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Faithful genome partition during cell division relies on proper congression
of chromosomes to the spindle equator before sister chromatid

segregation. Here we uncover akinesin-7 motor, kinetochore-associated
kinesin1(KAK1), thatis required for mitotic chromosome congressionin
Arabidopsis. KAK1 associates dynamically with kinetochores throughout
mitosis. Loss of KAK1 results in severe defects in chromosome congression
at metaphase, yet segregation errors at anaphase are rarely observed.
KAK1 specifically interacts with the spindle assembly checkpoint

protein BUB3.3 and both proteins show interdependent kinetochore
localization. Chromosome misalignment in BUB3.3-depleted plants can
berescued by artificial tethering of KAK1 to kinetochores but not vice
versa, demonstrating that KAK1 acts downstream of BUB3.3 to orchestrate
microtubule-based chromosome transport at kinetochores. Moreover,

we show that KAK1’s motor activity is essential for driving chromosome
congression to the metaphase plate. Thus, our findings reveal that plants
have repurposed BUB3.3 to interface with a specialized kinesin adapted to
integrate proper chromosome congression and checkpoint control through
adistinct kinetochore design.

Theequal segregation of duplicated chromosomes to daughter cells is
fundamental to organism development and reproduction. This com-
plex process requires proper amphitelic attachment of sister kine-
tochores to microtubules from opposite spindle poles. To achieve
bipolar attachment, chromosomes must congress from dispersed posi-
tionsinthecelltoalign precisely at the metaphase plate. Chromosome
congression facilitates the directed migration of polar chromosomes
to the spindle equator, enabling kinetochore pairs on each chromo-
some to become oriented in the same plane’. Without congression,
polar chromosomes fail to migrate to the metaphase plate, resulting
in aberrant kinetochore-microtubule attachments and catastrophic

chromosome missegregation® To prevent such segregation defects,
eukaryotic cells have evolved the spindle assembly checkpoint (SAC)
asasurveillance mechanismto delay anaphase until all chromosomes
achieve bipolar attachment®. SAC signalling from unattached kineto-
choresinhibits the anaphase-promoting complex/cyclosome to delay
sister chromatid separation®>. Aberrations in these intricate mecha-
nisms lead to aneuploidy and multiple developmental syndromes.
Thekinesin-7 family motor, centromere protein E (CENP-E), plays
acentral role in chromosome congression and alignment during cell
division in many eukaryotes®”’. In animal cells, CENP-E localizes to
the fibrous corona of the outer kinetochore and remains enriched
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at kinetochores during mitosis®. The C-terminal region of CENP-E
mediates its targeting to kinetochores, and this region has been
found to directly bind to the SAC protein budding uninhibited by
benzimidazoles-related 1 (BUBR1)° ™. Upon activation of the SAC,
CENP-E is rapidly recruited to kinetochores within minutes in a
BUBRI-dependent manner that is essential for proper chromosome
alignment'. Once localized at kinetochores, CENP-E utilizes its
plus-end directed microtubule motility to transport mono-oriented
chromosomes to the spindle equator™™, When CENP-E is inhibited
or depleted, chromosomes remain scattered near the spindle poles
instead of aligning at the metaphase plate®. Itis believed that the inter-
action between CENP-E and BUBR1 couples the SAC signalling pathway
with CENP-E-dependent transport of chromosomes to the metaphase
plate’®”. This coordination ensures that chromosomes are properly
aligned before the onset of anaphase, thereby preserving genomic
integrity during cell division.

Despite the well-established importance of CENP-E and SAC in
regulating chromosome congression and error correction during
cell division, these pathways remain poorly explored in plants. The
Arabidopsis thaliana genome encodes a large family of 15 kinesin-7
isoforms'®*°, which are the plant homologues of the animal CENP-E
kinesin. However, it remains unclear whether one or more of these
plant-specific kinesins play functional roles analogous to CENP-E in
mediating chromosome congression, and whether they areintegrated
with the SAC signalling pathways. Our recent work has revealed a dis-
tinct functional mode for the non-canonical budding uninhibited
by benzimidazoles 3 (BUB3) family protein BUB3.3 in Arabidopsis,
demonstrating that it facilitates SAC activation but does not recruit
other SAC components in the same manner as observed in other organ-
isms”. Interestingly, loss of BUB3.3 leads to frequent misalignment of
chromosomes during mitosis and this chromosome miscongression
phenotype was not observed in other SAC mutants®. This suggests that
BUB3.3 may have SAC-independent functions in regulating chromo-
some movement; however, its molecularinteractions and underlying
mechanisms mediating this process remain unknown in plants.

Chromosome congression defects resulting from the loss of
BUB3.3 in Arabidopsis are reminiscent of the phenotypes observed
upon depletion of the CENP-E kinesin in animals. This observation
raises theintriguing possibility that BUB3.3 may cooperate withan uni-
dentified CENP-E-like motor protein to regulate chromosome congres-
sion in plants. To identify potential kinetochore-associated partners
of BUB3.3 that could be involved in this process, we immunopurified
BUB3.3 from Arabidopsis and uncovered a previously unreported
member of the kinesin-7 family. We demonstrate that thiskinesin motor
exhibits dynamic localization to kinetochores dependent on BUB3.3
and is essential for proper chromosome alignment at the metaphase
plate. Our results reveal a kinetochore-associated kinesin-7 motor in
plants that cooperates with BUB3.3 to regulate chromosome move-
ments and ensure the fidelity of cell division processes.

Results

KAK1 associates with kinetochores throughout mitosis
Ourimmunoprecipitation-mass spectrometry (MS) experiments using
green fluorescent protein (GFP)-BUB3.3 as bait identified a kinesin
motor protein encoded by the At3g10180 locus as a top interacting
partner (Supplementary Datal, see the detailed interactionresults pro-
videdbelow). This findingis consistent with a previous study that also
reported the At3g10180 protein as being BUB3.3 associated”. Phyloge-
neticanalysis revealed that this gene encodes an unstudied member of
thekinesin-7 family in A. thaliana®, and the protein shares a close evo-
lutionary relationship with the animal CENP-E protein (Extended Data
Fig.1). However, sequence alignment showed that this plant kinesin-7
protein displays poor overall sequence conservation compared with
CENP-E, with the primary region of sequence similarity being confined
to the motor domain (Supplementary Fig. 1). Because of its physical

association with kinetochores and the mitotic roles uncovered here,
we named this kinesin kinetochore-associated kinesin 1 (KAK1).

We firstisolated ahomozygous transfer DNA insertional mutant
of KAK1 with the insertion in the 25th exon (kak1; Fig. 1a and Supple-
mentary Fig. 2). The kakl mutant grew indistinguishably from the
wild-type (WT) plants under normal conditions. However, kakI seed-
lings exhibited notable growth retardation when challenged with
100 nM microtubule-depolymerizing drug oryzalin, as quantified
by shorter root lengths compared with WT (Fig. 1b,c). This oryzalin
hypersensitivity phenotype was fully suppressed when a KAK1-GFP
fusion was expressed under the native KAKI promoter in kaklI plants
(Fig. 1b,c). These results indicate the oryzalin sensitivity is caused by
loss of KAK1 and the KAK1-GFP fusion is functional.

The functionality of KAK1-GFP allowed us to examine KAK1
subcellular localization during mitosis using immunofluorescence
microscopy. At prophase, concentrated KAK1-GFP signal was detected
on the nuclear envelope before nuclear envelope breakdown (NEB)
(Fig. 1d). After NEB at prometaphase, KAK1-GFP appeared as paired
dotsassociated with chromosomes within the bipolar spindle (Fig.1d).
Atmetaphase when chromosomes were aligned at the equatorial plate,
KAK1-GFP signals were present at the two edges of aligned chromo-
somes and the end of kinetochore fibres (Fig. 1d). As chromosomes
segregated atanaphase, dot-like KAK1-GFP signals tracked along short-
ening kinetochore microtubules moving towards the poles until they
reached the two spindle poles at telophase (Fig.1d). During cytokinesis
when the phragmoplast formed, the KAK1-GFP signal diffused from
the kinetochores into the cytoplasm (Fig. 1d). This dynamic localiza-
tion patternindicates KAK1associates with kinetochores throughout
mitosis after NEB and before reformation of daughter nuclei.

Loss of KAK1 causes chromosome congression errors

The observed localization of KAK1 to kinetochores prompted us to
testwhetheritslossledto errorsin mitosis. Although the kakl mutant
appeared phenotypically normal, closer examination revealed specific
defects in chromosome alignment during mitosis. In WT metaphase
cells, chromosomes achieved complete congression and aligned pre-
cisely at the cell equator between separated kinetochore fibre arrays
(Extended Data Fig. 2a). By contrast, kakI mutant cells frequently
exhibited misaligned ‘polar’ chromosomes positioned near the spindle
poles despite forming abipolar spindle (Extended Data Fig. 2a). Quan-
tification of these mitotic defects revealed a notable increase in the
percentage of kakl mutant cells (67.4%, n = 135) displaying misaligned
chromosomes at metaphase, compared with the WT cells (0%, n =105)
(Extended Data Fig.2b). Furthermore, oryzalin treatment could further
exacerbate the chromosome congression defects in the kakI mutant,
with a higher proportion of the mutant cells (89.4%, n =113) exhibiting
misaligned chromosomes (Extended Data Fig. 2b).

To monitor mitotic progression in vivo, we delivered a histone
H1.2-red fluorescent protein (RFP) marker labelling chromosomes as
well as a GFP-TUB6 marker labelling microtubules into kaki and WT
plants. In WT cells, following bipolar spindle assembly after NEB, chro-
mosomes congressed synchronously frominitially scattered positions
throughout the cell, becoming stably bioriented at the spindle equator
before anaphase onset within 10 min. Sister chromatids then separated
smoothly during anaphase and segregated into two daughter nucleion
either side of the expanding phragmoplast (100% of 18 cells) (Fig. 2a
and Supplementary Video 1). In kakI mitotic cells, the majority of
chromosomes congressed normally to the metaphase plate. However,
asubset of chromosomes frequently detached and migrated from the
metaphase plate back towards the spindle poles. Despite the prominent
polar chromosomes in kak1 cells, anaphase onset was delayed (more
than 30 min) until the misaligned chromosomes re-established meta-
phase plate alignment (61.9% of 21 cells) (Fig. 2b and Supplementary
Video2). Theseresults suggest that although chromosome congression
defects occur more often in kakI mutant cells, the SAC remains active
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Fig.1| KAK1 associates with kinetochores throughout mitotic cell division.
a, Gene structure and transfer DNA insertion of KAK1 (At3g10180). Exons are
represented by black boxes and introns by lines. b, Seedling of the WT, kak1
mutant and kakl mutant expressing pKAK1::KAK1-GFP with and without 100 nM
oryzalin treatment at 10 days. Scale bars, 1 cm. ¢, Quantification of root lengths
inthe seedlings with and without oryzalin treatment. Bars represent means + s.d.
of six seedlings per genotype. The statistical significance (**P <107°) was

determined by one-way ANOVA with post-hoc Tukey’s test. The experiment

was repeated three times with similar results. d, Triple localization of KAK]1,
microtubules (MTs) and DNA by immunofluorescence throughout the cell
cycle, the merged images have KAK1-GFP detected by the anti-GFP antibody in
green, microtubules detected by the anti-tubulin antibody in magenta, and DNA
detected by DAPIlin blue. Micrographs are representative of more than 100 cells
from three independent lines with similar results. Scale bars, 5 um.

and inhibits sister chromatid separation until all chromosomes are
bioriented properly.

KAKlinteracts directly withBUB3.3

Proteomicscreening experimentsidentified KAK1as aBUB3.3-assembled
protein, and the chromosome misalignment phenotype of kakI mutant
cells resembles bub3.3 mutant cells. This prompted us to explore the
potential relationship between the two proteins. To validate whether
KAK1 and BUB3.3 associated with each other in vivo, we performed
reciprocal co-immunoprecipitation experiments using KAK1-GFP and
GFP-BUB3.3rescue plants. GFP-BUB3.3immunoprecipitationidentified
85 unique KAK1 peptides by MS, covering 60.7% of the KAK1 sequence.
Conversely, the KAK1-GFP immunoprecipitation preparations recovered
BUB3.3, with15unique peptides representing 52.2% sequence coverage.
By contrast, neither KAK1nor BUB3.3 was detected when GFP alone was
used as a negative control bait (Fig. 3aand Supplementary Dataland 2).
We next examined whether KAK1and BUB3.3 co-localize during mitosis
by expressing KAK1-FLAG in bub3.3 plants complemented with func-
tional GFP-BUB3.3. Immunofluorescence microscopy revealed that
KAK1-FLAG co-localized precisely with GFP-BUB3.3 atkinetochores from
prophase through anaphase (Fig.3b). Thus, we conclude that KAK1and
BUB3.3 specifically associate with each other at kinetochoresin planta.

We further used a yeast two-hybrid (Y2H) assay to test whether
KAKlinteracted directly with BUB3.3 (Fig. 3c). To screen which region
of KAK1 mediates BUB3.3 binding, we made multiple KAK1 deletion
constructs based on domain prediction analysis using the SMART tool
(http://smart.embl-heidelberg.de). According to SMART analysis, the
KAK1 protein consists of an N-terminal motor head, a C-terminal tail
and anintervening stalk region harbouring two internal repeats (IRs)
flanked by coiled coils (Fig. 3¢). Interestingly, amino acid sequence
similarity between the two IR domains within the KAK1 stalk region is
relatively low (Supplementary Fig. 3). We then created a series of KAK1
truncation constructs expressing the motor, tail or stalk region with
IRs, in addition to the full-length KAK1 protein. A Y2H assay revealed
that the KAK1 motor and tail regions failed to interact with BUB3.3.
However, the N-terminal half of KAK1, encompassing residues 1-600,
was sufficient to bind BUB3.3, similar to the full-length protein. Further
mapping showed that amino acids between residues 434 and 600 of
KAK1, whichincludes the first IR (IR1) motif, are required for the interac-
tion with BUB3.3. Deleting this IR1 domain within KAK1 abolished the
binding to BUB3.3 (Fig. 3¢). The physical interaction between BUB3.3
and KAK1 was further confirmed using an in vitro pull-down assay.
Recombinant GST-BUB3.3 purified from Escherichia coli was able to
pulldownbacterially expressed maltose binding protein (MBP)-fused
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Fig.2| KAK1 plays a critical role in mitotic chromosome congression. a, Live-
cellimaging of WT plants expressing GFP-TUB6 (green) and histone H1.2-RFP
(magenta). Representative snapshot images are from Supplementary Video 1.

WT
100%, n=18

e

kak1
61.9%, n = 21

oy
A

b, Live-cellimaging of kakI plants expressing GFP-TUB6 (green) and histone
H1.2-RFP (magenta). Images are from Supplementary Video 2. Misaligned
chromosomes are indicated by arrowheads. Scale bars, 5 um.

KAKI1 (residues 1-600) containing the IR1 domain. By contrast, KAK1
fragments lacking the IR1 domain did not show any interaction with
GST-BUB3.3 (Extended Data Fig. 3). Collectively, these results dem-
onstrate that the IRLdomaininthe stalk region of KAK1is required for
itsbinding to BUB3.3.

KAK1and BUB3.3 show interdependent kinetochore
localization

Our finding that KAK1 interacts with BUB3.3 led us to further inves-
tigate the relationship between these two proteins in terms of their
kinetochore localization during mitosis. To test this, we transformed
PpKAK1::KAK1-GFP into the bub3.3 mutant background and examined
the subcellular localization of KAK1-GFP during mitosis. In control
cells, the KAK1-GFP fusion protein exhibited robust kinetochore local-
ization and was able to rescue the chromosome alignment defects
observed in the kakI mutant plants (Fig. 4a). However, in bub3.3 cells,

the KAK1-GFP signal was mainly detected on the spindle apparatus and
inthe cytoplasm, but was conspicuously absent from the kinetochores,
even on the misaligned chromosomes (Fig. 4b).

We then tested whether KAK1 conversely is needed for BUB3.3
kinetochore targeting. When a functional GFP-BUB3.3 construct was
expressed in the bub3.3 mutant, it was properly associated with the
kinetochores, as demonstrated previously* (Fig. 4c). However, in kakl
mutant plants, the GFP-BUB3.3 signal exhibited a diffuse cytoplas-
mic localization, with no accumulation at the kinetochores of either
aligned or misaligned chromosomes (Fig. 4d). Western blot analysis
confirmedthat the proteinlevels of KAK1-GFP and GFP-BUB3.3 were
not affectedinthe bub3.3 and kakl mutant backgrounds, respectively
(SupplementaryFig.4). Taken together, these results demonstrate an
interdependent relationship between KAK1and BUB3.3, whereby they
rely on each other for their proper localization to the kinetochores
during mitosis.
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a
Detected proteins
BUB3.3 KAK1
Bait Peptides  Coverage Peptides Coverage
(n) (%) (n) (%)
GFP-
BUB3.3 14 54.1 85 60.7
KAK1
Zorp 15 52.2 86 61.6
GFP (0] 0 (0] (0]
c Motor domain @ Internal repeats @ Coiled coils
Full length | )
336-1,273
601-1,273
c 1600 | )
< { )
X P X
a 1-434 | J
1,080-1,273
IR1
AIR1 ( W
1-600"" | )
1 336 434 600 1,080 1,273 -L/-W/-H/-A -L/-W

Fig.3|KAKlinteracts with BUB3.3. a, Co-purification of BUB3.3 and KAK1 as
examined by MS-assisted peptide identification. The number of unique peptides
(peptides) and sequence coverage (coverage) are listed. b, Immunolocalization
images of GFP-BUB3.3 (green), KAK1-FLAG (magenta) and DNA (blue)

during mitosis. Micrographs are representative of more than 60 cells from

three independent lines with similar results. Scale bars, 5 pm. ¢, Assessment

of interactions between BUB3.3 and KAK1 variants by Y2H assay. Schematic

representation of full-length and truncated versions of KAK1 used to map BUB3.3-
binding domains via the Y2H assay. KAK1 domains are predicted using the SMART
bioinformatics tool, and different domains are indicated in the coloured boxes.
Yeast cultures are diluted to A600 values of 10,10 2and 1073, then spotted on
vector-selective (-L/-W) and interaction-selective (~L/-W/-H/-A) media. The
experiment was repeated three times with similar results. AD, activation domain;
BD, binding domain.

SAC defects in kak1 plants causes chromosome
missegregation
Although the kakl mutant cells frequently exhibited chromosome
alignment defects during metaphase, the onset of anaphase was
arrested until proper chromosome congression was achieved (Fig. 2b).
This suggested the SAC remained functionally intactin kak1 plants. By
contrast, SACsignallingis known tobedisruptedin bub3.3 plants, which
often proceed through anaphase despite the presence of misaligned
chromosomes, asreported previously®. Based on these differences, we
propose that KAK1 may facilitate chromosome congression through a
mechanism thatis separate from SAC activity. In support of this hypoth-
esis, we found that, whereas more than 60% of kakI metaphase cells
displayed congression errors, missegregated chromosomes were
hardly observed during anaphase (Extended Data Fig. 2). Conversely,
inthe bub3.3mutant, the defective SAC activity led to misaligned chro-
mosomes being presentin26.7% of the anaphase cells (Extended Data
Fig.4).Intriguingly, other known SAC mutants, suchas mps1, bmf1, bmf2
bmf3, madl and mad2 (ref. 24), did not exhibit noticeable uncongressed
chromosomes at both metaphase and anaphase (Extended DataFig. 4).
To further investigate whether the differential chromosome seg-
regation phenotypes observed between the kak1 and bub3.3 mutants
could be attributed to their relative impacts on the SAC pathway, we
introduced a Mitotic Arrest Deficient 1 (MADI) mutation into the kak1
mutantto perturb SAC signalling. Unlike the previously reported lethal-
ity of the bub3.3 madl combination®, the kakl madI plants were viable
and grew normally (Extended Data Fig. 5). However, the double mutant
exhibited enhanced sensitivity to oryzalin treatment when compared
with the single kak1 and madI mutants (Extended DataFig. 6). Live-cell

imagingrevealed that the double mutant bypassed the ‘wait-and-align’
behaviour seenin the kaklI single mutant, with 27.3% (n = 22) of mitotic
cellsundergoing premature anaphase with misaligned chromosomes
atthe spindle poles (Fig.5b and Supplementary Video 4). This chromo-
some segregation defect was more akinto the bub3.3mutant, in which
22.7% (n=22) of mitotic cells underwent anaphase with misaligned
chromosomes (Fig. 5c and Supplementary Video 5). By contrast, the
mad]I single mutant did not display chromosome congression prob-
lems during mitosis (0%, n =16) (Fig. 5a and Supplementary Video 3).

Immunofluorescence analysis for the kinetochore marker cen-
tromeric histone H3 (CENH3) further corroborated these findings
(Extended Data Fig. 7). Whereas WT plants consistently displayed ten
CENH3foci (corresponding to the Arabidopsis chromosome number) in
the forming daughter cells at the end of mitosis, the kakl madl mutant
cells (38.2%, n = 55) exhibited a distribution of aneuploid chromosome
numbers, including 9 +11 or 8 + 12 CENH3 signals. This indicates that
the premature anaphase observed in the double mutant leads to the
generation of aneuploid daughter cells.

Importantly, we alsoisolated a kakl bub3.3 double mutant, which
did not exhibit any overt growth phenotype (Extended DataFig.5),and
live-cellimaging analysis showed that the kakI bub3.3 mutant did not
exhibit more severe chromosome congression or segregation problems
when compared with the bub3.3 single mutant (Fig. 5d and Supplemen-
tary Video 6).In addition, similar to the bub3.3 mutant, the kinetochore
localization of SAC proteins like BUBI/MAD3 family protein 3 (BMF3)
and MAD1 appeared unaltered in the kaklI mutant (Extended Data
Fig.8). Takentogether, these findings indicate that KAK1 may function
inthe same pathway as BUB3.3 to regulate chromosome congression,
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kak1 background

-2

bub3.3 background

Fig. 4| KAK1and BUB3.3 exhibit interdependent kinetochore localization.
a,b, KAK1-GFP localization upon expression in kakI (a) and bub3.3 (b) mutant
backgrounds. ¢,d, GFP-BUB3.3 localization in bub3.3 (c) and kak1 (d) mutant
backgrounds. The fluorescent signals are detected using immunofluorescence

c MTs DNA

Merge

bub3.3 background

Qo

kak1 background

microscopy, with GFP-tagged KAK1 or BUB3.3 detected by anti-GFP shownin
green, MTs detected by anti-tubulin shown in magenta, and DNA detected by
DAPIshownin blue. Micrographs are representative of more than 60 cells from
three independent lines with similar results. Scale bars, 5 pm.

but unlike BUB3.3, KAK1 is unlikely to be a critical component of the
canonical SAC machinery.

Mitotic chromosome congression requires KAK1 motor
activities

Our transient expression experiments in tobacco leaves demonstrated
that the motor domain of KAK1 is capable of binding to microtubules
(Supplementary Fig. 5). To further assess the contribution of KAK1’s
motor domain to its mitotic functions, we generated KAK1 variants
lacking the motor domain (KAK1*™) or harbouring a T86N point muta-
tion at the motor domain that abolishes ATP binding (KAK1™¢Y). We
expressed both KAK1 variants in kakI seedlings using the native KAKI
promoter and found that neither variant could rescue the oryzalin
hypersensitivity of kakI seedlings, as quantified by reduced root growth
when compared with KAK1 complementary lines (Fig. 6a,b). Interest-
ingly, when expressed in kak1 plants, GFP-tagged KAK1*™ and KAK1™M
still concentrated robustly at kinetochores, similarly to the unmodi-
fied KAK1 protein (Fig. 6¢,e). Notably, although KAK1 fully rescued
chromosome congression defects in kakI plants, more than 60% of
kakI metaphase cells expressing the KAK1*™ and KAK1™¢N variants
showed misaligned chromosomes (Fig. 6¢,e). Thus, the motor activity
of KAK1is essential for ensuring chromosome congression, but not for
its kinetochore localization.

Because KAK1 is required to generate forces on mono-oriented
chromosomes todrive their congression to the cell equator, we hypoth-
esize that the loss of KAK1 from kinetochores could be the cause of
the chromosome congression failure observed in bub3.3 plants. To
test this, we engineered fusion proteins of KAK1 and BUB3.3 with the
C-terminal kinetochore-targeting sequence of the kinetochore scaf-
fold 1 (KNL1) protein. Both KNL1°~-BUB3.3 and KAK1-KNLI® localized
to kinetochores when expressed in their respective mutant lines and
successfully rescued the chromosome misalignment phenotypes
(Supplementary Fig. 6), confirming that they retained normal activi-
ties. Strikingly, KAK1I-KNL1¢was able to localize to kinetochores in the
bub3.3mutant background, where unmodified KAK1 normally losesiits
kinetochore association without BUB3.3 (Fig. 7a). Importantly, artificial
tethering of KAK1 to kinetochores was sufficient to suppress the growth

retardation caused by oryzalin treatment in bub3.3 plants (Fig. 7b).
Quantitative analysis revealed a substantial reduction in the frequency
of misaligned chromosomes in bub3.3 mutant cells expressing KAK1-
KNLIC (Fig. 7g). By contrast, targeting BUB3.3 to kinetochores by fus-
ing it with KNLIC could not rescue the frequent polar chromosomes
and oryzalin-induced growth defects in kaklI plants (Fig. 7d-g). Thus,
artificially restoring KAK1, but not BUB3.3, at kinetochores bypassed
requirements for their interdependent recruitment and functionally
complemented chromosome alignment failures.

Collectively, these domain-swap experiments place KAK1 down-
stream of BUB3.3 for its rolein chromosome congression. Our findings
indicate that BUB3.3 is required to recruit KAK1 to kinetochores, but
the presence of BUB3.3 aloneis not sufficient for proper chromosome
congression. Rather, KAK1's motor activity and the forces it generates
onmono-oriented chromosomes appear to be essential for achieving
metaphase plate alignment.

Discussion

In this Article, we identify KAK1 as a kinetochore-associated kinesin
thatinteracts with BUB3.3 and is essential for proper chromosome
congression in Arabidopsis. Although KAK1 has functional similari-
ties to animal CENP-E as a microtubule-based motor that transports
chromosomes to the metaphase plate, our findings reveal KAK1 utilizes
distinct binding partners and action modes to fulfil its functionin Arabi-
dopsis. Thus, plants have evolved connections between chromosome
bi-orientation and SAC activity through specialized architecture design
at their kinetochores. Our elucidation of KAK1's function mechanism
advances understanding of the intricate pathways governing mitotic
fidelity in plant systems.

Despite therelatively conserved kinesin-like motor domainshared
between KAK1and the animal CENP-E protein, the two proteins exhibit
substantial divergence intheir non-motor regions. A key distinctionis
the absence of the commonkinetochore-targeting domain foundinthe
C-terminal tail of CENP-E’, whichislackingin the KAK1 sequence. This
structural difference probably contributes to the distinct kinetochore
localization patterns observed between KAK1and CENP-E during mito-
sis. In animal cells, CENP-E is specifically recruited to kinetochores
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Fig. 5| Inhibition of SAC in kakl plants leads to chromosome missegregation.
a, Live-cell imaging of madl mutant plants expressing GFP-TUBG6 (green)

and histone H1.2-RFP (magenta). Representative snapshotimages are from
Supplementary Video 3. b, Live-cellimaging of kakl madI double-mutant

plants expressing GFP-TUB6 (green) and histone H1.2-RFP (magenta). Images
are from Supplementary Video 4. ¢, Live-cellimaging of bub3.3 mutant plants

at early mitosis and then degraded after metaphase®*?. By contrast,
our data show that KAK1 associates with kinetochores throughout
the entire mitotic process. This divergence in kinetochore binding
dynamics may be attributed to differences in the adaptor proteins
that mediate the localization of these kinesins. In animals, CENP-E
is known to directly interact with BUBR1, which acts as the primary

Nature Plants

expressing GFP-TUB6 (green) and histone H1.2-RFP (magenta). Representative
snapshotimages are from Supplementary Video 5.d, Live-cellimaging of kakl
bub3.3double-mutant plants expressing GFP-TUBG6 (green) and histone H1.2-
RFP (magenta). Images are from Supplementary Video 6. Arrowheads indicate
misaligned chromosomes. Scale bars, 5 pm.

recruiter of CENP-E to kinetochores during chromosome alignment
and SAC activation'®*, However, our work in plants demonstrates
thatthe BUB3.3 protein functions as the key kinetochore recruiter for
KAK1. Unlike the transient association of BUBR1 with kinetochores, the
plant-specific BUB3.3 protein remains associated with kinetochores
throughout mitosis?. This differential kinetochore binding behaviour
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Fig. 6| KAK1 ensuring chromosome congression requires its motor activity.
a, Growth phenotypes of 10-day-old seedlings expressing KAK1, the motor
domain deleted KAK1*™ and the motor activity-defective KAK1™" variants with
and without 100 nM oryzalin treatment. Scale bars, 1 cm. b, Quantification of
root lengths in seedlings with and without oryzalin treatment. Bars represent
means * s.d. of six seedlings per genotype. Statistical significance (***P <10"®) was
determined by one-way ANOVA with post-hoc Tukey’s test. The experiment was

¢ KAKI

et
100%, n = 90

63%, n =100

repeated three times with similar results. c-e, Localization of KAK1 (c), KAK1*M
(d) and KAK1™N (e) in the kakl mutant background. The fluorescent signals

are detected by immunofluorescence and merged images have GFP-tagged
proteins detected by anti-GFP shown in green, MTs detected by anti-tubulin
shown in magenta and DNA detected by DAPIshown in blue. Arrowheads indicate
misaligned chromosomes. Micrographs are representative of at least

90 cells from three independent lines with similar results. Scale bars, 5 pm.

probably contributes to the persistent localization of KAK1 at the kine-
tochores compared with the more dynamic recruitment of CENP-E.

Thedirectinteraction between KAK1and BUB3.3 provides molecu-
larinsightsinto how plants coordinate chromosome alignment and SAC
signalling at kinetochores. In animal cells, CENP-E not only regulates
chromosome congression, but is also thought to play a crucial role
in SAC activation”. CENP-E has been shown to interact with multi-
ple SAC components, including BUBR1 and MADI (ref. 29), and can
even mediate the activation and autophosphorylation of the BUBR1
kinase'*%*!, The phosphorylated form of BUBRI can then directly
inhibit the anaphase-promoting complex/cyclosome by reducing the
association of the MAD1-MAD2 complex at unattached kinetochores™.
Thus, CENP-E is considered to be a key player in SAC signalling via
this BUBR1-dependent pathway. By contrast, our findings suggest
that KAK1does not appear to be a critical component of the core SAC
machineryinplants. Although the kakl mutant cells exhibit widespread
chromosome misalignment at metaphase, these cells are still largely
abletoarrest at this stage, preventing premature anaphase entry. This
isin contrast to the bub3.3mutant, which displays frequent anaphase
segregation defects indicative of acompromised SAC.

Our previous work has demonstrated that BUB3.3 has core func-
tions in SAC activation through interacting with BMF3 to recruit
the protein cell division cycle 20 (CDC20)*. Here we further reveal
that BUB3.3 also plays a critical role in the process of chromosome
congression, achieved through its ability to tether the KAK1 motor
to kinetochores. It is intriguing that in the absence of KAK1, BUB3.3
also fails tolocalize to kinetochores. This finding is somewhat unex-
pected, given that our domain-swap experiments revealed that KAK1
functions as a kinesin motor downstream of BUB3.3 for aligning

chromosomes. We propose that BUB3.3 and KAK1 may first form a
cytoplasmic complex before being recruited to kinetochores. When
mitosis is initiated, this preformed BUB3.3-KAK1 complex is then
targeted to kinetochores.

Eventhoughthekinetochorelocalization of BUB3.3 requires KAKI,
we propose that BUB3.3 may be able to interact withBMF3in the cyto-
plasm, eveninthe absence of KAK1-mediated recruitment. This poten-
tial cytoplasmicinteraction could support continued formation of the
mitotic checkpoint complex containing CDC20, thereby leading to the
metaphase arrest phenotype observed in the kakI mutant. By contrast,
the bub3.3 mutant, which lacks this BUB3.3-BMF3 interaction alto-
gether, isunable to properly activate the SAC*. Interestingly, disrupting
SAC signalling through loss of MAD1in kak1 plants causes precocious
anaphase onset with misaligned chromosomes, which is reminiscent
of the anaphase phenotype in bub3.3 plants. This genetic interaction
indicates that KAK1and the SAC (atleast MAD1) cover complementary
branches of mitotic regulation governed by BUB3.3. Furthermore, the
viability of kak1 madI plants versus the lethality of bub3.3mad1 plants®
highlights the essential nature of BUB3.3 at the core of multiple control
pathways ensuring chromosome segregation fidelity.

Our research also indicates that plants have developed distinct
strategies in coordinating the complex regulatory networks governing
faithful chromosome segregation at kinetochores, which are unlike any
previously known canonical pathways. This probably reflects the rapid
evolution of kinetochore components in plants compared with other
eukaryotes®**, Although the core scaffolding roles are maintained
among plant kinetochore proteins, variations in protein interaction
motifs and signalling mechanisms have led to divergent functional
wiring®. For example, in animal cells, the BUB3 protein always interacts
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Fig. 7| KAK1 functions downstream of BUB3.3 at kinetochores for mitotic
chromosome congression. a, Localization of KAK1-GFP and KAK1-KNL1°-GFP
inthe bub3.3 mutant background. The fluorescent signals are detected by
immunofluorescence and merged images have GFP-tagged proteins detected
by anti-GFP showningreen, MTs detected by anti-tubulin shown in magenta,
and DNA detected by DAPIshown in blue. Arrowheads indicate misaligned
chromosomes. b, Growth comparison of10-day-old seedlings of WT, bub3.3
and bub3.3-expressing KAK1 derivatives with and without 100 nM oryzalin
treatment. ¢, Quantification of root lengths in the seedlings shown in b, values
aremeans = s.d. from six seedlings per genotype. Asterisks indicate notable
differences determined by one-way ANOVA with Tukey test (***P<107°).
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d, Immunofluorescence localization of GFP-BUB3.3 and GFP-KNL1“-BUB3.3in
the kakl mutant background. Arrowheads indicate misaligned chromosomes.

e, Growth comparison of 10-day-old seedlings of WT, kak1 and kakI-expressing
BUB3.3 derivatives with and without 100 nM oryzalin treatment. f, Quantification
of root lengthsin the seedlings shownin e, values are means + s.d. from six
seedlings per genotype, and the asterisks indicate statistically differences (one-
way ANOVA with Tukey test, ***P <107°). g, Quantitative assessment of metaphase
cells exhibiting misaligned chromosomes in different plants. Scale bars, 5 um
(a,d),1cm (b,e). The data are representative of three independent experiments
with similar results.

with BUB1and BUBRI1 proteins containing the Gle2-binding sequence
domain, as well as the kinetochore scaffold protein KNL1, by recogniz-
ing the phosphorylated Met-Glu-Leu-Thr motifs**. However, these
canonical interaction modes observed in animal systems may not apply
directly to flowering plants, because the plant-specific BMF and KNL1
proteins do not share the Gle2-binding sequence and Met-Glu-Leu-Thr
domains®. Instead, several recent studies have revealed that plants
established alternative interaction domains and modules to assemble
similar molecular complex at kinetochores. For instance, in Arabidop-
sis, the KNL1 protein evolves a eudicot-specific domain that can inde-
pendently recruit the BUB3.3 and BMF3 proteins to kinetochores*?%,
and BUB3.3 specifically binds to BMF3 via two IR motifs®. Interestingly,
BUB3.3 also builds an interaction with the KAK1 kinesin through an
IR domain within the KAK1 stalk region. Notably, the two IR domains
within the KAK1 stalk display relatively low sequence similarity. This
suggests that the IRl and IR2 domains of KAK1 may have divergent
functions, which could explain why only the IR1 domain is required

for binding to BUB3.3, whereas the IR2 domain does not contribute
to this interaction. Importantly, there is also no sequence similarity
between the IR regions of KAK1 and those found in the BMF3 protein.
These observations suggest that the Arabidopsis BUB3.3 protein has
the ability torecognize and bind to different types of IR motifs present
invarious kinetochore proteins. However, the precise mechanisms by
which plant BUB3.3 reads and discriminates between the distinct IRs
remains an intriguing open question. Overall, the alternative archi-
tectures observed from the plant-specific orthologues of KNL1, BMFs,
BUB3 and KAK1suggest that the proteininteractions and connections
at the kinetochore interface have been tailored specifically to the
plant lineage. Ongoing identification of new kinetochore-associated
proteins in plants will help reconstruct the architectural blueprints
that are specific to the plant kingdom. Ultimately, determining how
conserved scaffolds are adapted in distinct lineages will provide key
evolutionary insights into the plasticity of cell division mechanisms
across eukaryotes.
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Although the KAK1 proteinis essential for efficient chromosome
congression, our findings indicate that additional proteins probably
cooperate with KAK1 to ensure proper movement of chromosomes.
We observe that the kakI mutant cells can eventually achieve full meta-
phase plate alignment of chromosomes, albeit after adelay, suggesting
the existence of redundant mechanisms for chromosome congres-
sion.Inanimals, a coordinated ensemble of motor proteins, including
dynein and various kinesins such as CENP-E, kinesin-4, kinesin-10 and
kinesin-13, act together to steer chromosome movements along the
spindle microtubules®*. Although plants lack the dynein motor,
they possess multiple kinesin families whose mitotic functions remain
largely unexplored'®**. Identifying potential kinetochore-associated
partners that act in conjunction with KAK1 will provide key insights
into robust chromosome transport mechanisms used in plants. For
instance, are there complementary microtubule motors that can take
over when the KAKI1 function is disrupted? Or are there adaptor pro-
teins that can bridge KAK1 to the microtubule lattice or plus ends?
Elucidating these questions will enhance understanding of the remark-
able adaptability and built-in redundancy of plant cell division control
pathways.

In summary, our study defines the essential role of KAK1in chro-
mosome congression and reveals unique regulatory strategies used
at plant kinetochores. Further investigation into the regulation and
microtubule coupling mechanisms of KAK1 will provide deeper insights
into the chromosome congression mechanismsin plants. A particularly
important question to address is how KAK1 integrates chromosome
alignment signals with its own motor activity. It will be intriguing to
elucidate whether there are any post-translational modifications, such
as phosphorylation events, involved in the regulation of KAK1's motor
activity, analogous to the Aurorakinase-dependent pathways observed
in animal cells**¢, Unravelling these molecular details willadvance our
understanding of how the intricate protein machinery assembled at
plant kinetochores enables the dynamic yet accurate movements of
chromosomes during cell division.

Methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col) was used as the WT con-
trolin this study. The kakI mutant was isolated from the seed stock
of SALK_ 115677, which was obtained from the Arabidopsis Biological
Research Center at Ohio State University. The bub3.3 (SALK_022904)
mutant was described previously”. All plants were grown in an envi-
ronmentally controlled chamber under a16 hlight and 8 h dark cycle
at 22 °C. Agrobacterium tumefaciens strain GV3101 was used for floral
dipping-based transformation in Arabidopsis. Seedlings for live-cell
imaging and immunolocalization experiments were produced on
solid medium containing 1/2 Murashige Skoog basal medium and
0.8% phytagel.

For genotyping of the kakl mutant, kakl-LP (CTTAAAATAGCAT-
GACAAAAGGGG) and kak1-RP (TTGCAGGTATTATCCAATGTTTTG) were
used for amplification of the KAK1 allele; kakl-RP and LBbl.3 were used
foramplification of the kak1 allele. Genotyping of bub3.3and other SAC
gene mutants was performed as previously described**.

For oryzalin-sensitivity examination, seeds were germinated on
1/2 Murashige Skoog solid medium supplied with 100 nM oryzalin
from100 mM stock previously dissolved in dimethyl sulfoxide. Plates
containing equal volumes of dimethyl sulfoxide were used as the mock
control. Seedlings grown on plates with or without oryzalin were pho-
tographed and root length was measured by the ImageJ software.

Construction of expression vectors

To produce KAK1-GFP and KAK1-FLAG constructs, a10,283-bp KAK1
genomic fragment, which contains a 2,034-bp promoter region
and deletes the stop codon, was amplified and recombined into the
pDONR221 vector using BP clonase (ThermoFisher Scientific). The

resulting pENTR-gKAK1 was then recombined with pGWB650 and
pGWB&610 via LR recombination reactions (ThermoFisher Scientific)
toyield C terminus GFP and FLAG fusions. The binary vectors of GFP-
BUB3.3, BMF3-GFP, GFP-MAD], histone H1.2-TagRFP and GFP-TUB6,
which were expressed by their native promoters, were described
previously***.

Alltruncations of KAK1 were expressed under the native KAK1 pro-
moter by using the pENTR-gKAK1 plasmid as the template. This back-
bone was amplified to remove the motor domain or mutate the Thr86
residue to Asn through polymerase chain reaction-based site-directed
mutagenesis. These truncated entry vectors are recombined into the
pGWBG650 vector by LR clonase, to yield a translational fusion with a
C terminus GFP. Primer pairs for plasmid construction are listed in
Supplementary Table1.

Protein sequence alignment and phylogenetic analysis
Theannotationofeach protein sequence was based oninformationfrom
the ArabidopsisInformation Resource (https://www.arabidopsis.org/)
and UniProt database (https://www.uniprot.org/). Sequence alignment
was performed using the ClustalW method in MEGA software, and the
aligned sequences were further annotated usingJalview. The conserva-
tionlevels of the amino acids were evaluated using the BLOSUM®62 scor-
ing matrix. Annotations of protein domains and motifs were conducted
based on datafrom the SMART database (http://smart.embl.de/).

For the phylogenetic analysis, the protein sequences were aligned
using the MUSCLE method, followed by construction of the phylo-
genetic tree via the neighbour-joining method in MEGA. Gaps in the
aligned sequences were automatically removed by MEGA using the
complete-deletion option. The reliability of the phylogenetic tree was
assessed through 1,000 bootstrap replicates.

RNA isolation and complementary DNA synthesis

Total RNA was extracted from the flower buds of 5-week-old plants
using the MolPure TRleasy Plus Total RNA Kit (Yeasen Biotechnol-
ogy, catalogue no. 19211ES) according to the manufacturer’s instruc-
tions. The extracted RNA was then treated with DNase I to remove any
genomic DNA contamination. For cDNA synthesis, approximately 1 pg
of purified total RNA was reverse transcribed using the M-MLV Reverse
Transcriptase Kit (ThermoFisher Scientific, catalogue no. 28025013)
with oligo(dT),s.

Yeast two-hybrid assay

For the Y2H assay, the coding sequence of KAK1 was amplified and
cloned into pDONR221 via BP clonase. The entry vector containing
the KAK1 coding sequence was linearized by polymerase chain reac-
tion to produce truncated KAK1 vectors. The entry vector containing
the coding sequence of BUB3.3 was described as published”. All the
subcloned cDNA entry vectors were recombined into pGADT7-GW
(Addgene, catalogue no. 61702) or pGBKT7-GW (Addgene, catalogue
no. 61703) via LR recombination reactions. The resulting constructs
were transformed into the yeast strain AH109 and were spotted on
synthetic dextrose plates without Leu and Trp (-L/-W; control media)
or without Leu, Trp, His and Ade (-L/-W/-H/-A; selection media) and
photographed after incubation at 30 °C for 2 days.

In vitro protein expression and pull-down assay

For recombinant protein productions, entry clones containing cod-
ing sequences of BUB3.3 and KAK1 truncations were recombined into
pDEST565 (Addgene, catalogue no. 11520) or pDEST566 (Addgene,
catalogueno.11517) through LR clonase. These plasmids allow expres-
sion of GST- or MBP-tagged fusion proteins in the E. coli BL21 host
strain. The fusion proteins were purified using glutathione HiCap
matrix (Qiagen, catalogue no. 30900) or MBPSep dextrin agarose
resins (Yeasen Biotechnology, catalogue no. 20515ES) according to
the manufacturer’s instructions.
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For pull-down assays, MBP or MBP-fused truncated KAK1 proteins
wereincubated with equalamounts of GST-tagged BUB3.3 immobilized
onglutathione resins. Protein binding reactions were performed in 1x
TBST buffer (20 mM Tris-HCI pH 8.0,150 mM NacCl, 0.2% Triton X-100)
at 4 °C for 2 h with gently rotation. After washing five times with 1x
TBST, the resins were collected by centrifugation at 5,000g for 1 min.
Bound proteins were boiled in 50 pl of 1x sodium dodecyl sulfate (SDS)
sample buffer for 10 minat100 °C, then separated by SDS-polyacryla-
mide gel electrophoresis and transferred to a polyvinylidene difluoride
membrane. The membrane was washed with 1x TBST, and primary anti-
bodies dilutedin 1x TBS buffer (20 mM Tris-HCI pH 8.0,150 mM NaCl,
0.2% Triton X-100) were added to the membrane for a 3-h incubation.
The primary antibodies used were mouse anti-MBP immunoglobulin
G (IgG) and mouse anti-GST IgG (1:10,000, GenScript, catalogue nos.
A00190 and AO0865). After washing the membrane with1x TBST, it was
incubated for1 h with secondary horseradish peroxidase-conjugated
goat anti-mouse IgG (1:10,000, ThermoFisher Scientific, catalogue no.
31430) diluted in 1x TBS. Finally, the membrane was washed with 1x
TBST, and the chemiluminescence was detected using an ECL Chemilu-
minescent Substrate Kit (Yeasen Biotechnology, catalogue no. 36222)

Affinity purification and mass spectrometry

Proteins were extracted from control Arabidopsis plants and transform
plants expressing the GFP fusions with KAK1and BUB3.3. In brief, flower
buds from 5-week-old plants were frozenin liquid nitrogen and ground
to powder using a mortar and pestle. An extraction buffer containing
50 mM Tris-HCI, pH 8.0, containing 150 mM NaCl and 1% Triton X-100
was added tothe powder andincubatedat4 °Cfor1h. The supernatant
was collected after centrifugation at 15,000g and filtration through a
5-umsyringe filter (PALL, catalogue no.4650). The GFP fusion proteins
were purified with GFP antibody-conjugated magnetic beads according
to the manufacturer’s instructions (Miltenyi Biotecm, catalogue no.
130-091-125) and subjected to SDS-polyacrylamide gel electrophoresis
with10% polyacrylamide gels.

To identify co-purified proteins, the gels were stained with Page-
Blue protein staining solution (ThermoFisher Scientific, catalogue
no.24620) and the stained bands were then excised from the gels and
subjected toin-gel trypsin digestion. This involved incubating the gel
pieces with sequencing-grade modified trypsin at 37 °C for 16 h to
enzymatically break down the proteins into peptides. The resulting
peptide mixture contained phosphorylated peptides that were ana-
lysed using liquid chromatography tandem MS by Shanghai Luming
Biological Technology Co., Ltd.

Immunolocalization and fluorescence microscopy

For immunofluorescence staining experiments, root tips containing
meristematic zones were collected from 5-day-old Arabidopsis seed-
lings and fixed for 45 min at room temperature in PME buffer (50 mM
PIPES, pH 6.9, 5 mM MgS0,, 1 mM EGTA and 4% formaldehyde). Fixed
tissues were washed three times in PME buffer, treated for 15 min with
1% cellulase (OnozukaRS, Yakult) and squashed onto slides. Fixed cells
on slides were incubated for 15 min in PME buffer with 0.5% Triton
X-100 followed by 10 minin methanol. Fixed cells were thenincubated
overnight at4 °Cwith primary antibodies including GFP recombinant
rabbit monoclonal antibody (1:500, ThermoFisher Scientific, cata-
logue no. G10362), DM1A mouse anti-a-tubulin monoclonal antibody
(1:1,000, Abcam, catalogue no. ab7291), 9A3 mouse anti-FLAG mono-
clonal antibody (1:1,000, Cell Signaling Technology, catalogue no.
8146) and rabbit-anti CENH3 polyclonal antibody (1:500, PhytoAB,
catalogue no. PHY7449A) diluted in phosphate-buffered saline con-
taining 3% (w/v) bovine serum albumin. After washing three times in
phosphate-buffered saline, secondary antibodiesincluding Alexa Fluor
488-conjugated goat anti-rabbit IgG and Alexa Fluor 555-conjugated
goat anti-mouse IgG (1:1,000, ThermoFisher Scientific, catalogue nos.
A32731and A32727) were applied for 2 h at room temperature. Slides

were finally mounted with SlowFade Diamond Antifade containing
DAPI (ThermoFisher Scientific, catalogue no. S36973). Stained cells
were observed under an Eclipse 600 microscope equipped with ax100
Plan-Apo objective (numerical aperture 1.45, Nikon). The excitation
wavelengths used were 364 nm for 4’,6-diamidino-2-phenylindole
(DAPI), 488 nm for the Alexa Fluor 488-conjugated secondary antibody
and 561 nm for the Alexa Fluor 555-conjugated secondary antibody.
The emission filters were set to 420-470 nm for DAPI, 500-550 nm
for the Alexa Fluor 488 channel and 570-650 nm for the Alexa Fluor
555 channel. Images were acquired by a panda sCMOS camera (PCO
Imaging) and processed in Image].

For live-cell observation, root meristem cells of 5-day-old seedlings
were observed using a LSM880 spinning-disk confocal microscope
equipped with a X100 oil-immersion objective (numerical aperture
1.40, Carl Zeiss), with GFP (excitation 488 nm, emission 500-550 nm)
and RFP (excitation 561 nm, emission 570-650 nm) filter sets.
Time-lapse images were acquired using the ZEN 2 software package
(Carl Zeiss) and processed in ImageJ. Figures were assembled in Pho-
toshop CS6 (Adobe) for the final presentation.

Statistical analysis

For all quantitative comparisons between experimental treatments or
phenotypes, we performed analysis of variance (ANOVA) tests using
GraphPad Prism v.9.0.0 software. The significance of the differencein
more than two groups was determined by one-way ANOVA followed by
Tukey-Kramer test. The specific Pvalues as well as the sample sizes (n)
for each dataset, arereported directly inthe figures or figure legends.

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

Data availability
Alldata of this study are available in the main text or the Supplementary
Information. Source data are provided with this paper.
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Extended Data Fig. 1| KAK1 belongs to the kinesin-7 group. The phylogenetic
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tree shows the evolutionary relationship of the KAK1 protein from the plant
species A. thaliana to other members of the kinesin-7 subfamily, including
CENP-E from H. sapiens and KIP2 from S. cerevisiae. Amino acid sequences are
aligned using the MUSCLE method. The tree is constructed using the
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acid substitutions per site. The reliability of each branch is shown by the score
next to each node, with the highest value being 100.
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Extended Data Fig. 2 | Defective chromosome congression in the kak1 green, and DNA detected by DAPI shown in magenta. Scale bars, 5 um.
mutant. a, Chromosomes congression and segregation in WT and kakI plants b, Quantitative assessment of cells exhibiting misaligned chromosomes at
with or without oryzalin treatment. The fluorescent signals are detected by metaphase and anaphase.
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Extended Data Fig. 5| Loss of KAK1in mad1 and bub3.3 mutants does not affect plant growth. Representative image of growth phenotypes of 3-week-old WT, kak1,
madl, kakl madl, bub3.3, and kak1 bub3.3 plants. Scale bars,1cm.
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Extended DataFig. 6 | The kak1 mad1 double mutant exhibits increased inthe seedlings with and without oryzalin treatment. Graph bars represent
sensitivity to oryzalin treatment. a, Representative images of 10-day-old means + SD of six seedlings per genotype. The statistical significance (***P <10°)
seedlings of the WT, kakl, mad1, and kakl mad1 genotypes, grown either with was determined by one-way ANOVA followed by Tukey test. The experiment was
or without 75 nM oryzalin. Scale bars, 1 cm. b, Quantification of root lengths repeated three times with similar results.
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Extended Data Fig. 7| The kakl mad1 double mutant generates aneuploid aberrant chromosome segregation patterns. In the double mutant cells, the
daughter cells. a, Representative immunofluorescence images of WT cells daughter cell pairs exhibit an unequal distribution of kinetochore signals, with
(n=52) atthe end of mitosis, where the forming daughter cells consistently pairs having 9 + 11 or 8 + 12 CENH3 signals. The immunofluorescence images
exhibit 10 kinetochore signals, as detected by the anti-CENH3 antibody (green). are obtained through confocal-based z-stack projections of cells undergoing
The MTs (magenta) and DNA (blue) are also visualized. b, Representative cytokinesis, allowing the visualization of all kinetochore signals in the forming
immunofluorescence images of kakl madl mutant cells (n = 55) displaying daughter cells. Scale bars, 5 pm.
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Extended Data Fig. 8 | KAK1is not essential for kinetochore localization of
core SAC proteins. a-b, GFP-MADL1 is detected at kinetochores upon expression
in madl mutant (a) and kakI mutant (b) backgrounds in representative cells at
prophase (top row) and metaphase (bottom row). c-d, BMF3-GFP is detected
atkinetochores upon expression in bmf3 mutant (c) and kakI (d) mutant
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backgrounds. The fluorescent signals are detected by immunofluorescence and
merged images have GFP-tagged proteins detected by anti-GFP shownin green,
MTs detected by anti-tubulin shown in magenta, and DNA detected by DAPI
showninblue. Micrographs are representative of more than 60 cells from three
independent lines with similar results. Scale bars, 5 pm.
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