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Foreword

In terms of the intensity with which information can be interpreted, there is nothing
better than a picture, and this helps structural biology stand at the forefront of
interpretation for biochemistry. Plant structural biology is strong and is growing in
importance even though there is a distinct lack of plant protein structures in the
databases. With the number of structures arising from human proteins currently close
to 1500, the highest ranked plant (Spinacea oleracea) has 50, but the long list of
other species separating these two reduces the total contribution of plant protein
structures to just a few percent of structures solved (based on RCSB PDB entries
2018). At a time when plant genomes are being sequenced at a fantastic rate, our
understanding of what gene products do and the annotation necessary to help make
sense of the genomic data are lagging behind. However, here lies opportunity, and
the history of plant protein structural biology can be proud of its successes. This
volume captures some of these successes in the field of hormone signalling.

Some readers may be entering the world of protein structures for the first time and
others may be seeking to immerse themselves in the details of molecular signalling
mechanisms, and both will find this volume rewarding. There are chapters introduc-
ing the various methodologies for solving protein structures, from X-ray crystallog-
raphy as probably the most familiar to the increasingly popular cryo-electron
microscopy. However, the bulk of the contributions are overviews of the structures
of hormone receptors. In this, we are fortunate. Structures are introduced and
explained for all the most important receptors and some of their interactors and,
importantly, these structures are interpreted in terms of, e.g. the residues, loops and
features which contribute mechanistically to function. As noted above, structural
biology is visually strong and each article displays beautiful images to help explain
how hormone perception works.

Most of the proteins described have been solved using crystallography. Fortu-
nately, many plant hormone receptors are soluble proteins which have made their
structural biology more amenable, but a subset are membrane-bound such as the
receptors for ethylene and cytokinins. No structural biology project should be
undertaken lightly given the immense efforts required to purify sufficient protein,
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but difficulties for those interested in membrane proteins is amplified by the need to
maintain protein integrity during extraction. It is with intrinsic membrane proteins
that cryo-electron microscopy techniques are starting to play a vital role as its
resolution gets better and better.

Collectively, the articles in this volume provide a welcome and exciting prelude
to what I hope will be a wave of biochemical illuminations.

School of Life Sciences, University Richard Napier
of Warwick, Coventry, UK
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Chapter 1 ®)
Overview of Proteins in Plant Hormone Creck o
Signaling

Toshio Hakoshima

1.1 Plant Hormones

Plant hormones (or phytohormones) play central roles in the integration of diverse
environmental cues with signaling networks and the genetic programs of plants. In
animals, hormones comprise any member of classes of signaling molecules pro-
duced by glands in multicellular organisms that are transported by the circulatory
system to distant target organs so as to regulate physiology and behavior. Although
plants do not possess glands that secrete hormones, they do possess several tissues
that produce and also respond to hormones. Plant hormones comprise a set of
structurally unrelated small organic compounds (Fig. 1.1), including auxin, jasmonic
acid (JA), gibberellin (or gibberellic acid, GA), abscisic acid (ABA), brassinosteroid
(BR), cytokinin, ethylene, strigolactone (SL), and salicylic acid (SA). Although
karrikin (KAR) is not produced by plants, it is included as a plant hormone given
its function as an “endocrine disruptor” or “environmental hormone”.

In terms of chemical structure, some of the plant hormones could find animal
counterparts produced from common precursors (Table 1.1) (Chow and McCourt
2006). Animals produce several steroid hormones that display similarity to
BR. ABA and SL are produced from carotenoids, which are precursors of retinoic
acid in animals. Plant JA and animal prostaglandins are both produced from fatty
acids. Auxin is an indole acetic acid derived from indole, and its animal counterpart
could be melatonin, which is produced in the pineal gland and regulates sleep and
wakefulness. All of these animal counterparts seem not to possess similar functions
as with the plant hormones. Generally, plant hormones possess a much broader range
of functions compared to animal hormones, and a single plant cell can respond to
more than one hormone, and a single hormone can affect different tissues in different

T. Hakoshima (D<)
Structural Biology Laboratory, Nara Institute of Science and Technology, Ikoma, Nara, Japan
e-mail: hakosima@bs.naist.jp
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Fig. 1.1 Chemical structures of plant hormones

Table 1.1 Biosynthetic precursors of plant and animal hormones

Precursor Plant Animal

Sterol Brassinosteroid (BR) Progesterone

Fatty acid Jasmonic acid (JA) Prostaglandin

Indole Auxin Melatonin

Carotenoid Abscisic acid (ABA) Retinoic acid
Strigolactone (SL)

Geranylgeranyl-PP Gibberellin (GA) -

Purine Cytokinin (CK) -

Methionine Ethylene -

Phenylalanine Salicylic acid (SA) -

ways. GA is produced from geranylgeranyl-phosphates, cytokinin from purines, and
ethylene from methionine, and these have no counterparts in animals. Animals do
not produce SA, although SA exhibits remarkable pharmacological activity.

The number of recognized plant hormones may increase in the future, particularly
if we are reminded that only 9 years have passed since SL was accepted as a plant
hormone (Umehara et al. 2008; Gomez-Roldan et al. 2008). In addition to plant
hormones comprised of organic compounds, we now know that signaling peptides
also play prominent roles in regulating plant physiology by short-range intercellular
communication mechanisms, and have established the concept of peptide hormones
just as in the case of animals. The Arabidopsis genome encodes more than 1000
putative small signaling molecules, yet only a few polypeptides have been function-
ally characterized (Grienenberger and Fletcher 2015). Elucidation of the molecular
functions and structures of these small peptides and their receptors is a frontier of
current plant and structural biology.
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1.2 Plant Hormone Nuclear Receptors

Animals possess a conserved nuclear receptor superfamily of transcription factors
that perceive a variety of hormones. Humans have 48 nuclear receptors that contain
orphan receptors that perceive unknown compounds and receptors that perceive
compounds other than hormones, such as certain lipids (Evans and Mangelsdorf
2014). The genomic data, however, suggest that plants have no such nuclear receptor
homologs. Instead, plants co-opt proteins from different protein families to perceive
plant hormones (Table 1.2). One prominent characteristic found in plant hormone
signaling is the central role played by the ubiquitin-proteasome system (UPS). In
particular, cullin-RING ubiquitin ligase (CRL) complexes play a key role in the

Table 1.2 Plant hormone receptors

Hormone | Receptor | Receptor type

Nuclear receptors

Auxin TIR1 (TRANSPORT INHIBITOR LRR-type F-box protein:
RESPONSE 1) Ub-substrate® receptor

Jasmonic acid (JA) COI1 (CORONATINE INSENSITIVE 1) | LRR-type F-box protein:
Ub-substrate receptor

Gibberellin (GA) GID1 (GIBERELLIN INSENSITIVE F-box protein adaptor (o/f

DWARF 1) hydrolase-superfamily)
Ub-substrate receptor
Strigolactone (SL) D14 (DWAREF 14) Hormone hydrolase (o/f

hydrolase-superfamily)

F-box protein adaptor:
Ub-substrate receptor

Karrikin (KAR)? KAI2 (KARRIKIN INSENSITIVE 2) Hormone hydrolase (o/f
hydrolase-superfamily)
/D14L (D14-like) F-box protein adaptor:
Ub-substrate receptor
Salicylic acid (SA) NPR3,4 (NONEXPRESSOR OF PR CUL3 adaptor (BTB domain
GENES 3, 4) protein)
Ub-substrate receptor
Abscisic acid (ABA) | PYR/PYLs (PYRABACTIN Phosphatase inhibitor
RESISTANCE 1) (START-superfamily)

Ub-substrate receptor

Receptor kinases
Brassinosteroid (BR) | BRI1 (BRASSINOSTEROID INSENSI- | LRR-type receptor kinase

TIVE 1) (Ser/Thr protein kinase
domain)
Cytokinin (CK) AHK2,3,4 (ARABIDOPSIS HISTIDINE | Histidine kinase (single TM
KINASE 2,3.4) helix®)
Ethylene ETR1 (ETHYLENE RESPONSEI), Histidine kinase (3—4 TM
ERS1 (ETHYLENE RESPONSE SEN- helices)
SOR 1),

ETR2, EIN4, ERS2

#Ubiquitylation substrate (Ub-substrate)
°TM helix, transmembrane helix
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signaling pathways of major plant hormones including auxin, JA, GA, SL, KAR,
SA, ABA, and ethylene (details are reviewed in Chap. 2). A significant proportion of
plant genomes is devoted to the encoding of UPS components. For example,
inspection of the Arabidopsis genome suggests the presence of 500-600 F-box
proteins, which is a large number when compared to the 78 F-box proteins in humans
(Cardozo and Pagano 2004). The auxin and JA receptors, in fact, are the F-box
proteins TIR1 and COII, respectively. These F-box proteins possess leucine-rich
repeat (LRR) domains, which recognize substrate proteins for ubiquitylation in a
hormone-dependent manner (Chaps. 4, and 5). The GA, SL, and KAR receptors are
members of the o/p hydrolase superfamily and act as F-box protein-bound adaptor
proteins that recognize substrate proteins for ubiquitylation in a hormone-dependent
manner. The GA receptor GID1 has no catalytic activity due to replacement of the
catalytic His residue of the Ser-His-Asp catalytic triad with a Val/lle residue
(Chap. 6). In sharp contrast to GID1, the SL and KAR receptors possess a conserved
catalytic triad system. These catalytic residues are essential for the action of SL and
KAR receptors, and the SL receptor obviously exhibits catalytic activity with respect
to SL hydrolysis, which is essential for SL function (Chap. 7).

Identification of the SA receptor remained elusive for quite some time. Recently,
NPR (nonexpressor of PR genes) proteins have been reported to function as SA
receptors in developing pathogen-induced systemic acquired resistance (SAR). One
of these proteins, NPR1, was reported to function as a transcriptional co-activator
(Wu et al. 2012), whereas two other proteins, NPR3 and NPR4, function as ankyrin-
repeat-containing CRL3 E3 substrate receptors for ubiquitylation of NPR1 followed
by degradation (Fu et al. 2012). NPR1, NPR3, and NPR4 contain a conserved BTB
domain, share sequence homology, and were reported to bind SA. The precise
manner by which SA binding differentiates the molecular functions of these three
NPRs and regulates the interplay with each other and other transcription factors
responsible for SAR-induced gene expression remains unclear, and will require
structural studies of these proteins in an effort to delineate the mechanisms involved.

Unlike other plant hormone receptors that contain only a single or few members,
the ABA receptor family contains multiple members (14 in Arabidopsis), and
implies functional differentiation of receptor members. The ABA receptors
PYR/PYLs belong to a protein family containing a steroidogenic acute regulatory
protein-related lipid transfer (START) domain, and also belong to the Bet v 1 super-
family containing the birch pollen allergen Bet v la. The ABA receptors act as
protein phosphatase inhibitors against type 2 Ser/Thr phosphatases (PP2Cs), ABI|,
2,HABI, 2, HAIl, 2 and 3, and AHGI1 (Chap. 8). This inhibition elevates the protein
kinase activity of Subfamily III of Snfl-related kinases (SnRKs), which belong to
the AMP-dependent protein kinase (AMPK) superfamily. The ABA signaling medi-
ated by some ABA receptors is down-regulated by CRL4-mediated ubiquitylation
and degradation (Chap. 2).
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1.3 Plant Hormone Receptor Kinases

The other three plant hormones, BR, cytokinin, and ethylene, are perceived by
receptor kinases located at plasma membranes. Among these, the BR receptor
BRI is a receptor kinase possessing an LRR ectodomain, a single transmembrane
(TM) helix, and a cytoplasmic domain containing an Ser/Thr protein kinase domain.
The auxin and JA receptors also utilize LRR domains incorporated into the F-box
proteins for hormone perception as mentioned above. LRR domains appear fre-
quently in receptors such as peptide hormone receptors or Toll-like receptors (TLRs)
in innate immune systems for the recognition of a variety of small compounds. In
plants, receptor kinases form the largest family of membrane receptors and
ca. 600 putative receptor kinases possessing Ser/Thr protein kinase domains have
been identified in the Arabidopsis genome, although most of these receptors remain
uncharacterized to date. Of these, the number of receptors that act as peptide
hormone receptors is unknown at present. Considering that ca. 1000 putative small
signaling molecules are encoded in the Arabidopsis genome, we expect a plethora of
peptide hormone receptors to be identified (details are reviewed in Chap. 3).

The cytokinin and ethylene receptors are histidine kinases, which comprise the
upstream module in the His-Asp phosphorelay (or two-component) signaling system.
The downstream module of the signaling system comprises response regulators,
which possess a conserved receiver domain containing an Asp residue for accepting
a phosphate group. Thus, phosphoryl transfer occurs from ATP to the His residue of
the histidine kinase and from the His residue to the Asp residue of the response
regulator. Cytokinin and ethylene receptors are hybrid kinases that possess both
histidine kinase and receiver domains. The cytokinin receptors AHK?2, 3, and 4 com-
prise a CHASE ectodomain for cytokinin binding, a single TM helix, and a cytoplas-
mic hybrid kinase domain. The downstream elements of the receptor are AHP proteins
with a conserved HPt domain for phosphoryl transfer (Kato et al. 1997). The ethylene
receptors are divided into subfamily 1 (ETR1, ESR1) acting as His kinases with all
hallmark residues conserved, and 2 (ETR2, ESR2 EI N4), which lack one or more
hallmark residues and adopted Ser/Thr kinase activity. Ethylene perception is accom-
plished by the N-terminal copper ion-containing transmembrane domain comprised
of three (subfamily 1) or four (subfamily 2) TM helices. It remains unknown how the
gaseous nonpolar molecule is perceived by the protein. The copper ion likely partic-
ipates in ethylene binding by mediating characteristic intermolecular interactions such
as charge transfer between ion charges and & electrons of ethylene. However, no
structural or biophysical information is currently available. Structural studies of the
ethylene receptor remain to be the most challenging subject in structural plant biology.

1.4 Plant Hormone Perception

Hormone receptors possess two major molecular functions. One is hormone percep-
tion and the other is transfer of the hormone signal to downstream molecules. Plant
hormones are bipartite molecules possessing both nonpolar hydrocarbon/aromatic
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Fig. 1.2 Electrostatic Ligand
guidance found in GA and Lid

other acid hormone binding
Polar (-) \

“Electrostatic
baits”

Receptor protein

moieties and polar groups, but are mostly hydrophobic compounds exhibiting low
solubility. Therefore, the hormone-binding sites of the receptors comprise primarily
hydrophobic pockets with polar patches to facilitate specific interactions with the
polar groups of hormones. Therefore, hormone perception inside the pockets is
mediated by both nonpolar and polar intermolecular interactions, which contain
hydrophobic contacts, salt bridges, and direct and water-mediated hydrogen bonds.
A prominent and common polar interaction is found in the hormone-binding pockets
for auxin, JA, GA, and ABA. These hormones are acids that possess one negatively
charged carboxyl group. In the receptor-bound state, the carboxylic acid group is
anchored to the positively charged Arg/Lys residues located at the bottom of the
deep binding pockets of the receptors, and the negative charge of the hormone
molecule is neutralized by the formation of salt bridges (Fig. 1.2). The anchoring
of the carboxylic acid groups of plant hormone molecules by electrostatic interaction
is reminiscent of the electrostatic guidance mechanism by which animal hormones
enter the binding pocket of their nuclear receptors (Renaud et al. 1995). It is most
likely that the carboxyl group enters the pocket first and is drawn down through the
hydrophobic pocket to the anchoring site displaying an electrostatic bait. For the
polar interaction, the GA receptor utilizes the region corresponding to the active site
of the o/p hydrolase fold containing the oxyanion hole. SL/KAR receptors also
comprise one o/f hydrolase domain with all active residues of the Ser-His-Asp triad,
and the hormone molecules are hydrolyzed (Chap. 7). Compared to the deep
hormone-binding pockets found in the auxin, JA, GA, ABA, and SL/KAR receptors
that occlude the hormone molecules, the BR and cytokinin receptors provide surface
pockets for hormone binding and receptor-bound BR and cytokinin molecules are
still accessible from the solvent region.
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1.5 Signal Transfer by Plant Hormone Receptors

When a hormone molecule binds the pocket of the receptor, perception of the
hormone induces local and/or global structural changes in the receptor molecule.
These changes switch on the interactions with the downstream effector molecule.
The GA receptor GID1 displays a drastic conformational change on GA binding,
referred to as the “close-the-lid” mechanism (Murase et al. 2008). In the first step of
binding, the GA molecule still has an exposed hydrocarbon moiety to the solvent
region since the carboxyl group of the GA molecule is placed first inside the deep
binding pocket by the “electrostatic guidance” mechanism. This binding state
induces a conformational change in the N-terminal switch region, which is
conformationally flexible and forms no stable structure in the GA-free state. On
GA binding, the N-terminal switch region is folded into three a-helices to form the
lid of the binding pocket so as to contact the hydrocarbon moiety of GA and
completely occlude the GA molecule (Fig. 1.3). The GA-induced lid also provides
an active molecular surface containing nonpolar residues to recognize the effector
proteins, DELLA proteins, which are the ubiquitylation substrates. ABA receptors
possess a mechanism referred to as the “gate-latch-lock” mechanism with ABA as an
allosteric inducer mechanism (Melcher et al. 2009). In this case, two loops, a gate
and a latch, located at the entrance of the binding pocket, undergo marked confor-
mational changes on ABA binding to form an interaction platform to trap the effector
proteins, PP2C phosphatases. The auxin receptor TIR1 shows another mechanism
by which the receptor, an F-box protein, recognizes its effector proteins, substrate
proteins for ubiquitylation by the “molecular glue” mechanism in a hormone-

Fig. 1.3 The “closed-the- c
lid” mechanism found in the -~
GA3-GID1-DELLA ‘,_ ~ ¥ DELLA domain

complex. The lid also ‘-\. s +.0f GAl
provides binding site for ’; ?
DELLA protein \ ‘< The closed
a SE - N-Lid of GID1
Gibberellin ‘(N =

(GA3) _“" S -«“j

: ‘The a/P Core
domain of GID1
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dependent manner (Chap. 4) (Tan et al. 2007). In this mechanism, the receptor-
bound auxin molecule interacts directly with the ubiquitylation substrate protein
bound to the auxin receptor. This binding mode shows that the bound substrate
protein plays a role in the lid of the auxin-binding pocket. A similar mechanism is
also seen in the JA receptors. Intriguingly, the BR receptor kinase and certain peptide
receptor kinases adopt the “molecular glue” mechanism for co-receptor binding. BR
possibly also cytokinin binding to receptor kinases defines the configuration of the
receptor kinase dimer so as to activate the kinase domain located at the cytoplasm via
transmembrane helices. As with animal receptor kinases, the nature of the confor-
mational changes that take place and are essential for kinase activation remains
obscure, and structural studies of receptor kinases as membrane proteins represent
challenging projects in the future.
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Chapter 2 ®)
Overview of Protein Degradation in Plant ¢z
Hormone Signaling

Domnita V. Rusnac and Ning Zheng

2.1 Introduction to the Ubiquitin-Proteasome System

Protein degradation is a proteolytic process, which counteracts protein synthesis and
determines the half-lives of all proteins in the cell. Although some proteins can be
extremely long lived, the majority of cellular proteins has a measurable half-life,
ranging from minutes to days (Toyama and Hetzer 2013; Hershko and Ciechanover
1998). Early studies of protein breakdown in animals and plants emphasized on its
roles in protein quality control and amino acid reutilization, which help eukaryotic
cells to cope with cellular and environmental stress as well as nutrient starvation.
Recent advances, however, have unraveled an unexpected regulatory function of
protein degradation in actively controlling the abundance of a variety of intracellular
proteins, thereby, modulating their activities (Hershko and Ciechanover 1998).

The ubiquitin-proteasome system (UPS) is the central pathway for intracellular
protein degradation and is evolutionarily conserved in all eukaryotes, including
plants (Vierstra 2009; Callis 2014). In an ATP-dependent manner, the UPS is
programmed to respond to diverse cellular cues and selectively label target proteins
for rapid breakdown. Thanks to the groundbreaking work by Avram Hershko, Aaron
Ciechanover, Irwin Rose, Alfred Goldberg, Alexander Varshavsky, and many other
pioneers in the field, most of the key components of the UPS have now been
identified and biochemically characterized in great details (Wilkinson 2005). Our
mechanistic understanding of the UPS function has also benefited tremendously
from the extensive structural studies in the past two decades. This chapter offers a
brief overview of the UPS and its major constituents in eukaryotes and highlights its
unique involvements in various hormonal signaling pathways in plants.
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Department of Pharmacology and Howard Hughes Medical Institute, University of Washington,
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12 D. V. Rusnac and N. Zheng
2.1.1 Ubiquitin and Ubiquitin-Like Proteins

Ubiquitin is a 76-amino acid protein universally found in all eukaryotic species and
broadly expressed in different tissues of animals and plants. It has a highly conserved
polypeptide sequence, which differs by three amino acids between the yeast and
human orthologues. Ubiquitin is characterized by a compact p-grasp fold and a
flexible C-terminal tail terminated by a di-Gly motif after maturation (Fig. 2.1a). In
the UPS, ubiquitin serves as a protein posttranslational modifier, whose C-terminal
carboxyl group is covalently conjugated to the e-amino group of a substrate lysine
residue via an isopeptide bond. As ubiquitin itself also has seven lysine residues,
polyubiquitin chains can be formed when the carboxyl terminus of one ubiquitin
molecule is linked to a lysine residue of another copy (Fig. 2.1a, b). Depending on
which ubiquitin lysine residue is involved in chain elongation, polyubiquitin chains
can be built with different linkages either in a homogeneous or branched fashion
(Komander and Rape 2012; Meyer and Rape 2014). Among different types of
ubiquitin chains, the Lys-48-linked tetraubiquitin chain has long been established
as the minimal signal for proteasome targeting (Fig. 2.1b) (Thrower et al. 2000).

a K48 c Proteasome

Ubiquitin

Fig. 2.1 (a) Ubiquitin with seven lysine residues (sticks) and a C-terminal di-Gly motif. Three
commonly modified ubiquitin lysine residues are labeled. (b) Lys-48 linked tetraubiquitin chain
(PDB:206V). (¢) 26S proteasome with the 20S core particle and the 19S regulatory particle
(PDB:5GJR)
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In most, if not all, eukaryotic organisms, several proteins have been found to
share sequence homology with ubiquitin and adopt the same ubiquitin fold, but do
not serve as proteasome-targeting signal. These ubiquitin-like proteins (UBLs), such
as NEDDS8 and SUMO, also feature a C-terminal di-Gly motif after precursor
processing and function as protein modifiers in regulating diverse cellular processes,
including the UPS (van der Veen and Ploegh 2012). In most cases, these UBLs
modify the substrate proteins in a monomeric form and elicit their effects by altering
the structural topology, protein network, or cellular localization of the targets.

2.1.2 Proteasome as a Protein Degradation Machinery

The 268 proteasome is an intracellular multi-subunit proteolytic machinery, which is
localized in both cytosolic and nuclear compartments and acts as the most down-
stream component of the UPS (Coux et al. 1996). Due to its protein destruction
nature, the 26S proteasome has been evolved to safeguard its proteolytic activity at
both architectural and functional levels (Tomko and Hochstrasser 2013). To achieve
tight regulation of its protease function, the 26S proteasome is composed of two
parts, the 20S core particle, which carries the catalytic activities, and the 19S
regulatory particle, which controls the access of the active sites hidden inside the
enzymatic core (Fig. 2.1c). Crystal structures of the 20S core particle revealed a
cylindrical architecture, which consists of four stacked rings sequestering a central
pore (Kish-Trier and Hill 2013). The inner two rings are each constructed by seven
[B-subunits, harboring three peptidase activities with the catalytic sites buried in the
interior cavity, whereas the outer two rings are each formed by seven a-subunits,
whose N-terminal regions converge at the center and together close up the proteo-
Iytic chamber of the core particle.

By docking to the outer rings of the 20S particle, the 19S regulatory particle of the
proteasome is engaged with the proteasome core on its two ends and feed the
degradation machinery with only polyubiquitinated protein substrates. Distinct
from the 20S particle, the 19S particle has a highly asymmetric structure, which
has historically been divided into two sub-complexes, the lid and the base (Lander
et al. 2012). The base of the 19S particle contains six different ATPase subunits,
which are assembled into a trimer-of-dimers ring-shaped structure. In addition, it
also features three non-ATPase subunits, which have ubiquitin receptor functions.
Together, these 19S base subunits are responsible for recognizing polyubiquitinated
substrate, opening the gate of the 20S core, unfolding the folded substrate pro-
tein, and translocating the linearized polypeptide into the proteolytic chamber. The
19S lid complex, which consists of ten subunits, partially covers the base ATPases
and makes direct contacts with the 20S core. Besides contributing to ubiquitin
recognition, one important function of the 19S lid is to catalyze the removal of
ubiquitin from the substrate before it is fed to the protease core. Recent advances in
cryoelectron microscopy (cryo-EM) have not only allowed near atomic resolution
structural determination of the entire proteasome, including the 19S regulatory
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particle, but also helped reveal the protein degradation machinery in different
functional states with substrate and/or nucleotides bound (Bhattacharyya et al.
2014).

2.1.3 The EI-E2-E3 Enzyme Cascade

Ubiquitin conjugation to a protein substrate, a process referred to as ubiquitination
(or ubiquitylation), is the hallmark of ubiquitin-dependent protein degradation.
Protein ubiquitination is catalyzed by the sequential actions of three enzymes, the
El ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme, and the E3
ubiquitin-protein ligases (Pickart 2001) (Fig. 2.2a). Free ubiquitin is first activated
by the El enzyme, which uses ATP-Mg®* to catalyze the acyl adenylation of
ubiquitin’s C-terminal carboxyl group and then captures the activated ubiquitin tail
with its catalytic cysteine via a thiolester bond. Upon binding to a ubiquitin-
conjugating enzyme, the ubiquitin-activating E1 enzyme subsequently transfers
ubiquitin to the active site cysteine residue on E2 through a trans-thiolesterification
reaction. As a highly active enzyme, E1 is responsible for constitutively charging E2
enzymes with ubiquitin in the cell. Vertebrates have two E1 genes, whose protein
products, known as UBE1 and UBAG6, have been found to preferentially charge
different E2s (Jin et al. 2007). In Arabidopsis thaliana, two ubiquitin E1 enzymes,
UBA1 and UBAZ2, have also been identified with nonredundant functions
(Goritschnig et al. 2007).

In contrast to the small number of El enzymes, the ubiquitin-conjugating E2
enzymes are numbered in 30—40 in higher eukaryotes and often act in different
cellular pathways (Wenzel et al. 2011b). All E2 enzymes share a conserved ~150-
amino acid catalytic core domain, which adopts a classic UBC fold with the active
site cysteine tucked in a cleft between two loops. Certain E2s feature additional
N-terminal or C-terminal extension sequences, whereas a specific subgroup of E2s
contains an internal acid loop close to the active site cysteine. Although E2s were
once thought to be simple ubiquitin “carriers,” recent studies have shown that they
display distinct intrinsic reactivity and often play a critical role in dictating the
linkage specificity of a polyubiquitin chain (Stewart et al. 2016). Because many
ubiquitin-charged E2s (Ub~E2s) selectively interact and function with specific types
of ubiquitin E3 ligases (see below), their active sites can have characteristic reactiv-
ity toward different attacking groups, such as the e-amino group of the lysine side
chain and the thiol group of a cysteine residue. Furthermore, with the help of extra
sequence elements or binding partners, some E2s can recognize a specific lysine
residue on the receiver (proximal) ubiquitin, which accepts the C-terminus of the
incoming donor (distal) ubiquitin during chain extension. Interestingly, some E2
variants, which lack the active site cysteine, have been shown to interact with a
canonical E2 to confer linkage-specific polyubiquitin chain activities.

Although the thiolester bond in the Ub~E2 conjugate is less stable than the
isopeptide bond linking ubiquitin and substrate, transfer of ubiquitin from an E2 to



2 Overview of Protein Degradation in Plant Hormone Signaling 15

/

AMP @‘

Proteasom

Fig. 2.2 (a) Ubiquitin-proteasome system with the E1-E2-E3 enzyme cascade acting upstream of
the proteasome and the counteracting deubiquitinases (DUBs). (b) The three types of ubiquitin E3
ligases (R, RING; H, HECT; and RBR) and their different ubiquitin transfer mechanisms. (c)
A RING E3-Ub~E2 complex (PDB:4AP4). (d) A HECT E3-Ub~E2 complex (PDB:3JWO0). (e)
An RBR E3 (PDB:4 K95)

a substrate does not occur efficiently until an E3 ubiquitin ligase is present (Pickart
2001). In the three-enzyme cascade, the E3 enzyme performs two critical functions
to facilitate substrate ubiquitination. First, E3s stimulate the reactivity of a ubiquitin-
charged E2 to accelerate ubiquitin discharge. Second, E3s provide a platform, onto
which a specific protein substrate and the ubiquitin-charged E2 are recruited and
brought together in close proximity. Ubiquitin E3 ligases, therefore, represent an
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ideal class of enzymes favored by evolution for adopting novel functions that can
couple protein ubiquitination and degradation with various upstream signals in
diverse cellular pathways.

2.1.4 Three Types of Ubiquitin E3 Ligases

The functional importance and versatility of ubiquitin ligases in the UPS are best
manifested by the different types of E3s and their sheer number in the eukaryotic
genomes in comparison to other UPS enzymes. In Arabidopsis thaliana, more than
one thousand genes have been identified to encode putative ubiquitin ligases
(Vierstra 2009). Although this number varies among other plant species, the prev-
alence of E3s and their roles in regulating plant physiology are obvious. Intriguingly,
plant pathogens are known to produce effector proteins that either mimic or hijack
E3 ligases to take advantage of the host UPS and benefit their infection and life cycle
(Banfield 2015). Such cross-kingdom functions further highlight the central roles
played by ubiquitin ligases in the cell.

In all eukaryotes, three types of E3s have been identified, which are grouped
based on their different signature sequence motifs and distinct catalytic mechanisms
(Fig. 2.2b). The Really Interesting New Gene (RING) domain defines the largest
family of ubiquitin ligases, known as RING-type E3s, which share a common
protein fold consisting of two zinc-binding fingers with eight zinc-coordinating
cysteine and histidine residues (Deshaies and Joazeiro 2009) (Fig. 2.2¢). Besides
the RING domain, these E3 ligases either contain a substrate-binding domain in the
same polypeptide or belong to a multi-subunit ubiquitin ligase complex, which uses
another subunit for recruiting substrate. The RING-type E3s are distinguished from
other E3s by catalyzing the direct transfer of ubiquitin from an E2 to the subunit.
Recent structural studies have shown that, upon binding to a ubiquitin-charged E2
enzyme, the RING domain makes contacts with both the E2 and the donor ubiquitin
and stabilizes the Ub~E2 conjugate in a “closed” conformation (Fig. 2.2c)
(Plechanovova et al. 2011; Dou et al. 2012; Pruneda et al. 2012). In doing so, a
RING E3 activates the ubiquitin-charged E2 for ubiquitin transfer by presumably
optimizing the geometry of the E2 active site for the nucleophilic attack by the side
chain of a lysine residue in either a substrate or a receiver ubiquitin molecule.

The homology to E6AP carboxyl terminus (HECT) type of E3s represents a
second family of ubiquitin ligases, which are characterized by their common
C-terminal catalytic domain, known as HECT domain (Rotin and Kumar 2009)
(Fig. 2.2d). With a bilobal structure, the HECT domain harbors an active site
cysteine, which forms an obligate thiolester intermediate with ubiquitin to promote
substrate ubiquitination (Fig. 2.2b) (Huang et al. 1999; Metzger et al. 2012). The first
step of ubiquitin transfer mediated by the HECT E3s involves a trans-
thiolesterification reaction, in which ubiquitin is passed from the active site cysteine
of the E2 to that of the E3. Due to the nature of this specific reaction, HECT E3s only
function with a small subset of E2 enzymes. Akin to single polypeptide RING E3s,
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most known HECT E3s recognize their specific substrate through regions outside
their catalytic domain. Although the human genome encodes nearly 30 HECT E3s,
this family of ubiquitin ligases remains relatively small in plants (Marin 2013).

Remarkably, recent studies have unveiled a third family of E3s, which is named
RING-in-Between-rings-RING (RBR) E3s (Spratt et al. 2014; Wenzel et al. 201 1a).
Despite the presence of several zinc finger-containing RING-like domains, RBR E3s
are mechanistically closer to the HECT E3s than the RING E3s. While the RING1
domain of RBR E3s is responsible for recruiting a ubiquitin-charged E2 enzyme,
ligation of ubiquitin to the substrate involves the formation of a ubiquitin~E3
intermediate, which is anchored at a strictly conserved catalytic cysteine found in
the RING2 domain of the E3s (Fig. 2.2b, e). Similar to the HECT E3s, the RBR E3s
relay ubiquitin to the substrate and display strong E2 preferences. Recent structural
analyses of several RBR E3s have revealed that these multi-domain ubiquitin ligases
almost exclusively adopt an auto-inhibited conformation in isolation (Trempe et al.
2013; Wauer and Komander 2013; Stieglitz et al. 2013; Lechtenberg et al. 2016)
(Fig. 2.2e). Activation of these enzymes might be achieved by posttranslational
modifications of the E3s or upon interactions with their binding partners, which
presumably recruits specific substrates. So far, RBR E3s have been poorly studied in
plants (Marin 2010). However, the potential functional connections of a RBR
subfamily, Ariadne/HHARI, with the superfamily of cullin-RING E3s, as suggested
by recent studies, might implicate a prominent role of the RBR E3 in plant hormone
signaling (see below) (Scott et al. 2016).

2.1.5 Deubiquitinases

In the same way as most protein posttranslational modifications, protein
ubiquitination is reversible, and the activities of ubiquitin ligases can be
counterbalanced by enzymes capable of cleaving ubiquitin-linked isopeptide
bonds (Fig. 2.2a). These isopeptidases, also known as deubiquitinases (DUBs),
can either trim various ubiquitin chains with specific linkages or catalyze the
removal of ubiquitin from substrate (Komander et al. 2009). Their activities not
only enable ubiquitin recycling prior to substrate degradation by the proteasome but
also provide a mechanism for regulating protein ubiquitination in a dynamic manner.
In animals, DUBs are classified into six different subfamilies (USPs, UCHs, OTUs,
MIJDs, JAMM, and MINDYs) based on their sequence homology. The same six
DUB families are also found in plants with a total of ~60 different family members in
the Arabidopsis genome. Although little is known about their functions, it is
expected that their deubiquitinase activities might be involved in fine-tuning the
ubiquitination and degradation of many substrate polypeptides, including those
implicated in hormone signaling.
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2.2 Cullin-RING Ubiquitin Ligases

The cullin-RING ubiquitin ligase (CRL) complexes represent the largest family of
multi-subunit E3s in all eukaryotic species (Deshaies 1999; Zhao et al. 2003;
Zimmerman et al. 2010). In animals, these E3 machineries regulate diverse cellular
functions, such as signal transduction, cell cycle progression, metabolic processes,
DNA repair and replication, circadian clock, and stress responses. In plants, they not
only participate in many of these functions that are conserved in all eukaryotic cells
but also perform numerous plant-specific tasks, particularly, in perceiving and
transducing phytohormone signals (Hua and Vierstra 2011). A rapid growing num-
ber of studies have now revealed the central roles CRLs in the signaling pathways of
the vast majority of known plant hormones, including auxin, jasmonate (JA),
gibberellin (GA), strigolactone, salicylic acid (SA), abscisic acid (ABA), and
ethylene.

The CRL E3 machineries are built in a modular fashion, in which a common
catalytic platform is used by numerous interchangeable substrate receptor subunits
for ubiquitinating specific substrates (Li et al. 2003) (Fig. 2.3a). The CRL catalytic
platform is formed between a ~80 kDa cullin scaffold protein and a ~20 kDa RING
domain protein, RBX1. The cullin scaffold adopts an elongated overall structure
with a more globular C-terminal domain (CTD) interacting with Rbx1 via an
intermolecular pB-sheet (Fig. 2.3b). The CRL substrate receptor subunits assemble
with the catalytic platform by either directly interacting with the N-terminal

Substrate Substrate Substrate

Substrate F-box DCAF
Receptor Protein

Cullin

Fig. 2.3 (a) The assembly logic of cullin-RING E3 complexes and the three types of CRLs in
plants, SCF/CRLI1 (S, SKP1; R, RBX1), CRL3, and CRLA4. (b) Structural model of a substrate-
loaded SCF/CRL1 complex. (c¢) Structural model of a substrate-loaded NEDD8-modified
SCF/CRLI1 complex
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domain (NTD) of the cullin scaffold or indirectly through an adaptor protein. When a
substrate is presented by the substrate receptor subunit, CRLs promote sequential
addition of ubiquitin to the substrate by successively engaging and activating a
ubiquitin-charged E2 enzyme. Humans have six closely related cullin proteins
(CULL, 2, 3, 4A, 4B, and 5), which organize five different types of CRLs. By
contrast, plants have only three cullin proteins (CUL1, CUL3, and CUL4), which
give rise to three major CRL E3s, CRL1, CRL3, and CRL4 (Fig. 2.3a).

2.2.1 An Introduction to SCF/CRLI E3s

The SCF (SKP1-CUL1-F-box proteins)/CRL1 E3 is the prototype of all CRLs and is
composed of the CUL1-RBXI catalytic core, the cullin adaptor SKP1, and members
of the F-box protein family, which serve as the interchangeable substrate receptors
(Deshaies 1999). Through a conserved ~40-amino acid F-box motif, F-box proteins
interact with the relatively abundant SKP1 adaptor to form a battery of stable SCF
substrate-binding modules. In addition to the F-box motif, the F-box proteins contain
various protein-protein interaction domains, such as leucine-rich repeats (LRRs)
domain or WD40-repeat domain, for binding specific substrates. Early studies of
the SCF/CRLI1 E3s in fungi and animals showed that F-box proteins often recognize
their cognate substrates through a short linear sequence motif, known as degron
(Zhao et al. 2003; Skaar et al. 2013). Their high affinity interaction frequently
requires phosphorylation of one or two amino acids in the substrate degron by an
upstream kinase, a prerequisite effectively linking protein ubiquitination to kinase
signaling. Recent studies have shown that certain SCF substrates can not only bypass
this requirement but also employ its entire protein fold to interface with the F-box
protein (Xing et al. 2013).

In the past decade, research in plant hormone signaling has unraveled a stunning
new paradigm of SCF/CRL1 functions, which places the E3 complexes as the central
components in the signaling pathways of several key phytohormones (Fig. 2.4).
These studies, together with high-resolution structural analyses, help establish novel
mechanisms by which the SCF/CRL1 E3s bridge hormone sensing and transcrip-
tional reprogramming via protein ubiquitination and degradation. In the auxin and
JA signaling pathways, the F-box proteins, TIR1 and COIl, have been identified as
the long-sought hormone receptors, which directly perceive the two phytohormones
with a ligand-binding pocket constructed by their LRR domains (Dharmasiri et al.
2005; Kepinski and Leyser 2005; Xie et al. 1998; Tan et al. 2007; Sheard et al.
2010). In a hormone-dependent manner, the two F-box proteins interact with the
degron sequences of AUX/IAAs and JAZs, respectively, and promote their
polyubiquitination and proteasome-mediated degradation (Fig. 2.4a, b). AUX/TAA
and JAZ proteins are transcription repressors in the auxin and JA signaling path-
ways. Their rapid hormone-triggered degradation alleviates their inhibitory effects
and activates the gene expression governed by IAA and MYC?2 transcription factors.
Interestingly, crystallographic studies of the two systems have revealed a “molecular
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Ethylene

Fig. 2.4 (a) SCF™! in complex with auxin and AUX/IAA. (b) SCF®"" in complex with JA and
JAZ. (¢) SCFS™Y16IP2 i complex with GA and DELLA. (d) SCEMAX2P14 in complex with
strigolactone. (€) CRL3™"™ in complex with SA and NPR1. (f) CRL3*™" in complex with
ACSS5. Yellow dots indicate hormone molecules

glue” mechanism by which each of the two hormones enhances the interactions
between the F-box protein and its substrates by filling up a gap at their protein-
protein interaction interface. The structural studies have also revealed the binding of
specific inositol polyphosphate molecules to the two F-box proteins underneath their
hormone-binding pockets. These soluble inositol polyphosphates could serve as a
second signal for phosphate availability that is recognized by the F-box proteins. The
details of the two systems are elaborated in the following chapters of this book.
Remarkably, the plant SCF/CRL1 E3s also play a major role in GA and
strigolactone signaling (Shabek and Zheng 2014). These two phytohormones regu-
late a myriad of plant developmental processes, such as stem elongation (GA),
flowering (GA), shoot branching (strigolactone), and symbiotic interactions with
arbuscular mycorrhizal fungi (strigolactone). Similar to auxin and JA, GA and
strigolactone are perceived by SCF complexes, which feature SLY1/GID2 and
MAX2/D3 as the F-box proteins (Fig. 2.4c, d). Distinct from TIR1 and COIl,
SLY1/GID2 and MAX2/D3 do not physically recognize the hormone molecules.
Instead, these two F-box proteins interact with a cognate a/f hydrolase, GID1 and
D14, respectively, which harbors a deep pocket for sensing the hormonal signal.
With a nonproductive catalytic triad, GID1 loses its catalytic activity as a hydrolase.
GA binding induces major conformational remodeling of the enzyme and enables it
to interact with the DELLA transcription regulators. By promoting the ubiquitination
and degradation of DELLA proteins, the GA-bound SCFS-Y VGIPZ-GIPL £3 ¢omplex
relays the hormonal signal to alter downstream gene expression (Murase et al. 2008;
Shimada et al. 2008). Intriguingly, the strigolactone sensor protein D14 retains its
hydrolase activity and is capable of slowly hydrolyzing the hormone as a substrate
(Nakamura et al. 2013; Hamiaux et al. 2012). Upon binding to the F-box protein
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MAX?2/D3, D14 undergoes profound conformational changes and blocks the release
of the hydrolysis product (Yao et al. 2016). Through its interaction with MAX2/D3,
D14 is thought to recruit a class I Clp ATPase protein, D53, and promotes its
degradation to inhibit axillary bud outgrowth and branching (Jiang et al. 2013;
Zhou et al. 2013).

Besides acting as the sensors of plant hormones, SCF E3s also participate in
hormonal signaling by regulating the abundance of key components of the pathways.
In ethylene signaling, which dictates fruit ripening and several plant developmental
and stress response processes, the F-box proteins EBF1/2 have been shown to
destabilize EIN3, which is the transcription factor controlling ethylene responses
(Guo and Ecker 2003; Potuschak et al. 2003). Interestingly, EIN3-EBF1/2 interac-
tions can be negatively regulated by ethylene and positively promoted by red light
through the action of photoreceptor phyB (Shi et al. 2016; Qiao et al. 2009).
Furthermore, the F-box proteins ETP1/2 have been recently identified to promote
the proteasomal degradation of EIN2, which is a transmembrane protein acting
downstream of the ethylene receptors and upstream of EIN3. Additional examples
of plant F-box proteins involved in hormonal signaling include the KISS ME
DEADLY (KMD) proteins, which ubiquitinate type-B Arabidopsis response regu-
lator (ARR) 2 in the cytokinin signaling pathway, and RCAR3 INTERACTING
PROTEIN 1 (RIFP1), which negatively regulates the abscisic acid (ABA) receptor
RCAR3 (Kim et al. 2013; Li et al. 2016).

2.2.2 An Introduction to CRL3-BTB E3s

The CRL3 E3s constitute a second large family of plant CRLs (Hua and Vierstra
2011). They differ from SCF/CRLI1 complexes by having their cullin adaptor and
substrate receptor functions combined into a single polypeptide, named Bric-a-brac,
Tramtrack, Broad-complex (BTB)-domain protein. Members of this protein family
share a conserved BTB domain that adopts a SKP1-like fold and directly binds
CUL3. BTB-domain proteins have also evolved several other substrate-binding
domains with characteristic protein folds and sequences such as ankyrin repeats,
KELCH, MATH, and ZnF domain. The NPR (nonexpressor of PR genes) proteins
constitute one small cohort of ankyrin-repeat-containing CRL3 E3 substrate recep-
tors, which are particularly relevant to hormonal signaling. These proteins have been
reported to function as the missing receptors for salicylic acid (SA) in developing
pathogen-induced systemic acquired resistance (SAR) in plants (Fu et al. 2012).
When a host is under the attack of a microbial pathogen, the cells around the local
infection site produce SA, which will dissipate throughout the organism inducing the
expression of a wide range of pathogenesis-related proteins (Fu and Dong 2013).
NPR3 and NPR4 have recently been shown to directly bind SA and function as
CULS3 adaptors to mediate NPR1 degradation (Fig. 2.4e). With different binding
affinities toward SA, NPR3 and NPR4 are thought to enable differential responses to
the variable cellular SA concentrations in the infected and neighboring cells (Fu et al.
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2012). As a master regulator of SAR, NPRI itself is a BTB-domain protein, which
shares sequence homology with NPR3 and NPR4. It interacts with several transcrip-
tion regulators. Although NPRI1 has also been documented to bind SA, how it
interplays with NPR3/4 and other transcription factors responsible for
SAR-induced gene expression remains unclear (Wu et al. 2012).

Besides NPRs, several other BTB-domain proteins have been implicated in
regulating plant hormone functions. Through its interaction with ACSS5, a
I-aminocyclopropane-1-carboxylic acid synthase responsible for synthesizing eth-
ylene, the BTB-domain protein ETO1 has been reported to block ethylene biosyn-
thesis by both inhibiting the enzymatic activity of ACS5 and promoting its
proteasome-dependent degradation (Fig. 2.4f) (Wang et al. 2004). NAKED PINS
IN YUC MUTANTS (NPY) is another BTB-domain protein, which forms a com-
plex with the PINOID kinase and regulates auxin-mediated organogenesis down-
stream of the auxin efflux carriers, PINs (Strader and Zhao 2016). Last but not the
least, a BTB-domain protein, BT2, has been suggested to antagonize ABA signals
and enhance certain auxin responses (Mandadi et al. 2009). The BTB protein family
has at least 80 members in the Arabidopsis genome, and the number is nearly
doubled in rice due to a major subfamily expansion (Gingerich et al. 2007). Given
the importance of phytohormone in regulating plant physiology, it is highly likely
that more BTB-domain proteins are involved in mediating hormonal signaling.

2.2.3 An Introduction to CR1L4-DDBI1-DCAF/DWD E3s

The CLR4 E3 complexes represent a unique family of CRLs specialized for
ubiquitinating substrates mostly in the nucleus (Li et al. 2003). Distinct from other
cullins, CUL4 interacts with a large adaptor protein, DDB 1, which consists of three
B-propeller domains and assembles with a family of WD40-repeat-containing pro-
teins, DCAF/DWDs, as the substrate receptors (Angers et al. 2006; Li et al. 2006; Jin
et al. 2006; He et al. 2006). To date, four DCAF/DWD proteins, DWA1, DWA2,
DWA3, and ABD1, have been functionally characterized in hormone signaling (Lee
et al. 2010; Lee et al. 2011; Seo et al. 2014). All of them negatively regulate ABA
signal transduction by recruiting the ABA-responsive transcription factor, ABIS, to
the CRL4 E3 for ubiquitination and proteasomal degradation. Interestingly, DDA,
a small noncanonical DCAF/DWD protein lacking a WD40-repeat domain, has also
been documented to downregulate ABA signaling. DDAL interacts with the ABA
receptors, PYL8, PYL4, and PYL9, and induces their CRL4-mediated ubiquitination
(Irigoyen et al. 2014). With ~80 family members in Arabidopsis thaliana and rice,
the CRL4 E3s most likely play additional roles in regulating hormone responses
beyond the ABA pathway (Hua and Vierstra 2011).
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2.2.4 Regulation of CRL E3s by Nedd8 and COP9

AXRI is one of the first few genes identified in the genetic screens of auxin-resistant
mutants (Leyser et al. 1993). With high sequence similarity to the E1 ubiquitin-
activating enzyme, AXR1 was later characterized as the E1 enzyme for the UBL
protein, NEDD8. Analogous to the activation of kinases by phosphorylation, all
CRL E3s are activated by the covalent modification of cullin scaffolds by NEDDS§
(also known as RUBI1) at a specific lysine residue next to the RBX1-binding site
(Deshaies and Joazeiro 2009). Crystal structures of neddylated cullins have revealed
an open topology of the catalytic platform, in which the E2-binding RING domain of
RBX1 is released from a cullin CTD cleft, potentially allowing the ubiquitin-charged
E2 to approach the substrate recruited by the substrate receptor subunit anchored at
the cullin NTD (Duda et al. 2008) (Fig. 2.3c).

In addition to enhancing the ligase activities, NEDDS8 modification has been
suggested to play a role in facilitating the exchange of substrate-binding modules
on the shared catalytic platform of CRL E3s (Lydeard et al. 2013). In eukaryotic
cells, a 120 kDa HEAT-repeat protein, CANDI, has been identified to bind the
unmodified cullin-RBX1 complexes and block the assembly of substrate-binding
modules, such as the SKP1-F-box protein complexes and BTB-domain proteins
(Goldenberg et al. 2004). Because NEDD8 modification of cullins inhibits CAND1
association, dynamic neddylation and deneddylation are thought to mediate the
redistribution and recycling of the CRL catalytic platform among different
substrate-recruiting modules (Pierce et al. 2013).

To cleave NEDDS from cullins, eukaryotic cells have evolved a conserved eight-
subunit protein complex, the COP9 signalosome or CSN, which can interact with all
cullin-RBX1 complexes (Wei and Deng 2003; Lyapina et al. 2001). Among the
eight CSN subunits, CSNS5 is the JAMM-type isopeptidase responsible for catalyz-
ing the cullin deneddylation reaction (Cope et al. 2002). Interestingly, each of the
CSN subunits shares sequence homology to one of the subunits of the 19S
proteasome lid, suggesting that the two complexes have evolutionary, and possibly
functional, connections (Wei et al. 1998). Just like the NEDDS E1 enzyme, CSN was
first identified in plants (Chamovitz et al. 1996). Mutations of each CSN subunit led
to the same constitutive photomorphogenesis phenotype. Interestingly, the same
phenotype is shared by mutants of three other genes—DET1, a DCAF/DWD
protein; COP10, a DET1-DDB1-interacting E2 variant; and COP1, which is a
RING E3 that also interacts with DET1 (Lau and Deng 2012; Chen et al. 2006;
Wertz et al. 2004). Together, these proteins and CSN might act in the same pathway
to promote the ubiquitination and degradation of HYS, a key transcription factor
regulating photomorphogenic development. Besides mediating light signaling, CSN
also participates in hormonal signal transduction by controlling the assembly of
several aforementioned CRL complexes.
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2.3 Other E3s Involved in Hormone Signaling

Despite the apparent predominance of CRL E3s in sensing and transducing phyto-
hormone signals, an increasing number of single polypeptide RING-type E3s have
emerged from recent studies with functional roles in balancing the complex path-
ways of hormonal signaling and mediating hormone cross talks. A multi-domain
RING E3, KEEP ON GOING (KEG), for example, has been shown to not only
ubiquitinate the b-ZIP transcription factors, ABI5, ABF1, and ABF3(Chen et al.
2013), in ABA responses but also interact with and positively stabilize JAZ12 in the
JA pathway (Liu and Stone 2013; Pauwels et al. 2015). A group of RING-domain
ligases, including ABA insensitive RING proteins AIRP1-4, have also been iden-
tified to regulate ABA signal transduction (Yu et al. 2016). As variants of the RING-
type E3s, the U-box proteins share a similar domain structure with the RING domain
but lack the zinc-coordinating residues (Yee and Goring 2009). These E3 ligases are
also prevalent in plants with 64 family members in Arabidopsis thaliana and several
members implicated in hormone responses.

2.4 Summary

Plants utilize the ubiquitin-proteasome system to regulate almost every aspect of
their physiology. A significant percentage of their genomes were devoted to encode
the UPS components. Because of the special roles played by the E3 enzymes in
dictating substrate specificity, ubiquitin ligases constitute the majority of the plant
UPS and have been greatly diversified to allow seamless integration of protein
ubiquitination and degradation with different cellular functions. To mediate hor-
mone signaling, plants have evolved numerous cullin-RING ubiquitin ligase com-
plexes to perceive and translate the hormonal signals into proteasomal degradation
of transcriptional regulators. These E3 ligases combine multiple functions in a single
enzymatic assembly and efficiently convert diffusible hormonal signals into gene
expression regulation in a surprisingly simple pathway. As elaborated in the subse-
quent chapters of this book, structural biology has made major contributions to plant
hormone studies, particularly in establishing the novel mechanisms by which E3
ligases perceive hormonal signals. With a large number of plant ubiquitin ligases and
the rest of the plant UPS still poorly characterized, new paradigms of hormone signal
transduction through protein degradation might be revealed in future studies.
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Chapter 3

Structural Insight into Recognition of Plant <
Peptide Hormones by Plant Receptor

Kinases

Jizong Wang, Guangzhong Lin, Rui Ma, Zhifu Han, and Jijie Chai

3.1 Introduction to Plant Peptide Hormones and Receptor
Kinases (RKSs)

Cell signaling transduction in multicellular organisms is mediated by signals such as
peptides, steroids, and other small molecular compounds (Hunter 2000). In higher
plants, intercellular communications involved in plant growth and development
largely depend on the seven small molecular compounds: auxin, cytokinin, gibber-
ellin, abscisic acid, ethylene, brassinosteroids, and jasmonic acid (Santner et al.
2009; Santner and Estelle 2009). These small molecules are collectively called
conventional plant hormones. Over the past two decades, however, increasingly
more studies have indicated that signaling peptides also have crucial roles in
regulating plant physiology, including cell proliferation, growth, differentiation,
innate immunity, and senescence (Grienenberger and Fletcher 2015; Marshall
et al. 2011; Matsubayashi 2014; Murphy et al. 2012). Therefore, plant signaling
peptides are starting to be accepted as peptide hormones, similar to those in animals
(Tager and Steiner 1974). Since the first plant peptide hormone systemin was
identified in tomato (Pearce et al. 1991), a dozen peptide hormones have been
characterized and over 1000 are predicted to exist in the Arabidopsis genome
(Lease and Walker 2006; Silverstein et al. 2007).

Plant peptide hormones can be classified into two groups: the small
posttranslationally modified signaling peptides (called small peptide hormones here-
after) and the cysteine-rich peptides (CRPs) with ~5-20 and ~50 amino acids in size
in their mature functional forms, respectively (Marshall et al. 2011; Matsubayashi
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Fig. 3.1 Schematic representation of maturation of different plant peptide hormones. Tyr-SO;H,
Pro-OH (Hyp), and Hyp-Ara; indicate the modifications of tyrosine sulfation, proline hydroxyl-
ation, and hydroxyproline arabinosylation, respectively. An example (in parenthesis) is given for
each of these modifications. Disulfide bonds are shown in yellow and stick. SP: N-terminal signal
peptide; VR: central variable region; MP: C-terminal mature peptide domain. Pep: plant elicitor
peptide; PSK: phytosulfokine; CLE41: CLAVATA3/Endosperm surrounding region- related (CLE)
41; SCR9: S-locus CRP

2014). Both groups are synthesized as precursors (Fig. 3.1) featuring an N-terminal
signal peptide (SP), a central variable region (VR), and a C-terminal mature peptide
domain (MP). Maturation of small peptide precursors requires posttranslational
modifications such as tyrosine sulfation, proline hydroxylation, hydroxyproline
arabinosylation, and extensive proteolytic processing (Matsubayashi 2014; Murphy
et al. 2012). In contrast, activation of CRPs involves formation of intramolecular
disulfide bonds and likely proteolytic processing. Besides the tomato systemin, other
well-studied small signaling peptides include CLAVATA3/Endosperm surrounding
region-related (CLE), inflorescence deficient in abscission (IDA), C-terminally
encoded peptide (CEP), root meristem growth factor (RGF), and phytosulfokine
(PSK) (Matsubayashi 2014). Typical examples of CRPs are epidermal patterning
factor (EPF), LURE1/2, tapetum determinent 1 (TPD1), S-locus CRP (SCR), and
rapid alkalinization factor (RALF) (Marshall et al. 2011).

In animals, both receptor tyrosine kinases (RTKs) and G protein-coupled recep-
tors (GPCRs) function as the receptors of peptide hormones (Catt and Dufau 1977).
By contrast, nearly all the receptors of plant peptide hormones identified thus far are
RKs. RKs are a large family of membrane-anchored receptors with more than
600 encoded in Arabidopsis genome (Shiu and Bleecker 2001b). RKs have a
conserved tripartite domain structure with a varied extracellular domain, a single
transmembrane domain, and a conserved cytoplasmic serine/threonine kinase
domain (Shiu and Bleecker 2001a). Based on their variable extracellular domains,
plant RKs can be classified into over ten families. RKs with leucine-rich repeat
(LRR-RK) ectodomain have more than 240 members in Arabidopsis and constitute
the largest subfamily of RKs. LRR-RKSs can be further divided into 13 subfamilies
(Gou et al. 2010; Shiu and Bleecker 2001b; Torii 2004). Most of the peptide
hormone receptors identified thus far belong to the LRR-RK family. These include
the small signaling peptide receptor CLV1 (a receptor of CLAVATA3; (Hazak and
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Hardtke 2016), PXY (a receptor of CLE41; (Fisher and Turner 2007), HAESA
(a receptor of IDA; (Jinn et al. 2000), CEPRs (receptors of CEPs; (Tabata et al.
2014), and RGFRs (receptors of RGFs; (Ou et al. 2016; Shinohara et al. 2016; Song
et al. 2016b). It is of interest to note that all these receptors belong to the LRR-XI
subfamily of RKs.

Recent studies have elucidated the structures of several plant peptide hormones in
complex with their RK receptors. These structural data provide significant insight
into the recognition mechanisms of peptide hormones, in particular small peptide
hormones, by their receptors. Here we summarize these structural data and suggest
some directions for further structural study of plant peptide hormones.

3.2 Perception of Small Signaling Peptides by LRR-RKs
Without an ID

The structural study of the plant elicitor peptide 1 in Arabidopsis (AtPepl) in
complex with its LRR-RK receptor PEPR1 provided the first view of small signaling
peptide recognition by RKs (Tang et al. 2015). Shortly after, several crystal struc-
tures of small peptide hormones bound by their cognate LRR-RK receptors includ-
ing CLE41-PXY, IDA-HAESA and RGF1-RGFR were elucidated (Santiago et al.
2016; Song et al. 2016b; Zhang et al. 2016a). Structural comparison showed that
these four LRR-RKs exhibit a superhelix structure (Fig. 3.2a), similar to those of
other LRR-RKs (Hothorn et al. 2011; She et al. 2011) that recognize non-peptide
hormones, further supporting the idea that the LRR domains of RKs have a con-
served structure. The four receptor-bound peptides are similarly oriented and bind
the inner surface of the LRR structures of these LRR-RKs (Fig. 3.2a). These
structural features resemble those of the bacteria-derived fig22 binding to its receptor
FLS2 (Sun et al. 2013b). The former four peptide hormones adopt different confor-
mations when recognized by their respective receptors. AtPepl and RGF1 are fully
extended, whereas CLE41 and IDA have an “Q”-like kink in the middle (Fig. 3.2a).
No striking conformational changes occur to the receptors following binding of the
small signaling peptides (Santiago et al. 2016; Zhang et al. 2016a).

Despite the different overall conformations of the four receptor-bound small
peptide hormones, their C-terminal sides, in particular the last residues, are highly
conserved when recognized by receptors (Fig. 3.2b). Remarkably, two critical
arginine residues (called RxR motif hereafter) from the four receptors responsible
for recognition of the last amino acids of the peptides are also conserved. Interest-
ingly, the RxR motif is not only conserved among the four LRR-RKSs but also largely
invariable among the other members of LRR-RK XI family (Fig. 3.3a). Given the
fact that the last amino acids of the four peptides, either histidine or asparagine, are
also present in many other known small signaling peptides (Fig. 3.3b), these
structural observations raise the possibility that LRR-RK XI family can recognize
the small peptide hormones ending with the histidine or asparagine residues as
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PEPR1:RR— Pep1
PXYLRR— CLE41

HAESA'RR — IDA
- RGF1

Fig. 3.2 Structural comparison of small signaling peptides in complex with LRR-RKs without an
ID. (a) Structure alignment of the PEPR1'®R-Pepl, PXY"RR.CLE41, HAESA'®R.IDA, and
RGFR1™®R_RGF1 complexes. Color codes are indicated. “N”’: N-terminus; “C”: C-terminus. (b)
A detailed view of the C-termini of AtPepl, CLE41, IDA, and RGFI interaction with their
respective receptors, which is boxed in blue dashed line in “a)”. The residues involved in
interactions are labeled with the same color codes shown in “a)”

ligands. As a matter of fact, a biochemical assay based on this hypothesis led to the
identification of RGFRs (Song et al. 2016b), which were further confirmed by two
other research groups using genetic screens (Ou et al. 2016; Shinohara et al. 2016).
Supporting an important role of the RxR motif in ligand recognition, removal of the
last asparagine residue from AtPepl nearly abolished AtPepl-PEPRI interaction
in vitro and led to ~400-fold loss of immunity-inducing activity in suspension cells
(Pearce et al. 2008; Tang et al. 2015).

A question raised by the likely conserved small peptide hormone recognition
mechanism of LRR-RK XI subfamily is how their ligand specificities are achieved.
While the C-termini of different subfamilies of peptide hormones are conserved,
their N-terminal sides vary greatly in sequence (Fig. 3.3b). The nonconserved
residues of peptide hormones are presumably important for their specific recognition
by this family of LRR-RKs. In line with this possibility, different subfamilies of
peptides hormones adopt distinct conformations when recognized by their receptors
(Fig. 3.2a). Even within the same group of peptide hormones, variations in
sequences can also confer their receptor specificity. For example, the nine RGF
members in Arabidopsis are highly conserved at their N- and C-terminal sides. In
contrast, their central regions are comparatively less conserved (Matsuzaki et al.
2010). Our structural study showed that it is these regions that dictate specific
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Fig. 3.3 Sequence alignment among the members of LRR-RK XI subfamily and small peptide
hormones. (a) Sequence alignment of LRR-RKs XI subfamily members in Arabidopsis surrounding
“RxR” motif. The conserved “RxR” motif is labeled. (b) Sequence alignment of mature small
signaling peptides. The conserved C-termini are indicated by red solid circle

recognition of RGFs by different RGFRs (Song et al. 2016b), though cellular
localizations may also have a role in this respect. Some subfamilies of peptide
hormones such as CLEs (Fig. 3.3b) are highly conserved in their mature forms. In
some cases, the same peptide hormone has been reported to have different receptors
(Depuydt et al. 2013; Endo et al. 2013; Kang and Hardtke 2016). In addition to
distinct cellular localizations, as will be discussed subsequently in detail, posttrans-
lational modifications in small signaling peptides may also contribute to their
specific recognition by receptors.

3.3 Perception of Small Signaling Peptides by LRR-RKs
with an ID

There are non-LRR subdomains present in the ectodomain of some LRR-RKs such
as the members of LRR-RK X subfamily and many RLPs (Fritz-Laylin et al. 2005).
The non-LRR regions are called “island domain (ID)” as they are generally embed-
ded between two consecutive LRR motifs and protrude out of the inner surface of the
LRR structures. The available structural data support the idea that a major function
of the IDs is dedicated to ligand binding (Hothorn et al. 2011; She et al. 2011; Wang
et al. 2015). However, paucity of structural information renders it difficult to
generalize how IDs are involved in ligand recognition. Furthermore, the numbers,
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lengths, and positions of the IDs vary greatly among different members of LRR-RKs
(Amano et al. 2007; Hothorn et al. 2011; She et al. 2011; Song et al. 2014; Wang
et al. 2015; Zhao et al. 2002). Therefore, it is not surprising that this type of
LRR-RKs have ligands with highly diversified chemical structures.

Three structures of ID-containing LRR-RKs were elucidated with two of them in
ligand-binding forms (Hothorn et al. 2011; She et al. 2011; Song et al. 2014; Wang
etal. 2015). One of the two ligand-bound LRR-RKs is PSKR, a member of LRR-RK
X subfamily that recognizes the small signaling peptide phytosulfokine (PSK)
(Matsubayashi et al. 2002). PSK is a pentapeptide with tyrosine sulfation in the
first and third tyrosine residues (Matsubayashi and Sakagami 1996) and functions to
regulate plant growth, development, and innate immunity (Sauter 2015). In
Arabidopsis, five paralogous PSK precursor genes have been identified. These
precursor proteins have about 80 amino acids with a secreted signal peptide at the
N-terminus and a five amino acids PSK sequence close to the C-terminus
(Matsubayashi et al. 2006).

Similar to the structures of other plant LRR-RKs (Hothorn et al. 2011; She et al.
2011; Sun et al. 2013b), PSKR™®® exhibits a highly curved superhelical structure
(Wang et al. 2015) (Fig. 3.4a). PSKR"®® has a 36-amino acid island domain (PSKR
D residues 502-537). However, in contrast with that of BRI1 (Hothorn et al. 2011;
She et al. 2011), folding of the PSKR™ is PSK-induced, as it is completely
disordered in the structure of the PSK-free PSKR™®®. Sandwiched between the
PSKR'® and the inner side of PSKR™®®, PSK mainly adopts a short p-strand forming
an anti-parallel p-sheet with the p-strand from the PSKR'® (Fig. 3.4b). These
structural observations indicate that PSK binding induces the insertion domain
well-structured to complete the PSKR'™. Interestingly, structural comparison
showed that the PSKR'™ together with PSK is similarly positioned to BRII™
(Fig. 3.4¢).
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Fig. 3.4 Structures of PSK in complex with its receptor PSKR. (a) Overall structure of the free
PSKR"®R with its island domain disordered. (b) Shown on the left is the overall structure of PSKR
LRR_PSK recognition complex. Color codes are indicated. Right: a close-up view of PSK interaction
with the island domain and the inner surface of LRR boxed in black dashed line in the left panel. (c)
The PSKR'™ together with PSK is similarly positioned to BRI1™. Shown is the structural compar-
ison of PSKR"®R-PSK complex with the free BRI1'®®
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EXCESS MICROSPOROCYTES 1 (EMS1) and PSY1 receptor (PSYR) also
belong to the LRR-RK X family, which control somatic and reproductive cell fates
in the Arabidopsis anther (Zhao et al. 2002) and regulate plant growth and immunity
(Amano et al. 2007), respectively. Both EMS1 and PSYR have an ID and the one
from PSYR is similar to that of PSKR. Like PSKR, PSYR also recognizes a small
signaling peptide, PSY (plant peptide containing sulfated tyrosine). PSY contains
18-amino acids with one tyrosine residue sulfated and one hydroxyproline
arabinosylated, both of which are important for the full activity of PSY (Amano
et al. 2007). In contrast with PSKR and PSYR, EMSI1 likely perceives the CRP,
TPD1 (TAPETUM DETERMINANT 1), as a ligand for cell specialization in the
Arabidopsis anther (Yang et al. 2003). However, whether and how IDs from these
LRR-RK and LRR-RLPs contribute to ligand recognition remains unknown, struc-
tural studies are needed to address these questions.

3.4 Perception of CRPs by RKs

The genome of Arabidopsis encodes ~1000 CRPs that play crucial roles in growth,
development, reproduction, and immune defense (Marshall et al. 2011). Structurally,
CRPs are similar to the peptide hormones such as growth hormone, insulin, and
epidermal growth factor (EGF) in animals (Tager and Steiner 1974). Given the large
number of CRPs, it is not surprising that they can be recognized by diverse sub-
families of RKs including LRR-RKSs (Takeuchi and Higashiyama 2016; Torii 2012)
and S-domain (SD)-RKs (Ivanov et al. 2010). This contrasts with the small peptide
hormones, nearly all of which are recognized by LRR-RKs (Endo et al. 2014).
Despite the large number and significance of CRPs in plants, thus far only one
structure of CRP bound by its receptor has been solved. Therefore, many structural
efforts directed to elucidate the molecular mechanisms of CRP recognition by their
receptors are needed.

The known structure of CRP in complex with its receptor is about self-
incompatibility (SI), which is a widespread phenomenon in flowering plants for
prevention of self-fertilization and inbreeding (Ma et al. 2016). Genetic studies
showed that a single polymorphic locus, termed S locus, controls the SI response
in many species (Kitashiba and Nasrallah 2014; Takayama and Isogai 2005). The S-
locus usually contains two tightly linked genes encoding the male and female
S determinants, which have coevolved to generate a variety of different
S haplotypes (Iwano and Takayama 2012). In Brassica, the male and female
S determinants are the pollen expressed S-locus cysteine-rich protein (SCR, or S-
locus protein 11) and the stigma expressed S-locus receptor kinase (SRK) (Schopfer
and Nasrallah 2000; Takasaki et al. 2000; Takayama et al. 2000). The SI response in
Brassica is mediated by specific recognition of an SCR by SRK variants encoded in
the same S-locus haplotype (Kachroo et al. 2001; Takayama et al. 2001). SCR is a
prototypic member of CRP hormones, whereas SRK belongs to RKs with an
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b

Lectin domain 1

Fig. 3.5 Structures of CRP recognition by SD-RK. (a) Architecture of the SCR9-eSRK9
heterotetrameric complex. The overall crystal structure of the eSRK9-SCR9 complex is shown.
The lectin domain 1, lectin domain 2, EGF-like domain, and HGF-like domain from one eSRK9 are
shown in blue, pink, yellow, and green, respectively. For clarity, the other eSRK9 molecule is
colored gray. (b) SCR specifically binds three Hv regions of eSRK9. The two eSRK9 molecules
(blue and gray) are shown in surface representation and the two SCR9 molecules (cyan) are
exhibited by ribbon diagrams. The three Hv regions (HvI, Hvll, and HvIII) of the two eSRK9
molecules are colored red, green, yellow and pink, light green, light yellow respectively

extracellular S domain. The S domain consists of two N-terminal lectin domains, an
EGF-like domain, and a C-terminal HGF-like domain (Ma et al. 2016).

Structural and biochemical studies showed that binding of SCR9 induced eSRK9
homodimerization by interacting with the second lectin domain and the EGF-like
domain of eSRK9, forming a 2:2 SCR9:eSRK9 heterotetramer (Fig. 3.5a). These
data provide further evidence for the dimerization model of RK activation (Han et al.
2014; Liu et al. 2012). The specific recognition of SCR9 is through three hypervar-
iable regions (HvI, HvII, and HvIII) of eSRK9 (Fig. 3.5a), supporting the hypothesis
that these regions of different SRK variants dictate specific recognition of their
cognate SCRs (Boggs et al. 2009; Ivanov et al. 2010; Kemp and Doughty 2007;
Kusaba et al. 1997; Sato et al. 2002). SCR9 interacts with the HvI, HvIII, the
C-terminal half of HvII from one eSRK9 monomer, and the N-terminal half of
HVII from the other eSSRK9 monomer in chorus (Fig. 3.5b).

In the structure of the eSRK9-SCR9 complex, eSRK dimerization is both ligand-
and receptor-mediated. Interestingly, interactions between the two eSRK9 molecules
in the complex are mainly mediated by the HvIl and HvIII regions (Fig. 3.5b),
suggesting that the dimerization is SRK9-specific. Furthermore, simultaneous inter-
action of eSCR9 with HvI, HvII, and HvIII from two eSRK molecules suggests that a
homodimer of SRK9 encodes its specific recognition of SCR9. Thus, the preformed
homodimers of SRKs observed in planta (Giranton et al. 2000; Shimosato et al.
2007), likely transient in nature, may as a whole function as the receptors of their
cognate SCRs. This affords an explanation for the observations that non-cognate
SRK-SCR binding was detected but no SI response was induced in planta
(Chookajorn et al. 2004; Kemp and Doughty 2007). It seems that, in addition to
the important role in SRK activation, homodimerization of an SRK may also act as a
fail-safe mechanism to ensure specific SI response. Such a mechanism would be
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particularly important for specific SI in the heterozygous plants that sometimes
encode highly conserved SRK variants on stigma (Naithani et al. 2007).

3.5 Posttranslational Modifications in Recognition
of Peptide Hormones by Their Receptors

Posttranslational modifications including proteolytic processing, tyrosine sulfation,
proline hydroxylation, and hydroxyproline arabinosylation are common among
peptide hormones, in particular for the small peptide hormones. For this reason,
small peptide hormones are also called posttranslationally modified peptides
(Matsubayashi 2014; Murphy et al. 2012). In many cases, modifications are impor-
tant for the activities of peptide homones (Amano et al. 2007; Ni et al. 2011; Ohyama
et al. 2009; Tamaki et al. 2013). In this section, we discuss how these modifications
contribute to peptide hormone recognition by their receptors.

3.5.1 Proline Hydroxylation

Proline hydroxylation is the most common form of posttranslational modification in
peptide hormones and many of them such as CLV3, CLV9, CLE41, and IDA have
been found to undergo this type of modification in vivo (Butenko et al. 2014; Ito
et al. 2006; Kondo et al. 2006; Shinohara et al. 2012). A recent structural study
showed that proline hydroxylation was required for recognition of the small peptide
hormone IDA by its receptor HAESA (Santiago et al. 2016). In the structure, the
hydroxyl group from the hydroxylated proline (Hyp7) of IDA establishes a hydrogen
bond with Glu266 of HAESA. Mutagenesis study supported an important role of this
single hydrogen bond in strong IDA interaction with the ecto-LRR domain of
HAESA. However, in contrast to that of IDA, proline hydroxylation of CLE41
was dispensable for CLE41 interaction with PXY in vitro as supported by structural
and biochemical data (Zhang et al. 2016a). It is still unknown whether and how
proline hydroxylation contributes to the activity of CLE41. Roles other than ligand
binding including trafficking, stability, and resistance to proteases have been pro-
posed for proline hydroxylation in the activity of peptide hormones (Matsubayashi
2014). Alternatively or additionally, it is also possible that proline hydroxylation
may alter the receptor specificity of a small peptide hormone. This would substan-
tially increase the diversities of small signaling peptides and thus endow them with
more physiological functions. Consistently, CLE45 was shown to be recognized by
the two different LRR-RKs, BAM3 (Depuydt et al. 2013; Kang and Hardtke 2016)
and SKM1 (Endo et al. 2013), though more studies are needed to reconcile these
results.
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3.5.2 Proteolytic Processing

Proteolytic cleavage at the N-terminal sides of precursor peptides is a critical step for
maturation of small signaling peptides (Schardon et al. 2016; Srivastava et al. 2008).
But some functional forms of small peptide hormones also contain flanking sequences
at the C-terminal sides of their precursors. This suggests that C-terminal proteolytic
processing may be required for the maturation of these precursors. This agrees with the
study showing that the Zn>* carboxypeptidase SOL1 catalyzed C-terminal processing
of the CLE19 proprotein to produce the functional CLE19 peptide (Tamaki et al.
2013), though the mechanism underlying remains unclear. Consistent with these
biochemical data, recently structural studies showed that, at least for some small
peptide hormones, C-terminal proteolytic processing is essential for receptor binding
(Santiago et al. 2016; Song et al. 2016b; Tang et al. 2015; Zhang et al. 2016a). The free
carboxyl group of the last residue of CLE41, AtPepl, RGF1, or IDA with the RxR
motif is critical for their receptor binding. For CLE41 and AtPepl, addition of an
arginine residue at the C-termini of their mature forms greatly reduced their activities
of interaction with PXY and PEPR1 in vitro, respectively. These two structures
showed that C-terminal extensions will neutralize the negative charges at their
C-termini of CLE41 and AtPepl required for interaction with the RxR motif.

3.5.3 Tyrosine Sulfation

Thus far, the modification of sulfation in peptide hormones including PSK, PSY, and
RGF has been shown to occur only for the tyrosine residue (Amano et al. 2007;
Matsubayashi and Sakagami 1996; Matsuzaki et al. 2010). Recent structural data
demonstrated a critical role of tyrosine sulfation in the recognition of RGFs and
PSKs by RGFRs (Song et al. 2016b) and PSKRs (Wang et al. 2015), respectively.
The sulfate groups of the sulfated PSK and RGF1 contribute to PSK-PSKR1"®¥ and
RGF1-RGFR1"®® interactions via both polar interactions and van der Waals pack-
ing. The results from MST (Microscale Thermophoresis) indicated that PSK
displayed about 30-fold higher binding affinity with PSKR than with the desulfated
PSK (dPSK). More striking effect of sulfation was observed for binding of RGF1 to
its receptor RGFR 1, with enhancing about 200-fold binding affinity.

3.6 Co-Receptors with Peptide Hormone-Recognizing
Receptors

Increasingly more data support the idea that ligand-induced RK homodimerization
or heterodimerization with a co-receptor is an essential step for RK activation,
although the mechanisms underlying vary among different RKs (Han et al. 2014;
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Song et al. 2016a). In many cases, ligands act as a molecular glue to link an RK with
its co-receptor for heterodimerization of two different RKs (Santiago et al. 2016,
2013; Sun et al. 2013a, b; Zhang et al. 2016b). In contrast with these gluing ligands,
PSK allosterically induces heterodimerization of its receptor PSKR with SERK
member (Wang et al. 2015). Ligand-induced homodimerization of an RK was
only demonstrated for SRK9 at both structural and biochemical levels (Ma et al.
2016). SERKSs are the co-receptors identified thus far, but recent genetic data suggest
that glycosylphosphatidylinositol (GPI)-anchored proteins can function as
co-receptors with FERONIA receptor kinase signaling in Arabidopsis (Li et al.
2015; Liu et al. 2016), though how GPl is involved in FERONIA-mediated signaling
remains unclear.

Several small peptide hormones are known to induce heterodimerization of their
receptors with a SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)
member (Meng et al. 2016; Song et al. 2016b; Tang et al. 2015; Wang et al. 2015;
Zhang et al. 2016b). The structures of the small peptide hormones CLE41 and IDA
bound by their receptors together with SERK have been solved recently (Santiago
et al. 2016; Zhang et al. 2016b). In the structures, the two peptides act as a molecular
glue via their C-terminal sides to mediate interaction of their receptors with a SERK
member. Structural comparison showed that the C-terminal sides of the two
receptor-bound peptides assume a highly conserved conformation (Fig. 3.6a). The
conserved conformation of the two peptides is less likely caused by interaction with
a SERK member, as similar conformations are also observed for the C-terminal sides
of the receptor-bound RGF and AtPepl as well (Fig. 3.6a). This indicates that the
conserved conformation of these peptide hormones is determined by interaction with
their receptors. Interactions of CLE41 or IDA with a SERK are mediated by the
penultimate residue that forms two main-chain hydrogen bonds with a conserved
N-terminal loop of SERKs (Fig. 3.6b). Collectively, these structural observations
suggest that RGFs and AtPeps can also have SERK members as co-receptors with
their receptors in signaling complexes. In strong support of this hypothesis, SERKs
were shown to form ligand-induced heterodimers with RGFRs (Song et al. 2016b)
and PEPRI1 (Tang et al. 2015). In vivo studies provided further evidence for a
co-receptor role played by SERKs in RGF-induced signaling (Ou et al. 2016).
Given the conserved RxR motif among XI LRR-RKs and C-termini of many small
peptide hormones, these results raise the possibility that SERKs may also act as
co-receptors with these RxR motif containing LRR-RKs. However, future studies
are needed to verify or disprove this model.

3.7 Conclusion and Outlook

Recent structural studies have provided significant insight into the mechanisms of
peptide hormone recognition by their receptors. The structure-based identification of
the conserved RxR motif in a subfamily of LRR-RKSs is expected to facilitate finding
of their ligands. The structural data also further support the dimerization model of
RK activation, which hypothesizes that two kinases from a heterodimeric RKs or a
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HAESALRR _ [DA -
PEPR1LRR— Pep

Fig. 3.6 Structural comparison of small peptide hormone-induced LRR-RK/SERK complexes. (a)
Structure alignment of the PXY"®®-CLE41- SERK2"®%, HAESA™*®_IDA-SERK1"*¥, PEPR 1R}
-AtPepl, and RGFR1"™RR_RGF1 complexes. Color codes are indicated. (b) A detailed view of the
C-termini of CLE41 and IDA interaction with SERK2"®® and SERK1™®® respectively, which is
boxed in green dashed line in “a)”. The residues involved in interactions are labeled with the same
color codes shown in “a)”

homodimeric RK are necessary and probably sufficient for their activation. But it
remains possible that clustering of the hetero- or homodimeric complexes are
required for their full activation as suggested by cell-based study of BRI1-SERK
signaling (Bucherl et al. 2013; Wang et al. 2005) and shown for receptor tyrosine
kinases (Huang et al. 2016). Despite the progresses made, many questions are still
facing structural biologists regarding recognition of peptide hormones. For example,
hydroxyproline arabinosylation has been shown important for the activity of the
small peptide hormone CLV3 (Shinohara and Matsubayashi 2013; Xu et al. 2015).
But how the modification contributes to CLV3-induced signaling still remains
elusive. Nearly all the receptors of small peptide hormones verified thus far are
LRR-RKs. It is still unknown whether and how the other types of RKs recognize
small peptide hormones. Many more CRPs are encoded in the genome of
Arabidopsis, and their receptors and functions are highly diversified. However,
only one structure of the receptor-bound CRP is available. Due to the paucity of
structural information, our understanding of the mechanisms underlying CRP rec-
ognition is still limited. More efforts directed at structural elucidation of CRPs
complexed with their receptors are required to elucidate the mechanisms. These
mechanisms in turn are expected to aid in matching of CRPs with their receptors.
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Chapter 4 )
Structural Biology of Auxin Signal e
Transduction

Hongwei Jing and Lucia C. Strader

4.1 Overview of Auxin Signal Transduction

The plant hormone auxin plays a central role in nearly all aspects of plant growth and
development, including embryogenesis, organogenesis, hypocotyl elongation, organ
polarity establishment, and tropic responses (reviewed in Sauer et al. 2013; Enders
and Strader 2015). Extensive genetic and biochemical studies have revealed that
auxin-responsive gene expression is mediated by the TRANSPORT INHIBITOR
RESPONSEI/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) pathway
(reviewed in Salehin et al. 2015). Recent structural data for multiple components
of this pathway have illuminated the molecular basis for regulation of auxin-
responsive gene expression and suggest new regulatory mechanisms to be explored.

The TIR1/AFBs auxin signal transduction pathway involves three major compo-
nents: the SCET™RVAFB receptors complex, Auxin/INDOLE-3-ACETIC ACID
(Aux/TAA) repressor proteins, and AUXIN RESPONSE FACTOR (ARF) transcrip-
tion factors. The TIR1/AFBs are F-box proteins that form a SKP1-CULI1-F-box
(SCF)-type E3 ubiquitin ligase when complexed with the proteins S PHASE
KINASE-ASSOCIATED PROTEIN1 (SKP1) (or ASKI1 in plants), CULLIN1
(CUL1), and RING BOX 1 (RBX1), called SCF™™®VAFB (pjckart 2001; Gagne
et al. 2002). Auxin-responsive gene transcription is directly regulated by the ARF
proteins, which directly bind to auxin response elements (AuxREs) (Guilfoyle and
Hagen 2007). When auxin levels are low, Aux/IAA proteins directly repress the
AREF transcriptional activity. When auxin levels increase, auxin acts as a “molecular
glue” to promote the formation of a complex consisting of a receptor TIR1/AFB and
Aux/IAA (Fig. 4.1) (Kepinski and Leyser 2005; Blakeslee et al. 2007). The forma-
tion of the SCF"™'-Aux/IAA co-receptor causes ubiquitination of Aux/IAAs, which
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Fig. 4.1 Model for TIR1/AFB-mediated auxin signaling pathway. TIR1 is an F-box protein that
directly binds auxin and targets Aux/IAA proteins for degradation. Under low auxin levels,
Aux/IAA proteins and ARFs interact directionally, using the basic and acidic interfaces of the
PB1 domain (previously called Domain III/IV), thereby repressing the ARF-dependent transcrip-
tion of auxin response genes. When auxin levels are high, auxin acts as a “molecular glue” to
promote ubiquitination and degradation of Aux/IAA proteins through the activity of the 26S
proteasome, releasing ARFs from repression and allowing transcriptional activation of target genes

are subsequently subjected to degradation through the 26S proteasome (Gray et al.
2001; Tiwari et al. 2001; Leyser 2006; Mockaitis and Estelle 2008). The degradation
of Aux/IAA proteins relieves ARFs from the repressive complex, allowing the
ARFs to directly activate or repress the transcription of the downstream auxin
response gene (Fig. 4.1) (Gray et al. 2001; Reed 2001; Tiwari et al. 2001; Liscum
and Reed 2002).

4.2 TIR1-Aux/IAA Interactions Depend on the Presence
of Auxin

Many components of the TIR1/AFB auxin signal transduction pathway were iden-
tified through genetic screens for mutants with altered auxin response in Arabidopsis
(reviewed in Leyser 2006; Calderon-Villalobos et al. 2010; Salehin et al. 2015). One
of these mutants, tirl, was isolated by screening for resistance to auxin transport
inhibitors N-1-naphthylphthalamic acid (NPA), and was deficient in a variety of
auxin-regulated growth processes including hypocotyl elongation and lateral root
formation (Ruegger et al. 1997). The TIRI gene encodes a leucine-rich-repeat
(LRR)-containing F-box protein that acts as a subunit of an E3-type ubiquitin—
protein ligase and is a key player in auxin responses (Ruegger et al. 1998). Some
years later, TIR1 was unequivocally demonstrated to be an auxin receptor by
two independent labs (Dharmasiri et al. 2005a; Kepinski and Leyser 2005).
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In Arabidopsis, the TIR1/AFB auxin receptor family is comprised of six members,
including TIR1 and AUXIN SIGNALING F-BOX 1-5 (AFB1-5) proteins. AFB1 is
most closely related to TIR1 and shares 70% identity, whereas AFB2 and AFB3 are
60% identical to TIR1, and AFB4 and AFBS5 are approximately 50% identical to
TIR1. Functional redundancy exists among the TIRI/AFB genes in Arabidopsis
(Dharmasiri et al. 2005b; Parry et al. 2009). Genetic analysis of different combina-
tions of tirl, afbl, afb2, and afb3 mutants revealed that TIR1 and AFB2 play key
roles during early seedling development (Parry et al. 2009), resulting in these
components becoming the best characterized amongst the TIR1/AFB family.

Aux/IAAs were first identified as genes that were rapidly upregulated after auxin
treatment in etiolated soybean (Glycine max) and pea (Pisum sativum) tissues
(Walker and Key 1982; Theologis et al. 1985). Additional Aux/IAA genes were
subsequently found based on sequence similarity to known Aux/IAA genes or in
yeast two-hybrid assays with Aux/IAA proteins from various plant species, includ-
ing tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), rice (Oryza
sativa), maize (Zea mays), and Arabidopsis thaliana. The Arabidopsis genome
encodes 29 Aux/IAA proteins (Tiwari et al. 2001; Remington et al. 2004;
Overvoorde et al. 2005). Expression and phenotypic analyses revealed that many
members of Aux/[AA gene family have redundant function (Abel and Theologis
1996; Reed 2001; Remington et al. 2004; Overvoorde et al. 2005). Sequence
analysis revealed that Aux/IAA proteins contain four highly conserved amino acid
sequence motifs, named domains I, II, III, and IV (Reed 2001). Each domain
contributes to the functional properties of the protein. The N-terminal domain I is
a repressor domain and acts to recruit the transcriptional corepressor TOPLESS
(TPL) (Long et al. 2006; Szemenyei et al. 2008). Domain II is the degron motif and a
key determinant of Aux/[AA auxin-dependent degradation because it mediates
interaction with the TIR1/AFBs (Tan et al. 2007). Domains IIT and IV are interaction
domains that display high homology with ARF protein domains, also called III and
IV, which mediate homo- and heterodimerization between Aux/IAA repressors and
ARF transcription factors (Kim et al. 1997; Ulmasov et al. 1997b). Domains III and
IV fold into a single globular protein structure and are now called the PB1 domain
(see below).

Genetic studies provided important insight into the function of the Aux/IAA
genes. Screens for Arabidopsis mutants with altered auxin responses or morpholog-
ical phenotypes have identified many gain-of-function mutations in multiple differ-
ent Aux/IAA genes: IAAI/AXRS5 (axrS/auxin-resistant 5) (Yang et al. 2004), IAA3/
SHY?2 (shy2/suppressor of hy2-2) (Kim et al. 1996; Tian and Reed 1999), IAA6/
SHY1 (shyl/suppressor of hy2-1) (Kim et al. 1996; Liscum and Reed 2002), IAA7/
AXR?2 (axr2/auxin-resistant 2) (Wilson et al. 1990; Nagpal et al. 2000), IAA12/BDL
(bdl/bodenlos) (Hamann et al. 1999; Hamann et al. 2002), IAA14/SLR (slr/solitary-
root) (Fukaki et al. 2002), IAA16 (iaal6-1) (Rinaldi et al. 2012), IAA17/AXR3 (axr3/
auxin-resistant 3) (Leyser et al. 1996; Rouse et al. 1998), IAAI18/CRANE (iaal8/
crane) (Uehara et al. 2008), IAA19/MSG (msg2/massugu?) (Tatematsu et al. 2004),
and IAA28 (iaa28-1) (Rogg et al. 2001). In each case, the IAA domain II variant in
these mutants results in increased Aux/IAA protein stability, suggesting that they act
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as a negative regulators of auxin signaling and that their degradation is essential for
normal auxin response.

Although the fir] mutant was identified as early as 1997, the connection between
SCF™! " Aux/IAA degradation, and auxin perception was not understood for
several years. In 2001, genetic and biochemical studies showed that auxin regulates
SCE™!_dependent degradation of Aux/IAA proteins (Gray et al. 2001; Zenser et al.
2001). The interaction between the SCF™™! and Aux/IAA was demonstrated in pull-
down assays (Gray et al. 2001); these interactions were dependent on the conserved
domain II of Aux/TAA proteins (Gray et al. 2001). Further, experiments with Aux/
IAA-luciferase or -GUS fusion proteins demonstrated that domain II is sufficient for
auxin-dependent degradation (Zenser et al. 2001). These results suggested that auxin
treatment stimulated the interaction between the SCF™™! and Aux/IAA proteins to
promote their degradation (Gray et al. 2001; Zenser et al. 2001); however, the auxin-
dependence of this mechanism was still unclear. Later studies clearly demonstrated
that SCE™™! directly interacts with Aux/IAA proteins in an auxin-dependent manner
(Kepinski and Leyser 2004; Dharmasiri et al. 2005a; Dharmasiri et al. 2005b;
Kepinski and Leyser 2005) to form an auxin co-receptor complex (Tan et al. 2007).

4.3 TIR1 Structural Data Uncovered a New Mechanism
for Ligand Perception

Structural studies revealed the unexpected, yet elegant, auxin perception mechanism
(Tan et al. 2007). The Arabidopsis TIR1-ASK1 complex was crystallized in a
complex with a 17-amino-acid peptide from IAA7 domain II in the presence of
various auxins (Tan et al. 2007).

The TIR1-ASKI1 crystal structure revealed a mushroom-shaped overall structure
with the 18 TIR1 leucine-rich-repeat (LRR) domains being the “cap” and the TIR1
F-box motif and ASK1 forming the “stem” (Fig. 4.2a, b). The F-box domain is a
nearly 40-residue motif at the TIR1 amino terminus that forms a three-helix bundle,
extensively interacting with the carboxy-terminal four helices of ASK1. Immedi-
ately following the F-box domain, the 18 LRRs domain of TIR1 fold into a twisted
horseshoe-shaped solenoid. Strikingly, an unexpected inositol hexakisphosphate
(InsPg) molecule is found near the center of the TIR1-LRR fold in close vicinity
of the auxin-binding site. The top surface of the TIRI-LRR domain has a single
surface pocket that binds both auxin and the domain II peptide. In the crystal
structure, auxin docks to the bottom of the TIR1 pocket, whereas the IAA7 peptide
sits on the top of auxin and covers up the pocket (Fig. 4.2b). Overall, TIR1-LRR and
the conserved Aux/I[AA degron peptide sandwich auxin in the middle, which
nucleates a hydrophobic core among these three molecules (reviewed in Calderon-
Villalobos et al. 2010). This structure, combined with the requirement for auxin in
mediating the TIR1/AFB-Aux/IAA interaction, has led to auxin being called the
“molecular glue” of the TIR1-auxin-Aux/[AA interaction.
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IAAT degron /

Fig. 4.2 Structure of the TIR1-ASK1 complex with IAA and the IAA7 degron peptide. (a)
Overview of the complex of TIR1 (green), ASKI1 (gray), IAA7 degron peptide (yellow), IAA
(red) and InsP6 (blue). (b) Top view of the complex of TIR1 (green), IAA7 degron peptide (yellow),
TAA (red) and InsP6 (blue). (c) Detailed view of the auxin-binding pocket, showing the conserved
GWPPV motif of the IAA7 degron peptide and IAA, with TIR1 in the background

The TIR1-LRR domain consists of 18 LRRs and a carboxy-terminal cap
sequence. Each TIR1-LRR contains a -strand followed by an a-helix, and assem-
bles into the expected solenoid structure with an overall horseshoe-like shape. The
intra-repeat loops associated with LRRs 2,12, and 14 are unusually long and located
at the top surface of TIR1-LRR solenoid. Of the three loops, the LRR-2 loop plays a
very important role in constructing the auxin- and substrate-binding surface pocket
by interacting with the nearby concave surface of the TIR1-LRR solenoid (Tan et al.
2007).

As revealed in the TIR1-IAA-Aux/IAA degron peptide, TIR1 recognizes auxin
through the bottom portion of the surface pocket formed between the LRR-2 loop and
the solenoid inner surface. IAA binds to the TIR1 pocket via two very important
functional moieties, the side-chain carboxyl group and the indole ring. The carboxyl
group of [AA anchors the plant hormone to the bottom of the TIR1 pocket by forming
a salt bridge and two hydrogen bonds with two residues (Arg403 and Ser438) from
the pocket floor. Meanwhile, the indole ring of IAA stacks on top of the pocket floor
with its edge packing against the surrounding walls through hydrophobic interactions
and van der Waals contacts. On the loop-2 side of the TIR1 pocket, the benzene
region of the IAA indole ring interacts with two TIR1 phenylalanine residues (Phe79
and Phe82). On the concave surface side, the rest of the IAA indole ring is partially
sandwiched between two parallel layers of TIR1 residues and is therefore mainly in
contact with the TIR1 polypeptide backbone (Tan et al. 2007).

Upon binding to TIR1, the Aux/IAA degron peptide is docked above the auxin
molecule, completely enclosing the TIR1 pocket. The IAA7 degron consists of
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predominantly hydrophobic residues and binds to the TIR1-auxin pocket through
extensive hydrophobic interactions. The IAA7 peptide adopts a highly coiled con-
formation so that the highly conserved central hydrophobic consensus motif
Gly-Trp-Pro-Pro-Val (GWPPV) is positioned to cover the entire auxin molecule
(Tan et al. 2007). Genetic screens have identified many mutations in this GWPPV
motif that result in Aux/IAA proteins stabilization (Salehin et al. 2015). In the
crystal, the tryptophan and the second proline in this GWPPV motif, interact with
the surrounding hydrophobic wall of the TIR1 pocket and stack against the auxin
molecule lying underneath, packing against the indole ring and the side chain of IAA
(Tan et al. 2007). The positions of these two conserved residues are partially
maintained by the first proline in the middle, which itself also forms hydrophobic
interactions with surrounding TIR1 residues. The first glycine residue is also located
at a critical position, where flexibility of the peptide is required for the N-terminal
region of the substrate peptide to take a sharp turn and continue interacting with
TIR1. In the structure, the valine residue at the end of the GWPPV motif shows a
conserved hydrophobic feature, which also plays a crucial role in its interactions
with the nearby hydrophobic residues of TIR1 (Fig. 4.2c) (Tan et al. 2007). Thus,
auxin nucleates a hydrophobic core together with the GWPPV motif and TIRI
pocket, which provides the energy basis for enabling the high affinity interaction
between TIR1 and Aux/IAA (reviewed in Calderon-Villalobos et al. 2010).
Crystallographic analysis of the TIRI-ASK1 complex revealed an island of
unexpected electron density, which belongs to an Inositol hexakisphosphate
(InsPg) molecule co-purified with the TIR1-ASK1 protein complex from insect
cells. In the crystal, the molecule InsPg¢ is tightly surrounded by more than ten
conserved positively charged residues at the concave surface of the TIR1-LRR
domain. InsP¢ interacts with the auxin-binding pocket of TIR1 from underneath
and is in direct contact with the basic residue binding to the carboxyl group of the
auxin. The high affinity and the binding mode of InsP¢ at the core of the auxin
receptor strongly suggest that it is a functional cofactor of TIR1 (Tan et al. 2007).
However, the role of InsPg in the auxin signaling pathway is still a challenge for
future study. The “molecule glue” model provided by the TIR1-auxin-Aux/IAA
structure has been expanded to explain many other receptor—ligand interactions.

4.4 A New Model for F-Box Interaction with Ligands
and Targets

In plants, protein degradation mediated by the ubiquitin—proteasome system is
involved in various phytohormone signaling pathways, including auxin, jasmonic
acid (JA), gibberellin acid (GA), strigolactone (SL), abscisic acid (ABA), and
ethylene. For some of these pathways, the activation of signal transduction uses a
relief-of-repression mechanism that is strikingly similar to that of auxin. In presence
of auxin, SCE™™®VAFB E3 Jigases directly induce the degradation of Aux/IAA
transcriptional repressors, releasing ARF transcription factors and thus allowing
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auxin-mediated gene transcription (Fig. 4.1). In the presence of JA-Ile, SCF<"
directs the degradation of JAZ transcriptional repressors, releasing transcription
factors and thus inducing JA-mediated transcription (discussed in Chap. 5).
Growth-repressive DELLA proteins are targeted for degradation by SCF>-Y!/SN#
E3 ligases in response to GA perception (discussed in Chap. 6). Strigolactone and
karriken signaling are similarly mediated by the F-box protein MAX?2 (Arabidopsis)
or DWARF3 (rice), which promote proteolysis of SUPPRESSOR OF MAX2-1
(SMAX1) or DWARF53 proteins to modulate gene expression (discussed in
Chap. 7).

The ubiquitin—proteasome system is also important for human health and has
been implicated in numerous human diseases, including cancer, cardiovascular
disease, diabetes, immunological disorders, and neurological disorders (reviewed
in Hussain et al. 2016). Indeed, E3 ubiquitin ligases have emerged as valid drug
targets for the development of novel anticancer therapeutics. Bortezomib (also
known as Velcade or PS-341) is the first general proteasome inhibitor approved by
the Food and Drug Administration for treatment of relapsed/refractory multiple
myeloma and mantle cell lymphoma (Colson et al. 2004; Orlowski and Kuhn
2008). Further, the cullin neddylation inhibitor MLN4924 is a cancer treatment
(Soucy et al. 2009) that inactivates cullin-RING ligases (CRLs) to cause the accu-
mulation of CRL substrates, ultimately triggering cell cycle arrest, senescence,
and/or apoptosis to suppress the cancer cell growth (Luo et al. 2012; Zhao et al.
2014). Thus far, MLN4924 has shown promising anticancer activity in a broad
spectrum of in vitro and in vivo preclinical tumor models, as well as in phase I
clinical trials (Zhao et al. 2014; Wu and Yu 2016). Recently, Petzold et al. (2016)
reported the structural basis of lenalidomide-induced casein kinase la (CKlo)
degradation by the CUL4-RBX1-DDB1-CRBN (CRL4“®®N) E3 ubiquitin ligase.
Structural results show that CK 1o binding to CRL4ARBN is strictly dependent on the
presence of a lenalidomide, providing a mechanistic insight into how small mole-
cules exploit an ubiquitin ligase for the destabilization of therapeutic targets (Petzold
et al. 2016), using a mechanism similar to the auxin signaling pathway. The
molecular glue model of a ligand promoting interaction of an E3 ligase with a
substrate may allow future discovery of specific drugs that target a particular subset
of SCF-controlled pathways to eliminate disease-causing proteins with minimal cell
toxicity.

4.5 Regulation of SCF™™RVAFB_Aux/IAA Co-receptor
Formation

In Arabidopsis, six TIR1I/AFBs and 29 Aux/[AAs may participate in auxin
co-receptor formation. Different TIR1/AFB-Aux/[AA combinations display distinct
affinities for one another and for different natural and synthetic auxins (Calderén
Villalobos et al. 2012; Lee et al. 2014; Shimizu-Mitao and Kakimoto 2014). Both
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in vitro pull-down and yeast two-hybrid protein interaction experiments revealed
that different TIR1/AFBs displayed varied affinity for the same Aux/IAA (Parry
et al. 2009; Calderén Villalobos et al. 2012). In addition, using an auxin signaling
system recapitulated in yeast, Havens et al. (2012) found that Aux/IAA protein
degradation rate differed whether TIR1 and AFB2 participated in the co-receptor,
suggesting that TIR1 and AFB2 have very different activities even with the same
Aux/IAA protein (Havens et al. 2012). In addition, Aux/IAA protein degradation
assays indicate that different Aux/IAAs display distinct degradation rates (Calderén
Villalobos et al. 2012). Furthermore, different combinations of TIR1 and Aux/IAA
proteins form co-receptor complexes with a wide range of auxin-binding affinities
(Caldero6n Villalobos et al. 2012). Taken together, various combinations of TIR1/
AFB and Aux/IAA proteins with a variety of auxin affinities contribute to the ability
of auxin to regulate a dynamic range of plant processes.

SCE™RVAFB_AuX/IAA co-receptor formation can be regulated by posttransla-
tional modifications. In 2012, Terrile et al. reported that nitric oxide (NO) influences
auxin signal transduction through S-nitrosylation of the auxin receptor TIR1 in
Arabidopsis; NO donors increase auxin-dependent gene expression and enhance
TIR1-Aux/IAA interaction (Terrile et al. 2012). In addition, Jing et al. (2015)
reported that isomerization of a conserved proline residue in the Aux/[AA degron
affects Aux/IAA recruitment to the SCFT™RVAFB_Aux/IAA complex, illustrating
another layer of complexity to auxin signaling (Jing et al. 2015). Mutations in the
rice LATERAL ROOTLESS2 (LRT2), which encodes a cyclophilin-type peptidyl-
prolyl cis/trans isomerase (PPIase) that catalyzes the isomerization of peptide bonds
at proline residues, resulted in auxin resistance and lateral root defects. Biochemical
and genetic studies showed that LRT2 catalyzes the cis/trans isomerization of rice
OsIAAL1 at the Trp'*-Pro'® peptide bond, accelerating the Pro'*-cis conformer
formation, and thereby facilitating their binding to the auxin receptor OsTIR1 for
forming an SCEFTRYAFB_Aux/IAA complex (Jing et al. 2015). This new discovery
of cyclophilin isomerase enzyme LRT2 adds a new twist to regulation of auxin
signal transduction (Su et al. 2015). Furthermore, increased temperature promotes
rapid accumulation of the auxin receptor TIR1, dependent on the molecular chap-
erone HSP90 (Wang et al. 2016). Protein interaction data reveal that HSP90 and the
co-chaperone SGT1 each interact with TIR1, suggesting that TIR1 is in a complex
with HSP90 and SGT]1. Inhibition of HSP90 activity results in TIR1 degradation
and defects in auxin-regulated processes (Wang et al. 2016), suggesting that HSP90
regulates temperature-dependent seedling growth by stabilizing the auxin receptor
TIR1. Furthermore, TIR1 oligomeric state may be of importance for its activity.
TIR1 is capable of oligomerization in planta, and mutations that abolish TIR1
oligomerization impair the degradation of SCF™! substrates and fail to comple-
ment the firl mutant (Dezfulian et al. 2016), suggesting that TIR1 homo-
oligomerization may play an important role in regulation of SCF™™®" function and
auxin signaling. In summary, posttranslational modifications of auxin signaling
pathway components and oligomerization of these components may fine-tune the
auxin response.
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4.6 ARF DNA-Binding Domain Structure Uncovers
a Dimerization Domain

AREF proteins play critical roles in the auxin response pathway. ARF1 was first
discovered in a yeast one-hybrid system with an Arabidopsis cDNA expression
library to screen for transcription factors that recognize the Auxin Response Element
(AuxRE) TGTCTC (Ulmasov et al. 1997a). After subsequent genetic, genomic, and
molecular studies, 22 ARF genes and one ARF pseudogene have been identified from
Arabidopsis (Liscum and Reed 2002; Guilfoyle and Hagen 2007). Most ARF pro-
teins consist of an N-terminal B3-type DNA-binding domain (DBD), a variable
middle region that functions as an activation domain (AD) or repression domain
(RD), and a carboxy-terminal interaction domain (PB1 domain, formerly called
domains III and IV) (reviewed in Chandler 2016; Li et al. 2016). The ARF DBD
is a plant-specific B3-type protein domain that efficiently binds to AuxREs
(Ulmasov et al. 1999b; Guilfoyle and Hagen 2001) as a dimer (Boer et al. 2014).
The ARF protein variable AD and RD regions are located carboxy-terminal to the
DBDs and contain biased amino acid sequences that confer either transcriptional
activation or repression activity. ADs are enriched in glutamine (Q), serine (S), and
leucine (L), whereas RDs are enriched in serine (S) and in some cases proline (P),
leucine (L), and/or glycine (G) residues (Ulmasov et al. 1999b). These middle-region
amino acids play critical roles in determining ARF function, with S-rich ARFs acting
as transcriptional repressors and Q-rich ARFs acting transcriptional activators
(Tiwari et al. 2003; Guilfoyle and Hagen 2007). In Arabidopsis, five ARF proteins
(ARF5, ARF6, ARF7, ARF8, and ARF19) are considered transcriptional activators,
whereas ARF2, ARF3, ARF4, and ARF9 have been shown experimentally to
function as transcriptional repressors (Ulmasov et al. 1999a; Tiwari et al. 2003),
and the remaining Arabidopsis ARF proteins are hypothesized to also act as tran-
scriptional repressors, based on the similarity of their variable region to the charac-
terized repressors.

In 2014, Boer et al. determined high-resolution crystal structures of the
DNA-binding domains of the repressing ARF1 and activating ARFS, as well as
complexes between DNA and the ARF1 and ARF5 DBDs (Fig. 4.3) (Boer et al.
2014). These structures revealed that the ARF DBDs are composed of three distinct
structural domains. In addition to the predicted B3 domain (residues 120-226 in
ARF1-DBD and 154-260 in ARF5-DBD), which folds in a seven-stranded open f3
barrel structure, the regions flanking the B3 domain form a second domain that
facilitates ARF DBD dimerization, called the dimerization domain (DD). Thus, the
B3 domain is flanked by the DD. In addition, the DBD C-terminal residues folds in a
small five-stranded p-barrel-like structure to form an ancillary domain (AD) that
tightly interacts with the DD (Boer et al. 2014). Crystallographic data suggested that
the ARF-DBDs might homodimerize through their DD domain and small-angle
X-ray scattering (SAXS) experiments verified that ARF DBD dimerization occurs
in solution (Boer et al. 2014). Mutational analysis studies suggest that DD interface
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DD domain

Fig. 4.3 Structure of the ARF1 dimerized DNA-binding domain with ER7 complex. ARF1 dimerized
DNA-binding domain (DBD) bound to the ER7 everted repeat containing two AuxREs is shown. The
left ARF1 DBD monomer is a surface rendering whereas the right monomer is shown as a ribbon
diagram. Each ARF1 DBD monomer is composed of three distinct structural domains, named as B3
domain (green), the dimerization domain (DD, yellow), and the ancillary domain (AD, red)

residues are required for ARFS5 transcriptional activity in planta, consistent with the
possibility that ARF DBD dimerization is required for ARF activity.

To determine the structural basis for DNA binding by ARF proteins, the authors
co-crystallized ARF1-DBD and a double-stranded oligonucleotide containing ER7,
an everted repeat of the AuxRE element spacing by seven nucleotides (Ulmasov
et al. 1997a), revealing that the ARF1 DNA-binding interface is located at the tips of
the U-shaped dimer created by the DD interaction (Boer et al. 2014). The two B3
domains bind to the inverted AuxRE TGTCTC elements located at either extreme of
the oligonucleotide, and the connecting DNA sequence bridges the gap between the
B3 domains. Binding of two AuxRE sites by an ARF dimer generates cooperative
DNA-binding behavior (Boer et al. 2014). Further studies demonstrated that the
ARF1 and ARF5 B3 domains do not have qualitatively distinct DNA-binding
specificity but rather bind to the same spectrum of motifs with quantitatively
different efficiencies. Thus, ARF proteins DBD dimerization contributes to
DNA-binding affinity, but not to the specificity of DNA motif recognition. In
addition to quantitative differences at the level of binding sites, ARF1 and ARF5
differ markedly in their ability to bind complex motifs depending on the spacing of
the two binding sites (Boer et al. 2014). In summary, structure—function analysis
indicates the DNA-binding domain as an ARF dimerization domain, suggests that
ARF dimers bind complex sites as molecular calipers with ARF-specific spacing
preference, and provides an atomic-scale explanation for DNA-binding specificity in
auxin response.
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4.7 ARF and Aux/IAA PB1 Domain Structures Suggest
Multimerization Amongst These Proteins

ARF and Aux/TAA proteins interaction are central to auxin signaling and occur
through a conserved C-terminal motif (Kim et al. 1997; Guilfoyle and Hagen 2012).
Bioinformatic analysis of ARF and Aux/IAA proteins suggested this C-terminal
region may form a type I/Il Phox and Bemlp (PB1) protein—protein interaction
domain (Guilfoyle and Hagen 2012). Recently, crystallographic evidence of the
C-terminal regions of ARF5 and ARF7 confirms that domain III/IV adopts a PB1
fold to mediate interaction with ARF and Aux/IAA proteins in Arabidopsis
(Fig. 4.4a, b) (Korasick et al. 2014; Nanao et al. 2014). Further, NMR structures
of the PB1 domains of Arabidopsis IAA17 and Pisum sativum IAA4 conformed to a
similar architecture in these repressor proteins (Han et al. 2014; Dinesh et al. 2015).

The ARF7 C-terminal region adopts a canonical PB1 fold with slight modifica-
tions (Korasick et al. 2014). The N-terminal domain III consists of an antiparallel
B-sheet (B1-B2) and al, and the conserved lysine (K1042) is on the surface-exposed
face of f1. The C-terminal domain I'V contains a second antiparallel p-sheet (p3—p5)
and two a-helices (a2 and a3), and the cluster of acidic residues forming the OPCA-
like motif is located on the loops flanking 4. This PB1 scaffold places the lysine
(K1042) and OPCA motif residues (D1092, E1094, D1096, and D1102) on the
opposite faces of the ARF7PBI1 structure (Fig. 4.4c, d) (Korasick et al. 2014).
Previous studies show that PB1 domains adopt a p-grasp fold and may display an
acidic surface (type I), a basic surface (type II), or both surfaces (type I/II) on
opposite faces of the domain structure to allow for front-to-back orientation of
multiple PB1 domains (Noda et al. 2003; Sumimoto et al. 2007). Crystal structure
data confirmed this analysis, and the results show that the ARF7PB1 electrostatic
surface potential reveals positive and negative interaction interfaces, containing the
invariant lysine (K1042) and OPCA motif, respectively (Fig. 4.4c, d) (Korasick et al.
2014).

The crystal structure of the domain III/IV of ARFS5 also shows strong structural
similarity with the PB1 domain (Nanao et al. 2014). In the crystal, domain III/IV of
ARFS5 form oligomers in which monomers interact with each other in a head-to-tail
manner, with each monomer interaction occurring through two charged interfaces:
one generally positive and another generally negative (Nanao et al. 2014). ARF5
K797 from the positive side of one monomer interacts with D847, E849, and D851
of the OPCA motif of another monomer as similarly described for the ARF7PB1
(Korasick et al. 2014; Nanao et al. 2014). In addition, the Arabidopsis IAA17
domain III/IV structure exhibits a compact -grasp fold with a highly dynamic insert
helix (Han et al. 2014). IAA17 and ARF5 associate to form homo- or hetero-
oligomers using a common scaffold and binding interfaces (Han et al. 2014).
Furthermore, the PB1 domain of Pisum sativum PsIAA4 features two distinct
surface patches of oppositely charged amino acid residues, mediating front-to-back
multimerization via electrostatic interactions (Dinesh et al. 2015). Mutations of
conserved basic or acidic residues on either face suppressed PsIAA4 PBI1
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Domain 1l Domain I

AtIAA1T7

K1042 D1092

D1096

AtARF7+AtARF7 E1094

Fig. 4.4 Structures of the ARF7 and IAA17 PB1 domains and the protein—protein interaction. (a,
b) The structures of the PB1 domain of ARF7 and Aux/IAA17, which were before called domains
III (green), and IV (blue), show a common fold. (¢) ARF7 PB1 domain interactions are driven by
the conserved residues on opposing positive (+) and negative (—) interaction surfaces. (d) Detail of
the ARF7 dimer interaction surface shows the conserved positive K1042 (red) and the negative
D1092, E1094, D1096, and D1102 (green) participate in charge—charge interactions

homo-oligomerization in vitro, confirming directional interaction of full-length
PsIAA4 in vivo (Dinesh et al. 2015). Altogether, PB1 domain interactions are driven
by electrostatic differences on either face of these domains to mediate interactions
among ARF and Aux/IAA proteins.

The ARF7 PB1 domain crystallized with 16 molecules in the asymmetric unit
(Korasick et al. 2014). In this arrangement, the invariant ARF7PB1 lysine orients
toward the OPCA motif of the next PB1 domain to form a curved helix topology.
Several chains within the ARF7 PB1 domain crystal structure packed together to
form a pentameric arrangement of ARF7PB1 molecules with the negative charges
toward the outer side of the curve and positive charges along the inner face and
places the PB1 domain N-terminal side staggered along the curved multimeric outer
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face (Korasick et al. 2014). In addition, heterologously expressed ARF5 (Nanao
et al. 2014), ARF7 (Korasick et al. 2014), IAA17 (Han et al. 2014), and PsIAA4
(Dinesh et al. 2015) behave as higher-order oligomers in solution. Thus, ARF and
Aux/TAA proteins may form PB1 domain-mediated oligomers; however, functional
roles for this oligomerization have not yet been fully elucidated. Overexpressing the
stabilized iaal6-1 protein results in restricted growth in Arabidopsis, whereas
overexpressing the stabilized PB1 domain variants iaal6-1%'*** or iaal6-1°"%*
results in wild-type phenotypes (Korasick et al. 2014), consistent with the possibility
that JAA16 multimerization with target ARF proteins is necessary for repressor
activity. Further, overexpressing IAA17 in Arabidopsis protoplasts strongly inhibits
auxin responsiveness, whereas overexpression of IAA17 variants capable of
interacting with targets with a single PB1 domain electrostatic face results in
decreased repression (Nanao et al. 2014). Conversely, overexpression of IAA19
PB1 single-face variants in Arabidopsis protoplasts (Nanao et al. 2014) or expres-
sion of iaal4-1 PBI1 single-face variants (Pierre-Jerome et al. 2016) had little effect
on repressive function, suggesting that IAA multimerization is not necessary for the
activity for all Aux/IAA proteins. Why multimerization appears to be necessary for
function of some, but not all, IAA proteins remains an open question.

In plants, TOPLESS (TPL) and TOPLESS-related (TPR) proteins predominantly
function as corepressors through interaction with transcription factors to regulate
plant development, stress responses, and hormone signal transduction (Causier et al.
2012). TPL/TPR corepressors interact with small ethylene response factor associated
amphiphilic repression (EAR) motifs (amino acid sequence LxLxL) in diverse
transcriptional repressors (Kagale et al. 2010; Kagale and Rozwadowski 2011). In
the year 2015, Ke et al. reported the structural and biochemical studies of interac-
tions between TPL proteins and EAR motifs (Ke et al. 2015). The OsTPR2 TOP-
LESS Domain (TPD) forms an extended tetrameric structure. The TPD monomers
form a fold composed of nine a helices (xl to «9), two short 3o helices, and
connecting loops (Ke et al. 2015). Structure results show that the tetramer of TPD
is a dimer of dimers. The first dimerization interface is mediated by helices al, a2,
and o9 from each monomer, and the second interface is formed by a new dimeriza-
tion motif, in which the antiparallel helices a6 and o7 from each monomer pack
perpendicularly against helices a6 and o7 from the neighboring monomer (Ke et al.
2015).

To better understand the atomic detail of the interaction between TPL/TPD and
LxLxL EAR motifs, the author crystallized OsTPR2 TPD in complex with the
NINJIA EAR motif (Ke et al. 2015). Structures show that each EAR motif peptide
binds to a groove linked by hydrophobic and positively charged residues contained
within each OsTPR2 TPD monomer; thus, four NINJA EAR motif peptides are
bound by one OsTPR2 tetramer (Ke et al. 2015). To test whether the EAR-binding
mechanism is conserved, the author also determined the structures of OsTPR2 TPD
complexed with EAR motifs from IAA1 and IAA10 (Ke et al. 2015), revealing that
the TPD conformations and overall binding modes are similar amongst these
complexes. Thus, LxLxL-type EAR motifs likely share a conserved mode of TPD
interaction mediated by hydrophobic interactions between the conserved leucine
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residues of the EAR motif and the highly conserved hydrophobic and positively
charged cleft residues of the TPD. Taken together, sequence alignments and
structure-based mutagenesis data indicate that the TPL/TPD corepressor-binding
mode is highly conserved in many transcriptional repressors (Ke et al. 2015), thus
providing a general mechanism for gene repression mediated by the TPL corepres-
sors to regulate a multiple aspects of plant development, including many plant
hormone signaling pathways.

4.8 Summary

Auxin is a key regulator of plant growth and development. Over the past 20 years,
extensive molecular and genetic techniques identified the major components in
auxin signal transduction pathway. Recently, structural and biophysical studies
have clarified and refined our understanding of the auxin signal transduction path-
way. The first structure of TIRI1-auxin-Aux/IAA complex revealed auxin as a
“molecular glue” to mediate TIR1 and Aux/IAA interaction. Afterward, ARF
dimerization through DNA-binding domains provided an atomic-scale mechanistic
model for DNA-binding specificity. ARF and Aux/[AA PB1 domain structures
provided insight into how protein interactions may attenuate auxin signal transduc-
tion. In addition, TPL/TPD and EAR motifs define the molecular basis of how the
TPL family corepressors interact with and are recruited by diverse repressors to
regulate plant development and hormone signaling pathways. In summary, these
structure studies provide new insights into molecular mechanism of the auxin
response pathway. However, the complexity of combining different auxin signaling
components, multimerization of transcription factors, protein posttranslational mod-
ifications, and interaction of auxin signaling components with other signaling
pathways may all contribute to the diversity, complexity, and specificity of auxin
response. In the future, combining structural research, genetic, genomics, and
biochemical studies on complexes involved in auxin signaling will help to gain
new insights into molecular mechanisms of auxin signaling pathway.
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