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drought response by regulating the stability of
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Abstract

Endoplasmic reticulum-associated degradation (ERAD) is known to regulate plant responses to diverse stresses, yet its
underlying molecular mechanisms and links to various stress signaling pathways are poorly understood. Here, we show
that the ERAD component ubiquitin-conjugating enzyme UBC32 positively regulates drought tolerance in Arabidopsis thali-
ana by targeting the aquaporins PIP2;1 and PIP2;2 for degradation. Furthermore, we demonstrate that the RING-type ligase
Rma1 acts together with UBC32 and that the E2 activity of UBC32 is essential for the ubiquitination of Rma1l. This com-
plex ubiquitinates a phosphorylated form of PIP2;1 at Lys276 to promote its degradation, thereby enhancing plant drought
tolerance. Extending these molecular insights into crops, we show that overexpression of Arabidopsis UBC32 also improves
drought tolerance in rice (Oryza sativa). Thus, beyond uncovering the molecular basis of an ERAD-regulated stress re-
sponse, our study suggests multiple potential strategies for engineering crops with improved drought tolerance.

Introduction by regulating transcription factors or promoting stomatal

Drought is a severe environmental stress with a direct im-  closure. Under stress conditions, these transcription factors
pact on plant growth and plant yield. The plant hormone  regulate the expression of stress-related genes by binding
abscisic acid (ABA), a major internal signal that regulates  to ABA-responsive elements (ABREs) in their promoters
stress-adaptive responses, functions in the drought response ~ (Kang et al, 2002). In addition, drought also induces
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ABA-independent events. Dehydration-responsive element-
binding 1 (DREB1)/C-repeat binding factor (CBF) transcrip-
tion factors recognize the cis-elements DRE/(C-repeat)CRT,
which participate in the ABA-independent pathway, and their
overexpression increases plant drought tolerance (Seki et al,
2001). Almost all drought-related genes identified to date
function in ABA-dependent and ABA-independent pathways.
For example, the U-box E3 ligases U-box containing protein
(PUB)18/19 function in the ABA-dependent pathway, and
PUB22/23 function in the ABA-independent pathway (Cho
et al, 2008; Seo et al, 2012). The U-box N-terminal domain
(UND) in PUB18/19 determines this difference (Seo et al,
2016). Both PUB18/19 and PUB22/23 are negative regulators
in drought stress responses.

Ubiquitination appears in almost all plant development
events, including growth, hormonal responses, and stress
responses. This process is catalyzed by three types of
enzymes: Ubiquitin (Ub)-activating enzymes (E1), Ub-conju-
gating enzymes (E2), and Ub ligases (E3; Kraft et al, 2005;
Stone et al,, 2005). Several E3 ligases negatively or positively
participate in the drought stress response. The RING-type
E3 ligase SALT- AND DROUGHT-INDUCED RING FINGER 1
(SDIR1) positively regulates the drought stress response in
an ABA-dependent manner (Zhang et al, 2007). Mutants of
the Arabidopsis thaliana U-box E3 ligase genes PUB12/13
show enhanced sensitivity to drought stress due to the accu-
mulation of the ABA co-receptor ABI1 (Kong et al, 2015).
The U-box E3 ligase genes PUB18/19 and PUB22/23 are nega-
tive regulators of drought stress responses in an ABA-
dependent or ABA-independent manner, respectively (Cho
et al, 2008; Seo et al, 2012). However, few E2s and E2/E3 pairs
have been reported to confer drought tolerance in plants.

Aquaporins are also involved in the drought response.
Aquaporin genes are downregulated by several abiotic
stresses, including drought stress (Jang et al, 2004
Alexandersson et al, 2005). Plasma membrane intrinsic pro-
teins (PIPs), the most abundant aquaporins, appear to func-
tion in intercellular water transport. An Arabidopsis mutant
of PIP2;2, which is expressed in roots, showed decreased hy-
draulic conductivity in roots (Javot et al, 2003). Moreover,
Nicotiana benthamiana overexpressing PIP1b showed hyper-
sensitivity to drought treatment (Aharon et al, 2003). In ad-
dition, overexpressing RmaTH1 increased drought tolerance
in Arabidopsis. Rma1H1 functions in drought tolerance by
mediating the downregulation of PIP2;1 protein levels and
inhibiting its trafficking from the endoplasmic reticulum
(ER) to the plasma membrane (Lee et al, 2009). Based on
these findings, plasma membrane-localized aquaporins are
thought to play crucial roles during water deficit stress, al-
though the underlying mechanism is unknown.

We previously identified UBC32, a ubiquitin-conjugating
enzyme, as an ER-associated degradation (ERAD) compo-
nent (Cui et al,, 2012). Stress treatment increases the expres-
sion and stability of UBC32 (Cui et al, 2012; Chen et al,
2016). However, the detailed mechanism of how UBC32 par-
ticipates in the stress response is unclear. In this study, using
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immunoprecipitation—mass spectrometry (IP-MS), we deter-
mined that the aquaporins PIP2;1 and PIP2;2 interact with
UBC32. The interaction was confirmed by luciferase comple-
mentation imaging (LCI), bimolecular fluorescence comple-
mentation (BiFC), and pull-down assays. Under drought stress
treatment, the Arabidopsis ubc32 ~mutant showed
increased sensitivity to drought, while pip2;1/2;2 exhibited re-
duced drought sensitivity compared to the wild-type (WT).
The ubiquitin-conjugating enzyme UBC32 interacts with the
RING-type E3 ligase Rma1l. This Rma1-UBC32 complex associ-
ates with the Ser280/283-phosphorylated version of PIP2;1 and
then ligates ubiquitin to Lys276 of PIP2;1 to promotes its deg-
radation, thereby increasing drought tolerance in Arabidopsis.
Expanding this discovery to crops, we demonstrate that
UBC32 improves drought tolerance in rice (Oryza sativa) by
downregulating PIP2;1 protein levels. Thus, we uncovered a di-
rect link between ERAD and drought stress tolerance.

Results

UBC32 physically interacts with the aquaporin
proteins PIP2;1 and PIP2;2
To explore the roles of UBC32 in plant stress responses, we
performed immunoprecipitation experiments with a
UBC32-GFP fusion protein in transgenic Arabidopsis plants
with the aim of identifying proteins that associate with
UBC32. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis of the immunoprecipitated proteins
identified two aquaporin proteins: PIP2;1 and PIP2;2
(Figure 1A; Supplemental Data Set S1). Both PIP2;1 and
PIP2;2 are known as stress-related proteins with character-
ized functions in water transport. Therefore, it was reason-
able to speculate that these two proteins somehow
contribute to the role of UBC32 in abiotic stress responses.

To confirm the interaction between UBC32 and PIP2;1
(and PIP2;2), we performed LCl assays using the pUBC32-
NLuc and pCLuc-PIP2;1 plasmids. OS9, a lectin that recog-
nizes misfolded proteins in the ER, was used as a negative
control in this assay. pUBC32-NLuc and pCluc-PIP2;1 and
the control vectors were co-expressed in N. benthamiana
leaves. Only samples expressing the combination of ClLuc-
PIP2;1 and UBC32-NLuc showed strong LUC complementa-
tion signals, but samples expressing CLuc-PIP2;1 with
AtOS9-NLuc did not (Figure 1B). We measured the levels of
ClLuc-PIP2;1, UBC32-NLuc, and control proteins using anti-
Luc antibody (Supplemental Figure S1A). Similar results
were obtained using plasmids for UBC32 and PIP2;2
(Supplemental Figure S1, B and C). We then performed a
BiFC assay to further confirm the UBC32-PIP2;1 interaction.
Specifically, PIP2s were fused with the N-terminal half of the
yellow fluorescent protein (YFP) gene and UBC32 was fused
into the C-terminal half of the YFP gene. Confocal micros-
copy revealed that UBC32 binds to PIP2;1 and PIP2;2
(Figure 1C). The proteins used in the BiFC assays were well
expressed in plants (Supplemental Figure S1D).

Furthermore, we tested the direct interactions between
UBC32 and PIP2;1 and PIP2;2 using a pull-down approach.
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Figure 1 UBC32 directly interacts with PIP2;1 and PIP2;2. A, PIP2;1 and PIP2;2 were found to interact with UBC32 by mass spectrometry. Total
proteins were extracted from UBC32-GFP overexpression plants and immunoprecipitated for mass spectrometry. The SFGAAVIYNK peptide of
PIP2;1 and PIP2;2 was identified in the UBC32-GFP immunoprecipitated complex, as illustrated on the right. B, PIP2;1 binds to UBC32 in planta
based on LCI experiments. An interaction was detected between UBC32-NLuc and PIP2;1-CLuc, but not in negative controls including AtOS9-
NLuc and PIP2;1-CLuc. The pseudocolor bar on the right shows the range of luminescence intensity. C, PIP2;1 interacts with UBC32, as revealed
by BiFC assay. The full-length coding sequence of UBC32 was cloned into pSPYCE (M) and the full-length coding sequences of PIP2s were inserted
into pSPYNE (R) 173. AtOS9 was used as a negative control in this BiFC assay, bar = 10 um. D, PIP2;1 interacts with UBC32 in a pull-down assay.
E. coli-expressed MBP, MBP-PIP2;1, and GST-UBC32 were used in the pull-down assay. Equal amounts of MBP and MBP-PIP2;1 bound to amylose
resin were incubated with 2 ug GST-UBC32. Pull-down products were detected using anti-GST antibody. The arrowheads on the right indicate

the positions of full-length GST/MBP-tagged proteins.

Only MBP-PIP2;1 pulled down the GST-UBC32 proteins
but not the MBP control (Figure 1D). The same result was
obtained for the interaction between UBC32 and PIP2;2
(Supplemental Figure S1E). UBC32 also bound to PIP2;1 in
a split ubiquitin yeast two-hybrid assay (Supplemental
Figure S2). We further determined the region of UBC32
that associated with PIP2;1 by performing a split ubiquitin
yeast two-hybrid assay. Our results showed that the C-ter-
minal region from amino acid 253-309 of UBC32 contain-
ing the transmembrane domain was responsible for its
interaction with PIP2;1 (Supplemental Figure S2). Taken
together, these results indicate that UBC32 physically

interacts with PIP2;1 (and PIP2;2) both in vivo and
in vitro.

UBC32 functions as a positive regulator of drought
tolerance and the ABA response

Given our evidence that UBC32 binds to PIP2;1 directly, we
next investigated how UBC32 and PIP2;1/PIP2;2 function to-
gether in the drought stress response. We previously showed
that the Arabidopsis ubc32 mutant exhibited reduced sensi-
tivity to salt and ABA treatment and that UBC32 is a
drought-induced gene at the transcriptional level (Cui et al,
2012). We first examined the drought tolerance of the WT,
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ubc32, and two independent UBC32 overexpression lines
generated in our previous study (OE2-5 and OE3-7). Under
normal conditions, WT, ubc32, and UBC32 overexpression
seedlings all grew well, exhibiting no obvious differences.
However, upon withholding water for 20 days, only 33% of
ubc32 seedlings survived, whereas 67% of WT seedlings, 98%
of OE 2-5 and 97% of OE 3-7 seedlings remained alive
(Figure 2, A and B). These results suggest that the ubiquitin-
conjugating enzyme UBC32 functions in the drought stress
response.

Plant responses to drought stress are complex but
frequently involve regulatory activity by ABA (Zhu, 2002).
To determine whether the drought stress responses of
ubc32 and the UBC32 overexpression lines are ABA-related,
we examined the stomata behaviors of WT, ubc32, and
the OE2-5 plants under ABA treatment. The stomatal
apertures (the ratio of width to length) of the different
plants were not significantly different under 1/2 MS treat-
ment (Figure 2, C and D). After being treated with 1/2 MS
containing 10-uM ABA for 3 h, the stomatal aperture of
the UBC32 overexpression plants was much smaller while
that of ubc32 was much larger compared to the WT
(Figure 2, C and D). Furthermore, we analyzed the expres-
sion of various ABA and drought-induced genes in WT,
ubc32, and UBC32 overexpression seedlings via reverse
transcription polymerase chain reaction. Following 4 h of
drought treatment, the expression levels of almost all
genes examined showed a significant increase in the
UBC32 overexpression line, while the expression levels in
ubc32 were not significantly different from that of the WT
(Supplemental Figure S3). Taken together, these results in-
dicate that UBC32 functions as a positive regulator of
plant responses to drought and ABA.

Overexpressing AcPIP2 from chamiso (Atriplex canes-
cens) in Arabidopsis led to reduced drought tolerance,
and drought stress reduces the stability of PIP2;1 via 26S
proteasome-mediated degradation (Lee et al, 2009; Li
et al,, 2015). We obtained PIP2;1 or PIP2;2 overexpression
transgenic plants in the Col-0 (WT) background
(Supplemental Figure S4, A and 4B). The pip2;1 pip2;2
double mutant was generated as previously reported
(Qing et al, 2016). After drought treatment in soil, the
pip2;1/2/2 seedlings were more tolerant to drought stress,
while PIP2;1 (and PIP2;2) overexpression transgenic plants
were more sensitive to drought than the WT, which is
consistent with previous results (Figure 2, E and F
Supplemental Figure S5, A and B). Given that UBC32
functions in ABA-related drought tolerance, we examined
whether PIP2;1/2;2 regulates ABA-induced stomatal clo-
sure using isolated epidermal peels. ABA-induced stoma-
tal closure was enhanced in the pip2;1 pip2;2 mutants
and impaired in 35S:PIP2;1 overexpression plants com-
pared to the WT (Figure 2, G and H). A similar stomatal
response to ABA was observed in 35S:PIP2;2 transgenic
plants (Supplemental Figure S5, C and D). Collectively,
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these data indicate that PIP2;1 and PIP2;2 are involved in
ABA-related stomatal responses.

PIP2;1 is essential for the drought-stress-related
functions of UBC32
UBC32 and PIP2;1 (and PIP2;2) exhibited an opposite re-
sponse upon drought stress. Because UBC32 is a ubiquitin-
conjugating enzyme, we analyzed the protein levels of PIP2;1
in the WT and ubc32 seedlings using anti-PIP2;1 antibody
(Qing et al, 2016). PIP2;1 protein levels were higher in ubc32
compared with the WT (Figure 3, A and B), while PIP2;1
transcript levels in WT and ubc32 did not differ
(Supplemental Figure S6A). These results demonstrate that
the protein level of PIP2;1 is negatively regulated by UBC32.
Based on the finding that PIP2;1 can be ubiquitinated in
plants (Lee et al,, 2009), we investigated whether the ubiqui-
tination of PIP2;1 is mediated by UBC32. We purified PIP2;1
from WT and ubc32 using anti-PIP2;1 antibody. Using
ubiquitin and PIP2;1 antibodies, we obtained the same
result—fewer modified bands in the immune complex from
the ubc32 background compared with WT (Figure 3C). This
result suggests that UBC32 promotes the ubiquitination
modification process of PIP2;1. Consistent with the ubiquiti-
nation results, PIP2;1 exhibited reduced degradation in
ubc32 compared with the WT background (Figure 3D).
PIP2;2 protein levels decreased gradually with increasing
amounts of UBC32, whereas the transcription of PIP2;2 was
not changed by UBC32 (Supplemental Figure S6, A and B).
Taken together, these findings suggest that UBC32 mediates
the ubiquitination and degradation of PIP2;1 and PIP2;2.
Next we determined the genetic relationship between
UBC32 and PIP2;1/2;2 in plants under drought stress. Under
drought stress treatment, the ubc32 pip2;1 pip2;2 triple mu-
tant exhibited a similar drought tolerance phenotype to
that of the pip2;1 pip2;2 double mutant, demonstrating that
PIP2;1 (and PIP2;2) is epistatic to UBC32 at the genetic level
(Figure 3, E and F). We also examined the stomatal aperture
of these seedlings under ABA treatment. The stomata of the
ubc32 pip2;1 pip2;2 triple mutant showed similar movement
to that of the pip2;1 pip2;2 double mutant after 3 h of ABA
treatment (Figure 3, G and H). We also observed the pheno-
types of plants with different genotypes under ABA treat-
ment. In the presence of 0.5-uM ABA, the ubc32 mutant
grew better than the WT, which is consistent with a previ-
ous report (Cui et al, 2012). The ubc32 pip2;1 pip2;2 triple
mutant show enhanced sensitivity to ABA, and it recovered
the less sensitive phenotype of ubc32 compared with WT
(Supplemental Figure S6, C and D). These results indicate
that PIP2;1 and PIP2;2 are essential for the drought-stress-
related functions of UBC32.

The E2-E3 pair UBC32 and Rma1 regulate the
stability of PIP2;1 by ubiquitinating its Lys276
E3 ligases are usually required for the ubiquitination process.
Rma1H1, a drought stress-induced ER membrane-anchored
E3 ligase, negatively regulates PIP2;1 levels via ubiquitination,
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Figure 2 UBC32 functions as a positive regulator while PIP2;1/PIP2;2 are negative regulators of ABA-related drought stress tolerance. A, Drought
tolerance test of WT, ubc32 mutant, and 355:UBC32 transgenic plants. Two-week-old seedlings were subjected to drought stress for ~20 days and
rewatered when significant differences in wilting were observed. Representative photographs obtained from three independent experiments are
shown, bar = 5 cm. B, Statistical analysis of the seedling survival rate in (A). Values represent the mean = sp (five biological replicates; n = 80).
Statistical significance was analyzed by one-way ANOVA (**P <0.01). Detailed experiment replicates and statistical analysis are described in the
“Method” section. C, Comparison of ABA-induced stomatal closure in WT, ubc32 mutant and 35S:UBC32 transgenic plants. Leaves from 4-week-
old plants incubated in stomatal opening buffer were exposed to the light for 3 h. ABA (0 or 10 uM) was added to the samples and stomatal clo-
sure was observed after 3 h of treatment. Representative photographs are shown, bar = 10 um. D, Quantitative analysis of stomatal aperture. The
data were obtained from approximately bout 60 stomata. The box plots show the median (central line), the lower and upper quartiles (box) and
the minimum and maximum values (whiskers). Significant differences between WT and ubc32 mutant or 355:UBC32 transgenic plants were deter-
mined by one-way ANOVA (*P <0.05). E, Drought tolerance test of the pip2;1 pip2;2 mutant and two independent 35S:PIP2;1 transgenic plants
lines. Two-week-old seedlings were subjected to drought stress for ~20 days and rewatered when significant differences in wilting were observed.
Representative photographs obtained from three independent experiments are shown, bar = 5 cm. F, Statistical analysis of the seedling survival
rate in (E). Values represent the mean = sp (five biological replicates; n = 80). Statistical significance was analyzed by one-way ANOVA (*P <0.05,
*P <0.01). Detailed experiment replicates and statistical analysis are described in the “Method” section. G, Comparison of ABA-induced stomatal
closure in the WT, pip2;1 pip2;2, and two independent 35S:PIP2;1 transgenic plants lines. ABA treatment was performed as in (C). More than 40
stomata were measured, and representative photographs are shown, bar = 10 um. H, Quantitative analysis of stomatal aperture. The data were
obtained from approximately 40 stomata. The box plots show the median (central line), the lower and upper quartiles (box) and the minimum
and maximum values (whiskers). Significant differences between WT and pip2;1 pip2;2 or 35S:PIP2;1 transgenic plants were determined by one-
way ANOVA (**P <0.01).
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Figure 3 PIP2;1 and PIP2;2 are negatively regulated by UBC32 at the biochemical and genetic levels. A, The protein level of PIP2;1 in WT and
ubc32 mutant. PIP2;1 protein level in 2-week-old WT and ubc32 seedlings was detected using anti-PIP2;1 antibody. Ponceau S represents the
loading control. B, Quantification of PIP2;1 protein levels in WT and ubc32 in (A). Values represent the mean = sb. Significantly different PIP2;1
protein levels in WT and ubc32 were determined by Student’s t test, **P < 0.01. C, In vivo ubiquitination level of PIP2;1in WT and ubc32. Crude
protein extracted from WT and ubc32 seedlings was immunoprecipitated by anti-PIP2;1 antibody and detected using anti-ubiquitin antibody
and anti-PIP2;1 antibody. D, The in vivo degradation rate of PIP2;1in WT and ubc32. WT and ubc32 seedlings were treated with 50-iM cyclohex-
imide for the indicated time points. The PIP2;1 protein was checked using anti-PIP2;1 antibody. Actin represents the loading control. E, Drought
tolerance test of WT, ubc32, pip2;1 pip2;2, and ubc32 pip2;1 pip2;2. The phenotype was analyzed in the same way as in Figure 2A. Representative
photographs obtained from three independent experiments are shown, bar = 5 cm. F, Statistical analysis of the seedling survival rate in (E).
Values represent the mean * sp (five biological replicates; n = 80). Statistical significance was analyzed by one-way ANOVA (**P <0.01).
Detailed experiment replicates and statistical analysis are described in the “Method” section. G, Comparison of ABA-induced stomatal closure in
the WT, ubc32, pip2;1 pip2;2, and ubc32 pip2;1 pip2;2. Leaves from 4-week-old plants incubated in stomatal opening buffer were exposed to the
light for 3 h. ABA (0 or 10 uM) was added to the samples and stomatal closure was observed after 3 h of treatment. More than 60 stomata were
measured, and representative photographs are shown, bar = 10 pm. H, Statistics of the stomatal aperture in (G). The data were obtained from
approximately 60 stomata. The box plots show the median (central line), the lower and upper quartiles (box) and the minimum and maximum
values (whiskers). Significant differences between WT and ubc32, pip2;1 pip2;2 or ubc32 pip2;1 pip2;2 were determined by one-way ANOVA
(**P <0.01).
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as observed in transgenic Arabidopsis plants (Lee et al,
2009). This finding suggests that Rma1 might function with
UBC32 as an E3-E2 pair to regulate PIP2 protein accumula-
tion in Arabidopsis. First, we examined their physical interac-
tion. GST-UBC32 and MBP-Rma1l proteins were prepared
from Escherichia coli for the pull-down assay. Compared
with the GST control, only GST-UBC32 bound to MBP-
Rmat in the assay (Figure 4A). We also detected the in vivo
interaction by LCl and obtained a positive result (Figure 4B).
Rma1-150A, in which the isoleucine residue involved in the
E2-RING interaction was mutated, was used as negative con-
trol. We examined protein levels by immunoblot analysis
(Supplemental Figure S7A). We conclude that UBC32 is
associated with Rma1 in vitro and in vivo.

We then explored whether UBC32 is the E2 enzyme
responsible for the E3 ligase activity of Rma1l. Using GST-
UBC32 expressed in E. coli as the E2, no E3 ligase activity
signal was detected. This result is consistent with a previous
study in which the E3 ligase activity of Rmal was not
detected with UBC32-ATM protein expressed in E coli
(Zhao et al, 2013). In an animal ERAD study, the microsome
(containing the ER membrane and other factors potentially
needed for ERAD) was needed to reconstitute the ERAD in
a cell-free ubiquitin assay system (Nakatsukasa et al., 2008).
After adding microsomes from ubc32 plants to the E3
ligase activity detection assay, MBP-Rmal showed E3 ligase
activity using GST-UBC32 as the E2 enzyme, but not the
mutant form GST-UBC32-C93S (Figure 4C Supplemental
Figure S7B). This result was further confirmed by an en-
hanced E3 ligase activity using WT crude protein as an E2
source compared with ubc32 crude protein as an E2 source
(Supplemental Figure S7C). Taken together, these results
demonstrate that the active UBC domain of UBC32 is essen-
tial for the E3 ligase activity of Rma1.

Next, we analyzed whether Rmal and UBC32 function
jointly to enhance PIP2;1/2;2 degradation by co-expressing
different combinations of proteins in N. benthamiana leaves.
In this experiment, the RING domain mutant Rma1-C68S
and the UBC domain mutant UBC32-C93S were used in
parallel. Compared with the control, PIP2;1 accumulation
was reduced only when co-expressed with Rma1 and UBC32
together but not with combined Rmal-C68S/UBC32 or
Rma1/UBC32-C93S (Figure 4, D and E). Thus, Rma1 and
UBC32 appear to cooperate in a RING domain- and UBC
domain-dependent manner to degrade PIP2;1; a similar ef-
fect occurred for PIP2;2 (Supplemental Figure S8, A and B).
We further confirmed the partnership between Rmal and
UBC32 in transgenic Arabidopsis plants. Compared with
WT, overexpressing Rma1 in the WT background indeed re-
duced the protein level of PIP2; 1 (Figure 4F). However,
when the same experiment was performed in the ubc32 mu-
tant background, the reduction in PIP2;1 protein levels in
Rma1t:ubc32 versus ubc32 was much smaller than in the WT
background (Figure 4, F and G). These results further dem-
onstrate that the regulatory effect of Rmal on PIP2;1 is
UBC32-dependent. To examine the role of Rmal and
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UBC32 in regulating the stability of PIP2;1, we added MBP
and MBP-Rma1 into cell lysates of different mutants of E2
in the ERAD compartment. In the presence of Rma1, PIP2;1
protein levels were reduced in the cell lysates of WT and
almost all E2 mutants except ubc32 (Figure 4H). Taken to-
gether, these results demonstrate that the degradation of
PIP2;1 depends on the E3 ligase Rmal and the ubiquitin-
conjugating enzyme UBC32 complex.

Next, we sought to identify possible ubiquitination sites in
PIP2;1. GFP-PIP2;1 was enriched and purified from total pro-
tein extracts from MG132-treated PIP2;1 transgenic seedlings
using GFP-trap magnetic agarose. LC—MS/MS analysis sug-
gested that Lys276 of PIP2;1 might be the ubiquitination site
(Supplemental Figure S9A). To experimentally verify that
this residue is a ubiquitination site, we generated GFP-
PIP2;1?7®R transgenic plants. Although they had similar RNA
expression levels, GFP-PIP2;1“*°" plants accumulated more
PIP2;1 protein compared to GFP-PIP2;1 plants (Figure 5,
A and B). Following immunoprecipitation using anti-GFP an-
tibody, we measured the ubiquitination levels of GFP-PIP2;1
and GFP-PIP2;1%”*" using anti-ubiquitin antibody. A lower
ubiquitination level was detected in GFP-PIP2;1“*”** demon-
strating that this K276R (Lys—Arg) mutation reduced the
ubiquitination of GFP-PIP2;1 (Supplemental Figure S9B).
These results suggest that this Lys276 is an active ubiquitina-
tion site. Because this peptide is conserved between PIP2;1
and PIP2;2, we further confirmed that the Lys274 of PIP2;2 is
also an active ubiquitination site (Figure 5, A and B).

To examine the role of the Lys276 in the drought stress
response, we subjected the GFP-PIP2;1*’*? lines to drought
treatment. Compared with PIP2;1 overexpression plants,
PIP2;1*%R  plants exhibited a more drought-sensitive
phenotype (Figure 5, C and D; Supplemental Figure S9C).
Similar results were obtained for PIP2;2”*" transgenic
plants (Supplemental Figure S9, D—F). These results confirm
the notion that Lys276 is an active ubiquitination site in
PIP2;1 (Lys274 in PIP2;2) that contributes to the drought
stress response in Arabidopsis.

Phosphorylation of PIP2;1 promotes its degradation
The ubiquitination site Lys276 is located in the C-terminus
of PIP2;1 (Figure 6A). The post-translational modification of
PIP2;1, especially the phosphorylation modification at the C-
terminus, which is localized to the cytosol, has been well
studied (Maurel et al, 2015). The C-terminal (Ser280 and
Ser283, termed S280/283 below) phosphorylation form of
PIP2;1 is the active form, which exhibits increased water
transport (Qing et al,, 2016). Using anti-PIP2;1 antibody and
anti-pS280/283 antibody, we examined the protein stability
of PIP2:1 with or without phosphorylation of $280/283 un-
der mannitol treatment (Qing et al, 2016). Both the levels
of WT PIP2;1 and 5280/S283-phosphorylated PIP2;1 were re-
duced under mannitol treatment, and the levels of phos-
phorylated PIP2;1 showed a greater reduction than PIP2;1
under these conditions (Supplemental Figure ST0A). To test
whether this result is due to a difference in protein stability
between PIP2;1 and phosphorylated PIP2;1, we measured
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Figure 4 UBC32 and RmaT1 function as an E2-E3 pair to ubiquitinate and degrade PIP2;1/PIP2;2. A, Rma1 interacts with UBC32 based on a pull-
down assay. GST, GST-UBC32, and MBP-Rma1 expressed in E. coli were used in this pull-down assay. Equal amounts of GST and GST-UBC32
bound to anti-GST resins were incubated with 2-ug MBP-Rma1. Pull-down products were detected using anti-MBP antibody. The arrowheads
on the right indicate the positions of full-length GST/MBP-tagged proteins. B, Rma1 binds to UBC32 in planta based on an LCl experiment.
CLuc-UBC32 interacts with Rma1-NLuc, but not the mutated RING domain form (Rma1-150A-NLuc). The pseudocolor bar on the right shows
the range of luminescence intensity. C, In vitro autoubiquitination assay of Rmal. MBP-Rma1, His-AtE1, Ub, and 200 ng microsome were
combined with GST-32 or GST-UBC32-C93S, respectively. The reaction was carried at 30°C for 90 min, and immunoblot analysis was performed
using anti-MBP and anti-ub antibodies. D, The E3 ligase activity of Rma1 and E2 activity of UBC32 are necessary for the degradation of PIP2;1.
Single amino acid mutations Rma1-C68S and UBC32-C93S, which lost E3 ligase activity or E2 activity, respectively, were used in this assay.
Agrobacterium containing the GFP-PIP2;1 plasmid was co-injected into N. benthamiana with Agrobacterium containing the corresponding
plasmids as indicated. Total protein was extracted from N. benthamiana leaves at 3 days post infiltration and analyzed by immunoblot analysis.
RFP was used as the co-expressed control in this assay. E, Quantification of GFP-PIP2;1 protein levels in (D). Values represent the mean = sp
(n = 3, n means biological replicate). Statistical significance was determined by one-way ANOVA (**P <0.01; ns, no significant difference).
F, The regulation of PIP2;1 by UBC32 is Rmal-dependent. PIP2;1 protein level was detected in WT, CLuc-RmaT:WT transgenic plants, ubc32 and
CLuc-Rma1:ubc32 transgenic plants using anti-PIP2;1 antibody. G, Quantification of PIP2;1 protein levels in (F). Values represent the mean * sp.
Statistical significance was determined by one-way ANOVA (**P <0.01). H, PIP2;1 stability is not affected by other E2s in the ERAD system.
Crude extracts of WT and different E2 mutants were incubated with MBP and MBP-Rma1 at 22°C and PIP2;1 protein was checked using anti-
PIP2;1 antibody.



The Plant Cell, 2021 Vol. 33, No. 8

A S!: 12
c PIP2;1 PIP2;2
s10" T
38l I
&
£k
g4l N
@
22
% e -
Er 0
'\ ’
é\ )\9’ & é\ W.‘U ,{,\g
o ug
& X &
Q Q%\ Q QW"
< <
C _— PIP2;1:WT
9-2 10-7 2-8

Before
drought

1 day
before

1 day after
rewatering

THE PLANT CELL 2021: 33: 2883-2898 2891

B
o r\'f\‘g-, f\‘gjj
NI
A A P
S L E8w
GFP - S5

Actin e w— o w— — 40

PI‘PQ, 1K2?6R.'WT D

13-1 1009 -
80— * ok
g T g
g 60—
©
g 40
3 T =z
20—
A N
N \r{\ca'q’ /\@'A‘ q{\fﬁb ]
N Y T e
PN
N1
N f

Figure 5 Lys276 and Lys274 are the ubiquitination sites of PIP2;1 and PIP2;2, respectively. A, The RNA level of PIP2;1/2;2 determined by qPCR in
WT, GFP-PIP2;1 transgenic plants (PIP2;1-9 and PIP2;1K276R-2) or GFP-PIP2;2 transgenic plants (PIP2;2-1 and PIP2;2K274R-5). ACTIN2 was used as
an internal control. B, GFP-PIP2;1/2;2 protein level was determined in WT, GFP-PIP2;1 transgenic plants (PIP2;1-9 and PIP2;1K276R-2) or GFP-
PIP2;2 transgenic plants (PIP2;2-1 and PIP2;2%*”*.5) using anti-GFP antibody. Actin was used as an internal control. C, Drought tolerance
test of PIP2;1 and PIP2;1“*”R transgenic plants. Two independent lines were used for each gene. The phenotype was analyzed as in Figure 2a,
bar = 5 cm. D, Statistical analysis of the seedling survival rate in (C). Values represent the mean = sp (five biological replicates; n = 80). Statistical
significance was analyzed by one-way ANOVA (**P <0.01). Detailed experiment replicates and statistical analysis are described in the “Method”

section.

protein levels under treatment with the protein synthesis in-
hibitor cycloheximide. As expected, $280/283-phosphory-
lated PIP2;1 protein exhibited a shorter half-life compared to
PIP2;1 protein (Figure 6B). We also measured the degrada-
tion rates of GFP-PIP2;1 and GFP-PIP2;1-SD (PIP2;1°%%°%/
52830 6er280/283 phospho-mimic variant) after cyclohexi-
mide treatment. GFP-PIP2;1-SD degraded much more rapidly
than GFP-PIP2;1, which is consistent with the in vivo results
determined using anti-PIP2:1 antibody (Figure 6C).

We then tested whether the increased degradation of
$280/S283-phosphorylated PIP2;1 is dependent on the
Rma1-UBC32 complex. First, we examined the effects of
phosphorylation on the Rmal-PIP2;1 association. We
generated phospho-dead PIP2;1°2504/5283A (p|p2;1-SA) and
phospho-mimic PIP2;1325°P/52830 (p|p2;1.D) variants. A pull-
down assay showed that, compared to the MBP control,
PIP2;1 and PIP2;1-SD were associated with MBP-Rmal,
whereas PIP2;1-SA failed to interact with MBP-Rmai

(Figure 6D). An LCl assay showed that, when all proteins
were well expressed, UBC32 interacted with PIP2;1 and
PIP2;1-SD, but not with PIP2;1-SA in planta (Supplemental
Figure S10B and 10C). We also detected in vivo ubiquitina-
tion levels in PIP2;1 and its variants. Compared with GFP-
PIP2;1, GFP-PIP2;1-SD exhibited increased ubiquitin levels,
while GFP-PIP2;1-SA showed reduced levels (Supplemental
Figure S10D). Consistent with the results of interaction and
ubiquitination assays, when coexpressed in N. benthamiana,
PIP2;1 and PIP2;1-SD were destabilized by Rma1l, whereas
PIP2;1-SA was largely unaffected (Figure 6E). We also exam-
ined the effects of the C-terminal phosphorylation of PIP2;1
on drought tolerance. PIP2;1-SD-overexpressing plants were
more tolerant to drought than PIP2;1-overexpressing plants
(Supplemental Figure S11, A and B). Together, these results
demonstrate that Rmal associates with 5280/5283-
phosphorylated PIP2;1 and subsequently mediates its ubiqui-
tination and degradation under drought stress. Our data
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Figure 6 Phosphorylated PIP2;1 shows a faster degradation rate than the nonphosphorylated form. A, Schematic diagram of modification sites in
the C-terminus of PIP2;1. Lys276, Ser280, and Ser283 are indicated. B, Phosphorylated PIP2;1 shows a faster turnover rate than the non-phosphory-
lated form. WT seedlings were treated with 50-uM cycloheximide (CHX) for 0, 2, 4, 6 h and total proteins were examined using anti-PIP2;1 anti-
body and anti-p$280/283 antibody, respectively. C, GFP-PIP2;1°%5%/%83P degrades much more rapidly than GFP-PIP2;1. Total proteins were
extracted from N. benthamiana expressing GFP-PIP2;1 and GFP-PIP2;128%/2830 3nd incubated at 22°C for different time points. GFP-PIP2;1 and
GFP-PIp2;15280/283D protein levels were measured using anti-GFP antibody. D, Rma1 interacts with PIP2;1 and PIP2;1522%/283D b not PIP2;1528%
2834 MBP and MBP-Rma1 were expressed and purified from E. coli, while GFP-PIP2;1, GFP-PIP2;1528%/283P and pIp2;1528%/283A \yere expressed in N.
benthamiana. MBP and MBP-Rma1 were bound to amylose resins, and the resins were incubated with equal amounts of PIP2;1 or PIP2;1 variant
proteins. The dark gray arrow indicates input of MBP-Rma1, and the light gray arrow indicates input of MBP. MBP was used as a negative control.
E, CLuc-Rma1 accelerates the turnover of GFP-PIP2;1 and GFP-PIP2;1°%%%/253P byt not GFP-PIP2;1°2%%/283A  Different PIP2;1 variants were co-
expressed with Rma1 in N. benthamiana and PIP2;1 protein levels were detected using anti-GFP antibody.

suggest that the phosphorylation of PIP2;1 has a biological ~ alive (Figure 7, A and B). These results demonstrate that
function besides increasing the water channel activity of this ~ UBC32 plays a positive role in drought tolerance in rice.

protein. In conclusion, we provided evidence that UBC32-Rma1l

function together to target phosphorylated PIP2;1 and
Overexpressing UBC32 improves the growth of rice PIP2;2 for ubiquitin-dependent degradation to enhance
under drought stress drought tolerance in plants (Figure 7C). We also demon-

Amino acid sequence alignment revealed that the UBC32  strated that overexpressing UBC32 increased drought toler-
homolog in rice is highly similar to UBC32 from Arabidopsis  ance in rice.

(Supplemental Figure S12A). To investigate whether UBC32 . .

also positively regulates the drought response in crops, we Discussion

examined the phenotypes of transgenic rice plants overex-  Degradation mediated by the ubiquitin proteasome system
pressing Arabidopsis UBC32 driven by the maize Ubiquitin participates in a series of physiological processes in plants,
promoter (Ub:UBC32) in the Nipponbare background. The  such as plant growth, hormonal signaling and biotic and
UBC32 expression level of two independent lines was con-  abiotic stress responses. Here, we propose a working model
firmed by gqPCR (Supplemental Figure S12B). Under suffi-  for how the ERAD ubiquitin-conjugating enzyme UBC32
cient water conditions, the overexpression lines exhibited  and the RING-type E3 ligase Rma1 function together to reg-
similar growth to the WT control (Nipponbare). Under  ulate plant drought stress responses by modifying the stabil-
drought conditions, the overexpression lines showed better ity of two aquaporin proteins: PIP2;1 and PIP2;2. Drought
growth compared with WT. At the same time, <40% of WT  stress induces the expression of both UBC32 and Rma1 (Lee
seedlings and >80% of Ub:UBC32 transgenic seedlings were et al, 2009 Cui et al, 2012). Rmal binds to the
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Figure 7 Arabidopsis UBC32 enhances drought tolerance in rice. A, Drought tolerance test of WT (Nipponbare) and Ub:UBC32 transgenic plants
(2% and 14%). B, Statistical analysis of the seedling survival rate in (A). Values represent the mean = so (four biological replicates; n = 48).
Statistical significance was analyzed by one-way ANOVA (**P <0.01). C, A proposed working model for the role of UBC32 and Rma1 in the
plant response to drought stress. Under drought stress, the expression of UBC32 and Rmat is induced. UBC32 cooperates with Rma1 to recognize
phosphorylated PIP2;1 and PIP2;2 and target them for ubiquitin-dependent degradation to enhance drought tolerance in plants. PM, plasma

membrane.

phosphorylated form of PIP2;1 to initiate its proteasome-
mediated degradation. UBC32 overexpression in transgenic
Arabidopsis resulted in reduced PIP2;1 protein levels and in-
creased tolerance to drought stress.

Much research about the functional impacts of ubiquiti-
nation on plant stress responses has focused on E3 ligases.
In Arabidopsis, many E3 ligases were shown to be involved
in plant stress responses. For example, PUB12/13 plays a role
in the drought stress response, SDIR1 functions in the salt
and drought stress responses and HOS1 functions in the
cold stress response (Dong et al, 2006; Zhang et al., 2007;
Kong et al, 2015; Zhang et al,, 2015). E2 ubiquitin-conjugat-
ing enzymes have received relatively little attention, al-
though there are examples of E2/E3 pairs that together
regulate development and stress responses in plants. For ex-
ample, in Arabidopsis, UBC1 and UBC2 interact with the E3
ligases HUB1 and HUB2 to mediate histone H2B monoubi-
quitination, which in turn increases cellular levels of FLC, a
central flowering repressor (Cao et al,, 2008; Gu et al, 2009).
PHOSPHATE2 (PHO2), which encodes the ubiquitin-conju-
gating E2 enzyme UBC24, is critical for Pi homeostasis. PHO2
knockout plants suffered Pi toxicity due to the enhanced
uptake and root-to-shoot translocation of Pi (Aung et al,
2006). The role of UBC24 in Pi homeostasis has been

characterized in Arabidopsis, rice, and wheat (Liu et al,
2012; Park et al, 2014; Ouyang et al., 2016; Ying et al,, 2017).
In general, E3 enzymes recruit substrates directly, while E2
enzymes function by binding to E3 (Ye and Rape, 2009).
However, there are several examples of E2 enzymes directly
interacting with their targets. For example, the E2-conjugat-
ing enzyme UBC24 in Arabidopsis directly associates with
and modulates the stability of the phosphate transporter
PHO1 (Liu et al, 2012). UBC27 also directly interacts with
ABI1 and promotes its ubiquitination and degradation (Pan
et al, 2020). As a core ERAD component, the ubiquitin con-
jugase UBC32 might have many substrates that it does not
recognize and physically interact with directly. Instead, it
might interact with these substrates through other ERAD
components, such as E3 ligases or the adaptor protein
AtOS9. However, in this study, we demonstrated that
UBC32 directly interacts with its targets PIP2;1 and PIP2;2 in
pull-down assays. These findings support the notion that
some ubiquitin-conjugating enzymes not only mediate the
ubiquitination of their targets by binding to E3 ligases, but
they also participate in recognizing the targets themselves.
We previously determined that abiotic stresses including
salt and drought stress induce UBC32 expression (Cui et al,,
2012). In the present study, we identified the role of UBC32
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in the drought stress response. Specifically, we showed that
UBC32 functions in drought stress tolerance by targeting
aquaporins (PIP2;1 and PIP2;2 here) for degradation. UBC32,
UBC33, and UBC34 interact with PUB18, a U-box E3 ligase
that functions as a negative regulator of plant responses to
drought stress (Ahn et al, 2018). Knocking out UBC32,
UBC33, and UBC34 improved the growth of Arabidopsis un-
der drought stress conditions (Ahn et al, 2018). In contrast,
we observed improved growth under drought stress condi-
tions in our gene overexpression lines. Thus, it is not obvi-
ous how to reconcile our finding that the UBC32 knockout
mutant exhibited decreased growth under drought stress
conditions. Many factors could potentially explain the differ-
ent results from these two studies. For example, compared
to the previous study, we observed plant phenotypes during
different growth stages, the plants were grown under differ-
ent environmental conditions, or different knockout mutant
lines were used in the drought stress assay.

The ER membrane-anchored E3 ligase Rma1H1 positively
regulates drought tolerance by negatively regulating PIP2;1
protein levels via ubiquitination, as demonstrated in trans-
genic Arabidopsis plants (Lee et al, 2009). Furthermore, re-
search in mammals has shown that the Rmal homolog
(RMAT1) cooperates with UBC32 homolog (Ubc6e) as an
E3-E2 pair to mediate the turnover of CFTRAF508 (Younger
et al, 2006). Therefore, we investigated the possibility that
Rma1l cooperates with UBC32 to monitor the degradation
of PIP2;1/2;2. Rmal was associated with UBC32 in vivo and
in vitro (Figure 4). The degradation of PIP2;1/2;2 is depen-
dent on the RING-domain of Rma1 and the UBC-domain of
UBC32.

The phosphorylation of RhPIP2;1 on S273 in rose is en-
hanced by dehydration stress and is sufficient to cause nu-
clear accumulation of the C-terminus of RhPTM, a
membrane-tethered MYB-like transcription factor (Zhang
et al, 2019). PIP2;1 contributes to ABA-triggered stomatal
closure through OPEN STOMATA1 (OST1)-mediated phos-
phorylation at $121 of PIP2;1 (Grondin et al, 2015). Our re-
sult shows that $S280/5283-phosphorylated PIP2;1 has a
shorter half-life compared to PIP2;1. Rma1l interacts with
and accelerates the degradation of PIP2;1 and PIP2;1-SD, but
not PIP2;1-SA. Based on these results, different phosphoryla-
tion sites in PIP2;1 might have distinct functions. In the sto-
matal movement experiments with pip2;1 pip2;2, the
difference results between these two studies might be due
to the use of different mutants and/or different experimen-
tal protocols to measure stomatal aperture. pip2;1 was used
in Grondin et al. (2015), while the pip2;1 pip2;2 double mu-
tant was used in the current study. In the ABA-induced sto-
matal closure assay, we used intact rosette leaves to observe
stomatal movement. Six to eight rosette leaves were treated
with ABA for 3 h, and epidermal peels were collected and
used to measure stomatal aperture. Grondin et al. treated
epidermal peels from leaves, but not whole leaves, with ABA
directly. Perhaps the signaling response is distinct between
whole leaves and epidermal peels. The multiple
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phosphorylation-based regulatory mechanisms associated
with PIP2;1 highlight its response to multiple stress signaling
pathways and emphasize the centrality of this protein’s
function in plant water relations.

In addition to the model plant Arabidopsis, crops are fac-
ing serious threats from drought. Drought is the greatest
limiting factor to rice production worldwide. Studying the
drought response mechanism and breeding drought-tolerant
rice are essential for maintaining yield gains and ensuring
food security. We overexpressed UBC32 in Nipponbare and
found that, compared with WT, Ub:UBC32 transgenic plants
showed better growth under water deficiency conditions.
Thus, Arabidopsis UBC32 increases drought tolerance in
both Arabidopsis and rice. These results provide a possible
target for breeding and/or engineering drought tolerant rice
and other crops in the future.

Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 was used as the
WT, and all mutants used in this study were in the Col-0
background. The ubc32 and pip2;1/2;2 mutants were gener-
ated as previously reported (Chen et al, 2016; Qing et al,
2016). After surface sterilization, seeds were sown on
Murashige and Skoog (MS) medium and vernalized for
3 days at 4°C. Ten days later, seedlings grown on MS me-
dium were transferred to soil in a greenhouse with a 16-h
light/8-h dark photoperiod at 22°C; LED light at an intensity
of 100 pmol m~2 s~ ". To observe seedling phenotypes, 0.5-
UM ABA was added to the MS medium. The drought stress
test was performed as described previously (Qin et al,, 2008;
Ding et al, 2015). Plants were grown for ~2 weeks under
normal watering conditions and subjected to water stress by
withholding watering for ~2 to 3 weeks. In each experi-
ment, 16 plants were grown in a small pot under a 16-h
light/8-h dark photoperiod at 22°C. At least five indepen-
dent experiments were performed. The plants were rewa-
tered when significant differences in wilting were observed.
Twenty-four hours after rewatering, surviving plants were
counted. For the rice drought stress test, in each experi-
ment, 24 plants were grown in a small pot under a 12-h
light/12-h dark photoperiod at 28°C. At least five indepen-
dent experiments were performed. Ten days later, the plants
were rewatered when significant differences in wilting were
observed.

Constructs

All constructs for UBC32 were described previously (Cui
et al, 2012; Chen et al, 2016). To generate constructs for
PIP2;1 and PIP2;2, the full-length coding sequences of PIP2;1
and PIP2;2 were inserted into pMalC2 in the EcoRl and Sall
sites, pCambia-Cluc in the Kpnl and Sall sites,
pCambia1300-221-GFP vectors in the Kpnl and BamHI sites,
and pVYNE (R) in the Spel and Sall sites. GFP-PIP2 plasmids
were introduced into Agrobacterium tumefaciens strain
GV3101 and transformed into plants by the floral dip
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method (Clough and Bent, 1998). All primers used in this
study are listed in Supplemental Table S1. To generate
constructs for Rmal, the Rmal coding sequence was
inserted into pMalC2 in the EcoRl and Sall sites and
pCambia-CLuc in the Kpnl and Sall sites. pMalC2 and
pCambia1300-221-GFP are as previous described (Chen
et al, 2016), pCambia-CLuc and Cambia-NLuc were de-
scribed in Chen et al. (2008), pSPYNE (R) 173 and pSPYCE
(M) were described in Waadt et al. (2008).

IP-MS assay

To identify UBC32-interacting proteins, immunoprecipitation
was performed using UBC32-GFP transgenic plants. Total
proteins were extracted from the plants the native 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 (Roche)) and purified using GFP-trap magnetic
agarose. The enriched proteins were shown in Supplemental
Data Set S1. To identify the ubiquitination sites of PIP2;1,
GFP-PIP2;1 was enriched and purified using GFP-trap mag-
netic agarose from the total protein extracts from 50-uM
MG132-treated PIP2;1 transgenic seedlings. After purification,
samples were separated on a 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and the
gel was stained with Coomassie brilliant blue.

The gel containing samples was cut into 2-3 mm” pieces
and de-colored in 25-mM ammonium bicarbonate contain-
ing 50% acetonitrile buffer. The proteins were reduced with
10-mM DTT at 56°C for 1 h and alkylated by 55-mM iodoa-
cetamide in the dark for 45 min. The products were further
digested with trypsin (Sigma T1426; enzyme-to-substrate ra-
tio 1:50) at 37°C overnight. Tryptic peptides were extracted
from the gel with buffer containing 5% trifluoroacetic acid
and 50% acetonitirile by ultrasonic extraction twice.
The liquids were freeze-dried in a SpeedVac, and peptides
were resolubilized in 0.1% formic acid and filtered through a
0.45-um centrifugal filter. The peptides were identified on a
TripleTOF 5600 mass spectrometer (AB Sciex, Canada) cou-
pled to an Eksigent nanoLC 1D platform assembled in
Information Dependent Mode. A 90 min LC gradient
(A =0.1% formic acid in H,O, B=10.1% formic acid in aceto-
nitrile) was used to separate the peptides at a flow rate of
300 nL-min”". The peptides were identified from MS/MS
spectra using ProteinPilotTM software 4.2 by searching
against the Arabidopsis database downloaded from UniProt.
The fixed modification was carbamidomethylation of cyste-
ine residues. Trypsin was specified as the proteolytic enzyme
with two missed cleavages allowed. Mass tolerance was set
to 0.05 Da, and the maximum false discovery rate for pro-
teins and peptides was 1%.

Pull-down assays

MBP, MBP-PIP2;1/2;2, GST-UBC32, and MBP-Rmal were
expressed in E. coli strain BL21 and purified with buffer con-
taining 0.5% NP-40. After incubating with 2-ug purified MBP
and MBP-PIP2;1/2;2 for 2 h at 4°C, the amylose resin was
washed three times with PBS and blocked by 5% BSA for
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1 h at 4°C. The beads were washed three times again with
PBS and incubated with 2 pg of purified GST-UBC32 for 2 h
at 4°C. Finally, the beads were washed six times with PBS
containing 150-mM NaCl and analyzed by SDS-PAGE. To
examine the interaction of MBP-Rmal with GFP-fused
PIP2;1 variants, GFP-fused proteins were expressed in
N. benthamiana. The proteins were extracted and filtrated
as described in the immunoprecipitation section before be-
ing used in the pull-down assay.

gqPCR assay

Two-weeks-old Arabidopsis seedlings grown on 1/2 MS me-
dium plates were harvested for RNA extraction. For drought
treatment, seedlings were pretreated with 1/2 MS liquid me-
dium for ~8 h and grown without liquid medium for 4 h
before being harvested. Total RNA was isolated from the
seedlings using an Ultrapure RNA Kit (Cwbio). The total
RNA (2 pg) was denatured and used for first-strand cDNA
synthesis using a Fast Quant RT Kit (Tiangen). Quantitative
polymerase chain reaction (qPCR) was performed using a
Quant One Step qRT-PCR Kit (SYBR Green) (Tiangen) and
the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad). The primer sequences used for qPCR are shown in
Supplemental Table S1.

Split ubiquitin yeast two-hybrid

The vectors pPR3N and pBT3-STE were used in this assay.
The full-length UBC32 coding sequence or a truncated se-
quence was cloned into pPR3N, while the full-length PIP2;1
coding sequence was cloned into pBT3-STE. The correspond-
ing plasmids were co-transformed into yeast (Saccharomyces
cerevisiae) NMY51 cells as described previously (Thaminy
et al, 2004). After 3 days, yeast colonies that grew on yeast
synthetic dropout medium lacking Leu and Trp were sus-
pended in water to optical density (OD)600=1. The sus-
pended cells were then diluted to 0.1, 0.01, and 0.001 and
plated on yeast synthetic dropout medium lacking His, Leu,
Trp, and Ade to test protein interactions.

LCI assays

LCl assays were performed as described previously (Chen
et al, 2008). The assays were performed to examine the
interactions between UBC32 fused with NLuc and PIP2;1
(PIP2;1-SA and PIP2;1-SD) fused with ClLuc; E3 ligase
Rma1 fused with NLuc; and UBC32 fused with ClLuc. Equal
volumes of Agrobacterium tumefaciens containing pCambia-
NLuc, pCambia-CLuc (or their derivative constructs), at a fi-
nal concentration of ODgy, = 1.5, were mixed with A. tume-
faciens harboring 355-p19, which expresses the tombusvirus
silencing suppressor p19 to ensure efficient expression of the
fusion proteins. Different combinations of constructs were
infiltrated into different positions of the same leaf of N. ben-
thamiana. Three days later, 1T-mM luciferin was sprayed
onto the leaves, which were then kept in the dark for
5 min. A low-light cooled charge-coupled device imaging ap-
paratus (NightOWL LB 983 in vivo imaging system) was
used to take the LUC images for 10 min.


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab141#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab141#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab141#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab141#supplementary-data

2896 I THE PLANT CELL 2021: 33: 2883-2898

BiFC assays

UBC32 and PIP2;1/2;2 were fused to the C- and N-termini of
Venus to produce YCE-UBC32 and YNE-PIP2;1/2;2 respec-
tively (Waadt et al,, 2008). YCE and YNE were used as nega-
tive controls. A. tumefaciens strain EHA105 cells carrying
BiFC vectors YCE-UBC32 and YNE-PIP2;1/2;2 or their
negative controls were mixed with A. tumefaciens harboring
355-p19 before being infiltrated into N. benthamiana leaves.
A Leica TCS SP5 confocal laser scanning microscope was
used to capture the fluorescence images of the infiltrated
leaves at 3 days post infiltration.

ABA-related stomatal closure assay

In this assay, fresh leaves at similar developmental stages
were harvested. These leaves were incubated in stomatal
opening buffer (5-mM KCl, 50-mM CaCl,, and 10-mM
MES-Tris, pH 6.1) at 22°C under high-light conditions (light
intensity of 300 pmol m~2 s~ ') for at least 3 h to ensure
the opening of all stomata. ABA was then added to the
buffer to a final concentration of 10 puM. After 3 h of incu-
bation, photographs were taken, and stomatal aperture was
measured using ImageJ. At least 60 stomata were measured
for each material.

Immunoprecipitation, immunoblot analysis, and
antibodies

The co-infiltrated parts of N. benthamiana leaves
were used to extract total proteins with native protein
extraction buffer (50-mM Tris—MES, pH 8.0, 0.5 M sucrose,
1-mM MgCl,, 10-mM EDTA, 5-mM DTT, protease inhibi-
tor cocktail Complete Mini tablets (Roche)) and centri-
fuged at 4°C for 6 min at 16,000g; this process was
repeated three times. Anti-PIP2;1 antibody coupled to IgG
agarose was added to the crude protein, incubated at 4°C
for 2 h, and washed at least five times with PBS. The aga-
rose was suspended in protein loading buffer and boiled at
95°C for 5 min before being analyzed by SDS—-PAGE. GFP-
PIP2;1 (and its variants) extracted from overexpression
plants or N. benthamiana leaves was incubated with GFP-
trap magnetic agarose and the agarose was washed at least
five times with PBS buffer. The samples were used for
semi-in vivo co-immunoprecipitation assays or the identifi-
cation of ubiquitination sites.

The antibodies used in this assay were as follows: anti-
LUC (1:5,000 diluted, Sigma, Cat# L0159), anti-myc (1:5,000
diluted, EASY-BIO, Cat# BE2073), anti-MBP (1:5000
diluted, EASY-BIO, Cat# BE2021), anti-GST (1:2,000 diluted,
EASY-BIO, Cat# BE2013), anti-RFP (1:2,000 diluted, EASY-
BIO, Cat# BE2023), anti-Actin (1:5,000 diluted, EASY-BIO,
Cat# BE0027), anti-GFP  (1:1,500 diluted, Roche,
Cat#11814460001), goat anti-mouse (1:5000 diluted,
Proteintech, Cat# SA00001-1), goat anti-rabbit (1:5000 di-
luted, Proteintech, Cat# SA00001-2). Anti-ubiquitin, anti-
PIP2;1 and anti-p$280/283 were used as previously described
(Zhao et al, 2013, Qing et al, 2016).

Q. Chen et al.

Protein degradation assays

For the in vivo degradation assay in plants, 2-week-old WT
and ubc32 seedlings were treated with cycloheximide (75
pM) for the indicated time and collected for protein extrac-
tion in protein extraction buffer (50-mM Tris—MES, pH 8.0,
0.5 M sucrose, T-mM MgCl,, 10-mM EDTA, 5-mM DTT, pro-
tease inhibitor cocktail Complete Mini tablets (Roche)) on
ice. Protein samples were analyzed using SDS—-PAGE. For the
combined degradation assays of PIP2;1/2;2, different A. tume-
faciens cultures harboring UBC32 (or Rmal) were mixed
with equal volumes of A. tumefaciens harboring PIP2;1/2;2,
and co-expressed in N. benthamiana. Three days later, total
proteins were extracted and detected using the correspond-
ing antibodies.

Plant microsomal preparation

Microsomes were extracted from plants using a Minute
Plant Microsomal Membrane Extraction Kit (Invent Biotech,
catalog MM-018). Buffers and the filter cartridge in a collec-
tion tube were pre-chilled on ice. A total of 200 mg freshly
ground plant tissue was placed in the filter with 300-pL
buffer A. The extracts were centrifuged at 14,000g at 4°C for
20 min. The supernatant was completely removed, and the
pellet was resuspended in 300-uL buffer B, followed by cen-
trifugation at 11,000g for 10 min at 4°C. The supernatants
were transferred to T mL 1x PBS and centrifuged at 14,000g
for 30 min at 4°C. The pellet (microsomal fraction) was dis-
solved in 50-200 pL detergent-containing buffer.

In vitro ubiquitination assay

For the in vitro ubiquitination assay, His-AtE1 (50 ng), His-ub
(UBQ14; 2 pg), GST-UBC32 (500 ng), GST-UBC32-C93S (500
ng), and MBP-Rma1 (1 pg) purified from E. coli (BL21) and
microsomal extracts from seedlings were used. Reactions
were performed at 30°C for 90 min and were 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). Samples were
detected using anti-ub and anti-MBP antibodies.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0
and one-way analysis of variance (ANOVA). The ANOVA ta-
ble is shown in Supplemental File S1. In the statistical analy-
sis of the survival rate under drought stress, values represent
the mean = sp of five biological replicates from at least two
independent experiments. In one independent experiment,
three or four pots (16 seedlings per pot) were treated with
drought stress. * represents P < 0.05 and ** represents
P < 0.01. In the statistical analysis of the ABA-related stoma-
tal closure assay, stomatal aperture was measured using
Image). Two or three independent experiments were per-
formed, and 30 stomata were measured in one experiment.

Accession numbers
Sequence information from this study can be found in the
GenBank/EMBL databases under the following accession
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numbers: UBC32 (At3g17000), Rmal (At4g03510), PIP2;1
(At3g53420), PIP2;2 (At2g37170), ABF3 (At4g34000), ABF4
(At3g19290), RD22 (At5g25610), RD29A (At5g52310), RD29B
(At5g52300), ACTIN7 (At5g09810).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. PIP2;2 is associated with UBC32
in vivo and in vitro.

Supplemental Figure S2. The C-terminus of UBC32 con-
taining the transmembrane domain is required for its inter-
action with PIP2;1.

Supplemental Figure S3. UBC32 plays a positive role in
drought tolerance and the ABA response.

Supplemental Figure S4. GFP-PIP2;1/2;2 protein levels in
35S:PIP2;1/2;2 transgenic plants.

Supplemental Figure S5. PIP2;2 is a negative regulator of
ABA-related drought tolerance.

Supplemental Figure S6. PIP2;1
downstream of UBC32.

Supplemental Figure S7. The E2 activity of UBC32 is
important for the E3 ligase activity of Rma1.

Supplemental Figure $8. Rma1l functions with UBC32 to
regulate PIP2;2.

Supplemental Figure S9. 35S:PIP2;1 K¥R/pjp2;p K274k
transgenic plants show enhanced drought sensitivity
compared to PIP2;1/PIP2;2 transgenic plants.

Supplemental Figure S$10. The phosphorylated form of
PIP2;1 increases its binding to UBC32.

Supplemental Figure S11. The phosphorylated form of
PIP2;1 increases drought tolerance.

Supplemental Figure S12. UBC32 enhances drought
tolerance in rice.

Supplemental Table S1. Primers used in this study.

Supplemental Data Set S1. IP-MS identification of
proteins associated with UBC32.

Supplemental File S1. ANOVA and t test tables.
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