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Abstract

Abscisic acid (ABA) transport plays an importankeran systemic plant responses to environmentabfacin this study,
we showed that C-terminally encoded peptide recepto(CEPR2) directly interacts with the ABA transigo
NRT1.2/NPF4.6. Using transgenic seedlings, we destnated that NRT1.2/NPF4.6 positively regulatedABA response,
and that NRT1.2/NPF4.6 was epistatically and neghti regulated by CEPR2. Under normal conditiong§P&2
phosphorylated NRT1.2/NPF4.6 at serine 292 to ptemds degradation. However, ABA treatment and
non-phosphorylation at serine 292 prevented detjmdaf NRT1.2/NPF4.6, indicating that ABA inhibiphosphorylation
of this residue. Transport assays in yeastXambpus oocytes revealed that non-phosphorylated NRT1.EMNEhad high
levels of ABA import activity, whereas phosphorgdtNRT1.2/NPF4.6 did not import ABA. Analyses ohgaemented
nrt1.2 mutants that mimicked non-phosphorylated and phaspated NRT1.2/NPF4.6 confirmed that non-phospladed
NRT1.2%?* had high stability and ABA import activitin planta. Additional experiments showed that NRT1.2/NPF4.6
was degraded via the 26S proteasome and vacudigadition pathways. UBC32, UBC33, and UBC34 intexdhavith
NRT1.2/NPF4.6 in the endoplasmic reticulum and mmedi its ubiquitination. NRT1.2/NPF4.6 is epistallic and
negatively regulated by UBC32, UBC33, and UBGB4lanta. Taken together, these results suggested thataidity
and ABA import activity of NRT1.2/NPF4.6 are preglisregulated by its phosphorylation and degradaitioresponse to
environmental stress.

Keywords

CEPR2; NRT1.2/NPF4.6; phosphorylation; UBC32, UBCa3 UBC34; degradation; import activity

Introduction

Plants must continuously adapt to adverse enviratmheonditions, including temperature, salinitydadrought (Li et
al., 2019; Soma et al., 2017; Teardo et al., 2Xi9gt al., 2018; Yang et al., 2019; Zhang et d018. Upon sensing
environmental stressors, plants stop growing aigger protective responses (Wang et al., 2018; tval.e 2020). Once
environmental stress subsides, plants quickly dedetthese protective responses and reinitiatestyrf/Vang et al., 2018).
Thus, rapid responses to adverse conditions dieatrior plant growth and survival, but the mecisams underlying these

responses are not fully understood.

Abscisic acid (ABA), a stress hormone, plays caitioles in the regulation of both plant growth andltiple stress
responses (Cutler et al., 2010; Raghavendra e2@l0). In response to environmental stress, ABéuaulates rapidly
and is transported from the site of synthesis ¢osite of action, where it is recognized by ABAeptrs of the pyrabactin
resistance 1 family (PYR1); these proteins are atferred to as PYR1-like (PYL) (Boursiac et alQ13). ABA is

predominantly produced in vascular tissues in respdo drought stress (Boursiac et al., 2013). &fbez, ABA signaling
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in plants relies on the export of ABA from the sethat synthesize it as well as the import of ABXoitarget cells
(Kuromori et al., 2018). Several ABA transportees/é been identified, including twarabidopsis AT-binding cassette
(ABC) transporters, ABCG25 and ABCG40 (Kang et 2015; Kuromori et al., 2010). Loss-of-functiondies revealed
that both proteins are associated with ABA sengjtiand stomatal closure (Kang et al., 2015; Kuranab al., 2010).
Additional biochemical characterization studiesngsiheterologous expression systems have shown AB&G25,
ABCG30, ABCG31, and ABCG40 exhibit ABA export orport activity. AtDTX50, a member of the multidrugdatoxin
efflux (MATE) transporter family (Zakrzewska et,a2019), has also been identified as an ABA expdZbang et al.,
2014). Finally, functional screening in a yeasttsys identified NPF4.6, adrabidopsis NITRATE TRANSPORTER
1/PEPTIDE TRANSPORTER FAMILY (NPF) member, that rnaes the cellular uptake of ABA; the protein was
subsequently renamed AIT1 (Kanno et al., 2012; hexal., 2020). Because NPF4.6 was previouslytifileth as the
low-affinity nitrate transporter NRT1.2/NPF4.6 (Hhgpet al., 1999), we use that designation herelre echanisms
underlying ABA transporter function, particularlyitiv respect to posttranslational regulation, hawe bbeen extensively

explored.

Previously, we reported that CEPR2, a typical leegich repeat receptor-like kinase (LRR-RLK), coig the ABA
response irabidopsis by regulating the phosphorylation and degradatiibABA-receptor PYLs (Yu et al., 2019). These
findings demonstrated, for the first time, thatl@asma-membrane-localized LRR-RLK regulates ABA ptoes. However,
a thorough understanding of the mechanisms underlfie CEPR2-mediated ABA response is lacking. EHent this
study, we sought to determine whether CEPR2 regmlABA transporters. We found that the CEPR2-mediad&BA
response is activated by ABA-mediated inhibitionNRRT1.2/NPF4.6 phosphorylation at serine 292 erThus, we
identified a novel target of CEPR2 and elucidatesl regulatory mechanisms underlying ABA transpoativity and the
stability of NRT1.2/NPF4.6.

Results
Theloop region of NRT1.2/NPF4.6 interactswith the kinase domain of CEPR2

To identify new targets of CEPR2 in response to AB& compared the phosphoproteomes (Supplemenitguryl &)
of wild-type (WT) Arabidopsis seedlings to those cZEPR2-OE-9 seedlings;CEPR2-OE-9 is a previously developed
Arabidopsis line that overexpress&EPR2 (Yu et al., 2019). Between the two genotypes, deniified 169 differentially
regulated phosphopeptides P0.05 and fold-change 1.20 or< 0.8); 97 peptides belonging to 78 proteins were
upregulated, and 72 peptides belonging to 68 preteiere downregulated (Supplementary Excel 1). demtify the
directly phosphorylated target proteins of CEPR2, investigated whether the 78 proteins whose plargfatiion was

upregulated (Supplementary Table 1) interacted WBtBPR2. To this end, we performed yeast two-hyl{N@H)

3
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experiments with the mating-based split ubiquitistem (MbSUS) (Supplementary Fig. 1). Ten of thetgins interacted
with CEPR2. Of those, NRT1.2/NPF4.6 (protein numd&r was previously identified as the ABA imporfdif 1 (Huang

et al., 1999; Kanno et al., 2012). Therefore, wecded NRT1.2/NPF4.6 for further analysis.

To confirm the interaction between NRT1.2/NPF4.@6l &EPR2, we performed firefly luciferase compleraéinoh
imaging (LCI) assays ificotiana benthamiana leaves. The results were consistent with the Mb&$slts showing that
NRT1.2/NPF4.6 interacted with CEPR2 (Fig. 1A). Nexte transiently co-expressed split YFP combination
(CEPR2-YFP and NRT1.2-YFP) in N. benthamiana leaves. Bimolecular fluorescence complementatRifG) assays,
in conjunction with N-(3-triethylammomiumpropyl) (f-diethylaminophenylhexatrienyl) (FM4-64) stainjrghowed that
NRT1.2/NPF4.6 and CEPR?2 interacted at the plasnmabrane (Fig. 1B). Differential phosphoproteome wsialrevealed
that the phosphorylation sites of NRT1.2/NPF4.6ewveerine residues 277 and 292 tSeand Ser™) (Supplementary
Excel 1). These two sites are located in the cyims$oop region of NRT1.2/NPF4.6 between of theti@nsmembrane
regions (Fig. 1C). To further examine the intettbetween NRT1.2/NPF4.6 and CEPR2, we performeddpuwn
assays using the cytosolic loop region of NRT1.HHB (NRT1.2°) and a series of CEPR2 deletion constructs
developed previously (Yu et al., 2019). The resirtiicated that the NRT1°® interacted with the kinase domain of
CEPR2 (CEPR?) (Fig. 1D). Next, we expressed NRT1°2GST and CEPR®-His in Escherichia coli and purified the
recombinant proteins. Pull-down assays confirmed MRT1.2° interacted with CEPR® (Fig. 1E). The expression
levels of genes encoding ABA transporters did riffedsignificantly amongCEPR2-OE-9, WT, andcepr2-1 seedlings
grown on 1/2 MS with or without 1M ABA (cepr2-1 seedlings were developed previously in (Yu et 2019);
Supplementary Fig. 2). Of the proteins encodedhegé genes, only NRT1.2/NPF4.6 interacted with CEHRg. 1F).
Together, these experiments demonstrated that RIELN/NPF4.6 loop region interacts with the CEPRfage domain
bothin vitro and in plant cells.

NRT1.2/NPF4.6 positively regulatesthe ABA-mediated inhibition of seed germination and primary root growth

To assess the role of NRT1.2/NPF4.6 in the ABA oesp, we used two independénabidopsis lines overexpressing
NRT1.2/NPF4.6 (NRT1.2-OE-1 and NRT1.2-OE-2) (Fig. 2A) and two T-DNA insertion mutants &NRT1.2/NPF4.6
(nrtl.2-1 and nrtl.2-2) (Fig. 2B). Reverse transcription-polymerase chesaction (RT-PCR) and western blotting
demonstrated that NRT1.2/NPF4.6 was overexpressadnsgenid\NRT1.2-OE-1 andNRT1.2-OE-2 plants. Although the
expression levels of NRT1.2/NPF4.6rrt1.2-2 seedlings were similar to those in WT seedling’;Ti.2/NPF4.6 protein
levels were substantially lower in the two mutatitan in WT seedlings (Fig. 2C). Under normal cdodi, the
NRT1.2-OE andnrtl.2 plants exhibited primary root growth and seed geation rates similar to those of WT (Fig. 2D, E

and F). However, when treated with ABA, tN&T1.2-OE plants had shorter primary roots and lower seechigation
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rates than WT plants. By contrast, ABA-treatetl.2 mutant plants developed more quickly and had lopgenary roots

(Fig. 2D-F). These results suggested that NRT1.BEAN® positively regulates the ABA response.
CEPR2 phosphorylates NRT 1.2/NPF4.6 at Ser®? playing a vital rolein maintaining NRT1.2/NPF4.6 stability

Next, to investigate the effects of CEPR2 on NRINEF4.6, we performed a genetic phenotype analysis.results
showed that theoot length and seed germination rafethe cepr2-1nrtl1.2-1 double mutant were similar to those of the
nrtl.2-1 single mutant, but greater than those ofdl® 2-1 mutant (Fig. 2D-F). This genetic evidence, in cmefion with
the observation that CEPR2 and NRT1.2/NPF4.6 ioteda suggested that negatively regulates NRT1.2ANE possibly
by influencing its stability or import activity. Ttest this possibility, we performed cell-free dmtption assays using
NRT1.2°°-GST with protein extracts fro8EPR2-OE-9, WT, andcepr2-1 seedlings. Under normal conditions, 53%, 68%,
and 12% of the NRT1'9P-GST remained after a 60-min incubation with proteixtracts from WT cepr2-1, and
CEPR2-OE-9 seedlings, respectively (Fig. 3A, B), indicatirtat CEPR2 promotes the degradation of NRT1.2/NPF4.6
under normal conditions. By contrast, in the presenf ABA, 63%, 80%, and 48% of the NRT1°2GST remained after
a 60 min incubation with protein extracts from WGepr2-1, and CEPR2-OE-9 seedlings, respectively (Fig. 3A, B),

indicating that ABA prevents the CEPR2-mediatedrdegtion of NRT1.2°-GST.

Phosphorylation regulates protein stability, prot@ttivity, interaction, and subcellular localizati(Chen et al., 2018).
Hence, we hypothesized that the effects of CEPRRRN1.2/NPF4.6 stability might be regulated by g®sphorylation
states of Séf’ or Sef*? To test this idea, we generated variants of NR/NIPF4.6 in which Séf'or Sef*” were mutated
to similarly sized amino acids: neutral alanine,(#hich is non-phosphorylatable, and negativelyrgbd aspartate (D),
which mimics a constitutively phosphorylated st&@eth single and double mutants were constructe@T N2°°PS2774
NRT1,200PS292A \RT1,0PS277D NRT1.200PS292D NRT 1. POPS2T7AS292A gnd NRT1.20PS277PS292D(gypplementary Fig. 3,
4A). The mutations at S8f or Sef®? did not affect the interaction between NRT1.2/NBF&hd CEPR2. Next, we purified
CEPR2-GFP fusion proteins from transgenic seedlioggined previously (Yu et al., 2019). NRTY?R proteins
codon-optimized forE. coli were used to perfornin vitro kinase assays. When CEPR2-GFP was incubated with
NRT1.2°P-GST in kinase buffer, phosphorylation of NRT®2GST increased (Fig. 3C). As expected, treatmetit valf
intestinal alkaline phosphatase (CIAP) decreasedptiosphorylation of NRT1%"-GST. Together, these observations

suggested that NRT1°2-GST is phosphorylated by CEPR2.

We then incubated CEPR2-GFP with NRT1.2/NPF4.6 tadtat Se7’ and/or SEF Subsequerin vitro kinase assays
revealed that after 2 h, the phosphorylation |@feMRT1.2°°S?’"AGST was similar to that of NRT1°2-GST. However,
no phosphorylation was detected in NRTEP#*°AGST (Fig. 3C, D). These data indicated that%ebut not Se¥”, is the

target of phosphorylation by CEPR2.
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Next, we compared the degradation of NRF*%°*Ato that of NRT1.9°". Degradation of NRT1!¥PS2%%A was
significantly reduced relative to NRT?, irrespective of ABA treatment (Fig. 3E, F). Spemfly, the level of
NRT1.2°°P5292Ain the absence of ABA was similar to the leveNs2T1.2°°" in the presence of ABA. These observations

suggested that S&f plays a vital role in the phosphorylation-deperndtsgradation of NRT1.2/NPF4.6.
NRT1.2/NPF4.6 phosphorylation eliminates NRT 1.2/NPF4.6-mediated ABA import

We further investigated the effect of NRT1.2/NPFadh-phosphorylation on ABA import activity. Usiray Y2H
method described previously (Kanno et al., 2012gsy cells were co-transformed with AD-ABI1 (ABlaséd to the
GAL4 activation domain) and BD-PYR1 (PYR1 fusedthe GAL4 DNA-binding domain). These co-transfornells
were further transformed by pYES2 containing NRTdr2series of NRT1.2 mutant at $éror Sef’’ Relative to
pYES2-transformed yeast cells, pYES2-NRT1.2-tramséxl yeast cells grew better in the presence ofML ABA
(Supplementary Fig. 4B). However, no obvious grodiffierences were observed between pYES2 and pYHSP1.2
yeast cells in the presence of 4 uM ABA, indicatihgt it was necessary to determine the optimal ABAcentration for

subsequent experiments.

None of the transformed yeast cells grew in -WLUAtédia. However, in the presence of 1 pM ABA, yezsls
transformed with non-phosphomimic forms of NRT1RR4.6, such as pYES2-NRT¥%” pYES2-NRT1.5%°* and
PYES2-NRT1.527745292% or with the Séf’ phosphomimic form (pYES2-NRTLZD, had high growth rates similar to
those of yeast cells transformed with pYES2-NRTBy2contrast, yeast cells transformed with*&gshosphomimic forms
(PYES2-NRT1.2?°P and pYES2-NRT1.Z'"P5°?§ had low growth rates similar to that of pYES2-NRI+CEPR2 (Fig.
4A, Supplementary Fig. 4C). These results suggetstad NRT1.2/NPF4.6 not phosphorylated at?BeiNRT1.22°%)
exhibits ABA import activity in yeast cells, andathCEPR2 inhibits the ABA-import activity of NRTINPF4.6, possibly
via phosphorylation at S&f.

We then compared ABA import activity denopus oocytes by measuring ABA contedenopus oocytes expressing
NRT1.2 and NRT1.Z° had similar levels of ABA, which were significanthigher than those of negative control
Xenopus oocytes injected with water (Fig. 4B). The levefsABA in Xenopus oocytes expressing NRT£2° CEPR2,
NRT1.2%?%CEPR2 or CEPR2+NRT1.2 did not differ significantiyom those in the negative control (Fig. 4B,
Supplementary Fig. 4D). At the same time, the kevafl ABA in Xenopus oocytes expressing AIT3, another ABA
transporter characterized by Kanno et al. (2012 also higher from those in the negative conBolpplementary Fig.
4D). These results provided further confirmatioattNRT1.22°%4 but not NRT1.%°?® imported ABA, and that CEPR2

mediated the phosphorylation of NRT1.2/NPF4.6 at®$im Xenopus oocytes.
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NRT1.2, NRT1.9%?A and NRT1.5%?° were separately introduced intwtl.2-1 mutants to obtain complemented
plants (designateNRT1.2-COMs, NRT1.2%°*.COMs andNRT1.2%°*°-COMs, respectively). The genotypes of these plants
were verified by RT-PCR (Supplementary Fig. 5A).the absence of ABA, the growth rates and phenstygfeall
transgenic plants, irrespective of genotype, wanda to those of WT (Fig. 4C). When exposed toA\Rhe root growth
of NRT1.2-COM plants was similar to that of WT, i.e., both tHghhroot growth of thenrtl.2-1 plants and the low root
growth of NRT1.2-OE-1 plants were rescued. The root growth NIRT1.2¥°2.COM plants was similar to that of
NRT1.2-OE-1 plants, whereas the root growth MRT1.2%%°.COM plants was similar to that oftl.2-1 plants (Fig. 4C
and D). NRT1.2/NPF4.6 protein levels in tKBT1.2%°-.COM plants were higher than those in WT and similahtse in
NRT1.2-COM plants, i.e., NRT1.2/NPF4.6 protein levelsNRT1.2%°*.COM andNRT1.2-COM plants were higher than
those in WT. By contrast, NRT1.2/NPF4.6 proteinelevin NRT1.52°?2COM plants were similar to those imt1.2-1
plants (Fig. 4E). Furthermore, ABA levelsNRT1.2%°**.COM andNRT1.2-OE-1 plants were higher than those in the WT,
whereas ABA levels in thBIRT1.2%%°.COM plants and thert1.2-1 plants were lower than those in WT (Fig. 5F). Enes

results indicated that NRT£2**is stable and effectively imports ABA planta.
UBC32, UBC33, and UBC34 mediate the degradation of NRT1.2/NPF4.6

To further investigate the NRT1.2/NPF4.6 degradatipathway, we treated protein extracts from 7-daly-o
CEPR2-OE-9 seedlings with 5uM MG132 (an inhibitor of the 26S proteasome degtiadgpathway), 5uM E64d (an
inhibitor of the vacuolar degradation pathway)both compounds prior to incubation with purified NR2°°P-GST. After
incubation, NRT1.2/NPF4.6 degradation was signifigainhibited by MG132 or E64d, but not by dimelthsulfoxide
(DMSO, the vehicle control; Fig. 5A). For exampédter a 2-h incubation of NRT1°P-GST with protein extracts from
7-day-old CEPR2-OE-9 seedlings treated with DMSO, 11% of the NRTa5ST remained; by contrast, after a 2-h
incubation of NRT1.2°°-GST with protein extracts from 7-day-oBEPR2-OE-9 seedlings treated with MG132, E64d, or
both, 58%, 80%, and 99%, respectively, of the NR®-GST remained (Fig. 5B). These observations sugdettat
NRT1.2/NPF4.6 degradation is mediated by both 168 RBroteasome and vacuolar degradation pathwayaddition,
despite of the presence of ABA or MG132 and E64RTIN2-GFP was observed on both plasma membrane @nii)
endoplasmic reticulum (ER), NRTF2?~GFP was observed on the PM, whereas NRFT*2GFP and NRT1.Z%2.GFP
was observed on PM or ER membrane only under ogesexe conditions (Supplementary Figure 6), indhicathat the

phosphorylation of NRT1.2 changed its localizafimm PM to ER membrane to degradation.

To identify the components that mediate the dediadaof NRT1.2/NPF4.6, we searched the BioGRID vgite
(https://thebiogrid.org/) and found UBIQUITIN-CONBATING ENZYME 34 (UBC34) among the interacting peints
(Xu et al., 2020). UBC34, which is an E2 ligasehwibiquitination activity, is highly similar to UBX2 and UBC33 (Cui et

7
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al., 2012a; Cui et al., 2012b). NRT1.2/NPF4.6 iatted with UBC32, UBC33, and UBC34 in yeast (Fig).5Pull-down
assays using NRT1.2/NPF4.6 and UBC mutants lackivg transmembrane region (Supplementary Fig. 7hédur
confirmed the interactions between NRT®Rand each of the three UBCs (Fig. 5D). Moreover-@iassays, in
conjunction with ER-tracker in the presence of M@Hhd E64d, showed that NRT1.2/NPF4.6 and UBC32288 and

UBC34 interacted on the ER (Fig. 5E).

Next, we investigated the UBC-mediated ubiquitioatof NRT1.2/NPF4.6 in greater detdih vitro ubiquitination
analysis indicated that UBC32, UBC33, and UBC34-geiquitinated (Fig. 5F), confirming that these OB possess
ubiquitination activity. However, when point-mutdtéorms of UBC32 (C93S), UBC33 (C87S), or UBC34 [SB were
used, neither ubiquitin nor ubiquitination wereet#ed (Fig. 5F), suggesting that Cys93 (in UBC3®) &ys87 (in UBC33
and UBC34) play important roles in ubiquitinatiohlext, we investigated the UBC-dependent ubiquitimatof
NRTL1.2/NPF4.6 using a serm-vitro assay in which protein extracts from a triple mutaf UBC32, UBC33, and UBC34
(ubc323334) overexpressing NRT1.2/NPF4.6 were incubated withrified UBC32™-His, UBC33™-His, or
UBC34'™.-His. Ubiquitinated NRT1.2/NPF4.6 was only detedtethe presence of UBC32, UBC33, or UBC34 (Fig),5G

suggesting that UBC32, UBC33, and UBC34 can eadhateubiquitination of NRT1.2/NPF4.6.

Finally, we generatedNRT1.2-OE-1/ubc323334 and nrtl.2ubc323334 mutant plants by overexpressing
NRT1.2/NPF4.6in ubc323334 and crossingirtl.2 with ubc323334, respectively. The genotypes of the resultant tplan
were confirmed using RT-PCR (Supplementary Fig. 6B, Genetic analysis showed that during seed getion, the
NRT1.2-OE-1/ubc323334 plants had phenotypes similar to those ofube323334 andNRT1.2-OE-1 plants All transgenic
plants were more sensitive to ABA than the WT aBy contrast, thartl.2ubc323334 mutant had a phenotype similar
to that ofnrtl.2-1 mutant and was less sensitive to ABA than the W{. (A, B). When exposed to ABA, the root lengths
of NRT1.2-OE-1/ubc323334, ubc323334, andNRT1.2-OE-1 plants were similar to each other and shorter thase of WT;
the root lengths afirt1.2ubc323334 andnrt1.2-1 mutants were also similar to each other and lottger those of WT (Fig.
6C, D). Under normal conditions, NRT1.2/NPF4.6 piotcontent was much higher ubc323334 than in WT plants.
However, in the presence of ABA, NRT1.2/NPF4.6 eirotcontent in thaibc323334 mutant was similar to that in WT
plants (Fig. 6E, F). These results indicated th&®TM.2/NPF4.6 is epistatically and negatively regpdaby UBC32,

UBC33, and UBC34 via ubiquitination modification.
Discussion

ABA transporters play critical roles in the systerABA response in plants (Kuromori et al., 2018)haugh several
ABA transporters have been identified (Huang et#99; Kang et al., 2015; Kanno et al., 2012; kuoa et al., 2010;

Zhang et al., 2014), the mechanisms that regul8& tkansporters remain largely unknown. Our idecdifion of CEPR2,
8



241 UBC32, UBC33, and UBC34 as regulators of NRT1.2/MlBFhelps to clarify the molecular mechanisms thatiulate

242  ABA import.

243 CEPR2 was originally characterized by Tabata ef28l14) as one of two receptors of C-TERMINALLY EROED
244 PEPTIDE (CEP). Although CEPR2 plays minor rolesgsponse to nitrogen starvationArabidopsis (Tabata et al., 2014),
245  we found previously that CEPR2, but not CEPR1,ratts with and phosphorylates PYL4 to promote #gredation
246 under normal conditions (Yu et al., 2019). Howe&EPR2 cannot phosphorylate PYL4 in the presen@Bdf (Yu et al.,
247 2019), indicating that CEPR2 plays a regulatorg fialthe ABA response and plant growth. In thigigtto identify new
248  targets of CEPR2 in response to ABA, we comparedptiopsphoproteomes of CEPR2-overexpressing and eadlisgs.
249 In seedlings overexpressing CEPR2, phosphorylatioMRT1.2/NPF4.6 at S292 and S277 increased (Sopieary
250 Fig.1A). The results of MbSUS, BIiFC, LCI, and pdtiwn assays revealed that the NRT1.2 loop regitmanted with the
251 CEPR2 kinase domaim vitro and in plant cells (Fig. 1). Four ABA importersI{A) have previously been identified
252 (Huang et al., 1999; Kanno et al., 2012). Howewbe MbSUS assay showed that CEPR2 interacted oitly w
253  NRT1.2/NPF4.6 (AIT1), not with the other three Aldswith ABCG transporters (Fig. 1F). Blastp anay®vealed that
254 the phosphorylation site in the loop region of NRFMPF4.6 is also present in AIT2 and AIT3, but imoAIT4 (Fig. S1B).

255  Therefore, the details of the interaction betwe®T.2/NPF4.6 and CEPR2 remain to be fully elucidate

256 The genetic analysis indicated that NRT1.2/NPF4 €pistatically and negatively regulated by CEPRB.(2D-F). In
257 most cases, protein phosphorylation rapidly anttiefitly modifies target proteins in response teiemmental stimuli
258 (Grondin et al., 2015). Under normal conditions,RE2 promoted NRT1.2/NPF4.6 degradation, which wéibited by
259  ABA (Fig. 3). Furthermore, CEPR2 phosphorylated NEPINPF4.6 at S292 but not at S277, and non-phoglatiable
260 NRT1.2%% significantly inhibited NRT1.2/NPF4.6 degradatidfig. 3). Together results indicated that CEPR2
261  phosphorylates NRT1.2/NPF4.6 at S292, thereby debrg its stability. ABA strongly inhibited NRT1NPF4.6
262  degradation (Fig. 3 and Fig. 5B). CEPR2 has singfiects on ABA receptors such as PYL4, and ABAIbith the
263  CEPR2-mediated phosphorylation of PYL4 (Yu et aD19). Therefore, ABA may also inhibit the CEPRZ2¢iméed
264 phosphorylation of NRT1.2/NPF4.6. Transporter aigtican be regulated via the phosphorylation oftgires such as
265 SOS1 (Quintero et al., 2011) and PIP2;1 (Grondialet2015). Transport activity assays in yeast deubpus oocytes
266 indicated that CEPR2-mediated phosphorylation ofMR/NPF4.6 eliminated its ABA import activity. Hewer, in the
267 presence of ABA, non-phosphorylated NRT1.2/NPF4a6 stable and retained the ability to import AB#oinells (Fig. 4).
268  The elevated concentrations of intracellular ABAreveecognized by the non-phosphorylated PYLs, exiytstimulating
269  ABA signaling. Thus, CEPR2-mediated phosphorylatafinPYLs and NRT1.2 balances the ABA response dadtp

270  growth (Fig. 7).
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Further investigation revealed that degradatiotNBfT1.2/NPF4.6 was significantly inhibited by MG13a2d E64d,
alone or in combination (Fig. 5A, B), suggestingttNRT1.2/NPF4.6 degradation is mediated by bath2®S proteasome
and vacuolar pathways. Y2H and pull-down assayswetothat UBC32, UBC33, and UBC34 interacted with
NRT1.2/NPF4.6 (Fig. 5C, D), and vitro or semiin vivo ubiquitination assays indicated that UBC32, UBC&8] UBC34
ubiquitinated themselves as well as NRT1.2/NPF#&i§.(5E, F). Genetic analyses showed that NRT1.2AN® was
epistatically and negatively regulated by UBC32,A83, and UBC34 in response to ABA (Fig. 6). Togethgese results
demonstrate that the three UBCs mediate the ubiqtibn and degradation of NRT1.2/NPF4.6. UBC3a fanctional E2
that negatively regulates salt toleranceAmabidopsis (Cui et al., 2012b). AtUBC32 is localized in thembrane of the
endoplasmic reticulum (ER), where it participatesER-associated degradation (ERAD) (Cui et al.,2201The ERAD
process consists of substrate recognition, targetietrotranslocation, polyubiquitination, and detation by the 26S
proteasome (Cui et al., 2012a). UBC32, UBC33, aBL84 are closely related proteins (Cui et al., 2)12BC34 from
Populus tomentosa (PtoUBC34) also localizes in the ER membrane, wliemteracts with the transcriptional repressors
PtoMYB221 and PtoMYB156 (Zheng et al., 2019). Thpecific interaction allows translocation of PtoM¥®BL and
PtoMYB156 to the ER, thereby decreasing their sepgion of genes involved in lignin biosynthesisdid et al., 2019).
The translocation of PtoMYB221 and PtoMYB156 to Efe by ER-localized UBC34 suggests that the twagine might
be degraded via the ERAD pathway. Furthermore, ATB8 triggers the turnover of SUCROSE TRANSPORTER 2
(SUCZ2) in response to light and ubiquitinated SURgitro (Xu et al., 2020). Recently, VPS23a, an E2-liketgin, was
identified as a key component of the endosomalrgpdomplex required for transport (ESCRTSs) mactyineand shown
to promote the vacuolar degradation of PYL4 (Dohgle 2020; Yu et al., 2016). The localizationMiRT1.2-GFP was
observed on both PM and ER membrane despite girdsence of ABA or MG132 and E64d, despite of ttesgnce of
ABA or MG132 and E64d, that of NRTEZ**GFP was observed on the PM, whereas NRF¥2GFP and
NRT1.Z%2.GFP was observed on PM or ER membrane only undemegposure conditions (Supplementary Figure 6),
indicating that the phosphorylation of NRT1.2 chaghgts localization from PM to ER membrane to ddgtmn. BiFC
assays, in conjunction with ER-tracker in the pneseof MG132 and E64d, showed that NRT1.2/NPF4db WBC32,
UBC33, and UBC34 interacted on the ER membrane. (Blg). These data suggested that NRT1.2/NPF4.6 was
ubiquitinated by UBC32, UBC33, and UBC34 on the Elembrane, and then degraded via the 26S proteaaathe

vacuolar degradation pathways.

Nonetheless, almost half of NRT1.2/NPF4.6 was dgptan thecepr2-1 mutant (Fig. 3A, B), and CEPR2 did not
phosphorylate S&f in NRT1.2/NPF4.6 (Fig. 3C, D). In addition, phospylation of NRT1.2/NPF4.6 at S&f might not
affect its ABA import activity, as indicated by AB#ansport assays in yeast cells (Fig. 4A). Finddgsed on the protein

levels, NRT1.2/NPF4.6 degradation also occurrethénWT andubc323334 plants under normal conditions (Fig. 6E, F).
10
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These data suggested that other components migliatmehe phosphorylation and degradation of NR/INPZ4.6 under
normal conditions, and that NRT1.2/NPF4.6 mightehfunctions beyond ABA import. To fully characterithe regulation
of NRT1.2/NPF4.6 phosphorylation, degradation, umttion, other proteins that interact with NRTNRF4.6 must be

identified and characterized.

In summary, our results show that the phosphopyagind ubiquitination of NRT1.2/NPF4.6, mediateddBPR2 and
UBCs, regulate ABA influx and plant growth #rabidopsis (Fig. 7). Under normal conditions, CEPR2 phosplateg
NRT1.2/NPF4.6 and PYLs at the plasma membrane.phlosphorylated proteins are then translocatedddE®R, where
they are ubiquitinated by UBC32, UBC33, and UBCRihally, ubiquitinated NRT1.2/NPF4.6 and PYLs asghded by
the 26S proteasome and vacuolar degradation pathvalpwing seed germination and primary root gtowtowever,
when excess ABA is present, the phosphorylatioNBIT1.2/NPF4.6 and PYLs by CEPR2 is inhibited, riisglin
stabilization of NRT1.2/NPF4.6 and PYL and maintezeof their activities. Thus, NRT1.2/NPF4.6 imgoMBA into the
cell, where PYLs bind ABA to transduce the ABA safinThe resultant ABA response inhibits seed geation and

primary root growth.
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Materials and M ethods

Plant materialsand growth conditions

Arabidopsis thaliana (L.) Heynh. cv. ‘Columbia-0’ was used as the WTeli The T-DNA insertion lines,
SALK 072696 (rtl.2-1) and SALK 011182 rtl.2-2), both in the Col-0 background, were obtained frone
Arabidopsis Biological Resource Center (http://www.arabidomsig). The cepr2-1 T-DNA insertion mutant and the
CEPR2-overexpressing linBEPR2-OE-9 were characterized previously (Yu et al.,, 201%e homozygous single and
double mutants cgpr2-1, nrtl.2-1, and cepr2-1nrtl.2-1) were verified using RT-PCR with the primers listéd
Supplementary Table 2. The complemenigd.2-1 seedlings with point mutations at $8to alanine or to aspartate were
designatedNRT1.2%%A.COM andNRT1.2%*P-COM, respectivelyNRT1.2/NPF4.6-OE, NRT1.2-COM, NRT1.2%%A.COM,
andNRT1.2%°®°.COM seedlings were selected on 1/2 Murashige and SR8y medium (1.5% sucrose and 0.85% agar)
supplemented with 50 mg/L kanamycMRT1.2/NPF4.6 expression levels in transgenic seedlings werdirooad with
RT-PCR using the primers listed in Supplementargld?. All selectedArabidopsis plants were grown in a greenhouse

under a 16 h light/8 h dark cycle at 23°C withgtiintensity of 9600 LUX.
Phosphopr oteome analysis

Protein extraction and phosphoproteome analysi® wwerformed as previously described (Pi et al.,620Total
proteins were extracted fro@EPR2-OE-9 and WT seedlings grown in 1/2 MS for 7 d using Ti@A/acetone method
(Wisniewski et al., 2009). Phosphoproteome analysis performed using CapitalBio technology (Beiji@nina). Mass
spectrometry data were deposited in the Proteomen@gh Consortium via the PRIDE partner repositoaggset identifier

PXD021458; http://www.ebi.ac.uk/pride).
MbSUS, BiFC, and L Cl assays

The MbSUS assay was performed as described préyi¢0brdlik et al., 2004); detailed descriptions afsociated
experimental principles and methods are given ireYal. (Yu et al., 2019). In brief, for Nub fus®lPCR products were
cloned and transformed with pNXgate, cleaved VitoRI and Smal, and transformed into the yeast strain THY.APS5.
Strains were selected on synthetic dropout (SD)imnedacking tryptophan (W) and uracil (U). For Clusions, PCR
products were cloned and transformed with pMetY€gateaved withPstl/Hindlll, and transformed (along with PCR
products) into the yeast strain THY.AP4. Transfonteavere further selected on SD medium lackingiteu¢l). Clones
from each transformant were incubated on SD mexdtisirhg leucine, tryptophan, and uracil (SD-Trp/-I-&ua; SD-WLU)

at 30°C for 3 days. To detect protein interactiaredpnies were spotted onto control media (SD-WLA&H,well as onto
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selection media lacking leucine, tryptophan, uraadenine, and histidine (SD-Trp/-Leu/-Ura/-AdeSHED-WLUAH).

Colony growth was monitored for 3-6 days.

Luciferase complementary imaging (LCI) assays vpedormed as previously described (Chen et al.828@ et al.,
2018). In brief, the full-length CDS oEEPR2 was cloned into vector pCAMBIA1300-nLUC (nLUC) generate the
CEPR2-nLUC construct, and the full-length CDINBT1.2/NPF4.6 was cloned into vector pPCAMBIA1300-cLUC (cLUC)
to generate the NRT1.2-cLUC construct. Next, 1 nfLAgrobacterium tumefaciens cells harboring CEPR2-nLUC,
NRT1.2-cLUC, or nLUC were mixed to obtain the folimg combinations, each with a final optical deypst 600 nm
(ODgpp) of 1.0: CEPR2-nLUC+cLUC, NRT1.2-cLUC+nLUC, and BR2-nLUC+NRT1.2-cLUC. Each of these
combinations ofA. tumefaciens cells were separately infiltrated inkd benthamiana leaves N. benthamiana plants were
grown at 26°C for 60 h. Five minutes before detettD.2 mM luciferin (Promega, Madison, WI, USA) sssprayed on
the treated leaves, and luciferase activity wassomea using a cooled charge-coupled device (Luriisgstem, Perkin

Elmer, Waltham, MA, USA).

BiFC assays were performed as described previggaadt and Kudla, 2008). In brief, the full-len@bS of CEPR2
(without the stop codon) was cloned into vector PSE-35S to generate the CEPR2-Y¥€bnstruct, and the full-length
CDS of NRT1.2/NPF4.6 (without the stop codon) was cloned into vectoPWSE-35S to obtain the NRT1.2-YEP
constructA .tumefaciens cells harboring CEPR2-YPPand NRT1.2-YFP were mixed with 10 mL of MMA medium (10
mM MgCl,, 50 mM MES, and 20 pM acetosyringone, pH 5.6)iétdya final Oy, of 1.0. The cell mixtures were injected
into N. benthamiana leaves by gently pressing a disposable syring¢héoabaxial surface of a fully-expanded leaf
(approximate width: 3 cm at the midpoint). Planerevgrown at 26°C for 36-60 h, and then YFP sigimathe leaves were
detected at 488 nm using an LSM51 Confocal Lasan§iog Microscope (Zeiss, Germany). The amphiplsiticyl dye

FM4-64 [N-(3-triethylammomiumpropyl) 4-(p-diethylanophenylhexatrienyl)] was used as a plasma menabmzarker.
Pull-down assay

To characterize interactions among CEPR2, UBCs,NR@1.2/NPF4.6, the CDS encoding the cytosol loegian
(232-346 aa) of NRT1.2/NPFL® was fused with GST in vector pGEX-4T-1 to gene@BEX-4T-1-GST-NRT1.2°°
(NRT1.2°°° -GST); the full-length CDSs of the UBCs (withohettransmembrane domains) were fused with theadjisnt
vector pET30a-His to generate pET30a-His-UBEY2His, pET30a-His-UBC3%M-His, and pET30a-His-UBC34"-His;
and the kinase domain (642-977 aa) of CEPR2 wasedfusith His tag in the pET30a-His vector to gererat
pET30a-His-CEPR?-His (CEPRZP-His). The resultant NRT1°*-GST and CEPR®-His constructs were transformed
into competenk. coli Rosetta cells. The transformed cells were cultimesl00 mL Luria-Bertani medium at 37°C to an

ODggg of 1.0. Protein expression was then induced wighrAM isopropylp-D-thiogalactoside (IPTG) for 12 h at 16°C.
13
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Next, E. coli cells were obtained by centrifugation at 6000 rpm for i at 4°C. The pellet was resuspended in 5 mL
ddH,0. Lysates were obtained by ultrasonication (JY9Zkientz Biotechnology Co., Ltd, Ningbo, Chinajttwthe
following parameters: operating power, 300 w; wogktime, 10 s; interval time, 5 s; and cycles, [3Gates were clarified
by centrifugation at 8000 rpm for 10 min at 4°C.eTBEPRSP-His protein was purified using the His-Tagged Pirt
Purification Kit (CWBIO, Beijing, China), and NRTA°-GST was purified using Pierce Glutathione SpinuGuis
(Thermo Fisher Scientific, Waltham, MA, USA). Iretpull-down assay, 50 pg NRTE2-GST and 50 ug CEPKR2-His
were incubated in 1 mL of binding buffer (50 mM &#HCl, 150 mM NacCl, pH 8.0) at 4°C for 2 h with stant slight
shaking. After incubation, GST proteins were pedfiwith Pierce Glutathione Spin Columns, eluted] analyzed using

anti-His antibodies (CWBIO, Beijing, China). Thamers used in this experiment are listed in Supplaary Table 2.
RNA extraction, RT-PCR, and quantitative RT-PCR (qRT-PCR)

Total RNAs from 7-day-old seedlings grown on 1/2 M&h or without 1uM ABA were extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA) or Universal Pldmttal RNA Extraction Kits (Spin-column)-1 (BioTekBgijing, China).
The cDNA used for gRT-PCR was synthesized usingn@&3icript reverse transcriptase with oligo dT primed Prime
Script RT Enzyme MIX | (Accurate Biotechnology (ham) Co.,Ltd). qRT -PCRs were performed using therd@
Universal SYBR qPCR Master Mix (Vazyme, Biotech Qdd) on a CFX96 instrument (Bio-Rad, Hercules,,QJSA).
UBC21 and UBQ10 were used as internal controls for gqRT-PCR. Th&laDused for RT-PCR was synthesized using
PrimeScript First-Strand cDNA Synthesis Kit (Takaf@saka, Japan). RT-PCR cycling conditions werefollsws:
denaturation at 94°C for 5 min, followed by 23-3#&les of amplification, and final elongation at Z2for 5 min.EF-1a

was used as the internal control for RT-PCR. Tlmgns used are listed in Supplementary Table 2.
Germination and root length measurements

Plants with different genotypes were grown underghme conditions in the greenhouse, and all seedsharvested
simultaneously. Germination assays were perfornsegraviously described (Chen et al., 2014). Infptlee seeds were
surface-sterilized and incubated in the dark at Y@ days on 1/2 MS medium with or withoupd ABA. Germination,
defined as the emergence of the radicle throughséesl coat, was assessed every 12 h. At the ettie chird day,
germination rates were calculated. To assess gretehlized seeds were grown vertically for 7 dapsl/2 MS medium
with or without 1uM ABA. The root lengths of at least 20 seedlings lpee (WT, mutant, and transgenic) were measured

using a ruler, and mean root length was calculfitedach line.

Céll-free degradation
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To investigate the effects of CEPR2 on NRT1.2/NBFART1.2°-GST protein levels were determined after
incubation with total protein extracts fro@EPR2-OE-9, cepr2-1, or WT seedlings grown on 1/2 MS medium with or
without 1uM ABA. Total proteins were extracted from 0.4 g gdes of 7-day-old seedlings of all genotypes u§i0gQuL
extraction buffer (5 mM DTT, 10 mM NacCl, 25 mM T4t$Cl [pH 7.5], 10 mM ATP, 4 mM PMSF, and 10 mM Mggl
The crude extracts were held on ice (4°C) for 3@ mmd centrifuged twice at 12,000 rpm for 10 mind&C. After
centrifugation, the supernatants were collectecbuAl®.5 mg of purified NRT1.2-GST was incubatedhwiibtal protein
extracts for 0, 10, 30, or 60 min at 22°C. At e#iole point, 20uL of each solution was transferred to a new cargsf
tube, combined with 5 pL of 5x loading buffer, abdiled for 5 min to terminate the reaction. Theeleof the
NRT1.2/NPF4.6 protein in each reaction was detegthinsing anti-GST antibodies. Spot densitometry performed
using ImageJ v1.36 (http://rsb.info.nih.gov/ij/)o Thvestigate the NRT1.2/NPF4.6 degradation pathwagtein extracts
with 100 uM MG132 (an inhibitor of the 26S proteamso pathway) and/or 100 uM E64d (an inhibitor of Waeuolar
degradation pathway) were incubated with purifiesdTd.2°°"-GST fusion proteins. Protein levels were deteatsitg

anti-GST antibodies (TransGen Biotech). ImageJ&Wwa&s used to quantify the intensity of each probeind.
In vitro kinase assay

To investigate possible sites at which CEPR2 phogidited NRT1.2/NPF4.6n vitro kinase assays were carried out.
The CDSs encoding the mutant loop region (aa 238)-8#NRT1.2/NPF4.6, in which S&f or Sef®? were point mutated
to alanine (A) or aspartate (D), were fused withe tiGST tag in the pGEX-4T-1 vector to generate
PGEX-4T-1-GST-NRT1.9°PS277AD (NRT1.2°9PS277AR.GST) and PGEX-4T-1-GST-NRT102S292A4D
(NRT1.2°°P$292AD.GST). Transformation, induction, and purificatiohthese fusion proteins were performed as destribe
above. CEPR2-GFP was purified using affinity chrtogeaphy.In vitro kinase assays were carried out using purified
CEPR2-GFP and NRTI°®?-GST, NRT1.82°S27"AGST, or NRT1.8°S*?AGST. Fifty micrograms of NRT1%9-GST,
NRT1.2°°PS27"AGST, or NRT1.2°5%?AGST was combined with 0.5 ug CEPR2-GFP in 50 pteattion buffer (25 mM
HEPES, pH 7.2, 1 mM DTT, 50 mM NaCl, 2 mM EGTA, 3nMgSQO,, and 50 uM ATP). The reaction mixtures were
incubated at 30°C for 0-120 min, and the reacti@s terminated by addition of 5x loading buffer. tunibated reaction
mixture (at 0 min) was used as the negative contPubteins were then fractionated by sodium dodeyfate
polyacrylamide gel electrophoresis (SDS-PAGE) amdNPhos-tag-PAGE (50 pM Phos-tag and 100 pM)IrAfter 30
min incubation at 37°C, 0.01 U/uL CIAP (Promega,didan, WI, USA) was added to the reaction buffad the mixture
was incubated for another 30 min at 37°C to remtbreephosphoryl group(s) of NRT?. To determine the effects of

ABA on the phosphorylation of NRT1.2/NPF4i6,vitro kinase assays were performed using purified CEPRis and
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NRT1.2°°-GST with or without 10 uM ABA in the presence d@f0luM MG132 or 100uM E64d. Primers used in this

experiment are listed in Supplementary Table 2.
Analysis of ABA import activity in a yeast system

The CDSs of PYR1 and ABI1 were amplified by PCR arsgtrted into plasmids pGBKT7 and pGADT7, respedtyi
The resultant plasmids were co-transformed fBdocharomyces cerevisiae Yeast Gold cells. Successfully transformed
colonies were identified on SD media lacking Lew alfrp (SD-WL). To detect ABA import activity levelpYES2
plasmids or plasmids containing the full-length CBSNRT1.2/NPF4.6, NRT1%% or NRT1.2%°°were separately
transformed into yeast cells. Successfully tramaéat colonies were identified on SD-WLU media, amehttransferred to
SD-WLUAH media in the absence or presence of 1 yBAABecause the growth of the transformed yeads$ delpended
on ABA levels, ABA import activity could be quari&tl by observing the growth of the transformedsceBrowth was
photographed after 2-3 days of culture. Yeast foangants were transferred to 5 mL of SD-WLUAH liquinedium and
incubated at 30°C for 8 h in a shaker. Absorbarice08 nm was measured using a spectrophotometerR@éneral,
Beijing, China). Twelve replicates were performed éach co-transformation, and mean values wemileadd. Primers

used in this experiment are listed in Supplementatyle 2.
Quantification of NRT1.2/NPF4.6 transporter activity in Xenopus oocytes

To further test the effects of CEPR2 phosphorytattm NRT1.2/NPF4.6-mediated ABA import, we measutteel
levels of ABA transport activity associated with RR2/NPF4.6, non-phosphomimic NRT1.2/NPF4.6 (NRY¥%), and
phosphomimic NRT1.2/NPF4.6 (NRT$2"D in Xenopus oocytes. The QuikChange Lightning site-directed agahesis
kit (Agilent Technologies, CA, USA) was used to gerte NRT1.2°**and NRT1.2%°?° which were then cloned into the
expression vector pT7TS. The pT7TS-derived plasmiele linearized byamHI, and the RNA was transcribed-vitro
using the MMESSAGE mMACHINET7 mRNA synthesis kitn@aion). Primers used in these experiments are listed in
Supplementary Table Xenopus oocytes were isolated in 25 mL of ND96 solutiomtaining 43 mg collagenase and 12.5
mg trypsin inhibitor for 1.5 h. After isolation, lt® were recovered in 25 mL of ND96 for another I24The Xenopus
oocytes were then injected with 20 ng of NRT1.2/MBENRT1.2%%4 NRT1.2%9?° AIT3, and/or CEPRZ cRNA. The
injected oocytes were incubated with the ModifieartB’s solution (MBS) (88 mM NaCl, 1 mM KCI, 0.71MnCaCl,
0.82 mM MgSQ- 7H,0, 2.4 mM NaHCGQ, 15 mM HEPES) at pH 7.4 with or without 101 ABA for 6 h, and then the
Xenopus oocytes were washed five times with MBS. ABA comsein theXenopus oocytes were measured using liquid

chromatography-tandem mass spectrometry (LC-MS/MS)

Analysis of NRT1.2/NPF4.6 transporter activity in planta
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460 To investigate the effects of NRT1.2/NPF4.6 phosplation on ABA importin planta, transgenicnrtl.2-1 mutant
461 carrying native promoter-driven normal NRT1.2/NFEEQ\RT1.2-COMs), NRT1.2/NPF4.6 not phosphorylated at Zer
462  (NRT1.2%*.COMs), and NRT1.2/NPF4.6 phosphorylated af 8&NRT1.2%°*°-COM) were generated as described above.
463  To measure ABA content, various seedlings (i.ee, NRT1.2%%*-COM-8, NRT1.2%%°.COM-2, and nrt1.2-1 mutants,
464 NRT1.2-OE-1, and WT) were grown on 1/2 MS with or withoupt¥1 ABA for 7 days. The ABA contents in the seedlings

465  were measured as previously described (Xu et@L6R
466  Ubiquitination assays

467 The constructs pET30a-His-UBC3Y-His, pET30a-His-UBC33M-His, and pET30a-His-UBC34"-His, as well as
468  the corresponding mutant fusion proteins, were @ssed and purified as described above. The thioessay reaction was
469  performed in a 6QL reaction volume containing 50 mM Tris-HCI (pH ¥.40 mM MgC}, 10 mM ATP, 100 ng UBE1
470 (Boston Biochemicals, Cambridge, MA, USA), 1fg recombinant, and 10ig pET30a-His-UBC3%3™-His,
471  pET30a-His-UBC32™-His pET30a-His-UBC3%¥™-His, or the corresponding mutant recombinant UteMfBoston
472 Biochemicals, Cambridge, MA, USA). Reactions wegkt sfter incubation for 6-24 h at 30°C and terated by addition
473 of SDS sample buffer without dithiothreitol (DTTamples were separated on 10% SDS-PAGE gels aftingoat

474  100°C for 5 min, and then visualized using westgats with anti-His and anti-Myc.

475 Total membrane proteins isolated from tNERT1.2-OE-1/ubc323334 mutant were incubated with purified UBCs.
476 Immunoprecipitation and immunoblot analyses wergopmed as described above. Monoclonal anti-NRTNPE4.6

477  antibody (Sangon Biotech China) was used to detsiquitinated proteins.
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Supplementary Figure 1. Interaction of 78 proteins with upregulated phasptation with CEPR2, as determined by
MbSUS, and comparison of the C-terminal amino aofd$RT1.2 with those of other ABA transporters.

Supplementary Figure 2. The mRNA levels of various ABA transporters@QEPR2-OE-9, wild type (WT), andcepr2-1
seedlings, with or without ABA, as determined byTqRCR.

Supplementary Figure 3. Codon-optimized sequence of the NRTPPZomain.

Supplementary Figure 4. Phosphorylation of NRT1.2/NPF4.6 does not afféstinteraction with CEPR2 and the ABA
transport activity of NRT1Z°°or NRT1.5%** and AIT3.

Supplementary Figure 5. Construction of the genetic complementatiommt.2-1.

Supplementary Figure 6. Subcellular localization of NRT1.2-GFP, NRTI*#AGFP, and NRT1Z°2.GFP under 1/2
MS, 50uM ABA or MG132+E64d inNicotiana benthamiana leaves.

Supplementary Figure 7. Gene structure of the Group XIV ubiquitin-conjuggtenzymes UBC32, UBC33, and UBC34.
Supplementary Table 1. Seventy-eight dramatically upregulated phosphaimstidentified using phosphorylation mass
spectrometry.

Supplementary Table 2. Primers used in this study.

Supplementary Excel 1. Peptides differentially phosphorylated betweeEPR2-OE-9 and WT seedlings, identified by

mass spectrometry.

21



614
615
616
617
618
619
620
621
622
623
624
625
626

627
628
629

630
631
632
633
634
635
636
637
638
639
640

641
642
643

Figurelegends

Figure 1. CEPR2 interactswith the ABA importer NRT1.2/NPF4.6.

(A) Firefly luciferase complementation imaging asshgveing the interactions between CEPR2 and NRT1.ENE A
key to the combination shown in each quadrantisigabove the image.

(B) Bimolecular fluorescence complementation (BiFQagsshowing the interaction between CEPR2 and NHNPF4.6

in Nicotiana benthamiana. FM4-64, plasma membrane dye N-(3-triethylammongitopyl)
4-(p-diethylaminophenylhexatrienyl).

(C) Protein structures of CEPR2 and NRTL1.2/NPF4.6. sphorylation sites S277 and S292, identified using
phosphorylation mass spectrometry, are labeledhenNRT1.2/NPF4.6 protein. LRR, leucine-rich repeateptor-like
domain; KD, kinase domain; loop, loop domain of NRINPF4.6; PM, plasma membrane.

(D) Mating-based split ubiquitin system (MbSUS) asshgwing the functional domains of CEPR2 that intewith the
loop region of N NRT1.2/NPF4.6 (NRT1°?, aa 232-346).

(E) Pull-down assays using purified GST, NRTEP2GST, and CEPR?-His expressed ik. coli.

(F) MbSUS assay showing the interactions between CERBR2 eight characterized ABA importers, including
NRT1.2/NPF4.6, ABA importer 2 (AlT2), AIT3, AIT4, BC transporter G25 (ABCG25), ABCG30, ABCG31, and

ABCGA40.

Figure 2. CEPR2 negatively regulates NRT 1.2/NPF4.6 to influence ABA signaling.

(A) NRT1.2/NPF4.6 transcript levels and protein levels WT and transgenicArabidopsis lines overexpressing
NRT1.2/NPF4.6, as determined by RT-PCR and wedtlarting. EF-1a was used as the internal control for RT-PCR, and
Rubisco large subunit (RbcL) was used as a loactmdrol for western blots.

(B) Schematic illustration of the T-DNA insertion sit@ thenrtl.2-1 andnrtl.2-2 mutants.

(C) NRT1.2/NPF4.6 transcript and protein levels in WT1.2-1, andnrtl.2-2 seedlings.

(D) Phenotypes of the WNRT1.2-OE, nrt1.2-1, nrt1.2-2, cepr2-1, andcepr2-1nrt1.2-1 seedlings grown for 7 days on 1/2
MS with or without 1 pM ABA.

(E) Lengths of primary roots of the seedlings showfDOh Error bars indicate SEM (N = 3). Bars labelegith different
lowercase letters are significantly different frome another (P < 0.05; one-way ANOVA).

(F) Germination rates of the seedlings shown in (DjoiEbars indicate SEM (N = 3).

Figure 3. CEPR2 reduces NRT 1.2/NPF4.6 stability depending on the phosphorylation of Serine 292 (Ser?®).
(A) Cell-free degradation of NRT1.2-GST in solubletpio extracts ofCEPR2-OE-9, WT, andcepr2-1 seedlings treated
with or without 1 pM ABA. NRT1.92°"-GST protein levels were quantified using anti-G&8ibodies (indicated by red
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arrows).

(B) Normalized plots of NRT1.2/NPF4.6 degradationedlasn band intensities shown in (A). Error barsdatt SEM (N
=3).

(C) In vitro kinase assays showing the effects of CEPR2 oipliesphorylation of the loop regions of NRT1.2/NFF4.
(NRT1.2°-GST, NRT1.2°°S292A-GST, and NRT1%9PS277A-GST). NRT1.2/NPF4.6 phosphorylation statuss wa
detected based on the Phos-tag. Calf intestinaliaék phosphatase (CIAP) was used to remove phtsginaup(s) of the
proteins.

(D) Normalized plot showing the relative contents bégphorylated and non-phosphorylated NRT1.2/NPH#a6ed on
the band intensities shown in (C). Error bars iaticSEM (N = 3). Bars labeled with different lownase letters are
significantly different from one another (P < 0.@%e-way ANOVA).

(E) Cell-free degradation assays showing the effeEt8RA on the degradation of NRT1°? and NRT1.8PS%%2An
soluble protein extracts fronCEPR2-OE-9 seedlings. NRT1'?”-GST and NRT1!2PS2AGST were quantified by
western blotting with anti-GST antibody. RbcL wa®d as the loading control.

(F) Normalized plot of NRT1.2/NPF4.6 contents basedhenband intensities shown in (E). Error barsdaté SEM (N =

3).

Figure 4. Phosphorylation of NRT1.2/NPF4.6 at serine 292 dampensitsABA import activity.

(A) Y2H assays showing ABA transporter activity of NR2/NPF4.6. pYES2-NRT1.2 represents normal NRNP#A4.6.
PYES2-NRT1.2?"A -NRT1.2%"® _.NRT1.2%°*\ _NRT1.2?°0 _NRT1.2?/7A5292% and -NRT1.2?""P5%?Prepresent
non-phosphorylated and phosphorylated NRT1.2/NPB#tained by point mutations at $érand Ser? to alanine (A)
and aspartate (D), respectively. Empty pYES2 vests used as a control.

(B) ABA import activity in Xenopus oocytes expressing NRT1.2/NPF4.6, NRT% NRT1.2%?° CEPRZ®, or
NRT1.2/NPF4.6 plus CEPK2. Xenopus oocytes injected with water were used as the negatintrol. Error bars indicate
SEM (N = 3). Statistically significant differencegere identified between pairs of measurements uSinglent'st test
(***P < 0.001; ns, not significant).

(C) Phenotypes of various seedlings grown on 1/2 M8 oM ABA for 7 d: WT,nrt1.2-1, NRT1.2/NPF4.6 complemented
(NRT1.2-COM-1), NRT1.2/NPF4.6 overexpressiofNRT1.2-OE-1), NRT1.7%°** and NRT1.5%?° complemented
(NRT1.2%92.COM andNRT1.2%*°-.COM). Error bars indicate SEM (N = 3).

(D) Lengths of the primary roots of the seedlingsvahan (C). Error bars indicate SEM (N = 3). Barbdéed with
different lowercase letters are significantly diéiet from one another (P < 0.05; one-way ANOVA).

(E) NRT1.2/NPF4.6 protein levels in Wiirt1.2-1, NRT1.2-COM-1, NRT1.2%*.COM, andNRT1.2%%®°.COM seedlings

grown on 1/2 MS for 7 d, as determined by westéottihg. RbcL was used as the loading control.
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(F) ABA contents in WTnrt1.2-1, NRT1.2-COM-1, NRT1.2%%A.COM, andNRT1.2%**"-COM seedlings grown on 1/2 MS
for 7 d and treated with ABA for 6 h, as determitigdHPLC. Error bars indicate SEM (N = 3). Barsdeda with different

lowercase letters are significantly different frome another (P < 0.05; one-way ANOVA).

Figure 5. Group XIV ubiquitin-conjugating enzymes UBC32, UBC33, and UBC34 interact with NRT 1.2/NPF4.6 and
mediate its degradation.

(A) Cell-free degradation of the NRTY%-GST protein in soluble protein extracts from 7-ady WT seedlings grown
on 1/2 MS medium with or without 50 uM MG132 (amiivitor of the 26S proteasome degradation pathwsg/}yM E64d
(an inhibitor of the vacuolar degradation pathway)both compounds for 0, 0.5, 1, and 2 h. NRf¥-B5ST protein levels
were quantified by western blotting with the an®&Gantibody (indicated by red arrows). RbcL wasduae the loading
control.

(B) Normalized plot of NRT1.2/NPF4.6 contents basedhenband intensities shown in (A). Error bars ¢atk SEM (N =
3).

(C) MbSUS assays showing that UBC32, UBC33, and UBi@&#act with the NRT1.2/NPF4.6 N-terminal (NRTY,.2a
1-231), loop region (NRT1'2 aa 232-346), and the C terminus of NRT1.2/NPRMET1.F, aa 347-585). NubWT and
NubG were used as positive and negative contredpactively.

(D) Pull-down assays using purified GST, NRTEPaGST, UBC32™-His, UBC33™-His, and UBC34™-His expressed
in E.coli. *™ indicates the deletion of the transmembrane regidtUBC32, UBC33, and UBC34.

(E) Bimolecular fluorescence complementation (BiFG3ay showing the interaction between UBC32, UBQR3(C34
and NRT1.2/NPF4.6 iNicotiana benthamiana. ER-Tracker, endoplasmic reticulum dye marker.

(F) In vitro assays of UBC32M-His, UBC33™-His, and UBC34™-His purified from E.coli to test for
self-ubiquitination. Note that constructs with poinmutations (UBC32%™.His, UBC33*%™.His, and
UBC34°%*™ _His) did not self-ubiquitinate.

(G) Semiin vivo ubiquitination assay usingNRT1.2-OE-1/ubc323334 and UBC32™-His, UBC33™.-His, and
UBC34'™-His (purified from E.coli) to test whether NRTINE?F4.6 is ubiquitinated UBC32, UBC33, and UBC34.
Figure 6. NRT1.2/NPF4.6 is epistatically and negatively regulated by UBC32, UBC33, and UBC34.

(A) Germination phenotypes of WT,nrtl.2-1, ubc323334, NRT1.2-OE-1, NRT1.2-OE-1/ubc323334, and
nrt1.2-1ubc323334 plants grown on 1/2 MS with or without 1 uM ABArfd0 d.

(B) Germination rates of the plants shown in (A). Uppanel shows rates on 1/2 MS, and lower panel shatgés on 1
uM ABA. Error bars indicate SEM (N = 3).

(C) Phenotypes of seedlings with the indicated gerestypown for 7 d on 1/2 MS with or without 1 pM ABA

(D) Lengths of the primary roots of the seedlings shaw (C). Error bars indicate SEM (N = 3). Barsdbda with
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different lowercase letters are significantly diéiet from one another (P < 0.05; one-way ANOVA).

(E) NRT1.2/NPF4.6 protein levels in WT anthc323334 seedlings grown on 1/2 MS for 7 d before treatmeitlh or
without 0.1 mM ABA for 6 h. Protein levels were nseeed by western blotting. RbcL was used as thdiigacontrol.

(F) Normalized plot of the NRT1.2/NPF4.6 degradatiooveh in (E), based on band intensities. Error badécate SEM

(N = 3).

Figure 7. Phosphorylation and ubiquitination of NRT1.2/NPF4.6 regulate ABA influx and plant growth in
Arabidopsis.

Under normal conditions, CEPR2 phosphorylates NR'NPF4.6 and PYLs at the plasma membrane. The pbodpted
NRT1.2/NPF4.6 and PYLs are translocated to the ®WRere they are ubiquitinated by UBC32/33/34. Finathe
ubiquitinated NRT1.2/NPF4.6 and PYLs are degradethb 26S proteasome and vacuolar degradation pgthvn this
scenario, seed germination and primary root gropritceed normally. However, ABA stabilizes NRT1.2/F6 and
PYLs and inhibits their phosphorylation by CEPR#nalating NRT1.2/NPF4.6 to import ABA into the tlWithin the

cell, ABA is bound by PYLs, triggering the ABA respse, which inhibits seed germination and primaot growth.
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