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ABSTRACT OF THE DISSERTATION

Synthetic Agonists of Abscisic Acid Receptors and Their Metabolomic Effects on Plants
by
Jonathan Dean Helander
Doctor of Philosophy, Graduate Program in Plant Biology
University of California, Riverside, June 2017
Dr. Sean Cutler, Chairperson

Abstract

Land plants respond to multiple abiotic stresses, including drought, through the
signaling cascade induced by the phytohormone abscisic acid (ABA). Endogenous
production, or externally applied ABA has a major function of eliciting guard cell closure,
ultimately lowering transpiration and increasing drought tolerance in plants. Accordingly,
the mechanisms of action in which ABA facilitates this response have been popular targets
for agricultural research and applications. However, ABA has a multitude of responses
aside from stomatal closure that are important for plant’s survival to abiotic stress. In
response to limited water availability, the phytohormone is known to maintain primary root
growth while decreasing shoot growth, increase osmolyte accumulation, inhibit seed
germination, and is involved in substantial crosstalk with other phytohormones. These
responses are dependent on a core ABA signaling pathway comprised of three
components: the ABA receptors known as the PYRABACTIN RESISTANT/PYRABACTIN
RESISTANT-LIKE/REGULATORY COMPONENT OF ABA RECEPTORSs
(PYR/PYL/RCARS), the clade A protein phosphatase 2Cs (PP2Cs), and the sucrose
nonfermenting related subfamily 2 (SnRK2s).

The ABA receptors are the first interactors with ABA within the pathway, and

cluster into three clades (I, Il, 1ll) based on sequence identity. Additionally, these clades
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can be further grouped based on oligomeric preference; clades | and Il are preferentially
monomeric, while clade Il is preferentially dimeric. While some research has been done
on non-redundant functions of the PYL proteins, many of the ABA responses remain
uncharacterized with respect to the differential contributions of the different receptors.
Additionally, most of the published ABA-receptor agonists are either direct ABA analogs
displaying pan-agonist activity, or are primarily active only on the dimeric subgroup of the
receptors. It would thus be potentially beneficial to develop agonists that show preferential
activation of the monomeric receptors, allowing for temporal activation and subsequent
analysis of their biological relevance.

In order to identify compounds with novel selectivities, preferably on the
monomeric receptors, | used high-throughput virtual screening to evaluate compounds
unbiased to previous, active scaffolds. This resulted in a series of chemically similar hits
which showed potent activity on the monomeric receptors, and translated to some in vivo
responses. This potent, monomeric-specific scaffold was optimized using structure-aided
design, improving the in vivo responses. Using this probe molecule | provide data that
suggest that monomeric and dimeric ABA receptors may differentially control metabolomic
and transcriptional responses, but are adequate in seed germination inhibition and primary

root elongation.
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Introduction

Plants are sessile organisms and must adapt to their immediate environment in
order to survive. Global temperatures and drought occurrences are expected to rise and
this puts pressure on agriculture to produce food for a growing population (1). Critical to a
plant's survival is the availability of water, a universal requirement for life on Earth.
However, there is a critical trade-off between the growth of plants and water loss due to
evapotranspiration. This tradeoff is centralized on the fact that for carbon-sequestration to
occur, carbon dioxide must access the photosynthetic machinery through open stomata
of the leaves, however these open pores present a mechanism in which water loss through
evaporation can occur. When evapotranspiration is high, although land plants can
minimize water loss by closing the stomata, this necessarily results in decreased carbon
assimilation. While this trade-off seems insurmountable, there are many factors involved,
from genetics and agrochemical controls, to infrastructure changes such as drip irrigation
).

Plants have multiple mechanisms for surviving through periods of low water,
however these are not always the most beneficial to agriculture. As stated above, the
stomata are a major leverage point for plants to limit water loss by decreasing stomatal
aperture. Closing of the stomata limits immediate water loss, but prolonged periods of
drought often require plants to change metabolic flux (3, 4). In general, these large shifts
direct metabolism from growth and development to carbon and nitrogen storage. The
nutrient and metabolome profile of plants under varying degrees of drought can be
observed to dramatically shift. Here, | will discuss aspects of metabolic shifts in drought

responses in plants, and their alignment with the ABA signaling cascade.
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Plant Mechanisms for Drought Response

The responses plants employ to drought is complex and dependent on the
severity, duration, and the existence of any of other concurrent stresses. While stomatal
conductance is one of the most important physiological responses plants have to drought,
closing of the stomata can coincide with an inhibitory effect on photosynthesis and the
subsequent overproduction of reactive oxygen species (ROS). ROS accumulation, if
severe enough in duration or intensity, can result in oxidative damage to essential
components of the cell. To remedy this, plants up-regulate ROS-scavenging systems as
well as the biosynthesis of osmo-compatible solutes (osmolytes, compatible solutes) when
ROS concentrations are high (5). If the accumulation of ROS species is not dealt with,
significant damage can occur to proteins, DNA, and membranes (6-8).

ROS is an umbrella term for higher-energy forms of oxygen such as singlet
oxygen, superoxides, hydrogen peroxide, or the hydroxyl radical (9, 10). Under normal
conditions in plants, the levels of ROS are in an equilibrium of constant production and
elimination (scavenging) by various mechanisms (11). Interestingly, ROS have a valuable
role in the plant, acting as mobile signaling molecules to induce transcriptional and
metabolic changes to deal with the origin of the stress signal (12, 13). For instance, ROS
are observed to function in the control of stomatal aperture participating as downstream
signaling effectors from ABA signaling cascade. Additionally, stomata are responsive to
exogenous treatments of the ROS hydrogen peroxide, which result in stomatal closure
(14). H,O, is a widely accepted primary signaling molecule that is accumulated in

response to multiple stresses and is a central component to cross-tolerance stress
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signaling (15). Still, sustained high levels of ROS are subtractive to plant health. One such
mechanism plants employ to sequester ROS damage and accumulation is by producing
osmolytes and antioxidants.

Osmolytes have been extensively studied in microbes and plants and many display
ROS-scavenging capabilities, protection of native-protein folding, and water retention, all
of which have a beneficial effect on the organism’s survival in low-water potential, high
osmolarity, or oxidative stress conditions (16—19). Osmolytes include polyols, amino acids
and their derivatives, tertiary sulfonium compounds, polyamines, and zwitterionic
guaternary ammonium compounds. Reflecting their diverse structures, their mechanisms
for producing stress-alleviating effects can be varied and, in many cases, is not fully
understood.

Perhaps one of the most ubiquitous and broadly studied osmolytes is proline,
which accumulates to high levels in response to osmotic stress in both plants and
microbes (20, 21). The conservation of the metabolic regulation of proline levels in
response to osmotic stress is highly conserved in land plants, as evident with its presence
in the ancestral moss Physcomitrella patens (P. patens) (22). While the exact role and
mechanisms of proline are not fully understood in the context of drought- or osmaotic stress-
induced accumulation, it has been shown that it promotes beneficial effects primarily by
stabilizing protein structural integrity, protein complexes, detoxification of ROS, and
stabilizing NADP*/NADPH ratios (23-25). A review of proline’s scavenging reactions with
various ROS indicated that proline’s ability to react with singlet oxygen is due to its cyclic
secondary-amine structure (26), and that although the aromatic amino acids have
favorable scavenging properties similar or superior to proline, their lowered solubility in

agueous solutions likely limits their effectiveness in this regard.
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One of the reasons why proline has been a focus in the field of osmolyte research
is that concentrations can increase over 100-fold in response to various stresses,
indicating extensive molecular machinery dedicated to its accumulation further supporting
the idea of its key role in stress-mitigation (27, 28).

Proline is the only non-aromatic cyclic amino acid and is primarily produced from
the substrate glutamate, but a minor secondary pathway exists from ornithine. Glutamate
is converted into proline in two enzymatic steps, with the first being conversion of
glutamate to glutamate-semialdehyde by the bifunctional enzyme A!-Pyrroline-5-
Carboxylate (P5CS), which is also the rate limiting step in proline biosynthesis (29).
Glutamate-semialdehyde is able to spontaneously cyclize to A1-pyrroline-5-carboxylate
(P5C), but this step is in an equilibrium. Finally, an NADPH-dependent enzyme, P5C
reductase (P5CR), catalyzes the last step, reducing P5C to proline.

It has been reasoned that due to proline’s beneficial effects and intense
accumulation upon drought and in other stresses, plants producing synthetically high
concentrations of proline may display potential benefits in the agricultural setting.
Therefore, genetic means to increase basal proline levels or proline accumulation in
response to stresses have been logical targets of agricultural research to benefit crop
yields and plant survival in the face of drought and osmotic stressors. Since P5CS
catalyzes the rate limiting step, efforts to overexpress P5CS in both Arabidopsis and
Nicotiana have been attempted and resulted in increased proline accumulation (30-32).
While over-expressing P5CS in tobacco was reported to increase growth substantially
when subjected to soil drying and salinity stress in comparison to WT, the role of proline
played in these results has been contested (33, 34). While it is clear that proline levels do

correlate with drought stress and have been shown to protect cellular membranes and
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protein folding, the exact mechanisms in which it promotes plant’s survival and growth in

drought stress still requires more research.

Abscisic Acid as a Signaling Molecule

The signals that initiate the above mentioned representative responses to drought
stress, including stomatal conductance and subsequent whole-organismal shifts in
metabolism are more correlated with the root environment than leaf water status, which
supports the idea of a mobile, long-distance root-to-shoot signal (35, 36). Plant hormones,
or phytohormones, are a group of well-studied, mobile small-molecules that regulate major
physiological changes in the plant largely through signal cascades. The plant hormone
abscisic acid (ABA) is the major mobile regulator of abiotic stress responses such as
drought. Discovered in the late 1960’s, abscisic acid’s name was attributed to its apparent
function in abscission (37, 38), however this later turned out to be only a minor, indirect
role.

The bonafide roles of ABA are controlling of seed dormancy (39), stomatal
conductance (40, 41), root architecture (42—44), plant growth (45-47), seed and fruit set
(48, 49), as well as other abiotic stress responses and hormonal crosstalk (50-52). When
roots experience mild drought, ABA synthesis largely takes place within the root. The
produced ABA requires transportation to the leaf in order for perception of the hormonal
signal to occur in the guard cells. ABA can be catabolically inactivated esterification into
the glucosyl ester (ABA-GE), which may play a minor role in supplementing the pool of
ABA in response to drought by hydrolysis, however there is substantial evidence that ABA-

GE only plays a minor role as an activatable storage product of ABA (53).
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ABA is observed to be transported in both the xylem and phloem, with the
concentration of ABA in the xylem being highly correlated with stomatal conductance (54,
55). Interestingly, the concentration of ABA in the xylem is not only a result of root
biosynthesis, but also redistribution from the leaves to the root and back into the xylem
(56). Additionally, while free ABA is present in the xylem and correlated with root-to-shoot
signaling, ABA-GE is also known to be a mobile transporter of the signal (57), but the
proportion of its effect relative to free-ABA is not clear (53).

Under longer durations and more severe drought stress where leaf turgor pressure
approaches zero, biosynthesis of ABA in the leaf can increase dramatically (54). However
this finding has led to an unclear differentiation between root-to-shoot signaling and leaf
biosynthesis as the major contributors to the ABA response. Regardless, it is likely that
ABA biosynthesis in plastids of both the leaf and the root contributes to the overall intensity

of the hormone’s signal.

Abscisic Acid Biosynthesis Pathway

ABA is a Cis-sesquiterpenoid (Figure 1A) and a biosynthetic product of the
carotenoid pathway, a downstream branch of the mevalonate pathway. The abundance
of free ABA is reflective of the net change produced by biosynthesis and removed by
inactivation through conjugation or metabolism. The majority of the carotenoid pathway
takes place in the plastid organelle, with B-carotene being the first cyclized carotenoid
(58). B-carotene is the direct precursor to zeaxanthin, which is the first carotenoid
containing a polar cyclohexenol head-group. Zeaxanthin can be further oxidized into

violaxanthin by ABA1 and then trans-neoxanthin by ABA4 (59, 60).
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Zeaxanthin, violaxanthin, and neoxanthin belong to a chemical group known as
the xanthophylls. The carotenoids, and specifically xanthophylls, are known to be
protective for photo-oxidative stress (61). Trans-neoxanthin and trans-violaxanthin can
isomerize into their respective 9-cis-epoxycarotenoids and be cleaved by a 9-cis-
epoxycarotenoid dioxygenase (NCED) to yield the Cis xanthoxin. Cleavage of the
xanthophylls by NCED is the rate limiting step of ABA biosynthesis and also the last step
which occurs exclusively in the plastid. There are five characterized and active NCEDs in
Arabidopsis that have different binding and localization preferences within the plastids
(62). The two remaining steps are oxidation of xanthoxin by ABA2, affording abscisic
aldehyde, and finally oxidation of the aldehyde by abscisic aldehyde oxidase (AAO) to
produce 2-cis,4-trans-S-(+)-ABA as the single, naturally-occurring enantiomer (63).

While S-(+)-ABA is most abundantly present as the 2-cis, 4-trans conformation, it

can be reversibly isomerized to the biologically inactive form 2-trans, 4-trans with UV

radiation (64). The R-(-)-ABA enantiomer is active in seed germination inhibition but it is

unable to mimic stomatal closure control observed with the S-(+) natural isomer (65).

Interestingly, there seems to be an uptake mechanism that favors the natural S-(+)-ABA
isomer, when plants are treated with media containing a racemic mixture (66).

Because of the NCEDs essential role in ABA biosynthesis, they have been the
target for selective, chemical inhibitors which could be useful for understanding biological
roles of ABA as well as in agronomical applications. The similarity between the reaction
mechanisms of NCED and lignostilbene-a,3-dioxygenase (LSD), a designed inhibitor of
LSD (nordihydroguaiaretic acid, NDGA) was modified with the intent to produce a selective

NCED inhibitor. A slight modification of NDGA was able to produce a successful candidate
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that acted on the NCEDs, termed Abamine (67). Abamine was able to lower the mannitol-
induced biosynthetic accumulation of ABA by a maximum of 50%. Abamine was further
modified using structure-activity relationship (SAR) analyses to produce a more potent
version and was termed AbamineSG (68). Plants grown on 0.4 M mannitol had a 77%
reduction in ABA accumulation when treated with AbamineSG, compared to only 35% with
Abamine.

There is currently one crystal structure of the NCEDs, produced from the maize
protein Viviporous14 (VP14, PDB ID:3NPE). VP14 is a [-propeller type structure
containing seven blades and four a-helical inserts that produce an a-helical domain. In the
catalytic region, four His residues coordinate an Fe?*, which is proximal to a water
molecule and an O,. Additional to the crystal structure, Messing et al., propose a possible
mechanism for the cleavage of 9-cis-violaxanthin into xanthoxin by VP14 (69).

One step downstream from the NCEDs in the ABA biosynthesis pathway is ABA2,
which is the first step that occurs outside of the plastids. ABAZ2 is responsible for the
conversion of xanthoxin to abscisic aldehyde, the first cyclohexenone containing
metabolite of the pathway. In Arabidopsis, the aba2 mutant is one of the stronger ABA-
deficient mutant lines with a severe wilty phenotype and low basal levels of ABA. In
treatment to drought stress, aba2 mutants are unable to produce an effective ABA-induced
response. While wild-type plants can increase endogenous ABA levels 25 to hundreds of
fold compared to basal, well-watered conditions, the biosynthetic mutant has little change
in ABA levels and is hypersensitive to osmotic stress (70). The aba2 mutant lines have
largely been isolated from screens for early germination, and germination on salt and
osmotic stress-inducing media such as mannitol (71, 72). It is interesting to note that

although the aba2 mutant is essentially devoid of any accumulation of ABA in osmotic


https://paperpile.com/c/pjbTRK/TrNEr
https://paperpile.com/c/pjbTRK/A7tPV
https://paperpile.com/c/pjbTRK/ktPGy
https://paperpile.com/c/pjbTRK/Ragpp
https://paperpile.com/c/pjbTRK/0z2Po+JgS4H

stress, it does have ~20% of the basal ABA levels compared to WT, indicating a minor
alternative pathway to ABA (73).

Both NCEDs and ABA2 are good targets for inhibitors of ABA biosynthesis. While
NCED has had some success, a selective and potent ABA2 inhibitor is yet to be produced.
While the majority of this work will focus on the ABA-signaling pathway far downstream of
biosynthesis, efforts for chemical manipulators of all stages of ABA effects in plants would
likely be beneficial in agricultural settings. In a parallel manner, many of the methodologies
proposed here to identify synthetic agonists of the ABA receptors could be used for
searching the chemical space to discover ABA-biosynthesis inhibitors through ABA2 or

NCED proteins.

The Conservation of ABA in Land Plants and Agricultural
Applications

ABA is found in many organisms and is in all kingdoms of life aside from Archaea.
It can be found at low levels in cyanobacteria, algae, and bryophytes and is ubiquitous in
cormophytes through higher plants (74). Although present in low levels in cyanobacteria,
and cyanophytes, no physiological function is known in these organisms. Oddly, in
cyanobacteria that produce elevated levels of ABA in response to salt stress, this ABA
was observed to be released into the extracellular space (75, 76). Building on these
findings, ABA has been highlighted to have an evolutionarily dynamic regulatory role in
physiological control. In early land plants, such as the model fern Ceratopteris richardii,
the ABA signal cascade has been determined to have a role in sex determination (77, 78).

Later, the emergence of angiosperms gave rise to ABA’s role in seed dormancy (79).


https://paperpile.com/c/pjbTRK/zI56g
https://paperpile.com/c/pjbTRK/9w9y9
https://paperpile.com/c/pjbTRK/SRszs+MJEOc
https://paperpile.com/c/pjbTRK/LBX1z+1Ryts
https://paperpile.com/c/pjbTRK/gO28Y

ABA’s control in root architecture, shoot growth inhibition, and stomatal
conductance have a broad effect of promoting drought tolerance. In general, ABA inhibits
shoot growth but requires higher concentrations to inhibit lateral and primary root growth
(42, 80, 81). Maintaining primary root growth in low water conditions can be advantageous,
analogous to increasing the length of the rope in a drying well (82, 83). It has been well
established that primary root growth can be even be enhanced by ABA, indicating a true
hormetic effect (45, 46, 84, 85). This has been hypothesized to support the idea that low-
intensity drought conditions will result in increased primary root growth, but high intensity
drought inhibits most plant growth to preserve resources (86, 87).

These advantageous features of ABA in the context of crop yield and survival have
led to extensive biotechnological and agrichemical efforts to improve crop yields during
conditions of drought that utilize the hormone’s signaling pathway. Using ABA itself in the
field is limited due to its photoinstability, however the plant hormone has shown some
beneficial effects in commercial crops. Most of these research efforts in field applications
have been in the context of fruit appearance and morphological traits. Some
representative examples produced by exogenous ABA application are the promotion of
fruit ripening in strawberries and bananas, control of anthocyanin production in grape, and
protection against chilling injury in cotton, maize and melon (88-96).

While the benefits of ABA to plant survival are evident and extensive, field
applications utilizing ABA are difficult to implement due to the ABA response having
complex and contrasting effects, which are highly dependent on the plant’s current abiotic
conditions (97). For example, ABA’s stomatal conductance control can be inhibited by
ABA’s own induction of aquaporin accumulation when drought stress is high (98-100).

Cross-talk with the other major hormones of auxin, cytokinin, ethylene, gibberellin, and

10


https://paperpile.com/c/pjbTRK/S1IN0+Khth2+HvQRw
https://paperpile.com/c/pjbTRK/1zEPl+xNdtb
https://paperpile.com/c/pjbTRK/naFyn+wweK1+XsHq9+PO3U1
https://paperpile.com/c/pjbTRK/UeDz+f5B5
https://paperpile.com/c/pjbTRK/Z9L7F+E8dUm+PXubW+JNZT5+UrnMG+aNo5p+4zq8a+uJ3m0+u00a3
https://paperpile.com/c/pjbTRK/dZX1p
https://paperpile.com/c/pjbTRK/bSmBI+OjhEI+vnEru

jasmonic acid contribute to the complexity of ABAs’ physiological responses (101-104).
The difficulty that these complex and contrasting regulations present for agricultural
applications is compounded by the undesirable qualities of ABA itself, such as its instability
in UV irradiation, general rapid in vivo catabolization, and moderate structure complexity
(105-108). Further complicating the matter, the core signaling pathway of ABA involves
multiple redundant and semi-redundant members with unknown unique or contributory
functions with regards to these complex responses within the plants. It should be beneficial
to establish the function of each component of the core signaling pathway to elucidate

points where undesirable regulation from an agricultural standpoint can be minimized.

Abscisic Acid Core Signaling Pathway

The ABA core pathway (Figure 1B) references a three-component module
represented by 1; ABA PYR/PYL/RCAR receptors (hereafter PYLS), 2; the clade A protein
phosphatase 2Cs (PP2Cs), and 3; the small family of the sucrose non-fermenting related
subfamily 2 kinases (SnRK2) (109). The signal of ABA is initiated upon binding of ABA by
the PYL receptors, which causes a conformational change in which ABA becomes
“enclosed” within the binding pocket of the PYLs (110, 111). This conformational change
is able to stably interact with and deactivate the PP2Cs. Once the PP2Cs are inactivated,
their phosphatase targets, the SnRK2s, are able to autophosphorylate, and accumulate
as an active state. If active, the SnRK2s are able to phosphorylate downstream effectors
of the ABA response, including ABA-responsive element-binding proteins/ABRE-binding

factors/ABA-insensitive 5 (AREB/ABF/ABIS) basic/region leucine zipper (bZIP)
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transcription factors, ion channels, and NADPH oxidases to provide the ABA-induced
whole-organismal responses.

The first component of ABA perception, the PYL receptor family, is part of the BetV
I-like superfamiliy which contain hydrophobic-binding properties (112). While the large size
of the PYL receptor family is rare for hormone receptors, the size is evolutionarily
conserved in many land plants (113), likely indicating selective pressure to retain this
characteristic. In Arabidopsis, the PYL family consists of 14 members, which is divided
into three subfamilies based on sequence identity (114). The subfamilies also dictate
oligomeric preference; subfamily | and Il are monomeric, while PYR1, PYL1 and PYL2 of
subfamily 11l are dimeric - PYL3 shows an equilibrium between monomer-dimer states
(115-117). Some members of the monomers, such as PYL10 and PYL13 display some
ABA-independent inhibition of the PP2Cs (117, 118), however for PYL10 this has been
described at least partially as an artifact of BSA-dependent activation of the receptor (119).
The monomeric type receptors generally have a higher affinity for ABA than that of the
dimeric in vitro (116).

The ability for binding ABA by the PYR/PYL/RCARSs is the result of a hydrophobic
cavity near the center of the protein created by two a-helical and seven B-sheet domains.
In solution, and in the absence of high concentrations of ABA, the receptors are in an open
conformation, with direct solvent access to the pocket (117, 120). Upon perception of ABA,
the pocket closes around ABA by a “gate-latch” mechanism produced by a flexible loop
termed CL2 (117, 120, and 121). Once bound, the closed conformation of the ABA
receptors forms a surface on the receptor that can accommodate interactions with the

PP2C proteins.
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The clade A PP2Cs, are the second critical component of the core signaling
pathway and act as negative regulators to ABA signaling. All clades of the PP2Cs are
monomeric members of the protein phosphatases M (PPM) superfamily and are
differentiated from the PPP superfamily (groups PP1, PP2A, PP2B), due to sequence
differences in the catalytic region (122). Additionally, the PP2C catalytic action requires
Mg?* or Mn?*, while PP2A require Ca?*. The PP2C catalytic domain is divergent enough
such that they are generally insensitive to PP2A or PP1 inhibitors (123). The PP2Cs
comprise the largest family of the protein phosphatases in plants, with 76 members that
are divided into 10 subfamilies, designated with clades A-J (124, 125). There are 11
subdomains shared between the PP2Cs within the catalytic region, which is preferentially
positioned at the C- or N-termini (126).

In Eukaryotes, a common role of the PP2Cs is to reverse stress-induced kinase
signal cascades by dephosphorylating mitogen-activated protein kinases (MAPKS),
MAPKKs, MAPKKKSs, and receptor-like kinases (RLKs). They also play important roles in
cell cycle regulation (125, 127, and 128). Their original role in ABA signaling was revealed
by screening for mutants that were able to germinate on ABA concentrations that would
normally inhibit wild-type (WT) Arabidopsis plants (129). Two strong mutants were termed
abil and abi2. After positional-mapping and cloning, both were identified as PP2Cs with
high homology to one another, and a unique N-terminal extension (130-134). Both
mutations in abil-1 and abi2-1 confer a dominant, single residue change of Gly-Asp.
Interestingly at the time, no recessive alleles could be identified in either loci which was
attributed to functional redundancy, and described as a dominant loss-of-function mutation
(133). However, it was shown that the abil-1 mutant could still inhibit SnRK2s via

phosphatase activity (135). Together, the dominant phenotype trait caused confusion,
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because of the proposed loss-of-function phenotype would require a hypermorphic
protein. It was not until the identification of the PYL proteins that the double-negative
regulation of the PYL-PP2C-SnRK2 core pathway indicated that the abil-1 (and similarly
abi2-1) mutation blocked PYR1s ability to bind, and inhibit, the PP2C (110).

The interaction between the PYL receptors and the PP2Cs is mediated by a
conserved tryptophan in all of the PP2Cs except AHG1 (HAB1 W385, designhated the Trp-
lock) that forms a hydrogen bond with a water molecule that directly interacts with ABA’s
cyclohexenone oxygen (120, 136). There are nine clade A PP2Cs (125, 137) in
Arabidopsis, all of which (except AHG1) have been shown to interact on some level with
the PYL receptors (138). The group consists of ABA-INSENSITIVE 1 (ABI1), ABI2, ABA
HYPERSENSITIVE GERMINATION 1 (AHG1), PP2CA/AHG3, HYPERSENSITIVE TO
ABA 1 (HAB1), HAB2, HIGHLY ABA-INDUCED 1 (HAI1), AKT1-Interacting PP2C1/HAI2,
and HAI3. With respect to sequence analysis on the catalytic phosphatase domain, these
PP2Cs are split into two groups; one consisting of HAB1, HAB2, ABI1, and ABI2, and a
second one consisting of PP2CA/AHG3, AHG1, HAI1, HAI2, and HAI3 (125). Interestingly
the mutant abil-1 (and abi2-1) shows dominant segregation and is insensitive to ABA,
which is paradoxical in light of the WT protein acting as a negative regulator to ABA
signaling. This was later explained after discovery of the receptors elucidated that the
abil-1 mutant protein is unable to bind to PYR1, but can still inactivate the SnRK2 proteins
(110). Although redundancy does exist in the clade A PP2C family single mutants in
multiple PP2Cs can give hypersensitive responses to ABA, and in most cases is how they
were discovered in screening efforts (135).

The SnRK2s are the third component of the conserved ABA signaling core

pathway in land plants, and act as phosphatase targets for the clade A PP2Cs. They are
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related to the animal AMP-dependent protein kinases (AMPK), a kinase superfamily which
is important for energy signaling through their involvement in ATP consumption and
production (139, 140). Their identification in the ABA pathway was resultant on the
observation of the highly phosphorylated status of late embryogenesis abundant (LEA)
proteins, such as RAB-17. Since LEA proteins accumulate in desiccating seeds and drying
seedlings, and because of the high phosphorylation state, their respective kinases have
been hypothesized to be involved in drought stress responses in plants (141-143).

One of the first efforts to reveal any drought-responsive or ABA-induced kinases
in plants identified protein kinase responsive to ABA 1 (PKABAL), which was discovered
from a seedling cDNA library, cloned in wheat, and exhibited a 49% sequence identity with
the carbon- and energy-source sensitive kinase from yeast, sucrose non-fermenting 1
(SNF1) (144, 145). Later it was shown that ABA-responsive K* ion channels in stomata
were sensitive to kinase inhibitors, further supporting the idea that a kinase signal cascade
was incorporated in the downstream ABA responses (146, 147). Within the guard cells of
fava bean, an ABA-activated and Ca?*-independent serine/threonine kinase (AAPK) was
discovered that could undergo autophosphorylation(148). These two discoveries
eventually lead to the identification of the ortholog open stomata 1 (OST1/SnRK2.6) in
Arabidopsis. The single mutant of AtSnRK2.6 showed a moderate ABA-insensitivity and
plant growth similar to WT, but did have increased water loss (149). Sequence analysis
and screening for other drought- or ABA-responsive kinases eventually lead to the
discovery of nine SnRK2s in Arabidopsis (150) of which three, SnRK2.2, 2.3 and 2.6
(SnRK2.2/2.3/2.6) are critical for the ABA downstream-signal cascade. The triple mutant
snrk2.2/snrk2.3/snrk2.6 has an extreme wilty phenotype, and can germinate on 50 uM of

ABA, a concentration 50 times higher than that which can inhibit WT Arabidopsis thaliana
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(81, 151, and 152). The single mutant in SnRK2.6 displays a moderate wilty phenotype,
but ShnRK2.2 and SnRK2.3 are redundant requiring the snrk2.2/snrk2.3 double mutant to
display ABA-insensitivity and enhanced water loss.

Finally, the inclusion of the SnRK2’s into the ABA core signaling pathway was
revealed shortly after the discovery of the PYL proteins and characterized in a yeast two-
hybrid assay indicating that the ABA-responsive PP2Cs physically interacted with
SnRK2.2/2.3/2.6 (153). The SnRK2s contain a conserved, highly acidic, region termed the
ABA-box that pertains to a region near OST1’s Ser-332 and is required for the PP2C
interaction (154). Interestingly, SnRK2.4, which has not been included in the ABA-
signaling pathway, inhibits the core PP2Cs PP2CA and ABI1 in an ABA-independent
manner, however the mechanism is not completely understood (155).

Downstream substrates of ABA-dependent SnRK2 phosphorylation include the
bZIP ABA-Responsive Element Binding (AREB) transcription factors, the Slow Anion
Channel-associated 1 (SLAC1) ion channel proteins, the K* channel in Arabidopsis
thaliana (KAT1), and the Respiratory Burst Oxidase Homolog F (RBOHF), and more
recently SnRK2-substrate 1 (SNS1) (139). While not formally included in the three-
component module of the core signaling pathway, an additional major branch of the
downstream effectors from SnRK2s, include the MAPK/MAPKK/MAPKKK cascade.

The crucial role played by the SnRK2s is evident by phenotypes observed in the
snrk2.2/2.2/2.6 triple mutant, which is significantly hindered in germination inhibition and
stomatal closure by endogenous ABA, and largely unresponsive to exogenous treatment
as well (151, 152, 156). Although phosphoproteomic assays have shown dramatically

altered ABA-dependent phosphorylation in the triple mutant, some ABA-dependent
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phosphorylation still existed, indicating other interactors of the core pathway that are not
yet fully characterized (139).

Basal, ABA-independent phosphorylation is present in the three SnRK2s, the
result of autophosphorylation, which is highest (5-10 fold higher) in SnRK2.6 as compared
to SnRK2.2/2.3. Mutational analyses indicated that phosphorylation of Serl75 in the
activation loop of SnRK2.6 (and homologous positions in ShRK2.2/2.3) is required for full
activity of these kinases, and the S175A mutation knocks out ~98% of SnRK2.6’s activity
to ABF2 (157). Evidence for both intra- and inter-molecular phosphorylation is strongly
supported between the three SnRK2s, as mutations inhibiting cis-phosphorylation for
SnRK2.6 still leads to phosphorylation when the mutant SnRK2.6 is incubated with WT
SnRK2.6 protein in vitro (157).

The mechanism in which the PP2Cs inactivate the SnRK2s is proposed to be the
combination of two steps, as observed from the HAB1-SnRK2.6 crystal structure and
supported by mutational analyses. The first step is by dephosphorylation of the crucial
S175 residue, which removes the majority of kinase activity. The second inactivating step
is the production of a physically hindered conformation by PP2C:SnRK2 binding, creating
a barrier to the catalytic site of the kinase (158). Both disruption of the catalytic site as well
as physical hindrance of the ABA-box are are required for full PP2C-induced inhibition;
single mutants in residues that partake in either mechanism result in slightly weakened
PP2C inhibition. Interestingly, the PP2C:SnRK2 binding is similar to the gate-latch-lock
mechanism of PYL:PP2C binding, which was likely important for PP2C specificity for the
SnRK2s and producing the ABA core signaling pathway (158).

As with the presence of ABA itself, this three-component core pathway is highly

conserved and has likely existed since the first land plants due to the sudden high selective
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pressure for tolerance to limited and sporadic availability of water (113). Evidence for a
functioning core signaling pathway is present in the moss P. patens by the existence of
ABA-responsive stomata (113) and by the presence of bonafide ABA-receptor PYL-
orthologs along with ABA-inhibited PP2Cs existant in Marchantia polymorpha (liverwort,
MpPYRL1), one of the earliest diverging land-plants (113, 159, 160). With respect to
SnRK2s, they are present in the moss P. patens possibly indicating a fully functional core-
signaling pathway mimicking that of angiosperms. The presence of SnRK2 homologs has
also been identified in the algae Chlamydomonas but was labelled as divergent from land
plants, and likely nonfunctional in the same context (161). The further downstream
transcription factors orthologous to the Arabidopsis ABF/AREB/ABI5 were found in some
mosses, but not in non-land plants (113). Together, these indicate that the core pathway
likely evolved with plant’s colonization of land, and has maintained a highly conserved
three-component module.

The nomenclature of some members of the ABA signaling pathway are the result
of forward genetic screens. There have been multiple mutants that display ABA-
insensitivities in a variety of contexts, and despite their differential biological roles. For
clarity, ABI1 and ABI2 encode PP2Cs, but ABI3, ABI4, and ABI5 are transcription factors
downstream of the core pathway. All have been identified by mutagenesis screens for
similar early germination or ABA-insensitive germination phenotypes (162, 163).

These ABA-insensitive phenotypes were discovered multiple times, and helped
give some elucidation to some of the members in the ABA signaling pathway. However,
these genetic screens were unfruitful for many decades in attempting to identify the
receptors of ABA, indicating a level of complexity or redundancy that was able to hide

single-order receptor mutants. It was not until the utilization of a synthetic seed-
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germination inhibitor, pyrabactin (Figure 1A), was used in forward chemical genetic
screens that gave resistance to the chemical that these receptors were finally revealed.
Ultimately this led to the identification of a mutation in PYR1 (110) which was enough to
cause pyrabactin insensitivity due to its low potency on only a small subset of the receptor
family. In parallel to this forward genetic screen, another group was able to identify
interactors of the PP2Cs via a yeast-hybrid screen, further solidifying the evidence that
this 14-member family in Arabidopsis acted as the ABA receptors (111).

Retrospectively, the number of members within the family easily explained the
difficulty in identifying the receptors from forward chemical genetic screens aimed to enrich
for ABA-insensitive phenotypes. The redundancy of the PYL receptor family is extensive,
requiring higher-order mutants to produce any ABA-insensitive genotypes. Further,
functional redundancy exists in all three modules of the core pathway. Thus it has been

difficult to study the pathway using solely genetic techniques.

Synthetic ABA-receptor Agonists

Partially due to the genetic redundancy observed in the core signaling pathway,
much research has been done to characterize the structure-activity relationship of ABA
and its respective receptors, with one major benefit being the synthesis of a multitude of
ABA scaffold analogs (164). Part of this work has been to develop analogs with agricultural
benefits such as increased potency and longevity of the ABA-response due to
modifications that inhibit endogenous catabolism. Other modifications have been helpful
in explaining the importance of functional groups on the ABA backbone. For instance, the

necessity of the cyclohexenone oxygen in the ABA headgroup has been supported
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highlighted in studies where this oxygen is removed, producing 4'-deoxo-ABA (4) (Figure
2) (165), which had greatly reduced biological activity. This ketone oxygen is seen in many
of the available crystal structures to hydrogen-bond to a conserved “gate-latch” water,
which helps stabilize the interaction of the ABA-PYL-PP2C complex (115, 120, 121, 136,
and 161). Quinabactin (Figure 1A), which was identified in a small-molecule screen and
bares little chemical similarity to ABA, also contains an oxygen moiety which is observed
to hydrogen bond to this water (166).

Chemical modifications to the hydrophobic portions of ABA have been pursued.
Replacement of the 7'-methyl group with an H (5) reduces activity, indicative of a loss in
hydrophobic interactions with the gate-latch area of the protein (167). Modifications of the
8'-methyl group with di- and tri-fluoro (6) substitutions resulted in analogs that increased
the in vivo response, due to a decreased hydroxyl-metabolism at this position (168).
Similarly, 8- (7) and 9'-acetylene substitutions increase in vivo activity, as they act as
suicide substrates for the CYP707A, the major 8'- and 9'-hydroxylation enzyme (107, 108,
169, and 170). These acetylene and fluoro-substitutions indicated that an increases in
electron-withdrawing or hydrophobic bulk near the gate-latch region on the 8- and 9'-
carbons is tolerated by the pocket residues. However, a bulkier 8'-cyclopropyl analog (8)
displayed reduced activity, highlighting a relative limited volume for the hydrophobic
substitution size that can be tolerated (171).

Another important region of the binding pocket, termed the C6-cleft, has been
elucidated by the subsequent loss of activity when replacing ABA’s 6-methyl group with
an H, producing 6-nor-ABA (9) (167). This loss of activity is also seen when through SAR
studies with the quinabactin scaffold. The 4-methyl benzyl group of quinabactin overlaps

nearly perfectly in the space of ABA’s C6-methyl group, and an analog of quinabactin
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lacking this methyl group (10) has substantially reduced potency (172, 173). Other
unpublished data has indicated that 4-cyclopropyl analogs of quinabactin are inactive,
which likely indicates an inability for the C6-cleft to accommodate this bulkier substitution.

Bicyclic analogs of ABA, termed tetralone ABAs (11-13), where the 3, 4, and 7’-
carbons are incorporated into a phenyl ring, have similar or even increased potency to
that of ABA on the receptors (174-176). Interestingly, some of these were developed
before the bicyclic synthetic agonists pyrabactin and quinabactin were characterized as
ABA receptor ligands. The activity of the tetralone-ABA compounds, along with pyrabactin
and quinabactin, indicate that there is some flexibility for the gate-latch region to
accommodate hydrophobic bulk near. Similarly to (7), these tetralone analogs were also
modified to have acetylene constituents substituted on the positions homologous to the
8- and 9-methyl groups (13) which would likely inhibit the respective 9’- or 10’-
hydroxylation by CYP707A. Indeed these acetylene suicide-substrates had increased and
prolonged activity in vivo (174).

Results from a virtual screening effort that sought to identify pyrabactin-analogs
produced multiple active agonists that closely resemble pyrabactin (figure 1.2) (177). The
compound (16) is the result of the replacement of pyrabactin’s methylamino linked pyridyl
moiety with a methionine derivative. From the same screen, the naptholactam compounds
(17)-(19) gave moderate activity in a phosphatase inhibition assay. In a significantly larger
screen, utilizing the natural product library RIKEN (178, 179), over 20,000 compounds
were assayed for their ability to inhibit ABI1 when co-incubated with PYR1 (180). Multiple
agonists and antagonists were identified and characterized, with the two strongest

antagonists displaying highly decorated tetrahydropyrans.
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Quinabactin has a novel interaction with the receptors not seen with the previously
reported structures containing ABA or pyrabactin. The N-propyl chain from quinabactin’s
lactam moiety forms hydrophobic interactions with a gate-latch region known as the 3'-
tunnel (181, 182). In some structures, this tunnel is evident with ABA-binding, although
with ABA binding it exists unoccupied. It was reasoned that a sufficiently long alkyl
substitution at the 3’-position of ABA could mimic the N-propyl chain of quinabactin. This
led to the design of a series of analogs that had 3’-thioether substitutions on the ABA
scaffold (14-15), predicted to interact with this tunnel in a favorable manner (181). The
analogs produced varied in chain length, and subsequently were observed to produce a
gradient of activity from agonist to antagonistic effects, with longer alkyl lengths favoring
the latter. AS2 (14) displayed active vegetative responses similar to ABA and quinabactin
while AS6 (15), a 3’-hexylsulfanyl ABA analog, showed extensive antagonism for all the
receptors tests. It's hypothesized that the antagonism resultant from the longer alkyl
chains is due to the protrusion through this tunnel and beyond the receptor surface,
ultimately disrupting favorable interactions that would otherwise take place between the
conformation of the bound-receptor and the PP2Cs.

This alkyl-chain modification was applied to the tetralone analogs as well,
producing O-alkyl substituted tetralone ABA compounds termed PAO, which also showed
a gradient effect of agonism to antagonism based on the linker length (183). PAO, (12)
showed increased biological activity compared to ABA, indicating that the additional
hydrophobic interactions near the gate-latch interface were additive to the binding activity,
and likely stabilized the closed conformation of the gate-latch.

The above briefly summarizes the existence of many agonists and

antagonists on most of the receptors. However, while the tetralone and 3’-thioester
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derivatives of ABA have both potent agonist and antagonist effects, they lack selectivity
for the receptors, masking any non-redundant functions without analysis on an extensive
number of higher-order mutants. Also, while both pyrabactin and quinabactin show some
potency and selectivity, their selectivity largely overlaps, leaving potent, selective

activation of the monomeric subset of receptors unprobed.

Summary of Research Herein

ABA is an important plant hormone for agriculture as it is a key regulator in drought
response. Transcriptomic, proteomic, and metabolomic responses have been fairly well
studied in the context of drought or exogenously applied ABA. However, many of these
responses have not be fully characterized at the individual receptor-level, or even with
respect to receptor-subset activation. Part of this lack of understanding and research in
this area is partially due to the observed high level of redundancy in all modules of the
core pathway, while another reason is a lack of differentially selective yet potent agonists
for the PYL receptors. It would be beneficial to have such selective agonists to elucidate
any non-redundant, or only semi-redundant roles for that may influence important aspects
of drought response such as root growth, metabolite regulation, or water use efficiency.

Pyrabactin was a valuable tool in shedding light onto the core signaling pathway,
however it has little effect in vegetative, adult plants. As such, similar efforts have been
used to screen for compounds that produced a more robust or similar response to that of
ABA. These efforts eventually led to the discovery the other small sulfonamide,

guinabactin (also termed AM1) (166, 172). While quinabactin’s response in adult plants is
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similar, if not more potent than ABA, its selectivity for the receptors overlaps with
pyrabactin and leaves multiple receptors unactivated.

In an attempt to identify new agonists that may help in understanding the roles of
the other receptors, | have developed an in silico screening method meant to identify novel
ligands for the receptors in an unbiased manner. This required a pre-screening effort to
identify a crystal structure model that showed a high enrichment for preferentially docking
known true-positives. A proportion of the best scoring hits were purchased and an in vitro
assay was developed to identify the potency and selectivity for these ligands in a relatively
high-throughput manner. This resulted in multiple positive hits in-vitro were able to
produce an ABA response in vivo as well. Following identification of these agonists,
structure-aided design was used to chemically optimize some of these compounds and
lead to increased potency both in vitro and in vivo.

While multiple assays have been developed to assess the biological activity of
these agonists in vivo, additional research is warranted in the quantification of metabolic
changes that could result from small differences in potency or selectivity between
agonists. Thus this method could produce a new screening platform for identifying ABA
agonists, based on metabolic regulation, but additionally, deconvolute differential
regulation based on receptor specificity of agonists being analyzed. These findings could
benefit agriculture with respect to both direct metabolic regulation, such that wanted or
unwanted metabolites can be differentially regulated by receptor specificity. Additionally,
general identification of differential regulation of osmolytes through receptor specificity,

could prove beneficial to plant WUE.
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My research has thus been aimed at identifying novel ligands for the ABA
receptors that may show unique receptor selectivity and producing a method to quantify
the plants’ responses by measuring metabolic regulation.

Chapter one focuses on the discovery and optimization of new ABA receptor
agonists using virtual screening and describes a potent agonist that selectively and
potently activates monomeric ABA receptors. Using this probe in vivo, | present data
suggesting differential control of ABA transcriptional responses by monomeric and dimeric
receptors. Chapter two focuses on characterizing metabolomic changes induced by ABA
and using these as markers to dissect the contributions of different receptor classes to the
control of metabolomic ABA responses. This work demonstrates that dimeric ABA

receptors play a major role in regulating metabolomic responses to ABA.
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Figure 1.1 Panel A) Abscisic acid (1) shown with corresponding numbering of carbon
atoms, the two ABA-receptor agonist sulfonamides pyrabactin (2) and quinabactin (3). B)
The core ABA signaling pathway. ABA is shown in green, PYL receptor (PYR1, PDB
3QN1) in red, PP2C (HAB1, 3QN1/3UJG) in blue, the SnRK2 kinase (SnRK2.6, PDB
3UJG) in pink, and downstream effectors. Phosphorylation state is positively indicated by
the yellow circle labeled “P”. In the presence of ABA (TOP), the PYL receptor binds ABA
and can bind to a PP2C, inhibiting it, allowing the SnRK2 to autophosphorylate and
phosphorylate downstream effectors, turning the ABA-response on. In the absence of ABA
(bottom), the PYL proteins do not bind to the PP2Cs, and the PP2Cs are free to inhibit the
kinase activity of the SnRK2s, turning off downstream responses.
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Figure 1.2. Panel A) A phylogenetic tree of the PYL receptors, separated by clade and
oligomeric preference. The ICsy values in nM are depicted for the three agonists
pyrabactin, quinabactin, and ABA with their structures above. Green is highlighted for ICso
values under 1,000 nM. nd = not determined. Panel B) Chemical structures of
representative agonists and analogs produced with affinity for the ABA receptor family.
Given names are in bold.
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Chapter One: Identification of a Monomeric-
Specific Abscisic Acid Receptor Agonist with a
Novel Scaffold Revealing Differential Regulation
Between Monomeric and Dimeric Receptor
Function

Abstract

The rational control of transpiration using synthetic chemicals may provide new
tools with which to limit the effects of drought in rainfed environments and to discover new
probes for dissecting plant water relations. As one approach to developing new anti-
transpirants, | have focused on discovering compounds that mimic action of the plant
hormone abscisic acid (ABA), which regulates guard cell aperture and transpiration.
Suitable targets are the ABA-receptor family collectively known as the Pyrabactin
Resistance 1/PYR1-Like/Regulatory Component of ABA Receptors (PYR/PYL/RCARS).
This family is large in most land plants, often containing over 10 members and displays
significant genetic redundancy and functional overlap. As such, the functions of each
receptor are not fully understood and may differentially contribute to different ABA
responses. Thus, new probes may be beneficial in both agricultural and research contexts.
Here, | describe new ABA-receptor agonists discovered using virtual screening and
validated using in-vitro receptor-mediated phosphatase inhibition assays and in vivo
bioassays. Structure-aided improvement was pursued on promising lead compounds,
which resulted in enhanced potency for one analog (141B) that was selective for
monomeric ABA receptors. Characterization of 141B’s activity shows that monomeric

receptors may play a relatively minor role in mediating ABA’s transcriptional effects, but
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consistent with other studies, they contribute to seed and root ABA responses. Thus, my
virtual screening defined a new non-sulfonamide agonist scaffold with excellent in vivo

activity and led to a new probe with which to dissect the functions of monomeric receptors.

Introduction

Climatic changes are projected to become more dynamic in the future, with
droughts becoming more frequent and more severe, possessing a great risk to producing
reliable crop yields to a growing population (1, 2). In an effort to limit the effects of drought
on agriculture, biochemical and genetic methods have been extensively studied to
maximize crop water use efficiency and tolerance or resistance to drought. A critical
discovery to leverage the study of these prospective applications in the field was the
identification of the abscisic acid (ABA) receptors and signalling pathway (3, 4).

ABA is a phytohormone that mitigates abiotic stress responses and is a key
upstream regulator of stomatal aperture. The downstream signaling of ABA s
accomplished through a direct binding of the hormone to the Pyrabactin Resistance
1/PYR1-Like/Regulatory Component of ABA Receptor (PYR/PYL/RCAR) proteins (3, 4).
The binding of ABA initiates a conformational change of the receptor that allows for an
interaction with - and inhibition of - the Type Il C Clade A Protein Phosphatases (PP2Cs)
(5-7). If uninhibited, the PP2Cs can inactivate the SNF1-Related Protein Kinases
Subfamily 2 (SnRK2s) by dephosphorylation (3, 8). However, inhibition of the PP2Cs
allows for SnRK2 autophosphorylation and subsequent activation, leading to a signal
cascade involving multiple transcription factors and ion channels (9—12). These changes

can lead to the increase of compatible solutes (13, 14), regulation of root architecture (15—
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17), and control of stomatal aperture (18, 19) as representative examples, which are all
proposed to benefit the plant in periods of drought stress.

Multiple research groups have identified PYL agonists, but most are either direct
analogs of ABA or are of a sulfonamide scaffold similar to that of quinabactin and
pyrabactin (3, 20). The direct ABA analogs generally mimic the pan-agonist activity of
ABA, while quinabactin and pyrabactin are largely dimeric specific. Agonists selective for
the monomeric receptors have not yet been reported, and thus without extensive higher-
order genetic knock lines, selective activation of these receptors is difficult. Given my
interest in differentiating receptor function in vivo, it would be beneficial to identify a variety
of agonists that display divergent selectivities on the PYL receptors, thus allowing their
functions to be probed temporally with agrichemical application. While medicinal chemistry
approaches and structure-activity relationships (SAR) on the ABA, pyrabactin, or
guinabactin scaffolds could potentially result in desirable agonist traits, a higher
throughput methodology that remains unbiased to previous agonist scaffolds would be
more likely to produce agonists with novel structures and potentially novel selectivites.

To explore the possibility of novel scaffolds unbiased to previous agonists, virtual
screening can be employed to filter through digital libraries of millions of diverse
compounds and enrich for chemicals that are likely to bind a protein of interest (21). The
benefits of virtual screening are the reduced time and cost compared to in vitro screening
a similar number of compounds. However, due to the positive correlation of computational
cost with relative docking accuracy, the exactness of docking scores to that of actual
binding affinities suffer in any higher-throughput virtual screening, leading to false

positives and false negatives (22).
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In light of these limitations, it is common practice in virtual screening to conduct a
preliminary screen to identify a suitable receptor structure to use as a docking target. To
guantify the quality of a docking target, a protocol designed to measure the ‘enrichment’
of true positives within a set of similar “decoy” compounds can be employed, ultimately
ranking receptor targets based on enrichment factors (23). This enrichment analysis
allows for screening against multiple conformations of a single receptor, or, in the case of
the PYL proteins, multiple highly-homologous members of a receptor family to identify the
best conformation for the primary screening effort. Standard enrichment protocols rank
protein targets by the amount of known actives that score within the top percentiles of
docking hits (e.g., 0.1%, 0.5%, 1.0% etc...) (equation 1, methods). Generally, enrichment
factors above 10 indicate a strong preference of the protocol for true positives (24).
Structures or conformations with the highest amount of true positives within the top
proportion of docking scores are then preferred as the suitable target.

After the identification of the most ideal structure to dock against, the chemical
library with which to screen must be decided. Ideally, virtual screening is done on as large
a chemical space as possible, allowing for the greatest coverage of ligands and chemistry.
The largest chemical datasets generally are developed from chemical enumeration
libraries which are built from combinations of C, N, and O that are deemed to be chemically
synthetically feasible, however these criteria are often difficult to enact in practice.
Enumeration libraries can contain hundreds of millions of compounds, but many of which
may have never existed, and certainly some that may never exist (25). Screening a rule-
based chemical enumeration library of this size can produce valuable leads and insight,
however the computational costs can be prohibitive and high-scoring compounds may in

fact turn out to be impossible to practically synthesize or purchase. To avoid these issues,
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libraries that are curated for compounds not only synthetically feasible, but commercially
available do exist. On such library, Zinc Is Not Commercial (ZINC, http://zinc.docking.org/),
is a freely accessible chemical database that currently has over 15 million “drug-like”
compounds that can be further filtered for commercial availability (26). The ‘drug-likeness’
of compounds is evaluated using Lipinski’s rule of five which states that drug-like
compounds have the following characteristics: a molecular weight <500, logP < 5,
hydrogen donators < 5, hydrogen acceptors < 10 (27, 28). This is only a general rule but
was derived from analysis of the chemical space produced by clinically approved drugs.
To facilitate the identification of novel scaffolds that could preferentially activate
the monomeric receptors, virtual screening is a high-throughput method that is unbiased
to previous agonist chemical structures, and by utilizing the ZINC drug-like library,
enriches for compounds that display inherent protein-binding properties. Since the
structures are unbiased, the potential for novel scaffolds, and thus, resulting novel
selectivities is increased. Here, | report success in using the ZINC drug-like library in virtual
screening and lead-hit optimization to produce novel ligands for multiple ABA receptors.
Some of these most potent compounds contain new scaffolds, dock with a comparable
pose to ABA, and have sub-micromolar ICso values for the receptors. One scaffold which
is focused on within this paper, has a specificity for the monomeric-type receptors in
Arabidopsis thaliana and mimic ABA in seed-germination inhibition and root-growth
assays. Structure-activity relationships allowed for the optimization of these compounds,
leading to a simple chemical modification that increased potency on the monomeric

receptors which translated to an increased in vivo responses as well.
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Methods

Chemicals

Unless stated otherwise, all reactions were carried out under an atmosphere of
argon or nitrogen in dried glassware. Reaction temperatures refer to those of the oil bath
and room temperature (rt) is 23 °C. Solvents were anhydrous and purchased from Aldrich
Chemical Co. and used as received. For NMR, purified reaction products were dried under
high vacuum. Starting materials and reagents were purchased from TCI, Sigma Aldrich,
Combiblocks, Fisher Scientific, and AK Scientific and were used as received. Thin layer
chromatography (TLC) was performed on silica plates (60 A, 250 pm,
selectscientific.com/au). TLC fluorescence was visualized with a 254 nm UV lamp. H
NMR spectra were recorded on an Inova 400 MHz spectrometer using DMSO-ds.
Chemical shifts are reported in ppm with the solvent resonance as internal standard
(DMSO-ds 2.5 ppm). Data are reported as: chemical shift, multiplicity (s= singlet, d =
doublet, dd = doublet of doublet, t = triplet, g = quartet, br = broad, m = multiplet), number
of protons, and coupling constants.

For chemical stocks of the purchased library, fresh DMSO was added to each well
to reach a final concentration of 10 mM and were kept at -20° C until in use. Stock plates
were aliquoted to 96-well round-bottom plates (https://www.grainger.com/) for a working
concentration of 2.5 mM by dilution with fresh DMSO, and also kept at -20° C unless in
use. When required for use, plates were allowed to equilibrate to room temperature

overnight to reduce the chance of hygroscopic effects.

Enrichment Factors
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For calculating enrichment factors, an in-house library of quinabactin and
pyrabactin analogs as well as other published ABA-receptor agonists with known ICsg
values totaling 173 “positive controls” were used. For the decoy set (29) the 50,000-
compound library from ChemBridge Diversity Library Premium Set was utilized
(http://www.chembridge.com downloaded 6-3-2014). The diversity library was prepared in
Maestro using LigPrep, and allowed to produce multiple isomers from each parent
compound, which multiplied the total decoy compounds attributed to the diversity set to
131,900. The sum of the diversity library and the 173 positive controls were docked against
prepared X-ray crystal structures from PDB (30) (www.rcsb.org). PDB IDs: 3NMN (31),
holo-3K3K and apo-3K3K (32), 3RT2 (33), 3W9R (34), 4NOG (35), 3NS2 (36), 4LA7 (20),
30Jl and 4DSC (37), and two induced-fit models from 3W9R.

The equation for enrichment factors was calculated using the equation (1):

Known-—Active Hits

E - Total Hits
F — Total Known—-Actives

Total Ligands

The Epwas calculated from the top 1% of hits for each receptor, and the receptor
with the highest Er from both the dimeric and monomeric class were chosen to dock

against in further analyses.

Virtual Screening & Docking Figures
All crystal structures were prepared using Protein Preparation Wizard (38)

(Schrodinger Release 2015-1: Schrodinger Suite 2015-1 Protein Preparation Wizard; Epik
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version 3.1, Schrédinger, LLC, New York, NY, 2015; Impact version 6.6, Schrodinger,
LLC, New York, NY, 2015; Prime version 3.9, Schrodinger, LLC, New York, NY, 2015.)
using default settings and only the conserved gate-latch water was retained. We used
ZINC version 12 (39) and downloaded the standard drug-like subset of 17,900,742
molecules dated 11-24-2014. These ligands were then prepared using default settings
included in Epik (40) for Schrddinger’s Ligand Preparation module, and filtered to remove
reactive functional groups (default definition). The glide settings (41) (Small-Molecule Drug
Discovery Suite 2015-1: Glide, version 6.6, Schrodinger, LLC, New York, NY, 2015.) were
used as default except “Enhance planarity of conjugated pi groups” was checked.

From the first iteration of virtual screening, only the top 0.1% were retained based
on docking score. The resulting compounds were filtered further by a re-docking
assessment that required an H-bond to PYR1 K59. The compounds remaining had
duplicate molecules removed, and were grouped by chemical supplier. One of the
suppliers with the largest amount of compounds within this final set were then chosen for
purchasing, after removing the largest and smallest compounds that, upon manual
inspection, were unlikely to fit into the pocket, or too small to produce good contacts for
ligand potency.

Docking poses were created using the UCSF Chimera package (42). Chimera is
developed by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco (supported by NIGMS P41-GM103311).
Hydrophobic/hydrophilic (HHP) mesh maps were created using Schrodinger's Maestro

with default settings, images of the HHP surface were taken using Maestro.

Agonist/receptor-mediated PP2C inhibition Assays
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The PP2C screening assays were carried out using a fluorogenic phosphatase
substrate (4-methylumbelliferyl phosphate). Tecan Infinite F200 Pro plate reader

(http://lifesciences.tecan.com/). From the working concentration plates, 1 uL was added

to the screening plates (96-well, clear, flat-bottom, grainger.com) in duplicate. Each
screening plate additionally had, in duplicate, ABA, quinabactin, and three in-house
agonists (unpublished data) that were selective for either PYL1, PYL2, or PYL8. Once the
chemicals have been aliquoted to each well, there was added a 40.09 uL of assay buffer
(23.71 uL of water, 16 pL of phosphatase buffer solution (500 mM Tris-Cl pH 7.9, 500 mM
NaCl, 15 mg/mL of bovine-serum albumin, 0.1% v/v B-mercaptoethanol), 1 uL of MnCly,
and a combination of the receptors (.025 pL of PYR1 (1 mg/mL), 0.29 pL of PYL1 (1
mg/mL), 0.25 uL of PYL2 (1 mg/mL), 2 uL of PYL4 (1 mg/mL), 0.5 uL of PYL5 (1 mg/mL),
1.04 pL of PYL6 (1 mg/mL), 2-2.25 pL of PYL8 (1 mg/mL, depending on activity), 3 pL of
PYL9 (1 mg/mL), 3 pL of PYL11 (1 mg/mL), and/or 2.50 uL of PYLe (1 mg/mL)), 0.19 pL
HAB1, and remaining volume of water for a total of 80 pL. This was allowed to sit at room
temperature for 20 minutes to allow any slow-binding ligands to successfully bind. After
this incubation period, 20 yL of phosphatase buffer containing 4 mM 4-methylumbelliferyl
phosphate was added quickly, and the plate was shaken by hand gently for approximately
five seconds and read by the Tecan fluorimeter (Tecan Infinite F200 Pro,

http://lifesciences.tecan.com/).

The Tecan settings for the fluorescent assay were: Shaking for 10 seconds, linear
mode, 6 mm amplitude. There were 8 kinetic cycles for each well, defined by an excitation
of 360 nm, emission of 465 nm, and included 3 flashes. Settle time: 0 ms, read from
bottom, and gain was calculated from a negative control (DMSO) well at 30% RFU with

gain regulation. There was a total of 20 ps integration time with no lag-time. The data was
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exported to excel including raw data measurements and “Percent Activity” which was
calculated by each well, divided by the average from all the blank reads, multiplied by

100%; units were read in mean slope RFU/min.

Agonist ICso Measurements

ICso values were quantified using a similar assay to screening above. Purified
proteins were pre-incubated in 160 pl assay buffer containing 2 yL ligand for 20 minutes
at room temperature. 40 uL of a reaction solution containing 250 mM 4-Nitrophenyl
phosphate in assay buffer was quickly injected to each well. After gentle shaking,
absorbance measurements were collected using 405 nm wavelength on Tecan Infinite
F200 pro as above. Reactions contained 50 nM PP2C and 100-1000 nM PYR/PYL
proteins dependent on activity. Ligand concentration of 10000, 1000, 333, 111, 37, 12.33,
and 4.11 nM were used to measure PP2C activity. The dose response data was fitted to
a log (inhibitor) vs response-(variable slope) model using non-linear regression to infer the

ICso values, using GraphPad Prism 6.0

PYL Protein Expression

Recombinant receptor fusion proteins for assays were produced with previously
described expression constructs (20, 43). Nine of the 14 Arabidopsis ABA receptors were
expressed with 6x-His tags in pET28 (PYR1, PYL1 - PYL6, PYL8 and PYL10). PYL9 and

PYL11 were expressed as MBP fusion proteins in the vector pMAL-c. HAB1 was
expressed as 6x-His tag in a truncated form (HAB-A179) in pETM-11. Expression of
proteins was done using BL21(DE3)pLysS host cells. Transformed cells were pre-cultured

overnight, transferred to terrific broth (TB) medium, and cultured with shaking at 30 °C to
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an A600 of .055-0.60, and the temperature lowered to 18° C and 0.5 mM of isopropyl B-
D-1 thiogalactopyranoside (IPTG) was added. In the case of HAB1, 1.0 mM MnCI2 was
also added as it was seen to improve stability. Cells were harvested and lysed using two
freeze-thaw cycles between -78° C and RT, followed by sonication. pET28-derived
proteins were purified on His60 Ni Superflow containing columns and MBP-PYL fusion

proteins were purified using amylose resin (New England Biolabs).

Luciferase-based ABA-reporter Gene Induction Assays

The MAPKKK18 gene is highly induced by ABA and a convenient reporter of ABA
effects in vivo. A pMAPKKK18::LUC+ reporter lines was produced by a postdoctoral
scholar in the Cutler lab named Jorge Lozano-Juste as follows: using the MAPKKK18
(At1g05100) promoter (~2 Kb upstream from ATG start codon) and amplified using the
forward primer (5-CACCATAGTAGGTGTTGGTAAAC-3’) and reverse primer (5-
TTGGAGAATGATACTAAAAAAG-3’) as previously described (20). This PCR product was
cloned using the pENTR/D-TOPO vector (Invitrogen). Valid plasmid sequences were
recombined into the binary vector pFlash (courtesy of Maria Angeles Nohales and Steve
Kay) using LR clonase Il (Invitrogen) to produce the pMAPKKK18::LUC+ phusion. The
plasmid was infiltrated into the GV3101 strain og Agrobacterium tumefaciens and this was
introduced into our Arabidopsis thaliana (Col-0) plants using the floral dip method. Seeds
were selected from plants able to germinate on media containing gentamycin. To analyze
expression, single insertion homozygous T3 plants were used. MAPKKK18
promoter::LUC+ activity was measured with 7-d-old seedlings that had been grown on
0.5% agar containing %2 Murashige and Skoog (MS) medium and 0.5% Sucrose under 16

hour light and 8 hour dark condition. At seven days, seedlings were transferred to liquid
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plant growth media having ¥2 MS, 0.5% sucrose, 100M luciferin, and test chemical or
DMSO at described concentrations. Luciferase assay image were taken every 30 min
during 16 hours in total dark by camera (SONY a7s) with FE1.8/55 lense (FE 55 mm F1.8
ZA; SEL55F18Z7) at 12800 I1SO. The average luminescent intensity was quantified using

Image J with intensities reported as the average for duplicates.

Germination Assays

To 2.5 mL, 24-well plates, there was added 10 pL of chemical dissolved in DMSO,
or DMSO control. 990 pL of an agar solution containing 0.5% sucrose, 0.5% agar (gelzan,
SigmaAldrich), and ¥2 MS (2.15 g/L) media was added to each well. Seeds were sterilized
by immersion in 1% bleach solution containing .005% tween for 12 minutes, followed by
7 minutes in 70% ethanol. The seeds were washed with DI water two times and suspended
in a 0.15% solution of gelzan agar and approximately 5 yL aliquoted to each well. Plates
were stratified at 4° C for 48 hours and moved to a dark growth chamber. They were grown
for 48 hours to observe hypocotyl elongation and moved to the light to induce chloroplast
genesis. Pictures were taken with a Leica MZ12 microscope (leica-camera.com), mounted
with a SPOT RT3 camera (spotimaging.com), and illuminated with a Fiber-Lite MI-150
(dolan-jenner.com). In some cases the brightness was adjusted manually using imaging

processing software to keep leaves/seeds easily visible.

Root Growth Assays
Sterilized seeds were stratified for 3 days and allowed to grow for 48 hours post-
germination in long-day light chambers, then transferred to agar media containing the

indicated concentration of chemical or vehicle control. Seedlings were allowed to grow for
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approximately 36 hours, and imaged using a scanner. The original root length at transfer
and the total root length after 36 hours were measured for each seedling and the ratio of

new growth divided by original length was recorded and normalized to that of the control.

General procedure for amidification

To a solution of the carboxylic acid (1 equiv) in anhydrous DCM was added a
catalytic amount of DMF and oxalyl chloride (4-6 equiv) was added dropwise to prevent
excessive effervescents and the solution was stirred for 1.5 hours at room temperature,
which usually resulted in solutions gaining an orange coloration. The solvent was removed
in vacuo and the crude acid chloride kept under argon and at -20° C until used for the next
step without further purification. The crude acid chloride was then dissolved in anhydrous
DCM and excess triethylamine added followed by the alkyl amino acid methyl ester (1.5
eq). Reaction proceeds nearly instantaneously and develops a dark coloration. After 15
minutes, the solution is concentrated under reduced pressure, diluted with DI water which
is then acidified to pH ~3 with 2M HCI and extracted 4x with ethyl acetate. The organic
layers are washed once with DI water followed by brine and dried over sodium sulfate.
The methyl ester is purified by silica gel flash chromatography from hexanes/ethyl acetate

0-60% gradient to yield white crystalline powders with 40-60% yields.

1-[3-(4-cyanophenyl)propanamido]cyclohexane-1-carboxamide (5-43a)

In a similar manner as above, the acid chloride of 3-43a is prepared. The crude,
dried acid chloride is cooled to 0° C and an excess of 15% NH4OH cooled to 0° C is added.
This is allowed to warm to RT over 90 minutes. The resulting solution is acidified to a pH

of 4 using dilute HCI and extracted 4x with EtOAc. The organic layers are combined and
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washed with 2x DI water followed by brine and then dried over sodium sulfate. The organic
layers are concentrated under vacuum and the product purified by silica gel flash

chromatography as above to give white crystalline powder in 50% yields.

General procedure for hydrolysis of methyl esters

To a solution of 1:1 methanol/water, the methyl ester (1 equiv) is added followed
by lithium hydroxide (3 equiv). The resulting opaque solution is stirred overnight at room
temperature or until it becomes clear. The solution is then slowly acidified with 2M HCI to
pH of ~2 and cooled at -20° C. The resulting crystals are filtered off and give the final free

acid generally in good purity with 40-70% yields.

NMR and Mass Spectrometry Characterization

(145A) C16H1sN203 'H NMR (400 MHz, DMSO-ds ) & ppm 1.18 (m, 2 H) 1.42 (m, 4 H) 1.59
(m, 2 H) 1.92 (m, 2 H) 3.49 (s, 2 H) 7.30 (d, J=2 Hz, 2 H), 7.75 (d, J=2 Hz, 2 H). [M+H]*
calc. 287.1390 found 287.1396. [M+Na]* calc. 309.1210, found 309.1249 (figure 2.16)
(141B) C16H1sN204 *H NMR (400 MHz, DMSO-ds ) 5 ppm 1.14-1.96 (m, 10 H), 4.64 (s, 2
H), 7.05 (d, 2 H), 7.725 (d, 2H), 8.02 (s, 1 H), 12.21 (s, 1H). [M+H]* calc. 287.1390 found
287.1396. [M+Na]* calc. 309.1210, found 309.1249. [M+H]* calc. 303.1339, found
303.1354. [M+Na]* calc. 325.1159, found 325.1164. [M-CO-,-H-->+H]" calc. 257.1285,
found 257.1289. (figure 2.15)

(3-43A) Ci7H20N203 *H NMR (400 MHz, DMSO-ds ) & ppm 1.15-1.85 (m, 10 H), 2.43 (t,
2H), 2.85 (t, 2H), 7.39 (d, 2H), 7.69 (d, 2H), 7.75 (s, 1H), 12.01 (s, 1H). [M+H]+ calc.
301.1547, found 301.1566. [M+Na]+ calc. 323.1366, found 323.1370. [M-CO-2-H-->+H]*

calc. 255.1492, found 255.1496. (figure 2.14)
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(5-43A) C17H21N30, 'H NMR (400 MHz, DMSO-ds ) & ppm 1.07-1.94 (m, 10 H), 2.50 (t,
2H), 2.86 (t, 2H), 6.67-6.82 (d, 2H), 7.39 (d, 2H), 7.56 (s, 1H), 7.71 (d, 2H) [M+H]* calc.
300.1707, found 300.1718. [M+Na]* calc. 322.1526, found 322.1531. [M-NHs+H]"* calc.
283.1441, found 283.1447.

[M-HCONH+H]* calc. 255.1492, found 255.1495. (Figure 2.13)

Results

Screening Enrichments

Prior to initiating my virtual screening campaign, | ran control docking experiments
using known agonists and decoy ligands against available receptor crystal structures. To
assess the optimal structure from the available crystal structures representative of the PYL
proteins for use as targets in the high-throughput virtual screening assay, 12 different
target proteins were screened computationally against a decoy set of ligands spiked with
known active compounds (see methods). Prior to docking against the 3D coordinates of
protein crystal structures, it is common practice to address issues such as missing
hydrogen atoms, unspecified protonation states, and orientations of water molecules that
facilitate their correct hydrogen bonding (38). 10 of the structures used default settings in
the protein preparation wizard of Schrédinger from the available pdb file obtained from the

Protein Database (www.rcsb.org/). The additional two were modified from the PYL9 3W9R

structure which were included due to an inability for the original 3W9R structure to dock
favorably with some bona fide PYL9-agonists. These compounds were significantly bulkier

than ABA, and were predicted to require a large conformational change of the binding
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pocket in comparison to that observed in the ABA-bound 3W9R PYL9 crystal structure.
To account for a possible conformation that would allow for these bulkier ligands to
favorably dock to PYL9, | created ‘induced-fit docking poses that modify the receptor
binding pocket by allowing some proximal residues to become flexible, thus allowing the
accommodation of ligands that may require flexibility in the pocket when docked to the
unmodified available crystal structures. The addition of these two modified induced-fit
receptors was an attempt to incorporate hits that may mimic these bulkier, yet still active,
scaffolds. The incorporation of PYL9 was also important, given it is the only holo-protein
structure available of the monomeric receptor subtype.

A standard enrichment procedure was outlined to identify the optimal structure(s)
to dock against. The protocol involved a 50,000-compound decoy set from the ‘Diversity
Library’ available through ChemBridge. This library was further prepared using the LigPrep
module of the Schrédinger software by enumerating all possible enantiomers given the
parent structure, ultimately resulting in 131,900 decoys to which | added 173 known
agonists of the PYL receptors (using data from prior in-house assays). These were docked
using the high throughput virtual screening (HTVS) mode in Schrédinger’s Glide module,
which filters compounds through an increasingly more stringent and thorough 3-step
scoring cutoff. Enrichments were calculated using equation 1 for the top 1% of hits on
each individual receptor.

Of the 12 targets, the holo-3K3K PYR1 (chain B) structure resulted in the highest
enrichment, with an E: of 14.6, while the second highest score was with 3ANMN PYL1
(Table 2.1). The 3K3K PYRL1 structure was selected for the docking campaign to represent

the dimeric class receptors. In order to capture the diversity of ABA-binding pocket
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structures, we selected a monomeric receptor for virtual screening, selecting the PYL9

3WOIR structure, which has the highest E; (10.0) for the monomeric subtype of receptors.

High-throughput Virtual Screening

Utilizing the prepared structures of PYR1 and PYL9, the ZINC ‘drug-like’ chemical
library was screened against, which contained approximately 16 million compounds. This
number was reduced by removing chemicals with reactive functional groups, and, after
scoring cutoffs, the docking eventually resulted 14,000 hits. However, many of the highest
scoring hits had docking poses that were dramatically different than that observed with
any of the known agonists observed in the crystal structures. For instance, ABA,
pyrabactin, and in one case quinabactin, hydrogen bond with a conserved lysine within
the PYL pockets (homologous to PYR1X%) (32, 44, 45), but this interaction was absent in
most of the top scoring hits. The conserved lysine is important for a water-mediated
hydrogen-bond network deep that is evident within the pocket as observed with multiple
ABA-bound crystal structures and mutations at this position dramatically decrease ABA
affinity (46, 47). Their docking poses were also often occupying spaces in the pocket which
are normally hydrated with water molecules, an outcome obviously resulting from
removing these from the crystal structures prior to docking. Ultimately, these poses were
deemed unlikely to be reflective of active conformations. To alleviate this, | re-docked the
resulting 14,000 hits by requiring an H-bond to PYR1K*® (Figure 2.1A).

The addition of this constraint was conducted to filter out compounds unable to
either directly, or through water-mediated H-bonding, interact with this conserved lysine
residue. It should be noted that quinabactin, a potent agonist on PYR1, in one instance is

not observed to form a hydrogen bond with homologous residue of PYR1K*® in PYL2 (K64)
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(20), accordingly while this restraint may enrich for compounds similar with respects to the
ABA and pyrabactin binding conformation that accommodate interactions with the
conserved lysine, it could also filter out other ligands that don’t necessarily require this
interaction. Given that this constraint only incorporates PYR1, the resulting hits from this
redocking procedure are biased to conformations that favorably interact with PYR1, or
both PYR1 and PYL9. Thus, this step may have biased against monomeric-specific
agonists in the final set of candidate ligands.

This constraint ended up removing ~4,000 compounds equating to a final set of
~10,000 hits. Visual analysis of the top scoring hits indicated many marked similarities in
structures, however there was no further filtering done for this aspect. It was proposed
that small differences in ligands could result in large changes in affinities, therefore filtering
based on chemical similarity, may result in a loss of SAR from the library. After deciding
on a specific supplier to purchase the set of compounds for testing, both the largest and
smallest molecules were removed to produce a final set of 1,724 compounds to screen
from Enamine (Figure 1A). Thus, the docking campaign provided a set of 1,724 potential
ABA receptor agonists that | subsequently tested directly for agonist activity using multiple

ABA receptors.

Development of a pooled receptor agonist assay

To test whether these virtual screening hits were active on the PYL receptors in
vitro, a pooled receptor-mediated phosphatase inhibition assay was developed utilizing an
enzyme inhibited by the bound conformation of the PYL-receptors. Homolog of ABI1
(HAB1) was used as the phosphatase target, as it is a direct interactor of the PYL

receptors, and involved in the ABA core signaling pathway (3, 4). To increase throughput
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of the in vitro screening, we combined multiple PYL proteins together into a single assay
well; if any single receptor is activated by a screening compound, the co-incubated PP2C
will be inhibited.

To evaluate active compounds without screening the entire family of ABA
receptors, representative PYLs were chosen. While the virtual screen targeted PYR1,
PYL1 has a high similarity with respect to the binding pocket, and is expressed better than
PYR1. Small changes in ligand substitutions have shown dramatic differences in
PYL1:PYL2 selectivity, and given the relevance of PYL1 and PYL2 in a biological context,
we decided to include both (20, 36). Lack of any agonists on the PYL4 receptors, or the
Zea maize receptor ZmPYLe spurred the inclusion of these receptors into the assay as
well. Finally, PYL8 is a physiologically important receptor, represents the monomeric
subtype, has high similarity to the binding pocket to PYL9, but is more stably expressed
(48-50). Thus the final pooled receptor assays contained the receptors AtPYL1, AtPYL2,
AtPYL4, AtPYLS, and ZmPYLe.

A series of control experiments were conducted to validate and optimize the use
of pooled receptors as a screening technique using compounds with relevant selectivities.
With respect to the receptors used, the pan agonist ABA, the PYL1-specific pyrabactin,
the PYL1/PYL2-specific quinabactin, the PYL2-specific quinabactin analog 49D3, and the
PYL8-specific hexabactin were screened in duplicate. Each compound alone was able to
inhibit the phosphatase by at least 80% (figure 2.18A, B) and the duplicate wells showed
good reproducibility (figure 2.18B), verifying that this assay can correctly screen for

potential agonists that may only be active on a single receptor within the pool.

Identification of a new ABA agonist scaffold
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The 1,724 chemicals were assayed against this receptor pool for their ability to
inhibit the phosphatase activity of the co-incubated HAB1. To select compounds for further
evaluation, a cut-off of 50% phosphatase inhibition at < 25 uM agonist concentration was
used. This led to the identification of 22 (1.28%) agonist hits fitting this criteria (Figure
2.1C). To deconvolute the selectivity of each compound's activity on the individual
receptors, each of the five receptors used in the pooled assays was tested against the 22
hits at 25 puM. 11 of the initial 22 hits were able to inhibit HAB1 activity >50% on any of the
individual receptors tested, representing approximately 0.75% of the total chemicals
screened (Figure 2.3). It is likely that some compounds possessed weakly activity against
multiple receptors, which yielded an additive effect of PP2C inhibition in the pooled
receptor assays, but failed to produce an ICsq <25 yM on any single receptor. Thus, nine
of the 22 initial hits not evaluated further due to weak activity. An additional one of the 11
strong hits was not characterized (20A10) due to a structure nearly identical to compounds
previously characterized (data not shown).

The top 10 hits contain a general scaffold of two hydrophobic cyclic moieties
connected by a polar linking group. This is hydrophobe-hydrophile-hydrophobe structure
is similar to what is seen with both quinabactin and pyrabactin (Figure 2.4A-C). Further,
four chemicals, 1G8, 3B4, 6E5, and 3ES8, all contained an even more closely related
chemical backbone to each other, which was composed of a cycloalkyl amino-acid linked
to a hydrophobic aromatic group. These four compounds had similar activities and within
the receptor pool from screening, had the greatest potency on PYLS8, with little to no activity
on the dimeric receptors. This selectivity was desirable given the lack of monomeric-
specific agonists in the literature, and prompted the characterization of these compounds

on all the Arabidopsis receptors that can be efficiently expressed in E. coli. Analysis on
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ten of the 14 AtPYLs indicated a strong monomeric preference of these four hits, with the
receptors PYL5, 6, 8, 9, 10, and 11 all displaying nanomolar ICs values for at least one
of the compounds (Table 2.2).

Perhaps the most striking difference between the 1Cso values of these four small
acids of is seen in PYL5 and PYL6; while 3B4, 3E8, and 6E5 all display nanomolar activity,
1G8 displays only micromolar activity. This difference is likely due to the increased
hydrophobic bulk of the dichloro-benzyl headgroup of 1G8 which presumably is proximal
to the space where the cyclohexenone headgroup of ABA normally occupies upon binding.
If both headgroups of ABA and 1G8 are overlaid, it becomes apparent that these two
chloro-substituents of 1G8 could mimic ABA’s C7’-9’ methyl groups, supported by the fact
that methyl/chloride substitutions are common in medicinal chemistry (51). 3B4 and 3E8
differ only by position of a fluoride substitution on the phenyl ring (figure 2.4B) and their
activity is largely comparable with the exception of PYL11, where 3B4 has an activity
greater than five times that of 3E8. Lastly, 6E5 is slightly weaker on PYL5 and PYL6
compared to 3B4 and 3E8, but does show superior activity on PYL10 and PYLS.

Assuming these small-acids adopt a conformation similar to that observed of the
bound ABA, the receptors do not tolerate the increased hydrophobic bulk proximal to the
gate-latch interface (with the exception of PYL10), as evident by the decreased activity of
1G8 compared to the other three. Overlapping the docked conformation of 3B4 in PYR1
with that of the crystal structure conformation of ABA in PYR1 showed a high similarity
between the two docking poses (Figure 2.4D). Not surprisingly, the even when docked
without this specific constraint, the conformation of 3B4 indicated that the carboxylic acid
group was hydrogen-bonding with the conserved lysine (PYR1%%®) deep in the pocket.

Additionally, as discussed with 1G8, the hydrophobic aromatic group was observed to be
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mimicking that of the ring of the cyclohexenone group of ABA, revealing a very similar

binding orientation to that of the endogenous hormone.

Rational improvement of hit potency by increasing probable Trp-lock
interactions

The similarity in conformational docking space of these small acids in comparison
to ABA lead us to evaluate possible structure-based optimization changes that could
improve activity. Both quinabactin and ABA have hydrophilic, hydrogen-bond acceptors
which are seen to interact with a conserved “trp-lock” water molecule near the gate-latch
interface (Figure 2.5A) (5-7). The capability of a hydrogen bond to this gate-latch water is
beneficial to improving affinity, supported by the observation that the ABA analog that
lacks ABA’s cyclohexenone-oxygen (4’-deoxo-ABA) has significantly less activity in
comparison to that of ABA (52). Pyrabactin, which has no hydrogen-bonding capabilities
to the gate-latch water, has significantly weaker activity when compared to quinabactin
and ABA, which can partially be explained by this lack of interaction (3, 20, 44, and 53).

If the docked conformation is reflective of the actual pose, this indicates 3B4 (and
the other small acids) lack a hydrogen bond acceptor proximal to this conserved trp-lock
water. This lack of the hydrogen-bond acceptor of 3B4 is further illustrated when
comparing hydrophilic regions of the other two ligands (Figure 2.5B). Clearly 3B4 lacks
the hydrophilicty and hydrogen bond capabilities that may prove beneficial to docking,
given the importance of this interaction with the conserved water molecule. This
observation provided an obvious opportunity to improve potency on the receptors by the
addition of a hydrogen-bond acceptor in the region proximal to the gate-latch water (figure

2.5C). We reasoned that the replacement of the para-fluoro group of 3B4 with a para-
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cyano group to the phenyl ring could fulfill a hydrogen-bond capability with the “Trp-lock”.
The single p-Fluoro to p-Cyano modification on 3B4 lead to the synthesis of 145A (figure
2.5D). Additionally, given the increased potency on PYLS8, 9, and 10, a modification of 6E5
involving a single carbon removal of the bicyclic ring lead to 141B. Two other analogs
were evaluated for the relevance of this oxygen linker (3-43A) and whether the substitution
of the carboxylic acid with an amide (5-43A) could boost potency, resulting in a total of
four analogs nitrile-containing analogs of the 3B4/6E5 scaffold (figure 2.5D).

145A has only a single modification of replacing the fluorine of 3B4 for the intended
nitrile group, however this change surprisingly lowered affinity on all receptors except
PYL4. The general loss of activity indicated that the addition of the nitrile to this scaffold
did not allow for the intended interaction to occur without significant deleterious effects
regarding other interactions. Given that the nitrile-group requires an 2ZCNH in X-C=NeseH-
O-Y of approximately 180° to properly hydrogen-bond (54), we reasoned that the scaffold
of 145A may be too rigid to adopt this conformational requirement. The addition of a
carbon, or oxygen linker observed in 6E5, could add an increased flexibility of the
molecule.

The two compounds 141B and 3-43A both showed encouraging enhancements in
activity on the monomeric receptors, but were also observed to increase potency on PYL2.
While 3-43A was able to increase potency on monomeric receptors of PYL5, PYL6, and
slightly PYL9, it lost substantial activity on PYL10 and PYL11. 141B, on the other hand,
was either the most potent analog or retained similar potency on most of the monomeric
receptors tested, additionally, given it’s still relatively low activity on the dimeric receptors,
its selectivity made it an excellent candidate to probe in vivo functions of the monomeric

receptors. Lastly, the modification replacing the carboxylic acid of 3-43A with an amide (5-
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43A) was totally detrimental to activity of the parent carboxylic acid, but does indicate the

preference of acids for this particular scaffold in the monomeric receptor pocket.

Activation of monomeric receptors is sufficient to inhibit seed germination

Given the monomeric specificity of these agonists, it would be interesting to
observe whether this activation of this clade of receptors can mimic the inhibitory effects
on germination and hypocotyl emergence seen with ABA or quinabactin. Further, testing
these compounds on receptor knock-out mutants can reveal, with greater clarity, which
receptors are responsible for any physiological responses observed. Seven of the
strongest hits (1G8, 3B4, 3E8, 6E5, 10H4, 13D9, 18D3) and the four strongest analogs
(3-43A, 5-43A, 141B, 145A) were assayed for radicle and cotyledon emergence on WT
(Col-0), the receptor mutants pyrl/pyll/pyl2 (012), pyl4, and pyl8/pyl9 (89), and abil. ABA
is able to inhibit germination completely in WT at concentrations greater than 1 pM,
however the ABA-insensitive mutant abil is less sensitive to ABA and can be used to
differentiate between ABA pathway-dependent activity, and ABA-independent inhibition
that could be the result of off-target effects and general toxicity. These mutant
backgrounds were included to verify that the inhibitory effects are indeed the result of ABA
signaling, and probe the importance of these receptors in each of the agonist responses.

In a preliminary screen, three of the 10 original strong hits, 13F9, 17G3, and 19B2
were unable to inhibit germination or cotyledon emergence at 25 uM in WT, which was in
agreement with their relatively weak potency in comparison to the other hits, and they
were not characterized further.

Of all the synthetic compounds tested, only 141B was able to inhibit germination

(defined by radicle emergence) at 20 M, but not all seeds were inhibited. While this likely
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indicates the relatively weakened contribution towards germination inhibition of the
monomeric receptors in comparison to the dimeric, there was still strong inhibition of
cotyledon greening by most compounds (figure 2.6, table 2.2). 3B4, 3E8, 6E5, 10H4, 3-
43A, and 141B all showed greater than 50% cotyledon greening inhibition as low as 5 yM
on WT. In agreement with the greatest potency in ICsp values observed in the phosphatase
assay, 141B showed the strongest inhibition on WT with greater than 80% of cotyledons
still inhibited at 1 yM.

10H4 and 18D3 both showed some activation with the dimeric receptors (albeit
18D3 did not show sub-micromolar ICso values) and given the slight activity on PYL1 and
PYL2 from some of the small acids, these compounds were tested on the 012 mutant.
Both 10H4 and 18D3, which were able to inhibit cotyledons on WT at 20 uM, could not on
the 012 mutants, supporting these compound's mechanism of action proceeds through
the dimeric receptors (Figure 2.7, table 2.2).

The retained inhibition observed with the small acids on 012 potentially indicates
that this response is signaled through the monomeric receptors. Thus, screening against
the 89 mutant was essential to understand the importance of these receptors in inhibition
of germination and cotyledon emergence. Results indicated that the 89 mutant was
resistant to nearly all of the monomeric specific hits (Figure 2.8, table 2.2), elucidating a
role of these two receptors in mediating germination and cotyledon greening inhibition.
Alternatively, 10H4 was the only compound able to provide some germination inhibition in
this background, but this was restricted to the higher concentration of 20 uM. There was
some observed effects in the seeds treated with 3-43A which may be a result from its

agonist activity on PYL2.
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To differentiate the contributions that PYL8 or PYL9 had towards the inhibitory
effects observed with the most potent agonist, 141B, this compound was further evaluated
on the single mutants in pyl8 and pyl9 in comparison to the double mutant pyl8/pyl9. A
very clear difference was observed, revealing that PYL8 was playing an important role,
and showed monomeric-specificity with this inhibitory response.

To evaluate whether PYL4 had any involvement in these seed responses, the
compound 145A was a valuable tool as it gave some moderate activity on this receptor.
Revealing little involvement of this receptor, 141B showed no inhibitory effects on WT at
20 uM. However, at a slightly higher concentration (25 uM), and early on in this assay (36
hours post-stratification), 145A-treated seeds developed green cotyledons that did not
emerge from the seed coat, while at the same concentration on WT, this effect was largely
absent (Figure 2.11). This might indicate that activating PYL4 produces a weak inhibition
of cotyledon greening, but that this effect is somewhat removed from seed germination.

The abil mutant is highly insensitive to ABA treatments, able to germinate on
higher concentrations of ABA than that of WT (55, 56). This mutant was observed to be
insensitive to all compounds tested up to 20 uM, further validating that these compounds
are all operating through the core ABA signaling pathway with regards to inhibition of

cotyledon greening.

Activation of monomeric receptors is not sufficient to activate transcription

of the

MAPKKK18 promoter
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It has previously been shown that pan-activation of dimeric ABA receptors using
multiple agonists induces an ABA-like transcriptional response. My new probes provide a
means to test the role of monomeric receptors in ABA-mediated transcriptional responses.
As a first step towards this goal, | tested their activity on transgenic ABA-reporter line in
which an ABA-regulated promoter (PMAPKKK18) drives expression of an enhanced firefly
luciferase, constructed by another lab member. MAPKKK18 was chosen because unlike
other ABA-induced transcripts, MAPKKK18 has a very low basal transcript level.
Interestingly, at 20 uyM treatment, none of the analogs had discernable activation, with
higher concentrations were required, with 100 yM inducing some luminescence. The
greatest effect being observed with the dimeric-specific ligand 10H4 (figure 2.12A-B), but
no ligands were able to replicate the luciferase activity observed with ABA or quinabactin.

10H4 gave the highest luciferase activity, followed by the weakly activating PYL2
agonist 3-43A, suggesting that the monomeric receptors are less involved in the upstream
signaling that that leads to the transcriptional response on pMAPKKK18. Even 141B,
which was observed to have the most potent effect in germination and cotyledon inhibition,
had about half the luciferase intensity as that seen in 10H4, or 1/4th that in ABA or

guinabactin.

Activation of monomeric receptors inhibits root elongation

ABA displays a hormetic effect on primary root growth; enhancing, or maintaining
growth at low concentrations (57-60), but inhibiting at higher concentrations (61). Some
of these responses to the signaling pathway have been shown to be non-redundantly
regulated by the monomeric receptor PYL8. For instance, genetic knock-outs of this

receptor indicate its role in lateral and primary root growth (48, 49, 62). To evaluate
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whether my strongest monomeric-specific compound in context of germination inhibition,
141B, could also display this effect, 2-day old seedlings were transferred on agar media
containing various concentrations of this agonist. After approximately 36 hours, the results
of root growth indicated that there was growth promotion at 1, 0.5, and 0.25 yM, but an
inhibitory effect above 5 yM on WT plants (figure 2.14A). To confirm this observation was
derived from activating the ABA pathway, the same compound was tested on the pyl8,
pyl9, and pyl8/pyl9 mutants. While growth promotion was observed in the pyl9 mutant
(figure 2.14A), both the pyl8 and pyl89 mutant blocked this (figure 2.14B, C), indicating
that, similar to the germination inhibition, PYL8 is the principal receptor for this response
given the chemical’s receptor selectivity. It is important to note that while the pyl8 and
pyl8/pyl9 mutants blocked growth promotion effects, the inhibition of root growth at higher
concentrations was still clearly observed and comparable to that of observed on the WT

(figure 2.14C).

Discussion

Virtual screening has shown many successes in the past decade and has made
major improvements in that time as well (63). While some studies have shown that ligand-
based computational approaches often have superior or equivalent outcomes (often with
less computational cost) (64, 65), others have shown clear superiority to structure-based
efforts (66). Here we show supporting evidence that structure-based screening provides
acceptable results, with a novel small amino-acid scaffold being discovered as an active

ABA-receptor agonist. Only 1,724 compounds were purchased with six of these
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compounds showing sub-micromolar ICso values on any receptor and cotyledon
emergence inhibition at 20 pM, representing a .35% hit rate.

While the virtual screening effort had some bias towards selecting ligands active
on PYRL1, due to a docking constraint used that involved this receptor, the most potent hits
identified were largely monomeric specific. Given the lack of selective agonists for this
subgroup of the PYL receptor family, these molecules proved excellent probes for
evaluating their biological relevance in vivo. Further, with the availability of the crystal
structures, and some SAR previously made available, optimizing these compounds by the
addition of a hydrogen bond acceptor that could interact with the conserved trp-lock water
increased the potency observed in multiple in vivo assays for the lead hit scaffolds.

The monomeric selective hits 1G8, 3B4, 3E8, and 6E5, as well as their respective
analogs 141B, 145A, 3-43A, and 5-43A all inhibited cotyledon greening in emerging
seedlings in a PYL8-dependent manner. This finding provides insight into the roles that
this monomeric receptor partakes in, building on this receptor’'s non-redundant effects
previously described (48-50). Surprisingly the lack of responses resultant of activating
other monomeric receptors (PYLS5, 6, 9, 10, and 11) in seedlings implies their absence in
controlling relevant processes in early development such as germination inhibition,
hypocotyl emergence, and primary root growth.

Surprisingly, the application of these monomeric-specific agonists to the
PMAPKKK18::LUC reporter line, indicates a divergence between the activation of this
downstream transcriptional response and the mechanisms controlling seed germination
inhibition and primary root elongation induced that is induced by the ABA signaling

pathway. Further, given that only the dimeric-specific screening hit 10H4 was able to
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moderately activate this promoter expression, the involvement of this response seems to
be dimeric specific, at least in young seedlings.

It is worth noting that, given the virtual screening protocol targeting PYR1, none
of the small acids were able to activate this dimeric receptor with substantial potency. This
could possibly indicate that the pocket of PYR1 is slightly larger, with potent binding
requiring bulkier molecules to interact with crucial residues, as do the larger sulfonamides
guinabactin and pyrabactin. Support for this is also highlighted by the PYR1 and PYL1
activity observed in the larger 10H4 compound (figure 2.3, table 2.2). Similarly, none of
the small acids or their nitrile-analogs had sub-micromolar I1Cso values on PYL1. The
marginal activity on PYL2 by some of the acids and their respective analogs highlights a
>10-fold specificity obtainable between this receptor and PYRL1.

Finally, the ability for 145A to display a sub-micromolar ICs, value on PYL4 was
intriguing. No synthetic agonists for PYL4 have been described, and thus proved a difficult
target to characterize in vivo. The reasoning for this is unclear, since the PYL4 binding
pocket is not dramatically different from PYL2, containing only two differential positions.
PYL4 however is unigue in binding pocket sequence with the existence of L84 (analogous
to PYR1 162) which is the only homologous position of the Arabidopsis receptors to contain
a leucine. Currently, no crystal structure of PYL4 exists, compounding the difficulty in
interpreting the differential selectivity of this receptor.

Here, virtual screening efforts resulted in compounds with novel, monomeric-
specific activity on the PYL receptors, offering tools to further differentiate PYL-receptor
responses. Future work could utilize these probes in conjunction with other agonists, such
as pyrabactin and quinabactin, to deconvolute receptor relevance in other important

biological processes such as flowering and seed set. Additionally, as will be discussed in
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the next chapter, these molecules can benefit our understanding of metabolomic control

as regulated through the ABA signaling cascade.
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Figures and Tables

Table 0.1
hal;;:;kl ap;(:’(kl PYL1 3NMN PYL2 3NS2 PYL2 4LA7 PYL3 301 PYL3 4DSC PYL9 3W9R PYL9 IDF1 PYL9 IDF2 PYL10 3RT2 | PYL13 ANOG
Resolution [A) 1.7 1.7 215 1.63 1.98 1.84 1.95 1.9 1.9 1.9 1.5 238
True Positives 29 1] 24 12 10 1 17 20 16 15 14 1
E 14.6 0.0 12.1 6.0 5.0 5.5 8.6 10.0 3.1 7.5 7.0 0.5

Table 2.1 The 12 structures screened and their respective angstom resolution (A), the
amount of true-positive hits in the top 0.1%, and the enrichment factors (Ef). Total
decoys was approximately 131,900 and total known-active, positive controls was 173.
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ZINC aopo% PYR13K3K Final Vendor
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Figure 2.1 A) Virtual screening workflow, top indicates the stage and bottom indicates
the resulting molecules. B) The docking scores of the 10,000 hits after the PYR1K%°
constraint. All in-vitro active hits were scored in the green bins C) PP2C inhibition
measured from fluorescence of HAB1 calculated from mean RFU/min compared to
DMSO control
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Figure 2.2 Validation of pooled receptor PP2C assay. A) The pan agonist ABA is
compared alongside the PYL1/2-selectiv quinabactin, PYL1-selective pyrabactin, PYL2-
selective quinabactin analog 49D3, and PYL8-selective hexabactin. All compounds were
done in duplicate at 20 uM, and were able to inhibit PP2C activity to under 20%. B)
Reproducibility of duplicate wells as measured by PP2C activity. Positive controls are
indicated in the dotted ellipse and two potential agonist hits are indicated in black.
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Figure 2.3 The 11 strongest hits from the library that showed an ICso < 25 uM in ABA

receptor activation assays.
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Figure 2.4 A) ABA and synthetic agonists pyrabactin and quinabactin. B) Lead hits from
virtual screening C) Notable hits with relatively strong IC50 values, but were not fully
characterized. D) Docking poses of ABA and 3B4 in PYR1 3K3K. K59 and gate-latch

water are depicted. E) ABA from 3K3K and quinabactin from 4LA7 with hydrogen bonds
highlighted in pink. Gate latch water and conserved Lysine depicted. In figures 1A-C,

orange indicates hydrophobic region, and blue highlights hydrophilic linker region
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ICsq Values (UM)

ABA 10H4 1G8 3B4 SE8 BE5 J-43a 5-43a 141B 145A
PYR1 90 552 [=10,000 >10,000 =10,000 >10,000 |>10,000 >10000 >10,000 =>10,000
PYL1 118 526 [=10,000 2200 4500 =>10,000| 2,900 =>10000 =10,000 =10,000

PYL2 21 [=10,000 [ >10,000 1600 3200 =10,000| 410 2,800 980 4,400

Dimeric

PYL3 ND ND ND ND ND ND ND ND ND ND

PYL4 24 =10,000 | =10,000 =10,000 =10,000 =10,000 | =10,000 =10,000 =10,000 420

PYL5 10 5000 | 1,500 73 115 222 17 104 31 412
PYL6 9 =10,000 | 1,000 77 87 470 20 120 50 1,500
PYL? ND ND ND ND ND ND ND ND ND
PYLE 18 [=10000| 74 43 21 21 43 350 23 1,100
PYL9 52 | =10,000 | 810 400 145 200 326 =10000 177  =10,000
PYL10 140 | =10,000 | 100 173 330 92 700 =10,000 36 4,800
PYL11 33 ND ND 341 1750 4870 | 5270 =10,000 =10,000 =10,000
PYL12 ND ND ND ND ND ND ND ND ND ND
Table 0.2

Table 2.2 Table with ICso values based on PP2C absorbance assay for HAB1 and the
indicated PYL proteins. PYL3, 7, and 13 were not determined due to the proteins
expressing poorly. Green and bold indicates an IC50 below 1000 uM. ND; not
determined. The oligomer preference of each protein is indicated to the right of the table.
PYL3 shows a monomer-dimer equilibrium.
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Figure 2.5 A) Chimera images, top; ABA, middle; quinabactin, and bottom; 3B4
redocked to PYR1 3K3K. Hydrogen bonds are indicated in pink. Gate-latch water and
K59 are shown. B) Hydrophobic/hydrophilic surfaces shown as mesh as calculated by

Maestro ABA redocked to 3K3K (top), quinabactin from 4LA7 (middle), and 3B4

redocked into 3K3K (bottom) C) Known actives, screening lead hits, and lead-
optimization scaffolds with hydrophobic/hydrophilic regions highlighted; blue hydrophilic
regions and red is hydrophobic. D) Synthesized nitrile analogs
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Figure 2.6 Germination inhibition of specified screening and nitrile-analogs on Col-0
plants at 1, 5, 10, and 20 uM. Positive (ABA) and vehicle controls are at the bottom.
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Figure 2.7 Germination inhibition of specified screening and nitrile-analogs on
pyrl/pyll/pyl2 plants at 1, 5, 10, and 20 uM. Positive (ABA) and vehicle controls are at
the bottom.
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Figure 2.8 Germination inhibition of specified screening and nitrile-analogs on pyl8/pyl9
plants at 1, 5, 10, and 20 uM. Positive (ABA) and vehicle controls are at the bottom.
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Figure 2.9 Germination inhibition of specified screening and nitrile-analogs on pyl4
plants at 1, 5, 10, and 20 uM. Positive (ABA) and vehicle controls are at the bottom.
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Figure 2.10 Germination inhibition of specified screening and nitrile-analogs on abil
plants at 1, 5, 10, and 20 yM. Positive (ABA) and vehicle controls are at the bottom.
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1G8 384 3E8 BES 10H4 13D9 18D3 3-43A 5-43A 141B 145A

0,1, 2 triple mutant
1G8 3B4 3E8 GES 10H4 13D9 18D3 3-43A 5-43A 141B 145A

8,9double mutant
1G8 384 3E8 GES 10H4 13D9 18D3 3-43A 5-43A 141B 145A

0.00
0.59

pyld mutant
1G8 384 3E8 BES 10H4 13D9 18D3 3-43A 5-43A 141B 145A

abil mutant
1G8 3B4 3E8 6E5 10H4 13D9 18D3 3-43A 5-43A 141B 145A

Table 0.3

Table 2.3 Ratio of emerged green cotyledons, color is based on ratio with higher ratio of
emergence darker green.
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DMSO  ABA10pM ABA1pM  145A25pM  145A10pM  145A5pM

pyl4 WT

0.10

Figure 2.11 Seed germination and cotyledon greening inhibition with ABA and 145A on
WT and pyl4. Lower is a close up of 145A at 25 uM on pyl4 and WT.
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Figure 2.12 A) Relative luciferase expression from pMAPKKK18::LUC lines treated with
indicated chemicals and concentrations. Upper and lower images are replicate wells. B)
Average of light intensity from two replicates, relative to control. Red line indicates
average of DMSO control.
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Figure 2.13 Germination inhibition of 141B on different genetic backgrounds in
Arabidopsis. Note: WT was done on a different date, and extrapolated from figure 2.5.
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Figure 2.14 Root growth regulation in dose response to 141B on A) WT and pyl9 mutant
and B) WT and pyl8 mutant and C) pyl9, pylI8, pyl8/pyl9. Error bars are standard
deviation of 4 to 5 biological replicate seedlings.
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Figure 2.15 NMR spectrum of 5-43a, in de-DMSO, 400 mHz.
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Figure 2.16 NMR spectrum of 3-43a, in de-DMSO, 400 mHz.
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Figure 2.17 NMR spectrum of 141B in de-DMSO, 400 mHz.
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Figure 2.18 NMR spectrum of 141B in de-DMSO, 400 mHz.
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Chapter Two: The Dimeric Receptors are the
Major Contributors to Metabolic Regulation by
ABA in Arabidopsis Seedlings

Abstract

Plants respond to drought with extensive metabolic changes that enhance their
survival and reduce growth. These responses are controlled in part by the phytohormone
abscisic acid. Previous metabolomic studies have described multiple metabolites
regulated by drought stress and/or ABA (1-3), but it is unclear which ABA receptors are
required for the widespread metabolic reprogramming that occurs during drought. Here, |
use multiple selective agonists in combination with ABA receptor mutants to address this
guestion. Untargeted LC-MS metabolomics of ABA and agonist treated seedlings was
used to define a set of robust markers of ABA-mediated responses. These experiments
confirmed previous reports of multiple amino acids increasing as well as increases in
specific glucosinolates. Using these metabolic markers, my results show that the dimeric
ABA receptors are primarily responsible for controlling the observed amino acid and
glucosinolate responses in Arabidopsis seedlings. Additionally, | report that ABA and
guinabactin treatments increase levels of sulfinylglucosinolates and decrease levels of
their thionylglucosinolate precursors. Thus, my data demonstrate functional specialization

of dimeric and monomeric ABA receptors in controlling metabolomic responses to ABA.
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Introduction

Genetic and Agrichemical Manipulation of the ABA Pathway

Plants undergo extensive transcriptomic, proteomic, and metabolomic changes
when subjected to drought stress conditions (1, 4—6). These changes can ultimately lead
to stomatal closure, inhibition of plant growth, accumulation of protein- and membrane-
protecting molecules, and increased free-radical scavenging systems (7, 8). A ubiquitous
drought responses is the accumulation of osmo-compatible solutes (osmolytes,
compatible solutes), for example proline, that offer protective properties (9—13). Abscisic
acid (ABA) is required for many responses during water deficit (14, 15). ABA is perceived
by a large and evolutionarily conserved family of receptors collectively known as the
PYRABACTIN-RESISTANT LIKE PROTEINS (PYLs) (16-19). PYL receptor mutant
strains are useful tools for characterizing receptor-mediated responses, but can be
complicated by extensive redundancy that exists within the receptor family. Still, multiple
non-redundant, or partially-redundant, functions of the PYL receptors have been
described in Arabidopsis. For instance, PYL8 plays an important role in ABA-mediated
inhibition root growth (20, 21); the pyl8 single mutant has reduced sensitivity to ABA-
mediated inhibition of primary root growth (20) and increased sensitivity to ABA-induced
inhibition of lateral root growth (21). Additionally, pyl4 and pyl5 mutants are hypersensitive
to methyl-jasmonate mediated inhibition of shoot growth and less sensitive to methyl-
jasmonate induced anthocyanin accumulation (22). Examples of other single mutants
within the ABA receptors producing differentiated phenotypes are limited, indicating most
receptors function redundantly, with the strongest phenotypes requiring higher-order

mutants in order to be observed.
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Complementary to the PYL-mutant genetic tools are the recently characterized
synthetic agonists, pyrabactin (3), quinabactin (2) and tetralone-ABA (11), which are
selective on subsets of the ABA receptors (18, 23, 24), as well as the rationally designed
antagonist compounds such as AS6 (15) (Figure 1.2B) (25). In the cases of pyrabactin
and quinabactin, these compounds offer selective activation of subsets of receptors, which
can aide in functional characterization, particularly when coupled to quantitative
biochemical approaches. Pyrabactin was one of the first developed synthetic ABA-
receptor agonists, and shows preferential activation of the dimeric receptors, and highest
potency (sub-micromolar) on PYR1 receptor (figure 3.1B) (18). Quinabactin was
discovered in a screen for it's ability to cause an interaction between the PYL receptors
and HAB1 and displayed increased potency in vitro and in vivo compared to pyrabactin
while still retaining a dimeric-receptor selectivity (23). A new agonist, hexabactin, was
synthesized by the postdoctoral researcher Aditya Vaidya in the Cutler lab. This
compound was synthesized using medicinal chemistry approaches on a monomeric-
specific scaffold identified in the same assay as quinabactin, and preferentially activates
the monomeric receptors (figure 3.1B). Thus, these three compounds, which have activity
on multiple receptor subtypes, provide tools to probe receptor subtype functions. The
power of this approach is improved by combining agonist studies with examination of
phenotypes in loss-of-function mutant receptor strains.

As described in Chapter 1, | discovered and optimized a new monomeric receptor
selective agonist called 141B (figure 2.4D). This was identified in a virtual screening effort
and has high potency and selectivity for the monomeric receptors. This new probe offers
advantages over hexabactin due to its increased potency, but in this chapter | describe

experiments with hexabactin because of its availability when | initiated my metabolomics
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experiment. Conceptually, my conclusions using 141B and hexabactin in both chapters
are complementary.

In addition to receptor-selective agonists, an orthogonal approach is to study
responses induced using engineered receptors. PYRIMAND! is a modified ABA receptor
engineered to bind the non-endogenous agrochemical mandipropamid and elicits down-
stream signaling once bound (26). Importantly, PYR1MANP! does not respond or bind to
ABA, allowing transgenic plants expressing this engineered protein to activate PYR1-
mediated responses with spatial and temporal level resolution using promoter-specific
expression. In this chapter | used the PYR1MAND! system to confirm that activation of PYR1,
a key dimeric receptor, is sufficient to recapitulate ABA’s effects on multiple metabolites. |

also use this system to examine cell-type specific ABA-metabolic responses.

The Role of ABA in Metabolic Regulation

There are many agriculturally relevant metabolites that respond to ABA treatment
in a broad variety of crop plants. For example anthocyanin-based coloration of grape (Vitis
vinifera) berries and strawberry (Fragaria x ananassa) fruits can be improved by
application of ABA (27-30) and ABA plays an important role in their ripening processes
(31). The hardwood tree of peaches (Prunus persica) shows increased sugar
accumulation in fruits when treated with exogenous ABA (32). These representative
examples give applications that could benefit from using ABA for metabolic manipulation,
but additionally, while some biological responses of ABA give clear phenotypes,
metabolomic shifts could be hidden from visible changes. Thus, analysis of ABA-regulated
metabolites could benefit agriculture directly, but also result in assays with increased

sensitivity into novel regulatory roles of ABA in regards to metabolism. Further, dissection
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of the specific roles of the individual ABA-receptors in these metabolic responses may

reveal differential regulatory controls attributable to each receptor.

Proline and other Amino acids regulation by ABA and Drought

The amino acid proline is an ABA- and drought-regulated osmolyte in plants (33—
35). Two independent studies have indicated that other amino acids are regulated by
dehydration in both an ABA and ABA-independent manner. Leucine, tryptophan, and
phenylalanine were observed to increase with drought in one set of experiments (1) with
the other work identifying the branched chain amino acids (BCAASs) leucine, isoleucine
and valine as significantly increased in both wild type and aba-2 mutant (which is deficient
in ABA-biosynthesis) plants withheld from water (36). However the fold-change increase
was lower in the ABA-deficient mutant, indicating that some portion of the response is
controlled by ABA. Interestingly, both research groups observed aspartic acid decreasing
during the osmotic stress. In contrast to the major findings of upregulated metabolites,
other similar studies done on the effects of metabolite levels in response to drought have
shown no effect on leucine or isoleucine, but an increase in valine, alanine, proline and
tyrosine (37). It is now well established that proline levels are elevated by water deficit and
ABA in many plant species, however the results for other amino acids are conflicting
between various studies and may be dependent on small changes between the study

conditions or the methods of detection.

Glucosinolates are Regulated by the ABA Signaling Pathway
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The model plant organism Arabidopsis thaliana belongs to the Brassicaceae family
of plants which are known to have relatively high concentrations of glucosinolates, a major
component of their flavor profile. Glucosinolates are a class of sulfur and nitrogen-
containing compounds most notably associated with their prevalence in the Brassicaceae
family, but have been identified in others (38). They are important for anti-bacterial (39),
anti-fungal (40), and anti-herbivory (41) roles in plants, but also facilitate sulfur and
nitrogen storage (42, 43). Glucosinolates have gained more attention recently due to their
suggested efficacy in anti-cancer activity (44), however the mechanism for this is still
under scrutiny. Multiple research efforts have since been employed to better understand
the expression profiles of these sulfur-containing compounds across the cruciferous family
of plants (45-48).

The glucosinolate family of compounds have seen some emerging connections in
relation to ABA signaling. ABA- and H.O--induced stomatal closure has been shown to be
dependent on two myrosinases TGG1 and TGG2 in Arabidopsis thaliana, which are
involved in glucosinolate breakdown and metabolism (49). Other proteins involved in
glucosinolate biosynthesis, NITRILE SPECIFIER PROTEIN 5 (NSP5), NITRILASE 1
(NIT1) and NITRILASE 2 (NIT2), which are also involved in glucosinolate degradation, are
upregulated by ABA in Arabidopsis suspension cells (50). In multiple Brassica species, a
clear regulation of the glucosinolate levels themselves has been observed with the
phytohormone ABA, as well as jasmonic acid, salicylic acid, and ethylene (51-53). More
specifically, treatment of cabbage (Brassica oleracea) with ABA significantly increased
aliphatic and aromatic glucosinolate levels (54). These studies indicate an involvement in
the transcriptional and metabolomic regulation and crosstalk between glucosinolate

metabolism with that of ABA perception and signaling. However, this connection has not
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been extensively studied and warrants more research into the mechanisms that produce
this response.

The biosynthesis of aliphatic glucosinolates starts from methionine and progresses
through side-chain elongation which can result in multiple chemical species containing
distinct aliphatic chain lengths. These products offer substrates for the aglycone addition,
which results in the first defined glucosinolate, the methyl-thioglucosinolates. Side-chain
modification of the methyl-thioglucosinolates proceeds by an iterative process of oxidation
to the respective sulfinyl species, capable of undergoing desaturation (loss of CH3-SO»- )
producing the terminal alkenyl products (55). Other modifications of the side chain are
possible, such as hydroxylation and methoxylation, which proceed from the alkenyl
derivatives (56). These variations to the side chain can have substantial effects on the
flavor profile, the anti-herbivory and chemoprotective properties, and in the context of their
medicinal properties in human health (55-57). The ability to manipulate this pathway
agrichemically could prove beneficial with regards to these properties. To our knowledge,
no studies have shown a clear distinction between the regulation of thioglucosinolates and
sulfinyl glucosinolates on Arabidopsis using exogenous application of ABA, nor the
deconvolution of receptor specificity in this response.

While both the glucosinolates and amino acids appear to be regulated to some
degree by drought in both an ABA-dependent and ABA-independent manner, this
regulatory control has not been studied in the context of ABA receptor-specificity.
Additionally, unbiased studies of metabolomic responses at the receptor-specific level
have not yet been conducted. For instance, activation of the dimeric receptors has been
shown to be sufficient for a robust ABA response with respect to survival in low water

conditions (23), however it is unclear if this activation is sufficient to mimic the metabolomic
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profile of ABA treatment. Addressing these questions may be able to improve crop
metabolite profiles or optimize the plant’s response to drought with respect to water use
efficiency.

The availability of selective agonists produced in our lab present tools that could
potentially reveal novel metabolic regulations as well as deconvolution of differential
receptor function. By transferring 11-day old Arabidopsis seedlings to media containing
ABA and subsequent metabolite analysis, | provide new evidence supporting the
connections between the phytohormone’s signaling pathway with glucosinolates and
multiple amino acids. Additionally, seedlings similarly subjected to the other selective
agonists pyrabactin, quinabactin, hexabactin, and 141B provide insights into the
selectivity between the receptor’s regulation of these metabolic responses. Combining
agonist treatments with receptor mutant strains produces a valuable toolset for dissecting
the receptor functions with good resolution. Specifically, the results from my studies
indicate that multiple ABA-mediated metabolic changes can be mimicked by synthetic
ABA-receptor agonists and are largely dependent on the dimeric ABA-receptors. The
responses in the glucosinolates reflect a down-regulation of the aliphatic
thionylglucosinolates and upregulation of the respective sulfinylglucosinolates, suggesting
an activation of enzymes involved in their oxidation. Finally, | use the mandipropamid-
responsive receptor system to identify some tissue-specific metabolomic controls of ABA

signalling.

Methods

Chemicals and Reagents
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Mobile phase solvents for liquid chromatography were purchased from Fisher
scientific (LC/MS grade water, Morris Plains, NJ, USA), J.T. Baker (LC/MS grade water,
Center Valley, PA USA), or Honeywell (LC/MS grade acetonitrile, Muskegon, MI, USA)
and used as is. Ammonium hydroxide and ammonium acetate along with all standards
were purchased from Sigma-Aldrich (St. Louis, MO, USA). ABA was sourced from (Itasca,

IL, USA) and chemical agonists were synthesized as outlined in chapter 1.

Seedling growth and plate preparation

To 3.5 x 3.5 inch polypropylene plates there was dispensed 20 mL of agar solution
consisting of 1% sucrose, 1% Gelzan DM, and 2.15 g/L MS media in 3.5x3.5 inch square
plastic plates for plant growth phase. Chemical treatment plates were made by adding 20
pL of 20mM stock solution (or DMSO for control plates) of compound. For mannitol
treatment, mannitol was added directly to the agar medium for a final concentration of 400
mM. Once the solution was semi-solid, a polypropylene mesh was placed on top, and the
plates were used immediately once the media reached room temperature.
Plant sample preparation

To prepare 9 plates, approximately 75 pL of Arabidopsis thaliana seeds

were sterilized using 1 mL of 1% bleach solution and soap for 12 minutes, followed by
treatment with 1 mL of 70% ethanol for 7 minutes. The seeds were then washed 2 x 1 mL
DI water, and placed in a 1 mL solution of 17% agar. The seeds were then pipetted on top
of the polypropylene mesh. Seeds were placed in two rows per plate, with a total of
approximately 80 seeds per plate. The plates were stratified for 2 days at 4°C, and then
placed in a growth chamber for 11 days. On the 11" day, the mesh sheets were transferred

to the treatment or control plates and replaced in the growth chamber for another 24 hours.
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After the treatment incubation period, plants were removed from the mesh,
lightly dried using dry tissue-wipes (VWR), weighed, and placed in 2 mL reinforced tubes
(XXTuff microvials, BioSpec Products, Inc.), which contained approximately 100 uL of
zirconium beads (1.0 mm diameter, BioSpec Products, Inc.) followed immediately by
suspending in liquid nitrogen. To the cold tubes, there was added 2 pL of LC/MS grade
methanol per mg of plant material. While still cold, the tubes were placed in a Precellys 24
(Bertin Instruments) and homogenized at 6500 RPM for 20 seconds x 2. The samples
were then centrifuged at 13,000 RPM for 10 minutes at 4° C and the supernatant filtered
through 2 pum filters (Agilent) and filtrate kept on ice. 20 pL of filtrate from each sample
was added to each of five separate pooled sample vials. All samples were stored at -80°

C for longer term storage.

Desulfo-glucosinolate Extraction

For quantifying the differences and presence of desulfo-glucosinolates, the above
methodology was employed to obtain a filtrate from each plant. The filtrate was heated to
90° C for 30 minutes to inactivate myrosinase. This filtrate was added to columns
containing 1.5 mL of 1.5 sephadex/water (Sephadex A-25, Pharmacia, Uppsala, Sweden)
, which had been washed once with 1 mL of LC/MS grade water. 20 L of aryl sulfatase
(0.77 mg/mL in water, Sigma-Aldrich) and 80 pL of LC/MS grade water was added, and
the columns were incubated in the dark for 12 hours at room temperature. To elute the
desulfoglucosinolates, 400 pL of 30% MeOH were added to the columns and collected.
Sinigrin was added to each sample relative to the total MeOH added in the initial extraction
to produce a final concentration injected of approximately 1.25 pM. This solution was

detected using the reversed phase method described below.
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Liquid Chromatography Mass Spectrometry

Samples were run on an HPLC system (1200 series, Agilent
Technologies), coupled with a 6224 TOF (Agilent Technologies). For HILIC analyses, a
Luna Aminopropyl, 3 pm NHz, 100 mm x 2.0 mm |.D. column (Phenomenex) was used.
Mobile phase solvent A consisted of 10 mM ammonium hydroxide and 10 mM ammonium
acetate in water and solvent B 100% acetonitrile. The mobile phase gradient elution was
95% B (0-3 minutes, .6 mL/min), 95% B to 45% B (3-16 minutes, 0.5 mL/min), 45% B to
25% B (16-20 minutes, 0.45 mL/min), 25% B (20-26.5 minutes, 0.45 mL/min), 25% B to
95% B (26.5-27 minutes, 0.5 mL/min), and 95% B (27-29 minutes, 0.6 mL/min). ESI was
set to negative mode.

For reversed phase (RP), a Poroshell 120 EC-C18, 2.7 pm, 3.0 x 50 mm column
(Agilent) was used. Mobile phase solvent A was 0.1% formic acid in water (Honeywell)
and solvent B was 0.1% formic acid in acetonitrile (Honeywell). The mobile phase gradient
was 2% B (0-2 minutes), 2% to 15% B (2-3 minutes), 15% B to 25% B (3-5 minutes), 25%
B to 40% B (5-10 minutes), 40% B to 70% B (10-12 minutes), 70% B to 90% B (12-17
minutes), 90% B (17-22.5 minutes), 90% B to 2% B (22.5-23 minutes), and 2% B (23-25.5
minutes). ESI was set to positive mode.

The sample injection volume was 5 yM and samples were kept at 4° C in the
autoinjector. ESI source conditions were as follows: 325° C gas temperature, 11 L/minute
drying gas, nebulizer 35 psig, capillary voltage +3,500 V or -4,000 V (for positive and
negative ESI, respectively), skimmer 65 V, fragmentor 120 V, and OCT 1 RF Vpp 750 V
in negative mode. The acquisition range was 70-1050 m/z, with an acquisition rate of 1.31

spectra/sec.
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Data analysis

Raw data was converted to mzData file formats using Agilent Qualitative
Analysis software version B.06.00 with export cut-off values of minimum peak height =
1000 and all other settings to default. Data analysis was initiated using XCMSonline (58,
59), using multigroup analysis. Treatment groups were compared to controls (DMSO).
Pooled samples were used as Quality Control (QC) samples. The parameters in XCMS
were set as follows: For HILIC: centWave settings for feature detection (A m/z = 25 ppm,
minimum peak width = 20 seconds and maximum peak width = 140 seconds); obiwarp
settings for retention time correction (profStep = 0.5); and other parameters including
mzwid = 0.025, minfrac = 1 and bw = 5 for chromatogram alignment. Overlap between
different chromatographic modes was performed by using exact mass value defined by A
m/z = 0.015 Da. For RP: centWave settings for feature detection (A m/z = 30 ppm,
minimum peak width = 10 seconds and maximum peak width = 60 seconds); obiwarp
settings for retention time correction (profStep = 1); and other parameters including mzwid
= 0.025, minfrac = .5 and bw = 5 for chromatogram alignment. Overlap between different
chromatographic modes was performed by using exact mass value defined by A m/z =
0.015 Da. The relative quantification of metabolite features was based on the integrated

EIC peak areas.

XCMS results were downloaded as a .csv file and analyzed manually. Generally,

cut-off values were assigned of p-value <.02, and fold change =1.2 or <0.83. The number

of peaks detected had to be greater than or equal to the number of treatment (or control)
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samples plus the number of pooled samples, (i.e. the number of peaks detected had to be

present in all pooled samples and all of either the control or the treatment samples).

Peaks were then sorted via retention time (RT), with the first minute being
omitted from RP, as this contained a large number of saturating peaks with a large matrix
effect. Peaks were then clustered that had similar RT which were likely adducts or
fragments of the same parent compound. From each cluster, the features with the smallest
p-value and/or the largest integration area were then assigned as the ‘feature of interest’,
and assumed as the parent peak. Features identified from original runs were then

compared to future runs to confirm reproducibility.

Peak Identification

For putative chemical identification of m/z species peaks, Agilent's MassHunter
was used to generate formula from spectrum peaks based on isotopic distribution and
m/z. This was used in combination with using the METLIN database to align the possible
m/z metabolites in the database with the isotopic distribution to characterize likely
metabolite species. The glucosinolate molecules were identified by occurrence of multiple
sulfur-containing formulas predicted from MassHunter, in addition to the Metlin database
results that displayed a matching m/z for glucosinolate species. The glucosinolate
identities were further supported by the retention time differences which matched the
varying hydrophobicity of the varying chain lengths of the aliphatic glucosinolates. Amino

acids were verified with standards by alignment with retention time and m/z.

111



Results

Identification of ABA-regulated metabolites

Untargeted metabolomic analyses were performed on Arabidopsis seedlings to
identify ABA-regulated metabolites. 11 day old seedlings were transferred to media
containing 20 uM chemical or a vehicle control (DMSO) and metabolites extracted in
methanol 24 hours after treatment using eight biological replicates and analyzed by LC-
MS utilizing a HILIC column, borrowing from previous work aimed at covering a significant
portion of the polar metabolome of bacteria (60). Peaks were identified and quantified
using XCMSonline (58, 59). Using a p-value < 0.01 we observed that ABA regulates the
levels of approximately 850 peaks in our experimental condition. A previous report
examined ABA-dependent and ABA-independent metabolites regulated by drought stress
and identified ABA-dependent changes in the levels of nine free amino acids and multiple
sugars (1). Using these nine amino acids as starting validation targets, | was able to
confirm, using commercially available standards, we could detect these nine metabolites
using our method. Expansion of this set to probe all the amino acids allowed me to observe
an additional seven amino acids (lysine, glycine, alanine and cysteine were not
observed). Examination of mock control and ABA treated seedlings confirmed that most
(14/16) of these are ABA-regulated in our experimental conditions (using a p<0.01 cutoff;
Table 3.1). We used a set of 16 amino acids that responded as markers to quantify the

responses induced by agonists in multiple genetic backgrounds to probe receptor function.

Dimeric receptors preferentially control metabolic responses to ABA
To probe the functions of the various receptors, the effects of ABA were compared

to quinabactin, pyrabactin, and hexabactin (a monomeric receptor-selective compound)
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(Figure 3.1B). ABA regulated 14 of the 16 amino acids in WT (Table 3.2, figure 3.3,
Appendix table 1) . The levels of four amino acids (proline, serine, isoleucine/leucine, and
tyrosine) responded to pyrabactin, indicating a weak response (figure 3.3, appendix table
4), consistent with previous reports of its weak activity in seedling tissues (18).
Quinabactin, a broader spectrum agonist with greater potency, induced a strong response
similar to that induced by ABA, increasing levels for 12 of the amino acids profiled (Figure
3.3, appendix table 8). Together these results suggest that activation of dimeric receptors
is sufficient to mimic the ABA-induced increase in amino acid levels. In contrast,
hexabactin treatments induced a weak amino acid response, with only four amino acids
significantly responding with reduced fold-changes relative to ABA and quinabactin (figure
3.3, appendix table 12). Thus, hexabactin treatments are not sufficient to induce a strong
ABA-like response, which is consistent with the hypothesis that dimeric receptors
preferential control ABA-mediated changes in amino acid levels. To evaluate whether
dimeric and monomeric receptor targets are required for ABA- and agonist-mediated
responses, we examined metabolite changes using a pyrl/pyl1l/pyl2 (012) mutant strain,
which lacks 3 key dimeric receptor targets and has reduced sensitivity to ABA, quinabactin
and pyrabactin, but not hexabactin. We also examined responses of a pyl8/pyl9 (89)
mutant strain, which has greatly reduced sensitivity to hexabactin. The 012 mutant shows
a dramatically reduced response to ABA, with only five amino acids regulated, versus the
14 observed in the WT (figure 3.3, appendix table 2) indicating their necessity for ABA-
mediated changes in amino acid levels. Neither pyrabactin (appendix table 6) nor
guinabactin (appendix table 9) treatments altered amino acid levels in the 012 mutant,
demonstrating that these targets mediated their effects (figure 3.3). Thus, ABA’s effects

on amino acid levels are largely mediated by PYR1, PYL1, and PYL2. Consistent with this
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conclusion, we observed that the 89 double mutant has an essentially wild type like amino
acid response to ABA (appendix table 3) and quinabactin (appendix table 10, figure 3.3)
supporting the hypothesis that the dimeric receptors preferentially control ABA-mediated
changes in amino acid levels. Using proline as a specific marker for the ABA-response in
amino acid regulation, figure 3.2 illustrates activation of the dimeric receptors is sufficient
for this response and the primary mediators, with a weaker response attributed to the

monomeric receptors.

Dimeric Receptors Control Aliphatic Glucosinolates levels

840 peaks were identified by XCMSonline as significantly different between ABA
and control treatments. Inspection of the data revealed a set of peaks with predicted
formulae suggesting the presence of sulfur. This group of putative sulfur containing
compounds differed consecutively in m/z by ~14.01, which corresponded to -CH2-. The
prevalence of the multiple sulfur groups, indicated by isotopic ratios, and the varying -
(CH2)n-, suggested these peaks likely represented glucosinolates, a large family of
specialized metabolites in the Brassicaceae. Based on METLIN matches by mass, the
metabolites were predicted to include the aromatic glucobrassicin (GBR), and several
aliphatic  glucosinolates including: glucoerucin (GER), glucoberteroin (GBE),
glucolesquerellin (GLE), 7-Methylthioheptyl glucosinolate (7MTG), 8-Methylthiooctyl
(8MTG), and the aliphatic sulfinyls, glucoraphanin (GRA), glucohesperin (GHE),
glucoibarin (GIB), and glucohirsutin (GHI) (Figure 3.5). To verify that these peaks were,
in fact, derived from aliphatic glucosinolates, | utilized established RP LC-MS methods
developed for desulfated glucosinolates (61) and purchased a commercially available

standard for glucoerucin (GER) (Appendix figure 1). The desulfonation shift of m/z
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([Glucosinolate-SO.]*) provides an orthogonal validation method to commercial standards.
In these analyses comparing ABA and mock treated seedlings, only one of the desulfo-
(ds)-thioglucosinolates (ds8MTG) responded to ABA (Figure 3.5, 3.6), however one outlier
sample within the ABA-treated plants may have affected p-values. Together, the
desulfonation ability of these compounds and their varied alkyl chain length as correlated
to retention time (Figures 3.5, 3.6, and 3.7), my data suggest that aliphatic glucosinolates
are regulated by ABA, consistent with published studies (50, 54).

One interesting observation is the likely inverse regulation of thio- and
sulfinylglucosinolates levels. ABA and quinabactin treatments reduced the levels of
several thionyl compounds and increased sulfinyl compounds (Figure 3.8, appendix tables
21, 28). These findings suggest that ABA regulates the oxidation of the thionyl
glucosinolates, converting them into their respective sulfinyl groups. Consistent with this,
two key enzymes in this transformation, GS-OX2 and GS-OX4 (62, 63), are ABA regulated
as depicted in public microarray database. To interrogate the receptor selectivity of these
changes, | examined the responses of the 012 and 89 mutant strains, which yielded
results were similar to those observed with the amino acid regulation; the 012 mutant
lowered intensity of the glucosinolate responses to ABA, pyrabactin, and quinabactin,
demonstrating dependence on dimeric receptors. Interestingly quinabactin induced a
modest responses (changes in GIB and GHI levels) in the 012 mutant, perhaps mediated
by PYL3 or PYLS5, which are also sensitive to quinabctin.

Hexabactin’s effects were modest on wild type seedlings, with the amino acids,
only a single glucosinolate (8MTG) was regulated. The 89 mutant responds to quinabactin
and ABA, with each regulating statistically significant responses in five and six of the

glucosinolates identified, respectively. In the 89 mutant, hexabactin’s effects were largely
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abrogated, but it did elicit an 8BMTG response, however this was weaker in FC than that in

hexabactin-treated WT plants, possibly due to activity through PYL10 and PYL11.

Activation of PYRIMAND! js sufficient to alter amino acid and glucosinolate
levels

A parallel strategy to verify that these metabolite classes are under control of
dimeric receptors, we used the orthogonal PYR1MAND! system, which employs a receptor
that is selectively activated by the agrochemical mandipropamid (26). 35S::PYR1MAND!
plants were treated with 5 yM mandipropamid, which mimicked ABA’s effect on
glucosinolates and amino acids, and was strikingly much stronger than that induced by
ABA treatment (Figure 3.9, 3.10). This is likely due to mandipropamid’s greater metabolic
stability and high level receptor expression in the transgenic line. The thionyl
glucosinolates GER, GBE, GLE, 7MTG, and 8MTG were all observed to be at least below
33% of the concentration observed in the control. As previously observed, the most
extreme fold-change was in the 8-methylthiooctyl glucosinolate, the longest chain
thioglucosinolate detected. The sulfinyl GHE was increased -~4.5-fold in the
mandipropamid treatment, versus a 3-fold increase in response to ABA. Similarly, the
amino acids were also significantly regulated, and to a greater degree than ABA, by the
activated 35S::PYR1IMAND! - Collectively, these observations show that selective activation
of PYR1MAND! recapitulates the effects of ABA and quinabactin and supports the conclusion

that the dimeric receptors preferentially control amino acid and glucosinolate levels.

Cell type specific metabolite changes
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To explore the tissue- or cell type-specificity, | used a CYP86A2::PYR1MAND!
transgenic, constructed by a Cutler lab member, Sang Park, which strongly expresses
PYR1IMANDIin guard cells and, to a lesser extent, throughout the epidermis. Guard cells
have high levels of myrosinases (49), the enzymes responsible for glucosinolate
hydrolysis during herbivory and wounding. The 35S::PYR1MANP! and CYP86A2::PYR1MAND!
transgenic lines were both able to regulate at least six glucosinolates (nine and six,
respectively) compared to six regulated by ABA in the WT, indicating alterations in
glucosinolate levels in responses to mandipropamid (Figure 3.10, appendix figures 38 and
39), while the amount of responding amino acids was greatly reduced in the
CYP86A2::PYR1AND! line (Figure 3.10, appendix tables 18 and 20). This suggests that

ABA'’s effect on glucosinolate levels is likely to occur largely in guard cells.

ABA-induced alterations in glucosinolate and amino acid levels occur during
osmotic stress

To further interrogate these metabolic responses, | compared the effects of
osmotic stress (400 mM mannitol) and ABA treatment on metabolite profiles. The profiled
ABA-regulated metabolites were also regulated by mannitol treatment, but the intensity of
their response was quantitatively higher (Figure 3.9 and 3.10). For example, both
methionine and tryptophan increased ~50-fold in response to mannitol but only 2.5- and
6.3-fold in response to ABA, respectively. The differences between the two treatments
with respect to glucosinolates were reduced less. Still, the thionyl down-regulation of
8MTG and sulfinyl up-regulation trend for GHE and GHI was observed in both mannitol

and ABA treatment.
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Discussion

We were able to verify multiple amino acids as being regulated by ABA with our
method, and showed that the monomeric and dimeric receptors play differential roles in
their regulation. The PYR1, PYL1, and PYL2 receptors are critical regulators of these
responses, as agonist treatments have dramatically reduced responses in the 012, but not
89, mutant in comparison to WT. Consistent with this, neither of the monomeric-selective
agonists hexabactin or 141B had effects as strong as ABA. Collectively these data
demonstrate that the dimeric receptors preferentially control ABA-mediated regulation of
the levels of several, but not all, amino acids and aliphatic glucosinolates. Although the
underlying basis for this selective control is currently unclear, it may involve transcriptional
regulation of amino acid biosynthetic genes with promoters that are differentially regulated
by different receptor subclasses. Given the highly overlapping expression patterns for ABA
receptor mMRNAs and the shared core response pathway that converges on SnRK2 kinase
activation, it is unclear how activating a specific receptor would differentially regulate a
downstream output. One hypothesis is that there may be specific scaffolding proteins that
compartmentalize the core signaling components into different complexes that contain
different receptor subtypes and different downstream regulatory factors. This would allow
dimeric receptor agonist like quinabactin to activate a different set of transcription factors
than a monomeric selective agonist like hexabactin.

The aliphatic glucosinolates represent a class of methionine-derived compounds
within the Brassicales that are known for their anti-herbivory properties. Some genes of
the glucosinolate biosynthesis pathway have been previously linked to ABA treatment, for
example mMRNAs for the oxidation enzymes GS-OX1 and 5 are increased by ABA (64),

and GS-OX1 catalyzes the S-oxidation of the aliphatic glucosinolates (62, 63). These
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studies suggest transcriptional regulation of GS-OX mRNAs may underlie my observed
decrease in thionyl- and respective increase in sulfinylglucosinolates. Moreover, our data
have differentiated the receptor-selective control of regulation of these and other
metabolites. This response appears stronger for longer chain glucosinolates (C7, C8) and
apparently is mostly regulated through the dimeric receptors. Given that mandipropamid
treatments of CYP86A::PYR1w mimic the glucosinolate response of ABA-treated WT
plants, this strongly suggests that the oxidation of these metabolites occurs in guard cells.

The importance of this accumulation of aliphatic sulfinyl glucosinolates (and
subsequent lowering of the thionyl counterparts) response by ABA signaling is not
understood, but could potentially have some purpose in dealing with oxidative stress.
Plants subjected to drought have increased oxidative stress, and require mechanisms to
deal with the emergence of ROS (65). The aliphatic glucosinolates have sequential side
chain modifications that primarily occur through oxidation (55) and may offer substrates
for antioxidant potential. It is also clear from my data that these responses can be
enhanced using 35S::PYR1MANP! - Additionally, the finding that the guard cell localization
of the ABA-response through use of the CYP86A::PYR1VAND! nearly constitutes the full
ABA response with respect to the glucosinolates provides a mechanism to probe the ABA
signaling pathway with spatio- and temporal-specificity. Physiological controls, such as
primary and lateral root growth, stomatal conductance, and seed germination could be
differentially activated by different promoter systems using the modified receptor, as well
as metabolomic changes, like the glucosinolates and amino acids, as outlined here.
Differentially regulating these various down-stream signalling effects could prove useful in

the context of drought mitigation methodologies.
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Figure 3.1. A) Diagram illustrating basic workflow of metabolomics approach. Black
indicates agonist treatment, green indicates pooled, and red indicates vehicle control B)
chemical structures of major agonists tested and phylogenetic tree of the ABA receptors

along with each agonist’s I1Cso values. Green letters indicate an ICso below 1,000 uM.
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Urano Drought Quinabactin Hexabactin

Proline NS
Glutamic Acid NS
Histidine

Valine

Asparagine

Serine

Arginine

Methionine

Phenylalanine

Threonine

Isoleucine/Leucine

Tryptophan
Aspartic Acid
Tyrosine
GABA

Glutamine

Table 0.1

Table 3.1 Verification of amino acids being regulated by ABA treatment in our method
compared to Urano et al. Dark green/S = significantly regulated, defined by fold change

120%, and a p-value < 0.01. NS = not statistically significant, NP = not present or
not identified by XCMSonline. Quinabactin and hexabactin are added for comparison.
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ABAon WT ABAon 89
Mean FC | -log(p-value) [Mean FC | -LOG(p-value)
Proline 2.35
GlutamicAcid 1.21
Histidine 2.86
Valine 2.90
Asparagine 2.03
Serine 1.67
Arginine 0.74
Methionine 2.52
Phenylalanine 4,71
Threonine 2.44
Isoleucine/Leucine 3.73
Tryptophan 6.26
AsparticAcid 1.54
Tyrosine 3.97
GABA 0.93
Glutamine 2.35

Table 0.2

Table 3.2 Representative fold changes (FC) and —log(p-value) of the observed amino
acids in ABA-treated WT and 89 plants. Dark green -log(p-values) indicate a significant
difference defined by fold change +20%, and a p-value < 0.01. Mean fold changes are

green if significantly upregulated, no color if no significance, or blue is down-regulated.
The four differentially regulated metabolites between samples are highlighted in red.
Notice that these are all special cases of amino acids. Please see full Table 3.3.
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Figure 3.2 Boxplots of integrated peak area respective to proline in the indicated genetic
backgrounds Col-0 (WT, top row), 012 mutant (middle row), 89 (bottom row) with ABA
(left column), Quinabactin (middle column), and Hexabactin (Right column). FC = Fold
change, red indicates not significantly different using our specified cutoff of p < 0.01.
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Figure 3.3 Volcano plots of identified amino acids (proline, glutamic acid, histidine,
valine, asparagine, serine, arginine, methionine, phenylalanine, threonine,
isoleucine/leucine, tryptophan, aspartic acid, tyrosine, GABA, glutamine) in LC/MS
analysis of different genetic backgrounds following 24 hours of incubation on agar
plates containing 20 uM of specified chemical. ABA (“A”, green triangles), quinabactin
(“Q”, yellow squares), pyrabactin (“P”, red circles), and hexabactin (“H”, black diamonds)
on Col-0 (WT, top left), 012 (top right), and 89 (bottom). Dotted lines indicate a fold
change of = +20%, and a p-value £ 0.01. Legend indicates number of significantly
regulated amino acids from the 16 evaluated.
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Figure 3.4 Chemical structures of the aliphatic glucosinolates and the aromatic
glucosinolate, glucobrassicin. Asterisks indicate low abundance, and were observed in
all samples; glucoalyssin was never observed in my methodology.
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Figure 3.5 Extracted masses pertaining to desulfo-7-methylthioglucosinolate (ds7MTG)
and desulfo-8-methylthioglucosinolate (ds8MTG). Green represents control-treatment
and red indicates ABA treatment.
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Figure 3.6 Extracted masses pertaining to desulfo-glucoibarin (dsGIB) and desulfo-
glucohirsutin (dsGHI). Green represents control-treatment and red indicates ABA
treatment.
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Figure 3.7 Retention time shifts of the iterative changes of carbon length observed with
the thionyl glucosinolates. Carbon length is indicated in parentheses.
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Figure 3.8 Volcano plots of identified glucosinolates in different genetic backgrounds

following 24 hours of incubation on agar plates containing 20 uM of ABA on WT (“A”,
green triangles), quinabactin (“Q”, yellow squares), pyrabactin (“P”, red circles), or
hexabactin (“H”, black diamonds). Dotted lines indicate a fold change of = +20%, and a
p-value £0.01. Legend indicates the number of significantly regulated amino acids from
the 16 evaluated.
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Figure 3.9 Volcano plot of amino acids as regulated by ABA on WT (green triangles),
mannitol on WT (yellow diamonds), Mandipropamid on 35S::PYR1IMAND! (blye circles),
Mandipropamid on pCYP86A2::Mandi (black squares). Dotted lines indicate a p value =
0.01 [-log(p-value) = 2], and fold changes either >1.20 or <0.80.
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Figure 3.10 Volcano plot of glucosinolates as regulated by ABA on WT (green triangles),
mannitol on WT (yellow diamonds), Mandipropamid on 35S::PYR1IMAND! (blye circles),
Mandipropamid on pCYP86A2::PYRIMAND! (black squares). Dotted lines indicate a p value
=0.01 [-log(p-value) = 2], and fold changes either >1.20 or <0.80.
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Appendix

Appendix Tables 1-20

Treatment and genetic background indicated in top row. Dark green -log(p-values)
indicate a significant difference defined by fold change +20%, and a p-value < 0.01.
Mean fold changes are green if significantly upregulated, no color if no significance, or

blue is down-regulated.

ABA on WT

Formula MW Average RT  log2(fc) Mean FC log(p-value) p-value g-value

Proline C5HONO2 [114.0561| 788905 1.3 6.02E09  6.82608
GlutamicAcid | CSHONO4 [146.0458| 1167295  0.27 0.000238494 0.000348446
Histidine C6HON302 [154.0622|  829.56 151 1.956-09  2.91E-08
Valine CSH1INO2 [116.0717|  668.24 1.54 323608 2.22607
Asparagine | C4H8N203 [131.0462| 815525  1.02 3.06E08  2.14607
Serine C3H7NO3 [1040353| 8116 0.74 1.03£-07  5.36E-07
Arginine C6H14N402 [173.1044| 869225  -0.44 0.158120599 0.059976467
Methionine | CSH1INO2S [148.0438|  688.93 1.33 4.99E07 192606
Phenylalanine | CSH1INO2 |164.0717|  679.37 2.24 1.46E-08  1.22E-07
Threonine C4HONO3 [118051| 774495 129 1.06E-10  3.63E-09
Isoleucine/Leucine | C6H13NO2 [130.0874|  621.07 1.90 203608 154607
Tryptophan  |C11H12N202(203.0826|  Low 2.65 205606  6.296-06
AsparticAcid | C4H7NO4 |132.0302| 116503  0.63 491608 299607
Tyrosine CSH1INO3 [180.0666 NP 1.99 274811 129609
GABA CaHONO2 [102.0561| 797385 010  0.93 015 0712207384 0.184290035
Glutamine | C5H10N203 [145.0619|  794.02 120 [IESOEEEI 2s57e09 62608

Appendix Table 1
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ABA on 012

Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline CSHINO2 [114.0561| 699.24  0.95 1.32E06  3.81E-05
Glutamic Acid | CSHINO4 [146.0459| 938.035 -0.07  0.96 0.02  0.9472275710.523798619
Histidine C6HIN302 [154.0622| 865.46  0.37 0.002034402 0.014314828
Valine CSH1INO2 [116.0717| 667.56 016 112 0.009733989 0.04421431
Asparagine C4HBN203 [131.0462| 81679  0.48 0.000356033 0.003585266
Serine C3H7NO3 [104.0353| 81358 011 108 137 0.0422641730.112114931
Arginine C6H14N402 [173.1044| 87282 020 115 0.76  0.175062314 0.216950179
Methionine | CSH11NO2S [148.0438| Low  HNUM! #NUMI
Phenylalanine | CSH11NO2 [164.0717| 67605  0.67 |[SONINGOSI 8.90E07  2.90E-05
Threonine C4HONO3 |118.051| 7776 014 110 133 0.047272948 0.11900999
Isoleucine/Leucine | CEH13NO2 |130.0874 error #NUMI #NUM!
Tryptophan  [C11H12N202(203.0826| 684.485  0.29 - 132 0.0476017840.119480113
Aspartic Acid C4HTNO4 [132.0302| 1177.38  0.30 072 0.191511016 0.227321145
Tyrosine COH1INO3 [180.0666| 751535 -0.04 0.9 0.41  0.388437973 0,340804855
GABA CAHONO2 [102.0561| 798.71  -0.35 0.87  0.13569969 0.19521426
Glutamine [ c5H10N203 [145.0619| 788.44  0.56 7.27€-05 0.001091414
Appendix Table 2
ABA on 89
Formula MW | Average RT log2(fc) Mean FC log(p-value) p-value q-value
Proline CSHINO2 [114.0561| 61033  2.47 _ 0.0000916 0.156141264
Glutamic Acid | CSHONO4 [146.0459| 1061.59  0.11 0.617050862 0.77843344
Histidine C6HIN3O2 [154.0622| 77171  0.67 0.00000288 0.787430025
Valine CSH1INO2 [116.0717| 59171  0.74 0.000000899 0.830836881
Asparagine C4HBN203 [131.0462| 76283  0.36 0.001164843 0.805238251
Serine C3H7NO3 [104.0353| 75882  0.62 0.0000201 0.808273199
Arginine C6H14N402 [173.1044| 795.045  -0.72 0.000359108 0.828412538
Methionine | CSH11NO2S [148.0438| 61388  0.66 0.000988361 0.830895423
Phenylalanine | COH11INO2 |164.0717| 60563  1.28 0.000000776 0.80179055
Threonine C4HONO3 [118.051| 71796  0.76 0.001272977 0.830894172
Isoleucine/Leucine | C6H13NO2 [130.0874| 54194  1.35 0.0000163 0.312101357
Tryptophan  [C11H12N202|203.0826| 622.14  0.97 7.85E-08 0.11280087
Aspartic Acid C4H7NO4 (132,0302| 106081  -0.03 0.876767511 0.830890822
Tyrosine C9H11NO3 [180.0666| 69521  0.72 0.0000557 0.382880258
GABA C4HONOZ [102.0561| 73992  -0.66 0.000796285 0.570557593
Glutamine | CSH10N203 |145.0619] 73611 0.45 0.00000181 0.826075179
Appendix Table 3
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ABA on abil

Formula MW | Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline CS5H9NO2 [114.0561| 630.87  1.49 8.66E-13 0.844480873
Glutamic Acid CS5HINO4 [146.0459) 890.39  0.40 0.0000196 0.844474534
Histidine C6HON302 |154.0622| 799.03  0.70 4.19E-08 0.844480859
Valine CSH11NO2 [116.0717| 605.82  0.58 0.000000235 0.844480797
Asparagine C4H8N203 [131.0462| 769.84  0.62 4.5E-09 0.844480871
Serine C3H7 NO3 |104.0353| 858.19  0.73 3.75E-11 0.844480873
Arginine C6H14N402 |173.1044| 80673  -0.36 0.005707969 0.842613538
Methionine CSH11NO2S |148.0438| 630.6 0.63 0.00000108 0.844480525
Phenylalanine | COH11NO2 [164.0717| 624.2 0.93 3.94E-09 0.844480872
Threonine C4HINO3 |118.051| 72605  0.51 0.0000497 0.844464794
Isoleucine/Leucine | C6H13NOZ |130.0874| 564.51  0.80 0.009276081 0.841423562
Tryptophan  |[C11H12N202(203.0826| 640.24  0.53 0.000000134 0.844480829
Aspartic Acid C4AH7NO4 [132.0302| 10821 0.6  1.12 0.25 0.56520678 0.306027405
Tyrosine C9H11NO3 |180.0666| 706.835 0.00  1.00 0.00  0.993799995 0.082333666
GABA CAHONOZ2 [102.0561| 752.76  -0.33 1.10  0.080011464 0.813828117
Glutamine C5H10N203 |145.0619| 74226  0.52 4.79E-09 0.844480871
Appendix Table 4
Pyrabactin on WT
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5HONO2 |114.0561| 645.59  0.36 3.07E-05 0.847344583
Glutamic Acid CS5HONO4 |146.0459| 1095.11 0.01  1.01 0.82  0.152236861 0.750465369
Histidine CEHON302 |154.0622| 796.19  0.19  1.14 1.25  0.056158655 0.820230313
Valine CSH11NO2 |116.0717| 625.18  0.16  1.12 1.67  0.021424554 0.837961826
Asparagine C4HSN203 |131.0462| 78830 025  1.19 1.71  0.0193194310.838933894
Serine C3H7N O3 [104.0353| 785.08  0.27 0.002968701 0.846119462
Arginine C6H14N402 [173.1044| 811.80  0.14  1.10 0.28  0.523505683 0.166140028
Methionine CSH11NO2S [148.0438| 64566  -0.15  0.90 0.80  0.157445505 0.745624274
Phenylalanine | C9H11NO2 [164.0717| 63847 014  1.11 0.99 0.10160631 0.79150031
Threonine C4HINO3 |118.051| 744.09  0.02  1.02 1.20 0.06291073 0.816384987
Isoleucine/Leucine | C6H13NO2 |130.0874| 569.55  0.44 8.98E-08 0.84735726
Tryptophan  |C11H12N202|203.0826| 653.25  0.16  1.12 1.86  0.013883991 0.84139334
Aspartic Acid C4H7NO4 |132.0302| 1094.40  0.24 ao.oosszslsz 0.844438116
Tyrosine C9H11NO3 |180.0666| 722.82  0.44 2.19E-06 0.847356392
GABA C4HONO2 |102.0561| 765.22  -0.15  0.90 0.59  0.257064048 0.627052057
Glutamine CSH10N203 |145.0619| 761.40 017  1.12 1.37  0.042499656 0.827598869
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Pyrabactin on 012

Formula MW | Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5H9NO2 |114.0561| 683.67 0.06 1.04 0.42 0.377230369 0.197108204
Glutamic Acid C5H9NO4 |146.0459| 1127.95 0.12 1.0% 1.01 0.0977411750.118303872
Histidine CEHIN302 |154.0622| 827.815  -0.03 0.98 0.47 0.33861852 0.191580458
Valine C5H11NOZ2 |116.0717| B57.655 0.07 1.05 0.58 0.26326801 0.178724068
Asparagine C4H8N203 [131.0462( 804.94 0.06 1.04 0.45 0.351312191 0.193336177
Serine C3H7NO3 [104.0353| 800.845 0.10 1.07 0.60 0.250026699 0.175914507
Arginine CEH14N402 |173.1044( 830.765  -0.25 0.84 0.59 0.255090321 0.177012739
Methionine C5H11NO2S |148.0438| 674.18 -0.10 0.83 0.40 0.401841041 0.201756238
Phenylalanine CO9H1I1INOZ2 |164.0717| 662.475  -0.12 0.92 0.65 0.222407247 0.169341673
Threonine C4HINO3 | 118.051 | 744.965 0.14 1.10 1.32 0.04795252 0.075919793
Isoleucine/Leucine | CEH13NO2 |130.0874| 605.4 0.11 1.08 0.09 0.821109537 0.286674057
Tryptophan C11H12N202|203.0826| 674.595  -0.10 0.93 0.33 0.4705565532 0.215490995
Aspartic Acid C4H7NO4 |132.0302| 1127.22 0.00 1.00 1.37 0.042450036 0.069576775
Tyrosine C9H11NO3 [180.0666( 737.91 0.07 1.05 0.57 0.270273864 0.180132192
GABA C4H9NO2 |102.0561| 786.49 0.31 - 0.50 0.314071606 0.18788567
Glutamine C5H10N203 |145.0619| 782.04 0.14 1.10 0.76 0.174529274 0.154963032
Appendix Table 6
Pyrabactin on 89
Formula MW  [Average RT log2{fc) Mean FC log(p-value) p-value g-value

Proline C5HO9NO2 (114.0561| 611.79 -0.01 0.89 0.03 0.93511692 0.01422344
Glutamic Acid C5HO9NC4 [146.0459| 1061.45 -0.17 0.89 0.41 0.388865385 0.675400527
Histidine CE6HIN302 [154.0622( 771.71 -0.08 0.85 0.56 0.275990634 0.552007755
Valine C5H11NO2 [118.0717( 591.61 -0.01 1.00 0.03 0.937606036 0.686741575
Asparagine C4H8N203 [131.0402| 762.66 -0.04 0.98 0.20 0.632301218 0.111324577
Serine C3H7NO3 |104.0353| 758.82 0.21 1.15 1.23 0.058639739 0.686786677
Arginine CE6H14N402 |173.1044| 795.01 -0.18 0.88 0.54 0.289137446 0.629019199
Methionine C5H11NO2S |148.0438| 614.19 -0.31 0.81 1.86 0.013757035 0.025105306
Phenylalanine CS9H11NO2 [164.0717| 605.93 -0.12 0.82 0.58 0.261083188 0.030005458
Threonine C4HONO3 | 118.051 | 718.06 -0.18 0.89 0.77 0.169869906 0.686720032
Isoleucine/Leucine | C6H13NO2 |130.0874| 541.585 0.61 - 1.34 0.046022838 0.686284686
Tryptophan Cl1H12N202|203.0826| 623.33 -0.02 0.99 0.11 0.774563307 0.01422344
Aspartic Acid C4H7NO4 (132.0302| 1060.55 -0.40 - 112 0.075700521 0.685190625
Tyrosine CSH11NO3 [180.0666( £95.32 0.14 1.10 1.50 0.031435934 0.256839423
GABA CAHINO2 (102.0561| 739.91 -0.12 0.92 0.38 0.41268224 0.665223271
Glutamine CSH10N203 [145.0619| 736.13 -0.08 094 0.78 0.164808599 0.678660991
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Quinabactin on WT

Formula MW | Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5H9NOZ |[114.0561| 692.43 2.13 2.63E-15 1.33E-12
Glutamic Acid C5HONO4 |[146.0458| 941.44 0.26 1.20 0.007246036 0.009373577
Histidine C6HIN302 |154.0622| 826.69 1.10 0.000000944 0.00000511
Valine CSH11NOZ |116.0717| 670.22 0.96 5.37E-09 6.65E-08
Asparagine C4H8N203 [131.0462| 818.5 0.75 0.000513932 0.001183051
Serine C3H7NO3 (104.0353| 816.52 0.52 1.23E-05 4.81E-05
Arginine C6H14N402 [173.1044| B867.54 0.02 1.01 0.22 0.608573139 0.233239738
Methionine CSH11NO2S [148.0438| 686.63 1.15 6.75E-15 2,26E-12
Phenylalanine CSH11NOZ |164.0717| 675.73 1.29 2.38E-13 1.84E-11
Threonine C4HSNO3 |118.051 | 779.22 1.08 7.62E-12 2.64E-10
Isoleucine/Leucine | CEH13NO2 [130.0874| 622.86 1.14 6.78E-06 2.82E-05
Tryptophan C11H12N202|203.0826| 682.73 1.65 3.33E-11 9.32E-10
Aspartic Acid C4H7NO4 |[132.0302| 11e2.85 0.10 0.044622987 0.037739502
Tyrosine C9H11NO3 [180.0666( 571.54 2.06 1.57E-13 1.58E-11
GABA C4H9NO2 |[102.0561| 800.16 -0.33 0.167290604 0.097547298
Glutamine C5H10N203 [145.0619| 793.77 0.81 2.66E-07 1.68E-06
Appendix Table 8
Quinabactin on 012
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5H9NO2 |114.0561| 666.85 0.22 1.16 1.58 0.026398301 0.091527566
Glutamic Acid C5H9NO4 |146.0459| 914.86 -0.16 0.89 111 0.07774693 0.127110916
Histidine CE6HIN302 |154.0622| 841.05 0.15 1.11 0.56 0.272988653 0.205953795
Valine C5H11INO2 [116.0717| 642.82 0.13 1.10 0.81 0.155434164 0.158600823
Asparagine C4HBN203 [131.0462| 811.43 0.14 1.10 0.71 0.196485064 0.17424912
Serine C3H7NO3 [104.0353| 806.98 0.19 114 118 0.066375732 0.122584483
Arginine C6H14N402 |173.1044| 8313 0.19 1.14 0.45 0.354395419 0.238834708
Methionine C5H11NO2S |148.0438| 658.64 0.01 1.01 0.86 0.136997879 0.15289957
Phenylalanine C9H11INOZ |164.0717| 642.01 0.14 1.10 1.03 0.092609509 0.135280541
Threonine C4HSNO3 | 118.051| 771.67 0.06 1.04 0.47 0.338127488 0.232753307
Isoleucine/Leucine | CEH13NO2 |130.0874| 582.08 0.11 1.08 0.96 0.110682758 0.143621094
Tryptophan C11H12N202|203.0826| 655.77 0.13 1.09 0.91 0.122778896 0.148234823
Aspartic Acid C4H7NO4 |132.0302| 1112.17 -0.17 0.89 177 0.016982713 0.081501042
Tyrosine CSH11NO3 [180.0666| 861.6 -0.01 1.00 1.20 0.063497166 0.121246223
GABA C4HINO2 |102.0561| 786.65 0.12 1.08 0.36 0.440027058 0.27498112
Glutamine CSH10N203 |145.0619| 785.86 0.04 1.03 0.30 0.506865341 0.300624021
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CQuinabactin on 89

Formula MW  [Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline CSHINO2 [114.0561| 60351  1.54 |EOUNNSESIN 1.02E-09 0.089402904
Glutamic Acid | CSHINO4 [146.0459| 1061.65 -0.07  0.96 0.14  0.728887476 0.824726588
Histidine C6HON302 |154.0622| 771.67  0.48 -0.002254582 0.178784122
Valine CSH11INO2 |116.0717| 591.49  0.81 0.00000811 0.836255997
Asparagine C4HBN203 |131.0462| 76266 023  1.18 1.29  0.051393928 0.108014808
Serine C3H7NO3 [104.0353| 75882  0.61 0.0000266 0.551402411
Arginine C6H14N402 [173.1044| 795.01  -0.59 0.006552786 0.063892755
Methionine | CSH11NO2S [148.0438| 61334 027 0.030649811 0.836250787
Phenylalanine | C9H11NO2 |164.0717| 605.12  0.95 0.00000173 0.824368579
Threonine C4H9NO3 |118.051| 717.96  0.50 0.001530759 0.836255988
Isoleucine/Leucine | C6H13NO2 [130.0874| 124398 021  1.15 0.81  0.156232086 0.754246275
Tryptophan  [C11H12N202[203.0826| 621.8  1.32 0.000000383 0.662441243
Aspartic Acid C4H7NO4 |132.0302| 121674 -0.56 0.143385619 0.835941192
Tyrosine C9H11INO3 |180.0666| 695.22  0.97 1.08E-09 0.040289584
GABA C4HONO2 |102.0561| 739.92  -0.60 0.001623393 0.836255822
Glutamine C5H10N203 [145.0619) 73613  0.31 0.004874102 0.058327936
Appendix Table 10
Quinabactin on abil
Formula MW | Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline CS5HONOZ2 [114.0561] 640.12  0.98 0.00000258 0.832654478
Glutamic Acid | CSHONO4 |146.0458| 1071.12  0.28 195  0.011231902 0.828568578
Histidine C6HON302 |154.0622| 786.585  0.53 0.000488299 0832481741
Valine CS5H11INO2 |116.0717| 608.7  0.54 0.0000752 0.83262867
Asparagine C4HBN203 [131.0462| 773.63  0.47 0.001017597 0.832293101
Serine C3H7NO3 [104.0353| 77142 072 0.00000239 0.832654547
Arginine C6H14N402 [173.1044| 81377 014 110 026  0.55044591 0.281119854
Methionine | CSH11NO2S [148.0438| 62833 017 112 077  0.17049636 0.744584081
Phenylalanine | COH11NO2 |164.0717| 62031  0.55 0.000206187 0832582113
Threonine C4HONO3 |118.051| 730.49  0.83 0.00000128 0.832654939
Isoleucine/Leucine | C6H13NO2 [130.0874| 548.05  0.49 0.000160842 0.832598234
Tryptophan  |C11H12N202(203.0826| 636.68  0.64 0.0000591 0.832634398
Aspartic Acid C4H7NO4 [132.0302| 1070.44  0.37 0.004238194 0.831136111
Tyrosine COH1INO3 |180.0666| 706.68  0.58 0.0000135 0.832650591
GABA C4HONOZ2 [102.0561| 107113  0.29 0.008552495 0829561241
Glutamine C5H10N203 [145.0619) 747.18  0.45 0.000353548 0832529699
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ASV78on WT

Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5HONO2 [114.0561| 705.03  1.07 197  0.010763166 0.0169364
Glutamic Acid | CSHONO4 [146.0459| 120523 -0.18  0.88 1.62  0.024225878 0.03073097
Histidine C6HON302 |154.0622| 84154  0.60 0.000254448 0000928589
Valine CSH11NO2 |116.0717| 6767  0.71 0.002072297 0004977982
Asparagine C4H8N203 [131,0462| 830.64  0.31 1.09  0.0814534710.072981366
Serine C3H7NO3 |104.0353| 85234  0.54 050  0.1252684430.098886171
Arginine C6H14N4O2 [173.1044| low  #NUM! ENUM!
Methionine | CSH1INO2S |148.0438] low  #NUM! #NUM!
Phenylalanine | C9H11NO2 |164.0717| 68033  0.70 182 0.015203047 0021923157
Threonine C4HINO3 |118.051| 790.86  0.52 1.68  0.020678868 0027138561
Isoleucine/Leucine | C6H13NO2 |130.0874| 639.24  0.97 374607  4.936-06
Tryptophan  |C11H12N202|203.0826 ANUM! #NUM!
Aspartic Acid CAH7NO4 [132.0302| 1162.955 008  1.06 |INESIIN 0.001862568 0.004566668
Tyrosine C9H11NO3 |180.0666 ANUM! #NUM!
GABA caHono2 [102.0561| 81507  0.79 SIS 0.005133402 0.00992024
Glutamine | C5H10N203 [145.0619] 80622 0.8  1.13 0.97 _ 0.106433224 0.087615916
Appendix Table 12
ASV78 on 012
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5HONO2 [114.0561] 677 0.48 0.006767182 0009548508
GlutamicAcid | CSHINO4 [146.0459| 1129.84  0.40 179  0.016095167 0.013567704
Histidine C6HIN302 [154.0622| 8294  0.36 142 0.037850688 0.019314617
Valine CSH1INO2 [116.0717| 656.04  0.31 151  0.03101505 0.017944483
Asparagine C4HSN203 [131.0462| 808.85  0.40 165  0.02237194 0.015693673
Serine C3H7NO3 [104.0353| 804.42 053 0.007780135 0010076812
Arginine C6H14N4O2 [173.1044| 82621  -0.03  0.98 0.11  0.772990994 0.117847401
Methionine | CSH11NO2S |148.0438| 673.44  0.39 - 1.30  0.050094487 0.021445425
Phenylalanine | C9H1INO2 [164.0717| 659.82  0.71 0.003133967 0.006981863
Threonine C4HONO3 |118.051| Low  #NUM! HNUMI
Isoleucine/Leucine | C6H13NO2 [130.0874| 604.55  0.23 1.24  0.057953805 0.022500447
Tryptophan  |C11H12N202|203.0826| 672.66  0.33 1.20  0.062824122 0.023166141
Aspartic Acid C4H7NO4 [132.0302| 112835 020 115 169  0.02050161 0.01509644
Tyrosine C9H1INO3 [180.0666| 739.32  0.17  1.13 121 0.062294228 0.023081816
GABA CAHONO2 [102.0561| 786.225 0.18  1.13 051  0.310048286 0.057018503
Glutamine | CSH10N203 |145.0619| 784.13 o036 [JEBSM 179 0.0162366840.013615442
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ASV78 on 89

Formula MW | Average RT log2(fc) Mean FC p-value g-value
Proline csHoNO2 [114.0561| 63661 011  1.08 110 0.078727357 0.796804239
Glutamic Acid | CSHONO4 [146.0459| 1069.48 -0.03  0.98 029  0.5165232730.101183131
Histidine C6HON302 [154.0622| 784.03 o050 [SE 066  0.2189393340.639072546
Valine CSH11NO2 [116.0717| 607.11 009  1.07 031  0.4857140050.138588118
Asparagine C4H8N203 [131.0462| 77137  o0.28 134 0.045352474 0819539659
Serine C3H7NO3 [104.0353| 769.25  0.32 hn.coaazzssz 0.842219858
Arginine C6H14N402 [173.1044 81203 009  1.07 0.21  0.61883743 0.032329555
Methionine | CSH1INO2S |148.0438| 627.26 012  1.09 0.60  0.251964502 0.584077761
Phenylalanine | COH1INO2 [164.0717| 61912 o032 [ESOM o091  0.1227923490.759219218
Threonine C4HONO3 [118.051| Low  #NUMI #NUM!

Isoleucine/Leucine | C6H13NO2 [130.0874| 544.815  0.54 0.48  0.3311468650.428154192
Tryptophan  |C11H12N202|203.0826| 635.76  0.42 0.85  0.14225117 0.739436581
Aspartic Acid C4H7NO4 (132.0302( 1068.75 0.02  1.01 0.06  0.8630337650.001770103

Tyrosine CoH11NO3 |180.0666| 703.725 072 [JEEE o054  0.2916484470.509351933
GABA C4HSNO2 [102.0561| 756.9  -005  0.97 0.23  0.592801594 0.042734605
Glutamine | csH10N203 [145.0619| 74631 0.33 129 0.051633972 0.815594389
Appendix Table 14
ASV78 on abil
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value

Proline C5HONO2 [114.0561| 623.77  0.31 107  0.0853104960.111782453
Glutamic Acid | CSHONO4 [146.0459| 1026.64 -0.07  0.95 060  0.24983188 0.191773168
Histidine C6HON302 |154.0622| 763.32 020 115 075  0.177310816 0.165194683
Valine CSH1INO2 [116.0717| 596.08 011  1.08 061  0.2481348180.191248427
Asparagine C4HSN203 |131.0462| 73072 025 119 0.64  0.230628953 0.185659858
Serine C3H7NO3 |104.0353| 72815 026  1.20 110  0.07887961 0.106538003
Arginine C6H14N402 |173.1044| 765.97  -0.38 082  0.1520867550.153327584
Methionine | CSH11INO2S |148.0438| 611.78  0.07  1.05 021  0.6190324450.313396122
Phenylalanine | CO9H1INO2 [164.0717| 599.82 023 117 078  0.167667471 0.16087678

Threonine C4HINO3 |118051| NP #NUM! #NUMI

Isoleucine/Leucine | C6H13NO2 [130.0874| 552.125  0.28 121 0.062225909 0.091936177
Tryptophan  [C11H12N202(|203.0826| 612.66  0.35 097  0.1067787780.127227236
Aspartic Acid C4HTNOA4 |132.0302| 1026.44  0.40 0.002529605 0.010647077

Tyrosine CO9H1INO3 |180.0666| 668.12 017  1.13 057  0.269418992 0.197534486
GABA CAHINO2 |102.0561| 717.44 002  1.01 017  0.669240646 0.330416134
Glutamine C5H10N203 [145.0619| 709.165  0.58 [JNNSOMM 1.7 0.067236194 0.096567099
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Mannitol
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline CS5HONO2 |114.0561| 674.175  4.56 6.45E-08  1.71E-07

GlutamicAcid | CSHONO4 |146.0459| 112054  0.30 0.000540603 0.000438112
Histidine C6HON302 [154.0622| 909.57  1.84 4.19E-09  2.07E-08
Valine CSHIINO2 |116.0717| 677.38  3.23 0.000220878 0.000189862
Asparagine C4H8N203 [131.0462| 789.83  0.82 2.75E-06  3.66E-06
Serine C3IH7NO3 [104.0353| 78594  0.99 3.24E06  4.21E-06
Arginine C6H14N4O2 [173.1044| 837.425 011  1.08 0.14  0.719844617 0.208220038
Methionine | CSH11NO2S [148.0438| 662.68  5.67 1.206-07  2.77E-07

Phenylalanine | C9H1INO2 |164.0717| 682.85  4.25 8.24E-07  1.29E-06
Threonine C4HONO3 |118.051| 78533  1.99 2.39E-05  2.43E-05

Isoleucine/Leucine | C6H13NO2 |130.0874| 606.84  3.82 4.03E-10  3.10E-09
Tryptophan  |C11H12N202|203.0826| 689.88  6.09 0.000242198 0.000207149
Aspartic Acid C4H7NO4 [132.0302| 11204 -0.32  0.80 1.81  0.015427495 0.008656728
Tyrosine C9HIINO3 |180.0666| LOW  #NUM! #NUM!

GABA CaHoNO2 |102.0561| 773.18 057 0.004686576 0.003006696
Glutamine CSH10N203 [145.0619] 79797 130 213607 4.31E-07
Appendix Table 16

141B on WT
Formula MW log2(fc) Mean FC log(p-value)
Proline C5HONO2 [114.0561| 608.55 0.088  1.06 036  4.35E-01 0.848168537
Glutamic Acid | CSHONO4 |146.0459]1000.98 0.363 190  1.27E-02 0.186736399)
Histidine C6HON302 |154.0622| 737.28 0.398 1.88  1.32€-02 0.191703976)
Valine C5H11NO2 [116.0717|575.26 0.352 102 9.45E-02 0.548216959)
Asparagine C4HSN203 [131.0462( 714.12 0.240 1.18 0.75  1.77€-010.694774398
Serine C3H7NO3 |104.0353| 71262 0431 BB 158  2.656-020.294798131
Arginine C6H14N402 [173.1044| 740.56 0.218  1.16 0.48  3.33£-010.810187249
Methionine | CSH11NO2S [148.0438| 587.93 0.590 _2.515433 0.05277092
Phenylalanine | COH11NO2 |164.0717|578.77 0.642 1.72E-04 0.005593943
Threonine C4HINO3 |118.051| NP  #NUMI HNUM!

Isoleucine/Leucine | C6H13NO2 |130.0874| 537.46 0.413 - 112 7.55E-02 0.492106097
Tryptophan  |C11H12N202|203.0826| 589.33 0.303 0.80  1.60E-010.672612015
Aspartic Acid C4H7NO4 |132.0302|1000.26 -0.078  0.95 0.05  8.88E-010.919339084

Tyrosine C9H11INO3 |180.0666|650.675 0.391 [JEEE 177  1.68£:020.224154459
GABA C4HONO2 |102.0561| 704.08 0.029  1.02 0.02  9.556-01 0.92459993
Glutamine | c5H10N203 [145.0619] 69372 0.347 [JEBIM  1.69  2.02E-02 0.250683342
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Mandi 5 uM on 355:MANDI

Formula MW  [Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5HSNO2 (114.0561( 646.92 4.13 5.92E-17 1.97E-15
Glutamic Acid C5HSNO4 [146.0459( 1116.83 0.61 5.18E-13 1.76E-12
Histidine CBHIN302 [154.0622| 855.31 2.07 2.40E-14 1.36E-13
Valine C5H11NO2 (116.0717| 6£33.34 3.38 1.68E-20 6.97E-18
Asparagine C4HBN203 (131.0482| 795.24 0.70 1.35E-07 1.16E-07
Serine C3H7NO3 |104.0353| 855.17 0.50 7.40E-07 5.54E-07
Arginine CeH14N402 |173.1044| 813.93 -0.80 0.00016879  8.49E-05
Methionine C5H11NO2S |148.0438| 658.91 2.93 3.62E-11 6.73E-11
Phenylalanine C9H11NO2 (164.0717| 8£53.77 4.37 1.93E-14 1.18E-13
Threcnine C4HSNO3 | 118.051 NP #NUMI #NUMI
Isoleucine/Leucine | CBH13NO2 |130.0874| 577.215 4.73 3.64E-06 2.40E-06
Tryptophan C11H12N202(203.0826| 668.1 5.49 1.63E-15 1.84E-14
Aspartic Acid C4H7NO4 (132.0302( 1116.12 0.10 1.07 1.24 0.0568972190.017771484
Tyrosine CSH11NO3 [180.0666| 734.25 2.59 5.58E-12 1.30E-11
GABA C4H9NO2 [102.0561| 768.9 -0.98 8.56E-05 4.51E-05
Glutamine C5H10N203 |145.0619| 767.62 0.33 0.006231576 0.002386749
Appendix Table 18
Mandi 20 uM on 355:MANDI
Formula MW  |Average RT log2(fc) Mean FC log(p-value) p-value g-value
Proline C5HO9NO2 (114.0561| 680.22 521 1.32E-12 8E-12
Glutamic Acid C5H9NO4 (146.0459| 1205.69 0.44 0.000122959 0.00009
Histidine CE6HIN302 (154.0622| B896.365 3.21 6.93E-12 2.92E-11
Valine C5H11NO2 [118.0717| £536.92 4.00 2.62E-14 6.67E-13
Asparagine C4H8N203 (131.0402| 808.04 0.92 9.03E-08 0.000000111
Serine C3HYNO3 [104.0353| 800.2 0.42 0.000482738 0.000318035
Arginine CEH14N402 |173.1044| 828.25 -1.25 0.000000259 0.000000296
Methionine C5H11NO2S |148.0438| 679.45 4.28 7.04E-12 2.94E-11
Phenylalanine CSH11NO2 [164.0717( 715.52 4.83 1.46E-12 8.64E-12
Threonine C4HONO3 | 118.051 | 766.17 1.94 1.19E-17 6.99E-15
Isoleucine/Leucine | C6H13NO2 |130.0874| 619.67 5.10 2.19E-12 1.2E-11
Tryptophan Cl1H12N202|203.0826| 674.51 6.16 1.87E-14 5.55E-13
Aspartic Acid C4H7NO4 (132.0302| 1139.855 -1.06 0.002566367 0.001464996
Tyrosine CSH11NO3 [180.0606( 740.92 2.57 5.37E-15 2.62E-13
GABA CAHONO2 (102.0561| 781.785 -0.98 0.00276102 0.001568469
Glutamine CS5H10M203 [145.0619| 830.56 1.51 1.08E-10 2.91E-10
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Mandi 5 uM on Cyp86a:MANDI

Formula MW  |Average RT log2({fc) Mean FC log(p-value) p-value g-value
Proline C5HONO2 [114.0561] 650.94  1.42 3.756-15  4.84E-13
Glutamic Acid | C5HONO4 |146.0459| 111157 020 115 0.005291392 0006824694
Histidine C6HON302 [154.0622| 802.49  0.71 1.62E-08 0.000000388
Valine CSHIINO2 |116.0717| 6303  0.36 0.000000419 0.00000583
Asparagine C4HBN203 [131.0462| 791.51  0.19 073  0.186398286 0.086060999
Serine C3H7N O3 |104.0353| 85068  0.41 _000000395 0.0000311
Arginine C6H14N4O2 [173.1044| 8125  -028  0.82 152 0.030454406 0.023526342
Methionine | CSH11NO2S [148.0438| 655.82  0.54 _ 3.32609 0.000000118
Phenylalanine | COH11NO2 [164.0717| 6502  0.92 3.63E-14  3.74E-12
Threonine C4HONO3 [118.051| NP HNUMI #NUM!

Isoleucine/Leucine | C6H13NO2 [130.0874| 572.94 025 119 0.001580343 0.002645554
Tryptophan  |C11H12N202|203.0826| 665.01  0.84 1.77E-08 0.000000413
Aspartic Acid C4H7NO4 [132.0302| 1110.84 -0.24  0.85 1.28  0.052020751 0.035176428

Tyrosine CSHIINO3 |180.0666| 730.295 021  1.16 081  0.154289248 0.075651372

GABA CAHONO2 [102.0561| 767.92 -0.18  0.88 0.47  0.337598625 0.12809465

Glutamine C5H10N203 [145.0619| 763.92 0.08  1.06 053  0.296680001 0.117454682
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Appendix Tables 21-39

Treatment and genetic background indicated in top row. Dark green -log(p-values)
indicate a significant difference defined by fold change +20%, and a p-value < 0.01.
Mean fold changes are green if significantly upregulated, no color if no significance, or

blue is down-regulated.

ABAonWT
Common Name Chemical Formula [[M-H]- Average RT ‘ log2(fc) ‘ Mean FC | -log10(p-value) | p-value | g-value
2 |Sinalbin C14H19NO10S2 424.0378 Low abundance Low abundance
g Gluconasturtiin CI5H21NO9S2 422.0585 Low abundance Low abundance
< |Glucobrassicin C16H20N209S2 447.0537 843 0.176322773 1.13 ! 1.03E-02  0.003991295
Glucoerucin C12H23N09S3 420.0462 770 -0.651137014 1.30E-03  0.000905482
=. |Glucoberteroin C13H25N09S3 434.0619 750 -0.602095146 4.38E-03  0.002242938
E Glucolesquerellin C14H27N09S3 448.0787 748 " #VALUE!  Low abundance #NUM!
= |7-Methylthioheptyl glucosinolate |C15H29N0953 462.0941623 717 -1.77725637 3.94E-08  0.000000177
8-Methylthiooctyl glucosinolate  [C16H31NO9S3 476.1105759 704 1.35E-10 2.27E-09
Glucoraphanin C12H23NO10S3 436.04059 949 0.116985903 1.08 2.00 1.00E-02  0.003922647
= Glucoalyssin C13H25N010S3 450.0568 N/P r #VALUE! N/P f #NUM!
E Glucohesperin C14H27NO10S3 464.0719 892 1.12E-05 0.0000205
3 | Glucoibarin C15H29NO10S3  (478.0879 859 #VALUE!  Low abundance #NUM!
Glucohirsutin CIGH3INO10S3 4921048 26 Jicsosisss IS 15105 162E08 |

Appendix Table 21

ABAon8,9
Average RT log2(fc) | Mean FC | -log10(p-val ue) ‘ p-value q-value

<2 |Sinalbin C14H19NO10S2  |424.0378 Low Abundance
§ Gluconasturtiin C15H21NQ9S2 422.0585 Low Abundance
< |Glucobrassicin C16H20N20952  |447.0537 807.19 0.35308034 | INNENNNNNNNNNSIESIIN 0.000127402 | 0.230898158

Glucoerucin C12H23NO9S3  [420.0462 72109 |-0.195803817 0.87 0.98 0.104615276 | 0.829718634
< |Glucoberteroin CI3H25NO9S3  [434.0619 70328 |-0.279134477 0.82 171 0.019324561 | 0.379656079
$§ |Glucolesquerellin C14H27NO9S3  |448.0787 687.66  |-0.752783017 1.50305E-05 | 0.038715481
F |7-Methylthioheptyl glucosinolate [C15H29NO9S3  |462.0941623 671.04  |-1.311509069 3.47E-06 | 0.801724402

8-Methylthiooctyl glucosinolate |C16H31INO9S3  |476.1105759 657.42  |-1.041439102 4.92273-08 | 015633622

Glucoraphanin C12H23NO1053  [436.04059 913.92 0.030503772 1.02 0.08 0.824150089 | 0.830838274
< |Glucoalyssin C13H25NO10S3  |450.0568 N/P [ anuml " #num!
£ [Glucohesperin C14H27NO10S3  |464.0719 859.35 1.31259E-05 | 0.826551319
“ |Glucoibarin C15H29NO10S3  |478.0879 Low Abundance H#NUM! #NUM!

Glucohirsutin CI6H3INO10S3  |492.1048 79139 14598576 S 3677509 | 0830895287
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ABAon(,1,2
Average RT log2(fc) ‘ Mean FC |—\oglﬂ(p—va\ue)‘ p-value g-value
-2 |Sinalbin C14H19NO10S2 424.0378
§ Gluconasturtiin C15H21NQ952 422.0585
< |Glucobrassicin C16H20N20952 447.0537 850.5 0.008180551 1.01 0.41 0.389413196 | 0.340804855
Glucoerucin C12H23N09S3 420.0462 764.98 -0.27938573 0.82 0.92 0.120632705 | 0.185606037
= |Glucoberteroin C13H25N09S3 434.0619 74534 -0.281300005 0.82 0.96 0.108469031 | 0.17650599
E Glucolesquerellin C14H27NO9S3 448.0787 729.47 -0.295141795 0.81 1.12 0.076675237 | 0.152328719
= |7-Methylthicheptyl glucosinolate |C15H29N0953 4162.0941623 71343 -0.456329321 0.006997753 | 0.035660866
8 Methylthiooctyl glucosinolate | C16H31INO9S3 _ |476.1105759 700.3 -0.662590487 _ 0.000134239 | 0.001820551
Glucoraphanin C12H23N0O10S3 436.04059 956.22 0.025390402 1.02 0.98 0.103906421 | 0.173524224
< |Glucoalyssin C13H25N01053  |450.0568 low abundance #NUM! #NUM!
£ Glucohesperin C14H27N01053 464.0719 903.44 0.679169007 0.003144984 | 0.020033724
3 Glucoibarin C15H29N010S3 478.0879 N/P #NUM! #NUM!
Glucohirsutin C16H3INO1053  |492.1048 829.69 0.771020878 |[EEETEI o.000167036 | 0.002136822
Appendix Table 23
ABA onabil
Average RT 1og2(fc) ‘ Mean FC |-\0g10(p-va\ ue)l p-value g-value
£ |Sinalbin C14HI9NO1052 424.0378
% Gluconasturtiin C15H21NO9S2 422.0585
< |Glucobrassicin C16H20N20952  |447.0537 82858 0.36610042 [INNSGINNNNNNNNETEIIIN 0.00000663 | 0.844478731
Glucoerucin C12H23N09S3 420.0462 73242 -0.101887635 0.93 0.25 0.566426197 | 0.304312429
< |Glucoberteroin C13H25N09S3 434.0619 712.11 -0.386679641 0.004419825 | 0.843038826
._§_ Glucolesquerellin C14H2Z7NO9S3 448.0787 694.42 -0.399615416 0.0000393 | 0.844468176
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 4162.0941623 677.3 -0.672308155 0.00000286 | 0.844479347
8-Methylthiooctyl glucosinolate  |C16H31N0O9S3 476.1105759 664.39 -0.866971075 1.94E-08 | 0.844480867
Glucoraphanin C12H23NO10S3 4136.04059 922.39 0.032694719 1.02 0.19 0.647287134( 0.199279902
<. |Glucoalyssin C13H25N01053 450.0568 N/P #NUM! " #NuUM!
E Glucohesperin C14H27NO10S3 464.0719 Low abundance | #NUMI " gNum!
@ | Glucoibarin C15H29NO10S3  (478.0879 Low abundance [  #NUMI " HNUMI
Glucohirsutin C16H31INO10S3 492.1048 805.16 1.400328514 0.00000184 | 0.844480277
Appendix Table 24
Pyrabactin on WT
Common Name Chemical Formula [[M-H]- Average RT log2(fc) |Mean FC| -Ioglu(p—value)‘ p-value g-value
2 |Sinalbin C14H19NO10S2  |424.0378 Low abundance
g Gluconasturtiin C15H21NO9S2 422.0585 Low abundance
< |Glucobrassicin C16H20N20952 447.0537 830 0.16851023 1.12 1.24 0.057148515 0.82
Glucoerucin C12H23N0O9S3 420.0462 738 -0.030146895 0.98 0.04 0.918121548 | 0.005744705
= |Glucoberteroin C13H25N09S3 434.0619 717.59 -0.040534997 0.97 0.09 0.804572712 | 0.012757743
.E Glucolesquerellin C14H27NO9S3 448.0787 701.58 -0.169805739  0.89 1.00 0.100866846 | 0.792024552
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 685 -0.416963214 0.001140366 | 0.846884161
8-Methylthiooctyl glucosinolate | C16H31NO953 476.1105759 671.34 -0.606968791 0.00000482 | 0.847355302
Glucoraphanin C12H23NO10S3 436.04059 937.02 -0.118234138  0.92 0.83 0.147652118 | 0.754625381
<. |Glucoalyssin C13H25N010S3 450.0568 N/P #NUM! #NUM!
-'% Glucohesperin C14H27NO10S3 464.0719 N/P [ anUM! #NUM !
“ |Glucoibarin C15H29NO10S3 478.0879 842.435 0.33547233 0.00000579 | 0.847354902
Glucohirsutin C16H3INO10S3  [492.1048 812.17 0.558177789 _ 0.00000238 | 0.847356314
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Pyrabactin on 8,9
Average RT log2(fc) ‘Mean FC|-log10{p-val )‘ p-val q-vall
-2 |Sinalbin C14HI9NO10S2  |424.0378 Low Abundance
g Gluconasturtiin C15H21N0952 422.0585 Low Abundance
£ |Glucobrassicin CI6H20N20952  |447.0537 807.19 -0.120257437 0.9 0.98 0.104302414 | 0.01750615
Glucoerucin C12H23N0953  [420.0462 721.09 -0.088520425  0.94 034 0.458342008 | 0.397047473
= | Glucoberteroin C13H25N09S3  [434.0619 7033 -0.107103911  0.93 0.53 0.293360604 | 0.18802729
8 |Glucolesquerellin Cl4H27NO9S3  [448.0787 687.82 -0.233568561  0.85 131 0.04872761 | 0.015909718
F |7-Methylthioheptyl glucosinolate |C15H29NO9S3  [462.0941623 671.15 -0.412206054 185 0.013973859 | 0.173520057
8 Methylthiooctyl glucosinolate | C16H3INO953  |476.1105759 657.7 —0.5397492925 0.001681106 | 0.68456105
Glucoraphanin C12H23NO10S3  [436.04059 913.26 -0.21370194  0.86 0.81 0.155664001 | 0.355579033
= |Gluccalyssin C13H25NO10S3  [450.0568 N/P #NUMI #NUM!
£ |Glucohesperin C14H27NO1053  [464.0719 85934 | 0165756136 112 0.35 0.449003776 | 0.015313811
“ |Glucoibarin C15H29NO10S3  |478.0879 Low abundance #NUM! #NUM!
Glucohirsutin CI6H3INO1053  |492.1048 79139 | 0208366197 | EESHIESII o.001624541 | 0.541756975
Appendix Table 26
Pyrabactinon0,1,2
Average RT log2(fc) ‘ Mean FCl -log10(p-val ue)‘ p-value g-value
£ [sinalbin CLAHIINO10S2  [424.0378
£ |Gluconasturtiin C15H2INO9S2  |422.0585
Z |Glucobrassicin C16H20N20952  [447.0537 849.96 0.084064265  1.06 069 0.202216585 | 0.163809508
Glucoerucin CI2H23NO9S3  [420.0462 752985 | 0.003486808  1.00 041 0.389652694 | 0.199500653
= |Glucoberteroin C13H25N09s3  |434.0619 733735 | 0.046525804 103 0.49 0.327097475 | 0.189899386
8 [Glucolesquerellin C14H27NO9S3  |448.0787 718.69 0.110518788  1.08 0.40 0.399917473 | 0.201406086
F |7-Methylthioheptyl glucosinolate |C15H29NO9S3  |462.0941623 | 702195 | 0.004003567  1.00 032 0.480198585 | 0.217567809
8 Methylthiooctyl glucosinolate |C16H3INO9S3 _ [476.1105759 | 689.805 | -0.085080801 0.9 023 0.588671287 | 0.240393919
Glucoraphanin C12H23NO10S3  |436.04059 963.71 -0.008105129 0.9 0.68 0.210159747 | 0.166068216
= |Glucoalyssin C13H25N01053  |450.0568 np #NUMI #NUM!
:._% Glucohesperin C14H27N0O10S3 464.0719 low abundance [ #NUMI " anum!
3 |Glucoibarin CI5H29NO1053  |478.0879 863.85 0058415472 0.96 123 0.059435255 | 0.087857821
Glucohirsutin C16H3INO1053  |492.1048 825.23 -0.039982924  0.97 160 0.024978723 | 0.047546348
Appendix Table 27
Qui inonWT
Common Name Chemical Formula |[M-H]- Average RT log2(fc) ‘ Mean FC -log10{p-val ” p-vall q-val
-2 |Sinalbin C14H19N 01052 4240378 Low abundance
§ Gluconasturtiin C15H2INO9S2 422.0585 Low abundance
< |Glucobrassicin CI6H20N20952  |447.0537 842,91 0437670 S 1o 0.023911417 | 0.023579807
Glucoerucin CI2H23NO9S3  |420.0462 76862 | -0.174464289 0.89 143 0.037149546 | 0.032854566
< |Glucoberteroin CI3H25NO9S3  |434.0619 74809 |-0.028181079 0.98 103 0.092887184 | 0.064074466
$ |Blucolesquerellin CIAH2INOSS3  |448.0787 73049 |-0.207494023 0.87 0.88 0.130489402 | 0.082733671
7 |7-Methylthioheptyl glucosinolate |C15H29NO9S3  [462.0941623 71392 |-0.532656724 0.000352672 | 0.000880745
8-Methylthiooctyl glucosinolate _|C16H3INO9S3  |476.1105759 69949 |-1.498168965 1046-09 | 1.78E-08
Glucoraphanin CI2H23NO1053  |436.04059 957.56 | 0.102836555 1.07 0.73 0.184953162 | 0.103990392
- |Glucoalyssin C13H25NO10S3  |450.0568 N/P #NUMI #NUM!
£ |Glucohesperin C14H27NO1053  |464.0719 89872 | 0.67652999% 0.0000732 | 0.000225226
# |Glucoibarin CISH29NO10S3  |478.0879 86126 | 0.674628088 0.00065731 | 0001447566
Glucohirsutin CI6H3INO10S3  |492.1048 82018 | 1125260607 0.002052646 | 0.003605322
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Qui inon 8,9
Average RT log2(fc) ‘ Mean FC | -logl0(p-value) ‘ p-value g-value
-2 |Sinalbin C14H19NO10S2 424.0378
g Gluconasturtiin C15H21INO9S2 422.0585
< |Glucobrassicin C16H20N 20952 447.0537 807.06 0.127489018 1.09 0.98 0.103639681 | 0.614480496
Glucoerucin CI2H23N09S3 420.0462 721.04 -0.053113794 0.96 0.19 0.649014509 | 0.832513467
= |Glucoberteroin C13H25N09S3 434.0619 703.28 -0.277211544 0.83 1.94 0.011391532 | 0.81713637
é Glucolesquerellin C14H27N09S3 448.0787 687.97 -0.722826606 9.79E-06 | 0.674419404
" |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 671.15 -1.34290431 2.21369E-06 | 0.832843221
8-Methylthiooctyl glucosinolate  |C16H31INO9S3 476.1105759 657.36 1.33438E-08 | 0.836248044
Glucoraphanin C12H23N0O10S3 436.04059 913.21 -0.059690889 0.694735192 | 0.82491184
< |Glucoalyssin CI13H25N010S3 450.0568 #NUM!
;E Glucohesperin C14H27N0O10S3 464.0719 859.07 3.96768E-06 | 0.101777893
3 | Glucoibarin CI15H29NO10S3  478.0879 Low abundance H#NUMI #NUM!
Glucohirsutin C16H3INO10S3  |492.1048 79145 (1457725600 EZEA s.3s6556-08 | 0803428032
Appendix Table 29
Quinabactinon 0,1,2
Average RT log2(fc) ‘ Mean FC |f\0510( p—value)‘ p-value g-value
-2 |Sinalbin C14H19N 01052 424.0378 np
g Gluconasturtiin C15H2IN09s2 422.0585
< | Glucobrassicin C16H20N 20952 447.0537 788.98 -0.097006302 0.93 1.25 0.056857656 | 0.117783873
Glucoerucin CI2H23N 0953 420.0462 712.46 0.030608568 1.02 0.31 0.49542928 | 0.296423284
= |Glucoberteroin C13H25N 0953 434.0619 694.28 0.047164771 1.03 0.59 0.259183325 0.20019094
é Glucolesquerellin C14H27N0O9s3 448.0787 680.2 0.089881305 1.06 0.32 0.473353192 | 0.288101801
= |7-Methylthioheptyl glucosinolate |C15H29N0953 462.0941623 066.11 0.017835823 1.01 0.90 0.127281514 | 0.149792426
8-Methylthiooctyl glucosinolate  |C16H3INQ9S3 476.1105759 053.81 -0.11834314 0.92 0.52 0.303783032 0.219135314
Glucoraphanin C12H23NO10S3 436.04059 930.84 -0.030483675 0.98 119 0.063996509 | 0.12148484
< |Glucoalyssin C13H25N010S3 450.0568 np #NUM! #NUM!
:E Glucohesperin C14H27N 01053 464.0719 low abundance [ #NUM! " anuM!
@ Glucoibarin C15H29N 01053 478.0879 818.74 0.443103875 4.61E-05 | 0.002242458
Glucohirsutin C16H3INO10S3 492.1048 785.82 0.739496827 0.001632687 | 0.0241081
Appendix Table 30
Quinabactin on abil
Average RT log2(fc) ‘ Mean FC |—\0g10(pfva\ue) ‘ p-value g-value
-2 |Sinalbin C14H19N010S2 424.0378 np
§ Gluconasturtiin (C15H21IN09S2 422.0585 np
< |Glucobrassicin (C16H20N 20952 447.0537 809.22 0.099687402 1.07 0.56 0.275543081 | 0.653235048
Glucoerucin C12H23N 0953 420.0462 716.88 -0.167686217 0.89 0.61 0.243114032 | 0.685098567
<. |Glucoberteroin (C13H25N 0953 434.0619 697.98 -0.132145278 0.91 0.46 0.343166949 | 0.575826194
é Glucolesquerellin C14H27NO9S3 448.0787 683.74 -0.335531479 1.58 0.026319468 | 0.822764134
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 667.36 -0.643699939 0.000630482 | 0.83243111
8-Methylthiooctyl glucosinolate  |C16H31INO9S3 476.1105759 655.08 -1.178522666 4.32F-06 | 0.832653861
Glucoraphanin C12H23N010S3 436.04059 916.68 -0.037374479 0.97 0.23 0.594103453 | 0.222881739
= Glucoalyssin (C13H25N010S3 450.0568 N/P #NUM! " #NUM!
= Glucohesperin C14H27N0O10S3  |464.0719 Low abundance[  #NUMI " ENUM!
@ |Glucoibarin C15H20NO10S3  [478.0879 82281 | 0.811093466 _ 105E-06 | 0.832655021
Glucohirsutin C16H3INO10S3  492.1048 794.1 1.27117901 0.00000001 | 0.832655391




ASV78on WT

‘ Mean FC ‘—Iong[p—value)‘

Common Name Chemical Formula |[M-H]- Average RT log2(fc) p-value g-value
-2 |Sinalbin C14H19NO1052 424.0378
g Gluconasturtiin C15H21NO9S2 422.0585
< |Glucobrassicin C16H20N20952__|447.0537 84597 | 0333876758 (NG 115 0.070598324| 0.064722069
Glucoerucin C12H23N09S3 420.0462 773.66 0.12895194 1.09 175 0.017626271| 0.024378783
<. |Glucoberteroin C13H25N09S3 434.0619 754.49 0.029573366 1.02 0.87 0.134712658 | 0.104174685
é Glucolesquerellin C14H27N0O9S3 448.0787 Low Abundance #NUM! " aumt
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 747.09 -0.073911515 0.95 1.20 0.0637139 0.061052247
8-Methylthiooctyl glucosinolate  |C16H31NQ9S3 476.1105759 704.22 0.002484909 | 0.005693586
Glucoraphanin C12H23NO10S3 436.04059 959.69 -0.121168503 092 0.80 0.158321456 | 0.116774037
<. |Glucoalyssin C13H25N010S3 450.0568 N/P #NUM! " snumt
=§ Glucohesperin C14H27N0O10S3 464.0719 904.205 '—0.205335862 0.87 . 1.47 0.034107744| 0.039389249
“ |Glucoibarin CI5H29NO10S3  |478.0879 N/P #NUM! #NUM!
Glucohirsutin C16H31NO1053 492.1048 833.48 0.144620962 111 0.86 0.137076572 | 0.105230859
Appendix Table 32
ASV780n8,9
Average RT log2(fc) ‘ Mean FC ‘ -logl0(p-value) ‘ p-value g-value
-2 |Sinalbin C14HI9NO10S2  |424.0378 Low abundance
g Gluconasturtiin CI5H2INO9S2 422.0585 Low Abundance
< |Glucobrassicin C16H20N20952 447.0537 811.25 0.167198637 1.12 1.35 0.045165126 |  0.81965509
Glucoerucin C12H23N09S3 420.0462 718.36 -0.101010901 0.93 0.89 0.128057269 | 0.75407291
= |Glucoberteroin C13H25N0953 434.0619 699.85 0.033391624 1.02 0.14 0.71881898 0.00968715
E Glucolesquerellin C14H27N0O9S3 448.0787 685.42 -0.049031766 0.97 0.30 0.499556451 | 0.120745762
= |7-Methylthiohepty| glucosinolate |C15H29N09S3 462.0941623 068.23 -0.30220049 0.81 0.007670841 | 0.84034727
8-Methylthiooctyl glucosinolate  |C16H31NO953 476.1105759 056.21 -0.557843955 0.001782118 | 0.843195303
Glucoraphanin C12H23NO10S3 436.04059 917.63 -0.245095625 0.84 0.003949978 | 0.842158558
< |Glucoalyssin C13H25N010S3 450.0568 N/P #NUM! #NUM!
£ Glucohesperin C14H27N0O10S3 464.0719 N/P #NUM! " UMt
a Glucoibarin C15H29N010S3 478.0879 824.23 -0.055665452 0.96 0.22 0.605734884 | 0.037257225
Glucohirsutin C16H31INO10S3 492.1048 795.44 0.027139513 1.02 0.09 0.812147987 | 0.003068374
Appendix Table 33
ASV78on 0,12
Average RT log2(fc) ‘ Mean FC ‘—\uglﬂ( p-value) ‘ p-value g-value
-2 |Sinalbin C14H19NO1052 424.0378
g Gluconasturtiin C15H21NO9S2 422.0585
< |Glucobrassicin C16H20N20952__|447.0537 83094 | 0362481953 SN 156 0.027795114| 0.017192497
Glucoerucin C12H23N09S3 420.0462 747.6 -0.079129085 0.95 0.70 0.1990206 0.041929788
<. |Glucoberteroin C13H25N09S3 434.0619 725.75 0.083641623 1.06 0.70 0.201185933 | 0.042231046
é Glucolesquerellin C14H27NO9S3 448.0787 710.62 -0.094530039 0.94 0.83 0.148571339| 0.034762231
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 694.66 -0.293418432 0.82 1.24 0.057270981 | 0.022408234
8-Methylthiooctyl glucosinolate  |C16H31NQ9S3 476.1105759 681.78 -0.416818898 0.007689942 | 0.010033314
Glucoraphanin C12H23NO10S3 436.04059 960.93 0.027312473 1.02 104 0.091803702 | 0.026940391
<. |Glucoalyssin C13H25N010S3 450.0568 LOW #NUM! " anumt
£ Glucohesperin C14H27N0O10S3 464.0719 897.72 0.003066453 | 0.006918266
3 Glucoibarin CI5H29NO10S3  |478.0879 855.98 0.424110824 0.002945089 | 0.006799783
Glucohirsutin C16H31NO1053 492.1048 820.7 0.399310757 0.007939275| 0.010152029
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ASV78onabil
Average RT log2(fc) ‘ Mean FC |f\0g10(pfva\ue) ‘ p-value g-value
£ |Sinalbin C14H19NO10S2 424.0378 np
g Gluconasturtiin C15H21NO9S2 422.0585 np
< |Glucobrassicin C16H20N20952 447.0537 770 0.056268433 1.04 0.21 0.615019095| 0.31199822
Glucoerucin C12H23NO9S3 420.0462 684.67 -0.022097542 0.98 0.30 0.503653952| 0.273219318
= |Glucoberteroin C13H25N09S53 434.0619 666.7 0.042128259 103 0.22 0.60070391 | 0.306965354
é Glucolesquerellin C14H27N0O9S3 448.0787 653.54 -0.12624273 0.92 0.28 0.527574996| 0.281837695
= |7-Methylthioheptyl glucosinolate |C15H29N0O9S3 462.0941623 639.59 -0.427366668 1.38 0.041926725| 0.072037738
8-Methylthiooctyl glucosinolate  [C16H31NO953 476.1105759 628.54 -0.775374906 0.00160315 0.007803219
Glucoraphanin C12H23NO10S3 436.04059 87834 -0.462597063 0.003234529| 0.012659641
<. |Glucoalyssin C13H25N010S3 450.0568 NP r #NUM! #Num!
=§ Glucohesperin C14H27N0O1053  |464.0719 Low abundance | #NUMI " UM
“ |Glucoibarin C15H29N0O10S3 478.0879 786.08 -0.061564649 0.96 0.69 0.205548208 | 0.176770008
Glucohirsutin C16H31NO10S3 492.1048 752.01 -0.001443943 1.00 0.33 0.471290655| 0.26301531
Appendix Table 35
Mannitol on WT
Average RT log2(fc) | Mean FC |—\0g10( p-value) ‘ p-value g-value
£ |Sinalbin C14H19NO10S2  |424.0378 Low abundance Low abundance
g Gluconasturtiin C15H21NQ9S2 422.0585 Low abundance Low abundance
< |Glucobrassicin C16H20N20952 447.0537 824.03 -0.377615428 0.74 0.180536913 | 0.068203791
Glucoerucin C12H23NO9S3 420.0462 74511 -0.409328374 0.57 0.268796792 | 0.093440476
<. |Glucoberteroin C13H25N09s3 434.0619 725.57 -0.615338028 0.029209831| 0.014808398
E Glucolesquerellin C14H27N09S3 448.0787 710.365 -0.519038527 N 0.082556297| 0.035186061
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 722.175 -0.855378145 5 0.024841746| 0.012884763
8-Methylthiooctyl glucosinolate  |C16H31NO9S3 476.1105759 680.92 1.97E-09 1.13E-08
Glucoraphanin CI12H23NO10S3  [436.04059 931.51 0.001932104| 0.001380088
<. |Glucoalyssin C13H25NO10s3 450.0568 N/P #NUM!
-'é Glucohesperin C14H27NO10S3  |464.0719 874.68 9.87E-07 1.49E-06
“ |Glucoibarin C15H29NO10S3 478.0879 726.73 0.091181641 1.065242313 0.05 0.894832143 | 0.246366231
Glucohirsutin CI6H3INO10S3  |492.1048 808.56 0528636765 |[[IS0oAS0NINSISo Il 0.001019959 | 0.000779472
Appendix table 36
141Bon WT
Common Name Chemical Formula |[[M-H]- Average RT| log2(FC) ‘ Mean FC | -LOG(p-value) ‘ p-value g-value
£ |Sinalbin C14H19NO10S2 424.0378
% Gluconasturtiin C15H21INQ9S2 422.0585
< |Glucobrassicin C16H20N20952 447.0537 744.56 | -0.015568513 0.989266746 0.00 0.990110514 | 0.927058946
Glucoerucin C12H23N0O9S3 420.0462 655.42 -0.14764027 0.90272579 0.58 0.263524156 | 0.771833634
= |Glucoberteroin C13H25NQ9S3 434.0619 638.47 -0.063789369 0.956747831 0.13 0.734305371 | 0.904086121
E Glucolesquerellin C14H27N0O953 448.0787 625.11 -0.19889641 0.871216746 1.49 0.032573627 | 0.330250788
= |7-Methylthioheptyl glucosinolate |C15H29N0O9S3 462.0941623 612.07 -0.331328661 0.00133227 | 0.032330244
8-Methylthiooctyl glucosinolate  [C16H31NO9S3 476.1105759 602.14 4.15E-06 0.000172373
Glucoraphanin C12H23NO10S3 436.04059 851.89 0.131473679 1.095412067 0.84 0.146105814 | 0.652235476
<. |Glucoalyssin C13H25NO10S3 450.0568 NP M #NUM! " #NUM!
%_E Glucohesperin C14H27N0O1053 464.0719 NP [ #nUMI " #NuM!
“ |Glucoibarin C15H29NO10S3 478.0879 763.35 0.711668163 9.32E-08 5.49E-06
Glucohirsutin C16H3INO10S3  |492.1048 732.03 - 2.01E-07 1.09E-05

Appendix Table 37
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Mandi 5 uM on 355:MANDI
Average RT log2(fc) | Mean FC| f\oglO(p—va\ue)‘ p-value g-value
-2 |Sinalbin C14HI9NO10S2  [424.0378
% Gluconasturtiin C15H21NO9S2 422.0585
< | Glucobrassicin C16H20N20952 447.0537 870.09 0.5612274 3.63E-05 2.01E-05
Glucoerucin C12H23NO9S3 420.0462 763.76 -1.620905805 6.92E-11 1.2E-10
= |Glucoberteroin C13H25N0O9s3 434.0619 745.51 -1.610066491 3.54E-10 5.31E-10
E Glucolesquerellin C14H27NQO9S3 448.0787 727.92 -2.132212752 1.94E-14 1.18E-13
= |7-Methylthioheptyl glucosinolate |C15H29N0Q9S3 462.0941623 710.46 1.38E-16 3.34E-15
8-Methylthiooctyl glucosinolate  |C16H31NQ953 476.1105759 696.06 2.66E-18 2.66E-16
Glucoraphanin C12H23NO10S3 436.04059 955.65 0.227811079 . 0.015653276 | 0.005568291
= |Glucoalyssin C13H25N0O1053 450.0568 LOW HNUM!
é Glucohesperin C14H27NO10S3  [464.0719 901.19 1.04E-15 1.32E-14
“ | Glucoibarin C15H29NO10S3 478.0879 866.48 1.749953124 1.01E-10 1.68E-10
Glucohirsutin C16H31NO10S3 492.1048 837.61 1.750826699 3.34E-10 5.04E-10
Appendix Table 38
Mandi 5 uM on Cyp86a:MANDI
Average RT log2(fc) | Mean FC |—\0310(p—val ue)‘ p-value g-value
2 |Sinalbin C14H19NO10S2 424.0378
% Gluconasturtiin C15H21IN09S2 422.0585
< |Glucobrassicin C16H20N20952 447.0537 862.42 -0.114658869 . X 0.251121927 | 0.105201687
Glucoerucin C12H23N0O9S3 420.0462 754.78 -0.338889097 0.000727154 | 0.001446628
= |Glucoberteroin C13H25N09S3 434.0619 73643 0.000645958 | 0.001302697
E Glucolesquerellin C14H27N0O9S3 448.0787 719.43 -0.384459344 0.005560711 | 0.007044801
= |7-Methylthioheptyl glucosinolate |C15H29N09S3 462.0941623 702.7 -0.190580984 0.88 0.98 0.104502128 | 0.057851025
8-Methylthiooctyl glucosinolate  [C16H31NO3S3 476.1105759 690.03 -0.023040101 0.98 0.42 0.382817327 | 0.139447486
Glucoraphanin C12H23NO10S3 436.04059 952.35 0.210240673 1.16 1.85 0.014158812 | 0.013264602
<. |Glucoalyssin C13H25N0O10S3 450.0568 Low #NUM!
g Glucohesperin C14H27NO10S3 464.0719 897.515 0.000000121 | 0.00000208
2 | Glucoibarin CISH29NO1053  [478.0879 861.395 0.000331222 | 0.000726242
Glucohirsutin C16H31NO10S3 492.1048 831.81 0.000259537 | 0.000597706
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Appendix Figures
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Appendix Figure 1 The extracted ion chromatogram pertaining to the mass of the
negative ion from glucoerucin. Commercial standard of glucoerucin (blue) and plant
extract treated with ABA (green) showing similar retention times and m/z when injected
into the LC/MS HILIC method.
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Chemical manipulation of plant water use
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Abstract

Agricultural productivity is dictated by water availability and consequently drought is the
major source of crop losses worldwide. The phytohormone abscisic acid (ABA) is elevated
in response to water deficit and modulates drought tolerance by reducing water
consumption and inducing other drought-protective responses. The recent identification
of ABA receptors, elucidation of their structures and understanding of the core ABA
signaling network has created new opportunities for agrochemical development. An
unusually large gene family encodes ABA receptors and, until recently, it was unclear if
selective or pan-agonists would be necessary for modulating water use. The recent
identification of the selective agonist quinabactin has resolved this issue and defined
Pyrabactin Resistance 1 (PYR1) and its close relatives as key targets for water use

control. This review provides an overview of the structure and function of ABA receptors,
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progress in the development of synthetic agonists, and the use of orthogonal receptors to

enable agrochemical control in transgenic plants.

Introduction

Drought is the major source of crop losses worldwide and major improvements to
agricultural productivity may be realized by improving water use and drought tolerance *.
There are many strategies for mitigating the effects of drought on yield, including the
development of drought tolerant crops through breeding or transgenic approaches 2%
here we focus on abscisic acid (ABA 1, Figure 1) receptor agonists, which afford direct
control of plant transpiration by targeting a highly conserved family of receptors that control
a negative regulatory response pathway (Figure 1). ABA controls plant water use primarily
through modulating ion transport in guard cells, pairs of specialized epidermal cells that
form a stomatal pore that opens and closes in response to environmental signals (Figure
1). The accumulation of new biomass through photosynthesis depends on entry of
atmospheric CO; to inner leaf mesophyll cells through stomata, but this comes at the cost
of H,O escape driven by the large difference in water vapor pressure between the inner
leaf and atmosphere. Plants therefore face an intrinsic tradeoff between water
conservation and growth, and consequently perturbations that reduce water consumption
typically come at the cost of reduced growth. Conversely, selection for high yielding crop
varieties has been associated with increased stomatal conductance in some crops .

Although the water / growth tradeoff may appear to create an insurmountable
dilemma from the perspective of increasing yields during drought, the effects of drought
vary throughout a plant's life cycle. In maize for example, drought during the early juvenile

growth phases or late growth phases is less detrimental to final grain yield than during
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flowering, where drought can cause reproductive failure . Monsanto’s recently introduced
DroughtGard™ trait achieves ~6% vyield increases under conditions of moderate drought
by overexpression of a B. subtilis cold-stress induced RNA chaperone protein . This trait
selectively reduces the water consumption of juvenile plants during water deficit, which in
turn increases soil water content at flowering relative to non-GMO controls 4. The
molecular mechanism of the trait's physiological action is unclear, but it nonetheless
illustrates the potential of “water banking” to improve yield during drought. Synthetic ABA
agonists, such as quinabactin (2) and pyrabactin (3) &°, are attractive because agonists

can, in principle, enable an agrochemical strategy for water banking in any crop of interest.

Molecular aspects of ABA perception and action

S-(+)-ABA is a chiral sesquiterpenoid, with a decorated cyclohexenone ring
appended to a dienoic acid sidechain. ABA is derived from [3-carotene and was discovered
in the 1960s by activity guided identification of plant growth regulators 1°-12, In addition to
its role in guard cell physiology, ABA mediates other abiotic stress responses (for example

freezing tolerance) and plays a central role in inducing seed
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Figure 1. (a) Structures of S-(+) abscisic acid (1), quinabactin (2) and pyrabactin (3) (b) The gate-
latch-lock structural mechanism for ABA recognition and biochemical activation. The receptor is
depicted as a gray cartoon, ABA is depicted in a gray CPK model, and the PP2C is depicted as a pink
surface. c¢) Biochemical pathway downstream of activation of ABA receptors. d) The physiological
response of guard cell closure in the presence of ABA or other receptor agonists.
dormancy, controlling root architecture, and influences several biotic interactions °. ABA
biosynthesis is tied to water status and cellular osmotic pressure; reductions in osmotic
pressure lead to rapid transcriptional induction of ABA biosynthetic enzymes, in particular
nine-cis epoxycarotenoid dioxygenases (NCEDs), which act at the first committed step in
ABA biosynthesis 2. ABA levels rise greater than 25-fold under mild drought conditions
due to de novo ABA biosynthesis and hydrolysis of inactive glucose-esters 23, Mutants
deficient in NCEDs or other biosynthetic enzymes lose leaf turgor (i.e. wilt) more rapidly
than wild type plants 214 Conversely, treatment of plants with exogenous ABA or
synthetic agonists causes guard cell closure, reduces transpiration, and prolongs the time
before wilting occurs relative to untreated plants 891315, ABA also induces the transcription

of genes encoding enzymes that increase cellular osmolytes levels, and has other

drought-protective effects 6.
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ABA responses are mediated by a negative regulatory signaling module that
involves soluble Pyrabactin Resistance 1 / PYR1-Like / Regulatory Component of ABA
Receptor (PYR/PYL/RCAR) ABA receptors, clade A type 2C protein phosphatases
(PP2Cs) and subfamily 3 Snfl-related kinases (SnRK2s; Figure 1). The SnRK2s directly
phosphorylate and control the activity of several downstream effectors such as
transcription factors, and anion channels that are required for guard cell closure ’. The
SnRK2s autoactivate by cis- and trans-autophosphorylation, but their activity is
suppressed by the PP2Cs, which dephosphorylate and inactivate the kinases 8%, When
ABA binds to soluble PYR/PYL/RCAR ABA receptors, the receptors bind stably within
PP2C active sites and inhibit PP2C activity, this in turn enables accumulation of activated
SnRK2 kinases, which regulate downstream factors by direct phosphorylation 2°-22,

ABA receptors are members of the START / Bet v 1 superfamily °, an ancient family
characterized by an a - B - a2- B 6- a topology that forms a helix-grip fold in which 7 anti-
parallel beta-sheets (and intervening short loops and helices) enclose a long C-terminal
helix to form a central ligand binding pocket 23-25. The structures of several ligand-receptor
complexes have been elucidated by X-ray crystallography and depict the conformation of
receptor-bound ABA as a half-chair with a pseudoaxial sidechain 26-32 (Figure 2). ABA
binding induces a conformational change that enables the receptors to dock into and
inhibit PP2C activity. The largest conformational change occurs in a “gate”-loop that flanks
the ligand binding pocket, which adopts a closed conformation via direct hydrophobic
contacts to ABA 2627293033 = A gecond “latch’-loop also changes conformation and
encloses the bound ligand (Figure 1). The sidechain of an invariant serine in the -SGLPA-
gate-loop points in towards the ligand binding pocket in apo-receptor structures but

becomes solvent exposed after agonist binding / gate closure, which enables the closed
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conformer to bind and competitively inhibit PP2C enzymatic activity. The majority of ABA
recognition occurs inside the receptors and involves 25 highly conserved residues that
make direct or water-mediated contacts to ABA. Additionally, a critical PP2C tryptophan
located in a recognition loop that is specific to ABA regulated PP2Cs, called the “lock”,
inserts into a small pore directly above ABA’s 4’-carbon and makes a water mediated
contact to ABA’s ketone 29393334 ABA binding is stabilized by both direct and water-
mediated hydrogen bonds, in addition to multiple hydrophobic interactions. Notably, a
conserved lysine in the PYL protein family (K59 in PYR1) forms a direct hydrogen bond to
the carboxylate of ABA. A water-mediated H-bond network interacts with both carboxylate
oxygen atoms of ABA to produce hydrogen bonding to residues homologous to PYR1’s
Y120, S122, and E141, which are part of a hydrophilic region located deep within the
pocket 26, The gate-latch interface facilitates hydrophobic interactions with the
cyclohexenone ring and the 7’-, 8’- and 9’-methyl constituents of ABA 263° forming a
hydrophobic region of the top of the pocket.

The ABA receptor gene family is unusually large, for example there are 14
members in Arabidopsis thaliana, 15 members in tomato, and 21 members in soybean
3536 The receptors form three phylogenetically distinct subfamilies that can be found in all
flowering plant genomes sequenced (Figure 3) *-%°, The biological roles of the different
subfamilies are still being established, but as we describe below, activation of the PYR1-
subfamily of dimeric receptors is sufficient to elicit guard cell closure, reduce water
consumption and induce ABA-transcriptional responses in many species, which

demonstrates its centrality in plant water relations .
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Figure 2. 3-D aligned structures
of receptor-bound agonists. (a)
ABA (3QN1), (b) quinabactin
(4LAT), (c) pyrabactin (3NMN),
(d) R-(-)-ABA, and overlays of
ABA with quinabactin (e) or
pyrabactin (f) The PDB
accessions used for each ligand
in parentheses.

In Arabidopsis, there are nine clade A PP2Cs %°. One of the nine PP2Cs (ABA
Hypersensitive Germination 1, AHG1) is recalcitrant to PP2C mediated inhibition due to a
naturally occurring mutation of the Trp lock residue *!. Genetic evidence indicates
redundant / overlapping functions for the PP2Cs %2, but biochemical evidence
demonstrates differences in ABA sensitivity for different PP2C-receptor complexes 4143,
and at least one receptor (PYL13/RCARY7) selectively interacts with a subset of clade A
PP2Cs %4, The values measured in receptor-mediated PP2C inactivation assays are thus
influenced by the specific PP2C utilized, and direct biophysical measurements, such as
isothermal titration calorimetry (ITC), have obvious value for inferring intrinsic agonist-
receptor binding affinities. ITC measurements have shown low micromolar Ky values
2133434546 - and that the inclusion of PP2Cs in binding reactions lowers apparent Kgs by
~10- to 25-fold 2145, presumably by reducing K. For example, PYL5 displays an apparent
Kq of 1 uM for ABA binding, which is lowered to 38 nM by the addition of HAB1 to binding

reactions “°. In vivo potency, receptor-agonist K4, and PP2C-inhibitory activity generally
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correlate and ICso values can be used to rank compound potency and selectivity relative
to ABA 8. Typical ICso values for ABA-mediated PP2C inhibition range from ~20 - 300 nM
(Figure 3) when assayed using the PP2Cs ABA Insensitive 1 (ABI1), ABA Insensitive 2
(ABI2) or Homolog of ABI1 (HAB1) 8202145,

Members of the PYR1 subfamily (PYR1, PYL1 - 3) form homodimers in solution,
while the members of the other subfamilies are monomeric and display higher ABA affinity
262733, 31 The PYR1 homodimerization interface overlaps substantially with the PP2C
binding interface of the ligand-bound complex, which necessitates dimer dissociation prior
to ligand-induced PP2C inhibition 3347, ABA shifts dimeric PYR1 towards a monomeric
state in vitro, as measured using size exclusion chromatography 4’ and analytical
ultracentrifugation, the latter of which has shown that ABA increases the homodimerization
Kgs of PYL2 and PYL3 ~3 - 6-fold %6. The decreased ABA affinity of dimeric receptors has
been proposed to result from a thermodynamic penalty imposed by dimer dissociation 47,
however it is also likely that an additional hydrogen bond to ABA in monomeric receptors,
as observed with PYL9 %2, contributes to differences in sensitivity as well. PYL10 was
initially described as a constitutively active receptor 3!, however this erroneous conclusion
was due to an in vitro artifact caused by the spurious ability of BSA (utilized in PP2C
assays) to weakly activate PYL10 8. Additionally, backbone dynamics measurements
indicate that PYL10’s conformational entropy increases upon ABA binding, which may

function to stimulate receptor-PP2C interactions 8.
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_ B Receptor ABA(nM) Pyrabactin(nM) Quinabactin(nM)

o PYR1 307 656 103
-3 PYL1 301 1197 250
s PYL2 151 >10000 267
J PYL3 70 >10000 724
PYL4 68 >10000 >10000
PYL5 27 5174 649
PYLE 29 >10000 >10000
Cf’ PYL11 64 >10000 >10000
g % PYL12 ND ND ND
& PYL7 ND ND ND
PyLe PYL9 60 >10000 >10000
PYLE PYL8 57 >10000 >10000
evi1o) PYL10 121 1892 >10000

Figure 3. Arabidopsis ABA receptor sub-families. The left panel shows a phylogeny of
the Arabidposis thaliana PYR/PYL/RCAR receptors and the right panel shows ICso
values for receptor-mediated inhibition of HAB1 by ABA, pyrabactin and quinabactin.
(adapted from reference 8). PYL13 has been omitted, but it is a member of the PYL5
subfamily.

Thus extensive biochemical analyses of Arabidopsis receptors show that the PYR1
subfamily encodes dimeric receptors of lower intrinsic affinity and sensitivity to ABA, while
the PYL5- and PYL8-subfamilies (Figure 3) are monomeric, higher affinity receptors, a
pattern conserved in tomato and rice receptor subfamilies as well 364 It has been
hypothesized that the different subfamilies function in different regions of the ABA dose
response curve, with the PYR1-subfamily being activated by the high ABA levels produced
during abiotic stress #’. Genetic studies, however, have shown additive contributions of
several Arabidopsis receptors for the control of stomatal conductance, implying
overlapping functions within guard cells *°. The PYL8 subfamily may contribute
differentially to root responses to ABA, as Arabidopsis the roots of plants harboring pyl8

mutations are less sensitive to ABA in multiple assays ®°2. Given the extensive genetic
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redundancy observed for ABA receptors, selective agonists will undoubtedly help probe

receptor function in vivo.

Synthetic ABA Receptor Agonists

The identification of ABA receptors and elucidation of their structures has created
new opportunities for discovering and designing modulators of receptor function. Although
ABA could, in principle, be used directly as an agrochemical, it has been limited by its
molecular complexity, photolability %3-5°, moderate chemical stability,?>?' and rapid
catabolic inactivation %657 by plant cytochrome P450s in the CYP707A subfamily 5.
Synthetic agonists with improved properties are therefore of interest and multiple synthetic
agonists have been described and characterized, as have numerous ABA analogs (see
below). These compounds have revealed functional differences between receptors and
defined the dimeric ABA receptors as targets that can be used to chemically control
transpiration.

The identification and characterization of the selective agonist pyrabactin (3)
played a critical role in the identification of ABA receptors. Pyrabactin was identified as a
molecule that phenocopies ABA’s inhibitory effect on seed germination using a phenotype-
based screen of a small molecule diversity library 208, Molecular and physiological
characterization demonstrated that pyrabactin activates seed ABA responses without
strongly activating vegetative tissue ABA responses 2°. Genetic mechanism-of-action
studies established that PYRL is required for pyrabactin’s bioactivity, that pyrabactin and
ABA both directly bind to PYR1, and that the key biochemical function of ABA agonists is

to promote the formation of a receptor / PP2C complex that inhibits PP2C activity 2°. This
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work converged with the identification of RCAR1 (PYL9), which was identified by
characterization of PP2C binding proteins and subsequent determination that RCARs bind
ABA to mediate PP2C inhibition ?1. Additional studies identified multiple members of the
receptor family as binding partners of ABI1 and HAB1 %>%°, Collectively, these studies
defined the PYR/PYL/RCAR gene family as encoding ABA receptors. Numerous groups
had previously attempted to identify ABA receptors using genetic approaches in
Arabidopsis and in hindsight these attempts failed because of the extensive genetic
redundancy between the 14-members of the receptor gene family. PYR1 loss-of-function
mutants do not show pronounced defects in ABA responses, and higher-order mutants
are required to observe strong reductions of ABA responses. Pyrabactin’s selective effects
on seeds is a result of both its preferential activation of PYR1 and the high level expression
of PYR1 mRNA in seeds; features which allowed a single loss of function mutation to
reveal PYR1’s role in ABA signaling. Thus, the selectivity of pyrabactin enabled it to
bypass the functional redundancy that had hampered discovery of ABA receptors by
forward genetic approaches.

Pyrabactin is a selective agonist that can activate PYR1, PYL1, PYL5, and PYL10
(ICso values of 660, 1200, 5200, and 1900 nM respectively, ~2 — 60x that of ABA measured
on the same receptors). Since mutations in PYR1 block pyrabactin’s bioactivity, it is likely
that PYR1 is pyrabactin’s key cellular target. Why does pyrabactin not activate all ABA
receptors, like ABA does? This has been addressed with genetic and structural studies
dissecting the differential pyrabactin sensitivity of PYR1 and PYL2 -2, which pinpointed
two residues, PYR1 1110 and to a lesser degree 162, as determinants of pyrabactin
selectivity. PYL2 possesses a smaller valine residue at its corresponding residues (V67

and V114). Swapping these residues to create the mutants PYR1'62V111% gnd py[ 267 V114
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converts PYL2 into a pyrabactin responsive receptor and removes responsiveness from
PYR1 €62 X-ray crystallographic and HSQC-binding studies unexpectedly revealed that
pyrabactin can bind to, but not activate, PYL2 because it binds in an unproductive
orientation that prevents gate closure %9-3, This property makes pyrabactin an antagonist
of PYL2, however it is too weak to measurably antagonize ABA action in vivo %4, Thus,
PYR1 and PYL2 contain subtle sequence differences in ligand contacting residues

(Figure 4) that can be exploited to tune agonist selectivity.
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Figure 4 . Variable amino acid residues within the ligand-binding pockets of Arabidopsis thaliana
PYR/PYL/RCAR receptors.

Several analogs of pyrabactin (Figure 5) have been characterized and provide
insight into structure-activity relationships. Apyrabactin (4), a biologically inactive analog
lacking the pyridyl nitrogen, is unable to form a water-mediated hydrogen bond to the
highly conserved lysine (K59 in PYR1) that normally forms a hydrogen bond to ABA’s
carboxylate ©°2, Changing the positioning of the nitrogen on the pyridyl ring (compound
5) or replacement of the bromine atom on the napthyl ring with hydrogen or a methyl group

(compound 6 and 7) reduce activity. Non-polar alterations to the napthyl moiety are also
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detrimental, but to a lesser effect (compounds 8 and 9) ?°, suggesting that the gate-latch-
agonist interface can tolerate subtle modifications in this region of the pyrabactin scaffold
2. Replacement of pyrabactin’s pyridyl methylamino substructure with a methionine-
derivative (10), a modification suggested from virtual screening experiments, yields an
equipotent compound in PYR1 / PP2C inhibition assays . Bioisosteres of pyrabactin’s
sulfonamide moiety have recently been described: phosphonamide (11) and phosphonate
substitutions of the sulfonamide linker have yielded compounds with similar or stronger
effects than pyrabactin, however these analogs have not been characterized
biochemically . Pyrabactin’s napthyl ring can be replaced by a naptholactam moiety (12),
which can likely form a hydrogen bond to the conserved gate-latch water, however the
activity of 12 is reduced in comparison to pyrabactin. Other naptholactams that replace
the pyridyl ring with a tetrahydrofuranyl moiety (13) or an ethyl ester (14) display modest
in vitro activity ¢°. Arylsulfonamides related to pyrabactin have been described in the patent
literature as compounds for controlling abiotic stress tolerance , however pyrabactin’s
limited activity in vegetative ABA responses will likely need to be circumvented in order to
develop agriculturally useful agents from this scaffold. Nonetheless, pyrabactin has proven

a valuable probe molecule for both genetic and functional dissection of receptor function.
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Figure 5. Structures of pyrabactin and quinabactin analogs.

Given pyrabactin’s limitations, Okamoto et al. conducted small molecule screens
for compounds capable of activating multiple receptors (PYR1 - PYL4) using heterologous
yeast two hybrid reporter strains, which report agonist activity by the ligand-induced
physical interaction between receptors and PP2C 82061, This screening effort identified
guinabactin (2), a dihydroquinolinone sulfonamide that, like pyrabactin, contains two
aromatic rings separated by a sulfonamide-containing linker. Remarkably, quinabactin
(also named AM1) was independently isolated in a screen for small molecules that induce

PYR1-HAB1 binding using a direct biophysical assay °. Quinabactin possesses activity on
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PYR1, PYL1, PYL2, PYL3 and PYL5 in phosphatase inhibition assays, although its I1Cso
values for PYL3 and PYL5 are >10-fold higher than ABA’s #° Quinabactin also
preferentially activates tomato dimeric subfamily receptors®.

The biological effects of quinabactin are highly similar to those of ABA, despite its
inability to activate the full complement of ABA receptors. Quinabactin inhibits Arabidopsis
seed germination and induces a genome-wide ABA-like transcriptional response in
seedlings ®°. Quinabactin also induces guard cell closure and reduces transpiration in
multiple species and, like ABA, increases survival after extended water deficit in
Arabidopsis 8. Collectively, these observations demonstrate that a pan-agonist is not
necessary for controlling guard cell and other vegetative ABA responses.

Although guinabactin most strongly activates the dimeric subfamily of receptors,
it also weakly activates PYL5. Mutational analyses using a pyrl/pyl1/pyl2/pyl4 quadruple
mutant genotype have shown that PYL5 does not make a substantial contribution to
guinabactin action. The pyrl/pyll/pyl2/pyl4 quadruple mutant is ABA hyposensitive in
many assays, but still retains some ABA sensitivity due to redundancy between
receptors. For example, ABA-induced transcription of marker genes is reduced by only
~80% in the quadruple mutant strain. Subsequent genetic removal of PYL5 and PYLS8
strongly enhances the ABA insensitivity of the quadruple mutant, indicating that the
residual ABA-response in the quadruple is mediated by other PYL receptors 8%°, Unlike
ABA however, quinabactin does not induce a residual transcriptional response in the
quadruple mutant, which is also highly insensitive to quinabactin’s inhibition of seed
germination 8, Collectively, these data show that the dimeric receptors are targets that
can be used to chemically control transpiration, however the relative importance of

specific subfamily members is unclear. Quinabactin and pyrabactin differ in that
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pyrabactin is unable to activate PYL2. This could imply that PYL2 activation or co-
activation is important for quinabactin’s unique bioactivity. The development of agonists
with greater selectivity will help resolve this point. Additionally, the development of
agonists selective for the other subfamilies will help establish if the other receptor

subfamilies can be used to control transpiration.

Figure 6. The 3'-tunnel (A) and C6-cleft (B) are variable regions of the receptors’ ligand-binding
pockets. Amino acids that are variable between receptors are labeled with an asterisk. V163
andF159, which are also part of the C6-cleft have been omitted for clarity. Made from PDB 3QN1.

Shortening quinabactin’s N-alkyl chain from N-propyl to N-methyl substantially (15)
reduces in vitro activity °, which can be rationalized by reduced hydrophobic interactions
with the 3’-tunnel, a small hydrophobic pore directly above ABA’s 3’-carbon that forms
after gate closure (Figure 6a) . The importance of this region for modulating agonist
interactions is supported by the improved activity of ABA analogs (Figure 7) that expand
into this pocket. For example, a series of 3’-alkylsulfanyl ABA analogs (16 & 17) were

synthesized to probe this region ®. The analog AS2 (ethylsulfanyl-ABA, 16) possesses
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increased agonist activity both in vitro and in vivo and shows increased selectivity for the
dimeric subfamily receptors relative to ABA. AS2, like quinabactin, activates vegetative
ABA responses, which provides independent support for the conclusion that activating the
dimeric receptors is sufficient to reduce water use 4. The analog AS6 (hexylsulfanyl-ABA,
17), which has a sufficiently long carbon chain to protrude through the 3’-tunnel, blocks
PYR1-PP2C interactions and antagonizes endogenous ABA responses in multiple
species %4,

Manipulating hydrophobic interactions with the vicinity of the 3’-tunnel and gate is
likely to provide a general strategy for improving dimeric receptor agonist activity, as
hydrophobic expansion into the 3’-tunnel improves activity of other ABA analogs. For
example, bicyclic tetralone ABAs (18), which incorporate ABA’s 3’, 4’ and 7’ carbons into
a phenyl ring, have improved activity in vitro and in vivo 7-5°. Tetralone-ABA derivatives
with 11’-alkyl ether chains (19) that are predicted to extend into the 3’-tunnel gain favorable
activity with short alkyl chains (n=1), but sufficiently long alkyl-chains (n=4) yield
antagonists °. 7°-nor-ABA (20), which replaces the 7’-methyl with an H, which should
reduce hydrophobic interactions with the gate, has greatly reduced in vitro and in vivo
activity, indicating interactions in this region are necessary with the ABA scaffold "X. Thus,
modifications of ligands in positions proximal to the 3’ tunnel and gate can be used to
improve agonist activity or to engineer antagonists .

Gate closure creates a second pore above ABA’s 4’-carbonyl that enables a water
mediated contact between ABA’s ketone oxygen and the Trp lock that is located on the
PP2Cs. Quinabactin’s quinolinone carbonyl oxygen, which can be superimposed on
ABA’s cyclohexenone oxygen when comparing receptor-ligand complexes (Figure 2f),

participates in a water mediated contact to the Trp lock 8°. Quinabactin’s ability to H-bond
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to the Trp lock likely underlies its improved activity relative to pyrabactin, as pyrabactin
does not possess a hydrogen bond acceptor positioned to interact with the Trp lock.
Consistent with the general importance of this interaction, 4’-deoxo-ABA (21) displays
greatly reduced bioactivity "2,

Quinabactin’s 4-methylbenzyl methyl substituent occupies a small cleft that is
normally occupied by ABA’s C6-methyl (Figure 6b). An analog of quinabactin that
replaces the 4-methyl substituent with a hydrogen atom (22) has greatly reduced activity
in vitro and in vivo *"3, implying that hydrophobic contacts inside the cleft are critical for
activity. Consistent with this hypothesis, the ABA analog 6-nor-ABA (23), which converts
ABA’s C6 methyl to an H, also shows greatly reduced activity . These studies
demonstrate the importance of agonist interactions with the C6-cleft for activity. In
addition, three of the 6 residues that form the C6-cleft are variable between receptors
(Figures 4 & 6b), suggesting that the C6-cleft might be exploited for tuning agonist
selectivity.

Pyrabactin and quinabactin are both constructed from two aromatic ring systems
connected by a short sulfonamide linker and both compounds adopt a similar U-shaped
conformation (Figure 2) in the ligand binding pocket, positioning their hydrophobic rings
adjacent to the hydrophobic gate (3’-and 4’-tunnels) and C6-cleft, which normally contact
ABA’s hydrophobic cyclohexenone head group and its C6-methyl, respectively. The
sulfonamide linkage in both molecules is positioned towards the bottom of the ligand
binding pocket and interacts with residues that would normally contact ABA’s carboxylate
and ring hydroxyl. In both agonists, their sulfonamide NH forms a direct hydrogen bond to
E94 (E98 in PYL2), which normally participates in water-mediated H-bonds to ABA’s

carboxylate and ring hydroxyl groups. The pyrl-6 allele, which encodes E94K, disrupts
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this residue and possesses strong pyrabactin insensitivity in vivo, consistent with the
critical importance of this interaction to agonist activity 2°. Across published ABA
structures, ABA binding is stabilized by 4 water molecules that form an H-bond network,
guinabactin binding displaces 3 of these waters, which may contribute favorably to the

thermodynamics of quinabactin binding.

Stereoselectivity, ABA affinity and ABA Metabolism

S-(+)-ABA is the naturally occurring ABA, however some ABA receptors can
accommodate the R-(-)-isomer (24) if its ring rotates 180° 112628 R-(—)-ABA therefore
possesses varying degrees of bioactivity 4. The 180° rotation of the cyclohexenone ring
needed for (-)-ABA binding causes the 8’- and 9’-methyl substituents to occupy the space
normally occupied by ABA’s 7’-methyl. Not all receptors can accommodate (—)-ABA due
to sequence variation in residues homologous to 162 and 1110 in PYR1 (which also
influence pyrabactin sensitivity, as describped above) 6. For example, wild type
Arabidopsis PYL9 does not efficiently bind (—)-ABA, but PYL5 does. The PYL9 mutants
V66! and 1112V make their ligand binding pockets more PYL5-like and imbue partial R-(—
)-ABA responsiveness on the mutant receptors 28, In addition to stereoselectivity, ABA
receptors also display differences in their intrinsic ABA binding affinities due to variable
ligand-binding pocket architectures. For example, sequence variation in residues lining
the C6-cleft (Figure 6) orient ABA in the monomeric receptor PYL9 so that an additional
H-bond between ABA’s carboxylate and N169 can form. This H-bond is not observed in
dimeric receptor/ABA complexes and contributes to PYL9’s higher intrinsic ABA affinity 32,
These data further illustrate the impact of relatively subtle sequence variation between

receptors on agonist selectivity and affinity.
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Figure 7. Structures of ABA analogs.

Manipulation of endogenous ABA levels provides an alternate path to controlling
plant water relations. The concentration of free ABA is determined by rates of biosynthesis
and catabolism and perturbations of either can change ABA levels 2. ABA is catabolized
primarily by oxidation of its ring methyl groups and glucosylation of its carboxylate. The
CYP707A subfamily of cytochrome P450 enzymes catalyze the formation of 8’- and 9’-OH
ABA, which spontaneously cyclize to form phaseic acid (PA) and neo-phaseic acid
(neoPA) respectively 275, PA can be subsequently reduced to dihydroPA (DPA). The
major ABA metabolites are unlikely to activate ABA receptors in vivo as PA, neoPA,, 7’-

OH ABA, and ABA-glucoside display ICso values much lower than (+)-ABA when tested
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with representative members of each receptor subfamily 8. Alteration of the 8’-methyl
group to yield 8’,8-difluoroabscisic acid and 8’,8,8-trifluoroabscisic acid (25) yields
analogs that show delayed metabolism in vivo and increased bioactivity 7. Similarly,
alkynyl derivatives at the 8’ (26) and 9’ position have yielded CYP707A suicide inhibitors
that are of interest because they have more persistent biological effects than ABA 7’. Both
8'- and 9’-acetylene ABA analogs display agonist activity comparable to that of ABA in in
vitro PP2C assays with multiple receptors, but a bulkier 8’-cyclopropyl analog (27) shows

reduced activity 8 consistent with the limited space available adjacent to the 8'/9’ methyls.

Engineered Agrochemical Control of Transpiration

ABA agonists hold potential as future agrochemicals for controlling plant water
consumption and improving yield under drought conditions. A parallel strategy to gaining
agrochemical control is to engineer ABA receptors so that they can respond to an existing
agrochemical, a strategy based on orthogonal ligand / receptor systems, which have
enabled selective chemical control of diverse targets %8°. For example, several kinases
have been engineered to respond to kinase inhibitor analogs that are too bulky to inhibit
wild type kinases, but can inhibit mutant kinases with enlarged ATP-binding pockets .
The orthogonal / ligand receptor strategy has been widely employed in chemical biology
and used, for example, to engineer receptors activated by “near drugs”, inactive drug
metabolites and other agonist / antagonist relatives 81-84,

The orthogonal receptor/ligand design strategy commonly involves the
modification of existing ligands concomitant with mutations to their receptors, however
repurposing an existing agrochemical is a different task. To identifying suitable ligands,

Park et al. used site-saturation mutagenesis to create a collection of mutant PYR1
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receptors that contain all possible 475 single amino acid substitution mutations in the
receptor's 25 ligand-contacting residues %. This library of receptor variants was
constructed in combination with the PYR1-K59R mutation, which removes intrinsic ABA
responsiveness by disrupting a highly conserved H-bond to ABA’s carboxylate &85, Park
et al. screened a panel of commonly used non-herbicidal agrochemical for agonists of any
of the 475 receptors using the yeast-two hybrid assay described earlier. These screens
were conducted at high concentrations (100 puM) so that weakly interacting ligands could
be identified and subsequently optimized. Four weakly activating ligands were identified
and subsequent mutageneses and selections were utilized to improve the sensitivity of
each ligand-receptor pair identified. This process worked most successfully with
mandipropamid (28), sold as Revus™, which is used to control Phytophthora infestans
(late blight) in vegetable crops. Multiple rounds of mutagenesis and functional selections
yielded a hextuple mutant receptor, PYRIMANDI with nanomolar sensitivity to
mandipropamid. X-ray crystallographic data show that two key mutations that replace
bulky residues (F108A and F159L) are crucial for preventing steric clashes between
mandipropamid’s two O-propargyl substituents that would otherwise occur with the native
receptor, and that mandipropamid’s amide forms direct and water mediated H-bonds to
polar residues in the mutant’s binding pocket, functioning analogous to the interactions of
sulfonamides with wild type receptors®.

Constitutive expression of PYRIMAND! in transgenic Arabidopsis and tomato
enables mandipropamid triggered activation of multiple ABA responses, such as reduced
transpiration and genome-wide ABA-like transcriptional responses. Importantly,
overexpression of the mutant receptor, which does not possess intrinsic ABA

responsiveness, is not associated with growth defects or substantial alterations of basal
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transcriptomes in the absence of mandipropamid treatment. Mandipropamid applications
are able to improve Arabidopsis survival after water deficit with efficacy similar to that of
ABA, suggesting that mandipropamid could be used as an agrochemical agent to control
transpiration when used in combination with PYRIMAND! 8 Additionally, the data
demonstrate that selectively activating a single receptor (when expressed at high enough
levels) is sufficient to elicit guard cell closure and other important ABA responses. Thus,
although ABA normally co-activates multiple ABA receptors in vivo, co-activation is not a

prerequisite for ABA action.

Looking forward

Growing demands on the freshwater needs of agriculture, due to population growth
and increasing weather extremes, are motivating efforts to improve crop yields under
conditions of drought. Important improvements have already been achieved through
classical breeding and new transgenes, and these strategies will likely continue to deliver
improvements. Agrochemical modulators of stress tolerance and water use have the
advantage that they can, in principle, be used with any genotype across multiple species.
ABA receptors are validated targets and it is anticipated that agonists suitable for
agriculture can be developed from existing scaffolds. The isolation and characterization of
guinabactin has demonstrated the importance of dimeric ABA receptors as targets for
controlling transpiration, but our understanding of the underlying biological functions of the
multiple receptor subfamilies is still incomplete. Structure-activity relationships of ABA-
receptor agonists will facilitate agonist and antagonist design efforts, which will

undoubtedly help probe receptor function and facilitate agrochemical development efforts.
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Ultimately, field studies will be required to establish the efficacy of ABA agonists for
improving yield during drought.

The development of PYR1VANP! has demonstrated that an existing agrochemical
can be repurposed to control a defined trait (transpiration via the ABA response pathway).
The future of plant biotechnology will undoubtedly involve greater use of engineered
proteins and pathways to specifically modulate defined traits. Orthogonal control systems
using agrochemical ligands offer the advantage that the traits can remain silent in the

absence of chemical intervention.
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Figure legends

Figure 1. (a) Structures of S-(+) abscisic acid (1), quinabactin (2) and pyrabactin (3) (b) The gate-
latch-lock structural mechanism for ABA recognition and biochemical activation. The receptor is
depicted as a gray cartoon, ABA is depicted in a gray CPK model, and the PP2C is depicted as a
pink surface. c) Biochemical pathway downstream of activation of ABA receptors. d) The
physiological response of guard cell closure in the presence of ABA or other receptor agonists.

Figure 2. 3-D aligned structures of receptor-bound agonists. (a) ABA (3QN1), (b) quinabactin
(4LA7), (c) pyrabactin (3NMN), (d) R-(-)-ABA, and overlays of ABA with quinabactin (e) or
pyrabactin (f) The PDB accessions used for each ligand in parentheses.

Figure 3. Arabidopsis ABA receptor sub-families. The left panel shows a phylogeny of the
Arabidposis thaliana PYR/PYL/RCAR receptors and the right panel shows ICso values for
receptor-mediated inhibition of HAB1 by ABA, pyrabactin and quinabactin. (adapted from

reference 8). PYL13 has been omitted, but it is a member of the PYL5 subfamily.

Figure 4 . Variable amino acid residues within the ligand-binding pockets of Arabidopsis thaliana
PYR/PYL/RCAR receptors.

Figure 5. Structures of pyrabactin and quinabactin analogs.
Figure 6. The 3'-tunnel (A) and C6-cleft (B) are variable regions of the receptors’ ligand-binding
pockets. Amino acids that are variable between receptors are labeled with an asterisk. V163

andF159, which are also part of the C6-cleft have been omitted for clarity. Made from PDB 3QN1.

Figure 7. Structures of ABA analogs.
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