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The plant hormone abscisic acid (ABA) controls growth and development and regulates plant water status through an established
signaling pathway. In the presence of ABA, pyrabactin resistance/regulatory component of ABA receptor proteins inhibit type 2C
protein phosphatases (PP2Cs). This, in turn, enables the activation of Sucrose Nonfermenting1-Related Protein Kinases2 (SnRK2).
Open Stomata1 (OST1)/SnRK2.6/SRK2E is a major SnRK2-type protein kinase responsible for mediating ABA responses.
Arabidopsis (Arabidopsis thaliana) expressing an epitope-tagged OST1 in the recessive ost1-3 mutant background was used for the
copurification and identification of OST1-interacting proteins after osmotic stress and ABA treatments. These analyses, which were
confirmed using bimolecular fluorescence complementation and coimmunoprecipitation, unexpectedly revealed homo- and
heteromerization of OST1 with SnRK2.2, SnRK2.3, OST1, and SnRK2.8. Furthermore, several OST1-complexed proteins were
identified as type 2A protein phosphatase (PP2A) subunits and as proteins involved in lipid and galactolipid metabolism. More
detailed analyses suggested an interaction network between ABA-activated SnRK2-type protein kinases and several PP2A-type
protein phosphatase regulatory subunits. pp2a double mutants exhibited a reduced sensitivity to ABA during seed germination and
stomatal closure and an enhanced ABA sensitivity in root growth regulation. These analyses add PP2A-type protein phosphatases as
another class of protein phosphatases to the interaction network of SnRK2-type protein kinases.

Land plants adapted the molecule abscisic acid (ABA)
as a hormone to control plantwater status and to regulate
developmental processes in response to limited water
conditions (Cutler et al., 2010; Raghavendra et al., 2010;
Hauser et al., 2011). In particular, ABA regulates seed
dormancy (Finkelstein et al., 2008), root growth and de-
velopment (De Smet et al., 2006; Duan et al., 2013), and
stomatal movements (Kim et al., 2010) in response to
environmental cues, including drought and salinity.

ABA is perceived by a family of pyrabactin resistance/
regulatory component of abscisic acid receptor (PYR/
RCAR) ABA receptors (Ma et al., 2009; Park et al.,
2009). In complex with ABA, PYR/RCAR proteins in-
teract with and negatively regulate type 2C protein
phosphatases (PP2Cs; Ma et al., 2009; Park et al., 2009;

Santiago et al., 2009; Nishimura et al., 2010; Szostkiewicz
et al., 2010). Inhibition of PP2Cs enables the activation
of Sucrose Nonfermenting1-Related Protein Kinases2
(SnRK2; Fujii et al., 2009; Melcher et al., 2009) through
a release of dephosphorylation and steric inhibition
(Umezawa et al., 2009; Vlad et al., 2009; Soon et al.,
2012; Xie et al., 2012).

In Arabidopsis (Arabidopsis thaliana), the SnRK2-type
protein kinase family consists of 10 members (Hrabak
et al., 2003). Although salt and osmotic stress activate nine
of these family members (Boudsocq et al., 2004, 2007;
Umezawa et al., 2004; Yoshida et al., 2006), the major ki-
nases activated by ABA are SnRK2.2/SRK2D, SnRK2.3/
SRK2I, and Open Stomata1 (OST1)/SnRK2.6/SRK2E
(Mustilli et al., 2002; Yoshida et al., 2002, 2006; Boudsocq
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et al., 2004, 2007; Fujii et al., 2007; Fujii and Zhu, 2009;
Nakashima et al., 2009; Umezawa et al., 2009). In addi-
tion, OST1 is activated by low humidity (Yoshida et al.,
2002, 2006) and required for guard cell CO2 signal trans-
duction (Xue et al., 2011; Merilo et al., 2013). SnRK2-type
protein kinase activation requires the phosphorylation
of the activation loop within the kinase domain and
its stabilization by the DI domain/SnRK2 box located
C-terminal to the activation loop (Belin et al., 2006;
Boudsocq et al., 2007; Umezawa et al., 2009; Vlad et al.,
2010; Yunta et al., 2011). Phosphorylation of the activation
loop can occur through trans(auto)phosphorylation
(Belin et al., 2006;Ng et al., 2011) or potentially throughnot
yet identified kinases. The C-terminal DII domain/ABA
box is required for PP2C-type protein phosphatase inter-
action andABAactivation (Belin et al., 2006; Yoshida et al.,
2006). However, the deletion of this domain did not affect
the activation ofOST1 in response to osmotic stress and low
humidity, suggesting ABA-dependent and -independent
activation mechanisms of OST1 (Yoshida et al., 2006).
Substrates or interacting proteins of SnRK2-type pro-

tein kinases include abscisic acid responsive elements
(ABRE)-binding factors (AREB/ABF)- and abscisic acid
insensitive5 (ABI5)-type transcription factors (Kobayashi
et al., 2005; Furihata et al., 2006; Sirichandra et al., 2010),
the basic helix-loop-helix (bHLH) transcription factor in-
ducer of C-repeat-binding factor (CBF) expression1 (ICE1;

Ding et al., 2015), the ion channels slow anion channel-
associated1 (SLAC1), quick anion channel (QUAC1)/
aluminium-activated malate transporter12 (ALMT12),
and potassium channel in Arabidopsis (KAT1; Geiger
et al., 2009; Lee et al., 2009; Sato et al., 2009; Sasaki et al.,
2010; Brandt et al., 2012; Imes et al., 2013), the anion/
proton exchanger chloride channel a (CLCa; Wege et al.,
2014), the NADPH oxidase resporatory burst oxidase
homolog F (RbohF; Sirichandra et al., 2009), 14-3-3 pro-
teins (Shin et al., 2007), the SnRK2-interacting calcium
sensor (SCS; Bucholc et al., 2011), and the functionally
unknown protein SnRK2-substrate1 (SNS1; Umezawa
et al., 2013). In addition, putative substrates were identi-
fied through mapping peptide phosphorylation prefer-
ences (Vlad et al., 2008; Sirichandra et al., 2010)
and phosphoproteomics approaches (Shin et al., 2007;
Umezawa et al., 2013; Wang et al., 2013). However, vali-
dation and functional analyses of such putative SnRK2-
type protein kinase substrates or interacting proteins are
incomplete.

Consistent with the environmental conditions in
which SnRK2-type protein kinases are activated, mu-
tations in SnRK2-type protein kinases rendered Arabi-
dopsis hypersensitive to drought, osmotic stress, and
low humidity and insensitive to elevated CO2 (Mustilli
et al., 2002; Yoshida et al., 2002, 2006; Umezawa et al.,
2004; Xie et al., 2006; Fujii et al., 2007, 2011; Fujii and
Zhu, 2009; Fujita et al., 2009; Xue et al., 2011; Merilo
et al., 2013; Tian et al., 2015). These defects were
linked to altered expression of stress-responsive genes
(Umezawa et al., 2004; Fujii et al., 2007, 2011; Fujii and
Zhu, 2009; Fujita et al., 2009; Nakashima et al., 2009)
and impaired stomatal responses (Merlot et al., 2002;
Mustilli et al., 2002; Yoshida et al., 2002; Xie et al., 2006;
Vahisalu et al., 2010; Xue et al., 2011; Merilo et al., 2013).
Of the ABA-activated SnRK2-type protein kinases,
SnRK2.2 and SnRK2.3 function together predominantly
during seed germination and young seedling develop-
ment (Fujii et al., 2007; Fujii and Zhu, 2009; Fujita et al.,
2009; Nakashima et al., 2009). OST1 plays a major role
in guard cells (Merlot et al., 2002; Mustilli et al., 2002;
Yoshida et al., 2002; Xie et al., 2006; Xue et al., 2011).
Disruption of all three ABA-activated SnRK2-type pro-
tein kinases resulted in a significant decrease in ABA
sensitivity compared with single and double mutants
(Fujii and Zhu, 2009; Fujita et al., 2009; Nakashima et al.,
2009). Consistently, OST1 was found to also be ex-
pressed in the leaf vasculature, roots, and seeds, and
in-gel kinase assays showed OST1 activity in roots and
seeds (Mustilli et al., 2002; Nakashima et al., 2009).

Type 2A protein phosphatases (PP2As) are hetero-
trimeric holoenzyme complexes consisting of regulatory
PP2AA and PP2AB and catalytic PP2AC subunits (Xu
et al., 2006b; Shi, 2009). TheArabidopsis genome encodes
3 PP2AA, 17 PP2AB (2 B, 9 B9, and 6 B99 subunits), and 5
PP2AC subunits (DeLong, 2006; Farkas et al., 2007).
Forward and reverse genetics approaches revealed
functional roles of PP2A-type protein phosphatases
in ABA signaling (Kwak et al., 2002; Pernas et al., 2007;
Saito et al., 2008; Charpentier et al., 2014), regulation of
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auxin flux (Fisher et al., 1996; Garbers et al., 1996;
Rashotte et al., 2001; Michniewicz et al., 2007; Balles-
teros et al., 2013; Dai et al., 2012), brassinosteroid sig-
naling (Tang et al., 2011; Wu et al., 2011), ethylene
signaling and biosynthesis (Larsen and Cancel, 2003;
Skottke et al., 2011), methyl jasmonate signaling (Saito
et al., 2008; Trotta et al., 2011), blue-light signaling
(Tseng and Briggs, 2010), plant microbe interactions
(Charpentier et al., 2014; Segonzac et al., 2014), and
microtubule organization (McClinton and Sung, 1997;
Camilleri et al., 2002; Kirik et al., 2012).

PP2AA subunits consist of 15 tandem Huntingtin,
elongation factor3 (EF3), PP2A, and the yeast (Saccha-
romyces cerevisiae) kinase TOR1 (HEAT) repeats form-
ing a hook-like structure for binding to the PP2AB and
PP2AC subunits (Xu et al., 2006b; Farkas et al., 2007).
Severe developmental defects were observed when
pp2aa1/roots curl in NPA1 (rcn1) was combined with
either pp2aa2 or pp2aa3, indicating that RCN1 plays a
major role in the regulation of PP2A activity (Zhou
et al., 2004; Michniewicz et al., 2007). In the Arabidopsis
Wassilewskija (Ws) accession, RCN1 mutation results
in an ABA hyposensitivity in seed germination and
stomatal closure (Kwak et al., 2002; Saito et al., 2008). In
contrast, the catalytic subunit mutant pp2ac2 exhibited
ABAhypersensitivity in seed germination, root growth,
and seedling development (Pernas et al., 2007). Previ-
ous pharmacological studies have suggested that both
positively regulating and negatively regulating PP2A-
type protein phosphatases function in ABA signaling
(Schmidt et al., 1995; Hey et al., 1997), leading to the
question of the identity of the underlying genes.

The goal of this study was to identify and charac-
terize OST1-interacting proteins (OIPs). Using in planta
OST1 protein complex isolations, we identified family
members of the SnRK2-type protein kinases, PP2A-type
protein phosphatases, and proteins involved in lipid
and galactolipid metabolism as OIPs. Additional anal-
yses revealed that regulatory PP2AA and PP2AB9 sub-
units form an interaction network with ABA-activated
SnRK2-type protein kinases. Phenotypically, pp2a double-
mutant combinations were ABA hyposensitive during
seed germination and stomatal closure and hypersen-
sitive to ABA in root growth assays. Together, our data
add PP2A-type protein phosphatases as another family
of protein phosphatases into the interaction network of
SnRK2-type protein kinases.

RESULTS

Generation and Functional Characterization of
OST1-HF Lines

The SnRK2-type protein kinase OST1 was fused at its
C terminus to a 6xHis-3xFLAG (HF) tag, resulting in the
OST1-HF construct. As a control, a green fluorescent
protein (GFP)-HF fusion was generated. Furthermore,
the kinase inactive versions OST1DA-HF, harboring the
D140A mutation in the proton acceptor site (http://
www.uniprot.org/uniprot/Q940H6), and OST1SA-HF,

harboring the S175A mutation of the major phospho-
rylation site in the activation loop (Belin et al., 2006;
Umezawa et al., 2009; Vlad et al., 2010), were generated.
In addition, the OST1DC-HF construct, with deletion of
the DII domain/ABA box (amino acids P319–M362;
Belin et al., 2006; Yoshida et al., 2006), was constructed.
All constructs, driven by the ubiquitin10 (pUBQ10)
promoter, were transformed into the ost1-3 mutant
in the Arabidopsis Columbia-0 (Col-0) background
(SALK_008068; Yoshida et al., 2002). Expression of
these constructs was verified by western blot and anti-
FLAG immunodetection (Supplemental Fig. S1A).

To confirm the functionality of the OST1-HF con-
structs, initial coimmunoprecipitation (co-IP) exper-
iments were performed using the PP2C-type protein
phosphatase Abscisic Acid Insensitive1 (ABI1) as the
positive control (Yoshida et al., 2006; Umezawa et al.,
2009; Nishimura et al., 2010) and the yellow fluorescent
protein mVenus (Kremers et al., 2006) as the negative
control (Supplemental Fig. S1B). In these experiments,
OST1-HF was probed for interaction with mVenus-ABI1
or mVenus, and HF-ABI1 was probed for interaction
with mVenus-OST1 or mVenus (Supplemental Fig.
S1B). After transient expression inNicotiana benthamiana
leaves, purification of either OST1-HF or HF-ABI1 did
not copurify the control protein mVenus. In purified
OST1-HF fractions, mVenus-ABI1 was hardly detected,
whereas HF-ABI1 copurified mVenus-OST1 very effi-
ciently (Supplemental Fig. S1B). These results suggest that
the HF tag fused adjacent to the C-terminal DII domain/
ABA box of OST1 might interfere with PP2C-type
protein phosphatase interaction (see “Discussion”).

OST1 loss of function mutants are characterized by
reduced leaf temperature, impairment of stomatal clo-
sure in response to ABA and CO2, and an enhanced
water loss under low humidity and drought conditions
(Merlot et al., 2002; Mustilli et al., 2002; Yoshida et al.,
2002; Xie et al., 2006; Xue et al., 2011). ABA response
analyses were performed to investigate whether the
different OST1-HF constructs could complement the
ost1-3 mutant phenotype (Fig. 1). Investigations of
10 mM ABA-induced stomatal closure revealed that
only the OST1-HF wild-type construct could com-
plement the ost1-3 mutant phenotype (Fig. 1, A and
B), consistent with Col-0 wild type-like wilting kinetics
after rosette leaves were detached from the roots
(Supplemental Movie S1). To describe the leaf wilting
kinetics more quantitatively, rosette fresh weight was
measured every 15min for a time period of 3 h (Fig. 1C).
The results show that only OST1-HF fully comple-
mented the ost1-3 phenotype (Fig. 1C). OST1DC-HF
partially complemented the ost1-3wilting phenotype,
which was consistent with previous reports (Yoshida
et al., 2006).

In seed germination and cotyledon expansion assays,
ost1-3/OST1-HF exhibited an enhanced sensitivity to
0.5 mM ABA compared with the Col-0 wild type,
whereas the kinase inactive ost1-3/OST1DA-HF exhibi-
ted a reduced sensitivity to ABA (Fig. 1, D–H), indi-
cating a dominant negative effect of this kinase version.
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Figure 1. OST1-HF constructs affect ABA responses. A and B, Stomatal apertures of 22- to 26-d-old one-half-strength MS agar-
grown seedlings 2 h after incubation in 0 (blue bars) or 10 mM ABA (red bars; means 6 SEM [n = 3–4] with $17 stomata per n)
normalized to the 0 mM ABA control conditions (A) and raw stomatal aperture values given in micrometers (B). C, Fresh weight
time course of detached rosettes (n = 4). Values were normalized to the initial t = 0min time point. D and E, Time-dependent seed
germination in presence of 0 (D) or 0.5mM ABA (E). F, Time-dependent cotyledon expansion in presence of 0.5 mM ABA. G and H,
Seed germination on day 4 after stratification (G) and cotyledon expansion on day 7 after stratification (H) in the presence of 0
(blue bars) or 0.5 mM ABA (red bars). D to H, Means 6 SEM (n = 4) with 49 seeds per n and normalized to the seed count. I, Root
growth of seedlings shown in J in the presence of 0 (blue bars) or 10 mM ABA (red bars; means6 SEM [n = 5] with seven seedlings
per n) normalized to the 0 mM ABA control conditions. J, Representative images of the root growth assay in I. K, In-gel kinase assay
of indicated lines after 1 h treatment with 0 (2) or 10 mM ABA (+). Upper, 32Pautoradiograph of kinase activity. Lower, Coomassie
Brilliant Blue (CBB) control protein staining. Statistical values for differences between the Col-0 wild type and the indicated lines
were calculated using one-way ANOVA (B) and two-way ANOVA (in G–I). *, P , 0.05; **, P , 0.01; ***, P , 0.001. See also
Supplemental Movie S1.

Plant Physiol. Vol. 169, 2015 763

http://www.plantphysiol.org/cgi/content/full/pp.15.00575/DC1


When 4-d-old seedlings were transferred to one-half-
strength Murashige and Skoog (MS) medium supple-
mentedwith 10mMABA, root growth of ost1-3/OST1-HF
was strongly inhibited compared with the other investi-
gated lines (Fig. 1, I and J). Also, ost1-3/OST1DC-HF
exhibited a slight but significant ABA hypersensitivity in
the root growth assay (Fig. 1, I and J).

The phenotypical analyses clearly show the in planta
functionality of OST1-HF. To biochemically validate
these data, in-gel kinase assays were performed with
protein extracts of 15-d-old seedlings (Fig. 1K). SnRK2-
type protein kinase activation was detected in Col-0
wild-type plants 1 h after 10 mM ABA application, which
was strongly reduced in the absence of ABA (Fig. 1K,
left), consistent with previous reports (Fujii et al.,
2007; Fujii and Zhu, 2009). This activation was not
detected in ost1-3 and ost1-3/GFP-HF plants. Com-
pared with ABA activation of SnRK2-type protein ki-
nases in Col-0 wild-type background, OST1-HF was
strongly activated only in presence of ABA (Fig. 1K,
right). Note the shift in band size because of the HF
tag fusion.

Taken together, OST1-HF is functional in plants (Fig. 1)
but might exhibit a reduced interaction with PP2C-type
protein phosphatases (Supplemental Fig. S1B). Hence,
through protein complex isolations, OST1-HF can be used
for the identification of previously unreported OIPs.

OST1-HF Protein Complex Isolations and Validations
of Interactions

Protein complex isolations of transgenic Arabidopsis
lineswere conducted on 15-d-old seedlings as described in
“Materials and Methods.” Liquid chromatography (LC)-
tandemmass spectrometry (MS/MS) data (Supplemental
Table S1, A–N) were collected from seven experiments
treatedwith 200mM sorbitol for 5, 30, or 60min and seven
experiments treated with 50 mM ABA for 30 or 60 min. In
total, three independent protein isolationswere performed
on ost1-3/OST1-HF and ost1-3/GFP-HF (as background
control) after sorbitol or ABA treatments. In addition, one
experiment was conducted on ost1-3/OST1DC-HF treated
with 200 mM sorbitol, and one experiment was conducted
on ost1-3/OST1DA-HF treatedwith 50 mMABA. From all
experiments, in total, 120,299 peptides were identified
and probed against The Arabidopsis Information Re-
source 10 (TAIR10) Protein Database.

To identify potential OIPs, protein scores were cal-
culated by the number of peptides identified from
OST1-HF purifications minus the number of peptides
identified from GFP-HF purifications. Experiment
scores were calculated by the number of OST1-HF pu-
rifications minus the number of GFP-HF purifications
in which a given protein was identified. We included
data on the OST1DA-HF andOST1DC-HF purifications in
the OST1-HF score calculations. OIPs were identified
through either unique peptides that specifically match
to only one protein of the Arabidopsis proteome
(unique score in Table I; Supplemental Table S2) or any
peptide that matches to a respective protein sequence

(total score in Table I; Supplemental Table S3). Note that
Supplemental Tables S2 and S3 list only the proteins
that were absent in the respective ost1-3/GFP-HF back-
ground control experiments.

Potential OIPs, which were identified in at least three
experiments or with at least 10 peptides, were selected
for additional validation. These proteins are labeled in
red in Supplemental Tables S2 and S3 and listed in
Table I. Note that proteins detected by only nonunique
peptides (PP2AB9delta and PP2AC2; Table I) are not
unequivocally identified in the purifications. PP2C-
type protein phosphatases were not detected in our
analyses, most likely because of a reduced interaction of
OST1-HF with PP2C-type protein phosphatases (e.g.
ABI1; Supplemental Fig. S2B). Also, other known OIPs
or substrates (see introduction) were not detected.
Apart from OST1, our analyses identified three SnRK2-
type protein kinases by unique peptides and five mem-
bers of this kinase family by nonunique peptides (Table I;
Supplemental Tables S2 and S3). Furthermore, five
PP2A subunits were identified by unique peptides, and
two additional putative subunits were identified by
nonunique peptides (Table I). Note that four of the
seven identified PP2A-type protein phosphatase sub-
units were detected only at low abundance (Table I),
and thus, additional research is required to substantiate
these interactions. The highest scoring OIP was UDP-D-
Glc 4 epimerase2 (UGE2), which was identified in all
OST1-HF purifications (Table I). The proteins OIP4,
OIP6, Arg/Ser-rich splicing factor 31A (RS31a), sen-
sitive to freezing2 (SFR2), and OIP20 exhibited higher
scores fromABA-treated samples compared with sorbitol-
treated samples (Table I).

Subcellular localization analyses (Supplemental Fig.
S2A), protein-protein interaction analyses using bimolec-
ular fluorescence complementation (BiFC; Supplemental
Fig. S2, B and C), and co-IP analyses (Supplemental Fig.
S2D) were performed on proteins listed in Table I. OIPs
were localized in various subcellular compartments,
including plasma membrane and tonoplast (nonspe-
cific phospholipase C4 [NPC4]), nucleus and nuclear
bodies (OIP1 and RS31a), chloroplast envelope mem-
brane (SFR2), or punctuate structures (OIP6 and OIP26;
Supplemental Fig. S2A).

To visualize OST1 BiFC complexes with OIPs, high-
resolution images were acquired (Supplemental Fig.
S2B). Semiquantitative BiFC analyses were performed
at low resolution using identical imaging settings to
quantify BiFC emissions frommultiple cells (“Materials
and Methods”; Supplemental Fig. S2C). In general,
the subcellular localization of the OIP determined the
subcellular localization of its complex with OST1 as
indicated by BiFC (Supplemental Fig. S2, B and C). In
BiFC analyses, UGE2 and NPC4 exhibited the strongest
BiFC emission, which was comparable with the inter-
action of OST1with the PP2C-type protein phosphatase
ABI1 (Supplemental Fig. 2C, upper). Only OIP26,
which located in punctuate structures (Supplemental
Fig. S2B, lower right), did not form complexes with
OST1 in BiFC analyses (Supplemental Fig. S2, B, lower
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right and C, lower). In co-IP analyses, OST1 was fused
to the C terminus of mVenus or the monomeric cyan
fluorescent protein (mT)urquoise to prevent unwanted
effects as observed for the OST1-HF and mVenus-ABI1
interaction (Supplemental Fig. S1B). mVenus-OST1 and
mT-OST1 were detected by anti-GFP western blot after
coexpression and purification of HF-tagged OIPs
(Supplemental Fig. S2D), confirming their interac-
tions in planta. Note that OIP1-HF, OIP4-HF, and the
galactolipid-remodeling enzyme SFR2-HF proteins
were not detected by anti-FLAG detection after im-
munoprecipitation (Supplemental Fig. S2D, right),
indicating a low expression level or an inefficient pu-
rification of these proteins. Although mT-OST1 was
detected in these co-IP analyses, interaction of OST1
with OIP1, OIP4, and SFR2 requires additional valida-
tion (Supplemental Fig. S2D, right).
Transfer DNA (T-DNA) lines of selected OIP genes

were isolated and comparedwithCol-0 and ost1-3 in terms
of their ABA responses (Supplemental Fig. S3). npc4-1,
oip4-2, and sfr2-3 exhibited a slight ABA hypersensitivity
during seed germination and cotyledon expansion
(Supplemental Fig. S3, A–D). In addition, uge2-2 exhibited
a slight ABA hypersensitivity for the cotyledon expansion
(Supplemental Fig. S3D). None of the investigated oip
mutants exhibited altered ABA response in root growth
and stomatal closure assays (Supplemental Fig. S3, E–G).
Because the in vivo protein complex isolations

of OST1-HF identified various SnRK2-type protein

kinases and PP2A-type protein phosphatase sub-
units (Table I), we chose to further investigate these
interactions.

OST1 Interacts with SnRK2-Type Protein Kinases in
BiFC and Co-IP Analyses

An unexpected finding from the in vivo OST1 protein
complex isolations was that three to five other SnRK2-
type protein kinases copurified with OST1-HF (Table I;
Supplemental Tables S2 and S3). Subcellular localization
analyses using (mT)urquoise fusion proteins in tran-
siently transformed N. benthamiana revealed similar ex-
pression levels of SnRK2.2, SnRK2.3, OST1, and SnRK2.8
and localization in the cytoplasm and nucleus, similar to
the PP2C-type protein phosphatase ABI1 (Fig. 2A). BiFC
analyses indicated OST1 interactions with the respective
SnRK2-type protein kinases in the cytoplasm and nucleus
aswell aswithABI1,whichwas used as a positive control
(Fig. 2B). Quantification of the BiFC emissions indicated
a stronger OST1-OST1 homodimer versus OST1-
SnRK2 heterodimer formation (Fig. 2C). In co-IP analyses,
SnRK2-HF and (mT)urquoise-OST1 (Fig. 2D) or OST1-HF
and (mT)urquoise-SnRK2 interactions were investigated
(Fig. 2E). These analyses confirmed OST1-OST1 homo-
merizations and OST1-SnRK2 heteromerizations (Fig. 2,
D and E). Note that, in western-blot analyses of the raw
protein extracts, indicated as input in Figure 2, D and E,

Table I. List of potential OIPs selected for additional analyses

Displayed are the Arabidopsis Gene Identifier (AGI) codes of the respective OIPs with information on detected phosphorylation status, experi-
ment scores (shown in parentheses), and protein scores. Experiment scores were calculated as the number of OST1(DA, DC)-HF purification experi-
ments in which the protein was identified minus the number of GFP-HF purification experiments in which the protein was identified. Protein scores
were calculated as the number of protein-matching peptides from OST1(DA, DC)-HF purification experiments minus the number of protein-matching
peptides from GFP-HF purification experiments. Scores were calculated according to the treatment (200 mM sorbitol or 50 mM ABA) from unique
peptides, which match only that specific Arabidopsis protein (unique score), and all peptides, which match to that protein (total score). The sums of
scores from sorbitol and ABA treatment experiments are also displayed. 2, Not detected; ECIP1, EIN2 C terminus interacting protein1.

AGI OIP Phosphorylated
Unique Score

Sorbitol

Unique Score

ABA

Sum Unique

Score

Total Score

Sorbitol

Total Score

ABA

Sum Total

Score

AT4G33950.1 OST1 Yes 971 (4) 917 (4) 1,888 (8) 3,671 (1) 2,856 (3) 6,527 (4)
AT4G23920.1 UGE2 No 16 (4) 11 (4) 27 (8) 23 (4) 19 (4) 42 (8)
AT3G44690.1 OIP1 No 26 (4) 57 (2) 83 (6) 26 (4) 57 (2) 83 (6)
AT3G03530.1 NPC4 No 24 (4) 53 (2) 77 (6) 34 (4) 57 (2) 91 (6)
AT3G09880.1 PP2AB9beta No 12 (4) 15 (2) 27 (6) 19 (4) 23 (2) 42 (6)
AT5G14720.1 OIP4 No 4 (1) 31 (4) 35 (5) 4 (1) 31 (4) 35 (5)
AT3G09980.1 OIP6 No 3 (1) 16 (4) 19 (5) 3 (1) 17 (4) 20 (5)
AT5G66880.1 SnRK2.3 No (yes) 5 (2) 5 (3) 10 (5) 2,609 (1) 1,872 (3) 4,481 (4)
AT1G78290.2 SnRK2.8 No 3 (2) 7 (3) 10 (5) 126 (4) 81 (4) 207 (8)
AT4G24800.1 ECIP1 Yes 4 (2) 7 (3) 11 (5) 4 (2) 7 (3) 11 (5)
AT2G46610.1 RS31a No 7 (1) 21 (3) 28 (4) 7 (1) 21 (3) 28 (4)
AT3G06510.2 SFR2 No — 16 (4) 16 (4) — 16 (4) 16 (4)
AT5G03470.1 PP2AB9alpha No 5 (2) 8 (2) 13 (4) 5 (2) 8 (2) 13 (4)
AT1G08050.1 OIP20 Yes — 29 (3) 29 (3) — 29 (3) 29 (3)
AT1G13320.1 PP2AA3 No 2 (1) 9 (2) 11 (3) 4 (3) 10 (1) 14 (4)
AT1G70770.1 OIP26 Yes — 8 (3) 8 (3) — 8 (3) 8 (3)
AT3G50500.2 SnRK2.2 No (yes) 4 (2) 1 (1) 5 (3) 2,508 (1) 1,809 (3) 4,317 (4)
AT1G59830.1 PP2AC1 No 2 (1) 2 (1) 4 (2) 5 (2) 4 (1) 9 (3)
AT3G25800.1 PP2AA2 No 1 (1) 0 (0) 1 (1) 5 (3) 6 (0) 11 (3)
AT3G26030.1 PP2AB9delta No — — — 6 (3) 5 (3) 11 (6)
AT1G10430.1 PP2AC2 No — — — 3 (2) 2 (1) 5 (3)
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OST1-HF was not always detected. However, after
HF purification (immunoprecipitation), OST1-HF was
enriched and clearly detected (Fig. 2 D, upper and E, left).

SnRK2-Type Protein Kinases Form an Interaction Network
with Regulatory PP2AA and PP2AB9 Subunits

Interaction of the SnRK2-type protein kinase OST1
with the PP2A-type protein phosphatase regulatory

B9 subunit PP2AB9beta (Supplemental Fig. S2) and
the identification of five to seven PP2A subunits in the
OST1-HF protein complex isolations (Table I) raised the
question of whether OST1 generally interacts with
PP2A-type protein phosphatase subunits. Therefore,
BiFC analyses were conducted to investigate interac-
tions of OST1with all three regulatory PP2AA subunits,
three regulatory PP2AB9 subunits (PP2AB9alpha,
PP2AB9beta, and PP2AB9delta), which were identified

Figure 2. The SnRK2-type protein kinase
OST1 forms homo- and heteromers with
other SnRK2-type protein kinases. A, (mT)
urquoise-ABI1 and mT-SnRK2s are local-
ized in the cytoplasm and the nucleus. B,
BiFC analyses indicate OST1 interaction
with ABI1 and SnRK2s in the cytoplasm
and the nucleus. YC, Yellow fluorescent
protein C-terminal fragment; YN, yellow
fluorescent protein N-terminal fragment. A
and B, Maximum projections of 32-plane z
stacks acquired at high magnification with
optimized brightness and contrast. C, BiFC
quantifications measured from entire low-
magnification images, which were acquired
using identical settings for all investigated
construct combinations (means 6 SEM;
n = 10 images). D, mT-OST1 copurifies
with SnRK2-HF fusion proteins. Western
blots of HF-tagged SnRK2s (anti-FLAG;
upper) and mT-OST1 (anti-GFP; lower)
after coexpression in N. benthamiana (in-
put) and anti-FLAG immunoprecipitation
(IP) of HF-tagged SnRK2s. E, mT-SnRK2
fusion proteins copurify with OST1-HF.
Western blot of OST1-HF (anti-FLAG; left)
and mT-SnRK2s (anti-GFP; right) after
coexpression in N. benthamiana (input)
and anti-FLAG IP of OST1-HF.
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from the OST1-HF protein complex isolations (Table I),
and all five catalytic PP2AC subunits (Supplemental
Fig. S4, A and D). In these analyses, BiFC emissions
were observed for all OST1 and PP2A-type protein
phosphatase subunit combinations. However, very low
BiFC emissions were observed from OST1 combined
with the catalytic PP2AC subunits compared with the
PP2AA regulatory subunit interactions (Supplemental
Fig. S4D). Note that OST1 interaction with PP2AC5was
at almost background levels, and thus, additional re-
search is needed to substantiate this putative interac-
tion (Supplemental Fig. S4D, inset). In general, OST1
and PP2A subunit complexes were localized in the cy-
toplasm and nucleus, with the exception of OST1 and
the regulatory subunit PP2AB9delta, which was not
detected in the nucleus (Supplemental Fig. S4A, upper
right). In addition, OST1 interaction with PP2AB9beta,
PP2AB9delta, and the catalytic PP2AC subunits was
also observed in punctuate structures (Supplemental
Fig. S4A, arrows).
To further investigate whether PP2A-type protein

phosphatase subunits form an interaction network with
SnRK2-type protein kinases, the regulatory PP2A sub-
units PP2AA1 (RCN1) and PP2AB9beta were probed for
interactions with SnRK2.2, SnRK2.3, and OST1 in BiFC
analyses (Supplemental Fig. S4, B, C, E, and F). The re-
sults of these assays indicated interactions of RCN1
(Supplemental Fig. S4B) and PP2AB9beta (Supplemental
Fig. S4C)with all three SnRK2-typeprotein kinases in the
cytoplasm and nucleus. Compared with the OST1 and
ABI1 BiFC emission, the RCN1 and SnRK2 BiFC emis-
sion was 41% to 67% (Supplemental Fig. S4E), and the
PP2AB9beta and SnRK2 BiFC emission was 9% to 11%
(Supplemental Fig. S4F).
The SnRK2-type protein kinase and PP2A-type pro-

tein phosphatase subunit interaction network was
further investigated using co-IP analyses. In these anal-
yses, the regulatory PP2A subunits PP2AA1 (RCN1)
and PP2AB9beta were fused to the HF tag and coex-
pressed with (mT)urquoise-SnRK2s or (mT)urquoise
alone, which was used as a negative control (Fig. 3, A
and B). The results show that purification of RCN1-HF
(Fig. 3A) and HF-PP2AB9beta (Fig. 3B) could efficiently
copurify the SnRK2-type protein kinases SnRK2.2, SnRK2.3,
and OST1 but not the control protein (mT)urquoise
(anti-GFP blots in Fig. 3, A and B). In additional ex-
periments, OST1-HFwas coexpressedwith (mT)urquoise-
or mVenus-PP2As or (mT)urquoise alone (Fig. 3, C and
D). Purification of OST1-HF efficiently copurified the
regulatory PP2AA subunits RCN1 and PP2AA3 but
not PP2AA2 and the control protein (mT)urquoise
(Fig. 3C). Also, the regulatory B9 subunits PP2AB9alpha,
PP2AB9beta, and PP2AB9delta were efficiently copurified
with OST1-HF (Fig. 3D), consistent with data of the
protein complex isolations (Table I). Copurification of
the catalytic C-subunit PP2AC3 with OST1-HF was
barely detected (Fig. 3D). These results were consistent
with the very low BiFC fluorescence emission of OST1
and PP2AC subunits in BiFC analyses (Supplemental
Fig. S4D, inset).

Phosphopeptide enrichment and LC-MS/MS analy-
ses after co-IP of HF-PP2AB9beta with mVenus-OST1
(Supplemental Fig. S2D, left) indicated phosphoryla-
tion of Ser-16 in PP2AB9beta (Fig. 3E). This Ser-16 residue
is conserved in six of nine PP2AB9 subunits. Investi-
gations of the N-terminal sequences of PP2AB9 sub-
units revealed that PP2AB9gamma, PP2AB9zeta, and
PP2AB9kappa exhibit a consensus SnRK2-type protein
kinase target site at Ser-14 (Fig. 3E, inset; Vlad et al.,
2008; Sirichandra et al., 2010). In summary, BiFC and
co-IP analyses revealed strong evidence for the forma-
tion of a protein-protein interaction network between
SnRK2-type protein kinases and PP2A-type protein
phosphatase regulatory A and B9 subunits. PP2AB9
subunits might be target proteins of SnRK2-type pro-
tein kinases in planta.

PP2A-Type Protein Phosphatase Subunit Mutants Exhibit
Altered ABA Responses

PP2A-type protein phosphatases are known to be in-
volved in ABA responses. In the Arabidopsis Ws ac-
cession, the regulatory PP2AA subunit mutant rcn1-1
exhibited ABA-hyposensitive phenotypes, whereas the
single catalytic PP2AC subunit mutant pp2ac2 was ABA
hypersensitive (Kwak et al., 2002; Pernas et al., 2007). In
our analyses, we used T-DNA insertion lines in the Col-0
accession. Currently, it is unknown which regulatory
PP2AB subunits function in ABA responses. Because the
Arabidopsis genome encodes 17 PP2AB subunits, in-
cluding 9 PP2AB9 subunits (Farkas et al., 2007), we
focused on functional characterizations of regulatory
PP2AA subunits and catalytic PP2AC subunits.

Seed germination analyses in response to 1 mM ABA
revealed a reduced ABA sensitivity of the regulatory
PP2AA subunit mutant rcn1-6 and the catalytic PP2AC
subunit mutants pp2ac3, pp2ac4, and pp2ac5 (Fig. 4, A
and B). Seed germination of these lines was signifi-
cantly increased when grown on one-half-strength MS
supplemented with 1mMABA compared with the Col-0
wild type on day 4 after stratification (Fig. 4C). Also, a
significantly higher percentage of rcn1-6 mutant seed-
lings was green with expanded cotyledons on day 7
after stratification (Fig. 4D). ABA sensitivities of the
mutant lines pp2aa3-2 and pp2ac2 were similar to the
Col-0 wild type (Fig. 4).

Analysis of seedling growth on one-half-strength MS
supplemented with or without 5 mM ABA was per-
formed and compared with the ABA-insensitive abi1-1
mutant in the Col-0 background (Supplemental Fig. S5).
In contrast to abi1-1, which was insensitive to ABA, the
pp2amutants exhibited a root growth reduction similar
to the Col-0 wild type in response to ABA (Supplemental
Fig. S5B). Note that rcn1-6 exhibited an agravitropic
root growth on control medium, which was further
enhanced in the presence of 5 mM ABA (Supplemental
Fig. S5A).

In Arabidopsis, PP2A ternary complexes potentially
consist of 255 different PP2A-subunit combinations.
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Figure 3. SnRK2-type protein kinases interact with PP2A-type protein phosphatase regulatory subunits in co-IPanalyses. A, Co-IP
analyses of the regulatory PP2AA-subunit RCN1-HF with (mT)urquoise-SnRK2s and mT. B, Co-IP analyses of the regulatory
PP2AB9-subunit HF-PP2AB9beta with mT-SnRK2s and mT. C, Co-IP analyses of OST1-HF with mT-PP2AA regulatory A subunits
and mT. D, Co-IPanalyses of OST1-HF with mT-PP2AB9 regulatory B9 subunits and mVenus-PP2AC3 catalytic C subunit. A to D,
Western blots of HF-tagged proteins (anti-FLAG) and mT- or mVenus-tagged proteins (anti-GFP) after coexpression in N. ben-
thamiana (input) and anti-FLAG immunoprecipitation (IP) of HF-tagged proteins. E, MS/MS spectrum of an HF-PP2AB9beta
phosphopeptide after copurification with mVenus-OST1. The high-intensity fragment ion peaks from b6 onward indicate that one
of the first two Ser residues is phosphorylated. Fragment ion b3, observed as low-intensity peak, localizes the site of modification
to S16 (green). E, inset, MuscleWS alignment of PP2AB9 subunits. Conserved amino acids are highlighted by different tones of
purple. PP2AB9beta S16 (green) is conserved in six of nine PP2AB9 subunits. PP2AB9gamma, PP2AB9zeta, and PP2AB9kappa
harbor an SnRK2-type protein kinase consensus target site (red; Vlad et al., 2008; Sirichandra et al., 2010).
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We further investigated ABA responses of regulatory
PP2AA-subunit and catalytic PP2AC-subunit double-
mutant combinations, in which only a limited number
of potential PP2A-type protein phosphatase ternary
complexes can be formed. The regulatory A subunit
PP2AA1 (RCN1) plays a major role in PP2A-type pro-
tein phosphatase regulation in the Ws accession (Zhou
et al., 2004; Michniewicz et al., 2007). Therefore, rcn1-6
and pp2ac double-mutant combinations were also
generated and functionally analyzed.
In seed germination and cotyledon expansion/

greening assays on one-half-strength MS control
medium, the investigated double-mutant combinations
exhibited germination rates and seedling growth simi-
lar to the Col-0wild type (Fig. 5, A, C, andD). However,
in response to 0.8 mM ABA, all investigated rcn1-6/pp2ac
and pp2ac double-mutant combinations exhibited an
increased seed germination rate when compared with
the Col-0 wild type (Fig. 5B). On day 4 after stratifica-
tion, seed germination of rcn1-6/pp2ac2, rcn1-6/pp2ac5,
pp2ac3/pp2ac5, and pp2ac4/pp2ac5 was significantly in-
creased and$2-fold comparedwith the Col-0 wild type
(Fig. 5C). The number of seedlings with green and ex-
panded cotyledons on day 6 after stratification was also
significantly higher for rcn1-6/pp2ac2, rcn1-6/pp2ac5,
and pp2ac3/pp2ac5 (Fig. 5D). The rcn1-6/pp2ac3 double
mutant had no significant effect on ABA inhibition of
seed germination and cotyledon expansion in these
experimental conditions (Fig. 5, C and D).
In contrast to the reduced ABA sensitivity during

seed germination, the rcn1-6/pp2ac2, pp2ac3/pp2ac5, and
pp2ac4/pp2ac5 double mutants exhibited a significantly
enhanced sensitivity to 5 mMABA in root growth assays
(Fig. 5, E and F). Root growth of these mutants was
inhibited to 42% to 60% of control conditions compared
with 70% of rcn1-6/pp2ac5 and 91% of the Col-0 wild

type (Fig. 5F). Interestingly, on control medium, all in-
vestigated rcn1-6/pp2ac double mutants exhibited an
rcn1-6-like agravitropic root growth phenotype (Fig.
5E, upper; Supplemental Fig. S5A). Such agravitropic
root growth was also observed for pp2ac3/pp2ac5 (Fig.
5E, upper).

None of the investigated rcn1-6/pp2ac and pp2ac
double-mutant combinations exhibited altered re-
sponses for ABA-induced stomatal closure (Fig. 5G).
Therefore, we investigated stomatal responses of reg-
ulatory PP2AA-subunit double-mutant combinations
(Fig. 6). rcn1-6/pp2aa2-1 and rcn1-6/pp2aa3-1 double
mutants exhibited strongly reduced A-subunit expres-
sion (Supplemental Fig. S6A) and consequently, re-
duced growth compared with the Col-0 wild type and
the pp2aa2-1/pp2aa3-1 double mutant (Supplemental
Fig. S6B). These data are consistent with a previous
report on rcn1-1/pp2aa2-1 and rcn1-1/pp2aa3-1 double
mutants (Zhou et al., 2004).

Stomata of the Col-0 wild type and the pp2aa2-1/
pp2aa3-1 double mutant significantly responded to
5 mM ABA and closed to 75% and 86% of apertures, re-
spectively,when comparedwith control conditions (Fig.
6). In contrast, stomata of the rcn1-6/pp2aa2-1 and rcn1-6/
pp2aa3-1 double mutants did not respond significantly
to 5 mM ABA (Fig. 6B). In summary, disruption of PP2A
activity renders Arabidopsis Col-0 less sensitive to ABA
during seed germination and stomatal closure but hy-
persensitive to ABA during seedling development.

Regulatory PP2AA Subunits and Catalytic PP2AC
Subunits Interact in BiFC and Yeast Two-Hybrid Analyses

Because of the large number of potential PP2A-type
protein phosphatase ternary complexes, knowledge of

Figure 4. PP2A-type protein phosphatase subunit
single mutants exhibit a reduced ABA sensitivity
during seed germination. A and B, Time-dependent
seed germination of Col-0 and indicated pp2a
single mutants in the presence of 0 (A) or 1 mM ABA
(B). C and D, Seed germination on day 4 after
stratification (C) and cotyledon expansion on day 7
after stratification (D) in the presence of 0 (blue
bars) or1 mM ABA (red bars). Means 6 SEM (n = 4)
with 49 seeds per n normalized to the seed count.
Statistical values for differences between the Col-0
wild type and the pp2a single-mutant lines were
calculated using two-way ANOVA. *, P , 0.05;
**, P , 0.01.
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PP2A-subunit expression, subcellular localization, and
interaction patterns is essential for understanding
PP2A-type protein phosphatase function. BiFC, sub-
cellular localization, and yeast two-hybrid analyses
were performed to investigate whether PP2AA- and
PP2AC-subunit interactions and PP2A-subunit locali-
zations correlate with the observed differences in ABA
responses of pp2a single and double mutants (Figs. 4
and 5). BiFC emission was observed for all possible
regulatory PP2AA-subunit and PP2AC-subunit com-
binations (Fig. 7). Protein complexes of PP2AA1
(RCN1; Fig. 7A), PP2AA2 (Fig. 7B), and PP2AA3 (Fig.
7C) with PP2AC subunits were predominantly located
in the cytoplasm. Note that the single PP2AA- and
PP2AC-subunit proteins fused to (mT)urquoise or
mVenus localized in the cytoplasm and nucleus
(Supplemental Fig. S7, A and B). Regulatory PP2AB
subunits were differentially distributed within the cell
(Supplemental Fig. S7, C–E). Quantification of BiFC
emissions indicated a reduced interaction of RCN1
with PP2AC5 (Fig. 7D). PP2AA2 interacted most
strongly with PP2AC3 (Fig. 7E), and PP2AA3 inter-
acted most strongly with PP2AC3-PP2AC5 (Fig. 7F).
Yeast two-hybrid analyses confirmed the broad in-
teraction spectrum of PP2AA subunits with PP2AC
subunits (Supplemental Fig. S8). However, in our ex-
perimental condition, PP2AA3 did not interact with
PP2AC4 (Supplemental Fig. S8C). Taken together,
regulatory PP2AA and catalytic PP2AC subunits form
a broad interaction network, which is consistent with
partial functional overlap of PP2A subunits in ABA
responses.

Analyses of PP2A-Type Protein Phosphatase and
SnRK2-Type Protein Kinase Cross Regulation

The physical interactions of ABA-activated SnRK2-
type protein kinases with PP2A-type protein phospha-
tases, their functional involvement in ABA responses,
and the identification of a potential phosphorylation site
in regulatory PP2AB9 subunits raised the question of
whether such kinase and phosphatase pairs directly
regulate the activity of each other.

PP2A-type protein phosphatase activity was inves-
tigated after PP2A complex isolations of 2-week-old
seedlings expressing PP2AB9beta fused to yellow fluo-
rescent protein (PP2AB9beta-YFP) or GFP as control
(Fig. 8A; Tang et al., 2011). Using myelin basic protein
(MBP) as substrate, isolated PP2A complexes exhibited
PP2A activity, which was clearly reduced in the GFP
control purifications (Fig. 8A). However, compared
with control conditions, 1 h of 50mMABA treatment did
not alter PP2A activity (Fig. 8A).

In-gel kinase assays were performed on protein ex-
tracts of 1-week-old Col-0, rcn1-6/pp2ac2, pp2ac3/pp2ac5,
and pp2ac4/pp2ac5 double-mutant seedlings, with the
most severe root growth phenotype in response to ABA
(Figs. 5, E and F and 8B). Comparedwith the Col-0 wild
type, pp2a double mutants did not exhibit any

Figure 5. rcn1-6/pp2ac and pp2ac double mutants exhibit altered ABA
responses during seed germination and seedling growth. A and B, Time-
dependent seed germination of Col-0 and indicated pp2a double
mutants in the presence of 0 (A) or 0.8 mM ABA (B). C and D, Seed
germination on day 4 after stratification (C) and cotyledon expansion on
day 6 after stratification (D) in the presence of 0 (blue bars) or 0.8 mM

ABA (red bars). A to D, Means 6 SEM (n = 4) with 49 seeds per n nor-
malized to the seed count. E, Four-day-old seedlings were transferred to
one-half-strength MS agar plates supplemented with 0 (upper) or 5 mM

ABA (lower) and grown for an additional 5 d. F, Root growth of seedlings
shown in E in the presence of 0 (blue bars) and 5 mM ABA (red bars;
means6 SEM [n = 5] with seven seedlings per n) normalized to the 0 mM

ABA control conditions. G, Stomatal apertures 2 h after incubation in 0
(blue bars) or 5mMABA (red bars; means6 SEM [n = 4] with$19 stomata
per n) normalized to the 0 mM ABA control conditions. Statistical values
for differences between the Col-0 wild type and the pp2a double-mutant
lines were calculated using two-way ANOVA. *, P, 0.05; **, P, 0.01;
***, P , 0.001.
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drastically altered ABA activation of SnRK2-type pro-
tein kinases in response to 1 h of 10 mM ABA treatment
(Fig. 8B). In summary, we did not resolve any cross
regulation of SnRK2-type protein kinase and PP2A-
type protein phosphatase activity within a 1-h time
period of ABA treatment.

DISCUSSION

Design and ABA Responses of OST1-HF Lines

The SnRK2-type protein kinase OST1 is one of the
major ABA signaling components in guard cells, but it
also functions in roots and seeds (Merlot et al., 2002;
Mustilli et al., 2002; Yoshida et al., 2002; Xie et al., 2006;
Fujii and Zhu, 2009; Fujita et al., 2009; Acharya et al.,
2013). Our goal was to identify OIPs using in planta
protein complex isolations followed by LC-MS/MS
analyses.
We ubiquitously expressed OST1-HF constructs,

including inactive D140A and S175A mutations
(Belin et al., 2006; Boudsocq et al., 2007; Vlad et al., 2010),
and the C-terminally truncated OST1DC-HF construct
lacking the DII domain/ABA box in the ost1-3 mu-
tant background (Supplemental Fig. S1A). OST1DC is
activated by osmotic stress and low humidity but
not by ABA, indicating that it can function in an ABA-
independent manner (Yoshida et al., 2006). From these
constructs, only OST1-HF could fully complement
guard cell-related phenotypes of ost1-3 (Fig. 1, A–C;
Supplemental Movie S1), indicating that these re-
sponses require the active kinase and the DII domain/
ABA box (Yoshida et al., 2006). These results were
consistent with previous reports, which analyzed the
ABA activation of OST1 and complementation of ost1
phenotypes using similar constructs (Belin et al., 2006;
Yoshida et al., 2006; Boudsocq et al., 2007; Acharya
et al., 2013)
Ectopic expression of OST1-HF rendered seeds and

roots hypersensitive to ABA (Fig. 1, D–J). Similarly,
overexpression of the ABA receptors pyrabactin resis-
tance1 (PYR1), PYR1-like2 (PYL2), and PYL5 or OST1,

as positive regulators of ABA signaling, enhances ABA
sensitivity (Santiago et al., 2009; Mosquna et al., 2011;
Acharya et al., 2013; Waadt et al., 2014a), whereas
overexpression of the PP2C-type protein phosphatases
ABI1 and HAB1, as negative regulators, decreases ABA
sensitivity (Santiago et al., 2009; Nishimura et al., 2010).

The OST1DC-HF construct partially complemented
the enhanced leaf water loss of ost1-3, which was

Figure 7. Regulatory PP2AA subunits interact with catalytic PP2AC subunits
inBiFC analyses. A andD,BiFCanalyses of YN-RCN1withYC-PP2AC1-C5. B
and E, BiFC analyses of YN-PP2AA2 with YC-PP2AC1-C5. C and F,
BiFC analyses of YN-PP2AA3 with YC-PP2AC1-C5. A to C, High-
magnification 32-plane z-stack maximum projections with optimized bright-
ness and contrast showingPP2AA- andPP2AC-subunit complex formations in
the cytoplasm. YC, Yellow fluorescent protein C-terminal fragment; YN, yel-
low fluorescent protein N-terminal fragment. D to F, BiFC quantifications
measured from entire low-magnification images, which were acquired using
identical settings for each BiFC experiment (means6 SEM [n = 10 images]).

Figure 6. PP2AA-subunit double mutants exhibit
a reduced ABA sensitivity in stomatal closure.
Stomatal apertures of 29- to 33-d-old plants 2 h
after incubation in 0 (blue bars) or 5 mM ABA (red
bars; means6 SEM [n = 3–6] with$30 stomata per
n) normalized to the 0 mM ABA control conditions
(A) and real aperture values (micrometers; B).
Statistical values for differences between the
control and 5 mM ABA treatments were calculated
using one-way ANOVA. *, P , 0.05.
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consistent with a previous report (Yoshida et al., 2006).
ost1-3/OST1DC-HF plants additionally exhibited a
slight ABA hypersensitivity in root growth assays (Fig.
1, I and J). Such a phenotype might be explained by the
previously reported low basal activity of OST1DC, which
might target and activate downstream ABA signaling
components (Yoshida et al., 2006).

Expression of the inactive OST1DA-HF construct re-
sulted in a reduced ABA sensitivity during seed germi-
nation and young seedling development (Fig. 1, D–H).
OST1DA-HF might compete with endogenous ABA-
activated SnRK2-type protein kinases for substrate binding,
thereby inhibitingABAresponses. Thesedata are consistent
with the inhibition of ABA responses in Vicia faba guard
cells through overexpression of the ABA-activated pro-
tein kinase (AAPK), which was inactivated through a
mutation in the ATP-binding site (Li et al., 2000).

In contrast to OST1DA-HF, the inactive activation loop
mutant OST1SA-HF did not affect any ABA responses in
the ost1-3 mutant background (Fig. 1). It is possible that
phosphorylation of the activation loopmight be required
for substrate binding.

Identification of OIPs

LC-MS/MS analyses of proteins copurified with
OST1-HF identified several potential OIPs (Table I;

Supplemental Tables S2–S4). However, none of the
known OST1 substrates (see introduction) were iden-
tified in our analyses. Three possible reasons could
explain this result. (1) Low protein abundance of
known OST1-interacting proteins in total protein ex-
tracts due to tissue-specific expression. (2) Reduced
interactions of OST1-HF with PP2C-type protein phos-
phatases due to the HF-tag fusion adjacent to the
DII-domain/ABA-box (Supplemental Fig. S1B). This
feature may enable an enriched copurification of OST1-
interacting proteins that do not require interaction with
the DII-domain/ABA-box. (3) OST1 interactions with
substrates can be transient and may occur only during
signaling. The present analyses demonstrate interac-
tions with various proteins previously not known to
interact with SnRK2-type protein kinases. These inter-
actions have been confirmed using co-IP and BiFC
analyses (Supplemental Fig. S2). Below, we discuss
some interesting aspects of OIPs.

The OIPs UGE2, NPC4, and SFR2 Are Implicated in
Lipid Metabolism

UGE2, NPC4, and SFR2 were confirmed to interact
with OST1 (Table I; Supplemental Fig. S2). NPC4 hy-
drolyzes phosphatidylcholine or phosphatidylethanola-
mine to produce inorganic phosphate-containing head
groups and diacylglycerol and has been implicated in
phosphate recycling from phospholipids during phos-
phate deprivation (Nakamura et al., 2005). Diacylglycerol
produced by NPC4 can be converted to phospha-
tidic acid, which acts as a signaling molecule and is also
involved in ABA signaling (Jacob et al., 1999; Testerink
and Munnik, 2005; Peters et al., 2010). Analyses of npc4
mutants revealed its role in salt, osmotic stress, and ABA
responses (Peters et al., 2010; Kocourková et al., 2011).

UGE activity has been implicated to provide UDP-Gal
for cell wall and galactolipid biosynthesis (Dörmann and
Benning 1998; Rösti et al., 2007). Galactolipids are syn-
thesized at the chloroplast envelope membranes from
UDP-Gal and diacylglycerol to produce monogalacto-
syldiacylglycerol, which can be further processed to
digalactosyldiacylglycerol (Moellering and Benning,
2011). Both galactolipids are substrates of SFR2, which
produces oligogalactolipids and diacylglycerol (Benning
and Ohta, 2005; Moellering et al., 2010; Moellering and
Benning, 2011). SFR2 was originally identified through a
screen for mutants sensitive to freezing (Warren et al.,
1996; Thorlby et al., 2004). Interestingly, SFR2 activity
was also induced by osmotic stress and dehydration
(Moellering et al., 2010), and the modulation of lipid
compositions is known to occur in response to abiotic
stresses (Moellering and Benning, 2011). Recently, OST1
has also been implicated in modulating freezing toler-
ance (Ding et al., 2015).

NPC4, UGE2, and SFR2 might be involved in ABA-
mediated responses to abiotic stresses through mem-
brane lipid remodeling, which may be regulated
through OST1. Initial ABA response analyses revealed

Figure 8. Analyses of PP2A-type protein phosphatase and SnRK2-type
protein kinase cross regulation. A, PP2A-type protein phosphatase ac-
tivity of 2-week-old GFP control seedlings and PP2AB9beta-YFP using
MBP as a substrate. Activities were measured after GFP complex iso-
lations 1 h after 0 mM ABA (blue bars) or 50 mM ABA (red bars) treat-
ments. Data represent means6 SD of n = 3 experiments. B, In-gel kinase
assay of 1-week-old Col-0wild type and indicated pp2a doublemutants
in response to 1 h of 0 mM ABA (2) or 10 mM ABA (+) treatment. Coo-
massie Brilliant Blue (CBB) staining indicates the protein loading.
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that T-DNA insertions in these genes rendered plants
ABA hypersensitive during seed germination and
young seedling development (Supplemental Fig. S3,
A–D). Note that NPC4 and UGE2 belong to larger gene
families. Therefore, higher order mutants would be
required for additional investigations in the future.

OST1 Interacts with Other SnRK2-Type Protein Kinases

One major finding of the in planta protein complex
isolations was that OST1 formed OST1-OST1 homo-
mer and OST1-SnRK2-type protein kinase heteromer
complexes (Table I), which was confirmed for
SnRK2.2, SnRK2.3, and SnRK2.8 in BiFC and co-IP
analyses (Fig. 2). Analyses of recombinant OST1 pro-
tein suggested a monomeric status of OST1 (Yunta
et al., 2011). However, this study provides evidence that
SnRK2-typeprotein kinases formoligomers in planta (Fig.
2; Table I). This might indicate that other plant compo-
nents are required for SnRK2-type protein kinase oligo-
merization.
SnRK2-type protein kinase complexes could con-

tribute to the amplification of the SnRK2 phospho-
rylation status through trans(auto)phosphorylation.
In vitro trans(auto)phosphorylation of OST1 has been
reported (Ng et al., 2011). Phosphorylation of the
activation loop is required for SnRK2-type protein
kinase activity (Belin et al., 2006; Boudsocq et al.,
2007; Umezawa et al., 2009; Vlad et al., 2010). Trans
(auto)phosphorylation could potentially contribute to
the activation status in osmotic and salt stress condi-
tions, where 9 of 10 SnRK2-type protein kinases are
activated (Boudsocq et al., 2004). However, this po-
tential mechanism may not hold true for ABA that
mainly activates OST1, SnRK2.2, and SnRK2.3 (Mustilli
et al., 2002; Yoshida et al., 2002; Boudsocq et al., 2004;
Fujii et al., 2007; Fujii and Zhu, 2009; Nakashima
et al., 2009).

SnRK2-Type Protein Kinases Interact with PP2A-Type
Protein Phosphatase Regulatory Subunits

Among the potential OIPs identified from the in
planta protein complex isolations were five to seven
PP2A-type protein phosphatase subunits (Table I).
More detailed analyses revealed that OST1 inter-
acted with regulatory PP2AA subunits and PP2AB9
subunits in co-IP and BiFC analyses (Fig. 3;
Supplemental Fig. S4). Interactions were also confirmed
for the regulatory subunits PP2AA1 (RCN1) and
PP2AB9beta with the three ABA-activated SnRK2-type
protein kinases (Fig. 3; Supplemental Fig. S4). These data
suggest a broad interaction network between SnRK2-type
protein kinases and PP2A-type protein phosphatases
other than the well-established interactions of SnRK2-
type protein kinases with PP2Cs (Yoshida et al., 2006;
Umezawa et al., 2009; Vlad et al., 2009; Nishimura et al.,
2010).

PP2A-Type Protein Phosphatases Function in
ABA Responses

Studies on PP2A-type protein phosphatase subunit
mutants in the Arabidopsis Ws accession revealed a
reduced ABA sensitivity of the regulatory PP2AA-
subunit mutant rcn1-1 in seed germination and sto-
matal responses (Kwak et al., 2002; Saito et al., 2008)
and an ABA hypersensitivity of the catalytic PP2AC-
subunit mutant pp2ac2 in seed germination and root
growth (Pernas et al., 2007). rcn1-6, rcn1-6/pp2ac2,
rcn1-6/pp2ac5, and pp2ac3/pp2ac5 mutants in Arabidopsis
Col-0 exhibited reduced ABA sensitivity during seed
germination and cotyledon expansion (Figs. 4, B–D and
5, B–D). The catalytic C-subunit single mutant pp2ac2
did not exhibit any altered ABA sensitivity under our
experimental conditions (Fig. 4; Supplemental Fig. S5).
Reduced ABA sensitivity during stomatal closure was
observed for the PP2AA-subunit double mutants
rcn1-6/pp2aa2-1 and rcn1-6/pp2aa3-1 (Fig. 6) but not
for rcn1-6/pp2ac and pp2ac double-mutant combina-
tions (Fig. 5G). Differences between ABA responses in
Ws and Col-0 may result from altered expression levels
between natural accessions of Arabidopsis. For in-
stance, PP2A-type protein phosphatase activity in Ws
was 4-fold higher compared with that in Col-0 (Hu et al.,
2014). Gene dosages of regulatory PP2AA subunits were
discussed to be important for PP2A-type protein phos-
phatase function (DeLong, 2006).

The regulatory PP2AA-subunit mutant rcn1-6 ex-
hibited enhanced root curling in the presence of ABA
(Supplemental Fig. S5A), and the ABA sensitivity of
root growth and/or curling was found to be strongly
increased in the double mutants rcn1-6/pp2ac2, rcn1-6/
pp2ac5, pp2ac3/pp2ac5, and pp2ac4/pp2ac5 (Fig. 5, E and
F). Our ABA response analyses indicate that PP2A-type
protein phosphatases function as positive regulators of
ABA responses in seeds and guard cells and as negative
regulators in roots. Previous studies on stomatal ABA
responses using the PP2A-type protein phosphatase
inhibitor okadaic acid provided evidence that okadaic
acid-sensitive protein phosphatases function as nega-
tive regulators of ABA responses in Pisum sativum and
V. faba (Schmidt et al., 1995; Hey et al., 1997; Schwarz
and Schroeder, 1998) and as positive regulators in
Arabidopsis (Pei et al., 1997; Kwak et al., 2002). More-
over, research in P. sativum suggested that okadaic acid-
sensitive protein phosphatases function as negative and
positive regulators of ABA responses depending on the
conditions (Hey et al., 1997). PP2A-type protein phos-
phatases function not only in ABA responses but also,
in other plant hormone and light responses (Lillo et al.,
2014). PP2A-subunit mutants have been characterized
by enhanced ethylene levels and ethylene responses
(Larsen and Cancel, 2003; Muday et al., 2006; Skottke
et al., 2011), altered auxin transport (Garbers et al., 1996;
Rashotte et al., 2001; Muday et al., 2006; Michniewicz
et al., 2007; Ballesteros et al., 2013), and an enhanced
blue light-induced stomatal opening (Tseng and Briggs,
2010). The observed differences in ABA responses of
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PP2A-type protein phosphatase mutants might be a
result of their direct interactions with ABA-activated
SnRK2-type protein kinases and cross talk with auxin,
ethylene, and/or blue-light responses.

We did not resolve a strong direct link of biochemical
cross regulation between SnRK2-type protein kinases
and PP2A-type protein phosphatases after a short 1-h
ABA treatment in planta (Fig. 8). Future analyses will
require investigations of SnRK2-type protein kinase
activities in higher order pp2a mutants and in specific
tissues and cell types and activity measurements of
PP2A-type protein phosphatases after prolonged ABA
treatments. Note that a 1-d ABA treatment drastically
reduced PP2A-type phosphatase activity in germinat-
ing seeds (Hu et al., 2014).

Regulatory PP2AA Subunits and Catalytic PP2AC
Subunits Interact in Vivo, and Regulatory PP2AB Subunits
Are Differentially Localized

Information about the subcellular distributions and
interaction patterns of PP2A subunits is essential for
understanding their cellular functions. There is limited
knowledge about interaction patterns among PP2A
subunits (Haynes et al., 1999), and subcellular locali-
zations are known for the regulatory PP2AA subunits
and six PP2AB9 subunits (Blakeslee et al., 2008; Matre
et al., 2009; Tang et al., 2011; Trotta et al., 2011; Tran
et al., 2012). We performed comprehensive interaction
analyses of all three regulatory PP2AA subunits and all
five catalytic PP2AC subunits and detected a broad
interaction spectrum using BiFC (Fig. 7) and yeast two-
hybrid analyses (Supplemental Fig. S8). Regulatory
PP2AB subunits are thought to be necessary for the
subcellular targeting of PP2A holoenzyme complexes
(DeLong, 2006; Farkas et al., 2007). This hypothesis is
supported by diverse localization patterns of the 17
PP2AB subunits (Supplemental Fig. S7, C–E).

CONCLUSION

The identification of interacting proteins or sub-
strates of ABA-activated SnRK2-type protein kinases is
crucial for unraveling the ABA signaling network and
its communication with other signaling pathways. We
performed in vivo protein complex isolations of the
SnRK2-type protein kinase OST1, identified OIPs using
LC-MS/MS, and confirmed their interactions with
OST1 using co-IP and BiFC analyses. Our major find-
ings were (1) OST1 unexpectedly forms homo- and
heteromers with other SnRK2-type protein kinases, (2)
OST1 interacts with enzymes involved in lipid meta-
bolism, (3) SnRK2-type protein kinases form complexes
with regulatory subunits of PP2A-type protein phos-
phatases, and (4) PP2A-type protein phosphatase double
mutants exhibit ABA response phenotypes. Our find-
ings provide additional insights into the roles of regu-
latory PP2AA subunits and catalytic PP2AC subunits in
ABA responses, which might be linked to SnRK2-type

protein kinase interactions and potentially, cross talk
with other signaling pathways.

MATERIALS AND METHODS

T-DNA Lines and Genotyping

T-DNA lines were obtained from the Arabidopsis Biological Resource
Center and the Nottingham Arabidopsis Stock Centre. T-DNA insertions were
confirmed by PCR on genomic DNA and sequencing of the left and right bor-
ders. Genomic DNA was isolated using the cetyl-trimethyl-ammonium bro-
mide method (Stacey and Isaac, 1994). RNA was isolated using the RNeasy
Plant Mini Kit (Quiagen) and reverse transcribed using the First-Strand cDNA
Synthesis Kit and NotI d(T)18 primers (GE Healthcare). Mutant status was
confirmed by PCR using cDNA as template (38 cycles) including actin2 as ex-
pression control.

The following T-DNA lines in Col-0 accession were used in this work: ost1-3
(SALK_008068; Yoshida et al., 2002), rcn1-6 (SALK_059903; Blakeslee et al.,
2008), pp2aa2-1 (SALK_042724; Zhou et al., 2004), pp2aa3-1 (SALK_014113;
Zhou et al., 2004), pp2aa3-2 (SALK_099550; Zhou et al., 2004), pp2ac2 (GK-
072G03), pp2ac3 (SALK_035009), pp2ac4 (GK-089F04), pp2ac5 (SALK_139822;
Tang et al., 2011), npc4-1 (SALK_046713C; Peters et al., 2010), oip1-1
(SALK_022011C), oip4-2 (SALK_065417C), sfr2-3 (SALK_106253C; Moellering
et al., 2010), and uge2-2 (SALK_024044C; Rösti et al., 2007).

Oligonucleotides and Plasmids

Detailed listsofoligonucleotidesandplasmidsused in thisworkareprovided
in Supplemental Tables S5 and S6, respectively.

Plant Growth and ABA Response Assays

Arabidopsis (Arabidopsis thaliana) seeds were surface sterilized in 70% (v/v)
ethanol and 0.04% (v/v) SDS followed by three washes in 100% ethanol and
sown on one-half-strength MS (pH 5.8; Sigma) supplemented with 0.8% (w/v)
Phyto Agar (RPI). After 4 d of stratification at 4°C in the dark, plants were
grown in a growth room in long-day conditions (16-h-light/8-h-dark cycle)
with 50 to 80 mE m22 s21 light intensity at 25°C to 27°C and 25% to 30% relative
humidity. Six-day-old seedlings were transferred to pots and grown in either
the growth room or a Conviron CMP3244 Plant Growth Chamber with a 16-h-d
(22°C)/8-h-night (18°C) cycle, 50 to 100 mE m22 s21, and 40% to 50% relative
humidity.

ABA response assays were performed as described previously (Waadt et al.,
2014a). Seed germination assays were performed in the growth room on one-
half-strength MS agar supplemented with 0.5 or 0.8 mM (+)-ABA (TCI), 1 mM

(6)-ABA (Sigma), or the respective concentration of ethanol as solvent control.
Analyses representmean values6 SEM of four technical replicates normalized to
the seed count of each experiment. Root growth assays were performed on
4-d-old seedlings, which were transferred to one-half-strength MS agar sup-
plemented with 5 to 10 mM ABA or the respective concentration of ethanol as
solvent control and grown vertically in the growth room for an additional 5 d.
Root length was measured using Fiji (http://fiji.sc/Fiji; Schindelin et al., 2012)
or the Root Detection software (http://www.labutils.de/rd.html), analyzed as
means of seven seedlings 6 SEM of four to five technical replicates, and nor-
malized to the one-half-strength MS control conditions.

ABA-induced stomatal closure analyses were performed with detached
leaves of 3- to 5-week-old plants, which were floated in stomatal assay buffer
(5 mM KCl, 50 mM CaCl2, and 10 mM MES-Tris, pH 6.15 [pp2a mutants] or pH
5.6 [ost1-3 and OST1-HF lines]) for 2 h. Subsequently, 5 to 10 mM (+)-ABA or the
respective concentration of ethanol as solvent control was added to the opening
buffer followed by an additional 2 h of incubation. Leaf epidermal tissue was
isolated using the blending method, and images were acquired using an
inverted light microscope. Stomatal apertures were measured using Fiji
(Schindelin et al., 2012). Data represent mean stomatal apertures6 SEM of three
to six experiments.

For the dry down experiment, rosettes of 29-d-old plants grown in soil in the
growth chamber were cut, placed immediately on dry Whatman paper, and
imaged every 0.5min for 30min.Quantitative data on 25-d-old plants (n= 4)were
determined by rosette freshweightmeasurements at intervals of 15min for a time
period of 3 h. Data were normalized to the initial (t = 0 min) fresh weight.
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Significance of data was analyzed using one-way ANOVA for stomatal
assays or two-way ANOVA for every other assay.

Subcellular Localization and BiFC Analyses

For subcellular localization analyses, coding sequences were inserted into
plant expression vectors harboring a pGPTVII.bar or pGPTVII.hyg backbone
(Walter et al., 2004) and an expression cassette consisting of the pUBQ10 pro-
moter (AT4G05310; Norris et al., 1993; Krebs et al., 2012) or the pUBQ10-driven
b-estradiol inducible system (Schlücking et al., 2013) and the tHSP18.2 termi-
nator (AT5G59720; Nagaya et al., 2010) and fused to the fluorescent proteins
mTurquoise (Goedhart et al., 2010) or (m)Venus (Nagai et al., 2002; Kremers
et al., 2006). Constructs for BiFC analyses were generated by ligation of coding
sequences into hygII-SPYNE(R) and kanII-SPYCE(M) or kanII-SPYCE(MR)
plasmids (Waadt et al., 2008). Plasmids were transformed into Agrobacterium
tumefaciens GV3101 (pMP90; Koncz and Schell, 1986) and transiently expressed
in leaves of 5- to 6-week-old Nicotiana benthamiana plants together with the p19
silencing suppressor as described (Waadt et al., 2014b). Subcellular localizations
and BiFC analyses were performed by confocal microscopy using an Eclipse
TE2000-U Microscope (Nikon) as described previously (Waadt et al., 2014a,
2014b). Subcellular localizations of fluorescent protein fusions and BiFC com-
plexes were acquired using a Plan Apo 603/1.20 WI ∞/0.15 to 0.18 WD 0.22
objective and displayed as maximum projections of 32-plane z stacks with
optimized brightness and contrast. Semiquantitative BiFC analyses were per-
formed using low magnification (Plan 203/0.40∞/0.17 WD 1.3). Images were
acquired using identical settings (exposure time and gain), thus enabling
comparisons of fluorescence intensities among parallel investigated construct
combinations. BiFC emissions were quantified from entire images using Fiji.

In Vivo Protein Complex Isolations and Co-IP Analyses

Coding sequences were inserted into the pGPTVII.bar plant expression
vector harboring either a pUBQ10-NosT expression cassette (see above; Walter
et al., 2004) and an HF tag (HHHHHHDYDIPTTASENLYFQGELDYKDHDGDY-
KDHDIDYKDDDDK) located 39 of the multiple cloning site or a pUBQ10-
tHSP18.2 expression cassette and the HF tag located 59 of the multiple cloning
site and transformed into A. tumefaciens GV3101 (pMP90; Koncz and Schell,
1986).

For in vivo protein complex isolations, GFP-HF and OST1(DA, SA, DC)-HF
constructs were transformed into the ost1-3mutant background (Yoshida et al.,
2002) by the floral dip method (Clough and Bent, 1998). Transformants were
selected on one-half-strength MS agar plates supplemented with 10 mg mL21

glufosinate and further selected by western blot and anti-FLAG immunode-
tection. Homozygous T4 lines were sown on one-half-strength MS agar plates
(12 plates with 24 seedlings per plate) and grown vertically in the growth room
for 15 d. For transient expression, A. tumefaciens harboring HF constructs or
mTurquoise- or mVenus-tagged constructs and the p19 strain were cotrans-
fected into one N. benthamiana leaf and incubated for 3 to 4 d. Transient ex-
pression in N. benthamiana was performed as described (Waadt et al., 2014b).

Plant tissue was harvested and incubated for 1 h in one-half-strength MS
(liquid). Subsequently, medium was exchanged with one-half-strength MS
(liquid) and 200 mM sorbitol, or (+)-ABA was added to a final concentration of
50 mM followed by an incubation for 5, 30, or 60 min. Plant tissue was dried
briefly using paper towels, frozen in liquid N2, and extracted in SII buffer
(100 mM Na2HPO4/NaH2PO4, pH 8.0, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA,
and 0.1% [v/v] Triton X-100) supplemented with protease inhibitor (Roche),
phosphatase inhibitors 2 and 3 (Sigma), and 1 mM phenylmethylsulfonyl flu-
oride. After 10 min of rotation at 4°C, raw extracts were sonicated (20 times for
0.5 s on ice) followed by a 20-min centrifugation at 20,000g and filtration
through a 0.45 mm syringe filter. Protein extracts were mixed with (1:100, v/v)
anti-FLAGM2magnetic beads (Sigma) equilibrated in SII buffer and rotated for
4 h at 4°C. Proteins bound to the anti-FLAG M2 magnetic beads were con-
centrated using the DynaMag-2 Magnetic Particle Concentrator (Invitrogen)
and washed three to four times in $20 bead volumes of SII buffer followed by
two washes in FLAG-to-His buffer (100 mM Na2HPO4/NaH2PO4, pH 8.0,
150mMNaCl, and 0.05% [v/v] TritonX-100). Proteinswere eluted four times in one
bead volume of FLAG-to-His buffer supplemented with 500 mg mL21 3xFLAG
peptide (Sigma) and stored at 280°C. Western blot and immunodetection were
performed using a mouse anti-FLAG M2 antibody (Sigma) or rabbit monoclonal
anti-GFP antibody (Invitrogen) followed by a secondary goat anti-mouse or anti-
rabbit IgG (H + L) horseradish peroxidase-conjugate antibody (BioRad) as de-
scribed (Waadt et al., 2014b).

For LC-MS/MS analyses, proteins were precipitated by addition of 1:3 (v/v)
cold 100% trichloracetic acid (TCA), followed by 30-min incubation on ice and
30-min centrifugation at 20,000g and 4°C. Protein pellets were washed two times
with 100% ice-cold acetone, centrifuged for 10 min at 20,000g and 4°C, air dried,
and stored at 280°C.

Mass Spectrometry and Data Analysis

Protein pelletswere resolubilized in 50mLof 0.2% (v/v) ProteaseMAXsurfactant
prepared in 50 mM ammonium bicarbonate and adjusted to 100 mL of volume with
8 M urea. Samples were reduced and alkylated before overnight digestion with
trypsin. The protein digest was pressure loaded onto a biphasic trapping column
packed with 2.5 cm of 5 mm Partisphere Strong Cation Exchanger (Hichrom) fol-
lowedby an additional 2.5 cmof 5mmAquaC18Resin (Phenomenex). Resin-bound
peptides were desalted with buffer A (5% [v/v] acetonitrile and 0.1% [v/v] formic
acid) byflow through the trap column. The trap andanalytical columns (100-mmi.d.
capillary with a 5-mm pulled tip packed with 15 cm of 3 mm Aqua C18 Resin;
Phenomenex) were assembled using a zero-dead volume union (Upchurch Scien-
tific). LC-MS/MS analysis of the samples was performed on LTQ OrbitrapVelos
(Thermo Scientific) interfaced at the front end with a quaternary HP 1100 Series
HPLC Pump (Agilent Technology) using MudPIT technology (Washburn et al.,
2001). Tandem mass spectrometry spectra were collected in a data-dependent
fashion, and resulting spectra were extracted from the Xcalibur data system for-
mat into MS2 format using RawXtract. Protein identification was done with Inte-
grated Proteomics Pipeline (IP2) by searching against the TAIR10 database
(downloaded January of 2011) andfiltering to 1% false positive at the spectrum level
using the DTASelect2.0 program (Tabb et al., 2002). Carbamidomethylation on Cys
was defined as fixed modification, and phosphorylation on Ser, Thr, and Tyr was
included as variable modification in the database search criteria.

Identified peptides were blasted against the TAIR10 protein database
(http://www.arabidopsis.org/index.jsp) and used to calculate protein and
experiment scores for each identified protein using an in house-designed Dis-
memberer Java application. Protein scores were calculated as the number of
protein-matching peptides identified in the OST1(DA, DC)-HF purification ex-
periments minus the number of the protein-matching peptides identified in the
GFP-HF purification experiments. Experiment scores were calculated as the
number of OST1(DA, DC)-HF purification experiments in which the protein was
identified minus the number of GFP-HF purification experiments in which the
protein was identified. Scores were calculated from unique peptides, of which
their sequence matches only one single TAIR10 annotated protein, or any
protein-matching peptides, of which their sequence matches any TAIR10 an-
notated protein. Proteins with experiment scores$3 or protein scores$10 were
considered as potential OIPs and used for additional validation.

Phosphopeptide Enrichment

Phosphopeptides were enriched using the hydroxyapatite (HAP) method
(Fonslow et al., 2012) with somemodifications. AnHAP column of 5 cm in length
was prepared from ceramic HAP (Biorad) suspended in methanol and packed
into a 250-mm i.d. and 360-mm o.d. fritted capillary. The HAP column was
equilibrated using 20mMTris (pH 7.2) for 15min. Tryptic digestswere adjusted to
pH 7.4 and loaded on the HAP column. The flow through containing unbound
peptideswas collected for additional LC-MS/MSanalysis. Nonspecifically bound
peptides and salts were washed off the HAP column using 250 mL of 20 mM Tris
and 60% (v/v) acetonitrile (pH 7.2). Enriched phosphopeptides were eluted from
the HAP column using 250 mL of 10 mM KH2PO4 (pH 7.8). The elution was
repeated with 250 mL of 100 mM KH2PO4 (pH 7.8). Both elution fractions were
pooled, acidified, and loaded on a biphasic trap column for MudPIT analysis.

Immunodetection of PP2AA Subunits

For immunodetection of PP2AA subunits, seedlings were grown for 6 d in
constant light on vertical one-half-strengthMS agar plates containing 1% (w/v)
Suc. Double-mutant seedlings in segregating families were identified by their
short root phenotype.Whole seedlingswere harvested and ground in liquidN2.
Plant extract preparation, SDS-PAGE, immunoblotting techniques, and prob-
ing with anti-RCN1 antiserumwere described previously (Deruère et al., 1999).

PP2A Activity Assays

Two-week-old PP2AB9b-YFP (Tang et al., 2010) and GFP control seedlings
grown vertically on one-half-strength MS agar medium were incubated for 1 h in
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liquid one-half-strength MS medium followed by an additional incubation in
liquid one-half-strength MS medium supplemented with 50 mM ABA or EtOH
as solvent control. 33P-Labeled MBP was prepared using the Protein Ser/Thr
Phosphatase Assay System according to the manufacturer’s instructions. Plant
tissue was frozen and ground in liquid N2, then suspended in IP buffer (50 mM

Tris, 100 mM NaCl, 0.3 M Suc, 0.2% [v/v] Triton X-100, 2 mg mL21 aprotinin,
1 mg mL21 leupeptin, and 0.2 mM phenylmethylsulfonyl fluoride) and centri-
fuged at 16,000g for 10 min at 4°C to pellet debris. Two-hundred fifty micro-
grams of total protein was added to 300 mL Protein A Sepharose resin slurry
and beads were washed twice with IP buffer followed by a wash with PP2A
buffer (50mMTris-HCl, pH 8.5, 0.1 mM EDTA, 0.01% [v/v] Brij 35; Skottke et al.,
2011). Beads were resuspended in 100 mL PP2A buffer and the slurry dispensed
into 30-mL aliquots. Labeled substrate (5 mL) was added to each aliquot to start
the reaction. After 15 min at 30°C, each reaction was stopped with 35 mL 23
stop solution (100 mM NaF, 20 mM EDTA, 2 mM Na-pyrophosphate) followed by
200mL of ice-cold 25% [v/v] TCA and centrifuged at 16,000g. Radioactivity in 50
mL of the supernatant was measured in a scintillation counter. Assays were
performed in triplicate; similar results were obtained in a separate experiment
and in assays using phosphorylated 1-AMINOCYCLOPROPANE-1-CAR-
BOXYLIC ACID SYNTHASE6 peptide (Skottke et al., 2011) as substrate.

In-Gel Kinase Assays

In-gel kinase assayswere performed as previously described (Ichimura et al.,
2000; Kim et al., 2012) with slight modifications. Proteins of 1-week-old Arabi-
dopsis seedlings, grown on vertical one-half-strength MS agar plates, were
transferred to liquid one-half-strength MS for 1 h followed by 1 h of treatment
with or without 10 mM ABA. Proteins were extracted by homogenization in liquid
N2 and resuspension in extraction buffer (100 mM HEPES, pH 7.5, 5 mM EDTA,
5 mM EGTA, 0.5% [v/v] Triton X-100, 150 mM NaCl, 0.5 mM dithiothreitol [DTT],
10mMNaF, 0.5% [v/v] protease inhibitor [Sigma-Aldrich], 0.5% [v/v] phosphatase
inhibitor [Sigma-Aldrich], 5 mM Na3VO4, and 5 mM b-glycerophosphate 2Na).
Cell debris was removed by 30 min of centrifugation at 20,000g at 4°C, and
supernatant was transferred to new tubes. Protein concentration was deter-
mined by the bicinchoninic acid method (Thermo Fisher Scientific). Twenty
micrograms of protein was subjected to electrophoresis on an SDS polyacry-
lamide gel that contained 0.25 to 0.5 mg mL21 Histone III-S (Sigma-Aldrich).
After electrophoresis, the gel was washed three times in washing buffer (5 mM

Tris-HCl, pH 8.0, 0.5 mM DTT, 0.1 mM Na3VO4, 5 mM NaF, 0.5 mg mL21 bovine
serum albumin, and 0.1% [v/v] Triton X-100) for 30 min at room temperature
followed by additional two washes in renaturation buffer (25 mM Tris-HCl,
pH 8.0, 1 mM DTT, 0.1 mM Na3VO4, and 5 mM NaF) and one wash in renatura-
tion buffer at 4°C overnight. The gel was equilibrated in reaction buffer (25 mM

HEPES, pH 7.5, 2 mM EGTA, 12 mM MgCl2, 1 mM DTT, and 0.1 mM Na3VO4) for
30 min at room temperature and then incubated in reaction buffer supple-
mented with 50mCi of [g-32P]ATP (10mCimL21; 3,000 Ci mmol21; PerkinElmer)
for 90 min at room temperature. The reaction was stopped by washing with
wash solution (5% [v/v] TCA and 1% [v/v] sodium pyrophosphate) until no
radioactivity was detected in the wash solution. The gel was stained with
Coomassie Brilliant Blue, dried on a paper, and exposed to an autoradiography
film for 3 to 5 d at280°C. Data shown are a representative of two experiments.

PP2AB9-Subunit Alignment

PP2AB9-subunit sequences were downloaded from TAIR10 (https://www.
arabidopsis.org/) according to the annotated AGIs (Farkas et al., 2007). Protein
sequences were aligned by the Jalview software (Waterhouse et al., 2009) using
the MuscleWS algorithm.

Yeast Two-Hybrid Analyses

Coding sequences were inserted into pGBT9.BS and pGAD.GH vectors
(Elledge et al., 1991). The PJ69-4A yeast (Saccharomyces cerevisiae) strain (James
et al., 1996) grown at 28°C in YPD agar medium (2% [w/v] bactopeptone, 1%
[w/v] yeast extract, 2% [w/v] Glc, and 2% [w/v] bactoagar) was transformed
using the polyethylene glycol/lithium acetatemethod (Gietz et al., 1992), plated
on complete supplement mixture (CSM) agar medium (3.35% [w/v] Yeast
Nitrogen Base/(NH4)2SO4, 0.32% [w/v] CSM-Leu-Trp, 2% [w/v] Glc, and 2%
[w/v] bactoagar), and incubated for 2 to 3 d at 28°C. Successfully transformed
yeast colonies were restreaked to new CSM-Leu-Trp agar medium and incubated
1 to 2 d at 28°C; 5 mL of a 10-fold dilution series (optical density at 600 nm of 100

to 1024 in 2% [w/v] Glc) of transformants was spotted on CSM-Leu-Trp agar
medium as a control and CSM-Leu-Trp-His agar medium and supplemented with

2.5 mM 3-amino-1,2,4-triazole for selection of positive interaction. Yeast
transformants were incubated for 5 to 7 d at 28°C.

AGIs of loci investigated in this study are provided in Table I and
Supplemental Tables S1 to S6.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Western blot of HF lines and control co-IP
experiments.

Supplemental Figure S2. Subcellular localizations and interaction analyses
of OST1 with OIPs.

Supplemental Figure S3. OIP mutants exhibit a reduced ABA sensitivity
during seed germination.

Supplemental Figure S4. SnRK2-type protein kinases interact with PP2A-
type protein phosphatase subunits in BiFC analyses.

Supplemental Figure S5. ABA induces an enhanced root curling of rcn1-6.

Supplemental Figure S6. Reduced expression of regulatory PP2AA sub-
units affects plant growth.

Supplemental Figure S7. Subcellular localizations of PP2A-subunit fluo-
rescent protein fusions.

Supplemental Figure S8. Regulatory PP2AA subunits interact with cata-
lytic PP2AC subunits in yeast two-hybrid analyses.

Supplemental Table S1. LC-MS/MS data from protein complex isolations.

Supplemental Table S2. List of proteins identified by unique peptides and
found only in ost1-3/OST1(DA, DC)-HF purifications.

Supplemental Table S3. List of proteins identified by any matching pep-
tide and found only in ost1-3/OST1(DA, DC)-HF purifications.

Supplemental Table S4. Summarized list of potential OIPs selected for
additional analyses (related to Table I).

Supplemental Table S5. Oligonucleotides used in this work.

Supplemental Table S6. Plasmids used and generated in this work.

Supplemental Movie S1. A 30 min time-lapse movie of wilting detached
rosettes.
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