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1. Introduction

1-1. Plant hormone receptors

Plant hormones, also known as phytohormones, are biologically active substances
produced within plants that can function at very low concentrations. Phytohormones
regulate plant growth and development, and affect the plant’s ability to respond to its
environment. The five major classes of plant hormones: auxin, gibberellin (GA),
ethylene, cytokinin and abscisic acid (ABA) were identified during the first half of the
twentieth century®. Recently, several additional small molecules have been recognized
as plant hormones, including brassinosteroid, jasmonic acid, salicylic acid (SA) and
strigolactone (SL). With the applications of genetic and molecular biological approaches,
mainly in Arabidopsis thaliana, many aspects of hormone studies have progressed
rapidly®. In particular, the biosynthetic pathways of all the plant hormones, except SL,
have been elucidated. Conversely, our understanding of their catabolic pathways and
transportation systems remains fragmented.

An ethylene receptor, ethylene resistant 1 (ETR1), which was identified from an
ethylene insensitive mutant of Arabidopsis in 1988 was the first of the plant hormone
receptors to be discovered. ETR1 belongs to the two-component input regulators, which
consist of a transmitter histidine kinase and a response regulator®. This protein exists as
a disulfide-linked homodimer and requires a copper ion to bind ethylene®®. In
Arabidopsis, there are four homologs of ETR1 (ETR2, ERS1, ERS2 and EIN4) and they
are all able to bind ethylene at the endoplasmic reticulum.

The brassinosteroid receptor, brassinosteroid insensitive 1 (BRI1), was identified in
1997 from Arabidopsis dwarf mutants that do not respond to exogenous
brassinosteroids’. BRI1 is a plasma membrane-associated leucine-rich repeat (LRR)
receptor-like kinase. It is composed of an extracellular domain of 25 LRRs and a
cytoplasmic kinase domain, connected by a single membrane-spanning helix. In
addition, a 70-residue island domain (ID) is inserted between the 21% and 22™ LRR
domains. Brassinosteroids bind a hydrophobic groove between the ID and the inner
surface of the 21% LRR®®, which triggers the formation of a docking platform for the
binding of co-receptors, somatic embryogenesis receptor kinases (SERKS), which
activate their kinase domains via transphosphorization'®. Three homologs of BRI1
(BRL1, BRL2 and BRL3) exist in Arabidopsis, and they are all expressed in vascular
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cells***?,

Seven other hormone receptors were identified in the Arabidopsis genome®®. In 2001,
a cytokinin receptor, cytokinin response 1 (CRE1), was identified from Arabidopsis by
genetically screening for cytokinin insensitivity'*. Subsequently, two close homologs,
AHK2™ and AHK3'®, were identified. These receptors belong to the membrane-bound
two-component input regulators, as well as the ethylene receptors. Cytokinins bind to
their extracellular input domains and allow the activation of the intracellular histidine
kinase domain via autophosphorylation. This results in a phospho-relay that eventually
activates cytokinin responses.

The first GA receptor was isolated and characterized from the GA-insensitive dwarf
1 mutant (gid1) of rice in 2005"'. Later, three orthologous genes (GID1a, GID1b and
GID1c) were identified in Arabidopsis. The gidla/gid1b/gidlc triple mutant showed a
GA-insensitive phenotype, suggesting that GA responses require GID1 proteins in both
rice and Arabidopsis'®*®. The GID1 proteins have a primary structure similar to that of
the hormone-sensitive lipases and exist in the nucleus. GA binds to GID1 and probably
induces a conformational change in a mobile lid moiety. This lid is likely to be open in
the apoenzyme state but closes to create an interaction surface that enables binding to
the DELLA proteins, which are transcriptional repressors of GA signaling®°,
GID-bound DELLA interacts with the F-box protein, sleepy 1 (SLY) / GID2**??, This
interaction ultimately leads to the ubiquitination and degradation of DELLA, which
induces GA responses.

In the same year, a nuclear auxin receptor was identified by a pull-down assay using
an F-box protein, transport inhibitor response 1 (TIR1), and an auxin/indole-3-acetic
acid (Aux/IAA) transcriptional repressor®>?*. Auxin binds to a TIR1 surface groove and
enhances the TIR1-Aux/IAA interaction by filling a cavity between the two proteins;
that is, auxin acts as a molecular glue?®. Upon interacting with Aux/IAA, the ubiquitin

ligase complex, SCF'"*

, promotes the ubiquitin-dependent proteolysis of Aux/IAA
repressors. Degradation of Aux/IAAs permits the auxin response factor
(ARF)-dependent auxin responses®. The TIR1 genes consist of seven related F-box
protein genes®’, and three of them, AFB1, AFB2 and AFB3, are involved in auxin
perception in Arabidopsis®.

A jasmonate receptor was first isolated from the Arabidopsis coronatine-insensitive 1
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(coil) mutant in 1994, COI1 encodes an F-box protein that is closely related to the
auxin receptors. This suggested that jasmonate signaling requires the
SCF°".dependent degradation of repressor proteins. However, more than a decade
after the identification of COI1, the substrates of SCF“°"* had not been discovered. In

2007, a novel family of jasmonate-regulated nuclear targets of SCF°"

, jasmonate
ZIM-domain (JAZ) proteins, was identified®*°. The bioactive hormone,
jasmonate-isoleucine conjugate (JA-Ile), induces the binding of COI1 to JAZ repressors
and leads to JAZ degradation by the ubiquitin-proteasome pathway, which relieves
transcriptional repression of jasmonate-responsive genes. The crystal structure of the
COI1-JA-lle complex with the JAZ1 peptide indicated that JA-lle promotes COI1-JAZ
interactions by a molecular glue mechanism, as well as the auxin system®..

As described below, two types of ABA receptors, GTG1l/GTG2 and

PYR/PYL/RCAR, were identified in 2009.
In 2012, non-expresser of pathogenesis-related (NPR) genes NPR3 and NPR4, which
are paralogs of NPR1, were identified as SA receptors®. These proteins bind SA with
different affinities and function as adaptors of the Cullin 3 ubiquitin ligase, mediating
NPR1 degradation in an SA-regulated manner. SA promotes the NPR1-NPR3
interaction, whereas SA disrupts the interaction between NPR1 and NPR4. According to
a recent study, SA may bind NPR4 to attenuate its accessibility to NPR1, allowing the
accumulation of NPR1, which induces basal resistance in the absence of a pathogen
challenge. After being challenged by pathogens, SA levels are increased both locally
and systemically®*. In infected cells, the higher SA level induces the NPR1-NPR3
interaction, leading to programmed cell death through NPR1 degradation. In
neighboring cells, the lower SA level limits the NPR1-NPR3 interaction, enabling
NPR1 accumulation to restrict the spread of programmed cell death and induce systemic
acquired resistance.

In the same year, 2012, an SL receptor, decreased apical dominance 2 (DAD?2), was
identified from petunia®. DAD2 is an ortholog of the rice and Arabidopsis D14 genes
that are involved in branching. The crystal structure of DAD2/D14 confirms that this
protein is @ member of the o/p hydrolase fold family, as well as a homolog of the GA
receptor GID1. However, unlike the GID1 receptor, DAD2/D14 retains a hydrolysis

activity that is require for SL signal transduction. SL promotes the interaction between
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D14 and an F-box protein of the SCF complex (D3 in rice, MAX2 in Arabidopsis and
PhMAX2 in petunia). More recently, the substrate of SCF™*, DWARF53 (D53), which
acts as a repressor of SL signaling, was identified in rice*=°. According to a proposed
model, SL binding induces a conformational switch in D14 to SCF®® and D53 binding,
which induces D53 degradation by the proteasome-ubiquitin pathway.

As described above, all plant hormone receptors have now been identified. However,
until recently, our knowledge of the molecular mechanisms of plant hormone perception
was fragmentary compared with those of animals®’. One reason may be that plant
researchers have studied various plant species; therefore, some of the observations could
not be interpreted conceptually. In addition, the biochemical purification of plant
hormone receptors is probably more difficult than that of animal receptors because plant
cells both produce and respond to many hormones, unlike animal systems where organs
and glands are separate. This may also be the reason for the delayed identification of
plant hormone receptors. Deciphering the Arabidopsis genome sequence provided a
major breakthrough in the understanding of plant hormones’ perception and signal
transduction. Recently, a library of Arabidopsis mutants has been organized and anyone
can easily study these mutants. However, a negative effect of the decipherment of the
Arabidopsis genome has been the lack of studies on the action mechanisms of plant
hormones in other plant species, including crops. This is probably one of the reasons
why the application of plant hormones in agricultural fields is still limited.

In this study, we focused on ABA and developed a receptor antagonist that inhibits
ABA signal transduction by blocking the activation of receptor proteins. This small
molecule can regulate ABA responses temporarily and arbitrarily, so it will be a useful
tool for studying the molecular mechanisms of ABA signaling in multiple plant species,
including non-model organisms and crops. Furthermore, ABA receptor antagonists will
enable us to manipulate ABA responses in plants, thus they may have potential
agricultural value as tools to control ABA functions, such as seed germination®®, which
may contribute to enhanced crop productivity through the induction of simultaneous

germination®.



1-2. Chemical structure of abscisic acid

ABA (1) was first isolated from cotton as a promoter of leaf abscission, and originally
named abscisin 1, in 1963*. In 1964, a different group isolated a compound inducing
dormancy using the Avena coleoptile growth assay from sycamore leaves and called it
dormin **. Based on the crystal structural analysis, dormin was identified as abscisin 11*?,
and then a unified name, abscisic acid, was adopted in 1967. The planar structure of
ABA was determined by Ohkuma in 1965*. The molecular structure of ABA has many
features that are important for biological activity in plants. ABA has an asymmetric
carbon at the C1' position, and there are two enantiomers. Although the naturally
occurring form is S-(+)-ABA, the enantiomer R-(-)-ABA and their racemic compounds
can be obtained by chemical synthesis. Thus, the relationship between absolute
configuration and activity has been examined for a long time**. R-ABA has a weaker
bioactivity than S-ABA in many assays, such as stomatal closure. Whereas, R-ABA has
a comparable activity to that of S-ABA in some elongation inhibition tests, such as in
rice seedlings. This has been explained by the near symmetry of the ABA molecule (Fig.
1)*. The comparison of R-ABA with S-ABA in the conformation with an axial
side-chain reveals no differences in the spatial positions of the C7’ and C9' functional
methyl and oxygen groups. Recently this hypothesis was confirmed by the crystal
structure of the PYL-(-)-ABA complex*®*’. The ring conformation is a significant
factor in determining the three-dimensional shape of ABA. In other words, the spatial
positions of the substituents depend on the conformation of the six-membered ring of
ABA. The conformation of ABA can theoretically have at least two thermodynamically
stable conformers; one is a half-chair with the axial side-chain, and the other is a
half-chair with the equatorial side chain®®. The crystal structure of ABA revealed that its
conformation is the axial side-chain form, and the nuclear overhauser effect (NOE)
experiments suggested that the conformation of the ABA side-chain adopts the axial
position in solution***°. However, the ratio of axial side-chain form to equatorial
side-chain form is 97.8 to 2.2 at 185 K, meaning that the free-energy difference between
the two conformers is 1.4 kcal mol™ at this temperature®. The activation barrier to
interconversion between the two conformers is calculated to be 11.2 kcal mol™,
suggesting that the conformation of ABA ring is very flexible at room temperature.



Figure 1 | Structures of S-(+)- abscisic acid (ABA) (a) and R-(-)-ABA (b).

1-3. Physiological action

The plant hormone ABA regulates various physiological processes and adaptive
responses to environmental stresses. Because plants are not mobile like animals, it is a
matter of course that plant hormones are causally related to environmental adaptation.
Among them, ABA in particular plays an important role in the induction of drought
stress tolerance and the maintenance of seed dormancy. Considering that ABA also
induces desiccation tolerance in vegetative tissues of basal plants, such as
Physcomitrella patens®?, the acquisition of sensation and response mechanisms for ABA
by their ancestors would be critical for disbursement on, and adaptation to, land, where
water potentials vary continuously.

In the seed maturation process, ABA is essential for the occurrence of seed dormancy.
Dormancy in immature sunflower seeds is inhibited by treatment with a carotenoid
synthesis inhibitor, fluridone® The ABA-deficient and -insensitive Arabidopsis variants
undergo precocious seed germination®**°. In contrast, the ABA hypersensitive mutant of
Arabidopsis, eral, has an increased dormancy period®®. ABA is also involved in seed
germination, shoot elongation, root growth and senescence®. Seed germination is
regulated by the balance of endogenous levels of ABA and GA. Maintenance of
dormancy is necessary to synthesize ABA®®, whereas release from dormancy is affected
by increasing rates of ABA catabolism and GA synthesis, and decreasing levels of
GA-inactivating enzymes>*®,

The important function of ABA during vegetative growth is the induction of
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responses to environmental stresses, such as desiccation, low temperature and

61-63

salinity Under drought conditions, the endogenous ABA level dramatically

increases in plants, and it regulates the transpiration rate by inducing stomatal closure

6455 Moreover, ABA induces an accumulation of

and inhibiting stomatal opening
compatible solutes, such as sorbitol, proline, glycine-betaine, and small hydrophilic
proteins that confer stress tolerance by decreasing the osmotic potential in plant cells®’.
ABA also induces the late-embryogenesis abundant (LEA) protein, which is probably
involved in the retention of moisture, protection of biological membranes and ionic
homeostasis °°. Thus, ABA can be considered a water stress-related phytohormone that

contributes to the dehydration and desiccation tolerance of cells.

1-4. Biosynthesis, transportation and catabolism
ABA actions and homeostasis are appropriately controlled to produce adaptive
responses to environmental changes through biosynthesis, transportation and catabolism

in plants.

1-4-1. Biosynthesis

ABA is a sesquiterpenoid (CisH200,), and the ultimate biosynthetic precursor is
isopentenyl diphosphate (IDP). So far, two pathways have been proposed for ABA
biosynthesis. In the sesquiterpenoid pathway (direct pathway), ABA is derived from
farnesyl diphosphate (FDP)®’, a common precursor for sesquiterpenoids, which appears
to be plausible for the biosynthetic pathway to ABA following IDP. However, in the
carotenoid pathway (indirect pathway), ABA is produced from the cleavage of
carotenoids®. This pathway was proposed by the structural similarities between ABA
and xanthoxin, which is a carotenoid degradation product. Since then, many
experiments have been performed to distinguish the sesquiterpenoid and carotenoid
pathways. The carotenoid pathway was confirmed in the 1990s by a variety of
biochemical studies, 80,-labeling experiments and the characterization of
ABA-deficient mutants. Thus, now it is thought that ABA is biosynthesized by the
carotenoid pathway in higher plants. However, the reason why ABA is synthesized from

carotenoids is not well understood.
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28970 Zeaxanthin is converted to

The carotenoid pathway is shown in Fig.
violaxanthin via the intermediate antheraxanthin by zeaxanthin epoxidase (ZEP). After
isomerization of trans-violaxanthin and trans-neoxanthin to their 9-cis isomers, they are
cleaved by 9-cis-epoxycarotenoid dioxygenase (NCED) to release the 15C compound
xanthoxin from plastids. This oxidative fission process is the rate-limiting step of ABA
biosynthesis. Neoxanthin synthesis is conducted by ABA4, which is a plastid
membrane-localized protein’*. Xanthoxin is converted to ABA by a short-chain alcohol

dehydrogenase/reductase (SDR) and abscisic aldehyde oxidase (AAQ) in the cytoplasm.

Zeaxanthin <—  B-caroten E% Isopentenyl
< diphosphate
< (IFF)
ZEP Dz\l/"]\ VDE
oH
Antheraxanthin w Chlorophast
. E .
zEp o |, voE

Violaxanthin 9-cis-Violaxanthin

trans-Neoxanthin _

9-cis-Meoxanthin wo

~

Kanthoxin Cytoplasm

‘l, SDR

*,
o

AbscisicAldehyde
{ Ao

o (&) OH
\J\bscisicAcid (ABA) -/

Figure 2 | Biosynthesis pathway of ABA in higher plants®.

ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NSY, neoxanthin synthase;
NCED, 9-cis-epozycarotenoid dioxygenase; SDR, short-chein alchol dehydrogenase/reductase;
AAO: abscisic aldehyde oxidase.
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1-4-2. Transportation

ABA biosynthetic enzymes NCED and SDR, as represented by AtABA2 and AAO,
respectively, in Arabidopsis, are mainly expressed in vascular tissues; nevertheless,
ABA acts in various cells, including guard cells’*®. This suggests that the ABA
synthesized in vascular tissues is transported to guard cell to induce stomatal closure.
ABA is a weak acid (pK, = 4.7), and thus, it exists in a protonated, uncharged form
(ABA-H) or in an anionic form (ABA"), depending on the compartmental pH, and
ABA-H can move through the membrane lipid bilayer via a passive diffusion
mechanism’®. Therefore, previously, most of the flow of ABA across membranes was
assumed to occur as a result of diffusion’. However, the pH of both the cell and
apoplast implies that most of the ABA pools are of the ABA ", charged and nondiffusible
form. Thus, the diffusion processes through the membrane may be the limiting step for
ABA transport, and ABA transporters could allow better access of ABA to intracellular
receptors. ABA transporters may be particularly relevant during stress conditions,
because such conditions are known to elevate the apoplast’s pH, and this pH increase
causes ABA-H to dissociate into its charged form, which cannot diffuse across the cell
membrane.

So far, two ATP-binding cassette (ABC) transporters, AtABCG25 and AtABCG40,
and a nitrate transporter, NPF4.6/AIT1, have been identified as ABA transporters in
Arabidopsis. AtABCG25 acts as an efflux transporter that exports ABA from the vessels,
whereas AtABCG40 and NPF4.6/AIT1 function in the uptake of ABA into subcellular
compartments (Fig. 3). AtABCG25 was isolated from Arabidopsis by genetically
screening for ABA sensitivity’®. When exogenous ABA was used to inhibit germination
and early seedling growth, the atabcg25 mutant was more sensitive to ABA than wild
type. In contrast the AtABCG25-overexpressing plants resulted in an ABA-insensitive
phenotype. Biochemical analyses indicated that AtABCG25 exported ABA from the
inside to the outside of the cell, depending on the ATP concentration. The expression of
AtABCG25 was detected mainly in vascular tissues, and it was increased by ABA. The
AtABCG25-overexpressing plants showed higher leaf temperatures, probably as a result
of inhibited transpiration. These results suggest that the export of ABA from vascular
tissues via AtABCG25 is involved in intercellular ABA signaling.

AtABCG40 was identified by a forward genetics screen of Arabidopsis pleiotropic
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drug resistance transporter (AtPDR) homozygous knockout mutants’’. Biochemical and
expression analyses indicate that AtABCG40 imports ABA from the outside to the
inside of cells, and it is expressed in the guard cells. In response to exogenous ABA, the
atabcg40 mutant showed lower expression levels of ABA responsive genes than those
of wild type and impaired stomatal closure, which resulted in reduced drought tolerance.
These results suggest that vascular tissues are the primary sites of ABA biosynthesis in
response to drought stress and that synthesized ABA is then transported to the guard
cells to close stomata.

NPF4.6/AIT1 was identified by using a modified yeast two-hybrid system, which
was based on the ability of a protein to transport ABA and utilized the PYL-ABA- type
2C protein phosphatase (PP2C) interaction as a sensor to check for ABA levels in yeast
cells’®. AIT1 has been characterized as the low-affinity nitrate transporter, but based on
a comparison of the K, values, ABA is likely a better substrate than nitrate. AIT1 is
mainly expressed in vascular tissues and mediates ABA import at the plasma membrane.
The aitl mutants showed less sensitively to exogenous ABA than wild type in seed
germination and seedling growth, whereas AlT1-overexpressing Arabidopsis showed
ABA hypersensitivity. In addition, the surface temperature of inflorescence stems of the
aitl and AlT1-overexpressing plants were lower than those of wild type, suggesting that

AIT1 acts as a regulator of the ABA pool in vascular tissues.

ABA import by AIT1

ABA import by AIT1?

- |

A
~
ABA movement
through apoplast

ABA import

ABA export AtABCG40

AtABCG25

Vascular tissues Guard cells

Figure 3 | Model for physiological roles of ABA transporters78.

ATP-binding cassette (ABC) transporters, AtABCG25 and AtABCG40, and a nitrate transporter,
NPF4.6/AIT1, have been identified as ABA transporters in Arabidopsis. AtABCG25 and AIT1
mediate ABA export and import, respectively, at the site of ABA biosynthesis (vascular tissues).
AIT1 may contribute to maintaining the ABA pool size in this tissue. ABA synthesized in vascular
tissues is transported toward the guard cells by an unknown mechanism. It is possible that ABA
must remain in vascular tissues for efficient transport of ABA to guard cells. AtABCG40 mediates
ABA uptake into guard cells to close stomata. AIT1 may also contribute to ABA uptake into guard
cells
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1-4-3. Catabolism

ABA is inactivated by two major path ways: (i) hydroxylation of ABA’s C8' position
and (ii) glycosylation of ABA’s C1' position (Fig. 4). ABA-8'-hydroxlase is a P-450 type
monooxygenase that is encoded by the CYP707A family, CYP707A1-CYP707A4"*%,
The gene expression levels of CYP707As are increased during drought stress and
subsequent rehydration conditions, indicating that ABA levels are regulated through a
continuous balance of synthesis and catabolism. The reaction product, 8'-hydroxy-ABA,
is highly unstable and; therefore, it spontaneously isomerizes to phaseic acid (PA). Then,
PA is converted to dihydro-PA and epi-dihydro-PA by the reduction of the C4' carbonyl
group. Although 8'-hydroxy-ABA is the major product of CYP707A, this enzyme can
hydroxylate at the C7’ or C9' positions of ABA as a minor side reaction®,

ABA and its metabolites are also inactivated by conjugation to ABA-glucosyl ester
(ABA-GE), which is stored in the vacuoles. Previously ABA-GE was considered a
permanent inactivation form, but recent studies indicate that it is a storage or transport
form of ABA. There are eight glucosyltransferases in Arabidopsis that can catalyze this
reaction®. Under drought conditions, ABA-GE may be cleaved by B-glucosidases that
are present in the endoplasmic reticulum (AtBG1)® and vacuoles (AtBG2)%. The atbgl
mutant caused defective stomatal closure, early germination, stress-sensitive phenotypes
and lower ABA levels, whereas AtBG1-overexpressing plants accumulated higher ABA
levels and had enhanced drought stress tolerance. Dehydration rapidly induces
polymerization of AtBG1, resulting in an increase in enzymatic activity. These results
indicated that the activation of ABA-GE by polymerized AtBG1 is a mechanism by
which plants rapidly adjust ABA levels and respond to environmental stresses. In
addition, the atbg2 mutant also showed a high sensitivity to drought and NaCl stress,
whereas AtBG2-overexpressing plants resulted in enhanced resistance to drought and
NaCl stress. Taken together, these observations suggested that besides the de novo
biosynthesis, ABA is produced in various organelles by organelle-specific

B-glucosidases in response to many stresses.
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Figure 4 | ABA catabolic pathway in plants.
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1-5. Identification of ABA receptors

More than 50 genes that are related to ABA signal transduction were identified from
ABA sensitive mutants, and it was revealed that protein phosphatases and kinases play
key roles in the ABA signaling pathway. However, ABA receptors were not identified
by molecular genetic analyses because of the functional redundancy of homologous
genes. Therefore, the understanding of ABA perception and signal transduction was
delayed in comparison to those of other plant hormones.

Studies of ABA binding proteins have been performed since the 1970s. The first
study using [°H] ABA indicated that ABA binds to membrane-rich fractions prepared
from the leaves of Vicia faba®. After that, a different group, studying guard cell
protoplasts of V. faba, reported the existence of guard cell-specific ABA-binding
proteins, which were located at the plasma membrane®. In the 1990s, microinjection
studies and the applications of ABA-protein conjugates suggested that ABA could be

perceived at both intercellular and extracellular sites®’ ™

, and an additional study using
barley aleurone protoplasts suggested the existent of an ABA receptor protein at the
plasma membrane®™. In 2006, the first ABA receptor was identified in barley by
screening a cDNA expression library with an anti-idiotypic antibody™. Sequence
analyses indicated that this protein was Arabidopsis FCA, an RNA-binding protein

involved in flowering. After that, the H subunit of Mg-chelatase®®®

and G-protein
coupled receptor GCR2% were reported as ABA receptors, but this was not by
consensus. The FCA paper was retracted in 2008 because Risk et al. in their Nature
paper reported that FCA did not bind ABA%. In 2009, novel G-protein coupled
receptor-type G proteins, GTG1 and GTG2, were reported as ABA receptors in Cell®.
The Arabidopsis gtgl/gtg2 double mutants showed ABA hyposensitivity in seed
germination, stomatal response, root growth and expression of ABA responsive genes.
Thus, it has been considered that GTG1/GTG2 is involved in ABA signaling, although
its signal transduction mechanism has remained unclear®’.

In the same year, 2009, two separate groups reported the cytoplasmic ABA receptor,
PYR/PYL/RCAR. Ma et al. identified the regulatory component of ABA receptor 1
(RCAR1) that interacts with ABI2, a PP2C, using the yeast two-hybrid assay™. In
Arabidopsis, there are 13 genes markedly similar to RCAR1 (RCAR2-14). Biochemical
and thermodynamic analyses indicated that RCARs bind to ABA and inhibit PP2C
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activity in the presence of ABA. Park et al. found that pyrabactin functions as a
selective ABA agonist in the chemical library, and identified PYRABACTIN
RESISTANCE 1 (PYR1) by a chemical genetics screening using pyrabactin®. PYR1
belongs to the START superfamily of ligand-binding proteins, and there are 13
homologs of PYR1, PYR1-like proteins 1-13 (PYL1-13), in Arabidopsis. It was
discovered that RCAR and PYR/PYL are the same protein, and thus, it is referred to as
PYR/PYL/RCAR (PYL).

1-6. The functions of PYL and ABA signal transduction

Arabidopsis PYLs are classified into two distinct subclasses: dimeric receptors, PYR1
and PYL1-3, and monomeric receptors, PYL4-12"' Recent studies suggested that
PYL13, which differs from other PYLs in the highly conserved three residues (in PYR1:
Lys 59, Leu 87 and Asn 151) of the ABA binding pocket, interacts with other PYL
isoforms and specific PP2Cs to regulate ABA signaling'®'®. Dimeric receptors, which
are inactive in the absence of ABA, dissociate into corresponding monomers in response
to a conformational change induced by ABA binding, which triggers the closure of a
mobile gating loop. This gate is open in the apoenzyme state but closes to create an
interaction surface that enables binding to the active site of the PP2Cs, negative
regulators of ABA signaling® %1% |n Arabidopsis, nine PP2Cs belonged to group-A,
and six PP2C (ABI1, ABI2, HAB1, HAB2, PP2CA/AHG3 and AHGL1) deletion variants
showed ABA hypersensitive phenotypes in seed germination, whereas the highly
ABA-induced mutants, hail, hai2 and hai3, did not affect the ABA sensitivity™**?. A
recent study suggested that these three PP2Cs functioned as vegetative-specific
regulators of ABA signaling in response to water stress**®, ABA-bound PYLs interact
with and inhibit PP2Cs, which directly inactivate SNF1-related protein kinases
(subclass 111 SnRK2s) in the absence of ABA, allowing the activation of ShnRK2s via
autophosphorylation'®*4*>  Activated SnRK2s phosphorylate basic-domain leucine
zipper (bZIP)-type ABA-responsive element-binding protein/factor (AREB/ABF)
transcription factors and S-type anion channels, including SLACL, elicit ABA
actions™**%* In Arabidopsis, three proteins, SnRK2.2 (SRK2D), SnRK2.3 (SRK2I)
and OST1/SnRK2.6 (SRKZ2E) belong to a subclass of the SnRK2 family, and the
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srk2d/efi triple mutant has a completely abolished ABA response'**9*2! Thus, in this
system, the activity of the key regulatory SnRK2 Kkinases is controlled by
ABA-mediated inhibition of PP2C activity. In contrast to dimeric receptors, monomeric
receptors are in an equilibrium between gate-opened and gate-closed conformers in the

AlOO,lOl

absence of AB . Thus, the heterologously expressed monomeric receptors

inactivate PP2C activity in the absence of ABA?"*1%

, although at much lower levels
than observed in the presence of ABA'™. Previous studies have indicated that both
dimeric and monomeric receptors are involved in plant ABA responses*?*%, The pyl8
single mutant shows an ABA-insensitive phenotype in roots, and the
pyrlpyllpyl2pyl3pyl5pyl8 sextuple mutant, which includes monomeric receptor
mutations, enhances the pyrlpyllpyl2pyl4 quadruple mutant phenotype and shows an
extreme ABA-insensitive phenotype. However, the physiological importance of
ABA-independent PP2C inhibition by monomeric receptors remains unresolved. It has
also been demonstrated that the selective chemical activation of the dimeric receptors
elicits a nearly full ABA response, which points to the dimeric receptors as key factors
in ABA signaling™®*. The results obtained in this study might help to resolve this
question (described below).

Since the PYL protein family was identified as the ABA receptor in Arabidopsis,
several studies have addressed their functions in various plant species, including
commercial crops'®. In rice, there are 12 orthologs of Arabidopsis PYL, which are
classified into two subclasses: dimeric receptors (OsPYL1-3) and monomeric receptors
(OsPYLS, 10, 11)**. Dimeric receptors show ABA-dependent PP2C inhibition, whereas
monomeric receptors can inhibit PP2C in the absence of ABA. The crystal structure of
OsPYL2-ABA-OsPP2CO06 indicated that ABA binds OsPYL2 in the same manner as the
AtPYLs-ABA binding model. Additionally, OsPYL5 has been identified as a positive
regulator of ABA signaling in seed germination and seedling growth*?"*%. In soybean,
21 of 23 PYL orthologs, GmPYLs, were characterized*®. GmPY s are categorized into
three subgroups by protein sequence similarity. Subgroup | includes GmPYL1-14, and
most of them interact with PP2C in an ABA-dependent manner. Subgroup Il contains
GmPYL15-20, and GmPYL15-18 can interact in an ABA-independent manner.
Subgroup 11 consists of GmPYL21-23. GmPYL23 cannot interact with PP2Cs in either

the presence or absence of ABA. In addition, it was confirmed that GmPYL1,
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GmPYL16 and GmPYL21 suppress PP2C activity in an ABA-dependent manner in
vitro. The tomato ABA receptor, SIPYL, is composed of 15 family members™*, and
SIPYL1, SIPYL2, SIPYL3 and SIPYL6 are the major genes involved in fruit
development™!. The strawberry ABA receptors consist of a family of 11 genes'*.
Silencing of FaPYR1 by RNAI not only reduced the ABA content, ABA sensitivity and
expression of ABA-responsive genes but also significantly delayed fruit ripening,
suggesting that FaPYR1 acts as a positive regulator in strawberry fruit ripening. The
grape ABA receptor family contains seven genes (VVRCAR1-7), and VVRCARS and
VVRCARS, respectively, act as the major ABA receptors in roots and leaves'®. Thus,
there are many PYL proteins in plants and their functions may be redundant, making the

regulation of PYL functions by gene manipulation is difficult.

1-7. Objective

The technological ability to chemically control the functions of plant hormones would
be useful in addressing biological questions in multiple plant species. However, the
development of a key material, a small molecular compound, is greatly delayed. Several
plant hormones function as natural modulators of protein-protein interactions (PPIs) and
ultimately modulate the affinity of hormone receptors for their protein binding
partners***'¥_ Indole-3-acetic acid, jasmonate-isoleucine conjugate and brassinosteroids
act as molecular glues that stabilize PPIs without causing major conformational changes
of their receptor proteins, whereas ABA and GA are allosteric ligands that cause
conformational changes in their receptors that are required for PPIs*3**% Although
PPIs have recently emerged as attractive drug targets, the rational design of small
molecules that act as positive or negative PPl modulators remains challenging, in part
because of the difficulty in creating tight interactions with the relatively flat, large and
featureless interfaces typical of PPIs'*’. In the case of plant hormones, such as ABA and
GA, the challenge is different because these hormones bind within a cavity and induce
conformational changes, as opposed to binding between two flat surfaces. Given this
feature, it may be easier to manipulate these types of PPIs. However, with the exception
of a GA receptor inhibitor that was discovered using chemical screening*, the

successful, rational design of PPI inhibitors has been limited to rigid receptors, which
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do not induce conformational changes****. Alternative design strategies are thus
required for creating allosteric modulators, and such efforts benefit from known
structural details of ligand-induced conformational changes; the ABA receptor system
currently provides this data better than any other plant system. Here, we focused on the
structural properties of ABA, which acts as a positive allosteric regulator of the PYLs,
and planned a study to develop a negative allosteric regulator that inhibits PYL-PP2C
interactions and blocks ABA signaling.

With respect to ABA analogs, numerous ABA receptor agonists have been
described®>***, but little work has been done regarding antagonists. Given the numerous
stress responses across virtually all land plants, a tool for inhibiting ABA signaling
would be extremely valuable for dissecting the myriad roles of ABA, particularly in
new systems lacking genetic resources. Additionally, ABA-receptor antagonists are of
potential agrichemical value because the ability to control seed germination rates, which
are affected by ABA, is important in a number of crop species. Moreover, recent
findings demonstrate that stress tolerant cereal varieties have a strong ability to

inactivate ABA in pollens**

that highlights the usefulness of not only enhancing, but of
also locally reducing, ABA activity to acquire better stress tolerant plants. It has been
previously shown that the sulfonamide pyrabactin (PyrA) is a selective agonist of PYR1
and PYL1 and a weak antagonist of PYL2, but its stronger agonist activity dominates its
effects, and it is an ineffective antagonist in vivo. Thus, there is a real need to create
antagonists for use in multiple contexts.

As the actions of PYL proteins are connected to ligand-mediated gate closure, an
effective antagonist might stabilize gate-opened conformers. That is, they might
function as inverse agonists. Alternatively, antagonists might enable gate closure but
block PP2C binding and inhibition. To rationally create ABA receptor antagonists, we
focused on the crystal structures of PYL-ABA complexes and structure—activity

relationship studies of ABA. They are described in detail below.

1-7-1. The structural basis for PYL-PP2C interactions

The crystal structures of PYLs were solved immediately after the identification of the
PYL receptors*®101-103.105-108.147-1%0 g £ PYR1, PYL1, PYL2, PYL3, PYL5, PYLY,
PYL10 and PYL13 have been registered in the Protein Data Bank (PDB), and their
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crystal structures were resolved as PYL-ABA, PYL-pyrabactin, PYL-ABA-PP2C,
PYL-pyrabactin-PP2C, PYL-quinabactin-PP2C or PYL-PP2C complexes (Table 1).
These crystal structures revealed that ABA acts as an allosteric modulator of PYL and
induces the interaction between PYL and PP2C. The PYL structure is composed of three
o-helices, including a 310-helix, denoted as n, and seven B-strands with the following
N-terminal: al-Bl-a2-n1-p2-B3-B4-B5-B6-B7-a3. The seven B-strands wrap up the
ABA binding pocket and form the anti-parallel B-sheet. The ABA binding pocket is
created by the n1-p2 loop, B3-p4 loop, B7-a3 loop and the N-terminal part of o3. The
major differences between ABA-free and -bound PYL are observed in the relative
positions of the gate-like loop between 33 and B4 (Fig. 5). In apo-PYL, the gate has an
open conformation that allows ABA access to the ligand binding pocket from outside.
Whereas in the ABA-bound PYL, the gate has a closed conformation and ABA is almost
completely surrounded by PYL’s amino acid residues. The orientation of the side chains
of the highly conserved proline and serine on the gate loop are changed in accordance
with gate closure. In the gate open conformer, the side chains of proline and serine are
facing outside and inside, respectively. On the contrary, in the gate closed conformer the
side chains of proline and serine are facing inside and outside. Thus, the hydrophobicity
of gate entrance is increased according to gate closure. Considering that a
cyclohexenone ring of ABA is hydrophobic, ABA may be involved in the hydrophobic
interactions of gate residues to induce gate closure. In addition, the serine residue in the
gate closed conformer plays an important role in the interaction between PYL and PP2C
and the inhibition of PP2C activity.
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Table 1| Protein Data Bank codes for the crystal structures of PYR/PYL/RCAR (PYL),
PYL-ligands and PYL-ligands- protein phosphatases 2C (PP2Cs).

PYR1 PYL1 PYL2 PYL3 PYLS PYLS PYL10 PYL13

JKAY 3KDH IKLX 4JDL 3UQH
Apo 3KL1 3RT2
JKAZ
JK3K 3JRS JKDI 4DSB IWIR 3R6P
PYL-ABA 3KBO 4DSD
3QN1 3KDJ JUJL 4DS8 300U
PYL-ABA-PP2C 3K90 3RO 3KB3
JRTO 4NDG

PYL-FPP2C

INJO JINEF JNR4 30J1

) 3NEG 3NS2

P¥L-pyrabactin IO

3MNMH

INMN

PYL-pyrabactin-PP2C

ALAT
P¥L-guinabactin-PP2C 4G5

4JDA
PYL-(-}-ABA
IWGS
PYL-ASE
b

gate

Figure 5 | Structure of apo-PYR/PYL/RCAR (PYL) receptor, PYL1 (a, PDB: 3KAY), and
ABA-bound PYL1 (b, PDB: 3JRS).

22



In the PYL-ABA complex, PYL interacts with ABA through ion pairing,
hydrogen-bond networks and hydrophobic contacts. The carboxyl group of ABA forms
an ion pair with the side chain of lysine, which is highly conserved in the n1-$2 loop. A

2 K64A) 105' and

PYL2 mutant, in which this lysine residue is mutated to alanine (PYL
PYL13, in which the equivalent lysine is replaced with glutamine’®, cannot bind to
ABA. These results are consistent with the structure-activity relationship studies, in
which the reduction, esterification and amidation of the carboxyl group of the ABA’s
side chains reduces the bioactivity>'. Because the position of the lysine residue is not
different between apo-PYL and ABA-bound PYL, this residue is not directly involved
in the gate closing and interactions with the PP2Cs. As mentioned above, the ABA’s
ring moiety may be necessary to induce gate closure via hydrophobic interactions. ABA
has three methyl groups in the ring moiety, and the C2'-binding methyl (C7’ position) is
the most important for bioactivity. The absence of C7' (7'-nor-ABA, 2) almost
eliminates ABA activity, whereas the elongation of the alkyl chain at C7’
(7"-methy-ABA, 3) retains the activity, although its activity is lower than that of ABA.
The absence of the C6’ geminal methyl group [C8' (4) or C9’ (5)] has little effect on the
activity, but the absence of both (6) dramatically reduces the activity. These
observations suggest that the C2" and C3' positions of the ABA’s ring participate in gate
closure via hydrophobic contacts to hydrophobic residues on the gate loop. On the other
hand, C8" and C9’ methyl groups probably play important roles in placing the ABA ring
in a compatible position in the PYL-ABA complexes.

The importance of hydrophobic contacts in gate closure is supported by the structural
analyses of PYL-pyrabactin®®*!  PYL-quinabactin®**** and PYL-(-)-ABA*
complexes. Pyrabactin acts as an agonist for PYR1 and PYL1, but an antagonist for
PYL2. In the PYL1-pyrabactin complex, the gate loop adopts a closed conformation,
whereas in the PYL2-pyrabactin complex the gate retains an open conformation.
Furthermore the binding orientation of pyrabactin in PYL2 is rotated 180° from that of
PYL1. The bromonaphthalene ring of pyrabactin in the PYL1-pyrabactin complex is
located at the same position as the 2,6,6-trimethyl-cyclohexene ring of ABA in the
PYL1-ABA complex. They may be the major driving forces to induce closed
conformations through hydrophobic interactions with residues on the gate loop. On the

other hand, in the PYL2-pyrabactin complex, a smaller pyridine ring is located at the
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same position instead of a bromonaphthalene ring. This pyrabactin orientation cannot
provide sufficient hydrophobic contacts to induce the gate closure.

Quinabactin, a dihydroquinolinone sulfonamide ABA analog is a strong agonist of
PYRL1, PYL1 and PYL2, and weakly activates PYL3 and PYL5. Based on comparisons
with the crystal structures of PYL2-ABA-HAB1 and PYL2-quinabactin-HABL, the
4-benzylmethyl substructure of quinabactin can be superimposed on the C6 methyl
group of ABA. Considering that an ABA analog lacking C6 (6-nor-ABA, 7)
dramatically reduces bioactivity, this moiety may contribute to the hydrophobic contacts
that induce conformational changes. In addition, quinabactin’s dihydroquinolinone
oxygen and ABA’s cyclohexenone oxygen can be superimposed on each other, and they
form a water-mediated hydrogen bond with tryptophan 385 from HABL. Thus,
quinabactin more closely mimics the interaction between ABA and PYLs than does
pyrabactin.

A structural analysis of the PYL3-(—)-ABA complex indicated that the C8’ and C9’
methyl groups are positioned at the entrance of the ligand binding pocket, which is
normally occupied by the C7' methyl group of (+)-ABA. (+)-8-nor-ABA and
(+)-9'-nor-ABA showed comparable activity levels to that of (+)-ABA. However, the
(—)-ABA analog lacking the C8' methyl group reduced the bioactivity to less than 1/100
of that of (—)-ABA™ (the activity of (-)-9"-nor-ABA has not been investigated). This
data also suggests that the interaction between the ABA’s cyclohexenone ring and the
hydrophobic residues on the gate loop plays a key role in the conformational change.

Compared with the structures of the PYL-ABA and PYL-ABA-PP2C complexes, the
conformation of PYL remains almost unchanged. The loops 3-p4 (gate) and p7-a3 are
slightly shifted in ABA to form a tiny hydrophobic pocket. In the PYL-ABA-PP2C
complex, PYL interacts with PP2Cs using mainly the gate loop and the N-terminal of
the a3 helix. A highly conserved serine residue in the gate loop has a key role in this
interaction. Its hydroxyl group forms a hydrogen bond with the carboxyl group of
glutamic acid, which composes an active site in the PP2Cs. A PYL1 mutant in which
this serine residue was replaced with an alanine (PYL1%"?*) showed a reduced
inhibitory activity against PP2Cs. In addition, the side chain of the conserved
tryptophan in the PP2Cs is inserted into a narrow hydrophobic pocket of ABA-bound
PYL to form hydrophobic contacts with PYL residues, including Phel59 (PYR1
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numbering). In this hydrophobic pocket, the amino group of the indole ring of the
tryptophan forms a water-mediated hydrogen bond with the carbonyl group of ABA.

1-7-2. Structure—Activity Relationships

Numerous ABA analogs have been synthesized to help clarify the structure—activity
relationships and to develop more potent active compounds or biochemical tools for
investigating the molecular mechanisms of ABA. The activities of these ABA analogs
have been investigated under various conditions and in different plant species, making it
difficult to quantitatively describe the structure—activity relationships. Therefore, the
qualitative structural requirements for ABA activity are summarized in Fig. 6. The
relationship between structures of ABA analogs and activities was reviewed by Addicott

and Todoroki in detail®***;

therefore, here they are described in terms of the activities
combined with crystal structure analyses of PYL-ABA complexes.

The C1 carboxyl group is essential for binding to PYL, as mentioned above, but the
alkyl esters of ABA (8), abscisic aldehyde (9) and ABA-alcohol (10) show similar
activity levels as ABA in long-term assays, suggesting that these compounds are
converted to ABA by hydrolysis or oxidation in plants. The C1’ hydroxyl group acts as a
proton donor and forms a water-mediated hydrogen bond with Glu 94 (PYR1
numbering). The absence of a hydroxyl group (1’-deoxy-ABA, 11)**° and replacement
of a hydroxyl group with fluorine (1’-deoxy-1'-fluoro-ABA, 12)™*°, which can only act
as a proton acceptor, reduces the ABA activity to 1/10-1/20 of its normal level. The
activity of 1-O-methyl-ABA (13) also has 1/10-1/100 the activity of ABA™’. The C4'
carbonyl group acts as a proton acceptor. It forms a hydrogen bond with the backbone
amide of Ala89 (PYR1 numbering) and a water-mediated hydrogen bond with the
tryptophan residue of PP2C. Nevertheless, the 4'-reduced analogs, 1,4-diol-ABA (14,
15) and 4'-deoxo-ABA (16), retain bioactivity, suggesting that these analogs are
oxidized to the 4’-oxo-type in plants. On the other hand, 4’-methoxy-ABA (17) has a
clearly reduced bioactivity **®,

The methyl groups C6, C7', C8" and C9' are involved in hydrophobic interactions
with PYL’s residues. In particular, the C6 and C7' methyl groups, which are located at
the entrance of the ligand binding pocket, seem to be directly involved in gate closing,

as described above. Consistent with this observation, the activity of 6-nor-ABA (7) and
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7’-nor-ABA (2) are 1/100, or much less, than that of ABA.

The two conjugated double bonds of the side-chain (2Z, 4E) form an important
moiety that determines the positions of the C6 methyl and C1 carboxyl groups of the
PYL-ABA complexes. The geometric isomer of the 2C double bonds (2E-ABA, 18) and
C2 double bond reduced analogs (19, 20) do not show ABA activity. On the other hand,
the replacement of the C4 double bond by a triple bound (21) has little effect on the
activity. Superpositioning 21 and ABA in the PYL-ABA complex indicates that the C6
methyl and C1 carboxyl groups of 21 reside in almost the same positions as those of
ABA. The C2' double bond in the ring moiety plays an important role in determining
the conformation of the cyclohexenone ring. The replacement of the C2' double bond
with a single bond retains the activity level, but only when the C7’ methyl is cis to the
side-chain (22), which adopts an axial orientation.

In the PYL-ABA complex, ABA is bound in a half-chair conformation with an axial
side-chain, which is consistent with the most thermodynamically stable conformer. The
relationship between the ring conformation and activity were thoroughly investigated by
Todoroki®*. The ABA analogs with conformations that are constrained by a cyclopropyl
ring (23-26) have reduced bioactivity and an increasing abundance of the conformer
with an equatorial side-chain. These results are supported by the conformations of ABA

analogs in the crystal structures of the PYL-ABA complex.
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required these oxidation levels

essential

Slightly es=ential

essential, required Z-configuration

essential; required E-configuration;
replaceable with triple bond

replaceable with =ingle bond

Figure 6 | Structural requirements for ABA activity.

Structural factors required for ABA activity: i) oxidized 1-calboxyl, 1-hydroxyl, and 4'-carbonyl
groups, ii) methyl groups (C6, C7', C8', and C9), iii) C-C double bonds at C2 and C4, and iv)
conformations of the six-membered ring and side-chain. The absence of any one functional
group reduces activity, although to varying degrees.
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Figure 7 | Structures of ABA analogs.
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2. Results

2-1. Design and synthesis

ABA interactions with the receptor in the PYL-ABA complex completely concur with
those predicted based on the structure—activity relationship. Therefore, here we designed
an ABA receptor antagonist based on molecular structure. An ABA receptor antagonist
needs to bind strongly to PYL but not induce the interactions between PYL and PP2C.
Considering that the affinity of the PYL-ABA-PP2C ternary complexes for ABA is
10-fold higher than that of PYL-ABA complexes, a PYL antagonist is needed at a
concentration 10-fold greater than that of ABA to evenly antagonize the ABA action
even if it has a comparable affinity to ABA. Thus, the design concept for a practical
PYL antagonist should not reduce the affinity for PYL and, if possible, enhance the
affinity by forming novel interactions.

In the PYL-ABA complexes, the side chain carboxylate of ABA was deeply intruded
into the ligand binding pocket to form the salt bridge with Lys, thus any modifications
of the side chain will reduce the affinity for PYLs, which are also supported by
structure-activity relationship studies. On the other hand, the C2', C3' and C4' positions
of ABA’s ring were found to participate in gate closure via hydrophobic contacts to the
gate loop, thus some structural modification of this portion can affect the
conformational change of PYL. Furthermore, multiple PYL-ABA X-ray structures
revealed that gate closure was accompanied by the formation of two small
solvent-exposed tunnels adjacent to ABA’s 3'-CH and 4'-C=0 (Fig. 8a,b). The entrance
to these tunnels (referred to as 3'- and 4'-tunnels) lay on the interface that normally
contacted PP2C. Here we focused on the 3' tunnel that was a relatively simple cleft
formed by five highly conserved hydrophobic residues (in PYR1: Phe61, Leu87, Pro88,
Phel59 and Vall63; Fig. 8c-f). Because some 3'-modified analogs of ABA retained
activity (Table 2)°**° it was reasoned that the 3’ tunnel might have accepted alkyl
substituents at the 3’ position that could then form hydrophobic contacts with the tunnel.
One might have expected such derivatives to potentially stabilize the gate-closed
conformer, interfere with gate closure or, in the case of longer chains, protrude through
the tunnel and prevent PP2C binding. Thus, alterations of chain length could
conceivably have resulted in both agonists and antagonists, making this an interesting

site for ABA modifications.
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Figure 8 | Existence of small tunnels in PYL-ABA complexes.

a, Superimposition of the apoenzyme (gray) and ABA-bound (blue) PYR1 structure (PDB code: 3K90).
Small tunnels highlighted by red cylinders and ABA, magenta sticks. b, HAB1 binds to the PYR1-ABA
complex and covers these tunnels (3QN1). HAB1, orange, displayed in same view as in (a). ¢, Close-up
view of 3'-tunnel in PYR1-ABA (3K90), PYL1-ABA (3JRS), and PYL2-ABA (3KDI) complexes.
Solvent-accessible surfaces (probe radius: 0.9, 1.4, and 1.4 A, respectively) prepared with Chimera
software'®. d, 3-tunnel composed of well-conserved hydrophobic amino acids. e, Distance between
C3'-position of ABA and PPI interfaces of HAB1 in PYR1-ABA-HAB1 complex (3QN1). f, Sequence
alignment of residues composing 3'-tunnel.
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Table 2 | Biological activity of 3'-modified ABA.

Compounds Bioactivity @
ABA (assay control): R =H +++
3'-fluoro-ABA: R =F +++
3'-chloro-ABA: R = ClI +++
3'-bromo-ABA: R = Br +++
3'-iodo-ABAR = | ++
3'-azido-ABA: R = N, +++
3-methyl-ABA: R = CH,4 +++
ABA-3'-n-butyl thiol: S(CH,),SH ++

ABA-3' dimer: S(CH,),S-3'-ABA

a The activity in rice seedling elongation assay: +++, 1; ++, 1/10; +, 1/100; -, <1/100.

On the basis of the above considerations, 3'-alkylsulfanyl ABAs were designed by
nucleophilic addition of alkyl thiolate to the 2',3'-epoxides 27, prepared from ABA (1;
Fig. 9) using the most simple and selective method®*%, For simplicity, these are called
the ASn compound series (28-38), where n denotes the alkyl chain length. Before
preparing these compounds, a model of a PYR1-AS6 complex was constructed on the

basis of crystal structures of PYR1-ABA complexes* %’

, to estimate an appropriate
length of alkyl chain of ASn. This model suggested that a hexyl chain was of sufficient
length to protrude through the PYR1 surface (Fig. 10a) and occupy a position normally
occupied by the highly conserved PP2C residue Val393 (HAB1 numbering; Fig. 10b).
Therefore, AS6 was predicted to bind PYR1’s ligand-binding pocket and disrupt PP2C
binding. These analyses also suggested that compounds with n < 4 might stabilize gate
closure and act as agonists. The validity of these predictions was established by the

synthesis and characterization of 11 ASn compounds (n=2-12; Fig. 9).

HS
n-1
1 M NaOH

- >
MeOH, 74-87%

H,0,, 1 M NaOH
%
MeOH, 45%

2'a,3'a-dihydro-

ABA (1
@ 2'a,3'0-epoxy-ABA (27) ASn (28-38)

Figure 9 | Synthesis of ASn compounds (n=2-12).

31



HAB1

Figure 10 | A homology model of AS6-bound PYR1 constructed based on the crystal structure of
PYR1-ABA complex (PDB code: 3K90).

a, Superimposition of PYR1-ABA complex (cyan) and a homology model of PYR1-AS6 complex (blue).
ABA, magenta sticks and AS6, purple sticks. b, AS6 is overlaid on ABA in PYR1-ABA-HAB1 complex,
hexyl chain overlaps with HAB1 residue.
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2-2. Physiological effects of ASn on plants

As these compounds’ activities in vivo were of paramount importance, the effects of
ASn compounds were examined first using seed germination assays, which rely on
ABA’s inhibitory effect on germination to distinguish between antagonist or agonist
activities. Here, agonists inhibit seed germination, and antagonists relieve this inhibition
when coapplied with ABA. These experiments showed that AS2 and AS3 inhibited
Arabidopsis seed germination and early seedling growth and that the potency of AS2
was greater than that of ABA (Fig. 11a and Fig. 12). In vivo, ABA is inactivated by
cytochrome P450-mediated hydroxylation by CYP707A enzymes'®®. Although the
catabolic rate of ASn compounds in plants was not examined, the inhibition activity
against recombinant Arabidopsis CYP707A3 suggested that the affinity of AS2 and AS6
(Ki value = 56 and 48 uM, respectively) for the enzyme active site are 10-fold lower
than that of ABA (K, = 4.8 uM) (Table 3). Therefore, the enhanced catabolic stability
compared to ABA should be taken into consideration in evaluating the in vivo activity of
ASn compounds. AS4 was a weaker agonist than AS2 and AS3, and molecules with n >
4 did not inhibit germination. AS2-AS4 enhanced and AS5-AS12 suppressed ABA’s
effect on germination and early seedling growth in coapplications with ABA (Fig. 11b
and Fig. 12). Although the suppression effect was not very strong in an early stage of
the assay, the effect of ABA was almost completely relieved eventually (Fig. 13),
probably because the co-applied ABA was inactivated more promptly than ASn
compounds. The suppression of ABA effects by AS5-AS12 suggested that they were
receptor antagonists.

a blOO'
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0.1 pM 1.0 uM 0.3 uM ABA + 1.0 uM ASn

Figure 11 | The effects of ASn on Arabidopsis seed germination.
a, Seed germination rate in the presence of ASn at 24 h after stratification (n=3; error bars represent,
s.d.). b, Seed germination rate in presence of 0.3 uM ABA and 1.0 uM ASn at 36 h after stratification
(n=3; error bars represent, s.d.).
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Figure 12 | Effects of ASn on early seedling growth of Arabidopsis.

AS2-AS4 exhibited an inhibitory effects, although to various degrees, whereas AS5-AS12
relieved ABA-inducible inhibition. a, Seedlings grown on test media agar containing indicated
ASn concentrations for 5 d. b, Seedlings grown on test media agar containing 0.3 uM ABA
and indicated ASn concentrations for 10 d. Similar results obtained from three independent
experiments using different seed batches.
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Table 3| Inhibitory activity of AS2 and AS6 for 8'-hydroxylase.

CYP707A3’ inhibition ratio
Compounds

Ki (uM)
AS2 56
AS6 . 48
Abz-E2B 0.036

: Arabidopsis recombinant CYP707A3 expressed in E. coli.
b
A selective inhibitor of ABA 8'-hydroxylase CYP707A®
The Kn value of ABA was determined to be 4.8 uM in this assay.
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Figure 13 | Antagonistic effects of AS6 on Arabidopsis seed germination.
Seed germination rate in presence of 0.3 uM ABA and 1.0 uM AS6 at 24, 36, and 48 h after

stratification. Seed germination rate in presence of 0.3 uM ABA also shown. (n=3; error bars,
s.d.).

A similar trend was observed in studies with Lactuca sativa (lettuce), which showed
that ASn compound effects were not restricted to Arabidopsis (Figs. 14 and 15).
Interestingly, AS4 showed the opposite effect in seed germination and early seedling
growth, that is, AS4 inhibited lettuce seed germination whereas it suppressed ABA's
effect on seedling growth. The effects of AS2, AS4 and AS6 were also tested on
Raphanus sativus (radish) seedling drought tolerance. Treatments with AS2 reduced
water loss and enhanced drought tolerance (Table 4 and Fig. 16), as expected of an
agonist. Conversely, AS6-treated seedlings lost water more rapidly, showed reduced
leaf temperatures (owing to increased evaporative cooling) and wilted more quickly

than mock-treated controls (Figs. 16 and 17), consistent with expected antagonist effects.
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Thus, the ASn compound series contained both agonist and antagonist activities with

good bioavailabilities and activities beyond the model plant.
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Figure 14 | Effects of ASn compounds on lettuce seed germination.

ASn exhibited similar effects as Arabidopsis seed germination.
presence of ASn at time when germination rate of control

a, Seed germination rate in
plant is at 50%. Inhibitor

concentrations resulting in 50% inhibition (ICso) of ABA, AS2, AS3, and AS4 at 72 h after
seed sowing indicated. b, Seed germination rate in presence of 30 uM ABA and 300 uM ASn
at time when germination rate of only ABA-treated plant is at 40% (n=3; error bars, s.d.).
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Figure 15 | Effects of ASn on early seedling growth of lettuce (grand rapids).

a, Seedlings grown on filter paper soaked in solutions containing indicated ASn
concentrations for 14 d. b, Seedlings grown on filter paper soaked in solutions containing 30
pM ABA and indicated ASn concentration for 14 d. Similar results obtained from three
independent experiments using different seed batches.
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Figure 16 | Effects of AS2, AS4 and AS6 on drought tolerance.
Seven-day-old radish seedlings treated with ASn solutions for 12 h, transferred to empty
tubes and left for 8, 4, or 3 h (left, middle, and right, respectively).

Table 4 | Effect of AS2, AS4 and AS6 on transpirational water loss.

Conc. Relative rate of

(uM) water loss (%)*
control 100
ABA 10 53+ 6.6
AS2 30 71+3.7
AS4 100 63 + 12
AS6 30 95+11
100 92 +9.7
30 108 £ 11
100 127 £ 15

The data represent means +s.d. of three replications.
®Relative reduction rate normalized to control (untreated) value of 100%.
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Figure 17 | Leaf surface temperature determined by infrared thermal imaging.
Leaf temperature of radish seedlings monitored after treatment of AS6 (300 uM), ABA (300 uM),
or water (control). Similar results obtained from three independent experiments.
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The molecular bases of AS2, AS4 and ASG6 actions in vivo were further characterized
in Arabidopsis. AS2 was found to induce expression of ABA-responsive genes and the
B-glucuronidase (GUS) gene on an ABA-responsive, transcriptional, reporter line with
slightly stronger activity than ABA, which was consistent with the seed germination
data (Fig. 18a,b). With AS4, clear expression of ABA-responsive genes was nhot
observed by gRT-PCR, but weak reporter gene activation was detected in root tissues
(Fig. 18a,b). As expected, AS6 was not able to induce obvious ABA responses, as
measured by both qRT-PCR gene expression and reporter line assays (Fig. 18a,b). AS2
enhanced expression of ABA-inducible genes, whereas AS4 and AS6 lessened their
expression in cotreatment with ABA (Fig. 18c,d). This antagonist effect was stronger for
AS6 than AS4, the latter only partially decreasing expression of these genes. Notably,
AS6 also repressed expression of stress-induced ABA-responsive genes in response to
treatment with mannitol, which induced ABA synthesis by mimicking the water loss
caused by drought (Fig. 19). These physiological data suggested that AS2 and AS6
functioned as a PYL agonist and antagonist, respectively, whereas AS4 exhibited an
intermediate effect, consistent with predictions based on the present PYR1-AS6 model
(Fig. 10).

PyrA is a synthetic PYL agonist but not an ABA analog and inhibits seed germination
primarily by activating PYR1%. In contrast to seeds, PyrA is not able to induce ABA
response in vegetative tissues. Additionally, it has weak antagonist activity in assays
with PYL2 in vitro, which perhaps explains its inability to trigger a strong ABA
response in adult plant tissues. Given this, the two compounds were compared, and,
consistent with previous reports®**?*, PyrA was observed not to induce strong ABA
responses in vegetative tissues. More notably, PyrA, unlike AS6, did not block induction
of ABA-inducible genes by either exogenous ABA treatment or endogenous stimulation
by mannitol treatment (Figs. 18c,d and Fig. 19). Therefore, the previously reported
PY L2-selective antagonist activity of PyrA'*® seemed not to be physiologically relevant,
and, notably, the reported activity required a high molar excess of PyrA relative to ABA
in vitro to be observed. These results suggests that functional ABA antagonist in

physiological levels might be required to target on all expressing ABA receptors in vivo.

40



a [IDMSO M ABA M AS2 As4 HAse HPryA

MAPKKK18 16 RD29B

12

Copy number of
MRNA (10-5fmol)
o [l N w S [62]

5 5 0| 5
0o 1 5 10 25 50 0o 1 5 10 25 50

Chemical concentration (uM)

b
®
(]
-
IS]
o
o4
C
8
MAPKKK18 RD29B
6
4
2
0 =L |
0 O 5 10 25 50 100 0 O 5 10 25 50 100
ABA 10 (uM) ABA 10 (uM)
d Chemical concentration (UM)

Leaf

Root

DMSO DMSO AS2

Figure 18 | Effects of ASn compounds on expression of Arabidopsis ABA-responsive genes.

a, Expression of ABA-responsive genes after chemical treatments. Chemical concentrations were
tested at O uM, 1 uM, 5 uM, 10 uM, 25 uM and 50 uM. b, Spatial expression pattern of MAPKKK18 after
5 uM chemical treatment. ¢, Expression of ABA-responsive genes after cotreatment with ABA and ASn
or PyrA. ASn compounds were tested at 0 uM, 1 uM, 5 uM, 10 uM, 25 uM and 50 uM in presence of 10
uM ABA. d, Spatial expression pattern of MAPKKK18 after cotreatment with 5 uM ABA and 50 uM ASn
or PyrA. In a—d, 6-d-old Arabidopsis wild-type (Columbia accession) and promoter MAPKKK18::GUS
transgenic seedlings incubated in solution containing chemicals in 0.5x MS and 0.5% sucrose for 6 h
were used. In a and c, n=3, and error bars represent s.d. In b and d, scale bars represent 0.5 mm.
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Figure 19 | AS6 antagonized endogenous ABA activity.
Transgenic Arabidopsis (pPMAPKKK18::GUS) subjected to 400 mM mannitol or control
solutions, in presence of 50 uM AS6 or pyrabactin (PyrA) for 4 h. Scale bars, 0.5 mm.

2-3. Biochemical characterization of ASn

The 3’ tunnel is enclosed by highly conserved residues, and therefore it was expected
that ASn compounds might have broad-spectrum activity across the receptor family.
Thus, the effects of ASns on 11 of the 13 Arabidopsis receptors were examined using
phosphatase assays (PYL7 and PYL12 have remained recalcitrant to expression as
active proteins in our hands). In these assays, receptor activation was monitored by
PP2C activity inhibition, and effective agonists exhibited near-complete PP2C activity
inhibition at saturating concentrations, whereas partial agonists failed to completely
inhibit PP2C activity. AS2 activated dimeric receptors (PYR1 and PYL1-3) with
potencies comparable to that of ABA (Fig. 20a) and showed incomplete activation of
the monomeric receptors PYL4, PYLS5 and PYL11; thus, AS2 was not a broad-spectrum
agonist. The recently reported agonist quinabactin also primarily activates dimeric
receptors, and the AS2 effects observed here provided independent evidence for the
sufficiency of dimeric receptors to activate ABA responses®*. AS4 displayed
incomplete activation of dimeric receptors compared to ABA, and AS6 was also able to
partially cause activation. Although AS6 bound to PYLs with affinity comparable to
ABA, as described below, its effects included less than 50% PP2C inhibition, which

suggested that AS6 acted as a weak partial agonist.
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The antagonist activities of these compounds in vitro were characterized by
examining their ability to reverse ABA-mediated PP2C inhibition. These experiments
showed that AS2 slightly antagonized monomeric receptors, especially PYL10, whereas
AS4 and AS6 antagonized ABA-dependent PP2C inhibition for all of the receptors
tested, indicating broad-spectrum antagonist activity (Figs. 20b and 21). AS6’s effects
were greater than those of AS4, but neither enabled full recovery of PP2C activity, even
when present at a 20-fold excess over ABA. This might be explained by the intrinsic
partial-agonist activity of AS6 and, thus, in the presence of ABA, AS6 only enabled
PP2C activity recovery to ~50% of the inhibition observed in the presence of AS6 alone.
This partial antagonism of AS6 in the PP2C assay is not always consistent with the
results obtained in the physiological assays, suggesting that a partial release of active
PP2C from PYL might be sufficient to dephosphorylate SnRK2 to block ABA signal
transduction.
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Figure 20 | Effects of ASn on HABL1 inhibition by ABA receptors.

a, Chemical-dependent inhibition of HAB1 by various ABA receptors. Assays were conducted
in presence of 25 uM of each test chemical. b, Antagonistic effect of 50 uM ASn compounds
This assay conducted in presence of both 5 uM ABA and 50 uM ASn compounds. PYL and
HAB1 proteins were used at the same molar ratio at 60 pmol; n = 3; error bars represent s.d.
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Figure 21 | Antagonist effects of ASn on HABL1 inhibition by ABA receptors.

ASn compounds were tested at 0 uM, 0.5 uM, 2.5 uM, 5 uM, 10 uM, 25 puM, 50 uM and 100
uM, whereas ABA was used at 5 uM in reactions. HAB1 activity in absence of receptor protein
and chemical are shown as 100% of enzyme activity. PYL and HAB1 proteins were used at
the same molar ratio at 60 pmol; n = 3; error bars represent s.d.

The mechanism of AS6 antagonist activity was further characterized by pull-down
assays in vitro using recombinant PYLs in combination with HAB1. PYR1, PYL3 and
PYL4 did not bind to HABL in the absence of ABA but did in its presence (Fig. 22). In
addition, AS6 slightly promoted the binding of PYLs to HABL, consistent with HAB1
phosphatase assay. In cotreatment experiments, AS6 blocked ABA-induced PYL-PP2C
interactions in a dose-dependent manner (Fig. 22). We observed that PYL6, PYL8 and
PYL10 bind HAB1 in the absence of ABA, consistent with previous reports®*%,
Interactions between these receptors and HAB1 were modestly enhanced in response to
ABA and as expected AS6 reversed this to the basal levels that they show in the absence
of ABA, but did not block ABA-independent interaction of these monomeric receptors
with HAB1. Collectively, these biochemical data showed that AS6 acted as an
antagonist by blocking ABA-induced PYL-PP2C interactions.
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Figure 22 | Effects of ASn compounds on PYL-PP2C interactions in vitro.

Antagonistic effect of AS6 on ABA-mediated PYL-PP2C interaction. Pull-down assay performed
using purified glutathione S-transferase (GST)-HAB1 and 6xHis-tagged PYLs (100 and 20 png,
respectively). Signals = (-) for 0 uM; (+) for 25 uM; (++) for 100 uM; and (+++) for 250 uM.

2-4. Thermodynamic and structural analysis of PYL-AS6

Isothermal titration calorimetry was next used to characterize AS6 binding with
monomeric receptors, which were selected over dimeric receptors because they display
simple ligand association and dissociation and lack a dimer dissociation step. These
analyses revealed apparent dissociation constants (Kq) of 0.48 £ 0.10 uM (s.e.m.) and
1.28£0.72 uM (PYL5 and PYL10, respectively) with negative enthalpies, indicating an
exothermic binding process (Fig. 23 and Table 5). These values were comparable to
those of ABA (0.88 £ 0.11 uM and 0.78 + 0.12 uM for PYL5 and PYL10, respectively.
In comparison to ABA, AS6 binding to PYL5 is associated a larger negative enthalpy
(AH=-9.7 vs. —7.8 kcal mol™), whereas as entropy for AS6 is less than that for ABA.
This was not the case for AS6-PYL10 interactions; the AH for AS6 is less negative
(—6.9 kcal mol™) than that for ABA (—10.9 kcal mol™), but on the contrary, as —TAS for
ASG6 is greater than that of ABA. These observations suggested that there might have
been subtle mechanistic differences in the AS6 gate-closing dynamics for different

receptors.
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Figure 23 | Isothermal titration calorimetry profiles and thermodynamic data for AS6-PYLs
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binding experiments.

a, Raw data for 20 sequential injections of 1.25 uL of 0.4 mM AS6 stock solution into cell
containing 40 uM 6xHis-tagged PYLS5 in phosphate buffer, pH 8.0. Injections performed over a
period of 5 sec. with 3 min intervals between injections. b, Plot of heat evolved (kcal) per mole of
AS6 dilution, against molar ratio of AS6 to PYL5. Data fitted using software 'one set of sites' and
solid line represents best fit. ¢, Raw data for 20 sequential injections of 0.4 mM ABA stock
solution into cell containing 40 uM 6xHis-tagged PYL5 in phosphate buffer. d, Plot of heat
evolved (kcal) per mole of ABA added, corrected for heat of ABA dilution, against molar ratio of

ABA to PYL5.
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Table 5 | Apparent AS6 and ABA binding affinity for PYLs.?

Receptors Compounds Kg (uM) AH (kcal/mol) -TASP (kcal/mol) AGE (kcal/mol)
PYL5 ABA 0.88+0.11 -7.8+0.1 -0.3 -8.1+0.1
PYL5 AS6 0.48 £0.10 -9.7+0.2 1.2 -85+0.1
PYL10 ABA 0.78 £0.12 -10.9+0.3 2.7 -8.2+0.1
PYL10 AS6 1.28+0.72 -6.9+0.5 -1.0 -7.9+0.3

a Ky, 4H obtained from single-set-of-sites fit to date.

5 TAS = AH-4G

¢ AG =—RTIn(1/K). Uncertinties for Ky, 4H, and AG calculated by curve fitting program of MicroCal Origin 7.0.
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The molecular mechanism of AS6 activity was then clarified by determining the
crystal structure of recombinant PYR1 bound to AS6 at 2.3-A resolution, using
molecular replacement and starting from published PYR1-ABA coordinates PDB code
3K90; refinement and structure statistics are summarized in Table 6). The PYR1-AS6
complex was found to resemble very closely that of the PYR1-ABA complex (Fig. 24a),
and AS6’s ABA-skeleton resided in almost the same position normally occupied by
ABA (Fig. 24b). Consistent with the present model-based predictions, the gate loop
adopted a closed conformation, and the 3’ tunnel accommodated the AS6 S-hexyl chain,
which also protruded out onto PYR1’s PP2C-interaction surface (Figs. 24c,d and 26). A
significant difference with the PYR1-ABA is the 90 degrees flipped orientation of the
phenyl side chain of the conserved Phe residue of o3 helix, which may have been
induced due to the interaction with S-hexyl chain of AS6 (Fig. 24b). These observations
provided direct evidence that AS6 induced the gate-closed conformer and that the

S-hexyl chain was positioned to interfere with PP2C binding through steric effects.
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PYR1 HAB1

Figure 24 | Crystal structure of PYR1-AS6 complex.

a, Overall structure of AS6-bound PYR1. AS6 is shown as purple sticks. b, Superposition of the PYR1-
AS6 complex (cyan) and PYR1-ABA complex (gray, PDB code 3K90) at the ligand binding pocket. c,d,
Superposition of the PYR1-AS6 complex and the PYR1-ABA-HAB1 (orange, PDB code 3QN1)
complex. The gate loop of the PYR1-AS6 complex adopted a closed conformation, and the AS6
S-hexyl chain passed through the 3’ tunnel to protrude over the PYRL1 surface. In ¢, Vall63 in the a3
helix and Val83 at the N terminus of the gate loop region are located at the top and bottom of the
tunnel, respectively, and are highlighted in spheres. In d, the S-hexyl chain tip collided with HAB1
Val393, which is well conserved among PP2Cs (d).

Figure 25 | A stereo view of the 2Fo-Fc omit electron density maps for AS6-bound PYR1

centering on ASG6.
The 2Fo-Fc map, contoured at 1.3 o, in blue mesh for protein and green mesh for AS6.
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PYR1-ABA

Figure 26 | PP2C binding surface of PYR1-AS6 complex was identical to that of PYR1-ABA

complex.

a, Superposition of PYR1-AS6 complex (cyan) and PYR1-ABA-HABL1 (orange, 3QN1) complex.
ASG6, green sticks. b, Crystal structure of PYR1-ABA-HAB1 (3QN1) complex. ABA, magenta

sticks.

Table 6 | Data collection and refinement statistics (molecular replacement).

PYR1-AS6
PBD ID: 3WG8
Data collection
Space group P3,21
Cell dimensions
a, b, c(A) 66.93, 66.93, 78.24
o, B,y (°) 90, 90, 120
Resolution (A) 58.0-2.3 (2.38-2.3) *
Reym OF Rinerge 0.084 (0.709)
/ol 38.5(4.3)
Completeness (%) 98.7 (98.6)
Redundancy 7.2(7.1)
Refinement
Resolution (A) 32.45-2.3
No. reflections 8811
Ruork ! Riree 23.8/28.1
No. atoms
Protein 1408
Ligand/ion 26
Water 33
B-factors
Protein 49.29
Ligand/ion 42.75
Water 46.49
R.m.s. deviations
Bond lengths (A) 0.015
Bond angles (°) 1.843

*Values in parentheses are for highest-resolution shell.
Single crystal was used for data collection.
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2-5. The functional selectivity of ASn

The compounds in the ASn series were structurally nearly identical to ABA, with the
exception of their 3'-alkyl chains. Although direct evidence was developed here for
receptor-mediated physiological effects by these compounds, it is conceivable that
activity at other ABA binding sites could have contributed to their effects in vivo. Thus,
the effects of AS2 and AS6 on two well-characterized, nonreceptor ABA-binding sites
were characterized, and, as described above, ASn compounds were not potent inhibitors
of ABA catabolic CYP707A enzymes. Moreover, endogenous ABA concentrations in
Arabidopsis seedlings treated with AS2 or AS6 were investigated to examine whether
these concentrations were altered by ASn compounds. No significant differences (P >
0.1 by one-way analysis of variance; n =5 or 6) were observed in ABA concentrations
between ASn and mock-treated controls (Fig. 27), suggesting that ASn exerted little
effect on ABA metabolism. Recently, two ATP-binding cassette (ABC) transporters,
AtABCG25® and AtABCG40"’, and the nitrate transporter NPF4.6 (also known as
AIT1)"® were described as ABA transporters. The effect of AS6 on AIT1, whose assay
system has been established uniquely among the ABA transporters, was examined, and
AS6 was found not to substantially inhibit ABA transport activity by AIT1 when present
at equimolar concentrations to ABA; however, it weakly inhibited transport when
present in tenfold excess (Fig. 28). These data suggest that AS6 is not a strong inhibitor
of ABA transport activity.

10 4

ABA ng/g FW

H:0 AS2 ASG

Figure 27 | Effects of AS2 and AS6 on endogenous ABA concentration.
Ten-day old seedlings incubated with 10 uM AS2 or AS6 solution, or water as control, for 6 h.
Data analyzed by one-way ANOVA (n=5-6, mean +s.e.m.).
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Figure 28 | Effects of AS6 on ABA transporter NPF4.6/AIT1.

ABA import activity (fmoles ABA/1x10 cells/min) of NPF4.6/AIT1 in presence of ABA and AS6
determined by analyzing ABA incorporated into yeast cells. Amounts of ABA incorporated into
cells with empty vector also shown (Control). AS6 tested at 0, 1, 10, and 100 uM in presence of 1
or 10 uM ABA (n=3; error bars, s.d.).

2-6. Molecular determination for the functional selectivity of AS2
In the PP2C assay, AS2 showed different function for different subclasses/subtypes of
PYLs (Fig. 20), which indicates that the agonistic/antagonistic properties of ASn do not
always depend only on the length of the S-alkyl chain. Based on the PYR1-AS6
structure, the S-ethyl chain of AS2 is estimate to be too short to directory interfere with
binding to PP2Cs, as is the case of monomeric receptors. Therefore, another mechanism
is required to explain the functional selectivity of AS2. When focusing on the residues
comprising the 3'-tunnel, the only difference among the subclasses/subtypes is found in
the o3 helix. This residue, which is located on the C3'-position of ABA, is a Val in the
dimeric receptors and a Leu (PYL7-10) or lle (PYL4-6, PYL11 and PYL12) in the
monomeric receptors (Fig. 29). Because of the steric bulkiness, which is greatest in Leu,
less in lle, and the least in Val, this residue can interfere with the S-ethyl chain. The
steric interference may prevent the closure of the gate by pushing the AS2 S-ethyl chain
to the gate loop (Fig. 30).

To validate this hypothetical mechanism, we prepared PYL9 and PYL10 mutants in
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which the a3 Leu was replaced by a smaller residue, Ala. ABA, but not AS2, inhibited
HAB1 activity via PYL9 and PYL10, and ABA-independent inhibition of HAB1 was
observed in PYL10 as reported previously (Fig. 31a,e)*®. The antagonistic effect of
AS?2 is significant for PYL10, whereas it is not significant for PYL9 (Fig. 31b,f). This
difference may result from the difference in a residue at the N-terminus of the gate loop
region. This residue, which sandwiches the C3’ of the ABA ring with a3 Val/lle/Leu, is
Val in all of the receptors, except for PYL10, in which the corresponding residue is Leu
(Fig. 31c). This means that PYL10 facilitates the hydrophobic interaction between the
a3 helix and gate loop, more easily than PYLY, to induce the gate-closed conformer
even in the absence of ABA®. However, this also means that PYL10 has more
difficulty accommodating the S-ethyl of AS2 in the gate-closed form. PYL9-*** was

insensitive, and PY L1014

was only slightly sensitive to ABA, probably because Ala
is too small to facilitate the hydrophobic interactions with the gate loop via the ABA
ring to maintain the gate closed (Fig. 31c,g). On the other hand, AS2 was not
antagonistic but agonistic for both mutants, probably because the S-ethyl chain
compensated for the hydrophobic interactions that had been diminished by the Ala
replacement (Fig. 31d,h).

The structural and mutational analyses collectively support the notion that the
functional selectivity of AS2 is controlled by a combination of the two residues that
induce gate closure by sandwiching the C3' of the ABA ring: Val/lle/Leu in the a3 helix
and Val/Leu at the N-terminus of the gate loop region. For the dimeric receptors with
the smallest combination, Val-Val, AS2 strongly induces the conformational shift from
the gate-opened to the gate-closed conformers. For the monomeric receptors with
lle-Val, PYL4-6 and PYL11, AS2 stabilizes the gate-closed conformers slightly more
than in the case of the apo state, whereas in those with Leu-Val, PYL8 and PYL9, AS2
has little effect on the equilibrium. In the case of PYL10 with the largest combination,
Leu-Leu, AS2 changes the equilibrium to increase the gate-opened conformer, that is,

functions as an inverse agonist.
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PYR1
PYL1
PYL2
PYL3
PYL4
PYL5
PYL6
PYL7
PYL8
PYL9
PYL10
PYL11
PYL12

VGCTRDVIVISGLPANTSTER
VGCTRDVNVISGLPANTSRER
VGSVREVTVISGLPASTSTER
VGTIREVSVVSGLPASTSVE
VGSLRQVHVVSGLPAASSTER
VGDLREVMVVSGLPAVSSTER
VGSVREVRVVSGLPAAFSLER
IGCLREVNVKSGLPATTSTER
IGTVREVDVKSGLPATRSTER
IGSLREVNVKSGLPATTSTER
VGSVREVDLKSGLPATKSTEV
EGSVREVTVVSGLPAEFSRER
EGSVREVTVVSDLPASFSLER

RMFADTVVKLNLQK
RLFADTVIRLNLQK
KMFVDTVVKLNLQK
RMFVDTVVKSNLQN
CDFVDVIVRCNLQS
LSFVDTIVRCNLQS
CSFADTIVRCNLQS
CYFVESLIKCNLKS
CYFVEALIKCNLKS
CYFVEALIRCNLKS
CFFVEALIQCNLNS
TSFADTIVGFENLKS
TLFADTIVGCNLRS

Figure 29 | Sequence alignment around the gate loop and a3 helix of PYR/PYL/RCAR
(PYL) receptors.The functional selectivity of AS2 is controlled by a combination of the two
amino acid residues: Val/lle/Leu in the a3 helix and Val/Leu at the N-terminus of the gate loop
region.

Figure 30 | A putative mechanism for AS2, preventing the gate-closing motion of monomeric
PYR/PYL/RCAR (PYL) receptors, especially PYL10.

a,b, AS2 was overlaid on ABA in the PYR1-ABA complex (3K90) (a), and the PYL10-ABA complex (3R6P)
(b). The solvent accessible surface areas of AS2 and two amino acid residues that induce the gate
conformational shift by sandwiching the C3' of ABA ring are shown as mesh. c, The steric interference with
the S-ethyl chain of AS2 by L159 in the a3 helix of PYL10 may prevent the gate closure by pushing the
S-ethyl chain to the gate loop.
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a b c d

PYL9 PYL9 PYL9 L165A PYL9 L165A
120 BABA BAS2 120 120 EABABAS2 120
= 100 100 100 100
S
> 80 80 80 80
=
= 60 60 60 60
—
g 40 40 40 40
<
T 20 20 20 20
0 0 0 0
No DMSO 0.1 05 1.0 50uM No DMSO «— ABA — No DMSO 0.1 05 1.0 5.0 uM No DMSO «+— ABA —
PYLs PYLs 0 5 25 50 PYLs PYLs 0 5 25 50
uM AS2 uM AS2
e f g h
PYL10 PYL10 PYL10 L159A PYL10 L159A
120 mABA mAS2 120 120 maBamas2 120
—~ 100 100 100 100
X
S
> 80 80 80 80
=
5 60 60 60 60
-
B 40 40 40 40
T 20 20 20 20
0 0 0 0
No DMSO 0.1 05 1.0 5.0uM No DMSO «— ABA —» No DMSO 0.1 05 1.0 5.0 puM No DMSO +— ABA —
PYLs PYLs o 5 25 50 PYLs PYLs 0 5 25 50
uM AS2 uM AS2

Figure 31 | The replacement of the a3 Leu by Ala converts PYL9 and PYL10 to
AS2-activated receptors.

a,b, AS2 has little effect on the interaction between PYL9 and the protein phosphatase 2C
(PP2C), HAB1, as determined by phosphatase activity assays in the both absence (a) and
presence (b) of ABA (n = 3, error bars = standard deviation; s.d.). c,d, AS2 slightly inhibits HAB1
phosphatase activity by PYL9 L165A in the absence (c) and presence (d) of ABA (n = 3, error
bars = s.d.). e,f, AS2 relieves the ABA-independent (e) and ABA-dependent (f) inhibition of
HAB1 phosphatase activity by PYL10 (n = 3, error bars = s.d.). g, AS2 inhibits HAB1
phosphatase activity by PYL10 L159A (n = 3, error bars = s.d.). h, AS2 enhances the
ABA-dependent inhibition of HAB1 phosphatase activity by PYL10 L159A (n =3, error bars =
s.d.). Reactions contained 5 uM ABA and the indicated concentrations of AS2 (b,d,f,h).
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3. Discussion

A structure-guided design was used to rationally and successfully create an ABA
receptor antagonist, demonstrating that this allosteric ligand could be modified
relatively easily to yield a protein-protein interaction (PPI) inhibitor. Consistent with the
present PYR1-AS6 model (Fig. 10), the ASn analog series, prepared by 3’ S-alkylation
of ABA, yielded agonists when n < 4 and yielded antagonists when n > 4. Thus, the 3’
position of ABA’s ring was found to be a versatile ABA modification site. The present
structural, thermodynamic, biochemical and physiological data demonstrated that AS6
bound to PYLs with affinity comparable to ABA and prevented formation of
ABA-induced PYL-PP2C complexes by direct steric hindrance of its S-hexyl chain.
However, AS6 did not completely abolish PYL-PP2C interactions owing to its basal
partial agonist activity. Notably, this partial agonist activity in vitro did not correspond
to partial activation of ABA responses in vivo, suggesting that partial reversal of
ABA-induced PP2C inhibition was sufficient to block ABA signal transduction in vivo.
The incomplete inhibition of ABA-induced PYL-PP2C interactions by AS6 might have
been sufficient to displace PP2C toward the native substrates, including SnRK2s and
OST1. In the PP2C assay, an artificial, small, phosphorylated molecule,
p-nitrophenylphosphate (pNPP), was used as a substrate instead of phosphorylated
proteins. PP2C affinity for this small substrate might have been much lower than to
native protein substrates'®, in which case, even if a PYL-AS6 complex bound weakly
to PP2C, the weak ligand of PP2C should have been easily replaced by native substrates
to form stable complexes. Thus, the weak activity of PYL-AS6 in vitro might have been
similar to the basal activity of monomeric PYL proteins in vitro, which has not been

proven with phosphorylated proteins'***%°

. This implies that even if monomeric
receptors can partially inhibits PP2C in an ABA-independent manner in plants, this
activity may not be sufficient for activating SnRK2s and inducing physiological ABA
responses.

A good deal of the current understanding of ABA’s functions in vivo has come from
analyses of mutants of model organisms that are defective in either ABA signaling or
biosynthesis. The present creation and characterization of AS6 now makes feasible
studies of ABA signaling in nonmodel organisms. It was shown here using AS6, for

example, that blocking of ABA signaling in R. sativus increased water loss and, in L.
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sativa, blocked ABA’s effects on seed germination. Although these results were not
surprising, they highlight the portability of this new tool for answering biological
questions in nonmodel systems. Furthermore, the steric strategy for controlling PPIs
presented here might be generally applicable to the design of other allosteric modulators
of PPlIs.
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4. Experimental

General procedures

ABA was a gift from Dr. Y. Kamuro and Toray Industries, Inc., Tokyo, Japan. *H NMR
spectra were recorded with tetramethylsilane as the internal standard using JEOL
JNM-EX270 (270 MHz) and JNM-LA500 (500 MHz) NMR spectrometers (JEOL Ltd.,
Tokyo, Japan). *C NMR and 2D-correlation NMR experiments were recorded using a
JNM-LA500 (500 MHz) NMR spectrometer (JEOL Ltd.). All peak assignments refer to
the numbering in structure AS6. High resolution mass spectra were obtained with a
JEOL JMS-T100LC AccuTOF mass spectrometer (ESI-TOF, positive mode; JEOL Ltd.).
Column chromatography was performed using silica gel (Wakogel C-200, Wako Pure

Chemical Industries, Ltd., Osaka, Japan).

Synthesis of ASn (n = 2-12)

2'a,3' a-dihydro-2' ¢,3' a-epoxy-ABA (27)*"

With stirring at 0 °C, 1 M NaOH (3 mL, 3 mmol) and H,0, (1 mL, 12.4 mmol) were
added to an ABA solution (200 mg, 0.758 mmol) in methanol (MeOH, 15 mL) and the
mixture stirred for 25.5 h at the same temperature. After quenching with 1 M HCI (6
mL) at 0°C, the resulting mixture was diluted with H,O (150 mL) and extracted thrice
with ethyl acetate (EtOAc, 50 mL x 3). The organic layer was then washed with brine,
dried over Na,SQO,, and concentrated in vacuo. The residual oil was purified by silica
gel column chromatography eluted with 25% EtOAc in hexane (v/v) containing 0.1%
acetic acid (AcOH, by vol) to obtain 27 (95 mg, 45%) as a colorless oil. ‘H NMR (270
MHz, CDCls3): 4 0.90 (3H, s, H3-9"), 1.04 (3H, s, H3-8"), 1.37 (3H, s, H3-7"), 1.86 (1H, d,
J =15.2 Hz, H-5), 2.04 (3H, d, J = 1.0 Hz, H3-6), 2.85 (1H, d, J = 15.2 Hz, H-5'), 3.19
(1H, s, H-3"), 5.75 (1H, s, H-2), 5.75 (1H, d, J = 16.2 Hz, H-5), and 7.92 (1H, d, J =
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16.2 Hz, H-4); *C NMR (68 MHz, CDCly): & 21.1, 21.4, 24.0, 24.8, 44.3, 46.0, 64.2,
68.9, 76.4, 118.0, 128.7, 135.3, 151.1, 170.7, and 205.6; HRMS (m/z): [M+Na]" calc'd.
for C15H2005SNa, 303.1208; found, 303.1205.

3'-ethylsulfanyl-ABA, AS2 (28)

With stirring at room temperature, 1 M NaOH (10 mL, 10 mmol) and ethyl mercaptan
(900 pL, 12.2 mmol) was added to a solution of 27 (500 mg, 1.79 mmol) in MeOH (50
mL) and the mixture stirred for 1 h at room temperature®?
HCI (20 mL), it was then diluted with H,O (400 mL) and extracted thrice with EtOACc

(150 mL x 3). The organic layer was washed, dried, and concentrated, as described

. After quenching with 1 M

above. The residual oil was purified by silica gel column chromatography eluted with
25% EtOACc in hexane containing 0.1% AcOH to obtain AS2 (479 mg, 83%) as a
colorless oil. *H NMR (500 MHz, CDCl3): & 1.03 (3H, s, H3-9"), 1.10 (3H, s, H3-8),
1.18 (3H, t, J = 7.6 Hz, H3-2"), 2.04 (3H, d, J = 0.9 Hz, H3-6), 2.23 (3H, s, H3-7"), 2.45
(1H, d, J = 16.8 Hz, H-5), 2.56 (1H, d, J = 16.8 Hz, H-5), 2.79 (2H, m, H-1"), 3.49 (1H,
s, HO-1", 5.77 (1H, brs, H-2), 6.16 (1H, d, J = 16.2 Hz, H-5), and 7.78 (1H, d, J = 16.2
Hz, H-4); *C NMR (125 MHz, CDCl5): & 15.2 (C2"), 18.9 (C7"), 21.4 (C6), 23.0 (C8Y),
24.3 (C9), 27.7 (C1"), 40.9 (C6"), 49.7 (C5"), 81.1 (C1"), 118.0 (C2), 128.4 (C4), 132.0
(C3", 136.9 (C5), 151.6 (C3), 165.0 (C2), 170.8 (C1), and 193.7 (C4); UV Amax
(MeOH) nm (g): 251.4 (17,900); HRMS (m/z): [M+Na]" calc'd. for C;7H2404SNa,
347.1293; found, 347.1291.

3'-propylsulfanyl-ABA, AS3 (29)

With stirring at room temperature, 1 M NaOH (400 uL, 400 umol) and 1-propanethiol
(45 pL, 500 umol) was added to a solution of 27 (20 mg, 71 umol) in MeOH (2 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was then diluted with H,O (60 mL) and extracted thrice with EtOAc (30 mL x
3). The organic layer was washed, dried, and concentrated as above. The residual oil
was purified by silica gel column chromatography eluted with 25% EtOAc in hexane
containing 0.1% AcOH to obtain AS3 (20 mg, 83%) as a colorless oil. *H NMR (500
MHz, CDCls): 8 0.95 (3H, t, J = 7.3 Hz, H3-3"), 1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8"),
1.51 (2H, tq, J = 7.3 and 7.3 Hz, H,-2"), 2.04 (3H, d, J = 1.2 Hz, H3-6), 2.22 (3H, s,
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Hs-7"), 2.45 (1H, d, J = 16.8 Hz, H-5), 2.56 (1H, d, J = 16.8 Hz, H-5'), 2.74 (2H, m,
H-1"), 5.77 (1H, brs, H-2), 6.14 (1H, d, J = 15.9 Hz, H-5), and 7.79 (1H, d, J = 15.9 Hz,
H-4); *C NMR (125 MHz, CDCls): § 13.3 (C3"), 18.8 (C7"), 21.4 (C6), 23.0 (C8'), 23.4
(C2"), 24.3 (C9"), 35.6 (C1"), 40.9 (C6"), 49.8 (C5"), 81.1 (C1'), 118.0 (C2), 128.4 (C4),
132.3 (C3'), 136.8 (C5), 151.6 (C3), 164.6 (C2", 170.6 (C1), and 193.7 (C4"); UV Amax
(MeOH) nm (g): 253.4 (17,600); HRMS (m/z): [M+Na]" calc'd. for CigH2604SNa,
361.1450; found, 361.1453.

3'-butylsulfanyl-ABA, AS4 (30)

With stirring at room temperature, 1 M NaOH (6.4 mL, 6.4 mmol) and 1-butanethiol
(860 pL, 8.03 mmol) was added to a solution of 27 (290 mg, 1.04 mmol) in MeOH (30
mL) and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI
(12 mL), it was then diluted with H,O (200 mL) and extracted thrice with EtOAc (80
mL x 3). The organic layer was washed, dried, and concentrated as above. The residual
oil was purified by silica gel column chromatography eluted with 20% EtOAc in hexane
(v/v) containing 0.1% AcOH to obtain AS4 (294 mg, 80%) as a colorless oil. *H NMR
(500 MHz, CDClg): 6 0.87 (3H, t, J = 7.3 Hz, H3-4"), 1.02 (3H, s, H3-9"), 1.09 (3H, s,
Hs-8"), 1.37 (2H, tq, J = 7.3 and 7.3 Hz, H,-3"), 1.47 (2H, tt, J = 7.3 and 7.3 Hz, H,-2"),
2.04 (3H, d, J =0.9 Hz, H3-6), 2.22 (3H, s, H3-7"), 2.45 (1H, d, J = 16.8 Hz, H-5"), 2.56
(1H, d, J = 16.8 Hz, H-5"), 2.76 (2H, m, H-1"), 5.77 (1H, brs, H-2), 6.15 (1H, d, J = 16.2
Hz, H-5), and 7.80 (1H, d, J = 16.2 Hz, H-4); *C NMR (125 MHz, CDCl5): & 13.7
(C4"), 18.7 (C7"), 21.4 (C6), 21.7 (C3"), 23.0 (C8"), 24.3 (C9"), 32.2 (C2"), 33.3 (C1"),
40.9 (C6"), 49.7 (C5"), 81.1 (C1"), 117.8 (C2), 128.4 (C4), 132.3 (C3"), 136.7 (C5), 151.6
(C3), 164.7 (C2), 170.6 (C1), and 196.7 (C4"); UV Amax (MeOH) nm (g): 253.4
(19,100); HRMS (m/z): [M+Na]" calc'd. for C19H2304SNa, 375.1606; found, 375.1602.

3'-pentylsulfanyl-ABA, AS5 (31)

With stirring at room temperature, 1 M NaOH (300 uL, 300 umol) and 1-pentanethiol
(40 pL, 340 umol) was added to a solution of 27 (16 mg, 57 umol) in MeOH (1.5 mL)
and the mixture stirred for 2 h at room temperature. After quenching with 1 M HCI (2
mL), it was then diluted with H,O (30 mL) and extracted thrice with EtOAc (20 mL x

3). The organic layer was washed, dried, and concentrated as above. The residual oil
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was purified by silica gel column chromatography eluted with 20% EtOAc in hexane
containing 0.1% AcOH to obtain AS5 (17 mg, 81%) as a colorless oil. *H NMR (500
MHz, CDCls): § 0.86 (3H, t, J = 7.3 Hz, H3-5"), 1.02 (3H, s, H5-9"), 1.09 (3H, s, H3-8"),
1.28 (2H, m, H3-4"), 1.33 (2H, m, H3-3"), 1.48 (2H, tt, J = 7.3 and 7.3 Hz, H,-2"), 2.04
(3H, d, J = 0.9 Hz, H3-6), 2.22 (3H, s, H3-7"), 2.45 (1H, d, J = 16.8 Hz, H-5'), 2.56 (1H,
d, J = 16.8 Hz, H-5'), 2.74 (2H, m, H,-1"), 5.77 (1H, brs, H-2), 6.14 (1H, d, J = 16.2 Hz,
H-5), and 7.80 (1H, d, J = 16.2 Hz, H-4); *C NMR (125 MHz, CDCls): & 13.9 (C5"),
18.7 (C7"), 21.4 (C6), 22.3 (C4"), 23.0 (C8"), 24.3 (C9'), 29.8 (C3"), 30.8 (C2"), 33.6
(C1"), 40.9 (C6"), 49.7 (C5"), 81.1 (C1"), 118.1 (C2), 128.5 (C4), 132.3 (C3"), 136.6 (C5),
151.4 (C3), 164.7 (C2"), 170.7 (C1), and 193.7 (C4"); UV Amax (MeOH) nm (g): 252.2
(19,200); HRMS (m/z): [M+Na]" calc'd. for CyHz004SNa, 389.1763; found, 389.1769.

3'-hexylsulfanyl-ABA, AS6 (32)

With stirring at room temperature, 1 M NaOH (22 mL, 22 mmol) and 1-hexanethiol
(3 mL, 21 mmol) was added to a solution of 27 (1000 mg, 3.6 mmol) in MeOH (100
mL) and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI
(22 mL), it was then diluted with H,O (400 mL) and extracted with EtOAc (150 mL x
3). The organic layer was washed, dried, and concentrated as above. The residual oil
was purified by silica gel column chromatography eluted with 20% EtOAc in hexane
containing 0.1% AcOH to obtain AS6 (1200 mg, 87%) as a colorless oil. *H NMR (500
MHz, CDClg): 6 0.86 (3H, t, J = 7.0 Hz, H3-6"),1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8"),
1.20 - 1.29 (4H, m, Hp-4" and 5"), 1.35 (2H, tt, J = 7.0 and 7.0 Hz, H3-3"), 1.48 (2H, tt, J
=7.0and 7.0 Hz, H,-2"), 2.04 (3H, d, J = 1.2 Hz, H3-6), 2.22 (3H, s, H3-7"), 2.44 (1H, d,
J = 16.8 Hz, H-5'), 2.56 (1H, d, J = 16.8 Hz, H-5'), 2.75 (2H, m, H,-1"), 5.77 (1H, brs,
H-2), 6.15 (1H, d, J = 15.9 Hz, H-5), and 7.80 (1H, d, J = 15.9 Hz, H-4); *C NMR (125
MHz, CDCls): & 14.0 (C6"), 18.7 (C7"), 21.4 (C6), 22.5 (C4"), 23.0 (C8"), 24.3 (C9"),
28.3 (C3"), 30.1 (C2"), 31.4 (C5"), 33.6 (C1"), 40.9 (C6"), 49.8 (C5"), 81.1 (C1), 117.9
(C2), 128.5 (C4), 132.3 (C3"), 136.8 (C5), 151.7 (C3), 164.6 (C2), 170.7 (C1), and
193.7 (C4"); UV Amax (MeOH) nm (g): 257.0 (18,000); HRMS (m/z): [M+Na]" calc'd.
for C21H3,04,SNa, 403.1919; found, 403.1909.

3'-heptylsulfanyl-ABA, AS7 (33)
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With stirring at room temperature, 1 M NaOH (300 uL, 300 umol) and 1-heptanethiol
(75 pL, 432 umol) was added to a solution of 27 (15 mg, 54 umol) in MeOH (1.5 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was then diluted with H,O (50 mL) and extracted with EtOAc (25 mL x 3). The
organic layer was washed, dried, and concentrated as above. The residual oil was
purified by silica gel column chromatography with 20% EtOAc in hexane containing
0.1% AcOH to obtain AS7 (17 mg, 80%) as a colorless oil. *H NMR (500 MHz,
CDCl3): 6 0.86 (3H, t, J = 7.3 Hz, H3-7"), 1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8"), 1.20 -
1.29 (6H, m, H,-4", 5" and 6"), 1.32 (2H, tt, J = 7.0 and 7.0 Hz, H,-3"), 1.48 (2H, tt, J =
7.0 and 7.0 Hz, H,-2"), 2.04 (3H, d, J = 1.2 Hz, H3-6), 2.22 (3H, s, H3-7"), 2.45 (1H, d, J
= 17.1 Hz, H-5"), 2.56 (1H, d, J = 17.1 Hz, H-5"), 2.76 (2H, m, H,-1"), 5.77 (1H, brs,
H-2), 6.14 (1H, d, J = 15.9 Hz, H-5), and 7.81 (1H, d, J = 15.9 Hz, H-4); *C NMR (125
MHz, CDCls): 6 14.0 (C7"), 18.7 (C7"), 21.4 (C6), 22.6 (C4", 5" or 6"), 23.0 (C8"), 24.3
(C9), 28.6 (C4", 5" or 6"), 28.9 (C3"), 30.1 (C2"), 31.7 (C4", 5" or 6"), 33.6 (C1"), 40.9
(C6"), 49.8 (C5"), 81.1 (C1"), 117.9 (C2), 128.4 (C4), 132.3 (C3"), 136.8 (C5), 151.6 (C3),
164.6 (C2'), 170.5 (C1), and 193.6 (C4"); UV Amax (MeOH) nm (g): 253.2 (18,500);
HRMS (m/z): [M+Na]" calc'd. for C,,H3404SNa, 417.2076; found, 417.2072.

3'-octylsulfanyl-ABA, AS8 (34)

With stirring at room temperature, 1 M NaOH (320 uL, 320 umol) and 1-octanethiol
(60 pL, 350 umol) was added to a solution of 27 (15 mg, 54 umol) in MeOH (1.5 mL)
and the mixture stirred for 2 h at room temperature. After quenching with 1 M HCI (2
mL), it was diluted with H,O (60 mL) and extracted thrice with EtOAc (25 mL x 3).
The organic layer was washed, dried, and concentrated as above. The residual oil was
purified by silica gel column chromatography eluted with 20% EtOAc in hexane
containing 0.1% AcOH to obtain AS8 (18 mg, 82%) as a colorless oil. *H NMR (500
MHz, CDCls): § 0.87 (3H, t, J = 7.0 Hz, H3-8"), 1.02 (3H, s, H3-9"), 1.10 (3H, s, H3-8"),
1.24 - 1.28 (8H, m, H,-4", 5", 6" and 7"), 1.34 (2H, m, H,-3"), 1.48 (2H, tt, J = 7.3 and
7.3 Hz, H,-2"), 2.04 (3H, brs, H3-6), 2.22 (3H, s, H3-7"), 2.45 (1H, d, J = 16.8 Hz, H-5),
2.57 (1H, d, J = 16.8 Hz, H-5), 2.75 (2H, m, H»-1"), 5.77 (1H, brs, H-2), 6.15 (1H, d, J
= 16.2 Hz, H-5), and 7.80 (1H, d, J = 16.2 Hz, H-4); *C NMR (125 MHz, CDCls): &
14.0 (C8"), 18.7 (C7"), 21.4 (C6), 22.6 (C4", 5", 6" or 7"), 23.0 (C8"), 24.2 (C9"), 28.6
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(C3"), 29.1 (C4", 5", 6" or 7"), 29.1 (C4", 5", 6" or 7"), 30.0 (C2"), 31.7 (C4", 5", 6" or
7"), 33.6 (C1"), 40.9 (C6"), 49.7 (C5"), 81.0 (C1", 117.9 (C2), 128.4 (C4), 132.2 (C3),
136.8 (C5), 151.6 (C3), 164.8 (C2"), 170.8 (C1), and 193.7 (C4"); UV Amax (MeOH) nm
(): 250.2 (19,000); HRMS (m/z): [M+Na]" calc'd. for C3H3604SNa, 431.2232; found,
431.22217.

3'-nonanylsulfanyl-ABA, AS9 (35)

With stirring at room temperature, 1 M NaOH (300 pL, 300 umol) and 1-nonanethiol
(75 pL, 400 umol) was added to a solution of 27 (15 mg, 54 umol) in MeOH (1.5 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was diluted with H,O (50 mL) and extracted thrice with EtOAc (20 mL x 3).
The organic layer was washed, dried, and concentrated as above. The residual oil was
purified by silica gel column chromatography eluted with 15% EtOAc in hexane (v/v)
containing 0.1% AcOH to obtain AS9 (17 mg, 74%) as a colorless oil. *H NMR (500
MHz, CDCls): 8 0.87 (3H, t, J = 7.3 Hz, H3-9"), 1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8"),
1.24 (10H, m, H,-4", 5", 6", 7" and 8"), 1.34 (2H, m, H,-3"), 1.47 (2H, tt, J=7.3 and 7.3
Hz, H-2"), 2.04 (3H, d, J = 1.2 Hz, H3-6), 2.22 (3H, s, H3-7"), 2.45 (1H, d, J = 16.8 Hz,
H-5", 2.56 (1H, d, J = 16.8 Hz, H-5"), 2.76 (2H, m, H»-1"), 3.49 (1H, s, HO-1"), 5.77
(1H, brs, H-2), 6.14 (1H, d, J = 16.2 Hz, H-5), and 7.81 (1H, d, J = 16.2 Hz, H-4); °C
NMR (125 MHz, CDCls): 6 14.1 (C9"), 18.7 (C7"), 21.4 (C6), 22.6 (C4", 5", 6", 7" or
8"), 23.0 (C8"), 24.3 (C9"), 28.7 (C3"), 29.2 (C4", 5", 6", 7" or 8"), 29.3 (C4", 5", 6", 7" or
8"), 29.5 (C4", 5", 6", 7" or 8"), 30.1 (C2"), 31.8 (C4", 5", 6", 7" or 8"), 33.7 (C1"), 40.9
(C6"), 49.8 (C5"), 81.1 (C1"), 117.9 (C2), 128.4 (C4), 132.4 (C3"), 136.8 (C5), 151.6 (C3),
164.6 (C2'), 170.3 (C1), and 193.6 (C4"); UV Amax (MeOH) nm (g): 253.2 (18,500);
HRMS (m/z): [M+Na]" calc'd. for C,4H3304SNa, 445.2389; found, 445.2381.

3'-decanylsulfanyl-ABA, AS10 (36)

With stirring at room temperature, 1 M NaOH (400 pL, 400 umol) and 1-decanethiol
(105 pL, 500 pumol) was added to a solution of 27 (20 mg, 71 umol) in MeOH (2 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was diluted with H,O (70 mL) and extracted thrice with EtOAc (30 mL x 3).

The organic layer was washed, dried, and concentrated as above. The residual oil was
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purified by silica gel column chromatography eluted with 20% EtOAc in hexane
containing 0.1% AcOH to obtain AS10 (26 mg, 82%) as a colorless oil. '"H NMR (500
MHz, CDCl5): § 0.87 (3H, t, J = 7.0 Hz, H3-10"), 1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8Y),
1.24 — 1.29 (12H, m, H»-4", 5", 6", 7", 8" and 9"), 1.34 (2H, m, H,-3"), 1.48 (2H, tt, J =
7.0 and 7.0 Hz, H-2"), 2.03 (3H, brs, Hs-6), 2.21 (3H, s, Ha-7"), 2.45 (1H, d, J = 16.8
Hz, H-5'), 2.56 (1H, d, J = 16.8 Hz, H-5"), 2.75 (2H, m, H,-1"), 5.77 (1H, brs, H-2), 6.14
(1H, d, J = 16.2 Hz, H-5), and 7.81 (1H, d, J = 16.2 Hz, H-4); *C NMR (125 MHz,
CDCly): & 14.1 (C10"), 18.7 (C7"), 21.4 (C6), 22.6 (C3", 4", 5", 6", 7", 8" or 9"), 23.1
(C8"), 24.3 (C9"), 28.7 (C3", 4", 5", 6", 7", 8" or 9"), 29.2 (C3", 4", 5", 6", 7", 8" or 9"),
29.3 (C3", 4", 5", 6", 7", 8" or 9"), 29.5 (C3", 4", 5", 6", 7", 8" or 9"), 29.5 (C3", 4", 5", 6",
7", 8" or 9", 30.1 (C2"), 31.9 (C3", 4", 5", 6", 7", 8" or 9"), 33.6 (C1"), 40.8 (C6"), 49.8
(C5'), 81.0 (C1'), 118.2 (C2), 128.4 (C4), 132.2 (C3'), 136.6 (C5), 151.3 (C3), 164.8
(C2, 170.6 (C1), and 193.7 (C4"); UV Amax (MeOH) nm (g): 251.6 (18,300); HRMS
(m/z): [M+Na]" calc'd. for Co5H4004SNa, 459.2545; found, 459.2545.

3'-undecanylsulfanyl-ABA, AS11 (37)

With stirring at room temperature, 1 M NaOH (400 L, 400 umol) and 1-undecanethiol
(110 plL, 500 umol) was added to a solution of 27 (20 mg, 71 umol) in MeOH (2 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was then diluted with H,O (70 mL) and extracted with EtOAc (25 mL x 3). The
organic layer was washed, dried, and concentrated as above. The residual oil was
purified by silica gel column chromatography eluted with 20% EtOAc in hexane
containing 0.1% AcOH to obtain AS11 (24 mg, 75%) as a colorless oil. *H NMR (500
MHz, CDCls): 6 0.88 (3H, t, J = 7.0 Hz, H3-11"), 1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8",
1.24 (12H, brs, Hp-4", 5", 6", 7", 8" and 9"), 1.30 (2H, m, H,-10"), 1.34 (2H, m, H»-3"),
1.48 (2H, tt, J = 7.0 and 7.0 Hz, H,-2"), 2.04 (3H, brs, Hs-6), 2.22 (3H, s, H3-7"), 2.45
(1H, d, J = 16.8 Hz, H-5'), 2.56 (1H, d, J = 16.8 Hz, H-5'), 2.75 (2H, m, H»-1"), 3.49
(1H, s, HO-1"), 5.77 (1H, brs, H-2), 6.14 (1H, d, J = 15.9 Hz, H-5), and 7.81 (1H, d, J =
15.9 Hz, H-4); **C NMR (125 MHz, CDCl5): & 14.1 (C11"), 18.7 (C7"), 21.4 (C6), 22.7
(C3"), 23.0 (C8"), 24.3 (C9"), 28.7 (C4", 5", 6", 7", 8" or 9"), 29.3 (C10"), 29.3 (C4", 5",
6", 7", 8" or 9", 29.5 (C4", 5", 6", 7", 8" or 9"), 29.6 (C4", 5", 6", 7", 8" or 9"), 29.6 (C4",
5", 6", 7", 8" or 9"), 30.1 (C2"), 31.9 (C4", 5", 6", 7", 8" or 9"), 33.6 (C1"), 40.9 (C6"),
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49.8 (C5), 81.1 (C1), 117.9 (C2), 128.4 (C5), 132.3 (C3’), 136.8 (C4), 151.6 (C3),
164.6 (C2"), 170.6 (C1), and 193.6 (C4"); UV Amax (MeOH) nm (g): 253.4 (17,100);
HRMS (m/z): [M+Na]" calc'd. for C,6H42,04SNa, 473.2702; found, 473.2703.

3'-dodecanylsulfanyl-ABA, AS12 (38)

With stirring at room temperature, 1 M NaOH (400 uL, 400 umol) and 1-dodecanethiol
(120 pL, 500 pumol) was added to a solution of 27 (20 mg, 71 umol) in MeOH (2 mL)
and the mixture stirred for 1 h at room temperature. After quenching with 1 M HCI (2
mL), it was then diluted with H,O (60 mL) and extracted with EtOAc (25 mL x 3). The
organic layer was washed, dried, and concentrated as above. The residual oil was
purified by silica gel column chromatography with 20% EtOAc in hexane containing
0.1% AcOH to obtain AS12 (27 mg, 82%) as a colorless oil. *H NMR (500 MHz,
CDCl3): 6 0.88 (3H, t, J = 7.0 Hz, H3-12"),1.02 (3H, s, H3-9"), 1.09 (3H, s, H3-8"), 1.24
(14H, brs, Ho-4", 5", 6", 7", 8", 9" and 10"), 1.30 (2H, m, H,-11"), 1.34 (2H, m, H,-3"),
1.48 (2H, tt, J = 7.0 and 7.0 Hz, H,-2"), 2.04 (3H, d, J = 0.9 Hz, Hs-6), 2.22 (3H, s,
Hs-7", 2.45 (1H, d, J = 16.8 Hz, H-5), 2.56 (1H, d, J = 16.8 Hz, H-5'), 2.75 (2H, m,
H,-1"), 3.49 (1H, s, HO-1'), 5.77 (1H, brs, H-2), 6.15 (1H, d, J = 16.2 Hz, H-5), and
7.81 (1H, d, J = 16.2 Hz, H-4); **C NMR (125 MHz, CDCls): & 14.1 (C12"), 18.7 (C7"),
21.4 (C6), 22.6 (C3", 4", 5", 6", 7", 8", 9", 10" or 11"), 23.0 (C8), 24.3 (C9"), 28.7 (C3",
4" 5" 6", 7", 8", 9" 10" or 11"), 29.2 (C3", 4", 5", 6", 7", 8", 9", 10" or 11"), 29.3 (C3",
4" 5" 6", 7" 8" 9" 10" or 11"), 29.5 (C3", 4", 5", 6", 7", 8", 9", 10" or 11"), 29.6 (C3",
4" 5" 6", 7", 8", 9" 10" or 11"), 29.6 (C3", 4", 5", 6", 7", 8", 9", 10" or 11"), 29.6 (C3",
4" 5", 6", 7", 8" 9" 10" or 11"), 30.1 (C2"), 31.9 (C3", 4", 5", 6", 7", 8", 9", 10" or 11"),
33.6 (C1"), 40.9 (C6"), 49.8 (C5"), 81.0 (C1"), 117.9 (C2), 128.4 (C4), 132.3 (C3"), 136.8
(C5), 151.6 (C3), 164.6 (C2", 170.7 (C1), and 193.6 (C4"); UV Amax (MeOH) nm (g):
250.0 (17,200); HRMS (m/z): [M+Na]" calc'd. for C,7H440,SNa, 487.2858; found,
487.2856.

Molecular modeling of a PYR1-AS6 complex.

The initial structure of AS6 was built by adding an S-hexyl chain onto the 3’-carbon of
ABA in GaussView 5% before it was fully optimized through density functional theory,
using the Becke three parameter hybrid functional (B3LYP) method and the 6-31G (d)
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basis set in Gaussian 09*°’. The RESP charge distributions of AS6 were obtained using
R.E.D. Server'®® a web service for deriving RESP charges. Hydrogen molecules were
added to a gate-closed conformer of PYR1, and water molecules were added to the
PYR1-ABA complex (PDB code 3K3K) using the AddH function in Chimera. The AS6
molecule was manually inserted into the ABA-binding site in this modified PYR1, and
the PYR1-AS6 complex was minimized using the Tinker program*®® with amber99 and
modified amber gaff parameters with the GB/SA model.

Arabidopsis seed germination assay.

Twenty-five to forty seeds (Columbia accession) were sterilized successively with
soaking in 70% aqueous ethanol (EtOH, v/v) for 30 min and reagent-grade EtOH for 1
min. They were then soaked in 250 ul of a test solution and incubated in darkness at
5 °C for 3 d. The stratified seeds in the test solution were transferred onto two pieces of
filter paper in 24-well plates and allowed to germinate under continuous illumination at

22 °C for 24 h or 36 h. All of the assays were conducted at least three times.

Arabidopsis early growth assay.

Twenty to thirty seeds (Columbia accession) were sterilized successively with 70%
aqueous EtOH (v/v) for 30 min and reagent-grade EtOH for 1 min. They were then were
soaked in 100 ul of a test medium liquid agar in 96-well plates and allowed to
germinate and grow at 22 °C and under continuous illumination for 5 d or 10 d. All of

the assays were conducted at least three times.

Lettuce seed germination and early growth assay.

Twenty-five seeds (Lactuca sativa L. cv. Grand Rapids) were placed in a dish on two
sheets of filter paper soaked in 2 ml of a test solution and allowed to germinate and
grow at 22 °C and under continuous illumination for 14 d. The germination rate was
determined as the time when the germination rate of the control plant was 50% or the
germination rate of only ABA-treated plants was 40%. All of the assays were conducted

at least three times.

Radish seedling water-loss assay.
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Radish seeds (Raphnus sativus L. var. raphanistroides (Makino) Sinsk.) were soaked in
water at 25 °C in darkness for 2 d and allowed to germinate and grow under continuous
illumination for 5 d. Seven-day old seedlings were placed in a plastic tube containing 15
ml of a test solution and incubated at 25 °C and under continuous illumination for 12 h.
The plants were transferred to empty tubes and exposed to drought stress under same
conditions for 4 h. Water content was expressed as a relative reduction rate normalized
to a control (untreated) value of 100%.

Thermal imaging.

Seven-day old radish seedlings (sp. and var. as above) grown under continuous
illumination at 25 °C were placed in plastic tubes containing 15 ml of a test solution and
were incubated in darkness at 25 °C for 12 h. Thermal images were obtained using
Testo 881-2 thermography (Testo, Inc., Sparta, NJ, USA). Images were saved in a
computer memory card and analyzed using the IRSoft software (Testo, Inc.).

CYP707A3 inhibition assay.

Reaction mixtures containing 25 ug ml™ of CYP707A3 microsomes (coexpressed with
AR2 in E. coli)'"°, ABA (final concentration 1-64 pM), inhibitors (0 for control, 50-100
uM in 5 pl dimethylformamide (DMF)) and 130 uM NADPH in 100 mM potassium
phosphate buffer (pH 7.25) were incubated at 30 °C for 10 min. Reactions were initiated
by adding NADPH, stopped by addition of 50 ul of 1 M NaOH and then acidified with
100 wl of 1 M HCI. Reaction products were extracted by loading the mixture onto an
Oasis HLB cartridge (1 ml, 30 mg; Waters Corp., Milford, MA, USA) and were washed
with 1 ml of 10% MeOH in H,0 (v/v) containing 1% AcOH (v/v). The enzyme products
were then eluted with 1 ml of MeOH containing 1% AcOH, and the eluate was
concentrated in vacuo. The dried sample was then dissolved in 50 ul of MeOH, and a
20-ul volume was subjected to HPLC (Prominence; Shimadzu Corp., Kyoto, Japan).
HPLC conditions were as follows: the octadecylsilyl (ODS) column was composed of
Hydrosphere C18 (150 x 6.0 mm, YMC Co., Ltd., Kyoto, Japan), solvent comprised
17% acetonitrile (MeCN) in H,O containing 0.05% AcOH (v/v), the flow rate was 1.0
ml min™*, and detection was at 254 nm. Enzyme activity was evaluated by determining

the amount of phaseic acid in control experiments before each set of measurements. The
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inhibition constants for AS2 and AS6 were determined using the Enzyme Kinetics
module of SigmaPlot 10 software (Systat Software, Inc., San Jose, CA, USA) after
determining the inhibition mode by plotting the reaction velocity in the presence and
absence of inhibitor on a double-reciprocal plot. All of the tests were conducted at least

three times.

gRT-PCR analysis.

Total RNA was isolated using Plant RNA Purification reagent (Invitrogen Corp.,
Carlsbad, CA, USA), according to the manufacturer’s protocol. cDNA was synthesized
using the QuantiTec reverse transcription kit (Qiagen GmbH, Hilden, Germany).
Real-time PCR using Maxima SYBR Green/Fluorescein qPCR Master Mix (Thermo
Fisher Scientific, Inc., Pittsburgh, PA, USA) was performed with the iQ5 real-time PCR
detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The relative amount
of target mMRNA was based on a standard curve and normalized to the relative amount of
internal control mRNA. Biological triplicate experiments were performed, and primer
sets were used as previously described®*. Pyrabactin (98%) was purchased from
Sigma-Aldrich, Inc. (St. Louis, MO, USA).

GUS staining assay.

For ABA-responsive reporter gene analyses, transgenic Arabidopsis expressing
B-glucuronidase (GUS) under the control of the AtMAPKKK18 promoter were used, as
previously described*®. Six-day-old seedlings were used in this study, and GUS
staining was performed in a reaction buffer composed of 50 mM sodium phosphate
buffer, pH 7.0, 0.05% Tween-20, 2.5 mM potassium ferrocyanide, 2.5 mM potassium
ferricyanide and 1 mM X-gluc. After incubation at 37 °C, the reaction was stopped by
EtOH addition, and green pigments in the sample were extracted into EtOH with

incubation at 65 °C.

PP2C enzyme assay.

For production of PP2C protein, GST-HAB1 was cloned into pGex-2T, as previously
described®. For ABA receptor proteins, PYL cDNAs were cloned into pET28 vector,
whereas PYL11 cDNA was cloned into pMAL-c vector®**. Functional PYL7 and
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PYL12 were not obtained in this expression system using pET28 or pMAL-c vectors.
HAB1 and PYL proteins were expressed and purified, as previously described™®*.
Briefly, plasmids were transformed into BL21[DE3]pLysS, the resulting transformant
cells were precultured overnight in 10 ml LB medium, and then cells were grown in 800
ml medium at 30 °C to an ODgy ~0.5. Protein expression was induced by IPTG
addition, and inductions were conducted at 15 °C for 16 h. Cells were harvested, frozen,
thawed and sonicated, and the constituent proteins were purified by affinity column
chromatography. Purified proteins were preincubated in 80 ul of buffer containing 12.5
mM MnCl,, 0.125% 2-mercaptoethanol and test compound at 22 °C for 30 min. After
adding 20 ul of substrate buffer (165 mM Tris-acetate, pH 7.9, 330 mM potassium
acetate, 0.1% BSA and 250 mM pNPP), reactions were immediately monitored for
hydrolysis of pNPP at 405 nm. The PP2C assay was performed using 60 pmol each of

PP2C and PYL.

Pull-down assay.

Here, 100 pug and 20 pg of purified GST-HABL1 and Hisg-tagged PYLs, respectively,
were incubated in 200 ul of Tris-buffered saline (TBS) containing 100 pug BSA, 0.025%
2-mercaptoethanol, 10 mM MnCl, and 10 mg PrepEase His-tagged protein purification
resin (Affymetrix, Inc., Santa Clara, CA, USA) in the presence or absence of test
compounds with gentle shaking at 4 °C for 60 min. The resin was then washed five
times with TBS containing 0.025% 2-mercaptoethanol and 10 mM MnCl,, while held
on ice. The bound proteins were eluted in 60 pl of SDS-sample buffer with 250 mM
imidazole and denatured at 95 °C for 5 min. Then, 10 ul of eluate was loaded on a 13%
SDS-PAGE gel, and proteins were detected after development by Coomassie brilliant

blue staining.

Isothermal titration calorimetry.

ASn-binding studies were performed by isothermal titration calorimetry (ITC) using an
ITCy00 calorimeter (Microcal, GE Healthcare Bio-Sciences AB) and were conducted at
20 °C and with a solvent of 100 mM phosphate buffer, pH 8.0. Hisg-tagged PYL5 or
Hise-tagged PYL10 were assayed at a concentration of 40 uM and 50 puM, respectively,
with AS6 and ABA stock solutions in the injection syringe at tenfold higher
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concentrations than the proteins. All of the titrations were carried out via a series of 20
injections of 1.25 ul each. The data were corrected by subtracting the mixing enthalpies
for the AS6 or ABA solutions into protein-free solutions and fitted by Origin for ITC
(GE Healthcare Bio-Sciences AB) with a 1/1 binding model.

Protein preparation and crystallization.

For crystallization of the PYR1-AS6 complex, PYR1 was cloned into a pET-28 vector,
as previously described®. The plasmid was then transformed into E. coli strain
BL21-CodonPlus (DE3)-RIPL (Agilent Technologies, Santa Clara, CA, USA), and
transformed cells were incubated at 30 °C to an ODgy ~0.5. Protein expression was
induced by IPTG addition and incubation at 16 °C for 16 h, after which cells were
harvested, frozen, thawed and sonicated. Protein was then purified from this preparation
using a Ni-Sepharose resin (GE Healthcare Bio-Sciences AB) and eluted with binding
buffer (150 mM phosphate, pH 8.0, and 300 mM NaCl) supplemented with 250 mM
imidazole. The protein was further purified using a Resource Q column (GE Healthcare
Bio-Sciences AB) and eluted with binding buffer (10 mM Tris-HCI, pH 8.0)
supplemented with 150 mM NaCl. Peak fractions were concentrated using an Amicon
Ultrafilter (30,000 MWCO, Millipore Corp., Billerica, MA, USA).

Crystallization was performed using the hanging-drop vapor-diffusion method at 20 °C,
and crystallization buffer comprised 100 mM HEPES (pH 7.5) with 20% (v/v) PEG
10,000 as the reservoir buffer. Drops of protein solution (1.5 pl, 10 mg ml™) containing
1 mM AS6 were mixed with 1.5 ul of reservoir buffer. Crystals were flash-frozen at 100

K under a cold stream of nitrogen gas without cryoprotectant.

Data collection, structure determination and refinement.

Diffraction data of PYR1 cocrystallized with AS6 were collected on beamline 17A at
the Photon Factory (Tsukuba, Japan), and data sets were processed with the program
HKL2000'"*. The initial structure of the complex was solved by molecular replacement
using the program MOLREP*'?*" in the CCP4 suite'™ with the PYR1 coordinates
(PDB code 3K90) as a target model. Refinements were carried out with the program
REFMACS5'" in the CCP4 suite, and the restraint file for the AS6 molecule was

obtained at thePRODRG server'’®. Manual model building was performed using Coot’’

69



and the structure was refined at 2.3 A to Ryo/Reee factors of 23.8%/28.1%. The
statistics for data collection and refinement are provided in Table 5.

Quantitative analysis of endogenous ABA.

Measurement of endogenous ABA has been described elsewhere*"®*”®. Briefly, 10-d-old
plants (0.5-1 g) were incubated for 6 h in a 10 uM AS2 or AS6 solution or water as a
control . These plants were homogenized in 80% aqueous acetone (v/v) containing 0.1
mg/ml  2,6-di-tert-butyl-4-methylphenol as an antioxidant. A 5.0 ng of
[3',5'5,7", 7 7-*HsJABA (ds-ABA), as the internal standard, was added to a
homogenized sample before the following extraction procedure. The homogenate was
centrifuged at 5,000g and 4 °C for 15 min, and the supernatant was reduced to the
aqueous phase in vacuo. After washing with hexane, the pH was adjusted to 2 using 0.5
M phosphoric acid, and ABA was extracted into EtOAc. The solvent was removed from
this extract in vacuo, and the residue was dissolved in 110 pul of 10% MeOH containing
0.1% AcOH (v/v) and introduced into a HPLC. HPLC conditions were as follows: ODS
column with Hydrosphere C18 (150 x 6.0 mm, YMC Co.), a solvent gradient program
of MeOH containing 0.1% AcOH (35-60% MeOH over 30 min), flow rate of 1.0 ml
min* and detection at 254 nm. The fraction containing ABA standard was collected,
dried in vacuo and then methylated with trimethylsilyldiazomethane. The resulting
methylated samples were dissolved in 10 pl of EtOAc and analyzed by gas
chromatography-MS on a QP5050A system (Shimadzu Corp., Kyoto, Japan) using an
Equity-5 column (Supelco Inc., Bellefonte, PA, USA; 0.25 mm i.d. x 30 m, 0.25-um
film thickness) and helium carrier gas at linear and total flow rates of 35.6 cm s and 50
ml min, respectively The column flow rate was set at 1.0 ml min, and splitless
injection mode was used with a 2-min sampling time at 200 kPa. The programmed
column temperature was a step gradient of 60 °C for 2 min, 60-270 °C at 10 °C min*
and then 270 °C for 35 min. The system was set with a 70-eV electron potential and
0.5-s signal sampling rate, and qualitative analysis was performed in selected-ion
monitoring mode. Samples (2.5 ul) of material were injected onto the column and
do-ABA and dg-ABA methyl esters detected with retention times of 22.54 min and 22.49
min, respectively. The mass chromatogram peak area of the [M-CsH1,0]" ion (m/z 190)
derived from do-ABA methyl ester was compared to that of ds-ABA methyl ester (m/z
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194). Concentrations were calculated using a linear regression equation based on
different concentrations of the methylated standards ABA and ds-ABA. Identification of
ABA methyl ester in samples was conducted in total ion monitoring mode through

comparison of the fragmentation pattern with that of the standard.

Statistical analyses.

All statistical analyses were performed using R version 3.0.2 software, and Grubbs’ test
was used to detect outliers. Normal distributions and assumptions regarding variance
homogeneities in ABA concentrations from each treatment were checked using the
Shapiro-Wilk test and Bartlett's test, respectively. Differences in ABA concentrations

between treatments were tested using one-way ANOVA.

Transport assay.

ABA transport activities of NPF4.6/AIT1 in a yeast system were determined by directly
analyzing ABA taken into cells by LC/MS/MS, as described previously’®, but with some
modifications. Potassium phosphate buffer at pH 5.8, instead of pH 7.5, was used for
the assays. ABA was extracted from yeast cells at —30 °C overnight in 1 ml of 80%
aqueous acetone containing 1% acetic acid (v/v), with ds-ABA as an internal standard.
Supernatants were collected after centrifugation, and acetone was evaporated using a
SpeedVac (Thermo Fisher Scientific Inc.) to obtain aqueous extracts containing acetic
acid. Solutions were adjusted to 1 ml with 1% acetic acid and applied to Oasis WAX
cartridge columns (30 mg, 1 ml; Waters Corp.) prewashed successively with 1 ml of
MeCN and methanol, regenerated with 0.5 ml of 0.1 M NaOH and equilibrated with 1
ml of 1% acetic acid. After washing successively with 3-ml volumes of 1% acetic acid
and methanol, the fractions containing ABA were eluted with 2 ml of 80% MeCN
containing 1% acetic acid (v/v). The eluates were taken to dryness and dissolved in 0.5
ml of chloroform containing 49% ethyl acetate and 1% acetic acid (v/v). They were then
loaded on Sep-Pak silica (100 mg; Waters Corp.) cartridge columns prewashed with 3
ml of chloroform and equilibrated with 1 ml of chloroform containing 1% acetic acid.
Fractions containing ABA were eluted with 2 ml of chloroform containing 49% ethyl
acetate and 1% acetic acid (v/v). The samples were next taken to dryness and dissolved
in 20 pl of water containing 1% acetic acid (v/v) before injection into the LC/MS/MS. A
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Nexera (Shimadzu Corp., Kyoto, Japan)/Triple TOF 5600 (AB SCIEX, Framingham,
MA, USA) system equipped with an ACQUITY UPLC BEH phenyl column (Waters
Corp.) was used to quantify ABA, as described previously®, except that the desolvation

temperature was 600 °C instead of 700 °C.
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Summary

The plant hormone ABA is critical for plant growth and several abiotic stress responses.
ABA signaling is normally repressed by group-A PP2Cs, which are negative regulators
of the ABA response. A stress-induced ABA binds PYL receptors, which triggers the
conformational change associated with gate closure to create an interaction surface with
the PP2Cs. ABA-bound PYLs bind and inhibit PP2Cs, including HAB1, ABI1, and
ABI2, which directly inactivate SnRK2s, to allow the activation of SnRK2s via
autophosphorylation. Activated SnRK2s phosphorylate transcription factors and S-type
anion channels to elicit ABA responses such as seed dormancy and stomatal closing. By
focusing on the structural properties of ABA, which acts as a positive allosteric
regulator of PYLs, we have developed a negative allosteric regulator that retains the
high selectivity for PYLs but does not activate PYLs.

In the PYL-ABA complexes, ABA intrudes deeply into the ligand binding pocket to
be tightly packed by PYL’s residues. The C2’, C3’" and C4' positions of ABA’s ring were
found to participate in gate closure via hydrophobic contacts with the gate loop, and
furthermore, the X-ray structures of several PYL-ABA complexes revealed a small
tunnel above ABA’s 3’ ring that opens at the PP2C binding interface. Here, ABA
analogs with sufficiently long 3’ alkyl chains were predicted to traverse this tunnel and
block PYL-PP2C interactions. To test this, a series of 3'-alkylsulfanyl ABAs were
synthesized with different alkyl chain lengths by nucleophilic addition of alkyl thiolate
to the 2’,3'-epoxide, prepared from ABA. For simplicity, there are called the ASn
compound series, where n denotes the alkyl chain length. Before preparing these
compounds, a model of a PYR1-AS6 complex was constructed on the basis of the
crystal structures of PYR1-ABA complexes. This model suggested that alkyl chains of
compounds with n > 4 protrude through the PYR surface and block the interactions with
PP2C, whereas the compounds with n< 4 might stabilize gate closure and act as
agonists.

In seed germination and a seedling growth assay using Arabidopsis and lettuce, AS2
and AS3 acted as ABA mimics, where AS5-AS12 suppressed ABA’s effect in
coapplications with ABA. Radish seedlings treated with AS2 enhanced drought

tolerance, whereas AS6-treated seedlings wilted more quickly than non-treated controls.
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In addition, AS2 induced the expression of ABA-responsive genes and the
B-glucuronidase gene on an ABA-responsive, transcriptional, reporter line, as expected
of an agonist. Conversely, AS4 and AS6 lessened the expression levels of
ABA-responsive genes and the B-glucuronidase gene in cotreatments with ABA. This
antagonist effect was stronger for AS6 than AS4. Notably, AS6 also repressed the
expression levels of stress-induced ABA-responsive genes in response to treatments
with mannitol, which induced ABA synthesis by mimicking the water loss caused by
drought. These physiological data suggested that AS2 and AS6 functioned as a PYL
agonist and antagonist, respectively, whereas AS4 exhibited an intermediate effect.

The effects of ASn on 11 of the 13 Arabidopsis receptors were examined using
receptor-mediated phosphatase assays. AS2 activated PYR1 and PYL1-3 with potencies
comparable to that of ABA, but did not show the activation of PYL8-10; thus, AS2 was
not a broad-spectrum agonist. On the other hand, AS6 antagonized the ABA-dependent
PP2C inhibition for all of the receptors tested in a cotreatment assay, indicating a
broad-spectrum antagonist activity. The mechanism of the AS6 antagonist activity was
further characterized by a pull-down assay. In cotreatment experiments, AS6 blocked
ABA-induced PYL-PP2C interactions in a dose-dependent manner. These biochemical
results indicated that AS6 acts as an antagonist by blocking ABA-induced PYL-PP2C
interactions.

Isothermal titration calorimetry was next used to characterize AS6 binding with
PYL5 and PYL10. These analyses revealed apparent dissociation constants of AS6
(0.4-1.3 uM) with negative enthalpies, indicating an exothermic binding process. These
values were comparable to those of ABA (0.8 uM). The molecular mechanism of AS6
activity was then clarified by determining the crystal structure of recombinant PYR1
bound to AS6 (Protein Data Bank code 3K90). The PYR1-AS6 complex was found to
very closely resemble the PYR1-ABA complex. Consistent with the present
model-based predictions, the gate loop adapted a closed conformation, and the 3' tunnel
accommodated the AS6 S-hexyl chain, which also protruded out onto PYRI’s
PP2C-interaction surface. These observations provide direct evidence that AS6 induces
the gate-closed conformer but the S-hexyl chain interferes with the PYL-PP2C
interactions.

To examine the functional selectivity of ASn, the effects of AS2 and AS6 on two
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well-characterized, non-receptor ABA binding sites were characterized. Both
compounds were found not to be potent inhibitors of the ABA metabolic CYP707A
enzyme. No significant differences were observed in endogenous ABA concentrations
between ASn and non-treated Arabidopsis seedlings. In addition, AS6 did not
substantially inhibit the ABA transport activity of NPF4.6/AIT1. These data suggest that
ASn has little effect on ABA metabolism and transportation.

This study provides a new approach for the design of ABA analogs, and the results

validated structure-based designs of this target class.
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