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Abstract

Changing environmental conditions and lessening fresh water supplies have sparked intense
interest in understanding and manipulating abscisic acid signaling, which controls adaptive
responses to drought and other abiotic stressors. We recently discovered a selective ABA agonist,
pyrabactin, and used it to discover its primary target PYR1, the founding member of the PYR/PYL
family of soluble ABA receptors. To understand pyrabactin's selectivity we have taken a
combined structural, chemical and genetic approach. We show that subtle differences between
receptor binding pockets control ligand orientation between productive and non-productive modes.
Non-productive binding occurs without gate closure and prevents receptor activation.
Observations in solution show that these orientations are in rapid equilibrium that can be shifted
by mutations to control maximal agonist activity. Our results provide a robust framework for the
design of new agonists and reveal a new mechanism for agonist selectivity.

Introduction

ABA biosynthesis is triggered in response to heat, cold, drought and other stressors1,2. Crop
plants engineered to have increased ABA sensitivity show improved yield under conditions
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of moderate drought3 and the direct application of ABA or ABA analogs to plants in the
field improves water use efficiency4. Synthetic ABA agonists that activate plant stress
tolerance pathways therefore have potential to provide new options for managing stress
tolerance and water use, which has important ramifications since ~70% of fresh water is
utilized for agriculture.

We recently discovered a synthetic ABA agonist called pyrabactin (Fig. 1a)5. Unlike ABA,
pyrabactin does not activate all ABA responses5. This unusual selectivity allowed the
identification of receptor mutants, because unlike ABA, the effects of pyrabactin in seeds
depend primarily on one protein, PYR1. While this selectivity was valuable for genetic
dissection of ABA signaling, it limits the usefulness of pyrabactin for controlling ABA
responses in vegetative tissues, which is an important new goal.

PYR1 is a member of the START-protein superfamily, a large and evolutionarily ancient
family of hydrophobic ligand-binding proteins6. START-proteins share a conserved “helix-
grip” fold that contains a central a-helix surrounded by a 7-stranded anti-parallel § sheet,
which form a central hydrophobic ligand-binding pocket. PYR/PYL proteins bind directly to
ABADS5,7-9 and function as allosteric switches that control ABA signaling by inhibiting type
2C protein phosphatases (PP2Cs). Recent structural studies9-13 have revealed that ABA
binds to PYR/PYL proteins within their conserved START-domain ligand-binding pockets,
which are flanked by two loops that have been named “gate” and “latch”13. ABA binding
induces closure of these loops, which seals ABA inside the ligand-binding pocket and
creates an interaction surface that enhances PP2C binding. ABA-bound PYR/PYL proteins
bind adjacent to the PP2C active site, which occludes substrate access and thus inhibits
enzymatic activity11-13. Here we focus on features of the ligand binding pocket that allow
pyrabactin to function selectively within the PYR/PYL family.

Pyrabactin binding closes the PYR1 gate and latch loops

To understand how pyrabactin functions as a PYR1 agonist, we compared ABA and
pyrabactin receptor complexes using both NMR and X-ray crystallography. Both ligands
perturb signals in the PYR1 1H-15N HSQC spectrum near the gate (8%SerGlyLeuProAla8®)
suggesting that pyrabactin mimics ABA by stabilizing the closed-gate configuration
observed previously (Supplementary Fig. 1). Because crystals of wild-type PYR1-
pyrabactin complex failed to diffract well enough for structural studies, we used PYR1
P88S, which binds both ABAS5 and pyrabactin (Supplementary Fig. 2), to solve the X-ray
structure of PYR1 P88S—pyrabactin to a resolution of 2.5 A (Table 1). Pyrabactin occupies
the ABA binding site within the hydrophobic pocket of PYR1 (Fig. 1b) in a unique compact
configuration that folds the pyridyl and naphthyl groups tightly, therefore allowing the gate
to pack against the bromine atom (Fig. 1c). Comparison of the PYR1 P88S—pyrabactin
structure with the PYR1-ABA structure (Fig. 1d)9 shows that the gate loop
(85SerGlyLeuProAla8®) adopts a closed arrangement in response to both ligands. Pyrabactin
binding also positions the backbone of the latch loop similarly, but with greater variability in
the side chain positions between the two PYR1 structures. As observed previously for ABA-
bound receptor structures, a complex network of polar and hydrophobic interactions
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facilitates pyrabactin's binding to PYR1. Pyrabactin's sulfonamide is positioned similarly to
ABA's carboxylate and hydrogen bonds to the amino group of K59. Both direct and water-
mediated contacts coordinated by E94 and E141 explain the necessity of these residues for
pyrabactin responsiveness in vivo as originally defined by mutational studies5 (Fig. 1e).
These results show that ABA and pyrabactin exploit similar contacts with PYR1 to elicit the
conformational changes in the gate and latch needed for receptor activation.

When bound to PYR1, the pyridyl and naphthyl rings of pyrabactin are packed against each
other at a ~60° angle. In order to satisfy this conformation, the pyridyl nitrogen must pack
close to the naphthyl ring (Fig. 1f), as its rotation would cause steric clash. In a previous
analysis of pyrabactin structure-activity relationships, any substitution involving the pyridyl
nitrogen led to a complete loss of activity in germination and hypocotyl growth assays,
while changes to the naphthyl group had only a modest effect5. Interestingly, the PYR1-
bound conformation of pyrabactin is energetically unfavorable for the inactive analog
apyrabactin, in which the replacement of the pyridyl N with a C—H is predicted by semi-
empirical quantum mechanical calculations to cause steric clash with the naphthyl group
(Fig. 1f). We suggest that this clash prevents apyrabactin from binding deeply enough in
PYR1's pocket to allow gate closure. Thus, differences in the accessible conformations of
these two ligands are sufficient to explain their differential effects on PYR1.

Pyrabactin binds to PYL2 in a non-productive mode

Our structure showed that pyrabactin, like ABA, triggers gate closure, but suggested no
obvious residues that might explain pyrabactin's selectivity. We reasoned that pyrabactin's
selectivity could reflect a lack of binding to non-responsive family members. To test this, we
used PYL2 as a representative model since it does not show strong pyrabactin
responsiveness in comparison to PYR15. In contrast to this expectation, NMR titration data
show that pyrabactin binds PYL2 (Fig. 2a) at comparable stoichiometry to PYRL1. This in
turn suggested that a non-productive binding interaction could explain the differential effects
of pyrabactin on PYR1 and PYL2. To investigate this, we solved the crystal structure of the
PYL2—pyrabactin complex to 1.9 A resolution (Table 1). As observed with PYR1,
pyrabactin's pyridyl ring packs against the aromatic ring of Tyr124, but in PYL2 it slides ~2
A away from the long C-terminal helix allowing the naphthyl group to rotate ~90° into the
space vacated by the pyridyl ring (Fig. 2b). Pyrabactin positions PYL2's latch in a similar
conformation to that observed in PYR1 (Fig. 2¢), though weak or missing electron density
for latch residues 117GEH!19 suggests that it may be partially disordered. Notably, the gate
remains open, with the central proline (Pro92) shifted 9 A away from its closed position
relative to the PYL2-ABA and PYR1—-pyrabactin complexes. Thus, pyrabactin binds within
the ABA-binding pocket of both PYR1 and PYL2, but does not elicit gate closure in PYL2
due to non-productive, incompletely buried ligand orientation (Supplementary Fig. 3).

During refinement of our PYL2-pyrabactin model, analysis of the electron density in
PYL2's ligand-binding pocket suggested that multiple pyrabactin conformations were
present. To probe these binding orientations more directly, we exploited the anomalous X-
ray scattering generated by pyrabactin's bromine atom to resolve multiple ligand
conformations (Table 1). The anomalous density map reveals two signals corresponding to
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the major orientation described above and a minor species representing a second
unproductive ligand orientation in a ~2:1 ratio. Relative to the major PYL2 binding mode,
the naphthyl ring revolves ~90° around the bromine-sulfur axis to pack against the aromatic
ring of Tyrl24 while the pyridyl ring rotates ~180° to pack against the naphthyl ring (Fig.
2d). This rearrangement moves the pyridyl nitrogen the greatest distance, ~5.5 A, when the
conformations are compared. Thus, the conclusion from these three X-ray data sets is that
PYR1 enables a specific and productive pyrabactin binding orientation, while PYL2
accommodates multiple non-productive orientations.

[le110 and lle62 position pyrabactin for agonist activity

Since the gate and latch loops are highly conserved and the PYR1 and PYL2 structures are
very similar, we reasoned that subtle sequence differences between the pockets of PYR1 and
PYL2 influence pyrabactin's binding orientations. To define the specific residues underlying
this behavior, we screened for PYR1 mutants that respond to ABA but not pyrabactin using
a mutagenized PYR1 library in a yeast based receptor assay5. Sequence analysis of mutants
that selectively block pyrabactin response identified a number of residues (Supplementary
Table 1 online). Some play no obvious role in pyrabactin selectivity since they are
conserved in responsive and non-responsive family members or are located far from the
ligand binding pocket (e.g. Lys170). We focused on the specific mutations 1110V and 162V
because they correspond to natural substitutions found in family members such as PYL2,
PYL3 and PYL4 that are non-responsive to pyrabactin. The side chains of both Ile110 and
11e62 project into the ligand—binding pockets of PYR/PYL proteins and make close contact
to pyrabactin. These observations suggested that natural variation at positions homologous
to 11e110 and 11e62 contribute to pyrabactin's selectivity. To test this, we constructed and
analyzed PYR1 162V, PYR1 1110V and PYR1 1110V 162V mutants; all mutants generated
retain ABA responsiveness (Fig. 3a), but achieve only partial PP2C interaction (Fig. 3b) or
inhibition (Fig. 3c) in response to saturating levels of pyrabactin. These results define 1le110
and 1le62 as key determinants of pyrabactin response and demonstrate that subtle changes in
pocket residues control agonist activity.

Interestingly, the PP2C-inhibition curves for these PYR1 selectivity mutants achieve
incomplete inhibition in response to saturating concentrations of pyrabactin (Fig. 3c),
suggesting that a mixture of active and inactive receptor populations is formed. To
interrogate the stability of these complexes in solution, we performed a comparative NMR
analysis of a monomeric PYR1 mutant (PYR1 L166R) and the equivalent set of pyrabactin
responsiveness mutants (PYR1 L166R 162V, PYR1 L166R 1110V, and PYR1 L166R 162V
1110V) in the presence of saturating pyrabactin concentrations. NMR titration experiments
indicated that PYR1 L166R binds ABA and pyrabactin with higher affinity than wild-type
PYR1, suggesting that ligand binding may compete with PYR1 self-association. PYR1
L166R also retains ABA-dependent PP2C binding in a yeast two-hybrid assay, indicating
that receptor function is not dependent on the dimer interface being intact.

An HSQC overlay of all four pyrabactin-saturated PYR1 L166R proteins shows a linear
pattern of H/1°N shift perturbations for multiple residues (Fig. 3d), which is a hallmark of
an equilibrium in which two conformations interconvert on microsecond-to-millisecond time
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scales14. The progression of HSQC signals for each PYR1-pyrabactin complex has the
appearance of a titration experiment, as if incorporation of each inactivating mutations
increases the relative abundance of a new conformational state. Since the alternative binding
mode observed in the PYL2-pyrabactin complex correlates with an “open' gate-latch
arrangement, we speculated that the loss of sidechain methyl groups at positions 62 and 110
in the PYR1 binding pocket would permit pyrabactin to sample similar non-productive
orientations. In the case of Gly112, a latch residue that does not contact pyrabactin, the
selectivity mutations progressively shift its HSQC signal toward the ligand-free “open’
chemical shift despite the presence of pyrabactin in the binding pocket. Strikingly, the
magnitude of the chemical shift for each mutant relative to wild-type PYR1 is directly
proportional to the residual PP2C activity observed at saturating pyrabactin concentrations
(Fig. 3e). Because residues in the pocket, gate and latch respond coordinately, we conclude
that the 1le62V and 1le110V mutations shift the ratio between the productive ligand
orientation observed in PYR1 P88S—pyrabactin and a non-productive orientation and that
these states interconvert rapidly in solution.

Pyrabactin shifts orientation in reciprocal PYL2 mutants

Since removal of a delta methyl group at either 11e62 or 11110 promotes non-productive
pyrabactin binding in PYR1, we reasoned that reciprocal mutations in PYL2 would have the
opposite effect. Indeed, when compared to wild-type PYL2, the PYL2 V671, PYL2 V114l
and PYL2 V671 V1141 mutants are increasingly pyrabactin-sensitive (Fig. 4a). Likewise,
maximal PP2C inhibition in response to pyrabactin levels rises significantly with the
addition of each delta methyl group into the binding pocket (Fig. 4b), but ABA responses
are not changed (Fig. 4c). To investigate the structural basis for this, we solved the PYL2
V114I-pyrabactin complex to 2.0 A resolution (Table 1). Relative to the ligand orientation
in the wild-type PYL2-pyrabactin structure (Fig. 4d), pyrabactin binds PYL2 V114l ina
single well-defined position resembling a productive ligand orientation in which the pyridyl
ring is stacked between the aromatic ring of Tyr124 and the naphthyl ring (Fig. 4e).
However, the gate remains in an open conformation with the central proline (Pro92) ~11 A
away from its closed position observed in the PYR1 P88S—pyrabactin structure (Fig. 4f).
PYL2 V1141 enables strong pyrabactin agonist activity, but like the reciprocal selectivity
mutants in PYRZ, it does not enable complete PP2C inhibition in response to pyrabactin,
which implies the formation of a mixed population of open and closed gate conformations.
We therefore suggest that the PYL2 V1141 crystal structure captures a non-productive state
in which pyrabactin sits ~1.5 A deeper in the PYL2 binding pocket than that observed in the
PYR1-pyrabactin structure. This subtle difference allows His119 to pack inside PYL2's
pocket and block gate closure. Irrespective of the explanation for its open gate, this structure
clearly reveals that the addition of a single delta methyl carbon in PYL2 V114l is sufficient
to shift pyrabactin's binding orientation. The inverse trends in PP2C binding and inhibition
for the PYR1 and PYL2 reciprocal mutants, the linear pattern of H/1°N shift perturbations
observed for the PYR1 mutants, and the changes in pyrabactin orientation observed
crystallographically in PYL2 and PYL2 V114l bolster our conclusion that removal of the
delta methyls from Ile110 and 1le62 alters the pyrabactin orientation in PYR1.
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Discussion

Methods

Our structural comparisons and mutational analysis of pyrabactin binding to the abscisic
acid receptors PYR1 and PYL2 has shown that subtle changes in the binding pockets of
PYR/PYL proteins control ligand orientation inside the pocket, and this is sufficient to
explain whether pyrabactin acts as an effective receptor agonist. One question this raises is
whether the natural variation in pocket-lining residues has functional relevance in vivo. One
possibility is that plants may contain endogenous signals that exploit this variability to
achieve selective receptor activation, a hypothesis we are currently investigating. We
initiated our studies anticipating that pocket variation would control pyrabactin binding,
however this is not the case. Our results are consistent with frequently observed promiscuity
of ligand-binding to START proteins and show that a key feature of agonist activity is not
receptor binding per se, but stabilization of gate closure. The implications of our work for
agonist design are important and we now have several tools with which to measure and
monitor effective gate closure. Additionally, we suggest that the chemical modification of
pyrabactin at sites designed to alter ligand orientation will enable agonist design for other
PYR/PYL receptors.

Protein expression and purification

PYR1 P88S, PYL2 and PYL2 V114l were expressed in E. coli and purified as previously
described for PYR15. Briefly, proteins were expressed in E. coli BL21(DE3), lysed using a
French press, and purified by IMAC chromatography. Since PYR/PYL proteins are dimers,
they pose inherent problems for NMR and initial analyses, and we have previously shown
that residues at the dimer interface are undetectable due to monomer-dimer exchangel3. We
therefore tested multiple mutations that we predicted would destabilize the dimer interface.
The most promising variant created, PYR1 L166R, elutes as a monomer in gel filtration
experiments and yields NMR spectra in which backbone chemical shifts for >90% of the
residues were assigned. Affinity tags were proteolytically removed and the proteins were
further purified by gel filtration chromatography. Proteins were concentrated to 20-30 mg
mL~1 in preparation for crystallization.

Crystallization

Conditions for PYR1 P88S crystallization in the presence of a 2-fold molar excess of
pyrabactin were identified using the UW192 screen developed by the Center for Eukaryotic
Structural Genomics, and the Hampton Index HT screen (Hampton Research, Aliso Viejo,
CA) at 4° and 20° C. Diffraction quality crystals were grown at 20° C in a sitting drop vapor
diffusion experiment from 2 M ammonium sulfate and 100 mM BisTris, pH 5.5. Crystals
were transferred to Fomblin 06/6 and excess crystallization solution was mechanically
removed from the crystals. Crystals were frozen directly in liquid nitrogen.

PYL2 crystallization conditions in the presence of a 2.5-fold molar excess of pyrabactin
were identified using screens described above at 20° C. Diffraction quality crystals were
grown at 20° C in a hanging drop vapor diffusion experiment from 180 mM magnesium
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acetate, 16% (w/v) PEG-8000, and 100 mM sodium cacodylate, pH 6.5. PYL2 V1141
crystals were grown at 20° C in a hanging drop vapor diffusion experiment from 220 mM
ammonium citrate, and 19.5% (v/v) PEG-3350. Crystals were transferred to well solution
containing 20% (v/v) glycerol prior to freezing in liquid nitrogen.

Data collection and structure determination

X-ray diffraction data were gathered for single crystals at the 21-1D-D and 21-ID-G
beamlines of the Advanced Photon Source at Argonne National Laboratories. Data
collection wavelengths for pyrabactin complexes with PYR1 P88S and the PYL2's were
1.0781 and 0.97856, respectively. The anomalous Br data for each of the PYL2 complexes
was collected at 0.92017 A. All data was collected at 100 K. The PYR1 P88S -pyrabactin,
PYL2-pyrabactin and PYL2 V114l -pyrabactin complexes diffracted to 2.47, 1.89, and
1.95A, respectively. The observed reflections were indexed, integrated and internally scaled
using HKL200015. Molecular replacement was utilized to evaluate the initial phases using
PYL1 (PDB code 3JRS, subunit A11) and PYL2 (PDB code 3KB013) as the search models
for PYR1 P88S -pyrabactin and PY L2-pyrabactin, respectively. Our completed PYL2-
pyrabactin structure served as the search model for the PYL2 V1141 -pyrabactin complex.
Phenix.AutoMR16-18 solved the initial phases and automatically built in the majority of the
amino acid residues for each of the complexes. Models were completed through successive
rounds of manual model building with Coot19 and refinement with phenix.refine using TLS
and individual atomic displacement parameters. Selection of TLS groups was facilitated
using the TLSMD web server (http://skuld.bmsc.washington.edu/~tlsmd/)20,21. Pyrabactin
was modeled using Monomer Library Sketcher from the CCP4 software package. Geometry
of the final structural model was validated with Molprobity22 and Procheck23. The steric
clashes within pyrabactin and apyrabactin in the bound state were examined using AM1
within the phenix.elbow package24. Ramachandran statistics were 93.1 and 6.9, 97.5 and
2.5, and 97.2 and 2.8 for the favored and additionally allowed regions of the Ramachandran
plot for the PYR1 P88S —pyrabactin, PYL2-pyrabactin, and PYL2 V114l -pyrabactin
complexes, respectively. PyMOL was used to generate all structure images.

NMR spectroscopy

PYR1, PYR1 L166R, PYR1 162V L166R, PYR1 1110V L166R, PYR1 162V 1110V L166R
and PYL2 proteins for NMR were expressed in E. coli and purified as described
previously5. PYR1-pyrabactin complexes were obtained by addition of a two-fold excess of
pyrabactin to the purified protein. NMR experiments were performed at 37 °C on a Bruker
Avance 111 500MHz or Avance 600MHz spectrometer equipped with a5 mm TCI
CryoProbe. Backbone 1H, 1°N and 13C chemical shifts of PYR1 L166R-ABA were
obtained using automated assignment software as described previously5 and transferred to
the pyrabactin complexes by inspection.

Isolation of Pyrabactin Non-Responsive mutants

To identify PYR1 residues selectively involved in pyrabactin responsiveness, the coding
sequence for PYR1 was mutated by error-prone PCR and cloned into the yeast two hybrid
vector pBD, yielding a library of ~70,000 mutants. This library was amplified in E. coli and
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then transformed into S. cerevisiae strain MAV99 containing pAD-HAB1. MAV9925 is a
reverse two hybrid strain that contains a gal4: :URA3 reporter; growth of this strain in the
absence of added uracil enables positive selection for protein-protein interactions, whereas
growth on FOA (which is metabolized by URA3 to a toxic metabolite) allows selection
against interactions. A pool of pyrabactin non-responsive (PyrA™) PYR1 mutants was
identified by growth of the mutant library on 0.15% FOA and 10 uM pyrabactin. To
subsequently remove non-functional mutants, the pool of PyrA~ mutants were grown on
media containing 5uM ABA, but lacking added uracil. The coding sequences for 49 ABA™,
PyrA~ colonies were determined using PCR products. To confirm the importance of specific
residues identified by this analysis, defined mutations were introduced into PYR1 or PYL2
using the QuickChange site directed mutagenesis protocol, using pBD-PYR1 or pBD-PYL2
as templates. The mutated clones were sequence validated and transformed into a pAD-
HABL1 expressing yeast two hybrid reporter, as previously described5. To characterize the
mutant receptor proteins in in vitro PP2C assays, the mutants were cloned into pET28 to
create 6X-HIS recombinant proteins, which were expressed and purified as described
previously. PP2C assays were run using pNPP as the phosphatase substrate and 600 nM
HABL1 and the appropriate PYR/PYL protein, as described previously13.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pyrabactin binds the ABA-binding pocket of PYR1 and induces gate closure. (a) Chemical

structures of abscisic acid and pyrabactin. (b) Structures of PYR1 P88S—pyrabactin (cyan)
and PYR1-ABA10 (violet) contain ligands bound in the conserved START domain binding
pocket. Close-up views in the same orientation as (&) and (b) illustrating the orientation of
(c) pyrabactin and (d) ABA in the PYR1 binding pocket. The pyridyl ring packs against the
aromatic side chain of Y120 and the naphthyl group of pyrabactin. Contacts with the
bromine atom and napthy! group of pyrabactin stabilize the gate in the closed conformation,
as indicated by the location of the conserved proline in the SerGlyLeuProAla gate. (€) The
sulfonamide linkage forms polar contacts in the base of the binding pocket and functions
analogously to ABA's carboxylate group. (f) Based on AML1 calculations, packing
interactions between the pyridyl ring and naphthyl group in the conformation adopted by
pyrabactin when bound to PYR1 would result in steric clash (magenta) in apyrabactin.
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Figure 2.
Crystal structure of the PYL2-pyrabactin complex. (a) 1H-1°N HSQC spectra of PYL2 (500

uM) in the absence (cyan) and presence (orange) of pyrabactin (750 uM) demonstrates that
pyrabactin is a PYL2 ligand. Pyrabactin saturation was observed at 1:1 stoichiometry
demonstrating that PYL2 does not have a defect in pyrabactin binding. (b) Pyrabactin
occupies the PYL2 binding pocket in different orientation than observed in (c) the PYR1
P88S—pyrabactin structure. While the latch conformation is similar, the gate loop remains in
an open conformation due to the loss of stabilizing contacts with the pyrabactin naphthyl
group and bromine atom. The position of the conserved proline in the SerGlyLeuProAla
gate is indicated by a green (PYL2) or blue (PYR1 P88S) sphere. (d) Electron density from
anomalous bromine scattering (magenta) identifies two binding modes for pyrabactin in a
2:1 ratio. The sidechain for Tyr124 is shown.
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Figure 3.
Genetic Identification of Pyrabactin Selectivity Determinants. (a) Yeast two hybrid

screening for PYR1 mutants that become unresponsive to pyrabactin but retain ABA
receptor activity identified 162V and 1110V. Both substitutions, which correspond to amino
acids in the pyrabactin-insensitive PYL2 receptor (Val67 and Val114), reduce pyrabactin-
dependent PYR1-HAB1 binding and the PYR1 162V 1110V double mutant reflects the
additive nature of the individual mutations. (b) In vitro PP2C assays conducted using ABA
as the agonist show no adverse effects from the mutations on receptor activity. (c) Receptor
mediated PP2C inhibition assays were used to further characterize effects of the swap
mutations on pyrabactin responsiveness. Error bars in panels (b) and (c) represents standard
deviations. (d) HSQC peak positions for pyrabactin-saturated PYR1 L166R (blue), PYR1
162V L166R (magenta), PYR1 1110V L166R (orange), or PYR1 162V 1110V L166R (cyan)
show a linear progression of shifts toward the ligand-free spectrum (gray), consistent with
mutations shifting a two-state conformational equilibrium toward the inactive conformation.
(e) Shifts in the HSQC peak positions for residues around the ligand binding pocket and
PP2C binding loops vary linearly with the change in maximal PP2C inhibition at saturating
concentrations of pyrabactin. The HSQC experiments in panels (d) and (e) utilize PYR1
L166R as a reference molecule; this is a functional monomeric PYR1 variant that was
created for NMR analysis to provide more complete residue coverage in comparison to wild
type (dimeric) PYR1.
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Ligand orientation polymorphisms underlie selectivity. (a) Yeast two hybrid measurement
of PYL2 responsiveness to pyrabactin using wild type PYL2, or the selectivity mutants
shown. PP2C enzymatic activity assays conducted using PYL2 or the mutants shown in
response to (b) pyrabactin or (c) ABA. Enzymatic assays were conducted using 600 nM
receptor and PP2C (HABL), as described in the experimental methods. Error bars in panels
(b) and (c) represents standard deviations. Orientations of bound pyrabactin relative to the
selectivity determining residues are shown for (d) PYL2, (e) PYL2 V114l and (f) PYR1
P88S. The conformation of pyrabactin is different in all three states, as is the response of the
critical protein loops and their resulting ability to inhibit the PPC2 phosphatase.
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PY R1P88S: pyrabactin (refinement)

PYL 2:pyrabactin (refinement)

PYL 2:pyrabactin

PYL 2V114L:pyrabactin (refinement)

(Anomalous Br
data)
Data collection
Space group P6,22 C222, C222, P6,22
Cell dimensions
ab,.c(A) 60.3, 60.3, 527.6 62.5, 105.2, 187.2 62.4,104.9, 186.3 61.8, 61.8, 220.0
a,B,y (%) 90, 90, 120 90, 90, 90 90, 90, 90 90, 90, 120
Resolution (&) 50-2.47(2.51-2.47) 50-1.89(1.92-1.89) 45-2.05(2.09-2.05)  40-1.95(1.98-1.95)
R merge 0.086(0.458) 0.073(0.468) 0.082(0.357) 0.068(0.619)
I/ol 13.6(2.4) 23.8(2.0) 34.9(5.1) 41.5(1.7)
Completeness (%)  95.3(93.1) 97.1(71.4) 100.0(99.7) 98.6(82.9)
Redundancy 5.4(4.4) 7.2(3.6) 14.2(9.8) 16.3(6.0)
Refinement

Resolution (A)

No. reflections

Ruork / Riree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

32.0-2.47(2.54-2.47)
19,707

0.226/0.265

4,301

4,156

77

68

55.2
59.3
48.2

0.026
1.57

29.7-1.89(1.94-1.89)
46,723

0.178/0.205

4,886

4,282

284

320

39.1
59.9
41.8

0.010
1.18

30.5-1.89(2.00-1.95)
18,358

0.195/0.217

1,668

1,506

49

113

39.3
38.8
41.3

0.017
1.26

Values in parentheses are for highest-resolution shell. A single crystal was used for each structure determination.
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