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ABSTRACT

Brassinosteroid (BR) is a vital plant hormone that regulates plant growth and development. BRASSINAZOLE
RESISTANT 1 (BZR1) is a key transcription factor in BR signaling, and its nucleocytoplasmic localization is
crucial for BR signaling. However, the mechanisms that regulate BZR1 nucleocytoplasmic distribution and
thus the homeostasis of BR signaling remain largely unclear. The vacuole is the largest organelle in mature
plant cells and plays a key role in maintenance of cellular pH, storage of intracellular substances, and transport
of ions. In this study, we uncovered a novel mechanism of BR signaling homeostasis regulated by the vacuolar
H*-ATPase (V-ATPase) and BZR1 feedback loop. Our results revealed that the vha-a2 vha-a3 mutant (vha2,
lacking V-ATPase activity) exhibits enhanced BR signaling with increased total amount of BZR1, nuclear-
localized BZR1, and the ratio of BZR1/phosphorylated BZR1 in the nucleus. Further biochemical assays re-
vealed that VHA-a2 and VHA-a3 of V-ATPase interact with the BZR1 protein through a domain that is
conserved across multiple species. VHA-a2 and VHA-a3 negatively regulate BR signaling by interacting
with BZR1 and promoting its retention in the tonoplast. Interestingly, a series of molecular analyses demon-
strated that nuclear-localized BZR1 could bind directly to specific motifs in the promoters of VHA-a2 and VHA-
a3 to promote their expression. Taken together, these results suggest that V-ATPase and BZR1 may form a
feedback regulatory loop to maintain the homeostasis of BR signaling in Arabidopsis, providing new insights
into vacuole-mediated regulation of hormone signaling.
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INTRODUCTION

Brassinosteroid (BR) is an essential plant hormone that regu-
lates plant growth and development. BR rarely travels over
long distances (Vukasinovi¢ and Russinova, 2018), so BR
signaling in local tissues is particularly important. BR signal
transduction must cross two physical barriers, the plasma
membrane, which separates intracellular components from the
extracellular matrix, and the nuclear envelope, which
separates genetic materials from the cytosolic contents
(Contro et al., 2015; Levin, 2015). On the plasma membrane,
BR signaling is activated and transcription factors such as

BRASSINAZOLE RESISTANT 1 (BZR1) can be dephosphory-
lated and accumulate in the nucleus, where they activate or
repress the transcription of their downstream target genes (He
et al., 2005). Thus, the localization of BZR1 is crucial for BR
signaling. BR promotes BZR1 nuclear accumulation by
inactivating BRASSINOSTEROID INSENSITIVE 2 (BIN2) and in-
hibiting the 14-3-3-induced nuclear export and degradation of
phosphorylated BZR1 (Wang et al., 2021). Recent studies
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have revealed that auxin also promotes BZR1 nuclear
accumulation by inhibiting the stability of 14-3-3 proteins (Yu
et al., 2023). However, whether BZR1 has a positioning
anchor in the cytoplasm before nuclear entry is unclear (Wang
et al., 2021), and this prompted us to explore the dynamic
subcellular localization of BZR1 in more detail.

Signal transduction in plants requires synergistic work be-
tween the endomembrane system and organelles. Vacuoles
are the largest organelle in mature plant cells and play essen-
tial roles in plant growth and development. Vacuoles maintain
turgor pressure, regulate cellular acidity, and store substances
in plant cells (Marty, 1999). Furthermore, vacuoles are an
integral part of the endomembrane system and control the
transport and localization of key proteins through
endocytosis and degradation pathways (Martinoia et al.,
2007). The plant cell plasma membrane is surrounded by a
rigid cell wall and therefore has less fluidity than animal cell
membranes. The tonoplast (vacuolar membrane) has more
capacity to move than the plasma membrane in plant cells,
and tonoplast proteins have important roles in intracellular
protein trafficking. Transport across the tonoplast is
energized by two proton pumps, the vacuolar H*-ATPase (V-
ATPase) and the vacuolar H*-pyrophosphatase (V-PPase)
(Hedrich et al., 1989). V-PPase is a homodimer of a single poly-
peptide, whereas V-ATPase is a multi-subunit proton pump
consisting of two subcomplexes (Maeshima, 2000; Martinoia
et al., 2007). The peripheral V; complex (VHA-A to VHA-H) of
V-ATPase is responsible for ATP hydrolysis, whereas the
membrane-integral Vo complex (VHA-a, -c, -¢/, -¢”, -d, and
-e) is in charge of proton translocation from the cytosol into
the vacuole (Maeshima, 2000; Gaxiola et al., 2007; Cipriano
et al., 2008). The VHA-a subunit is the largest V-ATPase sub-
unit and has multiple isoforms, each of which mediates the dif-
ferential targeting of V-ATPase to specific organelles (Zhao
et al., 2015; Vasanthakumar et al., 2019). Among these
isoforms, the a2 and a3 subunits (encoded by VHA-a2 and
VHA-a3) are crucial for specific targeting to the vacuole and
assembly of V-ATPase in Arabidopsis thaliana (Arabidopsis)
(Dettmer et al., 2006). H*-ATPase plays an important role in
plant hormone signal transduction. Auxin activates the
plasma membrane-localized H*-ATPase through specific
phosphorylation of TMK family proteins to promote cell elon-
gation and tissue growth (Lin et al., 2021). Recent analyses
of vacuoles and tonoplast proton pumps have indicated that
vacuole-related pathways play a key role in the signal trans-
duction of auxin, cytokinin, abscisic acid, and other plant hor-
mones (Burla et al., 2013; Ranocha et al., 2013; Jiskrova et al.,
2016; Liu et al.,, 2018). The weak V-ATPase mutant deetio-
lated3 (det3) has altered BR sensitivity due to reduced Golgi
and trans-Golgi network/early endosome motility (Luo et al.,
2015). However, whether V-ATPase directly regulates BR
signaling and BZR localization through the vacuole-related
pathway remains unclear. In addition, V-ATPase regulates pro-
tein transport in animal cells (Hiesinger et al., 2005;
Marshansky et al., 2014), and it remains to be investigated
whether tonoplast V-ATPase has a similar role in plants.
Thus, given the importance of BZR1 subcellular localization
and the conserved function of V-ATPase among species, it is
worth studying how V-ATPase is involved in BZR1 cytoplasmic
retention and BR signaling.
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RESULTS

BR signaling is activated in mutants that lack tonoplast
V-ATPase activity

Here, we report the phenotype of the vha-a2 vha-a3 mutant (vha2,
lacking the a subunits—VHA-a2 and VHA-a3—of V-ATPase)
to explore the relationship between vacuole-localized V-ATPase
and BR signaling. We tested the BR sensitivity of vha2 mutant
seedlings using exogenous application of naturally occurring
epibrassinolide (eBL) (Figure 1A). We observed that the
vha2 seedlings were more sensitive to increasing eBL
concentrations, as measured by root growth of light-grown seed-
lings. The highest eBL concentration that promoted root growth
was lower in the mutant than in Columbia-0 (Col) (Figure 1A).
We also used real-time quantitative PCR (QRT-PCR) to measure
the expression of two BR biosynthesis genes negatively regu-
lated by BR, CONSTITUTIVE PHOTOMORPHOGENIC DWARF
(CPD) and DWARF 4 (DWF4), in vha2 (Sun et al., 2010). CPD
and DWF4 expression was downregulated in vha2 seedlings
compared with Col (Figure 1B). BR signaling influences
chloroplast ultrastructure, and mutants with higher BR signaling
have fewer thylakoid lamellae (Zhang et al., 2021). We therefore
examined chloroplast ultrastructure and established that
vha2 cotyledons had significantly fewer thylakoid lamellae than
those of Col (Figure 1C and 1D), suggesting that vha2 has
higher BR signaling in vivo. BR plays a key role in the
skotomorphogenesis of seedlings, and RNA sequencing (RNA-
seq) of dark-grown hypocotyls is a widely used approach in
BR-related studies (Sun et al., 2010). To further examine the
association of VHA-a2 and VHA-a3 with the BR pathway, we
performed RNA-seq on hypocotyls of etiolated vha2 and Col
seedlings. There were 3303 differentially expressed genes
(DEGs) out of 23269 genes in vha2 compared with Col
(Supplemental Figure 1A and 1B). Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of these DEGs revealed
enrichment in pathways including plant hormone signal
transduction, ribosome, and BR biosynthesis (Figure 1E).
Expression of VHA-a2 and VHA-a3 was significantly lower in
vha2 than in Col (Figure 1F), supporting the reliability of the
RNA-seq data. KEGG analysis revealed a high ratio of DEGs
associated with BR biosynthesis (Figure 1E). Downregulated
DEGs associated with BR biosynthesis in vha2 included CPD,
DWF4, ROTUNDIFOLIA 3 (ROT3), and BRASSINOSTEROID-6-
OXIDASE 2 (BR60OX2), which are known to be negatively regu-
lated by BR (Figure 1F) (Sun et al., 2010). We performed a
separate gene ontology analysis of hormone-related DEGs, and
the results showed that BR-related pathways dominated
(Supplemental Figure 1C). Compared with DEGs in BR-treated
Col or BR-signal-enhanced mutants (Goda et al., 2004; Sun
et al.,, 2010; Nolan et al., 2023), DEGs in vha2 included many
known genes involved in the BR response (Supplemental
Figure 2). The above results imply that BR signaling is
increased in vha2.

To investigate the mechanism underlying the increased BR
signaling in vha2, we assessed the abundance of the BR receptors
BRASSINOSTEROID INSENSITIVE 1 (BRI1) and BRI1-
ASSOCIATED KINASE 1 (BAK1) in vha2, bzr1-1D (a signaling-
enhanced mutant), and bri71-3017 (a loss-of-function mutant)
(Kinoshita et al., 2005; Wang et al., 2005; Wang and Chory, 2006;
Jietal., 2011). Although we observed changes in BRI1 and BAK1
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Figure 1. V-ATPase-deficient mutant vha2 has activated BR signaling.

(A) Relative root length of 5-DAG light-grown seedlings of Col and vha2 treated with different concentrations of eBL. Green arrows indicate the highest
eBL concentration to promote root elongation. Bars represent the mean + SD (n = 15).

(B) Transcript levels of CPD, DWF4, and SAUR-AC in 5-DAG light-grown seedlings of Col and vha2. Error bars represent confidence intervals (Cls)
calculated from three biological replicates (each biological replicate was composed of three technical replicates) of each sample in the gRT-PCR assay.
Asterisks indicate significant differences compared with the respective WT control (Student’s t-test; *p < 0.05, **p < 0.01).

(C) Thylakoid ultrastructure of cotyledons in 8-DAG seedlings of Col and vha2. Scale bars represent 1 um (main image) and 200 nm (magnified image).
(D) Statistical analysis of grana stacking in the mesophyll chloroplasts in (A). Data are mean + SD (n = 15). Asterisks indicate significant differences
compared with the respective Col WT control (Student’s t-test; *p < 0.05, **p < 0.01).

(E) KEGG pathway analysis of differentially expressed genes (DEGs) (vha2 versus Col) in the transcriptome analysis.

(F) DEGs in BR-related pathways and V-ATPase a subunits in vha2. Red and blue indicate upregulation and downregulation, respectively.

(G) Phenotypic analysis of 20-DAG vha2 bzr1-1D and vha2 bri1-702 compared with the parent mutants and WT control. Scale bars represent 1 cm.
(H) Relative hypocotyl lengths of 5-DAG dark-grown seedlings of the vha2 bzr1-1D mutant, parent mutants, and WT control treated with different
concentrations of BRZ (left), and relative root lengths of 5-DAG light-grown seedlings of the vha2 bzr1-1D mutant, parent mutants, and WT control treated
with different concentrations of eBL (right). Bars represent the mean + SD (n = 15).

(I) Western blot analysis of BZR1 protein in Col and vha2 using the anti-mCherry antibody. 5-DAG light-grown seedlings were treated with (+BR) or without
(—BR) 1 uM eBL for 30 min before western blot assays.

(J) Semi-quantitative analysis of total BZR1 protein and the BZR1/phosphorylated BZR1 ratio detected in (l). Error bars represent the mean + SD (n = 3).
Lowercase letters indicate significant differences among different materials (one-way ANOVA, p < 0.05).

levels in vha2 relative to Col, they were not as obvious as those in SUPPRESSOR 1 (BZR/BES) family is a class of BR-related tran-
bzr1-1D and bri1-301 (Supplemental Figure 3A), suggesting that scription factors that are routinely used to assess BR signaling phe-
increased BR signaling in vha2 is not strongly associated with a notypes, especially BZR1 and BES1 (He et al., 2005; Li and Deng,
greater abundance of BR receptors, consistent with a previous 2005). Immunoblot analysis revealed that the ratio of nuclear-
report (Luo et al., 2015). After BR signaling is activated, the localized BES1 and phosphorylated BES1 was similar in vha2 and
activity of downstream transcription factors that control BR Col seedlings (Supplemental Figure 3B and 3C), and BZR1 is
signaling is enhanced in plant cells. The BZR1-BRI1 EMS- essential in mediating BR-regulated gene expression (Figure 1l).
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RNA-seq also revealed that BZR1 expression was significantly up-
regulated in vha2 compared with Col, whereas there was no signif-
icant difference in BES1 expression (Figure 1F). However, an
association of BZR1 protein with V-ATPase has rarely been re-
ported. We therefore crossed vha2 with bzr1-1D and bri1-702 (a
loss-of-function mutant). Compared with vha2 and bzr1-1D, vha2
bzr1-1D plants had a more severe BR-signaling-enhanced pheno-
type, including curled leaves and roots (Figure 1G; Supplemental
Figure 3D and 3E). Furthermore, under BRZ treatment, vha2 was
strongly resistant to BRZ, indicating that BR signaling in vha2 was
very high. It may be difficult to measure higher BR signaling in
vha2 bzr1-1D under BRZ treatment compared with vha2 and
bzr1-1D (Figure 1H). The shape and petiole of vha2 bri1-702
rosette leaves more closely resembled those of Col compared
with bri1-702 (Figure 1G). Light-grown vha2 bri1-702 seedlings
showed greater sensitivity to eBL treatment compared with bri7-
702 (Figure 1H). We also used qRT-PCR to measure expression
of CPD and DWF4 in vha2 bzr1-1D and vha2 bri1-702. CPD
expression was downregulated in vha2 bzr1-1D seedlings
compared with bzr1-1D, and CPD and DWF4 expression was
downregulated in vha2 bri1-702 seedlings compared with bri7-
702 (Supplemental Figure 3F). qRT-PCR assays of vha2 bzr1-1D
seedlings also demonstrated higher BR signaling in vha2 bzr1-1D
(Supplemental Figure 3E) than in vha2 and bzr1-1D. These results
suggest that higher BR signaling in vha2 partially rescued the
suppression of BR signaling in bri7-702. We next crossed vha2 to
bin2-1 (a gain-of-function mutant of BIN2 with suppressed BR
signaling). Because the growth and fertility of homozygous bin2-1
mutants are very poor, experiments involving the bin2-1 mutant in
this research mainly used heterozygous mutants, bin2-1*/~ (Li
et al., 2001). The growth status of vha2 bin2-1*~ (vha-a2-/vha-a2-
vha-a3-/vha-a3-, bin2-1/BIN2) was much better than that of
bin2-1*'~ (taller inflorescence axis), and DWF4 expression was
downregulated in vha2 bin2-1*~ seedlings compared with
bin2-1'~ (Supplemental Figure 3G and 3H). These results
suggest that BR signaling is increased in vha2 and that vacuole-
localized V-ATPase is involved in BR signaling.

Based on the results above, we focused on BZR1 to investigate
the association between V-ATPase and BR signaling. When BR
is increased, BR signaling is activated, and BZR1 accumulates
in the nucleus following dephosphorylation (Tang et al., 2011;
Wang et al., 2016, 2021). We therefore examined the total
amount and phosphorylation level of BZR1 in vha2. Immunoblot
analysis showed that the total amount of BZR1 and the ratio
of BZR1 to phosphorylated BZR1 was significantly higher in
vha2 seedlings compared with Col, consistent with the BR-
signal-enhanced phenotypes observed in vha2 (Figure 11 and
1J). There were no significant differences in the BZR1
phosphorylation level of vha2, with or without BR treatment,
demonstrating that vha2 already had high BR signaling and
might not be more sensitive to BR treatment.

V-ATPase regulates the nucleocytoplasmic localization
of BZR1

To determine whether the subcellular localization of BZR1 was
altered in vha2, we performed a nucleocytoplasmic separation
experiment using light-grown seedlings of Col and vha2 5 days af-
ter germination (DAG). Immunoblot analysis revealed that vha2
accumulated more nuclear-localized BZR1, with a higher BZR1/

Molecular Plant 16, 1976-1989, December 4 2023 © 2023 The Author.
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phosphorylated BZR1 ratio compared with Col (Figure 2A-2C).
These results suggested that light-grown vha2 seedlings have
higher BR signaling than Col. We also performed a nucleocyto-
plasmic separation experiment using 5-DAG dark-grown seed-
lings (Supplemental Figure 4A-4C) and rosette leaves from 35-
DAG light-grown plants (Supplemental Figure 4D and 4E). The
results of these assays were generally consistent with those of
light-grown seedlings. Overall, there was more nuclear-localized
BZR1 and a higher nuclear BZR1/phosphorylated BZR1 ratio in
vha2 than in Col.

To further confirm the effect of V-ATPase on BZR1 localization,
we characterized the fluorescence distribution pattern of a
BZR1-YFP (yellow fluorescent protein) fusion protein encoded
by pBZR1:BZR1-YFP in Col with or without BR treatment and in
vha2. Confocal microscopy and fluorescence quantification re-
vealed that the total abundance of BZR1-YFP was significantly
higher in vha2 than in Col (Figure 2D-2F). BZR1-YFP constitu-
tively localized to the nucleus in vha2 and Col with BR treatment
(Figure 2D-2F). By contrast, a substantial amount of BZR1-YFP
localized to the cytosol in Col without BR treatment (Figure 2D-
2F). These results revealed that deficiency in the vacuole-
localized V-ATPase increases the total amount of BZR1 and pro-
motes BZR1 accumulation in the nucleus, a pattern similar to that
observed when Col is treated with BR.

To determine whether vacuole-localized V-ATPase directly affects
BZR1 localization, we purified vacuoles from the pBZR1:BZR1-
YFP pSYP22:SYP22-RFP transgenic line. Confocal microscopy re-
vealed that cytoplasmic BZR1 could localize to the tonoplast, as
evidenced by overlapping fluorescence of BZR1-YFP and
SYP22-RFP (red fluorescent protein) on the tonoplast (Figure 2G-
2l). By contrast, the overlap coefficient of tonoplast BZR1-YFP
and SYP22-RFP was lower in vha2 compared with that in Col,
and this tendency was consistent with vacuoles of BR-treated
Col (Figure 2G-2I). Taken together, these results indicate that
BZR1 partially localizes to the tonoplast in wild-type (WT)
cells and that both total and nuclear-localized BZR1 are higher
in vha2.

V-ATPase interacts with BZR1 through a domain that is
conserved in multiple species

To further investigate the relationship between V-ATPase and
BZR1, we generated transgenic plants harboring pVHA-a3:VHA-
a3-GFP (encoding the VHA-a3 subunit of V-ATPase fused to the
green fluorescent protein [GFP]) and pBZR1:BZR1-mCherry (en-
coding a fusion between BZR1 and the mCherry). Confocal micro-
scopy revealed that VHA-a3-GFP co-localized with BZR1-mCherry
in Arabidopsis roots, and transient co-transformation of the
pUBQ10:VHA-a2-GFP or pUBQ10:VHA-a3-GFP construct with
pUBQ10:BZR1-mCherry in Nicotiana benthamiana leaves
confirmed this result (Supplemental Figure 5A and 5B).

Next, we explored how V-ATPase might affect the subcellular local-
ization of BZR1. Given that V-ATPase modulates the subcellular
localization of BZR1 and that VHA-a2 and VHA-a3 partially co-
localize with BZR1 at the tonoplast, we hypothesized that BZR1
might interact with VHA-a2 and VHA-a3. To determine whether
BZR1 and/or its regulatory proteins interact with the VHA-a2 and
VHA-a3 subunits (Ryu et al.,, 2007; Tang et al., 2011), we
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Figure 2. V-ATPase regulates the subcellular localization of BZR1 protein.

(A) Nucleocytoplasmic protein separation analysis of BZR1 protein in Col and vha2 using the anti-mCherry antibody. 5-DAG light-grown seedlings were
treated with (+BR) or without (—BR) 1 uM eBL for 30 min before western blot assays.

(B) Semi-quantitative analysis of total BZR1 protein detected in (A). Error bars represent the mean + SD (n = 3). Lowercase letters indicate statistically
significant differences among different materials (one-way ANOVA, p < 0.05).

(C) Nuclear BZR1/phosphorylated BZR1 ratio detected in (A). Error bars represent the mean + SD (n = 3). Lowercase letters indicate statistically sig-
nificant differences among different materials (one-way ANOVA, p < 0.05).

(D) Confocal microscopy examination of the subcellular localization of BZR1-YFP. 5-DAG light-grown seedlings were treated with (+BR) or without (—BR)
1 uM eBL for 30 min and then visualized. Scale bars represent 20 pm.

(E) Ratio of nuclear-localized/total BZR1-YFP quantified by fluorescence levels in (D). Error bars represent the mean + SD (15 cells from 3 roots were
measured separately).

(F) Semi-quantitative analysis of the overlap coefficient of BZR1-YFP and SYP22-RFP. Relative fluorescence signal data were extracted from normalized
mean gray levels in (D). Error bars represent the mean + SD of three biological replicates (15 cells from 3 roots were measured separately). Lowercase
letters indicate statistically significant differences among different materials (one-way ANOVA, p < 0.05).

(G) Confocal microscopy examination of tonoplast BZR1-YFP and SYP22-RFP in vacuoles from 20-DAG light-grown plants. Leaves from 20-DAG soil-
grown plants were cut and treated with 1 uM eBL (+BR) or 1 uM BRZ (—BR) for 30 min and then examined (n = 15). Scale bars represent 10 um.

(H) Total fluorescence signal of BZR1-YFP detected in (G). Error bars represent the mean + SD (n = 15). Lowercase letters indicate statistically significant
differences among different materials (one-way ANOVA, p < 0.05).

(I) Semi-quantitative analysis of the overlap coefficient of BZR1-YFP and SYP22-RFP. Relative fluorescence signal data were extracted from normalized
mean gray levels in (G). Bars represent the mean + SD of three biological replicates (n = 15). Lowercase letters indicate statistically significant differences
among different materials (one-way ANOVA, p < 0.05).

performed bimolecular fluorescence complementation (BiFC) a2 and VHA-a3 (Supplemental Figure 6A). We also examined the
assays in N. benthamiana cells. We observed that BZR1, expression of BZR1S173A (14-3-3-binding-deficient form),
PROTEIN PHOSPHATASE 2A regulatory subunits (PP2A-B'-a BZR1APEST (PP2A-binding-deficient form), and BZRITTTT
and PP2A-B’-B), and the GENERAL GROWTH REGULATOR 14- (without nuclear localization signals) in the vha2 background
3-3 proteins (GRF6 and GRF10) physically interacted with VHA- (Wang et al., 2021). The results showed that VHA-a2 and VHA-a3
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interacted with PP2A subunits and 14-3-3 proteins, but the expres-
sion of BZR1S173A, BZR1APEST, and BZRITTTT in the vha2
background did not differ significantly from that in Col
(Supplemental Figure 6), suggesting that the regulation of BZR1
by VHA-a2 and VHA-a3 might not be directly linked to the 14-3-
3- or PP2A-associated pathways. It has been reported that BZR1
degradation (when released from 14-3-3 proteins) and dephos-
phorylation (by PP2As) occur mainly in the nucleus (Wang et al.,
2021). Because VHA-a2 and VHA-a3 are localized in the tonoplast,
we focused on the interactions of VHA-a2 and VHA-a3 with BZR1
rather than PP2A or GRFs. Accordingly, we performed co-
immunoprecipitation (co-IP) assays in transgenic lines harboring
pVHA-a3:VHA-a3-GFP and pBZR1:BZR1-mCherry. The co-IP as-
says confirmed the interaction between VHA-a3 and BZR1
(Figure 3A). Co-IP assays in N. benthamiana leaves also validated
the interaction of BZR1 with VHA-a2 and VHA-a3 (Supplemental
Figure 5B). To examine whether VHA-a2 and VHA-a3 directly inter-
acted with BZR1, we performed in vitro pull-down assays using re-
combinant glutathione S-transferase (GST)-tagged BZR1 and
maltose-binding protein (MBP)-tagged VHA-a2 and VHA-a3.
GST-tagged BZR1, but not GST alone, pulled down MBP-VHA-
a2 and MBP-VHA-a3 (Figure 3B). Fluorescence lifetime
microscopy (FLIM) has also been used to detect protein—protein
interactions in vivo by measuring fluorescence resonance energy
transfer (FRET) (Long et al., 2017). Here, the fluorescence lifetime
of VHA-a3-GFP was significantly reduced in root cells of 5-DAG
seedlings harboring pVHA-a3:VHA-a3-GFP and pBZR1:BZR1-
mCherry compared with those harboring pVHA-a3:VHA-a3-GFP
alone (Figure 3C and 3D). BR treatment resulted in BZR1-
mCherry entering the nucleus, and the abundance of cytoplasmic
BZR1-mCherry was reduced, which led to a decrease in tono-
plast-localized BZR1 protein (Figures 2D-21 and 3C). Because BR
treatment causes separation between VHA-a2-GFP and BZR1-
mCherry and between VHA-a3-GFP and BZR1-mCherry, fluores-
cence transfer from VHA-a3-GFP to BZR1-mCherry was reduced
and the VHA-a3-GFP fluorescence lifetime was significantly
increased compared with that in untreated seedlings (Figure 3C
and 3D). The chance of interactions between VHA-a2 and
tonoplast-localized BZR1 and between VHA-a3 and tonoplast-
localized BZR1 was significantly reduced after BR treatment,
further suggesting that the interactions between VHA-a2 and
BZR1 and between VHA-a3 and BZR1 occur on the tonoplast.

V-ATPase is partially conserved across Arabidopsis, fruit flies
(Drosophila melanogaster), mice (Mus musculus), humans (Homo
sapiens), and yeast (Saccharomyces cerevisiae), especially
over the transmembrane domain (Supplemental Figure 8)
(Hiesinger et al., 2005; Marshansky et al., 2014). A study in
D. melanogaster showed that two highly conserved amino
acids in the first transmembrane region influence local intracellular
protein trafficking (Hiesinger et al., 2005). Based on the
above results of BZR1 trafficking, we speculated that these
two amino acids (A427 in VHA-a3 and A428 in VHA-a2; G434
in VHA-a3 and G435 in VHA-a2), which are conserved among
various species, are crucial for the interaction of VHA-a2 and
VHA-a3 with BZR1. We transiently co-expressed pUBQ10:V-
HA-a2-GFP, pUBQ10:VHAa2 #?8+G435R_GFP (with mutations
in the conserved amino acids), pUBQ10:VHA-a3-GFP, or
pUBQ10:VHA-a3*427V+G434R_GFp with pBZR1:BZR1-mCherry in
N. benthamiana leaves and assessed the BZR1-mCherry fluores-
cence (Supplemental Figure 9A). When normal VHA-a2 or VHA-a3

Molecular Plant 16, 1976-1989, December 4 2023 © 2023 The Author.

Molecular Plant

was expressed in N. benthamiana leaves, BZR1-mCherry fluores-
cence was observed in the cytoplasm and nucleus, and BZR1-
mCherry clearly co-localized with VHA-a2-GFP or VHA-a3-GFP
on the tonoplast. When VHA-g2"428V+G435R o YA g3/ 428V+G435R
was expressed in N. benthamiana leaves, levels of nuclear BZR1-
mCherry significantly increased, whereas those of cytoplasmic
BZR1-mCherry significantly decreased (Supplemental Figure 9A).
We also examined DWF4 transcript levels via gRT-PCR and
BZR1 protein levels via nucleocytoplasmic separation in the co-
transformed N. benthamiana leaves. Leaves expressing VHA-
QOAIZBVHGASIR o \JHA-a3 28V+G455R had lower DWF4 transcript
levels than leaves expressing normal VHA-a2 or VHA-a3,
indicating higher BR signaling in leaves expressing VHA-
2AIZBVHGASIR o \JHA-a3 28V+G455R (S pplemental Figure 9B).
Nucleocytoplasmic separation analysis also demonstrated that
the abundance of nuclear-localized BZR1 was significantly higher
in leaves expressing VHA-a2*¥28V+G435R o /HA-q3A428V+G455R
whereas BZR1 was mainly localized in the cytoplasm in leaves ex-
pressing normal VHA-a2 or VHA-a3 (Supplemental Figure 9C and
9D). We also generated transgenic plants harboring pVHA-
a3:VHA-a3*427V+G434R_GFP in the Col and vha2 backgrounds. 5-
DAG-seedlings harboring pVHA-a3:VHA-a3*427V*G434R_GFp in
the vha2 background had lower CPD and DWF4 transcript levels
than those in the Col background, indicating higher BR signaling
in pVHA-a3:VHA-a3*#27V+G434R_GFP vha2 seedlings (Figure 3E).
We then examined the subcellular localization of BZR1 in pVHA-
a3:VHA-a3 427 V+G434R_GFP vha2 (Figure 3F). Immunoblot analysis
revealed  that  pVHA-a3:VHA-a3'¥?"V*G44R.GFP  vha2
accumulated more unphosphorylated BZR1 in the nucleus
compared with pVHA-a3:VHA-a3"*27V+G434F_GFP Col (Figure 3F
and 3G); these results were similar to those in vha2, indicating that
the two mutated residues are important for VHA-a2 and VHA-a3
functions. To further verify the role of these two conserved residues,
we performed a pull-down assay using recombinant MBP-VHA-
g2/ 928V+GA35R and MBP-VHA-a3427V+G434R \Ne observed a signif-
icantly reduced interaction between BZR1 and VHA-a2/\428V+G435R
or VHA-a3*¥27V+G434R compared with the original VHA-a2 and
VHA-a3 (Supplemental Figure 9E), demonstrating the crucial role
of these amino acids in interactions of VHA-a2 and VHA-a3 with
BZR1, as well as subsequent BZR1 localization.

BZR1 regulates the expression of VHA-a2 and VHA-a3
via a feedback loop

BR mediates plant development through the BR signal transduction
pathway regulated by BZR/BES family members (Ryu et al., 2007;
Sun et al, 2010). After BR signaling is activated, these
transcription factors bind to the promoters of their target genes
through NN-BRRE-core (NNCGTG), G-box (CACGTG), and E-box
(CANNTG) motifs (Oh et al., 2012; Nosaki et al., 2018), leading
to their up- or downregulation. Transcriptome profiling and
chromatin immunoprecipitation (ChIP) microarray experiments
showed that VHA-a3 is a direct BZR1 target (Sun et al., 2010). We
also confirmed that the transcript levels of VHA-a2 and VHA-a3
were significantly higher in bzr7-1D and significantly lower in bri7-
301 (Figure 4A). Based on these results, we hypothesized that
BZR1 not only interacts with VHA-a2 and VHA-a3 but also activates
the transcription of their corresponding genes.

To investigate the transcriptional regulation of VHA-a2 and
VHA-a3, we analyzed their promoters and identified several
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Figure 3. VHA-a2 and VHA-a3 interact with BZR1 through a domain conserved among multiple species.

(A) Co-immunoprecipitation (IP) assays demonstrated that BZR1-mCherry interacts with VHA-a3-GFP in 5-DAG light-grown seedlings harboring pVHA-
a3:VHA-a3-GFP and pBZR1:BZR1-mCherry.

(B) In vitro pull-down assays demonstrated direct interactions between MBP-VHA-a2 and GST-BZR1 and between MBP-VHA-a3 and GST-BZR1.

(C) Confocal microscopy examination of the root elongation zone of seedlings harboring pVHA-a3:VHA-a3-GFP or pVHA-a3:VHA-a3-GFP +
pBZR1:BZR1-mCherry in vivo. White arrows indicate the co-localization of the two proteins. Seedlings were treated with (+BR) or without (—BR) 1 uM eBL
for 30 min before observation (n = 15). Scale bars represent 20 um.

(D) Semi-quantitative analysis of fluorescence lifetimes in the root elongation zones of seedlings harboring pVHA-a3:VHA-a3-GFP or pVHA-a3:VHA-a3-
GFP + pBZR1:BZR1-mCherry and seedlings harboring pVHA-a3:VHA-a3-GFP + pBZR1:BZR1-mCherry treated with (+BR) or without (—BR) BR in vivo.
Bars represent the mean + SD of three biological replicates (10 cells were measured separately for each biological replicate). Asterisks indicate significant
differences (Student’s t-test; “*p < 0.01).

(E) Transcript levels of CPD, DWF4, and IAA19 in 5-DAG light-grown seedlings of pVHA-a3:VHA-a3427V+*G434R_GFpP, vha2, and pVHA-a3:VHA-
a3/A927v+G434R_GFEP yha2. Error bars represent Cls calculated from three biological replicates (each biological replicate was composed of three technical
replicates) of each sample in the qRT-PCR assay. Lowercase letters indicate statistically significant differences among different materials (one-way
ANOVA, p < 0.05).

(F) Nuclear protein separation analysis of 5-DAG light-grown seedlings of pVHA-a3:VHA-a3*27V*G434R_GFP BZR1-mCherry, vha2 BZR1-mCherry, and
PVHA-a3:VHA-a3427V+G434R_GFP vha2 BZR1-mCherry using an anti-mCherry antibody.

(G) Ratio of BZR1/phosphorylated BZR1 in (F). Error bars represent the mean + SD (n = 3). Lowercase letters indicate statistically significant differences
among different materials (one-way ANOVA, p < 0.05).

NN-BRRE-core and E-box motifs (Figure 4B). We performed
ChIP assays using three fragments harboring multiple NN-
BRRE-core and E-box motifs of VHA-a2 and VHA-a3
(Figure 4B) and determined that BZR1 binds directly to these
promoter regions (Figure 4C). Next, following a previously
described method (Nosaki et al., 2018), we performed dual-
luciferase (dual-LUC) assays using the firefly luciferase (LUC)

reporter gene driven by ] VHA-a2 or VHA-a3 promoters
containing mutated NN-BRRE-core (NNCGTG to NNAAAA)
and E-box (CANNTG to CAAAAA) motifs (Figure 4D). The
dual-LUC assays indicated that BZR1 activates transcription
of VHA-a2 and VHA-a3 (Figure 4E). Furthermore, in vitro eBL
treatment increased BR signaling in N. benthamiana leaves
and significantly enhanced BZR1 targeting to the VHA-a2
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Figure 4. BZR1 binds directly to the NN-BRRE-core and E-box motifs in the VHA-a2 and VHA-a3 promoters.

(A) Transcript levels of VHA-a2 and VHA-a3 in 5-DAG light-grown seedlings of Col, bzr1-1D, and bri1-301. Error bars represent Cls calculated from three
biological replicates (each biological replicate was composed of three technical replicates) fofor each sample in the qRT-PCR assay. Lowercase letters
indicate statistically significant differences among different materials (one-way ANOVA, p < 0.05).

(B) Diagram of VHA-a2 and VHA-a3 promoter fragments and the specific locations of the NN-BRRE-core and E-box motifs. The adenine residue of the
respective translation start codon (ATG) was assigned position +1; a, b, and c indicate the locations of amplicons used for the chromatin immunopre-
cipitation (ChIP)-gPCR assays shown in (C).

(C) ChIP-gPCR assays using 7-DAG pBZR1:BZR1-YFP seedlings showed that BZR1 binds to the VHA-a2 and VHA-a3 promoters. Error bars represent
Cls calculated from three biological replicates (each biological replicate was composed of three technical replicates) of each sample in the gqRT-PCR
assay. Asterisks indicate significant differences compared with the respective Col control (Student’s t-test; *o < 0.05, *p < 0.01).

(D) Diagrams of effector and reporter constructs used in (E) (VHA-a2: —1521 bp to 0 bp; VHA-a3: —1320 bp to 0 bp). mMNN-BRRE represents the mutated
NN-BRRE-core motif (NNCGTG to NNAAAA), and mE-box represents the mutated E-box motif (CANNTG to CAAAAA).

(E) Dual-luciferase assays using the constructs in (D) indicate that BZR1 transcriptionally activates VHA-a2 and VHA-a3 by binding to the NN-BRRE-core
and E-box motifs, and this transcriptional activation is induced by BR. Bars represent the mean + SD of three biological replicates (each biological
replicate is composed of 10 technical replicates). Lowercase letters indicate statistically significant differences among different materials (one-way
ANOVA, p < 0.05).

(F) A schematic diagram illustrating the role of V-ATPase in BZR1 signaling. The VHA-a2 and VHA-a3 subunits of V-ATPase directly interact with BZR1 via
a conserved domain and influence the total amount of BZR1 and the relative amount of nuclear-localized unphosphorylated BZR1. BZR1 directly binds to
the VHA-a2 and VHA-a3 promoters and regulates VHA-a2 and VHA-a3 transcription. Thus, vacuole-localized V-ATPase and BZR1 may form a feedback
loop to regulate the homeostasis of BR signaling in Arabidopsis.

and VHA-a3 promoters, as shown by the higher relative LUC
activity measured (Figure 4E); however, mutation of the
NN-BRRE-core and E-box motifs significantly decreased
LUC transcription, demonstrating that these two motifs are
critical for BZR1 transcriptional regulation of VHA-a2 and
VHA-a3 (Figure 4E). These results confirmed that BZR1
transcriptionally activates VHA-a2 and VHA-a3 by binding to

Molecular Plant 16, 1976-1989, December 4 2023 © 2023 The Author.

the NN-BRRE-core and E-box motifs, and this regulation is
induced by BR. Collectively, our results demonstrated that
VHA-a2 and VHA-a3 interact directly with BZR1 and reduce
unphosphorylated BZR1 in the nucleus. The reduction in nu-
clear unphosphorylated BZR1 in turn reduces VHA-a2 and
VHA-a3 transcription, forming a feedback loop to maintain
BR signaling homeostasis (Figure 4F).
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Plant hormone function depends on the transport and localization
of key proteins, which sometimes rely on regulation of the endo-
membrane system. The vacuole is essential to the plant endo-
membrane system, and the structure and function of the vacuole
depend on the stability of solute concentrations across the tono-
plast. Two tonoplast proton pumps (V-PPase and V-ATPase) main-
tain the proton-motive force for substance transport. V-PPase is a
homodimer of a single polypeptide (Maeshima, 2000), and loss of
function of V-PPase can be offset by raising the ATP/H-coupling
rate and H*-pumping activity of V-ATPase in Arabidopsis (Kriegel
et al., 2015). AVP1 can rescue the V-ATPase deletion mutant
vph1 (vacuolar pH1) in yeast, but AVP1 overexpression in Arabi-
dopsis fails to rescue the vha2 mutant phenotype (Pérez-
Castifieira et al., 2011; Coonrod et al., 2013; Kriegel et al., 2015).
V-PPase also functions as a backup proton pump under ATP-
limited conditions (Maeshima, 2000). We therefore focused on V-
ATPase, given its apparently greater importance in Arabidopsis.
VHA-a2 and VHA-a3 are tonoplast-localized isoforms of the inte-
gral membrane V-ATPase subunit VHA-a and have redundant
functions with almost identical features (Krebs et al., 2010;
Lupanga et al., 2020). VHA-a3 is more abundant than VHA-a2 at
the tonoplast (Krebs et al., 2010; Lupanga et al., 2020). Thus,
considering the stability of the transgenic process, VHA-a3 was
used as the marker gene for stably transformed Arabidopsis. For
transient transformation experiments in N. benthamiana and pull-
down assays in vitro, we performed experiments on both VHA-
a2 and VHA-a3 proteins, and the results for VHA-a2 and VHA-a3
were similar (Supplemental Figures 5, 6, and 9).

Several tonoplast proteins maintain vacuole morphology and
integrity and thus regulate the localization of key proteins,
including the receptor kinases BRI1 and BAK1, which are
involved in BR signaling (Luo et al., 2015; Liu et al., 2018).
Endocytic trafficking of the BRI1-BR complex in the vha2
mutant is largely unchanged compared with that in Col (Luo
et al., 2015). In this study, immunoblot analysis also showed
that BRI1 and BAK1 levels did not differ significantly between
vha2 and Col seedlings (Supplemental Figure 3A). Furthermore,
changing the vacuole structure alone is unlikely to result in the
increased BR sensitivity observed in vha2. The vps35 a-1 c-1
(vacuolar protein sorting 35), vti11 (vesicle transport v-snare 11),
and pat2-2 (protein affected trafficking 2-2) mutants have
abnormal vacuole structures, but their BR sensitivity is similar
to that of Col (Sanmartin et al., 2007; Feraru et al., 2010; Munch
et al.,, 2015). This finding indicates that the increased BR
sensitivity of vha2 is indeed caused by loss of VHA-a2 and
VHA-a8 function, thus supporting our conclusion.

Our results revealed that VHA-a2 and VHA-a3 mediate BR
signaling in Arabidopsis. Because immunoblot analysis could
not detect BZR1 in vacuoles (probably targeted to the tonoplast)
directly (this was too difficult, as we only could detect it in the
cytoplasm), we used nuclear-localized unphosphorylated BZR1
to measure the level of BR signaling, following the approach of
previous publications (Ryu et al., 2007; Qi et al., 2021). vha2
shows increased BR sensitivity of root growth in light-grown
seedlings, decreased sensitivity of BRZ for hypocotyl growth in
dark-grown seedlings, reduced transcript levels of BR biosyn-
thetic genes (He et al., 2005; Li and Deng, 2005; Sun et al.,

V-ATPase and BZR1 feedback regulates BR signaling

2010), increased amounts of total BZR1 and nuclear-localized
BZR1, and a higher BZR1/dephosphorylated BZR1 ratio than
Col (Figures 1 and 2A-2F; Supplemental Figure 3), all of which
indicate activated BR signaling in vha2. Overall plant growth is
usually enhanced when BR signaling is moderately activated,
but vha2 had reduced growth (Figure 1G; Supplemental
Figure 3D and 3E). There are two possible explanations for this
phenomenon: (1) the deficiency in V-ATPase activity affects not
only BR signaling but also other aspects of plant growth; (2) the
BR signal in vha2 is too high and somehow inhibits growth
and development, probably because of feedback repression of
BR biosynthesis genes. vha2 partially rescued the growth status
of bri1-702 and bin2*/~ (Figure 1G and Supplemental Figure 3G).
vha2 bzr1-1D plants had curly roots, similar to eBL-treated WT
seedlings (Supplemental Figure 3E), and vha2 bzr1-1D
seedlings were less sensitive to BRZ treatment (Figure 1H),
indicating higher BR signaling in vha2 bzr1-1D seedlings. The
vha2 bzr1-1D mutant had poorer growth than its parents (vha2
and bzr1-1D) (Figure 1G and Supplemental Figure 3E),
suggesting that excessive BR signaling inhibited its growth.
However, the BR-related phenotypes of vha2 bzr1-1D were
more severe than those of the parents (QRT-PCR of BR biosyn-
thesis genes and curly roots, Supplemental Figure 3E),
suggesting that V-ATPase-mediated regulation of plant growth
and development may not fully overlap with BR regulation but
is likely to be involved in regulation of BZR1, thus affecting BR
signaling. RNA-seq and gRT-PCR suggested that BR biosyn-
thesis genes (e.g., CPD, DWF4) were downregulated in vha2
(Figure 1B, 1E, and 1F), consistent with previously reported BR-
signal-enhanced plants (in a BR-signal-enhanced mutant, CPD
and DWF4 were downregulated by BZR1 through negative feed-
back repression [Zhang et al., 2009; Sun et al., 2010; Oh et al.,
2014]). RNA-seq also revealed that many up-and downregulated
DEGs in vha2 overlapped with genes reported to be induced or
repressed by BR (Supplemental Figure 2), further confirming
that BR signaling is high in vha2. We concluded that VHA-a2
and VHA-a3 regulate BR signaling by interacting with BZR1 and
influencing its subcellular localization, although we could not
exclude the possibility that VHA-a2 and VHA-a3 also affect BR
content or other phenomena. In general, increased BR content
leads to increased BR signaling, but enhanced BR signaling
probably did not come from increased BR content. Although
we focused on BR signaling in this study, BR content is also worth
investigating in the future. BZR1 is an important transcription fac-
tor in the BR signal transduction pathway that shuttles between
the nucleus and the cytoplasm. In this paper, we demonstrated
that VHA-a2 and VHA-a3 regulate the nucleocytoplasmic locali-
zation of BZR1 and that BZR1 transcriptionally activates VHA-
a2 and VHA-a3 BZR1 (Figure 4). This finding provides clues to
the mechanism by which BZR1 localizes in the cytoplasm and
enhances our understanding of the feedback regulatory
pathway of BR. In addition, BR regulates the autophagic
degradation pathway in plant cells. BES1, a member of the
BZR/BES family, balances plant growth and survival through se-
lective autophagy and ubiquitin-mediated protein degradation
(Nolan et al., 2017). As a vacuole-related mutant, vha2 displays
an autophagy-associated premature senescence phenotype
(Krebs et al., 2010; Jiang et al., 2020). Therefore, we could not
exclude the possibility that the increased BZR1 levels in vha2
might result from vacuole-related autophagic degradation, which
is worth studying in future work.
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Eukaryotic V-ATPases are the most complex nanomotors among
rotary ATPases, and V-ATPases have acquired additional functions
during evolution, particularly in substance transport (Parra and
Kane, 1998; Marshansky et al., 2014). Our previous study revealed
that VHA-a2, VHA-a3, and AVP1 mediate exocytosis and localization
of the auxin efflux protein PIN-FORMED 1 (PIN1) (Jiang et al., 2020).
Here, we also demonstrated that V-ATPase modulates nucleocyto-
plasmic localization of BZR1 and directly interacts with BZR1 at
the tonoplast through the VHA-a2 and VHA-a3 subunits of
V-ATPase in Arabidopsis. However, our fluorescence observations
suggest that BZR1 is broadly distributed in the cytoplasm (similar
to a previous report by Wang et al. [2021]), with only a portion of
BZR1 proteins co-localizing with VHA-a2 and VHA-a3 (Figures 2G-
2l and 3C; Supplemental Figure 5). These results suggest that the
role of VHA-a2 and VHA-a3 might not cover all the regulatory mech-
anisms of BZR1 cytoplasmic localization. The mechanism of BZR1
cytoplasmic localization was not addressed in this study; it is still un-
clear and is worth investigating further in the future. Here, we
measured the total amount of BZR1 protein by treatments with the
protein synthesis inhibitor cycloheximide (CHX) and the proteasome
inhibitor MG132. The results indicated that BZR1 protein biosyn-
thesis was higher in vha2 than in Col (Supplemental Figure 10). It
appeared that the increased BZR1 protein levels were probably
due to elevated transcript levels and protein biosynthesis. Our
results demonstrate that VHA-a2 and VHA-a3 directly interact with
BZR1, and both phosphorylated and dephosphorylated BZR1
interact with VHA-a2 and VHA-a3 (Figure 3A and Supplemental
Figure 5B). Given the current results, we could not conclude that
the interactions between VHA-a2/a3 and BZR1 are directly linked
to the phosphorylation status of BZR1; neither VHA-a2 nor VHA-a3
affect the phosphorylation level of BZR1 by interacting with PP2A
or GRF6 and GRF10. The detailed association between VHA-a2/a3
and PP2A/GRFs is worth investigating in future work. We also re-
vealed that the V-ATPase-BZR1 interaction is modulated by a
domain of VHA-a2 and VHA-a3 that is conserved among multiple
species. Eukaryotic cells contain many organelles, including vacu-
oles, endosomes, lysosomes, and the Golgi apparatus. The trans-
port, targeting, and membrane fusion of vesicles associated with
these membrane-bound organelles depend on the regulation of
V-ATPase (Marshansky et al., 2014). The a subunits of V-ATPase
are critical for transport and targeting in mammals, D. melanogaster,
and other organisms (Hiesinger et al., 2005; Yan et al., 2009). The
conserved V-ATPase in the mammalian brain regulates the renin-
angiotensin system related to blood pressure (Abbas et al., 2020).
The conserved V-ATPase is localized to the trans-Golgi network/
early endosome in D. melanogaster, and VHA-a affects the antero-
grade trafficking of secreted proteins. Two conserved amino acid
sites in the VHA-a subunit of D. melanogaster are important for sub-
stance transport (Hiesinger et al., 2005), and these two sites also
regulate BZR1 subcellular localization in N. benthamiana and
Arabidopsis (Figure 3E-3G; Supplemental Figures 7 and 8),
suggesting that the VHA-a subunit has a conserved function in sub-
stance transport among multiple species. Our results demonstrated
that vacuole-localized V-ATPase affects intracellular protein trans-
port in Arabidopsis through this conserved domain. Above all, our
investigation indicates that VHA-a2 and VHA-a3 promote targeting
of BZR1 to the tonoplast by interacting with BZR1, and this could
be aregulatory mechanism for inhibiting transport of BZR1 to the nu-
cleus. Our study describes a novel mechanism for the subcellular
localization of the BZR1 protein and offers new insights into
vacuole-mediated regulation of hormone signaling.
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METHODS

Plant materials and growth conditions

All Arabidopsis plant materials in this research were in the Col-0 (Arabidop-
sis thaliana [L.] Heynh) ecotype background. Mutants used in this study
have been described previously: vha2, obtained by crossing vha-a2
(SALK_142642) with vha-a3 (SALK_029786) from the Salk Institute for Bio-
logical Studies (Jiang et al., 2020); bin2 (Li et al., 2001), bzr1-1D (He et al.,
2002), bri1-301, bri1-702 (Liu et al., 2018) (provided by Dr. Wen-Qiang
Tang); the marker line pBZR1:BZR1-YFP (Wang et al., 2021) (provided
by Dr. Wen-Qiang Tang); and pSYP22:SYP22-RFP (Shinoda et al., 2018)
(provided by Dr. Jin-Xing Lin).

Seeds were surface sterilized with 2% NaClO for 5 min, washed four times
with autoclaved water, and stratified at 4°C in darkness for 2 days. The
seeds were positioned on half-strength Murashige and Skoog (1/2 MS)
medium (Murashige and Skoog, 1962) containing 1.5% sucrose and
0.75% agar with a pH of 5.7-5.8 in a growth chamber (22°C, 16-h light/
8-h dark cycle). At 7 DAG, seedlings were transferred to the soil under
the same growth conditions (22°C, 16-h light/8-h dark cycle).

Plasmid construction and generation of transgenic plants

To generate the pVHA-a3:VHA-a3-GFP and pBZR1:BZR1-mCherry con-
structs, the promoters and gDNA fragments of VHA-a3 and BZR1 were
amplified by PCR using genomic DNA of Col as templates and then cloned
into the pHB vector (Biovector NTCC) digested by EcoRI and Hindlll.

To generate the pUBQ10:BZR1-mCherry, pUBQ10:VHA-a2-GFP,
pUBQ10:VHA-a3-GFP, pUBQ10:BZR1S173A-YFP, pUBQ10:BZR14P-
EST-YFP, and pUBQ10:BZR1TTTT-YFP constructs, we first modified
the PHB vector by replacing the 2x 35S promoter with a UBQ70 pro-
moter. We then cloned the full-length coding sequences of BZR1, VHA-
a2, and VHA-a3 into the BamHI-Hindlll sites of the modified PHB vector
and cloned the coding sequences of BZR1S173A, BZR1A4PEST, and
BZR1TTTT from the Tang lab’s constructs (Wang et al., 2021) into the
BamHI-Hindlll sites of the modified PHB vector.

To generate constructs for BiFC assays, the full-length coding sequences
of BZR1, GRF4, GRF6, GRF8, GRF10, PP2A-B'-a, PP2A-B'-3, VHA-a2,
and VHA-a3 were cloned into the BamHI site of vectors pXY104 and
pXY106, which encode the C- and N-terminal halves of YFP (cYFP and
nYFP), respectively.

To generate MBP-VHA-a2 and MBP-VHA-a3 constructs, the full-length cod-
ing sequences of VHA-a2 and VHA-a3 were cloned into the BamHI-Hindlll
sites of pMal-c2X (New England Biolabs). The GST-BZR1 construct based
on pET-GST (New England Biolabs) was described in our previous study
(Zu et al., 2022). For construction of pUBQ10:VHA-a2428v+G435F_GFp,
PUBQ10:VHA-a3 ¥27V+C434R_GFp, PVHA-a3:VHA-a3 2 7V+G434R_GFp,
MBP-VHA-a2/428V+G435R - and  MBP-VHA-a3*#?7V*G434R e introduced
mutation sites in primers using the Fast Mutagenesis System (FM111-01,
TransGen Biotech) according to the manufacturer’s instructions.

To generate transgenic plants, the corresponding constructs were trans-
formed into Agrobacterium tumefaciens (strain GV3101) and then into Col
by the floral dip method (Clough and Bent, 1998). Primers used to
generate the constructs are listed in Supplemental Table 1, and all
constructs were confirmed by sequencing and alignment before being
used in assays. Transgenic plants were selected on 1/2 MS medium
containing specific antibiotics, and homozygous transgenic plants were
used in assays.

In vitro chemical treatments

For BR sensitivity experiments with Arabidopsis seedlings, sterilized seeds
were planted directly on 1/2 MS medium with 1.5% sucrose and 0.75%
agar containing the indicated concentrations of eBL or BRZ. Two days
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after vernalization, the light-grown seedlings were placed in a growth incu-
bator (22°C, 16-h light/8-h dark cycle), and the dark-grown seedlings were
wrapped in aluminum foil and then placed in the incubator. For immuno-
blotting and fluorescence observation experiments on BZR1 protein in
light-grown seedlings, seedlings grown on 1/2 MS medium containing
0.2 M BRZ (—BR) were used directly or after treatment with 1 pM eBL
for 30 min (+BR), as described previously (Wang et al., 2021). For intact
vacuole isolation assays and in vitro treatment of transiently transformed
N. benthamiana leaves in dual-LUC assays, we cut the leaves, placed
them in square dishes with liquid 1/2 MS medium containing 1 uM eBL
or 1 uM BRZ, and shook them at a slow speed for 30 min.

For CHX and MG132 treatments, 7-DAG seedlings were first grown on 1/2
MS medium (Wang et al., 2021) with 0.2 uM BRZ, 1.5% sucrose, and
0.75% agar. The seedlings were then transferred to a new 1/2 MS
medium with 0.2 uM BRZ and 200 pM CHX/50 uM MG132 for the
indicated times, mounted in a drop of solution containing the same
concentrations of BRZ and CHX/MG132 for confocal microscopy, or
quick-frozen for immunoblotting.

RNA extraction and qRT-PCR assays

At 5 DAG, light-grown seedlings cultured in vertical square dishes were
harvested, and total RNA was extracted using the RNAprep Pure Plant
Kit (TITANGEN). cDNA was synthesized from 2 pug total RNA using the Re-
vertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qRT-
PCR analyses were performed as described previously (Zhang et al.,
2016). The thermal cycling conditions were as follows: 42 cycles of
95°C for 10 s, 56°C for 15 s, and 72°C for 20 s. Specific primers for
each gene are listed in Supplemental Table 1. Results were normalized
using ACTIN2 as the endogenous control. Three biological replicates
were analyzed for each experiment.

RNA-seq and data analysis

Samples for RNA-seq were collected from Col and vha2. Total RNA was
isolated from 5-DAG seedlings. More than 100 mg of seedlings were
collected with three biological replicates. Total RNA was isolated using
the TRIzol reagent (Invitrogen Life Technologies) and then concentrated;
its quality and integrity were determined using a NanoDrop spectropho-
tometer (Thermo Scientific). Next, mMRNA with a poly(A) structure was en-
riched from total RNA using Oligo(dT) magnetic beads, and ion interrup-
tion was used to break the RNA into fragments of about 300 bp in
length. The products were purified (AMPure XP system) and quantified us-
ing the Agilent high-sensitivity DNA assay on a Bioanalyzer 2100. First-
strand cDNA was synthesized from the template RNA using 6-base
random primers and reverse transcriptase, and second-strand cDNA
was synthesized using the first-strand cDNA as the template. After RNA
extraction, purification, and library construction, the libraries were sub-
jected to paired-end next-generation sequencing on the lllumina platform.
The quality-filtered reads were mapped to the Arabidopsis Information
Resource (TAIR10) version of the Arabidopsis genome with HISAT2
v2.0.5, which is freely available at http://daehwankimlab.github.io/
hisat2/. We used HTSeq (0.9.1) statistics to compare the read count
values of each gene as the original expression of the gene, then used
FPKM (fragments per kilobase per million mapped reads) to standardize
the expression. Differentially expressed genes were identified with DESeq
(1.30.0) using the criteria |logy(FoldChange)) > 1 and p < 0.05.
ClusterProfiler (3.4.4) was used to perform KEGG pathway enrichment
analysis of the DEGs, focusing on significantly enriched pathways with p
values <0.05.

Transmission electron microscopy

Cotyledon sections (1 mm?) cut from 8-DAG Arabidopsis seedlings were
vacuum-infiltrated and fixed overnight with 2.5% glutaraldehyde (Sigma,
G5882)in 0.1 M PBS (pH 6.9) at 4°C. Samples were processed for electron
microscopy as described by Guan et al. (2022). Observation and image
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capture were performed using a transmission electron microscope
(Hitachi H-7650, Japan) at 80 kV.

Protein extraction and immunoblotting

For immunoblots of Arabidopsis and N. benthamiana, plant material
(200 mg per sample) was ground into powder in liquid nitrogen, and total
proteins were extracted using 500 ul of protein extraction buffer (100 mM
Tris=HCI [pH 6.8], 20 mM dithiothreitol [DTT], 4% SDS, 100 mM NaCl,
0.1 mM bromophenol blue, 20% glycerol, 40 mM B-mercaptoethanol,
2 mM phenylmethylsulfonyl fluoride, 1x EDTA-free protease inhibitor
cocktail). Samples in buffer were immediately boiled for 15 min and then
centrifuged at 15 000 g for 5 min at 4°C. Proteins from the supernatant
were used in subsequent immunoblotting assays.

For nucleocytoplasmic separation, plant materials (250 mg per sample)
were ground into powder in liquid nitrogen and dissolved in 500 pl of
extraction buffer A (20 mM Tris—-HCI [pH 7.0], 250 mM sucrose, 25% glyc-
erol, 20 mM KClI, 2 mM EDTA, 2.5 mM MgCl,, 30 mM B-mercaptoethanol,
1x EDTA-free protease inhibitor cocktail, 0.7% Triton X-100). After incu-
bation at 4°C with rotation for 30 min, samples were spun at 3000 g for
10 min at 4°C, and the supernatant was collected as the cytoplasmic
extract. The pellets were washed four times with buffer A (5x pellet vol-
ume each time) and then spun at 3000 g for 20 min at 4°C. The white pel-
lets were collected as the nuclear extract. The collected extracts were
immediately added to an equal volume of protein extraction buffer, and
protein extractions as were then carried out described above.

Immunoblotting was performed as described previously (Jiang et al.,
2020). The antibodies used in this study were anti-GFP, anti-mCherry,
anti-TUBULIN A, anti-ACTIN, anti-Histone H3, anti-MBP, and anti-GST
from Abcam and anti-BZR1, anti-BES1, anti-BRI1, and anti-BAK1 from
Abiocode.

Chromatin immunoprecipitation assays

ChlIP was performed as described previously (Wang et al., 2020). In brief,
2 g of 7-DAG pBZR1:BZR1-YFP seedlings were treated as described
above, crosslinked with formaldehyde, and used for chromatin isolation.
The chromatin was sonicated for 5-10 min (10 s on and 10 s off) on ice
and immunoprecipitated with anti-GFP beads. All primer sequences are
shown in Supplemental Table 1. DNA fragments were quantified by
gRT-PCR using specific primer sets (Supplemental Table 1). Col and
immunoglobulin G were used as negative controls, and the values in Col
were set to 1 after normalization for gPCR analysis.

Intact vacuole isolation assays

Vacuole isolation was performed as described previously (Robert et al.,
2007). In brief, we extracted protoplasts from rosette leaves of 20-DAG
pBZR1:BZR1-YFP pSYP22:SYP22-RFP plants grown under short-day
(8-h light) conditions and then isolated vacuoles by osmotic and thermal
disruption of protoplasts. For time-sensitive fluorescence observation,
we did not perform vacuole enrichment through density gradient
fractionation.

Transient expression in Arabidopsis mesophyll protoplasts

Arabidopsis protoplasts were extracted from rosette leaves of 20-DAG
soil-grown seedlings under normal growth conditions (22°C, 16-h light/
8-h dark cycle). Protoplast isolation and transient expression were per-
formed as described by Yoo et al. (2007). In brief, constructs of BZR1-
YFP, BZR1S173A-YFP, BZR1APEST-YFP, and BZR1TTTT-YFP driven
by the UBQ10 promoter were transfected into protoplasts and incubated
for 16 h. For observation, 10 pl of the protoplast culture system was
observed using the YFP channel, the chlorophyll autofluorescence chan-
nel, and the bright-field channel.
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Dual-luciferase assays

Dual-LUC assays were performed using the Dual Luciferase Reporter
Assay System (Promega) according to the manufacturer’s instructions.
LUC and Renilla (REN) activities were measured with a luminometer
(GLOMAX 20/20, Promega), and the LUC/REN ratio was recorded.

In vitro pull-down assays

For in vitro pull-down assays, proteins were expressed in Escherichia coli
(strain BL21) and purified. Three micrograms of purified recombinant bait
proteins (GST-BZR1 and GST) and 5 ng of prey proteins (MBP-VHA-a2
and VHA-a3 or MBP-VHA-a2/#?8V+G435R and MBP-VHA-a3/427V+G434R)
were added to 1 ml of binding buffer (20 mM Tris-HCI [pH 8.0], 150 mM
NaCl, 1 mM EDTA, 0.2% Triton X-100, 1Xx protease cocktail inhibitors)
with 50 pl of glutathione agarose beads (GE Healthcare). After incubation
for 3 h at 4°C, samples were washed four times with washing buffer
(20 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM EDTA, 0.2% Triton
X-100, 1x protease cocktail inhibitors). The pulled-down proteins were
eluted with 2x SDS loading buffer and immediately boiled for 15 min.
The input and eluted proteins were separated on 8% SDS-PAGE gels
and immunoblotted with appropriate antibodies.

Co-immunoprecipitation assays

For in vitro co-IP assays, proteins were extracted from N. benthamiana
epidermal cells transiently co-transformed with the constructs described
above. For in vivo co-IP assays, proteins were extracted from 5-DAG Ara-
bidopsis seedlings harboring two constructs with different fluorescent la-
bels. Plant materials were ground into powder in liquid nitrogen and added
to 1 ml of co-IP binding buffer (50 mM Tris—-HCI [pH 8.0], 1 mM MgCl,,
10 mM EDTA, 5 mM DTT, 500 mM sucrose, 100X protease cocktail inhib-
itors) with 50 ul of anti-GFP magnetic microbeads. After incubation for 3 h
at 4°C, samples were washed four times with washing buffer (50 mM Tris—
HCI [pH 8.0], 1 mM MgCl,, 10 mM EDTA, 5 mM DTT, 500 mM sucrose,
100x protease cocktail inhibitors). Proteins were eluted with 2x SDS
loading buffer and immediately boiled for 15 min. The input and eluted pro-
teins were separated by 8% SDS-PAGE and immunoblotted with appro-
priate antibodies.

Bimolecular fluorescence complementation assays

We transformed constructs into A. tumefaciens (strain GV3101) and
cultured the bacteria overnight in Luria-Bertani medium containing spe-
cific antibiotics. The samples were then resuspended to an ODggg of 1.0
in the infection solution (10 mM 2-(N-morpholino)ethanesulfonic acid,
10 mM MgCl,, and 200 uM acetosyringone). The prepared suspensions
were infiltrated into N. benthamiana leaves, and the plants were kept in
darkness for 2 days. Fluorescent YFP signals were monitored with a Leica
SP8 confocal microscope. A. tumefaciens harboring nYFP and cYFP con-
structs were mixed in equal ratios and infiltrated into N. benthamiana
leaves after 2-4 h in darkness. After growth in darkness for 36-48 h,
YFP signals in leaves were detected using a confocal microscope.

Confocal microscopy

To determine the fluorescence of Arabidopsis roots, 5-DAG vertically
cultured seedlings were mounted in a drop of liquid 1/2 MS medium con-
taining 10% glycerin. To study transient transformation of N. benthamiana,
injection sites of N. benthamiana leaves were taken out and sealed with
autoclaved water. Samples were observed with an Upright Laser Confocal
Microscope (Nikon & Nikon Ni-E A1 HD25). The excitation and emission
wavelengths were as follows: FB28, excitation at 395 nm and emission
at 440-470 nm; GFP and YFP, excitation at 488 nm and emission at
505-550 nm; mCherry, excitation at 561 nm and emission at 575-
620 nm. All samples were observed using the same parameters: confocal
pinhole, 1.2 um; excitation intensity, 5; HV, 30. Details of these methods
have been described previously (Jiang et al., 2020).
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FRET-FLIM assays

FRET-FLIM experiments were performed using an ISS Q2 laser scanning
confocal microscope configured with a Q2 integrated confocal nanoimaging
system and a fluorescence lifetime imaging system. Using VHA-a3-GFP as
the donor and BZR1-mCherry as the acceptor, the GFP fluorescence lifetime
of VHA-a3-GFP was measured as a negative control. All measurements
were obtained from full-field images of vertically cultured 5-DAG Arabidopsis
seedlings, and specific experimental methods were strictly followed as re-
ported previously (Long et al., 2017). The fluorescence lifetimes of the
donors were obtained with VistaVision software.

Accession numbers

Sequence data from this article can be found in the Arabidopsis Genome Initia-
tive or GenBank/European Molecular Biology Laboratory databases under the
following accession numbers: VHA-a2 (AT2G21410), VHA-a3 (AT4G39080),
BZR1 (AT1G75080), BRI1 (AT4G39400), BAK1 (AT4G33430), BES1
(AT1G19350), GRF4 (AT1G35160), GRF6 (AT5G10450), GRF8 (AT5G65430),
GRF10 (AT1G22300), PP2A-B'-a (AT5G03470), PP2A-B'-3 (AT3G09880).
The gene information involved in the RNA-seq data is labeled accordingly in
Supplemental Dataset 1.

Quantification and statistical analysis

For all experiments, statistical analyses were carried out using Microsoft
Office Excel software (Microsoft, USA). Two-tailed Student’s t-tests
were used to compare two groups. For comparisons of more than two
groups, one-way ANOVA with Duncan’s test was used (p < 0.05). Data
are presented as the mean + SD of at least three independent experi-
ments, with n representing the number of biological replicates. For quan-
tification, phenotypes were measured using Imaged software (http://
rsbweb.nih.gov/ij/download.html).

DATA AND CODE AVAILABILITY

The raw RNA-seq read data are deposited with links to BioProject
PRJCA020369 at the China National Genomics Data Center
(https://ngdc.cncb.ac.cn).
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