(BSL1(D619N)-VF)* (Fig. 1b and Extended Data Fig. 1), indicating that
the phosphatase activity is essential for BSL1function. We disrupted the
native BSL1locus (bsli-ko) using CRISPR-Cas9-guided genome editing
inastrain that expresses the BSL1-VF protein from an unlinked locus
(Extended DataFig. 2). After crossing to the wild type, meiotic progeny
carrying only the bslI-ko allele without the BSL1-VF rescue construct
could not be recovered (>16 recombinant tetrads tested), consistent
with an essential function for BSLI1.

We tracked cell division in wild-type and bsl1-1 cells at restrictive
temperatures viatime-lapse microscopy. The cells were synchronized
in Gl at 21 °C, incubated at 33 °C until the onset of mitosis and then
imaged with a temperature-controlled microscope. We used a strain
that expresses the microtubule end-binding protein (EB1) fused to the
red fluorescent protein mScarlet (EB1-mSc), which marks cytoplasmic
microtubules, the mitotic spindle and the basal bodies***. The cells
also express a bleomycin resistance protein fused to GFP (ble-GFP),
which was previously shown to localize in the nucleus, except for a
brief period in mitosis coinciding with spindle formation and loss of
nuclear integrity™®.

The cell cycle in wild-type Chlamydomonas is characterized by a
long G1 phase, during which the cells can grow to over eightfold their
starting size without DNA synthesis or cell division?’. An interphase
cell maintains a pair of ciliaanchored to the cell viatwo basal bodies. In
wild-type cells grown at 33 °C, the onset of cell division was marked by
the movement of the nucleus®® towards the basal bodies at the anterior
end of the cell (Fig. 2a and Supplementary Video 1). In our videos, this
nuclear movement was rapidly followed by the splitting of the two
basal bodies, which moved to opposite sides of the nucleus near the
future spindle poles. The ble-GFP signal disappeared from the nucleus
during metaphase, indicating the breakdown of the nuclear envelope
integrity. Subsequently, the cell performed nuclear division, cleavage
furrow formation and cytokinesis.

The bsl1-1 mutant grown at 33 °C showed normal initial move-
ment of the nucleus towards the basal body region (Fig. 2b,c and Sup-
plementary Video 2). However, after nuclear migration, we observed
no spindle formation or disappearance of ble-GFP from the nucleus.
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Fig. 2| BSL1is required for nuclear division. a-c, Time-lapse images of a wild-
type cell (a, representing 14 cells) and two bsl1-1 cells (b,c, representing 44 and

12 of 56 cells, respectively) grown at 33 °C. In each panel, the upper row shows an
overlay of ble-GFP (yellow) and EB1I-mSc (magenta), and the lower row shows the
corresponding bright-field images. The time (minutes) of each frame is relative
to the moment the nucleus contacts basal body (¢ = 0). The white arrow indicates
the anterior notch formed after nuclear movement, the white arrowheads
indicate basal body separation and the red arrowheads indicate cleavage furrows.
Scalebars, 5 um. d, Tetrads froma cross of bslI-ko BSLI-VF x wild type were

51 min, spindles

bsl1-ko
ble-GFP

Wild type f

Trans ble-GFP Trans

grown for 0,24,38and 68 hat 22 °C. The genotypes are indicated. The bslI-ko
genotypeisinferred. The bslI-ko cell performs three to four divisions before
lysing at the 8-16-cell stage (between 38 and 68 h, indicated by an asterisk; n =8
tetrads). Scale bar, 40 pm. e,f, Time-lapse microscopy showing ble-GFP (yellow,
nucleus) in meiotic progeny from a cross (ble-GFP EBI-mSc x bsl1-ko BSLI-VF)
atthe indicated hours after the start ofimaging. Scale bars, 5 pm. In wild-type
cells (e), each nuclear division results in two uniform-sized nuclei (n = 6 cells),
whereas bsl1-ko cells (f) exhibit nuclear division failure (white arrow) and nuclear
fragmentation (white arrowheads) (n =5 cells).

The bsl1-1 cells did form cleavage furrows associated with EB1-mSc
after a variable delay (Fig. 2b,c), suggesting that cleavage furrow
formation does not require BSL1 or that the residual BSL1 activity in

bslI-1at 33 °Cissufficient for cleavage furrow formation. Inmost bsl1-1
cells, the undivided nucleus was found on one side of the ingressing
furrow (Fig. 2b and Supplementary Video 2). In about 20% (12/56) of
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Fig. 3| Cell-cycle-dependentlocalization of BSL1. a, Confocal images of BSL1-
VF and EB1-mSc at various cell cycle stages (minutes relative to the nucleus

(n) contacting the basal bodies (BB)). EBI-mSc labels basal bodies (prophase),
spindle microtubules (metaphase) and the cleavage furrow (CF) (cytokinesis).
BSL1colocalizes with EBLin prophase and localizes strongly near the spindle
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poles (SP) in metaphase and weakly to the cleavage furrow. Similar observations
were made in >100 cells. b,¢, Confocal images of BLS1-mCh (yellow), BLD12-V
(cyan, white arrowhead) and chloroplasts (magenta) in cells at interphase (9/14
cells) (b) and metaphase (13/13 cells) (c). Scale bars, 5 pm.

thecells, thefurrowbisected the nucleus, generating nuclear fragments
of varying size (Fig. 2c and Supplementary Video 3). In cells grown at
30 °C, spindles formed but were randomly oriented, the duration of
metaphase was significantly prolonged and the centrin-mCherry
(mCh) marker, which always localizes near the spindle poles in the
wild type, was clearly mislocalized away from the spindle poles in bsl1-1
(Extended Data Fig. 3a). At the permissive temperature (21 °C), most
bsli-1 cells behaved like the wild type, but we occasionally observed
misoriented spindles and slightly prolonged metaphase duration
(Extended Data Fig. 3c,d). These results suggest that BSL1 is essential
for spindle formation and that sufficient BSL1 activity is required for
the precise organization of the spindle apparatus.

Cells carryingthe bslI-ko allele areinviable. To analyse the bslI-ko
mutant, we first crossed the complemented strain bsl1-ko BSL-VF to
the wild type and monitored the colony growth of meiotic progenies.
From complete tetrads, where all genotypes could be assigned, we
found that bslI-ko progeny died at the 8-16-cell stage (Fig.2d). We then
crossed bsl1-ko BSL1-VF to a wild-type strain expressing the markers
ble-GFP and EB1-mScand imaged meiotic progeny immediately after
tetrad dissection via time-lapse microscopy (Supplementary Video 4).
Under these conditions, the wild type remained viable for the duration
of the video (48 h) and performed up to four rounds of cell division.
Using ble-GFP as a nuclear marker, we observed tight coordination
betweennuclear divisionand cell divisionin the wild type, where each
division resulted in two equal-sized daughter nuclei (Fig. 2e and Sup-
plementary Video 5).In bsli-ko cells, the first two nuclear divisions were
indistinguishable from the wild type, probably because of parentally
loaded BSL1 protein or mRNA. When bsli-ko cells reached the eight-cell
stage, we observed aberrant nuclear morphology and failure innuclear
division that resulted in fragmented ble-GFP signal (Fig. 2f and Sup-
plementary Videos 4 and 6). Thus, the two loss-of-function mutants,
bsli-ko and bsli-1, both display defective nuclear division.

BSL1localizes to segregating basal bodies and
mitotic spindle poles

To understand the dynamics of BSL1 during cell division, we imaged
BSL1 (BSL1-VF) together with fluorescently tagged EB1 (EB1-mSc)
(Fig.3aand Supplementary Video 7). Interphase cells contained BSL1-
VF near the basal body region, with weak signals around the nuclear
periphery. When the cells entered prophase, the BSL1-VF signal
increased dramatically near the segregating basal bodies and peaked

near the spindle polesin metaphase when the spindle was fully formed.
Incytokinesis, BSL1-VF relocalized to aband along the cleavage furrow
(Fig.3a).Indaughter cells, BSL1-VF returned toitsinterphase configu-
ration, with accumulation near the basal body region and the nucleus
(Supplementary Video 8).

In Chlamydomonas, the basal bodies remain attached to the cell
surface during mitosis, while the mitotic spindle assembles inside
the nucleus”. To determine the spatial relationship of BSL1 to the
interphase and mitotic basal bodies, we generated a fusion between
the core basal body protein BLD12 and Venus (BLD12-V).Ininterphase,
we observed a specific signal from BLD12-V near the flagellar base in
non-dividing cells (Fig. 3b), consistent with the incorporation of the
fusion protein into the centriole cartwheel structure®, In these cells,
BSL1-mCh formed two filaments bridging the space between the basal
bodies and the nucleus. Inmetaphase cells, the BLD12-V signal splitinto
two dots, which remained close to the cell wall (Fig. 3c),and BSLI-mCh
extended from the membrane-localized basal bodies towards the
presumed spindle poles (Fig. 3c). The dynamic localization of BSL1
throughout the cell cycle, particularly the strong accumulation near
the spindle poles, suggests that BSL1 plays a direct role in mitosis.

The bsl1-1 mutantis sensitive to areductionin
CDKBI1 activity

Chlamydomonas contains a single CDKB gene (CDKBI), and one CYCB
gene (CYCBI) thatis probably the essential activator of CDKB1activity®.
The inactivation of CYCB1 or CDKBI leads to a similar mitotic arrest
phenotype asin the bsli-I1 mutant, with replicated DNA but no spindle
formation and no nuclear division>*2. If BSL1and CDKB1/CYCBlactin
acommon pathway in mitosis, simultaneous partial loss of both genes
may lead to asynthetic phenotype. We tested this possibility by crossing
bslI-1to the temperature-sensitive cycbI-5and cdkb1-I mutants, which
are not viable at a restrictive temperature (33 °C)'?, and analysed the
viability of the double mutant at semi-restrictive temperatures (Fig. 4).
Toanalyse the bsl1-1 cycbI-5and bsl1-1 cdkb1-1 double mutants, we dis-
sected tetrads at a permissive temperature (21 °C), where all single
mutants are viable without strong growth defects. After dissection,
one set of tetrads was shifted to 26 °C, and the other set was main-
tained at 21 °C. One colony from each tetrad was unable to grow at
26 °C, suggesting that the double mutant lost viability while the single
mutants were viable at the semi-restrictive temperature (Fig. 4a). The
clones of a tetrad from a bslI-1 x cdkbi-1 cross were genotyped and
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Fig. 4| bsl1-1interacts genetically with cdkbi-1and cycbl1-5. a, Tetrads from a
bsl1-1 x cycbI-5 cross were dissected at 21 °C and restreaked to duplicate plates
at21°Cand 26 °C. The bsl1-1 cycb1-5 double mutants (magenta boxes) show a
synthetic lethal phenotype at 26 °C. b, Representative images of tetrads froma
bsl1-1 x cdkb1-1 cross grown at 21 °C and 24 °C for four days. Scale bars, 100 pm.

¢, Colony sizes of the indicated strains dissected from bsl/I-1 x cdkb1-1 crosses and
grown at 21 °C (n =4 tetrads) or 24 °C (n = 8 tetrads). The error bars indicate s.e.m.

tested atalower temperature of 24 °C, and the growth was scored daily
(Fig.4b,c). At 21 °C and 24 °C, both single mutants were fully viable,
although bsli-1 grew more slowly than the wild type at 21 °C. The bsl1-
1 cdkbl-1double mutant was indistinguishable from the bslI-1 single
mutantat21 °Cbut showed astrongsynthetic phenotype withreduced
growth and viability at 24 °C, indicating a requirement for wild-type
CDKB1to maintain viability in the bs/I-1 mutant. These genetic interac-
tions areindicative of synthetic lethality, which suggests that BSL1and
CYCB1/CDKBI1 act in concert to promote mitosis.

BSL1is phosphorylated in dividing cells

To test whether BSL1 s differentially phosphorylated in G1 and S/M
phases, we performed anti-FLAG immunoprecipitation from synchro-
nized BSLI-VF cdc20-1 cells in mid-G1 (0% M phase cells) and during
cdc20-induced arrest (-30% M phase cells), with cdc20-1 as a control,
and analysed the precipitants using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). The peptide coverage of BSL1 was
similarin G1(-85%) and S/M (-90%) cells. We identified 16 phosphoryl-
ated serine or threonine residues in BSL1immunoprecipitated from
the S/M-enriched samples (Extended Data Fig. 4a). The phosphosites
were clustered either near the N-terminal Kelch domain or in the mid-
dleregion between the Kelch and the phosphatase domains. Of these
sites, five were also detected in G1samples, indicating increased BSL1
phosphorylation as cells enter mitosis. Eight of the S/M-specific phos-
phosites are conserved in Arabidopsis BSLs; four residues are also pre-
sentinapicomplexan homologues (Extended DataFig.4b). Overall, 8
ofthe 16 phosphosites contained a Ser/Thr followed by a proline, which
matches the minimal consensus motif of proline-directed kinases,
including CDKs.

BSL1dephosphorylates CDKB1pThrl4/pTyrl5

Toidentify BSL1-dependent dephosphorylation events, we performed
aglobal quantitative phosphoproteomic analysisin cell-cycle-synchro-
nized wild-type and bslI-1 cells at four time points corresponding to
newborn cells (¢=0, 21 °C), mid-G1 (¢ =6 h, 33 °C), early-S/M (t=8 h,
33°C)and mid-S/M (t=10 h,33 °C) inthe cell cycle. Microscopic analy-
ses indicated that the bs/I-1 cells are delayed in cell division events
(Extended DataFig. 5a,b). Mass spectrometry analysis of flow-through
peptide fractions showed an accumulation of S phase (for example,
MCM3, RIR1 and CDKA) and mitotic (CYCB1 and CDKBI1) proteins at

the 8 hand 10 h time points (Extended Data Fig. 5¢), consistent with
the accumulation of cells with S/M phase morphology at these times.
Interestingly, the accumulation of CYCB1and CDKB1levels was delayed
inbsl1-1. Mass spectrometry analysis of the phosphopeptide fractions
indicated that hundreds of proteins showed increased or decreased
phosphorylationin bsl1-1. These include CDKB1, which was hyperphos-
phorylated at Thr14 and Tyr15 (IGEGpTpYGK) in bs/1-1 at the 8 h and
10 htime points (Extended DataFig. 6a,b), in contrast to the decreased
CDKBI proteinlevel at 8 h (Extended DataFig. 5c). We further quantified
the intensity ratio of IGEGpTpYGK between the bs/I-1 mutant and the
wild type via parallel reaction monitoring mass spectrometry® (Fig. 5a
and Extended DataFig. 6¢-f). The intensity of the doubly phosphoryl-
ated peptide (IGEGpTpYGK) was 30 to 60 times higher in bs/I-1thanin
the wild type (Fig. 5b and Extended Data Fig. 7a,b). The same peptide
phosphorylated only on Tyrl5 was moderately increased (about two-
fold) in bslI-1atthe 10 htime point (Fig. 5b). In contrast, the abundance
of phosphopeptides of CYCB1, PEPC2 and CDPKK was similar between
bsl1-1 and the wild type (Fig. 5b and Extended Data Fig. 7c-e). These
results indicate that BSL1is required for efficient dephosphorylation
of CDKBI1 at Thrl4 and Tyr15.

Inyeast and animals, the phosphorylation of CDK on Thr14/Tyr15
is induced by DNA replication stress*°. Hydroxyurea (HU), a ribonu-
cleotide reductase inhibitor, induces replication stress in plants and
animals and was previously shown to block DNA replication in Chla-
mydomonas*'. We found that HU increased the proportion of phos-
phorylated CDKB1 withlittle effect on the CDKB1 protein level as cells
entered the S/M phase (Fig. 5c). Phosphorylation of CDKB1was lostin
cells expressing a version of CDKBI that carries unphosphorylatable
T14A and Y15F substitutions (CDKB1(AF)-mCh; Fig. 5d). We performed
quantitative proximity labelling with BSL1 fused to a version of BiolD
(BSL1-BiolDG3) that was engineered to functioninthe Chlamydomonas
cytoplasm (Methods). The result showed increased labelling of CYCB1
(Extended DataFig. 8), whichis known to form a complex with CDKB".
To test whether BSL1 can dephosphorylate CDKB1 in vitro, we immu-
noprecipitated CDKB1-mCh from HU-treated cells as asubstrate forin
vitro phosphatase assays. The results showed that CDKB1was dephos-
phorylated effectively by BSL1 and Lambda phosphatase and less
effectively by ToxoplasmaPPKL, and was not dephosphorylated after
incubation with buffer only or with SPY protein as negative controls
(Fig. 5d). Bio-layer interferometry assays, using recombinant proteins
purified from Escherichia coli,indicated that BSL1interacts with CDKB1
in vitro with a K; of 900 nM (Fig. 5e). Confocal microscopy showed
that BSL1 and CDKBI colocalize transiently near the spindle poles in
metaphase (Fig. 5f,g), consistent with previous observations of CYCB1
localization to the spindle poles”. Together, the in vivo and in vitro evi-
denceindicates that BSL1dephosphorylates CDKB1 pThrl4 and pTyrlS5.

CDKBI1phosphorylationis essential for the
response to DNA replication stress

Phosphorylation at Thr14/Tyr15 is known to inhibit Cdk1/Cdc2 activ-
ity in yeast and animals*2. To test the effect of CDKB1 phosphoryla-
tionin Chlamydomonas, we analysed phosphomimetic (Asp14/Tyr15,
Thr14/Glul5 and Asp14/Glul5) and unphosphorylatable (Alal4/Phels5,
CDKBI(AF)) variants fused to mCh. None of the phosphomimetic
variants rescued the cdkb1-1 mutant at the restrictive temperature
(Extended DataFig.9a), suggesting that the phosphorylation of CDKB1
blocksits function. The unphosphorylatable variant, CDKB1(AF)-mCh,
complemented the cdkbI-I mutant but supported slower growth in
colony size than CDKB1-mCh at the restrictive temperature (Extended
Data Fig. 9b), indicating that CDKB1 phosphorylation is dispensable
for viability but required for optimal growth. At permissive tempera-
tures, we observed similar growth rates between the cdkbI-1 CDKBI-
mCh and cdkb1-1 CDKBI*-mCh strains, indicating that the functional
CDKBI-1isdominant over CDKB1(AF) (Extended Data Fig. 9¢). Expres-
sion of CDKB1(AF) did not suppress bsl1-1 (Extended Data Fig. 9d),
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Fig. 5| BSL1dephosphorylates CDKB1 at Thr14/Tyr15. a, Quantification of
CDKB1 phosphorylation in bslI-1 and wild-type cells after 10 h at 33 °C. The bslI-1
cells were labelled with heavy nitrogen (*N) and mixed with wild-type cells grown
in N media before LC-MS/MS analysis. Each trace represents the intensity of a
fragmention of the IGEGpTpYGKVYK* peptide across the elution profile (dashed
vertical lines) of the peptide. b, Quantification of the intensity ratio log,(bslI-1/
WT) of the doubly (pThrl4 and pTyr15) and singly (pTyr15) phosphorylated
CDKBL1 peptides, and the control peptide from the PEPC2 protein, atthe 8 h

and 10 h time points. Each time point contains two repeats with isotope labels
inversed. ¢, Parallel cultures of synchronized CDKB1-mCh cells. At 10 h, one
culture was treated with 8 mM HU. Total protein extracts were analysed via anti-
mChimmunoblots of phos-tag and SDS-PAGE gels. +P, phosphorylated CDKB1-
mCh. Similar results were observed in two biological experiments. d, Wild-type
CDKBI1 and unphosphorylatable CDKB1(AF) were immunoprecipitated from HU-
treated cells. CDKB1-mCh was treated with recombinant phosphatase domains

Distance (um)

from Chlamydomonas BSL1(CrBSL1), Toxoplasma PPKL (TgPPKL) or Lambda
phosphatase (A). Negative controls were untreated (-) or treated with the non-
phosphatase protein SPY. Dephosphorylation was measured as the intensity ratio
of phosphorylated to unphosphorylated forms (+P/CDKB). The experiment was
repeated once with similar results. e, Bio-layer interferometry showing a direct
interaction between recombinant GST-CDKB1and BSL1 proteins. GST-CDKB1
protein was loaded onto biosensors, dipped into the indicated concentrations

of purified BSL1 protein for association (time 0) and transferred into buffer (red
dashed line) for dissociation. The dissociation constant (K,) was calculated via
the ratio of the off and on rates (K,/K.y,). f, Dual-colour imaging of CDKB1-mCh
and BSL1-Venus in a cell with two metaphase spindles. CDKB1-mCh localizes

to the spindle pole (magenta arrow; similar results observed in three cells).
Chlorophyllautofluorescence (magenta asterisk) is captured in the mCh channel.
Scale bar, 5 pm. g, Normalized fluorescence intensity along a line bisecting both
spindle poles (white dashed arrowinf).

implying that BSL1 plays additional roles besides dephosphorylating
CDKBI1 pThr14/pTyrl5. However, microscopic analysis indicated that
CDKBI1(AF) advanced cleavage furrow formation in bs/1-1 (Extended
DataFig. 9e), suggesting that the phosphorylation of CDKBI contrib-
utes to delayed furrowing in bs/1-1 mutant cells. Similar to wild-type
CDKBI1 (Extended Data Fig. 5c), the accumulation of CDKB1(AF) was
reduced in bsl1-1 cells (Extended Data Fig. 9f), suggesting that BSL1
promotes the stability of CDKBlindependently of dephosphorylation
at Thr14/Tyr15. We expressed a phosphatase-dead mutant BSL1in the
CDKBI* bslI-1strainand testedits growth under arestrictive tempera-
ture. Theresults show that BSL1 phosphatase activity isrequired even
inthe presence of unphosphorylated CDKB (Extended Data Fig. 9g),
Checkpoint-mediated phosphorylation of Cdkl Thr14/Tyr15
delays the onset of mitosis until DNA replication is finished, when
dephosphorylation by Cdc25 triggers exit from the delay in fission
yeast*’ and animals*. Since CDKBL1 is the main driver of mitosis in

Chlamydomonas, we tested the role of CDKB1 phosphorylation in
response to DNA damage and replication stress. We found that cdkb1-1
mutant cells complemented with CDKB1(AF)-mCh were highly sensi-
tive bothto HU (Fig. 6a) and to the polymerase inhibitor aphidicholin,
but not to the DNA-damage-inducing drug zeocin** (Extended Data
Fig.10a). The bslI-1 mutant cells also showed increased sensitivity to HU
(Extended DataFig.10b), probably due to the additive effects of bsl1-1
and HU on CDKB1 phosphorylation; this is consistent with the synthetic
phenotype of the bsl1-1 cdkbi1-1 double mutant (Fig. 4), supporting the
role of BSL1inexit from HU-induced mitotic arrest. Weimaged cdkbI-1
mutant cells complemented with CDKB1 or CDKB1(AF) via time-lapse
microscopy inthe presence of HU (Fig. 6b,c). After 12 hofincubation on
control media (Tris Acetate Phosphate (TAP)) at 33 °C, cdkb1-1 mutant
cellsexpressing wild-type CDKB1 or CDKB1(AF) formed microcolonies
of 8-16 daughter cells, whereas the cdkb1-1 mutant cells did not divide
after12 handlysed by 30 h (Fig. 6b). Alow concentration (1 mM) of HU
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Fig. 6 | Phosphorylation of CDKB1 mediates the DNA replication stress
response. a, Growth and survival of the wild type, cdkb1-1 and cdkb1-1
complemented with CDKB1-mCh and CDKB1(AF)-mCh. Cells were spotted
(fivefold dilution) on TAP and TAP + 1 mM HU, and grown at 21 °C and 33 °C.

b,c, Microscopic analysis of cell cycle dynamics of individual cells. Panel b shows
selected time-lapse images of representative cells takenat12hand 30 hon

TAP and TAP + HU media at 33 °C. The black arrows point to the microcolonies

containing 8-16 cells at 12 h. The cdkb1-I mutant arrests with a ‘notch’
morphology (white arrowhead), indicating mitotic arrest. The black arrowhead
points to representative cells that have undergone complete lysis. Scale bar,

5 um. Panel c shows the quantification of cleavage furrow formation in TAP and
10 mM HU. nindicates the number of cells analysed. Pindicates the result of
Fisher’s exact test for each time point. NS, not significant. The experiment was
repeated twice with similar results.

caused post-S/M lethality in CDKB1(AF) cells without an obvious impact
onthewild type by 30 h, whereas a high concentration of HU (10 mM)
delayed the appearance of cleavage furrows and caused lethality in
all strains by 30 h (Fig. 6b,c). These results show that HU delays cell
cycle progressionin the wild type and this delay was largely bypassed
in CDKB1(AF) cells, indicating that the phosphorylation of CDKB1
Thrl4/Tyrl5 delays mitotic entry and cytokinesis under replication
stressto prevent cell divisionwithincompletely replicated DNA. Taken
together, these results demonstrate that replication stress increases
CDKBI1 Thr14/Tyr15 phosphorylation, which inactivates CDKB1 and
delays mitotic entry and cytokinesis; BSL1-mediated dephosphoryla-
tion activates CDKB1and promotes mitotic entry in Chlamydomonas.

Discussion

Control of mitotic entryis crucial both for maintaining genome integ-
rity and for endoreduplication in development. The mechanism of
mitoticentry is well understood in opisthokonts, which include fungi
and metazoans. The core mechanism involves keeping CDK inactive
through the phosphorylation of the Thr14 and Tyr15 residues before
DNAreplicationis complete and DNA damage is repaired, and rapidly
activating CDK through dephosphorylation by CDC25. However, the
mechanism controlling mitoticentry isnot understood in other clades
of eukaryotes>®. In particular, the absence of CDC25 has created a
mystery about how cell cycle progression is regulated in plants and
Apicomplexa. Our study resolves this mystery by identifying BSL1 as
aphosphatase that dephosphorylates and activates CDKBI, the main
kinase driving mitosis in Chlamydomonas. We show that the inactivation
of CDK by the phosphorylation of Thrl4 and Tyr15 is conserved, but
different phosphatases have evolved to activate CDK in opisthokonts
andthegreenlineage of eukaryotes (Fig. 7). Furthermore, unlike CDC25
and Cdklinmammals, whichact onboth G1/S and G2/M transitions*® ™%,
the plant-specific BSL1-CDKBI1 pathway appears to be dedicated spe-
cifically to the control of mitosis.

Our genetic, cell biological and biochemical evidence supports
amodel where CDKB1 and BSL1 act synergistically to drive mitosis.
Cells carrying the temperature-sensitive alleles of bsl1-I and cdkb1-1
mutants both arrestin mitosis after DNA replication and show synthetic
lethalinteractions at semi-restrictive conditions, suggesting that these
alleles function in acommon pathway. The loss of BSL1 increases the
phosphorylation of CDKB1Thrl4 and Tyrl5 and decreases the protein
levels of CDKBland CYCB], indicating that BSL1is required for CDKB1
dephosphorylation and activation. Several lines of evidence show that
BSL1 directly dephosphorylates CDKBI, including in vitro binding
and dephosphorylation assays, colocalization of both proteins to the
spindle poles during mitosis and in vivo association between BSL1and
CYCB1detected via BSL1-TurbolD proximity labelling.

The phosphorylation of Thr14 and Tyrl5 in CDK-family kinases
interferes with catalysis and is a key mechanism for controlling cell
cycle progression in fungi and animals*’. However, a functional role
for CDK Thr14/Tyr15 phosphorylation has been elusive in the plant
kingdom. Alterations of Thr14/Tyr15 of CDKA1 did not affect plant
responses toreplication stressin Arabidopsis”. This observation, along
with the absence of CDC25, prompted the hypothesis that Thr14/Tyr15
phosphorylation is not critical for mitotic regulation in plants”. Here
we demonstrate that the phosphorylation of Thr14/Tyr15 in CDKBL1 s
akey mechanism of mitotic regulation in Chlamydomonas. Inhibiting
DNAreplication viaHU enhances the phosphorylation of CDKB1 Thr14/
Tyr15, whichapparently inhibits CDKB1 function, as CDKBI1 containing
substitutions of Thr14 and Tyrl5 with phosphomimetic residues was
unable torescue the cdkb1-I mutant. CDKBL s essential for mitosis and
cytokinesis'. It was reported previously that HU blocks mitosis but not
cytokinesis in Chlamydomonas*'. However, our microscopic analysis
showed that HU delays cytokinesis. Consistent with HU-induced phos-
phorylationinhibiting CDKBI, cells expressing non-phosphorylatable
CDKBI1(AF) showed a reduced delay of cytokinesis and consequently
reduced survival when treated with DNA replication inhibitors.
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Fig.7 | Proposed model for the roles of BSL1and CDKB1 in the control of
mitosis in Chlamydomonas compared with animals. In fungi and metazoans,
mitosis is triggered by the activation of Cdk1, whichis inactivated during
replication stress by phosphorylation at Thr14/Tyr15 and subsequently activated
by Cdc25-mediated dephosphorylation. Similarly, in Chlamydomonas, CDKB1

is essential for mitosis and is inactivated by phosphorylation at Thr14/Tyr15.
However, the dephosphorylation of CDKB1 Thr14/Tyr15 is mediated by BSL1.
Inaddition, BSL1 promotes CDKB1 accumulationindependent of Thr14/Tyr15
dephosphorylation, possibly by inhibiting an unknown protein (X) that mediates
CDKB degradation. +p/-p, phosphorylation/dephosphorylation. Triangular
arrowheadsindicate positive regulation, diamond-shaped arrowheads indicate
inhibitory regulation and dashed lines indicate hypothetical mechanisms.

Inthe absence of replicationinhibitors, these cells are viable, but their
colonies grow more slowly than the wild type, probably because some
cellsare lost due to premature mitosis/cytokinesis before completing
DNA-replication. DNA synthesis could be slowed by nutrient limitation
near the end of each cell division cycle. These results indicate that
replication stress causes CDKB1 Thr14/Tyr15 phosphorylation, which
inhibits CDKBI1 function and delays mitosis and cytokinesis till DNA
replicationis complete.

In fungi and animals, CDK and CDC25 form a positive feedback
loop where they activate each other, and the active CDK then pro-
motes mitotic entry. In fission yeast, the only essential function of
CDC25istodephosphorylate CDK Thr14/Tyr15,as CDC25is no longer
essential when an unphosphorylatable Cdc2(Y15F) is present®. Our
study shows that the role of CDC25 (that is, the dephosphorylation of
pThr14/pTyrl5 of mitotic CDK) is played by BSL1 in plants. However,
the mitotic arrest of the bslI-1 mutant is not suppressed by CDKBI1(AF),
suggesting that BSL1 has another essential function in addition to
dephosphorylating CDKB1 pThr14/pTyrl5. This additional function
of BSL1seemsto be related to CDKBlaccumulation, as the bs/I-I muta-
tion not only increased CDKB1 Thr14Tyr15 phosphorylation but also
reduced the accumulation of CDKB1, CYCB1 and CDKB(AF) proteins.
BSL1may stabilize CYCB1-CDKB1througha phosphatase-independent
mechanism, such as protein-proteininteraction. However, expressing
a phosphatase-dead mutant BSL1 in the bsl1-1 CDKB1*f background
did not rescue viability, suggesting that BSL1’s phosphatase activity
is essential even when CDKBL1 is unphosphorylated at Thr14/Tyr15.
Another possibility is that BSL1 dephosphorylates a protein involved
inregulating CDKB1and CYCB1proteinlevels. Such regulation of both
CDKBI activity and accumulation would provide tighter control of
CDKBI function and mitotic entry.

BSL1may have additional functions beyond regulating CDKBI1. The
dynamic subcellularlocalization of BSL1suggests its multiple actions
at different subcellular locations and cell cycle phases. The various
defectsinspindle organizationand orientationin bslI-I cells grown at
semi-restrictive temperatures also suggest that BSL1 is required for
bothentry and proper execution of mitotic progression. Phosphopro-
teomicexperiments showed that bslI-1increased the phosphorylation
of many proteins. Our genetic, microscopic and proteomic studies thus
suggest that BSL1 has broad functionsinaddition to dephosphorylat-
ing CDKB1 Thr14/Tyrl15. Future studies of additional BSL1 substrates
will elucidate additional signalling pathways and mechanisms that

regulate cell division in Chlamydomonas, including the mechanism
of regulating CDKB1 and CYCB1 accumulation.

BSL1and CDKB1appear to play different roles in cleavage furrow
formation (cytokinesis), whichis abolished in the cdkbI-1 mutant but
only delayed in the bs/I-1 mutant. As noted in previous studies using
HU to inhibit DNA replication* or with cell-cycle-blocked mutants®,
cleavage furrowinitiation does not depend on the completion of DNA
replication or mitosis in Chlamydomonas. Our analyses show that HU
delays cleavage furrow formation in wild-type cells, but the delay is
much reduced in cells expressing the CDKB1(AF) protein, consistent
with HU causing CDKB1 Thr14/Tyr15 phosphorylation and inactivat-
ing CDKBL. Similar to HU-treated cells, the bslI-I mutant cells show a
delayed cleavage furrow, whichis partially suppressed by CDKB1(AF).
Together, our results support the model that DNA replication stress
causes the phosphorylation of CDKB1 Thr14/Tyr15 to prevent prema-
ture mitotic entry and cytokinesis before DNA is fully replicated; the
BSL1-mediated dephosphorylation and stabilization of CDKB1trigger
progression through mitosis and cytokinesis.

Interestingly, CDKB1(AF) cells showed no increased sensitivity
to zeocin, which induces double-stranded DNA breaks, possibly due
to distinct response pathways for different types of DNA stress. In
Chlamydomonas, BSL1and CDKB1are required only for mitotic entry,
whereas CDKAL1 plays a dominant role in the G1/S transition'?. Such
distinct functions of CDKA and CDKBI1 could enable different check-
points to specifically control distinct cell cycle transitions. Consist-
ent with this notion, the phosphorylation of CDKA1 Thr14/Tyr15 was
showntoinactivate CDKA but play no obvious roleinreplication stress
in Arabidopsis”. These observations raise the possibility of a CDKBI-
independent pathway for the DNA damage response and a CDKB1-
dependent replication stress pathway in plants.

In animals, replication checkpoint signalling leads to CDK phos-
phorylation by the Weel kinase to safeguard DNA replication and
mitoticentry*®. WEElis conserved in plants. The Chlamydomonas WEE1
is expressed in S/M cells, but its function has not been reported®. The
Arabidopsis thaliana WEE1 (AtWEE]) is activated by replication stress,
and the loss-of-function mutants are hypersensitive to the replication-
inhibitory drug HU in growth but insensitive in mitotic arrest, indi-
cating that AtWEEI1 plays a role in replication stress®”. Intriguingly,
AtWEE1was shown to mediate HU-induced phosphorylation of CDKA
but not CDKB*%. However, the alteration of CDKA Thr14 and Tyr15 to
non-phosphorylatable residues did not affect the plant’s sensitivity
to replication stress”, whereas genetic evidence supports a key role
for CDKBs in mitotic entry in algae and Arabidopsis'. Our study sug-
gests that the possible WEE1-CDKB1 connection should be examined
in Chlamydomonas and Arabidopsis in future studies (Fig. 7). AtWEE1
wasrecently reported to phosphorylate the E3 ubiquitin ligase FBL17,
leading to the accumulation of CDK inhibitors and the inhibition of cell
cycle progression®’; how thisinhibitory pathway is reversed to mediate
checkpoint exit and mitotic entry remains unknown. Future studies
are required to illustrate the full replication checkpoint pathways in
algae and higher plants.

The regulation of mitotic entry is not only crucial for genome
integrity butalsoimportant for developmentin multicellular organ-
isms'®**, BSL1 and its homologues have evolved additional roles,
particularly in receptor kinase signalling in land plants such as
Arabidopsis. Members of the BSL family were initially identified in
Arabidopsis as components of the brassinosteroid signalling path-
way?*®, acting downstream of the BRI1 receptor kinase to inactivate
the GSK3-like kinase BIN2 by dephosphorylating its conserved tyros-
ine residue”. Recent studies have revealed additional roles of BSLs
in receptor kinase pathways that regulate immunity and stomata
development, acting upstream of mitogen-activated protein kinase
modules, with signalling specificity enabled by phosphocoding
and scaffolding®®°. In Arabidopsis, CDKB1is known to play arolein
mitotic entry and endoreduplication’®. An intriguing possibility to
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be tested in the future is that receptor-kinase-mediated signalling
may regulate endoreduplication through a BSL-CDKB1 connection
in certain land plants. Our study in Chlamydomonas suggests that
BSL1is a cell cycle regulator that has evolved additional signalling
functions during the evolution of land plants. It is conceivable that
BSLs act as a signalling hub that integrates diverse developmental
and environmental signals to regulate cell division, differentiation
and endoreduplicationin plants.

Our findings raise interesting questions about the evolution of
BSL/PPKL phosphatases. The BSL/PPKL family is conserved in plants
and Apicomplexa but absent in fungi and metazoans?, and thus their
presence coincides with the absence of CDC25 in evolution. BSL/
PPKL is essential for viability in Toxoplasma gondii and is thus con-
sidered an ideal target for anti-parasite drug development®. Our in
vitro phosphatase assay shows that TgBSL/PPKL can dephosphorylate
Chlamydomonas CDKBL1. The function of BSL/PPKL in mitosis seems
ancestral and conserved, and such conservation of acell cycle regula-
tor would add a key piece of supporting evidence for the algal origin
of Apicomplexa. Future studies of BSL/PPKL hold great potential for
improving agricultural productivity and managing human diseases
caused by apicomplexan parasites.

Methods

Strains and culture conditions

Thewild-type Chlamydomonas strains used are isogenic with CC-4402
(mt+) and CC-4403 (mt-) (Supplementary Table 1). The bs/I-1 mutant
was isolated after UV mutagenesis' and backcrossed eight times to
CC-4402/4403 before analysis. The cycb1-5and cdkbl-1 were described
previously”. Chlamydomonas crosses were performed according to
standard methods>, and meiotic products were dissected using a
Zeiss Axioscope Al equipped with a microdissection needle. Strains
were propagated on TAP media at 21 °C with constant illumination
(-20 pmol m~2s™). For selection, paromomycin (Sigma P9297) and
hygromycin B (EMD Millipore 400052) were used at 10 pug mi™in TAP
agar.For metaboliclabelling, strains were passaged twice on TAP media
containing heavy "NH,CI (Cambridge Isotopes, NLM4675) instead of
regular “NH,Cl before being used for experiments.

Asynchronous populations of cellsin liquid culture were synchro-
nizedin G1by washing the cells once in water and once in Tris Phosphate
(TP) media, followed by incubationin TP media for 12 hat 21 °Cin the
dark. For time-course experiments, one of two protocols was used. In
the plate protocol, -2.5 x 10’ Gl cellswere spreadona12 cm x 12 cm TAP
agar plate and incubated at 33 °C under 50 pmol m~2s™. In the liquid
culture protocol, TAP medium was inoculated to~OD5, 0.1and grown
at33 °Cunder 120 pmol m2s™. Cell division was scored visually by the
appearance of cleavage furrows via bright-field microscopy using a
x40 objective. Wild-type cells typically initiated division at 8-10 h in
the plate protocol and at 11-13 hin the liquid protocol.

Plasmid construction

The BSL1gene (Cre01.g050850) was amplified from CC-4403 genomic
DNA using bsl-1F/R and bsI-2F/R primers and introduced into pCR-Blunt
II-TOPO (Thermo 450245) to generate pFT1. For the oligonucleotides,
see Supplementary Table 2. A 2-kb promoter fragment was amplified
from CC-4403 genomic DNA with bsl2kb-F and bsl2kb-R and intro-
duced in pCR-Blunt II-TOPO to generate pFT2. The plasmid pFT4, for
the expression of BSL1 in Chlamydomonas from the synthetic H/R
promoter (Proy::8BSLI-Venus-APHVIII), was generated by amplifying
CrBSL1 from pFT1 with bsl-cp4F and bsl-cp4R and introducing it into
pMO0449 (ref. 56) via Gibson assembly (New England Biolabs, E2611S).
The native promoter version pFT40 (Prog, ;::BSL1-mVenus-3xFLAG) was
generated by inserting the BSL1 promoter from pFT2 into Pfol+Hpal-
digested pFT4 via Gibson assembly. The phosphatase-dead version
BSL1(D619N) was generated via circular mismatch PCR from pFT40.
The CDKB1-mCh (pKA1) and CDKB1(AF)-mCh (pKA17) plasmids were

provided by F. Cross (Rockefeller University). The phosphomimic
CDKBI1 variants (CDKB1(DY/TE/DE)-mCh) were generated via mis-
match PCR from pKAL. The BiolIDG3 sequence corresponds to the
G3 generation in the directed evolution of TurbolD from BiolD (see
Supplementary Table 1in Branon et al.”’), including the substitutions
Q65P, 187V, R118S, E140K, Q141R, A146A, S150G, L151P, VI60A, T192A,
M209V and I1305V. The BiolDG3 sequence was codon-optimized for
Chlamydomonas and combined with pFT40 to generate the construct
PFT57 (Progg, ;::BSL1-BiolDG3-NeonGreen) and the control construct
PFT58 (Progg, ;::BiolDG3-NeonGreen).

Transformation

Electroporation was performed essentially as described previously*
with 1.2 pg of linearized plasmid per approximately 2 x 108 cells. A
10-pl plasmid digestion reaction was performed in FastDigest buffer
(Thermo Scientific). The cells were spun down and washed twice in
electroporation buffer (10 mM N-cyclohexyl-2-aminoethanesulfonic
acid (pH 9.25), 40 mM sucrose, 10 mM sorbitol). Then, 125 pl of cell
suspension was added to the digested plasmid, mixed by pipetting
and added to a 2-mm electroporation cuvette (Bulldog Bio). Elec-
troporation was performed using a NEPA21 instrument (Bulldog Bio)
with the following settings: voltage (poring pulse 250 V, transfer pulse
20V), length (poring 8 ms, transfer 50 ms), interval (poring 50 ms,
transfer 50 ms), no. of pulses (poring 2, transfer 5), decay (poring
40%, transfer 40%) and polarity (poring +, transfer +/- alternating).
Impedance was generally 0.33-0.37 Ohm. Electroporated cells were
transferred to 8 ml TAP + 40 mlsucrose and incubated for-20 hat22 °C
indimlight (<5 pmol m?sec™), thenspun down and plated onselective
media. Transformants were selected after seven days. Transforma-
tion with EcoRV-digested pFT40 typically resulted in ~100 colonies
after selection at 33 °C and ~1,000 colonies when selected at 21°C on
10 pg ml™ paromomycin.

CRISPR-guided knockout of CrBSL1

A culture of the complemented bsl1::BSL1-VF strain (50 ml, OD,5, = 0.2)
was spun down and resuspended in gametic autolysine enzyme (pre-
pared from CC-4402/CC-4403 gametes) and incubated for1hat 22 °C.
The loss of cell wall integrity was verified by treatment with 0.25%
Triton X-100, which caused bursting of autolysine-treated cells. After
autolysine treatment, the cells were heat-shocked for 30 min at 40 °C
with gentle shaking. During heat-shock treatment, RNP complex was
prepared. Single guide RNA (sgRNA) (100 pmol pl™, Integrated DNA
Technologies) and SpCas9 (61 pmol pl™, Integrated DNA Technologies)
were mixed in the following ratio: sgRNA 1.2 pl, SpCas9 1 pl, duplex
buffer 2.8 pl (30 mM HEPES (pH 7.5),100 mM KOAc). The mixture was
incubated for 30 min at 37 °C and then kept on ice. 500 ng of APHVII
PCR product (hygromycin resistance gene, amplified from plasmid
PRAMI103 (ref. 59) with MOP804 MOP626) was added to PCR tubes.
Heat-shocked cells were spun down for 3 min at 2,000 rpm, washed
twicein TAP + 40 mMsucrose and resuspended in~500 pl TAP + 40 mM
sucrose. Cell suspension (125 pl) was added to the APHVIIPCR product,
mixed by pipetting and then transferred to the sgRNA/Cas9 mixture.
The mixture (125 pl) was used for electroporation with the above set-
tings. Impedance in TAP + 40 mM sucrose was ~-0.15 Ohm. Electropo-
rated cells were transferred to 8 mI TAP + 40 mlsucrose and incubated
for~-20 hat 22 °Cindim light (<5 pmol m2sec™), then spun down and
plated on TAP +10 pg ml™ hygromycin B. Transformants were selected
after seven days, under 50 pmol m~seclight. Eight of 12 hygromycin-
selected transformants contained the APHVII gene inserted either in
thenative BSLIlocus orinthe BSLI-VFtransgene. No clone with simul-
taneous disruption of both loci was identified.

Time-lapse microscopy
For fluorescence time-lapse microscopy, cells were pre-grown in
TAP media at 21°C in constant illumination (20 pmolm2s™) and
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synchronized in G1 using the TP-DARK method. Synchronized cells
were grown in TAP liquid (-10-11 h) or TAP agar (8-9 h) beforeimaging.
Temperature-sensitive strains were grown at 33-34 °C. Agar sand-
wiches were prepared by melting TAP-agar (1.5%), pipetting 275 pl onto
an 18 mm x 18 mm coverslip (Avantor) and covering it with a second
coverslip. Whenthe agar had set, one coverslip wasremoved, and 2 pl of
cell suspension was spotted on the agar surface. Mutant and wild-type
control cells were spotted next to each other on the same agar slab. A
24 mm x 60 mm coverslip (Avantor, size 1.5) was placed on top of the
cells, and the agar edges were sealed with grease to prevent drying of
the agar during imaging. The 24 mm x 60 mm coverslip was placed on
an inverted spinning disc confocal microscope (Olympus) equipped
with a x100 silicone-immersion objective (NA1.35) and a heated stage
insert (Tokai-Hit) set to hold 33-34 °Cinside the chamber. mVenus and
GFP fluorophores were excited with a 514-nmlaser using a440/514/561-
nmbeamsplitter and a 550/49-nm emission filter. mCh was excited with
a561-nmlaser usinga440/514/561-nm beamsplitter and a 605/64-nm
emission filter. For time-lapse imaging, images were collected every
3 min. This time interval ensured that every mitotic spindle would be
captured, while minimizing phototoxicity to the cells.

For bright-field time-lapse microscopy, cells were synchronized
as above and spotted on TAP-agar plates. For drug treatments, HU
(Sigma-Aldrich, H8627), aphidicholin (EMD Millipore, 178273) or zeocin
(InvivoGen, ant-zn-1) was added to TAP agar. The cellswere incubated at
33 °Cunder ~-80 pmol photons m~s™and imaged with a x10 objective.

Statistics and reproducibility

Statistical tests were performed using R (v.4.5.0)°° and plotted with
the ggplot2 package®. All sample mean comparisons were two-
sided. Analysis of variance results (R function Im/aov) are presented
as d.f. =df1,df2, F= Fvalue and P = Pr(>F), where dfl and df2 are the
within- and between-groups degrees of freedom. Tukey’s post-hoc
tests (R function TukeyHSD) were performed if analysis of variance
resultedin P < 0.05. The box plots show the median and 25th/75th per-
centiles, with whiskers at maximum 1.5 times the interquartile range.
Significance groups from Tukey’s HSD post-hoc test are represented as
letters above each box plot. t-tests were performed with the R function
t.test. Pairwise two-sided tests for independence of rows (wild type
versus CDKB(AF)) and columns (TAP versus HU) of cells with cleavage
furrowsin Fig. 6 were performed with the R function fisher.test. P < 0.05
indicates significant differences. The experiments were performed at
least twice, except where specified.

Immunoprecipitation

Cells were collected via centrifugation, transferred to 50-ml tubes
and washed once in immunoprecipitation (IP) buffer (40 mM HEPES
(pH7),100 mMKCI, 100 sorbitol). The wet pellet was weighed, and an
equal amount (w/v) of IP buffer was added. The resulting slurry was
added dropwise to liquid nitrogen to make frozen cell pellets that were
stored at =70 °C. The pellets were cryomilled in a Retsch cell grinder
for3 minat30 Hz. Approximately 400 mg of milled powder per IP was
thawed for 2 min at room temperature, then transferred to ice, and
1.5 mlof ice-cold IP buffer with protease inhibitors (Sigma no. A32695)
and phosphatase inhibitor (Pierce no. 32957, 1 tablet per 5 ml) was
added. The suspension was homogenized by pipetting and clarified
via centrifugation for 10 min at 10,000 g and 4 °C. The supernatant
was added to 100 pl of anti-FLAG magnetic beads (Sigma no. M8823),
and the samples were incubated for 1 h at4 °C with end-over rotation.
Thebeads were washed four times with IP buffer. Bound proteins were
eluted in SDS-PAGE loading buffer (Laemmli), without DTT (1% SDS,
10%glycerol, 62.5 mM Tris-HCI (pH 6.8)), for 10 min at 65 °C. Asecond
elution was done in 100 pl of 2x Laemmli (2% SDS, 50 mM DTT) for
10 min at 65 °C. Generally, >90% of BSL1-FLAG eluted in the first elu-
tion. Sampled were separated on 7.5% Tris-glycine SDS-PAGE gels for
in-gel digestion and mass spectrometry.

Immunoblot

Immunoblot analysis was performed according to standard methods,
using monoclonal mouse anti-FLAG antibody (Sigma F1804, clone M2)
and polyclonal rabbit anti-mCh (Abcam, ab167453) primary antibod-
ies. The anti-BSL1 serum was raised against exon13 of CrBSL1 (amino
acids 770-885 in Cre01.g050850.t2.1 Phytozome v.5.6) fused at its N
terminus to maltose-binding protein. Total extracts for immunoblot
analysis were prepared by mixing 30 pl of 2.5x Laemmli buffer (2.5% SDS
(w/v),125 mM Tris-HCI (pH 6.8),12.5% glycerol, 0.0125% bromophenol
blue), supplemented with 50 mM DTT, with 10 mg of wet cell pellet and
heating for 10 min at 65 °C. The extracts were clarified via centrifuga-
tion, and approximately 7.5 pl was loaded per sample. Zn*' phos-tag gel
analysis was performed according to the method described by Kumar®,

Phosphatase assay

The phosphatase domains of Chlamydomonas BSL1 (amino acids
507-885 in Cre01.g050850.t2.1) and Toxoplasma PPKL (amino acids
532-934 in UniProt S7UP60) were fused at the N terminus to EcoRI/
Notl-digested pSUMO DUet vector to create N-terminal 6xHis and
SUMO tags. 6xHis-SUMO-SPY from Arabidopsis (AT3G11540) was
included as a negative control. Proteins were produced in E. coli BL21
cells and partially purified via nickel column chromatography. For in
vitro phosphatase assays, cells expressing CDKB1-mCh were synchro-
nized as above and incubated for 13 h at 31 °C under 180 pmol m2s™
white light. HU (8 mM) was added after 10 h. Cells were collected via
centrifugation, and the pellet was resuspended in two volumes of
ice-cold TBS (17.5 mM Tris-HCI (pH 7.6), 137 mM NaCl), added drop-
wise into liquid nitrogen and milled to a fine powder. To precipitate
CDKB1-mCh, 150 mg of powder was resuspended in 400 pl of TBS with
cOmplete protease inhibitors (Roche 04693132001, 1 tablet per 50 ml)
and phosphatase inhibitors (Pierce no. 32957, 1 tablet per 5ml), and
15 pl of RFP-Trap beads (Chromotek, RTMA-20) were added. After 1 h
of incubation, rotating at 4 °C, the beads were washed five times with
1 ml of TBS and twice with phosphatase reaction buffer (50 mM Tris-
HCI (pH 6), 5 mM MnS0,), then aliquoted into tubes. 1 pg of purified
protein (BSL1-PP, PPKL-PP or SPY) or 200 U of Lambda phosphatase
(Santa Cruz, sc-200312A) was added to CDKBI-mChbound to RFP-Trap
beadsina20 plvolumeandincubated for3 hatroomtemperature. The
beads were washed five times with1 ml of TBS and heated for 10 min at
65°Cin30 plof 2.5x Laemmli buffer (2.5% SDS (w/v), 125 mM Tris-HCI
(pH 6.8),12.5% glycerol, 0.0125% bromophenol blue). Approximately
5 pl of the eluate was analysed via Zn** phos-tag gel according to the
method described by Kumar®. The blots were probed with polyclonal
anti-mCh antibody (Abcam, ab167453).

BiolDG3 proximity labelling

Strains expressing BSL1-BioIDG3-NeonGreen and the control
BiolDG3-NeonGreen in the cdc20-1 background were labelled with
BN and synchronized in G1 as above. 500-ml TAP or TAP-"N cultures
(OD,s, = 0.1) were transferred to 33 °C under 120 pmol light m2s™ at
t=0.Biotinwas dissolved in TAP or TAP-®*N and added to the cultures
at t=11hto a final concentration of 250 pM. The cultures were col-
lected at t =14 h via centrifugation for 5min at 4,000 g. The pellet
was weighted and resuspended in 200 pl of buffer (20 mM Tris-HCI
(pH 7.4), 150 mM NaCl) per 100 mg of pellet and added dropwise to
liquid nitrogen. The pellets were milled ina Retsch tissue homogenizer
(M1000, 3 min, 30 Hz) to afine powder. The sample and control pow-
der were mixed in equal amounts by weight. Proteins were precipitated
as above. Precipitated proteins were dissolved in 6 M guanidinium,
with sonication, reduced (5 mM tris(2-carboxyethyl)phosphine,
45 min, 55 °C) and alkylated (10 mM iodoacetamide, 45 min, room
temperature, dark). Protein concentration was determined (BioRad
5000001), and 1 pg of trypsin (Sigma, T6567) was added to 20 pg of
protein in 1.5 M guanidine NH,HCO; and incubated for 12 h at 37 °C.
Trypsin was added again and incubated for 3 h at 37 °C. The reaction
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was acidified by adding 1% formic acid and desalted over C18 Sep-Pak
resin (Watersno. 023590). Desalted peptides were resuspendedin1 ml
of PBS (137 mM Nacl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,,
pH 7).100 pl of M280 beads (Invitrogen 11205D) was equilibrated
in PBS and added to the peptides, and the solution was incubated
for 1h at room temperature with constant agitation (800 rpm). The
beads were washed once with PBS (5 min at room temperature and
800 rpm), once with PBS + 5% acetonitrile (5 minat room temperature
and 800 rpm) and once with ddH,0 + 5% acetonitrile (5 min at room
temperature and 800 rpm). Biotinylated peptides were eluted three
times with 200 pl of 0.2% trifluoroacetic acid, 0.1% formic acid and
80% acetonitrile (each elution 5 min, 75 °C, 800 rpm). The elutions
were pooled, and peptides were dried via evacuation, resuspended
in200 pl of 5% acetonitrile and 0.1% trifluoroacetic acid and desalted
using ZipTips (MilliporeSigma ZTC185960). Desalted peptides were
dried and analysed via LC-MS/MS.

Bio-layer interferometry

The bio-layer interferometry assay was conducted using a Gator-Plus
instrument (Gator Bio) following a protocol described previously®.
In brief, anti-GST biosensors (Gator Bio no. 160042) were loaded
with GST-CDKBI1 or GST expressed in E. coli. These sensors were then
immersed in wells containing varying concentrations of purified
recombinant BSL1. After a360-second association phase, the sensors
were transferred to 1x PBS for dissociation. The dissociation constant
(Ky) was calculated using Gator Bio’s data analysis software, on the
basis of the K,«/K,, ratio.

Phosphopeptide enrichment

Wild-type and bsl1-1 cells were pre-grown in TAP-*N or TAP-"N agar
plates, inoculated in liquid media and synchronized as above. G1
cells were plated on TAP-agar and incubated at 33 °C in continuous
light. Cells were collected by scraping the plates with ice-cold water,
added to crushed ice and pelleted via centrifugation in 50-ml tubes.
An aliquot of collected cells was kept for microscopic scoring of cell
division. The pellet was transferred to microfuge tubes, weighed and
resuspended in buffer (17.5 mM Tris-HCI (pH 7.6), 137 mM NaCl with
phosphatase inhibitors (Pierce no. 32957, 1 tablet per 5 ml); 200 pl
of buffer used per 100 mg of pellet). Wild-type and bslI-1 cells were
mixed in equalamounts on the basis of pellet weight. The mixture was
added dropwise to liquid nitrogen and stored at —70 °C. The frozen
cells were cryomilled using a Retsch tissue homogenizer (M1000,
3 min, 30 Hz). Protein extraction buffer (100 mM Tris-HCI (pH 8), 2%
w/v SDS, 1.2 v/v Triton X-100, 20 mM EGTA, 20 mM EDTA) was added
(3 mlper gram of powder), vortexed for1 minand heated for 10 min at
55°C. Insoluble material was pelleted via centrifugation for 15 min at
16,000 g. The supernatant was extracted with phenol (pH 8) and the
phases separated via centrifugation for 15 min at 16,000 g. The organic
phase was re-extracted twice with 50 mM Tris-HCI (pH 8). Proteins
were precipitated by adding ice-cold 100 mM ammonium acetate in
MeOH with overnightincubationat-70 °C. The precipitated proteins
were pelleted via centrifugation for 15 minat 16,000 g. The pellet was
washed twice with100 mM ammonium acetate in MeOH, washed twice
with MeOH and air-dried for 10 min to remove traces of MeOH. Proteins
wereresuspendedin10% SDS for 15 min at 55 °C, followed by 15 minina
heated water bath (42 °C) sonicator (Fischer Scientific Ultrasonic Bath),
and finally by sonication with ametal probe (Branson Digital Sonifier,
10% amplitude, 10 s). This resulted in near-complete solubilization of
the precipitated proteins. The average yield was 2.3 mg of protein per
100 mg of cell pellet. The solution was made with 5% SDS and 50 mM
triethylammonium bicarbonate (pH 8.5), and proteins were reduced
(5 mM tris(2-carboxyethyl)phosphine, 45 min, 55 °C) and alkylated
(10 mM iodoacetamide, 45 min, room temperature, dark). Approxi-
mately 5 mg of protein was digested using S-Trap midi columns (Protifi
no. C02-midi-10) according to the manufacturer’s instructions, with

1:20 (w/w) trypsin (Sigma, T6567) per sample. Eluted peptides (-1 mg
persample) were desalted using C18 Sep-Pak resin (Waters no. 023590).
Phosphopeptide enrichment was performed using TiO, tips (Thermo
no.32993) according to the manufacturer’sinstructions and analysed
via LC-MS/MS. Phosphopeptide enrichment was >95%. Peptide con-
centrations in flow-through fractions were normalized and analysed
viaLC-MS/MS.

Mass spectrometry and data analysis

Peptides were analysed viaLC-MS/MS onan Easy LC1200 UPLC liquid
chromatography system connected to an Orbitrap Eclipse quadrupole-
orbitrap (Thermo Fischer) or a Q-Exactive HF hybrid quadrupole-
orbitrap (Thermo Fischer) mass spectrometer in data-dependent
acquisition mode. Precursor scans were between 375 and 1,600 m/z,
and the 20 most intense multiply charged peptides were selected
for fragmentation via higher-energy collision dissociation with nor-
malized collision energy of 27. Tandem mass spectrometry peak lists
were extracted using anin-house PAVA script and were searched using
ProteinProspectorv.6.4.9 (ref. 64) for metabolically labelled peptides
essentially as reported previously®, against a database constructed
from Chlamydomonas proteins (Phytozome v.5.6) with a decoy data-
base of reversed peptides. Precursor and MS/MS tolerance was set to
10 ppmand 20 ppm, respectively. For phosphopeptide identification,
serine/threonine/tyrosine phosphorylation was used as a variable
modification. Phosphorylated CDKB1 peptides (IGEGpTpYGKVYK and
IGEGpTpYGKVYK) and control peptides ()SEAFVGSQSVR, AApSGLG-
GDPTFTRRand DRGpSADFGPPVGTR) were detectedin data-dependent
acquisition mode. To quantify the relative intensity of phosphoryl-
ated CDKBI1 peptides in bslI-1 and wild-type cells, the peptides were
re-injected with the same Easy LC 1200 UPLC liquid chromatography
gradient and analysed using the Eclipse quadrupole-orbitrapin parallel
reaction monitoring mode, as described previously®. The intensity of
MS2 fragmentions across the elution peaks was plotted using Skyline
v.23.1.0.268 (ref. 66), as described previously®.

Sequence alignments and accession numbers

Multiple sequence alignments were performed using the Muscle
algorithm in Jalview®. The identifiers for A. thaliana are NP_192217.2
for AtBSL1, NP_001184935.1 for AtBSL2, NP_180289.3 for AtBSL3 and
NP_171844.6 for AtBSUI. The identifier for Toxoplasma gondii PPKL
is XP_002368432.1, and that for Plasmodium falciparum PPKL is
XP_001348804.1. The Phytozome.org (v.5.6) identifiers for the Chla-
mydomonas genes mentioned in thisstudy are Cre01.g050850 for BSLI,
Cre08.g372550 for CDKB1, Cre08.g370401for CYCBI, Cre06.g295700
for MCM3 and Crel2.g492950 for RIR1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or the Supplementary Informa-
tion. The mass spectrometry raw data have been deposited at PRIDE
with accession number PXD068429. Source data are provided with
this paper.

Code availability

Allcodeis available upon request.
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Extended Data Fig. 1| BSL1 phosphatase activity is essential for viability
in Chlamydomonas. a, Anti-Flag immunoblot analysis of five bsl1-1:BSL1-VF
and four bsl1-1:BSL1ID619N-VF transformants. Experiment performed once.

b, Growth assays at 210C with or without paromomycin (paro) and at 330C
without paromomycin. Paromomycin is the selection marker linked to BSL1-VF
and BSL1ID619N-VF.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2 | CRISPR-Cas9-guided knock-out of BSL1. a, Diagram

of the bicistronic BSL1-Venus-3xFLAG (BSL-VF) construct showing Kelch and
phsophatase (PP) domains. b, The APHVII hygromycin resistance cassette was
delivered with or without Cas9 to bsl1-1:BSL1-VF, and hygromycin resistant strains
were grown under the indicated conditions. Loss of paromomycin resistance and
recovery of temperature sensitivity indicates APHVIl integration into the BSL1-VF
transgene (white boxes). ¢, Genotyping of transformants in (b). Alul cuts the wild-
type BSL1sequence.d, PCR amplification of APHVIlinsertion in transformants

1,5,and 12, with primersin BSL1and in the APHVII gene. e, Sanger sequencing of
transformants1, 5,12. The APHVII gene (white block) isinserted in either the BSL1-
VF transgene (#1, wild type CtA sequence, purple box) or in the bslI-1 gene (#5
and #12). Clone #5 is referred to as bslI-ko. f, Segregation analysis of the wild type
crossed to transformants #1, #5 and #12 (6 tetrads of each cross shown). No hygR
paroS recombinants (bslI-ko, red box) could be isolated in #5 and #12, indicating
that disruption of the bslI-1locus, without the BSL1-VF rescue construct, is lethal.
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Extended Data Fig. 3 | Spindle misorientation in the bsl1-1 mutant grown the angle (o) between one line through the centers of the spindle and pyrenoid
below 330C. a, Wild type and bslI-1 mutant cells co-expressing EBI-mNeonGreen (P) and one line through the two spindle poles. ¢, Quantification of spindle
(green) and centrin-mCherry (magenta) imaged by time-lapse microscopy. orientationin cells grown at 21 °C showed no difference between sample means
The time (minutes) of eachimage is relative to the nuclear-basal body contact (one-way ANOVA, df=3,37,F =1.1, p= 0.35). At 30 °C, the average spindle angle of
(NBBC, time 0). Nucleus (n) and basal body (BB) are marked. In wild type, the bsl1-1 and bsl1:BSL1°**" was different from the wild type (ANOVA, df=3,119,F =9.2,
BBs segregate (time 3’), the mitotic spindle forms with centrin-mCh localized p =1e-5). Occasional spindle misorientation was observed in bsl1-1 at 21 °C (black
to the spindle poles (white asterisks). In bs/I-1, NBBC and BB separation appears arrow).d, Quantification of the duration of metaphase at 21 °Cindicated longer
similar to the wild type but one spindle pole does not recruit centrin-mCherry metaphase durationin bslI-1 (p = 0.006, two-sided Welch test on sample means,
inmetaphase (white arrow); the cleavage furrow MTs are more disorganized df=5.1). e, Quantification of the duration of metaphase at 30 °Cindicated longer
compared to the wild type; and the 2" and 3 divisions display highly aberrant metaphase duration in bs/1-1 and bsl1-1:BSL1°***N (one-way ANOVA, df=3,93,
spindles. Scale: 5 pm. b, The orientation of the mitotic spindle was measured as F=12.01,p=1e-6).
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Extended DataFig. 4| BSL1 phosphorylationsites. a, Diagram of BSL1 protein
structure shows the relative locations of phosphosites identified only in S/M

phase cells (red arrow) and those identified inboth S/M and Gl cells (blue arrows).  (see Source Data File) marked.

b, Multiple sequence alignment of Chlamydomonas BSL1, Arabidopsis BSL1,2,3

475
543
545
676
670
471
566

619

931

and BSU1, PPKL from Toxoplasma gondii (Tg) and Plasmodium falciparum (Pf).
Asterisks: phosphosites, color codes asin (a) with a peptide expect value < 0.001

Nature Plants



http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-025-02145-z
a b
o . non-dividing 5-8 cell cluster]
100~ \
,‘/ N -
75- J I‘ . /
50~
caterogy 1st division newborn
25 . non-dividing B J
. 1st division P \ F 4 e
01 ' /
. 3-4 cell cluster \ p ‘
. 5-8 cell cluster - e ; -
1007 newborn A Eacs
3-4 cell cluster
:
sample 1 2 1 2 3 4
label - - 15N 15N - - 15N 15N
WT M WT > WT \/’\/ WT \/,\/
N N N N
g 9 ¥ @
C
o= WT
@ hs/1-1
e
c BSL1 RIR1 MCM3
3 25 30
S 20- 40
e 18 N 30 A 204
) N 20
O 5 101 107
Q 0- 0- 0
L ! ! ! _ T T T B
@ to 6 8 t10 to t6 8 t10 t0 t6 t8 t10
+J
c CDKA1 CcYCB1 CDKB1
g 5 4
O 44 7.51 3.
(E 31 5.0 24
B 2] 25
] 14 . 1 -
D' 0 L T T T 0'0 A 0 -
u t0 t6 t8 t10 0 6 t8 t10 0 6 t8 t10
time (h)

Extended Data Fig. 5| Proteomic analyses of the bsl1-1 mutant.

a, Quantification of cell cycle progression at 0, 6, 8 and 10 hrs at the restrictive
temperature. Over 100 cells were counted per timepoint per sample. For
quantitative mass spectrometry analysis, the Light and heavy N samples were
combined as:1+4 (FORWARD), and 2 + 3 (REVERSE). b, Example of cells from the

respective category. This experiment was performed once. ¢, Spectra counts of
selected proteins in wild type and bslI-1. Spectra counts of BSL1***" are reduced
compared to wild type. Ribonucleotide reductase (RIR1) and the helicase MCM3
and CDKA accumulate with similar kinetics in wild type and bslI-1. Accumulation
of CYCB1and CDKBLlis delayed in bs/1-1.
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Extended DataFig. 6 | Targeted quantification of T14,Y15-phosphorylated
CDKBIL. a, MS1spectrum of the doubly phosphorylated CDKB IGEGpTpYGK
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Extended Data Fig. 8| Quantitative proximity labeling indicates proximity
between CYCB1and BSL1. BSL1 was fused to an engineered version of the biotin
ligase BiolD (BiolDG3-NeonGreen, see Methods). BiolDG3-NeonGreen was

used as a control. Biotinylated peptides were purified and analyzed by mass
spectrometry. a-b, Control cells were metabolically labeled with15 N. a, MS1
spectrum (black arrow) of the CYCBI peptide AAAGVK(Bio) AAAGLQAQNKR.
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Extended Data Fig. 9| Phosphorylation of CDKB1T14 and Y15 is required for
optimal growth. a, The cdkbI-1 was transformed with wild-type CDKB1-mCherry,
and variants containing AF, DY, TE, and DE substitutions at position T14 and Y15.
Only wild type CDKB1and the CDKB1*f variant could rescue cdkb1-1 at 33 °C.
Transformation efficiency was assessed by plating half of the transformed cells
on plates containing paromomycin at 21 °C. b-¢, Quantification of colony size
ofindividual clones of cdkbI-I rescued by CDKBI-mCh and CDKB1*F-mCh.b,
Colony size after 5 days growth at 33 °C. Inset: combined data for CDKB1-mCh
and CDKB1*-mCh indicates a smaller colony size for CDKB*"-mCh (one-way
ANOVA, df=2,1375,F =373.5, p = 2e-16), n=colonies scored. ¢, Colony size after

7 days growth at 21 °C (one-way ANOVA df = 3,82, F =4.5, p = 0.005). n=colonies
scored. d, Complementation experiments. The bs/I-1 and cdkbI-1 mutants

were transformed with plasmids containing the BSL1and CDKB1 genes. The

bsl1-1 mutant was rescued by BSL1 but not by with wild-type CDKB1 or CDKBI*",
Transformed cells were split evenly. Half of the cells were plated on 10 pg/ml
paromomycin at a permissive temperature (21 °C) as a transformation efficiency
control. The other half was plated at 33 °C to select for complementation of

the bsl1-1 or cdkbI-I mutants. e, Timing of cleavage furrow formation in bsl1-1

and bsl1-1 CDKB*. Each data point represents data from two independent
experiments. 20-30 cells were counted in each experiment. f, a-mCh western blot
of CDKB1**-mChin synchronized cells (BSL1 or bs(1-1). CDKB1-mCh runs as two
bands. Reduced CDKB1level also shown in Extended Data Fig. 5c. g, bsl1-1 CDKB1
and bsl1-1 CDKB*" cells were transformed with phosphatase-dead BSL1°**™-Venus
or BSL1""-Venus, and selected on paromomycin at 21 °C. Expression of BSL1 was
verified by localization to spindle poles. Rescue of bsl1-I was tested at 33 °C. Only
BSLI"" rescued bslI-1.
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Extended Data Fig. 10 | Mutations of CDKB1-T14/Y15 and BSL1 alter the 0OD750 ~ 0.4 and cells were spotted in 5-fold serial dilutions on TAP agar plates
sensitivity to DNA replication stress. a, Cells expressing CDKB1* are containing 50 puM aphidicholin or 2 pg/ml zeocin and incubated at 21 °C and
hypersensitive to the polymerase inhibitor aphidicholin, but not to the DNA- 33 °C.b, Sensitivity of the bs/I-I mutant to HU. Cells were spotted (5-fold serial
damage-inducing drug zeocin. cdkb1-I cells complemented with either wild type dilutions) on TAP agar plates, and plates supplemented with1 mM HU, and
CDKB1-mCherry (CDKB1) or unphosphorylatable CDKB1**-mCherry (CDKB1AF, incubated atat21°C.

three independent clones). The density of each culture was normalized to
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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Data collection  Confocal microscopy aquisition from the Olympus spinning disc was done with SlideBook (3i). Aquisition from scanning confocal Leica TCS SP8
x was done with Leica LAS X software.

Data analysis Mass spectrometry data (DDA mode) was analyzed with ProteinProspector (https://prospector.ucsf.edu/prospector/mshome.htm). Mass
spectrometry data (PRM mode) was analyzed using Skyline (https://skyline.ms/project/home/software/skyline/begin.view).
Peptide counts from flow-through fractions was obtained by custom R script "E20230730_analyze_Counts.R, v1.0"
Time-lapse microscopy data was manually analyzed and quantified using ImageJ/Fiji.
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- A description of any restrictions on data availability
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spectrometry raw data will be deposited at ProteomeXchange before publication.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Sample size was determined based on accepted standard in biological research, with three biological replicates wherever possible. The
restrictive temperature imaging of bsl1-1 was performed three times with the same conclusion. Each experiment tracked >10 cells of each
genotype. One such experiment is presented in Figure 2a-c. Imaging of bsl-ko tetrads was performed once, generating data from 6
independent tetrads.

Differential phosphorylation of CDKB was detected in three metabolically labeled, biological replicates and multiple time points. Four time
points (from two samples) were further quantified by targeted analysis (PRM).

No data were excluded.

The phenotype of the bsl1-1 mutant was replicated many times in independent time-lapse microscopy experiments using the bsl1-1 allele
with different markers. As described in the paper, the temperature is important; to reproducibly express the nuclear division arrest
phenotype, the bsl1-1 mutant was grown at or above 330C. Lower temperature, though still lethal, produced a milder "spindle
misorientation" phenotype. For time-lapse imaging, observations on single cells from the same culture were treated as independent
observations for purposes of computing sample means and p-values.

We did not perform any test to analyze co-variation that required randomization.

Blinding was not performed. For Western blot analysis, samples need to be loaded in a specified order and cannot be easily randomized/
blined. Microscopic and macroscopic colony size was determined either by automatic or semi-automatic thresholding and quantification with
little room for experimental bias. We did not randomize/blind samples during time-lapse sample preparation or analysis; we reasoned that
the effect size was too large to warrant the extra handling associated with blinding.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Plants
Antibodies

Antibodies used mouse monoclonal anti-FLAG (clone M2, Millipore Sigma F1804).
rabbit polyclonal anti-mCherry (Abcam, ab167453)
polyclonal anti-CrBSL1 serum produced in rabbit (CIW104, used at 1:5000 dilution)
goat anti-mouse IgG (H+L) HRP-conjugate secondary antibody (Bio-Rad #1706516)
goat anti-rabbit IgG (H+L) HRP-conjugate secondary antibody (Bio-Rad #1706515)

Validation Specificity of the anti-FLAG antibody was validated by western blot using total extract from wild-type cells (no tag) and cells

expressing a 3xFLAG-tagged BSL1-VF transgene (see Fig. 1b), in addition to the validation done by the company.

Specificity of the anti-mCherry antibody was validated by western blot using total extract from wild-type cells (no tag) and cells
expressing a CDKB-mCherry transgene, in addition to the validation done by the company.

Specificity of the anti-CrBSL1 anti-serum was validated by western blot using total extract from wild-type cells and the bsl1-ko mutant
were the endogenous BSL1 locus was disrupted (see Fig. 1d).

Secondary antibodies were validated by the company.
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Plants

Seed stocks

Novel plant genotypes

Authentication

The temparature-sensitive ble-GFP strain and the cdkb1-1 point mutant (P180H in Cre08.g372550.t1.1, Phytozome v5.6) was
provided by Dr. Fred Cross. (The Rockefeller University)

The temparature-sensitive cycb1-5 point mutant (E325K in Cre08.g370401, note extended ORF as described in ref. 18 ) was provided
By ¥ gy antielde ki nvoaiibgel novel plant genotypes were produced. This includes those generated by transgenic approaches,
gpﬂg_ﬁql@mr\;!(Jg@ﬁwmgmgpﬁm,ﬁy’a’fmﬁm\ggg.gz@mgm’ (Dixigization. For transgenic lines, describe the transformation method, the
EBILHIN S HGIEer (1Ritrbtab Gletiarker 4t &) JromViasa ORsHI (DlKey er/ments were performed. For gene-edited lines, describe
the ed/‘for L/SE’d the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

4402 d CC-4403 bt d f It llecti
ﬁ/ dggF adﬁ?sg}%ienerg (ﬂ:)aﬂ ko mutan |ncl)u\gg(r:|ec(r)osgljrcjenct|r(§)n ghe Jawqfé’é‘r?ggéﬁé’né‘uﬁeg%% (éelggtlc co-segregation
ﬁyﬂx c%l ygromycin resistance with inviability (Extended Figure 2). Hygromycin-resistant recombinants were only viable if a

second ectopic BSL1-VF transgene was present. Recombinants that received at least one copy of BSL1 were phenotypically close to
wild type. We did not sequence the bsl-ko mutant to identify potential off-target mutations.

Transformants were validated by western blot analysis of the tagged protein (CDKB-VF or CDKB-mCh) in several independent
transformants. We also verified co-segregation of genetic complementation with the transgene.
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