1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Curr Opin Struct Biol. 2010 December ; 20(6): 722—729. doi:10.1016/j.shi.2010.09.007.

Thirsty plants and beyond: Structural mechanisms of abscisic
acid perception and signaling

Karsten Melcher, X. Edward Zhou, and H. Eric Xu
Laboratory of Structural Sciences, Van Andel Research Institute, 333 Bostwick Ave., N.E., Grand
Rapids, MI 49503, USA

Karsten Melcher: karsten.melcher@vai.org; X. Edward Zhou: edward.zhou@vai.org; H. Eric Xu: eric.xu@vai.org

Summary

Abscisic acid is a plant hormone with important functions in stress protection and physiology.
Recently, the PYR/PYL/RCAR family of intracellular ABA receptors was identified. These
receptors directly link ABA perception to a canonical ABA signaling pathway, in which ABA-
bound receptors bind and inhibit type 2C phosphatases. High resolution crystal structures of
members of this family have been solved in all relevant states: as apo receptors, bound to ABA,
and as receptor-ABA-phosphatase complexes. Together, these structures provide a detailed gate-
latch-lock mechanism of ABA recognition, receptor-PP2C interaction, and inhibition of the PP2C
phosphatase activity and provide a basis for the design of synthetic ABA agonists for stress
protection of crop plants.

Introduction

Plant growth and development is regulated by small molecule hormones and growth
regulators that initiate signaling cascades upon binding to specific receptors. Abscisic acid
(ABA) is an important phytohormone, which inhibits growth and development under
unfavorable environmental conditions and protects plants against stresses, such as drought,
salinity, cold, and pathogen exposure. Stresses induce strong increases in ABA levels by
induction of ABA biosynthetic genes, enzymatic release from inactive glucose esters, and
local increases by transport within plants. Elevated ABA levels in turn re-program plants to
survive adverse conditions. ABA-mediated protective measures include closure of stomata,
which are the pores in leaves for CO,/O, exchange, to prevent water loss by transpiration,
synthesis of osmo-protective substances, seed dormancy, inhibition of fruit ripening,
shedding (“abscission™) of leaves, and down-regulation of enzymes needed for
photosynthesis [for recent review see 1].

In addition to its fundamental roles in plant physiology, ABA also has the potential for
important applications in agriculture. Globally, fresh water supplies are alarmingly
decreasing and drought, salinity, cold, and other abiotic stresses are responsible for major
crop harvest losses world-wide [274]. While survival under these conditions can be
improved by timed exogenous application of ABA, ABA is costly, difficult to synthesize,
and relatively unstable under field conditions. Therefore, there is interest in generating
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synthetic small molecule ABA receptor agonists for agricultural applications that are
affordable, stable, and environmentally friendly.

Core ABA signaling pathway

Key components of the ABA signaling pathway that have been identified genetically in
Arabidopsis are type 2C protein phosphatases (PP2Cs), subfamily 2 of Snfl-related protein
kinases (SnRK2s), and phosphorylation-dependent basic leucine-zipper transcription factors
called ABFs (ABA box-binding factors). However, genetic or biochemical identification of
the receptors that bind ABA and initiate the ABA signal cascade had been hampered by high
receptor redundancy and low ABA affinities. About a year ago, a subfamily of START
domain-containing proteins were identified as best candidates for bona fide ABA receptors.
These receptors bind to ABA and link their ABA-binding to the known components of the
ABA signaling pathway. Members of this family were identified as PP2C interactors in
yeast two-hybrid screens [5:6] and by resistance to a synthetic, ABA receptor-selective,
agonist termed pyrabactin [7]. The remaining members of this family could readily be
identified by sequence homology as PYR1-like (PYL) proteins or as regulatory component
of ABA receptors (RCARs). ABA binds the PYR/PYL/RCAR receptors with micromolar
affinities [5+6] and induces the receptors to bind to ABA-responsive PP2Cs, including ABI1,
ABI2, and HABL, and to inhibit their phosphatase activity. Notably, the affinity of ABA to
receptor-PP2C complexes was at least an order of magnitude higher than to apo receptors
[5:6], which raised the possibility that PP2Cs may function as ABA co-receptors.

How do PYR/PYL/RCAR receptors affect the PP2C-SnRK2 signaling pathway? In the
absence of ABA, the PP2Cs ABI1, ABI2, and HAB1 bind SnRK2s and dephosphorylate a
phospho-serine residue in the SnRK2 activation loop, whose phosphorylation is required for
SnRK2 kinase activity [7712]. ABA/PYL-induced PP2C inhibition therefore restores
phosphorylation of the SnRK2 activation loop, by autophosphorylation and/or
phosphorylation by putative upstream kinases, and allows SnRK2s to phosphorylate and
activate downstream targets, such as ABF transcription factors [11:13:14] and the ion
channels responsible for turgor-mediated stomatal closure [15717] (Fig. 1). Overexpression
of PYL5 [6] or PYL9 [5] increase ABA sensitivity and triple pyrl/pyl1lpyl4 and quadruple
pyrl/pyll/pyl2/pyl4 mutants display seed germination ABA insensitivity in vivo [7].
Similarly, a loss of function triple mutant defective in the three strongly ABA-activated
kinases SnRK2.2, SnRK2.3, and SnRK2.6 is defective in all known ABA functions [18:19]
and loss of function triple mutants defective in the PP2Cs ABI1, ABI2, and HAB1 are
extremely ABA-hypersensitive [20]. While ABA signaling also involves subfamily 1 and 3
SnRK kinases, Ca-dependent kinases, MAP kinases and secondary messengers Ca2*, ROS,
phosphatidic acid, nitric oxide, and others [21], the mutational data indicate that these
additional signals at least largely feed into the core PYL/RCAR-PP2C-SnRK2 pathway. One
example for signal integration involves the generation of ROS. SnRK2.6 phosphorylates and
activates NADPH oxidase to generate H,O, [22], which in turn inactivates the PP2C s ABI1
[23] and ABI2 [24] leading to increased ABA signaling and stomatal closure. In addition, an
ABA signaling pathway can be reconstituted in vitro using only PYR1, ABI1, and SnRK2.6
for the ABA-dependent phosphorylation of the transcription factor ABF2 as well as in
protoplast reporter gene assays using transient transfections of PYR1, ABI1, and SnRK2.6
expression plasmids, further demonstrating that PYR/PYL/RCAR receptors, PP2Cs, and
SnRK2s are both necessary and sufficient to confer the ABA signal to an ABA-dependent
transcription factor [8].
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PYR/PYL/RCAR crystal structures

Identification of the PYR/PYL/RCARs as ABA receptors led to a series of high profile
publications of receptor structures that validated the PYR/PYL/RCARSs as bona fide ABA
receptors [25729]. Solving the structures of apo and ABA-bound receptors as well as ABA/
PP2C-bound complexes led to the identification of the detailed molecular mechanism of
ABA recognition, receptor-PP2C interaction, and inhibition of the PP2C phosphatase
activity. PYR/PYL/RCAR receptors belong to the large superfamily of START/Bet v |
proteins, which share a common fold enclosing large hydrophobic ligand binding pockets
that can bind a chemically diverse set of lipids, hormones, and antibiotics [30]. Crystal
structures of PYR1, PYL1, and PYL2 receptors revealed a helix grip structure characteristic
for START/Bet v | proteins, in which a large C-terminal a-helix (a3) is enfolded by a seven-
strand anti-parallel B-sheet and two small a-helices [25:29] [26728](Fig. 2a). Between the C-
terminal helix and the B-sheet resides a large open ligand-binding pocket. The entry to the
ligand binding pocket is flanked by two B-loops that we have named gate and latch [25]
(alternatively named Pro-Cap and Leu-Lock [27], CL2 and CL3 [29], and f3-p4 and B5-B6
lid loops [26]) and whose amino acid sequences (SGLPA and HRL, resp.) are, with a single
exception (PYL13), identical for all 14 members of the PYR/PYL/RCAR family. Unlike
PYL1[25] and PYL2 [25:29], PYR1 has not been crystallized in the absence of ligand.
However, PYR1 crystallized in the presence of equimolar [27] or slightly sub-equimolar
[28] amounts of ABA revealed dimers in which only one of the two monomers was bound to
ABA [27:28], therefore providing information on both ABA-bound and free PYRL1 (see Fig.
2a for overlap of apo-PYLL1, -PYL2, and -PYRL structures). In the presence of excess ABA,
PYR1, just as PYL1 [26] and PYL2 [25:29], bind ABA with 1:1 stochiometry as determined
by ITC [28] and small-angle X-ray scattering [27].

The overall structures of ABA-bound PYL1, PYL2, and PYR1 are very similar to the
structures of the apo receptors with the exception of the gate and latch loops. The gate loops
of the PYL1, PYL2, and PYR1 receptors undergo a major conformational change shifting in
its entirety towards the latch loop [25:27729] (Fig. 2b). This shift has two important
consequences. First, it closes the entrance to the ligand binding pocket, thereby shielding
ABA inside of the receptors from solvent exposure. Second, closing onto the latch loop
forms a new gate-latch interface, which is sterically facilitated by an outside flip of the
glutamate that directly precedes the HRL latch [25:27729]. Thus, ABA induces
conformational changes of the gate and latch loop, which serves to transmit the hormone
binding signaling to downstream effectors as detailed below.

ABA-receptor interactions

Fig. 2b gives an overview of ABA in the ligand binding pockets of PYR1, PYL1, and PYL2
and Fig. 3a shows a schematic presentation of all ABA-binding pocket interactions. ABA
fits tightly into the shape of the pocket and makes a series of interactions with conserved
receptor residues that involve all parts of ABA. The ABA carboxyl group is anchored
opposite of the pocket entrance by two direct charge interactions with a conserved lysine
(K64/K86/K59 in PYL2/PYL1/PYR1) as well as water-mediated interactions with, in the
case of PYL2, N173, E98, and E147, residues that are identical in all receptors but PYL13
(which has a glutamine at the position of the lysine residue). In this position, the
cyclohexene ring of ABA can pull the gate into the closed conformation by directly
interacting with the three consecutive gate residues LPA, a conformation that is further
stabilized by gate-latch interactions. The importance of gate-ligand interaction for gate
closure is supported by structural and mutational data, demonstrating that the synthetic PYL
ligand pyrabactin can adopt different orientations within PYL ligand binding pockets and
only orientations that allow pyrabactin-gate interactions promote gate closure [31734] (see
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below). Single amino acid mutations of the gate residues as well as the charged residues
anchoring the ABA carboxyl group all result in compromised ABA-binding, PP2C
interaction, and PP2C inhibition [25727:29], demonstrating the importance of these residues
for ABA binding and signaling.

While the unnatural, biologically less active (—)-ABA isoform can be accommodated by the
PYR1 binding pocket [27], the shape of the pocket sterically favors binding of the (+)-ABA
isoform [25:27:28], providing a structural basis for the low efficiency of (—)-ABA binding
[26]. In addition to understanding the atomic details of ABA perception, the detailed ABA-
binding pocket interaction map may also provide a blueprint to generate synthetic ABA
agonists to increase crop stress survival in agriculture.

PYL/ABA/PP2C ternary crystal structures reveal the mechanism of ABA-
induced PP2C inhibition

The catalytic PP2C cores are sufficient for PYL/ABA-PP2C interaction [5:6] and crystal
structures of ternary PYL2-ABA-HABL [25] and PYL1-ABA-ABI1 [26:29] PP2C core
complexes showed overall catalytic PP2C folds consisting of a central p-sandwich flanked
by two pairs of a-helices plus a small protruding domain of two anti-parallel B-strands and a
short a-helix sticking out from the core (Fig. 3b), a fold very similar to that of human PP1A/
PP2Ca [35]. Catalysis by PP2Cs is thought to require water-mediated binding of substrate
phospho-serine/-threonine to Mg2* or Mn2* ions complexed at the bottom of an active site
cleft [35] with the protruding domain forming the upper part of the cleft wall (Fig. 3b—d).
ABA-bound PYL1 and PYL2 bind both the active site at the bottom of the cleft as well as to
the inside of the protruding upper cleft wall, thereby inhibiting PP2C activity by blocking
substrate entrance to the catalytic site [25:26:29]. These interactions are mediated by the
gate-latch interface that is induced by ABA binding (Fig. 4) as well as the N-terminal part of
the a3 helix. The SGLPA gate loop directly packs against the active PP2C site with the gate
serine residue S89 [PYL2]/S112[PYL1]) contacting an Mg2*-coordinating glutamate residue
in the PP2C active site loop. The protruding domain is the main interaction site with the
PP2Cs. A tryptophan side chain (W385 in HAB1, W300 in ABI1) in the protruding domain
sticks out from the surface and binds a hydrophobic cavity in ABA-bound PYL1 and PYL2
that is in part formed by and makes key contacts with the HRL latch loop. In this orientation,
the tryptophan indole ring makes a water-mediated hydrogen bond with the ketone group of
ABA and binds and causes conformational changes in both latch and gate residues (see Fig.
4). These interactions lock the gate and latch loops into the closed conformation, thus
providing a structural rationale for the more than tenfold increase in ABA-binding affinity
for PYL-PP2C complexes compared to PYL apo receptors [5'6:26:29:36]. PP2Cs can
therefore function as ABA-co-receptors that interact with ABA in the receptor binding
pocket and increase receptor ABA-binding affinity. Fig. 5 presents a summary cartoon of the
structural states from apo receptor to ternary receptor-ABA-PP2C complex.

The importance of the structural elements for receptor-PP2C interaction is supported by
extensive mutagenesis data. Amino acid replacements in both the gate and latch loops of the
receptors [25:26][29] as well as mutations of ABI1 W300 and the glutamate residue in the
ABI1 active site [26] all compromise ABA-induced receptor-PP2C interactions. While most
gate and latch residues stabilize PP2C interaction also indirectly by stabilizing ABA-
binding, the histidine residue in the latch and the serine residue in the gate point away from
the ABA binding pocket in apo and ABA-bound receptors, yet mutations of these residues
significantly impair PP2C binding [25:29]. Finally, the ABA-insensitive abil-1 and abi2-1
mutations [37] alter a glycine in the PP2C active site to an aspartic acid, which disrupts
receptor-PP2C interactions [57:37]. In receptor-PP2C complexes, this glycine is in the
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immediate vicinity of the gate, and exchange of the glycine hydrogen with the bulky side
chain of aspartate sterically interferes with gate binding [25:26:29].

Receptor dimerization may reduce receptor-PP2C interaction in the
absence of ABA

Both apo and ABA-bound receptors are in dimeric configuration in crystal packing [25729]
and they form weak dimers in solution [27729], yet they are monomeric in the PP2C
complexes with 1:1:1 receptor:ABA:PP2C stochiometry[25729]. The gate loops form part of
the dimerization surface implying that the receptors need to dissociate in order to associate
with PP2Cs. Receptor dimerization may therefore be a mechanism to reduce basal receptor-
PP2C interaction [27729]. While ABA-binding does not disrupt receptor dimerization, it
slightly destabilizes receptor-receptor interaction [29], consistent with a possible role of
receptor dimerization in blocking uninduced PP2C interaction [29]. Interestingly, some
receptors have high basal activity [577:25] and PYL5 constitutively binds the PP2C HAB1,
yet requires ABA to inhibit PP2C activity [6]. However, the basis for these receptor
differences is unknown and currently functional data linking receptor dimerization to
inhibition of PP2C interaction is lacking.

Pyrabactin is a receptor-selective ABA agonist and antagonist

Pyrabactin was identified as a synthetic, receptor-selective, ABA agonist that led to the
identification of PYR1 [7:38; see above]. While pyrabactin activates PYR1, PYL1 and other
receptors [577:25], it does not [32], or only to a limited fraction [33:34], activate PYL2.
Unexpectedly, pyrabactin did not only fail to efficiently activate PYL2, but can also
antagonize ABA-mediated activation of PYL2 [32]. Crystal structures of productive ABA
receptor-pyrabactin complexes [PYL1-pyrabactin [31], PYR1-pyrabactin [33] and PYL1-
pyrabactin-ABI1 [32]] as well as of the non-productive, ABA-antagonizing, PYL2-
pyrabactin complex [32734] revealed that pyrabactin can adopt different conformations
within the highly conserved ligand binding pockets of these receptors. These different
pyrabactin orientations either provide or lack the Van-der-Waals interactions required to
induce gate closure [32734] as demonstrated by introduction of a bulky phenylalanine
residue into the PYL2 gate, which rescues formation of pyrabactin-gate interactions [32].
The importance of pyrabactin orientations is validated by mutational and structural data
demonstrating that a single isoleucine (PYR1, PYL1) versus valine (PYL2) position in the
ligand binding pockets is responsible for both pyrabactin orientation and agonism/
antagonism properties [32734]. In addition, the detailed structural information on
pyrabactin-receptor interactions provided insights into “rules” required for the productive
binding of small molecules into the ABA receptor ligand binding pockets [31]and allowed
the structure-guided identification of novel pyrabactin-based synthetic ABA agonists [32].
The ability of pyrabactin to antagonize PYL2 raises the possibility that physiological ABA
antagonist may exist to inhibit basal activities of ABA receptors [32].

Conclusions

The structural analyses have provided a detailed mechanistic understanding of ABA
perception, ABA-induced PYL2/PYL1/PYR1-PP2C interaction, and the inhibition of PP2C
phosphatase activity. However, important questions beyond ABA perception and the first
step of ABA signaling remain to be addressed. The most important one of these will be to
solve a PP2C-SnRK2 co-structure as well as PP2C and SnRK2 apo-structures. The
Arabidopsis SnRK2 kinase domains are highly homologous to the kinase domain of human
AMP-activated kinase (AMPK), an important drug target that is also regulated by PP2C-
catalyzed dephosphorylation [39:40]. A SnRK2-PP2C co-structure may therefore also be
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relevant to the understanding of AMPK regulation. Second, it is currently poorly understood
why the ABA signaling pathway in Arabidopsis involves so many different PYR/PYL/
RCARs receptors. While individual receptors differ in their sensitivity, selectivity, and
response towards ABA [577:25:36], the structural reasons for these differences are
unknown. All structures solved today contain only members of the PYR1/PYL1/PYL2/
PYL3 subclass of receptors. Structural and biochemical analysis of receptors of the two
remaining PYL/RCAR subclasses are bound to provide important information to understand
the differences between the three receptor subclasses. Third, the structures of ABA in the
receptor binding pockets and in the context of receptor-PP2C complexes hold a promise for
the development of ABA agonists and antagonists for use in agriculture that awaits tapping.
Finally, we are just beginning to understand how other components of the ABA signaling
pathway integrate into the PYL/RCAR-PP2C-SnRK2 pathway [41] and much work need to
be done to gain a global mechanistic synthesis of the complete signaling network.
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Figure 1.

Schematic presentation of the core ABA signaling pathway. Active components are shown
in green, inactive ones in red, and ABA as yellow ball. Cylinders depict ion channels that
regulate stomatal closure. TFs: transcription factors, P:phosphate.
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latch

Figure 2.

Structures of apo and ABA-bound receptors. The gate loop is shown in pink and the latch
loop in green. a. Structure of apo PYL2 (left) with the empty ligand binding pocket shown
as pink mesh and overlay of the apo PYL2 (cyan), PYR1 (purple), and PYL1 (yellow)
structures (right). N- and C-termini as well as the large helix (a3) are labeled. The arrow
points to the entry to the ABA-binding pocket. b. Structure of ABA-bound PYL2 (left) and
overlay of ABA-bound PYL2 (cyan), PYRL (purple), and PYL1 (yellow) (right). ABA is
shown as ball model.
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Figure 3.

Structure of ternary receptor-ABA-PP2C complexes. a. Schematic presentation of the
interactions of ABA in receptor-ABA and receptor-ABA-PP2C complexes. Numbers refer
to the amino acid positions within PYL2 (black for hydrophobic interactions and blue for
polar interactions) and HABL (red). Note that the same PYL2 amino acids interact with
ABA in the contexts of PYL-ABA and PYL2-ABA-HABL. *: ABA-binding residues that
differ between PYL2, PYL1, and PYR1, shown in the order PYL2/PYL1/PYRL1. Arrows
indicate the direction from electron donors to electron acceptors. b. Overview of the PYL2-
ABA-HABL and PYL1-ABA-ABI1 structures. ABA is shown in ball presentation, PYL2
and PYL1 in blue with the gate and latch loop in pink and green. The catalytic PP2C domain
is shown in brown with Mg?* ions as balls and the protruding, receptor-interacting PP2C
domain in yellow, with the key tryptophan residue in stick presentation. c. Close-up of the
PYL2-HABL interface (same color code as above). Gate and latch residues as well as HAB1
E203 and W385 are shown in stick presentations and are labeled in single amino acid code.
d. Surface presentation of HABL in the PYL2-ABA-HAB1 complex (PYL2-ABA removed).
The protruding, receptor-interacting PP2C domain is shown in yellow
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Figure 4.

Conformational changes in the gate (pink) and latch (green) loops. The PP2C protruding
domain with W385 is shown in yellow, ABA as ball model. The small red ball represents
the water molecule that mediates the interaction between HAB1 W385 and the ABA ketone

group.
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Figure 5.

Summary cartoon. ABA binding induces closure of the gate loop (pink) onto the latch
(green). The new gate-latch interface binds in turn to the active site and the protruding
domain of PP2Cs, which inhibits PP2C activity by blocking substrate access to the active
site. Arrows indicate key interactions, yellow balls the catalytic Mg?* ions, and the small red
ball the water molecule that mediates the interaction between HAB1 W385 and the ABA
ketone group.
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