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Plant survival under environmental stress requires the integration of multiple signaling pathways into a coordinated response,
but the molecular mechanisms underlying this integration are poorly understood. Stress-derived energy deprivation activates
the Snf1-related protein kinases1 (SnRK1s), triggering a vast transcriptional and metabolic reprogramming that restores
homeostasis and promotes tolerance to adverse conditions. Here, we show that two clade A type 2C protein phosphatases
(PP2Cs), established repressors of the abscisic acid (ABA) hormonal pathway, interactwith the SnRK1catalytic subunit causing
its dephosphorylation and inactivation. Accordingly, SnRK1 repression is abrogated in double and quadruple pp2c knockout
mutants, provoking, similarly to SnRK1 overexpression, sugar hypersensitivity during early seedling development. Reporter
gene assays and SnRK1 target gene expression analyses further demonstrate that PP2C inhibition by ABA results in SnRK1
activation, promoting SnRK1 signaling during stress and once the energy deficit subsides. Consistent with this, SnRK1 andABA
induce largely overlapping transcriptional responses. Hence, thePP2Chuballows the coordinated activation of ABAandenergy
signaling, strengthening the stress response through the cooperation of two key and complementary pathways.

INTRODUCTION

Changes in water and nutrient availability, soil salinity, and ex-
treme temperatures, amongothers, generate signals in plants that
need to be finely integrated with metabolic activity and de-
velopment for optimal growth and survival (Smith and Stitt, 2007).
One such signal is energy deficiency derived from impaired car-
bon assimilation and/or respiration in situations of stress, which
triggers the activation of the SnRK1 protein kinases to restore
homeostasis and elaborate adequate longer term responses
through a vast metabolic and transcriptional reprogramming
(Radchuk et al., 2006; Schwachtje et al., 2006; Baena-González
et al., 2007; Baena-González and Sheen, 2008; Lee et al., 2009).
The Arabidopsis thaliana genome encodes 38 SnRKs, of which
three, SnRK1.1 (KIN10/AKIN10), SnRK1.2 (KIN11/AKIN11), and
SnRK1.3 (KIN12/AKIN12), represent the orthologs of the budding
yeast (Saccharomyces cerevisiae) sucrose-nonfermenting1
(Snf1) and mammalian AMP–activated protein kinase (AMPK)
metabolic sensors (Halford et al., 2003; Polge and Thomas, 2007;

Hardie, 2011). An increasing body of evidence suggests that
SnRK1s act as convergence points for various metabolic, hor-
monal and stress signals during growth and development, linking
it to key hormonal pathways and in particular to abscisic acid
(ABA; Németh et al., 1998; Bhalerao et al., 1999; Bradford et al.,
2003; Radchuk et al., 2006; Baena-González et al., 2007; Lu et al.,
2007; Rosnoblet et al., 2007; Ananieva et al., 2008; Baena-
González and Sheen, 2008; Lee et al., 2008; Jossier et al., 2009;
Radchuk et al., 2010; Coello et al., 2012; Tsai and Gazzarrini,
2012). SnRK1 is a heterotrimeric complex composed of an
a-catalytic subunit (SnRK1.1/1.2/1.3 in Arabidopsis) and two
regulatory subunits, b and g (Polge and Thomas, 2007). Similarly
to itsmammalian and yeast counterparts, SnRK1 activity requires
phosphorylation of a highly conserved T-loop residue (T175 in
SnRK1.1) (Estruch et al., 1992; Hawley et al., 1996; Stein et al.,
2000; McCartney and Schmidt, 2001; Baena-González et al.,
2007; Shen et al., 2009; Crozet et al., 2010). Under normal energy
conditions in mammalian cells, MgATP is bound to the g-subunit
of the AMPK complex resulting, through the joint action of the
constitutively active upstream liver kinase B1 and the still un-
knownupstreamphosphatase, in abasal T-loopphosphorylation:
dephosphorylation cycle with no net AMPK activation (Hardie,
2011). Under energy deficiency conditions, the replacement of
MgATP by AMP/ADP triggers a conformational change that pro-
motes AMPK phosphorylation and, most importantly, protects
AMPK fromdephosphorylation by rendering it a poor substrate for
phosphatases (Oakhill et al., 2011; Xiao et al., 2011). Despite the
rate of dephosphorylation being a primary determinant of AMPK

1These authors contributed equally to this work.
2 Address correspondence to ebaena@igc.gulbenkian.pt.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Elena Baena-González
(ebaena@igc.gulbenkian.pt).
C Some figures in this article are displayed in color online but in black and
white in the print edition.
W Online version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.113.114066

The Plant Cell, Vol. 25: 3871–3884, October 2013, www.plantcell.org ã 2013 American Society of Plant Biologists. All rights reserved.

http://orcid.org/0000-0002-5293-5583
http://orcid.org/0000-0001-6598-3579
mailto:ebaena@igc.gulbenkian.pt
http://www.plantcell.org
mailto:ebaena@igc.gulbenkian.pt
http://www.plantcell.org/cgi/doi/10.1105/tpc.113.114066
http://www.plantcell.org


activity, the identity of the AMPK phosphatase(s) remains unclear
and may differ between tissues and conditions of cell stimulation
(Steinberg andKemp, 2009;Carling et al., 2012). In budding yeast,
Reg1, a regulatory subunit of the type 1 protein phosphatase
Glc7, interacts with Snf1 and is required to maintain Snf1 in an
inactive state during growth on Glc (Sanz et al., 2000; Hong et al.,
2005). The metabolic signal underlying Snf1 regulation remained
enigmatic for a long time, but recent work demonstrated that Snf1
is also regulated by ADP at the substrate level, preventing its
dephosphorylation by phosphatases (Mayer et al., 2011). In
plants, SnAK1/2 (also calledGeminivirusRep interacting kinase 2/1)
have been identified as upstreamSnRK1 kinases (Shen et al., 2009;
Crozet et al., 2010), but the phosphatases responsible for resetting
SnRK1 signaling are unknown.

In Arabidopsis, at least seven of the nine type 2C protein
phosphatases (PP2Cs) from clade A (Schweighofer et al., 2004)
act as negative regulators of the ABA pathway (Gosti et al., 1999;
Merlot et al., 2001; Leonhardt et al., 2004; Saez et al., 2004, 2006;
Kuhn et al., 2006; Yoshida et al., 2006; Nishimura et al., 2007;
Rubio et al., 2009;Antoni et al., 2012) through their interactionwith
SnRK2s, more divergent members of the SnRK family and spe-
cific to plants (Halford et al., 2003; Cutler et al., 2010).Arabidopsis
contains 10 SnRK2s, of which three, SnRK2.2/2.3/2.6, are spe-
cifically activated by ABA and play a central role in the ABA
pathway (Gómez-Cadenas et al., 1999; Li et al., 2000; Mustilli
et al., 2002;Boudsocqet al., 2004, 2006; Yoshida et al., 2006; Fujii
et al., 2007, 2009). Clade A PP2Cs regulate SnRK2.2/2.3/2.6
through physical obstruction and direct dephosphorylation of
a conservedSer residue in the T-loop (S175 inSnRK2.6) (Umezawa
et al., 2009; Vlad et al., 2009; Soon et al., 2012). In the presence of
ABA, the Pyrabactin Resistance1/Pyrabactin Resistance1-Like
(PYL)/Regulatory Components of ABA Receptors family of ABA
receptors (hereafter PYL) inhibit PP2Cs, resulting in SnRK2 acti-
vation and downstream gene expression (Ma et al., 2009; Park
et al., 2009; Soon et al., 2012).

Considering that clade A PP2Cs, through interactionwith awide
array of targets, act as a regulatory hub for different abiotic stress
responses (Sheen, 1996; Chérel et al., 2002; Guo et al., 2002;
Himmelbach et al., 2002; Ohta et al., 2003; Miao et al., 2006; Yang
etal., 2006;Umezawaetal., 2009;Vladetal., 2009;Geigeretal., 2010)
and taking into account the role of SnRK1 as a convergence point for
multiple types of stress (Baena-González et al., 2007), we postulated
that clade A PP2Cs might function as SnRK1 phosphatases. An
additional hint came from data mining on a high-throughput proteo-
mics screen for yellow fluorescent protein (YFP)-ABI1-interacting
proteins, which inadvertently identified SnRK1s as putative ABI1-
interacting proteins (Nishimura et al., 2010) (see below).

Here, we provide molecular, genetic, and physiological evi-
dence for the role of two clade A PP2Cs, ABI1 and PP2CA, as
negative regulators of SnRK1 signaling in Arabidopsis through
their direct interaction with the SnRK1 a-catalytic subunit, its
dephosphorylation, and subsequent inactivation, hence contrib-
uting to resetting SnRK1 signaling upon the remittance of stress.
In contrast, PP2C inhibition allows ABA to promote SnRK1 ac-
tivity, potentiating the stress response through the interplayof two
complementary pathways and providing an explanation for the
extensive genetic interactions reported between ABA and sugar
signaling (Rolland et al., 2006).

RESULTS

ABI1 and PP2CA Interact with the SnRK1 Catalytic Subunit

A high-throughput screen using green fluorescent protein (GFP)–
affinity purification and mass-spectrometric analyses was per-
formedbyNishimuraandcolleaguestoidentifyproteinsinteracting
with YFP-ABI1 (Nishimura et al., 2010). Data mining of their results
revealed the presence of peptides corresponding to both SnRK1s
in several of their replicate experiments with YFP-ABI1 (SnRK1.1
in experiments 1, 3, and 8 and SnRK1.2 in experiments 1 and 3),
whereas neither of the two SnRK1s was identified in any of the
YFPcontrol experiments.
As a first step to validate thesedata and investigate thepossible

regulation of SnRK1 by clade A PP2Cs, we tested in yeast two-
hybrid (Y2H) assays the interaction between the SnRK1 catalytic
subunit and ABI1 or PP2CA, representative members of the two
clade A branches in the PP2C family (Schweighofer et al., 2004).
SnRK1.1 interacted with ABI1 and PP2CA in yeast cells, and
deletion of its regulatory domain (RD) abolished this interaction
(Figure 1A; see Supplemental Figure 1A online). The N terminus
harbors the kinase catalytic domain (CD), whereas the C terminus
harbors the RD that binds the b- and g-subunits (Polge and
Thomas, 2007). TheSnRK1RDcontains a subdomain of unknown
function, the kinase-associated1 (KA1) domain, that was reported
in the SnRK3.11/Salt Overly Sensitive2 (SOS2) protein kinase
to closely superimpose on the protein phosphatase in-
teraction domain (Sánchez-Barrena et al., 2007), a docking
site for the clade A PP2C ABI2 (Ohta et al., 2003). Modeling
SnRK1.1 with the structures resolved for the KA1 domain in
SnRK3.11 (Sánchez-Barrena et al., 2007), the AMPK-related
microtubule-affinity–regulating kinase3 (Tochio et al., 2006),
and for AMPKa (Xiao et al., 2011), revealed that in SnRK1.1,
this subdomain spans residues 390 to 512 (see Supplemental
Figure 2 online). As shown, the KA1 domain was both required
and sufficient for the interaction with the phosphatase (Figure
1A). Nevertheless, colony growth when using the KA1 domain
alone was weaker than with SnRK1.1-RD or the full-length
protein, suggesting that other regions may play a role in the
PP2C interaction.
To further validate the Y2H data, we performed an in vitro pull-

down assay (Figure 1B). Purified recombinant His-SnRK1.1-CD
or His-SnRK1.1-RD was incubated with glutathione S-transferase
(GST)—PP2CA, GST, or the beads and the interacting pro-
teins were pulled down using a glutathione–agarose matrix.
SnRK1.1-RD was recovered only when using GST-PP2CA as
bait. In the case of SnRK1.1-CD, a fivefold enrichment was
observed when using GST-PP2CA compared with GST alone,
suggesting that even though not detected in the Y2H assay,
PP2Cs interact also to some degree with the SnRK1.1-CD. No
SnRK1-RD or SnRK1.1-CD was recovered from the beads
alone. To determine whether a SnRK1.1-PP2C interaction oc-
curs also in planta, SnRK1.1 was transiently coexpressed in
Arabidopsis protoplasts with control DNA or with a plasmid
expressing ABI1-hemagglutinin (HA). Immunoprecipitation with
an anti-HA antibody revealed a specific interaction between
SnRK1.1 and ABI1-HA (Figure 1C), demonstrating that ABI1 also
interacts with SnRK1.1 in vivo.
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ABI1 and PP2CA Dephosphorylate and Inactivate SnRK1.1

To evaluate whether the detected PP2C-SnRK1.1 interaction
results in SnRK1.1 dephosphorylation and inactivation, we
immunoprecipitated SnRK1.1 from plants overexpressing an HA-
tagged version (35S:SnRK1.1-HA) (Baena-González et al., 2007)
and treated with recombinant His-PP2CA. PP2CA treatment
caused a clear dephosphorylation of SnRK1.1, as assessed by
a fastermobility in a Phos-Tag SDS-PAGE that selectively retards
phosphorylated proteins (Kinoshita et al., 2009) (Figure 2A). To
investigate theeffect of this dephosphorylation onSnRK1activity,
we performed in vitro kinase assays. In agreement with previous
reports, active SnRK1.1 could efficiently autophosphorylate and
phosphorylate the Abscisic acid responsive elements-Binding
Factor2 (ABF2) transcription factor in vitro (Bhalerao et al., 1999;
Zhang et al., 2008; Shen et al., 2009) (Figure 2B, lane 1). No ABF2
phosphorylation could be observed in control HA pull downs from
wild-type (WT) plants, confirming that the measured activity cor-
responds to SnRK1-HA (see Supplemental Figure 3A online).
Addition of PP2CA to the reaction caused a substantial decrease

in the phosphorylation of bothSnRK1.1 andABF2 (Figure 2B, lane
2). The PYL receptors inhibit clade A PP2Cs in the presence of
ABA, resulting in SnRK2 activation (Fujii et al., 2009; Ma et al.,
2009; Park et al., 2009). Adding the PYL4 receptor in the absence
of ABA did not change the ability of PP2CA to inactivate SnRK1

Figure 1. ABI1 and PP2CA Interact with SnRK1.1 in Vitro and in Vivo.

(A) SnRK1.1 interacts with ABI1 and PP2CA in Y2H assays. Protein in-
teraction was determined by growth assay in medium lacking Leu, Trp,
adenine and His (2L2W2A2H) compared with control medium lacking
Leu and Trp but supplemented with adenine and His (2L2W+A+H).
(B) In vitro interaction between GST-PP2CA and His-T7-SnRK1.1 de-
tected by GST pull down and T7 immunodetection of SnRK1.1 preys.
Numbers below immunoblot denote band intensities compared with
GST-alone control (=1); values represent means 6SD (n = 3).
(C) HA immunoprecipitation pulls down SnRK1.1 from protoplasts co-
expressing SnRK1.1 (untagged) with ABI1-HA, but not with control DNA.
[See online article for color version of this figure.]

Figure 2. ABI1 and PP2CA Inhibit SnRK1.1 by Dephosphorylation.

Immunoprecipitated SnRK1.1-HA is dephosphorylated (A) and in-
activated (B) in vitro by PP2CA.
(A) HA immunoblot following Phos-Tag-SDS-PAGE (Kinoshita et al., 2009).
(B) Autoradiograms showing that SnRK1.1 activity on itself and ABF2
(lane 1) is lost following His-PP2CA-treatment (lane 2) but rescued by
PYL4 and ABA (lane 4). GST-PP2CA dephosphorylates T175 in re-
combinant SnRK1.1, phosphorylated or not with SnAK2 (C), and in im-
munoprecipitated SnRK1.1 (n = 3) (D) in vitro. Numbers below
autoradiograms and immunoblots denote band intensities relative to
SnRK1.1 control (=1). At least three independent experiments were per-
formed in (A) to (C) with similar results.
(E) Coexpression in protoplasts of SnRK1.1 with clade A PP2Cs ABI1
and PP2CA, but not with clade E PP2C6-6, results in SnRK1.1(T175)
dephosphorylation. PP2Cs and SnRK1.1 bear HA and GFP tags, re-
spectively. SnRK1.1(T175) phosphorylation was detected by im-
munodetection with anti-phospho-AMPKa(T172) antibodies (n = 6). Error
bars = SE; P values, two-tailed paired Student’s t test (D) and one-way
ANOVA with Tukey test (E) on the nonnormalized ratio of SnRK1.1(T175)
phosphorylation relative to total SnRK1.1.
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(Figure 2B, lane 3), whereas in the presence of ABA, PYL4
fully blocked SnRK1.1 inactivation by PP2CA (Figure 2B, lane 4).
To rule out the possibility that decreased ABF2 phosphorylation
in the presence of PP2CA results from direct ABF2 de-
phosphorylation byPP2CA rather than from lower SnRK1 activity,
SnRK1.1 was preincubatedwith PP2CA andPYL4 in the absence
(PP2CA active) or presence (PP2CA inactive) of ABA (see
Supplemental Figure 3B, lanes 2 and 3, online). Following this
incubation, ABAwas added to block further PP2CA action before
the addition of ABF2. Preincubation of SnRK1 with PP2CA in the
absence of ABA resulted in undetectable SnRK1 activity and
ABF2 phosphorylation, suggesting that the effect of PP2CA on
ABF2 phosphorylation was at least partly due to a reduction in
SnRK1 activity rather than to a direct dephosphorylation of ABF2
by the phosphatase.

SnRK1 requires phosphorylation of the T-loop T175 residue for
activity (Baena-González et al., 2007; Shen et al., 2009; Crozet
et al., 2010). To test whether T175 could be a substrate for ABI1
and PP2CA, we first performed in vitro dephosphorylation ex-
periments. Recombinant SnRK1.1 is not phosphorylated and
hence is barely active but it can be strongly activated by the up-
stream kinases SnAK1/2 through the specific phosphorylation of
T175 (Shen et al., 2009; Crozet et al., 2010). GST-PP2CA treat-
ment of recombinant GST-SnRK1.1, prephosphorylated with
GST-SnAK2, resulted in significant T175 dephosphorylation, as
detected with an anti-phospho-AMPKa(T172) (T172) antibody
(Sugden et al., 1999; Baena-González et al., 2007) (Figure 2C) that
specifically recognizes SnRK1.1 and SnRK1.2 phosphorylated in
the T-loop (T175 for SnRK1.1; see Supplemental Figure 4 online).
Asimilar effectwasobservedwhenSnRK1.1was immunoprecipitated
from 35S:SnRK1.1-HA plants and treated with GST-PP2CA (Figure
2D), altogether showing that T175 is efficiently dephosphorylated by
PP2Cs in vitro.

To determine whether T175 is a PP2C substrate in vivo, we
used Arabidopsis mesophyll protoplasts to transiently express
SnRK1.1-GFP alone or in combination with various PP2Cs. As
shown in Figure 2E, coexpression of SnRK1.1-GFP with either
ABI1 or PP2CA (from clade A) resulted in a significant reduction in
T175 phosphorylation levels, while coexpression with the un-
related PP2C6-6 from clade E (Schweighofer et al., 2004) did not
have an impact on T175 phosphorylation. These results suggest
that T175 is a substrate for ABI1 and PP2CA also in vivo.

ABI1 and PP2CA Repress SnRK1 Signaling

To further explore the functional implications of SnRK1 regulation
by PP2Cs, we employed a transient cell-based assay that uses
luciferase (LUC) induction from the DIN6:LUC reporter as a read-
out of SnRK1activity (Baena-González et al., 2007). In transfected
mesophyll protoplasts, SnRK1.1 overexpression is sufficient to
induce strong LUC activity under control conditions (Figure 3A)
(Baena-González et al., 2007). Coexpression with the ABI1 or
PP2CA phosphatases reduced SnRK1.1-mediated DIN6:LUC
induction by 60% without affecting SnRK1.1 levels (Figure 3A).
Importantly, the ability of these phosphatases to repress reporter
gene induction by SnRK1.1 was strongly diminished in the cor-
responding catalytically inactive variants (ABI1_D177A and
PP2CA_D142A; Figure 3A), suggesting that repression of SnRK1

signaling by ABI1 and PP2CA occurs to a large extent through
dephosphorylation. As a negative control, coexpression with the
unrelated PP2C6-6 from clade E (Schweighofer et al., 2004) had
no significant effect on the ability of SnRK1.1 to induce the re-
porter (Figure 3B), altogether supporting the specific repressive
role of ABI1 and PP2CA on the SnRK1 pathway.
To investigate the influence of ABI1, PP2CA, and other clade

A PP2Cs on endogenous SnRK1 signaling, we treated detached
Arabidopsis leaves of the wild type, the double abi1-2 pp2ca-1
(Rubio et al., 2009), and two different quadruple pp2c knockout
mutants (hai1-1 pp2ca-1 hab1-1 abi1-2, hereafter Qhai1-1; abi2-2
pp2ca-1 hab1-1 abi1-2, hereafter Qabi2-2; see Supplemental
Figure 5 online; Antoni et al., 2013) under control (3 h of light [L]),
activating (3 h of darkness [D]) and inactivating conditions (3 h of
darkness followed by 1 h of darkness in 50 mM Glc [DG]), and
analyzed SnRK1 target gene expression (Baena-González et al.,
2007) by quantitative RT-PCR (qRT-PCR). Exposure to darkness
triggered a strong induction of SnRK1 target genes in all gen-
otypes (Figure 3C), in agreement with the current view that the
conformation adopted by AMPK and Snf1 under conditions of
low energy renders the kinases resistant to phosphatase action
(Mayer et al., 2011; Oakhill et al., 2011; Xiao et al., 2011). In
marked contrast, SnRK1 inactivation in response to subsequent
Glc addition was deficient in abi1-2 pp2ca-1 plants (for DIN6)
and completely blocked in the quadruple pp2c mutants (Figure
3C), demonstrating that clade A PP2Cs are essential compo-
nents for the poststress inactivation of SnRK1 signaling.
In agreement with previous work (Baena-González et al., 2007),

and despite the clear effect of PP2Cs onSnRK1 signaling under L,
D, and DG conditions, analyses of total protein extracts of wild-
type andQabi2 leaves revealed no clear differenceswith regard to
T175 phosphorylation or total SnRK1 activity (Figures 3D and 3E).
This suggests that subtle changes in SnRK1 phosphorylation
and activity are sufficient to trigger significant downstreameffects
in gene expression, and that neither immunodetection with
phospho-AMPKa(T172) antibodies nor SnRK1 kinase assays on
total cellularSnRK1aresensitiveenough tomonitor thesechanges.

Altered Sugar Responses in pp2c Mutants

High concentrations of sugars (6% Glc, ;330 mM) induce a de-
velopmental arrest characterized, for instance, by repression of
cotyledon greening and expansion (Rolland et al., 2006). Wild-
type seedlings grow well on plates containing 4% Glc but coty-
ledon greening and expansion are clearly impaired on higher
sugar concentrations (Figure 4). Such adverse conditions trigger
SnRK1 activation, leading to sugar hypersensitivity in 35S:
SnRK1.1 seedlings (Jossier et al., 2009) (Figure 4). The abi1-2
pp2ca-1 double mutant displays Glc hypersensitivity visible only
in 6% Glc, but this is markedly enhanced in the quadruple pp2c
mutants, which exhibit a clear phenotype in 4% Glc (Figure 4).
Even though the ABA hypersensitivity of these mutants (see
Supplemental Figure 5 online) renders them more sensitive to
increased osmolarity in the 4% sorbitol control plates (Antoni
et al., 2012), a clear impact on development can be observed on
4%Glc plates. In 6% sorbitol and Glc plates, the growth of these
mutants is socompromised that a distinctionbetweenosmotic and
sugar effects is not possible. Consistent with the loss-of-function
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Figure 3. ABI1 and PP2CA Repress SnRK1 Signaling.

(A) SnRK1.1 activity, measured as the induction of the DIN6:LUC reporter in protoplasts is severely reduced by clade A PP2Cs ABI1 and PP2CA, but to
a much lesser extent by the corresponding catalytically inactive mutants ABI1_D177A and PP2CA_D142A (n = 9). Numbers above columns designate
the percentage of SnRK1.1 inhibition as compared with 100% activity in the absence of PP2Cs.
(B) An unrelated clade E PP2C6-6 does not impinge on SnRK1.1 activity (n = 8).
(C) Reduced SnRK1 inactivation in double and quadruple pp2c knockout mutants Qhai1-1 and Qabi2-2. Relative gene expression of SnRK1.1 marker
genes (DIN6, AXP) in control ( L), activating ( D), and inactivating (DG) conditions (n = 4). P values, one-way ANOVA with Tukey (A) and (B) and two-way
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phenotype, plants overexpressing PP2CA are sugar insensitive
(Figure 4), altogether genetically supporting the role of PP2Cs as
negative regulators of SnRK1 signaling.

ABA Promotes SnRK1 Signaling via PP2Cs

Wenext wanted to assesswhether PP2C regulation of the SnRK1
pathway could allow ABA to modulate SnRK1 activity. The tran-
sient coexpression of PYL receptors with ABI1 in ABA-treated
mesophyll protoplasts is enough to efficiently repress ABI1 action
and to trigger the activation of an ABA signaling reporter (Fujii
et al., 2009). Similarly, coexpression of ABI1 with PYL4 in the
presenceof ABA fully restoredSnRK1.1 ability to induce theDIN6:
LUC reporter in protoplasts (Figure 5A), presumably through ABI1
sequestration in the ABA-PYL-PP2C ternary complex. We ob-
served an overall twofold increase in LUC activity when com-
paringmock- andABA-treated samples (seeSupplemental Figure
6 online), further suggesting that ABA can induce SnRK1 signal-
ing. To further explore this possibility and to examine the effect of
ABA on other SnRK1 target genes (Baena-González et al., 2007),
we treatedArabidopsis leaf discswith or without ABA (100 µM) for
5 h and quantified downstream gene expression changes by
qualitative qRT-PCR. ABA treatment did activate SnRK1, albeit to
an extent 1 order of magnitude lower than that triggered by
darkness (Figure 5B). Most importantly, the impact of ABA on
SnRK1 target genes was reduced in plants overexpressing
PP2CA (35S:PP2CA; Figure 5C) (Antoni et al., 2012), indicating
that the effect of ABA on SnRK1 activity is via PP2C inhibition. To
investigate this connection at the whole genome level, we com-
pared the transcriptional profile associated with SnRK1.1 acti-
vation in protoplasts (Baena-González et al., 2007) with that of
seedlings treated with ABA http://www.arabidopsis.org/portals/
expression/microarray/ATGenExpress.jsp, AtGenExpress Con-
sortium; Nemhauser et al., 2006). Despite differences in tissue
type and developmental stage in the two data sets, there was
a significant overlap between the transcriptional changes trig-
gered bySnRK1.1 andbyABA (Figure 5D; seeSupplemental Data
Set 1 online). More than 22 and 28% of the total number of genes
upregulated and downregulated by SnRK1.1, respectively, were
similarly regulated by ABA, in marked contrast with the negligible
overlapwith other hormone treatments or when comparing genes
oppositely regulated in the SnRK1.1 and ABA data sets (see
Supplemental Figure 7 online). Despite the wide impact of both
SnRK1 andABAon the transcriptome, the probability of obtaining
such an overlap of similarly regulated genes by chance is very low
(hypergeometric test, P < 9.2242).

We next analyzed SnRK1 target gene expression in wild-type
leaf discs subjected to ABA at the beginning of the dark treatment
to test the combined effect of ABAandenergy stress or 2 hprior to

Glc addition to test the impact of ABA on the sugar-induced in-
activation of SnRK1. Addition of ABA enhanced SnRK1 activation
by darkness (Figure 5E, samples D, and DA). Moreover, adding
ABA prior to Glc diminished SnRK1 inactivation in response to
sugar (Figure 5E, samples DG and DGA). Collectively, these re-
sults show that ABA positively regulates SnRK1 signaling by in-
hibiting clade A PP2Cs, thereby promoting SnRK1 signaling
during stress and once energy deficiency remits.

DISCUSSION

Despite the central role of SnRK1 kinases in the plant stress re-
sponse, the regulatory mechanisms underlying SnRK1 function
are poorly understood.We have demonstrated here that ABI1 and
PP2CA are bona fide SnRK1 phosphatases that contribute to
resettingSnRK1activity upon restoration of energy levels and that
allowABA to induce andpotentiate SnRK1 signaling during stress
(Figure 6). Although our results indicate that several clade A
PP2Cs, including ABI1 and PP2CA, are important for SnRK1
regulation, this may not be true for all members of this clade.
Furthermore, even though clade E PP2C6-6 had no significant
impact on SnRK1 phosphorylation and signaling (Figures 2E and
3B), we cannot exclude the possibility that other PP2Cs regulate
SnRK1 in other tissues or under different conditions. A clear in-
teraction of SnRK1.1 with ABI1 and PP2CAwas observed both in
vitro and in vivo (Figure 1), demonstrating that PP2Cs act through
direct binding to the SnRK1 a-catalytic subunit, probably using
the C-terminal RD of SnRK1 as a docking site, albeit interacting
also with the catalytic region that harbors the T175 target residue.
Based on Y2H experiments, the KA1 domain of SnRK1 may play
a key role in the PP2C–SnRK1 interaction (Figure 1A). As pre-
viously noted (Sánchez-Barrena et al., 2007), the KA1 domain can
be closely superimposed on the phosphatase interaction domain
of SOS2/SnRK3.11 and, given its presence also in the related
AMPK and microtubule-affinity regulating kinase 3 kinases, has
beensuggested to represent anancient highly conserved scaffold
for interaction with PP2Cs (Sánchez-Barrena et al., 2007) (see
Supplemental Figure 2 online). SnRK2.2/2.3/2.6 also require their
C-terminal region, namely the ABA box, for PP2C binding (Vlad
et al., 2009; Soon et al., 2012), and additional regions of in-
teraction exist within the N-terminal CD (Soon et al., 2012), some
of which, such as the T-loop and the aG helix, correspond to
conserved features of the protein kinase canonical fold (Hanks
and Hunter, 1995) (see Supplemental Figure 2 online). Our in vitro
pull-down assays suggested that the SnRK1.1-PP2CA in-
teractionmay not solely rely on theSnRK1RDand that similarly to
SnRK2s, some parts of the CD may also play a role in this in-
teraction (Figure 1B). Interestingly, a high-throughput screen for

Figure 3. (continued).

ANOVA with Sidak test (C). Error bars = SE. Analyses of SnRK1(T175) phosphorylation (D) and SnRK1 activity (E) from total cellular extracts reveal no
differences in various conditions and between wild-type and Qabi2-2 mutant plants.
(D) SnRK1.1(T175) phosphorylation was detected by immunodetection with anti-phospho-AMPKa(T172) antibodies at the indicated time points. (E)
SnRK1 activity was measured using SnRK1 immunoprecipitated from wild-type or Qabi2-2 leaves using the AMARA peptide assay. Values represent
means 6 SD (n = 2).
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YFP-ABI1 interactors employing affinity purification and liquid
chromatography coupled with tandem mass spectrometry iden-
tified SnRK1s as candidate ABI1-interacting proteins, whereas
peptides corresponding to SnRK2.6 were not retrieved and the
ABI1–SnRK2.6 interaction could only be confirmed by coimmu-
noprecipitation of the transiently overexpressed proteins in to-
bacco (Nicotiana benthamiana) (Nishimura et al., 2010).

As an outcome of the interaction with ABI1 and PP2CA, SnRK1
is dephosphorylated and inactivated (Figures 2 and 3). Never-
theless, disruption of the catalytic site in the ABI1_D177A and
PP2CA_D142A mutants did not fully restore SnRK1 activity (Fig-
ure 3A), suggesting that, although dephosphorylation plays
a major role in SnRK1 inactivation, physical blockage may, simi-
larly to SnRK2s (Soon et al., 2012), also be important for SnRK1
repression. The mechanism of action also may differ between the
various PP2Cs, as suggested by the fact that despite having
a lower impact on SnRK1(T175) phosphorylation (Figure 2E),
PP2CA had a consistently stronger effect than ABI1 on SnRK1
signaling (Figure 3A). Given that the SnRK1RD is themajor region
of interaction with PP2Cs (Figure 1) and that this region is re-
sponsible for binding the regulatory subunits (Bhalerao et al.,
1999; Kleinow et al., 2000), it is plausible that PP2C binding af-
fects SnRK1 activity also by interfering with trimer formation.

PP2CA was able to efficiently dephosphorylate T175 in vitro
and in vivo (Figure 2), consistent with the in vitro dephos-
phorylation of this residue by mammalian PP2C (Sugden et al.,

1999). Nevertheless, despite the clear differences in gene ex-
pression observed between control, inducing, and inactivating
conditions and between the wild-type and Qabi2-2 leaves (Figure
3C), we were unable to detect differences in T175 phosphoryla-
tion or SnRK1 activity in these conditions in the endogenous
SnRK1 (Figures 3D and 3E), suggesting that the relatively short
treatment times employed result in subtle changes in kinase

Figure 5. ABA Promotes SnRK1 signaling.

(A) PP2C repression of SnRK1 signaling in protoplasts is blocked by
coexpression of the PYL4 receptor in the presence of ABA (n = 3).
(B) Induction of SnRK1 target genes by ABA (n = 10) and energy stress
(D; n = 12).
(C) Reduced induction of SnRK1 target genes by ABA in 35S:PP2CA
plants (n = 3).
(D) SnRK1 activation and ABA treatment induce largely overlapping
transcriptional responses. Percentage of upregulated or downregulated
SnRK1.1 targets similarly regulated by ABA.
(E) ABA enhances SnRK1 activation by darkness and diminishes its Glc-
triggered inactivation. SnRK1 target gene expression in L, DA, or D.
Following dark activation, SnRK1 repression triggered by Glc was ex-
amined with (DGA) or without (DG) ABA pretreatment (n = 4). Error bars = SE.
P values, two-way ANOVA with Fisher�s least significant difference test.
DIN6, SEN5, AXP, SnRK1, target genes.

Figure 4. Altered Glc Response in pp2c Knockout Mutants and PP2C
Overexpressors.

Glc hypersensitivity of SnRK1.1 overexpressors (35S:SnRK1.1; 4-6%
glc), double (abi1-2 pp2ca-1; 6% glc) and quadruple pp2c knockout
mutants (Qhai1-1 and Qabi2-2; 4% glc), and Glc insensitivity of PP2CA
overexpressors (35S:PP2CA; 6% glc) in early seedling development. Sor,
sorbitol osmotic control; MS, control media without Glc or sorbitol. Bar =
1 cm.

SnRK1 Regulation by PP2Cs and ABA 3877



phosphorylation and activity that are not possible to detect with
the phospho-AMPKa(T172) antibodies or the kinase activity as-
says from total cellular SnRK1.1. Indeed, a much longer (24-h)
starvation treatment of rice suspension cells resulted in mild (1.9-
fold) differences in SnRK1 activity, as measured with the SAMS
peptide (Lu et al., 2007). These results are in agreement with the
view on cellular enzyme cascades in which slight changes in en-
zyme activity may trigger significant downstream effects by am-
plifying the signal (Chock et al., 1980). More sensitive and
quantitative techniques like MassWestern (Lehmann et al., 2008)
and/or the enrichment of specificSnRK1subcellular poolsmaybe
required for accurately assessing changes in SnRK1 T-loop
phosphorylation and activity in response to stress and nutrient
signals.

Our results employing reporter gene assays and gene expres-
sion analyses in the wild type, pp2c knockout mutants, and
PP2CA overexpressors show that PP2Cs are negative regulators
of SnRK1 signaling (Figures 3 and 4). Transient coexpression of
ABI1 and PP2CA with SnRK1 in protoplasts reduced by 60% the
ability of SnRK1 to activate gene expression (Figure 3). Using
a similar approach, Fujii and colleagues showed that the extent
of repression by ABI1 was nearly 100% when coexpressing
SnRK2.6 and its downstreamABF2 transcription factor to activate
an ABA reporter (Fujii et al., 2009). However, the ability of PP2Cs
to repress kinase activity varied depending on the SnRK2 and
PP2C combination employed, and in the case of SnRK2.6 and
HAB1, the repression was only 30%. Because some clade A
PP2Cs have been shown to dephosphorylate ABF2 (Antoni et al.,

2012), it is also possible that the difference in the extent of re-
pression is due to a simultaneous effect of ABI1 on the kinase and
on the transcription factor.
Most importantly, constitutive PP2C depletion in the quadruple

pp2c mutants abrogates SnRK1 inactivation and downstream
target gene repression after stress-derived energy deprivation
subsides (Figure 3C, DG samples). However, the impact of PP2C
depletion is less obvious under activating stress conditions (Fig-
ure 3C, D samples) presumably because, as for AMPK and Snf1
(Mayer et al., 2011;Oakhill et al., 2011; Xiao et al., 2011), the kinase
is protected from dephosphorylation when energy levels are low
(Sugden et al., 1999). Similarly to plants overexpressing SnRK1.1,
double and quadruple pp2c knockout mutants showed varying
degrees of a sugar hypersensitive phenotype, while PP2CA
overexpressors displayed an opposite phenotype (Figure 4), all
consistent with the conclusions from the molecular data that
PP2Cs negatively regulate SnRK1.
Our results indicate that the ABA and energy signaling path-

ways interact through PP2Cs and that ABA can induce SnRK1
signaling through PP2C inhibition (Figure 5). This is in agreement
with a recent study reporting enhanced SnRK1 activity in wheat
(Triticum aestivum) roots in response to ABA (Coello et al., 2012),
and provides a molecular explanation for the extensive inter-
actions observed between ABA and sugar signaling in genetic
screens (Rolland et al., 2006). SnRK1s were never identified
amongABA-activated kinases,most probably because the extent
of SnRK1 activation by ABA is 1 order of magnitude lower than
that by energy stress (Darkness; Figure 5B), and would probably
remain masked by the much stronger activities of SnRK2s. In
contrast, these studies relied on in-gel kinase assays for detecting
of kinase activities (Yoshida et al., 2002; Furihata et al., 2006; Fujii
et al., 2007). Despite our current lack of knowledge regarding the
exact subunit composition of functional SnRK1, and despite the
fact that the catalytic subunit alone is active (Bhalerao et al., 1999;
Shen et al., 2009; Crozet et al., 2010), in vivo SnRK1 most likely
operates, similarly to Snf1 and AMPK, as a heterotrimeric com-
plex (Polge and Thomas, 2007; Hedbacker and Carlson, 2008;
Hardie, 2011; Ramon et al., 2013), whose dissociation under the
denaturing conditions employed in the in-gel kinase assays may
result in loss of kinase activity.
In addition to the interaction through PP2Cs, other points of

crosstalk are likely to exist between ABA and energy signaling,
andSnRK1may regulate ABA transcription factors, such asABF2
(Figure 2B) or FUS3 (Zhang et al., 2008; Tsai andGazzarrini, 2012)
that can also be directly dephosphorylated by PP2Cs (Antoni
et al., 2012). It is conceivable that aberrant PP2C:SnRK1 ratios as
well as the possible PP2C/SnRK1 coregulation of downstream
factors could account for the altered ABA sensitivity and ABA-
related phenotypes of plants with altered SnRK1 signaling (Radchuk
et al., 2006; Luet al., 2007;Rosnoblet et al., 2007; Jossier et al., 2009;
Radchuk et al., 2010; Tsai and Gazzarrini, 2012).
We propose a dual role for the regulation of SnRK1 by ABI1 and

PP2CA (Figure 6). On one hand, activation of the SnRK1 pathway
through alternative signals like ABA, could support the ABA re-
sponse with a more general one directed toward a metabolic and
transcriptional reprogramming to cope with energy deficiency.
Activation of SnRK1 by ABA could also serve to prime the SnRK1
system, potentiating a subsequent response to energy imbalance

Figure 6. SnRK1 Regulation by Energy Signals and ABA through ABI1
and PP2CA.

SnRK1 is activated by the energy deficiency triggered by stress and is
inactivated by ABI1 and PP2CA once normal energy levels are restored.
These PP2Cs repress also SnRK2s and ABA signaling but are inhibited
by PYL receptors upon ABA binding. Via its effect on PP2Cs, the ABA-
PYL complex induces SnRK1 signaling, potentiating the effect of energy
stress, diminishing the effect of sugar on SnRK1 repression, and com-
plementing the ABA response. The SnRK1 and ABA pathways are likely
to undergo crosstalk also at other levels (dotted lines). SnAK, SnRK1-
activating kinases.
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derived from stress. On the other hand, PP2C regulation appears
to be an integral part of the SnRK1 signaling pathway, resetting
the system once stress subsides or an energy balance is attained
through the appropriate metabolic readjustments. Persistence of
ABA under these conditions would in turn promote the mainte-
nance of SnRK1 in an active state, similarly to how elevated in-
terleukin-6 sustains high AMPK activity in skeletal muscle when
energy levels are presumably no longer altered after exercise
(Ruderman et al., 2006). With this scenario in mind, one could
envision that in tissues directly exposed to stress, SnRK1 acti-
vationwould bemainly dictatedby the energy-dependent branch,
whereas in distant tissues, this activation could be mediated by
ABA. In addition to interleukin-6, AMPK responds to other in-
flammatory mediators and hormones, but the precise mecha-
nisms underlying this regulation are in most cases unknown
(Steinberg and Kemp, 2009; Lim et al., 2010). Interestingly,
chronic Tumor Necrosis Factor a treatment in muscle cells sup-
presses the AMPK pathway by inducing the repressor PP2C
(Steinberg et al., 2006), suggesting that a connection between
hormone signals and energy signaling through the inhibitory
PP2Cs might be conserved in multicellular eukaryotes.

In summary, we have identified ABI1 and PP2CA as upstream
phosphatases of SnRK1, uncovering a mechanism through which
ABA can stimulate SnRK1 action. Future work to further un-
derstand SnRK1 regulation and to unravel the interplay of these
two central pathways may offer insight not only into the mecha-
nisms of stress tolerance but also into fundamental developmental
processes, such as seed maturation and germination.

METHODS

Primers and Constructs

A list of all primers, cloning steps, and vectors is provided in Supplemental
Table 1 online.

Plant Material and Growth Conditions

All used Arabidopsis thaliana plants are in the Columbia (Col-0) back-
ground, except 35S:SnRK1.1-HA (Landsberg erecta) (Baena-González
et al., 2007). The 35S:SnRK1.1 (35S:SnRK1.1-2) (Jossier et al., 2009), 35S:
PP2CA (Antoni et al., 2012), and abi1-2 pp2ca-1 (Rubio et al., 2009) lines
have been described. Quadruple pp2c knockout mutants were generated
from pp2ca-1 hai1-1 (Antoni et al., 2012) and the corresponding triple
pp2c mutants (Rubio et al., 2009).

Plants were grown in soil under a 12-h-light (100 µE)/12-h-dark regime.
For in vitro culture, sterilized seeds were stratified in the dark at 4°C for
2 days and sowed on plates containing Murashige and Skoog medium
with 0.1% MES, 0.8% phytoagar, and Glc (4 or 6%) or sorbitol (4 or 6%).
Plates were sealed and incubated at 23°C under continuous light.

Antibodies and Protein Expression Analyses

The SnRK1.1 antibody was purchased from Agrisera (anti-AKIN10,
AS10919). Phospho-SnRK1.1(T175) was detected with an anti–phospho-
AMPKa(T172) antibody (referred to as aP-AMPK; Cell Signaling), which
also detects phospho-SnRK1.2(T176) as a lower band (Baena-González
et al., 2007). An anti-GST polyclonal antibody (Sigma), anti-HA (Roche),
and anti-T7 (Novagen) monoclonal antibodies were used to detect the
corresponding tagged proteins.

For analyses of protein expression from protoplast pellets and leaf
tissue, the material was directly ground in 23 Laemmli solubilization
buffer to maintain the phosphorylation status during protein extraction.

Protoplast Transient Expression Assays

Vectors for protoplast transient expression and assays were as described
(Yoo et al., 2007), using the UBQ10-b-glucuronidase reporter as transfection
efficiency control. For constructs for overexpression of SnRK1.1-GFP, ABI1-
HA, PP2CA-HA, PP2C6-6-HA, and FLAG-PYL4, the corresponding coding
sequences were cloned into a pHBT95 vector harboring the indicated C- or
N-terminal tag. SnRK1 signaling was monitored using a DIN6:LUC reporter
(Baena-González et al., 2007). ABA and Glc were added to a final con-
centration of 5 µM and 30 mM, respectively.

For coimmunoprecipitation assays, untagged SnRK1.1 was expressed
with ABI1-HA or mER7 control DNA (Yoo et al., 2007) in 3 mL of pro-
toplasts (6 3 105 cells) under standard conditions.

Frozen cell pellets were lysed in 500 mL of lysis buffer (50 mM Tris-HCl,
pH 8.0, 50 mMNaCl, 10 mM EDTA, 10% glycerol, 0.5% Triton X-100, and
complete protease inhibitor cocktail [Roche]), 20 mM sodium fluoride,
1 mM orthovanadate, 1/500 (v/v) phosphatase inhibitor 2 (Sigma P044),
and 1/500 (v/v) phosphatase inhibitor 3 (Sigma P5726)], incubated at 4°C
for 10 min, and diluted to a final volume of 1.5 mL with lysis buffer without
Triton X-100. The cleared lysatewas incubatedwith 40mL of anti-HA affinity
matrix (Roche 11815016001) for 3 h at 4°C. Agarose beads containing
immunoprecipitated proteins were washed five times with lysis buffer
containing 0.05% Triton, eluted with 43 Laemmli solubilization buffer, and
analyzed by immunoblotting with an anti-SnRK1.1 antibody.

Recombinant Protein Production

The coding sequence of PP2CAwas cloned into pGEX-4T1. Recombinant
GST-PP2CA was produced in Escherichia coli (BL21:DE3) and purified
through S-linked glutathione agarose affinity chromatography as rec-
ommended by the manufacturer (Sigma G4510).

N- (residues 1 to 293, CD) and C-terminal (residues 294–512, RD)
SnRK1.1 were cloned into pET28a (Novagen). Recombinant proteins were
produced in E. coli (BL21:DE3) and purified using immobilized metal ion
affinity chromatography (TALON, BD Clontech) following the manu-
facturer’s instructions. Successful protein production and purification
were verified by immunoblotting with anti-GST and anti-T7 antibodies.
Recombinant His-PYL4, His-PP2CA, and His-DC ABF2 (residues 1–173)
were produced as described by Antoni et al. (2012), and recombinant
GST-SnRK1.1 and GST-SnAK2 were produced as described by Crozet
et al. (2010).

In Vitro Pull-Down Assays

Proteins (3 µg of each) were incubated for 1 h at room temperature in 100mL
of buffer A (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.05%
Triton X-100, and 1/500 [v/v] plant-specific protease inhibitor cocktail
[Sigma P9599]), mixed with 30 mL of glutathione–agarose beads and
incubated one more hour. Beads were washed four times with buffer A,
and bound proteins were analyzed by immunoblotting using anti-T7
antibodies.

SnRK1.1 Immunoprecipitation, Phosphatase Treatment, and in Vitro
Kinase Assays

SnRK1.1 was immunoprecipitated from leaves of 35S:SnRK1.1-HA plants
treated for 1 h in darkness. Plant material (;1 g) was extracted in 3
volumes of 13 PBS supplemented with 1 mM EDTA, 0.05% Triton X-100,
and 1/500 (v/v) plant-specific protease inhibitor cocktail (Sigma). After
centrifugation (16,000g, 4°C, 15min), the supernatant was recovered, and
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1mg of total protein was incubated overnight at 4°C with 30 mL of anti-HA
affinity matrix. The matrix was washed three times with extraction buffer
and resuspended in a total volume of 66 mL of buffer (50 mM Tris-HCl, pH
7.6, 250 mM KCl, 10% glycerol, and 0.1% Tween 20), of which 3 mL was
used for each reaction.

To assess dephosphorylation of immunoprecipitated SnRK1.1 by
PP2CA, SnRK1.1 was incubated with His-PP2CA (2 mg) in a 50-mL re-
action containing 25 mM Tris-HCl, pH 7.5, 10 mMMgCl2, and 1 mM DTT.
The reaction was stopped with Laemmli solubilization buffer and analyzed
by Phos-Tag SDS-PAGE (50 mM Phos-Tag ligand [Wako] and 100 mM
MnCl2) (Kinoshita et al., 2009) and immunoblot with an anti-HA antibody.
The Phos-Tag ligand selectively retards phosphorylated proteins. For as-
sessing the effect of PP2CA on T-loop phosphorylation, immunoprecipitated
SnRK1.1-HA (5 mL of beads) was treated or not with GST-PP2CA (1 µg) in
50 mM Tris-HCl, pH 7.5, 20 mM MgCl2, 1 mM EDTA, and 1/1000 protease
inhibitor cocktail (Sigma P9599) at 30°C for 30 min. The beads were then
washed twice with the same buffer complemented with 150 mM NaCl and
0.05% Triton X-100. Finally, they were boiled in Laemmli solubilization buffer
and analyzed by immunoblotting with anti–phospho-AMPKa(T172) and anti-
SnRK1.1 antibodies.

For in vitro kinase assays, immunoprecipitated SnRK1.1 was pre-
incubated (for 10 min) or not with His-PP2CA (0.6 mg) and His-PYL4
(2.0mg) in 30mL of kinase buffer (20mMTris-HCl, pH 7.8, 20mMMgCl2, and
2 mM MnCl2) 6 ABA (30 mM) and further incubated with GST-DC ABF2
(0.5 mg) for 1 h at room temperature in the presence of 3.5 mCi of [g32P]ATP.
The reaction products were resolved in an 8% SDS-PAGE gel, transferred
to an Immobilon-P membrane (Millipore), and detected using a phosphor
image system (FLA5100; Fujifilm; Antoni et al., 2012).

For preactivation of SnRK1.1, GST-SnRK1.1 and GST-SnAK2 (1 µg of
each) were incubated in 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 100 µM
ATP, 1 mM DTT, and 1/1000 protease inhibitor cocktail (Sigma) at 30°C
for 30 min. After adding or not GST-PP2CA (1 µg), the mix was further
incubated for 30 min and analyzed by immunoblot employing anti-
phospho-AMPKa(T172) and anti-SnRK1.1 antibodies.

For measurements of endogenous SnRK1 activity, SnRK1.1 was
immunoprecipitated from leaves of 4-week-old plants of the indicated
genotypes. Plant material (;1 g) was extracted in 2 volumes of Buffer C
(50mMTris-HCl, pH 7.5, 150mMNaCl, 1 mMEDTA, 0.05% Triton X-100),
and complete protease inhibitor cocktail (one tablet/50 mL, Roche) and 1/
500 (v/v) phosphatase inhibitor 2 (Sigma P044) and 1/500 (v/v) phos-
phatase inhibitor 3 (Sigma). After two successive centrifugations
(20,000g, 4°C, 10 min), the supernatant was recovered, and 1 mg of total
protein was incubated with gentle shaking for 3 h at 4°C with 15-mL beads
of protein A–antibody complex prepared as follows. For each immuno-
precipitation, 15 mL (bed volume) of protein A–agarose (Roche) was
equilibrated in 13 PBS (Sigma-Aldrich) and incubated with 1.5 µg of anti-
SnRK1.1 antibody in 500 mL of 13 PBS for 1 h at room temperature with
gentle shaking. After three washes in buffer C, the beads were used for
immunoprecipitation. After the incubation for 3 h at 4°C under shaking, the
beads were washed three times with buffer C, and one-third (5 µL) was
kept for immunoblot analysis with an anti-SnRK1.1 antibody.

The remaining 10 mL was used to determine the specific activity of
SnRK1 on the AMARA peptide as described previously (Crozet et al.,
2010). Briefly, the beads were incubated for 1 h at 30°C in a kinase assay
buffer (100 mM Tris-HCl, pH7.5, 10 mM MgCl2, 200 µM ATP, 1 mM
EDTA, and 1/500 anti-protease and anti-phosphatase cocktails), 90 µM
AMARA peptide (AMARAASAAALARRR), and 2 µCi [g-32P]ATP. Ten
microliters of the reaction was spotted three times on P81 filter (GE-
Whatman), and the filters were subsequently washed three times for
5 min in 1%phosphoric acid. After a quick wash in acetone, radioactivity
was measured using a scintillation counter. A positive control with
recombinant SnRK1.1 and SnAK2 was always performed to confirm that
the reaction was occurring.

Y2H Assays

Y2H assayswere performed as described (Saez et al., 2008). The full-length
codingsequenceofSnRK1.1andthevariousdeletions,cloned intopGBKT7,
were faced with constructs harboring full-length PP2CA and ABI1 in fusion
with the GAL4 activation domain. To generate the GAL4 activation domain-
PP2CA fusion, the PP2CA coding sequence was cloned into pGADT7. The
pGADT7-ABI1 construct was described previously (Vlad et al., 2010).

Gene Expression Analyses

Fully expanded leaves of 5-week-old plants were used as such or to cut leaf
discs (9-mm diameter) and incubated on sterile MilliQ water in Petri dishes.
For examining SnRK1 regulation in wild-type and pp2c mutants, leaves
were incubated for 3 h in L (control; 100 µE) or D or DG. Unexpected
darkness is perceived as stress and activates SnRK1 (Baena-González
et al., 2007). For assessing the effect of ABA, leaf discs of wild-type or 35S:
PP2CA plants were incubated 6 ABA under light for 5 h. For the effect
of ABA on SnRK1 activation by stress and inactivation by sugar, leaf discs
of wild-type plants were incubated for 3 h in light (L), in darkness with (DA)
or without ABA (D), or for 1 h in darkness followed by 2 h in darkness with
ABA and 1 h in darkness with ABA and Glc (DGA). Glc and ABA were added
to a final concentration of 50 mM and 100 mM, respectively.

Following the indicated treatments, total RNA was extracted using
TRIzol reagent (Life Technologies), treated with RNase-Free DNase
(Promega), and reverse transcribed (1.5 mg) using SuperScript III Reverse
Transcriptase (Life Technologies). qRT-PCR analyses were performed
using a 7900HT fast real-time PCR System (Applied Biosystems) em-
ploying the Eva-Green fluorescent stain (Biotium), and the 22DCT or
comparative CT method (Livak and Schmittgen, 2001). Expression levels
were normalized using the CT values obtained for EIF4. Efficient ABA
uptake and signaling was confirmed by monitoring the induction of the
ABA marker genes RAB18 and RD29.

Microarray Dataset Comparisons

Thedataset for theSnRK1.1-inducedtranscriptionalprofilecorresponds to
supplemental table 3 in Baena-González et al. (2007). The hormone
treatment data sets, as compared in (Nemhauser et al., 2006), are from the
Arabidopsis AtGenExpress consortium (http://Arabidopsis.org/portals/
expression/microarray/ATGenExpress.jsp). A twofold change filter was
applied to all the hormone data sets and, given the 6-h incubation of the
SnRK1.1 overexpressiondata set, only the3-h (andnot the1-h) timepoints
wereconsidered for thecomparisons.Overlapbetween thecompareddata
sets was revealed using the Venny Venn diagram online application (http://
bioinfogp.cnb.csic.es/tools/venny/index.html).Thedataset for theSnRK1.1-
induced transcriptional profile corresponds to supplemental table 3 in
Baena-González et al. (2007). For determining the significance of overlap
between the two experiments, hypergeometric testing was applied using
the dhyper function in R (http://www.r-project.org/).

Statistical Analyses

All statistical analyses were performed with the GraphPad Prism software.
For analyses of qPCR data, the statistical significance of the indicated
changes was assessed employing log2-transformed relative expression
values (Rieu and Powers, 2009).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: SnRK1.1, At3g01090; SnRK1.2, At3g29160; ABI1, At4g26080;
PP2CA,At3g11410;ABI2,At5g57050;HAB1,At1g72770;HAI1, At5g59220;
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PYL4, At2g38310; PP2C6-6, At1g03590; DIN6, At3g47340; SEN5,
At3g15450; and AXP, At2g33830.
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