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Role of the BUB3 protein in phragmoplast
microtubule reorganization during cytokinesis

Hongchang Zhang'?¢, Xingguang Deng?3¢, Baojuan Sun?*, Sonny Lee Van?, Zhensheng Kang®,
Honghui Lin3, Yuh-Ru Julie Lee ®?* and Bo Liu®?*

The evolutionarily conserved WD40 protein budding uninhibited by benzimidazole 3 (BUB3) is known for its function in spindle
assembly checkpoint control. In the model plant Arabidopsis thaliana, nearly identical BUB3;1 and BUB3;2 proteins decorated
the phragmoplast midline through interaction with the microtubule-associated protein MAP65-3 during cytokinesis. BUB3;1
and BUB3;2 interacted with the carboxy-terminal segment of MAP65-3 (but not MAP65-1), which harbours its microtubule-
binding domain for its post-mitotic localization. Reciprocally, BUB3;1 and BUB3;2 also regulated MAP65-3 localization in the
phragmoplast by enhancing its microtubule association. In the bub3;1bub3;2 double mutant, MAP65-3 localization was often
dissipated away from the phragmoplast midline and abolished upon treatment of low doses of the cytokinesis inhibitory drug
caffeine that were tolerated by the control plant. The phragmoplast microtubule array exhibited uncoordinated expansion pat-
tern in the double mutant cells as the phragmoplast edge reached the parental plasma membrane at different times in differ-
ent areas. Upon caffeine treatment, phragmoplast expansion was halted as if the microtubule array was frozen. As a result,
cytokinesis was abolished due to failed cell plate assembly. Our findings have uncovered a novel function of the plant BUB3 in

MAP65-3-dependent microtubule reorganization during cytokinesis.

repeat protein that is highly conserved among eukaryotic

organisms'. In fungi and animals, BUB3 is an essential compo-
nent of the spindle assembly checkpoint (SAC), which ensures that
all sister chromatids are attached to kinetochore fibres originating
from opposite poles of the bipolar spindle before anaphase onset.
Before satisfying such a biorientation, the SAC is activated and
BUB3 interacts with a conserved Gle-binding site (GLEBS) domain
in the BUBLI and the BUBI1-related protein 1 (BUBRI; also known
as mitotic arrest defect 3 (MAD3)) proteins to ultimately inhibit the
anaphase-promoting complex or cyclosome’. When the SAC mech-
anism is dismantled, mitosis proceeds without having all of the
chromosomes properly aligned. In fungi, mutants that are defective
in the SAC become hypersensitive to microtubule-depolymerizing
drugs, with low doses causing lethality”. In mammals, the loss of
the BUB3 gene leads to embryonic lethality*.

The model flowering plant Arabidopsis thaliana has homolo-
gous genes encoding BUB1, BUBRI and BUB3-like proteins™.
Surprisingly, all the plant BUB1/MAD?3 family proteins 1/2/3 (also
known as BMF1/2/3) lack the canonical BUB3-interacting GLEBS
domain, and upon SAC activation, decorate spindle microtubules
instead of kinetochores®. Three BUB3 proteins are encoded by the
A.thaliana genome: nearly identical BUB3;1 and BUB3;2 display
high sequence identity to BUB3 proteins from other kingdoms,
whereas BUB3;3 is more divergent®. A mutant carrying a transfer
DNA (T-DNA) insertion in the BUB3;1 gene was reported to cause
female gametophytic lethality®. However, the linkage between the
genotype and the phenotype has not been demonstrated by means
of genetic suppression or complementation tests. Furthermore,
BUB3;1 and BUB3;2 probably play redundant roles according to

B udding uninhibited by benzimidazole 3 (BUB3) is a WD40

their nearly identical amino acid sequences and similar expression
patterns that are evident in tissues enriched with actively dividing
cells (http://jsp.weigelworld.org/expviz/expviz.jsp).

An earlier systematic query for proteins interacting with impor-
tant factors of the cell cycle has uncovered a surprising interaction
between BUB3;2 and the microtubule-associated protein MAP65-3
by the yeast two-hybrid assay’. MAP65-3 is a cytokinesis-specific
MAP65 isoform in A.thaliana and functions in crosslinking or
bundling antiparallel microtubules in the spindle midzone during
late anaphase and in the phragmoplast midline during cytokine-
sis®!. Furthermore, upon overexpression in tobacco cells or when
expressed in A.thaliana, green fluorescent protein (GFP) fusion
with the Arabidopsis BUB3;1 decorates the phragmoplast midline
in cytokinetic cells*®. This further supports the in vivo BUB3;1-
MAP65-3 association, although the authenticity of the association
would need to be verified in the plant from which the proteins are
identified. Nevertheless, these lines of evidence, together with the
fact that Arabidopsis BMF proteins lack the GLEBS domain, sug-
gest that plant BUB3 proteins may not exercise similar functions in
mitosis as their fungal and animal counterparts. Instead, they were
proposed to play a role in the phragmoplast during cytokinesis.

To test this hypothesis, we isolated mutants carrying T-DNA
insertions at the BUB3;1 and BUB3;2 loci in A. thaliana and found
that even double homozygous mutant plants grew indistinguish-
ably from the wild-type control. The BUB3;1/BUB3;2-GFP fusion
proteins, when expressed under their endogenous promoter in
their corresponding mutation backgrounds, demonstrated dynamic
redistribution from interphase nuclei to microtubules in the spindle
midzone during late stages of anaphase and the phragmoplast mid-
line during cytokinesis. The bub3;1 bub3;2 double mutant exhibited
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a phenotype of uncoordinated phragmoplast expansion and cyto-
kinesis became hypersensitive to the cytokinesis-disturbing drug
caffeine. Thus, these findings provide compelling evidence that the
plant BUB3 protein has acquired distinct roles in phragmoplast-
based cytokinesis.

Results

To determine the localization of physiologically relevant quanti-
ties of BUB3;1 and BUB3;2, their fusions with GFP were expressed
under the control of their own promoters. BUB3;1-GFP localized
to the nuclei in interphase cells (arrows, Fig. 1A,a) and became dif-
fuse following nuclear envelope breakdown (asterisk, Fig. 1A,a).
When mitosis progressed, BUB3;1-GFP became concentrated in
the middle region of the cell, as if decorating the bundles of micro-
tubules in the spindle midzone (arrowheads at 3405, Fig. 1A,b and
Supplementary Video 1). Such broadly localized signal was later
gradually narrowing down and became concentrated in the mid-
plane of the dividing cell, towards the centre (arrowheads, Fig. 1A,b
and Supplementary Video 1). The signal later expanded towards the
periphery, concomitantly with its appearance and concentration in
the reformed daughter nuclei (arrows, Fig. 1A,b and Supplementary
Video 1). Similarly, BUB3;2-GFP, when expressed under the native
BUB3;2 promoter, was detected in the interphase nucleus and the
midzone of cells undergoing cytokinesis (data not shown), similarly
to what was reported earlier®. This result suggests that BUB3;1 and
BUB3;2 act similarly during cell division in A. thaliana as one would
predict from their nearly identical amino acid sequences. Because
BUB3;1 and BUB3;2 are nearly identical in their primary amino
acid sequences and exhibit identical localization in the phragmo-
plast midzone, our following analyses were focused on BUB3;1.

We then performed dual localization of BUB3;1 and micro-
tubules by immunofluorescence. BUB3;1-GFP was found to be
concentrated in the midline of the phragmoplast microtubule
array following the establishment of clear bipolarity (Fig. 1B,a).
It appeared in both the phragmoplast midline and the daughter
nuclei (Fig. 1B,b). Thus, BUB3;1 localizes at or near the plus ends
of phragmoplast microtubules during cytokinesis, where MAP65-3
is also detected’.

We took a step further to determine the spatial relationship
between BUB3;1 and MAP65-3 in dividing cells. In cells that are
towards the end of anaphase, BUB3;1-GFP just became discernible
in the spindle midzone when MAP65-3 was already abundantly
present in a concentrated manner and probably being associated
with microtubule bundles (Fig. 1C,a). This result indicates that
MAP65-3 decorates microtubules in the spindle midzone before
BUB3;1 or BUB3;2. When MAP65-3 became restricted at the
midline in the phragmoplast, BUB3;1 exhibited a similar local-
ization pattern (Fig. 1C,b). These in vivo data support the notion
that MAP65-3 and BUB3;1 or BUB3;2 interact in developing
phragmoplasts.

We went on to examine the interaction between BUB3;1 and
MAP65-3 as suggested by the yeast two-hybrid assay’. First, we
tested whether BUB3;1 interacted with MAP65-3 or with other
MAPG65 isoforms, as well using a modified bimolecular fluorescence
complementation (BiFC) assay as described previously'. It was
found that BUB3;1 established BiFC with MAP65-3 and generated
a yellow fluorescence signal along cortical microtubules that was
emitted by the reconstituted Citrine fluorophore, similar to the pos-
itive BiFC established by MAP65-3 homodimerization (Fig. 2A,B).
No Citrine signal was detected when BUB3;1 bound to a carboxy-
terminal Citrine fragment (BUB3;1-cCitrine) and MAP65-1 bound
to an amino-terminal Citrine fragment (MAP65-1-nCitrine) were
co-expressed in tobacco cells (Fig. 2B). Thus, the BUB3-MAP65
interaction is apparently isoform specific.

We then dissected which domain(s) in MAP65-3 were respon-
sible for the interaction. Because the MAP65 family proteins can
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Fig. 1] BUB3;1 colocalizes with MAP65-3 in the phragmoplast midline.

A, BUB3;1-GFP in living cells. The BUB3;1-GFP signal is detected in interphase
nuclei (arrows) and in the cytosol after nuclear envelope breakdown (asterisk)
(Aa). Snapshots of BUB3;1-GFP at late stages of mitosis and cytokinesis

in the cell highlighted by the asterisk in Aa are shown (Ab). In Ab, the
arrowheads point at the concentration of BUB3;1-GFP in the spindle midzone
(3405s) and the phragmoplast midline (after 445s). Towards later stages of
cytokinesis, BUB3;1-GFP returns to the reforming daughter nuclei (arrows,
1,0755s). B, Triple localization of BUB3;1 (green), microtubules (MTs, red) and
DNA (blue) in cells undergoing cytokinesis with the indicated colours in the
merged images. BUB3;1 s highly concentrated in the phragmoplast midline
(arrowheads) when the bipolar microtubule array is discerned (Ba). At later
stages, BUB3;1remains in the midline of the expanding microtubule array
(arrowheads) and enters the reforming nuclei (Bb). C, Triple localization

of BUB3;1 (green), MAP65-3 (red) and DNA (blue) in cells undergoing
cytokinesis with the indicated colours in the merged images. BUB3;1 s barely
detected in the anaphase spindle midzone when MAP65-3 is abundantly
detected as if on the microtubule bundles (red arrowheads; Ca). At later
stages of cytokinesis, the two signals overlap well (green and red arrowheads;
Cb). Experiments in A were repeated independently five times and three times
in B and C with similar results. Scale bars, 5um.
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Fig. 2 | BUB3;1interacts with MAP65-3 for its phragmoplast localization. A, An illustration of the full-length MAP65-3 and BUB3;1 polypeptides and the
derived fragments that are used in the BiFC tests shown in panel C. BUB3;1"?, BUB3;1 truncation with the WD40 repeats only. B, BUB3;1 interacts with
MAP65-3 in BiFC. Fluorescent signals decorating the cortical microtubules are reconstituted by nCitrine and cCitrine fragments when they are both fused
with MAP65-3 that serve as the positive control because of self-dimerization. MAP65-3-nCitrine, but not MAP65-1-nCitrine, and BUB3;1-cCitrine restore
yellow fluorescence due to BiFC. C, Only full-length BUB3;1 interacts with MAP65-3+2, The reconstituted fluorescent signal is detected exclusively in the
nuclei (arrows) due to the nuclear localization of BUB3;1. D, Immunopurification of the bait protein BUB3;1-GFP. MAP65-3 and BUB3;2 are co-purified with
the bait (arrowheads) in the right lane. The left lane includes the molecular weight markers in kDa (shown to the left). E, BUB3;1, BUB3;2 and MAP65-3
are detected by mass spectrometry-assisted peptide identification. The table illustrates the total peptides, unique peptides and coverages of the proteins
by the identified peptides. F, MAP65-3-dependent BUB3;1 localization. In the map65-3-mutant cells undergoing cytokinesis, BUB3;1is no longer detected
at early (Fa) or late (Fb) stages of phragmoplast development when bipolar microtubule arrays can be discerned. MTs, red; DNA, blue in merged images.
Experiments in B, C and F were repeated independently three times and two times in D with similar results. Scale bars, 20 um (B and C) and 5um (F).

be roughly divided into the amino-terminal dimerization segment
(MAP65-3N) and the carboxy-terminal microtubule-binding part
(MAP65-3°)"%, we found that no interaction took place between the
dimerization domain MAP65-3Y and BUB3;1 (Fig. 2C). A positive
Citrine signal was detected in the nuclei when BUB3;1-cCitrine was
co-expressed with MAP65-3“*2-nCitrine, indicating the interac-
tion between the two fusion proteins (Fig. 2C). The nuclear localiza-
tion further supported the interaction because the C1+2 fragment
of MAP65-3 (MAP65-3¢'*2), including amino acids 341-707, would
normally decorate cortical microtubules'’. As BUB3;1 localizes to
interphase nuclei®, the interaction recruited MAP65-3¢'+? to the
nuclei. Further division of the C-terminal segment into the C1 and
C2 domains, as analysed by our previous study', indicated that the
interaction required the entire C-terminal segment (Fig. 2C).
Because the BUB3 family proteins contain a short C-terminal
fragment following the signature WD40 repeats, we asked whether
this extension was required for the interaction. We found that the

NATURE PLANTS | VOL 4 | JULY 2018 | 485-494 | www.nature.com/natureplants

deletion of the C-terminal 71 amino acids completely abolished the
interaction and that this fragment did not interact with MAP65-3
(Fig. 2C). Thus, we concluded that the interaction requires both the
WD40 repeats and the C-terminal fragment of BUB3;1.

To take one step further, we tested the association of MAP65-3
with BUB3;1 in vivo by immunoaffinity purification. When the
bait BUB3;1-GFP was captured by an anti-GFP antibody, specific
bands were detected at predicted positions for MAP65-3 and BUB3
in addition to this bait protein (Fig. 2D). We determined purified
polypeptides by mass spectrometry-assisted peptide identification
using augmin purification' as a negative control. Although the bait
BUB3;1 was detected with a 70% peptide coverage, MAP65-3 and
BUB3;2 were detected at 32.11% and 35.69% coverages, respec-
tively (Fig. 2E, Supplementary Fig. 1 and Supplementary Table 2).
The recovery of BUB3;2 together with BUB3;1 suggested that
the MAP65-3 dimer probably recruited both isoforms. All three
proteins were never recovered in numerous purifications of the
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Fig. 3 | BUB3;1and BUB3;2 are functionally redundant. a, Schematic representation of T-DNA insertional mutations at the BUB3;7and BUB3;2 loci. The
exons (solid boxes), introns (blue lines) and the start and stop codon positions are indicated. b, Seedling growth patterns of the wild-type control, bub3;1
single mutant, bub3;2 single mutant, bub3;7bub3;2 double mutant and bub3;71bub3;2 double mutant expressing BUB3;1-GFP with and without TmM caffeine
treatment. The smallest unit in the rulers is Tmm. Only the double mutant has greatly shortened roots with caffeine compared to the control and other
mutants, and the phenotype is completely suppressed by BUB3;1-GFP expression. ¢, Quantification of root lengths in the seedlings in panel b with and
without TmM caffeine treatment (n=6 for each sample). The root lengths of control, bub3;7 single mutant, bub3;2 single mutant, bub3;7bub3;2 double
mutant and bub3;7bub3;2 double mutant expressing BUB3;1-GFP are 1.82+0.22,1.77 +0.20, 1.68 + 0.27,1.63 + 0.20 and 1.73+ 0.28 cm (mean +s.d.),
respectively, without caffeine treatment, and are 0.88 +0.15, 0.94 + 0.10, 0.92 + 0.10, 0.32+ 0.06 and 0.98 + 0.07 cm, respectively, after 1mM caffeine
treatment. d, Cell profiles shown by propidium iodide staining near the root-tip regions of the control bub3;7 single mutant, bub3;2 single mutant,
bub3;1bub3;2 double mutant and bub3;7bub3;2 double mutant expressing BUB3;1-GFP with and without TmM caffeine treatment. Only the double mutant
produced giant cells (asterisks) and had multiple nuclei labelled (arrows) in a single cell. Experiments in d were repeated independently three times with

similar results. Scale bar, 50 um (d).

augmin complex using GFP-tagged AUG subunits". Thus, we con-
clude that BUB3;1/BUB3;2 and MAP65-3 specifically associate with
each other in vivo.

Because our results suggested that MAP65-3 appeared at the
spindle midzone at late anaphase before BUB3;1, we tested whether
BUB3;1 localization depended on MAP65-3, as the latter harbours a
microtubule-binding site. When BUB3;1-GFP was expressed in the
map65-3-1 mutation background, it no longer concentrated in the
midline of the developing phragmoplasts (Fig. 2F).

488

To determine whether the phragmoplast localization of BUB3;1
and BUB3;2 had functional implications, we isolated mutants har-
bouring T-DNA insertions in exons toward the 5’ side of both
genes (Fig. 3a). Homozygous bub3;1 and bub3;2 single mutants
did not exhibit noticeable growth defects and neither did the
bub3;1bub3;2 double mutant (Fig. 3b). We then applied caffeine,
a commonly used inhibitor of phragmoplast-based cytokinesis in
plants™, to test whether the isolated mutants exhibited sensitivities
that were different from those in the control plant. Although single
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Fig. 4 | BUB3 proteins regulate MAP65-3 localization. a,b, In the control cells, MAP65-3 exclusively decorates the phragmoplast midline when bipolar
microtubule (MT) arrays are detected at early (a) and late (b) stages. ¢,d, In the bub3;7bub3;2 double mutant cells, punctate signals of MAP65-3 can be
detected along phragmoplast microtubules, away from the midline in both early (¢) and late (d) phragmoplasts. e,f, Assessment of MAP65-3 distribution
patterns in the control (e) and bub3;7bub3;2 double mutant (f) by fluorescence intensity scans of the regions indicated by white rectangles in merged
images (a-f). Enlarged images (top panels) of the merged micrographs in panels a and ¢, respectively, have the highlighted regions scanned and the
results are shown on the bottom panels. The edges of the phragmoplast midline are illustrated by vertical red lines, and the lowest MAP65-3 points are
highlighted by vertical green lines. The MAP65-3 signal has a much wider peak across the phragmoplast. In the merged images (a-f), MAP65-3 is pseudo-
coloured in green, microtubules in red and DNA in blue. g MAP65-3 turnovers on microtubule bundles in the absence or presence of BUB3;1. FRAP of
CFP-MAP65-3 when it is expressed alone (left) or co-expressed with BUB3;1 (right) is shown. Both signals of the neighbouring reference (R) and pre-
bleaching-bleaching-recovery (B) were taken at the time points shown on the left. h, FRAP of CFP-MAP65-3 alone or with RFP-BUB3;1 had a t,, averaged
at 72.34 s and 208.14 s, respectively (indicated by the dotted line; n=10 biologically independent samples for each measurement). The difference is
obvious because no values overlap in the two tests. Experiments in a-f were repeated independently three times with similar results. Scale bars, 5um

(a-d), 2um (e,f) and Tum (g).

homozygous mutants were indistinguishable from the wild-type
control when 1 mM caffeine was included in the growth medium,
root growth in the double mutant was greatly retarded when com-
pared to the control and single mutants (Fig. 3b,c). Furthermore,
the bub3;1bub3;2 mutant had swollen roots and produced giant
cells with stained nuclei, indicating failures in cytokinesis (asterisks
and arrows, respectively, Fig. 3d). Thus, we conclude that BUB3;1
and BUB3;2 are functionally redundant and only the double homo-
zygous mutant becomes hypersensitive to caffeine. When the dou-
ble mutant was challenged by caffeine, cytokinesis failures led to
retarded root growth.

Because of the BUB3;1-MAP65-3 interaction and the cytoki-
nesis phenotype brought about by the double mutations, we asked
whether the BUB3 proteins play a regulatory role in MAP65-3 local-
ization in the phragmoplast. In the bub3;1bub3;2 double mutant,
MAP65-3 was still detected in the developing phragmoplasts, like
in the control cells (Fig. 4a-d). However, MAP65-3 localization in
the control cells was mostly restricted to the phragmoplast midline
after the establishment of the bipolar microtubule array, whereas its
localization in the double mutant became less restricted, with punc-
tate signals along the phragmoplast microtubules (Fig. 4a—d). In the
control cells, the MAP65-3 fluorescence occupied the midline where
the microtubule signal dropped sharply (Fig. 4e). However, in the

NATURE PLANTS | VOL 4 | JULY 2018 | 485-494 | www.nature.com/natureplants

double mutant, the MAP65-3 signal had a much wider distribution
than the midline before dropping to the basal level (Fig. 4f). Thus,
the data indicate that BUB3;1 and BUB3;2 function redundantly in
restricting MAP65-3 localization to the phragmoplast midline.

We then asked how the BUB3 protein affected the activity of
MAP65-3 in vivo. As reported previously', the ectopic expression
of cyan fluorescent protein (CFP)-MAP65-3 induced microtubule
bundling in epidermal cells of tobacco leaves that otherwise formed
a fine microtubule network at the cell cortex (Supplementary Fig. 2).
When red fluorescent protein (RFP)-BUB3;1 and CFP-MAP65-3
were co-expressed, microtubules were again heavily bundled and
both fusion proteins exhibited localization patterns that were indis-
tinguishable from that of the microtubule bundles highlighted by
the GFP-f-tubulin-6 (TUB6) fusion protein (Supplementary Fig. 2).
Fluorescence recovery after photobleaching (FRAP) was applied to
measure the turnovers of CFP-MAP65-3 on microtubule bundles
and revealed that the co-expression of RFP-BUB3;1 greatly decreased
the turnover rate of CFP-MAP65-3 (Fig. 4g). Quantitatively, the
half-life (t,,) of the fluorescence recovery of the CFP signal after
bleaching was averaged at 72.34s without RFP-BUB3;1 and it was
increased to 208.14 s when RFP-BUB3;1 was co-expressed (Fig. 4h).
Thus, we concluded that the association of BUB3;1 greatly reduced
the turnover rate of MAP65-3 on microtubules.
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Fig. 5 | Caffeine abolishes MAP65-3 localization in the bub3 mutant.

a,b, Caffeine treatment does not significantly affect MAP65-3 localization
in the control cells. ¢,d, After the bub3;7bub3;2 cells are treated with

TmM caffeine, the MAP65-3 signal becomes diffuse in the cytosol and

is no longer concentrated in the phragmoplast midline. e, Quantitative
assessment of the loss of MAP65-3 localization in the phragmoplast in the
control (n=55) and mutant (n=50) cells after caffeine treatment. Scale
bars, 5um (a-d).

Because of caffeine hypersensitivity in the double mutant, we
tested whether the inhibitor affected MAP65-3 localization. When
the control roots were treated with 1 mM caffeine for 16 h, MAP65-3
was detected at the midline of developing phragmoplasts of over
90% of the meristematic cells undergoing cytokinesis (Fig. 5a,b).
However, in the bub3;1bub3;2 double mutant, the MAP65-3 signal
was often unnoticeable at the phragmoplast midline at both early and
later stages of the phragmoplast (Fig. 5¢,d). Quantitatively speaking,
approximately 60% of the observed cells undergoing cytokinesis
no longer had MAP65-3 conspicuously detected at the phragmo-
plast midline upon the caffeine challenge, whereas only fewer than
10% of the control cells had the protein localization compromised
(Fig. 5e). These results indicate that the cytokinetic defects in the
double mutant were a result of compromised MAP65-3 localization
when cells were exposed to low doses of caffeine.
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Because the bub3;1bub3;2 double mutant exhibited cytokine-
sis defects upon caffeine challenges, we reasoned what could have
caused the failure. We first examined microtubule reorganiza-
tion during cytokinesis in live cells of the control and the double
mutant using a GFP-TUB6 fusion protein to mark microtubules
(Fig. 6a,b). Upon the assembly of the bipolar phragmoplast micro-
tubule array in the cell centre, the solid array quickly expanded
towards the cellular periphery (Supplementary Video 2). In the con-
trol cells, the leading edge of the expanding phragmoplast would
reach the periphery approximately 12 min after the expansion onset
(Fig. 6a). It was noted that the expansion was mostly symmetri-
cal as the edges touched the periphery simultaneously and, in the
meantime, microtubules started to depolymerize centrifugally
(Fig. 6a and Supplementary Video 2). Approximately 30 min after
the expansion started, phragmoplast microtubules were largely
disassembled completely.

In the bub3;1bub3;2 double mutant cells, the phragmoplast
expansion became biased towards one side of the cell (Fig. 6b and
Supplementary Video 2). When a middle optical section was taken
across the dividing cell, one expanding edge touched the periphery,
whereas the other side was still short from reaching the periphery
even 18 min after the expansion initiated (Fig. 6b). Eventually, the
other expanding edge also reached the periphery, marking the com-
pletion of phragmoplast development. Thus, BUB3;1 and BUB3;2
obviously take part in the reorganization of phragmoplast microtu-
bules, probably in the engagement of the antiparallel bundles during
the expansion of the array through the positive regulation of the
MAP65-3 function in microtubule binding and bundling.

We also examined phragmoplast expansion when the cells were
challenged by 1 mM caffeine through the window of microtubules. In
the control cells, phragmoplast expansion still took place at a slower
pace than those cells that were not exposed to the drug (Supplementary
Video 3). However, in the double mutant, phragmoplast expan-
sion was largely halted after the assembly of the microtubule array
in the cell centre (Supplementary Video 4). Bundles of microtubules
remained at the cell centre for an extended time in dividing cells.

To demonstrate how microtubule organization was affected
in the mutant cells when compared to the control, we carried out
tubulin immunofluorescence to image phragmoplasts at different
stages and compare the mutant and control plants quantitatively.
In the control cells, microtubule organization was not obviously
altered upon caffeine treatment when compared to the untreated
cells (Fig. 6¢,d). In the bub3;1bub3;2 cells, expanded phragmo-
plast microtubule arrays were detected towards the later stages of
cytokinesis when they were not challenged by caffeine (Fig. 6d).
However, towards the later stages of cytokinesis, the phragmoplast
microtubule arrays often exhibited asymmetric patterns with obvi-
ously more abundant microtubules towards one side than the other
(Fig. 6d). Such asymmetry was only occasionally detected in the
control plant (Fig. 6g). After the mutant cells were treated with caf-
feine, microtubule bundles were observed at one side of the cell only
or in the middle as if they had came from fragmented phragmo-
plasts when the daughter nuclei were noticeably formed (Fig. 6f).
We categorized mature phragmoplasts into four categories: (1) sym-
metrically expanded rings, (2) asymmetrically expanded rings,
(3) expanded single-sided phragmoplasts and (4) unexpanded defec-
tive phragmoplasts (Fig. 6¢-f). Without caffeine, the bub3;1 bub3;2
mutant had approximately 30% of mature phragmoplasts in cat-
egories 2 and 3, but were never detected in category 4 (Fig. 6g).
However, upon caffeine treatment, only approximately 20% of the
mutant phragmoplasts were in category 1, whereas the control had
over 80% (Fig. 6g). Thus, we interpret that the failed microtubule
reorganization in the phragmoplast upon caffeine treatment is the
most likely cause of cytokinesis failure in the mutant cells. These
results reveal the function of BUB3 family proteins in microtubule
reorganization in the phragmoplast.
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Fig. 6 | BUB3 plays a role in phragmoplast microtubule reorganization. a, Reorganization of phragmoplast microtubules marked by GFP-tubulinin a
control cell undergoing cytokinesis as illustrated by snapshots at different time points following the onset of phragmoplast expansion. Note that the
phragmoplast edge touches the cell periphery ~12 min after the expansion onset. b, In the bub3;7bub3;2 double mutant cell, the phragmoplast microtubule
array expands unevenly, with one side reaching the parental membrane at ~8 min after the expansion onset and the other side arriving at ~22 min. Dashed
lines indicate lateral edges of cells. c-f, Mature or late phragmoplast microtubule arrays in control cells (c,e) and in the bub3;1bub3;2 double mutant (d,f),
with (ef) and without (c,d) caffeine treatment. The images have the microtubules pseudo-coloured in red and DNA in blue. In control cells, symmetrically
expanded phragmoplast microtubule arrays (1) are found in the absence of caffeine (¢) or after treatment with TmM caffeine (e). In the double mutant,
phragmoplast expansion still takes place without caffeine treatment, but often becomes asymmetric (2) (d). After 16-h growth on medium containing
TmM caffeine, cytokinetic cells have microtubules that are shown like single fragments of phragmoplast either towards the cortex (3) or in the cell centre (4)
(F). Two of the four cells shown here have the fragment placed near the cell centre (two cells towards the left), whereas the other two cells have the
fragment positioned near the cell periphery (two cells on the right) (f). g, Quantitative assessment of phragmoplast appearance with or without caffeine
treatment. The frequencies of four categories of phragmoplasts, as exampled in c-f, are illustrated for the control sample without caffeine treatment
(n=65), the control with caffeine (n=753), the double mutant without caffeine (n=54) and the double mutant with caffeine (n=52). Caffeine treatment
greatly increases the frequency of abnormal phragmoplast microtubule arrays in the double mutant. Such an amount of caffeine has little effect on the
control cells. h-m, Cell plate development and triple localization of DRP1A (marking the cell plate), microtubules (MTs) and DNA (shown in blue in the
merged images) in control and mutant cells undergoing cytokinesis. Obvious cell plates were detected in the control, bub3;71bub3;2 double mutant and
map65-3 mutant (arrowheads, h-j). Pieces of the cell plate were detected within fragmented phragmoplast in the mor7-7-mutant cell (arrowheads, k). Upon
treatment with TmM caffeine, the intact cell plate forms in the control cell (arrowheads, ), but the DRP1A signal is barely detectable in the bub3;7bub3;2
double mutant (asterisk, m). Experiments in a,b and h-m were repeated independently three times with similar results. Scale bars, 5um (a-f and h-m).
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We then asked how cell plate assembly might be affected in the
bub3;1bub3;2 mutant. Dynamin-related protein 1A (DRP1A)"
was used as a marker of the developing cell plate to compare the
bub3;1bub3;2 mutant with other reference plants. We selected cells
with two reformed daughter nuclei and a ring-shaped phragmoplast
when the cell plate had reached the parental membrane. This is
defined as the maturation stage of the cell plate'®. Mature cell plates
were formed in both the bub3;1 bub3;2 double mutant as well as the
map65-3 mutant, similarly to the control cells before caffeine treat-
ment (Fig. 6h-j). We wished to test whether the defects we observed
were similar to the scenario when the overall microtubule organiza-
tion was challenged. To do so, we used the morl-1 mutant grown at
the restrictive temperature of 28 °C, at which cells would have the
phragmoplast fragmented due to defects in microtubule organiza-
tion'”", and found that pieces of the cell plate were formed in the
midzone of the fragmented phragmoplast (Fig. 6k). Upon caffeine
treatment, DRP1A was still detected in the control cell, marking the
mature cell plate, but became barely detectable within the deformed
phragmoplast in the bub3;1bub3;2 mutant (Fig. 6l,m). Thus, we
concluded that the defects associated with the loss of the BUB3 pro-
teins specifically affect cell plate formation in A. thaliana.

Discussion

Our results showed that the highly conserved BUB3 family pro-
teins have evolved to function in phragmoplast-based cytokinesis in
A. thaliana and most likely other angiosperms as well. Such a func-
tion is established through specific interaction between the BUB3;
1/BUB3;2 and the MAP65/Aselp/PRC1 family protein MAP65-3.
The BUB3 proteins regulate the association of MAP65-3 with inter-
digitating microtubules in the phragmoplast midline and, conse-
quently, the initiation and/or expansion of the phragmoplast during
cytokinesis. Upon subtle caffeine challenges, the loss of BUB3 led to
complete failure of cell plate assembly, a phenotype that has only been
synthetically generated in two occasions by combined mutations of
knolle (encoding syntaxin) and keule (encoding Sec1/Muncl18), and
by ple-2 (encoding MAP65-3) and trs120 (encoding transport protein
particle II (TRAPPII) subunit)'**. Thus, with the assistance of BUB3,
MAP65-3 contributes critically to the initiation of cell plate assembly
and later to phragmoplast expansion, which requires the assembly
of new ‘miniphragmoplast’ modules with antiparallel microtubules
crosslinked by MAP65-3 at the leading edge*’.

The BUB3 protein is commonly known as an essential docking
molecule when the SAC is activated. It forms complexes with both
BUBI and BUBR1 through the interactions with its WD40 repeats,
which ensures their localization to unattached kinetochores>.
Consequently, the inactive open MAD2 protein is converted to
the active closed MAD2, which joins with BUBRI, BUB3 and cell
division cycle protein 20 (CDC20) to form the mitotic checkpoint
complex (MCC). Because the MCC sequesters the essential ana-
phase-promoting complex/cyclosome protein CDC20, mitosis is
blocked at prometaphase. In other words, the canonical function
of BUBS3 is restricted to prometaphase in studied fungal and ani-
mal systems. Here, we demonstrated that BUB3;1 and its paralogue
BUB3;2 functioned in the developing phragmoplast when mitosis
was largely completed. We consider the acquisition of a cytokine-
sis function for BUB3 as an important event during the evolution
towards plants, perhaps concomitantly with the reconstruction or
reorganization of the SAC in mitosis; however, to date, solid evi-
dence supporting the presence of the SAC is yet to be provided in
angiosperms®. Aside from the subcellular localization of BUB3;
1/BUB3;2 in the phragmoplast, there are other lines of evidence
supporting the notion that the plant BUB3 and the yet-to-be-char-
acterized SAC operate differently from those in fungi and animals.
First of all, the inventory of essential SAC regulators is rather com-
plete, together with the MPS1 and Aurora 3 kinases that probably
have BUB and MAD proteins as their substrates”-**. However, both
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BUB1 and BUBR1/MAD3 homologues in A.thaliana no longer
contain the GLEBS domain. Thus, they have lost the foundation
to interact with BUB3*". Second, the bub3;1bub3;2 double mutant
reported here did not exhibit a noticeable growth phenotype, indi-
cating that mitosis took place normally during growth and repro-
duction. This is different from fungi and animals. For example,
mutations in the BUB3 orthologue or other SAC regulatory genes
lead to severe growth retardation and asexual reproduction defects
in the filamentous fungus Aspergillus nidulans®*. BUB3 becomes
essential in mammals*. Similarly, mutations in another SAC gene,
MADI, only cause an early flowering phenotype without noticeably
affecting the mitotic progression”. Last, BUB1, MAD2 and BUBR1/
MAD3 all interact with two of the five CDC20 isoforms in A. thali-
ana®, perhaps independently to BUB3;1 and BUB3;2 because of
their localization after mitosis is completed. It would be interesting
to learn what the MCC is made of in angiosperms.

In animals and fungi, BUB3 has been found to interact with the
phosphorylated MELT (p-MELT) motifs in the kinetochore scaf-
folding protein KNL in a cell cycle-dependent manner in addition
to interacting with the GLEBS domain in BUBR1/MAD3 and other
proteins”. Based on the primary amino acid sequences, no obvi-
ous KNL1 homologues can be found in A. thaliana and other angio-
sperms. Thus, the GLEBS-BUB3-p-MELT interaction module
perhaps does not exist in plants.

In fact, an earlier report suggests that BUB3 is dispensable for
mitotic arrest when spindle assembly is perturbed, indicating that it
is not required for other core SAC proteins, such as BUBR1/MAD3,
to exercise their function on SAC activation in fission yeast”.
However, unlike what we observed here, the fission yeast BUB3
plays a role in sister centromere cohesion, again, a function that
seems to be divergent from assembling the MCC. Unfortunately,
the molecular basis of such a non-canonical function of BUB3 is yet
to be elucidated. Nevertheless, it represents another example that
the functions of BUB3 and SAC-important BUB and MAD proteins
may be separate.

The presence of core SAC regulatory proteins makes it hard
to deny the presence of an effective SAC system in angiosperms.
In fact, the SAC proteins have been detected at the kinetochores
in tobacco, maize and wheat cells, especially upon treatments of
microtubule-depolymerizing drugs and the 26S proteasome inhibi-
tor MG132°*"*!. However, their functions in the SAC would have to
be tested in mutants in which the corresponding genes are inacti-
vated. A recent report showed that the bmf3 (in a BUBRI1-related
gene), madl and mad2 mutants, but not bubl/bmfl mutants,
exhibit hypersensitivity to microtubule-disturbing drugs, which is
a signature SAC phenotype®. Interestingly, the loss of BUB3;3, the
protein that is more divergently related to BUB3 proteins in other
kingdoms than BUB3;1 or BUB3;2, also led to oryzalin hypersen-
sitivity®. A functional SAC system, following final approval, may
operate with input from BUB3;3 instead of BUB3;1 or BUB3;2. It
would be informative to elucidate how BUB3;3 may interact with
BMF proteins.

Unlike MAP65-3, which is undetectable before mitosis'®, BUB3;1
and BUB3;2 proteins are exclusively localized to the nucleus. Our
results demonstrated that it was diffuse in the cytosol following
nuclear envelope breakdown and only became associated with the
microtubules after being recruited by MAP65-3 to decorate antipar-
allel microtubules. Perhaps their function is restricted to regulating
MAP65-3 activity. The phragmoplast-based cytokinesis mechanism
differs from those mechanisms involving the actomyosin contrac-
tile ring, which is uniquely featured by the assembly of the cell plate
and the deposition of the new cross wall that separates two daughter
cells following vesicle transport, fusion and fission. The participa-
tion of BUB3 may represent a specialized feature in this process,
even though both the BUB3 and the MAP65 family proteins are well
conserved across kingdoms.
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In the bub3;1 bub3;2 mutant, the expansion of the phragmoplast
microtubule array was affected when the MAP65-3 protein became
less concentrated at the midline. Our results indicate that the two
BUB3 proteins function in modulating the concentration of the
microtubule-associated protein to the microtubule-overlapping
segment towards the microtubule plus ends by enhancing MAP65-3
association with microtubules. To date, it has only been reported that
the activity of the MAP65 and PRC1 family proteins for bundling
antiparallel microtubules during telophase and cytokinesis may
be regulated by protein phosphorylation****. In flowering plants, a
mitogen-activated protein kinase (MAPK) cascade plays a critical
role in cytokinesis by phosphorylating MAP65*. Phosphorylation
of MAP65 by this MAPK cascade compromises its microtubule-
bundling activity, which promotes microtubule turnovers during
phragmoplast expansion in tobacco cells™. In A. thaliana, MAP65-3
is also phosphorylated by MAPK**. Thus, our findings uncovered
the first mechanism of positive regulation of MAP65-3 activities in
the phragmoplast.

The BUB3;1 and BUB3;2 proteins positively regulate MAP65-3
binding to microtubules so that they could facilitate the MAP65-
3-mediated engagement of antiparallel microtubules during
phragmoplast expansion. In this process, newly polymerized
microtubules from two halves of the phragmoplast are captured
by MAP65 proteins at the expanding periphery”. If we view the
phragmoplast as an assembly of miniphragmoplast modules made
of interdigitating core microtubules plus surrounding non-inter-
digitating microtubules®, the establishment of newly interdigitated
microtubules marks the establishment of new miniphragmoplast
modules. Although MAP65-3 itself is sufficient to dimerize to
bundle antiparallel microtubules in vitro', the input from BUB3
would perhaps facilitate the establishment of the miniphragmo-
plast because of its recruitment by MAP65-3 through the interac-
tion with its microtubule-binding site. In the absence of BUB3;1
and BUB3;2, MAP65-3 would still crosslink antiparallel microtu-
bules but became vulnerable to challenges, such as low doses of caf-
feine, so that the phragmoplast would fail to expand. Stabilization of
microtubule interdigitation may also depend on the concentration
of MAP65 proteins. For example, we recently showed that MAP65-
4, which is functionally redundant with MAP65-3, although far less
important, was able to suppress the loss-of-function mutation of
MAP65-3 upon elevated expressions®. This hypothesis is supported
by the phenotype of more dispersed localization of MAP65-3 along
phragmoplast microtubules in the absence of BUB3;1/BUB3;2.
Collectively, stabilization of the newly crosslinked antiparallel
microtubules positively contributes to the rapid expansion of the
phragmoplast microtubule array during cytokinesis.

During phragmoplast expansion, microtubule reorganization is
coupled with membrane remodelling for cell plate assembly. Besides
being microtubule-bundling factors, MAP65 isoforms have been
demonstrated to interact with the TRAPPII tethering factors, pro-
viding a direct link between microtubule dynamics and membrane
trafficking in the phragmoplast’. Because MAP65 proteins are sub-
strates of at least three classes of kinases—Aurora, cyclin-dependent
kinase and MAPK—its interaction with TRAPPII is hypothesized
to be a link of cell cycle progress to cell plate assembly*. Here, we
demonstrated that the nuclear protein BUB3 became associated
with MAP65-3 later in cell division to regulate its microtubule-
bundling activity. Thus, the action of BUB3 perhaps also delivers
cell cycle-dependent, nucleus-initiated information that signals the
initiation of cell plate assembly.

The phragmoplast represents a cytokinesis mechanism that
is found among advanced green algae and plants, in contrast to
the actomyosin contractile ring-based mechanism that is found
among many protists as well as fungi and animals. The inhibition
of the expansion process in the mutant suggests that perhaps the
WD40 repeat protein has been used by the phragmoplast as part
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of the machinery that warrants the remodelling of the phragmo-
plast apparatus during cytokinesis. Considering the essential inputs
of the nucleus, phragmoplast microtubules and the membranous
compartment for the final assembly of the cell plate, perhaps BUB3
might be a critical player that ties them together. Hence, our dis-
covery of the novel function of BUB3 in phragmoplast-based cyto-
kinesis invites further investigations of the significance of such a
seemingly non-canonical role among other organisms that use the
phragmoplast for cytokinesis.

Methods
Plant materials and growth conditions. All A. thaliana plants described here
are in the Columbia background. The bub3;1- and bub3;2-mutant plants were
isolated from the seed stocks of the SK29246 (CS1009817) and SALK_151687C
lines, respectively, that were made available to us by the Arabidopsis Biological
Research Center (ABRC) at Ohio State University in Columbus, Ohio, USA. The
primers used for genotyping are listed in Supplementary Table 1. The LP and RP
primer pairs were used for detecting the wild-type allele of the corresponding
genes. The bub3;1 T-DNA insertional mutation was detected by the primer pair
of 1009817RP and SKTAIL-LI, and SALK_151687C by 151687RP and LBal, with
the wild-type plant as the negative control. The morI-1 mutant was ordered from
the ABRC and the map65-3 was as previously reported*. All plants were grown
in the growth chamber at 21 °C with 16-h light and 8-h dark cycles as previously
described"'. Live-cell imaging was carried out using young seedlings produced on
solid medium supplied with 1/2 Murashige Skoog salt mixture.

Constructs for the expression of two BUB3-GFP fusion proteins as well
as markers were delivered into A. thaliana with corresponding genotypes via
Agrobacterium-mediated transformation using the standard floral dipping method.
Transgenic plants were selected on antibiotic markers carried by respective vectors.
The tobacco Nicotiana benthamiana was used for transient expression experiments
through agrobacterial infiltration as described in our previous work''.

Recombinant DNA manipulations and plasmid construction. To produce

the BUB3;1-GFP and the BUB3;2-GFP expression constructs, DNA fragments
containing both the promoter and the coding regions were amplified from wild-
type genomic DNA by the Phusion DNA polymerase (Thermo Fisher) using
primer pairs of BUB31F-BUB31R and BUB32Fn-BUB32Rn, respectively. The
amplified fragments were cloned into a gateway entry vector using the pPENTR/D-
Topo cloning kit (Thermo Fisher). The resulting pENTR clones were recombined
with pGWB4 or pGWB650*>* by the LR recombinase following the manufacturer’s
instructions to give rise to the final expression constructs.

The constructs for the BiFC test were produced as follows. The BUB3;1
complementary DNA fragment was amplified using the U50094 plasmid (ABRC)
as the template by the primers of BUB3BiFC5 and BUB31R. Following restriction
enzyme digestion, the cDNA was inserted into the expression vector pSPDK919 at
the Mlul and Xbal sites to express BUB3;1-cCitrine. The MAP65-3-nCitrine and
MAP65-1-nCitrine constructs were described previously''.

Fluorescent microscopy. The localization of BUB3 family proteins was determined
in root meristematic cells. For live-cell observation, 3-5-day-old seedlings grown
on agar medium supplied with 1/2 Murashige Skoog salt were transferred to glass
slides and submerged in water. Root cells were observed under an Axio Observer
inverted microscope equipped with the LSM710 laser scanning confocal module
with standard settings for eGFP and mCherry (Carl Zeiss). A x40 C-Plan (water)
or x63 Plan-Apo (oil) objective was used, and images were acquired using the ZEN
software package (Carl Zeiss) and processed in Image] (www.imagej.nih.gov/ij).

In the BiFC tests, constructs were transiently expressed in leaf cells of
N. benthamiana following agrobacterial infiltration. Sliced leaf segments were
observed using the LSM710 confocal microscope as described above. FRAP was
carried out according to settings included in LSM710 using a 405-nm laser.

For immunolocalization, meristematic cells derived from root tips were used
according to previously described protocols'. The primary antibodies used in
this study were monoclonal mouse anti-GFP antibodies (Covance), polyclonal
sheep anti-tubulin antibodies (Cytoskeleton), polyclonal anti-DRP1A antibodies'
and polyclonal rabbit anti-MAP65-3"". Secondary antibodies were fluorescein
isothiocyanate (FITC)-conjugated donkey anti-mouse IgG, FITC-conjugated
donkey anti-rabbit IgG and Texas Red-conjugated donkey anti-goat IgG (Rockland
Immunochemicals). Fluorescently labelled cells were observed under an Eclipse
600 microscope equipped with X60 Plan-Apo and X100 Plan-Fluor objectives
(Nikon), and images were acquired by an OptiMOS camera (Q Imaging) controlled
by the puManager software package'>*.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. The data sets generated during and/or analysed during the
current study are available from the corresponding author on reasonable request.
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The Arabidopsis Information Resource locus identifier recognizes the genes
mentioned in this article as At3g19590 for BUB3;1 and At1g49910 for BUB3;2.
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