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Exploration and practice in cell biology teaching by using

Arabidopsis thaliana auxin transport mutants
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(1. State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, College of
Forestry and Landscape Architecture, South China Agricultural University, Guangzhou 510642, China;
2. College of Life Science and Technology, Jinan University, Guangzhou 510632, China)

Abstract In our study, we investigated the use of auxin transport mutants of Arabidopsis thaliana as a model for teaching cell biology.
Through discussion-based teaching methods, phenotypic observation and analysis, and subcellular localization experiments, students can
gain a deep understanding of the relationship between membrane protein structure and their functions, emphasizing the significance of
transmembrane transport in plant growth and development. In addition to fostering students’ interest, this course promotes a
comprehensive understanding and application of knowledge in cell biology and related fields, thereby enhancing critical thinking and
scientific research skills. Taken together, our teaching approach cultivates innovative individuals capable of thriving in interdisciplinary

collaborations.

Keywords cell biology; cell membrane; transporter; transmembrane transport; auxin; teaching design
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Abstract (limited to 4000 words):

It is well known that the proper function of a protein depends on its correct
native conformation. The endoplasmic reticulum (ER) is the folding compartment
for secretory and membrane proteins. Plants have evolved a conserved
ER-mediated protein quality control (ERQC) mechanism to recognize and repair
incorrected folded protein, only corrected folded proteins can be exported to
their physiological destinations. Recent studies revealed that several
ER-localized nucleotide sugar transporters (NSTs) were involved in ER protein
quality control in Arabidopsis. Despite the physiological functions of these
proteins have been presented, their molecular mechanisms in ERQC remains
undefined. Here, we attempt to investigate the mechanisms of ROCK1/EBS8, a NST
protein, in ERQC by using our developed screening system and examined the role
of two other ER-localized NSTs proteins, AtUtrl and AtUtr3. Elaborating the
mechanism of Arabidopsis ROCK1/EBS8 and other NSTs proteins can help us to
better understand ERQC in plant and throw light on the ERQC research in yeast
and mammalian.

Keywords: Model Plant; Phenotypic Variation; Genetic Interaction; Protein
Quality Control; Nucleotide Sugar Transporter
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Abstract:
ABC transporters are essential for plant growth and development, which can

transport complex organic materials against concentration gradients energized
by ATP. Auxin are synthesized in specialized cells and are transported to
target tissues. ABCB1, an ABC transporter, has been shown to be involved in
auxin transport in plasma membrane. However, we found a single missense
Arabidopsis twdl (twisted dwarfl) mutant, twdl-6, in which ABCB1 was retained
in the ER and rapidly degraded. Especially, twdl-6 is co—localized with ABCBI1
in the ER. Despite primary understanding of ERQC/ERAD of glycosylated proteins
has been ascertained through investigating yeast, mammalian and plant cells,
the functional studies of the ERQC/ERAD processes on membrane transporter
proteins remained rather limited. In this study, we will focus on the folding,
maturation, and degradation of ABCB1 to screen and identify the components
involved in these processes by using genetics methods combined with
biochemical and cell biology approaches. In addition, we are going to explore
the critical roles of ABCBI in the interactions between BR signaling and auxin
transport during plant growth.
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Abstract:

The endoplasmic reticulum (ER) is an essential organelle involved in the folding and
assembly of membrane and secretory proteins, and eukaryotes have evolved a conserved
endoplasmic reticulum—associated protein degradation (ERAD) system for eliminating
misfolded proteins in the ER. Recent studies have demonstrated an increasing number of
native enzymes and transporters that are also targeted for ERAD, which provides a way to
rapidly and quantitatively downregulate the levels of proteins that mature or reside in
the ER. The plant ER is the main site for the synthesis of triterpenoids and the entry
for secretory of plant plasma membrane proteins. In the present study, quantitative
proteomics will be performed to seek native substrates that can be degraded by DOA10 ERAD
system. Importantly, we will explore the regulatory mechanisms of squalene epoxidase
(SQE) family proteins and some transporter proteins degraded in the ER by genetic and
biochemical approaches. This study can provide a framework to understand metabolic
adaptation and protein homeostasis in plant cells
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Keywords (FH4r54FF) : Arabidopsis; ER; Ubiquitination; Protein
degradation; Homeostasis
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measure sucrose in individual phloem bundles and across transport boundaries. 1448

RESEARCH REPORTS

[OPENI] ocal and Systemic Metabolic Responses during Light-Induced Rapid Systemic Signaling.
Feroza K. Choudhury, Amith R. Devireddy, Rajeev K. Azad, Vladimir Shulaev, and Ron Mittler

Rapid systemic signaling is accompanied by coordinated metabolic changes in local, transport, and systemic tissues. 1461
[OPENINRT1.1-Related NH,* Toxicity Is Associated with a Disturbed Balance between NH,* Uptake

and Assimilation. Shaofen Jian, Qiong Liao, Haixing Song, Qiang Liu, Joe Eugene Lepo, Chunyun Guan,
Jianhua Zhang, Abdelbagi M. Ismail, and Zhenhua Zhang

Nitrate transporter NRT1.1 enhances NH,* accumulation, disturbs NH,* metabolism, and aggravates NH,"
toxicity in Arabidopsis grown in a high concentration of NH," as the sole N source. 1473
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RESEARCH ARTICLES

BIOCHEMISTRY AND METABOLISM

A Musashi Splice Variant and Its Interaction Partners Influence Temperature Acclimation in
Chlamydomonas. Wenshuang Li, David Carrasco Flores, Juliane Fiiflel, Jan Euteneuer, Hannes Dathe,
Yong Zou, Wolfram Weisheit, Volker Wagner, Jan Petersen, and Maria Mittag

Three RNA metabolism proteins are part of an interaction network that integrates temperature information
and confers acclimation to changes in ambient temperature in the green alga Chlamydomonas.

[OPENI{dentification of Genes Encoding Enzymes Catalyzing the Early Steps of Carrot Polyacetylene
Biosynthesis. Lucas Busta, Won Cheol Yim, Evan William LaBrant, Peng Wang, Lindsey Grimes,
Kiah Malyszka, John C. Cushman, Patricia Santos, Dylan K. Kosma, and Edgar B. Cahoon

Members of a large family of fatty acid desaturase enzymes in carrot control the production of dehydrocrepenynic
acid, an intermediate in the falcarin-type polyacetylene biosynthesis pathway.

[OPENIThe Spermine Synthase OsSPMS1 Regulates Seed Germination, Grain Size, and Yield. Yajun Tao,
Jun Wang, Jun Miao, Jie Chen, Shujun Wu, Jinyan Zhu, Dongping Zhang, Houwen Gu, Huan Cui, Shuangyue Shi,
Mingyue Xu, Youli Yao, Zhiyun Gong, Zefeng Yang, Minghong Gu, Yong Zhou, and Guohua Liang

OsSPMS1, a spermine synthase that participates in polyamine and ethylene homeostasis, plays an important role
in seed germination, plant architecture, and yield in rice.

CELL BIOLOGY

The Mitochondrial Endonuclease M20 Participates in the Down-Regulation of Mitochondrial
DNA in Pollen Cells. Fei Ma, Hui Qi, Yu-Fei Hu, Qian-Ru [iang, Li-Guang Zhang, Peng Xue,
Fu-Quan Yang, Rui Wang, Yan Ju, Hidenobu Uchida, Quan Zhang, and Sodmergen

The mitochondrial endonuclease M20 is an H-N-H/N nuclease that degrades linear and circular DNA and
participates in mitochondrial DNA regulation during pollen development.

CLASP Facilitates Transitions between Cortical Microtubule Array Patterns. David Thoms,
Laura Vineyard, Andrew Elliott, and Sidney L. Shaw

The microtubule associated protein, CLASP, impacts polymer dynamics leading to a slowdown in microtubule array pattern
transitions without altering the ability to form specific array patterns.

ECOPHYSIOLOGY AND SUSTAINABILITY

ARSENATE INDUCED CHLOROSIS 1/ TRANSLOCON AT THE OUTER ENVOLOPE MEMBRANE
OF CHLOROPLASTS 132 Protects Chloroplasts from Arsenic Toxicity. Peitong Wang, Xi Chen, Xuan Xu,
Chenni Lu, Wei Zhang, and Fang-Jie Zhao

The translocon at the outer envelope membrane of chloroplast Toc132 plays an important role in alleviating arsenic
toxicity in chloroplasts.

[OPENIThe Causes of Leaf Hydraulic Vulnerability and Its Influence on Gas Exchange in Arabidopsis thaliana.
Christine Scoffoni, Caetano Albuquerque, Hervé Cochard, Thomas N. Buckley, Leila R. Fletcher,
Marissa A. Caringella, Megan Bartlett, Craig R. Brodersen, Steven Jansen, Andrew ]. McElrone, and Lawren Sack

Declines in leaf outside-xylem hydraulic conductance prior to turgor loss point contribute strongly to stomatal closure, and
improve performance, survival and efficient water use during drought.
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Diurnal Variation in Nonstructural Carbohydrate Storage in Trees: Remobilization and Vertical Mixing.
Aude Tixier, Jessica Orozco, Adele Amico Roxas, ]. Mason Earles, and Maciej A. Zwieniecki

NSC storage is highly dynamic at the diurnal timescale, exhibiting vertical mixing and a potential role for the xylem
as a secondary pathway for sugar redistribution.

GENES, DEVELOPMENT AND EVOLUTION

[OPENIRN A Polymerase II Read-Through Promotes Expression of Neighboring Genes in SAL1-PAP-XRN
Retrograde Signaling. Peter A. Crisp, Aaron B. Smith, Diep R. Ganguly, Kevin D. Murray, Steven R. Eichten,
Anthony A. Millar, and Barry ]. Pogson

Consequences of transcription out of bounds: a retrograde signal can trigger RNA Polymerase II read-through, upregulating the
expression of downstream genes.

[OPENIEnhancer-Promoter Interaction of SELF PRUNING 5G Shapes Photoperiod Adaptation.
Shuaibin Zhang, Zhicheng Jiao, Lei Liu, Ketao Wang, Deyi Zhong, Shengben Li, Tingting Zhao, Xiangyang Xu,
and Xia Cui

Loss of an enhancer element in the 3" untranslated region of SP5G conferred day-length insensitivity to domesticated tomato
cultivars and helped the species spread worldwide.

[OPENIEfficient Replication of the Plastid Genome Requires an Organellar Thymidine Kinase.
Monique Le Ret, Susan Belcher, Stéfanie Graindorge, Clémentine Wallet, Sandrine Koechler, Mathieu Erhardt,
Rosalind Williams-Carrier, Alice Barkan, and José M. Gualberto

Depletion of organellar thymidine kinase affects plastid genome replication and repair, leading to the accumulation
of truncated genomes and the apparent mobilization of new replication origins.

MEMBRANES, TRANSPORT AND BIOENERGETICS

K" Efflux Antiporters 4, 5, and 6 Mediate pH and K* Homeostasis in Endomembrane Compartments.
Xinojie Zhu, Ting Pan, Xiao Zhang, Ligang Fan, Francisco J. Quintero, Hong Zhao, Xiaomeng Su, Xiaojiao Li,
Irene Villalta, Imelda Mendoza, Jinbo Shen, Liwen Jiang, Jose M. Pardo, and Quan-Sheng Qiu

Arabidopsis thaliana KEA4, KEA5, and KEA6 are endosomal K* transporters that function in maintaining pH
and ion homeostasis in the endomembrane network.

[OPENISNARESs SYP121 and SYP122 Mediate the Secretion of Distinct Cargo Subsets. Sakharam Waghmare, Edita
Lileikyte, Rucha Karnik, Jennifer K. Goodman, Michael R. Blatt, and Alexandra M.E. Jones

Two closely related SNAREs mediate secretion of specific cargo proteins in Arabidopsis thaliana.

[OPENIGoing with the Flow: Multiscale Insights into the Composite Nature of Water Transport in Roots.
Valentin Couvreur, Marc Faget, Guillaume Lobet, Mathieu Javaux, Frangois Chaumont, and Xavier Draye

A bio-physical model of the "root hydraulic anatomy” allows testing hypotheses related to radial water transport down to the cell
level and proves complementary to current experimental approaches.

SIGNALING AND RESPONSE

[OPENIA Temperature-Sensitive Misfolded bri1-301 Receptor Requires Its Kinase Activity to Promote Growth.
Xiawei Zhang, Linyao Zhou, Yukuo Qin, Yongwu Chen, Xiaolei Liu, Muyang Wang, Juan Mao, Jianjun Zhang,
Zuhua He, Linchuan Liu, and Jianming Li

bri1-301 is a temperature-sensitive misfolded brassinosteroid receptor that requires kinase activity to promote growth
and is rapidly degraded in the endoplasmic reticulum and on the cell surface.
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[OPENINfetwork Analysis Reveals a Role for Salicylic Acid Pathway Components in Shade Avoidance.
Kazunari Nozue, Upendra Kumar Devisetty, Saradadevi Lekkala, Patricia Mueller-Moulé, Aurélie Bak,
Clare L. Casteel, and Julin N. Maloof

Shade avoidance involves complex requlation of multiple hormone network modules, and salicylic acid pathway
genes are required for petiole shade avoidance.
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A Temperature-Sensitive Misfolded bril-301 Receptor
Requires Its Kinase Activity to Promote Growth'©FEN!

Xiawei Zhang,**< Linyao Zhou,** Yukuo Qin,* Yongwu Chen,* Xiaolei Liu,* Muyang Wang,’ Juan Mao,**
Jianjun Zhang,** Zuhua He," Linchuan Liu,**** and Jianming Li*>¢***

*Shanghai Center for Plant Stress Biology, Chinese Academy of Sciences, Shanghai 201602, China

PShanghai Institute of Plant Physiology and Ecology, Chinese Academy of Sciences, Shanghai 200032, China
‘University of Chinese Academy of Sciences, Beijing 100004, China

dGuangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm, College of
Forestry and Landscape Architecture, South China Agricultural University, Guangzhou 510642, China

¢State Key Laboratory for Conservation and Utilization of Subtropical Agro-Bioresources, South China Agriculture
University, Guangzhou 510642, China

‘Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan
48109-1048

ORCID IDs: 0000-0002-0340-6351 (X.Z.); 0000-0003-2656-5731 (Y.Q.); 0000-0003-0524-9895 (J.M.); 0000-0003-3798-4114 (J.Z.);
0000-0002-6098-7893 (Z.H.); 0000-0002-8669-7202 (L.L.); 0000-0003-3231-0778 (J.L.)

BRASSINOSTEROID-INSENSITIVE1 (BRI1) is a leucine-rich-repeat receptor-like kinase that functions as the cell surface re-
ceptor for brassinosteroids (BRs). Previous studies showed that BRI1 requires its kinase activity to transduce the extracellular
BR signal into the nucleus. Among the many reported mutant bril alleles, bril-301 is unique, as its glycine-989-to-isoleucine
mutation completely inhibits its kinase activity in vitro but only gives rise to a weak dwarf phenotype compared with strong
or null bril alleles, raising the question of whether kinase activity is essential for the biological function of BRI1. Here, we show
that the Arabidopsis (Arabidopsis thaliana) bril-301 mutant receptor exhibits weak BR-triggered phosphorylation in vivo and
absolutely requires its kinase activity for the limited growth that occurs in the bri1-301 mutant. We also show that bri1-301 is a
temperature-sensitive misfolded protein that is rapidly degraded in the endoplasmic reticulum and at the plasma membrane
by yet unknown mechanisms. A temperature increase from 22°C to 29°C reduced the protein stability and biochemical activity
of bril-301, likely due to temperature-enhanced protein misfolding. The bril-301 protein could be used as a model to study the
degradation machinery for misfolded membrane proteins with cytosolic structural lesions and the plasma membrane-associated

protein quality-control mechanism.

Brassinosteroids (BRs) are important plant growth
hormones that regulate a wide range of plant devel-
opmental and physiological processes, such as pollen
development, seed germination, vascular differentia-
tion, hypocotyl/petiole elongation, senescence, stomata
development, and flowering time (Clouse, 2011).

'This work was partially supported by a grant from the Chi-
nese Academy of Sciences (2012CSP004 to J.L.), grants from the
Natural Science Foundation of China (NSFC31600996 to L.L. and
NSFC31730019 to J.L.), and the Shanghai Center for Plant Stress Bi-
ology.
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www.plantphysiol.org/cgi/doi/10.1104/pp.18.00452

Genetic, biochemical, and structural biology studies have
shown that these plant steroids are perceived at the
cell surface by BRASSINOSTEROID-INSENSITIVE1
(BRI1), a leucine-rich-repeat receptor-like kinase (LRR-
RLK; Li and Chory, 1997; He et al., 2000; Wang et al.,
2001; Kinoshita et al., 2005; Hothorn et al., 2011; She
et al., 2011). Upon BR binding, BRI1 heterodimerizes
with and transphosphorylates BRI1-ASSOCIATED
RECEPTOR KINASE (BAK1), a similar but smaller
LRR-RLK (Li et al., 2002; Nam and Li, 2002), to initiate
a protein phosphorylation-mediated signaling cascade,
which controls the activities of several key transcrip-
tion factors regulating the expression of thousands
of BR-responsive genes important for plant growth
(for review, see Belkhadir and Jaillais, 2015). Loss-of-
function mutations in BR-biosynthesis enzymes or BRI1
result in characteristic BR-deficient/insensitive pheno-
types that include short hypocotyls in the dark, dwarf
stature in the light, altered vascular development, pro-
longed vegetative phase, and reduced male fertility
(Clouse, 1996; Li et al., 1996; Szekeres et al., 1996; Li
and Chory, 1997).

BRI1 is the only BR signaling component identified
by loss-of-function mutations in multiple forward

1704  Plant Pl1ysiology®, December 2018, Vol. 178, pp. 1704-1719, www.plantphysiol.org © 2018 American Society of Plant Biologists. All Rights Reserved.
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genetic screens (Clouse, 1996; Li and Chory, 1997;
Noguchi et al., 1999), and over 30 mutant bri1 alleles have
been reported so far (Friedrichsen et al., 2000; Wang
etal., 2001, 2005; Xu et al., 2008; Kang et al., 2010; Shang
etal., 2011; She et al., 2011; Santiago et al., 2013; Bojar et
al., 2014; Sun et al., 2017), most of which carry missense
mutations in the BR-binding extracellular domain and
the cytoplasmic kinase domain and exhibit dwarf phe-
notypes of varying strength (Table 1). Previous bio-
chemical and structural studies have demonstrated or
suggested that some bril mutations affect BRI1 bind-
ing with its ligand or its coreceptor BAK1 (He et al,,
2000; Wang et al., 2001; Santiago et al., 2013; Bojar et al.,
2014), some prevent BRI1 intracellular trafficking (Jin
et al., 2007; Hong et al., 2008), while others inhibit
BRI1’s kinase activity (Friedrichsen et al., 2000; Wang
et al., 2005; Kang et al., 2010; Sun et al., 2017). Among
these characterized bril alleles, bril-301 is very inter-
esting, as this mutant was generated by ethylmeth-
anesulfonate mutagenesis, which often causes G-to-A
and C-to-T transitions (Greene et al., 2003), but carries
a GG-AT two-nucleotide change in the BRI gene, re-
sulting in the Gly-989-Ile (G989I) missense mutation in
the kinase domain (Xu et al., 2008). Morphologically, it
is one of the weakest known bril mutants reported so
far. However, two previous studies show that bri1-301
has an inactive kinase when assayed by in vitro phos-
phorylation or in yeast cells that coexpressed the full-
length proteins of BRI1/bril-301 and the wild-type
BAKI1 (Xu et al., 2008; Kang et al., 2010). It is interest-
ing that a recently reported bril allele, known as bril-
702, carrying a mutation of Pro-1050-Ser, exhibited
significantly reduced but detectable in vitro autophos-
phorylation activity but caused a growth phenotype
stronger than bri1-301 (Sun et al., 2017). That study
also included a transgenic experiment showing that
the GFP-tagged BAK1 was constitutively phosphory-
lated in bri1-301 but not in a T-DNA insertional null
bril mutant background (Sun et al., 2017), suggesting
that bril-301 might be an active kinase in Arabidop-
sis (Arabidopsis thaliana). Because the detected BAK1
phosphorylation might not be catalyzed by bril-301
but a yet unknown bril-301-dependent mechanism, it
remains to be determined if bri1-301 requires its kinase
activity for the observed weak growth phenotype. It is
also worth mentioning that another recently reported
mutant BR receptor, bril-707 (with the same Gly-989
residue mutated to Glu), exhibits slightly reduced in
vitro autophosphorylation activity but does not cause
any detectable growth alteration (Sun et al., 2017).
Because bri1-301 is widely used in many studies in-
vestigating BR signaling and its cross talk with many
other plant signaling processes (Li and Nam, 2002;
Nam and Li, 2002; Kim et al., 2007, Wang et al., 2009,
2016; Kang et al., 2010; Schwessinger et al., 2011; Al-
brecht et al., 2012; Shi et al., 2015; Unterholzner et al.,
2015; Ha et al., 2016; Hao et al., 2016), we decided to
investigate the mechanism of the bri1-301 mutation.
During our study, we also discovered that bri1-301 ex-
hibited a severe growth defect when grown in a 29°C
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growth chamber. Our biochemical and genetic experi-
ments revealed that bril-301 is a temperature-sensitive
misfolded BR receptor that is unstable in the endoplas-
mic reticulum (ER) and at the plasma membrane (PM)
and requires its kinase activity for the observed weak
growth phenotype. Our study suggests that bril-301
may serve as a model protein to study the PM-associated
quality-control mechanism in Arabidopsis.

RESULTS

The Weak Growth Phenotype of bri1-301 Is Caused by the
bri1-301 Mutation

Because no severe dwarf phenotype segregated out
in our previous genetic studies with the bri1-301 mu-
tant (Li and Nam, 2002; Nam and Li, 2002; Wang et al.,
2009; Kang et al., 2010), we initially hypothesized that
the weak growth phenotype of the bril-301 mutant
might be caused by a linked unknown mutation that
suppresses the dwarf phenotype of the "kinase-dead"
BR receptor. To test this hypothesis, we crossed bril-
301 with the heterozygous T-DNA insertional mutant
bril-701/+ and discovered that the bri1-301/bril-701
heterozygous mutants were smaller than bri1-301 (Fig.
1A), suggesting that the enhanced dwarfism could
be caused by eliminating a recessive suppressor mu-
tation or by reducing bril-301 abundance. Genome
sequencing of the bri1-301 mutant revealed three
nucleotide changes in the bottom 3,100-kb region of
chromosome 4 (15,522,789-18,660,050; Fig. 1B), includ-
ing the two-nucleotide change (GG-AT at positions of
18,327,790-18,327,791) in the BRI1 gene (At4g39400;
Xu et al., 2008) and a single-nucleotide change (G-T
at position 18,334,855) in the immediate downstream
gene (At4¢39410) of BRI1. Because the third nucleo-
tide change occurs in the annotated promoter region
of At4¢39410 that encodes an Arabidopsis WRKY
transcription factor, AtWRKY13, and thus might af-
fect At4g39410 transcript abundance, we performed
reverse transcription quantitative PCR (RT-qPCR) and
found that the G-T nucleotide change had little effect
on At4¢39410 transcript abundance (Fig. 1C), suggest-
ing that the weak growth phenotype of bri1-301 is un-
likely to be caused by the G-T mutation but rather is
the result of the two-nucleotide change in the BRI
gene.

Further support for our conclusion came from our
transgenic experiment. We generated a pBRI1::bri1-301
construct (driven by the BRI1 promoter), transformed
it into heterozygous bri1-701 plants, and analyzed the
phenotypes of the resulting transgenic lines that were
homozygous for the bril-701 mutation. As shown in
Figure 1D, the pBRI1::bri1-301 construct complemented
the null bri1-701 mutation, and the growth phenotypes
observed with the pBRI1::bri1-301 bril-701 transgenic
lines matched well with bril-301 protein abundance,
with the wild type-like lines accumulating higher
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Table 1. Summary of previously reported briT alleles

Ecotypes are as follows: Col-0, Columbia-0; Ws-2, Wassilewskija-2.

bril Allele Mutation Site Dwarfism Ecotype Biochemical Effect Reference
bril-1 G2725A Strong Col-0 A909T, extremely weak in vivo BL-stimu-  Clouse et al. (1996); Wang
lated BAK1 phosphorylation et al. (2008)
bri1-2 (cbb2) Unknown Strong C24 Unknown Kauschmann et al. (1996)
bri1-3 4-bp deletion at Strong Ws-2 Premature termination Noguchi et al. (1999)
2,745
bril-4 10-bp deletion at 459 Strong Ws-2 Premature termination Noguchi et al. (1999)
bril-5 G206A Weak Ws-2 C69Y, ER retention Noguchi et al. (1999)
bri1-5R1 G260A Weak bril-5Ws-2 Partially suppresses the bri7-5 mutation Belkhadir et al. (2010)
bril-6/bril- G1931A Weak Enkheim-2 G644D, unknown Noguchi et al. (1999);
119 Friedrichsen et al.
(2000)
bril-7 G1838A Weak Ws-2 G613S, unknown Noguchi et al. (1999)
bri1-8/bril- G2948A Intermediate Ws-2/Col-0 R983N, no detectable in vitro kinase Noguchi et al. (1999)
108-102 activity
bri1-9 C1985T Weak Ws-2/Col-0 S662F, ER retention Noguchi et al. (1999); Jin
et al. (2007)
bril-101 G3232A Strong Col-0 E1078K, extremely weak in vitro kinase  Li and Chory (1997); Frie-
activity drichsen et al. (2000)
bri1-102 C2249T Strong Col-0 T7501 Friedrichsen et al. (2000)
bri1-103/104 G3091A Strong Col-0 A1031T Li and Chory (1997); Frie-
drichsen et al. (2000)
bri1-105-107 C3175T Strong Col-0 Q1059Stop Li and Chory (1997); Frie-
drichsen et al. (2000)
brit-113 G1832A Strong Col-0 G611E Li and Chory (1997)
bril-114/116 C1747T Strong Col-0 Q583 Stop Friedrichsen et al. (2000)
bril-115 G3143A Strong Col-0 G1048D Li and Chory (1997)
bri1-117/118 G3415A Strong Col-0 D1139N Friedrichsen et al. (2000)
bri1-120 T1196C Weak Landsberg S399F in the 13th LRR Shang et al. (2011)
erecta
bri1-201 G1831A Strong Ws-2 G611R Domagalska et al. (2007)
bri1-202 C2854T Strong Ws-2 R952W Domagalska et al. (2007)
bril-301 GG2965/6AT Very weak Col-0 No detectable kinase activity in vitro or ~ Xu et al. (2008); Kang et
in yeast cells al. (2010); this study
bri1-401 G2714A/G3582A Strong Ws G895R/G1194E Tanaka et al. (2005)
bri1-701 T-DNA insertion at Strong Col-0 Knockout of BRI1 Gou et al. (2012)
1,245
bril-702 C3148T Weak Col-0 P1050S, reduced in vitro kinase activity Sun et al. 2017)
bri1-703 G3166A Strong Col-0 E1056K, no detectable in vitro kinase Sun et al. (2017)
activity
bril-704 G3079A Strong Col-0 D1027N, no detectable in vitro kinase Sun et al. (2017)
activity
bril-705 C2156T Subtle Col-0 P719L, likely affects the interaction of Sun et al. (2017)
BL, BRIT, and BAK1
bril-706 C758T Subtle Col-0 S253F Sun et al. (2017)
bri1-708 C2947G Strong Col-0 R983G, no detectable in vitro kinase Sun et al. (2017)
activity
bri1-709 G2543A Strong Col-0 W848Stop, premature termination Sun et al. (2017)
bril-710 G1858A Subtle Col-0 G620R Sun et al. (2017)
bri1-711 G2236A Subtle Col-0 G746S Sun et al. (2017)

amounts of bri1-301 (Fig. 1E). It is important to note that
a line exhibiting bri1-301-like morphology contained a
similar amount of bril-301 protein as the bri1-301 mutant
(Fig. 1, D and E). Importantly, this line also exhibited
similar BR sensitivity to the bri1-301 mutant revealed
by the BR-induced BRI1-EMS-SUPPRESSOR1 (BES1)
dephosphorylation assay (Mora-Garcia et al., 2004) and
by RT-qPCR analysis of three BR-responsive genes,
CONSTITUTIVE PHOTOMORPHOGENESIS AND
DWARFISM (CPD; Mathur et al., 1998), DWARF4 (DWF4;

1706

Bancos et al., 2002), and SMALL-AUXIN-UP-RNA-
ARABIDOPSIS COLUMBIA1 (SAUR-ACI; Nakamura
etal., 2003; Fig. 1, F-H; Supplemental Fig. S1A). Consis-
tent with their growth morphology, the two wild-type-
like pBRI1::bri1-301 bril-701 transgenic lines displayed
wild-type-like BR sensitivity, as shown in Figure 1, F to
H, and Supplemental Figure S1A. Taken together, these
results showed that the weak growth phenotype of bril-
301 is due to the G989 substitution in BRI1 rather by the
G-T mutation in the At4¢39410 promoter.
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Figure 1. The G9891 mutation of BRI1 is responsible for the weak growth phenotype of bri1-301. A, Photographs of 26-d-old
soil-grown plants in a 22°C growth chamber. B, Nucleotide changes between bri1-301 and its wild-type control (WT) within
the bottom 3,000-kb region of chromosome 4. C, RT-qPCR analysis of the relative transcript abundance of At4g39410 between
10-d-old seedlings of the wild type and bri7-307 grown in a 22°C growth room. D, Photographs of 18-d-old soil-grown seed-
lings in a 22°C growth room. E, Immunoblot analysis of BRI1/bri1-301 abundance of the Arabidopsis seedlings shown in D. The
numbers shown below the anti-BRI1 strip are the relative values of anti-BRI1 signals after normalization with the signal inten-
sity of the corresponding Coomassie Blue-stained RbcS bands. The signal intensity of each band was quantified by Image]. F,
Immunoblot analysis of BES1 phosphorylation status. Eight-day-old seedlings grown on one-half-strength Murashige and Skoog
(172 MS) medium were carefully transferred into liquid 1/2 MS medium supplemented with or without 1 um brassinolide (BL)
and incubated for 2 h. Their total protein extracts were separated by 10% SDS-PAGE and analyzed by Coomassie Blue staining
or immunoblotting with an anti-BEST antibody. G and H, RT-qPCR analyses of the relative transcript abundance of CPD (QG)
and SAUR-ACT (H) using total RNAs extracted from 8-d-old seedlings treated with or without 1 pm BL for 2 h. The transcript
abundance of CPD or SAUR-ACT in nontreated wild-type seedlings was set as 1. In C, G, and H, for each sample, the RT-qPCR
assays were repeated four times, and the error bars denote +sp. Bars in Aand D = 1 cm.

The bri1-301 Protein Requires Its Kinase Activity for Its
Weak Growth Phenotype

Our second hypothesis to explain the discrepancy
between the nondetectable kinase activity of bril-301
in vitro or in yeast cells and its weak growth pheno-
type is that bril-301 is a rather active kinase in vivo.
To test this hypothesis, we performed two different
experiments capable of detecting in vivo phosphory-
lated proteins. First, we performed Phos-tag immuno-
blotting with total proteins extracted from seedlings

Plant Physiol. Vol. 178, 2018

95

of the wild type, bri1-301, and bri1-101 treated with or
without 1 um BL (the most active member of the BR
family). Due to the presence of Phos-tag, a selective
phosphate-binding tag molecule, in the SDS-poly-
acrylamide gel, phosphorylated proteins move slower
than their corresponding nonphosphorylated forms
(Kinoshita et al., 2009). As shown in Figure 2A, a 4-h
treatment with 1 pm BL caused the appearance of
highly abundant slower-moving BRI1 bands in the
wild-type sample, while the same treatment resulted
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Figure 2. bri1-307 is weakly phosphorylated in vivo and requires its kinase activity for the weak growth phenotype. A, Phos-tag
assay of BL-triggered BRI1/bri1 phosphorylation (top strip; for details, see “Materials and Methods”) and immunoblot analysis of
BRI1/bri1-301 abundance (bottom strip). WT, Wild type. B, Immunoblot analysis of BL-induced BRI1/bri1-301 phosphorylation
by an anti-pThr antibody with 18-d-old seedlings treated with or without 1 pm BL. IP, immunoprecipitation; WB, western blot.
C, Photographs of 26-d-old soil-grown seedlings of transgenic bri1-701 lines. Bar = 1 cm. D, Immunoblot analysis of the trans-
genically expressed BRI1/bri1-301-GFP fusion proteins in the lines shown in C. The numbers shown above the blots correspond
to the numbered lines shown in C. The bottom strip shows the Coomassie Blue-stained RbcS bands for the loading control.

in no detectable slower-moving bands in the bri1-301
sample. To address the concern that our failure to
detect slower-moving bril-301 bands could be due
simply to the lower abundance of total bril-301 pro-
teins (Fig. 2A), we included two wild-type-looking
pBRI1::bri1-301 bril-701 transgenic lines with similar
or higher bril-301 abundance than the wild-type BRI1
abundance (Fig. 2, A and B). As shown in Figure 2A,
the 4-h BL treatment did show slower-moving bri1-301
bands in the two transgenic lines; however, the abun-
dance of these slower-moving bands was much lower
than that of the corresponding wild-type BRI1 bands,
suggesting that bril-301 exhibits a very low level of
BR-induced phosphorylation. This conclusion was fur-
ther supported by our second immunoblot experiment
with a pBRI1:BRI1-GFP bril-701 transgenic line and a
wild-type-like pBRI1::bri1-301-GFP bril-701 transgenic
line (Fig. 2B) using an anti-pThr antibody capable of
detecting phosphorylated Thr residues in BRI1 and its
coreceptor BAK1 (Wang et al., 2005).

The detected bril-301 phosphorylation could be
caused by its autophosphorylation activity or trans-
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phosphorylation by a BRI1-associated kinase, such as
BAKT1 that functions as a BRI1 coreceptor (Li et al., 2002;
Nam and Li, 2002). To directly test if bril-301 requires
its kinase activity for the observed weak growth pheno-
type, we mutated three residues in the kinase domain of
BRI1 known to be essential for its kinase activity: Lys-911
mutated to Glu (K911E), which is known to form the salt
bridge with Glu-927 essential to maintain an active con-
formation of BRI1 (Bojar et al., 2014); Arg-1008 mutated
to Asn (R1008N) or Ala (R1008A); and Asp-1009 mutated
to Ala (D1009A) in combination with the R1008 A muta-
tion of the catalytic His-Arg-Asp loop motif, known to
be highly conserved throughout the protein kinase fam-
ily (Hanks et al., 1988). We individually transformed the
mutated pBRI1::BRI1-GFP or pBRI1::bri1-301-GFP trans-
gene into the heterozygous bril-701 plants and screened
T1 plants homozygous for the bril-701 mutation. We
discovered that every homozygous bril-701 transgenic
plant was morphologically identical to the parental bril-
701 mutant (Fig. 2C), indicating that the kinase activity
is absolutely required for the weak growth phenotype
of the mutant bri1-301 receptor.
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Figure 3. bri1-301 is an unstable protein that is degraded in the ER and at the PM. A, Immunoblot analysis of BRI1/bri1 stability
after treatment with CHX. B, Immunoblot analysis of the protein stability of the endogenous BRIT and the transgenically ex-
pressed bri1-301-GFP fusion proteins. C and D, Endo-H analysis of BRIT/bri1-301 and transgenically expressed bri1-301 in the
bri1-701 background. E, Immunoblot analysis of BRI1/bri1-301 abundance with total proteins treated with or without Endo-H.
F, Photographs of 18-d-old soil-grown plants in a 22°C growth room. Bar = 1 cm. G, Immunoblot analysis of the impact of Kif
treatment on BRI1/bri1301 abundance. H and I, Immunoblot analysis of the effect of MG115 on the stability of Hrd1a-GFP (H;
used as a positive control) and bri1-301 (I). In A to C, E, and G to |, Coomassie Blue staining of duplicate gels was used as the
loading control, while in D, immunoblotting of a duplicate blot with anti-ACTIN antibody served as the loading control. In A,
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bri1-301 Is an Unstable Protein in the ER and on the PM

During our experiment assaying the BR-induced BRI1/
bril-301 phosphorylation, we discovered that the protein
abundance of bri1-301 was much lower than that of wild-
type BRI1 (Figs. 1E and 2A), suggesting that bri1-301 is an
unstable protein. To determine if the low bril-301 abun-
dance is caused by increased degradation or decreased
biosynthesis of bril-301, we performed a cycloheximide
(CHX)-chasing experiment by treating Arabidopsis
seedlings of bril-9, bri1-301, and their wild-type control
with CHX, a widely used protein biosynthesis inhibitor.
As shown in Figure 3A, while the wild-type BRI1 pro-
tein was rather stable, bril-301 was rapidly degraded in
the treated bri1-301 seedlings. Interestingly, it seemed
that bril-301 disappeared more rapidly than the ER-
retained bril-9, which is degraded by an endoplasmic
reticulum-associated degradation (ERAD) mechanism
(Hong et al., 2009). A similar study was performed with
a transgenic line that expresses a GFP-tagged bril-301
(driven by the BRI1 promoter) in a wild-type background.
As shown in Figure 3B, the GFP-tagged bril-301 degraded
much more rapidly than the endogenous wild-type BRI1.
Taken together, our experiments demonstrated that bril-
301 is rapidly degraded in Arabidopsis plants.
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Our earlier endoglycosidase H (Endo-H) assay
revealed that bril-301 is not retained in the ER but
is localized mainly on the PM (Hong et al., 2008), as
Endo-H is an endoglycosidase capable of cleaving
high-mannose (Man)-type Asn-linked glycans (N-gly-
cans) of ER-retained glycoproteins but not the Gol-
gi-processed complex-type N-glycans (Robbins et al.,
1984). However, Figure 3C shows a low but detectable
level of the Endo-H-sensitive form of bril-301 on the
immunoblot, suggesting that the G989 mutation leads
to the presence of a very small pool of bri1-301 pro-
teins in the ER. Consistently, a similar Endo-H assay
of bril-301 from a wild-type-looking pBRI1:bri1-301
bri1-701 line revealed the presence of a high level of
an ER-retained form of bril-301, which was degraded
much faster than the PM-localized bril-301 proteins
(Fig. 3D). We hypothesized that bri1-301 is a misfolded
protein with a cytosolic structural lesion that is not effi-
ciently retained in the ER. In addition, its ER-retained
form is rapidly degraded and remains unstable even
when it reaches the PM.

To investigate if the low abundance of the ER-
retained bril-301 pool is due to rapid degradation by
the ERAD pathway known for degrading bril-5 and
bril-9, two ER-retained mutant BR receptors (Jin et al.,
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2007; Hong et al., 2008), we crossed bri1-301 with three
previously reported Arabidopsis ERAD mutants: EMS-
mutagenized bril suppressor5 (ebs5), ebs6, and ebs7 (Su
et al., 2011, 2012; Liu et al., 2015). EBS5, an ER trans-
membrane protein, works together with the ER lu-
minal lectin EBS6, which binds to al,2-Man-trimmed
N-glycans to recruit a terminally misfolded glycopro-
tein to the ER membrane-anchored ubiquitin ligase
HMG-CoA-reductase degradation proteinl (Hrd1), while
EBS7 regulates the protein stability of Hrd1l (Liu and
Li, 2014; Liu et al., 2015). As shown in Figure 3, E and
F, none of the three ERAD mutations was able to sup-
press the bri1-301 growth phenotype and to stabilize
the ER-retained form of bri1-301, indicating that deg-
radation of the ER-retained bril-301 does not involve
the ERAD machinery that degrades bril-5 and bril-9.
Surprisingly, treatment of the bri1-301 mutant with
kifunensine (Kif), a widely used inhibitor of a1,2-man-
nosidases and ERAD of glycoproteins (Elbein et al.,
1990), increased the protein abundance of bril-301,
suggesting the involvement of N-glycosylation in bril-
301 degradation (Fig. 3G). Because Kif inhibits not only
the ER-mediated al,2-Man trimming of terminally
misfolded glycoproteins but also the Golgi-mediated
al,2-Man trimming of correctly folded glycoproteins
that are destined to the PM or other cellular organelles,
it is possible that Kif treatment might affect the activity
of yet unknown glycoproteins to degrade bril-301. It is
worth noting that treatment with MG115, which could
block the degradation of the Arabidopsis ER-localized
E3 ligase Hrd1a that becomes unstable in an ebs7 mu-
tant background (Liu et al., 2015; Fig. 3H), showed very
limited impact on bril-301 abundance (Fig. 3I), sug-
gesting that the cytosolic proteasome might not make
a major contribution to degrading the ER-retained or
PM-localized bri1-301.

The bri1-301 Mutant Is Highly Sensitive to Higher
Temperatures

During our study, we noticed that bri1-301 grown
in a 22°C growth chamber was a weak dwarf but be-
came an extreme dwarf when grown in a 29°C growth
chamber (Fig. 4A), suggesting that bri1-301 is a tem-
perature-sensitive mutant. Indeed, when grown in a
25°C growth chamber, the rosette size of bri1-301 was
between that of the 22°C-grown and 29°C-grown bri1-
301 mutants (Fig. 4B). We also tested the temperature
sensitivity of other bril mutants. As shown in Figure
4C, while the temperature increase of 22°C to 29°C
stimulated the growth of the wild type and weak bril
mutants such as bril-5, bril-702, and bril-707, which
was likely mediated by high-temperature-induced
auxin biosynthesis (Gray et al., 1998; Koini et al., 2009),
it had little impact on stronger bril mutants, including
bril-9, bril-101, bril-701, bril-703, bril-704, and bril-
708. It is interesting that the temperature-triggered se-
vere dwarfism was not observed in the dark (Fig. 4D).
A quantitative assay, which measures the sensitivity
of dark-grown seedlings to a BR biosynthesis inhibitor,
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brassinazole (BRZ; Asami et al.,, 2000; Nagata et al.,
2000), showed that the temperature shift had little effect
on the BRZ sensitivity of the weak receptor mutant,
although the 22°C to 29°C temperature shift did enhance
the BRZ resistance of the dark-grown wild-type seed-
lings (Fig. 4E).

The Thermosensitivity of bri1-301 Is Caused by the G9891
Mutation of BRI1

There are two possible explanations for the observed
29°C-triggered growth inhibition of bri1-301. It might
be due to an unknown mutation that confers warm
temperature-induced growth inhibition to bri1-301,
or it may be caused by a warm temperature-triggered
reduction in the activity and/or protein abundance of
bril-301. To investigate the first possibility, we crossed
bri1-301 with the wild type and bri1-701, analyzed their
F2 offspring (more than 3,000 F2 individual seedlings
for each cross), and discovered a close linkage of the
thermosensitive phenotype with the BRIT locus. As
mentioned before, there are only three detected nucle-
otide changes in the bottom 3,100-kb region of chromo-
some 4: two in the BRI1 gene and one in the promoter
region of At4¢39410 located immediately downstream
of the BRII locus (Fig. 1B). Therefore, we performed
RT-qPCR analysis of the At4¢39410 gene with the
22°C- and 29°C-grown bri1-301 mutants but detect-
ed no obvious difference in its transcript abundance
between temperatures (Fig. 5A), suggesting that the
temperature-triggered severe dwarfism of bril-301 is
likely due to the G989I mutation of bril-301 but not the
nucleotide change in the At4¢39410 promoter. Further
support came from our analysis of the growth pheno-
types of the above-mentioned pBRI1::bri1-301 bril-701
transgenic lines grown in the 29°C growth chamber. As
shown in Figure 5B, the bri1-301-like pBRI1::bri1-301
bri1-701 line (3-3-3), which contains a similar amount
of bril-301 to the bri1-301 single mutant (Fig. 5C), was
an extreme dwarf resembling the 29°C-grown bri1-301
(Fig. 5B). Interestingly, the two other pBRI1::bri1-301
bri1-701 transgenic lines (2-6-8 and 4-4-3), which accu-
mulated higher levels of bri1-301 mRNA and bril-301
protein than the wild type (Fig. 5C; Supplemental Fig.
S2), were larger than the 22°C-grown bri1-301 mutant
and morphologically similar to the 22°C-grown wild-
type plants (Fig. 5B). Consistent with the morphological
phenotypes, the BR-induced BES1 dephosphorylation
assay and RT-qPCR experiments of three BR-respon-
sive genes showed that the 29°C-grown wild-type-
looking pBRI1::bri1-301 bril-701 lines still responded
to BL, whereas the 29°C-grown seedlings of bril-301
and the bri1-301-like pBRI1::bri1-301 bril-701 line be-
came insensitive to the exogenously applied BL (Fig.
5, D-F; Supplemental Fig. S1B). Together, these results
demonstrated that the 29°C-triggered growth inhibi-
tion is caused by the bri1-301 mutation itself. In addi-
tion, our experiments revealed that bril-301 remains
active in promoting plant growth even at 29°C, when
its protein abundance is high enough to compensate
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Figure 4. bri1-301 is a thermosensitive dwarf mutant. A, Photographs of 26-d-old soil-grown plants in a 22°C growth chamber
(left pot) and in a 29°C growth chamber (right pot). B, Photographs of 20-d-old soil-grown plants at three different temperatures.
C, Photographs of 18-d-old (top) and 23-d-old (bottom) soil-grown wild-type (WT) and various bri1 mutant plants in 22°C
and 29°C growth chambers. D, Photographs of 5-d-old 22°C- and 29°C-grown etiolated seedlings. E, Quantitative analysis of
seedling sensitivity to BRZ. Five-day-old dark-grown seedlings were carefully removed from petri dishes and photographed,
and their hypocotyl lengths were measured by Image]. The data points are relative hypocotyl lengths of seedlings grown on
BRZ-containing medium in comparison with seedlings grown on normal 1/2 MS medium at 22°C or 29°C. For each data point,
the average length was obtained through three replicates of 20 seedlings each. The error bars indicate +sp. Bars in Ato D = 1
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for its reduced activity at a higher growth temperature
(Fig. 5, Band C).

The Warmer Temperature-Enhanced Protein Misfolding
Is Likely Responsible for the Severe Dwarfism of
29°C-Grown bri1-301

Given the fact that the 29°C-induced severe dwarf
phenotype of bri1-301 could be suppressed by in-
creased production of the mutant BR receptor (Fig. 5, B
and C), we suspected that the warm temperature-trig-
gered dwarfism enhancement might be caused by a re-
duction in the activity and/or abundance of bril-301.
We first compared the protein abundance of the mu-
tant BR receptor between 22°C- and 29°C-grown bril-
301 seedlings. As shown in Figure 6A, the temperature
increase of 22°C to 29°C had a marginal impact on the
protein level of the wild-type BRI1 but caused an ~4-
fold reduction in bril-301 abundance. A subsequent
CHX-chasing experiment showed that bril-301 was
degraded slightly faster in the 29°C-grown bril-301
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seedlings than in the 22°C-grown seedlings (Fig. 6B).
Additional support for the suspected causal relation-
ship between reduced bril-301 abundance and severe
dwarfism came from our immunoblot experiment with
22°C-grown seedlings of bri1-301, a pBRI1:bri1-301
bri1-701 transgenic line, the F1 offspring of the bril-
301 x bri1-701 cross, and their wild-type control plus
our analysis of BRI1/bril-301 abundance of wild-type
and bril-301 seedlings grown at 18°C, 22°C, 25°C,
and 29°C. Figure 6C reveals an association between
BRI1 abundance and the severity of dwarfism among
22°C-grown seedlings of various genotypes, while
Figure 6, D and E, show that bril-301 abundance de-
creased with the increased severity of dwarfism when
the growth temperature increased.

Based on our findings of the temperature-dependent
reduction in the protein abundance of bril-301 and its
increased degradation rate at 29°C, we hypothesized
that bril-301 is a temperature-sensitive misfolded BR
receptor that becomes even more misfolded at higher
temperatures. If so, we would expect that more bril-301
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proteins would be retained in the ER. To test this hy-
pothesis, we performed an Endo-H experiment, which
indeed showed an increased ratio of ER-retained
bril-301 (Endo-H-sensitive form) to the PM-localized
bril-301 (Endo-H-resistant form) despite a remark-
able reduction in the total amount of bril-301 by the
temperature increase (Fig. 6F). Similar to what was
observed in 22°C-grown seedlings, degradation of the
ER-retained bril-301 in 29°C-grown seedlings did not
involve EBS5, EBS6, or EBS7 (Fig. 6G). Consistently,
the morphology of 29°C-grown ebsb bri1-301, ebs6 bril-
301, or ebs7 bril-301 was indistinguishable from that
of the 29°C-grown bri1-301 single mutant (Fig. 6G).
Additional support for a more misfolded state of bril-
301 in 29°C-grown bri1-301 mutants came from a tryp-
sin sensitivity assay, which is widely used to assess
if a protein is misfolded compared with its correctly
folded conformer (https://bio-protocol.org/e1953).
As shown in Figure 6H, the bril-301 protein extract-
ed from the 29°C-grown seedlings was more sensitive
to the trypsin digestion than that extracted from the
22°C-grown seedlings. Together, these results strong-
ly suggested that bril-301 becomes more misfolded at
29°C, leading to its increased ER retention and further
reduced protein stability on the PM.
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The temperature-enhanced misfolding and increased
degradation of bril-301 suggested that the activity of
the mutant receptor also could be reduced by higher
growth temperatures. Consistent with this assessment,
morphological and immunoblot analyses of additional
29°C-grown pBRI1::bri1-301 bril-701 transgenic lines,
which were generated by an independent transforma-
tion experiment (Fig. 7A), showed that two transgenic
lines (#1 and #2, with ~4- and 11-fold higher bril-301
abundance than that of the 29°C-grown bri1-301 mu-
tant, respectively) were still severe dwarfs (Fig. 7, B
and C). If the temperature increase had only affected
bril-301 stability, a 29°C-grown pBRI1::bri1-301 bril-
701 transgenic line accumulating greater than 4 times
more bril-301 than the 29°C-grown bri1-301 would be
morphologically similar to the 22°C-grown bri1-301,
as the bril-301 abundance of 22°C-grown bri1-301 was
~4-fold higher than that of the 29°C-grown bril1-301
(Fig. 6A). Further support for a temperature-triggered
reduction of bril-301 activity came from a Phos-tag
experiment that measured the BR-induced BRI1/bril-
301 phosphorylation level in 29°C-grown seedlings.
As shown in Figure 7D, despite the similar abundance
of transgenically expressed bril-301 in the bri1-701
mutant background to that of wild-type BRI1 in the
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Figure 6. The 22°C to 29°C temperature increase reduces bri1-301 stability. A, Immunoblot analysis of BRI1/bri1-301 protein
abundance. B, Immunoblot analysis of bri1-301 protein stability after the CHX treatment. C, Immunoblot analysis of BRI1/
bri1-301 protein abundance in 18-d-old soil-grown seedlings (shown below the gel strips) of the wild type (WT), bri1-301, a
pBRIT::bri1-301 bri1-701 line, and an F1 plant of the bri1-301 x bri1-701 cross. D, Photographs of 18-d-old seedlings grown
at different temperatures. E, Immunoblot analysis of BRI1/bri1-301 protein abundance in the seedlings shown in D. F, Endo-H
analysis of BRI1/bri1-301 proteins with total proteins extracted from wild-type and bri7-301 seedlings grown in 22°C and 29°C
growth chambers. G, Photographs (top) and immunoblot analysis (bottom) of 20-d-old seedlings grown in soil at 29°C. H,
Immunoblot analysis of trypsin sensitivity of the bri1-301 protein from the 22°C- and 29°C-grown bri1-307 mutant. TR, trypsin.
In A to C, E, and H, the numbers shown in the space between two gel strips are BRI1/bri1 abundance (relative to that of the
wild-type BRIT in lane 1 in A and C, to that of nontreated samples in B and H, or to that of 18°C-grown seedlings of the same
genotype in E) after normalization with the signals of corresponding ACTIN (A—C and E) or RbcS (H) bands. Bars in C, D, and

G=1cm.

wild-type control, the BL treatment resulted in no
detectable BR-triggered bril-301 phosphorylation in
the two pBRI1::bri1-301 bril-701 transgenic lines. This is
quite different from what was observed with the same
two transgenic lines grown in a 22°C growth chamber
(Fig. 2A). Together, these two experiments strongly
suggested that the temperature-enhanced bril-301 mis-
folding not only increases the degradation rate of the
mutant BR receptor but also reduces its biochemical
activity.

DISCUSSION

The Mutant bri1l-301 Receptor Requires Its Kinase
Activity to Promote Plant Growth

Among various reported alleles of the Arabidop-
sis BR receptor, bril-301 is very interesting because it
lacks a detectable auto/transphosphorylation activity
in vitro or in yeast cells but only causes a weak growth
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phenotype (Xu et al., 2008; Kang et al., 2010; Sun et al.,
2017), which led us to question whether the kinase
activity is required for BRI1’s physiological activity.
In this study, we eliminated the possibility of a linked
suppressor mutation being responsible for the appar-
ent inconsistency between an inactive kinase and the
weak growth phenotype and demonstrated by a trans-
genic approach that the weak growth phenotype of
bri1-301 is caused by the G9891 mutation in the BRI1
protein. Our analysis of in vivo bril-301 phosphory-
lation with an anti-pThr antibody and Phos-tag gel
electrophoresis revealed that bri1-301 was very weak-
ly phosphorylated in response to BR treatment, which
is quite different from what was reported recently for
the strong BR-independent BAK1 phosphorylation
in the bri1-301 mutant background (Sun et al., 2017).
Although we could not tell if the detected bril-301
phosphorylation was caused by autophosphorylation
of bril-301 or transphosphorylation by a BAK1 or other
yet unknown BRIl-interating kinases, our trans-
genic experiments using several kinase-dead mutant
pBRI1::bri1-301 constructs that were transformed into
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Figure 7. The 22°C to 29°C temperature increase also inhibits bri1-301 activity. A, Phenotypic grouping of transgenic
pBRIT1:bri1-301 bri1-701 lines grown in a 29°C growth chamber. The numbers indicate the numbers of transgenic lines (out
of the same transformation experiment) exhibiting similar growth morphology to the plant shown above. B, Photographs of
18-d-old soil-grown plants in the 29°C growth chamber. C, Immunoblot analysis of BRI1/bri1-301 protein abundance of the
plants shown in B. The numbers shown between the two gel strips are the relative signal intensity of the bri1-301 bands after
normalization with the signals of the corresponding Coomassie Blue-stained RbcS bands. The signal intensity of each band was
measured by ImageJ. D, Immunoblot analysis of BRI1/bri1-301 phosphorylation status in 29°C-grown plants of the two char-
acterized wild-type-like pBRI1::bri1-301 bri1-701 lines shown in Figure 1D. The top strip is the anti-BRIT immunoblot from a
Phos-tag gel, while the bottom strip is the anti-BRIT immunoblot from a regular SDS-PAGE of the same set of protein samples.

WT, wild type.

the null bril-701 mutant clearly demonstrated that
bril-301 absolutely requires its kinase activity for the
weak growth phenotype, as all of the transgenic lines
expressing these mutant pBRI1:bri1-301 transgenes
were morphologically indistinguishable from bri1-701
(Fig. 20).

The G989I Mutation Might Cause a Structural Defect of
the BRI1 Kinase Domain That Is Partially Stabilized by
Chaperones/Cochaperones in Planta

The Gly-989 residue mutated in bril-301 is located
in the conserved kinase subdomain VIa (Li and Chory,
1997). While this residue is not conserved among the
plant LRR-RLKSs, it is absolutely conserved between
BRI1 and its plant homologs (Sun et al., 2017). Analy-
sis of the BRI1 kinase’s crystal structure revealed that
this residue is solvent exposed in the middle of the
aE helix and is tightly packed against Asn-938 and
Ala-1023 residues (Bojar et al., 2014; Fig. 8). Asn-938
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occupies a strategic position in the aC-f4 loop that
facilitates the interaction of Leu-942 of the f4 strand
with Ile-931 of the aC helix. Ala-1023 is the first resi-
due of the 8 strand that flanks the highly conserved
Asp-Phe-Gly motif of the activation loop, with the
Asp-1027 residue interacting with the ATP-bound
Mg?* ion and Phe-1028 making hydrophobic inter-
actions with Ile-931 of the aC helix and His-1007 of
the His-Arg-Asp motif of the catalytic loop (Fig. 8).
Leu-942, Ile-931, Phe-1028, and His-1007 form the so-
called regulatory spine (R-spine) that is a hallmark of
activated protein kinases (Taylor and Kornev, 2011).
We suspected that the substitution of a small Gly-989
residue by a large hydrophobic Ile residue might af-
fect the spatial positioning of the R-spine residues,
thus preventing the assembly of the R-spine and
greatly inhibiting BRI1’s kinase activity. It is interest-
ing that the same Gly-989 residue is changed to Glu
in a newly discovered bril allele, bril-707, that has
no observable growth phenotype (Sun et al., 2017).
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ri1-707

Figure 8. The G9891 mutation likely causes a structural change in the BRIT kinase domain. Shown on the left is the colored rib-
bon model of the crystal structure of the BRI1 kinase domain (Protein Data Bank no. 5LPY). The four hydrophobic amino acids
that make up the conserved regulatory spine are shown with yellow spheres, Gly-989 is shown with purple spheres, Asn-938
is represented by pale blue spheres, and Ala-1023 is indicated by orange spheres. The relative positioning of the three tightly
packed residues in wild-type BRIT (WT), bri1-301, and bri1-707 is shown on the right. The mutagenesis of Gly-898 to 1le-989
(in bri1-301) or Glu-989 (in bri1-707) was performed with PyMol (http://www.pymol.org).

Structural analysis by PyMol (http://www.pymol.
org) revealed that the G989E substitution only slight-
ly affects its packing with Asn-938 but not with Ala-
1023 (Fig. 8), explaining its slightly reduced in vitro
kinase activity and its slight impact on plant growth
(Sun et al., 2017). This revelation is consistent with the
recent finding that Gly-989 is often replaced by Glu
and Asp in other Arabidopsis LRR-RLKs (Sun et al,,
2017). It is quite possible that certain chaperones and /
or cochaperones, such as HEAT SHOCK PROTEIN70
(HSP70)/90s, could buffer the structural defect of
bril-301, similar to what was demonstrated previous-
ly for the Arabidopsis HSP90s (Queitsch et al., 2002;
Sangster et al., 2008). Consistent with our hypothesis,
a loss-of-function mutation in Arabidopsis TWISTED
DWARF1, a 42-kD FK506-binding protein (FKBP42)
known to interact with HSP90 (Kamphausen et al.,
2002), was shown recently to exhibit a strong syn-
ergistic interaction with bri1-301 (Zhao et al., 2016).
These chaperones and cochaperones might work to-
gether to allow the mutant bri1-301 protein to exhib-
it a low kinase activity in planta, which is necessary
and sufficient to confer the weak growth phenotype.
Previous mathematical modeling coupled with a root
growth stimulation assay suggested that the recep-
tor activity of bri1-301 is only ~1% to 3% that of the
wild-type BRI1 (van Esse et al., 2012). It remains to be
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tested if a 97% to 99% reduction in the BRI1 protein
abundance could recapitulate the bri1-301 phenotype.

The Rapid Degradation of the ER-Retained Form of
bri1-301 Is Not Mediated by the ERAD Machinery That
Degrades bril-5and bril-9

In this study, we discovered the presence of a small
pool of the ER-retained form of bril-301 at 22°C (Fig.
3, C and D), which was greatly increased when the
mutant was grown at 29°C (Fig. 6F). A CHX-chasing
experiment with a bril-301-overexpressing bril-701
(pBRI1::bri1-301 bri1-701) transgenic line indicated that
the ER-retained form of bril-301 is degraded very rap-
idly (Fig. 3D). These results suggested that Arabidop-
sis contains an inefficient quality-control system that
recognizes and retains a transmembrane protein carry-
ing a cytosolic structural defect yet houses a very effi-
cient degradation system to remove such an ERAD-C
client (an ERAD client carrying a structural defect in
its cytosolic domain). Consistent with what has been
learned in yeast cells (Carvalho et al., 2006), the degra-
dation of such an ERAD-C substrate does not involve
components of the highly conserved ERAD machinery
that degrades ERAD-L and ERAD-M substrates carry-
ing structural abnormalities in their luminal domain
and transmembrane segment, respectively. Loss-of-
function mutations of EBS5, EBS6, and EBS7 did not
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suppress the bri1-301 dwarfism or increase the accu-
mulation of the ER-retained form of bril-301 at 22°C
or 29°C (Figs. 3, E and F, and 6G). In yeast and mam-
malian cells, the removal of ERAD-C clients involves a
different ERAD system that builds around a different
ER membrane-anchored E3 ligase known as Degrada-
tion of alpha factor2-10 (Doal0; yeast) or Membrane
associated RING-CH-type finger6 (MARCH6; mam-
malian cells; Hassink et al., 2005; Carvalho et al., 2006).
Interestingly, the Arabidopsis genome encodes two
homologs of the Doal0/MARCHS6 protein, includ-
ing SUPPRESSOR OF DRY2 DEFECTS1 (SUD1; also
known as ECERIFERUMY) that was shown recently
to be involved in cuticular wax biosynthesis (Lii et
al., 2012; Doblas et al., 2013; Zhao et al., 2014). Further
investigation is needed to fully understand the Ara-
bidopsis quality-control mechanism that recognizes
and degrades an ERAD-C substrate. A simple genet-
ic cross with the T-DNA insertional mutants of SUD1
and its homolog will reveal if rapid removal of the
ER-retained bril-301 proteins involves SUD1 and/or
its close homolog, while proteomic studies of a trans-
genically expressed bril-301-GFP fusion protein could
identify proteins involved in recognizing and retaining
bril-301 in the ER.

bri1-301 Could Be a Model Protein to Study the PM-
Associated Protein Quality-Control Mechanism in a Plant
Model Organism

Likely due to the presence of an inefficient ER rec-
ognition and retention system for an ERAD-C client,
a large amount of bri1-301 proteins successfully reach
the PM. However, the G9891 mutation that makes the
ER-retained bril-301 protein extremely unstable also
leads to accelerated degradation of the PM-localized
bril-301 (Fig. 3D), suggesting the existence of a PM-as-
sociated quality-control (PMQC) system that detects
the structural lesion of bril-301 and targets the mutant
BR receptor for degradation. The PMQC system is an
integral part of the cellular proteostasis network that
constantly monitors the folding status of all cellular
proteins and removes their incorrectly folded and struc-
turally damaged conformers at all subcellular locations
(Babst, 2014). Recent studies in yeast and mammalian
cells have revealed at least two PMQC mechanisms
for removing the structurally unstable proteins from
the cell surface via ubiquitination, endocytosis, and
lysosomal degradation (Okiyoneda et al., 2011; Apaja
and Lukacs, 2014). These studies have implicated two
E3 ubiquitin ligases in ubiquitinating the structurally
defective PM proteins, including the mammalian Car-
boxy terminus of Hsc70-interacting protein (CHIP), a
U-box domain-containing E3 ligase (Edkins, 2015), and
the yeast HECT-type E3 ligase Reverses Spt-pheno-
type5 (Zhao et al., 2013). The Arabidopsis genome en-
codes a potential CHIP homolog known as AtCHIP1,
which was implicated in stress tolerance, plant im-
munity, and chloroplast function (Yan et al., 2003; Luo
et al., 2006; Shen et al., 2007a, 2007b; Wei et al., 2015;
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Copeland et al., 2016), and at least seven HECT-type E3
ligases (Downes et al., 2003; Marin, 2013). Compared
with what has been learned about the PMQC system in
yeast and mammalian cells, almost nothing is known
about a similar system in plants. Despite its faster deg-
radation rate than the wild-type BRI1, bril-301 might
share the same degradation pathway with wild-type
BRI1, which was suggested recently to involve K63-
linked polyubiquitination, endocytosis, and vacuolar
degradation for its removal from the PM in a ligand-in-
dependent manner (Martins et al., 2015). The bri1-301
mutant could be used as a convenient system for ge-
netic dissection of a plant PMQC mechanism.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotypes Columbia-0 and Wassilewski-
ja-2 were used as the wild-type controls for genetic, transgenic, and pheno-
typic analyses. The Arabidopsis mutants that were used in this study were all
described previously, including bril-5 (Noguchi et al., 1999), bri1-9 (Jin et al.,
2007), bri1-101 (Li and Chory, 1997), bri1-301 (Xu et al., 2008), bri1-701 (Gou et
al., 2012), bril-702, bril-703, bril-704, bril-707, and bri1-708 (Sun et al., 2017),
ebs5 (Su et al., 2011), ebs6 (Su et al., 2012), and ebs7 (Liu et al., 2015). Seed ster-
ilization and seedling growth were performed following previously described
protocols (Li et al., 2001).

Generation of Plasmid Constructs and Transgenic Plants

The pBRI1::BRI1-GFP construct was described previously (Friedrichsen et
al., 2000) and was used to generate the pBRI1::BRI1 plasmid by deleting the
GFP-coding sequence using the ClonExpress II One Step cloning kit (Vazyme)
and the BRI1:BRII primer set (Supplemental Table S1). Both plasmids were
used as templates to generate pBRI1::bri1-301-GFP, pBRI1::bri1-301, and other
mutant constructs via a PCR-driven overlapping extension mutagenesis ap-
proach (Heckman and Pease, 2007) with mutagenesis primers and flanking
primers listed in Supplemental Table S1. These newly created plasmids were
fully sequenced to ensure no PCR-introduced error and used subsequently to
transform the null bri1-701 mutant and its wild-type control via the Agrobacte-
rium tumefaciens-mediated floral dip method (Clough and Bent, 1998). Every
analyzed transgenic plant was genotypically verified by PCR, and the expres-
sion of bri1-301/BRI1 or their GFP fusions was analyzed by immunoblotting.

RNA Analysis

Total RNAs were isolated from 8-d-old Arabidopsis seedlings grown on
1/2 MS medium with the RNeasy plant mini kit (Qiagen) and were subse-
quently converted into first-strand ¢cDNAs using the iScript gDNA Clear
c¢DNA Synthesis Kit (Bio-Rad) according to the manufacturer’s recommended
protocols. To analyze the transcript abundance of the genes of interest, 0.5 uL
of the first-strand cDNA templates was used for RT-qPCR amplification on
a Bio-Rad CFX96 Touch system with the primer sets shown in Supplemen-
tal Table S1 and iTaq Universal SYBR Green Supermix (Bio-Rad). The ACTIN
transcript was amplified using the ACTIN primer set (Supplemental Table S1)
for an internal reference. For each transcript, the RT-qPCR assay was repeated
four times.

Protein Analysis

Total proteins were extracted from whole seedlings grown on 1/2 MS
agar medium or rosette leaves of soil-grown plants. Briefly, 30 mg of plant
tissue for each sample was quickly frozen in liquid nitrogen, cryogenically
ground into fine powder with steel beads in a mixer mill (MM400; Retsch),
and dissolved in 150 pL of 2x SDS loading buffer (100 mm Tris-HCI, pH 6.8, 20%
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[v/v] glycerol, 4% [w/v] SDS, 0.02% [w/v] Bromophenol Blue, and 100 mm
DTT). The mixed crude extracts were heated at 95°C for 10 min and centri-
fuged immediately at 10,000g for 10 min. The cleared supernatants were used
immediately for gel electrophoresis or treated with or without 1,000 units of
Endo-Hf in 1x G5 buffer (New England Biolabs) for 1 h at 37°C. The treated
or nontreated total proteins were separated by SDS-PAGE, transferred onto a
polyvinylidene difluoride membrane (Bio-Rad), and analyzed by Coomassie
Blue staining (for loading controls) or immunoblotting with antibodies gen-
erated against BRI1 (Mora-Garcia et al., 2004), GFP (632381; Clontech), BES1
(Mora-Garcia et al., 2004), or ACTIN (CW0264; Beijing CWBio). The quantifi-
cation of relative BRI1/bril abundance was performed using Image]J (https://
imagej.nih.gov/ij/) with scanned images of Coomassie Blue-stained gels or
immunoblots after normalizing anti-BRI1 signals with the signal intensity of
the corresponding RbcS or anti-ACTIN bands.

To perform coimmunoprecipitation experiments, seedlings were collected,
immediately ground into fine powder in liquid nitrogen, and extracted with
the immunoprecipitation buffer (2-3 mL g™ plant tissue; 50 mm Tris-HC, pH
7.5, 50 mm NaCl, 0.2% [v/v] Triton X-100, 1 mm phenylmethylsulfonyl fluo-
ride [Sigma-Aldrich], 1x cOmplete protease inhibitor cocktail [Roche], and 1x
phosphatase inhibitor cocktail [BioTool Chemicals] that was added only for
the immunoprecipitation experiments to detect protein phosphorylation). The
dissolved crude extracts were centrifuged twice at 20,000¢ for 15 min each at
4°C. The resulting supernatants were collected and incubated with prewashed
anti-GFP monoclonal antibody-agarose beads (D153-8; MBL) at 4°C for 4 h.
The agarose beads were subsequently washed four times with the immuno-
precipitation buffer and four additional times with the washing buffer (the
immunoprecipitation buffer excluding Triton X-100). The proteins remaining
on the beads were removed with 2x SDS loading buffer and 5 min of boil-
ing at 95°C. After 10 min of centrifugation, the supernatants were subject to
SDS-PAGE and analyzed by Coomassie Blue staining or immunoblotting with
appropriate antibodies.

To analyze the phosphorylation status of BRI1 and bril-301, total pro-
tein extracts were loaded onto Zn?*-Phos-tag SDS-PAGE gels containing 50
M Phos-tag Acrylamide (Wako Laboratory Chemicals). The detailed proce-
dure was performed according to a manufacturer’s recommended protocol
(http:/ /www.wako-chem.co.jp/english/labchem/product/life /Phos-tag /
pdf/AAL107_v12.pdf).

Treatment with Chemicals

To analyze BRZ sensitivity, sterilized Arabidopsis seeds were planted di-
rectly on 1/2 MS agar medium containing varying concentrations of BRZ (TCI
Chemicals). After 2 h of light exposure, the petri dishes were wrapped with
light-proof aluminum foil and kept in total darkness for 5 d in a 22°C or 29°C
growth chamber for seed germination and seedling growth. Seedlings were
removed carefully from the petri dishes, photographed immediately, and their
hypocotyl lengths were quantified by Image] (https://imagejnih.gov/ij/). To
investigate the effect of BL on the BES1 phosphorylation status and transcript
abundance of selected BR-responsive genes, 8-d-old light-grown seedlings
were removed carefully from petri dishes, immediately transferred into liquid
1/2 MS medium supplemented with or without 1 um BL (Wako Chemicals),
incubated for 2 h, and subsequently harvested and placed in liquid nitrogen
for the extraction of total proteins and RNAs or storage in a —80°C freezer. To
analyze the protein stability of BRI1 and its mutant variants, 2-week-old seed-
lings grown on 1/2 MS agar medium were transferred carefully into liquid
1/2 MS medium supplemented with or without 180 um CHX (Sigma-Aldrich),
50 um Kif (Toronto Research Chemicals), or 80 num MG115 (Sigma-Aldrich),
incubated for different times, and subsequently collected into liquid nitrogen
for total protein extraction.

Endo-H and Trypsin Sensitivity Assays

The Endo-H assay was performed according to a previously described pro-
cedure (Hong et al., 2008). To carry out the trypsin sensitivity assay, 10-d-old
seedlings grown on 1/2 MS agar medium were collected, immediately ground
into a fine powder in liquid nitrogen, dissolved in 100 pL of phosphate-buff-
ered saline solution (137 mm NaCl, 2.7 mm KCI, 10 mm Na,HPO,, and 1.8
mMm KH,PO,, pH 7.4) containing 0.4% (v/v) Triton X-100, and centrifuged at
10,000g for 5 min at 4°C to remove cellular debris and insoluble materials.
The resulting supernatant was mixed with trypsin (Sigma-Aldrich) at 5 pg
mL™" and incubated on ice. Aliquots of 30 pL of the reaction mixtures were
removed at different time points, immediately mixed with 20 pL of 2x SDS
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loading bulffer for denaturing by 15 min of boiling, and subsequently frozen in
liquid nitrogen. The frozen samples were reheated, separated by SDS-PAGE,
and subsequently analyzed by immunoblotting.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: BRI1, AAC49810.1; CPD,
NM120651; DWF4, AF044216; SAUR-AC1, S70188.1; and WRKY13, NM120101.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. RT-qPCR analysis of DWF4 transcript abun-
dance.

Supplemental Figure S2. RT-qPCR analysis of BRI1/bri1-301 transcript
abundance.

Supplemental Table S1. Oligonucleotides used in this study.
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ARTICLE

PAWH1 and PAWH2 are plant-specific
components of an Arabidopsis endoplasmic
reticulum-associated degradation complex
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Endoplasmic reticulum-associated degradation (ERAD) is a unique mechanism to degrade
misfolded proteins via complexes containing several highly-conserved ER-anchored ubiquitin
ligases such as HMG-CoA reductase degradation1 (Hrd1). Arabidopsis has a similar Hrd1-
containing ERAD machinery; however, our knowledge of this complex is limited. Here we
report two closely-related Arabidopsis proteins, Protein Associated With Hrd1-1 (PAWH1)
and PAWH2, which share a conserved domain with yeast Altered Inheritance of Mito-
chondria24. PAWH1 and PAWH2 localize to the ER membrane and associate with Hrd1 via
EMS-mutagenized Bril Suppressor7 (EBS7), a plant-specific component of the Hrd1 complex.
Simultaneously elimination of two PAWHSs constitutively activates the unfolded protein
response and compromises stress tolerance. Importantly, the pawhl pawh2 double mutation
reduces the protein abundance of EBS7 and Hrd1 and inhibits degradation of several ERAD
substrates. Our study not only discovers additional plant-specific components of the Ara-
bidopsis Hrd1 complex but also reveals a distinct mechanism for regulating the Hrd1 stability.
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ARTICLE

ndoplasmic reticulum-associated degradation (ERAD) is an

integral part of the ER-mediated protein quality control

system, which constantly monitors the folding status of
secretory and membrane proteins, repairs misfolding proteins,
and degrades irreparable terminally misfolded proteins!. ERAD is
a highly conserved degradation mechanism that involves sub-
strate recognition, ubiquitination at the cytosolic surface of the
ER membrane, retrotranslocation through ER membrane-
embedded retrotranslocons, and eventual degradation by cyto-
solic proteasome?. The ERAD machinery builds around several
ER membrane-anchored ubiquitin (E3) ligases that recognize
different types of ERAD clients carrying structural defects in their
luminal domains, transmembrane domains, or cytosolic domains
(known as ERAD-L, ERAD-M, and ERAD-C substrates, respec-
tively)3. One of the well-studied ERAD system is a multiprotein
complex centered around an ER membrane-anchored ubiquitin
E3 ligase known as HMG-CoA reductase degradationl (Hrdl)
in yeast* [HRD1 and glycoprotein 78 (gp78) in mammals>©]. The
Hrdl complex is known to degrade ERAD-L and ERAD-M
substrates and contains several other highly conserved membrane
and luminal proteins3. They include Hrd3” [Sel1L (Suppressor of
lin-12-like) in mammals®], Yos9 (Yeast OS-9 homolog)®10 [0S-9
(Osteosarcoma amplified 9), and XTP3-B (XTP3-transactivated
protein B) in mammals!!12], Usall3 [U1 SNP1-associated pro-
tein 1; HERP for Homocysteine-induced ER Protein in mam-
mals!4], Derl (Degradation in the endoplasmic reticulum1)!®
[DERLIN1-3 (Der-like domain-containing 1-3) in mammals!©].
The Hrdl complex also includes one or more ubiquitin-
conjugating enzyme (E2), such as the ER membrane-anchored
UBC6 (Ubiquitin-Conjugating 6) [Ube2j2 (Ubiquitin-conjugating
enzyme E2 j2) in mammals!”] and a cytosolic E2 UBC7 (Ube2g2
in mammals!8) with its ER membrane-anchored recruiter Cuel
(Coupling of Ubiquitin conjugation to ER degradation that has
no mammalian homolog)!®. Biochemical and genetic studies in
yeast and mammalian cells have shown that terminally misfolded
glycoproteins with a unique asparagine-linked glycan (N-glycan)
structure carrying an exposed al,6-mannose residue are recruited
to Hrdl through a bipartite recruitment mechanism that uses
Yo0s9/0s-9 to bind the al,6-mannose-exposed N-glycans and
Hrd3/SellL to bind exposed hydrophobic amino acid patches of
misfolded glycoproteins?®. A recruited ERAD client is subse-
quently ubiquitinated and retrotranslocated, which is likely
mediated by Hrdl in yeast?!, into the cytosol where the ubiqui-
tinated ERAD substrate is degraded by the 26S proteasome. In
both yeast and mammalian cells, deleting Hrd3/SellL sig-
nificantly reduces the stability of Hrd1/HRD17-%2:23, Interestingly,
while the Ahrd3-induced autodegradation requires Usal in yeast
cells?%, the loss-of-SellL-caused HRDI instability does not
involve HERP in mammalian cells?32°,

Recent studies have revealed that Arabidopsis has a similar
Hrdl-mediated ERAD machinery2°. This system is known to
degrade two ER-retained mutant forms of the brassinosteroid
(BR) receptor BRASSINOSTEROID-INSENSITIVE 1 (BRI1),
bril-5 and bril-927-28, a misfolded conform of an Arabidopsis
immunity receptor EF-Tu Receptor (EFR) produced in an Ara-
bidopsis mutant defective in an ER-luminal protein folding
sensor?%30, several engineered ERAD substrates’!=34, and an
ERAD component3. These studies not only identified conserved
ERAD components in Arabidopsis, such as Hrdla and
Hrd1b3>36, EBS5 (EMS-mutagenized bril suppressor 5; also
known as HRD3A)3436, EBS6 (also known as AtOS9)37-38  and
UBC32 (Ubiquitin Conjugase 32)33, which are homologs of the
yeast Hrdl, Hrd3, Yos9, and Ubc7, respectively, but also dis-
covered a plant-specific component known as EBS7 that regulates
the protein stability of Hrd1a®®. Analysis of the Arabidopsis
genome fails to discover Arabidopsis homologs of Cuel and Usal

but identified three Arabidopsis homologs of Derl [(Derl,
Der2.1, and Der2.2)40. Compared to what has learnt from the
yeast and mammalian systems, our knowledge of the plant Hrd1l
ERAD complex remains limited?®. For example, little is known
about the composition and organization of the Arabidopsis Hrd1-
complex, and it remains to be determined if the Arabidopsis Hrd1
ERAD complex contains a Derl/Derlin homolog. We also know
little about how the protein stability and biochemical activity of
Hrd1 are regulated in plants and whether or not the Arabidopsis
Hrd1 is also involved in retrotranslocating its ERAD clients. In
order to expand our understanding of the plant ERAD
mechanism, we took a proteomic approach with independently
generated transgenic lines expressing epitope-tagged Hrd1a/EBS7
to identify proteins that interact with both EBS7 and Hrdla. Our
subsequent biochemical and genetic studies demonstrated that
two paralogous Arabidopsis proteins, named hereinafter as
PAWHI and 2 for Protein Associated With Hrd1, are crucial core
components of the Arabidopsis Hrdl-containing ERAD
machinery and are required to maintain the protein stability of
both EBS7 and Hrdla.

Results

Identification of PAWH1 and PAWH2 via a proteomic
approach. To identify additional components of the Arabidopsis
Hrdl-complex, we employed a proteomic approach of immu-
noprecipitation coupled with mass spectrometry. We generated
several transgenic lines expressing a fusion protein of green
fluorescent protein (GFP) with the Arabidopsis Hrdla (Hrdla-
GFP)3, one of the two Arabidopsis Hrdl homologs, or MYC/
HA-tagged EBS7, a newly identified plant-specific component of
the Arabidopsis ERAD machinery crucial for maintaining the
Hrdla stability®®. Our previous studies have shown that simul-
taneous elimination of the two Arabidopsis Hrdl homologs,
Hrdla and Hrd1b, or loss-of-function mutations in EBS7, inhibit
ERAD of bril-5 and bril-9, two ER-retained mutant varjant of
the BR receptor BRI1 carrying a Cys®®-Tyr mutation and a
Ser%2-Phe mutation in its extracellular domain, respectively?8:41.
Consequently, a small percentage of ER-accumulated bril-5 and
bril-9 proteins leak out of the ER, likely due to saturation of their
retention mechanisms, to reach the PM where the two mutant
receptors bind extracellular BRs to promote plant growth,
resulting in phenotypic suppression of the corresponding bril-5
and bril-9 dwarf mutants3%3%, The three transgenes were able to
rescue the corresponding hrdla hrdlb bril-9 and ebs7-3 bril-5
mutants (Supplementary Fig. 1), respectively, indicating that all
three tagged proteins are physiologically functional. We used one
representative transgenic line for each transgene to extract total
proteins or microsomal proteins and subsequently performed
immunoprecipitation (IP) experiments with antibody-conjugated
beads. The resulting immunoprecipitates were analyzed by liquid
chromatography coupled with tandem mass spectrometry (LC-
MS/MS) to identify proteins that were coimmunoprecipitated
with the GFP-fused Hrdla or MYC/HA-tagged EBS7. We also
included the non-transgenic wild-type plant as our negative
control to eliminate proteins that bound non-specifically to
antibody-conjugated beads. Comparison of the five sets of
coimmunoprecipitated proteins identified nine common proteins
(Fig. 1a, b), including Hrdla, EBS7, and a previously demon-
strated component of the Arabidopsis ERAD machinery, EBS53¢
(also known as HRD3A3* or SEL1L3® that is the Arabidopsis
homolog of the yeast Hrd3 and mammalian SellL). It is inter-
esting to note that the three IP experiments with total proteins
also identified Hrdlb and EBS6 (the Arabidopsis homolog of
Yo0s9/0S-937-38; Supplementary Fig. 2), suggesting the presence of
multimeric Hrdl in the Arabidopsis Hrdl complex. The
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identification of known ERAD components as the abundant
interacting proteins of both Hrd1la and EBS7 indicated success of
our proteomic approach, whereas the failure to detect Hrd1b and
EBS6 in the anti-GFP immunoprecipitates of the microsomal
preparation was likely caused by low recovery of the immuno-
precipitated proteins, evidenced by lower coverage of Hrdla and
EBS5 compared to a similar coimmunoprecipitation (colP)
experiment using the total proteins (Supplementary Fig. 2). Our
analysis also identified two highly homologous proteins,
At4g17420 (285 amino acids) and At5g47420 (282 amino acids)
that were previously annotated as tryptophan RNA-binding
attenuator protein-like proteins (TRAPs) and were renamed
hereinafter as Protein Associated With Hrd1-1 (PAWH1) and
PAWH?2, respectively (Fig. 1b and Supplementary Fig. 2). A
simple BLAST search revealed that PAWHI and PAWH2 are
highly conserved in the plant kingdom and contain AIM24
domain (Supplementary Fig. 3), which is originally discovered in
the yeast mitochondria AIM24 (Altered Inheritance of Mito-
chondria protein 24) recently implicated in stabilizing the mito-
chondria contact site complex and the respiratory chain
supercomplexes?2. The four other proteins recovered in all 4 IP-
MS experiments include a jacalin-related lectin (At3G16460), a
calcium-dependent lipid-binding protein (At3g14590), a germin-
like protein (At5g20630), and one of the three Arabidopsis
translational initiation factor EIF4As (Atlg54270). Further stu-
dies are needed to determine whether they are bona fide com-
ponents of the Arabidopsis Hrd1l complex.

Analysis of PAWH interactions with EBS7 and Hrdla. To test
if PAWHs directly interact with Hrdla and EBS7, we performed
three experiments. The first one was a simple yeast two-hybrid

assay with the predicted AIM24 domain-containing N-terminal
260 amino acids (AAs) of PAWHI1 (PAWHI-N260) or 257 AAs
of PAWH2 (PAWH2-N257) and the N-terminal soluble domain
of EBS7 containing its N-terminal 142 AAs (EBS7-N142) or the
cytoplasmic RING finger domain of Hrdla (Hrdla-CD). These
assays showed that while PAWHI1-N260 (also PAWH2-N257)
interacted well with the EBS7-N142 fragment, it failed to interact
with Hrdla-CD that was previously shown to interact with the
EBS7-N142 fragment3® (Supplementary Figs. 4 and 5a). The
second experiment was a transient bimolecular fluorescence
complementation assay (better known as BiFC*3) in tobacco leaf
epidermal cells using the full-length PAWH1 and PAWH2 fused
at their N-termini with the N-terminal half of the yellow fluor-
escent protein (nYFP-PAWHI1 and nYFP-PAWH?2) and the full-
length EBS7 fused at its N-terminus with the C-terminal half of
YFP (cYFP-EBS7) or the full-length Hrdla fused with cYFP at its
C-terminus (Hrdla-cYFP). While yellow fluorescent signals were
detected in tobacco leaf cells coexpressing nYFP-PAWHI1 or
nYFP-PAWH2 with cYFP-EBS7 (Fig. 1c), no fluorescent signal
was detected in tobacco leaf cells coexpressing nYFP-PAWH1 or
nYFP-PAWH2 with Hrdla-cYFP (Supplementary Fig. 5b). In
addition, we performed a coIP experiment with total proteins
from the wild-type Arabidopsis seedlings using anti-EBS7 anti-
body*, a custom-made anti-Hrdla antibody (Supplementary
Fig. 6), and a custom-made anti-PAWH antibody that could
identify both PAWHI1 and PAWH2 proteins (see Supplementary
Fig. 11d). As shown in Fig. 1d, the anti-EBS7 antibody not only
immunoprecipitated the endogenous EBS7 protein but also
brought down Hrdla and the two PAWH proteins. By contrast,
neither Hrdla nor PAWHs were detected in a similar coIP assay
with the total proteins extracted from the null ebs7-3 mutant”
(Fig. 1d). These results suggested that PAWH]1/2 could directly
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bind EBS7 but not Hrdla and that the coIP-detected Hrdla-
PAWHI1/2 association is likely mediated by EBS7 known to
interact directly with Hrd1a3,

PAWHs are ER membrane proteins and induced by ER stress.
Both PAWH genes are widely expressed in various tissues/organs
throughout the Arabidopsis development with PAWHI exhibit-
ing high expression at later stages of seed development and
reaching its highest expression level in dry seed (Supplementary
Fig. 7). The two PAWH genes were previously shown to coexpress
with genes known/predicted to be involved in protein folding
and/or protein quality control (Supplementary Fig. 8)*4. Many
PAWH-coexpressed genes were known to be induced by ER
stress®. To test if PAWH transcripts and PAWH proteins are also
induced by ER stress, we treated the wild-type seedlings with or
without tunicamycin (TM), a widely used ER stress inducer that
inhibits the first biosynthetic step of the N-glycan precursor, and
used the treated seedlings to examine the abundance of PAWH
transcripts and PAWH proteins by RT-PCR and immunoblot-
ting, respectively. We found that the TM treatment increased the
mRNA levels of both PAWH genes and elevated the protein
abundance of both PAWHs (Supplementary Fig. 9).

Both PAWHSs lack the N-terminal signal peptide or the C-
terminal ER retrieval motifs but were predicted to contain a
potential transmembrane (TM) segment near their C-termini
(Supplementary Fig. 10). To directly determine their subcellular
localization, we generated GFP-fusion transgenes for the two
PAWH genes and transiently expressed them in tobacco leaf
epidermal cells. Confocal microscopy analysis of agro-infiltrated
tobacco leaves revealed that the green fluorescent signals of the
GFP-PAWH1/2 fusion proteins overlapped with the fluorescent
signals of the red fluorescent protein (RFP) tagged at its C-
terminus with the HDEL (histidine-aspartate-glutamate-leucine)
ER retrieval motif (Fig. 2a), a widely used ER-localized marker,
strongly suggesting that PAWHI1/2 are localized to the ER. A
further confirmation was provided by sucrose density-gradient

centrifugation with Arabidopsis microsomal proteins in the
presence or absence of Mg2T. Because Mg?T is required for
polyribosome binding to the ER and that the density of the
ribosome-bound ER membrane is higher than that of the
ribosome-free ER or other microsomal membranes, an ER-
localized protein should undergo a diagnostic Mg?*-dependent
shift from lower density to higher density on a sucrose gradient#°.
Figure 2b shows that PAWHs exhibited a similar Mg?+-depen-
dent density shift as BiPs (binding immunoglobulin proteins, ER-
localized Heat Shock Protein 70), but differs from BRI1 known to
be localized to the PM*’. Consistent with the predicted C-
terminal TM segments (Supplementary Fig. 10), immunoblot
analysis of PAWHSs in soluble and insoluble fractions of
resuspended Arabidopsis microsomal pellets in 0.1 M NaCl, 0.1
M Na,CO3, 1% (v/v) Triton X-100, or 1% (v/v) Nonidet P-40
solution showed that only the two nonionic detergents could
release the two PAWHs from microsomes, suggesting that both
PAWHs are likely anchored to the ER membrane (Fig. 2c).

Mutating both PAWHs stabilizes several ERAD substrates. To
investigate if the two PAWHs are involved in an Arabidopsis
ERAD process, we obtained T-DNA insertional mutants for the
two PAWH genes from the Arabidopsis Biological Resource
Center (http://abrc.osu.edu/)*8 (Supplementary Fig. 11a, b). RT-
PCR analysis indicated that the two mutants failed to produce the
full-length transcript of the corresponding PAWH gene while
immunoblot analysis failed to detect one of the two crossing-
reacting bands of the wild-type plant (Supplementary Fig. 11c, d),
indicating that the two T-DNA insertional mutants are null
mutants. We crossed each mutant into bril-9 and found that the
resulting pawhl bril-9 and pawh2 bril-9 mutants were mor-
phologically indistinguishable from bril-9 (Fig. 3a—c). A further
cross between the two double mutants generated a pawhl pawh2
bril-9 triple mutant that was morphologically similar to the wild-
type (Fig. 3a—c), indicating that simultaneous elimination of
PAWHI1 and PAWH?2 suppressed the bril-9 dwarf phenotype.
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Consistent with the phenotypic suppression, the pawhl pawh2
double mutation partially restored the BR sensitivity to the bril-9
mutant revealed by the BR-triggered root growth inhibition
assay?® (Supplementary Fig. 12) and the BR-induced BESI
dephosphorylation assay®® (Fig. 3d). Importantly, immunoblot
analysis showed that the pawhl pawh2 double mutation greatly
increased the bril-9 abundance, which was much higher than the
abundance of the wild-type BRI1 that undergoes a
phosphorylation-dependent endocytosis and ubiquitin-mediated
degradation®!. We also treated total proteins with endoglycosi-
dase H (Endo H) that cleaves high mannose-type N-glycans of
ER-localized/retained glycoproteins but does not cut Golgi-
processed N-glycans of glycoproteins. We found that the pawhl
pawh2 mutation increased abundance of the Endo H-resistant
form of bril-9 (Fig. 3e), suggesting increased presence of bril-9
on the PM to promote growth. Indeed, our transgenic experiment
showed that overexpression of EBS2 known to retain bril-9 in the
ER2, significantly decreased the amount of the Endo H-resistant
form of bril-9 and nullified the suppressive effect of the pawhl
pawh2 double mutation on the bril-9 dwarfism while having a
little effect on the total amount of bril-9 proteins (Supplementary
Fig. 13). To determine the biochemical basis of increased bril-9
abundance in the pawhl pawh2 bril-9 mutant, we performed a
cycloheximide (CHX)-chasing experiment and found that
increased bril-9 abundance is caused by decreased protein
degradation rather by increased protein biosynthesis (Fig. 3f). A
subsequent rescue experiment showed that the effect on growth
and biochemical phenotypes were indeed caused by the double
pawhl pawh2 mutation (Supplementary Fig. 14). Taken together,
these experiments demonstrated that PAWH1 and PAWH?2 are
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crucial components of the Arabidopsis ERAD machinery that
degrades the ER-retained mutant bril-9 receptor.

A similar set of experiments revealed that simultaneous
elimination of the two PAWHs by the T-DNA insertional
mutations or by CRISPR/Cas9-mediated genome editing inhib-
ited the degradation of bril-5 and suppressed the dwarf
phenotype of the corresponding bril-5 mutant (Supplementary
Figs. 15 and 16). We also tested if the pawhl pawh2 double
mutation could inhibit degradation of other misfolded Arabi-
dopsis proteins. Previous studies showed that the Arabidopsis EF-
Tu receptor (EFR), a cell surface-localized receptor that detects
and binds a small peptide derived from the highly conserved
translation factor EF-TU (elongation factor thermo unstable)
of pathogenic bacteria®3, becomes misfolded and degraded in
an Arabidopsis mutant defective in an ER-luminal protein
homologous to the mammalian UDP-glucose:glycoprotein
glucosyltransferase?®30 (also known as EBS141). We crossed the
pawhl pawh2 mutation into an ebs] mutant and analyzed the
EFR abundance in ebsl, pawhl pawh2, ebsl pawhl pawh2, and
their wild-type control. Consistent with the previous findings%-30,
EFR was non-detectable in ebsI but its level was greatly increased
in the ebsl pawhl pawh2 triple mutant (Supplementary Fig. 17),
demonstrating that the two PAWHs are also involved in
degrading a misfolded EFR. We thus concluded that PAWH]1
and PAWH2 are likely general components of the Arabidopsis
Hrd1-containing ERAD complex.

The loss of PAWHs activates UPR and reduces stress tolerance.
Previous studies have shown that loss-of-function ERAD
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mutations often result in constitutive activation of the Arabi-
dopsis unfolded protein response (UPR) pathway30-3%, a highly
conserved ER stress response pathway that upregulates produc-
tion of ER chaperones and ERAD components to maintain
proteostasis®*>>. To examine if the pawhl pawh2 mutation also

activates UPR, we performed an immunoblot analysis with total
proteins of the wild-type and pawhl pawh2 mutant treated with
or without TM for variable durations. Figure 4a shows that the
protein abundance of BiPs, protein disulfide isomerases (PDIs),
calreticulins/calnexins (CRT/CNXs), EBS5, and EBS6 was higher
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in pawhl pawh2 seedlings treated with or without TM than the
corresponding wild-type seedlings, indicating that the pawhl
pawh2 mutation constitutively activates the UPR pathway. The
detected enhancement of UPR prompted us to test if the pawhl
pawh2 double mutation affects the plant stress tolerance, which is
known to involve the UPR pathway>°. We germinated seeds and
grew seedlings on % MS medium containing 1.5mM dithiol-
threitol (DTT, a widely used ER stress-inducer that interferes
with oxidative protein folding) and 150 mM NaCl known to cause
salt stress in Arabidopsis. As shown in Fig. 4b, ¢, the percentages
of dying and dead seedlings on DTT/NaCl-containing medium
were markedly higher for the pawh1 pawh2 mutant than the wild-
type control, indicating that the pawhl pawh2 double mutation
compromises the plant stress tolerance.

Both PAWHI1 and PAWH?2 are unstable in the ebs7-1 mutant.
Given the facts that EBS7 interacts with both Hrdla and PAWHs
and that ebs7 mutations greatly destabilize Hrdla3®, we were
interested in examining the impact of the ebs7-1 mutation on the
PAWH1/2 abundance as well as the impact of the pawhl pawh2
mutation on the protein stability of both EBS7 and Hrdla. We
also included three other ERAD mutants, ebs5 bril-9, ebs6 bril-9,
and hrdla hrdlb bril-9 in our experiment. Consistent with our
earlier finding®®, the missense ebs7-1 mutation (Alal3!-Thr)
caused disappearance of not only the mutated ebs7-1 protein but
also Hrdla (Fig. 5a). Interestingly, ebs7-1 also markedly reduced
the protein abundance of the two PAWHs (Fig. 5a). By contrast,
the ebs6 mutation seemed to have a marginal effect on the
abundance of EBS7, PAWHS, or Hrdla, whereas the ebs5 muta-
tion increased the protein levels of EBS7 and PAWHs (Fig. 5a),
which could be caused by non-significant and significant impact

of the ebs6 and ebs5 mutations, respectively, on the transcript
abundance of EBS7 and PAWHs (Supplementary Fig. 18). To
determine if the ebs7-1-caused reduction of PAWH abundance is
attributed to increased protein degradation, we first treated
seedlings of wild-type and ebs7-1 with TM for 12 h to increase the
PAWHI1/2 abundance, subsequently treated these seedlings with
CHX or MGI132 (a widely used proteasome inhibitor) for dif-
ferent durations, and analyzed the PAWH abundance by
immunoblotting. Figure 5b shows that while the CHX treatment
had little impact on the PAWHI/2 abundance in wild-type
seedlings, the same treatment led to a rapid decrease in the
PAWH1/2 abundance in ebs7-1 seedlings. Consistently, a 12-h-
treatment of MG132 caused little change or slightly reduction in
the PAWH abundance in wild-type seedlings, whereas the same
MG132 treatment actually increased the PAWH1/PAWH2 pro-
tein levels in the ebs7-1 mutant (Fig. 5c). Together, these
experiments indicated that ebs7-1 destabilizes the two PAWH
proteins that are likely degraded via a proteasome-mediated
process.

The pawhl pawh2 mutation destabilizes EBS7 and Hrdla. Our
immunoblot assays of various ERAD mutants also revealed that
the pawhl pawh2 double mutation greatly reduced the protein
abundance of both EBS7 and Hrdla (Fig. 5a), while our quanti-
tative real-time RT-PCR (qPCR) analyses showed that the pawh1
pawh2 double mutation slightly elevated the levels of the EBS7
mRNA but had a marginal impact on the Hrdla transcript
abundance (Supplementary Fig. 18). To determine if the observed
reduction in EBS7 and Hrdla protein abundance is due to
increased protein degradation or decreased protein synthesis, we
used the same TM-CHX/MGI132 protocol described above to
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Fig. 6 The pawhl pawh2 double mutation reduces the stability of EBS7 and Hrdla. a-d Immunoblot analysis of EBS7 and Hrdla in the wild-type (a, b) and
pawh1 pawh2 double mutant (¢, d). Total proteins were extracted from 10-day-old seedlings that were initially treated with 5 pug/mL TM for 12 h and
subsequently treated with 180 pM CHX (a, ¢) or 80 pM MG132 (b, d) for different durations, separated by SDS-PAGE, and analyzed by immunoblotting
using anti-EBS7 and anti-Hrd1a antibodies. In each immunoblotting experiment, the RbcS-labeled strip was used as a loading control. Asterisks and stars
denote cross-reacting bands to anti-EBS7 and anti-Hrdla antibodies, respectively, while arrows indicate the Hrdla band. Source data are provided as a

Source Data file

treat seedlings of the wild-type and the pawhl pawh2 double
mutant and analyzed the protein abundance of EBS7 and Hrdla
by immunoblotting. As shown in Fig. 6a, b, neither CHX or
MG132 treatment had an observable effect on the protein
abundance of EBS7 or Hrdla in the wild-type seedlings. However,
the CHX treatment caused a gradual reduction of EBS7 but very
rapid disappearance of the TM-induced Hrdla (Fig. 6c), whereas
the MG132 treatment gradually stabilized EBS7 and caused rapid
and significant stabilization of the ER-anchored E3 ligase
(Fig. 6d). We concluded that the pawhl pawh2 double mutation
destabilizes both EBS7 and Hrdla that are likely degraded via a
proteasome-mediated mechanism.

Because PAWHSs fail to interact directly with Hrdla (Supple-
mentary Fig. 5) and the pawhl pawh2 mutation greatly reduces
the protein abundance of EBS7 (Fig. 5a), which is known to be
important to maintain the Hrdla stability’®, we wondered
whether the impact of the pawhl pawh2 mutation on Hrdla
stability is a secondary effect caused by reduced EBS7 abundance.
We therefore overexpressed EBS7 using the strong p35S promoter
to drive the expression of HA-tagged EBS7 in the pawhl pawh2
bril-9 triple mutant. This experiment revealed that while the
p35S::HA-EBS7 transgene did lead to increased EBS7 protein
abundance in the triple mutant, it failed to stabilize Hrdla or
decrease the bril-9 abundance (Supplementary Fig. 19), suggest-
ing that PAWHs exert their direct impact on the ER-anchored E3
ligase via a yet unknown mechanism.

Our immunoblot analysis also revealed that the hrdla hrdlb
double mutation did not reduce but increased the abundance of
EBS5, EBS6, EBS7, and the two PAWH proteins (Fig. 5a). Because
our qPCR experiments showed that the hrdla hrdlb double
mutation significantly increased the transcript levels of both
PAWH genes but had a marginal impact on the EBS7 transcript
abundance (Supplementary Fig. 18), we suspected that Hrdla
and/or Hrd1b might be the E3 ligase that ubiquitinates EBS7 in
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the pawhl pawh2 mutant to promote EBS7 degradation.
Consistent with this hypothesis, overexpression of a GFP-tagged
Hrdla driven by the strong p35S promoter not only reduced
the bril-9 abundance and complemented the phenotypes of the
hrdla hrdlb bril-9 triple mutant, but also greatly lowered the
protein levels of bril-9, EBS7, and the two PAWHs (Supplemen-
tary Fig. 20). Because both EBS7 and PAWHSs remained stable in
the hrdla hrdlb mutant background, we also used total proteins
of the hrdla hrd1b bril-9 mutant to analyze the EBS7-PAWHs
interaction and discovered that the hrdla hrd1b mutation had no
detectable impact on the EBS7-PAWHs interaction (Supplemen-
tary Fig. 21).

Discussion
In this study, we used a proteomic approach to identify two
redundant proteins, PAWH1 and PAWH2, which were coim-
munoprecipitated with GFP-tagged AtHrdla and MYC/HA-tag-
ged EBS7 expressed in their corresponding loss-of-function
Arabidopsis mutants. Previous transcriptome analyses indicated
that both PAWH genes were co-expressed with genes known or
predicted to encode ER chaperone, folding catalysts, and ERAD
components, while our current study confirmed that both
PAWHI1 and PAWH?2 proteins were induced by chemically
triggered ER stress. Despite the lack of an N-terminal signal
peptide and known ER retention/retrieval sequence motifs, both
PAWHs were found to be localized at the ER membrane, likely
through its predicted C-terminal transmembrane segment, as
evidenced by confocal microscopy, sucrose-gradient ultra-
centrifugation, and solubilization of microsomal proteins with
different solvents and detergents.

In addition, our yeast two-hybrid assay, transient BiFC assay in
tobacco leaves, and colP experiments using transgenic Arabi-
dopsis plants showed that PAWHs interact directly with EBS7 but
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Fig. 7 A model of the Arabidopsis Hrd1 complex. An ERAD-L substrate is
recognized and recruited by both EBS6/AtOS9 and EBS5/HRD3 to the ER
membrane-anchored Hrd1 that works with the E2 UBC32 to ubiquitinate
the ERAD client. EBS7 and PAWH1/2 interact with Hrd1 to regulate the
stability and activity of the E3 ligase

associate with Hrdla indirectly, most likely mediated by the
previously demonstrated EBS7-Hrdla interaction®®. Furthermore,
we showed that the pawhl pawh2 double mutation constitutively
activated the UPR pathway and greatly compromised plant
tolerance against salt stress and DTT-triggered ER stress, similar
to what were previously reported for Arabidopsis ERAD
mutants*®-3%. More importantly, we have shown that the pawh]I
pawh2 mutation blocked degradation of two ER-retained mutant
BR receptors, bril-5 and bril-9, allowing them to accumulate and
consequently leak out of the ER to reach the PM where the two
mutant BR receptors could respond to BRs to stimulate plant
growth. Our study also showed that the pawhl pawh2 mutation
also inhibited degradation of misfolded EFR in the ebs! mutant
background, strongly suggesting that the two redundant PAWH
proteins are likely general components of the Arabidopsis Hrd1-
containing ERAD complex that degrades many misfolded pro-
teins. Thus, our study, coupled with previously reported results,
revealed that such an Arabidopsis ERAD complex consists of not
only evolutionarily conserved components, including EBS5/
HRD3A3436, EBS6/At0S937-38, Hrd1a/1b%0, and their associated
E2 conjugase UBC3233, but also plant-specific components, such
as EBS7%° and PAWHI1/PAWH2 (Fig. 7).

Our results have shown that the plant-specific components,
EBS7 and PAWHS, are important to maintain the protein stability
of Hrdla. In the absence of the two homologous PAWH proteins,
the stability of EBS7 and Hrdl was significantly reduced. Our
previous study demonstrated that ebs7 mutations significantly
reduce the Hrdl stability?®, raising a question if reduction of
Hrd1 stability by the pawhl pawh2 mutation is an indirect con-
sequence of reduced abundance of EBS7 that directly binds
PAWHs. However, our transgenic experiment showed that
increased production of EBS7 driven by the p35S promoter failed
to increase Hrdla abundance, suggesting a direct role of PAWHSs
in maintaining the Hrdla stability. This finding and our earlier
results of the EBS7-AtHrd1a interaction demonstrated that EBS7
and PAWHSs work together to regulate the stability of the ER
membrane-anchored Hrdla.

Studies in yeast and mammalian cells showed that Hrd3/SellL
is essential to maintain the stability of Hrd1 and that mutations in
Hrd3 in yeast or SellL in mammalian cells resulted in a sig-
nificant reduction in the stability of the yeast or mammalian Hrd1
E3 ligase”?223, However, mutations of EBS5, the Arabidopsis
homolog of Hrd3/Sel1L3%, had no detectable impact on the Hrd1la
stability. Our results thus revealed a novel mechanism that reg-
ulates the protein stability/activity of a plant ERAD E3 ligase,
which is quite diverged from a conserved regulatory mechanism

that controls the stability of yeast and mammalian Hrdls. In
yeast, the hrd3A-triggered Hrd1 loss is caused by autodegradation
facilitated by the Hrd1’s own catalytic RING domain?#. It remains
to be tested whether or not the disappearance of Hrdla in ebs7 or
pawhl pawh2 mutant is caused by self-destruction of Hrdla or by
other ER-anchored E3 ligases such as SUPPRESSOR OF DRY2
DEFECTS1%, an Arabidopsis homolog of the yeast Degradation
of alpha factor2-10 (Doal0) that is known to be involved in
degrading misfolded transmembrane proteins carrying a cytosolic
structural defect® or one of the three Arabidopsis RING finger
proteins with membrane anchor (RMA1-3)>7.

While loss-of-function mutations in EBS7 and PAWHs
destabilize PAWHs/Hrdla and EBS7/Hrdla, respectively, the
hrdla hrdlb double mutation does not reduce but increases the
protein abundance of both EBS7 and PAWHSs. We hypothesize
that this is caused by increased transcription and reduced protein
degradation. The hrdla hrdlb double mutation may cause
accumulation of misfolded proteins in the ER and consequently
activates the UPR pathway, which increases production of many
chaperones, folding enzymes, and components of the ERAD
machinery such as EBS7 and PAWHs. Moreover, the two func-
tionally redundant Hrd1 homologs likely trans-ubiquitinate EBS7
to regulate its protein abundance via the so-called ER-tuning
mechanism3°°8 to tightly and rapidly regulate the ERAD capacity
to adapt to fluctuations in the amount of misfolded proteins
accumulated in the ER, thus maintaining the ER proteostasis
essential for cell survival. A further investigation is needed to fully
understand the role of Hrdl in such an ER-tuning regulatory
mechanism.

Although our study demonstrated an essential role of PAWHs
in maintaining the stability of Hrdla, it remains unknown how
the two PAWHs execute this function. Both PAWHI1 and
PAWH?2 carry a highly conserved domain that was first dis-
covered in the yeast AIM24 protein, a mitochondria protein
tightly associated with the inner membrane and required for the
ultrastructure, composition, and function of mitochondria*>°?, It
was previously thought that AIM24 is a fungal invention®, but
the 32nd release of the Pfam database of protein families in Sept.
2018 (https://pfam.xfam.org) revealed a total of 5937 AIM24
domain-containing proteins from 3272 species in all three
domains of life, with >93% of them containing only the AIM24
domain (Supplementary Fig. 22). Despite wide occurrence of the
AIM24 domain-containing proteins (a total of 4535 sequences) in
bacteria, nothing is known about physiological function of any of
these bacterial proteins. Interestingly, crystal structures of at least
two bacterial AIM24 domain-containing proteins were solved:
an unknown protein of 248 AAs (PA3696) from Pseudomonas
aeruginosa strain PAOl (PDB: 1YOX), and a hypothetic
protein of 243 AAs (SpyM3_0169) from Streptococcus pyogenes
(PDB: 1PG6). Structural modeling at SWISS-MODEL server
(https://swissmodel.expasy.org) using the structures of these two
bacterial proteins as templates suggested that PAWHI/2 likely
adopt a similar monomeric structure consisting of three structural
repeats of beta-sandwich (Supplementary Fig. 23a, b), each having
two beta-sheets of 3/4 anti-parallel beta-strands. It is worth men-
tioning that each structure unit resembles the crystal structure of
the bacterial tryptophan RNA-binding attenuation protein (PDB:
IWAP)®!, explaining the original names of the two PAWHs as
tryptophan RNA-binding attenuator-like proteins. Our structural
modeling also suggested that PAWHSs could form a homotrimeric
subcomplex with a flat surface on the bottom (Supplementary
Fig. 23c-f). It is important to note that the predicted C-terminal
transmembrane a-helix is not included in the models and that the
C-terminal a-helices shown in the two models correspond to the
peptide fragment of 239-250 of PAWHI1 (236-247 in PAWH?2),
which is unlikely a transmembrane domain due to its short length.
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Such a modeled PAWH structure suggests that PAWHs likely rely
on their flat ring-surface to interact with other proteins and use the
protruding a-helices (corresponding to the consensus C-terminal
transmembrane a-helical domain, see Supplementary Fig. 10) to
attach the trimeric PAWH complex into the ER membrane. Fur-
ther studies are needed to determine if the predicted C-terminal
transmembrane domain is needed for the biological function
of PAWHSs, and more importantly, to identify additional
PAWH-interacting proteins and/or crucial amino acid residues of
PAWHI/2, which could help to understand the biochemical
mechanism(s) by which PAWHs regulate the protein stability and
catalytic activity of the plant Hrd1.

Methods

Plant materials and growth conditions. Most of the Arabidopsis wild-type,
mutants, and transgenic lines are in the Columbia (Col-0) ecotype except for
mutants and transgenic lines that carry the bril-5 mutation, which are in the
Wassilewskija-2 (Ws-2) ecotype. The Arabidopsis mutants used in this study
include bril-562, bril-9%1, ebs1*1, ebs536, ebs6>7, ebs7-13%, and hrdla hrd1b3. The
T-DNA insertional mutants CS335767 (pawhl) and SALK_111654 (pawh2) were
obtained from Arabidopsis Biological Resource Center (ABRC) at Ohio State
University*$63. The pawhI-c and pawh2-c mutants were created by CRISPR/Cas9-
mediated genome editing in the bril-5 mutant background (see below for the
experimental details). Seed were surface sterilized using the ethanol-washing pro-
tocol®* and seedling were grown at 22 °C in growth chamber or growth room under
long-day (16 h-light/8 h-dark) photoperiodic condition.

Chemical treatment of Arabidopsis seedlings. To study the stress tolerance,
seeds were germinated, and young seedlings were grown on % Murashige and
Skoog (MS, Sigma) medium supplemented with or without 1.5 mM DTT (Roche)
or 150 mM NaCl for 15 days and the numbers of seedlings that were green (alive),
yellowish (dying), or dead were counted and recorded. To analyze UPR activation,
10-day-old Arabidopsis seedlings were carefully transferred into liquid % MS
medium supplemented with 5 ug/mL TM (BioMol) and were incubated for 0, 3, 6,
9, or 12 hours before samples were harvested into liquid nitrogen. To analyze the
BR sensitivity, seeds were germinated, and seedlings were grown on % MS medium
containing varying concentration of brassinolide (BL, Wako Chemical) for 7 days
under a long-day (16-h-light/8-h-dark) photoperiodic growth condition. The
seedlings were photographed, and their root length were measured digitally by
Image] (https://imagej.nih.gov/ij/). Source data of the measurement are provided as
a Source Data file. To study the BR-induced BES1 dephosphorylation, 10-day-old
Arabidopsis seedlings were carefully transferred into liquid %2 MS medium sup-
plemented with or without 1 uM BL, incubated for 2 hours, and subsequently
harvested into liquid nitrogen. To study protein degradation, 10-day-old Arabi-
dopsis seedlings were carefully transferred into liquid %2 MS medium containing
180 uM CHX (Sigma), incubated for varying durations, and harvested into liquid
nitrogen for protein extraction. To study the impact of ebs7 and pawhl pawh2
mutations on protein stability, 10-day-old Arabidopsis seedlings were pretreated
with 5 pg/mL TM in liquid % MS medium for 12 hours before being treated with
180 uM CHX or 80 uM MG132 (Sigma).

Generation of transgene constructs and transgenic plants. A ~4.1-kb genomic
fragment for each PAWH gene was amplified from genomic DNAs of the wild-type
Arabidopsis Col-0 seedlings using the gPAWHI and gPAWH2 primer sets (see
Supplementary Table 1) and cloned into pCambial300 (https://cambia.org/
welcome-to-cambialabs/) to generate pCambial300-gPAWH]I and pCambial300-
gPAWH?2 transgenes. The p35S::Hrdla-GFP transgene was created by cloning a
1,479-bp Hrdla cDNA fragment amplified from the Ist strand cDNAs converted
from total RNAs of the wild-type Arabidopsis seedlings using the Hrdla-GFP
primer set (Supplementary Table 1) into the pCambial300-p35S::C-GFP vector. To
create p35S::HA-EBS7 or p35S:MYC-EBS7 transgene, an 876-bp EBS7 cDNA
fragment was amplified from the same Arabidopsis 1st cDNA preparation using
the HA-EBS7 and MYC-EBS7 primer set (Supplementary Table 1) and cloned into
the pCambial300-p35S::N-HA or pCambial300-p35S::N-MYC vector, respectively.
To generate the pEFR::EFR-FLAG transgene, a 5.2-kb EFR genomic fragment
(gEFR without its 3'-UTR sequence) was PCR amplified from the genomic DNAs
of the wild-type Arabidopsis seedlings using the gEFR-FLAG primer set (Supple-
mentary Table 1) and cloned into the pCambial300-C-FLAG vector. The gEBS2
construct is a genomic transgene for EBS2°2. All created transgenes were fully
sequenced to ensure no PCR-introduced sequence error, and were individually
transformed into the Agrobacterium tumefaciens strain GV3101 by electroporation
and the resulting Agrobacterial strains were subsequently used to transform Ara-
bidopsis plants using the floral-dipping method®.

CRISPR/Cas9-mediated genome editing to create pawh mutants. The CRISPR/
Cas9 vectors used to create pawhl/2-c mutation were provided by Dr. Jian-Kang

Zhu®. The target sites for introducing mutations into PAWHI and PAWH?2 genes
were selected using the web program CRISPR-PLANT (http://crispr.hzau.edu.cn/
cgi-bin/CRISPR/CRISPR), and the oligonucleotides for generating guide RNAs are
listed in Supplementary Table 1. The CRISPR/Cas9 constructs were introduced
into the Agrobacterium strain GV3101 by electroporation, which were subse-
quently used to transform bril-5 mutant by the floral-dipping method®. TO seeds
were harvested, sterilized, and subsequently screened on % MS medium for T1
lines that carried the CRISPR/Cas9 constructs, which were subsequently screened
for intended mutations of PAWHI/PAWH?2 genes and verified in T2 and T3
generations. The verified pawhI-c bril-5 and pawh2 bril-5 mutants were crossed to
get the pawhl-c pawh2-c bril-5 triple mutant.

Expression of fusion proteins and generation of antibodies. The 1st cDNA
preparation derived from total RNAs of wild-type Arabidopsis seedlings and the
antigen-PAWHI primer sets (Supplementary Table 1) were used to amplify a 480-
bp PAWHI cDNA fragment corresponding to its N-terminal 160 AAs. The
amplified fragment was cloned into pGEX-4T-3 (GE Healthcare) and pMALc-H®”
vectors, which were subsequently transformed into BL21-competent cells. The
same cDNA preparation was also used to amplify a Hrdla cDNA fragment
encoding the N-terminal fragment of 73 AAs using the antigen-Hrdla primer sets
(Supplementary Table 1), and two copies of the amplified Hrdla cDNA were
cloned into the pGEX-4T-3 and pMALc-H vectors. The induction of GST and MBP
fusion proteins and their subsequent purification using Glutathione Sepharose™ 4
Fast Flow beads (GE Healthcare) and Amylose Resin beads (New England Biolabs),
respectively, were carried out following the manufacturers’ recommended proto-
cols. The purified MBP-PAWHI and GST-Hrdla fusion proteins were used to
make custom antibody by Abmart (http://www.ab-mart.com.cn) while the purified
GST-PAWHI and MBP-Hrdla fusion proteins were used to affinity-purify anti-
PAWH and anti-Hrdla antibodies from Abmart-generated anti-PAWH and anti-
Hrdla antisera, respectively, using an online protocol with nitrocellulose mem-
brane (http://post.queensu.ca/~chinsang/lab-protocols/antibody-purification.html).
The specificity of the purified anti-PAWH and anti-Hrdla antibodies was analyzed
by immunoblotting with total proteins extracted from 2-week-old seedlings of
wild-type Arabidopsis plant and relevant mutants. Source data are provided as a
Source Data file.

Yeast two-hybrid assay. The Clontech’s yeast two-hybrid system was used to
examine the interactions of PAWHSs, EBS7, and Hrdla in yeast cells (AH109). The
1st cDNA preparation described above was used to amplify cDNA fragments of the
N-terminal 260 amino acids of PAWHI1 (PAWH1-N260) or the N-terminal 257
amino acids of PAWH2 (PAWH2-N257) with the Y2H-PAWH]1/2 primer sets
(Supplementary Table 1). The PCR-amplified PAWHI1/2 cDNA fragments were
subsequently cloned into the vectors, pGADT? (for expressing a fusion protein of
the GAL4 activation domain with a target protein) and pGBKT?7 (for producing a
fusion protein of the GAL4 DNA-binding domain with a protein of interest). The
pGADT7 and pGBKT?7 constructs of EBS7-N142 and the catalytic domain of Hrdla
(Hrd1a-CD containing amino acids of 247-492) were described previously>. Yeast
cells containing different combinations of pGADT7 and pGBKT?7 plasmids were
selected by growth on synthetic media lacking leucine and tryptophan. Several
independent colonies were picked, resuspended in the liquid yeast growth medium,
subsequently spotted via serial dilutions onto solid synthetic medium lacking
leucine, tryptophan, and histidine for visual observation of their growth.

RNA isolation and analysis. Ten-day-old Arabidopsis seedlings grown on %2 MS
medium supplemented with or without certain chemicals were harvested and
ground in liquid nitrogen into a fine powder and their total RNAs were extracted
using the RNeasy Plant Mini Kit (QIAGEN). One microgram of the purified total
RNAs were treated with RNase-free DNase I (TTANGEN) and subsequently reverse
transcribed into 1st strand cDNAs by the iScript™ c¢DNA synthesis Kit (Bio-Rad).
The resulting cDNAs were used for classical PCR or quantitative real-time PCR
(qPCR) analysis with gene-specific oligonucleotides listed in Supplementary
Table 1. The qPCR assays were performed on the CFX96 Real-Time System (Bio-
Rad) with SYBR® GREEN PCR Master Mix (Bio-Rad) following the manufacturer’s
instruction. Three biological replicates each with three technical repeats were
conducted for each target mRNA and each sample. The ACTIN8 cDNA was used
as an internal control. The classical RT-PCR assays were carried out on a C1000
Touch™ Thermal Cycler (Bio-Rad) with 2xHieff™ PCR Master Mix (Yeasen).
The PCR amplified cDNA fragments were separated by agarose gel electrophoresis
and visualized by Gel Doc™ XR-+ Molecular Imager (Bio-Rad) with Image Lab™
software. The -Tubulin was used as an internal reference. Source data are pro-
vided as a Source Data file.

Protein extraction and analyses. To isolate microsomal proteins, 1 g of 10-day-
old Arabidopsis seedlings was harvested directly into liquid N, and immediately
ground in liquid nitrogen into fine powder, dissolved in a homogenization buffer
[50 mM Tris-HCI (pH 8.2), 20% (v/v) glycerol, 1 mM phenylmethylsulphonyl
fluoride (PMSF, Sigma), 2 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
DTT, 2 protease inhibitor Cocktail Tablets (Roche) per 100 mL solution], and
centrifuged for 10 min at 8000 x g at 4 °C. The supernatant (total proteins) was
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centrifuged further at 100,000 x g at 4 °C for 60 min to collect the microsomal
pellet. The resulting pellet was dissolved in the homogenization buffer as the
microsomal fraction. Both the total proteins and microsomal fraction were used to
immunoprecipitate the GFP-tagged Hrdla and MYC/HA-tagged EBS7 using anti-
GFP mAb-agarose (D153-8, MBL) and anti-MYC/anti-HA-agarose affinity gels
(Sigma) for mass spectrometric analysis of Hrd1/EBS7-associated proteins. The
microsomal fraction of the wild-type seedlings was subsequently treated with
solutions of 0.1 M NaCl, 0.1 M Na,CO3, 1% (v/v) Triton X-100 (Sigma) or 1% (v/v)
Nonidet P-40 (Roche) at 4 °C for 4 h. After treatment, the four fractions were
centrifuged at 100,000 x g at 4 °C for 60 min to collect the supernatants (soluble
fraction) and the pellets, which were mixed with 2x SDS bulffer, boiled for 10 min,
separated by 12% SDS/PAGE, and analyzed by immunoblotting.

We used 10-day-old seedlings to perform the coIP assays3’. In brief, 10-day-old
Arabidopsis seedlings were harvested, ground into fine powder in liquid N,. Total
proteins were extracted in the extraction buffer [50 mM Tris-HCI (pH 8.0), 150
mM NaCl, 5mM EDTA, 0.1% (v/v) Triton X-100, 0.2% (v/v) Nonidet P-40
(Roche), 2 tablets of the protease inhibitor cocktail (Roche) per 100 mL] and the
extracts were centrifuge at 14,000 x g for 15 min at 4 °C. The resulting supernatants
were incubated with anti-EBS7 antibody>® followed by protein-A/G-agarose beads
(Abmart) at 4 °C for 8 h. The immunoprecipitates were washed five times with the
extraction buffer, resuspended in 2X SDS sample buffer, boiled at 95 °C for 10 min,
and separated by SDS/PAGE. For other immunoblot assays, 10-day-old
Arabidopsis seedlings treated with or without a chemical of interest were harvested
into liquid N, and stored in —80 °C freezer for later analysis or immediately
ground into fine powder in liquid N,. The broken plant tissues were dissolved in 2x
SDS sample buffer, boiled at 95 °C for 10 min, and centrifuged for 10 min at the top
speed in an Eppendorf 5424 centrifuge. The resulting supernatants were
immediately used for immunoblotting analysis or incubated with or without 1000
U Endo-Hf in 1x G5 buffer (New England Biolabs) at 37 °C for 1.5 h. The treated/
non-treated total proteins were separated by 7, 10, or 12% SDS-PAGE. For all the
immunoblotting performed throughout this study, after transfer from SDS-PAGE
gels to PVDF membranes (Bio-Rad), proteins were analyzed by immunoblot with
antibodies against BES1°0, BRI1%0, BiP (at-95, Santa Cruz Biotechnology), maize-
CRT®8, PDI (Rose Biotechnology Inc), EBS5%, EBS637, EBS73%, PAWHs (this
study), Hrdla (this study), GFP [living color® A.v.monoclonal antibody (JL-8),
632381, Takara], or HA (H9658, Sigma). The signals on those immunoblots were
detected with horseradish peroxidase-conjugated secondary antibodies, ECL
Select™ Western Blotting Detection Reagent (GE Healthcare), and Medical X-ray
Processor (Kodak). The resulting signals on X-ray films were scanned and
digitalized. Source data are provided as a Source Data file.

Sucrose density-gradient centrifugation. Sixteen grams of 10-day-old Arabi-
dopsis seedlings were ground in liquid N, into a fine powder and immediately
extracted by the homogenization buffer (see above) at 4 °C. The protein extracts
were first filtered through Miracloth (CalBiochem) to remove insoluble plant debris
and subsequently centrifuged at 5000xg for 5 min at 4 °C to remove cellular debris
and organelles. The supernatant was centrifuged at 100,000xg for 45 min to pellet
the microsomes, which was resuspended in 1 mL resuspension buffer [25 mM Tris-
HCI (pH 7.5), 10% (w/v) sucrose, 1 mM PMSF, 2mM EDTA, 1 mM DTT, 2
protease inhibitor Cocktail Tablets (Roche) per 100 mL]. The microsome resus-
pension was loaded onto the top of a 11-mL 20-50% (w/w) sucrose gradient in 10
mM Tris-HCI (pH 7.5), 2mM EDTA, 1 mM DTT, 0.1 mM PMSF, and centrifuged
at 100,000xg for 16 h. After centrifugation, 1 mL fractions (12 fractions) were hand
collected, and 50 pL protein sample for each fraction was mixed with 2x SDS buffer,
boiled for 10 min, separated by 10 and 12% SDS/PAGE, and analyzed by immu-
noblotting. For the Mg?*-plus experiments, 5 mM MgCl, was added to the buffers
of homogenization, resuspension, and ultracentrifugation. Source data are provided
as a Source Data file.

Confocal analysis of PAWH?1/2 fusion proteins. To generate p35S::GFP-PAWHI
and p35S::GFP-PAWH2 transgenes for visualization of PAWH1/2 subcellular
localization patterns, an 858-bp PAWHI cDNA fragment and an 849-bp PAWH2
cDNA fragment were amplified from the 1st cDNA preparation of the wild-type
Arabidopsis seedlings using the GFP-PAWHI and GFP-PAWH?2 primer sets
(Supplementary Table 1) and subsequently cloned into the pCambial300-p35S::N-
GFP vector. The plasmid p35S:RFP-HDEL was the same as used in the

EBS7 study®. To analyze the protein interaction using the bimolecular fluores-
cence complementation (BiFC) assay, an 858-bp PAWHI cDNA or an 849-bp
PAWH?2 cDNA fragment amplified from the 1st strand cDNAs of wild-type
Arabidopsis seedlings using the NER-PAWH]1 or NER-PAWH2 primer set (see
Supplementary Table 1) was cloned into the pVYNER vector®. The same

1st cDNA preparation was also used to amplify the full-length (876-bp) EBS7
cDNA using the CER-EBS7 primer set and the full-length (1479 bp) Hrdla cDNA
using the CER-Hrdla primer set (Supplementary Table 1), which were subse-
quently cloned into the pVYCER and pVYCE vectors®®. These plasmids and the
corresponding empty vectors, after verifying no PCR-introduced error, were
individually transformed into the Agrobacterium tumefaciens strain GV3101. The
p35S::RFP-HDEL-carrying GV3101 cells were mixed with the p35S::GFP-PAWH]I
or p35S::GFP-PAWH2-transformed GV3101 strain and co-transformed into leaves
of 3-week-old tobacco (Nicotiana benthamiana) plants by the agro-infiltration

method’?. Similarly, a mixture of two Agrobacterium strains, one carrying a
PpVYNER plasmid and the other containing a pVYCER or pVYCE plasmid, was used
to infiltrate young leaves of 3-week-old tobacco. Two days after infiltration, the
transformed tobacco leaves were examined by confocal microscopy on a Leica SP8
(with LAS AF software, Leica Microsystems) for the subcellular localization patters
of GFP-tagged PAWHI1/2 and the ER-localized RFP-HDEL or the reconstituted
YFP signal. GFP, YFP, and RFP were excited by using 488-, 514-, and 542-nm laser
light, respectively.

Liquid chromatography-tandem mass spectrometry. Immunoprecipitated pro-
teins were eluted from antibody-conjugated beads with 0.2 M Glycine (pH 2.5),
dried, and solubilized in 8 M urea containing 50 mM iodoacetamide. The alkylated
proteins were digested by sequencing-grade trypsin (Promega) in 25 mM
NH,HCOj; at an enzyme:substrate ratio of 1:100 (w/w) in a 37 °C shaking incu-
bator for 18 h. The tryptic peptides were collected after centrifugation at 13,523xg
and freeze-dried with a refrigerated CentriVap concentrator (Labconco). Protein
samples were reconstituted in 0.1% formic acid (FA) and analyzed by online
nanoAcquity ultraperformance LC (Waters) coupled with an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher Scientific). Nanospray was controlled
by a PicoView Nanospray Source (PV550; New Objective) at a spray voltage of 1.9
kV. The peptides were trapped by a 2G-V/MT Trap symmetry C18 column (5 um
particles, 180 um inner diameter x 20 mm length) at a flow rate of 3 uL min~! for
3 min, and separated on a BEH130 C18 analytical column (1.7 um particles, 100
pm inner diameter x 250 mm length) at a flow rate of 250 nL. min~!. Peptides were
eluted using mobile phases consisting of solvent A (0.1% FA in water) and solvent
B (0.1% FA in acetonitrile) through a linear gradient, and then 85% of solvent B at
a duration of 90 min. Data-dependent MS/MS acquisition was performed following
a full MS survey scan by Orbitrap at a resolution of 70,000 over the m/z range of
350-1800, and MS/MS measurements of the top 20 most intense precursor ions.
The MS raw data from the LC-MS/MS analyses were separately converted to
mascot generic format (MGF) files using the Proteome Discoverer 1.4 software
(Thermo Fisher Scientific) and then searched against in-house databases using
Mascot Daemon 2.4 (MatrixSciences). The search parameter for tryptic digestion
was restricted to a maximum of two missed cleavages of proteins. Cysteine car-
bamidomethylation was designated as a fixed modification. Mass tolerances were
set up to 20 ppm for the Orbitrap-MS ions, and 0.2 or 1 Da for ion-trap MS/MS
fragment ions.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomic data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository (https://www.ebi.ac.uk/pride/archive/)
with the dataset identifier PXD013400. The source data underlying Figs. 1d, 2b, ¢, 3d-f,
4a, 5a—c, and 6a-d and Supplementary Figs. 6, 9b, ¢, 11b-d, 12, 13b, 14b, ¢, e, f, 15d-f,
16d, 17-19, 20b, and 21 are provided by a Source Data file. The source data for
generating Supplementary Figs. 7 and 8 were obtained from http://bar.utoronto.ca/
efp_arabidopsis (using At4g17420 and At5g47420 as queries) and atted.jp (using
At5g47420 as query), respectively. All other data are available from the corresponding
authors upon a reasonable request.
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To adapt to constantly changing environmental conditions, plants have evolved
sophisticated tolerance mechanisms to integrate various stress signals and to coordinate
plant growth and development. It is well known that inter-organellar communications play
important roles in maintaining cellular homeostasis in response to environmental stresses.
The endoplasmic reticulum (ER), extending throughout the cytoplasm of eukaryotic cells,
is a central organelle involved in lipid metabolism, Ca?* homeostasis, and synthesis and
folding of secretory and transmembrane proteins crucial to perceive and transduce
environmental signals. The ER communicates with the nucleus via the highly conserved
unfolded protein response pathway to mitigate ER stress. Importantly, recent studies have
revealed that the dynamic ER network physically interacts with other intracellular organelles
and endomembrane compartments, such as the Golgi complex, mitochondria, chloroplast,
peroxisome, vacuole, and the plasma membrane, through multiple membrane contact
sites between closely apposed organelles. In this review, we will discuss the signaling
and metabolite exchanges between the ER and other organelles during abiotic stress
responses in plants as well as the ER-organelle membrane contact sites and their
associated tethering complexes.

Keywords: membrane contact sites, endoplasmic reticulum, unfolded protein response, lipid exchange and
transport, calcium homeostasis, reactive oxygen species

INTRODUCTION

Plants growing under natural habitats have to deal with various environmental stresses during
their growth and development. Abiotic stresses such as extreme cold and hot temperatures,
drought, salinity, and nutrient deficiency can greatly affect plant growth and crop productivity.
Plants have evolved various sophisticated strategies to respond to different environmental stimuli
at different levels from alternations in gene expression to changes in morphology (Nakashima
et al, 2009; Su et al, 2013). The sensing and transduction of the environmental signals in
stressed plants were intensively studied in the past several decades, revealing potential strategies
to improve plant stress tolerance and agricultural productivity. It is generally believed that
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plant cells sense external environmental stimuli by various
sensors, which are localized on the plasma membrane (PM),
in the cytosol, or inside organelles. These environmental sensors
activate intracellular signaling cascades that involve Ca*, lipids,
reactive oxygen species (ROS), and phytohormones (Osakabe
et al, 2013; Zhu, 2016), ultimately inducing changes in gene
expression, protein production, and metabolic pathways to
enhance plant stress tolerance. Therefore, coordinated signaling
between various intracellular compartments with distinct
biochemical processes plays an important role in maintaining
cellular homeostasis for the plant stress tolerance.

The endoplasmic reticulum (ER) is a central network of
interconnected tubules and flattened cisternae that extend
throughout the entire cytoplasm of the eukaryotic cells (Figure 1).
The ER network occupies a large volume of the cytoplasm, with
its membrane accounting for ~50% of total cellular membranes,
and functions in protein processing and folding, lipid biosynthesis,
and Ca* storage (Stefano and Brandizzi, 2018). In eukaryote
cells, about one-third of newly synthesized proteins enter the
ER where they are glycosylated, folded, and/or assembled into
protein complexes. The ER houses several stringent quality control
mechanisms that export only correctly folded and properly
assembled proteins to continue their secretory journeys (Hetz
et al., 2015). However, protein folding in the ER is an error-
prone process that could easily be disturbed by various abiotic
and biotic stresses, leading to accumulation of mis/unfolded

5% Membrane Contact Sites (MCSs)

— actin filaments === microtubules

FIGURE 1 | Interactions of the ER network with other organelles in plant
cells. The dynamic ER network physically interacts with other subcellular
compartments, such as the Golgi (cis- and trans-), mitochondria (Mit),
chloroplasts (Chl), peroxisomes (PEX), vacuole (Vac), nucleus (Nuc), and the
plasma membrane (PM) through MCSs. The pointed extensions of a
peroxisome and a chloroplast represent peroxule and stromules, respectively.
Question marks indicate MCSs that have not yet characterized. MCS-
enriched proteins are directly involved in physical tethering; mediate organelle
biogenesis; and regulate exchanges of lipids, Ca**, ROS, and other important
metabolites and signaling molecules.

proteins in the ER and causing ER stress (Angelos et al., 2017).
Currently, the unfolded protein response (UPR) is widely considered
as a significant intracellular signaling pathway that links the ER
proteostasis with gene regulation in the nucleus to alleviate the
ER stress. Given its characteristic dynamic architecture and its
essential roles in producing proteins and lipids for other organelles
and maintaining Ca® homeostasis, the ER makes numerous
physical contacts with other organelles and endomembrane
compartments (Figure 1; Stefano and Brandizzi, 2018; Wu et al.,
2018). Recent studies have identified many so-called ER-membrane
contact sites (MCSs) that facilitate exchanges of important
metabolites and signaling molecules between the ER and various
organelles (Prinz, 2014; Wang and Dehesh, 2018; Wu et al., 2018).
In this review, we will discuss recent results on the inter-organellar
communications between the ER and other organelles during
plant abiotic stress responses as well as the ER-organelle physical
contacts and their associated tethering complexes.

THE ENDOPLASMIC RETICULUM-
NUCLEUS INTERACTION VIA
UNFOLDED PROTEIN RESPONSE

In addition to the physical ER-nuclear envelop connection (Figure
1), the ER-nucleus interaction is mediated by a highly conserved
signaling mechanism known as UPR, which is activated by
accumulation of misfolded proteins in the ER. Because protein
folding is an error-prone process that can easily be disturbed
by various environmental stresses, UPR is closely connected to
the plant stress tolerance (Liu and Howell, 2016). In plants, the
UPR pathway is principally mediated by two major branches
that are conserved in mammalian cells (Howell, 2013). One arm
is mediated by two homologous ER membrane-anchored bZIP-
family transcription factors, bZIP17 and bZIP28 that are activated
by regulated intradomain proteolysis (Liu et al., 2007a). bZIP17
was originally identified as a transcription factor activated by
salt stress (Liu et al., 2007b), while bZIP28 was discovered to
be activated by heat stress (Gao et al., 2008). Both bZIP17 and
bZIP28 are type II transmembrane proteins with a single
transmembrane domain (TMD) and a DNA-binding/transcriptional
activation bZIP domain facing the cytosol, and a C-terminal
domain inside the ER lumen (Sun et al, 2013). In response to
ER stress, bZIP17 and bZIP28 dissociate from the major ER
luminal chaperone, binding immunoglobulin proteins (BiPs), and
traffic from the ER to the Golgi where the two bZIP proteins
are proteolytically processed by the Golgi-resident site-1 and
site-2 proteases (SIP and S2P), thus releasing their N-terminal
cytosolic domains that move into the nucleus (Andersson et al,
2007; Liu et al., 2007b; Gao et al., 2008; Srivastava et al., 2012;
Iwata et al., 2017). The nuclear-localized bZIP17/28 proteins bind
to their target promoters to increase expression of genes encoding
ER chaperones, folding catalysts, and components of the
ER-associated degradation (ERAD) machinery, which work together
to restore the ER homeostasis (Liu and Howell, 2010). Interestingly,
high light intensity increases ER stress sensitivity of plants via
a competitive inhibitory interaction of bZIP28 with LONG
HYPOCOTYL5 (HYS5), a bZIP protein that positively regulates
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light signaling but suppresses the UPR pathway (Nawkar et al.,
2017). The other arm of the plant UPR pathway involves the
unconventional splicing of the mRNA of another bZIP transcription
factor, bZIP60, which is catalyzed by the ER membrane-anchored
inositol-requiring enzyme 1 (IRE1) (Deng et al., 2011; Nagashima
et al,, 2011). IRE1 is the most conserved ER stress sensor among
yeast, plants, and animals and is a dual-functional protein with
both protein serine/threonine kinase and endoribonuclease (RNase)
activities. Arabidopsis has two IRE1 homologs, IREla and IRE1b
(Koizumi et al., 2001). Under the ER stress, IREla and IRE1b
can form homodimers or heterodimers to trigger their RNase
activities, which splice the bZIP60 mRNA (Howell, 2013). The
frame-shift splicing of the bZIP60 mRNA causes production of
the active form of bZIP60 (bZIP60s, s for spliced) that lacks a
transmembrane domain and can thus move into the nucleus to
bind promoters of its target genes (Deng et al., 2011; Nagashima
et al., 2011; Iwata and Koizumi, 2012). In addition to its bZIP60
mRNA splicing role, the Arabidopsis IREls also participate in
selective degradation of certain mRNAs of secretory pathway
proteins and inhibitory proteins of the ER stress-induced autophagy,
a process known as regulated IRE1-dependent decay of mRNAs
(RIDD) (Mishiba et al, 2013; Bao et al, 2018). In plants, the
ER stress responses are closely related to abiotic stress tolerance.
Arabidopsis mutants defective in bZIP17, bZIP28, and/or bZIP60
show increased sensitivity to various environmental stresses whereas
overexpression of the active forms of the three bZIP proteins
enhances the plant stress tolerance (Fujita et al., 2007; Liu et al,,
2007b; Kataoka et al., 2017; Ruberti et al., 2018). A recent study
also implicated bZIP17 and a component of the Arabidopsis
ERAD machinery in salt acclimation memory that enables plants
to tolerate severe salt stress (Tian et al., 2018).

THE ENDOPLASMIC RETICULUM-GOLGI
RELATIONSHIP

The ER and the Golgi apparatus are the first two membrane
compartments in the protein secretory pathway. Unlike the
mammalian cells in which the ER and the Golgi apparatus are
separated by the ER-Golgi intermediate compartment (ERGIC,
also known as the vesicular-tubular cluster or VTC), the ER
and the Golgi complex are often physically attached in plant
cells at ER exit sites (ERES) (Figure 1; Sparkes et al., 2009),
although recent studies suggested the presence of an ERGIC-like
compartment termed as GECCO for Golgi entry core compartment
in plant cells (Ito et al., 2012, 2018). The ER-Golgi interaction
involves the coat protein complex II (COPII)-mediated cargo
export from the ER and the COPI-mediated retrieval of ER-resident
proteins from the Golgi. Due to the existence of high stringent
quality control mechanisms, only the correctly folded and properly
assembled proteins can be exported from the ER into the Golgi,
whereas those incompletely-/misfolded and improperly assembled
proteins are retained in the ER for chaperone-assisted refolding
or removal by ERAD that involves cytosolic proteasomes (Brandizzi
and Barlowe, 2013; Liu and Li, 2014). In the Golgi complex
that includes the trans-Golgi network (TGN), the ER-derived
protein cargos undergo N-glycan maturation and are sorted

by vesicle-dependent/independent trafficking pathways to specific
destinations to carry out their cellular functions. Live cell
imaging revealed that the plant Golgi apparatus is a highly
dynamic organelle with dispersed stacks of cisternae that are
often physically attached to the ER tubules (Figure 1; Sparkes
et al., 2009). Additionally, the shape and architecture of the
Golgi complex are flexible enough to adapt to the functional
status of different plant cells (Dupree and Sherrier, 1998). These
functional and physical connections between the ER and the
Golgi complex not only ensure normal cellular activities but
are also essential for the survival of plant cells during
stress conditions.

Recent studies have shown that several Arabidopsis mutants
deficient in the ER-Golgi/Golgi-ER vesicle trafficking exhibit
the ER stress and are hypersensitive to abscisic acid (ABA)
and salt stress (Zhao et al., 2013, 2018; Pastor-Cantizano et al.,
2018), suggesting that the bidirectional vesicle transport between
the ER and Golgi is crucial for maintaining cellular homeostasis
and adaptation to environment stresses. In addition to vesicular
trafficking, accumulating evidence indicates the existence of
non-vesicular transport connecting the ER and Golgi. Three-
dimensional electron microscopy and Forster resonance energy
transfer-based fluorescence lifetime imaging microscopy revealed
the physical contacts between the ER subdomains and trans-
Golgi/TGN in mammalian cells (Ladinsky et al., 1999; Venditti
et al, 2019b). No ER-trans-Golgi/TGN (referred hereinafter
as ER-TG) contact has been observed so far in plant cells,
but laser trap was used to reveal the ER-cis-Golgi interaction
in plant cells, which occurs at ERES where the mobile Golgi
stacks are associated with COPII components (Figure 1; Dasilva
et al., 2004; Hawes et al., 2008; Sparkes et al., 2009). AtCASP,
a homolog of a yeast/mammalian transmembrane Golgi protein
known as CCAAT-displacement protein alternatively spliced
product (CASP) was recently identified as a component of a
novel tethering complex that connects ERES with the cis-Golgi
to form the so-called “mobile secretory unit” (Osterrieder
et al, 2017). The cis-Golgi-localized AtCASP could interact
with ERES-enriched proteins to mediate the ER-cis-Golgi
tethering that likely increases the efficiency of COPII vesicle-
mediated cargo transport via the so-called “hug-and-kiss”
mechanism (Kurokawa et al., 2014). Identification of potential
AtCASP-binding proteins that are enriched at ERES could
discover additional components of the ER-cis-Golgi tethering
complex that might help to resolve the controversy on the
mechanism of the ER-Golgi transport (Robinson et al., 2015)
and explain the “sticky” nature of the plant cis-Golgi cisterna
(Sparkes et al., 2009).

Mammalian cells lack the ER-cis-Golgi physical contact but
contain multiple ER-TG contact sites that are implicated in
the non-vesicle-mediated lipid exchange (Figure 1; Mesmin
et al, 2019; Venditti et al, 2019b). Several lipid transfer
proteins (LTPs) localized at the ER-TG interface were identified,
such as CERT (ceramide-transfer protein), FAPP2 (four-phosphate
adaptor protein 2), and OSBP (oxysterol-binding protein), which
mediate the vesicle-independent ER-TG transport of ceramide,
glucosylceramide, and cholesterol (coupled with counter-transport
of phosphatidylinositol-4-phosphate), respectively (Mesmin et al.,

Frontiers in Plant Science | www.frontiersin.org

June 2019 | Volume 10 | Article 749

128


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liu and Li

The ER-Organelle Interactions in Plants

2019; Venditti et al., 2019a). All three LTPs share similar protein
domains important for the ER-TG bridging, including a
TGN-binding N-terminal pleckstrin homology (PH) domain,
a central FFAT (diphenylalanine in an acidic tract) motif
exhibiting specific binding to the ER-localized vesicle-associated
membrane protein-associated proteins (VAPs), and the C-terminal
oxysteroid-binding domain. Almost nothing is known about
the ER-TG contact in plant cells, but the Arabidopsis genome
encodes multiple homologs of CERT/FAPP2/OSBP (Umate,
2011) that lack the FFAT motif and a total of 12 VAP homologs
known as plant VAP homologs (PVAs) (Sutter et al, 2006).
One of the Arabidopsis OSBP-related proteins (ORPs), ORP3a,
is localized to the ER via its interaction with an ER-localized
PVA, PVA12 through a WEFDE (tryptophan-phenylalanine-
aspartate—glutamate) motif located on the surface of ORP3a
(Saravanan et al., 2009). It remains to be investigated whether
or not plant cells have the ER-TG physical contacts, and if so,
whether some of the Arabidopsis homologs of CERT/FAPP2/
OSBP interact with ER-localized PVAs to mediate the ER-TG
tethering and the ER-TG lipid/sterol exchanges.

THE ENDOPLASMIC
RETICULUM-MITOCHONDRIA
CONNECTION

Mitochondrion is an intracellular double-membrane organelle
found in all eukaryotic cells. It not only provides cellular energy
and metabolic intermediates but also participates in many other
cellular processes, such as ROS signaling, Ca** buffering, cell
differentiation, and apoptosis (Labbé et al., 2014). Under changing
environmental conditions, plants have to adjust their metabolism
to balance their energy production and consumption through
mitochondria. Recently, a growing body of evidence suggests
that mitochondria and the ER cooperate in several biosynthetic
pathways and exchange signaling molecules during stress
conditions (Mueller and Reski, 2015; Wang and Dehesh, 2018).
It is well known that environmental stresses, such as heat,
drought, salinity, and high light intensity, increase production
and accumulation of ROS in mitochondria, which not only
serves an important intracellular signal (at low concentrations)
to regulate various cellular pathways but also causes oxidative
damage (at high concentrations) to the cellular components
(Suzuki et al.,, 2012; Das and Roychoudhury, 2014). ROS can
also be generated in the ER lumen, which has a higher redox
potential (~100 mV) than that of other cellular compartments
(Birk et al., 2013). The oxidative protein folding process
in the ER is mediated by protein disulfide isomerases (PDIs)
and a flavin adenine dinucleotide-binding protein, ER
oxidoreductase 1 (Erol), which produces H,O, as a result of
electron flow from target proteins via the PDI-Erol couple to
O, (Tu and Weissman, 2002; Santos et al, 2009; Higa and
Chevet, 2012). Due to the H,0, permeability of the ER membrane
(Ramming et al., 2014), the ER-induced oxidative stress can
influence the production of mitochondrial ROS likely mediated
by the ER-mitochondria physical contacts (Bhandary et al,
2012; Murphy, 2013; Zeeshan et al., 2016). On the other hand,

the mitochondrial ROS can induce expression of the ER UPR
target genes (Ozgur et al, 2015).

The ER-mitochondria contact is also essential to build the
membrane system of mitochondria that import most lipids from
other organelles (Li-Beisson et al., 2017). The ER-mitochondria
tethering allows lipid exchanges between two apposed membranes
and/or permits access of the membrane-localized enzymes to
lipid substrates on the tethered membrane (Michaud et al., 2017).
In yeast, the ER-mitochondria encounter structure (ERMES) is
the most well-defined ER-mitochondria tethering complex that
facilitates the ER-mitochondria phospholipid exchanges (Figure
1; Michel and Kornmann, 2012; Lang et al., 2015). The yeast
ER-mitochondria tethering also involves another complex known
as the ER membrane complex (EMC)-translocase of outer
membrane 5 kDa subunit (TOM5) complex (Lahiri et al., 2014).
In mammalian cells, the ER-mitochondria interface, known as
mitochondria-associated ER membrane (MAM), has more
complicated protein complexes involved in physical tethering,
Ca’* regulation, lipid exchanges, mitochondrial fission, autophagy,
and apoptosis (Lee and Min, 2018). In plants, despite visual
evidence for the ER-mitochondria physical interaction that likely
plays a role in mitochondrial fission and the ER-mitochondria
coordinated biosynthesis and exchanges of phospholipids (Figure
1; Mueller and Reski, 2015; Michaud et al., 2017), no homologs
of the yeast ERMES were found in plants that also lack homologs
of a majority of known mammalian MAM proteins (Duncan
et al, 2013; Michaud et al, 2017). The Arabidopsis genome
does encode homologs of three of the six components (EMCI1,
2, 3, 5, 6, and TOM5) of the EMC-TOM5 complex (Michaud
etal, 2016) and homologs of mitofusinl (MFN1), a mitochondrial
fusion GTPase that interacts with its ER-localized homolog MFN2
to mediate the ER-mitochondria tethering (Detmer and Chan,
2007; de Brito and Scorrano, 2008). However, the two Arabidopsis
MEN1/2 homologs, DRP3A/3B and FZL, are not involved in
mitochondrial fusion (Arimura, 2018), and there is no report
on the involvement of the three homologs of the yeast EMC-TOM5
complex in the ER-mitochondria tethering in plant cells. A recent
study identified a Physcomitrella patens protein, MELL1
(mitochondria-ER-localized LEA-related LysM domain protein
1) that regulates the numbers of the ER-mitochondria contact
sites and could thus be a component of the plant ER-mitochondria
tethering complex (Mueller and Reski, 2015). It will be interesting
to determine whether MELL1 is conserved in higher plants and
if so, whether the MELL1 homologs are a component of the
yet to be identified ERMES/MAM in higher plants and required
for the phospholipid biosynthesis/exchange of the ER and
mitochondria. The lipid exchanges between the ER and
mitochondria also involve lipid trafficking between the inner
membrane (IM) and outer membrane (OM) of the mitochondria.
A recent study implicated a mitochondrial transmembrane
lipoprotein (MTL) complex containing the TOM complex and
IM-localized AtMIC60, an Arabidopsis homolog of the yeast
MIC60 that is a component of the well-studied mitochondria
contact site and cristae organizing system (MICOS) (Pfanner
et al, 2014), in the IM-OM lipid trafficking (Michaud et al,
2016). It is thus possible that the TOM complex, through its
interaction with IM-localized AtMIC60 capable of extracting
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membrane lipid and the ER-localized homologs of the yeast
EMC-TOM5 complex, functions as a crucial component of a
plant ER-mitochondria tethering complex to mediate lipid
exchanges or coordinate lipid biosynthesis.

The ER-mitochondria physical contact is also essential for the
Ca? cross talk between the two organelles, which is often influenced
by ROS. In plants, a variety of environmental stimuli trigger Ca®*
transients, such as the influx of Ca** into the mitochondrial matrix,
to regulate gene expression and metabolism (Carraretto et al.,
2016). However, the ER is generally considered the main intracellular
Ca?" store. The Ca’ channels located at the ER-mitochondria
contact sites, such as the mitochondrial outer membrane-localized
VDAC (voltage-dependent anion-selective channel) and the ER
membrane-anchored inositol triphosphate-dependent calcium
channel IP;R, are believed to mediate the transport of Ca** between
the ER and mitochondria in response to ER stress in mammalian
cells (Lee and Min, 2018). The mammalian ER-localized Ca**-
release channel ryanodine receptor is activated by Erol-generated
H,O, (Anelli et al, 2012). It remains to be determined if the
ER ROS also regulates the ER Ca® release in plant cells that
lack the homologs of the mammalian ER Ca** efflux channels
IP;R and ryanodine receptor (Stael et al, 2012).

Two recent studies revealed another interesting mechanism
by which the ER interacts with the mitochondria in plant
cells. The mitochondrial retrograde regulation (MRR), which
transmits the stress-induced mitochondrial signal into the
nucleus to increase production of certain mitochondrial proteins
for sustaining or restoring the mitochondrial functions during
stressful conditions (Dojcinovic et al., 2005), was shown to
involve two ER-anchored NAC transcription factors, ANACO013
and ANACO017 (De Clercq et al., 2013; Ng et al., 2013). ANACO013
knockdown lines and an ANACOI7 knockout mutant were
hypersensitive to stress than their wild-type controls. It was
hypothesized that the mitochondrial stress somehow activates
yet unknown proteases that proteolytically activate the two
ER-anchored ANAC proteins that can subsequently translocate
into the nucleus (Wang et al, 2018c). It will be interesting
to test if the proteolytic activation of the two NAC-type
transcription factors occurs at ERMES/MAM in plant cells.
Proteomic experiments with stressed Arabidopsis plants expressing
non-cleavable variants of ANAC013/017 might lead to
identification of potential components of the Arabidopsis ERMES/
MAM. 1t is also interesting to note that the two ANACs were
recently implicated in coordinating mitochondrial and chloroplast
functions via their physical interactions with a nuclear protein
Radical-induced Cell Deathl (RCDI1) that was known to
be regulated by ROS (Shapiguzov et al., 2019).

THE ENDOPLASMIC
RETICULUM-PLASMA MEMBRANE
CONTACT

The plasma membrane (PM), a lipid bilayer embedded with
proteins, is an essential cellular component for the plant stress
tolerance. It not only serves as a physical barrier to shield

cellular contents from the extracellular environment and controls
the flux of solutes and macromolecules but also contains a
wide range of sensors and receptors that perceive and transmit
all kinds of environmental signals. As discussed above, the
ER not only produces, folds, and assembles the PM-localized
channels/transporters and receptors/sensors but also delivers
lipids to the PM and other intracellular compartments via
vesicle-dependent and/or independent mechanisms.

The ER-PM contact sites (EPCSs) are evolutionarily conserved
microdomains that are important for the ER-PM communications,
such as lipid homeostasis, and Ca** influx (Figure 1; Saheki and
De Camilli, 2017). The composition of EPCSs and their molecular
functions have been well established in the yeast and mammalian
cells in the last decade (Stefan, 2018). The yeast EPCSs consists
of six proteins: three tricalbins, Increased sodium tolerance protein
2 (Ist2), and the ER-resident protein Scs2/22 (Suppressor of
choline sensitivity 2/22) (Manford et al.,, 2012). The mammalian
EPCSs contains three tricalbin homologs known as E-Syts for
extended synaptotagmin (Giordano et al., 2013) and two Scs2/22
homologs, VAP-A and VAP-B, but lacks an Ist2 homolog (Selitrennik
and Lev, 2016). In plants, the EPCS complex is the best known
protein tether of the plant ER MCSs and consists of VAP27,
VAP-Related Suppressor of TMM (VST), an actin-binding protein
NETWORKED 3C (NET3C), actin filaments, and microtubule
networks (Figure 1; Wang et al.,, 2014, 2016, 2017, 2018a; Ho
et al, 2016). In particular, a phospholipid-binding protein
Synaptotagmin1 (SY'T1), which is the plant homolog of tricalbin/E-
Syts, was found in the plant EPCS complex (Perez-Sancho et al.,
2015) and subsequently used as a marker for the plant EPCS
for microscopic studies (McFarlane et al., 2017; Lee et al., 2019).
SYT1 has been previously described as an essential component
for maintaining the PM integrity, especially under conditions of
high risks of membrane disruption such as osmotic shock, freezing,
and salt stresses (Schapire et al., 2008). Other studies have shown
that SYT1 is required for tethering the ER to the PM and plays
an essential role in regulating the ER remodeling and the stability
of EPCSs (Siao et al, 2016). A recent study revealed that the
ER-anchored ~ SYT1 directly binds the PM-localized
phosphatidylinositol 4,5-bisphosphate [PI (4,5)P2] to establish
EPCSs (Lee et al, 2019), thus revealing a physiological function
of the stressed-induced PM accumulation PI(4,5)P2 (Heilmann,
2008). It is likely that the protein-lipid tether could be disrupted
or strengthened by additional SYT1/PI(4,5)P2-binding proteins.

EPCSs are now widely accepted as important sites for the
non-vesicular lipid transport, which appears to be the major
transport route of certain lipid species (Lev, 2012). Plants
exposed to abiotic stresses have to adapt their membrane lipid
composition and fluidity to changing environmental conditions
by adjusting the relative amounts of various lipids, such as
phospholipids and galactolipids (Hou et al., 2016). It is well
known that lipids synthesized in the ER need to be delivered
to other membranes for assembly of biological membranes or
for lipid-mediated signaling cascades. It is proposed that the
lipid transfer proteins (LTPs) are localized at the EPCSs and
function as dynamic tethers between the two membranes with
their lipid transfer module regulating lipid exchange (Dickson
et al., 2016; Quon et al., 2018). Mammalian VAPs are known
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to interact with proteins involved in lipid transfer (Gatta et al.,
2015) while SYT1 contains a synaptotagmin-like mitochondria-
lipid-binding protein (SMP) domain that is implicated in lipid
transfer in mammals (Schauder et al., 2014). It is likely that
the plant EPCSs are also involved in the ER-PM lipid transfer
and thus play important role in plant stress tolerance by
modulating the composition and fluidity of the PM. The EPCS
is also important for the intracellular Ca®* homeostasis in
mammalian cells. The ER-PM contacts are critically implicated
in generating the cytosolic Ca** signals, which is likely mediated
by Ca’" release from the ER in response to the PM-perceived
environmental stimuli, and in replenishing the depleted ER
Ca’* store (Chung et al,, 2017). Given the importance of Ca*
signaling in plant stress response (Ranty et al., 2016), it would
be interesting to investigate the role of EPCSs in regulating
the stress-triggered intracellular Ca’* dynamics in plants.

In addition to the EPCS-mediated exchange of lipids and
Ca*, there are other mechanisms that connect the ER physiology
to the PM function in plant stress response. A recent study
implicated a PM-localized NAC transcription factor, ANAC062,
in the ER-nucleus-mediated UPR pathway (Yang et al., 2014).
It is quite possible that the ER stress could increase the EPCS
formation, altering the local membrane lipid composition to
enhance the proteolytic processing of the PM-anchored ANAC062
(Seo et al,, 2010). The cleaved ANACO062 can then move into
the nucleus to regulate UPR-related genes, thus helping to
mitigate the ER stress. Other studies found that the increased
cytosolic Ca®* caused by the stress-triggered Ca** release from
the ER could activate the PM-localized NADPH oxidase, which
was known to be induced by UPR and is required to survive
ER stress (Ozgur et al, 2015, 2018; Angelos and Brandizzi,
2018). It is quite tempting to speculate that the Ca**-mediated
activation of the PM-localized NADPH oxidase might require
EPCSs. It is important to note that the plant NADPH oxidase
is the most well-studied ROS enzymatic system and plays a
key role in ROS signaling involved in plant growth, stress
tolerance, and plant immunity (Marino et al., 2012).

One unique type of the plant ER-PM contact occurs at
plasmodesmata (PD), which consist of the cylindrically apposed
PM and the tightly compressed ER (desmotubule) with unique
lipid/protein compositions (Grison et al, 2015; Leijon et al,
2018). The PD-PM and the desmotubule are connected by spoke-
like elements (Ding et al, 1992; Nicolas et al, 2017) whose
molecular identities remain to be defined, but recent studies
suggested the PD association of AtSYT1 (Levy et al, 2015) and
VAP27 (Wang et al,, 2016). The space between the PD-PM and
the desmotubule constitutes the actual channel (the cytoplasmic
sleeve) that transports a wide range of molecular cargos across
cell walls of neighboring cells (Tilsner et al., 2016). Given the
key role of PD in generating cytosolic and membrane continuity
that are essential for growth and development, stress tolerance,
and plant defense, the permeability of PD (also known as size
exclusion limit), governed by the size of the cytoplasmic sleeve
and distribution of spokes that creates nanochannels, is constantly
regulated by various of developmental and environmental signals
(Sun et al, 2019). Although PD exhibits the essential features
of MCS (Scorrano et al, 2019), it remains to be investigated if

the ER-PM contacts in PD play any role in inter-organelle
exchanges of lipids, Ca®*, and/or other signaling molecules.

THE ENDOPLASMIC
RETICULUM-CHLOROPLAST JUNCTION

Chloroplasts conduct photosynthesis and produce energy for
plant growth, development, and defense. In addition, chloroplasts
are essential for synthesizing certain amino acids, lipids, and
fatty acids. Like mitochondrion, chloroplast is also a
semiautonomous organelle with its own genome and a majority
of chloroplast proteins are encoded by the nuclear genome and
imported from the cytosol. Accordingly, the plant cells execute
anterograde and retrograde communications between the
chloroplast and the nucleus to respond to changing environment
(Watson et al,, 2018). Under stress conditions, ROS such as
singlet oxygen and superoxide were generated from electron
transport chain in the chloroplasts, which cause oxidative damage
to the photosynthetic organelle. Consequently, the chloroplasts
use ROS and several metabolites, such as 3’-phosphoadenosine
5’-phosphate (PAP) (Chan et al., 2016) and methylerythritol
cyclodiphosphate (MEcPP) (Xiao et al., 2012), to relay the stress
signal into the nucleus to reprogram gene expression for damage
mitigation and stress acclimation (Woodson and Chory, 2012).
The chloroplast-nucleus signaling might also involve chloroplast-
nucleus contact sites consisting of stromules, the stroma-filled
tubular protrusions from the chloroplast outer membrane
(Figure 1; Kohler and Hanson, 2000; Hanson and Hines, 2018),
which facilitate translocations of chloroplast-sequestered
transcription factors into the nucleus in response to various
stresses (Caplan et al., 2008; Sun et al, 2011; Foyer et al,
2014). Stromules were also known to be associated with the
ER, Golgi apparatus, PM, mitochondria, and peroxisomes (Kwok
and Hanson, 2004; Schattat et al., 2011; Hanson and Hines,
2018); however, the physiological significance of these associations
remains to be investigated in the coming years.

The ER and chloroplasts are the two major sites of lipid
biosynthesis (van Meer et al., 2008; Hurlock et al., 2014) and
the ER-chloroplast interaction is essential for lipid homeostasis
in plant cells under normal growth condition and in response
to various environmental stresses (Negi et al., 2018; Lavell and
Benning, 2019). The ER-chloroplast-mediated lipid biosynthesis
involving de novo synthesis of fatty acids (FAs) in chloroplasts,
the chloroplast-ER transport of FAs, the ER-catalyzed assembly
and modification of glycerolipids that move back to chloroplasts
for producing galactolipids (Benning and Ohta, 2005), the major
chloroplast lipids (Dormann and Benning, 2002). Studies in
recent years strongly suggest that the chloroplast-ER physical
contact sites, better known as plastid-associated membranes
[PLAMs, (Andersson et al., 2007)], are directly involved in the
lipid exchange (Tan et al, 2011; Block and Jouhet, 2015). At
least two groups of proteins were detected at the ER-chloroplast
membrane contact sites (Tan et al, 2011). The first group
includes several members of the trigalactosyldiacylglycerol (TGD)
protein family, which form a bacterial-type ABC transporter
for transporting lipids from the ER to the thylakoid membrane
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(Xu et al, 2010; Wang et al, 2012; Fan et al, 2015). The
second group includes lipid processing enzymes such as
phosphatidylcholine (PC) synthase and CLIP1 lipase/acylhydrolase
that directly act on lipids from the contacting ER-chloroplast
membranes (Mehrshahi et al., 2013, 2014). In addition, a recent
study indicated the presence of several lipid transfer proteins,
including Azelaic Acid Induced 1 (AZI1), EArly Arabidopsis
Aluminum Induced 1 (EARLI1), and Defective in Induced
Resistance 1 (DIR1), at the ER-chloroplast contact site that
facilitates the movement of a lipid-derived signal for systemic
acquired resistance against pathogens (Cecchini et al., 2015).

Various abiotic stresses, such as high light exposure and
wounding, can lead to accumulation of MEcPP in chloroplasts,
which serves as a retrograde signaling metabolite that
relays the chloroplast stress signal into the nucleus to alter
gene expression (Xiao et al, 2012). Intriguingly, the
chloroplast-synthesized MECcPP signal could activate the
transcription of IREl and bZIP60, two key components
of the ER stress-triggered UPR pathway via a Ca*-
dependent transcription factor calmodulin-binding transcription
activator3 (Walley et al., 2015; Benn et al., 2016). In addition,
a loss-of-function mutation in an Arabidopsis gene encoding
the chloroplast stearoyl-acyl carrier protein desaturase,
which introduces double bonds into FAs, constitutively
activates the expression of a known ER-UPR marker gene
BIP3 (Iwata et al., 2018). A loss-of-function mutation in the
Arabidopsis SAL1 gene, which encodes a chloroplast/
mitochondria-localized bifunctional enzyme with both
3'(2'),5'-bisphosphate nucleotidase (converting PAP to AMP)
and inositol polyphosphate 1-phosphatase activities, attenuated
ER stress response and exhibited hyposensitivity to ER stress
inducers (Xi et al, 2016). Together, these findings provide
additional support for the involvement of the photosynthetic
organelle in regulating the ER homeostasis.

THE ENDOPLASMIC
RETICULUM-PEROXISOME
COLLABORATION

Peroxisome is a semiautonomous single-membrane-bound
organelle that participates in a wide range of biochemical processes,
particularly the P-oxidation of fatty acids and metabolism of
hydrogen peroxide (Smith and Aitchison, 2013). In plants,
peroxisomes also perform other important functions such as
the glycolate cycle and photorespiration, secondary metabolism,
hormone (auxin and jasmonic acid) biosynthesis, metabolism
of ROS and reactive nitrogen species (RNS) (Nyathi and Baker,
2006; Hu et al., 2012; Sandalio and Romero-Puertas, 2015).
Notably, peroxisomes are highly dynamic organelles that alter
their morphology, proliferation, and metabolic activities in response
to environmental signals (Honsho et al., 2016; Kao et al., 2018).
The membrane extensions of peroxisomes, termed as peroxules
(Figure 1), are often observed when plants are exposed to
exogenous H,O, or high-intensity light (Sinclair et al, 2009;
Barton et al, 2013; Jaipargas et al, 2016). Salt stress,

heavy metals, and herbicide application were known to increase
the metabolic activity and proliferation rate of peroxisomes
(Palma et al., 1987; McCarthy et al., 2001; Mitsuya et al., 2010;
McCarthy-Sudrez et al.,, 2011; Fahy et al,, 2017).

It has been well known that peroxisome dynamics such as
elongation, fission, and degradation as well as metabolic changes
require their constant collaborations and communications with
other intracellular organelles (Hu et al, 2012; Del Rio and
Lopez-Huertas, 2016; Kao et al, 2018). The ER-peroxisome
connection has been known for many years as peroxisomes
are formed by budding from specialized ER regions and/or
by growth and fission of preexisting peroxisomes in yeast and
mammalian cells (Hu et al., 2012; Kao et al., 2018). Although
there is no clear evidence to support the ER budding model
for the plant peroxisomes (Mullen and Trelease, 2006; Trelease
and Lingard, 2006), the ER is at least involved in the plant
peroxisome biogenesis by providing membranes, lipids, and
certain peroxisome membrane proteins (PMPs) to preexisting
or fission-created nascent peroxisomes (Hu et al., 2012).

The plant peroxisomes were shown to be closely associated
with the ER by early microscopic observation (Huang et al,
1983) and could be physically attached to the ER as suggested
by live cell imaging of dynamic behaviors of peroxisomes (and
peroxules) and the ER in Arabidopsis (Mathur, 2009; Sinclair
et al., 2009; Barton et al., 2013). However, it remains unknown
whether the observed ER-peroxisome contiguity in Arabidopsis
is mediated by the peroxisome-ER physical tether that was first
described in yeast. The yeast peroxisome-ER tethering complex
consists of a peroxisome biogenic protein, peroxin 3 (PEX3),
localized on the ER and peroxisome, and the peroxisome inheritance
factor Inpl that serves as a bridge to link the ER and peroxisome-
localized PEX3 (Knoblach and Rachubinski, 2013). The PEX3-
Inp1-PEX3 trimeric complex plays a key role in partitioning
peroxisomes in dividing yeast cells and controlling the peroxisome
population (Knoblach et al., 2013). The mammalian peroxisome-ER
tether consists of the ER-localized VAPs and the PMPs with
acyl-CoA binding domains (ACBDs) and is thought to regulate
peroxisome proliferation and to facilitate the ER-peroxisome lipid
exchange (Hua et al, 2017; Costello et al, 2017a,b). Despite
microscopic observations of the ER-peroxule association (Sinclair
et al,, 2009; Barton et al., 2013), a plant peroxisome-ER tethering
complex remains to be discovered. The identification of a
peroxisome-ER tether is expected to shed light on the functional
collaboration between the two dynamic organelles, especially the
mechanisms of peroxisome biogenesis/maintenance and their
dynamic responses to various environmental stresses.

It was recently suggested that peroxisomes, ER, and
mitochondria could form a “redox triangle” that uses tethering
complexes to assemble a hypothetical “redoxosome” that transmits
intercompartmental redox signals to regulate ROS metabolism
in response to cellular signals and environmental cues (Yoboue
et al, 2018). A plant “redoxosome” should include protein
tethering complexes of chloroplasts with the ER, mitochondria,
and peroxisome. The chloroplast works together with
mitochondria and peroxisomes in photorespiration involving
inter-organellar metabolite exchanges while the chloroplast
tubular extensions, stromules, are thought to interact with the
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ER, mitochondria, and peroxisomes (Mathur et al., 2012; Hanson
and Hines, 2018). Fluorescent microscopic studies and proteomic
experiments with a plant genetic model system such as Arabidopsis
could make a significant contribution to our understanding
of such a “redoxosome” in plants. Dynamic physical associations
of multiple organelles aided by organelle extensions and tethering
complexes might be a common cellular mechanism that facilitates
exchanges of ROS/RNS, Ca®!, lipids, and other metabolites/
signaling molecules to mount coordinated cellular responses
to changing environment.

THE ENDOPLASMIC
RETICULUM-VACUOLE ASSOCIATION

Vacuoles are single-membrane-bound organelles that are filled
with a wide range of inorganic ions and organic molecules
(Figure 1). In plants, at least two types of vacuoles have been
identified, including protein storage vacuoles (PSVs) and lytic
vacuoles (LVs) (Paris et al., 1996; Zhang et al., 2014). PSVs
usually serve as a warehouse for seed storage proteins that
are synthesized in the ER during seed maturation, while LVs
occur in the vegetative tissues and contain acidic contents and
degradative enzymes with lysosome-like properties (Shimada
et al.,, 2018). It has been shown that the vacuoles play crucial
roles in storage of nutrients and metabolites, detoxification,
pH homeostasis, and stress tolerance (Muntz, 2007; Viotti,
2014). Maintaining proper turgor pressure in vacuoles is required
for morphological alterations of cells during plant development,
and the rapid vacuolar uptake or unloading of various ions
and metabolites allows plants to efficiently cope with
environmental stresses. For instance, ANHX1 is an Arabidopsis
tonoplast-localized Na*/H" antiporter that moves excessive Na*
from the cytosol into the vacuole, lowering the water potential
of the vacuole and driving water flow into the cells to maintain
plants’ growth under high salinity condition (Apse et al., 1999).
It is well known that stomatal opening or closure is associated
with vacuole morphology changes in guard cells, highlighting
the important roles of vacuole in plant response to abiotic
stresses, such as high temperature and drought (Gao et al., 2005;
Tanaka et al., 2007; Bak et al., 2013).

Many vacuolar proteins and metabolites are synthesized and
processed in the ER and transported to the vacuoles. One
well-established pathway for vacuolar transport is the COPII-
mediated vesicle trafficking from the ER to the Golgi and the
post-Golgi transport that involves the plant TGN and the
pre-vacuolar compartment (PVC, also known as MVB for
multi-vesicular body) (Xiang et al, 2013; Brillada and Rojas-
Pierce, 2017). Recent studies indicated the presence of a direct
Golgi-independent ER-vacuole trafficking route involving the
machinery of autophagy (Viotti et al, 2013; Michaeli et al,
2014), which degrades and recycles damaged/misfolded/
aggregated proteins and defective/excessive intracellular organelles
(Wang et al., 2018b). More importantly, autophagy is an integral
part of the ER stress-triggered UPR. Under the ER stress, ER
components bud from the ER and form autophagosome with

the aid of appropriate cargo receptors, and the autophagosome
subsequently fuses with the lytic vacuole to release the ER
cargos for degradation via the classical macroautophagy pathway
(Liu et al, 2012; Michaeli et al., 2014; Yang et al, 2016). A
special process of autophagy, ER-phagy (Schuck et al.,, 2014)
or reticulophagy (Liu et al., 2012), is activated to degrade
damaged ER fragments when UPR fails to mitigate the ER
stress. Further studies revealed that the ER stress-induced
reticulophagy in Arabidopsis requires one of the ER-localized
UPR sensor IRE1b but not bZIP60 (Liu et al., 2012).

Given the presence of a direct ER-vacuole trafficking route
for transporting metabolites, proteins, and membranes in plant
cells, it is quite possible that plant cells have multiple ER-vacuole
contact sites that serve important cellular functions, especially
when responding to environmental stresses. In yeast, the
ER-vacuole contact site (Figure 1) [known as nuclear ER-vacuole
junctions or NVJs (Pan et al., 2000)] has been well studied
and is implicated in the biogenesis and transport of lipid
droplets in response to metabolic stress (Hariri et al., 2018).
The yeast NV]J is established by interaction between one of
the two ER membrane proteins, Nvjl and Ltcl (lipid transfer
at contact sitel), and an armadillo repeat protein Vac8 that
requires palmitoylation for its localization to the vacuolar
membrane (Pan et al,, 2000; Murley et al., 2015). The yeast
NV]J tether also contains Nvj2, one of the seven SPM domain-
containing proteins that are localized at MCSs, including three
at ERMES and the remaining three (tricalbins) at EPCSs
(Toulmay and Prinz, 2012). Despite essential roles of the vacuoles
in plant growth, stress tolerance, and plant defense (Shimada
et al., 2018), little is known about the plant ER-vacuole contact
sites and their associated tethering complexes. Arabidopsis lacks
a homolog of Nvj1 or Ltcl but contains >100 armadillo repeat
proteins (Sharma et al, 2014) and five tricalbin homologs
known as AtSYTA-E or AtSYT1-5 (Craxton, 2004). Live cell
imaging of fluorescently tagged ER/tonoplast-localized proteins
coupled with optical tweezers (Sparkes, 2018) could reveal
potential ER-vacuole contact sites and their dynamic changes
in response to environmental stresses. Given the widespread
occurrence of SMP-containing proteins at multiple MCSs in
yeast and mammalian cells (Toulmay and Prinz, 2012),
identification of a plant ER-vacuole tethering complex might
be facilitated by confocal microscopic examination of fluorescently
tagged AtSYT1-5 followed by biochemical studies of an AtSYT
localized at the ER-vacuole contact sites.

CONCLUSION

Accumulating evidence supports important roles of the
ER-organelle interactions in plant stress tolerance, which involves
exchanges of metabolites and signaling molecules at specialized
MCSs with unique tethering complexes. Further studies that
combine live cell imaging, proteomics, and plant genetics are
needed to fully understand the composition and dynamic
regulation of these MCSs in response to environmental changes
and their additional physiological functions.
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Endoplasmic reticulum-associated degradation (ERAD) is a key cellular process for degrading
misfolded proteins. It was well known that an asparagine (N)-linked glycan containing a free
o1,6-mannose residue is a critical ERAD signal created by Homologous to a-mannosidase
1 (Htm1) in yeast and ER-Degradation Enhancing a-Mannosidase-like proteins (EDEMSs) in
mammals. An earlier study suggested that two Arabidopsis homologs of Htm1/EDEMs
function redundantly in generating such a conserved N-glycan signal. Here we report that
the Arabidopsis irb1 (reversal of bri1) mutants accumulate brassinosteroid-insensitive 1-5
(bri1-5), an ER-retained mutant variant of the brassinosteroid receptor BRI1 and are defective
in one of the Arabidopsis Htm1/EDEM homologs, AtEDEM1. We show that the wild-type
AtEDEMA1, but not its catalytically inactive mutant, rescues irb7-7. Importantly, an insertional
mutation of the Arabidopsis Asparagine-Linked Glycosylation 3 (ALG3), which causes N-linked
glycosylation with truncated glycans carrying a different free a1,6-mannose residue, completely
nullifies the inhibitory effect of irb7-7 on bri1-5 ERAD. Interestingly, an insertional mutation in
AtEDEMZ, the other Htm1/EDEM homolog, has no detectable effect on bri1-5 ERAD; however,
it enhances the inhibitory effect of irb7-7 on bri1-5 degradation. Moreover, AtEDEMZ2
transgenes rescued the irb7-7 mutation with lower efficacy than AtEDEM1. Simultaneous
elimination of AtEDEM1 and AtEDEM2 completely blocks generation of a1,6-mannose-
exposed N-glycans on bri1-5, while overexpression of either AtEDEM1 or AtEDEM2 stimulates
bri1-5 ERAD and enhances the bri7-5 dwarfism. We concluded that, despite its functional
redundancy with AIEDEM2, AtEDEM1 plays a predominant role in promoting bri1-5 degradation.

Keywords: endoplasmic reticulum-associated degradation, N-glycan, protein degradation, BRASSINOSTEROID-
INSENSITIVE 1, a1,2-mannosidase, a1,6-mannose residue
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Rate-Limiting «1,2-Mannosidases in ERAD

INTRODUCTION

Endoplasmic reticulum-associated degradation (ERAD) is an
essential part of a highly conserved ER-localized protein quality
control (ERQC) system for removing ER-retained nonnative
or mis-assembled proteins, which involves retrotranslocation
through the ER membrane, ubiquitination by a membrane-
anchored ubiquitin ligase (E3), and eventual degradation via
the cytosolic proteasome (Preston and Brodsky, 2017). A key
event of this process is selection of terminally-misfolded proteins
from repairable misfolded proteins and folding intermediates.
However, little is known about how eukaryotic cells execute
this selection step. Recent studies in yeast and mammalian
cells have shown that an asparagine (Asn)-linked glycan
(N-glycan) containing an exposed ol,6-mannose (Man) residue
on misfolded glycoproteins serves as a crucial ERAD signal
that marks a terminally misfolded glycoprotein for degradation.
Such a signal is generated through trimming a specific terminal
«al,2-Man residue from N-linked MangGIcNAc, (GlcNAg,
N-acetylglucosamine) glycans by the Homologous to
a-mannosidase 1 (Html) and mammalian ER-degradation
enhancing a-mannosidase-like proteins (EDEMs; Quan et al.,
2008; Clerc et al., 2009; Hosokawa et al., 2010). The exposed
al,6-Man residue and its surrounding misfolded region are
recognized by the yeast OS-9 (Yos9)/mammalian Osteosarcoma
amplified 9 (OS-9) protein and the yeast HMG-CoA reductase
degradation protein 3 (Hrd3)/mammalian Suppressor/enhancer
of lin-12-like proteinl (SellL) protein, respectively (Xu and
Ng, 2015). It is believed that Yos9/0S-9 and Hrd3/SellL work
together to bring a committed ERAD client to the membrane-
anchored E3 ligase Hrd1 (HRD1 in mammals) for ubiquitination
and subsequent retrotranslocation into the cytosol for proteasomal
degradation (Smith et al., 2011).

Although similar processes were known to exist in plants
(Ceriotti and Roberts, 2006; Liu et al., 2011), our knowledge
about a plant ERAD system still remains limited (Strasser,
2018). Recent discoveries of several Arabidopsis ERAD clients
made Arabidopsis an attractive genetic model system to study
the plant ERAD process (Jin et al., 2007; Hong et al., 2009,
2012; Li et al., 2009; Nekrasov et al., 2009; Baer et al., 2016).
Among them are bril-5 and bril-9, which are mutant variants
of BRASSINOSTEROID-INSENSITIVE 1 (BRI1), a well-studied
surface receptor for the plant steroid hormone brassinosteroids
(BRs; Li and Chory, 1997; Kinoshita et al., 2005). A Cys®-Tyr
mutation in bril-5 and a Ser®>-Phe mutation in bril-9 are
thought to cause minor structural defects that are recognized
by a highly conserved ER quality control (ERQC) mechanism
in Arabidopsis. This ERQC consists of EMS-mutagenized bril
suppressor 1 (EBS1), the Arabidopsis homolog of the mammalian
UDP-glucose:glycoprotein glucosyltransferase (UGGT) capable
of differentiating misfolded glycoproteins from their native
conformers, and EBS2 (also known as calreticulin 3 or CRT3),
a plant-specific member of the CRT/calnexin (CNX) family
capable of high-affinity binding to a monoglucosylated N-glycan
(Jin et al, 2007, 2009; Hong et al, 2008). The EBS1-EBS2
system and other chaperone-mediated ERQC mechanisms retain
the two mutant bril proteins in the ER, leading to their eventual

degradation via ERAD and a severe BR-insensitive dwarf
phenotype (Jin et al., 2007, 2009).

It was previously shown that the protein abundance of these
Arabidopsis ERAD clients could be greatly increased by treatment
with kifunensine (Kif; Hong et al., 2008, 2009; Nekrasov et al.,
2009; Saijo et al, 2009), a widely used inhibitor of al,2-
mannosidases including Htm1/EDEMs (Elbein et al, 1990),
suggesting involvement of Man-trimming steps in the Arabidopsis
ERAD process (Liu and Li, 2014). Further genetic and metabolic
studies not only confirmed this phamacological finding but
also concluded that the N-glycan signal for tagging an
Arabidopsis ERAD client is conserved to be a free
al,6-Man residue-containing N-glycan (Hong et al., 2012). The
Arabidopsis has two homologs of Htm1/EDEMs, AtEDEMI,
and AtEDEM2 (known previously as MNS5 and MNS4 for
a-mannosidase 5 and 4, respectively), and a previous reverse
genetic investigation suggested that these two Html/EDEM
homologs function redundantly in ERAD of bril-5 as single
mutation of either protein fails to suppress the bril-5 phenotype
(Huttner et al., 2014b). However, it remains unknown whether
AtEDEM1 and AtEDEM2 are required to generate the conserved
N-glycan code on a known ERAD client. Here, we report a
forward genetic study showing that despite functional redundancy
of AtEDEMI/MNS5 and AtEDEM2/MNS4, loss-of-function
mutations in AtEDEM1 alone could partially suppress the dwarf
phenotype of bril-5 by weakly inhibiting bril-5 degradation.
We have found that AtEDEM2 could rescue the irbI-1 mutation
but with a lower efficacy than AtEDEMI, likely due to its
weaker promoter and a slightly weaker biochemical activity.
More importantly, the mass spectrometry-based N-glycan analyses
coupled with linkage-specific mannosidases demonstarted the
functional redundancy of AtEDEMI1 and AtEDEM2 in removing
the C-branch terminal al,2-Man residue, thus exposing the
ERAD-signaling «1,6-Man residue. Furthermore, our transgenic
experiments indicated that the AtEDEM1/AtEDEM2-catalyzed
creation of the N-glycan ERAD signal constitutes a major rate-
limiting step of the bril-5 ERAD pathway.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis mutants and transgenic lines used in this study
are in Wassilewskija-2 (Ws-2) or Columbia-0 (Col-0) ecotype.
All 6 irbl mutants were isolated from two large-scale
EMS-mutagenesis-based ~ genetic  screens for extragenic
suppressors of the Arabidopsis bril-5 mutant (in Ws-2 ecotype;
Noguchi et al., 1999). The T-DNA insertional mutant edem2-t
(SALK_095857, Col-0) was obtained from the Arabidopsis
Biological Resource Center (ABRC) at Ohio State University
and crossed with bril-5 and irb1-1 bril-5, while the T-DNA
insertional mutant alg3-t2 (SALK_046061; Col-0) was previously
described (Hong et al., 2012). Methods for seed sterilization
and conditions for plant growth were described previously (Li
et al,, 2001), and the hypocotyl elongation assays on BL-containing
medium were carried out according to a previously described
protocol (Neff et al., 1999).
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Map-Based Cloning of the IRB1 Gene

The irbl bril-5 mutant (ecotype Ws-2) was crossed with a
bril-9 mutant (ecotype Col-0; Jin et al., 2007), and the resulting
F1 plants were allowed for self-fertilization to generate several
F2 mapping populations. Genomic DNAs from segregating F2
seedlings exhibiting the irbl bril-5-like morphology were
extracted as previously described (Li and Chory, 1998) and
used for PCR-based mapping using previously published simple
sequence length polymorphism markers (Pacurar et al., 2012),
and oligonucleotides listed in Supplementary Table S1.

Construction of Plasmids and Generation
of Transgenic Plants

A 5,279-bp genomic fragment of At1¢g27520 containing 1,348-bp
promoter and 591-bp 3’-untranscribed/untranslated region was
PCR-amplified from the BAC T17H3 DNA obtained from
ABRC using the gAtEDEM1 primer set (Supplementary Table S1)
and was cloned into BamHI/Sall-digested pPZP212 vector
(Hajdukiewicz et al., 1994). The resulting gAtEDEM1 plasmid
was subsequently used to perform a site-directed mutagenesis
using the AtEDEMI1Mut primer set (Supplementary Table S1)
and the QuikChange II XL Site-Directed Mutagenesis kit
(Agilent) to generate a mgAtEDEMI transgene that produced
a glutamate(E)"*-glutamine(Q) mutated catalytically-inactive
variant of AtEDEMI1 by the manufacturer’s recommended
protocol. A 6,323-bp genomic fragment of At5¢43710 containing
1,586-bp promoter/5'-untranslated region and a 466-bp 3'-
untranslated/untranscribed region was amplified from the BAC
MQD19 DNA (also obtained from ABRC) using the gAtEDEM2
primer set (Supplementary Table S1) and subsequently cloned
into the Xmal/Kpnl-digested pPZP212 vector (Hajdukiewicz
et al, 1994). A 1,811-bp coding sequence (CDS) fragment
and a 1,872-bp CDS fragment containing the entire coding
region of AtEDEMI and AtEDEM?2 were amplified from an
At1g27520 cDNA clone R19200 and an At5¢g43710 cDNA clone
G09215 (both were obtained from ABRC) using the primer
sets, cAtEDEMIGFP and cAtEDEM2GFP (Supplementary
Table S1), double digested with Spel/Xbal and BamHI
(depending on the introduced restriction sites on the primers),
and subsequently cloned into the Xbal/BamHI-digested
PBRII1:BRII-GFP (Friedrichsen et al., 2000) to generate a
PBRI1:cAtEDEM]1-GFP plasmid and a pBRII::cAtEDEM2-GFP
plasmid, respectively. To generate non-tagged pBRII::cAtEDEM1/2
plasmids, the first cDNAs of the wild-type Arabidopsis seedlings
and the pBRIICAtEDEMI and pBRIIcAtEDEM2 primer sets
(see Supplementary Table S1) were used to amplify the CDS
fragments of AtEDEM1/2, which were digested with BamH]I/
KpnlI and subsequently cloned into the BamHI/KpnI-digested
pC1300pBRI1 plasmid, a modified pCambial300 vector (Leclercq
et al., 2015) that contains a 1.6-kb BRI1 promoter fragment.
To create transgenes of pBRII:At1g30000-GFP, pBRII:Atlg
51590-GFP, and pBRII::Html1-GFP, the first strand cDNAs of
the wild-type Arabidopsis plants and yeast genomic DNAs
were used to amplify the open-reading frames of At1g30000
(MNS3), Atig51590 (MNSI), and the yeast Html with the
1g30000GFP, 1g51590GFP, and HtmIGFP primer sets

(Supplementary Table S1), respectively. The PCR-amplified
CDS fragments were digested with Xbal/Spel and BamHI/
BglII (depending on the introduced restriction sites of the
primers) and subsequently cloned into the Xbal/BamHI-digested
PBRII::BRI1-GFP plasmid to generate pBRII::c1g30000-GFP,
PBRI1:c1g51590-GFP, and pBRII:HtmI-GFP plasmids. A
two-step cloning strategy was used to create the pBRII:bril-
5ED-GFP-HDEL plasmid. The coding sequence of the BRII’s
extracellular domain was amplified from a pBRII:bril-5-GFP
plasmid (Hong et al, 2008) using the BRIIED primer set
(Supplementary Table S1), digested with Spel and BamHI, and
cloned into the Xbal/BamHI-cut pBRII::BRII-GFP plasmid (Hong
et al, 2008) to generate the pBRII:bril-5ED-GFP plasmid. The
resulting plasmid was used as the DNA template to amplify the
coding sequence of GFP with the GFPHdel primer set
[Supplementary Table S1, its reverse primer containing coding
sequence of the HDEL (histidine-aspartate-glutamate-leucine)
ER-retrieval motif], which was subsequently digested with BamHI
and Kpnl and cloned into the BamHI/Kpnl-digested pBRII::bril-
5-GFP plasmid to create the pBRII1:BRIIED-GFP-HDEL plasmid.
The created transgenes were fully sequenced to ensure no
PCR-introduced error and were individually transformed into various
Arabidopsis lines or used for transient expression in tobacco leaves.

Transient Expression and Confocal
Microscopic Analysis of GFP-Tagged
EDEM Fusion Proteins in Tobacco Leaves
The pBRI1::cAtEDEM]1-GFP, PpBRI1::cAtEDEM?2-GFP,
PBRI1::At1g3000-GFP, pBRI1::At1g51590-GFP, and pSITE03-ER-RFP
(encoding a red fluorescent protein (RFP) tagged at its C-terminus
with the ER-retrieval HDEL motif; Chakrabarty et al., 2007),
and p35S:p19 (encoding the p19 protein of tomato bushy stunt
virus that was known for suppressing gene silencing; Voinnet
et al,, 2003) plasmids were cotransformed into leaves of 3-week-
old tobacco (Nicotiana benthamiana) plants via an Agrobacterium-
mediated infiltration method (Voinnet et al.,, 2003). Forty-eight
hours after infiltration, the localization patterns of A(EDEM1-GFP
or AtEDEM2-GFP and the ER-localized RFP-HDEL in the
co-infiltrated tobacco leaf epidermal cells were examined using
a Leica confocal laser-scanning microscope (TCS SP5 DM6000B)
with an HCX PL APOCS 63X 1.30 glycerin lens and LAS AF
software (Leica Microsystems). The GFP or RFP signal was excited
by using the 488- or 543-nm laser light, respectively.

Yeast Complementation Assay

The yeast strain Ahtml carrying the pDN436 plasmid (Ng et al,
2000) that encodes a HA-tagged CPY* (the ER-retained misfolded
variant of the vacuolar carboxypeptidase Y) was provided by
Amy Chang (University of Michigan). The coding sequence of
the yeast Htm1 and AtEDEMI1 were individually amplified from
the yeast genomic DNA and the first-strand Arabidopsis cDNAs,
respectively, and the resulting PCR fragments were used to replace
the yeast ALGY fragment from the pYEp352-ScALGY expression
plasmid (Frank and Aebi, 2005) to create pYEp352-Html and
pYEp352-AtEDEMI plasmids following a previously described
cloning strategy (Hong et al., 2009). After sequencing to ensure
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no PCR-introduced error, these two plasmids were individually
transformed into the Ahtml mutant yeast cells by a previously-
published transformation protocol (Gietz and Woods, 2002). Yeast
cells of the Ahtm1 mutant strain and pYEp352-Htm1/AtEDEMI-
transformed Ahtml strains were grown to mid-log phase
(ODgpo=~1.5) and treated with 100 pg/ml CHX (cycloheximide).
Similar amounts of yeast cells were removed at 0, 1, 2, and 4h
after the CHX addition, collected by centrifugation on a bench-top
microcentrifuge at room temperature, and resuspended in 1X
yeast extraction buffer (0.3M sorbitol, 0.1 M NaCl, 5mM MgCl,
and 10mM Tris, pH 7.4). After cell lysis by vigorous vortexing
with glass beads, the resuspended yeast cells were mixed with
2X SDS sample buffer [100mM Tris-HCl, pH 6.8, 4% (w/v)
SDS; 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol, and
200mM B-mercaptoethanol], boiled for 10min, and centrifuged
for 10min to remove insoluble cellular debris. The resulting
supernatants were separated on 10% SDS/PAGE and analyzed
by immunoblotting with an anti-HA antibody (10A5; Invitrogen).

Protein Extraction and Immunoblot
Analyses

Two or 4-week-old Arabidopsis seedlings treated with or without
CHX (Sigma-Aldrich), Kif (Toronto Research Chemicals), or
BL (brassinolide) (Chemiclones, Inc. Canada), or 3g of agro-
infiltrated tobacco leaves, were ground into fine powder in
liquid nitrogen, resuspended in 2X SDS sample buffer, and
boiled for 10min. After 10min centrifugation in a bench-top
Eppendorf microcentrifuge at the top speed at room temperature
to remove insoluble cellular debris, the clear supernatants were
used immediately for immunoblot analysis or incubated with
or without 1,000 U Endo Hf in 1X G5 buffer (New England
Biolabs) for 1h at 37°C. These treated protein samples were
subsequently separated by 7% or 10% SDS-PAGE and analyzed
by Coomassie Blue staining or by immunoblot with antibody
raised against BRI1, GFP (632381, Clontech), ACTIN (CW0264,
Beijing CWBio), and BRI1-EMS-SUPPRESSOR1 (BES1) (Mora-
Garcia et al., 2004). Chemiluminescence immunoblot signals
were visualized by X-ray films or by the Odyssey® DIx Infrared
Imaging System (LI-COR).

RNA Isolation and Reverse
Transcription-PCR

Total RNAs were isolated from 2-week-old Arabidopsis seedlings
grown on % MS medium containing 1% sucrose and 0.8%
phytagel (Sigma) as described previously (Li et al., 2001). For
each RT-PCR experiment, 2pug of total RNAs were reverse
transcribed using the Invitrogen’s SuperScript First-Strand
Synthesis System for RT-PCR according to the manufacturer’s
recommended protocol. To analyze the transcripts of IRB1/
AtEDEM1 in bril-5 and irbl-1 bril-5 mutant backgrounds or
the AtEDEM? transcription in wild-type Col-0 and the edem2-t
insertional mutants, 0.5ul of the first-strand cDNA reaction
products was used as a template for PCR amplification with
the primer sets shown in Supplementary Table S1. The ACTIN2
transcript was amplified using the ACTIN2 primer set
(Supplementary Table S1) as a control. Amplified RT-PCR

products were separated by 1% agarose gel, visualized by
ethidium bromide staining, and photographed with a Gel Doc™
XR+ Gel Documentation system (Bio-Rad).

Glycan Structure Analysis

Ten grams of 4-week-old soil-grown plants were collected,
immediately ground in liquid nitrogen, and then dissolved in
the protein extraction buffer [50mM Tris-HCI, pH 7.5, 150mM
NaCl, 5mM EDTA, 0.2% (v/v) Triton X-100 (Sigma), 0.2% (v/v)
Nonidet P-40 (Roche), 1 mM phenylmethylsulfonyl fluoride (PMSE
Sigma-Aldrich), and a cOmplete™ protease inhibitor cocktail
(Roche)]. After 15min centrifugation at 10,000xg to remove
insoluble cellular debris, the supernatants were used to
immunoprecipitate the GFP-tagged bril-5ED using anti-GFP
monoclonal  antibody-conjugated-agarose ~ (D153-8,  MBL
International Corporation). The immunoprecipitated proteins were
further separated by SDS-PAGE. The bril-5ED-GFP-HDEL protein
bands in the gel slices were digested by 50 ng of trypsin (Promega)
followed by chymotrypsin (Sigma) in 25mM NH,HCO;, and
the extracted peptides were subsequently analyzed by the data
dependent LC-MS/MS on an Orbitrap Fusion Tribrid mass
spectrometer (Thermo) coupled with ultraperformance nanoflow
LC system (Waters) to identify the glycosylated BRI1 peptides
following a previously published procedure (Ma et al, 2016).
The identification of N-glycopeptides was achieved through parallel
LC-MS/MS analyses of intact glycopeptides by the low-energy
collision-induced dissociation (CID) and high-energy collision-
induced dissociation (HCD) to determine both peptide sequences
and their-associated glycan structures. To accurately validate the
structures of N-glycans on  bril-5ED-GFP-HDEL, the
immunoprecipitated bril-5ED-GFP-HDEL was directly eluted
from the beads in the glycine buffer (0.1M glycine HCl pH
3.0), and neutralized in the Tris-HCI buffer (pH 7.5). The purified
protein samples were subsequently dried, dissolved with 23l
500mM NaH,PO,, 12.5pul denaturing buffer [containing 1M
B-mercaptoethanol and 2% (w/v) SDS]. Following the glycosidase
digestion with PNGase F (Prozyme), samples were fluorescence
labeled with 2AB and then separated by hydrophilic interaction
liquid chromatography (HILIC). N-glycans of each single chromato-
graphic fraction were collected, dried, subjected to further digestion
by highly-specific al,3-(Qlyco, Nanjing, China), al,6-(Qlyco,
Nanjing, China), and «l1,2/3/6-exomanno-sidases (Prozyme), and
separated by ultra-performance liquid chromatography (UPLC)
(Liu et al., 2016a).

Sequence and Phylogeny Analysis

Forty-one unique protein sequences were downloaded from
NCBI and aligned using a MUSCLE program (Edgar, 2004) at
http://www.phylogeny.fr (Dereeper et al., 2008). These sequences
include IRB1/AtEDEM1/MNS5 (NP_564288); AtEDEM2/MNS4
(NP_199184); XP_006307064.1 and XP_006282375.1 of Capsella
rubella; XP_010322255.1 and XP_004236144.1 (Solanum
lycopersicum); XP_003536208.1 and XP_003549640.1 (Glycine
max); XP_002311656.2 and XP_024437663.1 (Populus trichocarpa),
XP_008646239.1 and XP_008654408.1 (Zea mays), XP_
015622855.1 and XP_015619333.1 (Oryza sativa); XP_003573
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110.1 and XP_003569932.1 (Brachypodium distachyon); KMZ61171
and KMZ61126.1 (Zostera marina); XP_020518838.1 and
XP_006838875.1 (Amborella trichopoda); XP_024536391.1 and
XP_002969801.2 (Selaginella moellendorffii); XP_024401298.1
(Physcomitrella patens); PTQ27873.1 and PTQ31295.1 (Marchantia
polymorpha); GBG76786.1 (Chara braunii); GAQ84904.1 and
GAQ88520.1 (Klebsormidium nitens); XP_005643868.1 and

XP_005647098.1 (Coccomyxa subellipsoidea C-169);
XP_001420019.1 (Ostreococcus  lucimarinus ~ CCE9901),
XP_003081735.3  (Ostreococcus  tauri),  XP_003059643.1

(Micromonas pusilla CCMP1545), XP_002504119.1 (Micromonas
commode), XP_005845108.1 (a partial polypeptide from Chlorella
variabilis); ~ PRW45694.1  (Chlorella  sorokiniana);  and
XP_007514253.1 (Bathycoccus Prasinos). The two spruce EDEM
sequences were obtained as translational products of sequenced
mRNAs (GCHX01235049 and GCHXO01346827) from Picea
glauca. Yeast Htm1 (NP_012074) and the Arabidopsis At1g51590/
MNS1 (OAP12316.1, one of the two Golgi-localized al,2-
mannosidase; Liebminger et al., 2009), were used as the outgroups
to root the phylogeny tree. The aligned sequences were used
to construct a phylogeny tree by the PhyML program (Guindon
et al., 2010) with the bootstrapping (number of bootstraps:
100) procedure at http://www.phylogeny.fr, and the derived
consensus tree was visualized with the TreeDyn program.' The
aligned amino acid sequences were used to obtain the conserved
430-amino-acid-long core domains of glycosylhydrolase family
47 (glyco_hydro_47), which were subsequently used to perform
pairwise comparison to obtain their sequence identity and
similarity. The glyco_hydro_47 domains of AtEDEM1/2, their
homologs of rice, Selaginella, Amborella, and the liverwort, plus
those of the three human EDEMs (EDEM1, NP_055489; EDEM2,
NP_001341937; and EDEM3, NP_001306889) were aligned by
the MUSCLE program at www.phylogeny.fr and the resulting
aligned sequences were visualized by the BoxShade program
at http://embnet.vital-it.ch/software/BOX_form.html.

RESULTS

Isolation and Characterization of irb1
Mutants

The mutant bril-5 receptor, which carries the Cys®-Tyr mutation
in the extracellular domain of BRI1, is retained in the ER by
at least three independent mechanisms and is degraded by a
Kif-sensitive ERAD process (Hong et al, 2008). To identify
components of its degradation machinery, we performed two
large-scale ethyl methanesulfonate (EMS)-mutagenesis projects
with the bril-5 mutant and isolated >60 irb mutants (reversal
of bril-5), several of which were found to be allelic to ebs4,
ebs5, ebs6, and ebs7 (Hong et al.,, 2009; Su et al., 2011, 2012;
Liu et al., 2015). These screens also identified six allelic irbl
mutants. As shown in Figures 1A-C, the irbI-1 mutation nicely
suppresses the growth defects of bril-5. The irbl-1 bril-5 double
mutant, compared to the parental bril-5 mutant, has a larger
rosette with easily recognizable petioles (Figure 1A), a longer

'www.treedyn.org

hypocotyl when grown in the dark (Figure 1B), and taller
inflorescence stems at maturity (Figure 1C). Interestingly, the
difference in etiolated hypocotyl length between bril-5 and
irbl-1 bril-5 disappeared when grown on medium containing
brassinazole (BRZ; Figures 1B,D), a specific inhibitor of BR
biosynthesis (Asami et al., 2000), suggesting that the phenotypic
suppression of bril-5 by irbI-1 likely depends on BR perception.
Consistent with these phenotypic changes, a BR-induced
hypocotyl elongation assay (Neff et al., 1999) showed that irbI-1
partially restored the BR sensitivity of the BR-insensitive mutant
bril-5 (Figure 1E). An immunoblot assay that examined the
BR-induced change in the phosphorylation status of BESI, a
robust biochemical marker of BR signaling (Mora-Garcia et al.,
2004), further supported increased BR sensitivity of bril-5 by
irbl-1 (Figure 1F).

The irb1-1 Mutation Inhibits the
Degradation of bri1-5

Our previous studies showed that the restored BR sensitivity
in suppressor mutants of two ER-retained BR receptors (bril-5
and bril-9) are caused by defective ER quality control (ERQC)
systems including ERAD (Jin et al,, 2007, 2009; Hong et al.,
2008, 2009, 2012; Su et al., 2011, 2012; Liu et al., 2015). To
determine if the irb1-1 mutation inhibits ER retention or ERAD
of bril-5, we performed an immunoblot assay using an anti-
BRIl antibody (Mora-Garcia et al., 2004) and discovered that
the irbI-1 bril-5 mutant accumulated more bril-5 proteins
than the parental bril-5 mutant (Figure 2A). However, the
degree of the bril-5 abundance increase was somewhat lower
than what was observed in the ebs5 bril-5 mutant (Figure 2A),
which is defective in the Arabidopsis homolog of the yeast
Hrd3 and mammalian SellL that function as a key recruitment
factor to bring a committed ERAD client to the ER membrane
anchored E3 ligase (Liu et al., 2011; Su et al., 2011). To eliminate
the possibility that the increased bril-5 abundance in irbl-I
bril-5 is caused by increased bril-5 biosynthesis, we performed
a cycloheximide (CHX)-chase experiment, which revealed
increased stability of bril-5 in irb1-1 bril-5 compared to bril-5
(Figure 2B). Together, these experiments strongly suggested
that irbI-1 partially inhibits ERAD of bril-5. Based on what
were shown in other known Arabidopsis ERAD mutants (Hong
et al., 2009, 2012; Su et al, 2011, 2012; Liu et al., 2015),
we predicted that increased accumulation of bril-5 in irbI-1
bril-5 would saturate the bril-5’s ER-retention systems, leading
to escape of a small pool of bril-5 proteins from the ER to
the plasma membrane (PM) where bril-5 could partially activate
the BR signaling process. Indeed, a simple biochemical assay
using endoglycosidase H (Endo H), an endoglycosidase that
removes high-mannose (HM)-type N-glycans of ER-retained
glycoproteins but not the complex-type (C-type) N-glycans on
proteins that travel through the Golgi body (Faye and Chrispeels,
1985), revealed the presence of a very small pool of bril-5
proteins carrying the HM-type N-glycan suggestive of ER escape
and PM localization (Figure 2A). Contrast to what were
previously reported of other ERAD mutations, irbIl-1 was not
able to suppress the bril-9 mutation (Supplementary Figure 1A).
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FIGURE 1 | irb7-1 suppresses the bri1-5 phenotypes and confers partial BR sensitivity to the bri7-5 mutant. (A) Photographs of 4-week-old soil-grown plants of
the wild-type (ecotype Ws-2), bri1-5, and the irb1-1 bri1-5 double mutant. (B) Photographs of 5-day-old dark-grown seedlings of wild-type (Ws-2), irb1-1 bri1-5,
and bri1-5 grown on medium supplement with or without 2 uM brassinazole (BRZ). (C) Photographs of 2-month-old soil-grown mature plants of wild-type, bri1-5,
and irb1-1 bri1-5. In (A=C), scale bar=1cm. (D) Quantitative analysis of average hypocotyl lengths of 5-day-old dark-grown seedlings grown on %2 MS medium
supplemented with or without 2uM BRZ. A total of ~60 seedlings from two independent experiments were analyzed and the error bars indicate +SEs.

(E) Quantitative analysis of hypocotyl elongation of 10-day-old light grown seedlings on %2 MS medium containing varying concentrations of brassinolide (BL). A total
of ~90 seedlings from three biological replicates were analyzed. Each data point represents the relative value of average hypocotyl length of BL-treated seedlings to
that of mock-treated seedlings of the same genotype, and error bars represent +SEs. (F) Immunoblot analysis of BL-induced dephosphorylation of BES1. Equal
amounts of total proteins extracted from 2-week-old light-grown seedlings treated with or without 1 pM BL for 2h were separated by 10% SDS-PAGE and analyzed
by immunoblotting using an anti-BES1 antibody. The lower strip is Coomassie blue staining of the small subunit of ribulose-1.5-bisphosphate carboxylase/
oxygenase (RbcS) on a duplicated gel, which was used as a loading control.

A irb1-1 ebs5 ® CHX treatment (h)
WT_ brif-5 brif-5 bril-5 0 3 6 12 16 24
EndoH -+ +"- +'- + brit-s @ ]2
| S
BRI prigcon Rocs DD <
- . bri1-5=% byri1-5 A
rocs (D D ==

FIGURE 2 | irb7-1 is a weak endoplasmic reticulum-associated degradation (ERAD) mutant with increased abundance of bri1-5 (A). Immunoblot analysis of the
bri1-5 abundance. Equal amounts of total proteins extracted from 2-week-old light-grown seedlings were treated with or without Endo H, separated by 8% SDS-
PAGE, and analyzed by immunoblotting using an anti-BRI1 antibody. (B) Immunoblot analysis of the bri1-5 stability in bri7-5 and irb7-1 bri1-5 mutants. Two-week-
old seedlings were transferred into liquid %2 MS medium containing 180 uM cycloheximide (CHX). Equal amounts of seedlings were removed at indicated incubation
times to extract total proteins in 2 X SDS sample buffer, which were subsequently analyzed by immunoblotting with the anti-BRI1 antibody. In both (A,B), Coomassie
blue staining of the RbcS band on duplicated gels was used as loading control.

This finding is consistent with the fact that no single irbl =~ EBSI-EBS7 genes (Jin et al, 2007, 2009; Hong et al, 2009,
allele was identified in our previous genetic screens for bril-9  2012; Su et al, 2011, 2012; Liu et al, 2015). This is likely
suppressors, which led to discoveries of multiple alleles of caused by weak inhibition of bril-9 ERAD by the irbl-I
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mutation (Supplementary Figure 1B) combined with a potential
weaker receptor function of the surface-localized bril-9 compared
to the PM-localized bril-5.

Molecular Cloning of the IRB1 Gene

To understand how the irbI-1 mutation inhibits ERAD of
bril-5, we cloned the IRBI gene using the map-based cloning
strategy. The irb1-1 bril-5 mutant (in ecotype Ws-2) was crossed
with a bril-9 mutant (in ecotype Columbia-0 or Col-0) and
the resulting F1 plants were allowed to self-fertilization to
produce several mapping populations. Genomic DNAs of >1,000
irbl-1 bril-5-like F2 seedlings from these mapping populations
were used to determine a close linkage of the IRBI locus with
an SSLP  marker ciwl2  (9,621,357-9,621,484, see
Supplementary Table S1 for nucleotide sequences) on
chromosome I (Figure 3A), which is located close to the
Arabidopsis gene At1g27520 [known previously as MNS5
(Huttner et al., 2014a), 9,558,752-9,563,751] encoding a potential
homolog of Htm1/EDEMs that play a key role in the yeast/
mammalian ERAD processes (Clerc et al, 2009; Hosokawa
et al., 2010; Huttner et al., 2014b). Consistent with the result
of our phenotypic analysis of irbl-1 bril-9 double mutant,
none of these partially suppressed F2 seedlings was homozygous
for the bril-9 mutation. Sequence analysis of this gene amplified
from bril-5 and irbl-1 bril-5 identified a G-A mutation in
irbl-1 bril-5 at the third exon/intron junction (AGgt-AGat;
Figure 3C), which was predicted to affect the correct splicing
of its third intron. RT-PCR analysis of At1g27520 transcripts
with total RNAs isolated from the irbI-1 bril-5 and bril-5
seedlings identified several aberrantly-spliced At1g27520

transcripts in irbI-1 bril-5 but failed to detect the presence
of the correctly-spliced At1g27520 transcript that could be easily
detected in bril-5 (Supplementary Figure 2), suggesting that
irbl-1 is likely a null allele of At1g27520. The identity of
At1g27520 as IRBI was supported by genetic mapping and
sequence analysis of five other irbl mutants (irbl1-2-irbl-6;
Supplementary Figure 3), each carrying a single nucleotide
G-A or C-T mutation in At1g27520, which changes Gly** to
Arg in irbl-2 and irbl-6 (identified in two independent screens),
Ala*” to Val in irbl-3, Trp'” to the amber stop codon TAG
in irbl-4, and Ala® to Val in irbl-5 (Figure 3C;
Supplementary Figure 4). Further support for At1g27520 being
the IRBI gene came from a transgenic rescue experiment. As
shown in Figures 3C,D, introduction of a 5.3-kb gAt1g27520
genomic transgene into irb1-1 bril-5 not only suppressed its
growth phenotype but also reduced its bril-5 protein abundance.

IRB1 Is a Homolog of the Yeast Htm1/
Mammalian EDEMs and Is Highly
Conserved in Land Plants

The IRBI1/At1g27520 gene (renamed hereinafter as AtEDEMI
due to its conserved protein sequence and biochemical function
with the mammalian EDEMs) consists of 15 exons and 14
introns (Figure 3B) and encodes a polypeptide of 574 amino
acids with a weak signal peptide of 28 amino acids (AAs),
which was annotated as one of the two Arabidopsis homologs
of Htm1/EDEMs recently shown to be functionally redundant
in the Arabidopsis ERAD process that degrades both bril-5
and bril-9 (Hirao et al., 2006; Quan et al., 2008; Clerc et al., 2009;

A D
5669k 9343k ciw12 9877k 11160k  F1504
—Ly 1 1 1 1 =1

78 2

0o 3 26 78
E—— EE——
/ At1 9275N

B/ \
irb1-3
c irb1-1 irb1-4 irb1-5 irb1-2, 1-6

Allele Mutation Molecular effect
irb1-1 AGgt > AGat The 3" intron donor
irb1-2 GGG~>AGG Gly*?4to Arg

irb1-3 GCT>GTG Ala*7-Val

irb1-4 TGG>TAG Trp'7-amber

irb1-5 GCT>GTG Ala347-Val

irb1-6 GGG>AGG Gly*?4to Arg

FIGURE 3 | Map-based cloning of the IRB7 gene. (A) The IRB1 locus was mapped to a ~500-kb genomic region between markers 9,343 and 9,877 k on the top
of chromosome | and is closely linked with the marker ciw12 (see Supplementary Table S1 for oligonucleotides of the mapping markers). The horizontal line
represents the genomic DNA, and mapping markers and numbers of identified recombinants are shown above and below the line, respectively. (B) The gene
structure of At71927520. The annotated At1g27520 gene contains 15 exons (black bar) and 14 introns (thin black line). White boxes denote untranslated regions
while black arrows indicate positions of irb7 mutations. (C) Nucleotide changes and molecular defects of 6 irb7 alleles. (D) Four-week-old petri dish-grown seedlings
of bri1-5, irb1-1 bri1-5, and two independent gAt1g27520-rescued irb1-1 bri1-5 transgenic lines. Scale bar=1cm. (E) Immunoblot analysis of bri1-5 abundance in
seedlings shown in (D). Equal amounts of total proteins extracted in 2 X SDS sample buffer from 4-week-old seedlings were separated by 8% SDS-PAGE and
analyzed by immunoblots using anti-BRI1 antibody. Coomassie blue staining of the RbcS band of a duplicate gel serves as a loading control.
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Hosokawa et al.,, 2010; Huttner et al., 2014b). IRB1/AtEDEM1
displays 35/54% and 42-47/58-64%, sequence identity and
similarity with the yeast Html and three human EDEMs,
respectively, within the conserved 430-AA domain of the
glycosylhydrolase family 47 (Supplementary Figure 4). The
second Arabidopsis Htm1/EDEM homolog, At5g43710 [624
AAs with a longer C-terminal domain, previously known as
MNS4 (Huttner et al., 2014b) but was renamed hereinafter as
AtEDEM2], exhibits 38/53% and 43-48/61-66% sequence identity
and similarity with Htm1 and three human EDEMs, respectively,
within its conserved 430-AA domain (Supplementary Figure 4).
It should be interesting to note that the sequence identity/
similarity between AtEDEMI1 and AtEDEM?2 are only 47%/61%,
which is very similar to the 47/64% and 45/63% sequence
identity/similarity between AtEDEM1 and human EDEM1 and
between AtEDEM2 and human EDEM?2, respectively
(Supplementary Figure 4). However, both AtEDEMI1 and
AtEDEM?2 are quite conserved among land plants. AtEDEM1
and AtEDEM2 exhibit 74-98/86-99% and 78-99/87-99%
sequence identity/similarity with AtEDEM1 and AtEDEM2
homologs from land plants (Supplementary Figure 5),
respectively, including the liverwort Marchantia Polymorpha
(Bowman et al, 2017), the moss P patens (Rensing et al,
2008), and the spikemoss Selaginella moellendorffii (Banks et al.,
2011). It is also interesting to note that almost all sequenced
land plants contain two EDEM homologs except Physcomitrella,
which lacks an AtEDEM1 homolog (Supplementary Figure 5)
likely due to a gene loss event during its long evolution history.

A direct support for the functional conservation between
AtEDEM1 and Html/EDEMs came from two reciprocal
complementation experiments. A yeast complementation assay
showed that the wild-type AtEDEM1 could partially substitute
for the yeast Htm1 to stimulate degradation of a yeast model
ERAD substrate, an ER-retained mutant variant of the vacuolar
carboxypeptidase Y (CPY*) (Ng et al,, 2000; Supplementary
Figure 6A). Consistently, the BRI1 promotor-driven expression
of the yeast Htm1 gene could partially suppress the morphological
and biochemical phenotype of the irbI-3 bril-5 mutant
(Supplementary Figure 6B).

The Two Arabidopsis EDEM Homologs Are
Localized in the ER

To investigate if the two Arabidopsis EDEM homologs localize
in the ER, we generated C-terminal AtEDEM1/AtEDEM2-GFP
fusion transgenes driven by the BRII promoter and transiently
expressed the resulting pBRII::AtEDEMI1/AtEDEM2-GFP
transgene in tobacco (Nicotiana benthamiana) leaf epidermal
cells along with a known transgene encoding a widely-used
ER marker red fluorescent protein tagged with a widely-used
ER marker RFP-HDEL (HDEL) ER retrieval motif at its
C-terminus [RFP-HDEL; Chakrabarty et al., 2007]. Confocal
microscopic examination of the fluorescent patterns of agro-
infiltrated tobacco leaves revealed that the green fluorescent
patterns of the two AtEDEM-GFPs overlapped nicely with that
of RFP-HDEL (Supplementary Figure 7A), indicating that
both AtEDEMI1 and AtEDEM2 are localized in the ER.

Consistent with our microscopic results, Endo H-analysis of
the two transiently-expressed GFP-fusion proteins showed that
both AtEDEMs were Endo-H sensitive (Supplementary
Figure 7B) and were thus glycosylated with HM-type N-glycans
indicative of ER-localization. By contrast, the GFP-tagged
At1g30000 (a predicted ER al,2-mannosidase I homolog, also
known as MNS3; Liebminger et al, 2009) and GFP-tagged
At1g51590 (one of the two Golgi-type al,2-mannosidases, also
known as MNS1; Liebminger et al., 2009) were found to be Endo-H
resistant despite being predicted to carry 5 and 3 N-glycosylation
sites, respectively (Supplementary Figure 7B). Our results on
the cellular localization of Atlg30000/MNS3, Atlg51590/MNSI1,
and the two AtEDEMs are consistent with three published studies
on the five Arabidopsis al,2-mannosidases (Liebminger et al.,
2009; Huttner et al., 2014b; Schoberer et al., 2019).

The a1,2-Mannosidase Activity Is Required
for the Biological Function of AtAEDEM1

Our previous study demonstrated that ERAD of both bril-5
and bril-9 requires the conserved al,6-Man-exposed N-glycan
signal (Hong et al., 2012), which was known to be generated
in yeast and mammals by the «l,2-mannosidase activity of
Htm1/EDEMs (Figure 4A; Quan et al., 2008; Clerc et al., 2009;
Hosokawa et al., 2010). Interestingly, an earlier study suggested
that the mannosidase activity of EDEM1 might not be important
to promote ERAD in cultured mammalian cells as several
catalytically-dead EDEM1 proteins could enhance degradation
of known ERAD substrates (Cormier et al., 2009; Ninagawa
et al,, 2014). To investigate if AtEDEMI absolutely requires
its predicted al,2-mannosidase activity for its role in ERAD
or has an al,2-mannosidase-independent function in promoting
bril-5 degradation, we performed a PCR-based site-directed
mutagenesis experiment with the irbl-I1-complementing
gAtEDEMI genomic construct to mutate Glu'"* (corresponding
to the human EDEMI’s Glu*® known to be essential for its
al,2 mannosidase activity; Hosokawa et al., 2010) to glutamine
(Q), and transformed the resulting mutant transgene into the
irb1-1 bril-5 double mutant. As shown in Figure 4B, the E'*-
Q-mutated gmAtEDEM]1 (m indicating mutant) transgene failed
to complement the irbI-1 mutation in the bril-5 background,
indicating that the function of AtEDEM1 in promoting bril-5
ERAD absolutely requires its predicted «1,2-mannosidase activity.

The alg3 Mutation Could Nullify the
Suppressive Effect of the irb1 Mutation on
bri1-5 Dwarfism

Earlier studies indicated that the other al,6-Man residue on
N-linked glycans of misfolded proteins (Figure 4C), when being
exposed, could also function as an ERAD N-glycan signal that
can be recognized and bound by the ERAD receptor Yos9/
OS-9/EBS6 (Quan et al,, 2008; Clerc et al, 2009; Hong et al,
2012). We reasoned that if the effect of the irbl mutations on
ERAD of bril-5 was indeed caused by a failure or a reduced
rate of generation of the conserved ERAD N-glycan signal
carrying a free al,6-Man residue, the suppressive effects of the
irbI-1 mutation on the bril-5 dwarfism and bril-5 ERAD would
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FIGURE 4 | AtEDEM1 promotes bri1-5 ERAD likely through its predicted a1,2-mannosidase activity. (A) Schematic presentation of the al1,2-mannosidase activity
of Htm1/EDEMs. (B) Photographs of 4-week-old soil-grown plants of bri1-5, irb1-1 bri1-5, gAtEDEM1 irb1-1 bri1-5, and gmAtEDEM1 irb1-1 bri1-5 transgenic lines.
(C) A schematic presentation of the mannosyltransferase activity of Asparagine-Linked Glycosylation 3 (ALG3). (D) Photographs of 4-week-old soil-grown plants of
WT, bri1-5, irb1-1 bri1-5, and alg3-t2 irb1-1 bri1-5 mutants. In (B,D), scale bar=1cm. (E) Immunoblotting analysis of the bri1-5 abundance. Equal amounts of total
proteins extracted in 2X SDS buffer from 4-week-old leaves were separated by 8% SDS-PAGE and analyzed by immunoblot with anti-BRI1 antibody. Coomassie

WT  bri1-5

blue staining of RbcS on a duplicated gel serves loading control.

be eliminated by a loss-of-function mutation of Asparagine-Linked
Glycosylation 3 (ALG3), a highly-specific mannosyltransferase
that adds an «l,3-Man residue to the other al,6-Man residue
(Henquet et al., 2008; Kajiura et al, 2010). Loss-of-function
alg3 mutations result in N-glycosylation of glycoproteins with
a truncated Man;GIcNAG, glycan carring a different free a1,6-Man
residue (Figure 4C). Indeed, when crossed into the irbI-1 bril-5
double mutant, a T-DNA insertional alg3 mutation, alg3-t2 that
was previously reported (Hong et al., 2012), nullified the suppressive
effect of the irbI-1 mutation on bril-5. As shown in Figure 4D,
the alg3-t2 irbl-1 bril-5 triple mutant is a much severe dwarf
mutant than the bril-5 mutant. Consistent with the enhanced
dwarfism phenotype, immunoblot assay showed that the alg3-t2
mutation not only increased the mobility of the bril-5 band
(due to smaller N-glycans) but also reduced the bril-5 protein
level below that of the bril-5 single mutant (Figure 4E). We thus
concluded that the inhibition of bril-5 degradation in the irbl-1
bril-5 double mutant is caused by inhibition of generating the
al,6-Man-exposed N-glycans on the mutant BR receptor.

AtEDEM1 and AtEDEM2 Play a Redundant
Role in ERAD of bri1-5

Our finding that the irbI-1 mutant is a weak ERAD mutant
of bril-5 coupled with the fact that the Arabidopsis genome

encodes two potential EDEM homologs (Huttner et al., 2014b)
prompted us to test the possibility that AtEDEM1 functions
redundantly with AtEDEM2 in degrading bril-5. To test our
hypothesis, we first transformed a genomic gAtEDEM2 transgene
into the irbl-1 bril-5 mutant and found that while this transgene
was able to rescue the irbl-1 mutation, the percentage of
rescued irb1-1 bril-5 plants among the resulting gAtEDEM2
irb1-1 bril-5 transgenic lines (a total of 70 lines) was relatively
low (~20%; Supplementary Figure 8A) compared to 90% of
rescued gAtEDEM?2 irbl-1 bril-5 lines (out of 58 lines). This
difference in the irbI-1-rescuing activity could be caused by
the weaker promoter or weaker catalytic activity of AtEDEM2.
To differentiate these two possibilities, we created two additional
transgenic constructs pBRI1::cAtEDEM]1 and pBRII::cAtEDEM2
(c stands for cDNA) using the BRII promoter (pBRII) to drive
the expression of AtEDEMI1 or AtEDEM2, transformed each
transgene into the irbI-1 bril-5 double mutant, and analyzed
the resulting transgenic plants. The transgenic expression of
each cDNA construct not only complemented the irb1-1 mutation
but also led to severe dwarfism compared to the parental bril-5
mutant, although the percentage of severely dwarfed transgenic
lines is higher with the pBRI1::cAtEDEMI transgene than with
the pBRII::cAtEDEM?2 transgene (Supplementary Figure 8B).
Together, these results suggested that the weaker physiological
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activity of AtEDEM2 in bril-5 ERAD is likely contributed by = of AtEDEM1 and AtEDEM2 (Huttner et al, 2014b). More
its weaker promoter and its weaker biochemical activity. importantly, our study revealed that AtEDEM1 exhibits a stronger

The functional redundancy between AtEDEM1 and AtEDEM2  physiological activity in promoting bril-5 degradation due to
was further supported by our genetic study. We obtained a its stronger promoter and a stronger biochemical activity.
T-DNA insertional mutant for AtEDEM2 (SALK_095857, named

hereinafter as edem2-t) and crossed the mutation into bril-5. . .. .
RT-PCR analysis showed that the T-DNA insertion resulted in Simultaneous Elimination of AtEDEM1 and

no detectable level of the AtEDEM?2 transcript (Supplementary AtEDEM2 Resu!ts in Inhibition of t_he
Figure 9) while phenotypic examination indicated that the C-Branch Terminal «1,2-Man-Residue

edem2-t mutation was not able to suppress the dwarf phenotype ~ Trimming

of dark or light-grown bril-5 mutant or to inhibit the bril-5 To directly examine the impact of simultaneous elimination
ERAD (Figures 5A-C), explaining why several independent of the two EDEM homologs on the al,2-Man residue-trimming
genetic screens for bril-5 suppressors failed to uncover a single  activity on misfolded glycoproteins, we intended to analyze
edem2 mutation. However, when the edem2-t mutation was the N-glycans on bril-5 in Arabidopsis mutants. Due to the
crossed into the irbI-1 bril-5 double mutant, it enhanced the failure of the anti-BRI1 antibody to immunoprecipitate the
suppressive effect of the irbI-1 mutation on bril-5. As shown endogenous BRI1/bril-5 protein, we generated a pBRII::bril-
in Figures 5A,B, the triple irbl-1 edem2-t bril-5 mutant has 5ED-GFP-HDEL transgene, consisting of the 1.5-kb BRIl
a longer hypocotyl in the dark and is noticeably larger in the = promoter, the coding sequences of the entire extracellular
light than the irb1-1 bril-5 double mutant. Consistent with the ~ domain (ED) of bril-5 and green fluorescent protein tagged
morphological phenotypes, the abundance of bril-5 in irbl-1 ~ with the HDEL ER-retrieval motif (Supplementary Figure 10A),
edem2-t bril-5 is significantly higher than that of the irbl-1  transformed it into the wild-type, an irbl-1 edem2-t double
bril-5 double mutant (Figure 5C). A CHX-chase experiment mutant, and an ebs5-1 mutant. The last mutant is defective
indicated that the increased abundance of bril-5 in the irbl-1  in a key client-recruitment factor that recognizes and brings
edem2-t bril-5 triple mutant was caused by near complete an ERAD substrate to the ER membrane anchored E3 ligase
inhibition of bril-5 degradation rather than by increased protein ~ (Su et al., 2011) and was used to stabilize the bril-5ED-GFP-
synthesis (Figures 5D,E). More importantly, the amount of the =~ HDEL fusion protein for easy detection of exposed al,6-Man
Endo H-resistant form of bril-5, which was thought to be localized ~ residue. An Endo H-immunoblot assay with the total proteins
on the PM (Hong et al., 2008), is also higher in the triple of the resulting pBRI1::bril-5ED-GFP-HDEL (in the wild-type
mutant than the irb1-1 bril-5 mutant (Figure 5C). Taken together, — background) transgenic lines showed that the engineered bril-
these results demonstrated that AtDEDM1 and AtEDEM2 function =~ 5ED-GFP-HDEL was indeed retained in the ER (Supplementary
redundantly in the ERAD process that degrades bril-5, which ~ Figure 10B). As expected, a Kif treatment experiment revealed
is consistent with an earlier study on the physiological functions  that bril-5ED-GFP-HDEL was degraded via a glycan-dependent

. " ,~. irb1-1 edem2-t bri1-5
-+ EndoH 0h  3h 6h 12h 24h CHX

~. ’ "~ BRI/ -g,--g-y_ bri1-5

RbcS

FIGURE 5 | AtEDEM1 and AtEDEM2 function redundantly in promoting bri1-5 ERAD. (A) Pictures of 5-day-old dark-grown seedlings of WT, bri1-5, irb1-1 bri1-5,
edem2-t bri1-5, and irb1-1 edem2-t bri1-5. (B) Photographs of 6-week-old soil-grown seedlings. In (A,B), scale bar=1cm. (C) Immunoblot analysis of the bri1-5
abundance. Equal amounts of total proteins extracted from 2-week-old light-grown seedlings were treated with or without Endo H, separated by 8% SDS-PAGE,
and analyzed by immunoblotting using an anti-BRI1 antibody. The lower strip is Coomassie blue-stained RbcS bands of a duplicated gel as a loading control. (D-E)
Immunoblotting analysis of the bri1-5 stability in bri7-5 and irb7-1 edem2-t bri1-5 mutant seedlings. Two-week-old seedlings were carefully transferred into liquid V2
MS medium containing 180 pM CHX for continued growth. Equal amounts of seedlings were taken out at different time points and were immediately used to extract
total proteins with 2 X SDS sample buffer. The proteins were subsequently separated by 8% SDS-PAGE and analyzed by western blot with anti-BRI1 antibody. The
same filters were also probed with anti-ACTIN antibody to control for equal sample loading.
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manner (Supplementary Figure 10C), indicating that bril-
5ED-GFP-HDEL could be used as a reporter to analyze the
impact of the double mutation of AtEDEM1 and AtEDEM2
on the al,2-Man-trimming reactions of an ERAD client
in Arabidopsis.

A representative transgenic line in each mutant background
was used to immunoprecipitate bril-5ED-GFP-HDEL, which
was subsequently analyzed by high-resolution liquid
chromatography tandem mass spectrometry (LC-MS/MS) to
determine the N-glycan structures of the ER retained fusion
protein. As shown in Figures 6A,B, two major N-glycans,
Hex,GlcNAc, (i.e., Man7; Hex refers hexose) and Hex;GIcNAc,
(i.e, GlcMan7; Glc refers glucose) were detected at the
glycosylation site at residue Asn''? position of the chymotrypsin-
digested bril-5ED-GFP-HDEL peptide LSNSHIN'GSVSGF in
the ebs5 mutant. In contrast, a different N-glycan profile was
observed in the mass spectrum of the protein digest in the
irbl-1 edem2-t double mutant, in which the two glycopeptide
ions were identified to contain N-glycans of HexyGIcNAc, (i.e.,
Man8) and Hex,GlcNAc, (i.e., GluMan8). Similar N-glycan
distributions were also observed at other glycosylation sites,
for example, the two distinct N-glycans were presented at
residue Asn®® of peptide NPCN®*ITSR of the trypsin digest
of the immunoprecipitated bril-5ED-GFP-HDEL
(Supplementary Figure 11). The observation of the difference
of one Man residue in the N-glycan structures at residues
Asn'? and Asn®‘ of bril-5ED-GFP-HDEL between ebs5 and
the irbI-1 edem2-t double mutant is consistent with the functional
conservation between AtEDEM1 and Htm1, strongly suggesting
that the irbl-1 edem2-t double mutations likely inhibit the
Man-trimming activity essential for ERAD of bril-5.

To validate the exact position of the AtEDEM1/AtEDEM2-
trimmed «l,2-Man residue in the N-glycan structures, the
immunoprecipitated bril-5ED-GFP-HDEL fusion protein was
treated with PNGase F, an amidase that cleaves the covalent
bond between the innermost GIcNAc residue and the
glycosylated Asn residue (Tarentino et al., 1985). The released
N-glycans were fluorescently labeled with 2AB and subsequently
separated by HILIC. Individual N-glycan fractions were
collected, digested with specific al,3-, al,6-, or «l,2/3/6-
exomannosidases, and analyzed by UPLC. Figure 6C;
Supplementary Figure 12 show that Hex;GIcNAc, and
HexyGIcNAc, glycans accumulated in ebs5 were sensitive to
both al1,3- and al,6-mannosidases, indicating that Hex,GlcNAc,
is Man,GIcNAc, with free al,3-Man and al,6-Man residues
(Figure 6A). The same cleavage response of HexyGlcNAc,
to both a-mannosidases (Supplementary
Figure 12) indicated that this is a monoglucosylated
GlcMan;GIcNAc, glycan, which is consistent with our earlier
conclusion that bril-5 is retained in the ER by several
independent retention mechanisms that include the
UGGT-CRT/CNX system (Hong et al, 2008). Our
a-mannosidase analysis of the PNGase F-cleaved N-glycans
of the immunoprecipitated bril-5ED-GFP-HDEL of the irb1-1
edem2-t bril-5 triple mutant showed that the HexyGlcNAc,
glycan was sensitive only to the ol,3-exomannosidase but
could not be cleaved by the al,6-exomannosidase (Figure 6C),

indicating the presence of a terminal al,2-Man residue that
protects the al,6-Man residue from its cleavage by the «l,6-
exomannosidase. Taken together, these biochemical analyses
confirmed that the irbl edem2-t double mutation blocks the
removal of the C-branch al,2-Man residue.

The Arabidopsis EDEMs Catalyze a
Rate-Limiting Step of a Plant ERAD
Pathway

While performing the transgenic rescue experiments,
we noticed that some of the gAtEDEMI transgenic lines
exhibited stronger dwarfism than the parental bril-5 strain
(Figure 3C). Similar stronger dwarf phenotypes were not
observed in our previous experiments that overexpressed EBS5
or EBS6 in the bril-5 mutant, whose protein products work
together to bring a committed ERAD client to the membrane-
anchored Hrdl E3 ligase complex (Su et al, 2011, 2012),
suggesting that recognition and recruitment of a marked
bril-5 to the ERAD machinery is not the rate-limiting step.
By contrast, similar severe dwarfism phenotypes were observed
in the alg3 ebs3 bril-9 or alg3 irbl-1 bril-5 triple mutant
containing mutant BR receptors glycosylated with «l,6-Man-
exposing N-glycans that mark a misfolded protein for ERAD
(Hong et al., 2012; Figure 4D), indicating that generating
the ERAD N-glycan signal is a major rate-limiting step of
the Arabidopsis ERAD pathway. Consistent with the severe
dwarfism phenotype, an immunoblot analysis showed that
the abundance of bril-5 in those severely-dwarfed gAtEDEM1
irbl-1 bril-5 transgenic lines or alg3 irbl-1 bril-5 triple
mutant was much lower than that of the parental bril-5
mutant (Figures 3D, 4D). Severely dwarfed transgenic irbI-1
bril-5 mutants were also observed when the BRII promoter
was used to drive overexpression of the cDNA transgene of
AtEDEMI1 or AtEDEM2 in the irbl-1 bril-5 mutant
(Supplementary Figures 6B,C). When transformed into the
single bril-5 mutant, the pBRII::AtEDEMI transgene also
caused severe dwarfism in the resulting pBRII::AtEDEMI
bril-5 transgenic lines and immunoblot analysis showed that
the severely-dwarfed transgenic lines accumulated less bril-5
than the parental bril-5 mutant (Figures 7A,B). Taken together,
our data strongly suggested that the AtEDEMI1/AtEDEM2-
mediated cleavage of the C-branch terminal «1,2-Man residue
is a major rate-liming step in the Arabidopsis ERAD pathway
that degrades ER-retained mutant bril-5 receptor.

DISCUSSION

A Predominant Role of AtEDEM1 in the
ERAD Pathway That Degrades bri1-5

While an earlier study using the reverse genetic approach
showed that neither edeml/mns5 nor edem2/mns4 but an
mns4 mns5 double mutation had any visible impact on the
dwarf phenotypes of bril-5 and bril-9 and concluded that
the two Arabidopsis Htm1l/EDEM homologs function
redundantly in promoting degradation of bril-5 and bril-9
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FIGURE 6 | The double mutation of AtEDEM1 and AtEDEM2 block the C-branch terminal a1,2-Man trimming. (A) Structural features of two different high-mannose
N-glycans. The N-glycan structures were determined by Orbitrap Fusion LC-MS/MS on the chymotrypsin-cleaved peptides of the GFP-tagged bri1-5ED fusion
proteins, which were immunoprecipitated from ebs5 bri1-5 (two structures in the upper panel) and irb7-1 edem2-t bri1-5 (two structures in the bottom panel) mutant
seedlings. (B) Mass spectrometric profiles of the high abundance glycopeptides from the chymotrypsin digest of the immunoprecipitated bri1-5ED-GFP-HDEL in the
ebs5 bri1-5 (upper panel) and irb1-1 edem2-t bri1-5 (lower panel). The doubly charged ions, as shown in each spectrum, correspond to two different high mannose
N-glycans linked to residue Asn''? of the peptide sequence LASNSHI-N""2GSVSGF, respectively. (C) Ultra-performance liquid chromatography (UPLC)-based
analysis of a-mannosidase cleaved products of the purified N-glycans of bri1-5ED-GFP-HDEL immunoprecipitated from ebs5 and irb7-1 edem2-t bri1-5 mutants.
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FIGURE 7 | Overexpression of AtEDEM1 stimulates bri1-5 degradation.
(A) Photographs of 4-week-old soil-grown plants of bri7-5 and
PBRI1::AtEDEM1 bri1-5 transgenic lines. Scale bar=1cm. (B) Immunoblot
analysis of the bri1-5 abundance in plants shown in (A). The star sign
indicates a non-specific cross-reacting band used as a loading control.

(Huttner et al., 2014b), our forward genetic study revealed
that six EMS-introduced single nucleotide changes in AtEDEM1
partially suppress the bril-5 dwarfism by weakly inhibiting
bril-5 degradation. Interestingly, the null irbl-1 mutation
(due to defective splicing-caused early translational

termination) failed to suppress the bril-9 mutation, which
is likely attributed to its weak inhibition of the ERAD pathway
that degrades bril-5 and bril-9 and a potentially weaker
receptor function of the PM-localized bril-9 compared to
bril-5. Consistent with the earlier study (Huttner et al,
2014b), a loss-of-function edem2-t mutation had no effect
on bril-5 degradation and no single EMS-introduced edem2
mutation has so far been uncovered in several forward genetic
screens for extragenic suppressors of bril-5 and bril-9 mutants,
which discovered multiple alleles of EBSI-EBS7 genes, revealing
potential difference between the two Arabidopsis EDEM
homologs in stimulating ERAD of bril-5 and bril-9.
Consistently, while a genomic gAtEDEMI transgene could
achieve >90% phenotypic complementation out of 83
gAtEDEM]1 irbl-1 bril-5 transgenic mutants, a similar genomic
gAtEDEM?2 transgene only led to ~20% of the gAtEDEM?2
irbl-1 bril-5 transgenic lines being phenotypically similar
to or severer than bril-5. Importantly, when driven by the
same pBRII promoter, AtEDEMI produced higher percentage
of severely dwarfed transgenic mutant than AtEDEM2 in
the irbI-1 bril-5 mutant. As expected, a T-DNA insertional
mutation in AtEDEM2 (edem2-t) mutation significantly
enhances the suppressive effect of irb1-1 on the bril-5 dwarfism
as simultaneous elimination of the two AtEDEMs completely
blocks the ERAD of bril-5, leading to markedly increased
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amount of ER-escaping bril-5 carrying the C-type N-glycans.
Thus, our study demonstrated that despite functional
redundancy of AtEDEMI1/MNS5 and AtEDEM2/MNS4, the
former «l,2-mannosidase plays a predominant role in an
ERAD process that degrades bril-5. Our conclusion is
supported by a recent study revealing a non-redundant role
of AtEDEM1/MNS5 in the Arabidopsis ERAD pathway (Sun
et al., 2022).

Our study provided further genetic and biochemical support
for the key role of the two AtEDEMs in generating the conserved
N-glycan signal to mark ERAD substrates. First, both AtEDEMs
exhibit significant sequence identity/similarity with Htm1/
EDEMs, and AtEDEM1 and Htm1 complemented each other’s
loss-of-function mutation (Supplementary Figure 6). Second,
a catalytically-dead mutant of AtEDEM1 failed to rescue the
irbl-1 mutation while the wild-type copy of the transgene
fully complemented the irbl-1 mutation, implying that the
predicted «l,2-mannosidase activity is essential for its
physiological function in degrading the mutant bril-5 receptor.
Third, a T-DNA insertional alg3-t mutation, which causes
N-glycosylation with truncated MansGlcNAc, glycans carrying
a different free al,6-Man residue, could nullify the suppressive
effect of the irbI-1 mutation on the bril-5 dwarfism and its
inhibitory effect on the ERAD of bril-5, implying that the
irbl-1 mutant was compromised in the activity to generate
al,6-Man-exposed N-glycans on misfolded glycoproteins. Finally,
N-glycan analysis of GFP-tagged bril-5ED proteins purified
from bril-5 and irbl-1 edem2 bril-5 mutant provided a direct
in vivo evidence for the two AtEDEMs being the ER-localized
C-branch-specific al,2-mannosidases. However, it remains a
possibility that AtEDEMs might function as the necessary
cofactors for the suspected C-branch «l,2-mannosidases.
Therefore, in vitro enzyme assays using heterologouslly-expressed
AtEDEMs will be needed to definitively prove that AtEDEM1
and AtEDEM2 are indeed active al,2-mannosidases that catalyze
the C-branch «1,2-Man trimming reaction of the ER-retained
misfolded glycoproteins.

In addition, our investigation revealed that the generation
of the conserved N-glycan signal constitute a rate-limiting
step in the Arabidopsis ERAD process that degrades bril-5.
Our earlier studies showed that overexpression of EBS5 or
EBS6, which work together to recruit a committed ERAD
client to the ER membrane-anchored Hrdl E3 ligase, failed
to enhance the dwarfism of bril-5 and/or bril-9 and to
stimulate degradation of the corresponding mutant BR receptors
(Su et al, 2011, 2012). In this study, we showed that
overexpression of AtEDEM1 or AtEDEM2 could enhance
the bril-5 dwarf phenotype and stimulate bril-5 degradation,
which is consistent with the morphological and biochemical
phenotypes of alg3 irbl-1 bril-5 or alg3 ebs3 bril-5/bril-9
mutants that have their ER-localized glycoproteins to
be decorated with N-glycans carrying another exposed
al,6-Man residue (Hong et al., 2012). Our revelation is also
consistent with studies in yeast and mammalian systems,
which suggested that the ol,2-Man-trimming reaction (that
drives a misfolded glycoprotein into the ERAD pathway) is
a slow process to favor refolding over removal.

The Two Arabidopsis EDEMs Evolved
Independently in the Green Lineage and
May Participate in Different Physiological
Processes

Although the two AtEDEMs exhibit relatively low sequence
homology (50% identity/64% similarity) with each other, each
AtEDEM displays 71-99% identity/81-99% similarity with their
respective orthologs from other land plant species, suggesting
a very ancient gene duplication event that generated the two
EDEM paralogs in the green lineage. It is interesting to note
that at least three detected irb1 mutations, irb1-2/irbI-6 changing
Gly** to Arg and irbl-5 mutating Ala’’ to Val, alter amino
acids that are only conserved in EDEM1 as Gly** is replaced
by Cys and Ala® is replaced by Pro in EDEM2s
(Supplementary Figure 4). BLAST searches against existing
databases indicated that the genome of the earliest land plant
M. polymorpha (Bowman et al., 2017) encodes homologs of
both AtEDEMSs whereas the Physcomitrella genome only encodes
an AtEDEM2 homolog (Rensing et al, 2008). Similarly, the
sequenced genomes of two charophyte green algae whose
ancestor was thought to give rise to land plants showed that
while Klebsormidium flaccidum has homologs of both AtEDEMs
(Hori et al., 2014), Chara braunil, which is more closely-
related to land plants, has only an AtEDEM2 homolog
(Nishiyama et al., 2018; Supplementary Figure 5). We suspect
that the AtEDEMI1 homologous gene might be lost in the
genomes of the moss and the Charophyceae alga during their
400-500 million year-evolution history. It is interesting to
note that a dozen of recently-sequenced Chlorophyte algae
genomes encode no, one, or two homologs of the AtEDEMs
(Supplementary Figure 5). For example, M. pusilla RCC299,
M. pusilla CCMP1545, and Bathycoccus parasinos (all in the
Prasinophytes family) contain a potential AtEDEM1 homolog
while the genomes of Ostreococcus lucimarinus CCE9901,
Ostreococcus tauri, and Chlorella variabilis encode a potential
AtEDEM2 homolog. Interestingly, the three fully-sequenced
Chlorophycean green algae, Chlamydomonas reinhardtii,
Dunaliella salina CCAP19/18 and Volvox carteri, lack any
AtEDEM homolog, but Coccomyxa subellipsoidea C-169 (known
previously as Chlorella vulgaris and a close relative of Chlorella
variabilis NC64A), which belongs to the class Trebouxiophyceae,
contains homologs of both AtEDEMs (Supplementary Figure 5).
These analyses strongly suggest that the gene duplication event
that created the two EDEMs in the green lineage occurred
before the splitting of Streptophytes (consisting of the land
plants and their closely-related green algae such as K. flaccidum
and C. braunii) and Chlorophytes (containing most of the
remaining green algae). Further phylogenetic studies are needed
to know if the EDEM1/2 gene duplication predated the animal-
plant split.

Both plant EDEMs are highly conserved throughout the
long evolution of the green lineage, implying that each EDEM
plays distinct evolutionarily-conserved physiological functions
despite shared biochemical activity. As discussed above, our
transgenic experiments with gAtEDEMI1/2 genomic and
PBRII1::AtEDEM]1/2 cDNA transgenes revealed that the two
Arabidopsis EDEMs exhibited a clear difference in rescuing
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the null irbI-1 mutation, which is likely due to different
promoter activities and potential difference in biochemical
activities of the two AtEDEMs. Gene expression analysis of
the two AtEDEMs using the Arabidopsis eFP browser 2.0
(http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis_
eFPBrowser2.html; Winter et al., 2007) not only revealed a
largely-overlapping expression pattern but also detected tissues
where IRBI/AtEDEM]I or AtEDEM?2 is expressed higher than
the other (Supplementary Figure 13), suggesting their
involvement in different developmental and physiological
processes. Analysis of gene co-expression profiles using
ATTED-II (Obayashi et al, 2009) seems to support our
hypothesis. As shown in Supplementary Figure 14, it is
AtEDEM?2 but not AtEDEMI that is co-expressed with known
and/or predicted ER chaperones/folding catalysts. A similar
finding was previously reported for three Arabidopsis CRTs
(Jin et al., 2009). While the two highly conserved Arabidopsis
CRTs, CRT1, and CRT2, were known to be co-expressed
with ER chaperones/folding enzymes, the plant-specific CRT3,
which was responsible for retaining bril-9 in the ER, was
shown to be coexpressed with genes implicated in plant
stress tolerance (Jin et al., 2009). Detailed phenotypic analysis
with the irb1, edem2-t, and irbl edem2-t mutants or transgenic
lines that overexpress AtEDEM1 or AtEDEM2 could be used
to investigate if the two AtEDEMs have overlapping yet
distinctive biological functions during plant growth and
development or plant stress tolerance.

Is EDEM a Folding Sensor of the ERAD
Pathway?

One of the remaining mysteries of the ERAD process is
how the system determines if a nonnative glycoprotein is
a folding intermediate, a repairable or irreparable misfolded
protein and should thus be allowed to continue its folding/
refolding process or be condemned into the ERAD process.
It was previously suggested that the yeast MNSI, the
ER-localized al,2-mannosidase that specifically cleaves the
terminal «1,2-Man residue from the middle branch of N-linked
ManyGlcNAc, glycan, serves as a timer, due to its slow
enzymatic kinetics, to create a discrete time window for a
given glycoprotein to attain its native conformation before
being marked for degradation by ERAD (Su et al, 1993;
Helenius et al., 1997). Although recent studies have
convincingly shown that it is Htm1 and EDEMs that generate
the conserved N-glycan ERAD signal, the MNS1/ERManlI-
mediated middle branch «1,2-Man trimming remains a key
event for ERAD because Htm1/EDEMs act only on B-branch
trimmed MangGlcNAc, but not untrimmed Many,GlcNAc,
for removing the C-branch terminal a1,2-Man residue (Quan
et al., 2008; Clerc et al., 2009). Thus, MNS1/ERManl could
still be functionally involved in differentiating a terminally-
misfolded glycoprotein from reparable misfolded protein or
a folding intermediate, especially when considering a recent
in vitro assay showing that the human ERManl preferentially
removes «l,2-Man residues from unfolded/misfolded
glycoproteins (Aikawa et al., 2012, 2014). However, recent

studies demonstrated that both animal and plant homologs
of the yeast MNS1 are not localized in the ER but were
instead found mainly in the Golgi body or the ER-Golgi
intermediate compartment, making ERManlI less likely to
be the folding sensor of the ERAD pathway (Huttner et al.,
2014b; Benyair et al., 2015; Schoberer et al., 2019). More
importantly, a recent study showed that a T-DNA insertion
of the Arabidopsis homolog of MNS1/ERManl fails to suppress
the dwarf phenotype of bril-9 and bril-5, suggesting that
the generation of a conserved N-glycan ERAD in plants
might not require the B-branch «l,2-Man-trimming step
(Huttner et al., 2014b). It is worthy to mention that a recent
yeast study did uncover a Html-dependent but MNSI1-
independent ERAD pathway (Hosomi et al., 2010).

Given their crucial roles in generating the necessary ERAD
N-glycan signal and their ER location, Htm1/EDEMs could
be directly involved in differentiating terminally misfolded
glycoproteins from reparable misfolded glycoproteins or
folding intermediates (Shenkman et al., 2018). EDEMs were
previously shown to function as molecular chaperones that
can bind non—/misfolded proteins but not their native
conformers (Hosokawa et al., 2006). However, this chaperone
function alone will not qualify Htm1/EDEMs as the folding
sensor capable of differentiating a terminally-misfolded protein
from reparable misfolded proteins or folding intermediates
because all these proteins have hydrophobic residue-exposing
surfaces that would interact with a molecular chaperone.
EDEMs might need a partner to function as an ERAD
folding sensor. Indeed, several recent studies suggested that
a protein disulfide isomerase (PDI) might be such a factor
that works together with EDEMs to preferentially act on
terminally-misfolded glycoproteins that are trapped into a
non-native folding state (Gauss et al.,, 2011; Pfeiffer et al.,
2016; Liu et al., 2016b). Similarly, three recent studies have
shown that binding of ERdj5, ERp56, or TXNDCI1
(thioredoxin domain containing 11), three members of the
mammalian PDI family (Kozlov et al., 2010), was required
to stimulate the redox-sensitive al,2-Man-trimming activity
of EDEMI1 and EDEM3 (Timms et al., 2016; Lamriben et al.,
2018; Shenkman et al., 2018; Yu et al., 2018). Direct testing
AtEDEM2-PDI interaction or identifying AtEDEM-binding
proteins could lead to a better understanding on how the
two AtEDEMs select their substrates to initiate an Arabidopsis
ERAD process.
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Abstract: Maintenance of proteome integrity is essential for cell function and survival in changing
cellular and environmental conditions. The endoplasmic reticulum (ER) is the major site for the
synthesis of secretory and membrane proteins. However, the accumulation of unfolded or misfolded
proteins can perturb ER protein homeostasis, leading to ER stress and compromising cellular function.
Eukaryotic organisms have evolved sophisticated and conserved protein quality control systems to
ensure protein folding fidelity via the unfolded protein response (UPR) and to eliminate potentially
harmful proteins via ER-associated degradation (ERAD) and ER-phagy. In this review, we summarize
recent advances in our understanding of the mechanisms of ER protein homeostasis in plants and
discuss the crosstalk between different quality control systems. Finally, we will address unanswered
questions in this field.

Keywords: ER homeostasis; unfolded protein response (UPR); ER-associated degradation (ERAD);
ER-phagy; Arabidopsis thaliana

1. Introduction

The endoplasmic reticulum (ER) is the largest intracellular organelle and plays es-
sential roles in protein folding, lipid biosynthesis, detoxification, calcium storage, and
carbohydrate metabolism [1,2]. In eukaryotic cells, nearly one-third of all proteins enter
the secretory pathway via the ER. Only those proteins that are properly folded are allowed
to leave the ER and be delivered to their final destinations. However, protein folding
is a highly error-prone process that can be easily perturbed by a wide range of cellular
and environmental stresses, leading to the accumulation of misfolded proteins and their
aggregates in the ER, causing cellular dysfunctions or even cell death. To cope with this
situation, eukaryotes have evolved many ER protein quality control (ERQC) systems to
preserve ER proteostasis and to maintain cell survival [3]. In plants, ER stress usually
occurs when they are subjected to unfavorable environmental conditions or at specific
developmental stages. An evolutionarily conserved signal network, known as the unfolded
protein response (UPR), is activated during ER stress to restore ER homeostasis [4]. In
addition to transducing the ER stress signal to the nucleus to stimulate the expression of
ER chaperones for ER-assisted protein folding /refolding (ERAF), the UPR also boosts the
cellular capacity to degrade misfolded ER proteins through proteasomal and/or autophagic
degradation [5,6]. ER-associated protein degradation (ERAD) is a well-characterized ER
protein quality control mechanism that targets misfolded, improperly assembled, and
even unwanted “correctly-folded” proteins for cytosolic proteasomal degradation. Ge-
netic and biochemical studies on yeast and mammalian cells revealed sophisticated ERAD
mechanisms and identified many ERAD components that are conserved from yeast to
humans [7]. Recent genetic studies using the model plant Arabidopsis thaliana have also
discovered a highly conserved ERAD complex [8,9]. Arabidopsis mutants with defects in
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ERAD components often exhibit abnormal responses to biotic or abiotic stress [8], demon-
strating the necessity of the ERAD function in maintaining ER protein homeostasis during
plant-environment interactions. Additionally, multiple lines of evidence have revealed
that some stress conditions not only induce the UPR, but also activate the autophagy
pathway to ensure the timely clearance of ER portions containing misfolded /aggregated
proteins or damaged ER [10]. This means that the UPR exquisitely cooperates with ERAD
and ER-phagy to maintain ER homeostasis, ER morphology, and ER function (Figure 1).
Here, we will focus on recent advances in understanding the regulatory mechanisms of
ER protein homeostasis and review the recent findings on the UPR, ERAD, and ER-phagy,
suggesting an integration of ER protein quality control mechanisms during plant growth
and development.
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Figure 1. A current model of ER protein homeostasis in plants. The newly synthesized secretory
and membrane proteins in the ER undergo folding and assembly, while those misfolded /unfolded
proteins are handled by the ERAF mechanisms. The accumulation of misfolded proteins in the ER
will trigger the UPR to relieve ER stress and restore ER homeostasis. In Arabidopsis, the UPR is
modulated via the UPR sensor IRE1A /B, as well as via bZIP transcription factors (bZIP17, bZIP28, and
bZIP60) and plant-specific NAC transcription factors. Terminally misfolded proteins are degraded
by the ERAD system, which consists of many membrane-anchored E3 ligases and other conserved
components. However, large protein aggregates or damaged ER segments that cannot be degraded
by ERAD are eventually removed through ER-phagy. The ER-phagy receptors selectively recognize
their cargoes and recruit them to the autophagosomes for autophagic degradation.

2. Activation of the UPR to Restore ER Homeostasis

The ER is the entry site for the secretory pathway. Newly synthesized secretory and
integral transmembrane proteins enter the ER through the translocation channel in an
unfolded state [11]. Upon entry into the ER, the luminal molecular chaperones and folding
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enzymes facilitate protein folding and complex assembly to attain native conformations
and properly assembled complexes [12], while incomplete or misfolded glycoproteins
are handled by the ERAF system, which promotes protein refolding by the ER folding-
sensor enzyme, UDP-glucose: glycoprotein glucosyltransferase (UGGT, known as EBS1
in Arabidopsis), and the lectin-like molecular chaperones, calnexin (CNX)/calreticulin
(CRT) [13,14] (Figure 1). However, the ERAF is an error-prone process that often fails,
especially when interfered with cellular and environment stresses, causing excessive ac-
cumulation of misfolded proteins and improperly assembled complexes in the ER. This
leads to ER stress and activates an evolutionarily conserved UPR signaling cascade. The
UPR was initially described in yeast, and it was later discovered in other eukaryotic or-
ganisms. In metazoans, three ER transmembrane proteins, inositol-requiring enzyme 1
(IRE1) [15,16], activating transcription factor 6 (ATF6) [17], and protein kinase R (PKR)-like
ER kinase (PERK) [18], have been identified as UPR receptors that sense misfolded proteins
in the ER and initiate distinctive signaling cascades to increase the ER folding capacity,
reduce protein synthesis rates, and boost ERAD efficiency. While the UPR pathway is
highly conserved across diverse eukaryotic organisms, only two UPR branches, which are
mediated by homologs of IRE1 and ATF6, have been characterized in plants [19] (Table 1).
The Arabidopsis genome encodes two IRE1 homologs: AtIRE1A and AtIRE1B [20,21]. Both
of them have conserved functional modules consisting of an ER luminal N-terminal sensor
domain, a single transmembrane domain, and the cytosolic catalytic domain possessing
the kinase and endo-ribonucleotidase (RNase) activities [20]. During ER stress, AtIRE1A
and AtIRE1B can homodimerize and autophosphorylate to catalyze the unconventional
cytoplasmic splicing of BASIC LEUCINE ZIPPER60 (bZIP60) mRNA, producing an ac-
tive nuclear-localized bZIP60 transcription factor to regulate the expression of UPR target
genes [22,23] (Figure 1). AtIRE1B is widely expressed in whole plants, while AtIRE1A
is mainly expressed in embryos and seeds [20], and they display different responses to
biotic and abiotic stress [24]. AtIRE1C is a recently discovered Brassicaceae-specific IRE1
isoform [25,26], which contains only a transmembrane domain and a cytosolic region with
kinase and ribonucleotidase domains. Although AtIRE1C lacks the sensor domain that is
essential in other IRE1 isoforms, it still participates in the physiological UPR, specifically
during gametogenesis in Arabidopsis [26]. It remains to be investigated how AtIRE1C
senses the disturbed ER protein homeostasis. In addition, IRE1 is able to cleave cellular
mRNAs, leading to their degradation through a process known as regulated IRE-dependent
decay (RIDD) [27,28] (Figure 1), which is considered an efficient way to reduce the influx of
proteins into the ER. Evidence has demonstrated that Arabidopsis IRE1s participate in the
degradation of a subset of mMRNAs encoding the secretory pathway proteins [29]. The other
branch of the UPR signaling network in plants is composed of bZIP membrane-associated
transcription factors. In Arabidopsis, AtbZIP17 and AtbZIP28 are two functional homologs
of the metazoan ATF6, featuring a N-terminal cytosol-facing bZIP domain, a single trans-
membrane segment, and a C-terminal lumen-facing UPR-sensing domain [30,31]. Upon
ER stress, AtbZIP17 and AtbZIP28 are translocated from the ER to the Golgi. The Golgi
membrane-localized site 1 protease (51P) and site 2 protease (S2P) sequentially cleave the
two AtbZIP proteins to release their N-terminal bZIP transcriptional domains that can
translocate into the nucleus to upregulate the expression of many UPR genes encoding
protein chaperones, folding catalysts, and components of the ERAD machinery and au-
tophagy pathway [30,31] (Figure 1). Although it seems that bZIP60 and bZIP17/bZI1P28
work on two independent, parallel pathways, they still coordinately regulate numerous
overlapping genes to alleviate ER stress and to enhance plant stress tolerance [32,33]. In
recent years, some plant-specific NAC [no apical meristem (NAM), Arabidopsis transcrip-
tion activation factor (ATAF1/2) and cup-shaped cotyledon (CUC2)] type transcription
factors and DUF538 family proteins have been reported to be involved in the plant UPR
pathway [34-38], suggesting that plants have developed unique strategies to cope with ER
stress in response to a wide variety of biotic and abiotic stresses.
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Table 1. Plant components involved in maintaining ER protein homeostasis.
Pathways Name Type Targets Species References
UPR AtIR];:gtﬁégtéRElB’ Sensor - A. thaliana [20,25,26]
AtbZIP60 Transcription factor - A. thaliana [23]
AtbZIP17 Transcription factor - A. thaliana [31]
AtbZIP28 Transcription factor - A. thaliana [30]
S1P, S2P Proteases - A. thaliana [30]
NAC Transcription factor - A. thaliana [34-36]
DUF538 -- - A. thaliana [37,38]
ERAD EBS5/AtHRD3A Adaptor MLO1; bril-5/1-9 A. thaliana [39,40]
EBS6/AtOS9 Adaptor EFR *; bril-5/1-9 A. thaliana [41,42]
EBS7 - EFR *; bril-5/1-9 A. thaliana [43]
PAWH1, PAWH2 -- EFR *; bril-5/1-9 A. thaliana [44]
UBC32 E2 MLO12; bril-5/1-9 A. thaliana [45]
OsUBC45 E2 - O. sativa [46]
HRDI1A E3 ligase bril-5/1-9; UBC32 A. thaliana [39,47]
AtDOA10A /CER9/SUD1 E3 ligase HMGR; SQE1 A. thaliana [48,49]
Atmvﬁll{'l\?gMAz' E3 ligase PIP2;1 A. thaliana [50,51]
CaRmalH1 E3 ligase PIP2;1 C. annuum [50]
EMR E3 ligase MLO12; bril-5 A. thaliana [52]
CDC48A AAA ATPase - A. thaliana [53]
ER-phagy ATI1, ATI2 Receptor AGO1; MSBP1 A. thaliana [54-56]
AtSec62 Receptor -~ A. thaliana [57]
Rinl, Rtn2 Receptor - Z. mays [58]
RHD3 Receptor - A. thaliana [59]
C53 Receptor -~ A. thaliana [60]

*: misfolded EFR; and --: unknown.

Although much is known about the downstream nuclear events of the UPR path-
way [61,62], the mechanism through which plant UPR receptors sense the accumulation
of misfolded proteins in the ER remains unclear. In Saccharomyces cerevisiae, a groove-like
area was observed in the 3D structure of the yeast Irelp luminal domain. It is generally
believed that un/misfolded proteins directly bind the groove site formed by Irelp oligomer-
ization, leading to the activation of its cytosolic RNase activity [63]. However, a subsequent
structural biology study with the human IRE1x suggested that the groove in its luminal
domain is too small to bind misfolded proteins [64], raising the question of whether there
is a direct binding between misfolded proteins and IREl« in vivo. In mammalian cells, the
chaperone protein BiP (binding immunoglobulin protein), an ER-localized member of the
HSP70 family, can interact with the luminal domains of IRE1x and PERK to prevent the
dimerization or oligomerization needed for their activation, thus inhibiting the UPR. Such
BiP-IRE1a/PERK interaction also prevents BiP from binding its cochaperones [65]. Upon
ER stress, BiP binds to un/misfolded proteins, leading to the liberation of IRE1cc and PERK.
The two liberated UPR sensors can subsequently dimerize/oligomerize to activate their
respective catalytic activities, thus activating the UPR signaling cascades [65-67]. In recent
years, a variety of IRE1a-binding proteins were discovered in mammals, some of which are
involved in the posttranslational modifications of IRElx to regulate its activity or protein
stability [6]. However, little is known about the interacting proteins and the regulatory
mechanisms of plant IREls. It was known that the mammalian BiP binds to ATF6 and
prevents the ER-Golgi trafficking of ATF6 and that the titration of BiP by un/misfolded
proteins under ER stress conditions allows ATF6 translocation into the Golgi where ATF6 is
cleaved by S1P and S2P [68]. Similarly, two Arabidopsis BiP homologs, BiP1 and BiP3, were
found to interact with the C-terminal intrinsically disordered regions of bZIP28 to retain it
on the ER membrane [69]. The competitive binding of the BIPs with un/misfolded proteins
release bZIP28 that can be translocated to the Golgi for the S1P-/S2P-catalyzed cleavage.
Thus, BiPs plays important roles in the ER protein homeostasis, not only in ERAF but
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also in the recognition of misfolded proteins and the regulation of the UPR pathways. In
addition to BiPs, recent studies also discovered interactions of the UPR sensors with protein
disulfide isomerases (PDIs) [70-72], but how such bindings regulate the UPR mechanism
to restore ER protein homeostasis remains to be explored.

3. Removal of Misfolded Proteins through ERAD

ERAD is a highly conserved protein quality control system responsible for send-
ing terminally misfolded proteins for cytosolic degradation, thereby maintaining the ER
protein homeostasis. Extensive genetic and biochemical studies in yeast and mammals
have revealed that an elaborate ERAD process involves at least four interdependent steps:
substrate recognition, retrotranslocation across the ER membrane, ubiquitination at the
cytosolic side, and degradation by 26S proteasomes [7]. One of the best-studied ERAD
mechanisms deals with misfolded glycoproteins, because a majority of secretory or trans-
membrane proteins are modified by asparagine (N)-linked glycosylation. It was believed
that this ERAD machinery recognizes a unique N-glycan structure on the terminally mis-
folded glycoproteins. If a misfolded glycoprotein stays in the ER for too long engaging
repeatedly futile folding attempts, its N-linked glycans are trimmed by folding-sensitive ER-
localized «-1,2-mannosidase, known as homologous to x-mannosidase 1 (Htm1) in yeast
and ER-degradation enhancing x-mannosidase-like proteins (EDEMs) in mammals [73,74],
to expose the «-1,6 mannose residue on N-glycans. This special N-glycan is recognized
by a unique lectin chaperone, known as OS9 (osteosarcoma amplified 9) in mammals and
Yos9 (yeast homolog of OS9) in yeast, while the hydrophobic amino acid residues exposed
on the surface of misfolded glycoproteins are captured by SellL (suppressor enhancer
of Lin12 1-like) in mammals and Hrd3 (HMG-CoA reductase degradation protein 3) in
yeast [75]. Y0s9/0S9 works together with Hrd3/SellL to bring a terminally misfolded
glycoprotein to the ER membrane-anchored ERAD machinery that builds around a multi-
transmembrane ubiquitin E3 ligase. In yeast, Hrd1 (HMG-CoA reductase degradation
protein 1) and Doal0 (degradation of alpha?2) are two major ERAD E3 ligases. It is generally
believed that misfolded proteins with folding lesions in their luminal domains (ERAD-L)
or membrane-spanning domains (ERAD-M) are degraded by Hrd1, and those defective in
the cytoplasmic domains (ERAD-C) are mediated by Doal0 [76]. In fact, the ERAD systems
that dispose a wide variety of substrates are more complicated in mammals that have many
different E3 ubiquitin ligases implicated in ERAD [77]. It is worth mentioning that the
yeast ERAD E3 ubiquitin ligases not only catalyze the polyubiquitin conjugation on their
clients but also serve as retrotranslocons to extract ERAD substrates into the cytosol [78-80].
The ERAD retrotranslocons could also include several other transmembrane proteins,
such as Der1 (degradation in the endoplasmic reticulum protein 1) [81] and its homolog
DEM1 (DER1-like family member protein 1) [82]. Both the Hrd1- and Doal0-based ERAD
machinery contain other conserved components, such as the AAA+-type ATPase, Cdc48
(cell division cycle protein 48, p97 in mammals) and its cofactors Npl4 (nuclear protein
localization protein 4) and Ufd1 (ubiquitin fusion degradation protein 1) for escorting the
extracted ERAD substrates to the proteasome, Cuel (coupling of ubiquitin conjugation
to ER degradation protein 1) for recruiting E2 and several ubiquitin-conjugating E2 en-
zymes [83] (Figure 1). Notably, while the x-1,6-mannose-exposed N-glycan structure serves
as the ERAD signal for degrading misfolded glycoproteins, the recognition and targeting
of nonglycosylated misfolded proteins for degradation remain unclear.

Previous studies have revealed that ERAD is important for plant growth and develop-
ment [84,85], but the exact mechanisms were not well-understood until some endogenous
ERAD substrates were discovered in plants. Most of the published plant ERAD studies
were focused on mutant plant proteins known to be important for plant growth and stress
tolerance. For example, several mutant variants of the barley mildew resistance Locus O
(MLO) carrying single amino acid substitution in the cytosolic loops were discovered as
plant ERAD clients degraded through the Hrd1-containing ERAD pathway involving the
ubiquitin-conjugating enzyme UBC32 [45,86]. In Arabidopsis, two mutant variants of the
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brassinosteroid receptor BRI1 (BRASSINOSTEROID-INSENSITIVE 1), bril-5 and bril-9,
are also degraded by the Hrd1 ERAD complex, producing the BR-insensitive dwarfism
phenotype [87]. Forward and reverse genetic studies using the corresponding Arabidopsis
bril-5 and bril-9 have discovered not only conserved but also plant-specific components
of the Arabidopsis Hrd1-containing ERAD machinery (Table 1). The conserved compo-
nents include EBS5 for EMS-mutagenized bril suppressor 5 (also known as AtHRD3A or
AtSellL for its sequence homology to Hrd3/Sell1L) [39,40], EBS6 (also known as AtOS9 for
being the Arabidopsis homolog of Yos9/0S59) [41,42], Hrd1A and Hrd1B (two Arabidopsis
homologs of the yeast Hrd1) [39], and ubiquitin conjugase UBC32 [45]. The plant-specific
components include EBS7, an ER membrane protein that is highly conserved in land plants,
and two highly homologous proteins known as PAWH1/2 for protein associated with
Hrd1. EBS7 is predicted to contain three transmembrane segments, while PAWHSs have
an AIM?24 (altered inheritance of mitochondria protein 24) domain that is thought to be
conserved in land plants and plays important roles in ER stress tolerance and the UPR and
a C-terminal membrane anchor [88]. Interestingly, loss-of-function mutations in EBS7 cause
rapid degradation of the two PAWHSs and Hrd1. The simultaneous elimination of PAWH1
and PAWH?2 also leads to rapid disappearance of EBS7 and Hrd1, suggesting important
regulatory functions of the two plant-specific components of the Hrd1 ERAD complex [43].
Further studies are needed to fully understand how EBS7 and PAWHSs coordinately reg-
ulate the protein stability and E3 ligase activity of the Hrd1. Mass spectrometry-based
proteomic approaches coupled with reverse genetics of Arabidopsis could identify addi-
tional components, regulators, and, more importantly, endogenous substrates of the plant
Hrd1-containing ERAD system.

Compared to the HRD1 complex, little is known about the roles of other E3 ligases in
the plant ERAD system. The Arabidopsis genome encodes two homologs of DOA10 (At-
DOA10A and AtDOA10B). It has been reported that AtDOA10A (SUD1 for SUPPRESSOR
OF DRY2 DEFECTS1 or CERY for ECERIFERUMY) is involved in the cuticle lipid biosynthe-
sis, plant drought response, and ABA metabolism [48,89], but the precise mechanisms and
corresponding substrates remain unknown. A recent study demonstrated that degradation
of a GFP fusion protein with the Arabidopsis SQUALENE EPOXIDASE (AtSQEL1), a rate-
limiting sterol synthetic enzyme that converts squalene into 2,3-epoxysqualene, is mediated
by AtDOA10A [49]. However, AtSQEL is a correctly folded ER transmembrane protein and
little is known how such a correctly folded ERAD substrate is recognized by the ERAD
system. It also remains to be investigated whether or not AtDOA10A-facilitated AtSQE1
degradation requires additional components of the AtDOA10A system. Unlike AtDOA10A,
AtDOA10B could be induced by ER stress and interacted with UBC32 when coexpressed in
tobacco leaves. Interestingly, DOA10B only exists in the Brassicaceae species and was un-
able to complement the yeast doa10 mutant, suggesting that AtDOA10B might have a more
distinctive function than AtDOA10A in the ER [49]. In contrast to yeast that has two ER
membrane-anchored E3 ligases, plants have additional ER membrane-anchored/associated
E3 ligases implicated in ERAD, such as RMA1 (RING membrane-anchored 1) and the
Arabidopsis cytosolic E3 ligase EMR (ERAD-mediating RING finger protein). The Rma1H1
(RING membrane-anchor 1 homolog 1) from hot pepper (Capsicum annuum) and three
homologs of RMA1 (AtRMA1, AtRMA2 and AtRMA3) from Arabidopsis are involved in
regulating the trafficking and protein abundance of aquaporin PIP2;1 (plasma membrane
intrinsic protein 2;1) [50,51]. EMR that is induced by ER stress colocalizes with the ER
membrane-anchored UBC32 and exhibits the ubiquitin ligase activity in vitro [52]. Al-
though EMR knockdown partially rescued the bril-5 dwarfism phenotype, it remains to
be investigated whether EMR is involved in the ERAD of bril-5 and other endogenous
ERAD substrates.

Maintaining protein homeostasis in a changing environment is vital for cell function
and organismal viability. In recent years, the physiological functions of ERAD have been
extensively studied in mammals and proven to be closely related to health and disease [90].
In plants, ERAD is thought to play an essential role in plant adaptation to biotic and abiotic
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stress. ERAD components, such as HRD1A /1B, EBS6/AtOS9, EBS7, and PAWH1/2, are
involved in the degradation of misfolded EFR (elongation factor thermo-unstable/EF-Tu
receptor), a plasma membrane-localized immune receptor that recognizes and binds the
bacterial translation elongation factor EF-Tu [42—-44]. A recent study also revealed that
OsUBC45, a rice homolog of the Arabidopsis UBC32, functions as an ERAD component that
regulates rice resistance against blast disease and bacterial blight [46]. Salt treatment leads
to the accumulation of ubiquitinated proteins and induces the ER stress response [40]. Ara-
bidopsis mutants of the Hrd1 ERAD complex exhibit activated UPR and altered tolerance
to salt stress [39,42-45]. Furthermore, UBC32 was also implicated in drought and oxidative
stress responses [91], and a hrdla hrd1b double mutant exhibits reduced sensitivity to heat
stress [92]. Of note, some ERAD components, such as AtOS9 and UBC32, were themselves
degraded via a self-regulatory mechanism known as “the ER turning” to influence plant
growth and stress adaptation [42,45,47,93].

4. Removal of ER Portions through ER-Phagy

As the largest intracellular organelle, the ER undergoes dynamic remodeling during
the cell cycle to maintain its structural integrity and metabolic functions. The aggregates of
misfolded proteins and/or excess/damaged ER segments, which cannot be degraded by
the ERAD pathway, are eventually removed through ER-phagy or reticulophagy, a selective
autophagy by which parts of the ER network are removed through lysosomal degrada-
tion [94]. Depending on how the substrates are delivered to the lysosomes/vacuoles,
ER-phagy can be classified into two categories: macro-ER-phagy and micro-ER-phagy.
In macro-ER-phagy, a precursor cisterna called phagophore elongates, expands, and fi-
nally closes to form a sealed double membrane structure, known as the autophagosome.
Autophagosomes then bind and deliver their ER cargos to lysosomes/vacuoles for degra-
dation. In contrast, micro-ER-phagy involves the direct piecemeal engulfment of abnormal
ER fragments by endosomal and/or lysosomal/vacuolar invagination [10,95].

The ER-phagy connects the excessive/damaged ER fragments with autophagosomes
through the ER-phagy receptors that interact with the ubiquitin-like ATG8 (autophagy-
related protein 8), permitting continued incorporation of damaged ER segments into the
ATG8-decorated phagophores. To date, a number of membrane and soluble ER-phagy
receptors have been identified in Saccharomyces cerevisine and mammalian cells [95,96]. Their
differential distribution throughout the ER sheets, tubes, and perinuclear ER facilitates
targeting various regions of the ER network to the autophagosome. In plants, only a few
ER-phagy receptors have been discovered, such as ATI1 (ATG8-Interacting protein 1)/ ATI2
(ATGS8-Interacting protein 2), Sec62 (translocation protein Sec62), Rtn1 (Reticulon-1)/Rtn2
(Reticulon-2), C53, and RHD3 (Root Hair Defective 3) proteins [97] (Figure 1). ATI1 and
ATI2 are two plant-specific ER-phagy receptors that interact with ATGS8 [54]. They have a
single transmembrane domain and long N-terminal intrinsically disordered regions (IDRs)
containing functional AIMs. It has been reported that ATI1 and ATI2 are located in the
ER membrane. However, upon being exposed to darkness (carbon starvation), ATI1 and
ATI2 associate with starvation-induced spherical compartments that are subsequently
delivered to the vacuole, suggesting that both ATI1 and ATI2 are involved in the selective
degradation of certain proteins [54]. AGO1 (Argonautel) is the key component of the RNA
silencing pathway and plays an important role in host innate antiviral immunity [98], but
plant viruses have evolved suppressors of RNA silencing to hijack the host AGO1 for their
transmission [99]. In Arabidopsis, AGO1 interacts with ATI1 and ATI2 on the ER and
is targeted to the vacuole by the induction of the polerovirus F-box PO protein [55,100].
In addition, MSBP1 (Membrane Steroid Binding Protein 1) has also been identified as an
ER-phagy cargo. MSBP1 is localized in the ER and interacts with both ATI1 and ATI2.
Following carbon starvation and the application of concanamycin A, a V-ATPase inhibitor
that stabilizes autophagic bodies, MSBP1 colocalizes with ATI1 and travels through the ER
network to reach the vacuole for autophagic degradation [56]. It is worth noting that the
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ATI1-mediated ER-phagy pathway is not induced by ER stress [56], which appears to be a
distinct mechanism from other plant ER-phagy pathways.

As discussed above, the ER stress that triggers the UPR stimulates the production
of many protein chaperones and folding catalysts, which is often accompanied with ER
expansion to increase the protein folding capacity. Upon relief of the ER stress, eukaryotic
cells need to reduce not only the abundance of those UPR-induced proteins but also the
size of the ER network. In mammals, the translocon component Sec62 plays a crucial role
in the recovER-phagy, a specific ER-phagy mechanism that re-establishes the ER home-
ostasis [101]. AtSec62, the Arabidopsis homolog of the mammalian Sec62, contains three
transmembrane domains (TMDs) and a C-terminus luminal domain [57]. Loss-of-function
mutations in AtSec62 lead to ER stress, impair vegetative growth, cause defective pollen
development, and reduce fertility. Importantly, AtSec62 interacts with the Arabidopsis
ATGS8e through its AIMs upon ER stress induction [57]. Moreover, the overexpression of
AtSec62 in Arabidopsis enhances recovery from ER stress, a function similar to the mam-
malian Sec62 [57,101]. Thus, AtSec62 most likely functions as a plant ER-phagy receptor
regulating the ER protein homeostasis and plays an important role in plant tolerance to
environmental stresses.

It was known that maintaining the ER homeostasis requires dynamic changes in
the ER structure consisting of interconnected branching tubules and flatten sacs/sheets
throughout the entire cytoplasm [102]. Reticulons (Rtns) are a highly conserved eukaryotic
protein family that mainly promotes the ER curvature [103]. Maize Rtnl and Rtn2 are
two ER-localized reticulon proteins that promote ER homeostasis in the aleurone cells of
the corn endosperm. Rtnl/Rtn2 interact with the maize ATG8a, and their interactions
were known to be enhanced upon treatment with the ER stress-inducing chemicals [58].
Importantly, the aleurone vacuoles of the maize rtn1 and rtn2 mutants accumulate many
cytoplasmic fragments, suggesting that maize Rtnl and Rtn2 could function as potential
receptors for autophagy-mediated ER turnover [58]. In Arabidopsis, RTNLB3 (RTN-like B
protein 3) and RTNLB13 were reported to physically interact with RHD3, a well-studied
ER membrane-anchored atlastin-related GTPase important for the root hair development
on the ER tubules that maintain the ER shape [104,105]. A recent study suggested that
RHD3 might function as an ER-phagy receptor for selective ER protein degradation under
ER stress based on its physical interaction with an Arabidopsis ATGS8 and the reduced ER
stress sensitivity and defective ER-phagy of the rhd3 mutant [59].

Arabidopsis C53 is a highly conserved soluble ER-phagy receptor discovered through
an ATGS8-based proteomic study [60]. Intriguingly, C53 localizes to the ER by forming a
ternary receptor complex with the two key components of the ufmylation system known
to be important for ER-phagy: UFL1 (ufmylation E3 ligase) and its substrate-recruitment
adapter DDRGK1 (DDRGK domain-containing protein 1) [106]. Under normal conditions,
C53 is kept in its inactive form by binding with another ubiquitin-like protein UFM1
(ufmylation modifier 1). However, certain ER stress-induced ribosome stalling transfers
UFML1 to the translocon-associated ribosome via the UFL1-catalyzed ufmylation, thus
freeing C53 for its binding to the phagophore-decorating ATG8 and activating the highly
selective C53-mediated ER-phagy. Thus, the competitive binding of C53 with UFM1 and
ATGS plays a crucial role in coordinating the ribosome-associated protein quality control
and selective autophagy [60]. Further investigation is necessary to fully understand the
biochemical mechanism that links the UFL1-mediated ufmylation of ribosomal proteins
with the C53-mediated ER-phagy.

5. Integrating ER Protein Homeostasis Strategies

The UPR and ERAD are two distinct but functionally connected cellular pathways
that regulate ER homeostasis in response to cellular and environmental stress. Misfolded
proteins accumulated in the ER are sensed via the UPR sensors, which activate several
interdependent signaling cascades that reduce the influx of proteins into the ER and boost
protein folding /refolding capacity [107]. Most genes encoding components and regulators
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of the ERAD machinery are also induced by the UPR [108,109], thus promoting the ERAD
and ER-phagy activity to dispose of misfolded proteins, improperly assembled protein com-
plexes, large protein aggregates, and/or damaged ER fragments. Mutants with defective
ERAD components often exhibit constitutive UPR activation and are hypersensitive to ER
stress due to the over-accumulation of misfolded proteins in the ER [43,44,110]. The UPR
can also be activated by various environmental stresses that interfere with protein folding
or reduce ERAD efficiency or certain physiological conditions that demand much higher
folding capacity. A short-term UPR is beneficial for cell survival by restoring ER homeosta-
sis, but sustained overactivation of the UPR might trigger cellular dysfunction or even cell
death [111]. In mammals, IRE1x and ATF6 were found to be targeted for ERAD via the
SEL1L-HRD1 protein complex, providing an effective autoregulatory strategy to restrain
UPR hyperactivation [112,113], yet it remains unclear whether the protein stability of IRE1
homologs in yeast and plants is also regulated by the ERAD system. Recent studies have
revealed that plant IRE1 plays an important role in coordinating the UPR and ER-phagy. In
Arabidopsis, ER-phagy can be induced by ER stress-inducing chemicals, causing portions
of the ER to be targeted to the vacuole [114]. Such a process likely involves AtIRE1B,
because the loss-of-function ire1b mutation contained fewer ER stress-induced autophago-
somes, compared to its wild-type control [114]. A recent study suggested that the RIDD
but not the kinase activity of AtIRE1B is necessary for ER stress-induced autophagy via
the degradation of the mRNAs of yet to be defined ER-phagy inhibitors [115]. In addition,
many ER-phagy receptors are induced by UPR [101,116], suggesting that ER-phagy not
only accelerates the turnover of the ER under stress conditions but also helps to restore the
ER size and functions during the ER stress recovery period.

ERAD and ER-phagy are the two major intracellular proteolytic pathways that selec-
tively degrade target proteins to maintain ER homeostasis. It has been suggested that ERAD
mainly degrades detergent-soluble misfolded proteins in a substrate-specific manner, but
ER-phagy is responsible for the degradation of detergent-insoluble protein aggregates and
damaged/excess ER fragments [117]. How cells coordinate the two different degradation
pathways remains a major question. The Z variant of human «-1 proteinase inhibitor
(A1PiZ) is a misfolded protein that can be recognized and degraded by the ERAD system
in yeast and humans [118,119]. However, excessive accumulation of A1PiZ, which aggre-
gates in the ER, is targeted to the vacuole via an autophagy pathway [118], suggesting
that cells could resort to distinct strategies to degrade misfolded proteins depending on
the abundance of substrates. Similarly, it was found that the deficiency of SEL1L-HRD1
ERAD in {3 cells resulted in the accumulation of proinsulin in the ER as high molecular
weight conformers, which activate the ER-phagy pathway to eliminate these misfolded
proinsulin proteins and their aggregates. However, when both SEL1L and autophagy are
absent in {3 cells, mice develop diabetes shortly after weaning and die prematurely [120],
suggesting that the induction of ER-phagy in the absence of ERAD might be a beneficial
adaptation for cells to cope with the abnormal accumulation of misfolded proteins in the
ER. Furthermore, it was revealed that SEL1L-HRD1 ERAD may have an impact on ER-
phagy activity by limiting the availability of its substrate (ER fragments). It is only when
SEL1L-HRD1 ERAD is compromised that the ER will be fragmented and then eliminated
through ER-phagy [121]. CDC48 plays a vital role in many cellular processes that are
essential for cell viability [53,122]. In ERAD, CDC48 is required for extracting ubiquitinated
substrates from ER membranes for proteasomal degradation [83]. Interestingly, CDC48 is
shown to be involved in the autophagy pathway, with CDC48 and its cofactor Shp1/Ubx1
being identified as essential components for the biogenesis of autophagosomes [123]. A
recent study has found that non-functional CDC48 complexes can be eliminated through
UIM-directed autophagy, which relies on the ubiquitin-interacting motif (UIM) sequences
to bind to ATG8 [124,125]. In Arabidopsis, plant UBX domain-containing (PUX) protein
PUX7, 8,9, and 13 bind to ATGS8 with their UIM motifs, thus allowing for the autophagic
degradation of the inactive CDC48 [125]. Given the essential role of CDC48 in ERAD,
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further study is necessary to ascertain whether the ERAD pathway is regulated through
autophagy via the CDC48 protein.

6. Concluding Remarks

Eukaryotes have evolved diverse ER quality control systems to maintain ER homeosta-
sis. In recent years, despite the rapid progress made in understanding the processes and
functions of the UPR, ERAD, and ER-phagy in yeast and mammalian cells, there are still
many unanswered questions about these processes and functions in plants. Firstly, plants
have developed conserved but different mechanisms to confront ER stress in response to
changing environments. Further studies are needed to understand the molecular mech-
anisms of plant-specific proteins in the UPR pathway and to explore both their roles in
controlling the expression of multiple UPR genes and their impact on cellular functions.
In particular, the integration of the UPR with multiple plant physiological signals needs
to be investigated. Secondly, the UPR and ERAD are interconnected processes that work
together to maintain proteome integrity in the ER, and the crosstalk between the UPR
and ERAD involves multiple regulatory mechanisms that require further investigation.
In addition, it remains unclear when a misfolded protein terminates its futile repair pro-
cess and enters into the ERAD pathway. Thirdly, plants have specific ERAD components
that play essential roles in maintaining the stability of the Hrd1 complex, and elucidating
the biological function and mechanistic details of these plant-specific components will
help us to better understand the plant ERAD system. Meanwhile, recent advances in
cryo-EM and proximity labeling proteomics offer the potential to explore the mechanisms
underlying substrate recognition, retrotranslocation, and ubiquitin processing. In addition
to the degradation of misfolded proteins, the ERAD system is also responsible for the
quantity control of folding-competent proteins. Therefore, the plant endogenous substrates
that are mediated by ERAD should be identified in future studies. Finally, the specific
interplay and regulatory mechanisms between ERAD and ER-phagy in plants are not yet
fully understood. Further research is needed to elucidate how ERAD may influence or
be influenced by ER-phagy and to determine the molecular components and signaling
pathways involved in this crosstalk.
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On the cover: Brassinosteroids (BRs) are a group of phytohormones required for the regulation of growth, development and response to
environmental stresses. Since their discovery in the 1970s, significant advances have been made in understanding the mechanisms
of BR biosynthesis and their intricate signalling pathways and crosstalk with other plant hormones. This special issue, organized by
Brigitte Poppenberger, Eugenia (Jenny) Russinova and Sigal Savaldi-Goldstein, brings together the latest research on BRs and their
modes of action in a range of plants, from basic models to crops.

The cover image shows an Arabidopsis thaliana wild-type (right) and mutant plant (left) defective in brassinosteroid hormone
perception.
Photo credit: Dr. Eun-Ji Kim, courtesy of the Russinova lab, VIB-UGent, Belgium.
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Brassinosteroid-insensitive 1 (BRI1)-EMS suppressor 1
(BES1) and Brassinazole-resistant 1 (BZR1) are two highly
similar master transcription factors of the brassinos-
teroid (BR) signaling pathway that regulates a variety of
plant growth and development processes as well as stress
responses. Previous genetic and biochemical analyses have
established a complex regulatory network to control the
two transcription factors. This network includes coordina-
tion with other transcription factors and interactors, multi-
ple post-translational modifications (PTMs) and differential
subcellular localizations. In this review, we systematically
detail the functions and regulatory mechanisms of var-
ious PTMs: phosphorylation/dephosphorylation, ubiqui-
tination/deubiquitination, SUMOylation/deSUMOylation
and oxidation/reduction, in regulating the subcellular local-
ization, protein stability and the transcriptional activity of
BES1/BZR1. We also discuss the current knowledge about
the BES1/BZR1 interactors mediating the dynamic nucleo-
cytoplasmic shuttling of BES1 and BZR1.

Keywords: BES1 e Brassinosteroids @ BZR1 e Post-translational
regulation

Introduction

Brassinosteroids (BRs) are essential phytohormones that regu-
late a wide range of physiological processes during plant growth
and development and responses to pathogens and environ-
mental stresses. In the past two and a half decades, extensive
and intensive studies using Arabidopsis have greatly expanded
our understanding of the BR signaling pathway. In Arabidop-
sis, BRs are perceived by several plasma membrane-localized
receptors, including Brassinosteroid-insensitive 1 (BRI1) (Li and
Chory 1997, Wang et al. 2001, Kinoshita et al. 2005) and its
vascular tissue-specific homologs BRI1-like 1 (BRL1) and BRL3
(Cano-Delgado et al. 2004, Zhou et al. 2004). BR binding to
the extracellular domain of BRI1 allows association with its
coreceptor, BRI1-associated receptor kinase1 (BAK1) (Li et al.
2002, Nam and Li 2002, Hothorn et al. 2011, She et al. 2011,

Santiago et al. 2013), resulting in the dissociation of BRI1 kinase
inhibitor 1, a negative regulator of BR signaling (Wang et al.
2011). The activated BRIT-BAK1 complex triggers intracellu-
lar phosphorylation events that lead to the inhibition of the
key negative regulator, glycogen synthase kinase 3 (GSK3)-like
kinase BRASSINOSTEROID-INSENSITIVE 2 (BIN2) (Li and Nam
2002). Upon BIN2 inhibition, the dephosphorylated and newly
synthesized non-phosphorylated forms of BRIT-EMS suppres-
sor 1 (BES1, also named BZR2) and Brassinazole-resistant 1
(BZRT1), two master transcription factors in BR signaling, accu-
mulate in the nucleus (Wang et al. 2002, Yin et al. 2002). The
nuclear-localized BES1/BZR1 directly or indirectly regulate the
transcription of thousands of BR-responsive genes to influence
plant growth, development and stress response (Sun et al. 2010,
Yuetal. 2011, Lvand Li 2020, Nolan et al. 2020). In the absence of
BR, BIN2 phosphorylates BEST and BZR1 to inhibit their nuclear
localization, promote their degradation and reduce their DNA
binding and transcriptional activities (Nam and Li 2002, Kim
et al. 2009). Additionally, BES1 and BZR1 can integrate a wide
range of internal and external signals to modulate plant growth
and stress tolerance in a BR-independent manner (Albertos
et al. 2022).

BES1 and BZR1 belong to the plant-specific BZR1 transcrip-
tion factor family, which contains four other members in Ara-
bidopsis, known as BEH1-4 for BES1/BZR1 homologs 1-4 (Yin
et al. 2005). As the central transcription factors in the BR signal-
ing pathway, BES1/BZR1 contain a basic helix—-loop—helix DNA-
binding domain (DBD) with 3-hairpins to bind specific DNA
sequences to regulate gene expression (Yin et al. 2005, Nosaki
et al. 2018). They also contain additional conserved motifs to
regulate their protein stability or transcriptional activity. The 14-
3-3 binding motif (Bai et al. 2007, Gampala et al. 2007) and the
Pro-Glu-Ser-Thr (PEST) motif (enriched with Pro, Glu, Ser and
Thr residues) are responsible for protein stability (Wang et al.
2002, Yin et al. 2002). The BIN2-docking motif (DM) is required
for their direct binding with BIN2 (Peng et al. 2010), and
an Ethylene Response Factor-associated amphiphilic repression
domain mediates BES1/BZR1 binding to the transcriptional
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Fig. 1 The PTMs of BES1/BZR1. Colored arrows and T-ended lines indicate positive and negative regulation on the stability, activity or nuclear localization of
BES1/BZR1. Parts 1and 2 (light yellow background) illustrate the phosphorylation and dephosphorylation of BESTand BZR1. BIN2, suppressed by BR, phosphorylates
and inactivates BEST and BZR1. PP2A dephosphorylates and activates BES1and BZR1. In Arabidopsis, ABI1/ABI2 activates BES1 through inactivating BIN2 or through
other uncertain mechanisms. Other phosphatases, GmPP2C-1 in soybean and PP1 in durum wheat, can also activate BZR1 or BEST. Parts 3 and 4 (light orange
background) depict the ubiquitination and deubiquitination of BES1 and BZR1. Several families of E3 ubiquitin ligases target BZR1 or BES1 for degradation by the
proteasome or autophagy, while UBP12 and UBP13 deubiquitinate BEST under carbon starvation. Parts 5 and 6 (light pink background) show SUMOylation and
deSUMOylation of BES1 and BZR1. SZI1 mediates the SUMOylation and degradation of BES1, whereas ULP1a deSUMOylates BZR1 in the cytoplasm and reduces
BZR1 stability. Parts 7 and 8 (light blue background) display the oxidation and reduction of BES1 and BZR1. H, 0, activates BES1 and BZR1 through oxidation, while
TRXh5 reduces BZR1. Part 9 (light green background) describes the cytosol-nucleus shuttling of BES1 and BZR1. Cytoplasmic sequestration by 14-3-3s and BSS1
can inactivate BES1 and BZR1, whereas nuclear retention by GRF4, TTLs and RACK1 can activate them.

co-repressor TOPLESS-histone deacetylase 19 (Oh et al. 2014,
Ryu et al. 2014). BES1 and BZR1 directly bind to E-box (CAN-

PTMs of BES1/BZR1

NTG) elements and the BRRE (CGTGT/CG) motifs in the pro-
moters of their target genes through their DBDs, respectively,
to activate or repress the expression of many BR-responsive
genes (He et al. 2005, Yin et al. 2005, Sun et al. 2010, Yu et al.
2011). Recent studies have shown that their subcellular local-
ization, protein stability and transcriptional activities are regu-
lated by many types of post-translational modifications (PTMs),
including reversible phosphorylation/dephosphorylation, ubig-
uitination and SUMOQylation, thus allowing them to function as
important signaling hubs to link BR signaling with other plant
signaling processes. In addition, the transcriptional activities of
BEST and BZR1 are also regulated by their interactions with
many signaling proteins in plant cells. In this review, we dis-
cuss our current knowledge concerning the post-translational
regulation of BES1 and BZR1 (Fig. 1).

The phosphorylation and dephosphorylation of
BES1/BZR1

Reversible phosphorylation and dephosphorylation are impor-
tant and dynamic modifications for BES1/BZR1’s stability and
activity. In the absence of BR, BIN2 phosphorylates BES1/BZR1
at serine (S) and threonine (T) residues in the central region,
which includes 25 repeats of a consensus site (S/TXXXS/T, where
S/T stands for serine or threonine and X stands for any amino
acid) (Wang et al. 2002, Yin et al. 2002). Unlike the mam-
malian GSK3 kinase that relies on a priming phosphorylation
event by another kinase to generate a substrate-binding pocket
or an adapter protein that binds both GSK3 and its substrate
for the GSK3-catalyzed substrate phosphorylation (Beurel et al.
2015), the BIN2-catalyzed BES1/BZR1 phosphorylation requires
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a direct BIN2-substrate binding mediated by the BIN2 DM near
the C-termini of the two transcription factors (He et al. 2002,
Zhao et al. 2002, Yan et al. 2009, Peng et al. 2010). Interest-
ingly, such a BIN2-binding motif is not present in the liverwort
(Marchantia polymorpha) homolog of BES1, MpBES1, which
exhibited no binding with MpBIN2, the liverwort homolog
of Arabidopsis BIN2. As a result, MpBIN2 only weakly phos-
phorylated MpBES1 when coexpressed in tobacco leaves, and
MpBES1 exhibited a much stronger BR signaling activity than
BES1 in transgenic Arabidopsis plants (Mecchia et al. 2021), con-
firming the important role of the BIN2 DM in facilitating the
BIN2-catalyzed BES1/BZR1 phosphorylation. Consistent with
the Arabidopsis studies, the rice homolog of BZR1, OsBZR1,
was shown to be phosphorylated by OsGSK2, one of the rice
homologs of BIN2 (Bai et al. 2007, Min et al. 2019). The BIN2-
catalyzed phosphorylation of BES1/BZR1 regulates protein sta-
bility, subcellular location and transcriptional activity (Gampala
et al. 2007, Ryu et al. 2010, Wang et al. 2021b). ASK6, another
member of the GSK3 family in Arabidopsis, is able to phos-
phorylate BES1/BZR1, and whether their activity is regulated
by BIN2 through a similar mechanism is yet to be investi-
gated (Rozhon et al. 2010). Phosphorylation at Ser173 of BZR1
and that at Ser171 and Thr175 of BES1 are critical for their
interaction with 14-3-3 proteins, leading to function inhibi-
tion of BZR1/BES1 by promoting their cytoplasmic localization
(Gampala et al. 2007, Ryu et al. 2010). Recent in vitro and in vivo
assays have confirmed that Ser179 and Ser180 of BES1 are phos-
phorylation sites for BIN2. The phosphorylation of these two
sites has a negative role in regulating BES1 function (Clark et al.
2021).

The Mitogen-activated Protein Kinase (MAPK, MPK) cas-
cade is a widespread signaling module in plants, which is known
to regulate the biosynthesis, transport and signaling of differ-
ent hormones and the integration and amplification of plant
immune signals (Zhang et al. 2018). MPK6, a component of the
MAPK cascade, was reported to interact with and phosphory-
late BES1 to maintain a balance between growth and defense in
Arabidopsis (Kang et al. 2015). However, it remains unknown
how MPKé6-facilitated BES1 phosphorylation influences plant
immunity.

The de/unphosphorylated BES1/BZR1 represent the active
forms. In the current BR-signaling working model, when BIN2
is inactivated, the nuclear-localized type 2A protein phos-
phatase (PP2A) dephosphorylates phosphorylated BZR1 via a
direct physical interaction between its B’ -subunit and the PEST
domain of BZR1, resulting in the accumulation of dephospho-
rylated BZR1 (Tang et al. 2011). However, the PEST motif is
not conserved in the Arabidopsis BES1/BZR1 family, implying
that the PEST-mediated dephosphorylation by PP2A is likely
specific for BEST and BZR1. Given that all six members are
involved in BR signaling (Chen et al. 20193, 2019b), it is reason-
able to speculate that other phosphatases might be involved
in dephosphorylating the other four BEH proteins. Indeed, two
PP2C-type phosphatases in the core ABA-signaling pathway,
ABI1 and ABI2, have been shown to indirectly influence the

phosphorylation status of BES1 (Wang et al. 2018, Albertos et al.
2022). Under normal growth conditions, ABI1 and ABI2 can
dephosphorylate BIN2 through their direct interaction, leading
to reduced phosphorylation of BES1 and enhanced BR signaling
(Wangetal. 2018). A recent study found that heat stress triggers
the dephosphorylation and activation of BES1 independently
of the canonical BR signaling, mediated by ABA-controlled
PP2C phosphatases like ABI1. Activated BEST can then inter-
act with a class A1 heat shock factor to enhance plant heat
stress resistance by regulating the expression of heat-shock pro-
teins (Albertos et al. 2022). However, the regulatory mechanism,
which is not primarily dependent on BIN2, requires further
investigation. Additionally, the dark/light transitions have been
shown to affect the BES1 and BZR1 phosphorylation (Mar-
tinez et al. 2018). A recent study on the soybean homolog of
BZR1 (GmBZR1) showed that the protein phosphatase PP2C-
1, which contains a Leguminosae-specific N-terminal domain,
interacts with and stimulates the accumulation of unphospho-
rylated GmBZR1 in the nucleus (Lu et al. 2017). However, it is
unknown whether PP2C-1 directly dephosphorylates GmBZR1
or inhibits GmBIN2 to cause the increased accumulation of the
unphosphorylated form of GmBZR1. Furthermore, whether the
PP2C1-caused accumulation of un/dephosphoryled GmBZR1 is
involved in BR-mediated plant growth is yet to be investigated.
In durum wheat, another phosphatase family, type 1 protein
phosphatase (PP1), could also regulate the phosphorylation sta-
tus of BES1 to influence BR signaling, but the precise mechanism
remains to be studied (Bradai et al. 2021). Together, these stud-
ies indicate that various types of protein phosphatases might be
directly or indirectly involved in dephosphorylating members of
the BES1/BZR1 family in plants.

Where the phosphorylation/phosphorylation of BES1/
BZR1 by BIN2 or their phosphatases occurs remains contro-
versial but is a critical step in transmitting the extracellular BR
signals into the nucleus. Several studies conclude that both
phosphorylation and dephosphorylation of BES1/BZR1 take
place in both the cytoplasm and the nucleus (Tang et al. 2011,
Wang et al. 2012, Belkhadir and Jaillais 2015). However, other
investigations propose that the phosphorylation/dephosphory-
lation of BES1/BZR1 could also occur at the plasma membrane,
as evidenced by interactions between BR signaling components
observed at the plasma membrane (Wang et al. 2013a, Amorim-
Silva et al. 2019). A recent study, using confocal microscopy
and immunoblot analysis, indicated that both BIN2-catalyzed
phosphorylation and PP2A(B’)-mediated dephosphorylation
of BZR1 occur in the nucleus (Wang et al. 2021b), raising a
question on how the extracellular BR signals reach the nucleus.
Discrepancies in conclusions could stem from variations in
analytical methods and different epitope tags used in differ-
ent studies. Furthermore, variable cellular and environmental
conditions could cause dynamic changes in the phosphoryla-
tion and dephosphorylation status of BES1/BZR1, thus com-
plicating the interpretation of experimental results. Future
studies should employ a combination of genetic, cell biology
and biochemical approaches to pinpoint the precise locations
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where BIN2-catalyzed phosphorylation of BES1/BZR1 and their
dephosphorylation occur.

The ubiquitination-mediated stability regulation of
BES1/BZR1

In the absence of BR, BIN2-mediated phosphorylation of
BES1/BZR1 leads to their 26S proteasome-dependent degra-
dation. BRs are generally considered to stabilize and activate
BZR1 protein (He et al. 2002). However, a completely different
mechanism for regulating BZR1 stability is recently proposed:
BR promotes BZR1 degradation via the 26S proteasome path-
way, probably to constantly supply newly synthesized BZR1
with high transcription activity (Wang et al. 2021b). Similar to
the controversial issue of the subcellular locations of BES1/BZR1
phosphorylation and dephosphorylation, the protein stability
of BZR1 could also be influenced by the experimental condi-
tions and the biochemical reagents used to measure the protein
levels of BES1/BZR1. Clearly, further investigations using highly
specific antibodies are necessary to determine the protein sta-
bility of phosphorylated and non-/dephosphorylated forms of
the endogenous BES1 and BZR1 proteins.

Ubiquitin E3 ligase is a required component of the
ubiquitin—proteasome system. Several E3 ubiquitin ligases
implicated in light signaling and hormone signaling have been
identified to target BZR1 and BES1 for ubiquitination and
degradation, thus regulating the signaling output of plant
steroids and plant development. Seven-IN-Absentia of Ara-
bidopsis thaliana (SINATs) and Constitutive Photomorphogenic
1 (COP1), two RING-type E3 ubiquitin ligases in Arabidopsis,
play roles in promoting the degradation of BES1 and BZR1 to
regulate hypocotyl elongation in light and dark, respectively
(Kim et al. 2014, Yang et al. 2017). SINATs specifically pro-
mote the degradation of dephosphorylated BES1 and BZR1
under light to inhibit hypocotyl elongation (Yang et al. 2017),
while COP1 facilitates the degradation of phosphorylated BZR1,
thus increasing the ratio of dephosphorylated to phosphory-
lated BZR1 forms. This increases homodimerization of dephos-
phorylated BZR1 proteins to promote hypocotyl elongation
in the dark (Kim et al. 2014). Organ-specific regulatory net-
works seem to be involved in the COP1-dependent regulation
of the BES1 protein stability under adverse conditions. Under
shade or warmer temperatures, COP1 physically interacts with
BES1, reducing the abundance of nuclear-localized BES1 and cell
expansion in the cotyledons (Costigliolo Rojas et al. 2022). How-
ever, in the hypocotyl, COP1 has the opposite effect on the
nuclear BES1 levels, likely through reducing the abundance or
activity of a negative regulator of BES1 stability under shade or
warmer conditions (Costigliolo Rojas et al. 2022).

At least two F-box proteins, which are substrate-binding sub-
units of the multisubunit RING-type E3 ligases, are involved in
regulating the stability of BES1/BZR1. The F-box protein More
Axillary Growth Locus 2 (MAX2), a central component of the
signaling pathways of strigolactone (SL) and the smoke-derived

karrikins (Nelson et al. 2011), was found to bind and ubig-
uitinate both phosphorylated and dephosphorylated forms of
BES1 to suppress shoot branching (Wang et al. 2013b). Interest-
ingly, the BES1-MAX2 interaction also inhibits the expression
of the transcription factor BRANCHED1 (BRC1), which specif-
ically induces the transcriptional network of the SL-regulated
shoot branching (Hu et al. 2020). Together, these findings reveal
an interesting interaction between two plant hormones: the
MAX2-mediated degradation of BES1 and the inhibitory effect
of the BEST-MAX2 interaction on the BRC1-regulated shoot
branching transcriptional network. The other F-box protein
recently implicated in regulating BZR1 stability is the nuclear-
localized EIN3-binding F BOX protein1 (EBF1), a known nega-
tive regulator of the ethylene pathway (Potuschak et al. 2003).
EBF1 directly and indirectly regulates the stability and activity of
BZR1 to impact apical hook development and hypocotyl elon-
gation. First, EBF1 and its homolog EBF2 promote the degrada-
tion of ethylene-insensitive 3 (EIN3), which is known to interact
with BZR1 to stimulate the apical hook development (Wang
et al. 2023). Second, EBF1 directly interacts with BZR1 and pro-
motes BZR1 degradation via the 26S proteasome (Zhao et al.
2022).

Among the reported E3 ligases implicated in ubiquitinating
BES1/BZR1 to control their stability, plant U-box 40 (PUB40)
is regulated by BR and could therefore be involved in BR-
regulated degradation of BZR1. It was found that PUB40 medi-
ates the root-specific degradation of BZR1 to regulate root
growth in response to inorganic phosphate deprivation in Ara-
bidopsis (Kim et al. 2019). It remains to be investigated why
PUB40-induced degradation of BZR1 only occurs in the root
because the PUB40-YFP fusion protein, which was used to study
the PUB40-BZR1 interaction, was driven by the constitutively
active 35S promoter and should be present in the shoots as
well. It should be worthy to note that OsPUB24, a rice U-Box
E3 ligase, also ubiquitinates OsBZR1and promotes proteasome-
dependent degradation of OsBZR1 in response to BR (Min et al.
2019).

In addition to proteasome-mediated degradation, BES1/
BZR1 could also be degraded by autophagy. Shifting light-
grown Arabidopsis seedlings into darkness causes sugar starva-
tion and induces the inactivation of the Target of Rapamycin
(TOR) kinase and subsequent autophagy activation (Liu et al.
2010, Perez-Perez et al. 2010). It was found that the suppressed
TOR induces BZR1 degradation through autophagy to inhibit
plant growth (Zhang et al. 2016). Sugar starvation was recently
shown to induce the expression of BES1-ASSOCIATED F-BOX1
(BAF1), an Arabidopsis F-box protein that interacts directly
with BES1 to catalyze BES1 ubiquitination. Ubiquitinated BES1
then binds with DOMINANT SUPPRESSOR OF KAR2 (DSK2) for
autophagy-mediated degradation (Wang et al. 2021a). DSK2, a
well-studied ubiquitin receptor, is known to interact with the
autophagy protein ATG8 (Floyd et al. 2012, Nolan et al. 2017),
thus bringing the ubiquitinated BES1 into the autophagy degra-
dation pathway (Nolan et al. 2017). Interestingly, BIN2 was
shown to phosphorylate DSK2 to promote DSK2-ATG8 binding
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to promote BES1 degradation (Nolan et al. 2017). The stability
of BES1/BZR1 is tightly regulated by various ubiquitin ligases,
likely ensuring the rapid and precise modulation of plant growth
under different growth conditions.

It is no surprise that deubiquitination plays an important
role in maintaining the stability of BES1/BZR1. A recent study
showed that Ub-Specific Protease 12 (UBP12) and UBP13, two
important deubiquitinating enzymes that are strongly induced
during the recovery of carbon starvation, directly interacted
with BEST to remove its covalently attached ubiquitins, thus sta-
bilizing both phosphorylated and dephosphorylated BES1 for
quick recovery after carbon starvation (Park et al. 2022, Xiong
et al. 2022). Therefore, the ubiquitination and deubiquitination
of BES1/BZR1 represent an important molecular mechanism
by which plants adapt their growth patterns in response to
changing internal and external conditions.

The other post-translational regulations

Reversible protein SUMOylation is another important PTM
that could regulate protein activity. Similar to ubiquitina-
tion, SUMOylation involves the covalent conjugation of SUMO
(small ubiquitin-like modifier) to certain lysine residues of tar-
get proteins by a similar E1 (activation)-E2 (conjugation)-E3
(ligation) enzymatic cascade. The Arabidopsis SIZ1, a SUMO E3
ligase, physically interacts with BES1 and mediates its SUMOy-
lation at Lys302 independently of BR, promoting BES1 degra-
dation (Zhang et al. 2019). Interestingly, SUMOylation of BZR1
at Lys280 and Lys320 promotes its stability by suppressing its
interaction with BIN2 and reducing the BIN2-catalyzed BZR1
phosphorylation known to be linked with BZR1 instability,
thus promoting plant growth under normal growth conditions
(Srivastava et al. 2020). These findings reveal that the same PTM
on two highly similar transcriptional factors can have oppos-
ing effects on their protein stability via distinct biochemical
mechanisms. Salt stress induces the accumulation of the SUMO
protease Ubiquitin-like specific Protease 1a (ULP1a), which
deSUMOylates BZR1 in the cytoplasm and reduces BZR1 sta-
bility, thus attenuating BR-stimulated growth (Srivastava et al.
2020). It is noteworthy that the two SUMO conjugation sites,
Lys280 and Lys320, are specific to BZR1 homologs in dicot
plant species (Srivastava et al. 2020) and not present in mono-
cot and bryophyte (M. polymorpha) plants. This suggests that
SUMOylation/deSUMOylation of BZR1 at these two residues
may be unique to dicot plants, or other Lys residues of BZR1
homologs in different plant species may undergo SUMOyla-
tion/deSUMOylation to regulate plant growth in response to
environmental challenges.

BZR1, like other transcriptional factors (He et al. 2018),
is also subject to redox regulation that affects its transcrip-
tional activity (Tian et al. 2018). Hydrogen peroxide (H,0O,),
as an important signaling molecule, induces the oxidation of
BZR1 at the conserved Cys63 residue situated in the connect-
ing loop between two alpha-helices involved in DNA binding
(Nosaki et al. 2018). The H,0,-induced oxidative modification
is believed to enhance the transcriptional activity of BZR1 by

strengthening the interactions with Phytochrome Interacting
Factor 4 (PIF4) and Auxin Response Factor 6 (ARFG6), which
are key regulators in light and auxin signaling pathways, respec-
tively (Tian et al. 2018). The increased interactions between
BZR1 and PIF4 and ARF6 contribute to cell elongation and
root stem cell maintenance, which can be reversed by Ara-
bidopsis cytosolic thiredoxin-h5 (TRXh5) binding to BZR1 to
reduce the oxidized Cys63 residue (Tian et al. 2018). Addi-
tionally, oxidized BZR1 interacts with the basic leucine zipper
transcription factor G-BOX Binding Factor 2 (GBF2) to promote
the expression of 3-Amylase 1 (BAM1), important for starch
degradation in guard cells, causing the stomatal opening (Li
etal. 2020). Future investigations are needed to explore whether
the oxidized Cys63 residue affects BR signaling and the mech-
anism for the increased binding of oxidized BZR1 with other
transcriptional factors.

The Cytosol-Nuclear Shuttling of BES1/BZR1

The nucleocytoplasmic trafficking of BES1/BZR1 and their
phosphorylation/dephosphorylation status is closely related,
but the exact mechanisms remain controversial. When BRis low,
the phosphorylated BES1/BZR1 is either trapped in the cyto-
plasm by 14-3-3 proteins (Gampala et al. 2007) or exported
from the nucleus to the cytosol by 14-3-3 proteins (Wang
et al. 2021b). When BR signaling is active, dephosphorylated
BES1/BZR1 accumulates in the nucleus to regulate the tran-
scription of BR-responsive genes (He et al. 2005). But when and
how BES1/BZR1 traffics into the nucleus is currently uncertain.
A new mechanism to regulate the nucleocytoplasmic traffick-
ing of BZR1 is proposed. It is reported that the newly syn-
thesized BZR1 in the cytoplasm is initially imported into the
nucleus, where it is phosphorylated by BIN2. Subsequently, the
nucleus-localized 14-3-3 proteins interact with the phosphory-
lated BZR1 to promote its entrance into the cytoplasm (Wang
et al. 2021b). Despite the apparent energy cost for plants, the
cytoplasmic phosphorylated BZR1 probably plays crucial roles
in plant development, necessitating precise regulation of its
abundance and phosphorylation status. Or, as a central tran-
scription factor, the precise and rapid control of phosphoryla-
tion/dephosphorylation dynamics of nuclear-localized BZR1 is
essential. A recent study revealed a role of GRF4 (General Regu-
latory Factor 4, a member of the 14-3-3 protein family) in retain-
ing BZR1 in the cytoplasm (Yu et al. 2023). The auxin-activated
MPK3/MPK6 phosphorylate GRF4 to reduce its protein stabil-
ity, thus enhancing the accumulation of BZR1 in the nucleus to
promote hypocotyl elongation (Yu et al. 2023). These findings
provide a new insight into the interplay between auxin and BR
signaling pathways in regulating plant development.

In addition to 14-3-3 proteins, various other proteins play
a role in the differential localizations of BES1/BZR1. BRZ-
SENSITIVE-SHORT HYPOCOTYL1 (BSS1), also known as BLADE
ON PETIOLET1, interacts physically with BZR1 to retain BZR1 in
the cytosol, thus suppressing BR signaling (Shimada et al. 2015).
The Arabidopsis TETRATRICOPEPTIDE THIOREDOXIN-LIKE3
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(TTL3) protein serves as a scaffolding protein to localize BZR1
in the nucleus and other key components of BR signaling at the
plasma membrane (Amorim-Silva et al. 2019), but the physio-
logical significance of such a BR signaling complex requires fur-
ther investigation. In contrast, another scaffold protein, Recep-
tor for Activated C Kinase 1 (RACK1), can promote the nuclear
localization of BZR1 through competitively binding to BZR1
with 14-3-3 proteins (Li et al. 2023). Apart from the protein
factors involved in the regulation of BES1/BZR1 localization, it
has been observed that high temperature leads to the nuclear
enrichment of BES1 (Albertos et al. 2022).

Conclusions and Future Research

BES1 and BZR1 function as central hubs that connect various
signal pathways to regulate plant growth and development as
well as stress adaptations. Numerous studies have greatly deep-
ened our understanding of how their activities and stabilities
are influenced by multiple PTMs, including reversible phos-
phorylation and dephosphorylation, degradation, SUMOyla-
tion and oxidation. Furthermore, it is likely that BES1 and
BZR1 undergo additional modifications like nitrosylation, acety-
lation and methylation, which could be uncovered in the future
through diverse research methodologies. Further investigation
is required to understand how these complex regulatory net-
works cooperatively manage the activity and function of BES1
and BZR1 in different growth stages and environments. Many
questions remain to be answered. Since BES1/BZR1 control the
expression of their target genes in both a BR-dependent and
BR-independent manner, the functions of their PTMs in BR-
independent pathways need exploration. It is also interesting
to note that while BES1 and BZR1 are ubiquitously expressed,
some of their PTMs exhibit tissue, organ and/or developmental
stage specificity. Further studies are needed to fully understand
these specific regulatory mechanisms. Our current knowledge
about the post-translational regulation of BES1/BZR1 primarily
stems mostly from studies conducted on the model plant Ara-
bidopsis, and it is thus important to determine whether similar
PTMs also occur in other plant species, especially in important
crop plants. These future studies will likely lead to better under-
standing of the roles of the PTMs of BES1/BZR1 in enhancing the
yield and stress tolerance of major crops that are threatened by
climate change.
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