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The phytohormone abscisic acid (ABA) is critical for plants encountering abiotic stress. We reported previously that the
Arabidopsis (Arabidopsis thaliana) transcription factor MYB30 participates in ABA responses via SUMO ligase SAP-MIZ Domain-
Containing SIZ1-mediated sumoylation. Here, we show that the RING-type ubiquitin E3 ligase RHA2b, which positively regulates
ABA signaling, interacted with and ubiquitinated MYB30 to modulate MYB30 stability through the 26S proteasome pathway.
The degradation rate of MYB30 was repressed significantly in the rha2b-1 mutant. Phenotypic analyses showed that MYB30
acts genetically downstream of RHA2b in ABA signaling. Substitutions of lysine-283 (K283) and K165 blocked ubiquitination,
suggesting that these residues are sites of ubiquitination. K283 residue substitution significantly inhibited the degradation of
MYB30 induced by ABA. The K165 site functioned additively with K283 in ABA-induced MYB30 degradation and ABA respons-
es. At the same time, sumoylation protected MYB30 from degradation under cycloheximide and ABA treatment. Compared
with MYB30, overexpression of MYB30-SUMOL partially recovered the ABA sensitivity of sizI-2. But MYB30-SUMO1 exhibited
similar localization with MYB30 in nuclei. Overall, our results suggest that RHA2b targets MYB30 for degradation to modulate
ABA signaling. Considering that the K283 residue also is the major site for sumoylation, we propose that sumoylation and ubiq-

uitination act antagonistically in the ABA response to regulate the stability of MYB30 by occupying the same residue.

The phytohormone abscisic acid (ABA) plays import-
ant roles in plant growth and development processes,
such as seed germination, cotyledon greening, and
seedling growth. ABA also is involved in regulating
plant adaptations to various environmental challenges,
including drought, high salinity, extreme tempera-
ture, and other abiotic stresses (Leung and Giraudat,
1998; Finkelstein et al., 2002; Nakashima et al., 2009b).
For example, during water deficit conditions, synthe-
sized ABA induces stomatal closure via the efflux of
K* and anions from guard cells, leading to a decrease
in the water loss rate through transpiration (Schroeder
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et al., 2001; Pandey et al., 2007). This ABA-controlled
process is vital for plant survival, and ABA-deficient
and ABA-responsive mutants are susceptible to water
stress (Kang et al., 2002).

With the identification of ABA receptors, ABA signal
transduction has become relatively well understood
(Raghavendra et al., 2010; Umezawa et al., 2010; Guo
et al., 2011). Under normal conditions, Protein Phos-
phatase 2Cs (PP2Cs) interact with SNF1-Related Pro-
tein Kinases (SnRKs), keeping them in an inactive state
via dephosphorylation. Under stress conditions, ABA
is perceived by Pyrabactin Resistance (PYR)/PYR1-
Like (PYL) regulatory components of ABA receptors.
ABA receptors undergo conformational changes after
binding to ABA that facilitate their interaction with
PP2Cs. This interaction leads to the inhibition of PP2C
dephosphorylation activity and the removal of PP2C-
mediated SnRK inhibition (Ma et al., 2009; Park et al.,
2009; Santiago et al., 2009). Subsequently, SnRKs phos-
phorylate downstream ion channels (Geiger et al.,
2009; Lee et al., 2009) and transcription factors (Fujii
et al., 2009; Sato et al., 2009), such as ABA-Responsive
Elements-Binding Factors (AREBs/ABFs), to trigger
the ABA response.

The transcriptional activity and protein stability of
the basic leucine zipper (bZIP) transcription factor
ABA Insensitive5 (ABIS5; Finkelstein and Lynch, 2000),
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which binds to ABA-responsive elements, are regu-
lated by the phosphorylation of SnRK2s (Nakashima
et al., 2009a). ABI5 participates in ABA signaling by
regulating the expression of downstream target genes,
such as Early Methionine-Labeledl (EM1) and EM6
and Polygalacturonase Inhibiting Proteinl (PGIP1) and
PGIP2, which are associated with the germination pro-
cess (Finkelstein and Lynch, 2000; Kanai et al., 2010). In
addition to ABI5, MYB transcription factors that contain
the MYB DNA-binding domain also play an important
role in the ABA response. The MYB family is character-
ized by the MYB DNA-binding domain. Several R2R3-
type MYB transcription factors, including MYB20,
MYB30, and MYB96, are involved in ABA and a variety
of stress responses, such as osmotic, drought, and salt
tolerance responses (Seo et al., 2009; Zheng et al., 2012;
Cui et al., 2013). For example, Arabidopsis (Arabidopsis
thaliana) mutants lacking MYB30 are hypersensitive to
ABA during germination and seedling growth, while
the overexpression of MYB30 in wild-type seedlings
results in an ABA-insensitive phenotype (Zheng et al.,
2012).

The activity of transcription factors is regulated by
many posttranslational modifications. The ubiquit-
in/26S proteasome pathway, as the dominant selective
protein turnover system, plays a very important role
in ABA signaling. Three enzymes, ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin ligase (E3), act sequentially to catalyze the
covalent addition of ubiquitin to the target protein,
and E3 is the key factor that defines substrate specific-
ity (Vierstra, 2009; Sadanandom et al., 2012). Among
the more than 1,400 different E3s in Arabidopsis, ~470
proteins belong to the Really Interesting New Gene
(RING)-type E3 protein family (Stone et al., 2005; Lee
and Kim, 2011). Remarkably, a significant number of
RING-type E3 enzymes are responsible for ABA signal
transduction. For example, the RING-type E3 ligase
RING Finger of Seed Longevityl (RSL1) interacts with
the ABA receptors Pyrabactin Resistancel (PYR1) and
PYR1-Like4 (PYL4) at the plasma membrane to pro-
mote PYR1 and PYL4 degradation through ubiquiti-
nation (Bueso et al., 2014). The RING-type E3 ligase
ABI3-Interacting Protein2 (AFP2) negatively regulates
ABA signaling by targeting the B3 domain transcrip-
tion factor ABI3 for protein degradation (Zhang et al.,
2005). ABI5 and ABF1/3 also are proteolytically de-
graded by the RING finger protein Keep On Going
(Stone et al., 2006; Liu and Stone, 2010). The RING
finger ubiquitin E3 ligase Salt and Drought Induced
RING Finger1 (SDIR1) serves as a positive regulator of
ABA signaling in seed germination, stomatal closure,
and drought tolerance by promoting the degrada-
tion of SDIR1-Interacting Proteinl (Zhang et al., 2007;
Zhang et al., 2015). The RING-H2 E3 ligases RING-H2
Finger Protein A2a (RHA2a) and RHA2b also regulate
ABA-dependent seed germination, early seedling
development, and drought tolerance (Bu et al., 2009; Li
et al., 2011). The RING-type E3 ligase MYB30-Interacting
E3 Ligasel (MIEL1) regulates ABA sensitivity by
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promoting MYB96 turnover in Arabidopsis (Marino
et al., 2013; Lee and Seo, 2016).

In addition to ubiquitination, sumoylation also par-
ticipates in ABA signaling by affecting the subcellular
localization, transcriptional activity, and stability of
proteins. The mechanism of sumoylation is similar to
that of ubiquitination; the covalent addition of small
ubiquitin-like modifier (SUMO) proteins to the tar-
get protein is catalyzed primarily by four SUMO E3
ligases, SIZ1, Methyl Methanesulfonate-Sensitive21
(MMS21/HPY?2), Protein Inhibitor of Activated Stat
Likel (PIAL1), and PIAL2, in Arabidopsis (Miura
et al., 2007a; Tomanov et al., 2014; Han et al., 2016; Liu
et al., 2016; Zhang et al., 2017). The siz1 and mms21
mutants are hypersensitive to ABA (Miura et al., 2009;
Zhang et al., 2013). Previous studies have shown that
SIZ1 participates in ABA signaling by protecting target
proteins from degradation through sumoylation. For
example, the sumoylation of ABI5 and MYB30 is
important for their functions in the response to ABA. In
siz1-2 mutant seedlings, ABI5 and MYB30 are unstable
under ABA treatment. When the major sumoylation
sites (i.e. Lys-391 [K391] in ABI5 and K283 in MYB30)
are mutated, the expression of ABI5 or MYB30 cannot
rescue the ABA phenotype of the abi5 or myb30 mutant,
respectively (Miura et al., 2009; Zheng et al., 2012).

In this study, we found that the RING-type E3 ligase
RHAZ2b, which was reported previously as a positive
regulator of the ABA response, interacts with MYB30
and promotes its degradation through ubiquitina-
tion. MYB30 acts genetically downstream of RHA2b
in ABA signaling. The K283 and K165 residues were
identified as the critical sites for protein stability and
the function of MYB30 in the ABA response. Moreover,
sumoylation protected MYB30 from degradation after
cycloheximide (CHX) and ABA treatment, and the sta-
bility conferred by sumoylation plays an important
role in MYB30-mediated ABA signaling. Overall, our
results suggest that RHA2b-mediated ubiquitination
and sumoylation act antagonistically in the regula-
tion of MYB30 protein stability to function in the ABA
response.

RESULTS

The Ubiquitin E3 Ligase RHA2D Interacts with MYB30 in
Vivo

As a transcription factor, MYB30 plays a very
important role in ABA signaling by regulating the
expression of downstream genes (Zheng et al., 2012).
Although we have known that sumoylation is import-
ant for the stability of MYB30 during ABA treatment
(Zheng et al., 2012), it is still unclear how the stabili-
ty of MYB30 is regulated precisely in ABA signaling.
We first checked the stability of MYB30 with or with-
out ABA treatment in the presence of CHX, which can
block de novo protein synthesis. Figure 1A shows
that ~88% and ~50% MYB30 remained at 6 and 12 h
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Figure 1. The ubiquitin E3 ligase RHA2b interacts with MYB30 in vivo. A, ABA induced the degradation of MYB30. Eight-day-
old Col-0/355:FLAG-MYB30 transgenic seedlings were treated without or with 100 um ABA for 24 h and then incubated in the
same medium with 100 pm CHX. Samples were collected 0, 6, and 12 h after treatment. MYB30 protein was detected with
anti-FLAG antibody, and ACTIN was used as a loading control. The protein level compared with ACTIN at the initial time 0
was identified as 100%. Data represent mean values of three independent experiments + sp. B, ABA-induced degradation of
MYB30 was mediated by the 26S proteasome. Eight-day-old Col-0/35S:FLAG-MYB30 transgenic seedlings were treated with
100 pm ABA for 24 h and then incubated in the same medium with 100 um CHX and 75 pm MG132. C, Coimmunoprecipitation
(Co-IP) assays between MYB30 and RHA2b. MYC-MYB30 and FLAG-RHA2b were transiently expressed in Arabidopsis proto-
plasts. Soluble extracts from the protoplasts were detected directly (Input) or immunoprecipitated with an anti-MYC antibody
(IP: MYC) and detected with anti-MYC and anti-FLAG antibodies (WB: MYC or FLAG). D, Split-YFP complementation imaging
assays in Arabidopsis protoplasts. MYB30-cYFP and RHA2b-nYFP or RHA2a-nYFP were coexpressed in Arabidopsis proto-
plasts. MYB3 was used as a negative control. 4',6-Diamino-phenylindole (DAPI) was used to stain the nuclei. DIC, Differential

interference contrast. Bars = 50 pm.

under the CHX treatment, and ABA accelerated the
rate approximately 2-fold (~55% loss at 6 h and ~78%
loss at 12 h). The ABA-induced degradation of MYB30
was repressed by the 265 proteasome inhibitor MG132
(Fig. 1B). These results suggest that the function of
MYB30 in ABA signaling can be regulated at the pro-
tein level via the 26S proteasome.

As MYB30 negatively regulates ABA signaling, we
inferred that a ubiquitin E3 ligase may serve as a pos-
itive regulator of the ABA response by mediating the
degradation of MYB30. RHA2b, which is a RING-H2
ubiquitin E3 ligase that exhibits E3 ligase activity
and positively regulates ABA signaling during seed
germination and postgerminative growth (Li et al.,
2011), was identified to interact with MYB30. When
MYC-MYB30 and FLAG-RHA2b were transiently
expressed in Arabidopsis protoplasts, FLAG-RHA2b
was detected in protein extracts purified by an anti-
MYC antibody (Fig. 1C). Next, a bimolecular fluores-
cence complementation assay was performed to verify
this interaction. When MYB30-cYFP and RHA2b-nYFP
were coexpressed in Arabidopsis protoplasts, fluores-
cence was detected exclusively in the nuclei. These
results indicate that RHA2b interacts with MYB30 in vivo
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(Fig. 1D). We tested for interaction between MYB30
and RHAZ2a, which is the closest homolog of RHA2b
and acts additively with RHA2b in the regulation of
ABA-mediated inhibition of seedling growth. Co-IP
and bimolecular fluorescence complementation assays
revealed that MYB30 did not interact with RHA2a (Fig.
1D; Supplemental Fig. S1), indicating that MYB30 may
be ubiquitinated specifically by RHA2b.

MYB30 Is a Substrate of RHA2b

Because RHA2D is an active RING finger E3 ligase (Li
et al., 2011) and MYB30 degradation is dependent on
the 26S proteasome pathway, we investigated whether
MYB30 is a substrate of RHA2b. In vitro ubiquitination
assays were performed using transiently expressed MYC-
RHA2b and FLAG-MYB30 purified from Arabidopsis
protoplasts. In the presence of human His-ubiquitin,
UBEL1, and UbcH5b (ubiquitin E2), MYC-RHA2b cat-
alyzed the ubiquitination of FLAG-MYB30, as evi-
denced by the higher molecular mass forms of MYB30
detected using anti-His antibodies (Fig. 2A). When
any of these proteins in the reaction was omitted, the
ubiquitinated form of MYB30 was not found. These
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Figure 2. RHA2b is involved in the degradation of MYB30. A, MYC-RHA2b was capable of ubiquitinating FLAG-MYB30 in
vitro in the presence of His-ubiquitin (His-Ub), UBE1, and UbcH5b (E2). MYB30-Ub was analyzed using an anti-His antibody.
The loading of MYB30 protein was detected by anti-FLAG antibody. B, Split-luciferase complementation imaging assays in N.
benthamiana. The luminescence intensity was analyzed quantitatively. Relative values are presented as means + sp (n = 3).
Higher luminescence intensity was observed after MG132 treatment compared with the control plants (*, P < 0.05, Student’s
t test). The expression of protein was detected by anti-LUC antibody. C, RHA2b promoted MYB30 degradation. FLAG-tagged
MYB30 and GFP were coexpressed in Arabidopsis protoplasts alone or with MYC-tagged RHA2b or RHA2a and treated with
or without 75 pm MG132 as indicated. Densitometry values (means + sg) for FLAG-MYB30 and GFP were calculated from
three independent experiments and are shown at the bottom of each immunoblot. ACTIN was used as a loading control of
protoplasts. D, ABA-induced MYB30 degradation was delayed in the rha2b-1 mutant. Col-0/35S:FLAG-MYB30 and rha2b-
1/35S:FLAG-MYB30 seedlings were pretreated with 100 pum ABA for 24 h and then incubated in the same medium with 100 um
CHX. Samples were collected 0, 6, and 12 h after treatment. WT, Wild-type Col-0. E, MYB30 protein levels were quantified and

normalized. Three independent biological repetitions were performed and analyzed. Data presented are means =+ sp.

results demonstrate directly that MYB30 is a substrate
of RHA2bD in vitro.

RHAZ2b Promotes MYB30 Degradation

Next, we investigated whether RHA2b could medi-
ate the degradation of MYB30 in vivo. When transient-
ly coexpressed in Nicotiana benthamiana, MYB30-nLUC
and cLUC-RHAZ2b yielded weak fluorescence signals,
suggesting that the two proteins can interact with each
other. If the combination of RHA2b and MYB30 led to
the degradation of MYB30 by the 26S proteasome, this
interaction could be enhanced by the addition of the
26S proteasome inhibitor MG132. As expected, the flu-
orescence intensity increased almost twice after MG132
treatment (Fig. 2B). The MYB30 protein level was sta-
ble when FLAG-MYB30 was transiently expressed in
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Arabidopsis protoplasts. When FLAG-MYB30 was
coexpressed with RHA2b, MYB30 protein accumula-
tion was reduced by 55.2%, while coexpression with
RHAZ2a did not affect the stability of MYB30 (Fig. 2C),
suggesting that the degradation of MYB30 is affected
by the coexpression of RHA2b. Additionally, MG132
treatment protected MYB30 from degradation, which
confirmed that the RHA2b-mediated degradation of
MYB30 was proteasome dependent.

Moreover, the degradation rate of MYB30 in the
rha2b-1 mutant, in which the expression of RHA2b was
reduced by approximately 50% (Li et al., 2011), also
was studied. Columbia-0 (Col-0)/35S:FLAG-MYB30
and rha2b-1/355:FLAG-MYB30 transgenic lines with
comparable FLAG-MYB30 protein levels were used to
study the stability of MYB30 in the presence of ABA.
Figure 2, D and E, showed that, under ABA treatment,
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the RHA2b knockdown mutation efficiently delayed
MYB30 degradation, with ~74% and ~56% MYB30
protein remaining at 6 and 12 h under the treatment,
suggesting that RHA2b negatively regulated the sta-
bility of MYB30. Based on these results, we conclude
that RHA2b can promote the degradation of MYB30
via the 26S proteasome in Arabidopsis.

RHA2b Negatively Regulates MYB30 Transcription
Activity

Previous studies have shown that MYB30 binds
to the promoter of AtANNEXIN4 (ANN4), which
encodes a Ca*-regulated membrane-binding protein
that modulates cytosolic calcium signatures, to repress
its expression in oxidative and heat stress responses
(Liao et al., 2017). ANN#4 also participates in the ABA
response (Lee et al., 2004), and its expression can be
induced by ABA (Supplemental Fig. S2). To elucidate the
functional role of the interaction between MYB30 and
RHAZ2b, the effect of RHA2b on MYB30 transcription
activity was studied by transiently expressing a Lucif-
erase (LUC) reporter gene fused with the ANN4 pro-
moter (ProANN4) that is bound by MYB30 directly in
Arabidopsis protoplasts (Liao et al., 2017). Consistent
with previous results, the overexpression of MYB30
repressed ProANN4:LUC transcription (Fig. 3). In
agreement with our observation that RHA2b reduced
MYB30 protein accumulation, MYB30-mediated tran-
scriptional repression of ProANN4:LUC was reduced
efficiently when MYB30 was coexpressed with RHA2b
(Fig. 3). When the degradation of MYB30 was inhibit-
ed by MG132 treatment, the transcriptional repression
of ProANN4:LUC also was recovered (Fig. 3). These
results indicate that RHA2b negatively regulates the
transcription activity of MYB30.

RHAZ2D Interacts Genetically with MYB30 in the ABA
Response

To analyze the genetic relationship between MYB30
and RHA?2b in the ABA response, we generated a
rha2b-1 myb30-2 double mutant. Wild-type, rha2b-1,
myb30-2, and rha2b-1 myb30-2 plants were germinated
on Murashige and Skoog (MS) medium containing
0, 0.3, or 0.5 pm ABA. In the presence of 0.3 um ABA,
75.4% of the wild-type seedlings grew green cotyle-
dons, as measured by the cotyledon greening percent-
age, but 100% of the rha2b-1, 5.5% of the myb30-2, and
6.2% of the rha2b-1 myb30-2 mutant seedlings grew
green cotyledons after 7 d of growing (Fig. 4, A and B;
Supplemental Fig. S3). In the presence of 0.5 um ABA,
after 8 d, 21.2% of the wild-type seedlings grew green
cotyledons, but 46.4% of the rha2b-1,2.9% of the myb30-
2, and 3.3% of the rha2b-1 myb30-2 mutant seedlings
grew green cotyledons (Supplemental Fig. S3, C and
D). These results showed that rha2b-1 is hyposensitive
and myb30-2 is hypersensitive to ABA relative to the
wild type during postgerminative growth, as reported
previously. The rha2b-1 myb30-2 double mutant exhibited
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Figure 3. RHA2b negatively regulates MYB30 transcription activity.
A, A transcription activation assay was performed in Arabidopsis pro-
toplasts with the following constructs: ProANN4:LUC reporter alone
(1) or with FLAG-MYB30 (2); FLAC-MYB30 + MYC-RHA2b (3); or
FLAG-MYB30 + MYC-RHA2b + MG132 (4). Representative biolumi-
nescence images are shown. B, Immunoblot showing the expression
of the FLAG-MYB30 and MYC-RHA2b proteins. The protein levels of
GFP and ACTIN were used to confirm equal transformation rates and
loading. C, Relative luminescence signal intensity in A. The data rep-
resent means + sp of at least three replicate experiments. Significant
differences (P < 0.05, Student’s ¢ test) are indicated by different low-
ercase letters.

the same ABA sensitivity as the myb30-2 mutant. These
results suggest that the ABA-insensitive phenotype
displayed by the rha2b-1 mutant could be suppressed
in the myb30 mutant background.

Additionally, the overexpression of MYB30 in wild-
type plants resulted in transgenic plants that were
insensitive to ABA. After 6 d of growth, 91.1% of the
wild type/MYB30 in the presence of 0.3 um ABA and
69.6% of the wild type/MYB30 in the presence of
0.5 um ABA grew green cotyledons, and these percent-
ages were much higher than that of the rha2b-1 mutant
seedlings, while the rha2b-1 plants containing a simi-
lar level of MYB30 protein (rha2b-1/MYB30) exhibited
the same ABA phenotype as the wild-type transgenic
plants (Fig. 4, C and D; Supplemental Fig. S3). At the
same time, the fresh weights of the different lines in
response to ABA also were consistent with our con-
clusion (Supplemental Fig. S3). Together, these results
suggest that MYB30 acts genetically downstream of
RHAZ2b in the ABA response.

Residues K283 and K165 Are Critical for MYB30
Degradation by the 26S Proteasome

Next, the ubiquitination sites in MYB30 were de-
tected. Since MYB30 was slightly unstable under CHX
and this degradation was via the 26S proteasome, CHX
treatment was used to screen for ubiquitination sites
in MYB30. To identify the ubiquitination sites, Lys (K)
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Figure 4. RHA2b interacts genetically with MYB30 in the ABA response. A, ABA phenotypes of the wild type (WT) and the
myb30-2 rha2b-1 double mutant. Seeds were sown on MS medium without (left) or with 0.3 um ABA (right), and photographs
were taken after 7 d. B, Green cotyledons were scored at the indicated times and are represented as averages of 100 seeds from
at least three independent experiments + sp. C and D, ABA phenotypes of the rha2b-1/MYB30 transgenic plants. FLAG-MYB30
was expressed in wild-type and rha2b-1 mutant plants. T4 transgenic lines were used for phenotypic analyses, and photographs
were taken after 6 d. ABA sensitivity was monitored as described in A and B.

residues of MYB30 were mutated to Arg (R). The
mutated proteins were then transiently expressed in
Arabidopsis protoplasts, and the stability of MYB30
was studied under the CHX treatment. We first split
MYB30 into two parts, MYB30-N (amino acids 1-159)
and MYB30-C (amino acids 160-323). MYB30-N was
stable under the CHX treatment (Supplemental Fig.
S4). In MYB30-C, we found that residues K283 and
K165 were critical for MYB30 stability. After 6 h of CHX
treatment, the protein level of MYB30 was reduced by
70% compared with its original level, but almost 80% of
the MYB30¥#*® and 50% of the MYB30X!%*® proteins still
remained, while the other mutation sites did not elic-
it significant differences (P < 0.05) from the wild-type
protein (Supplemental Fig. S5). We also investigated
the degradation rates of MYB30***® and MYB3(0X'®}
proteins. After 12 h of CHX treatment, 63.4% of the
MYB30%#® and 32.3% of the MYB30¥!*}® proteins
remained, compared with 18.2% of the MYB30 protein.
After 24 h, most MYB30 protein was degraded, leav-
ing only 8.5% of the MYB30 protein, compared with
32.3% of the MYB30***} and 19.6% of the MYB30*®}
proteins (Fig. 5, A and B). When treated with MG132,
the degradation of MYB30 by the 26S proteasome was
inhibited and degradation of MYB30 was efficiently
delayed. The degradation rate under MGI132 treat-
ment was slower than that of the MYB30***® protein
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and similar to that of the MYB30¥!1¢/23R double mutant
protein (Fig. 5, A and B), which indicated that the K165
site functions additively with K283 in regulating the
degradation of MYB30.

In the siz1-2 mutant, ABA induced the degradation
of the MYB30 protein due to the absence of sumoyla-
tion mediated by the SUMO E3 ligase SIZ1. We then
examined the functions of the K283 and K165 residues
in ABA-induced MYB30 degradation. After 12 h of
ABA treatment, 56% of the MYB30 protein remained,
but 92% of the MYB30**® and 90% of the MYB30X6}
proteins remained. In the presence of ABA for 24 h,
23% of the MYB30 proteins remained, while 84% of
the MYB30%*3® and 46% of the MYB30X'*® proteins
remained (Fig. 5, C and D). Considering the degradation
of MYB30 under ABA and MG132 treatment (Fig. 1A),
these results also indicated that the K165 site functions
additively with K283 in ABA-induced MYB30 degra-
dation. At the same time, when residue K283 was
mutated, the polyubiquitination of MYB30 was repressed
(Supplemental Fig. 56), indicating that K283 is required
for ubiquitination. Together with the K165 residue that
functioned in addition to K283 in the ABA-induced
MYB30 degradation, we conclude that the K283 and
K165 residues are critical sites for the ubiquitination of
MYB30 in ABA-induced degradation.
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Figure 5. The K283 and K165 residues in MYB30 are important for its degradation by the 26S proteasome. A, Degradation
of MYB30, MYB30K'®f ' MYB30*#R and MYB30X'®*?83k protein in Arabidopsis protoplasts. FLAG-MYB30, FLAG-MYB30X'%°,
FLAG-MYB30%*%R and FLAG-MYB30'6/?%k plasmids were transiently expressed overnight in Arabidopsis protoplasts, which
were then treated with 100 pm CHX and 75 pm MG132 for the indicated periods of time. ACTIN was used as a loading control.
B, The FLAG-MYB30 protein levels in A were quantified. All protein levels were normalized to ACTIN and their initial value.
Three independent biological replicates were analyzed. Data presented are means + sp. C, ABA-induced MYB30, MYB30"'*},
and MYB30%#® degradation in the siz7-2 mutant. Seedlings were treated with 100 pm ABA for 12 or 24 h. The MYB30 levels
were detected by immunoblotting with an anti-FLAG antibody. ACTIN was used as a loading control. D, The protein levels
in C were normalized to that of FLAG-MYB30 normalized to ACTIN at time 0. Three independent biological replicates were

analyzed. Data presented are means = sp.

Residues K283 and K165 Also Are Important for the
Function of MYB30 in the ABA Response

The expression of MYB30¥*® only partially reduced
the ABA sensitivity of the myb30-2 mutant (Zheng et al.,
2012), suggesting that the sumoylation or ubiquitina-
tion of K283 is critical for MYB30 to function during
ABA signaling. As K165 also is a key site for ubiquiti-
nation, we examined its function in the ABA response
by expressing FLAG-MYB30X'*R, FLAG-MYB30%*R,
or FLAG-MYB30*'®/#3R protein in myb30-2 plants.
Transgenic lines with equivalent protein expression
of MYB30 (Supplemental Fig. S7) were tested for ABA
sensitivity. In the presence of 0.5 um ABA, after 10 d,
86.1% of the wild-type seedlings and 82.5% of myb30-
2/MYB seedlings grew green cotyledons, but 6.9% of
the myb30-2, 58.4% of the myb30-2/MYB301*}, 19.5% of
the myb30-2/MYB30**%}, and 5.6% the myb30-2/MYB-
30K1628R mutant seedlings grew green cotyledons.
The expression of the MYB30¥'%*® protein did not com-
pletely rescue the ABA phenotype of myb30-2, while
the plants expressing MYB30X!®/#3R exhibited nearly
the same ABA sensitivity as the myb30-2 mutants,
suggesting that K165 ubiquitination also is important
for the function of MYB30 in the ABA response (Fig. 6,
A and B).
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Tyrosine Aminotransferase3 (TAT3), Lipoxygenase3
(LOX3), and Cold Regulated15b (COR15b) are genes
whose expression is regulated by MYB30 in the ABA
response (Zheng et al., 2012). Because the K165 and
K283 residues are important for maintaining the sta-
bility of MYB30 in the regulation of ABA signaling, we
investigated whether they functioned at the transcrip-
tional level. In the myb30-2 mutant, the expression of
TAT3 and LOX3 was up-regulated, and that of COR15b
was down-regulated, after ABA treatment, and these
changes were rescued by the expression of MYB30. In
contrast to this result, the expression of MYB30K!1/2858
in the myb30-2 mutant did not change the expression of
these genes, while MYB30%'**f and MYB30***3® partially
recovered the expression of these genes, which is consis-
tent with their ABA phenotypes (Fig. 6C). These results
indicate that ubiquitination also plays an important
role in regulating the expression of MYB30-associated
ABA-responsive genes.

The Stability of MYB30 Is Important for the Function of
MYB30 in ABA Signaling

Next, we investigated the function of maintaining
MYB30 stability in ABA signaling. We fused SUMOL to
the C terminus of MYB30 to mimic the sumoylation of
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Figure 6. Residues K283 and K165 are important for the function of MYB30 in the ABA response. A, ABA phenotypes of
myb30/MYB30*'**®. Photographs were taken 10 d after the seeds were sown on MS medium without or with 0.5 pm ABA. B,
Germination frequencies were scored after 10 d of growth and are represented as averages of 100 seeds from three indepen-
dent experiments + se. Genotypes with different letters are significantly different according to Student’s t test (P < 0.05). C, The
transcript abundances of TAT3, LOX3, and COR15b in the different transgenic lines were determined by reverse transcription
quantitative PCR using 1-week-old seedlings without or with 100 um ABA treatment for 3 h. The mRNA levels are expressed
relative to the value of the wild-type (WT) seedlings before ABA treatment. The data are represented as means + sp for three
independent experiments. Significant differences (P < 0.05, Student’s t test) are indicated by different lowercase letters.

MYB30 and detected the function of MYB30-SUMO1
in ABA signaling (Jiang et al., 2011; Wu et al., 2011).
Compared with that of wild-type MYB30, the degrada-
tion rate of MYB30-SUMOY1 was efficiently delayed (P
< 0.01) upon CHX treatment (Supplemental Fig. S8A).
When coexpressed with RHA2b, the protein level of
MYB30-SUMO1 was almost not affected (Fig. 7A). In
the siz1-2 mutant seedlings, the MYB30-SUMO1 protein
also was more stable than MYB30 after ABA treatment
(Fig. 7B). Considering that ABA induces the degrada-
tion of MYB30 in the siz1-2 mutant seedlings (Fig. 7B),
overexpression of MYB30 in siz1-2 (siz1-2/MYB30) does
not change the ABA sensitivity of the sizl1-2 mutant
(Fig. 7, C and D; Zheng et al., 2012). Since sumoylation
can protect MYB30 from degradation under ABA treat-
ment, we investigated the function of MYB30-SUMO1
in the siz1-2 mutant. When MYB30-SUMO1 was over-
expressed in sizl-2 (siz1-2/MYB30-SUMO1), the ABA
phenotype of sizI-2 was partially recovered (Fig. 7, C
and D). These results show that maintaining MYB30
stability plays an important role in the function of
MYB30 in ABA signaling.

Ubiquitination and Sumoylation Act Antagonistically in
the MYB30-Associated ABA Response

Since sumoylation also regulates the stability of
MYB30 in the ABA response, we investigated the
relationship between sumoylation and ubiquitination.

Plant Physiol. Vol. 178, 2018

When MYC-SUMO1 was cotransformed with FLAG-
MYB30 into wild-type protoplasts, the MYB30 protein
levels decreased to alow level after 6 h of treatment with
CHX, while the sumoylated MYB30 protein was not
affected, indicating that sumoylation protects MYB30
from degradation (Supplemental Fig. S8B). When tran-
siently expressed in Arabidopsis protoplasts, MYB30-
SUMO1-GEFP exhibited a similar localization in nuclei
to MYB30-GFP (Supplemental Fig. S8C). Moreover, the
K165R mutation of MYB30 did not affect MYB30
sumoylation, indicating that there may be no feed-
back control of sumoylation by ubiquitination (Sup-
plemental Fig. S8D). Because the K283 residue is the
critical site for both sumoylation and ubiquitination,
and sumoylation does not change the localization of
MYB30 in nuclei, we hypothesized that ubiquitination
and sumoylation may act antagonistically in the regu-
lation of MYB30 stability by occupying the same site.
Finally, we attempted to reveal how the function of
MYB30 was regulated in the ABA response by analyzing
the interactions of MYB30 with RHA2b and SIZ1 after
ABA treatment. nLUC-MYB30 was transiently expressed
with RHA2b-cLUC or SIZ1-cLUC in N. benthamiana.
After 48 h of incubation, the luminescence intensity in-
duced by ABA treatment was detected. When MYB30
was coexpressed with RHA2b, the luminescence inten-
sity increased upon ABA treatment, while the lumines-
cence intensity in leaves coexpressing MYB30 and SIZ1
was much higher before ABA treatment but showed
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Figure 7. The stability of MYB30 is important for the function of MYB30 in ABA signaling. A, The degradation of MYB30
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DISCUSSION

no difference after ABA treatment (Fig. 8A). Based on
these results, we propose that ABA may promote the
degradation of MYB30 by enhancing the interaction
between RHA2b and MYB30. Moreover, the interac-
tion between SIZ1 and MYB30 did not change after
ABA treatment, suggesting that SIZ1 stabilizes MYB30
by sumoylation to protect MYB30 from degradation.

We previously reported that sumoylation of the
transcription factor MYB30, which is mediated by the
SUMO E3 ligase SIZ1, is important for its stability and
role in the ABA response (Zheng et al., 2012). In this
study, we identified that the stability and function of
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Figure 8. Potential antagonistic relationship between sumoylation and ubiquitination in the regulation of the stability of MYB30
during the ABA response. A, Interaction between MYB30 and SIZ1 or RHA2b after ABA treatment. nLUC-MYB30 was transient-
ly expressed with RHA2b-cLUC or SIZ1-cLUC in N. benthamiana, and the luminescence intensities were detected before or
after treatment with 100 pm ABA. The significance of the luminescence intensity difference was determined by Student’s ¢ test.
Significant differences (P < 0.05) are indicated by different lowercase letters. B, Working model for the cooperation of sumoy-
lation and ubiquitination in the regulation of MYB30 stability during the ABA response. In the absence of ABA, little MYB30 is
degraded by RHA2b to maintain its turnover, and MYB30 negatively regulates the expression of ABA-responsive genes. When
the ABA signal is present, RHA2b promotes the degradation of MYB30 to release the expression of ABA-responsive genes.
Meanwhile, SIZ1 protects MYB30 from degradation to maintain its function in other responses, such as the hypersensitive
response (HR) and the oxidative response.
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MYB30 also are regulated by ubiquitination. The ubig-
uitin E3 ligase RHA2b ubiquitinates MYB30 directly,
and the degradation rate of MBY30 is repressed in
rha2b-1 under ABA treatment. The ABA phenotype
of the rha2b-1 myb30-2 double mutant was the same
as that of the myb30-2 mutant, and overexpression of
MYB30 in the rha2b-1 mutant caused similar ABA
insensitivity to MYB30-overexpressing plants, indicating
that MYB30 acts genetically downstream of RHA2b
in ABA signaling. When the ubiquitination sites are
mutated, the function of MYB30 also is disrupted. Over-
expression of MYB30-SUMO1, but not MYB30 protein,
can partially recover the ABA sensitivity of siz1-2. All
these data suggest that the stability of MYB30 is critical
for its role in ABA signaling. Together with the results
that ABA can enhance the interaction between RHA2b
and MYB30, we speculate that RHA2b may function
in ABA signaling by mediating the degradation of
MYB30.

Cross talk between ubiquitin and SUMO in signal
transduction has been reported in yeast (Saccharomy-
ces cerevisiae) and humans (Homo sapiens). Sumoyla-
tion and ubiquitination can interact competitively or
cooperatively to regulate protein stability and func-
tion (Ulrich, 2005; Praefcke et al., 2012). For example,
phosphorylation of the human Flap Endonucleasel
induces SUMO conjugation, which, in turn, leads to
ubiquitination and subsequent proteasomal degrada-
tion (Guo et al., 2012). In contrast, sumoylation of IkBe,
an inhibitor of nuclear factor-kB, stabilizes the protein
and protects it from proteasomal degradation. Inter-
estingly, sumoylation and ubiquitination occur at the
same residue (i.e. K21), which has led to the concept of
ubiquitin and SUMO as biological antagonists (Desterro
et al.,, 1998). In plants, many proteins, such as ABI5
and Inducer of CBF Expressionl, are modified by both
sumoylation and ubiquitination (Miura et al., 2007b,
2009). For example, ABI5, which is a bZIP transcrip-
tion factor that functions as a positive regulator in ABA
signaling, is sumoylated at K339 and ubiquitinated at
K344. In the siz1-2 mutant, ABI5 was less abundant
than it was in wild-type seedlings, suggesting that the
sumoylation of ABI5 may increase its stability. How-
ever, how sumoylation and ubiquitination function
together remains unclear.

The fact that MYB30 is regulated by both modifi-
cations provides material for studying the relation-
ship between sumoylation and ubiquitination. The
RHA2b-mediated degradation of MYB30 is repressed
by sumoylation, and ABA induces the degradation of
MYB30 but not MYB30-SUMOL1 in the siz1-2 mutant.
Considering that the K283 residue is the major site for
both sumoylation and ubiquitination, and MYB30-
SUMOI1 protein exhibits a similar localization with
MYB30 in nuclei, these results suggest that sumoyla-
tion can protect, at least partially, MYB30 from protea-
somal degradation by occupying the same locus. ABA
treatment enhances the interaction between RHA2b
and MYB30, which may promote the degradation of
MYB30. At the same time, a high luminescence intensity
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demonstrates the strong interaction between MYB30
and SIZ1, and the fact that the intensity does not change
after ABA treatment provides an explanation for the
stability of the MYB30-SUMOT1 protein. These results
provide a model of how sumoylation functions together
with ubiquitination in the regulation of protein stabil-
ity during the ABA response in plants (Fig. 8B). In the
absence of ABA, RHA2b interacts with a portion of
MYB30 in the cell to maintain its turnover, and MYB30
negatively regulates the expression of ABA-responsive
genes. When the ABA signal arrives, MYB30 degrada-
tion is induced by RHAZ2b to release the suppression
of ABA-responsive genes. Moreover, the interaction
between SIZ1 and MYB30 remains unchanged to pro-
tect MYB30 from degradation and allow it to continue
to function in other responses, such as the HR and the
oxidative and heat stress responses (Vailleau et al., 2002;
Liao et al., 2017).

Only a few proteins are quantitatively sumoylated
to constitutively perform their different functions.
Instead, only a small percentage of most targets
appear to be modified during steady-state conditions
(Geiss-Friedlander and Melchior, 2007). In our study,
sumoylated MYB30 accounted for only a fraction of
total MYB30 protein. However, when coexpressing
cLUC-SIZ1 and MYB30-nLUC, a high luminescence
intensity indicated strong interaction between MYB30
and SIZ1. These results suggest that, when SIZ1 com-
bines with MYB30, its function may be not limited to
the sumoylation of MYB30. SIZ1 has been found to
localize to the nuclear foci, and the sumoylation of
transcription factors facilitates their recruitment into
nuclear bodies (Miura et al., 2005; Geiss-Friedlander
and Melchior, 2007). However, the sumoylation of
MYB30 does not affect its localization in nuclei. Based
on the above, it is plausible that the combination of
SIZ1 may directly inhibit the transcriptional activity of
MYB30.

In addition to ABA signaling, MYB30 also is in-
volved in the HR, hypoxia response, brassinosteroids,
calcium signaling, and oxidative and heat stress
responses (Vailleau et al., 2002; Raffaele et al., 2008; Li
et al., 2009; Xie et al., 2015; Liao et al., 2017). As a tran-
scription factor, MYB30 participates in these signaling
pathways by regulating the expression of downstream
target genes, such as very-long-chain fatty acid-related
genes in the HR and hypoxia response and ANNEX-
IN genes in oxidative and heat stress responses. How-
ever, how MYB30 is regulated in different responses
remains poorly understood. In the HR, another RING-
type E3 ubiquitin ligase, MIELL1, interacts with MYB30
and participates in the HR by mediating the ubiquiti-
nation and proteasomal degradation of MYB30 (Marino
et al., 2013). Furthermore, MIEL1 also is involved in
the ABA response via its mediation of the ubiquitina-
tion of MYB96, which is one of the closest homologs
of MYB30 among the R2R3-type MYB transcription
factors. The miell mutant is hypersensitive to ABA.
In miell mutant seedlings, the turnover of MYB30 is
affected, and the expression of the transcription factor
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ABI4 is up-regulated, but the function of MYB30 seems
to be most likely independent of MIEL1 because both
of their mutants are hypersensitive to ABA. Combined
with our results, these findings suggest that the stabil-
ity of MYB30 can be regulated by MIEL1 and RHA2b
to participate in the HR and ABA response, respectively.
In the rha2b-1 mutant, although the degradation rate
was delayed, the MYB30 protein continued to decrease
under the CHX treatment, suggesting that other E3
ligases also may be involved in the ABA response and
may cooperate with RHA2b by regulating the stability
of MYB30.

Here, we demonstrate that ABA can induce the deg-
radation of MYB30 protein and that this degradation
is mediated by the ubiquitin E3 ligase RHA2b via
the 26S proteasome. The stability of MYB30 plays an
important role in the regulation of ABA signaling, and
RHAZ2b may participate in ABA responses by promot-
ing the degradation of MYB30. Sumoylation can pro-
tect MYB30 from degradation, and the K283 residue is
identified as the major site for both sumoylation and
ubiquitination, providing a model for sumoylation
and ubiquitination acting antagonistically in the ABA
response to regulate the stability of MYB30 by occupy-
ing the same residue.

MATERIALS AND METHODS
Plant Growth and Treatment

Arabidopsis (Arabidopsis thaliana, Col-0 ecotype) was used as the wild type.
Seeds of each genotype were sown on MS medium with 0.3% (w/v) agar, strat-
ified at 4°C in darkness for 3 d, and then grown in a growth chamber at 23°C
in constant light. To monitor ABA sensitivity, seeds were sown on MS medium
or MS medium containing the indicated concentrations of ABA (Sigma). Ger-
mination frequencies were obtained by scoring green cotyledons of approxi-
mately 100 seeds from three independent experiments * SE.

For ABA and CHX treatments, 8-d-old Col-0/35S:FLAG-MYB30 or rha2b-
1/35S:FLAG-MYB30 transgenic seedlings were treated with 100 um ABA for
24 h and then treated with the same medium with 100 um CHX for the indi-
cated times with or without 75 pm MG132. Protoplasts that were transiently
expressed with various MYB30 proteins were incubated with 100 um CHX
at 23°C for the indicated times after a 20-h incubation. Eight-day-old siz1-2/
MYB30 seedlings were treated with water (0 h) or ABA for 12 or 24 h.

Plasmid Construction and Generation of Transgenic
Plants

Full-length coding sequences of MYB30, MYB30¥'**}, MYB30****k, MYB-
30165258 - MYB3, RHA2b, RHA2a, and SUMO1 were cloned into pCAM-
BIA1307-3xFLAG or pCAMBIA1307-6xMyc binary vector with the 35S pro-
moter between the BamHI and Kpnl sites. MYB30 and MYB3 coding sequences
without stop codons were cloned into pPCAMBIA1300-nLUC or pSPYCE, and
RHA2b and RHA2a coding sequences were cloned into pCAMBIA1300-cLUC
PSPYNE between the Kpnl/Sall or BamHI/ Sall sites.

The resulting constructs were introduced into Arabidopsis using Agrobac-
terium tumefaciens-mediated floral transformation and verified by immunoblot
analysis. T3 transgenic plants were used for analysis.

Complementation Assays

DNA 2,234 bp upstream of the MYB30 translation start codon and full-
length coding sequences of MYB30 without stop codons were cloned into
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pCAMBIA1300 with a 3xFLAG tag at the C-terminal end. The resulting
construct was introduced into the myb30-2 mutant using A. tumefaciens-
mediated floral transformation and verified by immunoblot analysis. T3 trans-
genic plants were used for analysis.

Co-IP and Immunoblot Analysis

For Co-IP assays, MYC-MYB30 and FLAG-RHA2b were coexpressed in
protoplasts by polyethylene glycol-mediated transformation with 75 um
MG132. After a 20-h incubation at 23°C, protoplasts were harvested with 1
mL of extraction buffer (10 mm Tris [pH 7.5], 0.5% Nonidet P-40, 2 mm EDTA,
150 mm NaCl, 1 mm PMSF, and 1% [v/v] protease inhibitor mixture [Sigmal]).
The extracts were centrifuged at 12,000¢ for 15 min at 4°C, and 20 pL of the
resulting supernatant was used as the input. The rest was incubated with
15 pL of an anti-MYC agarose conjugate (Sigma) for 2 h at 4°C to purify the
MYB30 protein. After five washes in 1 mL of extraction buffer, the RHA2b
proteins were detected by immunoblot analysis using an anti-FLAG antibody.

For the quantitation of protein expression, protein levels of MYB30 and
ACTIN were quantified by the FusionCapt Advance system. Then, protein lev-
els compared with ACTIN at the initial time were identified as 100%. Protein
levels compared with ACTIN at the indicated times were normalized to the
initial value.

In Vitro Ubiquitination Assay

For the in vitro ubiquitination assay, ubiquitination reaction mixtures (30
pL) contained 30 ng of UBE1 (E1; Boston Biochem), 30 ng of UbcH5b (E2; Bos-
ton Biochem), 5 ng of His-tagged ubiquitin (Sigma), 50 ng of MYC-RHAZ2b,
and 200 ng of FLAG-MYB30 or FLAG-MYB30***** in a reaction buffer contain-
ing 50 mm Tris, pH 7.5, 10 mm MgCl,, 2 mm ATP, and 0.5 mm DTT. MYC-
RHA2b and FLAG-MYB30 or FLAG-MYB30*** were transiently expressed
in Arabidopsis protoplasts and purified. After 2 h of incubation at 30°C, the
reactions were stopped by adding 4x sample buffer. Samples were then sepa-
rated onto 8% SDS-PAGE gels. Ubiquitinated FLAG-MYB30 was detected using
anti-His antibody (Xu et al., 2014). The loading of MYB30 protein (without
reaction) was detected using anti-FLAG antibody.

Split-YFP and Split-LUC Assays

For the split-YFP assay, YNE-RHA2b and MYB30-YCE were coexpressed
in Arabidopsis protoplasts in the presence of 75 um MG132. Fluorescence was
measured using a Zeiss 510 confocal microscope (excitation at 488 nm and
emission at 520 nm).

For the split-LUC assay, MYB30-nLUC or MYB3-nLUC was cotransformed
with cLUC-RHA2b, cLUC-RHA2a, or cLUC-SIZ1 into Nicotiana benthamiana
via A. tumefaciens and incubated for 2 d. MG132 was injected into the leaf tis-
sues 12 h before observation, and 100 um p-luciferin was sprayed on the leaves
before image collection by a CCD camera. For the ABA treatment, leaves were
divided into small discs and then incubated in water (control) or 100 pm ABA,
and luminescence intensities were detected after the treatment.

Transactivation Activity Assays in Arabidopsis
Protoplasts

A plasmid containing the ANN4 promoter upstream of the LUC gene was
used as the reporter. The LUC reporter and GFP (internal control) were co-
expressed in protoplasts with or without FLAG-MYB30, MYC-RHA2b, and
MG132 as indicated. After an overnight incubation at 23°C, the protoplasts
were transferred to a 12-well plate, and 50 uL of 1 mm p-luciferin (Prome-
ga) was added to each sample. The plate was kept in the dark for 5 min, and
a CCD camera (Roper Scientific) was used to visualize the LUC signal. The
primer pairs used are shown in Supplemental Table S1.

Sumoylation Assay

For the SUMO conjugation assay, FLAG-MYB30 and MYC-SUMO1 were
coexpressed in protoplasts. FLAG-MYB30 was purified by an anti-FLAG
agarose conjugate, and an anti-MYC antibody was used to detect the FLAG-
MYB30-MYC-SUMOT interaction. An anti-FLAG antibody was used to detect
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the abundance of FLAG-MYB30 as a control. All primer pairs used are shown
in Supplemental Table S1.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession num-
bers: MYB30, At3g28910; SIZ1, At5g60140; RHA2b, At2g01150; RHA2a,
Atlgl5100; MYB3, At1g22640; ANN4, At2g38750; TAT3, At2g24850; LOX3,
At1g17420; and COR15b, At2g42530.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Co-IP assays between MYB30 and RHA2a.

Supplemental Figure S2. ABA enhanced the expression of ANN4 in wild-
type and myb30-2 seedlings.

Supplemental Figure S3. ABA responses of rha2b-1 myb30-2 double mutant
plants and rha2b-1/MYB30 transgenic plants in early seedling growth.

Supplemental Figure S4. The ubiquitination sites of MYB30 localize at the
C-terminal end.

Supplemental Figure S5. Screen for ubiquitination sites of MYB30.
Supplemental Figure S6. The K283 residue is required for ubiquitination.

Supplemental Figure S7. Protein levels of different types of MYB30 in
myb30-2 mutant seedlings.

Supplemental Figure S8. Sumoylation protects MYB30 from degradation.

Supplemental Table S1. Primer sequences used in plasmid constructs and
reverse transcription quantitative PCR.
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