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Abstract

Faithful chromosome segregation is essential for both mitotic and meiotic cell division. The anaphase-promoting complex/cyclosome
(APC/C) and its coactivators are required for meiotic chromosome segregation, but their potential targets and regulatory mechanisms
remain unclear in plants. Here, we performed a ubiquitinome analysis and show that Arabidopsis thaliana Aurora 1 (AUR1) is over-
ubiquitinated at lysine 102 in the coactivator Cell Division Cycle 20.1 (cdc20.1) mutants and that AUR1 overexpression can partially
rescue the cdc20.1 meiotic defect. We also demonstrate that APC/C ubiquitinates AUR1, leading to its degradation through the 26S
proteasome pathway. Moreover, the APC/C subunit and coactivators Cell Cycle Switch 52 A2/B (CCS52A2/B) and CDC20.1 interact with
AUR1 both in vitro and in vivo. Intriguingly, CCS52A2/B promotes AUR1 ubiquitination and degradation, while CDC20.1 prevents
AUR1 degradation. Consistent with this finding, AUR1 levels are lower in cdc20.1 and higher in ccs52 mutants relative to Col-0, and
mutation of CCS52A2/B causes defects in meiotic spindle assembly and homologous chromosome segregation. Genetic analyses
demonstrate that Arabidopsis anaphase-promoting complex/cyclosome subunit 8 (APC8), CDC20.1, CCS52 and AUR1 act in the same
pathway to control meiotic spindle assembly and homologous chromosome segregation. Thus, this work provides mechanistic insight
into the role of APC/C coactivators in regulating AUR1 homeostasis during meiosis in plants.

Introduction

Both mitotic and meiotic cell division require faithful chromo-
some segregation to ensure appropriate ploidy (Zamariola et al.
2014). Unlike mitosis, meiosis involves 2 rounds of chromosome
segregation, with homologous chromosomes (homologs) segre-
gating in meiosis I and sister chromatids separating in meiosis II
to form haploid cells (Zamariola et al. 2014). Defects in meiotic

The SAC senses improper kinetochore-microtubule attach-
ment or abnormal spindle microtubule organization and triggers
delay of the cell cycle at metaphase in both mitosis and meiosis
(Musacchio and Salmon 2007). The SAC complex contains several
highly conserved proteins, including Aurora kinases (Musacchio
and Salmon 2007). Aurora homologs belong to a conserved
serine/threonine protein kinase family and are critical for

chromosome segregation can cause aneuploidy, which is associ-
ated with genome instability and reproductive abnormalities
(Chunduri and Storchova 2019). In recent decades, numerous
studies have investigated the mechanisms that regulate mitotic
chromosome segregation (Cromer et al. 2013), but the regulatory
mechanisms controlling meiotic chromosome segregation remain
largely elusive. For example, components of the spindle assembly
checkpoint (SAC) have been reported to participate in chromo-
some alignment and segregation during meiosis, but the underly-
ing regulatory mechanisms are unclear, especially in plants.

proper spindle microtubule assembly and correcting erroneous
kinetochore-microtubule attachment, thereby ensuring mitotic
and meiotic chromosome separation in multiple species
(Demidov et al. 2005; Shrestha et al. 2017; Komaki et al. 2020;
Blengini et al. 2021, 2024; Papini et al. 2021; Sen et al. 2021;
Ballmeretal. 2024). There are 2 categories of plant Aurora kinases,
spindle associated a-Aurora (Aurora 1 and Aurora 2) and the cen-
tromere localized B-Aurora (Aurora 3) (Van Damme et al. 2011;
Deng et al. 2024a). Single mutants in each exhibit normal cell mi-
tosis, while null alleles of Aurora aurl-1 aur2-2 double mutants
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cause embryonic lethality. However, double knockdown aurl-2
aur2-2 mutants are viable and form abnormal microspore tetrads
and micronuclei, but have growth defects (Demidov et al. 2014).
Meiosis-specific knockdown of Aurora in the flowering plant
Arabidopsis thaliana causes asynchronous alignment of meta-
phase chromosomes and unequal segregation at anaphase in
meiosis (Niu et al. 2015). In addition, the overaccumulation of
Aurora kinases in mouse oocytes and overactivation of Aurora
kinases in Xenopus egg cells (Ma et al. 2003; Nguyen et al. 2005;
Aboelenain and Schindler 2021) or deregulation of Aurora kin-
ases in multiple species (Swain et al. 2008; Jordan et al. 2009;
Nikalayevich et al. 2022), including truncated Aurora in
Arabidopsis (Demidov et al. 2014; Niu et al. 2015), all cause mei-
otic SAC dysfunction with increased aneuploidy and decreased
fertility. These results support the idea that the Aurora homeo-
stasis is critical for its function, but the underlying regulatory
mechanisms are unclear.

The anaphase-promoting complex/cyclosome (APC/C) is a con-
served multi-subunit RING E3 ubiquitin ligase that is essential for
the ubiquitination and degradation of cell cycle-related sub-
strates (Sivakumar and Gorbsky 2015). Because the APC/C is es-
sential in mitotically dividing cells, null alleles of most APC/C
subunits typically cause embryonic lethality (Willems and De
Veylder 2022), which prevents the genetic analysis of their effects
on postembryonic stages. In yeast and animal mitosis, APC/C fa-
cilitates the degradation of Cyclin A and Cyclin B, as well as
Sororin and Securin, which promote cohesin removal to facilitate
chromosome segregation (Sivakumar and Gorbsky 2015). APC/C
also regulates Aurora kinases, Cell Division Cycle 20 (CDC20),
and other proteins to control exit from mitosis (Castro et al.
2002; Taguchi et al. 2002). In contrast, in meiosis, the known
APC/C substrates are Cyclin B1 and Securin in mouse oocytes
(Siomos et al. 2001; Herbert et al. 2003; Rattani et al. 2017), yeast
(Buonomo et al. 2000), and Caenorhabditis elegans (Siomos et al.
2001); and shugoshin1 (SGO1), monopolar spindle 1 (MPS1), and
Cell Division Cycle 20 homolog 1 (Cdh1l) in yeast (Jonak et al.
2017). In plant meiosis, genetic analyses suggest that Patronusl
(PANS1) and Rice Salt Sensitive 1 (RSS1), the homologs of
Securin in Arabidopsis and rice (Cromer et al. 2019), as well as
SWITCH, the Sororin homolog in Arabidopsis (Yang et al. 2019),
are potential APC/C substrates but biochemical or molecular evi-
dence has not been reported.

The catalytic activity of APC/C and its substrate specificity are
modulated by evolutionarily and functionally conserved coactiva-
tors (Chang et al. 2015), including CDC20 and its homolog Cdh1
(also known as Fizzy-related protein homolog 1 (Fzr1)) in many or-
ganisms (Kimata et al. 2008). CDC20 and Cdh1/Fzr1 have been ex-
tensively studied in the mitotic cell cycle (Pesin and Orr-Weaver
2008), but their roles in meiosis are not as well characterized.
CDC20 is required for meiotic chromosome segregation in
Drosophila melanogaster, mice and plants (Chu et al. 2001; Jin
et al. 2010; Niu et al. 2015), and the yeast and mammalian homo-
logs Cdh1 also participate in meiosis (Blanco et al. 2001; Holt et al.
2011, 2014; Ostapenko and Solomon 2024; Tanno et al. 2020). With
the exception of APC/C™!, which controls CDK activity in
mouse oocytes (Rattani et al. 2017) and the degradation of Cdh1
during meiotic entry in Saccharomyces cerevisiae (Ostapenko and
Solomon 2024), how coactivators control APC/C activity and spe-
cificity in meiosis remains elusive. Moreover, it is not known
whether the plant homologous of Cdh1/Fzrl- Cell Cycle Switch 52
(CCS52) are functional in meiosis.

We previously demonstrated that Arabidopsis APC8 and
CDC20.1 are required for bivalent alignment and chromosome

segregation during meiosis (Niu et al. 2015; Xu et al. 2019), but
which substrates APC/C“P“?*? acts on, and how it is regulated
are unclear. Here, we identify Aurora 1 (AUR1) as an APC/C sub-
strate. Both in vitro and in vivo analyses show that APC/C medi-
ates AUR1 ubiquitination and degradation by the 26S
proteasome pathway. Interestingly, although both CDC20.1 and
CCS52A2/B coactivators interact with AURI, they play opposite
roles in inhibiting and promoting AUR1 degradation. Consistent
with these findings, CCS52A2 and CCS52B have partially redun-
dant functions in the alignment and segregation of meiotic biva-
lents as APC/C and CDC20.1. The overaccumulation of AUR1 in
ccs52 mutants causes meiotic defects similar to those in apc8-1,
¢dc20.1, and ProDMC1:Auroral®™NA! Taken together, our results pro-
vide mechanistic insight into how APC/C and coactivators coor-
dinately regulate AUR1 homeostasis during meiosis in plants.
Because APC/C, its coactivators and Aurora kinase are highly con-
served in structure and function among eukaryotes, we speculate
that this mechanism for regulating Aurora kinase stability to en-
sure faithful meiotic chromosome segregation might be shared
in other organisms.

Results

Identification and validation of the AUR1
ubiquitination

To identify the potential targets of APC/C“P?*! during meiosis
(Niu et al. 2015), we performed ubiquitin (ub)-modified proteomic
analysis by immunoprecipitation (IP)-mass spectrometry (MS)/MS
using young inflorescences of wild type (WT, Col-0) and cdc20.1-3
mutant plants. We identified 1,260 ubiquitinated proteins, of
which 1,031 showed no obvious alternation of ubiquitination
level. Proteins with a >1.5-fold change in ubiquitination level be-
tween cdc20.1-3 and Col-0 (P-value < 0.05) were considered differ-
entially ubiquitinated proteins, 229 proteins were differentially
ubiquitinated in cdc20.1-3 compared with Col-0 with 207 of them
having higher ubiquitination levels and only 22 proteins having
lower (Supplementary Table S1). Gene ontology (GO) annotations
for the 207 proteins found significant enrichment in chromosome
organization and protein metabolism (Fisher’s exact test, P-value
<0.05) (Supplementary Fig. S1A). Interestingly, AUR1 is included
in both processes, and its ubiquitination level at lysine 102
(K102) located in its kinase domain was 3.6-fold higher in cdc20.1
compared with Col-O (Supplementary Fig. S1B), indicating that
CDC20.1 negatively regulates AUR1 ubiquitination. AUR1 is a con-
served Ser/Thr protein kinase with a kinase domain that occupies
almost the entire protein, and a conserved destruction box (D-box)
domain at its C terminus (Supplementary Fig. S1C). We con-
structed an intact AUR1 expression construct, and mutant con-
struct AUR1K102A in which K102 is substituted by alanine
(Supplementary Fig. S1C). To test whether AUR1 can be ubiquiti-
nated in vivo, we transiently expressed an AUR1-GFP fusion con-
struct in Nicotiana benthamiana leaves treated with MG132
(a chemical inhibitor of the 26S proteasome) followed by IP
with an anti-GFP antibody crosslinked to magnetic beads.
Western blots probed with anti-GFP antibody had a smear of sig-
nal above the main AUR1 band that may correspond to ubiquiti-
nated forms in contrast to the GFP negative control, consistent
with the results obtained using an anti-UBQ11 (polyubiquitin)
antibody (Supplementary Fig. S1D), suggesting that AUR1 is
ubiquitinated in vivo. To exclude the possibility of nonspecific
absorption by the magnetic beads, we validated these results us-
ing Tandem-repeated Ubiquitin-binding Entities (TUBE2) affinity
gel matrix, which specifically binds polyubiquitinated proteins
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(Hjerpe et al. 2009). Western blots of transiently expressed
AUR1-GFP, and AUR1K102A-GFP and GFP controls probed with
anti-GFP or anti-UBQ11 had a smear of signal indicative of ubiqui-
tinated AUR1 and AURIK102A in both GFP magnetic-bead
and TUBE2 processed samples (Supplementary Fig. S1E).
However, AUR1K102A showed attenuation of the ubiquitinated
band compared with AUR1 in the TUBE2 processed samples
(Supplementary Fig. S1E), indicating that mutation of K102 re-
duces AUR1 ubiquitination levels.

To investigate whether AUR1 was related to the meiotic defectsin
cdc20.1 in vivo, we transformed AUR1-FLAG driven by the well-
characterized Actin/ promoter in meiocytes (Wang et al. 2022,
2023; Xu et al. 2023) into cdc20.1-3 heterozygous mutants
and selected independent lines for cytological experiments
(Supplementary Fig. S1F). ProActin7:AUR1-FLAG/cdc20.1 transgenic
plants had vegetative phenotypes similar to cdc20.1 and Col-O
(Fig. 1A). Mutant cdc20.1-3 plants have strong fertility defects includ-
ing under-developed siliques, inviable pollen, and abnormal chro-
mosome segregation as previously reported (Niu et al. 2015) (Fig. 1,
B to E). Transgene expression of AURI partially rescues these
cdc20.1-3 phenotypes (Fig. 1, B and C). Pollen grain viability measured
by Alexander Red staining in ProActin7:AUR1-FLAG/cdc20.1 (251 + 12/
anther, n=23, linel; 213+ 14/anther, n=19, line2) is significantly
higher compared with cdc20.1-3 (48+3, n=21) (Student’s t test,
P <0.0001) (Fig. 1D). Moreover, male meiocyte chromosome
spreads stained with 4’,6’-diamidino-2-phenylindole (DAPI) from
ProActin7:AUR1-FLAG/cdc20.1 transgenic plants have lower frequen-
cies of meiotic defects including chromosome misalignment at
metaphase (rateratio, 7.6%; 95% CI, 3.3% to 16.5% in line 1; rateratio,
14.0%; 95% CI, 7.0% to 26.2% in line2) and unequal segregation at
anaphase (rate ratio, 23.3%; 95% CI, 16.5% to0 31.7%in line 1; rate ra-
tio, 37.4%; 95% CI, 29.4% to 46.2% in line?) compared with cdc20.1
(Figure 1, E and F). Statistical analysis of meiotic defects in individual
stages showed that transgene expression of AUR1is able to partially
rescue the cdc20.1 meiotic defects, suggesting that the AUR1 is re-
quired for meiosis in cdc20.1 mutant.

Expression of AUR1K102A causes a meiotic
chromosome segregation defect

Expression of truncated AUR1 (including a small part of the kinase do-
main but without D-box) causes higher rates of meiotic abnormalities
and aneuploidy in Arabidopsis (Demidov et al. 2014). To test the effect
of AURIK102A in meiosis, we generated transgenic plants overex-
pressing either intact AURI or AURIK102A under the control of
HTR2, DMC1, and CDC20.1 promoters in the Arabidopsis Col-0 back-
ground. We selected 2 independent transgenic lines of each construct
for verification of AUR1K102A protein expression (Supplementary Fig.
S2A) and phenotypic observation. Toluidine blue stained tetrad stage
meiocytes in the AUR1K102A-overexpressing plants showed polyads
or atypical microspore tetrads, indicative of abnormal meiosis, while
no or few polyads were observed in Col-O or AURI-overexpressing
plants (Supplementary Fig. S2B). We examined meiotic chromosome
morphology using FISH and found that AURIK102A plants have un-
balanced chromosome segregation (Supplementary Fig. S2C), similar
to previous reports (Demidov et al. 2014). In contrast, the AUR1-
overexpressing plants have chromosome morphologies that are
indistinguishable from Col-0 (Supplementary Fig. S2C), which
may be due to the plant’s native ubiquitination degradation
mechanism (Supplementary Fig. S2A), while overexpressing
AURIK102A causes meiotic defects (Supplementary Fig. S2C),
supporting the idea that the AURIK102 ubiquitination plays an
important function in meiosis.
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APC/C facilitates the ubiquitination of AUR1
for degradation

As a coactivator, CDC20.1 binds APC8 and APC3 subunits to trigger
APC/C E3 ligase catalytic activity, which enables ubiquitin chain
transfer to substrates (Kimata et al. 2008). We previously obtained
a meiosis-specific knockdown of AUR1 (ProDMC1:Auroral®™ 4! des-
ignated as AURRNAY) (Niu et al. 2015), which has defects in meiotic
chromosome alignment and segregation similar to apc8-1 and
cdc20.1-3 (Niu et al. 2015; Xu et al. 2019), indicating that AUR1
may be a target of APC/C“P“?°!, To test whether APC/C mediates
AUR1 ubiquitination, we conducted in vivo ubiquitination assays
using stable transgenic plants expressing AUR1-FLAG in Col-0 and
apc8-1 backgrounds, as well as APC8-overexpression (APC8-YFP)
lines (Zhong et al. 2019). IP using anti-FLAG agarose beads showed
that, in contrast to negative controls, smeared ladders of AUR1
(indicative of ubiquitinated proteins) are weaker in apc8-1 com-
pared with Col-O (Student’s t test, *P=0.0008) and APC8-YFP
plants (Student’s t test, “P=0.0069) (Fig. 2A and Supplementary
Fig. S3A), showing that AUR1 ubiquitination levels are positively
associated with APC/C activity. Consistent with these observa-
tions, we incubated total protein extracts containing approxi-
mately equal amounts of AUR1 with TUBE2 beads to compare
the extent of AUR1 ubiquitination after enrichment for ubiquiti-
nated proteins, and found that AUR1 ladders are more intense
in Col-O0 compared with apc8-1 (Student’s t test, *P=0.0101)
(Fig. 2B and Supplementary Fig. S3B), indicating that mutation of
APC8 decreases AUR1 ubiquitination levels. In contrast, AUR1
ubiquitination levels in APC8-overexpressing plants are indistin-
guishable compared with Col-0 (Student’s t test, P=0.9752 in 2A,
P=0.054 in 2B) (Fig. 2, A to B, and Supplementary Fig. S3, A
and B), indicating that AUR1 in Col-0 may be close to maximal lev-
els of ubiquitination or that over-ubiquitinated AUR1 may be rap-
idly degraded in APC8-overexpressing plants. To validate these
observations, we used an in vitro ubiquitination assay to show
that AUR1 ubiquitination is positively regulated by APC/C when
recombinant AUR1 from Escherichia coli is incubated with lysates
from APC8-overexpressing plants, which results in more intense
ubiquitination, and apc8-1 which results in less ubiquitination
(Supplementary Fig. S4A). Together, both in vivo and in vitro ubig-
uitination assays support the idea that APC/C catalyzes the poly-
ubiquitination of AUR1.

Polyubiquitination usually associates with protein degradation
(Meyer and Rape 2014). To test whether APC/C-mediated polyubi-
quitination of AUR1 is related to degradation, we examined AUR1
levels in protein extracts from inflorescence of Col-0, transgenic
and mutant plants and observed significantly higher (Student’s t
test, "P=0.0196) and lower (Student’s t test, **P <0.0001) AUR1
levels in apc8-1 and APC8-overexpressing plants compared
with Col-0, respectively (Fig. 2C and Supplementary Fig. S3C).
ProActin/:AUR1-FLAG transcript levels are equivalent in the corre-
sponding lines (Fig. 2C), implying that APC/C affects AUR1 protein
stability but not mRNA abundance. We validated these observa-
tions using an independent in vivo degradation assay with pro-
teins transiently expressed in N. benthamiana leaves and found
that AUR1 levels decrease with increasing APC8 levels (Fig. 2D,
Supplementary Fig. S3D and Supplementary data set S1). We
used a similar transient expression degradation assay to show
that APC8 promotes AUR1 degradation in a time-dependent man-
ner (Supplementary Fig. S4, C and D). Furthermore, western blots
of proteins extracted from Arabidopsis inflorescences over a time
course treated with cycloheximide (CHX), an inhibitor of eukary-
otic protein synthesis, show that the rate of AUR1 degradation is
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Figure 1. AUR1isrequired for fertility and meiosis in cdc20.1-3. A) to (C) Whole plants (A), the first 9 siliques (B) and pollen grains stained with Alexander
Red (C) of Col-0, cdc20.1-3, and 2 independent lines of ProActin7:AUR1-FLAG/cdc20.1-3 plants. Scale bar, 5 cm (A), 1 cm (B), 100 um (C). D) Quantification of
viable pollen grains per anther from Col-0 (n=19), cdc20.1-3 (n=21), and ProActin7:AUR1/cdc20.1-3 complemented plants with line 1 (n=23) and line 2
(n=19). Data are presented as means + SD. **P <0.0001, *P < 0.05. Statistical analysis was performed using 2-sided 2-tailed Student’s t test. E) Meiotic
chromosome morphology of Col-0, cdc20.1-3, and ProActin7:AUR1/cdc20.1-3 complemented Arabidopsis. Scale bar, 5 um. F) Histogram showing the
proportion of cells with meiotic defects from Col-0, cdc20.1-3, ProActin7:AUR1-FLAG/cdc20.1-3 Arabidopsis plants at metaphase I and anaphase Il in (E).
For these meiotic stages, cells isolated from >3 independent plants were observed. The numbers and proportions near the bar indicate the number of
cells counted and the percentage of abnormal meiocytes. Data are presented as means + SD. *P <0.05, *P <0.01, ***P < 0.0001, ns, no significance,
statistical analysis was performed using 2-tailed Fisher’s exact test. Source data are provided as a Supplementary data set S1.

decreased in apc8-1 compared with Col-O (Fig. 2, E and F).
Moreover, using an in vitro cell-free degradation assay, we show
that the decay rate of AUR1 is higher in Col-0 compared with
apc8-1 at all-time points (Student’s t test, *P=0.0205) (Fig. 2G
and Supplementary Fig. S3E), suggesting that APC/C mediates
the degradation of AUR1 protein.

Polyubiquitin is formed by the linkage of individual ubiquitin
units through lysine residues and homotypic chains linked by
lys-11 or lys-48, generated by APC/C, can be recognized by the
26S proteasome (Meyer and Rape 2014). To investigate whether
AUR1 ubiquitination leads to proteasomal degradation, we used
in vivo transient expression assay in N. benthamiana leaf by con-
junction of 26S proteasome inhibitor MG132. AUR1 (Student’s t
test, *P=0.0007) and AUR1K102A (Student’s t test, *P=0.0267)
levels were significantly elevated in leaves treated with MG132
compared with untreated leaves, but AUR1K102A was less sensi-
tive to MG132 (Student’s t test, ns=0.0679) (Supplementary Fig.
S4B and Supplementary data set S1), consistent with its low ubig-
uitination levels (Supplementary Fig. S1E). In addition, treatment
with 50 uM MG132 has a significant effect in blocking the degrada-
tion of AUR1 in the presence of APC8 (Student’s t test, *P=0.0274)
(Supplementary Fig. S4, E and F). Similar results were observed

using the cell-free degradation assay, in which AUR1 protein
stability was enhanced with the addition of MG132 when incu-
bated with Col-0 (Student’s t test, ns=0.086) and apc8-1 lysate
(Student’s t test, *P=0.0462) (Fig. 2G and Supplementary Fig.
S3E). Taken together, these data provide strong evidence that
APC/C negatively regulate AUR1 stability by mediating its ubiqui-
tination for processing by the 26S proteasomal degradation
pathway.

APC/C subunit APC10 recognizes the AUR1 D-box
both in vitro and in vivo

The APC/C subunit APC10 along with APC/C coactivators act as
substrate co-receptors that bind the D-box of substrates to medi-
ate their ubiquitination (da Fonseca et al. 2011). The C terminus of
AURT1 has a conserved D-box (Supplementary Fig. S1C), so we hy-
pothesized that the AUR1 D-box may be recognized by APC/C. To
test their possible interaction, we used a yeast 2-hybrid (Y2H) as-
say with full-length AUR1 and various deletion derivatives as bait
(Fig. 3A). AUR1 interacts with APC10 specifically but not with APC8
(Fig. 3B) and the D-box domain was sufficient for the interaction,
while other truncated forms lacking D-box did not interact
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Figure 2. APC/C mediates the ubiquitination and degradation of AUR1 both in vitro and in vivo. A) to (B) AUR1 ubiquitination is associated with APC/C.
Total proteins of central inflorescences from ProActin7-FLAG/Col-0 (control), ProActin7:AUR1-FLAG/Col-0, ProActin7:AUR1-FLAG/apc8-1, ProActin7:
AUR1-FLAG/APC8-YFP (designated as “-, Col-0, apc8-1, APC8-YFP,” respectively) treated with 50 uM MG132 were extracted and immunoprecipitated with
anti-FLAG (A) and TUBE?2 affinity gel matrix (B). A) Anti-FLAG antibody showed similar AUR1 protein (bottom, left, a) in IP samples, and AUR1
ubiquitination level above AUR1 target band was compared using anti-FLAG (top, left, b) and UBQ11 (right, c) antibodies. Anti-FLAG antibody (d) in (B)
showed equal AUR1 protein for TUBE2-IP assay, IP products were detected by anti-UBQ11 and anti-FLAG to detect ubiquitinated proteins (e) and
ubiquitinated AURT1 (f). Representative immunoblot results with the relative smear ladders intensities in (A-c) normalized to (A-a), and relative smear
ladders intensities in (B-f) normalized to Input (B-d) were labeled. The value of the samples with Col-0 background was set as 1.0. Three independent
experiments were performed with similar results (100 inflorescences from 25 plants in each replicate at the same treated time). C) Immunoblotting
detection of protein level of AUR1 in Col-0, apc8-1 and APC8-YFP backgrounds. Anti-FLAG and anti-Tubulin antibodies show the AUR1 protein and
loading control (top 2), respectively. Target gene AUR1 and house-keeping gene ACTINI mRNA expression levels were analyzed (bottom 2 panels). The
value of samples with Col-0 background was set as 1.0. Representative immunoblot results with the relative band intensities of AUR1-FLAG normalized
to Tubulin were labeled. Four independent experiments were performed with similar tendency (50 central inflorescences from 15 plants in each
replicate at the same treated time). D) In vivo degradation assay shows that APC8 promotes AUR1 protein instability. Anti-FLAG and anti-Myc
antibodies were used to detect the amount of AUR1 and APC8 (top 2). Relative band intensities of AUR1 normalized to reference protein GFP (middle)
were labeled. The value of samples without expressing APC8-Myc was set as 1.0. Total RNA was extracted from the injected N. benthamiana leaves,
RT-gqPCR of AURI and ACTIN1 determines the transcript level (bottom panels). Three biological replicates were performed with similar results (6 N.
benthamiana strains in each replicate at the same treated time). E and F) AUR1 shows a lower turnover rate in apc8-1 compared with Col-0in Arabidopsis
using in vivo degradation assay in (E), with quantitative analysis in (F). The protein extracts of inflorescences were treated with 100 mwm translation
inhibitor CHX and incubated at 4 °C for indicated time periods, followed by immunoblotting using antibody against FLAG (top), HSC70 was used as the
loading control (bottom). Relative band intensities of AUR1-FLAG normalized to loading control protein were labeled. The value of samples in original
state (O h, 0 h) was set as 1.0 in (E). The level of AUR1 was plotted based on the level at 0 h (1.0). Three independent biological repeats were performed
with similar tendency (30 central inflorescences from 15 plants in each replicate at the same treated time). The error bar represents SD of test. P < 0.01,
statistical analysis was performed using 2-tailed Student’s t test in (F). G) AUR1 degrades faster in Col-0 compared with apc8-1 in cell-free degradation
assay. HSC70 was used as the loading control to indicate the protein loaded (second and bottom panel). H) The decay rate of AUR1 is higher in intact
AUR1 compared with AUR1IAD-box in cell-free degradation assay. HSC70 antibody was used to determine the loading sample (bottom). In (G) to (H),
representative immunoblot results with the relative band intensities of SUMO-AUR1 normalized to loading control protein were labeled. The value of
input protein was set as 1.0. and experiments were conducted in 3 replicates with similar results (100 inflorescences from 30 Col-0 and 60 apc8 plants in
each replicate at the same treated time). Source data are provided as a Supplementary data setl and supported by Supplementary Figs. S3 and S4.
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Figure 3. AUR1 interacts with APC10 both in vitro and in vivo. A) Schematic diagram of full-length AUR1 and various deletion derivatives used in the
following analysis. Numbers refer to the positions of the first or last amino acid in the sequences. The rectangle boxes with various colors indicate the
domain organizations of AURL. Ubiquitinated residue in AUR1 is shown. B) Analysis of the interaction between AUR1 and APC10 using yeast Y2H
system. pGADT7 (AD) and pGBKT7 (BD) empty vectors are used as negative control. Transformants were plated on synthetic dropout (SD) medium
without leucine or tryptophan (SD/-WL), synthetic dropout (SD) medium alanine (SD/-WLHA) to detect interactions. C) In vitro pull-down assay
examines the interaction between AUR1 and APC10, whose protein are purified from expression in E. coli (His-AUR1, GST, GST-APC10). His-AUR1
proteins immobilized on Ni-NTA His-bind affinity beads were incubated with GST or GST-APC10. Samples were analyzed by immunoblotting with
anti-GST (top) and anti-His antibodies (bottom). Input proteins and pull-down proteins are shown in the first and second columns. The asterisk (%)
indicate the target protein location. D) split-luciferase complementation assay examines the interaction between AUR1, truncated AUR1 (AD-box) and
APC10in N. benthamiana leaves. AURL and AUR1AD-box were fused with N-terminal fragments of Luciferase (nLUC), APC10 was fused with cLUC. The
color legend (right) indicates the fluorescence intensity. GUS-nLUC, GUS-cLUC were used as negative controls. E) Co-IP assay shows that AUR1 interacts
with APC10 in vivo. GFP-tagged AUR1 was co-expressed with Myc-tagged APC10in N. benthamiana leaves and using GFP and APC10-Myc co-expression
line as negative control. Three independent replicates showed the same results in B to E.

(Fig. 3B). We confirmed the interaction using a pull-down assay to
show that the recombinant His-AUR1 protein is precipitated
by GST-APC10 but not GST alone (Fig. 3C). To validate the inter-
action of APC10 and AUR1 in vivo, we used a Split-Luciferase
Complementation assay with APC10 and AUR1 fused to
C-terminal fragment of Luciferase (cLUC) and N-terminal frag-
ment of Luciferase (nLUC), respectively. Strong luciferase activity
(LUC) was observed in N. benthamiana leaves when co-expressed
APC10 and AURI, while no detectable LUC signal was observed
with APC10 and truncated AUR1 lacking its D-box (AUR1AD-
box) or in negative controls (Fig. 3D). As an independent valida-
tion, we used a co-immunoprecipitation (Co-IP) assay with AUR1
and APC10 transiently co-expressed in N. benthamiana leaves to
show that AUR1-GFP is coprecipitated with APC10-Myc while
GFP alone is not (Fig. 3E). Together, these results demonstrated
that AUR1 interacts with APC10 in a D-box-dependent manner.
Consistent with these observations, the AURIAD-box is

obviously stable compared with the intact AUR1 in the cell-
free degradation assay (Fig. 2H, Supplementary Fig. S3F and
Supplementary data set S1), which strengthens the conclusion
that APC/C binds and mediates the degradation of AUR1 by recog-
nizing its D-box.

APC/C coactivators CCS52A2/B but not CDC20.1
promote AUR1 degradation

APC/C coactivators participate in substrate recognition, binding,
and activation of APC/C activity, to promote substrate ubiquitina-
tion and degradation (Chang et al. 2015). Our results showed that
CDC20.1 deficiency results in the increase of AUR1 ubiquitination
levels (Supplementary Fig. S1B), suggesting that CDC20.1 does not
promote AUR1 ubiquitination and degradation. To test this hy-
pothesis, we examined whether CDC20.1 interacts with AURI.
Using an in vitro pull-down assay, we show that CDC20.1 interacts
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Figure 4. CDC20.1 interacts with AUR1, but is dispersible for its degradation. A) In vitro pull-down assay shows the interaction between AUR1,
truncated protein AUR1IAD-box and CDC20.1. The mixtures of the purified proteins GST-CDC20.1 were pulled down by SUMO-AUR1 and
SUMO-AD-box immobilized on the Ni-NTA affinity agarose beads and analyzed by immunoblots with anti-GST antibody (top) and anti-SUMO
antiserum (bottom). The asterisk (*) indicates the target band. B) Co-IP assay shows interaction of AUR1, truncated protein AUR1AD-box with CDC20.1
in vivo. FLAG-tagged AUR1 was co-expressed with GFP-tagged CDC20.1 in N. benthamiana leaves. The asterisks (*) indicate the target bands. C) AUR1
protein in inflorescences was decreased in cdc20.1-3 relative to Col-0. Tubulin is the loading control. The results of 3 biological replicates show similar
tendency (50 central inflorescences from 20 plants in each replicate treated at the same time). The ratio of the relative density between cdc20.1-3 and
Col-0 signals (cdc20.1-3/Col-0) in the representative immunoblot result were labeled. mRNA expression levels of the target gene AURI and
house-keeping gene ACTIN1 were analyzed (bottom 2 panels). D) In vivo degradation assay shows the role of CDC20.1 in protecting AUR1 stability.
HSC70was the internal control (bottom). The value of samples without expressing coactivators was set as 1.0. E) to (F) Cell-free decay assay supports the
role of CDC20.11in AUR1 stability. SUMO-AUR1 was incubated with equal amount of Col-0 lysate with an extra addition of CDC20.1 expressed in E. coli in
(E) and immunoprecipitated products from inflorescences of transgenic plant using antibodies against FLAG in (F). Immunoblot was performed with
anti-SUMO antiserum (top), anti-GST or anti-FLAG antibodies (middle). HSC70 was the internal control (bottom). Source data are provided as a

Supplementary data set S1 and supported by Supplementary Fig. SSA-, to C.

with AUR1 (Fig. 4A). However, an in vivo Co-IP assay shows that
they interact in a D-box-independent manner (Fig. 4B), suggesting
the existence of other bridging factors that can facilitate their in-
teraction in vivo. Western blot analysis shows that AUR1 protein
levels were lower in cdc20.1-3 relative to Col-0 using central inflor-
escence of stable AURI-FLAG transgenic Arabidopsis plants
(Student’s t test, *P<0.0001) (Fig. 4C and Supplementary Fig.
S5A), suggesting that CDC20.1 stabilizes AUR1 rather than pro-
motes its degradation. To test this idea, we used an in vivo degra-
dation assay using recombinant AUR1 transiently expressed in N.
benthamiana and found that APC/C-mediated degradation of
AURT1 is inhibited with increasing levels of CDC20.1 (Figure 4D,

Supplementary Fig. S5B and Supplementary data set S1). We
also validated these results using a cell-free degradation assay
(Fig. 4, E to F and Supplementary Fig. S5C). The anticorrelation be-
tween AUR1 degradation and increasing CDC20.1 protein level
suggests that CDC20.1 promotes AUR1 stabilization instead of
degradation.

In mitotic cell divisions, APC/C“I? degrades Aurora kinase to
facilitate exit from mitosis (Taguchi et al. 2002; Floyd et al.
2008). Cdhl, is an APC/C coactivator in mammals and CCS52A
and CCS52B in plants (Tarayre et al. 2004). To test whether
CCS52A2 and CCS52B mediate the decay of AUR1, we examined
their physical interaction with AURL. Y2H assays demonstrate
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Figure 5. CCS52s interact with AUR1 and promote its degradation. A) Split-

luciferase complementation assay shows AUR1 interacting with CCS52 and

CDC20.1 in a D-box-dependent or -independent manner in N. benthamiana leaves. AUR1 and AUR1IAD-box were fused with nLUC, coactivators were
fused with cLUC. The color legend on the right indicates the florescence signal intensity (right). GUS-nLUC, GUS-cLUC were used as negative controls.
Experiments were conducted in 3 replicates with similar results (2 N. benthamiana in each replicate treated at the same time). B) to (C) Co-IP assay shows
AURlinteracting with CCS52A2 and CCS52B. GFP-tagged AUR1 was co-expressed with Myc-tagged CCS52A2 (B) and CCS52B (C) in N. benthamiana leaves,
the combination of GFP and CCS52-Myc were used as the negative control. The asterisk (*) indicates the target band. D) to (E) In vivo degradation assays
indicate CCS52 promoting AUR1 degradation. HSC70 was the internal control (bottom). Representative immunoblot result and relative band intensities

of AUR1-FLAG normalized to loading control protein were labeled. The va

lue of co-expressing APC8 and AUR1 protein was set as 1.0. F) AURL-FLAG

protein levels are increased in ccs52a2-1/+ ccs52b-1 mutant compared with Col-0. Anti-FLAG and Tubulin antibodies show the AUR1 protein and loading
control (top 2). Target gene AUR1 and house-keeping gene ACTIN1 mRNA expression levels were analyzed (bottom 2 panels). Relative band intensities of
AUR1-FLAG normalized to Tubulin were labeled according to 6 biological replicates (anthers isolated from 20 inflorescences of 3 independent lines of
Col-0 and ccs52a2-1/+ ccs52b-1 plants in each replicate are used). The value of samples with Col-0 background was set as 1.0. Source data are provided as
a Supplementary data set S1 and supported by Supplementary Figs. S4 and S5A- to C.

that CCS52A2/B interact with AUR1 (Supplementary Fig. S5D).
Because full-length recombinant CCS52A2/B protein are poorly
expressed in E. coli, so we constructed truncated forms including
WD40 repeats (designated as CCS52A2ywp4o and CCS52Bwpao in
Supplementary Fig. S5E), which have been previously shown to
contribute to protein-protein interaction (Schapira et al. 2017),
pull-down assay confirmed their interaction (Supplementary
Fig. SS5F). We validated these results using the in vivo
split-luciferase complementation assay, which shows strong
and specific LUC activity with AUR1 and CCS52A2/B but not in
negative controls (Fig. SA). We confirmed these results using an in-
dependent Co-IP assay in N. benthamiana cells to show intact
CCS52A2 and CCS52B are specifically co-immunoprecipitated
with AUR1 but not the negative control (Fig. 5, B and Q).
Interestingly, the D-box of AUR1 is indispensable for interacting
with CCS52A2/B, but dispensable for CDC20.1 in vivo (Fig. 5A).
This demonstrates that the D-box of AURIL is targeted by
CCS52A2/B but not CDC20.1, suggesting that CCS52A2/B may be
an upstream coactivator of AURL. To test the effect of CCS52A2/
B on APC/C-mediated AUR1 stability, we used the N. benthamiana

leaf in vivo transient expression degradation assay and found
that increasing amounts of CCS52A2/B have a notable effect on
AUR1 stability (Fig. 5, D to E, Supplementary Fig. S5B and
Supplementary data set S1).

Since both CDC20.1 and CCS52A2/B interact with AUR1, we
examined how they influence the interaction of APC/C and
AURI. Using the split-luciferase complementation assay, we
show that the addition of CDC20.1-GFP or GFP as a negative con-
trol do not diminish the interaction of AUR1 and APC10, but the
interaction is significantly decreased by the addition of
CCS52A2/B (Supplementary Fig. S5, G and I) (2-tailed Student’s
t test, P <0.0001 in CCS52A2, *P=0.0007 in CCS52B). These
results are consistent with immunoblotting data of protein ex-
tracts from the split-luciferase complementation assay tissues,
which show that increasing CCS52A2/B is accompanied by de-
clines of AUR1, while CDC20.1 or negative controls do not
have decreased AUR1 (Supplementary Fig. S5H). These results
suggest that coactivators CCS52A2/B assist APC/C-mediated
ubiquitination and degradation of AUR1, while CDC20.1 has
the opposite effect.
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Coactivators CCS52A2/B and CDC20.1 compete
for APC/C binding in vivo

How do coactivators CCS52A2/B and CDC20.1 differentially affect
their common interactor AUR1? APC/C coactivators have a con-
served C-box and IR (isoleucine-arginine) tail that bind APC8
and APC3 subunits, respectively, to activate APC/C catalytic activ-
ity (Chang et al. 2015). Previous studies showed that coactivator
CDC20 interacts with APC/C subunits (Xu et al. 2019; Lin et al.
2022), CCS52A2/B and CDC20.1 interact with full-length APC8
(Supplementary Fig. S6A) (Xu et al. 2019). We used the
split-luciferase complementation assay to confirm these interac-
tions in vivo (Supplementary Fig. S6B), supporting the idea that
CCS52A2/B and CDC20.1 may act as APC/C coactivators. Given
that coactivators have dual roles in determining substrate specif-
icity and stimulation of APC/C catalytic activity, temporal
regulation of coactivators is needed for orderly degradation of dif-
ferent substrates (Sivakumar and Gorbsky 2015). To investigate
their relationship, we used a competitive split-luciferase comple-
mentation assay and found that addition of CCS52A2/B
significantly diminished the association of APC8 and CDC20.1
(Supplementary Figure S6, B and D) (2-tailed Student’s t test,
*P=0.0291, ™P=0.0002), while the negative control does not
(Supplementary Fig. S6, B to D), supporting the idea that coactiva-
tors CCS52A2/B and CDC20.1 may compete to interact with APC/C
to regulate the degradation of distinct substrates, such as AURL.

CCS52A2/B are required for meiotic homologous
alignment and segregation

CDC20 activity is required for meiosis in plants (Niu et al. 2015; Lin
et al. 2022). CCS52A2 and CCS52B are highly expressed in male
meiocytes (Huang et al. 2019) (Supplementary Fig. S7A), suggest-
ing a role in meiosis. To investigate whether CCS52A2/B are also
required for meiosis, we obtained T-DNA insertional mutants of
ces52a2 and ccs52b (Supplementary Fig. S7B), and validated them
by RT-qPCR (Supplementary Fig. S7, C and D). The ccs52b-1 mutant
show normal vegetative growth, the ccs52a2-2 mutant has pleio-
tropic phenotypes (Supplementary Fig. S7, E and F), consistent
with previous report (Liu et al. 2012; Baloban et al. 2013). We
also examined a second allele ccs52a2-1, and found it is homozy-
gous lethal, we created a trans-heterozygote by crossing
ccs52a2-1/CCS52A2 as the male parent with ccs52a2-2/ccs52a2-2
as the female parent. Col-0 plants produced siliques with an aver-
age of 51.3 viable seeds, while ccs52a2-2 and ccs52a2-1/ccs52a2-2
had an average of 13.5 and 13.7 seeds per silique, respectively
(Supplementary Fig. S7]). Moreover, ccs52a2-2 and ccs52a2-1/
ccs52a2-2 have reduced floral organs, fewer viable pollen grains
per anther in ccs52a2-2 (109 + 38/anther, n=27) (Student’s t test,
P <0.0001) and in ccs52a2-1/ccs52a2-2 (120 +40/anther, n=19)
(Student’s t test, ™P<0.0001) compared with Col-O (463 +43/
anther, n=16) (Supplementary Fig. S7, G to H, K) and the residual
pollen grains have aberrantly diverse sizes compared with Col-0.
Male meiosis in Col-0 plants produces a uniform tetrad of micro-
spores, but we observed atypical tetrads or polyads in ccs52a2 mu-
tants (Supplementary Fig. S7I), indicative of meiotic defect.

To investigate the meiotic defects more closely, we examined
DAPI-stained chromosomes from male meiocytes and found
that ccs52a2 has no obvious defects in prophase I, but at meta-
phase I and II, unlike the 5 well-aligned homologs in Col-0 and
transgenic plants (ProActin/:CCS52A2/ccs52a2-2), the chromo-
somes in ccs52a2 are misaligned on the equatorial plate, experi-
ence premature and uneven chromosome segregation, and form
polyads or atypical tetrads (Supplementary Fig. S7L). The ccs52a2
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meiotic defects are rescued by trans-complementation with
CCS52A2 (Supplementary Fig. S7), supporting the idea that
CCS52A2 is required for male fertility and meiosis. Using fluores-
cence in situ hybridization (FISH) with a centromere probe, we
found that, unlike the 5 pairs of centromere signals uniformly dis-
tributed at 2 poles observed in Col-0 meiocytes, 20% (n=45) of
ccs52a2-2 meiocytes have asymmetrically aligned centromeres
at metaphase I, 15.2% (n=66) have abnormal cells at metaphase
II with misaligned and unevenly distributed chromosomes and
12.6% (n=103) develop into polyads or abnormal tetrads
(Fig. 6A), suggesting that CCS52A2 is required for meiotic chromo-
some alignment and segregation. ccs52b mutant shows defects in
chromosome alignment in metaphase, but subsequently forms
normal tetrad.

Assembly and timely removal of cohesin are prerequisites for
faithful chromosome segregation in meiosis. We analyzed the dis-
tribution of Arabidopsis meiosis-specific cohesin SYN1 at pro-
phase I, and did not observe any difference between Col-0 and
ccs52a2-2 (Supplementary Fig. S8A), indicating that loading of
SYN1 onto chromosomes is unaffected in ccs52a2-2, which is
in general agreement with the previous studies of SYN1 localiza-
tion in apc8-1 and cdc20.1-3 (Niu et al. 2015; Xu et al. 2019).
Immunolocalization of the kinetochore marker protein CENH3
showed that 17.9% (n=28) of ccs52a2-2 meiocytes have asymmet-
ric CENH3 signals at metaphase I with one bivalent separated
from others (Fig. 6B), and lagging bivalents on the equatorial plate
at prophase II (Supplementary Fig. S8B), suggesting that CCS52A2
may participate in chromosome kinetochore orientation and cor-
rection of kinetochore-microtubule attachment errors.

During cell division, including meiosis, chromosome move-
ment is facilitated by attachment of the kinetochores to spindle
microtubules (Yao et al. 2000). We used immunostaining with
antibodies against Tubulin to examine the spindle and observed
that, 21.7% (n=23) of ccs52a2-2 meiocytes have twisted or narrow
spindle morphology at metaphase I and eventually formed multi-
polar structures, consistent with chromosome mis-segregation
(Fig. 6C). Furthermore, poor alignment of chromosomes is often
related with extension of spindle poles at metaphase I (Nagaoka
etal. 2011; Kim et al. 2015), and ccs52a2-2 have significantly longer
spindles with an average length of 14.7 ym (n=23) compared with
11.5 um (n=23) in Col-0 (Supplementary Fig. S8C) (Student’s t test,
P <0.0001). These observations support the idea that chromo-
some misalignment and uneven or asynchronous segregation in
ccs52a2-2 meiocytes are likely related to aberrant kinetochore
orientation.

Both CCS52A2 and CCS52B interact with AUR1, and are ex-
pressed during male meiosis. To test their potential redundancy,
we generated double mutant plants. The double homozygous mu-
tants are not viable so we analyzed plants that were heterozygous
ccs52a2-1/+ and homozygous ccs52b-1/ccs52b-1. Male meiocytes
from ccs52a2-1/+ ccs52b-1 have exacerbated phenotypic effects
and showed a higher proportion of meiocytes with abnormal mei-
otic phenotypes, including asymmetrically aligned centromeres
at metaphase I (28.4%, n=81) and metaphase II (22.2%, n=36),
and development of polyads or abnormal tetrads (25.5%, n=47)
compared with the ccs52a2-2 single mutant (Fig. 6A). Moreover,
abnormal CENHS3 distribution also increased to 27.7% (n=47) in
ccs52a2-1/+ ces52b-1 male meiocytes (Fig. 6B) and a higher ratio
of ccs52a2-1/+ ccs52b-1 (42.5%, n=43) meiocytes have twisted or
narrow spindle morphology at metaphase I compared with
ccs52a2-2 (21.7%, n=23) (Fig. 6C). Taken together, these results
suggest that CCS52A2 and CCS52B are partially functional redun-
dancy in meiotic chromosome alignment and segregation.
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Figure 6. CCS52A2 is required for the bivalent alignment and subsequent segregation. A) Meiotic chromosome behavior of Col-0, ccs52a2-2, ccs52b-1,
and ccs52a2-1/+ ccs52b-1 male meiocytes. White color indicates DAPI-stained chromosome and red color refers to centromere probe signal. Numbers
indicate the chromosomes numbers segregated in male meiosis. The yellow arrowheads indicate misaligned centromere probe signal. The white
arrows indicate the premature segregated sister chromatids. Scale bar, 5 um. B) Immunolocalization of CENH3/CENP-A in Col-0, ccs52a2-2, ccs52b-1, and
ccs52a2-1/+ ces52b-1 male meiocytes. Anti-HTR12 (CENH3) antibody was used to indicate meiotic chromosomes. Blue color indicates DAPI-stained
chromosome, red color refers to CENH3 signal. White dotted portions mark bivalents, and white arrowhead marks the bivalent with abnormal CENH3
signal and abnormal unsegregated bivalents. Scale bar, 5 um. C) Spindle morphology in Col-0, ccs52a2-2, ccs52b-1, and ccs52a2-1/+ ccs52b-1 male
meiocytes. The spindle was detected by immunostaining with antibody against Tubulin (green). Chromosomes were stained with DAPI. Yellow
arrowhead indicates unusual chromosomes configuration. Horizontal and vertical yellow lines refer to the diameter (D) and length (L) of spindles,
respectively. Scale bar, 5 um. The observed cell number and abnormal ratio were labeled in the Figures.



AUR1 levels decrease in cdc20.1 and increase in
ccs52 mutants

To investigate the meiotic defects in ccs52, we transformed
AURT-FLAG into ccs52a2-1/+ ccs52b-1 heterozygous mutants, used
anthers of stable AUR1-FLAG transgenic Arabidopsis plants to ex-
amine AUR1 protein levels and found significantly higher AUR1 lev-
els (Student’s t test, ***P < 0.0001) in ccs52a2-1/+ ccs52b-1 relative to
Col-0 (Fig. 5F and Supplementary Fig. SSA). Attempts to obtain a na-
tive Aurora antibody were not successful, so as an alternative we va-
lidated AUR1 levels by examining histone H3 phospho-Ser10 (H3510)
levels, which has previously been used as a marker of Aurora activity
and is highly conserved in mammals, yeast and plants (Ditchfield
et al. 2003; Kawabe et al. 2005; Niu et al. 2015). We used immuno-
fluorescence assays with antibodies against H3S10ph together
with a component of the synaptonemal complex (SC)-transverse fil-
ament ZYP1 for marking pachytene chromosomes. We classified
H3S10ph localization into 3 patterns based on phenotypic distribu-
tion (type 1, II, and III), and observed a significantly higher proportion
of patch and continuous H3S10ph signal along the chromosome
(type 11l pattern) in ccs52 mutant chromosome spreads (Fisher’s ex-
act test, P <0.0001, type III) (Supplementary Fig. S8, D and E).
Compared with Col-0, H3S10ph fluorescence signal was weaker
in cdc20.1-3 (n=56) (Fisher’s exact test, P=0.06, type I)
(Supplementary Fig. S8D) and cdc20.1-3 AURRN? (n=66) (Fisher’s ex-
act test, “P=0.0056, type I) (Supplementary Figs. SSE and S9B), but
increased in ccs52 mutant, providing additional evidence to support
altered AUR1 levels in corresponding mutant backgrounds. Taken
together, these results suggest that APC/C and its coactivators are
required for maintaining the AUR1 homeostasis.

APC8, CCS52, and CDC20.1 act in the same
pathway during meiosis

APC/C and its coactivators are both required for alignment and
segregation of homologous chromosomes during meiosis.
Meiosis-specific AUR1 knockdown (AUR®™A) (Niu et al. 2015) has
defects in meiotic chromosome alignment and segregation simi-
lar to apc8-1, cdc20.1, ccs52a2-1/+ ccs52b-1 mutants. To test their
genetic relationship, we crossed apc8-1, cdc20.1-3, and ccs52a2-1/
+ ccs52b-1 with AURRNA! to obtain high-order mutants. RT-gPCR
analysis showed significant attenuation of AURI expression in
apc8-1 AURFNAL (Student’s t test, P =0.0029), cdc20.1-3 AURNA!
(Student’s t test, *P=0.0038) and ccs52 AURRNA! (Student’s t test,
*P=0.0387) mutants compared with each of the single mutants
(Supplementary Fig. S9, A to C). Analysis of chromosome mor-
phology by FISH with a centromere probe showed that male meio-
cytes from these higher-order mutants displayed meiotic
chromosome defects including asynchronously alignment at the
equatorial plate and uneven segregation at anaphase, resembling
each of the single mutants (Supplementary Fig. S9D). We also
crossed apc8-1 with ccs52a2-1/+ ces52b-1. Unfortunately, the triple
mutants have an extreme dwarfing phenotype and cannot be used
for analyzing meiotic phenotypes (Supplementary Fig. S9E). Taken
together, these data support the idea that APC8, coactivators
CDC20.1/CCS52 and AUR1 function in the same genetic pathway
during meiosis.

Discussion

Identification of AUR1 as a substrate for APC/C
during Arabidopsis meiosis

APC/C is a multi-subunit Cullin-RING ubiquitin ligase that en-
sures an orderly cell cycle, including meiosis (Peter et al. 2001;
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Xu et al. 2019). Recent studies revealed meiotic targets of APC/C
(Willems and De Veylder 2022) include Cyclin B1 and the cohesin
protectors Securin and Shugoshinl in mouse oocytes (Herbert
et al. 2003; Rattani et al. 2017), yeast (Buonomo et al. 2000) and
C. elegans (Siomos et al. 2001), and Shugoshin1, MPS1 and Cdh1
in yeast (Jonak et al. 2017). Less is known about the homologs of
these proteins in plants and the direct meiotic targets of APC/C
in plants have not been defined. PANS1/RSS1 (Cromer et al.
2019) and SWITCHI1 (Yang et al. 2019), homologs of cohesin pro-
tectors Securin and Sororin (Rankin et al. 2005), respectively,
may be APC/C substrates in plants, but direct biochemical evi-
dence is still lacking. Aurora kinases, which are critical compo-
nent of the SAC, play multiple roles in assisting faithful
chromosome segregation from yeast to humans during both
meiosis and mitosis including mediating correction of erroneous
kinetochore-microtubule attachment, kinetochore orientation,
and spindle microtubule assembly (Hauf et al. 2007; Yoshida
et al. 2015; Shrestha et al. 2017; Berthezene et al. 2020; Wellard
et al. 2020). Here, we present several pieces of evidence that
show AURL is a meiotic APC/C substrate in plants. We previously
showed that cdc20.1-3 mutant phenocopies the meiotic defects in
plants with meiosis-specific knockdown of AURI and apc8-1
mutants (Niu et al. 2015; Xu et al. 2019), supporting the idea
that APC/C, CDC20.1 and AUR1 are functionally related in
SAC-dependent meiotic chromosome segregation. We used
ubiquitin-modified proteome analysis combined with genetic
and biochemical approaches to show that the AUR1 is required
for CDC20.1’s function in meiosis (Fig. 1 and Supplementary Fig.
S1). In addition, our biochemical experiments provide strong evi-
dence that APC/C mediates AURL’s ubiquitination and degrada-
tion (Fig. 2 and Supplementary Figs. S3 and S4). Taken together,
this study shows that AUR1 is a meiotic substrate of APC/C in
Arabidopsis meiosis.

Molecular mechanism of APC/C-mediated meiotic
chromosome segregation

Coactivators regulate the catalytic activity and substrate specific-
ity of APC/C (da Fonseca et al. 2011). We showed coactivators
CCS52A2/B, the homologs of Cdh1/Fzrl in yeast, but not CDC20.1,
regulate AUR1 protein stability in meiosis (Figs. 4 and 5 and
Supplementary Fig. S5). Aurora protein homeostasis is
maintained by APC/C“5°?A2E_mediated ubiquitination and sub-
sequent degradation to facilitate SAC-dependent meiotic chromo-
some segregation. Considering the highly conserved structure and
function of the APC/C E3 ubiquitin ligase in multiple species, as
well as the fact that ubiquitination and degradation are shared
mechanisms in both mitosis and meiosis, the degradation of
Aurora kinase by APC/C may be a general mechanism in eukary-
otic cell cycle control. This conjecture is supported by previous re-
ports in human cells and Xenopus eggs that APC/C®"! recognizes
the KEN motif, D-box or A-box of Aurora kinases for proteometab-
olism at the end of cell division (Castro et al. 2002; Taguchi et al.
2002; Nguyen et al. 2005; Floyd et al. 2008). Unlike the proteome-
tabolism that occurs after chromosome segregation, we suggest
that Aurora’s degradation and homeostasis help facilitate
SAC-dependent homologous and sister chromosome alighment
and segregation in Arabidopsis male meiocytes.

The role of coactivator Cdhl homologs CCS52 in plants
during meiosis remains unclear. Although the double CCS52a
and CCS52b mutants are homozygous lethal, we obtained
ccs52a2/+ ces52b-1 mutants and found that CCS52A2/B have a
role in meiotic chromosome alignment and segregation by
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controlling SAC-dependent spindle assembly and correction of er-
roneous kinetochore-microtubule attachment in Arabidopsis
male meiocytes (Fig. 6 and Supplementary Fig. S7). Consistent
with this, immunofluorescence results using antibody against
Aurora marker H3S10ph and immunoblotting for protein levels
demonstrates that AUR1 protein degradation is impeded in
ccs52a2-1/+ cecs52b-1 compared with Col-0 (Supplementary Fig.
S8, D andE; Fig. 5F), which may be an aspect of the meiotic defects
in ccs52 mutants. Furthermore, inappropriate amounts of Aurora
kinases resulting in meiotic SAC dysfunction with increased aneu-
ploidy and decreased fertility were also found in several species
from yeast to humans (Ma et al. 2003; Nguyen et al. 2005; Swain
et al. 2008; Jordan et al. 2009; Demidov et al. 2014; Niu et al.
2015; Aboelenain and Schindler 2021; Nikalayevich et al. 2022).
Our genetic evidence using stable transgenic plants overexpress-
ing AUR1K102A, which experiences less ubiquitination, demon-
strates that the inappropriate accumulation of Aurora causes
meiotic abnormalities and aneuploidy (Supplementary Fig. S2),
which is consistent with previous finding in Arabidopsis
(Demidov et al. 2014). Similarly, overexpression or repression of
SAC components BUB1, BubR1 and Mad?2 in mouse (Jeganathan
et al. 2007; Ricke et al. 2011), AURB and Madl in human cells
(Nguyen et al. 2005; Zhao et al. 2021) also lead to chromosome
alignment defects and aneuploid progeny. Therefore, maintaining
optimal protein levels of SAC components may be critical for their
normal function in ensuring an orderly cell cycle, including meio-
sis. Unlike the role of APC/C in controlling chromosome segrega-
tion through regulation of the timely removal of cohesin from
yeast to mammals (Buonomo et al. 2000; Herbert et al. 2003;
Reis et al. 2007; Jonak et al. 2017), we found that APC/C modulates
the ubiquitination and degradation of AUR1 in SAC-dependent
meiotic chromosome segregation in Arabidopsis male meiocytes.

Coactivators coordinate to fine tune AUR1
homeostasis to sustain meiotic SAC function

Coactivators have been reported to coordinate sequential control
of APC/C catalytic activity in mammals (Filop et al. 2005; Homer
et al. 2009). In mouse oocytes, coactivator Cdh1l dominates mei-
otic prometaphase I progression, and subsequently coactivator
CDC20 takes part in cell cycle control (Homer et al. 2009). Both
Cdh1 and CDC20 synergistically influence meiotic nuclear divi-
sion and meiotic exit in yeast (Chikashige et al. 2017; Ostapenko
and Solomon 2024). However, whether coactivators have similar
functions in plant meiosis has been unclear. Here, we demon-
strate that Arabidopsis APC/C coactivators CCS52A2/B compete
with CDC20.1 (Supplementary Figure S6), which is consistent
with previous reports that Cdh1 may impede the interaction be-
tween CDC20 and APC/C in human sperm cells (Tanno et al.
2020) and modulates the timing of APC/CP®° activity (Holt
et al. 2012; Rattani et al. 2017). In addition, the meiotic phenotype
of ccs52 mutants (Fig. 6) and cdc20.1 mutant reported previously
(Niu et al. 2015) both suggest that they act early in meiosis to reg-
ulating SAC function. In addition, previous studies in mouse germ
cell meiosis showed that CCS52 homologous protein CDH1/FZR1
regulates APC/C activity by controlling its association and dissoci-
ation from APC/C through dephosphorylation and phosphoryla-
tion (Tanno et al. 2020). A similar mechanism may be employed
here. CCS52 and CDC20.1 competing for APC/C might be regulated
by phosphorylation or protein—protein interaction. To establish a
mechanistic link between AUR1, CDC20.1, and CCS52A2/B in the
regulation of Arabidopsis male meiosis, the generation of native
antibodies for cytological localization studies in meiocytes and

comprehensive meiotic phenotypic characterization of available
higher-order mutants (aur, cdc20.1, and ccs52a2/b) would conclu-
sively demonstrate their relationship in mediating faithful mei-
otic chromosome segregation in the future.

Based on our results and previous reports, we propose a work-
ing model illustrating how APC/C and its coactivators coordin-
ately regulate SAC function through targeting AUR1 to ensure
faithful chromosome segregation in Arabidopsis meiosis (Fig. 7).
At late prophase I, CDC20.1 interacts with SAC component AUR1
(Fig. 4). Similar to previous reports in early mitosis that CDC20.1
plays a role in SAC function through physical interaction with
SAC effectors to prevent anaphase onset in Arabidopsis (Kevei
et al. 2011; Niu et al. 2015; Deng et al. 2024b), here CDC20.1 may
act as an SAC component and prevent the activation of APC/C
for ubiquitinating substrates such as AURZ, thereby ensuring nor-
mal SAC function (Fig. 4). A recent report also supports the idea
that Slp1 (homolog of CDC20) phosphorylation-mediated instabil-
ity acts in concert with SAC activation in fission yeast (Sun et al.
2022). CDC20.1 competes with CCS52 for APC/C interaction
(Supplementary Fig. S6), imposing dynamic regulation of APC/C
dependent ubiquitination and degradation of SAC component in-
cluding AUR1, thereby ensuring normal SAC function. The SAC
surveillance mechanism perceives and monitors erroneous
kinetochore-microtubule attachment or abnormal spindle as-
sembly (Musacchio and Salmon 2007). As an SAC component,
AUR1 kinase helps facilitate error correction. CCS52 competes
with CDC20.1 for APC/C activation (Supplementary Fig. S6) and
AUR1 is degraded by APC/C“5>2 which ensures proper alignment
of bivalents on the equatorial plate and their subsequent accurate
segregation (Niu et al. 2015). In contrast, in the absence of
CDC20.1, the interaction of CCS52 with APC/C is not appropriately
regulated, which leads to premature or overactive degradation of
AUR1, causing defects in SAC function and a failure to correct er-
roneous kinetochore-microtubule attachment or unusual spindle
assembly, resulting in misalignment of chromosomes and abnor-
mal segregation. Similarly, in the absence of CCS52, AUR1 is
not appropriately degraded and accumulates (Fig. S5F and
Supplementary Fig. S8, D and E) because of failure to activate
APC/C. Subsequently, improper spindle configurations develop,
chromosomes become misaligned and meiotic segregation errors
occur. In summary, our results reveal mechanistic insights into
APC/C function and the antagonism among APC/C coactivators
in regulating AUR1 homeostasis during plant meiosis.

Materials and methods

Plant materials and growth conditions

All T-DNA insertional mutants and transgenic plants were in the
Arabidopsis thaliana Columbia-0 (Col-0) ecotype background. The
T-DNA insertional mutant cdc20.1-3, and ProDMC1:AuroralRNAl
(Niu et al. 2015), the apc8-1 mutant and the APC8-YFP transgenic
complementation plants were reported previously (Zheng
et al. 2011; Xu et al. 2019). ccs52a2-1 (SALK_001978), ccs52a2-2
(SALK_073708), ccs52b-1 (SALK_098269) were obtained from the
Arabidopsis Biological Resource Center (ABRC), the homozygous
lines were identified by PCR, ccs52a2-2 (SALK_073708) homozygous
mutants were used for FISH and immunostaining. The high-order
mutants were generated by crossing corresponding mutants men-
tioned above. Primers used for genotyping were listed in
Supplementary Table S2. Seeds were plated on half-strength
Murashige and Skoog medium (¥2MS) medium after sterilizing
with 75% ethanol, and seedlings were transplanted onto soil and
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-mediated ubiquitination and degradation of AUR1 for meiotic chromosome alignment and segregation. In Col-0

(A), at late prophase I, CDC20.1 interacts with AUR1 as SAC component to limit APC/C“P“?°? catalytic activity. CDC20.1 simultaneously competes with
CCS52 to binding APC/C, thus inhibiting APC/C“5*?-dependent premature ubiquitination and degradation of AUR1. SAC surveillance mechanism
perceives and monitors unsatisfied kinetochore-microtubule attachment or abnormal spindle assembly, AUR1 kinase accomplishes erroneous
correction to ensure bivalents align well on the equatorial plate at metaphase and homologs segregated faithfully. In contrast, in cdc20.1 (B), CCS52
functions as APC/C coactivator to prematurely degrade AUR1 due to lack of coactivator CDC20.1 competitional inhibition, which causes failure in
correcting erroneous kinetochore-microtubule attachment as well as the spindle assembly, thus leading to the misalignment and abnormal
chromosome segregation afterward. Similarly, in ccs52 (C), CDC20.1 acts as coactivator of APC/C but does not degrade AUR1, which results in improper
accumulation of AURI, thus causing SAC dysfunction and ultimately fails in faithful chromosome segregation in meiosis.

grown in a greenhouse with a photoperiod of 16 h day/8 h night at
22 °C with 70% humidity. N. benthamiana was grown in the same
conditions as Arabidopsis.

Bacterial strains and cultural condition

E. coli BL21 (DE3) was used for expressing proteins. Bacteria were
cultured overnight at 37 °C on Luria-Bertani (LB) solid medium
supplemented with antibiotics, including kanamycin (50 ug/mL)
and ampicillin (50 ug/mL). Cultures were used to inoculate fresh
broth media with antibiotics and incubated for another 16 h at
18 °C. The Agrobacterium tumefaciens strain GV3101 was used to
generate transgenic Arabidopsis and for transient expression in
N. benthamiana cells. A. tumefaciens carrying recombinant plas-
mids were cultured at 28 °C for 2 d on LB solid medium with kana-
mycin, gentamycin (50 ug/mL) and rifampicin (25 xg/mL) then
used to incubate fresh broth medium for at least 12 h when
ODgoo reached to 2.0. Yeast Y187, Y2H gold, and AH109 strains
were incubated at 28 °C for 2 to 3 d for yeast Y2H experiment.

Recombinant plasmids and plant transformation

Full-length coding sequences (CDS) of AURL, CCS52A2, and APC8
from Col-0 cDNA were amplified and cloned into a modified

pCAMBIA1306 plasmid (digested by BamHI/Sall) driven by the
Actin7 promotor with the FLAG epitope tag at the C terminus using
the One-step Cloning Kit (Novoprotein, China) or T4 ligase accord-
ing to the manufacturer protocols for A. tumefaciens-mediated
transformation. Plant expression vector pCAMBIA1306 (1x35S
Promotor) with the FLAG, GFP or Myc epitope tag at the C terminus
after BamHI or Xbal and Sall digestion were ligated with cloned
AUR1, CCS52A2, CCS52B, CDC20.1 cDNA for biochemical assays.
D-box truncated AUR1 (AD-box) and ubiquitination site mutant
(K102A) were cloned using the full-length AUR1 as the template.
The position of AUR1 truncations and point mutation are indi-
cated in Supplementary Fig. S1C. Primers used in this study
were shown in Supplementary Table S2, and all constructs were
verified using Sanger sequencing.

Transgenic lines were obtained through introducing
ProActin7:AUR1-FLAG, ProHTR2:AUR1-FLAG, ProDMC1:AUR1-FLAG,
ProCDC20.1:AUR1-FLAG, ProHTR2:AUR1K102A-FLAG, ProDMC1:
AUR1K102A-FLAG,  ProCDC20.1:AUR1K102A-FLAG,  ProActin7:
CCS52A2-FLAG, ProActin/:APC8-FLAG vectors A. tumefaciens stain
into Col-0 or corresponding mutants by the floral-dip method
(Clough and Bent 1998). The Ty and T; plants were screened in
¥%MS medium with 25mg/L hygromycin. Plasmid harboring
AUR1-FLAG was transferred into cdc20.1-3 heterozygous mutant
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to segregate stable inherited transgenic plants in Col-0 and
cdc20.1-3 homozygous plants, which were crossed with apc8-1,
APC8-YFP overexpressing plant to analyze the AUR1 protein level.
The same construct above was also introduced into ccs52a2-1
ccs52b-1 heterozygous mutants, anthers of AUR1-FLAG transgenic
Arabidopsis plants to examine AUR1 protein levels.

The CDS of AUR1, AUR1AD-box were cloned into a modified His
fusion epitope expression vector pET28a and pET28a-SUMO vectors
(digested with BamHI and EcoRI or Sall), the full-length CDS or
truncated forms of APC10, CDC20.1, CCS52A2, and CCS52B were
cloned into a modified GST fusion protein expression vector
pGEX-4T-1 (digested by BamHI and Sall or Xhol) for pull-down or
other biochemical assays.

Full-length CDS sequence of AUR1 and various truncated AUR1
were amplified using full-length cDNA of AURI as template,
CDC20.1, CCS52A2, CCS52B were cloned into pGBKT7 vector (di-
gested by Ndel or EcoRI/ EcoRI or Sall or BamHI) (BD, Clontech);
full-length CDS sequences of APC10, APC8, CDC20.1, CCS52A2,
CCS52B were cloned into pGADT7 vector (digested by Ndel and
BamHI) (AD, Clontech) for yeast Y2H; Full-length CDS sequences
of AUR1, AURIAD-box, CDC20.1 were amplified and cloned into
JW?771 (nLUC) vector (digested by BamHI and Sall), corresponding
CDS sequences of CDC20.1, CCS52A2, CCS52B, APC10, APC8 were
amplified and cloned into JW772 (cLUC vector) (digested by Kpnl
and Sall) for split-luciferase complementation assay.

Morphological plants and chromosomes analyses

Plants were photographed with an iPhone rear-facing camera.
Inflorescences containing 4 to 7 stage anther were fixed in a modi-
fied Carnoy’s fixative (3 ethanol:1 acetic acid) for >2 hin ice water.
Alexander red staining of pollen grains was performed by dyeing
anthers at 65 °C for 0.5 h (Peterson et al. 2010). Tetrads, centro-
mere FISH, chromosome spreading and immunofluorescence as-
say were performed as previously described (Wang et al. 2014).

Rabbit Anti-SYN1 polyclonal antibody (Shanghai AnGo
Biotechnology CO), Rabbit Anti-ZYP1 polyclonal antibody
(Shanghai AnGo Biotechnology CO), Rabbit Anti-CENH3 polyclo-
nal antibody (ab72001, Abcam), Rabbit Anti-H3S10ph polyclonal
antibody (CAT#GTX128116, GeneTex) and Mouse anti-Tubulin
antibody (M20005, Abmart) were diluted 1:200 to detect corre-
sponding immunofluorescence signal as previously used
(Chelysheva et al. 2010; Wang et al. 2014). Secondary antibody
Alexa Fluor 555 Goat Anti-Rabbit 1gG/488 Goat Anti-mouse 1gG
(H+1) (A-21428) (Invitrogen, USA) were diluted 1:1000. Both im-
ages were recorded using a Zeiss Axio imager Al microscope
(Zeiss, German). Alexa Fluor 555: Filter set 31 Cy 3.5 shift free (E)
Excitation Bandpass (EX BP) 550 to 580 nm, Beam Splitter Filter
(BS FT) 585 nm, Emission Bandpass (EM BP) 590 to 650 nm, x 100
objective 5.5 mW; Alexa Fluor 488: Filter set 46 YFP shift free (E)
EXBP 490 to 510 nm, BSFT 515 nm, EM BP 520 to 550 nm, x 100 ob-
jective 1.6 mW;DAPI: Filter set 49 DAPI shift free (E) EX G 365 nm,
BS FT 395 nm, EM LP 420 to 470 nm, x 100 objective 5.5 mW.

RNA extraction and RT-qPCR

The 4 to 7 stages inflorescences of Col-0 and mutants were used to
extract mRNA using Trizol reagent (Invitrogen) then cDNA was
synthesized using a PrimeScript RT reagent kit with DNA Eraser
(Cat. no. RR047A; TaKaRa). Reverse transcription products were
used as the template for RT-qPCR using step one plus real-time
PCR system (Applied Biosystems, Carlsbad, CA, USA) with iTaq
Universal SYBR Green Supermix (Cat. no. 72-5124; Bio-Rad) with
Bio-Rad CFX96 Touch Thermocycler (Bio-Rad) and data were

collected and analyzed with Bio-Rad CFX Manager (v3.1). After
the normalization of cycle threshold (CT) value toACTIN2, the rel-
ative expression was calculated according to 274" (ACt (C, gene of
interest — Ct, acting) and AACt (AC: —ACt control)) method
(Schmittgen and Livak 2008; Bustin 2010). ACTIN1 and ACTIN2
were internal control. Three biological replicates and 3 technical
replicates for each biological replicate and each transgenic plants
includes atleast 2 independent lines were performed and the final
statistical significance of gene expression levels was using the
2-tailed Student’s t test.

Yeast Y2H

Full-length CDS sequence of AUR1 and various truncated AUR1
were amplified using full-length ¢cDNA of AURI as template,
CDC20.1, CCS52A2, CCS52B were cloned into pGBKT/ vector (di-
gested by Ndel or EcoRI/ EcoRI or Sall or BamHI) (BD, Clontech);
Full-length CDS sequences of APC10, APC8, CDC20.1, CCS52A2,
CCS52B were cloned into pGADT7 vector (by Ndel and BamHI)
(AD, Clontech) for yeast Y2H. Corresponding recombinant vectors
transformed into Y187 yeast strain and Y2H gold yeast strain
respectively, or pGADT7 and pGBKT7 recombinant vectors co-
transformed into AH109 stain. After mating/growing on YPDA
medium for 48 h, transformants were selected in the synthetic
dropout media (SD) without Trp, Leu, His, and Ala (SD/-WLHA)
plates and SD/ -Trp-Leu-His (SD/-WLH) and SD/- Trp-Leu
(SD/-WL) for several days.

Pull-down assay

All these constructs were transformed into E. coli BL21 (DE3)
or Rosetta (DE3) strain and promoted protein expression at
18 °C for 18 h with the addition of 0.2mwm Isopropyl B-D-1-
thiogalactopytanoside (IPTG). Recombinant proteins were puri-
fied with Glutathione Sepharose beads (Merck, Germany) and
Ni-NTA His-bind Resin (Merck, Germany) according to the manu-
facture protocols.

For each group, 4 ug purified proteins with different epitopes
were incubated in 500 uL pull-down binding buffer (300 mwm
Nacl, 50 mm Tris-HCl pH 8.0, 1 mm PMSF, 1 mm DTT) on a rotating
wheel at 4 °C for 4 h, then incubating with Ni-NTA beads for 2 h,
washing the protein-bound beads with washing buffer (150 mwm
Nacl, 50 mm Tris-HCI pH 8.0, 1 mum PMSF) for 8 times and removed
unbound proteins then the final beads were boiled in SDS loading
buffer, the pull-down proteins were analyzed by immunoblot with
anti-GST (1:2000, Abmart, China), His antibody (1:2000, Abmart,
China), and anti-SUMO antiserum (1:1000, Abcam).

Transient expression in N. benthamiana leaves,
protein extraction and IP assay

Plant expression vector pPCAMBIA1306 (1x35S Promotor) with the
FLAG, GFP or Myc epitope tag at the C terminus after BamHI or
Xbal and Sall digestion were ligated with cloned AUR1, CCS52A2,
CCS52B, CDC20.1 cDNA introduced into A. tumefaciens stain
GV3101 (Weidi Biotechnology, China). A. tumefaciens strains were
cultured at 28 °C for 2 d and used to inoculate liquid LB medium
with corresponding antibiotics and 40 pp acetosyringone (AS) to
induce expression of corresponding target proteins in an incuba-
tor shaker at 28 °C for 16 h. When the concentration reached
ODgoo = 2.0, the bacteria were collected by gentle centrifugation
at 5,000 g for 10 min. The precipitated bacteria were resuspended
in buffer (10 mm MgCl,, 200 uM AS) to a final ODgpo=1.0 and al-
lowed to rest for 1 to 3h at room temperature before injection
into the bottom surface of 4-wk-old N. benthamiana leaves



(Liu et al. 2010). Crude proteins were extracted by grinding in
liquid nitrogen with native lysis buffer (50 mm Tris-HCl pH 8.0,
150 mm NaCl, 10 mm MgCl,, 3% NP40, 5% glycerol) supplemented
with 5mwm DTT (dithiothreitol), 1 mwm PMSF, protease inhibitor
100x cocktail (YEASEN, China). Extracts were centrifuged at
12,0009 at 4 °C for 30 min, and the supernatants was harvested.

For IP or Co-IP assays, protein supernatants were incubated
with corresponding affinity beads (anti-FLAG agarose beads
magnetic beads (Sigma, M8823, USA), anti-GFP magnetic agarose
beads (Merck, 70541, Germany), TUBE2 affinity gel matrix
(LifeSensors, UM402, USA) at 4 °C for 4 h, followed by washing 3
times to remove unbound protein, the bead-bound proteins
were denatured for western blot analysis, anti-GFP (1:2000, GNI,
Japan), anti-FLAG (1:2000, GNI, Japan) and anti-Myc (1:2000,
Sigma, Germany), anti-UBQ11 (1:10000, Agrisera, Sweden), anti-
Tubulin antibody (1:2000, Abmart, China), anti-HSC70 (1:2000,
ENZO, USA) goat anti-rabbit/mouse IgG HRP-conjugated (1:2000,
GNI, Japan) antibodies were used to detect corresponding
proteins. Proteins blots were imaged with a Clinx-3400 chemilu-
minescence imaging system.

Split-luciferase complementation assay

This assay was performed as described previously (Chen et al.
2008). Briefly, full-length CDS of AURI, AUR1AD-box, APC10,
APC8, CDC20.1, CCS52A2, and CCS52B were fused in frame with
the C-terminal fragment and N-terminal fragments of luciferase
(cLUC or nLUC). GUS-nLUC and GUS-cLUC were used as negative
controls. Different combinations were transformed into A. tumefa-
clen strain GV3101 and infiltrated into N. benthamiana leaves along
with P19. For competitive split-luciferase complementation assay,
CDC20.1, CCS52A2, and CCS52B or mock (empty vector with Myc
tag) were added to this system to detect their effect on the
interaction as previously described (Zhong et al. 2019). After proc-
essing with luciferin, Luciferase luminescence of the infiltrated
leaves was detected by a NightShade LB 985 system (Berthold
Technology, Germany). Data analysis was performed with
indiGo software (v2.0.5.0).

In vivo and semi-in vivo protein degradation
assay

For in vivo protein degradation assay using N. benthamiana, diverse
combinations of A. tumefaciens carrying various constructs were
co-infiltrated and transiently expressed for 2 d. The sample were
extracted and detected by immunoblot then detected the tran-
scriptional expression level as described previously (Liu et al.
2010).

For in vivo protein degradation assay in Arabidopsis, inflores-
cences of ProActin7:AUR1-FLAG/Col-0 and ProActin7:AUR1-FLAG/
apc8-1 were collected and proteins were extracted with native ex-
traction buffer containing CHX, with or without 50 uM MG132
(Sigma-Aldrich, USA), and then were examined by immunoblot
with anti-FLAG, anti-HSC70 antibody after reacting for indicated
time courses at room temperature.

For the semi-in vivo protein degradation assay in N. benthamiana
cells, APC8 and AUR1 proteins were transiently expressed and ex-
tracted in a native lysis buffer. The equivalent mixture of
AURT1-FLAG extracts and APC8-Myc or mock extracts with addi-
tion of a final concentration of 10 uM ATP were incubated at
room temperature for the indicated time points. Control groups
containing MG132 were set up under the same conditions and spe-
cific proteins in the extracts were detected by immunoblotting.
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Cell-free degradation assay

A cell-free degradation assay was performed as previously de-
scribed (Garcia-Cano et al. 2014). Total protein from Col-0 and
apc8-1 inflorescences were extracted in native lysis buffer with ad-
dition of 10 mm ATP and adjusted to equal concentrations. Purified
recombinant SUMO-AUR1 and SUMO-AD-box were mixed with
protein lysates and incubated for the indicated time periods at
room temperature in the presence or absence of 50 uM MG132.
SUMO-tagged proteins were detected using an anti-SUMO antise-
rum. Three independent experiments were carried out and Image
J software was used for quantitative analysis. A cell-free decay as-
say was performed as previously described (Ruan et al. 2019).
Equal amounts of SUMO-AUR1 were incubated with native ex-
tracts from Col-0 and increasing amounts of CDC20.1 protein. IP
products of inflorescence from transgenic plant expressing
CDC20.1-FLAG and purified recombinant GST-CDC20.1 protein
were used. Reaction products were detected by immunoblot.

In vitro ubiquitination assay

Equal amounts of His-tagged recombinant AUR1 proteins immobi-
lized on Ni-NTA affinity agarose beads were incubated with equal
amounts of Col-0, apc8-1 and APC8-YFP protein lysates at 25 °C for
6 h in native protein extraction buffer with 50 uM MG132 as previ-
ously described (Wang et al. 2013). Beads bound by His-AUR1 were
separated from protein supernatants and boiled with SDS-PAGE
loading buffer after washing 5 times. Then samples were analyzed
by immunoblots using anti-His and anti-UBQ11 antibody.

Quantification and statistical analysis

GO analysis was performed according to agriGO website (http://
bioinfo.cau.edu.cn/agriGO/index.php) and statistics were calcu-
lated by Fisher’s exact test, multi-test adjustment method
(Yekutieli-FDR under dependency). The overlaid dot plots in bar
graphs were prepared using GraphPad Prism 7.00 software or
Excel 2019 (Microsoft) for calculating the mean and standard de-
viation (SD) of pollen numbers and the remaining protein levels.
Statistical analyses were performed using 2-sided 2-tailed
Student’s t test, 2-tailed Fisher’s exact test, significance was deter-
mined on the basis of 95% confidence intervals (P <0.05; *P < 0.01;
P <0.001; *™P < 0.0001; ns, no significant, P >0.05). Quantification
analysis was shown as mean + SD. Adobe Photoshop 2023 software
was used for resizing and adjusting the images. ImageJ software
was used to quantify western blot bands, relative band intensities
normalized to control (HSC70 or Tubulin) were labeled above the
pictures. Biological replicate numbers are indicated in figure
legends. The relative fluorescence intensity of luciferase in N. ben-
thamiana leaves was calculated and normalized to negative control
group using indiGo software. Each batch of N. benthamiana was used
as a biological replicate to exclude individual difference in N. ben-
thamiana, which ensures good reproducibility of the experiments.
The level of negative control in each independent experiment was
set as 1.0, while the experimental groups were calculated based
on the control group in each independent experiment, a relative val-
ue compared with the control, then the final statistical data were
plotted based on the relative value in experimental groups and
“1.0” in control group in biological replicates. Detailed statistical
data with 2-tailed Student’s t test and Fisher’s exact test for all rel-
evant figures were provided in Supplementary data set S1.

Accession numbers

The genes discussed in this paper can be found in the Arabidopsis
Genome Initiative database TAIR (https:/www.arabidopsis.org/) as


http://bioinfo.cau.edu.cn/agriGO/index.php
http://bioinfo.cau.edu.cn/agriGO/index.php
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf089#supplementary-data
https://www.arabidopsis.org/

16 | The Plant Cell, 2025, Vol. 37, No. 6

follows: AUR1 (AT4G32830), APC10 (AT2G18290), APC8 (AT3G48150),
CDC20.1 (AT4G33270), CCS52A2 (AT4G11920), CCS52B (AT5G13840),
DMC1 (AT3G22880), HTR2 (AT1G09200), and ACTIN7 (AT5G09810).
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