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Review
Glossary

ABF: ABA responsive element (ABRE) binding factors, a subfamily of bZIP

transcription factor proteins, interact with the ABRE and promotes ABA-

induced gene expression. Also named ABF (see below).

ABRE: ABA responsive promoter element, a conserved cis-element (c/

tACGTggc), that allows the binding of AREB/ABF while promoting ABA-

induced gene expression.

AREB: ABA-responsive element binding protein, binds to ABRE and modulates

gene expression. Also named ABF (see above).

Bet V 1: birch pollen allergen, coded by a member of a large family of genes,

similar to those of RCAR/PYR1/PYLs.

CIPKs: Calcineurin B-like Protein (CBL) Interacting Protein Kinases, a group of

protein kinases that regulate ABA responses.

CPKs: Calcium-dependent Protein Kinases, positive regulators of ABA

responses.

KAT: inwardly-rectifying (transporting) K+ channel, essential for K+ uptake

during stomatal opening.

OST1: an ABA-activated protein kinase, homologue of SnRK2.2/SnRK2.3, that

are positive regulators of ABA responses. The name is due to the physiological

phenotype of OPEN STOMATA that is produced on the suppression of OST1

expression.

PP2Cs: protein phosphatases which fall under the category of type 2C, some

members are negative regulators of ABA-induced responses.

RCARs/PYR1/PYLs: Regulatory Components of ABA Receptor/Pyrabactin

Resistance Protein1/PYR-Like proteins; a family of START domain proteins;

demonstrated to inhibit clade A PP2Cs, which are known to be negative

regulators of ABA responses. These bind to ABA and facilitate the formation of
Plant productivity is continuously challenged by
pathogen attack and abiotic stress such as drought
and salt stress. The phytohormone abscisic acid (ABA)
is a key endogenous messenger in plants’ responses to
such stresses and understanding ABA signalling is
essential for improving plant performance in the future.
Since the discovery of ABA as a leaf abscission- and seed
dormancy-promoting sesquiterpenoid in the 1960s, our
understanding of the action of the phytohormone ABA
has come a long way. Recent breakthroughs in the field
of ABA signalling now unfold a unique hormone percep-
tion mechanism where binding of ABA to the ABA
receptors RCARs/PYR1/PYLs leads to inactivation of
type 2C protein phosphatases such as ABI1 and ABI2.
The protein phosphatases seem to function as corecep-
tors and their inactivation launches SNF1-type kinase
action which targets ABA-dependent gene expression
and ion channels.

Responses of ABA
Higher plants are sessile organisms that have evolved a
high plasticity for adaptation to environmental challenges.
Pathogens and abiotic stress such as drought and salt
stress severely impact plant performance and productivity.
The phytohormone ABA serves as an endogenous messen-
ger in biotic and abiotic stress responses of plants [1–6].
Drought and high salinity result in strong increases of
plant ABA levels, accompanied by a major change in gene
expression and in adaptive physiological responses [7–11].
How environmental cues are perceived and integrated into
alterations of physiologically active ABA levels is still
largely a conundrum. A limiting water supply leads to
an immediate hydraulic signal in plants that triggers
ABA biosynthesis over long distances [8], whereas high
humidity activates an ABA catabolising P450 enzyme
within minutes of perceiving the stress condition [12].
Two recent publications unravelled the importance of
transporter-driven uptake and export of ABA [13,14].
Upon perception of a stress signal ABA formation is
induced primarily in vascular tissues and ABA is exported
from the site of biosynthesis and uptake is stimulated into
other cells by specific ATP-dependent transporters. The
mechanism allows the rapid distribution of ABA into
neighbouring tissues.

ABA is not only a stress signal but is also required to
fine-tune growth and development under non-stress con-
ditions. The physiological processes controlled under these
conditions include the regulation of growth, stomatal aper-
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ture and hydraulic conductivity, as well as seed dormancy
[15–17]. Stomatal closing is mediated by ABA-triggered
changes of ion fluxes in guard cells [18–20]. Alteration of
ABA sensitivity in a non-herbaceous plant revealed
additional, less known functions [21]. ABA positively
affected leaf size and bud dormancy of poplar (Populus
trichocarpa) and negatively influenced the size of guard
cells and internode length. Leaf size is regulated in concert
with ethylene by a negative feedback of ABA on ethylene
generation [22]. ABA also acts together with other phyto-
hormones such as brassinosteroids, gibberellic acid and
auxin in regulating plant growth and development [23–25].

An overwhelming number of signalling components that
affect ABA-dependent stomatal closing and seed germina-
tion have been identified by forward and reverse genetic
approaches [1,26,27]. However, the crosstalk between
different phytohormone signalling pathways has fre-
quently precluded a clear differentiation between primary
and secondary ABA signalling components. The identifi-
cation of a unique class of ABA receptors has now funda-
mentally changed this situation and laid the foundation for
assembling the core signalling pathway.

Here, we highlight the recent discovery of RCAR/PYR1/
PYL proteins (see Glossary) as ABA receptors, summarise
the available crystal structure data which unravelled the
a trimeric RCAR–ABA–PP2C complex which releases the negative regulation of

ABA responses exerted by the PP2C.
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ABA binding mechanism and discuss the role of the 2C
type protein phosphatases such as ABI1 in generating the
high affinity ABA binding site. This paper emphasises how
the core ABA signalling pathways controlling ion channels
and gene expression are now unfolding as a result of
ongoing efforts initiated by the identification of the ABA
receptors.

Pyrabactin Resistance 1 and Regulatory Component of
ABA Receptor 1
High affinity ABA binding proteins of Arabidopsis (Arabi-
dopsis thaliana) have recently been identified by two
research groups [28,29]. Sean Cutler’s group characterised
the synthetic chemical pyrabactin as a selective ABA
agonist and identified Arabidopsis mutants insensitive
to this growth regulator [28]. His group cloned the Pyr-
abactin Resistance 1 (PYR1) locus and characterised PYR1
and several PYR1-related homologues of Arabidopsis
(PYLs) as ABA-dependent inhibitors of Mg2+- and Mn2+-
dependent serine/threonine phosphatases type 2C (PP2Cs,
see Glossary). Prototypes of these PP2Cs are ABI1 (Absci-
sic Acid Insensitive 1) and its close homologue ABI2, which
globally repress ABA responses and which have emerged
as a focal point in the network of ABA signal transduction
[30,31].

A yeast two-hybrid screen for regulators of ABI1 and
ABI2 [29] was used to identify the Regulatory Component
of ABA Receptor 1 (RCAR1), identical to PYL9 (Figure 1a),
as an ABI1- and ABI2-interacting protein. RCAR1 expres-
sion enhanced ABA-dependent gene expression several-
fold and antagonised the action of ABI1 and ABI2. RCAR1
emerged as a structural homologue of both potential phy-
tohormone-binding proteins Bet V 1 (see Glossary) from
Figure 1. The ABA binding RCAR/PYR1/PYL proteins. (a) Phylogenetic tree of ABA bindin
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birch (Betula verrucosa), proposed to bind brassinosteroids
[32], and a cytokinin-binding protein of mung bean (Vigna
radiata) [33]. Whereas RCAR1 did not bind brassinoster-
oids or cytokinins, binding studies with (S)-ABA
(Figure 1b) yielded a dissociation constant of 0.7 mM for
the physiologically active ABA by isothermal calorimetry
indicating a strong RCAR1–ABA interaction. By contrast,
in vitro analysis of purified RCAR1 and ABI2 revealed a
selective and rapid inhibition of the protein phosphatase
activity by (S)-ABAwith a dissociation constant of 0.06 mM
ABA, much lower than the value for RCAR alone
suggesting that interaction of the two proteins provides
the high affinity binding site required for ABA responses.
The stereoisomers (R)-ABA and trans-ABA (Figure 1b)
were more than 1000-fold less active in mediating ABI1
and ABI2 inhibition. Taken together, the birch Bet V1
homologues RCAR1, PYR1 and several PYL proteins of
Arabidopsis bind ABA with high affinity and, as shown for
RCAR1 andRCAR3, with stereoselectivity. In the presence
of ABA these proteins inactivate certain PP2Cs such as
ABI1, ABI2 and HAB1 (Hypersensitive to ABA 1).

Combinatorial interaction and PP2C regulation
The RCARs/PYR1/PYLs belong to the Bet V 1 superfamily
of Arabidopsis and comprise a protein family with 14
members, which can be grouped into three subfamilies
(Figure 1a). Members of all three subclades regulate
ABI1, ABI2 or HAB1 in dependence of ABA. Analysis of
RCAR1, 3, 8, 11 and 12 [28,29,34–36] and of RCAR6, 9 and
10 revealed an ABA-dependent inactivation of ABI1, ABI2
and/or HAB1. These and additional RCAR members phy-
sically interact with ABI1 [36]. The findings indicate that
all RCAR family members are ABA binding proteins and
g proteins from Arabidopsis. The proteins can be grouped into three subfamilies I,

bering is given as well as the gene numbers. (b) ABA binding by the heteromeric
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that RCAR proteins can interact with and regulate the
target PP2Cs in a combinatorial manner. All 14 RCARs
were tested in protoplasts and with the exception of
RCAR7/PYL13 all acted as positive regulators of ABA
signalling [37]. There are approximately 80 PP2Cs in
Arabidopsis [38] and six of the nine PP2Cs in clade A
including ABI1, ABI2, HAB1 and HAB2 have been ident-
ified as negative regulators of ABA responses [39–45]. At
this stage it is not clear whether all PP2Cs linked to ABA
responses are regulated by RCARs or whether all RCAR
members can regulate the same PP2C. If both assumptions
are true, approximately 80 combinations (6 times 13 or 14)
would be possible. These RCAR/PP2C complexes probably
address different downstream signalling components and
vary in their affinity to the hormone thus allowing for the
adjustment of ABA signalling to strongly variable ABA
levels.

The transcript levels of different RCARs and PP2Cs
vary throughout development and in response to environ-
mental challenge [28,29,34,35]. Different expression pat-
terns of individual RCARs and PP2Cs are expected to
reduce the numbers of combinatorial interactions in plant
cells. In general, transcript levels of RCARs are down-
regulated under stress conditions, whereas the abundance
of PP2C transcripts is increased [34]. A concomitant
change in RCAR and PP2C protein levels would result
in an ABA desensitisation of the plants under abiotic
stress, thus providing a mechanism for adjustment of
ABA signalling to strongly increased ABA levels.

Crystal structures
X-ray diffractionation studies of PYR1 (RCAR11) in a
complex with ABA [46,47] and trimeric complexes of
ABA/ABI1/RCAR12 (PYL1) [48,49], as well as ABA/
HAB1/RCAR14 (PYL2) [50] have elucidated the site of
ABA binding and the steric mode of inhibition of protein
phosphatase activity. The RCAR provides a cavity in the
centre, encaged by seven b-sheets and two a-helical
domains, which is similarly found in Bet V1 and related
proteins and which functions as a ligand binding site.
RCAR proteins thus have an open ligand binding pocket
that is closed upon ABA binding by conformational change
of two b-sheets engulfing the ABA molecule (Figure 1b),
reminiscent of a gate/latch mechanism [50]. The ABA-
induced conformational change facilitates the docking of
RCAR to the catalytic site of the PP2C, thereby blocking
substrate access to the phosphatase. A conserved trypto-
phan residue of the PP2C is involved in ABA binding by
contacting ABA via a bound water molecule (Figure 1b).
The occupation of the PP2C active site by RCAR in the
trimeric receptor complex provides an explanation for the
non-competitive inhibition of ABI1 and ABI2 mediated by
ABA [29,34].

Receptors or coreceptors?
The question arises as to whether the ABA binding RCARs
are ABA receptors or coreceptors forming a heteromeric
receptor complex with a PP2C such as ABI1. The inter-
action between RCAR and PP2C generates the high affi-
nity ABA binding site required for responses towards low
nM ABA levels. The affinity of RCAR1 [29], RCAR3 [34]
and RCAR8 [35] did not differ considerably, with Kd values
for (S)-ABA of 0.7, 1.0 and 1.1 mM, respectively. By con-
trast, (S)-ABA binding to heteromeric receptor complexes
revealed more than 10-fold lower Kd values of 64 nM for
ABI2/RCAR1 and 38 nM for a truncated HAB1/RCAR8
[29,35]. Similarly, RCAR3 revealed half-maximal inhi-
bition of ABI1 and ABI2 in the range of 15–40 nM [34].
Three observations are consistent with a coreceptor func-
tion of RCAR and PP2C: (i) the heteromeric complex
provides the high affinity binding site for ABA which is
of relevance at physiological ABA levels; (ii) the PP2C
interacts with the RCAR-bound ABA molecule; and (iii)
although the heteromeric receptor complex is also formed
in the absence of ABA, the ligand promotes the assembly of
or stabilises the holoreceptor, the heteromeric receptor
complex. The conclusion of ligand-mediated receptor com-
plex stabilisation is based on the observations of ABA-
enhanced protein interaction of HAB1 and some RCARs in
yeast (Saccharomyces cerevisiae) [28], by the stabilisation
of PP2C inhibition in the presence of high ABA levels
[29,34], and by co-immunoprecipitation studies [36]. Thus,
experimental evidence supports a coreceptor function for
both RCARs/PYR1/PYLs and PP2Cs.

Other ABA binding proteins
Until recently the identities of ABA receptors have
remained either elusive or contested [51]. Reported ABA
receptors include plastidic ABAR/CHLH/GUN5 [52,53] and
plasma membrane-localised GCR2 [54] and GTG1/GTG2
[55] (Table 1). Analysis of ABA binding to these proteins
employed radiolabelled assays, which are prone to artefacts
[56,57]. Hence, validation of the results by a more robust
ABA binding assay, such as ABA titration analysis by
isothermal calorimetry is required to clarify ABA binding
function. The identified components affect ABA responses
andare thus likely to be involved in thenetwork of hormonal
responses. At this stage, however, it is unclear how the
presumed ABA binding proteins feed into the molecular
events governing themain ABA responses (i.e. regulation of
germination, stomatal aperture and growth), all of which
are controlled by RCAR/PYR1/PYL–PP2C complexes [29].

ABA signalling to ion channels
The discovery of RCAR/PP2Cs as ABA receptors has
initiated a paradigm shift in our understanding of the
molecular basis of ABA action and has paved the way to
comprehending themain signalling events leading to ABA-
responsive gene regulation and ion channel control. PP2C
coreceptors interact with SNF1 (Sucrose-Nonfermenting
Kinase1)-related protein kinases OST1/SnRK2.6/SnRK2E
(see Glossary), SnRK2.2/SnRK2D and SnRK2.3/SnRK2I
[58,59]. These protein kinases, which act as positive
ABA key regulators, are structurally highly related and
belong to the superfamily of sucrose-nonfermenting
kinases (SNF) originally identified in yeast. PP2C corecep-
tor interaction with ABA-activated SnRK2s results in
efficient inactivation of SnRK2s via dephosphorylation of
multiple Ser/Thr residues in the activation loop. ABA
perception by the RCAR/PYR1/PYL proteins suppresses
PP2C-mediated dephosphorylation of the SnRKs and
allows their activation [59].
397



Table 1. Reported ABA binding proteins

Reported ABA

binding proteins

Localisation Study Dissociation

constant -Kd (nM)

Comments Refs

ABAR/CHLH/GUN5 Chloroplast

and nucleus

Subunit of Mg-chelatase;
3H-ABA binding, biochemistry

and reverse genetics

32 Barley plants with mutated/disabled

CHLH gene normal in their response

to ABA; selective binding to ABA;

link to ABA signal pathway unknown.

[52,53]

GCR2 Plasma

membrane

G-protein-coupled receptor;
3H-ABA binding, homology

modelling and reverse genetics

20 GCR2 probably a plant homologue

of bacterial lanthionine synthetase;

binding experiments are questioned.

[54]

GTG1, GTG2 Plasma

membrane

G-protein-coupled receptor-type

G proteins; 3H-ABA binding;

double knockout mutant

hypersensitive to ABA

36, 41 ABA response in mutants only

partially impaired; mammalian

homologue identified as an ion

channel of the endoplasmic reticulum.

[55]

RCAR/PYR1/PYL Nucleus and

cytosol

Related to lipid binding START

proteins; binding studies by

isothermal calorimetry and

NMR: triple and quadruple

mutants ABA-insensitive

64 for

RCAR1/ABI2, 38

for RCAR8/HAB1

Proteins inhibit negative key

regulators of the ABA pathway,

the PP2Cs ABI1, ABI2, HAB1,

in the presence of ABA; selective

ABA interaction at molecular level

confirmed by the use of nonactive

ABA stereoisomeres, reconstituted

protein system, binding kinetics

and mutagenesis.

[29,35]
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Guard cells provide an attractive single cell system to
study ABA responses [60]. The ABA signalling pathway
controlling ion channels in stomata appears to be surpris-
ingly short (Figure 2a). OST1 acts as positive regulator of
stomatal closure [61]. It activates the anion channel
SLAC1 (see Glossary) [62,63] and inhibits the cation chan-
nel KAT1 [64] (see Glossary) by phosphorylation. Both
Figure 2. ABA signalling to ion channels and to the nucleus. The ABA receptor is form

member (both highlighted in pink). The receptor complex controls ABA signalling and is

inhibits the action of the protein kinases (presented in green) OST1 and related SnRKs,

phosphatase activity of the receptor is blocked. As a consequence, the protein kinases a

the ABA signalling pathway. In guard cells, key targets are the ion channels SLAC1 and K

key targets are the basic leucine zipper transcription factor ABI5 and related ABFs. Ph

Glossary) and, in concert with other transcriptional regulators, provide the ABA-respons

enhances its action, whereas ABI4 and related AP2-type transcription factors target

expression.
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channels are reciprocally regulated by the ABA signalling
pathway and by Ca2+ [20]. The Ca2+-dependent regulation
is probably provided by another SLAC1-stimulating
protein kinase, the Ca2+-dependent protein kinase
CPK23 [65], and involves other related kinases such as
CPK3 and CPK6 [66]. The ABA coreceptors ABI1 and the
related PP2CA inhibit OST1-dependent SLAC1 activation
ed by the heteromeric complex of a PP2C such as ABI1 and an ABA-binding RCAR

present in (a) the cytosol and (b) the nucleus. The phosphatase activity of the PP2C

and possibly of Ca2+-dependent CPKs such as CPK23. In the presence of ABA, the

re released from inhibition and directly phosphorylate and regulate key targets of

AT1, which are activated and inhibited by OST1 action, respectively. In the nucleus,

osphorylated ABFs bind as dimers to the ABA-responsive cis-element (ABRE, see

ive transcription (components are presented in steel blue). ABI3 binds to ABI5 and

a GC-rich coupling element (CE) for optimal regulation of ABA-dependent gene
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via physical interaction [62,63]. ABA- and RCAR-mediated
inactivation of the PP2C allows SLAC1 activation. It is
tempting to speculate that control of ABA responsive ion
channels is imposed by a preformed signalling complex
consisting of an ABA receptor and an associated protein
kinase. Such a model is consistent with the findings of
plasma membrane-associated ABI1 [31,67], stable OST1–

PP2C complex formation [63] and holoreceptor formation
in the absence of elevated ABA levels in the cytosol
[28,29,36]. OST1 also targets a plasma membrane-loca-
lised NADPH oxidase that generates H2O2 [68]. H2O2

increases mediate stomatal closure [69], probably by cat-
alytic inactivation of ABI1 and ABI2, which are very
sensitive to H2O2 and oxidation [70,71]. OST1-dependent
H2O2 formation could initiate release of further active
OST1 via PP2C inactivation in a positive feedback loop.
Marked increases in H2O2 are induced in guard cells by
exposure to methyl jasmonate, bicarbonate and elicitors,
such as chitosan which is known to regulate stomatal
aperture [72,73]. It is conceivable that the different signal-
ling pathways target PP2Cs via the common secondary
messenger H2O2.

Stomatal closure is initiated by the depolarisation of
guard cells, which is triggered by anion release through
SLAC1 [19,74]. Subsequently, the initial depolarisation
activates outwardly-rectifying potassium channels. The
loss of osmotically relevant ions then leads to water and
turgor loss causing stomatal closing.

ABA pathway controlling gene transcription
Key transcriptional regulators of ABA-dependent gene
expression are ABFs/AREBs (ABA-responsive Element
Binding Factor/Protein, see Glossary), basic region/leucine
zipper (bZIP)-type transcriptional regulators with ABI5 as
a typical representative [75,76]. OST1 and the related
SnRK2.2/SnRK2D and SnRK2.3/SnRK2I directly target
ABF/AREBs in the nucleus (Figure 2b), and ABF2/AREB1
is phosphorylated in vitro by this class of ABA-activated
protein kinases [37,77–79]. SnRK activation is promoted
by ABA-mediated inactivation of the PP2Cs, which nega-
tively regulate the protein kinases. Phosphorylation of
ABI5 leads to its activation, whereas sumoylation antagon-
ises ABI5 action [80]. The principle mode of SnRK and
bZIP interaction has been pioneered by Walker-Simmons
and coworkers in wheat (Triticum aestivum) [81]. ABF1
and ABF4/AREB2 are also phosphorylated by Ca2+-de-
pendent protein kinases CPK4 and CPK11 [82]. Other
transcriptional regulators also contribute to ABA-specific
transcription. ABI3, belonging to the B3 transcriptional
regulators, binds to ABI5 and enhances its action. In
addition, ABI4, an AP2-type transcription factor, and a
number of additional transcription factors including MYC/
MYB-type regulators act as positive ABA response regu-
lators [83]. Finally, the homeodomain leucine zipper
AtHB6 interacts with ABI1 and serves as a transcription
factor to suppress ABA responses [84].

In their function as key regulators of ABA responses
PP2Cs target a number of additional cellular components
involved in abiotic stress responses. The interacting
proteins comprise members of the SnRK3 class [85], the
glutathione peroxidase as part of the redox homeostatic
system [86] and fibrillin precursor, which is imported into
plastids as a photosystem II protective and lipid-binding
protein [30].

Perspectives
The principle pathways from ABA perception to ABA-de-
pendent gene regulation and ion channel control are now
elucidated. However, the intricacies and the orchestration
of the numerous transcription factors involved remain to
be fully characterised. In addition to SnRK2s as key reg-
ulators of ABA responses, a prominent function of Ca2+-
regulated protein kinases, CPKs and CIPKs (see Glossary)
together with their regulatory Ca2+-binding calcineurin B-
like proteins, is emerging in regulating ion channels and
targeting other ABA signalling components. The role and
source of cytosolic Ca2+ increases in ABA responses is not
fully understood. The generation and function of NAD-
derived cADPR (cyclic ADP Ribose) as a second messenger
in the ABA signalling cascade still remains a conundrum
[87]. Regulation of ABA signalling implicates the control of
physiologically active ABA. How ABA biosynthesis, trans-
port, storage and turnover are regulated by environmental
cues such as cold and drought is a major challenge that we
need to understand. Furthermore, the molecular mechan-
isms of crosstalk between ABA and other phytohormone
signalling pathways remain to be elucidated. Although
many questions are still open, the current advances in
ABA signalling in Arabidopsis pave the way to address the
molecular events underlying stress responses in other
plant species, with the prospect to improve the abiotic
stress performance of crop plants.
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