Arabidopsis RAD23B regulates pollen development by mediating KRP1 degradation
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Highlight
RAD23B as a UBL/UBA protein contributes to KRP1 degradation, and rad23b mutants and

overexpress plants of KRP1exhibit pollen development defects.

020z Iudy 20 uo 1sonb Aq €1.£G1.8G//91BEIS/XI/EE01L 0 L/10P/IOBISHE-B[01E-80UBAPE/X(/W00" dNO"oIWBPEdE//:SARY WOl Papeojumod



Abstract

The ubiquitin (Ub)/26S proteasome system (UPS) plays a key role in plant growth, development, and

survival by directing the turnover of numerous regulatory proteins. In UPS, ubiquitin-like (UBL) and
ubiquitin-associated (UBA) domains function as hubs for ubiquitin-mediated protein degradation.
RADIATION SENSITIVE23 (RAD23), which was identified as a UBL/UBA protein, contributed to cell
cycle progression, stress response, ER proteolysis, and DNA repair. Here, we report pollen is
arrested at the microspore stage in a null rad23b mutant. We demonstrated that RAD23B can
directly interact with KIP-RELATED PROTEIN 1 (KRP1) through its UBL-UBA domains. In addition,
overexpression plants of KRP1 resulted in pollen development defects, a phenotype similar to the
rad23b mutant. Finally, RAD23B was found to promote the degradation of KRP1 in vivo, which was
accumulated following treatment with MG132. In summary, these results indicate the important

role of RAD23B in pollen development by controlling turnover of a key cell cycle protein, KRP1.

Keywords: cell cycle, KRP1, pollen abortion, proteasome system, RAD23B, ubiquitin.
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Abbreviations

CDKs, cyclin-dependent kinases;

DSK2, dominant suppressor of KAR2;

GUS, B-glucuronidase;

ICKs, interactors of Cdc2 Kinase;

KRPs, kip-related proteins;

UBA, ubiquitin-associated;

UBL, ubiquitin-like;

UPS, ubiquitin-proteasome system;

Y2H, Yeast 2 hybrid;
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Introduction

In eukaryotes, the ubiquitin (Ub)/26S proteasome system (UPS) controls protein degradation by
orchestrated targeting, ubiquitin labeling, and degradation of proteins. UPS plays a vital role in many
biological processes such as plant growth (shen et al., 2005), development (Jasmina et al., 2009),
and survival (Du et al., 2009). Ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains function
as hubs during ubiquitin-mediated protein degradation (Lowe et al., 2006). Although the importance
of UPS in substrate recognition is widely known, the function of UBL/UBA proteins in the plant
kingdom remains elusive (Bethan et al., 2011). In animals, Radiation sensitive 23 (RAD23), which was
identified as a UBL/UBA protein, contains an amino-terminal UBL domain and two UBA domains
(Andersson et al., 2005). Diaz-Martinez et al. showed that RAD23 played an important role in the
cell-cycle regulation (Diaz-Martinez et al., 2006). Knockout of RAD23 was shown to inhibit cell
growth (Hanzelmann et al., 2010). In plants, rad23b mutants display pleiotropic developmental
defect, abnormal phyllotaxy, shorter primary root, unfertilized ovules, smaller siliques and had
reduced seed set (Farmer et al., 2010). Meanwhile, it has been reported that RAD23 regulated plant
development, presumably by delivering target proteins to the UPS (Liang et al., 2014).

The regulation mechanisms of cell cycle, which can be divided into four phases of G1, S, G2 and
M, are highly conserved (Cross et al., 2011)..It has been shown that there are two major cell cycle
checkpoints, the transition G1 phase prior to the initiation of S phase (G1-S transcription) and the
transition from G2 phase into M phase (G2-M transcription) (Haase, S. B., and Wittenberg, C., 2014).
Cellular cyclin-dependent kinases (CDKs) are important in cell cycle progression and cell division
(Ding et al., 2005). CDK inhibitors (ICKs) can inhibit CDK activity through directly protein binding.
Until now, seven CDK inhibitors have been identified in Arabidopsis thaliana (De Veylder et al.,
2001; David A et al., 2007). Among them, the KRP1 and KRP2 transcript levels were significantly
regulated by PRMTS5 during shoot regeneration (Liu et al., 2016). Moreover, ICK1/KRP1 and
ICK2/KRP2 were observed to be regulated by the 26S proteasome (Weinl et al., 2005; Lai et al.,
2010). KRP1 degradation was dependent both on SCF***?® and the RING protein RPK (Ren et al.,
2008). However, how KRPs proteins are degraded remains elusive.

In this study, it was found that the number of abnormal microspore development increased in
the rad23b mutant. This phenotype is similar to the KRP1 overexpression plant. Furthermore, yeast
2 hybrid (Y2H) results demonstrated that RAD23B directly interacted with KRP1. In addition, we also
found that RAD23B promoted the degradation of KRP1 in vivo. These data indicate that the
interaction of RAD23B and KRP1 is essential for the degradation of KRP1 and the regulation of cell
division. Thus, we speculate that RAD23B controls cell division by promoting KRPs degradation in

pollen grains.
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Materials and Methods

Plant materials and growth conditions.

All Arabidopsis thaliana mutants used in this study were derived from the Col-0 background.
Mutants rad23b-1 (Salk_075940) and rad23b-2 (Salk_130110) were obtained from ABRC.
The T-DNA insertion mutants were identified by PCR using primers LP and RP (Table S1).
The T-DNA insertion site, as described in http://signal.salk.edu, was confirmed by PCR-based
genotyping (Peng et al., 2012; Zhang et al., 2012). Arabidopsis thaliana seeds were stratified
at 4°C for two days before being grown on %2-strength Murashige and Skoog media (1/2 MS)
with 0.8% sucrose and 1% Phytagel (A7002, Sigma-Aldrich) for subsequent analysis. The
resulting Arabidopsis thaliana mutants were grown under a 16 h-light and 8 h-dark cycle at
22°C.

Construction of transgenic plants.

Fragments of the RAD23B gene were amplified and cloned, using a gateway strategy, into the entry
vector pDONR201. The coding sequence of RAD23B was then cloned into the destination vector
PENSG-GFP-GW. In addition, RAD23B and KRP1 genes were also cloned into the vector pDT1 using
the primers of RAD23B-pDT1-F, RAD23B-pDT1-R, KRP1-pDT1-F and KRP1-pDT1-R, respectively. All of
the resulting plasmids were used totransform Agrobacterium tumefaciens GV3101 by
electroporation for delivery into Arabidopsis thaliana Col-0. The rad23-b mutant plants were created
using the floral dip method (Clough and Bent, 1998). The transgenic plants were screened using the
herbicide basta to identify homozygous lines. Leaves and flowers from the homozygous transgenic

lines were collected and stored at -80°C. All the primers used here are presented in Table S1.

Total RNA extraction and RT-PCR.

Six 7-days-old Arabidopsis thaliana seedlings were chosen, randomly. Total RNA was isolated as
described previously (Peng et al., 2012), and reverse-transcribed to cDNA (Takara) after DNase
treatment. The cDNA product was diluted 20 folds, and 0.5 pL of diluted cDNA was used in a 20 pL
PCR reaction. The expression level of the KRP1 gene was measured by RT-PCR for at least three
independent experiments (n=3). The sequences of the RT-PCR-rad23b-1 and RT-PCR-rad23b-2

primers used in this study are listed in Table S1.
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GUS staining analysis.

Fragments of the RAD23B promoter (-1449 to +826 bp from the translation start site) were amplified
from genomic DNA by PCR using primers RAD23B-pR and RAD23B-pF (Table S1). The fragments were
then sub-cloned into the empty vector pDONR207 using BP Clonase for downstream sequencing
analysis. Positive fragments were cloned into the destination vector GW-GUS using LR Clonase, and
were then transformed into Agrobacterium tumefaciens GV3101 by electroporation for gene
delivery into the Arabidopsis thaliana plants using the floral dip method. The transgenic plants were
screened using the herbicide basta to identify homozygous transgenic lines. Tissues from the
homozygous plants were stained with GUS stain solution as previously described (Jefferson et al.,

1986). Then, the photos were taken under a dissecting microscope.

Hematoxylin staining.

As described previously, paraffin cross-sectioned samples were analyzed using hematoxylin (Fischer
et al., 2008). The sections were dewaxed and incubated with 10% H,0, for 10 min. Dip the slide into
a Coplin jar containing Mayer’s hematoxylin and agitate for 30 seconds. Dehydrate the sections with

two changes of 95% alcohol and examined with a Nikon electron microscope (TE2000).

In vitro pollen germination analysis.

Pollen germination analysis was performed as follows (Fan et al., 2001): Fifty flowers were randomly
collected from different mutant and WT plants. The anthers were carefully dipped in 1.5 ml
microtubes or Eppendorf microtubes with 700 pl germination liquid, oscillated for 2-3 min,
transferred to a new microtube or Eppendorf microtube, and collected using centrifugation at 12,000
g for 2 min. Pollen grains were resuspended in liquid germination medium (GM) and cultured in semi-
solid germination media (GM supplemented with 0.5% agarose), in a chamber at 23°C with 100%
relative humidity. The germinated pollen grains of mutants and WT were counted under a Nikon
microscope (TE2000) after 8 h incubation. Each value was obtained from three independent

experiments (n=150-200), and data represent the means (x SD).

Yeast Two-Hybrid analysis.

The yeast two-hybrid (Y2H) analysis was performed as previously described (Du et al., 2016). Briefly,
the full length of RAD23-B was amplified using primers (see in Table S1) and sub-cloned in-frame
with GAL4D-AD (pGADT7) as a bait. The KRP1 coding sequence was inserted into GAL4D-BD

(pGBKT7?) as a prey in the same manner. The bait and prey vectors were transfected into the yeast
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strain AH109 to create the GAL4-based Y2H system. Colonies were selected and grown in the
absence of histidine, but in the presence of 10 mM 3-AT (Sigma, U.S.). (Then, the photos were taken
after 5-7 days.)

In vitro GST Pull-down analysis.

A GST pull-down assay was conducted as previously described (Du et al., 2016) with minor
modifications. The coding sequence of RAD23B was cloned into the pGEX4T-1 vector, and the coding
sequences of KRPs were sub-cloned into the pET28b vector. The specific primers used here are
described in the Table 1. His-KRPs proteins were incubated with GST and GST-RAD23B Glutathione
Agarose (40 ul, Thermo) at 4°C for 2 h, respectively. 5% mixture was extracted for.input. Glutathione
Agarose was washed five times with PBS. Bound proteins were eluted from the beads with 40 ul of
Elution Buffer (50 mM Tris-Cl, 300 mM NaCl, 20 mM reduced glutathione pH 8). The resulting
isolated proteins were detected by immunoblot analysis using anti-His and anti-GST antibodies as

primary antibodies, respectively.

Bimolecular Fluorescence Complementation (BiFC)

For the BiFC assay, the coding sequence of RAD23B was cloned into the pE3308 vector, and the
coding sequences of KRP1 were sub-cloned into the pE3449 vector. The primers for cloning are
presented in Table S1. The constructed plasmids were co-transfected into the protoplasts, which
were isolated from 4-weeks-old Arabidopsis rosette leaves through cellulase and macerozyme
digestion. The follow transformation method was performed, as previously described (Li et al.,
2018), and the co-transfected protoplasts were incubated in the dark at 22°C for 18 hours to allow
for the expression of the BiFC proteins. The fluorescence was detected using a confocal microscope

(Nikon confocal laser scanning microscope), with wavelengths of 488 nm for GFP.

Alexander’s and DAPI staining analysis.

For monitoring the pollen development, the different stages pollen grains of mutants were stained
using DAPI and Alexander’s (Alexander, 1969; Park et al., 1998). Briefly, pollen grains were separated
from stamens, and were subsequently stained using Alexander’s solution (10% alcohol, 25% glycerol,
4% glacial acetic acid, 500 mg/ml phenol, 500 mg/ml chloral hydrate, 0.5 mg/ml acid fuchsin, and
0.05 mg orange G) for 30 min, and examined under a microscope. In addition, pollen grains were
incubated with DAPI staining solution (0.1M sodium phosphate, 1ImM EDTA 0.1% Triton X-100, 0.4
pg/ml DAPI; pH 7, Sigma) and maintained in dark conditions for 5 min, prior to examination of pollen

grains by fluorescence microscopy.
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Detection of protein degradation in vivo.

The different mutants were grown on 0.5X MS medium for 7 days. Samples were then treated with
40 uM MG132 for 12 h. Total protein was extracted using NEB-T buffer (50 mM HEPES, 40 mM KCl, 5
mM MgCl,, and 1% Triton X-100; pH7.5). The extracts were centrifuged at 12,000 g for 20 min at 4°C
and the supernatants were tested by western blot analysis. Protein bands were detected by

immunoblot analysis using anti-Myc and anti-B-actin antibodies as primary antibodies, respectively.

Results

RAD23B involves in the regulation of pollen grain development.

To study the expression pattern of RAD23B, the construct with a B-glucuronidase (GUS)
reporter gene driven by the RAD23B promoter was introduced in wide-type Col-0 plants
(Figure 1A). By randomly selecting seven GUS transgenic lines for RAD23B expression
pattern analysis, we found that the GUS signal was clearly detected in the young leaves
(Figure 1B), especially in the anthers, and specifically in pollen grains (Figure 1C), while
GUS signal in the petals, sepals, and pistil tissues were weak or undetectable (Figure 1D). To
examine the biological function of RAD23B, knock-outs for homozygous T-DNA insert
mutants obtained from ABRC were first identified by PCR (Figure 2A and 2B) and further
confirmed by semi-quantitative RT-PCR (Koo et al., 2013). Compared to wild-type plant
(Col-0), the expression of RAD23B gene was not detectable in the two T-DNA mutants
(Figure 2C), indicating that the T-DNA insertions truly disrupted expression of RAD23B and
rad23b-1 and rad23b-2 are both null mutants. To obtain RAD23B overexpression plants, Col-
0 plants were transformed with a full length RAD23B coding sequence driven by the
CaMV35S promoter (Col-0/35S::RAD23B-Myc). Two positive transgenic lines were
confirmed by western blot, showing high expression levels of RAD23B (Figure 2D). In
addition, rad23b-1 mutant was transformed with the same overexpression construct (rad23b-
1/35S::RAD23B-Myc) and positive plants were selected for subsequent experiments. Since
RAD23B was expressed in pollen grains, its role in cell cycle regulation of pollen grains was
followed at different developmental stages with hematoxylin staining (Fischer et al., 2008).
We found that the microspores of rad23b-1 mutant at the G1-S transcription displayed no
detectable defects but became much more vacuolated than Col-0 at the binuclear cell stage
(Figure 2E). At the G2-M transcription, the rad23b-1 mutant showed increased number of
microspore vacuolizations. In addition, overexpression of RAD23B (rad23b-1/35S::RAD23B-

Myc) was capable of completely rescuing vacuolization defects in rad23b-1 mutant plants
10
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(Figure 2E). Taken together, the data suggest that RAD23B plays an important role in the cell
cycle regulation of pollen grains. In addition, pollen germination were also investigated in
Col-0, rad23b-1 mutant, rad23b-1/35S::RAD23B, and Col-0/35S::RAD23B plants. The results
indicated that pollen grain germination rates of Col-0, rad23b-1 mutant, overexpression lines,
and rad23b-1/35S::RAD23B were 91.7%, 61.6%, 91.4% and 91.9%, respectively (Figure S1).
Compared to Col-0, the pollen grain germination rate of rad23b-1 mutant was significantly
lower (Figure S1). More importantly, rad23b-1/35S::RAD23B was able to fully rescue pollen
germination phenotype which strongly suggested that the absence of RAB23B was the cause

of this developmental phenotype.

RAD23B interacts with the CDK inhibitor KRP1 through its UBL-UBA domain.

To better understand the function of the RAD23B protein, the Y2H system was used to screen
RAD23B interacting proteins (Du et al., 2016). One cyclin-dependent kinase inhibitor, KRP1, was
observed to interact with RAD23B. To further confirm this interaction, an in vitro pull-down assay
was used to investigate the interaction of RAD23B with KRPs. Seven of His-KRPs and GST-RAD23B
fusion proteins were expressed and purified (Figure S2). We found KRP1 strongly interacted with
RAD23B, while KRP6, another cyclin-dependent kinase inhibitor, only weakly interacted with RAD23B
(Figure 3A). The constructs were then co-transformed into AH109 yeast cells and selected on
synthetic dropout medium to test the interaction. In addition, full length coding sequences of
RAD23B and KRP1 were cloned into the pair vectors GAL4D-AD (pGADT7) and GAL4D-BD (pGBKT7) to
generate AD-RAD23B and BD-KRP1. Strong interaction was observed as only the cells co-expressed
RAD23B and KRP1 can grow in medium without His (Figure 3B). To confirm the in vivo interaction, we
used a bimolecular fluorescence complementation (BiFC) assay. GFP signal can be detected when
RAD23B-nVenus and KRP1-CFP were co-expressed (Figure 3C). These data reinforced a conclusion
that RAD23B physically interacts with KRP1 in vitro and in vivo. To investigate which domain
contribute to the interaction between RAD23B and KRP1, RAD23B-L (that lacks UBL domain),
RAD23B-U (lacking one UBA domain), RAD23B-US (that lacks one UBA domain and the STI1 domain)
and RAD23B-USU (that lacks UBA domains and the STI1 domain) were cloned into GAL4D-AD
(pGADT7) vector and transformed into AH109 yeast cells to test the interaction with KRP1 (Figure
3D). Full length RAD23B was used as a positive control. We observed that KRP1 interacted with
RAD23B only when both UBL and UBA domains of RAD23B were present, which indicated that the
UBL-UBA domains of RAD23B are essential for the KRP1-RAD23B interaction.
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RAD23B contributes to KRP1 degradation through 26S proteasome-dependent proteolysis.
RAD23B, a UBL/UBA protein, functioned as a hub during ubiquitin-mediated protein degradation
(Steven et al., 2011). We found RAD23B could directly interact with KRP1. Therefore, we
hypothesized RAD23B contributed to KRP1 degradation. To test this hypothesis, we measured the
protein levels of KPR1 in Col-0 and in rad23b-1 mutant. It was found that KRP1 protein levels
significantly increased in the absence of RAD23B protein (in rad23b-1 mutant, Figure 4A). To exclude
the possibility that increasing of KRP1 protein level in rad23b-1 was due to deregulation of KRP1
transcript, we examined the gene expression level of KRP1 in WT and rad23b-1 mutant (Figure 4B).
The change between WT and rad23b-1 mutant is almost negligible. Furthermore, the accumulation
of KRP1 protein level in the wild-type can be mimicked in rad23b mutant following treatment with
MG132, a proteasome inhibitor (Figure 4C), while gene expression level of KRP1 remain undisturbed
(Figure 4D). Taken together, we found that the intracellular level of KRP1 protein was regulated by

RAD23B through 26S proteasome-dependent proteolysis.

Overexpression of KRP1 mimics the phenotype of rad23b mutant plants.

Our previous results showed that the rad23b-1 mutant was defective in pollen development and the
RAD23B protein can directly interact with KRP1. Therefore, it is reasonable to suspect that KRP1 was
also involved in regulation of pollen development. Two independent lines of KRP1 overexpression
transgenic plants (35S::KRP1-Myc) were confirmed by western blot (Figure 5A). For further analysis,
we used 35S::KRP1-Myc line-2 as it showed highest protein level. The male gametogenesis was
investigated for Col-0/35S::KRP1-Myc-2, Col-0, and rad23b-1 plants using Alexander’s staining and
DAPI staining (Alexander, 1969; Park et al., 1998). The result showed that the microspores of the
rad23b-1 and Col-0/35S::KRP1-Myc-2 exhibit no difference compared to wild-type at the G1-S
transition stage (Figure S3). During the G2-M transition, both the rad23b-1 mutant and Col-
0/35S::KRP1-Myc-2 produced more microspores vacuolization than wild-type (Figure 5B). The
microspores vacuolization rates of the WT, rad23b mutant, Col-0/35S::KRP1-Myc-2 lines were 0.3%,
13.4% and 16.8% in bicellular pollen stage and 0.3%, 50.6% and 60.3% in tricellular pollen stage,
respectively (Figure 5C). These results show that the overexpression of KRP1 could mimic the
phenotype of rad23b-1 mutant, suggesting that both KRP1 and RAD23B play an important role in

cell division during pollen grain development.
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Discussion

In eukaryotes, protein ubiquitination and degradation play critical roles in the cell cycle regulation by
destroying important cell cycle regulatory molecules (Liu et al., 2008; Cross et al., 2011). Among the
various identified CKls, proteins of the UBL/UBA family including RPN1, RPN10, and RPN13 (Brukhin
et al., 2005; Isasa et al., 2010; Besche et al., 2014; Hamazaki et al., 2015), as well as RAD23 and DSK2,
are believed to target and deliver poly-ubiquitin substrates to the proteasome. Here, we
demonstrated that RAD23, a member of UBL/UBA family, increased the degradation of KRP1 during
the cell G2-M transition through directly interacting with each other. Genetic analysis also suggested
that the mutant of rad23b exhibits a similar phenotype to KRP1 overexpression plants. Taken
together, these data provided compelling evidence that RAD23B is involved in the regulation of
KRP1, and accordingly, affected the cell cycle regulation.

Similar to other eukaryotes, plants express many UBL/UBA proteins, which are orthologous to
yeast proteins, such as RAD23, DSK2, and DDI1 (Diaz-Martinez et al., 2006). The proteins possess
similar structures, an N-terminal UBL domain and one or more C-terminal UBA domains (Liang et al.,
2014). UBL/UBA proteins are also likely to participate in many developmental events in plants,
including cell cycle regulation, DNA repair, and regulation of transcription (Mueller and Smerdon,
1996; Emilie et al., 2009; Zhang et al., 2012). Recent studies indicate that RAD23 binds some Ub
conjugates, particularly through directly interacting with the 26S proteasome Ub receptor RPN10,
and is involved in protein degradation (Smalle et al., 2003). Another study reported that rad23b
mutants exhibited a marked seed abortion phenotype (Farmer et al., 2010). Earlier studies showed
that KRP1 overexpression line displayed shorter siliques and fertility defects, which is similar to
phenotype of rad23b mutants (Ren et al., 2008). The authors speculated that RAD23 might promote
the degradation of one or more cell cycle proteins in order to regulate plant development (Farmer et
al., 2010). Here, we demonstrated that the RAD23B gene was highly expressed during the G1-S
transition phase of the cell cycle, the expression level was even higher during the G2-M transition. In
addition, knockout lines of RAD23B resulted in a pronounced pollen abortion during the G2-M
transition phase and this phenotype can be rescued by overexpression of RAD23B-Myc. Taken
together, these data indicated that RAD23B was likely to be involved in the regulation of plant cell
cycle.

In yeast and animals, SCF complex is a critical component for cell division regulation. SCF
complex targets CKls to the proteasome for degradation (Patton et al., 1998). It has also been
reported that CDKA;1/CYCD2;1 plays a critical role in the G1-S transition (Churchman et al., 2006;
Hirano et al., 2011). Furthermore, the KRP1 protein has been demonstrated to interact directly with

CDKA;1/CYCD2;1 in vivo (Yan et al., 2015; Vieira et al., 2017), which strongly suggests the crucial
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functions of KRP1 in the regulation of the G1-S transition. Interestingly, Weinl et al. reported that
KRP1 also played an important role in the G2-M transition to regulate the entry into mitosis (Weinl et
al., 2005), although a detailed understanding of the mechanisms is lacking. Here, we demonstrated
that RAD23B interacted directly with KRP1 in vivo and in vitro while rad23b mutants exhibited an
increased frequency of abnormal microspores during the G2/M transition phase. Similarly, this
phenotype can also be observed in the KRP1 overexpression line. Furthermore, genetic evidence
suggested that RAD23B also contributed to the degradation of KRP1. RAD23B promoted KRP1
degradation, thus KRP1 protein was more stable in rad23b mutant. Accumulation of KRP1 protein in
the wild-type following treatment with MG132 suggested that RAD23 mediated the degradation of
KRP1 through trafficking of the substrates to the proteasome. Taken together, our data indicated
that RAD23B protein functioned as a negative regulator of KRP1 to modulate cellular division in

pollen grain development.
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Figure Legends

Figure 1. Expression patterns of RAD23B in Arabidopsis plants.

(A) Map of construct for GUS staining to investigate RAD23B expression pattern.
(B) GUS staining analysis for developing leaves of 6-day-old plantlets. Scale bar =1 mm.
(C) GUS staining analysis for flower organs of 42-day-old plants. Scale bar = 1 mm.

(D) GUS staining analysis for pollen grains in (C). Scale bar in left= 50 um, Scale bar in right= 10 um.

Figure 2. Lack of RAD23B induces the abortion of pollen grains.

(A) The RAD23B gene structure as well as the locations of T-DNA insertion in two mutant lines,
SALK_075940 (rad23b-1) and SALK_130110 (rad23b-2).

(B) PCR identification of homozygous lines of T-DNA mutants with various primer combinations. The
presence or absence of T-DNA insertions correspond to PCR products from primers RO+RP and
LP+RP, respectively.

(C) RAD23B expression in the WT and the two mutant lines for RAD23B. ACTIN2 served as an internal
control.

(D) Western blotting analysis of WT and two line of Col-0/35S::RAD23B transgenic lines, B-Actin as

a loading control.

(E) Transverse sections of flowers stained with hematoxylin were examined by light microscopy. Red
arrows indicate abortive microspores, and black arrows indicate normal microspores. E, epidermis;

En, endothecium; ML, middle layer; T, tapetum; MM, microspore mother cell; Scale bar =5 um.

Figure 3. UBL-UBA domains are required for RAD23B interaction with KRP1.

(A) Pull-down assays of RAD23B-GST and His-KRPs. The complex was separated using SDS/PAGE, and
tested by anti-His (Upper) and anti-GST (Lower) primary antibody.

(B) Yeast two-hybrid assay to analyze the interaction between KRP1 and RAD23B on SD Illagar
medium (-Trp, -Leu, -His, +10 mM 3AT).

(C) The RAD23B-cCFP and KRP1-nVenus were co-expressed in the mesophyll protoplasts of
Arabidopsis. GFP fluorescence was detected in the protoplasts of RAD23B-cCFP+KRP1-nVenus, but
not in the control. All experiments were repeated three times. Scale bar =50 um.

(D) Yeast two-hybrid assay to analyze the interaction between KRP1 and four different domain
combinations of RAD23B, RAD23B-L (74 to 395 amino acids), RAD23B-U (1 to 217 amino acids),
RAD23B-US (1 to 115 amino acids) and RAD23B-USU (1 to 74 amino acids).
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Figure 4. Effects of RAD23B on the degradation of KRP1 in vivo.

(A)Immunoblots showing KRP1 levels in the absence or presence of RAD23B and Col-0
(WT) as a negative control. Two lines of each transgenic plants are shown. The ratio of
Myc/Actin was displayed below the gel, and Actin was shown as a loading control in A and
C.

(B) KRP1 expression in 355::KRP1-Myc T2 transgenic plants in WT (lines 3 and 5) and rad23b-1
backgrounds (lines 1 and 7), respectively. Gene expression determined by quantitative real-time PCR
was normalized against the expression of Actin. Data represent the mean +SD, (n=3).

(C) Immunoblots showing KRP1 levels in the absence or presence of RAD23B with the proteasome
inhibitor MG132.

(D) KRP1 expression in plants in (C) treated with the proteasome inhibitor MG132. Gene expression
determined by quantitative real-time PCR was normalized against the expression of Actin. Data

represent the mean 1SD, (n=3). ns: not significant in B and D.

Figure 5. Overexpression of KRP1 causes similar pollen defects than in rad23b mutants.

(A) Western blotting analysis of two Col-0/35S::KRP1-Myc-3 transgenic lines, Col-0 as a negative
control.

(B) DAPI and Alexander’s stain of Col-0, rad23b, Col-0/35S::KRP1-Myc pollen grains at the bicellular
and tricellular stage. Yellow arrows indicate abnormal pollen grains with no DAPI staining and the
black arrow indicates shrunken pollen grains. Scale bar=25 pum.

(C) Pollen abortion rates were calculated, and each sample was tested in triplicate (n = 100); data

represent the mean £SD. ** is for p-value <0.01.
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