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Pyrabactin resistance (PYR) 1 and its relatives belong to a family of
soluble abscisic acid (ABA) receptors that inhibit type 2C protein
phosphatases (PP2C) when in their agonist-stabilized conforma-
tion. Given their switch-like properties, we envisioned that
mutations that stabilize their agonist-bound conformation could
be used to activate signaling in vivo. To identify such mutations,
we subjected PYR1 to site-saturation mutagenesis at 39 highly
conserved residues that participate in ABA or PP2C contacts. All
741 possible single amino acid substitutions at these sites were
tested to identify variants that increase basal PYR1-PP2C inter-
actions, which uncovered activating mutations in 10 residues that
preferentially cluster in PYR1’s gate loop and C-terminal helix. The
mutations cause measurable but incomplete receptor activation
in vitro; however, specific triple and quadruple mutant combina-
tions were constructed that promote an agonist-bound conforma-
tion, as measured by heteronuclear single quantum coherence
NMR, and lead to full receptor activation. Moreover, these muta-
tions retain functionality when introduced into divergent family
members, and can therefore be used to dissect individual receptor
function in vivo, which has been problematic because of redun-
dancy and family size. Expression of activated PYL2 in Arabidopsis
seeds activates ABA signaling by a number of measures: modula-
tion of ABA-regulated gene expression, induction of hy-
perdormancy, and suppression of ABA deficiency phenotypes in
the aba2-1 mutant. Our results set the stage for systematic gain-
of-function studies of PYR1 and related ABA receptors and reveal
that, despite the large number of receptors, activation of a single
receptor is sufficient to activate signaling in planta.

constitutively active receptor | pyrabactin resistance 1-like | regulatory
component of abscisic acid receptor | stAR-related lipid transfer domain |
seed dormancy

t has recently been discovered that the plant stress hormone

abscisic acid (ABA) elicits many of its cellular responses by
binding to a soluble family of receptors called pyrabactin re-
sistance (PYR) 1/PYRI-like (PYL)/regulatory component of
ABA receptor (RCAR) proteins (1-3), which belong to the large
stAR-related lipid transfer domain (START) superfamily of li-
gand-binding proteins (4, 5). When agonists bind to these
receptors, contacts between a mobile gate loop and agonist sta-
bilize gate closure, which allows the receptors to dock into and
inhibit the active site of clade A type 2C protein phosphatases
(PP2Cs) (1, 6-12), which are negative regulators of ABA sig-
naling. The resulting inhibition, in turn, allows activation of
downstream SNF1-related kinase 2 (SnRK2) family members
(13, 14), which regulate transcription factors, ion channels, and
other proteins involved in ABA responses (recently reviewed in
15-17). Thus, PYR1 and related ABA receptors are molecular
switches that function at the apex of a signaling cascade that
regulates diverse ABA responses.
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In addition to the important role that gate closure plays in re-
ceptor activation, other structural rearrangements are critical. For
example, PYR1, PYL1, and PYL2 are homodimers in the absence
of agonist (6, 7, 18) but bind to PP2Cs as monomers after ABA
perception (8, 15, 17). The homodimer interface of these receptors
overlaps with the PP2C interaction interface; as a consequence,
the apo-receptor is blocked from binding PP2Cs and an ABA-
promoted dimer-disruption step is necessary for activation of di-
meric receptors (6, 18). Additionally, a tryptophan lock residue is
located on a conserved loop in clade A PP2Cs; this residue inserts
into a small pore on agonist-bound receptors and stabilizes the
receptor-PP2C complex (6, §, 9, 11, 12, 19).

The receptor family can be classified into different subtypes
on the basis of sequence similarity, ABA sensitivity, oligomeric
state, and basal activation level. PYR1, PYL1, and PYL2 are
dimeric in solution, display low basal activity and require higher
concentrations of ABA to elicit PP2C inhibition in comparison
to monomeric PYLs because part of the energy released by ABA
binding is diverted towards dimer disruption (20, 21). Ten of the
14 Arabidopsis family members (all except PYL7 and PYL11-
PYL13) have been characterized in vitro; of these, PYL6 and
PYL10 display substantially higher basal activity in comparison
to other receptors (11, 21). The high basal activity of PYL10 is
attributable, in part, to sequence differences in its gate that allow
it to dock into a PP2C in its apo-state (21); however, the full
sequence determinants of its high basal activity remain un-
resolved and incorporating PYL10’s unique gate sequence into
the low basal-activity receptor PYL2 only partially increases its
basal activity (21). More importantly, however, the in vivo sig-
nificance of the biochemical differences among receptors
remains unclear, and, to date, a clear single-gene loss-of-function
phenotype has only been observed in pyrl mutants, which are
insensitive to the selective ABA agonist pyrabactin. Moreover,
a quadruple receptor mutant (pyrl/pyll/pyl2/pyl4), which is de-
ficient in the three dimeric receptors, is compromised in many
aspects of ABA signaling (1), providing additional evidence that
dimeric receptors are important to signaling despite their lower
ABA sensitivity relative to monomeric receptors.

Both functional redundancy and the large size of the receptor
family present challenges to developing a complete understanding

Author contributions: A.M., F.C.P., B.F.V., and S.R.C. designed research; A.M., F.C.P., and
J.L.-J. performed research; S.-Y.P. contributed new reagents/analytic tools; A.M., F.C.P.,
B.F.V., and S.R.C. analyzed data; and A.M., F.C.P.,, B.F.V., and S.R.C. wrote the paper.

Conflict of interest statement: S.R.C. receives research funding from Syngenta Corpora-
tion for his laboratory’s work on abscisic acid receptors, and A.M. and S.R.C. have filed
a provisional patent application of the receptor variants described in this report.

This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.
To whom correspondence should be addressed. E-mail: sean.cutler@ucr.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1112838108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1112838108


mailto:sean.cutler@ucr.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1112838108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1112838108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1112838108

L T

z

1\

BN AS  DNAS P

of receptor function. One strategy to dealing with these issues is to
activate individual receptor members selectively by chemical or
genetic means and assess the functional consequences of these
perturbations. Here, we describe mutations that can be used to
create fully activated monomeric and dimeric class receptors and
show that selective activation of PYL2 is sufficient to activate
ABA signaling in planta to a degree that suppresses phenotypes
observed in the strong ABA auxotroph aba2-1; thus, activation of
a single family member is sufficient to activate signaling in vivo.
Our results set the stage for systematic gain-of-function dissection
of ABA receptor function.

Results

Site-Saturation Mutagenesis of PYR1. PYR1 and related dimeric
receptors do not substantially inhibit PP2C activity in the absence
of ABA when tested at equimolar PP2C/receptor ratios, which is
a consequence of their requirement for ABA to adopt a PP2C-
binding conformation. In principle, receptor mutations that allow
high-affinity binding of PP2Cs in the absence of agonist should
activate the ABA signaling pathway in an ABA-independent
fashion and create constitutively active (CA) receptors.

Given the value of CA receptors for gain-of-function studies, we
set out to define sites systematically that can be mutated to im-
prove interactions between receptors and PP2Cs. We conducted
site-saturation mutagenesis on residues in PYR1 that normally
contact ABA or PP2Cs, reasoning that specific mutations in these
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regions could mimic the effects of agonist occupancy. Thirty-nine
residues within 5 A of ABA, four water-molecules that contact
ABA, or the PP2C HABI (Fig. 14) were identified using PYR1
structure coordinates (7, 18, 19), and all possible 741 single amino
acid substitutions at these sites were constructed by site-directed
mutagenesis. We next examined the effect of each mutation on the
PYR1-HABI interaction using a yeast two-hybrid assay; this
revealed that 29 mutations, located in 10 different residues, in-
creased PYR1-HABI interactions in the absence of ABA (Fig. 1B
and Table S1). These activating mutations preferentially cluster in
PYR1’s mobile gate loop (V83, 184, L87, A89) and its C-terminal
helix (M158, F159, T162, L166, K170), which participates in PP2C
contacts and receptor homodimerization. Additionally, the resi-
due H60, which resides on a loop adjacent to the C-terminal helix
and contacts PP2Cs, is a hotspot for activating mutations, because
9 of the 19 H60 mutations increase PYR1’s basal PP2C interaction
level (Fig. 1B).

To ascertain if the yeast assay successfully identified bona fide
activating mutations, representative mutants selected from the
eight strongest activating sites were expressed as 6x His fusion
proteins in Escherichia coli and then used in in vitro PP2C assays.
All eight mutant receptors tested increased PYR1’s basal activity
in comparison to wild-type PYR1 (Fig. S1 and Table S2), dem-
onstrating that our mutagenesis strategy successfully defined true
activating mutations. By definition, a fully CA PYRI1 receptor
should inhibit PP2C activity to the same level as that observed
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Fig. 1. Site-saturation mutagenesis of PYR1 identifies partial activation mutants. (A) Sites selected for saturation mutagenesis. Thirty-nine residues involved in

agonist (LIG) or PP2C (PPI) contacts were selected based on structure coordinates and subjected to site-saturation mutagenesis creating 741 PYR1 mutants; the
alignment shows the identity and amino acid numbering of homologous residues in all Arabidopsis PYLs, as well as maize and physcomitrella PYR1 homologs. (B)
Activating mutations identified by site-saturation mutagenesis. Of the 741 mutants constructed, 29 promoted interactions with HAB1 in the absence of ABA as
measured using an established yeast two-hybrid assay; the locations of activating mutations are mapped onto PYR1-ABA-HAB1 coordinates (19). The front view to
the left shows the gate residues (red), and the opposite side to the right shows the C-terminal helix residues (green); H60 is shown in cyan. Inset are images of X-Gal-
stained yeast colonies for the subset of PYR1 mutants that bind HAB1 in the absence of ABA. For reference, the wild-type PYR1-HAB1 interaction in the yeast two-
hybrid assay is shown in the presence and absence of 10 pM ABA. The purple balls represent active site magnesium ions.
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Fig. 2. Combining partial activation mutants leads to CA PYR1. Triple and quadruple combinations of partial activation mutants were made as described in
the text (a complete list of all mutants characterized is provided in Table 52). Recombinant 6x His-PYR1, PYR1*%, PYR1“, and PYR1“*“% were expressed in E.
coli, purified, and used in PP2C assays with GST-HAB1. Reactions contain 600 nM GST-HAB1 and varying concentrations of receptor (0, 600-, 1,200-, 2,400-, or
4,800-nM receptor). PP2C activity is expressed as percentage of control (i.e., activity of PP2C in the absence of receptor and ABA but otherwise identical
reaction conditions). (Left) Graphs plot average values from three technical replicates, and error bars show 1 SD. To enable comparison between a mutant
protein’s activation level and the degree of activation elicited by ABA on wild-type receptor, each graph shows wild-type PYR1 reactions run with either 0 pM
(blue) or 10 uM (red) ABA; mutant proteins are shown in green and were assayed in the absence of ABA. The wild-type controls shown for CA3 and CA4 are
the same data separated for image clarity. (Right) Locations of the specific mutations in each CA receptor mapped onto the crystal structure of PYR1-ABA-
HAB1 (19). The side chains for residues mutated are shown in stick form; red corresponds to gate-, green to C-terminal helix-, and cyan to H60-located

mutations.

for ABA-saturated wild-type receptor. None of our single mu-
tants mimic the activation levels observed for WT at ABA sat-
uration, demonstrating that the single mutants only partially
activate PYR1. We note that, to date, full CA mutants have not
been described for any ABA receptor and that PYL6 and
PYL10, which have high basal activities (11, 21), are not full CA
receptors either (Fig. S2 and Table S2).

Combining Activating Mutations Leads to Full CA Receptors. Acti-
vation of PYRI1 is accompanied by gate closure and homodimer
disruption, both of which are necessary for stable PP2C binding.
We reasoned that combinations of mutations in the gate, C-
terminal helix, and H60 might enhance basal activation further
than that observed in the single mutants. We therefore con-
structed a series of double mutants, but these failed to enhance
receptor activation substantially above that seen with single
mutants (Table S2). However, when triple and quadruple com-
binations of gate and helix mutations were constructed, we
obtained four different PYRI1 variants with activation levels
nearly indistinguishable from ABA-saturated wild-type PYR1
(Fig. 2, Fig. S3, and Table S2). We subsequently focused efforts
on characterizing two mutants, CA3 and CA4, in further detail.
Importantly, the PYR1“*® and PYR1““* receptors inhibit mul-

20840 | www.pnas.org/cgi/doi/10.1073/pnas.1112838108

tiple clade A PP2Cs (Fig. 3 and Table S2) in vitro. To determine
if the CA3 and CA4 mutations work in the context of other re-
ceptor backbones, we introduced homologous substitutions into
PYL2 and PYL9, generating PYL23, PYL2*, and PYL9“A*
variants; these receptors are highly activated in the absence of
ABA and inhibit multiple clade A PP2Cs (Fig. 3). Thus, com-
bining a small number of specific partially activating mutations
enables full activation of diverse receptors, despite only 55% and
49% amino acid sequence identity between PYL2-PYR1 and
PYL9-PYRI, resli)ectively.

Using 2D '"H-""N heteronuclear single quantum coherence
(HSQC) NMR spectroscopy, we have previously shown that
PYRI exists in a two-state conformational equilibrium that is
shifted to one conformation on agonist binding (1, 9, 10). HSQC
NMR therefore provides a powerful method with which to probe
ABA-mediated conformational dynamics. Given the locations of
the CA mutations in the gate and helix, we envisioned that they
might stabilize receptors in a conformation resemblinsg the ago-
nist-bound state. To examine this, we prepared °N-labeled
PYR1, PYR1“*?, and PYR1“** receptors and compared the
HSQC signal perturbations induced by ABA binding to wild-type
PYR1 with those induced by the CA3 and CA4 receptor muta-
tions, focusing on the responses of residues distant from mutation

Mosquna et al.
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Fig. 3. CA3 and CA4 mutations function in the context of other receptor backbones and stabilize the ABA-bound conformation of PYR1. (A) CA3 and CA4
mutations activate diverse receptors. The CA3 and CA4 mutations were introduced into homologous positions in PYL2 and PYL9, and recombinant receptors
were assayed for activity on GST-HAB1, 6x His-Sumo-ABI1, and 6x His-Sumo-ABI2. Reactions contain 600 nM PP2C and varying concentrations of receptor (0,
600-, 1,200-, 2,400-, or 4,800-nM receptor). PP2C activity is expressed as percentage of control (i.e., activity of PP2C in the absence of receptor and ABA); each
graph shows wild-type receptors in reactions run with either 0 pM (blue) or 10 uM (red) ABA. The graphs show average values from three technical replicates,
and error bars show 1 SD. (B) HSQC NMR shows that PYR1“*® and PYR1“* adopt an ABA-bound receptor conformation. 'H-">N HSQC spectra of apo-PYR1
(cyan), ABA-bound PYR1 (red), PYR1“? (green), and PYR1“* (purple) show the progressive shift of PYR1““* and PYR1“* toward a conformation resembling
the ABA-bound state. Each box shows the peak of a single residue excised from a complete HSQC spectrum.

sites. A subset of clearly resolved residues outside the ABA
binding pocket and distal from the mutation sites was perturbed
in a similar manner when the HSQCs of ABA-bound PYRI,
PYR1“*?, and PYR1“** are compared with that of apo-PYR1
(Fig. 3B). Further, the PYR1“*? and PYR1“** HSQCs reveal
that the equilibrium of CA4 is shifted toward the ABA-like
conformation more so than that of CA3, which is consistent with
the enhanced activity of PYR1“*. We note that HSQC meas-
urements were made in the absence of a PP2C, which indicates
that a PP2C is not necessary to promote the ABA-induced
conformation of CA3 and CA4 receptors. Thus, the CA3 and
CA4 mutations partially mimic the effects of ABA occupancy
observed for wild-type PYRI.

In Planta Activation of ABA Signaling by CA Receptors. To examine if
activating mutations can increase ABA signaling above basal
levels in vivo, we attempted to make transgenic plants expressing
35S-driven GFP-tagged constructs for PYL2, PYL2“ or
PYL2“‘* in the wild-type Columbia or aba2-I mutant back-
ground, reasoning that if CA receptors function as expected
in vivo, they should activate ABA responses in WT and suppress
the effects of ABA depletion in the aba2 mutant. PYL2 and its
CA mutants were chosen as a first test case for in planta
experiments because the CA mutations in this backbone are
slightly stronger relative to the homologous mutations in PYR1
(Fig. 3 and Table S2). We note that when tested at 1:1 stoichi-
ometry in vitro, PYL2?® and PYL2“** reduce HAB1’s PP2C
activity to 10.5 + 0.5% and 6.3 + 0.5% that of control levels,
respectively, and that at saturating ABA concentrations, wild-
type PYL2 reduces HAB1’s PP2C activity to 4.1 + 0.1% (Table
S2). We were unable to obtain 35S::GFP-PYL2'* transgenic
lines; however, several single-insert homozygous 35S::GFP-PYL2
and 358::GFP-PYL2“* lines were obtained. We speculate that
our inability to obtain 35S::GFP-PYL2** transgenic lines may
be a consequence of the greater constitutive activity of the CA4
receptor relative to CA3 (Fig. 3 and Table S2); however, we
cannot rule out other more trivial explanations. Interestingly, all
358::GFP-PYL2“" transgenics display strong GFP expression in

Mosquna et al.

developing, mature, and imbibed seeds but undetectable GFP in
shoot tissue postgermination, despite expression from the strong
35S promoter; this restricted expression pattern was not ob-
served with wild-type 35S::GFP-PYL2 transgenics (Fig. S4). Ex-
amination of GFP-PYL2“*? transcript and protein levels in
seeds and mature leaf tissues of transgenic plants shows that
despite comparable mRNA expression levels, GFP-PYL2"?
protein is only detectable in seeds (Fig. S4). Thus, a post-
transcriptional mechanism limits expression of GFP-PYL2"?
protein but not GFP-PYL2 protein in vegetative tissues. This
observation hints at a mechanism that may reduce levels of
activated receptor proteins, which is intriguing in light of the
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Fig. 4. Overexpression of PYL2“? induces seed hyperdormancy. Seeds of

the wild-type Columbia (Col), 355::GFP-PYL2, or two independent 35S::GFP-
PYL2*3 lines were either stratified for 6 d at 4 °C or unistratified; their
germination, indicated by radical emergence, was then monitored at 24-h
intervals postimbibition. Graphs plot the averages of values from three bi-
ological replicates, and error bars show 1 SD. (Upper Right) Representative
images at 48 h postimbibition for Columbia, 35S::GFP-PYL2, or two in-
dependent 355::GFP-PYL2? (line 1) lines.
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rapid transcriptional down-regulation of multiple ABA receptor
mRNAs after ABA treatment of seedlings (22, 23).

Given the restricted expression pattern of 35S::GFP-PYL2",
we investigated the effects of the 355::GFP-PYL2* transgene
on seed ABA responses. ABA plays a major role in seed biology
and controls seed dormancy, which is induced during embryo-
genesis, and abiotic stress responses during germination (24). It
is well established that mutants with increased ABA sensitivity
have higher seed dormancy; for example, the enhanced response
to abal (eral) mutation shows a stratification requirement for
germination (25). We therefore compared the seed dormancy
of wild-type Columbia, 355::GFP-PYL2, and 35S::GFP-PYL2"
genotypes. As shown in Fig. 4, in the wild-type Columbia back-
ground, overexpression of PYL2*® induces a state of hyper-
dormancy, as indicated by the strong stratification-dependent
germination of two independent CA3 lines. Thus, overexpression
of GFP-PYL2“*? activates the ABA-regulated seed dormancy
pathway in wild-type plants. We note that overexpression of wild-
type GFP-PYL2 also increased seed dormancy but to a much
lesser extent than the CA3 receptor (Fig. 4).

To investigate seed ABA responses further, we examined
ABA-regulated gene expression for the ABA markers LEA,
RD29b, and Em6 using quantitative RT-PCR analyses of the
same genotypes characterized above. As shown in Fig. S5, im-
bibed seeds of two independent CA transgenic lines display el-
evated levels of ABA-regulated genes in the absence of ABA
treatment. The expression levels observed for these genes exceed
those observed in wild-type seeds imbibed in the presence of
5 uM ABA. Thus, the 355::GFP-PYL2“*? transgene is sufficient
to cause high levels of several ABA-regulated mRNAs, consis-
tent with the conclusion that it activates ABA signaling in vivo.

Interpreting the effects of receptor overexpression can be
complicated by the presence of an endogenous agonist, which
can activate wild-type receptors. We therefore examined the
ability of expression of PYL2%? to revert phenotypes caused by
ABA deficiency in the aba2-1 mutant, which has greatly reduced
ABA levels because of a mutation in the enzyme xanthoxin de-
hydrogenase (26, 27). The aba2-1 background therefore provides
a stringent test for constitutive activation of signaling in vivo,
which, by definition, should be ABA-independent. We therefore
examined the germination of various genotypes on paclobutrazol,
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Fig. 5. PYL2“3 suppresses phenotypes caused by ABA deficiency. Seeds of
the wild-type Columbia (Col), aba2-1, aba2-1;355::GFP-PYL2, or aba2-1;35S::
GFP-PYL2“3 genotypes were stratified for 4 d at 4 °C on agar media con-
taining different concentrations of paclobutrazol (Pac) or sodium chloride
(NacCl), and germination was scored 72 h postimbibition. The experiment was
conducted in triplicate, and the SD is shown on graph points. (Left) Repre-
sentative images at 72 h postimbibition for control, 50 uM paclobutrazol,
or 250 mM NaCl. Values plotted in graphs are the average of three in-
dependent measurements, and error bars show 1 SD.
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an inhibitor of GA biosynthesis, and NaCl. Both of these treat-
ments inhibit seed germination in an ABA- and ABA2-dependent
manner (27, 28). Consistent with our observations made with
transgenes expressed in wild-type plants, the 35S::GFP-PYL2“"
transgene suppresses the paclobutrazol and NaCl insensitivity of
aba2-1 mutants, whereas the wild-type 35S::GFP-PYL2 trans-
gene does not (Fig. 5). Collectively, our in vivo data demonstrate
that the PYL2“* receptor is a potent activator of multiple ABA
responses and demonstrate that our CA receptors can be used to
modulate ABA signaling in vivo.

Discussion

We have used saturation mutagenesis to identify a series of
mutations in PYR1 that increase its basal activity. Combinations
of these mutations led to the rapid construction of near-fully
activated PYRI1 variants. The activating combinations can be
incorporated into diverse PYL receptors to elicit full activation;
PYL2%A PYL2“*B and PYL9C are nearly indistinguishable
from wild-type receptors examined under saturating ABA levels.
When PYL2“? is expressed in vivo, it activates ABA signaling
and enables near-complete suppression of two separate ABA-
mediated seed responses that are deficient in the aba2-1 mutant;
this stringent functional test shows that activation of PYL2 is
sufficient to activate ABA signaling in vivo.

With the CA combinations we have described, we now have
tools with which to activate individual family members selectively
and explore phenotypic consequences. In this report, we explore
the consequences of activating PYL2 in seeds. ABA can nor-
mally activate a multiplicity of receptors in the wild-type context,
and it is not yet clear if different receptors have different sub-
functions. To date, selective ABA receptor activation has only
been achieved using pyrabactin (1, 29), which has strong agonist
activity on PYR1 and PYL1 and activates a full complement of
ABA-responsive gene transcription in imbibed seeds. The ge-
netic removal of PYRI, but not PYLI, causes pyrabactin in-
sensitivity during germination, which argues that the major
cellular target of pyrabactin in seeds is PYR1 and that activating
PYRI1 is sufficient to activate seed ABA signaling. Pyrabactin’s
effects, however, are complicated by its weak partial agonist/
antagonist activity on other receptors like PYL2 (10, 11) and
PYLS5 (21). CA receptors avoid the complication of pharmaco-
logical treatments, although they do necessitate construction of
transgenic plants for full characterization, which is less conve-
nient than pharmacological perturbations. Activation of PYL2
by the CA3 mutations mimics the effects of ABA treatment on
seeds for three ABA marker genes, suppresses the salt and
paclobutrazol sensitivity of aba2-1, and induces hyperdormancy.
However, this conclusion is derived from the use of 35S-driven
constructs; more specific information on the precise role of
PYL2 may be better obtained in future experiments using native
promoter-driven constructs in a py/2-null mutant background.
Nonetheless, our data demonstrate that expression of PYL24?
is sufficient to activate seed ABA responses. Together with
pyrabactin’s previously characterized effects, our data are con-
sistent with the hypothesis that activation of a single receptor
(PYR1 or PYL2) is sufficient to activate signaling in seeds and
that multiple receptors need not be simultaneously activated to
elicit an ABA response. The underlying mechanistic basis for this
remains unknown but could be explained if receptor levels in
seeds are present in excess relative to PP2Cs; future quantitative
proteomics experiments may help to illuminate this hypothesis. It
is also probable that the picture of receptor function will evolve
as the effects of selective receptor activation are examined in
vegetative tissues and/or as the activation of other receptor
family members is examined. Our tools provide one powerful
experimental means with which to sharpen the emerging picture
of receptor function in vivo using gain-of-function approaches.
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Methods

Site-Saturation Mutagenesis. Mutants were created using one of two meth-
ods. About half of the mutants were made using the QuikChange site-di-
rected mutagenesis kit (Stratagene) utilizing primers that contain random
nucleotides (i.e., NNN) at the target position (a list of all mutagenesis primer
sequences is provided in Table S3). Twenty-microliter mutagenesis reactions
were conducted using pBD GAL4-PYR1 template (1) per the manufacturer’s
instructions (Stratagene), containing 10 pmol of NNN primer and 0.5 pmol
each of M- and W-encoding primers, which were added to enrich the fre-
quency of rare codons. Plasmid DNA for 96 colonies per site was isolated
using a Bioneer AccuPrep Plasmid Mini Extraction Kit and sequenced to
identify mutants, which identified ~12 of the 19 desired mutations per
target site per 96 clones sequenced. In the second mutagenesis method, we
made mutations using the QuikChange lightning multisite-directed muta-
genesis kit (Agilent Technologies) utilizing a phosphorylated primer that,
instead of NNN at the mutagenesis target site, contained the sequence NNK,
which reduces degeneracy (30). Plasmid DNA for 96 colonies per site was
isolated using a Beckman Multimek 96 robot and Perfectprep Vac kit (5
Prime, Inc.) and sequenced, which identified 14 of the 19 desired mutations
per 96 clones sequenced on average. Mutations not identified by sequencing
of random clones were constructed with specifically designed mutagenic
primers using the QuikChange lightning multisite-directed mutagenesis kit.
This process was conducted for all 39 target sites to yield, ultimately, a set of
741 sequence-validated mutant PYR1 clones.

NMR Spectroscopy. '°N-labeled PYR1, PYR1*3, and PYR1"* proteins for
NMR were expressed in E. coli and purified as described previously (1), with
the exception that the variants used for NMR were mutated to lack their last
12 unstructured amino acids, which we have found improves the suitability
of recombinant proteins for structural studies without affecting PP2C in-
hibition. PYR1 peak assignments have been previously published and were
used to assign specific residues to HSQC peaks in the current experiments
(9). PYR1-ABA complexes were obtained by addition of a twofold excess of
ABA to the purified protein (500 uM). NMR experiments were performed at
35 °C on a Bruker Avance 600-MHz spectrometer equipped with a 5-mm
TCI CryoProbe.

Transgenic Plants. To create the desired transgenic plants, the coding sequences
of PYL2, PYL2*3, and PYL2“* were cloned into a modified version of pEGAD
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(31) to create 35S-driven GFP-receptor fusion proteins. Prior work has dem-
onstrated that an N-terminal GFP fusion tag does not interfere with PYR1
function in vivo (1). The constructs were sequence-validated and then in-
troduced into Columbia or the aba2-1 mutant using Agrobacterium-mediated
transformation via the floral dip method (32). For each genotype constructed,
~40 primary transgenic plants were identified by virtue of glufosinate re-
sistance or GFP expression in T1 seeds and/or seedlings, and single-insertion
homozygous lines were then isolated from the progeny of 10 T1 lines.

Seed Assays. To assay dormancy of seeds for Columbia, 355::GFP-PYL2 and 35S::
GFP-PYL2? were divided in two aliquots and dry surface-sterilized for 2 h using
chlorine gas (prepared in situ by mixing commercial bleach and 12 N of HCI).
One portion of sterilized seed was stratified on one-third Murashige and Skoog
medium (MS) agar plates for 6 d at 4 °C in darkness, and the second portion,
which was maintained dry at room temperature, was seeded 6 d later on the 1/3
MS agar plates; both samples were transferred to a 23 °C light-tight growth
chamber, and germination was scored at 24-h intervals. The homozygous 35S::
GFP-PYL2 and 355::GFP-PYL2? seeds used in these experiments were ~5 and
~6 mo postharvest, respectively, at the time of the experiment shown.
Germination tests using paclobutrazol (Wako Chemicals) and NaCl were
conducted as follows. Columbia, aba2-1, aba2-1,355:GFP-PYL2, and aba2-
1,355:GFP-PYL2 seeds were surface-sterilized and plated onto 1/3 MS agar
media containing 25, 50, or 100 pM paclobutrazol or 0, 50, 200, or 250 mM
NaCl. Control wells contained 1/3 MS agar (NaCl controls) or 1/3 MS agar
supplemented with 0.1% DMSO, the carrier solvent for paclobutrazol. The
seeds were stratified for 4 d in darkness and then transferred to continuous
illumination at room temperature (23 °C). Germination was measured after 72
h; seeds showing emergent radicals at least 1/2 seed length or greater were
scored as positive. Each experiment was performed in triplicate; experiments
were performed on seeds that were ~6 mo postharvest. Methods for heter-
ologous and in vitro receptor activation assays are provided in SI Methods.
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