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Plants largely rely on plasma membrane (PM)-resident receptor-
like kinases (RLKs) to sense extracellular and intracellular stimuli
and coordinate cell differentiation, growth, and immunity. Several
RLKs have been shown to undergo internalization through the
endocytic pathway with a poorly understood mechanism. Here,
we show that endocytosis and protein abundance of the Arabi-
dopsis brassinosteroid (BR) receptor, BR INSENSITIVE1 (BRI1), are
regulated by plant U-box (PUB) E3 ubiquitin ligase PUB12- and
PUB13-mediated ubiquitination. BR perception promotes BRI1 ubig-
uitination and association with PUB12 and PUB13 through phosphor-
ylation at serine 344 residue. Loss of PUB12 and PUB13 results in
reduced BRI1 ubiquitination and internalization accompanied with
a prolonged BRI1 PM-residence time, indicating that ubiquitination
of BRI1 by PUB12 and PUB13 is a key step in BRI1 endocytosis. Our
studies provide a molecular link between BRI1 ubiquitination and
internalization and reveal a unique mechanism of E3 ligase-substrate
association regulated by phosphorylation.
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Being sessile and autotrophic organisms, plants live in a rel-
atively constrained niche with constant challenges from en-
vironmental stresses while coordinating growth and developmental
processes. Plants have evolved a largely expanded collection of
plasma membrane (PM)-resident receptor-like kinases (RLKS),
many of which have been implicated in sensing external or internal
signals and relaying the signaling cascades to various downstream
outputs that are central to plant growth, development, and immu-
nity (1, 2). For instance, BRASSINOSTEROID INSENSITIVE1
(BRI1) perceives the polyhydroxylated steroid hormone brassinos-
teroids (BRs) in regulating growth and development (3), and
FLAGELLIN-SENSING?2 (FLS2) perceives bacterial flagellin or
its conserved 22-aa peptide (flg22) in regulating plant pattern-
triggered immunity (PTT) (4). Both BRI1 and FLS2 belong to the
leucine-rich repeat (LRR) domain-containing RLK family with
more than 200 members in Arabidopsis (1). Despite distinct signaling
outputs in growth and immunity, both BRI1 and FLS2 heterodimerize
with another LRR RLK, BRI1-ASSOCIATED RECEPTOR
KINASE1 (BAKT1), also known as SOMATIC EMBRYOGENESIS
RECEPTOR KINASE3 (SERK3), and other SERK members upon
the cognate ligand perception (5-9). BAK1/SERKs are the shared
coreceptors of FLS2, BRI1, and several other LRR RLK receptors,
including ELONGATION FACTOR-TU (EF-Tu) RECEPTOR
(EFR) regulating immunity and ERECTA regulating stomatal pat-
terning (10). FLS2 and BRI1 reside in PM nanoclusters, the majority
of which are spatiotemporally separated at the steady state (11).
The activity of LRR RLK receptor complexes is under mul-
tilayered positive and negative regulations to fine-tune signaling
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outputs (1, 12). Protein posttranslational modifications, such as
phosphorylation and ubiquitination, play key roles in the activation
and attenuation of LRR RLK complexes. BAK1-mediated trans-
phosphorylation with its associated LRR RLK receptors is essential
to activate or amplify intracellular signaling (13). FLS2 is ubiquiti-
nated by two closely related plant U-box (PUB) E3 ubiquitin ligases
PUBI12 and PUBI13. Upon flg22 perception, FLS2 associates with
PUBI12 and PUBI13, resulting in ligand-induced FLS2 ubiquitination
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and degradation to down-regulate FLS2 signaling (14, 15). In addi-
tion, PUB13 ubiquitinates LYSIN MOTIF RECEPTOR KINASE 5
(LYKS), an RLK perceiving the fungal cell wall component chitin,
and leads to LYKS degradation and down-regulation of chitin-
triggered immune responses (16). BRI1 also undergoes poly-
ubiquitination in planta and it appears that ubiquitination regulates
BRI1 internalization and vacuolar targeting (17). However, the E3
ubiquitin ligase that mediates BRI1 ubiquitination remains elusive.

PM-resident receptors often undergo dynamic trafficking between
the PM and the endosomes, which is critical for signaling attenuation
or activation (18). BRI1 constitutively cycles between the PM and
the frans-Golgi network/early endosome (TGN/EE) and is targeted
for degradation in the vacuole in a ligand-independent manner (19,
20). In contrast, flg22 induces FLS2 translocation into intracellular
mobile vesicles, followed by intracellular degradation (21). It has also
been shown that the nonactivated FLS2 constitutively cycles between
the PM and the TGN/EE, which is proposed to regulate the abun-
dance of receptor in the PM and maintain a constant pool of sig-
naling receptor (22). Clathrin-mediated endocytosis is the major
internalization route of many plant PM proteins including BRII,
FLS2, and the pattern recognition LRR RLK PEP RECEPTORI1
(PEPR1) (23-25). In addition, the internalization of BRI1 requires
the functional adaptors AP-2 (26) and TPLATE (27) and the
guanine nucleotide exchange factor for ARF GTPase (ARF GEFs)
GNOM (19, 23). In contrast to FLS2 and PEPR1 where a func-
tional endocytic machinery is important for downstream signaling
activation (24, 25), endocytosis of BRI is mainly needed for sig-
naling attenuation as blocking BRI1 internalization resulted in
enhanced BR responses (23). Besides endocytosis, secretion and
recycling also contribute to maintaining the PM pool of BRI1 re-
quired for signaling (28).

Here we demonstrate that E3 ubiquitin ligases PUB12 and PUB13
mediate BRI1 polyubiquitination in vitro and in vivo. BR perception
stimulates BRI1-PUBI13 association and PUB13-dependent BRI1
ubiquitination. In contrast to BAKl-mediated association and
phosphorylation of FLS2 and PUB13 in PTT signaling, BRI1 di-
rectly phosphorylates PUB13 at serine 344 residue. BRI1-mediated
phosphorylation further regulates the association between PUB13
and BRI1, suggesting an intertwined regulation of protein phos-
phorylation and ubiquitination in the BRI1-PUB13 complex. Con-
sequently, the BRI1 protein levels were increased in the pub12publ3
mutant, suggesting that loss of ubiquitination interferes with the
degradation of BRI1. Consistently, the endocytosis of BRI1 in the
publ2publ3 mutant was impaired, which results in a prolonged
residence time of BRI1 proteins in PM and BR hypersensitivity.
Thus, PUB12- and PUB13-mediated BRI1 ubiquitination is a key
step for its subsequent internalization and intracellular degradation.

Results

PUB12 and PUB13 Mediate BRI1 Ubiquitination. We previously iden-
tified PUB13 and its closest homolog, PUB12, as functional E3
ubiquitin ligases mediating RLK FLS2 ubiquitination and sub-
sequent degradation (14, 15). To test whether PUB12 and PUB13
ubiquitinate other RLKSs, including BRI1, EFR, ERECTA, and
CHITIN ELICITOR RECEPTOR KINASE1 (CERK1), we per-
formed an in vitro ubiquitination assay of maltose binding protein
(MBP)-fused cytosolic domain (CD) of RLKs by GST-fused PUB13
in the presence of recombinant proteins AtUBA1 (E1), AtUBCS
(E2), ubiquitin, and ATP. The MBP fusion proteins were tagged
with an HA epitope at the carboxyl (C) terminus. Similar to FLS2cp,
BRI1p was strongly ubiquitinated by PUB13 as evidenced by the
detection of a ladder-like smear with high-molecular-weight proteins
in a Western blot (WB) using an a-HA antibody (Fig. 14). PUB12
also ubiquitinated BRI1cp in vitro (Fig. 1B). The absence of El
abolished BRI1cp ubiquitination (Fig. 1B). Mutation of the con-
served E2-binding cysteine or tryptophan residue to alanine (C262A
or W289A) in the U-box motif of PUB13 diminished its ubiquiti-
nation on BRIl¢p (Fig. 1C). We further examined whether PUB13
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modulated BRI1 ubiquitination in vivo. The in vivo ubiquitination
assay was performed using Arabidopsis protoplasts coexpressing
C-terminal HA-tagged BRI1 (BRI1-HA), MYC-tagged PUB13
(PUB13-MYC), and N-terminal FLAG-tagged ubiquitin (FLAG-
Ub) (29). The cells were treated with the 26S proteasome inhibitor
MG132 (Fig. 1D), vacuolar-type H+-ATPase inhibitor bafilomycin
Al (Baf-Al) or vacuolar degradation inhibitor wortmannin (Fig.
S14) to inhibit the potential degradation after ubiquitination.
Ubiquitination of BRI1 was detected as a ladder-like smear using
an a-HA antibody after immunoprecipitation (IP) with an a-FLAG
antibody (Fig. 1D). Apparently, treatment with 1 uM brassinolide
(BL), the most active form of BRs, stimulated the formation of
ubiquitinated BRI in vivo (Fig. 1D). Furthermore, coexpression of
PUBI13 with BRI1 enhanced BRI1 ubiquitination, in particular
after BL treatment (Fig. 1D and Fig. S14), suggesting that PUB13
mediates BL-stimulated BRI1 ubiquitination. To examine the re-
quirement of PUB12/PUB13 for BRIl ubiquitination in Arabi-
dopsis seedlings we expressed the functional BRI1-mCitrine fusion
under the control of the endogenous BRII promoter in the
publ2publ3 mutant (Fig. S2 4 and B). As a control, we used the
previously characterized BRI1-mCitrine-expressing wild-type (Col-0)
plants (17). Two independent transgenic lines with BRI transcript
levels comparable to those of the control BRI1-mCitrine-expressing
plants (Fig. S2) were selected. The BRI1-mCitrine/publ2publ3
transgenic plants were phenotypically indistinguishable from
BRI1-mCitrine/Col-0 transgenic plants (Fig. S2 4 and B). BRIl
was immunoprecipitated using a-GFP antibodies from the
BRI1-mCitrine—expressing plants following isolation of micro-
somal proteins after MG132 treatment and the immunoprecipitates
were probed with the P4D1 a-ubiquitin antibodies (Fig. 1E). A high-
molecular-weight smear above 170 kDa was detected in immuno-
precipitated samples, corresponding to the ubiquitinated BRI1 proteins
(Fig. 1E). Significantly, BRI1 was less ubiquitinated in publ2publ3
compared with the wild-type plants measured as relative signal intensity
ratio between ubiquitinated BRI1 (Ub,-BRI1) detected by
P4D1 a-ubiquitin antibodies and immunoprecipitated BRI1
detected by a-GFP antibodies (Fig. 1F). Notably, the observed
reduction in BRI1 ubiquitination in the publ2publ3 mutant re-
sembled the BRI1,sxg-mCitrine/bril plants, in which BRI1 bears
25 lysine (K)-to-arginine (R) mutations, compared with BRI1-
mCitrine/bril plants (17) (Fig. 1 E and F). However, PUB13 ubig-
uitinated BRI1**®;, “an arginine mutation of an in vivo BRI1
ubiquitination site (17), to a level similar to the wild-type BRI1cp,
consistent with the notion that multiple sites in BRI1 are ubiquiti-
nated (Fig. S3). In addition, we detected more BRI1 in total protein
extracts of each single pub12 and pub13 as well as pub12publ3 double
mutant using a-BRI1 antibodies (Fig. 1 G and H). Altogether, our
results show that PUB12 and PUB13 mediate BRI1 ubiquitination in
vitro and in vivo and regulate BRI1 protein levels.

BR Perception Promotes BRI1 and PUB13 Association. To test the as-
sociation between BRI1 and PUB13 we performed a co-IP assay in
Arabidopsis wild-type protoplasts coexpressing PUB13-FLAG and
BRII-HA. BRI1-HA coimmunoprecipitated with PUB13-FLAG
and the BL treatment slightly enhanced BRI1-PUB13 association
(Fig. 24). To avoid the complication of endogenous BRs we tested
the BRI1-PUBI13 association in the det2-1 mutant, a BR bio-
synthesis mutant with a reduced level of endogenous BRs (30). The
association between BRI1 and PUB13 was markedly increased
upon BL treatment in the def2-1 mutant, indicating that BL stim-
ulates BRI1-PUB13 complex formation (Fig. 24). In addition, the
BL-induced BRI1-PUBI13 association was not evident in bakI-4, a
mutant of the coreceptor BAK1 for BRI1 (Fig. 24). The BL-
induced BRI1-PUB13 association was more apparent in the pres-
ence of proteasome inhibitor MG132, vacuolar-type H+-ATPase
inhibitor Baf-Al, or vacuolar degradation inhibitor wortmannin in
the wild-type plants (Fig. 2B and Fig. S1B), suggesting that BRI1
might be degraded upon association with E3 ligase PUB13. The
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PUB12 and PUB13 ubiquitinate BRI1. (A) Ubiquitination of different RLKs by PUB13 in vitro. The CDs of RLKs, including BRI1, FLS2, EFR, CERK1, and ERECTA,

were purified as the MBP-fusion proteins with an HA tag at the C terminus. The ubiquitination of RLKs by GST-fused PUB13 was detected by a WB with an o-HA
antibody after an in vitro ubiquitination reaction (Top). The total ubiquitinated proteins, including both RLK and PUB13, were detected by a WB with an a-ubiquitin
(a-Ub) antibody (Middle). RLK inputs were indicated by Coomassie Brilliant Blue (CBB) staining. (B) PUB12 and PUB13 ubiquitinate BRI1 in vitro. The ubiquitination of
MBP-BRI1¢p-HA was carried out by using GST-fused PUB12 or PUB13 as the E3 ligase. The E1 enzyme AtUBA1 was excluded (-) or included (+) in the ubiquitination
reaction. (C) The PUB13 residues C262 and W289 are essential for its autoubiquitination and ubiquitination on BRI1. The in vitro ubiquitination of MBP-BRI1¢p-HA
was performed using GST-PUB13 wild type or mutants as the E3 ligase. (D) PUB13 mediates BRI1 ubiquitination in vivo. Arabidopsis protoplasts were cotransfected

with FLAG-tagged ubiquitin (FLAG-Ub), HA-tagged BRI1 (BRI7-HA) and togethe|

r with a control vector or MYC-tagged PUB13 (PUB13-MYC) and incubated for 10 h

followed by treatment with 1 uM BL for 3 h in the presence of 2 uM MG132. The ubiquitinated BRI1 was detected with an a-HA WB after IP with o-FLAG antibody
(Top). The total ubiquitinated proteins were detected by an o-FLAG WB (Middle) and PUB13 proteins were detected by an «-MYC WB (Bottom). (E) Reduced

BRI1 ubiquitination in pub72publ3. IP was performed using a-GFP antibodi

es on solubilized microsomal fraction protein extracts from homozygous plants

expressing BRI1-mCitrine (mCit) in either wild-type (Col-0) or pub12pub13 mutant background, and from plants expressing BRI1-mCit and BRI1,5¢g-mCit in bri1, and
subjected to immunoblotting with a-Ub (P4D1) (Top) or o-GFP (Middle). The asterisk indicates nonspecific signals from the same blot as a loading control.
(F) Quantification of BRI1 ubiquitination profiles. Error bars represent SD (n = 3). The asterisks indicate statistical significance by using t test (*P < 0.05).

(G) BRI1 protein accumulation in pub12, pub13, and pub12pub13. Total protein:

s were isolated from 5-d-old seedlings and detected by WB using a-BRI1 antibodies.

The protein inputs were equilibrated using a-Tubulin antibodies. (H) Quantification of BRI1 abundance (BRI1/Tubulin) (n = 3 biological replicates).

association of BRI1-PUB13 was further confirmed by co-IP assay
using transgenic plants carrying GFP-tagged BRI1 under the control
of its endogenous promoter (pBRII::BRII-GFP) and HA-tagged
PUBI3 under the control of the 35S promoter (35S::PUB13-HA) in
the presence of MG132. Consistently, BL induced BRI1-PUB13
association in the transgenic plants (Fig. 2C). To examine whether
BRI1 directly interacts with PUB13 we performed an in vitro pull-
down assay. GST-PUB13 immobilized on glutathione beads spe-
cifically pulled down MBP-BRIlcp with a C-terminal HA tag
(MBP-BRI1p-HA) (Fig. 2D). Similarly, GST-BRI1¢p pulled down
MBP-PUBI13-HA (Fig. 2D), suggesting a direct interaction between
BRIlcp and PUB13. Thus, the data reveal that BRI1 directly in-
teracts with PUB13, which could be promoted upon BR perception.

BRI1 Interacts with and Phosphorylates the ARM Domain of PUB13.
PUBI3 contains a U-box N-terminal domain (UND), a U-box
domain, and a C-terminal ARM repeat domain (15) (Fig. S44). It
has been suggested that the ARM domain mediates protein—protein
interaction whereas the U-box domain confers E3 ubiquitin ligase
activity (31). To examine whether the ARM domain, including six
ARM repeats and the linker between U-box and ARM repeats, is
necessary and sufficient to mediate PUB13 interaction with BRI1,
we performed a pull-down assay using GST-fused different trun-
cations of PUB13 with MBP-BRI1cp-HA. As shown in Fig. 34,
MBP-BRI1cp-HA was pulled down by the ARM domain or the
U-box-ARM truncation of PUB13, indicating that the ARM do-
main mediates a direct interaction with BRI1p. We observed that
the interaction of BRI1p with the U-box-ARM truncation appeared

E1908 | www.pnas.org/cgi/doi/10.1073/pnas.1712251115

to be stronger than the ARM domain only (Fig. 34). It is possible
that the U-box domain of PUB13 is also involved in the interaction
with BRI1 or stabilizes the interaction.

As BRI is a functional kinase we examined whether it can phos-
phorylate PUB13 using an in vitro kinase assay with GST-BRIlp
as a kinase and GST-PUB13 as a substrate. In the presence of [**P]-
y-ATP, GST-BRI1p autophosphorylated and phosphorylated GST-
PUBI13 (Fig. 3B). We next determined which domain(s) of PUB13
was phosphorylated by BRI1cp. Apparently, BRI1cp strongly phos-
phorylated the ARM or U-box-ARM truncation yet exhibited little
phosphorylation activity toward those truncations lacking the ARM
domain, including UND, UND-U-box, or U-box truncation (Fig. 3C).
The data indicate that BRI1 mainly phosphorylates the ARM domain
of PUBI13, consistent with the observation that BRI1 interacts with
the PUB13 ARM domain (Fig. 34). To identify the PUB13 residue(s)
phosphorylated by BRI1 we performed liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis after an in vitro
phosphorylation reaction using GST-BRI1¢p as a kinase and GST-
PUB134rMm as a substrate. The serine 344 (S344) residue, located
between the U-box domain and the first ARM repeat of PUB13, was
identified as the primary BRI1p phosphorylation site (Fig. 3D). To
reveal the importance of this site in PUB13 phosphorylation by
BRI1 we mutagenized S344 to alanine (S344A) and found that GST-
BRI1cp was no longer able to phosphorylate GST-PUB133#4 (Fig.
3E). S344 lies in a region with multiple adjacent serine residues, in-
cluding S343, S346, and S347. However, mutation of these residues in
PUBI3 to alanine had little effects on PUB13 phosphorylation status

Zhou et al.
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Fig. 2. BRI1 interacts with PUB13. (A) BL application stimulates BRI1-
PUB13 association in Arabidopsis protoplasts. Arabidopsis protoplasts from
wild-type (Col-0), det2-1, or bak1-4 mutant plants were cotransfected with
BRIT-HA and PUB13-FLAG or a control vector and incubated for 10 h fol-
lowed by 1 pM BL treatment for 3 h. The association of BRI1-PUB13 was
detected by an a-HA WB after o-FLAG IP (Top). The protein levels of BRI1 and
PUB13 before IP were detected by a-HA (Middle) or a-FLAG (Bottom) WB,
respectively. (B) BL-induced BRI1-PUB13 association in the presence of the
proteasome inhibitor MG132 in protoplasts. Arabidopsis Col-0 protoplasts
were cotransfected with BRIT-HA and PUB13-FLAG and incubated for 10 h.
Protoplasts were pretreated with 2 pM MG132 for 2 h before 1 pM BL
treatment for 1 or 3 h. The association of BRI1-PUB13 was detected by an
o-HA WB after a-FLAG IP. (C) BL treatment induces BRI1-PUB13 association
in Arabidopsis plants. Arabidopsis transgenic seedlings carrying 355::PUB13-HA
alone or with pBRI1::BRI1-GFP were used for Co-IP assay. Fourteen-day-old
seedlings were pretreated with 50 uM MG132 for 5 h before treatment
with 1 pM BL for 3 h. (D) BRI1 interacts with PUB13 in an in vitro pull-down
assay. HA-tagged MBP-fusion proteins (MBP-PUB13-HA or MBP-BRI1¢cp-HA)
were incubated with glutathione beads coupled with GST, GST-PUB13, or
GST-BRIl1¢p and the beads were collected and washed for a-HA WB (Top).
The protein inputs were determined by a-HA (Middle) or a-GST (Bottom)
WB. The position of the corresponding proteins is labeled with an asterisk
in a-GST WB.

by BRIl (Fig. 3E), suggesting that S344 is a major BRI1 phos-
phorylation site in PUB13. S344 is conserved between PUB13 and
PUBI12 (Fig. S4B) and lies in a loosely conserved region before the
first ARM repeat among homologs from different plant species (Fig.
S4C). BAK1 also phosphorylates the ARM domain of PUBI13 (15).
Interestingly, PUB13 gy " was able to be phosphorylated by
BAKIlp to a level similar to wild-type PUB13 srm protein (Fig. 3F),
indicating that BRI1 and BAK1 mediate PUB13 phosphorylation at
different residues. Apparently, BAK1 phosphorylates PUB13 at
multiple sites in the ARM domain since four different truncations of
PUB13 g Were all able to be phosphorylated by BAK1p (Fig. S5).
To detect the BRI1-mediated PUB13 phosphorylation in vivo we
coexpressed PUBI3-FLAG with BRII-HA in Arabidopsis protoplasts
and examined PUBI13 phosphorylation by immunoblotting using
a-phosphor-serine or threonine antibody upon IP of PUB13 proteins
(Fig. 3G). Phosphorylation of PUB13 was enhanced upon BL treat-
ment, while the S344A mutation blocked BL-induced PUB13 phos-
phorylation (Fig. 3G). In addition, coexpression of BRI1*™, a kinase-
dead mutant bearing a mutation in the ATP-binding lysine residue
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K911, did not lead to BL-induced PUB13 phosphorylation (Fig. 3G),
indicating BL-induced and BRI1 kinase-dependent phosphorylation
of the S344 residue in PUB13. To further uncover the role of S344 in
PUBI13-mediated ubiquitination of BRIl we introduced the 35S
promoter-driven wild-type PUBI3 and the phosphorylation mutant
PUBI3%*4 into BRI1-mCitrine/bril plants (Fig. S64) (17). Over-
expression of PUB13, but not PUB13 344A, increased the ubiquitina-
tion of BRI1 (Fig. S6 B and C). Seemingly, BRI1 ubiquitination was
reduced in 35S::PUB13%*-HA/BRI1-mCitrine/bril plants compared
with 358::PUB13-HA/BRI1-mCitrine/bril or BRI1-mCitrine/bril 3‘E‘lants
(Fig. S6 B and C). Collectively, the data indicate that PUB13%** is a
major site specifically phosphorylated by BRI1 and this phosphory-
lation might be involved in PUB13-mediated ubiquitination of BRI1.

BRI1 Phosphorylation Is Required for PUB13-Mediated Ubiquitination and
Interaction. Ubiquitination of receptor tyrosine kinases (RTKs) often
depends on their activation through phosphorylation (32, 33).
However, ubiquitination of FLS2 by PUB13 is independent of FLS2
phosphorylation (14, 15). We determined whether PUB13-mediated
BRI ubiquitination requires BRI1 phosphorylation by using a kinase-
dead mutant, BRII®™. An in vitro ubiquitination assay indicated that
ubiquitination of MBP-BRI1 p,™-HA by GST-PUBI13 was much
weaker than wild-type MBP-BRI1p-HA (Fig. 44). Consistently, an
in vivo ubiquitination assay with the full-length BRI1-HA expressed in
protoplasts indicated that BRI1*™ was less ubiquitinated after BL
treatment than the wild-type BRI1 (Fig. 4B), suggesting that BRI1
phosphorylation is required for PUB13-mediated BRI1 ubiquitination.
Notably, the K911 residue in BRI1 is not surface-exposed (34), and it
is unlikely to be ubiquitinated by PUBI13. Furthermore, BRI phos-
phorylation was essential for the interaction between BRI1 and
PUBI13, as GST-PUB13 gy Was no longer pulled down with MBP-
BRI1cp™ (Fig. 4C) and a treatment with the kinase inhibitor
K252a reduced both the basal and BL-stimulated BRI1-PUB13
association in Arabidopsis det2-1 protoplasts (Fig. S7). Altogether,
our data indicate that BRIl phosphorylation is required for its
interaction with PUB13 and subsequent ubiquitination by PUB13.

As PUB13%** is the primary phosphorylation site by BRI1, next
we investigated whether the phosphorylation status of PUBI13
affected its interaction with BRI1. As shown in Fig. 4D, GST-
PUB13Ar0> > 0 longer interacted with MBP-BRIl¢p in an in
vitro pull-down assay, consistent with the fact that BRI1 kinase
activity is required for its interaction with PUB13 (Fig. 4C). Simi-
larly, the association between BRI1-HA and PUB135**44.
FLAG was markedly reduced in Arabidopsis protoplasts compared
with BRI1-HA and PUB13-FLAG association (Fig. 4F). PUB13-GFP
could be detected in the PM in the transgenic plants under the
PUBI3 native promotor (Fig. S84) or with protoplast transient
assay (Fig. S8B). Moreover, GST-PUB13%**** had reduced ubig-
uitination on MBP-BRIlcp-HA as evidenced by the reduced
ladder-like smear formation in an in vitro ubiquitination assay (Fig.
4F), consistent with the reduced BRI1 ubiquitination in vivo in
358::PUB13%***_HA/BRI1-mCitrine/bril plants (Fig. S6). In con-
trast to PUB13%***A, the phosphomimetic mutant PUB13%***E had
a stronger interaction with BRI1¢p than the wild-type PUB13 (Fig.
4G). However, PUBI1353E ubiquitinated BRI1p at a level similar
to PUBI13 (Fig. S94), likely due to BRI1cp-mediated phosphory-
lation of PUBI3 in the in vitro ubiquitination assay (Fig. S9B).
Thus, BRI1 is both the substrate and activator of E3 ligase PUB13.
Taken together, the data suggest a model in which BL-activated
BRI1 interacts with and phosphorylates PUB13, which in turn
enhances PUB13 activity to ubiquitinate BRI1.

PUB12 and PUB13 Contribute to BR Sensitivity via Controlling BRI1
Endocytosis and Degradation. BR signaling intensity is largely de-
termined by the abundance of BRI1 proteins in the PM (23, 28).
Given that publ2publ3 plants displayed subsided BRI1 ubig-
uitination but increased BRIl protein levels (Fig. 1 E-G),
we hypothesize that publ2publ3 plants would lead to BR
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Fig. 3. BRI1 interacts with and phosphorylates the ARM domain of PUB13. (A) BRI1 interacts with the PUB13 ARM domain in an in vitro pull-down assay. MBP-BRI1p-
HA fusion proteins were incubated with glutathione beads coupled with GST or GST-fused various PUB13 truncated proteins and the beads were collected and washed

for an a-HA WB (Top). The protein inputs are indicated by CBB staining (Bottom).

(B) GST-BRI1¢p phosphorylates GST-PUB13 in vitro. GST-PUB13 proteins were used as

substrates and GST-BRI1¢p proteins were used as the kinase in an in vitro kinase assay. Phosphorylation was detected by autoradiography (Top), and the protein loading
is shown by CBB staining (Bottom). (C) MBP-BRI1p-HA phosphorylates the ARM domain of PUB13. GST-fused various PUB13 truncated proteins were used as substrates
and MBP-BRI1p-HA as the kinase in an in vitro kinase assay. (D) PUB13%** is phosphorylated by BRI1. MS analysis identified the phosphorylated 5344 residue of
PUB13 after an in vitro kinase assay using GST-BRI1¢p as the kinase. The graph indicates MS/MS spectrum of a doubly charged peptide of m/z 652.29. The 2+ indicates
doubly charged and —98 indicates neutral loss of the phosphate group. The MS/MS spectrum was exported from the raw MS/MS file using Xcalibur and annotated
manually. (E) PUB13%% is required for BRI1-mediated phosphorylation. The serine residues around PUB13%34* (53435344F53%65347) \were individually mutated to alanine (A).
GST-tagged wild-type or various mutated PUB13 proteins were subjected to an in vitro kinase assay using GST-BRI1¢p as the kinase. (F) PUB13%** is not required for
BAK1-mediated phosphorylation. GST-fused ARM domains of PUB13 or PUB13%** proteins were subjected to an in vitro kinase assay with MBP-BRI1¢p or MBP-BAK1¢p
as the kinases. (G) BL-induced phosphorylation of PUB13 in vivo. Arabidopsis protoplasts were cotransfected with BRIT-HA and PUB13-FLAG and incubated for 10 h
followed by 1 uM BL treatment for 3 h. BRI1“M is a kinase-dead mutant of BRI1. The phosphorylation of PUB13 was detected by WB using a-phospho-threonine/serine
(o-pT/pS) after a-FLAG IP (Top). PUB13 and BRI1 were detected by WB using a-FLAG (Middle) or a-HA (Bottom) antibodies, respectively.

hypersensitivity, resembling plants overexpressing either wild-
type BRI1 (35) or the BRI1,5xr mutant (17). As expected,
BRI1-mCitrine/pubI2publ3 plants displayed longer primary roots
than the respective control BRI1-mCitrine/Col-0 when grown under
light (Fig. 5 4 and B and Fig. S2) and they were hypersensitive to
exogenous BRs when grown in the presence of increasing concentra-
tions of BL (0.5-50 nM) (Fig. 5C). The activated BR signaling results in
dephosphorylation of the transcription factor bril-Ems-Suppressorl
(BES1), which can be detected as mobility shifts of proteins on
immunoblots using a specific a-BES1 antibody (36). Compared with
the BRI1-mCitrine/Col-0 plants, BRI1-mCitrine/publ2pub13 showed
increased accumulation of dephosphorylated BES1 upon exogenous
BL treatment and the difference appeared even without BL treat-
ment (Fig. 5 D and E). We did not observe notable differences in
terms of hypocotyl length when pub12pubi3 seedlings were grown in
the absence or in the presence of BL (Fig. 5F). The publ3 mutant
displayed an elevated level of salicylic acid (SA) when grown under
certain conditions (37, 38), which may interfere with BR responses.
When the SA biosynthesis-deficient mutant sid2 was introduced into
publ3 we observed hypersensitivity to BLs in the sid2publ3 mutant,
while neither pub13 nor sid2 exhibited difference compared with wild
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type (Fig. 5F). A further increased accumulation of dephosphorylated
BES1 was observed in sid2publ3 compared with sid2, pub13, or wild-
type plants (Fig. 5 G and H). Altogether, the publ2publ3 mutation
exaggerated the sensitivity of these plants to BRs, indicating the ge-
netic involvement of PUB12 and PUB13 in BR responses.

It was previously shown that decreased ubiquitination contrib-
utes to the accumulation of BRI1 in the PM because of defective
endocytosis and degradation (17). We next examined if the loss of
PUBI12 and PUBI3 would impair BRIl internalization. Using
quantitative microscopy (39), we evaluated the PM pool of
BRI in the root meristem of 5-d-old BRI1-mCitrine/pubi2publ3
seedlings after treatment with cycloheximide (CHX) to inhibit de
novo protein synthesis. We observed a significant increase in the
relative ratio of the PM to intracellular fluorescence intensity in
BRI1-mCitrine/pub12publi3 plants compared with the BRI1-mCitrine/
Col-0 control, similarly to the differences observed between
BRI1,s5xg-mCitrine/bril and BRI1-mCitrine/bril plants (Fig. 6 A
and B), suggesting a decreased internalization of BRI1 from the
PM in pubI2publ3. Comparable results were obtained when we
crossed the heat shock-inducible BRI1-YFP line (HS::BRI1-YFP)
(19) into the publ2publ3 mutant and monitored the YFP
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fluorescence signal in root meristem epidermal cells in a time
course (recovery time) after 1-h heat shock treatment. Recovery of
30 min was sufficient to drive visibly the same amount of newly
synthesized BRI1-YFP to the PM in both wild-type and pubI2-
publ3 plants (Fig. 6 C and D). However, the PM/intracellular
fluorescence intensity ratio increased more dramatically in
HS::BRII-YFP|publ2pubi3 plants than in HS::BRII-YFP/Col-0 plants
after 45-min recovery (Fig. 6 C and D), implying impaired in-
ternalization of BRI in pubI2publ3 plants. We next examined the
dynamic localization of BRI1-mCitrine in the PM of the pub12pubi3
mutant using variable-angle epifluorescence microscopy (VAEM)/
spinning-disk confocal microscopy. Because the root meristem
area is uneven, making it difficult to bring the root sufficiently close
to the coverslip for imaging, we imaged hypocotyl cells of etiolated
seedlings taking advantage of the flat cells. We detected numerous
bright dynamic foci when focusing in the focal plane of the PM
(Movies S1-S4). The movement of the foci was largely in the z axis,
which represented the fusion and fission events of BRI1-mCitrine
in the PM. By using kymographs analysis (27, 40) we measured the
dwell time of BRI1-mCitrine-labeled foci in the PM in different
backgrounds (Fig. 6 E and F). The residence time of BRI1 in the
PM of the control wild-type or bril plants was on average 16.54 s.
We observed a significant increase in the lifetime of BRI1-mCitrine
in publ2publ3 (between 24-27 s for different transgenic lines),
indicating that endocytosis of BRI is significantly inhibited in the
publ2publ3 mutant. The residence time of BRI1,sxg-mCitrine
(32.15 s) was also significantly longer than the control (Fig. 6 E
and F). In summary, our data suggest that PUB12 and PUB13 are
required for BRI1 internalization through direct ubiquitination.

Discussion

The BR receptor BRI provides a paradigm to understand RLK-
mediated signaling in plants (41). The activity of BRI1 and its
interacting partners is regulated by different posttranslational
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modifications. Phosphorylation between BRI1, coreceptor SERKS,
and different downstream receptor-like cytoplasmic kinases plays a
key role in the activation of BR signaling (41), whereas ubiquiti-
nation has been implicated in BRI1 degradation and signaling at-
tenuation (17). We show here that the PUB E3 ubiquitin ligases
PUBI12 and PUBI13 interact with and ubiquitinate BRI1 directly.
BRI1 phosphorylates PUB13, which likely enhances its ubiquiti-
nation activity on BRI1. BR perception promotes BRI1 and
PUBI13 interaction, which also depends on BRIl and PUBI13
phosphorylation (Fig. S10). Importantly, the BRI1 protein abun-
dance and PM-residence time are enhanced and the amount of
BRI1 proteins associated with endosomes is reduced in pub12publi3,
indicating that PUB12/PUB13-mediated ubiquitination regulates
BRI1 endocytosis and intracellular degradation (Fig. S10). Thus, our
studies provide a missing link between BRI1 ubiquitination and in-
ternalization and reveal a mechanism of E3 ligase-substrate associ-
ation regulated by phosphorylation.

Plant RLKs are functional counterparts of mammalian RTKs,
ubiquitination of which is often regulated by ligand-induced RTK
phosphorylation (32, 33). Similarly, the BRI1 kinase-dead mutant
is no longer ubiquitinated by PUB13, which is consistent with the
previous findings that the ubiquitination of BRI1 requires its ki-
nase activity (17). However, phosphorylation of BRI1 may not
have a direct effect on its ubiquitination; instead it may promote
or stabilize its interaction with PUB13 since the BRI1 kinase-dead
mutant failed to interact with PUB13. Thus, the mode-of-action of
BRIl ubiquitination by PUB13 is different from RTK ubiquiti-
nation. The mechanism of PUB13 ubiquitination on BRI1 is also
different from its ubiquitination on FLS2. In the case of FLS2, the
kinase-dead mutant of FLS2 is normally ubiquitinated by PUB13,
which is consistent with the negligible kinase activity of FLS2 (14).
However, BAK1-mediated phosphorylation is important for FLS2-
PUBI3 association and ubiquitination (14, 15). Unlike FLS2,
BRI is able to directly phosphorylate PUB13 at serine 344 and this
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phosphorylation mediates the interaction between PUB13 and BRII.
Interestingly, PUB13%** is not an important phosphorylation residue
by BAKI1, suggesting the differential phosphorylation of PUB13 may
stimulate its association with different RLKs and result in distinct
signaling outputs.

In addition, several interacting pairs of PUB and kinase have been
implicated in plant development and immunity (14, 16, 42-44). The
Brassica ARC1, the homolog of Arabidopsis PUB4, interacts with
SRK910, an S-domain-containing RLK, in a phosphorylation-
dependent manner and functions in self-incompatibility response
(45). PUBI, a negative regulator of infection and nodulation in
Medicago truncatula with Sinorhizobium meliloti, interacts with
and is phosphorylated by the LYK3 symbiotic receptor, a lysin motif
RLK (46). The rice B-lectin domain RLK PID2-mediated phos-
phorylation on PUB15 and Arabidopsis MPK3-mediated phos-
phorylation on PUB22 are critical for their E3 ligase activities (47,
48). Interestingly, MPK3 phosphorylates PUB22 on two sites,
threonine 62 (T62) located in the U-box domain adjacent to the
E2 docking domain and T88 located in a predicated disordered
region between the U-box and the first ARM repeat (48). T62
phosphorylation inhibits oligomerization and autoubiquitination
of PUB22, thereby stabilizing PUB22, whereas T88 phosphoryla-
tion additively stabilizes PUB22 through an unclear mechanism
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(48). Despite not being conserved, considering the fact that both
T88 in PUB22 and S344 in PUB13 are located between the U-box
and the first ARM repeat, T88 phosphorylation may also affect
PUB22 interaction with its substrate, as the case in which S344
phosphorylation promotes PUB13 association with BRI1. It is
possible that a common mechanism may exist in terms of regulating
the PUB activities or dimerization through substrate-mediated
phosphorylation.

The application of proteasome or vacuolar degradation inhibitors
facilitated us to detect a BR-stimulated BRI1-PUBI13 interaction
and BRI1 ubiquitination. A previous study suggested a ligand-
independent ubiquitination of BRI1 in the absence of inhibitors
(17). These results suggest that the ubiquitinated BRI1 might be
quickly degraded upon BL perception. Consistent with the obser-
vations that BRI1 ubiquitination negatively regulates BRI1 function
and signaling (17), we revealed that the ubiquitination levels of
BRIl in the publZ2publ3 mutant were largely reduced compared
with the wild-type plants, leading to the accumulation of BRI1
proteins. Thus, we concluded that PUB12/PUB13-mediated ubig-
uitination of BRI1 controls the receptor levels. Consistently, we
observed a BR hypersensitivity in the BRI1-mCitrine/publ2publ3
plants compared with the BRI1-mCitrine—expressing wild-type
plants, which is likely linked to the elevated BRI1 levels in
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Fig. 6. PUB12 and PUB13 regulate BRI1 endocytosis. (A) Analysis of BRI1 internalization in the pub72pub13 mutant. BRI1-mCitrine (mCit) and BRI1,5¢g-mCit
expressed in either Col-0 or bri1 background were used as controls. Five-day-old seedlings were pretreated with CHX (50 uM) for 1.5 h and root epidermal cells
were imaged. (Scale bar, 5 pm.) (B) Relative PM to intracellular fluorescence intensity values were derived from the images shown in A using ImageJ. At least
15 cells from five roots were measured for each line. (C) Analysis of BRI1 internalization by using heat shock-induced BRI1-YFP in Col-0 or in pub12pubi3
background. YFP intensity in 5-d-old HS::BRI1-YFP/Col-0 and HS::BRI1-YFPIpub12pub13 root epidermal cells chased for 30, 45, 60, and 90 min after 1 h 37 °C
induction was analyzed. (Scale bar, 5 pm.) (D) Relative PM to intracellular fluorescence intensity values were determined from images shown in C with ImageJ. At
least 15 cells from five roots were measured for each line. (E) Analysis of BRI1 dwell time in the PM in kymographs obtained from spinning-disk movies of BRI1-
mCitrine/Col-0, BRI1-mCit/pub12pub13 (#1 and #2), and BRI1,5cg-mCit/bri1. Arrowheads mark the dwell-time tracks of the proteins at the PM. Timescale, 20 s. (F)
Time of residency in the PM of BRI1-mCit in Col-0 and in pub12pub13. The plot graph was based on kymograph analyses of at least 150 tracks from 10 cells of at
least five seedlings. The asterisks in D indicate statistical significance by using t test (**P < 0.01). The different letters in B and F indicate statistically significant
difference analyzed with one-way ANOVA followed by Tukey’s test (P < 0.05).

publ2publ3. However, compared with wild type, the pubI2publ3  responses by modulating the ubiquitination and protein abun-
mutant had little altered BR sensitivity, except for the slightly — dance of the key ABA coreceptor ABA-INSENSITIVE]1 (ABI1)
increased levels of dephosphorylated BES1 upon short-term B and the chitin receptor LYKS, respectively (16, 49). In addition,
application. One explanation is that additional PUB members the publ3 mutant displayed certain autoimmune responses, in-
may play a redundant function with PUB12 and PUB13 in reg-  cluding spontaneous cell death and accumulation of hydrogen
ulating BRII signaling. The other explanation could be the peroxide and plant defense hormone SA when grown under
pleiotropic phenotype of the publ2publ3 mutant, which may certain conditions (37, 38). Interestingly, the sid2publ3 mutant,
mask the BR sensitivity upon long-term BR application. but not the sid2 or publ3 mutants, displayed hypersensitivity to
PUBI12 and PUB13 were initially identified as BAK1-interacting  BRs. Thus, the elevated SA in the pub/3 mutant may mask the
E3 ligases that regulate FLS2 stability in flg22 signaling (14, 15).  responses of mutants to BRs. PUB13 also negatively regulates
Recently, PUB12 and PUB13 were reported to regulate the Arabidopsis flowering time and leaf senescence (15, 37), sug-
abscisic acid (ABA) signaling and the chitin-induced immune  gesting broad roles of PUB13 in controlling plant immunity,
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hormone signaling, and growth. BRs are known to cross-talk with
the ABA signaling pathways (50-52) and plant immunity (53),
thus complicating the interpretation of the pubi2publ3 growth
phenotypes.

In addition to its well-known role in recognition by the protea-
some, ubiquitination is also involved in down-regulation of PM
proteins through their internalization followed by targeting to the
lysosome/vacuole for degradation (54). It is likely that these pro-
cesses are also conserved in plants, where many PM transporters
and receptors are found ubiquitinated (55), consistent with the
characterized role of ubiquitin-mediated endocytosis in the func-
tions of the iron and the boron transporters (56, 57) and the efflux
auxin carrier component PIN2 (58, 59). Ubiquitination was also
demonstrated for BRI1 and shown to play dual roles in receptor
internalization and vacuolar degradation (17). A ubiquitination-
compromised BRI1,sxr mutant accumulated in the PM and dis-
played reduced endosomal localization (17). Similarly, BRI1 showed
an increased PM localization and reduced internalization in the
pubI2publ3 mutant. By using VAEM and spinning-disk confocal
microscopy we also observed a significant increase in the residence
time of BRI1 proteins in the PM of pubi12pub13 mutant, comparable
to the BRI1,sxr mutant, indicating that endocytosis of BRI, if not
completely abolished, was significantly reduced by the loss of
function of PUB12 and PUB13. The effect of BRI1,5xg mutant on
BRI1 ubiquitination was, however, stronger than the effect of
publ12publ3 mutant, possibly due to redundancy of the E3 ligases
as besides PUB13 and PUBI12, a RING finger E3 ligase was iden-
tified to interact with BRI1 (60). As BRI1 is endocytosed constitu-
tively both in a ligand-bound and a ligand-free form (19, 23) it
remains to be determined if the ubiquitination of the ligand-bound
and active BRI can specify the interaction with the endocytic ma-
chinery and thus distinguish between ligand-dependent and ligand-
independent internalization. Although the endocytosis of BRI1 is
mediated by the clathrin adaptor AP-2, the internalization of the
ligand-bound BRI1 was not completely abolished in the loss of
function AP-2 mutants (26). This implies that the internalization of
ubiquitinated BRI1 might require different endocytic machinery,
similarly to what was shown for the G protein-coupled receptor
Protease-activated receptor-1 (PAR1), where AP-2 was required for
constitutive but not for agonist-induced PARI1 internalization (61).
In yeast and mammals, posttranslational modification by ubiquitin is
recognized by the ubiquitin-binding adaptor proteins Epsin/Eps15-
like with a function in endocytosis of different PM cargoes (54, 62,
63). These adaptors are able to associate with clathrin, AP-2, and
phosphatidylinositol 4,5-bisphosphate via their epsin N-terminal
homology (ENTH) domain (56). The same scenario might also
be relevant for BRI1, although the plant ENTH-like proteins do
not contain conserved ubiquitin-binding motifs (64), suggesting that
ubiquitinated BRI1 is recognized in the PM by plant-specific and
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not-yet-characterized adaptors. Therefore, it remains to be de-
termined if the ubiquitinated BRI1 binds the TARGET OF MYBI1
(TOM1)-LIKE family of ubiquitin-binding proteins shown to
function in the endocytosis of ubiquitinated plant PM proteins (65).

Materials and Methods

Plant Materials and Growth Conditions. The following mutant and transgenic
Arabidopsis thaliana lines have been described previously: pub12, pub13,
pub12pubi3, det2-1, bak1-4, sid2, sid2pub13 mutants in Col-0 background
(14, 15, 37, 66), pBRI1::BRIT-GFP/Col-0 (67), pBRI1::BRI1-mCitrine/Col-0;
PBRI1::BRIT-mCitrine/bri1 and pBRI1::BRI1s¢z-mCitrine/bri1 (17), and HS::
BRI1-YFPI/Col-0 (19). Media and growth conditions are described in S/ Ma-
terials and Methods.

Plasmid Construction and Generation of Transgenic Plants and Crosses. The
constructs of BRI1, BAK1, full-length or truncated PUB13 in the plant ex-
pression vector (pHBT) or protein expression vector (obMAL or pGST) were
reported previously (14, 15, 66). PUB13 or BRI1 point mutation variants were
generated by site-specific mutagenesis with primers listed in Table S1. To
construct pCB302-35S::PUB13-HA binary vector for Agrobacterium-mediated
transformation in Arabidopsis, PUB13 was subcloned into a modified plant
transformation binary vector pCB302 derivative under the control of the 355
promoter with an HA-epitope tag at its C terminus. The pCB302-PUB13::
PUB13-GFP transgenic plants were generated by Agrobacterium-mediated
transformation and screened with the herbicide BASTA (resistance conferred
by the pCB302 binary vector). PUB13 expression was detected by WB with
a-HA or GFP antibodies. The homozygous lines were selected based on the
survival ratio of T2 and T3 generation plants after BASTA spray. The entry
clones pEN-P1P2-BRI1T (no-stop), pEN-P2P3-promoterBRI1, pEN-P4P1-mCitrine
were used together with pH7m34GW by multisite Gateway reactions (Life
Technologies) to generate pH7m34GW-pBRI1::BRI1-mCitrine bearing a re-
sistance to Hygromycin to allow transformation of the pub12pub13 mutant.
The pBRI1::BRI1-mCitrine/pub12pub13 transgenic lines were generated by
Agrobacterium-mediated transformation of pub12pub13 with pH7m34GW-
PBRI1::BRIT-mCitrine. The 35S::PUB13-HA/BRI1-mCitrine/bril lines were
generated by Agrobacterium-mediated transformation of homozygous BRI1-
mCitrine/bri1 (17) plants with 355:PUB13-HA and 35S:PUB13°***-HA con-
structs. The HS::BRI1-YFP/pub12pub13 plants were generated by crossing HS::
BRI1-YFP/Col-0 (19) into the pub12pub13 mutant.

Used primers (Tables S1 and S2), ubiquitination, co-IP, pull-down, phos-
phorylation, RT-PCR, mass spectrometry, confocal spinning-disk microscopy,
and image analyses are described in S/ Materials and Methods.
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