Associalon of Appied Blogsts

Plant Biotechnology Journal

HGH

Plant Biotechnology Journal (2022) 20, pp. 1743-1755 doi: 10.1111/pbi. 13857

Ubiquitin ligase OsRINGzf1 regulates drought resistance
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Summary

Water is crucial for plant growth and survival. The transcellular water movement is facilitated by
aquaporins (AQPs) that rapidly and reversibly modify water permeability. The abundance of AQPs
is regulated by its synthesis, redistribution and degradation. However, the molecular mechanism
of proteasomal degradation of AQPs remains unclear. Here, we demonstrate that a novel E3
ligase, OsRINGzf1, mediated the degradation of AQPs in rice. OsRINGzf1 is the candidate gene
from a drought-related quantitative trait locus (QTL) on the long arm of chromosome 4 in rice
(Oryza sativa) and encodes a Really Interesting New Gene (RING) zinc finger protein 1. OsRINGzf1
possesses the E3 ligase activity, ubiquitinates and mediates OsPIP2;1 degradation, thus reducing
its protein abundance. The content of OsPIP2;1 protein was decreased in OsRINGzf1
overexpression (OE) plants. The degradation of OsPIP2;1 was inhibited by MG132. The
OsRINGzf1 OE plants, with higher leaf-related water content (LRWC) and lower leaf water loss
rate (LWLR), exhibited enhanced drought resistance, whereas the RNAi and knockout plants of

OsRINGzf1 were more sensitive to drought. Together, our data demonstrate that OsRINGzf1
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positively regulates drought resistance through promoting the degradation of OsPIP2;1 to
enhance water retention capacity in rice.

Introduction

Rice (Oryza sativa) is one of the most important cereals in the
world. Compared with other cereal crops such as wheat and
maize, rice is more sensitive to soil water deficiency because they
are historically grown under flood irrigation conditions (Huang
et al, 2014). Water resources are becoming one of the most
limiting factors for rice production (Kumar et al., 2014). There-
fore, there is an urgent demand for improved rice varieties with
enhanced drought resistance.

Really Interesting New Gene (RING) finger proteins, defined by
the presence of a RING finger motif with highly conserved Cys
and His residues, are one of the most studied ubiquitin E3 ligases.
The canonical RING domains can be subcategorized into RING-H2
and RING-HC subtypes based on the fifth coordination Cys or His
residues, respectively. Studies over the past decade have revealed
the crucial role of RING-type E3 ligase in plant abiotic stress
regulation. OsSDIR1 improves drought resistance by promoting
the closing of stomata and reducing the loss of leaf water (Gao
et al, 2011). OsDSG1, OsCTR1 and OsiSAP7 are involved in ABA
signalling or biosynthesis, and play roles in drought stress
response (Lim et al, 2014; Park etal, 2010; Sharma
et al, 2015). OsPUB67 improved drought tolerance by enhanc-
ing reactive oxygen scavenging ability and stomatal closure (Qin
et al, 2019). OsHCI1 and OsHTAS enhance heat tolerance of
plant (Lim et al., 2013; Liu et al., 2016). OsSIRP2 and OsSIRH2-
14 act as a positive regulator of salt tolerance (Chapagain

et al., 2018; Park et al., 2019), while OsMAR1, OsSIRP1, OsSIRP4
and OsSADR1 negatively regulate the response to salinity stress
(Hwang et al., 2016; Kim and Jang, 2020; Park et al, 2018a,b).
However, compared with the 425 predicted RING E3 ligase in rice
(Lim et al., 2010), their regulatory role in abiotic stress, as well as
their target proteins, remains largely elusive.

Aquaporins (AQPs) are intrinsic membrane protein channels
and function in water movement across the cell membranes for
water homeostasis. Increasing evidence in various crop plants
indicates that AQPs are responsible for water deficit and play a
crucial role in drought resistance (Ayadi et al, 2019; Grondin
et al, 2015). The transcellular water movement is tightly con-
trolled by the amount and activity of AQPs in the membrane,
which is concerned with the trafficking, gating and degradation
of AQPs. A profound understanding of trafficking and gating had
been established (Maurel et al, 2015). Yet, the mechanism of
the degradation is still poorly understood. MtCAS31 facilitated
the autophagic degradation of MtPIP2;7 and reduced root
hydraulic conductivity, thus reducing water loss and improving
drought resistance (Li et al, 2019). AtPIP2;7 was shown to
interact with a TSPO membrane protein to form a complex that
was directed towards vacuolar degradation, using the
autophagosome pathway (Hachez et al, 2014). Recently,
researches on AQP degradation by the autophagic pathway have
made big progress and proposed that PIP autophagy may be
initiated at ER-PM contact sites (EPCSs) through its interaction
with TSPO and VAP27s (Fox et al., 2020). Few studies were
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concerned with the UPS-dependent degradation of AQPs (Lee
et al, 2009). In rice, there are total 33 AQPs (Sakurai
et al, 2005). Some of them had been found to respond to
drought (Bai et al., 2021; Lian et al., 2004), while the underlying
regulation mechanism is unclear. Since AQPs are closely related to
plant water status, regulation of rice AQPs might play a role in
drought resistance.

Previously, we mapped a rice drought QTL interval on
chromosome 4 (Liu et al., 2005; Zou et al., 2005). In this study,
the gene OsRINGzf1 encoding a RING-H2-type E3 ligase was
identified from this QTL interval. The expression of OsRINGzf1
was induced by drought stress. E3 ligase activity of OsRINGzf1
was confirmed in vitro and in vivo. OsRINGzf1 interacted with
several AQPs and ubiquitinated OsPIP2;1, and OsSIP1;1.
OsRINGzf1 and OsPIP2;1 were colocalized on endoplasmic
reticulum (ER) and plasma membrane (PM). OsPIP2;1 protein
abundance was significantly reduced both in vitro and in vivo
with the existence of OsRINGzf1. Compared with the wild-type
(WT) plants, OsRINGzf1 overexpression (OE) plants exhibited
enhanced drought resistance by reducing water loss, while the
silencing of OsRINGzf1 leads to increased water loss, thereby
reducing drought resistance. The OsRINGzf1 OE plants and the
OsPIP2,1 mutant plants showed similar lower leaf water loss rate
(LWLR) under water deficit conditions. Our study demonstrated
that OsRINGzf1 positively regulated drought resistance through
modulating the ubiquitin-proteasome system (UPS)-dependent
degradation of OsPIP2;1 to reduce the water loss in rice.

Results

Identification of the potential Drought-Regulating gene
OsRINGzf1

A drought-related QTL cluster on the long arm of chromosome 4
in rice was found to harbour QTL genes related to plant height
(PH), spikelet fertility (SF), panicle number (PN), spikelet number
per panicle (SNP), and biomass (BM) (Liu et al, 2005; Zou
et al., 2005). The QTLs for PH, SF, and tiller number (TN) under
drought conditions were fine-mapped to a 237-kb marker
interval (M60-RM17363) (Figure 1a, Table S1), which contains
29 predicted genes (Table S2). Considering that the QTLs were
detected under drought conditions, we compared the drought
resistance of recombinant plants of M60-RM 17363 interval. Line
326 (L3ze), possessing the QTL interval from IRAT109, the male
parent, displayed significantly higher survival rates (SR) and
showed better drought resistance (Figure 1b). Then, we analysed
the expression of genes located in this interval under drought
stress except for 5 retrotransposon proteins (Figure S1). Among

them, six genes were not expressed. Interestingly, a novel gene,
OsRINGzf1, annotated with RING zinc finger protein
(LOC_0s04g48050), showed persistent up-regulation. Further-
more, the expression of OsRINGzf1 was significantly up-regulated
in leaf, sheath and stem under drought conditions (Figure 1c).
These results imply its potential role in the regulation of drought
resistance.

Notably, there are 18 SNPs, including 16 substitutions and two
indels in the promoter region, 1500 bp upstream of OsRINGzf1
between Zhenshan97B and IRAT109, two parents of the mapping
population. In IRAT109, substitutions at —242 bp, —490 bp and
—774 bp formed three TATA boxes, and substitution at —656 bp
formed a CAAT box (Table S3). No differences were found in the
coding sequence of OsRINGzf1 between the two parents. We
proposed that these SNPs might affect the expression of
OsRINGzf1 in the parents. Quantitative PCR showed that the
expression level of OsRINGZzf1 in IRAT109 was higher than that in
Zhenshan97B (Figure 1d). The promoter of Zhenshan97B and
IRAT109 was individually fused with luciferase (LUC) report gene
and infiltrated into N. benthamiana leaves. Fluorescence signal
with the promoter from IRAT109 was significantly higher than
that of Zhenshan97B, implying that the promoter from IRAT109
possesses higher expression activity (Figure 1e).

We further sequenced the OsRINGzf1 promoter of 108 rice
landraces, eight cultivars, and 17 wild species mainly from
South China and South-East Asia (Table S4). Among the 29
haplotypes, haplotype 3 group and 13 group contained 52
accessions including Zhenshan97B and 51 accessions including
IRAT109, respectively (Table S4). There are 15 substitutions
between haplotypes 3 and 13, which are the same as those of
Zhenshan97B and IRAT109 (Table S3). The SNPs involved in
TATA box and CAAT box related to expression regulation are
included in these 15 SNPs. Phylogenetic analysis revealed that
the promoter sequence of OsRINGzf1 has evolved from wild
species into two main types, which is consistent with haplotype
analysis (Figure S2). Together with Zhenshan 97B, IRAT109, and
Nipponbare, the expression of OsRINGzf1 gene was examined
in accessions randomly selected from haplotypes 3 and 13,
respectively. The significant analysis between each accession
and Nipponbare was analysed. The results showed that, in the
haplotype 13 group, the expression levels of several accessions
including IRAT109 were higher than those of Nipponbare. While
for the haplotype 3 group, OsRINGzf1 expression in each
accession was significantly lower than that of Nipponbare
(Figure S3). These results collectively indicated that the
sequence variation of OsRINGzf1 promoter could influence its
expression.

Figure 1 Functional identification of OsRINGzfT gene on rice drought resistance. (a) The target QTL interval was narrowed down with a backcrossing
population (BCsF,.3). (b) Drought stress response of the recombinant plants containing the target QTL interval. Genome schematic of two recombinant
plants was indicated. Red represents the genome from receptor parent (Zhenshan97B), and green represents the genome from donor parent (IRAT109).
Survival rate (SR) was calculated after 14 days of drought stress and 7 days of rehydration. (c) Expression profile of OsRINGzf1 under normal and drought
conditions. (d) Differences in OsRINGzf1 expression between parents under normal conditions. (e) Relative luciferase activity of proOsRINGzf1-LUC in

N. benthamiana plants. The promoter fragment of Zhenshan97B was fused in proOsRINGzf1%>°”8, and the promoter fragment of IRAT109 was fused in
proOsRINGzf1'RAT19? Relative reporter activity (LUC/REN) was calculated. (f) OsRINGZzf1 improves the adaptation of rice to PEG-simulated drought stress at
the seedling stage. (g) The survival rate (SR) of WT, OE plants indicated in (f). (h) OsRINGzf1 improves the drought resistance of rice at the reproductive
stage. (i) Grain yield of WT and OE plants under normal and drought stress conditions. Values in ¢, d, e and g are means + SD based on three independent
biological replicates. Asterisks represent the statistically significant differences according to a two-tailed Student’s t-test. *P < 0.05, **P < 0.01 and

***kp < 0.001.
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To understand the function of OsRINGzf1 under drought
stress, we investigated the response of OsRINGzf1 overexpression
(OE), RNA interference (Ri) and knockout (KO) plants together
with WT plants against drought stress. WT plants showed severe
leaf rolling and wilting under 15% polyethylene glycol (PEG) 6000
treatment at the seedling stage (Figure 1f). The SR of WT plants is
significantly lower than that of OsRINZzf1 OE plants (Figure 1g).
With earlier and more severe leaf rolling, Ri plants of OsRINGzf1
are more sensitive to drought stress simulated by PEG (Fig-
ure S4a); the LRWC of OE plants was significantly higher than
that of WT and Ri plants (Figure S4b, Table S5). In addition, KO
plants were more sensitive to drought stress and have lower SR
compared with WT plants (Figure S5). Similarly, OE plants with
higher SR exhibited enhanced salt tolerance compared with WT
plants, whereas KO plants exhibited the opposite (Figure S6).
Furthermore, both the germination and the relative growth of KO
plants were significantly inhibited under mannitol and NaCl stress
during germination and budding stages. Under mannitol and
NaCl stress, the relative growth of OE plants at the budding stage
was significantly better than that of the WT plant (Figure S7).
These results indicated that OsRINGzf1 plays a positive role in
drought, salt and osmotic tolerance in rice.

We further examined the resistance of WT, OE and Ri plants to
drought stress at the reproductive stage. The water supply was
withdrawn at the early stage of panicle differentiation. The results
showed that, compared with WT plants, Ri plants appeared
earlier and more severe leaf rolling, while the OE plants exhibited
delayed leaf rolling (Figure S8a). Similarly, the LRWC of OE plants
was significantly higher than that of WT plants, whereas the
LRWC of Ri plants performed the opposite (Figure S8b). The
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accumulation of proline, soluble protein, soluble sugar and the
activities of catalase presented the same trend of change as
LRWC (Figure S8c—f). In the field, OE plants exhibited better
resistance than WT plants, with less dried-up leaves and signif-
icantly less reduction in grain yield under drought conditions
(Figure 1h—i). These results collectively demonstrated that
OsRINGzf1 positively regulates rice drought resistance.

OsRINGzf1 has E3 ubiquitin ligase activity and is
localized on ER and PM

Amino acid sequence analysis showed that OsRINGzf1 protein
has 187 amino acids, with a RING domain in the C-terminus and 3
transmembrane domains in the N-terminus. RING domain align-
ment indicated that OsRINGzf1 is a RING-H2-type E3 ligase
(Figure 2a). To investigate whether OsRINGzf1 is a functional E3
ligase enzyme, OsRINGzf1-GST fusion protein was expressed in
E. coli and the purified OsRINGzf1-GST protein was used for
in vitro self-ubiquitination assay. The result showed that in the
presence of E1, E2 and the ubiquitin protein, the self-
ubiquitinated form of OsRINGzf1-GST was detected by both
anti-Ub and anti-GST antibodies (Figure 2b—c). Meanwhile, when
E1 or E2 was omitted, we could not detect obvious ubiquitination
(Figure 2b—c). These results indicated that OsRINGzf1 possessed
E3 ligase activity.

OsRINGzf1 protein could be a membrane protein due to the
three predicted transmembrane domains in its N-terminus (Fig-
ure 2a). To identify the subcellular localization of OsRINGzf1,
OsRINGzf1-GFP fusion protein was introduced into rice proto-
plasts along with HDEL-RFP (HDEL, as the endoplasmic reticulum
marker) and FLS2-RFP (FLS2, flagellin-sensitive 2, as the plasma

(b) E1 + — + +
E2 + + — +
Ub + + + +
GST + — - —
GST-OsRINGzf1 - + + +

kD
170
130

70— RINGzf1-Ub,

GFP

RFP

Figure 2 OsRINGzf1 possesses ubiquitin ligase activity. (@) Domain analysis of OsRINGzf1 and multiple alignment of RING domain. TM, transmembrane
domain. RING, Really Interesting New Gene domain. The orthologs of RING-H2-type proteins including OsHTAS (ALN98169) and EL5 (BAA96874) from rice,
SDIRT (NP_191112) from Arabidopsis and RNF11 (NP_055187.1) from humans. Asterisk indicates conserved cysteine and histidine residues. (b) E3 ubiquitin
ligase activity of OsRINGzf1. OsRINGzf1-GST fusion protein was assayed for ubiquitin ligase activity in the presence of E1, E2 and ubiquitin (Ub). The
numbers on the left indicate the molecular masses of marker proteins in kD. Ubiquitinated proteins were resolved by 10% (w/v) SDS-PAGE, and then
immunoblotted with anti-ubiquitin antibodies. (c) Ubiquitinated proteins were immunoblotted with anti-GST antibodies. (d) Subcellular localization of
OsRINGzf1 in rice protoplasts. Green fluorescence is an indicative of OsRINGzf1-GFP, whereas red fluorescence shows as indicator of HDEL-RFP and FLS2-

RFP. BF, bright field. Scale bars, 10 pm.
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membrane marker), respectively. The green fluorescence signals
of OsRINGzf1-GFP overlapped with the red fluorescence signal of
HDEL-RFP and FLS2-RFP marker (Figure 2d), suggesting that
OsRINGzf1 is localized on the ER and PM of rice cells.

OsRINGzf1 interacts with OsPIP2;1

RING-type E3 ligases were known to ubiquitinate specific target
proteins and trigger their degradation via 26S proteasome. To
decipher the molecular mechanism of OsRINGzf1 in response to
drought stress, we attempted to identify the target proteins of
OsRINGzf1. We firstly screened a rice cDNA library using
OsRINGzf1 as the bait in the split-ubiquitin membrane yeast
two-hybrid system. Ten positive colonies were identified, all of
which were AQPs, including six plasma membrane intrinsic
proteins (PIPs), two tonoplast intrinsic proteins (TIPs), one
nodulin26-like intrinsic protein (NIP) and one small basic intrinsic
protein (SIP) (Table S6). We successfully cloned eight of the ten
AQPs and performed the yeast two-hybrid assay to test the
interactions between OsRINGzf1 and these eight potential
targets. Yeast strain containing OsPIP2;1 (LOC_0s07926690.1),
OsPIP2;2 (LOC_0s02941860.1), OsPIP1;3 (LOC_0s02957720.1),
OsSIP1;1 (LOC_0s01908660.1), OsPIP1;1 (LOC_0s02g44630.1)
and a putative TIP protein (LOC_0Os05914240.1) could grow well
on SD/—Leu/—Trp/-His/—Ade selective medium (Figure S9a),
implying their interactions with OsRINGzf1. We further examined
the interaction between OsRINGzf1 and OsPIP2;1, which was
known to have high water transport activities (Sakurai
et al, 2008). Firstly, the yeast strain containing OsRINGzf1-Cub
and OsPIP2;1-NubG turned blue on X-gal indicator plate (Fig-
ure S9b). Secondly, a semi-in vitro pull-down experiment was
conducted. The mixture of the protein extraction including the
OsPIP2;1-GFP fusion protein expressed in N. benthamiana leaves
and the GST-OsRINGzf1 fusion protein expressed in E. coli was
separated by GFP attached beads, and then detected by anti-GST
and anti-GFP antibodies. Western blot results showed that GST-
OsRINGzf1 could be pulled down in the presence of OsPIP2;1-GFP

(a)
Figure 3 OsRINGzf1 interacts with GFP-OsPIP
OsPIP2;1. (a) OsRINGzf1 interacts with
OsPIP2;1 in a semi-in vitro pull-down assay.
Proteins were pulled down by GFP-Trap
agarose beads and detected by Western
blots with antibody against GFP or GST.
GFP was used as negative control. The
numbers on the left indicate the molecular
masses of marker proteins in kD. (b)
OsRINGzf1 interacts with OsPIP2;1 in a
luciferase (LUC) complementation imaging
assay. The indicated constructs were tran-
siently expressed in N. benthamiana for
48 h. LUC activity is depicted with false
colour from low (blue) to high (red). Nluc,
N-terminal half of firefly LUC; Cluc, C-
terminal half of firefly LUC. (c) Subcellular
colocalization of OsRINGzf1 and OsPIP2;1.
35S:0sRINGzf1-GFP was transformed into
rice protoplasts along with 35S: RFP-
OsPIP2,;1. Scale bars, 10 pm.
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(Figure 3a). Thirdly, the LUC complementation imaging assay
showed that the fluorescence signal of LUC could be detected
when OsRINGzf1-Nluc and Cluc-OsPIP2;1 were coinfiltrated into
N. benthamiana leaves (Figure 3b). Furthermore, we asked
whether OsRINGzf1 had similar subcellular localization with
OsPIP2;1. To answer this question, we constructed 35S:
OsPIP2;1-RFP and 35S:0sRINGzf1-GFP fusion vectors, and coin-
troduced the two constructs into rice protoplasts. Both red and
green fluorescence signals displayed a similar pattern and
overlapped with each other (Figure 3c). All these data demon-
strated that OsRINGzf1 and OsPIP2;1 colocalized on ER and PM of
rice cells and OsRINGzf1 could interact with OsPIP2;1.

OsRINGzf1 mediates the ubiquitination and UPS-
Dependent degradation of OsPIP2;1

The above findings that OsRINGzf1 exhibited E3 ligase activity
and interacted with OsPIP2;1 prompted us to test whether
OsPIP2;1 might be the ubiquitination target of OsRINGzf1. To
validate this hypothesis, we first examined whether OsPIP2;1 is
ubiquitinated in plants. The protein extraction of N. benthamiana
leaves infiltrated with Agrobacterium containing OsPIP2;1-GFP
fusion protein was separated by GFP attached beads, and
OsPIP2;1-GFP was detected by immunoblot with anti-GFP and
anti-Ub antibodies. The smear bands with higher molecular
weight indicate that OsPIP2;1 was polyubiquitinated in vivo
(Figure 4a). Furthermore, in vitro ubiquitination assay was con-
ducted to examine whether OsPIP2;1 is the ubiquitination
substrate of OsRINGzf1. As shown in Figure 4b, in the presence
of E1, E2, ubiquitin and OsRINGzf1, OsPIP2;1 was ubiquitinated.
These results collectively demonstrated that OsPIP2;1 is ubiquiti-
nated by OsRINGzf1. Besides, our in vitro ubiquitination assay
verified that OsSIP1;1 could also be ubiquitinated by OsRINGzf1
(Figure S10).

To investigate whether OsRINGzf1 mediates the degradation of
OsPIP2;1, the Agrobacterium containing OsRINGzf1-MYC fusion
protein and the OsPIP2;1-GFP fusion protein were coinfiltrated
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into N. benthamiana leaves. Western blot analysis revealed that
the abundance of OsPIP2;1-GFP was much lower in the coinfil-
tration of OsRINGzf1-MYC and OsPIP2;1-GFP combination (Fig-
ure 4c). Meanwhile, we detected the transcription of OsRINGzf1
and OsPIP2;1, and the protein abundance of OsPIP2;1 in WT and
OsRINGzf1 OE plants (Figure 4d). The expression of OsRINGzf1 in
OE plants was remarkably higher than that in WT plants, while for
the transcription level of OsPIP2;1, there was no obvious differ-
ence between WT and OE plants (Figure 4d). However, the
abundance of OsPIP2;1 protein in OE plants was significantly lower
than that in WT plants (Figure 4d). According to these results, we
concluded that OsRINGzf1 promotes OsPIP2;1 degradation
in vivo. To examine whether 26S proteasome was involved in
the degradation of OsPIP2;1 or not, we compared the change of
OsPIP2;1 protein content treated with or without MG132, a
proteasome inhibitor. The results displayed that in the protein
extraction of N. benthamiana leaves coinfiltrated with OsPIP2;1-
GFP and OsRINGzf1-MYC, the abundance of OsPIP2;1 protein was
obviously higher in the presence of MG132 but lower without
MG132 (Figure 4e). Moreover, the LUC fluorescence signal of
OsRINGzf1-OsPIP2;1 interaction in MG132-treated N. benthami-
ana leaves was stronger than that without MG132 (Figure 4f). As
the ubiquitin—proteasome pathway is an ATP-dependent process,
we further investigated whether the in vivo degradation of
OsPIP2;1 is ATP-dependent. We extracted protein from N. ben-
thamiana leaves infiltrated with OsPIP2;1-GFP and treated the
protein extraction with or without ATP. Then, the abundance of
OsPIP2;1-GFP fusion protein was detected by immunoblot with

+ 4+ o+ + o+
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170
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4 Nonspecific bands

4 GST-MYC-PIP2;1

Figure 4 OsPIP2;1 is the ubiquitination
substrate of OsRINGzf1, which mediates its
UPS-dependent degradation. (a) In vivo
ubiquitination of OsPIP2;1 protein. GFP-
MYC was used as negative control. The
numbers on the left indicate the molecular
masses of marker proteins in kD. (b) In vitro
ubiquitination of OsPIP2;1 protein. GST
was used as a negative control. The num-
bers on the left indicate the molecular
masses of marker proteins in kD. (c)
OsRINGzf1-MYC decreased OsPIP2;1 pro-
tein level. GFP-MYC and RFP proteins were
used as negative control. (d) OsPIP2;1
proteins were reduced in OsRINGzf1 OE
plants. Actin was used as a loading control.
(e) MG132 inhibited the reduction in
OsPIP2;1-GFP protein. (f) Fluorescent signal
of luciferase of OsRINGzf1-OsPIP2;1 inter-
action increased in the presence of
MG132. RLU, relative luminescence unit.
Value are means + SD based on five
independent biological replicates. Asterisks
represent the statistically significant differ-
ences according to a two-tailed Student’s t-
test, *P < 0.05.

OsPIP2;1-Ub,

OsPIP2;1-Ub,

anti-GFP antibody. We found that the degradation of OsPIP2;1 is
ATP-dependent (Figure S11). Together, we concluded that
OsRINGzf1 mediates the UPS-dependent degradation of OsPIP2;1.

The interaction between OsRINGzf1 and OsPIP2;1
reduces the water loss under drought stress

In plants, AQPs are membrane channels that facilitate water
movement across cell membranes. Among different AQPs fam-
ilies, PIPs and TIPs are found to be involved in water transport
(Hove and Bhave, 2011). Downregulation of some AQPs
decreased the membrane water permeability to avoid excessive
water loss (Zargar et al., 2017). In this study, we found that
OsPIP2;1 protein was remarkably reduced in OsRINGzf1 OE plant
(Figure 4d), and the leaf rolling of OsRINGzf1 OE plants was
delayed under drought stress compared with the WT and RNAI
plants (Figure 1f, Figures S4 and S8). Furthermore, LRWC of
OsRINGzf1 OE plant was significantly higher than that of WT
plants under drought stress (Figures S4b and S8b). These results
suggested that the reduction in OsPIP2;1 mediated by OsRINGzf1
leads to a better leaf water status. The better leaf water status is
mainly attributed to a better root system or reduced leaf water
loss. To investigate the underlying mechanism for the better
water status of OE plants, we first observed the roots of WT, OE
and Ri plants and found that under normal and drought
conditions, the root length, volume, and dry weight of OE plants
were smaller than those of WT plants, especially under drought
conditions, the root weight and volume were significantly
reduced. The root length, volume, and dry weight of Ri plants
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did not differ from WT under normal conditions but decreased
under drought conditions (Figure S12). These results indicated
that the better water status of OsRINGzf1 OE plant was not due
to water absorption by the roots.

To further determine the role of OsRINGzf1 and OsPIP2;1 in the
leaf water retention, we generated OsPIP2;1 OE plants and
OsPIP2;1 mutants (pip2;1) (Figure 5d and Figure S13a). Three
independent experiments were conducted to detect the LWLR of
the detached leaves of OsPIP2,1 OE, pip2,1, OsRINGzf1 OE, and
WT plants, respectively. Compared with WT plants, LWLR of
OsRINGzf1 OE and pip2,1 plants was significantly lower, whereas
the LWLR of OsPIP2;1 OE plants was remarkably higher (Fig-
ure 5a—c). OsPIP2;1 OE plants with significantly reduced SR were
more sensitive to drought stress, while pip2,7 plants exhibited
higher drought resistance than WT (Figure 5e—f and Figure S13b-
). These data indicated that excessive OsPIP2;1 might lead to loss
of more leaf water, and the degradation of OsPIP2;1 mediated by
OsRINGzf1 enables plants to enhance drought resistance through
reducing leaf water loss.

Discussion

OsRINGzf1 is a novel gene involving the aquaporin
ubiquitination

OsPIP2;1 is a homologue protein of AtPIP2;1 with 83% identity
(Figure S14; Maurel et al., 2015). CaRma1H1, a RING-type E3
ubiquitin ligase from hot pepper, and its homologues AtRma1,
AtRma2 and AtRma3 in Arabidopsis were reported to
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ubiquitinate and degrade the AtPIP2;1, and significantly increase
the drought tolerance of plants (Lee et al., 2009). Homologous
alignment revealed the homologous protein OsRDCP1 of CaR-
ma1H1 in rice, which can also improve the tolerance of rice to
drought stress (Bae et al, 2011). However, the substrate of
OsRDCP1 is still unclear. CaRmaTH1 and OsRINGzf1 belong to
two different E3 ligase subfamilies. OsRINGzf1 is RING-H2 type E3
ligase, while CaRma1H1, AtRmal and OsRDCP1 are RING-HC-
type E3 ligases and were clustered into the same group
(Figure S15). CaRmalH1 localizes on ER and prevents the
trafficking of PIP2;1 from ER to PM (Lee et al., 2009), while
OsRINGzf1 localizes at ER and PM, which is consistent with the
localization of OsPIP2;1(Figures 2d and 3c). What's more, CaR-
malH1 cannot enhance the tolerance of plant to high salinity
(100 mm NaCl) (Lee et al., 2009), while OsRINGzf1 can improve
the resistance to high salinity (150 mm NaCl) and osmotic stress
(150 mm mannitol) (Figure S6 and S7). All these results imply that
OsRINGzf1 is a novel E3 ligase that participates in the ubiquiti-
nation of AQPs and responds to various abiotic stresses.

OsRINGzf1 positively regulates drought resistance
through modulating the Water Channel to enhance leaf
water retention capacity

Drought resistance refers to the ability of plants to maintain high
water status by absorbing water or reducing water loss in dry
conditions (Luo, 2010). Aquaporins, especially for PIPs with high
water transport activity, play an important role in water transcel-
lular flow by regulating membrane water permeability
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Figure 5 Leaf water loss rate (LWLR) of OsRINGzf1 and OsPIP2;1 transgenic plants and drought resistance of OsPIP2;1-OE plants. (a) The LWLR of pip2;1
and WT plants. Values are means =+ SE (n = 17). (b) The LWLR of OsPIP2,1-OE and WT plants. Values are means + SE (n = 5). (c) The LWLR of OsRINGZzf1-
OE and WT plants. Values are means + SE (n = 7). The WT and transgenic plants were grown in the field for 2 months. Fresh weights of detached leaves
of wild-type and the transgenic plants at the indicated time were determined. (d) Expression level of OsPIP2,1 gene in OsPIP2;1 OE plants. Values are
means + SD (n > 10). (e) Phenotype of OsPIP2;1-OF and WT plants under soil drought stress. (f) Survival rate of OsPIP2;1-OF and WT plants under soil
drought stress. Values are means 4 SD based on three independent biological replicates. Asterisks represent the statistically significant differences
according to a two-tailed Student’s t-test. *P < 0.05, **P < 0.01 and ***P < 0.001.
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(Chaumont and Tyerman, 2014; Heinen et al,, 2009; Laloux
et al., 2018). Overexpression of OsPIP2s, especially OsPIP2;1,
increased yeast membrane water permeability, while the root
hydraulic conductivity was decreased by approximately fourfold in
OsPIP2,1 RNAIi knock-down plants (Ding et al., 2019). Transcrip-
tional regulation and post-translational modifications influence
the abundance and activity of AQPs, which determines the flux of
water within and across the cells under drought (Fox et al., 2017;
Martre et al., 2002). However, the molecular regulatory mecha-
nism of OsPIP2,1 under drought is still unclear. In Arabidopsis, a
hot pepper E3 ligase CaRmalH1 and its homologues Rmaf,
Rma2 and Rma3 modulate the UPS-dependent degradation of
AtPIP2;1 (Lee et al., 2009). Recently, the endoplasmic reticulum-
associated degradation (ERAD) component ubiquitin-conjugating
enzyme UBC32 was found to act together with Rmal to
ubiquitinate a phosphorylated form of PIP2;1 and to promote
its degradation (Chen et al., 2021). In this study, we identified a
RING-H2 E3 ligase, OsRINGzf1, and elucidated the positive
drought resistance regulation mechanism of OsRINGzf1 (Fig-
ure 6). The up-regulated expression of OsRINGzf1 under drought
conditions promoted the ubiquitination and degradation by 26S
proteasomes of OsPIP2;1, causing decreased water diffusion. As a
result, the plant water loss decreased under drought.

In addition, we found that the other three AQPs, OsPIP1;3,
OsPIP2;2 and OsSIP1;1, interact with OsRINGzf1 (Figure S9). The
in vitro ubiquitination assay directly confirmed that OsSIP1;1 can
be ubiquitinated by OsRINGzf1 (Figure S10). OsPIP1;3, responds
strongly to drought stress and can be recruited to the plasma
membrane by OsPIP2;2, to be a water-transporting facilitator
(Lian et al., 2004; Liu et al., 2020). Recent research has revealed
the highest water transporting activity of OsPIP2;2 among the 11
PIPs in rice, which is beneficial to enhance the drought tolerance

OsRINGzf1

WAAW mRNA

T Transcription

OsRINGzf1 gene

Cell Nucleus

Normal condition

in rice protoplasts and seedlings (Bai et al, 2021). SIPs had a
moderate water transport activity (Maurel et al., 2015). WSIP1,
AtSIP1;1 and AtSIP1;2 are located at ER and possessed water
transport activity (Ishikawa et al,, 2005; Noronha et al.,, 2014).
These results suggest that OsRINGzf1 enhances the water
retention capacity under drought stress by interacting with
multiple AQPs. Further research should be carried out around
these findings.

The multiple roles of OsRINGzf1 in plants

In a network analysis of rice gene, OsRINGzf1 was proposed to
be related to seed development and abiotic stress (Cooper
et al., 2003). Our results indicated that OsRINGzf1 functions on
plant agronomy, yield and resistance to abiotic stresses. Thus,
we propose that OsRINGzf1 may play multiple roles through
interacting with multiple substrates, including AQPs confirmed
in this study. Plant AQPs are a large family and have been found
to be not only water channel but also channels for H,0,
(Dynowski et al., 2008; Rodrigues et al., 2017), CO, (Uehlein
et al, 2003), NH3 (Loqué et al, 2005), glycerol (Biela
et al, 1999) and micronutrients (boron, silicon, arsenic) (Ma
et al., 2006, 2008; Takano et al., 2006). Therefore, the physi-
ological role of AQPs might be involved in a diversity of
functions such as the transport of micronutrients, signalling
molecules and photosynthetic substrates, as well as water
channels. In this study, we elucidate the effect of interaction
between OsRINGzf1 and OsPIP2;1 on plant water status.
Actually, PIP2;1 was found to be a water channel, as well as
a channel for H,0, and CO, in Arabidopsis. The phosphoryla-
tion of PIP2;1 by OST1 not only contributed to ABA-triggered
stomatal closure (Grondin et al, 2015) but also involved CO,
permeability (Wang et al.,, 2016). Four PIP2 AQPs of barley,
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Figure 6 Proposed working model for OsRINGzf1-mediated mechanism of drought resistance. The expression of OsRINGzf1 is increased under drought
stress. OsRINGzf1 interacts with, ubiquitinates and targets OsPIP2;1 for 26S proteasome-mediated degradation under drought in rice. ER, endoplasmic

reticulum; PM, plasma membrane.
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namely HvPIP2;1, HvPIP2;2, HvPIP2;3 and HvPIP2;5, were
reported to facilitate CO, transport across the oocyte cell
membrane (Mori et al, 2014). The transportation of CO, may
be directly related to photosynthesis, which is a basic bioprocess
and has a widespread influence on plants. In rice, OsPIP2;1 can
be phosphorylated by OsCPK17 in a calcium-dependent manner
in response to cold stress (Almadanim et al., 2017). OsPIP2;1
was also found to have a distinct role in developing grains
(Hayashi et al., 2015). OsPIP2;1 and OsPIP2;2 are involved in the
rapid internode elongation of deep-water rice (Muto
et al., 2011). Furthermore, OsPIP1;3, another interacting protein
of OsRINGzf1, could enhance tolerance to boron toxicity (Mosa
et al, 2016) and chill (Matsumoto et al, 2009). OsPIP1;3
responds to exogenous nitric oxide (NO) stimulation and plays
a role in NO signalling pathway in seed germination (Liu
et al, 2007). All these findings support the hypothesis that
OsRINGzf1 plays multiple regulatory roles in plant growth and
stress responses through recruiting multiple AQPs (Figure S16).

In conclusion, OsRINGzf1 is a novel E3 ligase and plays a crucial
role in the regulation of AQPs. OsRINGzf1 can ubiquitinate
OsPIP2;1 and lead it to be degraded by 26S proteasome. This
process reduces the abundance of water channel in the mem-
brane system, intensifies the cell capacity of water retention and
ultimately improves the drought resistance of rice. These results
enrich the understanding of the regulation mechanism of AQPs
and plant water status.

Materials and methods
Fine mapping

A recombinant line containing the target QTL interval from
IRAT109 was selected for backcross with Zhenshan97B. Zhen-
shan97B and IRAT109 are the maternal and paternal plant of
the mapping population used previously (Liu et al., 2005; Zou
et al., 2005). Zhenshan97B is an indica variety, and IRAT109 is
a japonica variety. A BCsF,.3 population containing 115 lines
was developed for fine mapping. The population was planted in
a drought resistance facility, and the drought stress was
supplied as described previously (Zou et al, 2005). PH, TN,
and the vyield-related traits under both normal water and
drought stress were investigated. The QTLs were detected by
mixed linear-model composite interval mapping method at LOD
>2.5 with ICIMAPPING. The primers used for fine mapping are
shown in Table S7.

qPCR assay

For the expression-level analysis of OsRINGzf1 and OsPIP2;1 in
rice and in the infiltrated N. benthamiana leaves, total RNA was
extracted from rice leaves of varieties indicated and N. ben-
thamiana leaves using TRIzol (TaKaRa) according to the manu-
facturer’'s protocol. The full-length cDNAs were reverse-
transcribed using a cDNA synthesis kit (TRANSGEN, AE311-03).
The reaction products were used as the template for gPCR
according to the manufacturer’s instructions (TRANSGEN, Bei-
jing, China, AQ601-04). Reaction mixtures include 50-500 ng
template, 0.2 pm forward primer, 0.2 um reverse primer, 10 plL
of 2X PerfectStart Green gPCR SuperMix, and nuclease-free
water to a final volume of 20 uL. The gPCR was performed with
the Bio-Rad CFX96 system with the following reaction condi-
tions: 95 °C for 30s, then 40 cycles of 95 °C for 5 s and 60 °C
for 31 s. The primer sequences used for qPCR are shown in
Table S7.
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Plant growth conditions, stress treatment and trait
measurement

To test the resistance of OsRINGzf1 transgenic plants to osmotic
and salt stress at the germination and budding stage, seeds (for
germination test) and germinated seeds (for budding test) were
sown on 1/2MS medium containing 150 mm NaCl or
150 mm mannitol, respectively. The germination rates were
calculated 5 days after sowing. Ten days after sowing, the
relative growth, that is the ratio of the fresh weight of plants
under stress conditions and normal conditions, was calculated. To
test the resistance of OsRINGZzf1 transgenic plants to drought and
salt stress at the seedling stage, seeds were sowed on 96-well
plates in Hoagland hydroponic culture medium. The 4-leaf
seedlings were transferred into the nutrient solution containing
15% PEG6000 or 150 mm NaCl, respectively. The leaf relative
water content (LRWC) was measured at 0, 12, 24 and 48 h after
stress. The survival rate (SR) was calculated 10 days (for PEG) and
3 days (for NaCl) after stress, respectively. Dehydration stress was
induced by transferring 4-leaf seedlings to filter papers, and
leaves were sampled at 0, 0.5, 2, 4, 6, and 8 h for expression
analysis of genes located in the fine mapped QTL region. To test
the resistance of OsRINGzf1 and OsPIP2, 1 transgenic plants to soil
drought stress at the seedling stages, seeds were sowed in the
bucket, and drought stress was applied to seedlings at four-leaf
age. SR was calculated after 2 weeks of drought stress and
7 days of rehydration. For the experiment at the germination,
budding and seedling stage, plants were grown in a climate
chamber under a 14 h-light/10-h dark photoperiod at 30 °C in
the day and 25 °C at night.

Resistance test experiment of OsRINGzf1 transgenic plants to
soil drought stress at the reproductive stage was conducted in a
rainproof shelter. Thirty-day seedlings were transplanted in the
buckets and field. The water supply was withdrawn at the early
stage of panicle differentiation and lasted for 2 weeks for the
plants in buckets and 3 weeks for the plants in the field. For the
plants in the bucket, the first fully expanded leaves at the top
were sampled for measurement of LRWC, catalase activity, and
the content of proline, soluble sugar and soluble protein 10 days
after stress. For the plants in the field, the yield-related traits were
measured after harvest.

The N. benthamiana, used as host plants for Agrobacterium-
mediated transient expression analysis, were grown in a growth
chamber at 25 °C under a 16-h light/8-h dark cycle for 6 weeks
before infiltration.

Haplotype analysis and phylogenetic analysis

Alignment of OsRINGzf1 promoter sequence of the materials
indicated in Table S4 was performed by ClustalWw (Thompson
et al., 1994) using the MEGAS.1 software (Tamura et al., 2011).
Then, the phylogenetic tree was constructed from the aligned
sequences by neighbour-joining tree method with 1000 boot-
strap. The phylogenetic tree was visualized and annotated by the
EvolView (www.evolgenius.info). The alignment result was used
for haplotype analysis using DnaSP v5.

Plasmid construction and rice transformation

To generate constructs for recombinant proteins, coding
sequence of OsRINGzfT was inserted into pGEX-6P-1 with BamHI
and EcoRl sites, and OsPIP2;1 was inserted into pGEX-4 T-2-Myc
with Kpnl and Xhol sites. To generate constructs for transient
expression, coding sequence of OsRINGzf1 was inserted into
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pCambia1300-221-Myc with Xbal and Ascl sites, OsPIP2;1 was
inserted into pCambia1300-221-GFP.1 with Kpnl and BamHI
sites. To generate constructs for OsRINGzf1 OE, coding sequence
of OsRINGzf1 was inserted into pCAMBIA 1321 with BamHI and
Sacl sites. To generate constructs for OsRINGzf7 RNAI, the 382-bp
cDNA fragment of OsRINGzf1 was amplified by PCR and inserted
as inverted repeats into the RNAI vector PTCK303 with Kpnl /Spel
and BamHI/Sacl sites, to generate hairpin RNAI constructs. The
CRISPR/Cas9 vector system was used to generate constructs for
OsPIP2;1 KO. The CRISPR/Cas9 vectors were constructed accord-
ing to the protocol described previously (Ma et al., 2015). All
these vectors were introduced into Nipponbare via
Agrobacterium-mediated transformation.

Subcellular localization

Coding sequence of OsRINGzf1 was cloned into the transient
expression vector pGFP-2, and then cotransformed with the ER
marker HDEL-RFP (De et al., 2011) or the PM marker FLS2-RFP (Lal
et al., 2018) into rice protoplasts via PEG-mediated transformation.
The fluorescence signal was observed with a confocal microscopy
(Leica) about 16 h after transformation.

Yeast strains and growth conditions

Saccharomyces cerevisiae strain NMY51 was grown in yeast
extract-peptone-dextrose media at the indicated temperatures.
The presence of transgene was confirmed by growth on SD/—
Leu/—Trp/-His/—Ade plates (Clontech, Moutain view, CA, USA).
The transformed yeasts were suspended in 0.9% NaCl to
ODggo = 1.0. Then, 2 uL of suspension yeasts was spotted onto
the indicated selection medium.

Bacterial strains and growth conditions

The Agrobacterium strain GV3101 was incubated overnight and
resuspended in the activation buffer (10 mm MES, pH 5.6, 10 mm
MgCl, and 150 pm acetosyringone). The desired Agrobacterium
combinations were mixed and incubated at room temperature for
at least 2 h by gentle shaking at a final concentration of
ODgoo = 1 for each construct. The activated Agrobacterium
strains were then infiltrated into fully expanded N. benthamiana
leaves through a 1-mL needleless syringe. E. coli BL21 (DE3)
transformed with the indicated constructs were grown to a
density ODggp of 0.4-0.5 on LB supplemented with 100 pg/mL
ampicillin or 50 pg/mL kanamycin. Protein expression was then
induced by adding 0.1 mm IPTG and incubated 3 h at 37 °C with
agitation.

Yeast Two-Hybrid screening

The dual-membrane system (Dualsystems Biotech, Zurich, Switzer-
land) was used to screen interacting proteins according to the
manufacturer’s instructions. The coding region of OsRINGzf1 was
cloned into the bait vector pBT3-SUC and then transformed into
yeast strain NMY51. The cDNA library from the callus of IRAT109
roots, stems, leaves, sheath, and young panicles, which was
constructed by fusing cDNAs in the pPR3-N prey vector, was
cotransformed into the strain NMY51 with pBT3-SUC-OsRINGzf1.
After two rounds of cDNA library screening, positive transfor-
mants were identified. To retest the interaction, OsPIP1,3,
OsPIP2,1, OsPIP2,2, OsSIP1,1, and LOC_Os05914240.1 were
constructed in pPR3-N prey vector, respectively, and cotrans-
formed with pBT3-SUC-OsRINGzf1 into NMY51. The cotrans-
formed mixtures were plated on synthetic dropout medium SD/—
Leu/—Trp/~His/—Ade to detect the interactions.

E3 ubiquitin ligase activity assay

The full-length cDNA of OsRINGzf1 was cloned into the pGEX-6P-
1 vector, fused to the C-terminal GST, and expressed in
Escherichia coli strain BL21 (DE3). The OsRINGzf1-GST fusion
protein was prepared according to the instruction manual
(Amersham Biosciences, Piscataway, NJ, USA). For E3 ubiquitin
ligase activity assay of the fusion proteins, the reaction containing
recombinant wheat (Triticum aestivum) E1 (Gl:136632), human
E2 (UBCH5b; approximately 40 ng), purified E3 OsRINGzf1-GST
(approximately 1 ug) and purified Arabidopsis (Arabidopsis
thaliana) ubiquitin (@  ubiquitin  monomer of UBQ14;
At4g02890; approximately 2 mg) fused to a His-tag. The reaction
was incubated at 30 °C for 1.5 h. In vitro E3 ligase assays were
performed as previously described (Xie et al, 2002; Zhang
et al., 2007). For protein expression, E. coli BL21 (DE3) trans-
formed with the indicated constructs were grown to a density
ODggo of 0.4-0.5 on LB supplemented with 100 pg/mL of
ampicillin or 50 pg/mL kanamycin. Protein expression was then
induced by adding 0.1 mm IPTG and incubated at 37 °C for 3 h
with agitation.

In vitro ubiquitination assay

For in vitro ubiquitination assay, crude extracts containing
recombinant wheat (Triticum aestivum) E1 (Gl: 136632), human
E2 (UBCH5b; approximately 40 ng), purified OsRINGzf1(1 mg)
fused to GST tag, purified Arabidopsis ubiquitin (UBQ14;
At4g02890; approximately 2 ng) fused to His-tag and purified
OsPIP2;1-GST-MYC (2 mg) fused to both GST and MYC tags
were used for the assay. GST was used as the negative control.
Reactions were performed following the protocol described
previously (Xie et al,, 2002). The reaction was stopped by the
addition of 4x protein loading sample buffer (258 mm Tris—=HCl,
pH 6.8, 8% SDS, 40% glycerol, 0.4% Coomassie Brilliant Blue
and 0.4 m B-mercaptoethanol) and boiling for 10 min. Samples
were detected with anti-MYC antibody.

Semi-in vitro pull-down assay

Agrobacterium strains GV3101 containing OsPIP2;1-GFP or GFP
were infiltrated into N. benthamiana leaves, respectively. The
infiltrated leaves were ground into powder in liquid nitrogen and
dissolved in protein extraction buffer (50 mm Tris-MES, pH 8.0,
0.5 m sucrose, 1 mm MgCl,, 10 mm EDTA, 5 mm DTT, protease
inhibitor cocktail complete Mini Tablets); then, the extracts were
centrifuged thrice at 13200 g at 4 °C for 10 min. The supernatants
were incubated with GFP beads at 4 °C for 1 h. The beads were
washed 5 times with PBS buffer and incubated with OsRINGzf1-
GST at4 °C for 1 h. The beads were washed 5 times and boiled in
4 x protein loading sample buffer for 10 min, separated in an
SDS-PAGE gel and detected with anti-GST antibodies.

In vivo degradation assay and the MG132 treatment

For in vivo degradation assay, we followed the protocol by Liu
et al. (2010). We coinfiltrated the Agrobacterium strains carrying
the OsPIP2;1-GFP and OsRINGzf1-MYC plasmids into N. ben-
thamiana leaves. Meanwhile, GFP-MYC and OsPIP2;1-GFP were
also coinfiltrated into N. benthamiana and act as a negative
control, and the RFP was infiltrated and acts as an internal
control. Three days after infiltration, samples were collected for
protein and RNA extraction. For protein-level analysis, the extracts
were analysed using anti-GFP antibody, anti-MYC antibody and
anti-RFP antibody. For RNA-level expression analysis, RT-PCR was
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performed. For MG132 treatment, MG132 was infiltrated into
N. benthamiana leaves at a final concentration of 50 mm 24 h
before sampling, and DMSO was used as a control. The harvested
tissues were used for Western blot and RT-PCR analyses.

Split-luciferase complementation imaging assay

Split-LUC complementation assay was performed as previously
described (Chen et al. (2008). The coding regions of OsRINGzf1
and OsPIP2;1 were cloned into pCAMBIA1300-355-Nluc and
pCAMBIA1300-35S-Cluc, respectively. Agrobacterium  strains
GV3101 containing the indicated constructs were infiltrated into
Nicotiana benthamiana leaves. After infiltration, plants were
incubated at 25 °C for 48 h, and the LUC fluorescence signal was
detected by a NightSHADE LB 985 in vivo Plant Imaging System
(Berthold Technology, Bad Wildbad, Germany). To detect LUC
activity, 1 mm D-luciferin solution (Promega, Madison, WI, USA,
Cat. No: E1602) was sprayed onto the leaves of N. benthamiana,
followed by incubation in darkness for 5-10 min. Image was
captured using a low-light cooled CCD imaging apparatus
(NightOWL 1l LB983 with Indigo software). Images was taken
with an exposure time of 3 min.

To quantify protein—protein interaction intensity, leaf discs
infiltrated with the desired Agrobacterium combinations were
taken and incubated with 50 puL water containing 1 mm D-
luciferin in a Costar® 96-Well White Flat Bottom Polystyrene High
Bind Microplate (Corning, Corning, NY, USA, Cat. No: 7400) for
5 min. Luminescence activity was measured using the GLOMAX
96 microplate luminometer (Promega). Protein—protein interac-
tion intensity was shown as relative luminescence unit (RLU). For
MG132 treatment, MG132 was infiltrated into N. benthamiana
leaves at a final concentration of 50 mm 24 h before sampling,
and DMSO was used as a control. To avoid the bias of
transfection efficiency, we used at least 12 individual leaves of
six tobacco plants for each combination.

Antibodies

The antibodies used in this assay were as follows: anti-Ub mono-
clonal antibody produced by Xie's laboratory, anti-GST (1 : 2000
diluted, EASY-BIO, Seoul, Korea, Cat# BE2013), anti-GFP (1 : 2000
diluted, Roche, Basel, Switzerland, Cat#11814460001), anti-Myc
(1 : 3000 diluted, EASY-BIO, Seoul, Korea, Cat#BE2073), anti-RFP
(1 : 2000 diluted, EASY-BIO, Seoul, Korea, Cat# BE2023), anti-actin
(1 : 5000 diluted, EASY-BIO, Seoul, Korea, Cat#BE0027), anti-
PIP2;1 (1 : 2000 diluted, COSMO-BIO, Tokyo, Japan, Cat#COP-
080024), goat anti-rabbit (1 : 3000 diluted, Proteintech, Chicago,
IL, USA, Cat# SA00001-2) and goat anti-mouse (1 : 3000 diluted,
Proteintech, Chicago, IL, USA, Cat# SA00001-1).

Accession number

The cDNA and protein sequences of OsRINGzf1 were deposited in
NCBI GenBank under the accession No. KC004026. Other sequence
data from this article can be found in NCBI database under following
accession number: CaRma1H1 (AAR99376), AtRma1 (NP_974506),
AtRma2 (AEE85462.1), AtRma3 (NP_194477.2), OsRDCP1
(BAS90208), HsRmal (BAB39359), OsHTAS (ALN98169), EL5
(BAA96874), SDIR1T (NP_191112), RNF11 (NP_055187), OsPIP2;1
(XP_015646828) and AtPIP2;1 (NP_001030851).
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