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The phytohormone abscisic acid (ABA) is induced in response to
abiotic stress to mediate plant acclimation to environmental chal-
lenge. Key players of the ABA-signaling pathway are the ABA-binding
receptors (RCAR/PYR1/PYL), which, together with a plant-specific
subclade of protein phosphatase 2C (PP2C), form functional holor-
eceptors. The Arabidopsis genome encodes nine PP2C coreceptors and
14 different RCARs, which can be divided into three subfamilies. The
presence of these gene families in higher plants points to the existence
of an intriguing regulatory network and poses questions as to the
functional compatibility and specificity of receptor—-coreceptor interac-
tions. Here, we analyzed all RCAR-PP2C combinations for their capacity
to regulate ABA signaling by transient expression in Arabidopsis pro-
toplasts. Of 126 possible RCAR-PP2C pairings, 113 were found to be
functional. The three subfamilies within the RCAR family showed dif-
ferent sensitivities to regulating the ABA response at basal ABA levels
when efficiently expressed. At exogenous high ABA levels, the RCARs
regulated most PP2Cs and activated the ABA response to a similar
extent. The PP2C AHG1 was regulated only by RCAR1/PYL9, RCAR2/
PYL7, and RCAR3/PYL8, which are characterized by a unique tyrosine
residue. Site-directed mutagenesis of RCAR1 showed that its tyrosine
residue is critical for AHG1 interaction and regulation. Furthermore,
the PP2Cs HAI1 to HAI3 were regulated by all RCARs, and the ABA
receptor RCAR4/PYL10 showed ABA-dependent PP2C regulation. The
findings unravel the interaction network of possible RCAR-PP2C pair-
ings and their different potentials to serve a rheostat function for in-
tegrating fluctuating hormone levels into the ABA-response pathway.
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BA regulates a plethora of responses associated with plant

growth and the homeostatic control of water relations. ABA
controls root extension and branching, stomatal opening and
density, and tolerance to water deficit during seed maturation and
drought (1, 2). Core ABA signaling can be considered as a three-
step regulatory process involving the receptor complex, protein
kinases as intermediate signaling components, and downstream
targets such as ion channels and transcription factors (1). The
heteromeric receptor complex consists of the ABA-binding
RCAR/PYRI1/PYL receptor and the PP2C coreceptor. The
protein phosphatase activity is regulated by ABA that stabilizes the
PP2C-RCAR interaction, which blocks substrate access and
thereby inhibits the catalytic activity of the coreceptor (3, 4).

The clade A of Arabidopsis PP2Cs comprises nine members and
forms a plant-specific subgroup among the large family of PP2Cs,
which are Mg”**- and Mn”"-dependent serine-threonine protein
phosphatases (5). The ABA-mediated inactivation of PP2C activity
releases SNF1-related kinase 2 (SnRK2) from inhibition, and it
subsequently targets downstream components such as transcription
factors and ion channels (6-12). The 14 different RCARs of Ara-
bidopsis can be divided into three subfamilies according to their
sequence homology (13-15). RCARs show overlapping gene ex-
pression patterns (16-18). Genetic analyses revealed additive effects
of ABA receptor deficiency in the control of ABA sensitivity during
seed germination, root growth, and in guard cells (15, 17-20).
Likewise, multiple deficiency mutants in the PP2Cs ABI1, ABI2,
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PP2CA, and HAB1 or HAI1-HAI3 exhibited additive phenotypes
(20-24). The incremental contributions of RCARs and PP2Cs in
establishing ABA sensitivity of plant organs and single cells indicate
that several different receptors and coreceptors are simultaneously
expressed and regulate ABA responsiveness.

The Arabidopsis genome encodes 14 RCARs and 9 clade A
PP2Cs. This translates into 126 possible holo-receptor combinations.
How many combinations exist and how many of these function as
true ABA receptor complexes in vivo remains to be determined.
Thus far, biochemical and protein interaction studies have analyzed a
fraction of the possible RCAR-PP2C combinations, frequently
without addressing ABA-response regulation (13-15, 22, 25-33).

This study elucidates the functionality of all possible RCAR-PP2C
pairings of Arabidopsis in regulating ABA-responsive gene expres-
sion. Three major features of ABA receptors emerged from the
analysis: the remarkable capability of PP2Cs to form functional holo-
receptor complexes with many different RCARSs, the overall similar
PP2C regulation by individual RCARSs, and the different potency of
RCAR subfamilies in regulating the ABA response at endogenous
basal ABA levels. The in vivo analysis also shows the uniqueness of
the PP2C AHGI in being regulated by only three different RCARs
and the effective regulation of HAI1-HAI3 by ABA receptors.

Results

ABA Dependencies of RCAR-Mediated Signaling. In the presence of
ABA, ABA signaling is stimulated by ectopic expression of
RCARs; however, the response was found to be quite variable
(13, 27, 32, 34, 35). The variations might be caused by different
ABA affinities and ABA-independent action of RCARs (28) or
by the abundance of target PP2Cs and RCARs. To address the
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first two possibilities, RCAR- and ABA-dependent signaling was
analyzed in Arabidopsis protoplasts of both WT and the ABA-
deficient mutant aba2-1 (36). In the absence of exogenous ABA,
ectopic expression of the 14 ABA receptors revealed that members
of each of the three RCAR subfamilies had similar tendencies with
respect to their ability to regulate ABA responses. Immunode-
tection of ectopically expressed RCARs indicated a comparable
expression level with the exception of a lower RCAR3 abundance
(Fig. S1). In WT protoplasts, subfamily I members, comprising
RCAR1-RCAR4, induced the ABA response on average more
than 110-fold with RCAR?2 being the exception (25-fold, Fig. 14).
Subfamily II receptors, RCARS-RCARI0, showed a moderate
ABA response (31-fold mean). Expression of subfamily III RCARs
had little effect on ABA signaling for RCAR11, -12, and -14 (sev-
enfold mean), while RCAR13 expression activated ABA signaling
25-fold. In aba2-1 protoplasts, the RCAR-mediated ABA response
was clearly reduced or even abrogated compared with the WT, with
the exception of RCAR4 (P > 0.45; Fig. 1A4). Protoplasts of aba2-1
contained an ~11-fold lower level of ABA: 1.7 nM compared with
19.6 nM ABA in WT protoplasts (Fig. 14, Inset), which corre-
sponded to 18 pmol and 209 pmol ABA per gram dry weight of leaf
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Fig. 1. Regulation of ABA signaling by the RCAR family of Arabidopsis.
Protoplasts of WT Col-0 (filled bars) and the ABA-deficient mutant aba2-1
(open bars) were transfected with 3 pg effector DNA for expression of the
different RCARs (R1-R14)/PYR1/PYLs (P1-P13) or the empty vector (EV) in
absence (-ABA; A) and presence (+ABA; B) of 5 pM exogenous ABA. (Inset)
The endogenous ABA level of protoplasts of WT and aba2-1 plants (mean of
triplicates + SD). In the presence of exogenous ABA, the RCAR-mediated
inductions of ABA signaling in aba2-1 protoplasts were significantly higher
compared with the ABA-treated cells transfected with the empty vector (P <
0.02). The three subfamilies of ABA receptors are color-coded as follows:
subfamily I, yellow; subfamily Il, red; subfamily I, blue. ABA-responsive lu-
ciferase expression driven by the RD29B promoter is expressed relative to the
control without ABA and was normalized to a constitutively expressed
control gene. The reporter expression in protoplasts was 3.1 kRLU (relative
light units)/RFU (relative fluorescence units) for Col-0 cells and 25.7 kRLU/RFU
for aba2-1 cells without both RCAR effector and ABA. Both values were set
to 1. The analyses were conducted in triplicates (mean + SD).
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tissue, respectively. The ABA content found in WT protoplasts is in
the range reported for Arabidopsis rosettes grown in soil under well-
watered conditions (153 pmol and 395 pmol ABA per gram dry
weight, ref. 37). Administration of exogenous ABA to WT cells
enhanced the ABA response primarily for subfamily I and III
member-transfected cells, leading to a similar activation level
among all RCARs that deviated from the average (~150-fold, Fig.
1B) by a factor of 1.6. Taken together, the findings support the
notion that all RCARs regulate the ABA response in an ABA-
dependent manner with the possible exception of RCAR4/
PYLI10, which is a matter of debate in the field (28, 33). Basal ABA
levels as found in WT and aba2-1 protoplasts are sufficient to
mediate ABA responses by subfamily I and, to a lesser extent, by
subfamily IT members.

ABA-Response Regulation by PP2Cs. Considering that several PP2Cs are
expressed in plant cells, the different extents of ABA-response acti-
vation observed might be caused by the presence and abundance of
suitable target PP2Cs for RCAR regulation. To examine this possible
limitation, all nine coreceptors of Arabidopsis were ectopically
expressed and assessed for their ability to down-regulate ABA sig-
naling (Fig. 2 A-C). Clade A PP2Cs can be subdivided into three
subgroups: an ABA-INSENSITIVE 1 (ABI1)-homologous sub-
group; a PP2CA-homologous subgroup; and the unique PP2C
HYPERSENSITIVE GERMINATION 1 (AHG1) (Fig. 2D),
which lacks a Trp residue important for RCAR interaction (5, 38).
All clade A PP2Cs blocked the ABA response more than 90%; this
was not true for a clade E member (Fig. 2. A-C). The regulation of
the ABA signal pathway by a PP2C-RCAR pair can be evaluated by
comparing the ABA response of cells inhibited by ectopic expression
of a single PP2C with cells in which a specific RCAR was coex-
pressed in the presence and absence of exogenous ABA (32). To
exemplify the potential of the assay system, ABA signaling was re-
duced to ~10% by ectopic expression of HAB1 and activated by
coexpression of RCAR12 (Fig. 2E). The induction triggered by
RCARI12 is higher with ectopic PP2C coexpression than without and
increased from sixfold (Fig. 1B) to more than 30-fold (Fig. 2F)
compared with the empty vector control. ABA signaling was strictly
RCARI12- and ABA-dependent and reached saturation at 10 pM
exogenous ABA (Fig. 2F). The analysis unravels the potential of
RCARI2 to control ABA signaling and the strict ABA depen-
dence on the regulation and provides evidence for a functional
HAB1-RCARI12 interaction.

Interaction Matrix of ABA Receptor Components. This assay system
permits the analysis of all possible PP2C-RCAR interactions for
their capacity to regulate ABA signaling. There are 126 potential
combinations between the 14 RCARs and the 9 clade A PP2Cs from
Arabidopsis. For 113 combinations of all 126 combinations tested, we
found evidence for a regulatory interaction, 56 were active in the
presence of endogenous ABA, and 57 required elevated ABA levels
provided by exogenous hormone administration (Fig. 3). At endog-
enous ABA levels, ectopic expression of single RCAR:s, particularly
of subfamily I, restored the ABA response as observed before (Fig.
14). RCAR1, RCAR3, and RCAR4 efficiently activated ABA sig-
naling in cells where HAB1, HAB2, PP2CA, HAIl, HAI2, and
HAI3 were coexpressed. RCAR2 was somewhat less effective
in recovering the ABA response, similar in extent to the most
active subfamily II members RCARS, RCARG6, and RCARS.
RCARS strongly regulated HABI1. In agreement with the pre-
vious analysis (Fig. 14), expression of subfamily II and subfamily
IIT receptors generally showed moderate and low activity,
respectively.

In the presence of 10 pM exogenous ABA, however, all RCARs
stimulated ABA signaling, and the PP2C regulation by single ABA
receptors was remarkably similar (Fig. 3B). Six of nine PP2Cs
(ABI2, HAB2, PP2CA, and HAI1-HAI3) were regulated by all
RCARs (Fig. 3C and Fig. S2), and ABI1 and HABI by all except
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Fig. 2. Inhibition of ABA signaling by clade A PP2Cs. (A-C) Inhibition of
ABA-induced reporter expression by different amounts of PP2C effector
constructs in the presence of 10 uM exogenous ABA. The ABA response
without PP2C effector was set to 100%, and the analysis was performed as
outlined in Fig. 1. The clade E PP2C (PP2CE, At5g27930) served as a negative
control (C, interrupted line). (D) Phylogenetic tree of the nine clade A PP2Cs
of Arabidopsis. The percentage of conserved clusters in the bootstrap test
with 1,000 replicates is shown. (E and F) Activation of the HAB1-inhibited
ABA response (0.25 pg effector, 90% inhibition) by (E) various levels of
RCAR12 (R12) in the absence (open squares) and presence of 5 UM exoge-
nous ABA (filled squares) compared with the empty vector control (EV, open
circles). (F) ABA dependence of reporter expression in protoplasts trans-
fected with 5 pg DNA of RCAR12 effector or EV. Each data point represents
the mean value of at least three independent transfections (mean + SD).

RCAR7. AHG1, however, was regulated only by RCAR1-
RCAR3 in the transient ABA-signaling assay. The overall effi-
ciency of RCARs to regulate PP2Cs in the presence of exogenous
ABA differed from the mean 240-fold (sum of induction values by
single RCARs) by a maximum twofold with RCAR7 and RCAR3
showing the lowest and highest combined regulation of 130- and
430-fold, respectively (Fig. 3B). The three HIGHLY ABA-
INDUCED PP2C GENE (HAI) PP2Cs emerged as good targets
for RCAR regulation and were efficiently regulated by subfamily I
receptors at resting ABA levels. Interestingly, RCAR4 showed
ABA responsiveness in a number of PP2C combinations such as
ABI1, ABI2, HAB2, HAIl, and HAI2 (Fig. 3). The ABA de-
pendency of the RCAR4-HAI2 pairing was corroborated by titra-
tion of the exogenous ABA level showing an approximately twofold
increase in ABA signaling at saturating exogenous ABA levels
(100 nM, Fig. S34). Lowering the amount of RCAR effector
revealed a strong ABA-dependent action of RCAR4 (Fig. S3B).
Generally, ABA signaling attenuated by ABIl, ABI2, and
AHGT1 was less efficiently regulated by RCARs at basal ABA levels,
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whereas in the presence of high exogenous ABA only AHG1 was
poorly regulated (Fig. S2).

Specificity of AHG1 Regulation. AHGI1-inhibited ABA signaling
was clearly activated by coexpression of RCAR1, RCAR2, or
RCARS3 while expression of RCAR4, the fourth member of
subfamily I, had no effect (Fig. 44). The comparison of RCAR1-
and RCAR4-expressing cells at varying AHG1 effector levels
confirmed this observation (Fig. S4).

Analysis of the PP2C interaction surface of RCARs identified
three amino acid residues in RCAR4 that differed from the other
subfamily I members (Fig. 4 B-D). To analyze the contribution of
these amino acid residues to AHG1-RCAR specificity, the three
amino acid residues were reciprocally exchanged between RCAR1
and RCAR4. Protein interaction analysis in yeast confirmed in-
teraction of AHG1 with RCARI but not with RCAR4 (Fig. 54).
Replacing the Tyr (Y160) and Lys (K171) residues of RCAR1 with
the RCAR4 residues Phe and Asn, respectively, disrupted the
RCAR1-AHGI1 interaction. Reciprocal amino acid exchanges in
RCAR4 revealed that RCAR4™5*Y | carrying a Tyr residue instead
of Phe, was able to bind to AHGI, but no other single variant (Fig.
5A4). Double- and triple-mutated versions of RCAR1 and RCAR4
corroborated the critical role of this Tyr residue for AHGI in-
teraction. Subsequent analysis of the RCAR variants for AHG1
regulation in the ABA response of Arabidopsis cells showed that the
RCAR4 mutant forms, which contained the F154Y exchange,
conferred ABA-dependent regulation of AHGI, albeit less effec-
tively than RCAR1 (Fig. 5B). All variants activated ABA signaling,
which was inhibited by PP2CA expression (Fig. S5). The RCAR1
variants without the critical Tyr residue were impaired but still ac-
tive in stimulating the AHGI-inhibited response, even RCAR1EFN
with all three RCAR4-specific residues (Fig. 5B).

Heterologous expression and protein purification of RCARI,
RCAR4, and the triple-modified RCAR4PY* allowed a bio-
chemical assay for coreceptor regulation. The analysis confirmed
the ABA-mediated inhibition of AHG1 phosphatase activity by
RCARI1 but not by RCARA4. Interestingly, RCAR3 was a poor
inhibitor of AHG1 in the presence of micromolar ABA con-
centrations pointing to a prominent role of RCARI1, and possibly
RCAR?2, in regulating AHG1 (Fig. S6). RCAR4 was not able to
inhibit the AHG1 activity even in the presence of 0.1 mM ABA,
while half-maximum inhibition occurred at 36 + 5 nM ABA in
the presence of RCAR1 (Fig. 5C). The triple mutated RCAR4
inhibited AHGT1 with an ICsq value of ~2.5 + 0.3 pM ABA. Both
RCAR4 and RCAR4PY¥ sensitively regulated PP2CA with ICs,
values of ~75 + 9 and 30 + 6 nM ABA, respectively (Fig. 5D).
AHGI is a central regulator of seed dormancy and strongly
expressed in dry seeds (16, 39, 40). To examine the effect of
modified RCAR1 and RCAR4 variants on seed germination, the
triple variants and their RCAR WT forms were ectopically
expressed in Arabidopsis. Analysis of seed material of the same
age revealed that expression of RCAR4PYX reduced germina-
tion to 7% and 25% in two independent lines compared with
~97% in RCAR4-overexpressing lines (Fig. SE). Extended
stratification and incubation for 4 and 7 d, respectively, resulted
in an ~60% germination rate of both RCAR4PYX lines. The
RCARI1F™ and RCARI lines had germination frequencies
varying between 96 and 100%, similar to the control.

Discussion

The diversity of responses controlled by ABA and the dynamics
in stress development associated with different ABA levels might
require a large number of different ABA receptors and cor-
eceptors for fine-tuned adjustments in gas exchange and me-
tabolism. Our study uncovers three major properties of the ABA
receptor components in Arabidopsis, the remarkable capability of
PP2Cs to form functional holo-receptor complexes with many
different RCARs, the overall similar regulation of single RCARs
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Fig. 3. ABA-response regulation by the combinatorics of ABA receptors and coreceptors. (A and B) RCAR (R1-R14)-mediated activation of ABA signaling
attenuated by clade A PP2C expression in the absence and presence of exogenous ABA (+ABA) in WT protoplasts. The analysis was performed as described in
Fig. 2F with 10 pM ABA. PP2C effector levels were chosen to inhibit ABA signaling by ~90% (Fig. 2 A-C and Supporting Information). Note that the
ABA response of cells transfected with various PP2Cs and the empty RCAR expression cassette (EV) in the presence of 10 uM ABA was set to 1. The values (in
kRLU/RFUs) were the following: ABI1, 22; ABI2, 41; HAB1, 10; HAB2, 56; AHG1, 51; PP2CA, 34; HAI1, 38; HAI2, 71; and HAI3, 58. Each data point represents the
mean value of three independent transfections (SD + 27%). (C) Matrix structure of RCAR-PP2C combinations and their potential to regulate ABA signaling at
resting ABA levels (—ABA, left half of box) and at high exogenous ABA (+ABA, right half of box). The data are compiled from results presented in A and B. The
three subfamilies of ABA receptors are color-coded as in Fig. 1. Combinations of receptor components with no significant RCAR regulation are depicted as a
white box. Regulation above the threshold is categorized from light blue to dark blue as indicated.

across the family of PP2Cs with only a few exceptions, and the
different potency of RCAR subfamilies to regulate the ABA
response at endogenous, basal ABA levels.

At resting ABA levels, subfamily I receptors efficiently regu-
lated PP2Cs, while those of subfamily IT were moderately active,
and those from subfamily III were overall only weakly active
when ectopically expressed. Exceptions to this general trend
were RCAR2/PYL7 and RCAR13/PYL3. In the presence of
high concentrations of exogenous ABA, subfamily III members
activated PP2C-inhibited ABA signaling comparatively to sub-
family I or II, arguing against major differences in expression
levels, which is also supported by immunodetection analysis. The
different ABA sensitivities provided by the RCAR subfamilies
were corroborated in ABA-deficient protoplasts of the aba2-1
mutant, which revealed markedly reduced or abolished ABA
responses for all RCARs.

The observations are in agreement with the concept of a gen-
erally higher ABA affinity of holo-receptor complexes containing
subfamily I RCARs in comparison with complexes of members of
subfamily IIT (13, 25, 27, 28). Subfamily III receptors with the
prototype PYR1/RCARI1 are characterized as homodimers while
other RCARs are monomeric proteins in the absence of bound
ABA (26, 28, 41-43). This might explain the strict ABA re-
quirement of RCAR11, RCAR12/PYL1, and RCAR14/PYL2 for
regulating ABA signaling (Fig. 3B). RCAR13 has been charac-
terized as a transdimeric ABA receptor that readily interacts with
PP2Cs (42), which is consistent with the moderate activity of
RCARI13 found at endogenous ABA levels.

The functionality of RCAR-PP2C combinations was assessed
by enforced expression of ABA receptor components. While the
analysis as such is robust, the question remains as to whether those
RCAR-PP2C combinations exist in planta and whether the cel-
lular concentrations of the expressed proteins achieved by the
transient analysis are relevant. Genome-wide expression analyses
(16-18, 27, 39, 44) and analyses of multiple RCAR as well as
PP2C mutants (14, 15, 17-24) support the notion that different
RCARs and PP2Cs are present simultaneously within a single cell
or plant tissue. However, tissue-specific, developmental stage-
specific, and environmental cue-specific expression of ABA
receptor components probably restrict the complexity of RCAR~-
PP2C interactions. Hence, our analysis provides an assessment of
the maximum possible number of functional holo-receptor com-
plexes based on transcriptional regulation as output. ABA re-
ceptors can exert their action not only in the nucleus but also at
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cell membranes and in the cytosol (1), and PP2Cs can target dif-
ferent subcellular sites (7, 8, 23). Those intracellular sites may
contribute to the specificity of PP2C-RCAR pairings as well as
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Fig. 4. Inhibition of the ABA response by the ABA coreceptor AHGT is
overcome by RCAR1, RCAR2, and RCAR3 containing unique amino acid resi-
dues at the PP2C interaction surface. (A) Activation of AHG1-attenuated ABA
response by ectopic RCAR expression as shown in Fig. 3B in the presence of
10 uM ABA. The double asterisks (**) mark P values below 0.01 compared with
the EV transfection. Induction values below fourfold were considered not
significant. (B) Alignment of the primary structure segment of RCARs encom-
passing the alpha helix 2 at the interaction surface of PP2Cs. The amino acid
residues conserved in RCAR1, RCAR2, and RCAR3 and different from RCAR4
are Asp (D), Tyr (Y), and Lys (K), which are highlighted in yellow. The numbers
indicate the position of the first amino acid shown in the RCAR protein.
(C) Three-dimensional structure of RCAR4 (yellow) in complex with HAB1
(green) from Protein Data Bank 3RTO using PyMOL (www.pymol.org) (28). A
second HAB1 molecule is shown in cyan. (D) Close-up of alpha helix 2 of RCAR4
and its contact sites with HAB1. Amino acid residues equivalent in position to
the three highlighted amino acid residues of the subfamily | receptors shown
in B are presented as yellow sticks (E150, F154, N165) and juxtapositioned
amino acid residues of HAB1 as green sticks (K381, F391, E323).
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Fig. 5.

Specificity determinants of RCAR1 and RCAR4 for AHG1 regulation and interaction. (A) Protein interaction analysis of AHG1 and variants of

RCAR1 and RCAR4 in yeast shows the critical role of a Tyr residue in RCAR1 and ABA for AHG1 binding. Histidine autotrophic growth of yeast (—H) spotted as
a 10-fold dilution series on media deficient in Leu (-L) and Trp (-W) indicates RCAR-AHG1 interaction. The RCAR variants were modified at the amino acid
residues highlighted in yellow in Fig. 4B. (B) Rescue of AHG1-imposed inhibition of ABA signaling by different RCAR variants in the presence of 10 pM ex-
ogenous ABA. The analysis was performed in protoplasts with the RCAR variants as mentioned in Fig. 4A (triplicates, mean + SD). (C and D) Biochemical
analysis of PP2C regulation by ABA in the presence of RCAR1 (open circle), RCAR4 (open squares), and the modified RCAR4PYK (black squares). (C) The
phosphatase activity of AHG1 (2 pM) and (D) PP2CA (0.4 pM) was assayed in the presence of twofold molar excess of RCAR protein and different ABA
concentrations as indicated. The ICso values for ABA of the RCAR-AHG1 regulation are depicted. AHG1 is not regulated by RCAR4 (open squares) even at
0.1 mM ABA (mean =+ SD). (E) Analysis of RCAR-overexpressing Arabidopsis lines for seed germination and RCAR overexpression. The percentage of non-
germinated seeds was assessed in independently generated lines overexpressing RCAR1/RCAR1-EFN variant and RCAR4/RCAR4-DYK variant in comparison
with the parental line Col-0 after 2 d of stratification at 4 °C and 3 d of incubation at room temperature (filled bars, n > 90 per data point, mean + SD). The
RCAR1 and RCAR4 transcript levels were determined in seedlings and expressed relative to WT (open bars).

differential binding to downstream-acting SnRK2s. In addition,
endogenous ABA levels and protein levels of ABA receptor
components affect which receptor—coreceptor combinations are
preferentially realized. At very low endogenous ABA levels,
RCAR4/PYL10 and other subfamily I members seem to be the
most efficient regulators of PP2Cs.

The RCAR-mediated regulation of the ABA coreceptors was
generally quite uniform with two major exceptions, AHG1 and
RCAR?7. The selective discrimination of certain ABA receptors by
PP2Cs such as AHGI implies that PP2C-specific features con-
tribute to selectivity. In the same context, selective discrimination
of PP2Cs by specific RCARs such as RCAR7/PYL13 point to
RCAR-specific features. In fact, analysis-of-specificity determi-
nants for RCARs (30, 33, 45, 46) and PP2C HABI1 (32) and
AHGT (this study) showed that both receptor components have
evolved key-lock features. RCAR?7 did not rescue ABI1-, AHGI1-,
and HABI-inhibited ABA signaling in this study in agreement
with previous analyses (32, 35). Characterization of the RCART7-
specific repulsion by HABI revealed that changes in two amino
acid residues of HABI located at the RCAR interaction surface
confer RCAR?7 binding and regulation (32). Similarly, analysis of
the specificity determinants for the AHG1-RCAR interaction
identified a Tyr residue of RCARSs located at the PP2C interaction
surface as being critical for regulation.

Subfamily I RCARSs possess the above-mentioned Tyr residue
with the exception of RCARA4, in which a Phe residue replaces
the Tyr residue. Substituting the Phe with Tyr conferred RCAR4
interaction and regulation of AHGI. In the crystal structure of
the RCAR4-HABI1 complex (28), the Phe residue of RCAR4
establishes a hydrophobic interaction with a Phe residue at po-
sition 391 of the HAB1 prlmary structure that is embedded in the
conserved sequence GARVF**'G. AHG1 has a Glu residue in this
motif, GARVE*°G, which provides a negatively charged side chain
that is predicted to repulse the interaction with the hydrophobic
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moiety of the juxtaposed Phe in RCAR4. The Glu residue of
AHG]1, however, supports a hydrophilic interaction with the Tyr
residue conserved in the AHGI1-regulating RCARs. Replacing
that Tyr residue in RCAR1 with Phe severely impaired AHG1
regulation but did not fully abolish it, suggesting the presence of
additional structural features contributing to AHGI interaction.

AHGI is a negative regulator of ABA-sensitive seed germi-
nation and dormancy (39). Seed dormancy is regulated by ABA
and a protein network in which AHG1, PP2CA, and DELAY
OF GERMINATION1 (DOG1) are central players (47, 48).
Gene expression analysis revealed low RCAR3 expression and
high transcript abundances of RCARI, RCAR2, and AHGI
during seed development and in dormant seeds (16). Our study
shows that AHGI1 is specifically regulated in vivo by RCARI,
RCAR2, and RCAR3. In vitro experiments corroborate an
efficient regulation of AHG1 by RCARI, not by RCAR3 as
shown before (23). Overexpression of the RCAR4 triple vari-
ant, in which the critical Tyr residue for AHGI interaction was
introduced, efficiently reduced seed germination compared
with the RCAR4-overexpressing Arabidopsis line. The findings
provide evidence for a prominent role of RCARI1 and possibly
RCAR?2 in regulating AHGI1-controlled seed development
and germination.

Understanding ABA signaling is critical for the development
of targeted approaches to improve crop performance under
limiting water supply. Analysis of the RCAR-PP2C combina-
torics unravels the general suitability of ABA receptors to reg-
ulate PP2Cs. The moderate effects of subfamily II members on
the ABA response at basal ABA levels make these RCARs
prime candidates to reduce transpiration under nonstress con-
ditions without curbing photosynthesis. Recent analysis of all
Arabidopsis RCARs showed that overexpression of two subfamily
II members, RCAR6/PYL12 and RCARI10/PYL4, increased
water-use efficiency and resulted in water-productive plants,
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which are characterized by reduced transpiration with little or
no trade-offs in CO, uptake and biomass accumulation (49).
Important for the trait is the altered ABA response at resting
ABA levels. RCAR6 and RCAR10 share the capacity to reg-
ulate HABI at basal ABA levels while they strongly regulate
HABI at high ABA levels. The observation points to a critical
function of HAB1 in the control of plant’s water status.

The interaction network of the ABA receptors with their
cognate coreceptors provides a major challenge in elucidating the
molecular details of ABA action. This study provides insights into
the combinatorics of RCAR-PP2C interactions and their differing
ABA sensitivity, supporting a rheostat function for integrating
different hormone levels in the ABA-response pathway.
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Methods

Analysis of ABA signaling in protoplasts was performed by transfection of
effector DNA constructs together with an ABA-responsive luciferase reporter
and normalized to a constitutively expressed control gene (50). All analyses
were performed in triplicate (mean + SD). The in vitro ABA receptor assay
was carried out at twofold molar excess of RCAR over the PP2C (32). Further
details on methods, including the plant material and chemicals used, are
provided in Supporting Information.
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