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ABSTRACT OF THE THESIS

Type 2A Protein Phosphatases mediate Abscisic Acid Responses by interacting with the

protein kinase Open Stomata 1

by

Bianca Manalansan

Master of Science in Biology

University of California, San Diego, 2013

Professor Julian Schroeder, Chair

The plant hormone abscisic acid (ABA) controls the water status of plants by
regulating many physiological processes including seed germination, root growth and
stomatal movements. However, the molecular mechanisms of ABA signaling have yet to

be fully understood. Here, the involvement of Type 2A protein phosphatases (PP2As) in

viil



ABA signaling has been studied. To functionally characterize Arabidopsis PP2As,
subcellular localization and protein-protein-interaction analyses of PP2As were
performed. These analyses revealed that all PP2AAs and PP2ACs are localized in the
cytoplasm and the nucleus and can form complexes among each other in the cytoplasm,
however with varying interaction strength. Phenotypical assays with pp2a double mutant
combinations revealed an ABA hyposensitivity during seed germination, but ABA
hypersensitivity during root growth and no altered response during ABA-induced
stomatal closure. These ABA responses could be linked to the physical interaction of

PP2As with the protein kinase OST1, which is part of the core ABA signaling pathway.
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1. INTRODUCTION



Protein phosphorylation is an important molecular switch in biological signaling
networks. The counteracting activities of protein kinases and phosphatases determine the
phosphorylation status of the target protein therefore affecting its function, subcellular
localization, activity, and stability (Moorhead et al., 2009). Protein phosphatase type 2A
(PP2A) is one of the most abundant types of serine/threonine phosphatases in eukaryotic
cells (Cohen, 1997; Kremmer et al., 1997) and highly conserved in its sequence and
functional properties (Moorhead et al., 2009). PP2As are heterotrimeric holoenzyme
complexes consisting of regulatory PP2AA- and PP2AB- and catalytic PP2AC-subunits
(Xu et al., 2006; Shi, 2009). The PP2AA-subunits act as a scaffolding subunit whereas
the PP2AB-subunits are thought to be involved in subcellular targeting and substrate
specificity of PP2As (DelLong, 2006; Farkas et al., 2007; Xu et al., 2006; Shi et al.,
2009). The Arabidopsis genome encodes for three PP2AA-subunits (65-kDa), seventeen
PP2AB-subunits subdivided into two B-(55 kDa), nine B’-(54-74 kDa), five B’’-(72-130
kDa) subunits and TONNEAU2/FASS (TON2), and five PP2AC-subunits (36 kDa)
(DeLong, 2006; Farkas et al., 2007) with a potential of 255 possible holoenzyme
complexes. Forward and reverse genetics approaches revealed functional roles of PP2As
in ABA signaling (Kwak et al., 2002; Pernas et al., 2007) in regulation of auxin fluxes
(Fischer et al., 1996; Gabers et al., 1996; Rashotte et al., 2001; Michniewicz et al., 2007;
Ballesteros et al., 2012; Dai et al., 2012), brassinosteroid signaling (Tang et al., 2010; 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) and microtubule organization (McClinton and Sung,

1997; Camilleri et al., 2002; Kirik et al., 2012).



Arabidopsis PP2AA isoforms RCN1 (Root Curl in NPA), PP2AA2, and PP2AA3
are cytoplasmic and nuclear proteins (Blakeslee et al., 2008; Tran et al., 2012) that
consist of 15 tandem HEAT-repeats, forming a hook-like structure for binding to the
PP2AC- and PP2AB-subunits (Farkas et al., 2007; Xu et al., 2006). The PP2AAs have
important regulatory functions. Binding of PP2AAs to the PP2ACs alters their kinetic
properties by enabling a fully activated PP2AC conformation (Price and Mumby, 2000).
Further as a scaffolding subunit, PP2AAs allow the interaction of the PP2ACs and
PP2ABs (Ruediger et al., 1994; Xu et al., 2006). RCNI was originally discovered as a
regulator of auxin transport and gravitropsim by regulating the polarity of the PIN-type
auxin transporter subcellular localization (Garbers et al., 1996; Rashotte et al., 2001;
Michniewicz et al., 2007). Recently, it has been shown that PP2AA subunits form
complexes with PP6 catalytic subunits FyPP1 and FyPP3 to direct auxin fluxes by
dephosphorylation of PIN proteins (Dai et al., 2012). rcnl mutant seedlings display
abnormalities in cell division patterns and reduced growth under ionic, osmotic, and
oxidative stress conditions at the root apical meristem (Blakeslee et al., 2008). RCN1,
also found in a forward genetic screen for enhanced ethylene response 1 (eerl) is
involved in ethylene biosynthesis by regulating the turnover of ethylene biosynthesis
genes (Larsen and Cancel, 2003; Zhou et al., 2004; Muday et al., 2006; Skottke et al.,
2011). RCNI has also been found to play an important role in blue light signaling by
down-regulating the blue light-activated PHOT?2 blue light receptor (Tseng and Briggs,
2010). Reverse genetics approaches also revealed functional roles of RCN1 in abscisic
acid (ABA) and methyl jasmonate (MeJA) signaling (Kwak et al., 2002; Saito et al.,

2008). In the ecotype Wassilewskija, rcnl mutation resulted in an ABA and MeJA



insensitivity phenotype in seed germination and stomatal closure (Kwak et al., 2002;
Saito et al., 2008). Neither MeJA nor ABA induced reactive oxygen species (ROS)
production, inward rectifying potassium channel inhibition, and stomatal closure in the
rcnl mutant (Saito et al., 2008). Furthermore, rcnl mutation impaired ABA activation of
slow anion channels and displayed a reduced sensitivity of ABA induced cytosolic
calcium increases (Kwak et al., 2002). These data suggested that RCN1 functions high
upstream in the ABA signaling pathway (Kwak et al., 2002; Saito et al., 2008). Severe
phenotypic defects, which include abnormal embryogenesis, dwarfism, and sterility are
observed in PP2AA double mutants in combinations of rcnl 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). The functions of PP2AA2 and PP2AA3 are
revealed only when RCNI is absent. The key function of RCNI1 has yet to be fully
understood, but data suggests that gene dosages of PP2AAs are an important determinant
of PP2A function rather than tissue specificity of PP2AA expression (DelLong, 2006;
Zhou et al., 2004).

Though Arabidopsis PP2ABs, as in other eukaryotes, are important for substrate
specificity and cellular localization (Farkas et al., 2007), the function of most PP2ABs is
still unclear. Not much is known about the two Arabidopsis PP2AB-subunits or the
PP2AB’’-subunits. PP2ABalpha and PP2ABbeta carry five degenerate WD-40 repeats
and have 48% amino acid sequence identity with animal PP2ABs (Corum et al., 1996).
The five Arabidopsis PP2AB’’-subunits carry calcium binding EF-hand motifs with
TON?2 representing a PP2AB’’-like subunit (Farkas et al., 2007). The most well known of

the PP2AB isoforms are the PP2AB’-subunits (Terol et al., 2002; Matre et al., 2009;



Eichorn et al., 2009). Despite a high degree of conservation, plant and animal PP2AB’-
subunits have evolved completely independently (Terol et al., 2002). Sequence
comparison of Arabidopsis PP2AB’-subunits displayed a highly conserved central
domain with diverged amino- and carboxy- terminal regions (Terol et al., 2002). This
central region again supports the important role for the assembly of PP2AB’-subunits
with the heterotrimeric PP2A complex for substrate specificity and cellular localization
(Depaoli-Roach et al., 1994; Terol et al., 2002). Early studies identified PP2AB’-subunits
as being similar proteins that are expressed ubiquitously in Arabidopsis organs (Haynes
et al., 1999; Terol et al., 2002). The PP2AB’gamma gene has alternatively spliced
transcripts and accumulates in response to heat stress, proposing this subunit could be
involved in stress response mechanisms in plants (Haynes et al., 1999). Interestingly,
transcripts of PP2AB’alpha, -B’beta and -B’delta subunits do not fluctuate in response to

heat shock (Terol et al., 2002).

The subcellular localization of PP2AB’subunits is diverse. Depending on the
orientation of the fluorescent protein tag PP2AB’gamma, -B’zeta, -B’eta and -B’theta
were found in the nucleus and cytosol but also in the nucleolus (PP2AB’eta), in
peroxisomes (PP2AB’theta), or in the mitochondria (PP2AB’zeta) (Matre et al., 2009).
These findings support that the different PP2AB’ isoforms could function in unique

subcellular localizations of PP2A complexes (Latorre et al., 1997; Terol et al., 2002).

Recent data have shown that PP2As dephosphorylate BZR1, a transcription factor

involved in brassinosteroid signaling, and that BZR1 directly interacts with several

PP2AB’-isoforms (Tang et al., 2011). Phenotypic defects of pp2ab’alpha/pp2ab’beta



double mutants, lacking the two major BZR 1-binding PP2AB’-isoforms, displayed severe

dwarfism and reduced plant growth (Tang et al., 2011). TON2/FASS has been shown to
interact with the catalytic PP2ACs in yeast-two-hybrid assays and is involved in the
control of cytoskeletal structures in plants (Camilleri et al., 2002). The ron2/fass
mutation causes abnormalities in microtubule assembly and disrupts mechanisms

involved in cell elongation and cell division (Fischer et al., 1996; McClinton and Sung,

1997; Camilleri et al., 2002; Kirik et al., 2012).

The five catalytic PP2AC-subunits in Arabidopsis are phylogenetically separated
into two groups, subfamily I (PP2AC1, PP2AC2, and PP2ACS5) and subfamily II
(PP2AC3 and PP2AC4) (Casamayor et al., 1994). The PP2ACs share 95% sequence
identity within a given subfamily and 80% between the two subfamilies (Ballesteros et
al., 2012). All PP2AC genes are expressed in all organs with varying levels of expression
(Arifio et al., 1993). The C-terminal TPDYFL tail of PP2ACs is highly conserved and T-
and Y-phosphorylation has been reported in human cells to inhibit PP2A activity
(reviewed in Sents et al., 2012). In addition, reversible methylation of PP2ACs at their
last L residue is important for PP2A activity and holoenzyme assembly/biogesesis
(reviewed in Sents et al., 2012). There is only limited knowledge about the functional
roles of PP2ACs. Silencing of a subfamily of tomato PP2AC genes caused enhanced
response to bacterial avirulence proteins and localized cell death in stems and leaves
suggesting potential roles for PP2As in defense mechanisms (He et al., 2004). Recently,
it has been revealed that PP2AC3 and PP2AC4 catalytic subunits have important

functions in auxin distrribution in the root (Ballesteros et al., 2012), whereas a pp2ac5



mutant showed a reduced response to brassinazole (Tang et al., 2011). The loss of
function mutant pp2ac2 was found to be hypersensitive to ABA in developmental
processes such as lateral- and primary root growth, seedling development, germination,
seed dormancy, and responses to drought and high salt and sugar stresses (Pernas et al.,
2007). pp2ac2 mutants displayed delayed seed germination and increased dormancy in
response to ABA, while PP2AC2 overexpression resulted in earlier seed germination and
cotyledon expansion when compared to wild type Wassilewskija (Pernas et al., 2007). It
was proposed that PP2AC?2 plays a specific role as a negative regulator of ABA signaling
by regulation of ABA dependent gene expression (Pernas et al., 2007). However while
pp2ac2 displays ABA hypersensitivity during seed germination, rcnl was ABA
hyposensitive (Kwak et al., 2002; Pernas et al., 2007) indicating that PP2AA- and

PP2AC- subunits have contrasting functions during ABA inhibition of seed germination.

The phytohormone ABA is crucial for the regulation of seed germination, root
development, flowering, and stomatal movements (Acharya et al., 2009; Himmelbach et
al., 1998; De Smet et al., 2006; Finkelstein et al., 2008; Kim et al., 2010; Santner et al.,
2009). Furthermore, ABA promotes root growth inhibition and seed dormancy during
abiotic stress (Deak and Malamy, 2005; Rodriguez-Gacio et al., 2009; Duan et al., 2013).
ABA synthesis is activated by high salinity stress and drought, stimulating stomatal
closure to protect plants from dehydration (Wilkinson and Davies, 2002). PYRABACTIN
RESISTANCE 1 (PYR1)/ PYRI LIKE (PYL)) REGULATORY COMPONENT OF
ABA RECEPTOR (RCAR), in-short PYLs, are members of a protein family that can

bind to ABA (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009). The ABA-PYL



complexes can interact with and negatively regulate Clade A TYPE 2C PROTEIN
PHOSPHATASES (PP2Cs) (Park et al., 2009; Ma et al., 2009; Santiago et al., 2009;
Nishimura et al., 2010). PP2C inhibition allows the activation of SNF1-RELATED
KINASES 2 (SnRK2s) (Fujii et al., 2009; Umezawa et al., 2009; Vlad et al., 2009),
which can target transcription factors, ion channels responsible for stomatal closure, and
NADPH oxidases (Kobayashi et al., 2005; Furihata et al., 2006; Geiger et al., 2009; Lee

et al., 2009; Sato et al., 2009; Sirichandra et al., 2009, 2010; Brandt et al., 2012).

In an effort to functionally characterize the Arabidopsis PP2As, subcellular
localization analyses were performed for all PP2AAs and PP2ACs and for nine out of
seventeen PP2ABs. Protein-protein-interaction analyses using BiFC and yeast-two-
hybrid assays established an interaction network of PP2AAs and PP2ACs supporting that
all PP2AAs and PP2ACs can form complexes, however with varying interacting
strengths. Phenotypical analyses using pp2a double mutant combinations revealed that
these mutants are hyposensitive to ABA during seed germination but hypersensitive to
ABA in root growth. However, none of the mutants analyzed displayed a phenotype for
ABA induced stomatal closure. The involvement of PP2As in ABA signaling could be
linked to the physical interactions of PP2AAs and PP2ABs with the protein kinase OST1

which is a component of the core ABA signaling network.



2. RESULTS
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2.1. Subcellular localization of PP2A subunits

To analyze the subcellular localization of the PP2As, PP2AAs and PP2ABs were
cloned into plant compatible vectors with the fluorescent protein (FP) mTurquoise (mT)
fused to the PP2A N-terminus or mVenus fused to the PP2A C-terminus (Fig 1). The
PP2AC C-terminal TPDYFL tail is highly conserved and methylation of the last L
residue is important for PP2A activity and holoenzyme assembly (Sents et al., 2012).
Therefore, PP2ACs were fused with mVenus at their N-terminus. Constructs were
transiently expressed by Agrobacterium infiltration into epidermal cells of N.
benthamiana and examined by fluoresence microscopy, as shown by maximum
projections of z-stacks (Fig 1). mTurquoise-PP2AA (Fig l1a-c) and PP2AA-mVenus (Fig
1d-f) exhibited strong fluorescence in the cytoplasm and nucleus while mVenus-PP2ACs
localized in the cytoplasm, nucleus, and in cellular dots (Fig 1m-q). Compared to the
PP2AAs and PP2ACs, the PP2ABs had more specific subcellular localizations (Fig 1g-1
and Fig S1). Also expression in N. benthamiana was weak for PP2ABs, probably due to
toxic effects as seen by necrosis on N. benthamiana leaves (data not shown). In initial
experiments to localize PP2AB-FP fusions were performed using the pUBQ10 promoter
for expression control. Later, a B-Estradiol inducible system (Schlucking et al., 2013) was
used to express PP2AB-FPs, which reduced toxic effects of PP2ABs on N. benthamiana
leaves and improved expression. Using these systems, PP2AB’alpha and PP2AB’beta
fusion proteins were localized in the nucleus and in cytoplasmic strains (Fig 1g.h,j k).
mT-PP2AB’delta was localized in the cytoplasm (Fig 1i) whereas PP2AB’delta-mVenus
was found in the plasma membrane and in dot like structures (Fig 11). PP2ABalpha and

PP2AB’gamma were found in the cytoplasm (Fig Sla.b,f,g) while mT-PP2ABalpha and
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mT-PP2AB’gamma labeled net/mesh like structures in the cytoplasm (Fig Sla,b). mT-
PP2AB’epsilon localized in the cytoplasm and nucleus (Fig S1c) while PP2AB’epsilon-
mVenus was found in micro-domains of the plasma membrane (Fig S1h). mT-
PP2AB’zeta could not be expressed and mT-PP2AB’eta and mT-PP2AB theta localized
in the nucleolus, nucleus, and cytoplasm (Fig Sld.e). PP2AB’zeta, PP2AB’eta, and
PP2AB’theta-mVenus were identified in the nucleus, nucleolus and in dot like structures
(Fig S1i-k) with PP2AB’eta-mVenus displaying also strong fluorescence at the plasma
membrane (Fig S1j). The investigation of PP2A localizations raised the question about
the localization and interaction of PP2A complexes in planta, which has not yet been

reported (Ballesteros et al., 2012).
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mT-RCN1 mT-PP2AA2 mT-PP2AA3

PP2AA2-mVenus

PP2AB‘alpha-
mVenus

q

Figure 1. Subcellular localization of PP2A subunits. PP2A constructs were infiltrated
into N. benthamiana leaves and expressed as an mTurquoise-(mT)-PP2A (cyan) or a
PP2A-mVenus fusion (yellow). Three days after infiltration 32-z-stack images were
recorded, displayed as a maximum projection. The fusion proteins analyzed in images a-
q and the scale bar is indicated. a-f, PP2AAs are localized in the cytoplasm and the
nucleus. g-1, PP2AB’alpha and PP2AB’beta are localized in the nucleus and in the
cytoplasm, mT-PP2AB’delta is localized in the cytoplasm and PP2AB’delta-mVenus is
localized at the plasma membrane and in dot-like structures. m-q, PP2ACs are localized
in the cytoplasm, the nucleus and in dot-like structures.
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2.2. PP2AAs and PP2AC:s interact in planta

Bimolecular fluorescence complementation (BiFC) assays (Waadt et al., 2008)
were used to study protein-protein interactions among PP2AAs and PP2ACs. BiFC
depends on the formation of a fluorescent protein complex by two non-fluorescent
fragments of the yellow fluorescent protein (YN, YFP N-terminal fragment; YC, YFP C-
terminal fragment) when brought together by the interaction of two proteins fused to the
fragments. The stable complex formation allows the detection of weak and/or transient
protein interactions as well as simultaneously determining the subcellular localization of
the protein interactions (Kerppola, 2006). In this experiment, YN-PP2As were transiently
co-expressed with YC-PP2ACs into N. benthamiana epidermal cells by Agrobacterium
infiltration, and the subcellular localization and YFP emission of reconstituted complexes
were analyzed by confocal microscopy (Fig 2). Complexes of PP2AA1 (RCNI1)-
PP2AACs (Fig 2a-e), PP2AA2-PP2ACs (Fig 2f-j), and PP2AA3-PP2ACs (Fig 2k-o)
exhibited a cytoplasmic fluorescence pattern as seen by the absence of fluorescence in the
nucleus and by fluorescence in cytoplasmic strains. Quantification of the reconstituted
YFP emission revealed that PP2AC1-PP2AC4 interact strongest with RCNI, while
PP2AC3 also interacted strong with PP2AA2 (Fig 2,p,q). PP2ACS exhibited strongest

interaction with PP2AA3 (Fig 2r).
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the YFP N-terminal fragment (YN-PP2AA) and PP2ACs were fused to the YFP C-
terminal fragment (YC-PP2AC) and co-expressed in N. benthamiana. Images were

acquired three days after transformation. a-0, Maximum projections of 32-z-stack-images
showing the sub-cellular localizations of indicated PP2AA-PP2AC complexes in the
cytoplasm. p-r, Semi-quantitative analyses of reconstituted YFP emission of indicated

PP2AA-PP2AC BiFC combinations. Given are averages + s.e.m of ten images.
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2.3. PP2AAs and PP2AC:s interact in yeast-two-hybrid analyses

The interaction of RCN1 and PP2AA2 with PP2ACs was also analyzed by yeast-
two-hybrid assays (Fig 3). The two-hybrid system relies on the reconstitution of the
activator domain (AD) and the DNA binding domain (BD) of the GAL4 transcription
factor, which induces a reporter gene expression, often an auxotrophic marker (Fields et
al 1994). RCN1 and PP2AA2 were cloned in fusion to the GAL4 AD into the vector
pGAD.GH and all five PP2AC subunits were fused to the GAL4 BD in the vector
pGBT9.BS (Fig 3). AD-RCNI1, AD-PP2AA2, and BD-PP2AC constructs were
transformed into PJ69-4A yeast strain and dilution series were spotted on SD-LW control
media (Fig 3a,c) or on SD-LWH media for selection of interaction (Fig 3b,d). Also
compilations of empty vectors and AD-RCNI, AD-PP2AA2 and BD-PP2ACs in
combination with empty vectors were used as negative/transactivation controls. As seen
in Fig 3b, RCNI interacts with all five PP2AC subunits, however strongest interaction
was found with PP2AC4, which was consistent with BiFC analysis (Fig 2p). In Fig 3d,
PP2AA?2 interacts with all five PP2AC subunits, however the interactions were weaker
compared to RCN1, as indicated by longer growth of the yeast (7 days compared to 5
days) (Fig 3). PP2AA2 interacted strongest with PP2AC2-C4. pGAD.GH-AKT1 and
pGBT9.BS-CIPK23 interaction was used as a positive control (Xu et al., 2006)
displaying slightly more yeast growth-stronger interaction-when compared to PP2AA2-
PP2AC interactions (Fig 3d). Combinations of negative controls grew on control media
(Fig 3a,c) but not on SD-LWH media indicating that AD-PP2AAs combined with BD or

AD combined with BD-PP2ACs do not interact (Fig 3b,d). However, slight
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transactivation of AD/BD-PP2AC3 was seen but with less growth compared to AD-

PP2AA2/BD-PP2AC3 (Fig 3d).
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a W b .LWH + 2.5 mm 3-AT c W d .LWH + 2.5 mMm 3-AT
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RCN1/PP2AC4 | PP2AA2/PP2AC4
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Figure 3. RCN1 and PP2AA?2 interact with PP2ACs in Yeast-two-hybrid analyses.
Indicated combinations of pGAD.GH-RCN1/PP2AA2 and pGBT9.BS-PP2ACs and
empty plasmids were transformed into PJ69-4A. Decreasing ten-fold dilution series
(ODgyo o Of 10° - 10™), indicated by the black arrow, were spotted onto (b and ¢), control
media (-LW) and (a and ¢), selection media (-LWH + 2.5 mM 3-AT) (b and d), and
incubated five-seven days at 28 °C. Yeast growth appeared only when RCNI1 and
PP2AA2 and PP2ACs were combined and not in combination with empty plasmids.
pGAD.GH-AKT!1 and pGBT9.BS-CIPK23 interaction (Xu et al., 2006) was used as a
positive control.
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2.4. PP2As are involved in ABA and stress responses

Previous reports described the role of rcnl and pp2ac2 in ABA responses (Kwak
et al., 2002; Pernas et al., 2007). However these analyses used mutants in the
Wassilewskija (Ws) background. Here, pp2a mutants in the Columbia (Col-0)
background were systematically analyzed for ABA responses. Initial analyses of pp2a
single mutants revealed a role of rcnl-6, pp2ac3, pp2ac4, and pp2ac5 in ABA mediated
inhibition of seed germination. These mutants displayed a slight ABA hyposensitivity
during seed germination with 1 uM ABA (Fig S2) (assays performed by Rainer Waadt).
In contrast to previous reports (Pernas et al., 2007; Ballesteros et al., 2012) the pp2ac?2
mutant allele did not display any ABA mediated seed germination phenotype (Fig S2).

To get further insights into the function of PP2As, seed germination and
cotyledon expansion rates were recorded for pp2a double mutants without ABA every
day for 7 days in 0.5 MS media supplemented + 0.5 uM ABA (Fig 4). Starting from day
2 and onward, rcnl-6/pp2ac3, rcnl-6/pp2ac5, and pp2ac3/pp2ac5 (Fig 4j) were found to
be ABA hyposensitive, displaying earlier radical emergence and earlier expansion of
green cotyledons when compared to Col-0 (Fig 4 e-h k). In control media without ABA,
germination and cotyledon expansion was not affected (Fig a-d,i k). renl-6/pp2ac3 and
renl-6/pp2ac5 exhibited 35% seeds germinated (starting at day 3) compared to 10% in
Col-0 as well as 35% cotyledons expanded (measured on day 7) compared to the 10% in
Col-0. The data clearly show that on day 3 pp2ac3/pp2ac5 was the least sensitive to
ABA, having 50% seeds germinated compared to the 10% in Col-0 (Fig 4j).

pp2ac3/pp2ac5 also displayed 40% cotyledon expansion compared to the 10% expansion
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in Col-0 (Fig 4k). These data indicate that pp2as have a negative role in ABA inhibition

of seed germination and cotyledon expansion.
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Figure 4. pp2a double mutants are ABA hyposensitive in seed germination. Indicated
genotypes were grown for seven days in 0.5 MS media (a-d), or in 0.5 MS media
supplemented with 0.5 mM ABA (e-h). Seed germination on media without ABA (i) and
media supplemented with 0.5 mM ABA (j) was recorded for seven days and cotyledon
expansion was recorded on the seventh day (k). i-k, Normalized averages + s.e.m of four
experiments. Compared to Col-0, rcnl-6/pp2ac3, rcnl-6/pp2ac5 and pp2ac3/pp2ac5
mutants display ABA hyposensitivity in ABA inhibition of seed germination and
cotyledon greening/expansion.
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Further analyses on pp2a mutant seedlings were done to analyze the root growth
inhibition by ABA. Previous studies revealed that pp2ac2 exhibited ABA
hypersensitivity during ABA inhibition of root growth (Pernas et al., 2007). Preliminary
analyses on single mutants transferred to media with 5 uM ABA displayed an ABA
induced root curling phenotype of rcnl-6 and pp2ac5 without affecting root length by
ABA (Fig S3, assay performed by Rainer Waadt). The pp2ac2 single mutant did not
display any enhanced root growth inhibition (Fig S3). Analyses of double mutants
revealed that even in 0.5 MS control conditions the root growth of rcnl-6/pp2ac2, rcnl-
6/pp2ac3, and rcnl-6/pp2ac5 was affected (Fig 5ac). renl-6/pp2ac3 and rcnl-6/pp2ach
displayed shorter roots even in ABA free 0.5 MS media (Fig 5c). Application of 5 uM
ABA resulted in an additive effect, where a strong decrease in root length compared to
Col-0 wild type was observed (Fig 5b-f). Strong root growth inhibition at 5 uM ABA was
found for rcnl-6/pp2ac2 (Fig 5b), rcnl-6/pp2ac5 (Fig 5d), pp2ac3/pp2ac5 and
pp2acéd/pp2ac5 (Fig 5f), with pp2ac3/pp2ac5 exhibiting the strongest inhibition of root
growth (Fig 5b,d.f,g). Root growth of Col-0 was inhibited by ABA to 85% of control
conditions while rcnl-6/pp2ac2, pp2ac3/pp2ac5, pp2ac4/pp2ac5 displayed 45% root
length of the control conditions and rcnl-6/pp2ac5 displayed 70% root length (Fig 5g).
Root length of rcnl-6/pp2ac3 was not affected by ABA (Fig 5g), however stronger root
curling was observed in presence of ABA (Fig 5d). Interestingly, the ABA seedling
growth assay displayed a hypersensitive ABA phenotype (Fig 5) while the seed

germination assay displayed a hyposensitive phenotype (Fig 4).
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Figure 5. Roots of pp2a double mutants are hypersensitive to ABA. a-f, Four-day-old
seedlings of indicated genotypes were transferred to 0.5 MS media without (a, c, e) or
with 5 uM ABA (b, d, f) and grown for additional five days before images were
acquired. g, Root length of indicated genotypes five days after transfer to 0.5 MS media +
5 uM ABA was normalized to the root length in control conditions (0.5 MS + 0 uM
ABA). Data represent averages +/- s.e.m. of five experiments. Compared to Col-0, rcnl-
6/pp2ac?2, renl-6/pp2ac5, pp2ac3/pp2ac5 and pp2ac4/pp2ac5 exhibit a strong inhibition
of root growth in the presence of 5 uM ABA.
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It is well known that ABA plays essential roles in the regulation of stomatal
movements (Kim et al., 2010). RCN1 was identified from guard cell cDNA libraries and
the renl mutant in Wassilewskija ecotype (Ws) displayed an ABA-insensitive stomatal
response (Kwak et al., 2002). Thus, it was of interest to analyze stomatal movements with
rcnl-6 and pp2ac double mutants in Col-0 ecotype. Detached leaves were incubated 2h in
opening buffer (pH 6.15) before stomatal closure was induced by 5 uM ABA. Despite the
rcnl phenotype in Ws background, none of the Col-0 background double mutants
investigated (rcnl-6/pp2ac2, rcnl-6/pp2ac3, rcnl-6/pp2ac5, pp2ac3/pp2ac5, and
pp2acéd/pp2ac5) exhibited altered ABA responses compared to Col-0 wild type 2h after
ABA treatment (Fig 6). All of the investigated lines closed their stomata to 80% of the

stomatal aperture in control conditions (Fig S6).
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Figure 6. ABA-induced stomatal closure is not altered in pp2a double mutants.
Detached leaves of indicated genotypes were incubated in opening buffer for two hours
and subsequently EtOH, as solvent control, (0 uM ABA) or 5 uM ABA was added
followed by additional two hours incubation. Images of 20 stomata were acquired after
enrichment using the blending method. Data represent stomatal aperture averages +
s.e.m. of four experiments normalized to the 0 uM ABA control. The investigated pp2a
double mutants display ABA induced stomatal closure similar to Col-0.
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rcnl mutant seedlings displayed abnormalities in ionic stress conditions at the
root apical meristem, connecting their role to stress signaling (Blakeslee et al., 2008). A
salt-stress assay was performed to analyze the effects of 100 mM NaCl on roots of pp2a
single and ost/-3 mutant seedlings (Fig S4). Four-day-old seedlings were transferred to
0.5 MS media supplemented + 100 mM NaCl (Fig S4a-h) and root lengths (Fig S4i) and
fresh weight (Fig S4j) were measured five days after transfer. rcnl-6 and pp2ac
exhibited increased sensitivity to NaCl stress with a strong decrease in root growth (50%
of control conditions) compared to Col-0 wild type (80% of control conditions) (Fig
S4f h,i). The other pp2a single mutants and ost/-3 appeared similar to wild type (Fig S4).
In addition, the salt-induced fresh weight loss was slightly enhanced in rcnl-6, pp2aa3,
pp2ac3, pp2ac4, and pp2ac5 but not in ost/-3 and pp2ac2 when compared to wild type
Col-0 (Fig S4j).

To investigate if PP2AC overexpression could rescue pp2a mutant phenotypes
PP2AC3-, PP2AC4-, and PP2AC5-mVenus constructs were expressed under control of
the pUBQ10 promoter (Norris et al., 1993; Krebs et al., 2011) in the respective pp2ac
mutant background. Surprisingly it was found that strong expressing lines for all PP2ACs
analyzed exhibited severe dwarfism and reduced growth phenotype (Fig S5 b-d, e-f right)
when compared to Col-O0 (Fig S5a, e-f left). These phenotypes were similar to
brassinosteroid synthesis or signaling mutants (Li and Chory, 1997; Tang et al., 2011)
indicating that PP2AC-mVenus constructs might act dominant negative through masking
of the regulatory C-terminus by the mVenus fusion. Lines with strong phenotype did not

produce seeds and could not be analyzed in following generations. Only lines with
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weaker phenotypes could be analyzed in following generations, however no homozygous

lines could be identified.
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2.5.PP2As and OST1 interact in BiFC and Co-IP analyses

To get further insights into the involvement of PP2As in the ABA signaling
pathway, protein-protein-interaction analyses were performed with PP2As and OSTI.
OST]1 has been identified as a key component of ABA signal transduction (Mustilli et al.,
2002; Merlot et al., 2002; Yoshida et al., 2002). BiFC analyses of OST1 and all three
PP2AAs, PP2AB’alpha, PP2AB’beta, and PP2AB’delta, and of all five PP2ACs were
analyzed and compared to the OST1-ABI1 interaction (Yoshida et al., 2006; Umezawa et
al., 2009) used as a positive control (Fig 7). For this assay, OST1 was fused to the N-
terminal fragment of YFP (YN-OST1) and co-expressed in N. benthamiana epidermal
cells with PP2As or ABI1 fused to C-terminal fragment of YFP (YC-PP2As and YC-
ABIl). In microscopic analyses YN-OST1 and YC-ABII displayed high YFP
fluorescence and the OST1-ABI1 complex localized in the nucleus and the cytoplasm
(Fig 71). Also, interaction of YN-OST1 with all three YC-PP2AAs resulted in an
unexpected strong reconstitution of YFP fluorescence, showing complex formations in
the nucleus and the cytoplasm (Fig 7a-c,m). Interestingly, the highest YFP fluorescence,
among OST1-PP2A interactions, was observed between YN-OST1 and YC-PP2AA3
(Fig 7m). Interaction was also observed between YN-OST1 and YC-PP2AB’alpha, -
B’beta, and —B’delta, though not as strong when compared to PP2AAs (Fig 7m). OSTI
interaction with PP2AB’alpha and PP2AB’beta was found in the cytoplasm, the nucleus,
and in dot-like structures, while the interaction of OST1 with PP2AB’delta was restricted
from the nucleus (Fig 7d-f). YFP fluorescence of YN-OST1 YC-PP2ACs complexes was

insignificant compared to combinations of PP2AAs and PP2ABs (Fig 7m), but
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complexes were localized in the cytoplasm, the nucleus and in dot like structures (Fig 7g-

k) similar to interactions with PP2AB’alpha and PP2AB’beta (Fig 7d.e).
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Figure 7. PP2As interact with OST1 in BiFC analyses. OST1 was fused to the YFP N-
terminal fragment (YN-OST1) and PP2As and ABIlwere fused to the YFP C-terminal
fragment (YC-PP2A; YC-ABI1) and indicated construct combinations were co-expressed
in N. benthamiana. Images were acquired three to four days after transformation. a-l,
Maximum projections of 32-z-stack-images showing the sub-cellular localizations of
indicated OST1-PP2A and OST1-ABIl1 complexes. m, Semi-quantitative analyses of
reconstituted YFP emission of indicated OST1-PP2A and OSTI-ABI1 BiFC
combinations were compared to OST1-ABI1 interaction. For better comparison of the
emission signals the scale in the inset was adjusted. OST1 interacts strongest with ABI1
and PP2AAs in the cytoplasm and the nucleus. Interaction of OST1 with PP2ABs and
PP2ACs was found in the cytoplasm, nucleus and in dot-like-structures, except of
interaction with PP2AB’delta, which was absent from the nucleus.
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To further validate OST1 interaction with PP2AAs, interaction of OST1 with all
three PP2AAs and with PP2AB’alpha, -B’beta, and -B’delta and PP2AC3 was analyzed
in in vivo Co-IP experiments (Fig 8). OST1 was fused with 6xHis-3xFLAG-tag at its C-
terminus (OST1-HF) while PP2AAs and PP2ABs were fused to m-Turquoise tag at their
N-terminus and PP2AC3 to an mVenus tag at its N-termuns (mT-PP2As, mVenus-
PP2ACS3; see also Fig la-c and Fig 1g-i,0) and expressed in N. benthamiana. OST1-HF
co-expressed with mTurquoise alone was used as a negative control. The Co-IPs were
performed using anti-FLAG magnetic beads to purify OST1-HF. After western blotting,
OST1-HF was detected by anti-FLAG (Fig 8a,c) and mT-PP2As by anti-GFP antibodies
(Fig 8b,d). All mT-fusion proteins were detected after protein extraction (Fig 8b,d input
lanes). Specific interactions (IP lanes) were found between OST1-HF and mT-RCN1 and
mT-PP2AA3 (Fig 8a,b). However, mT-PP2AA2 and mT alone could not be detected in
western analyses after OSTI1-HF purification. It also appeared that OST1-PP2AA3
interaction was strongest (Fig 8b), consistent with BiFC analyses (Fig 7m). Additional
Co-IP experiments confirmed the interaction of OST1 with PP2AB’alpha, PP2AB’beta
and PP2AB’delta (Fig 8c,d). However, interaction of OST1 with PP2AC3 was only
marginal when compared to interactions with PP2ABs (Fig 8d), which was also
consistent with BiFC analyses (Fig 7m).

These results strongly demonstrate the physical interaction of OST1 with PP2As,
however the functional consequence of these interactions still needs to be determined.
Preliminary mass spectrometric analyses after co-purification of OSTI1-HF and mT-
PP2AB’beta suggested phosphorylation of PP2AB’beta at S14 and/or S16. It was found

that homologous Ser residues in other PP2AB’-subunits are conserved and that S14



31

homologous residues for example in PP2AB’gamma, PP2AB’zeta, and in PP2AB ’kappa

perfectly match the OST1 consensus target site (Fig 8e) (Sirichandra et al., 2010).
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Figure 8. Co-IP experiments of PP2A interaction with OST1. Co-IP experiments were
performed with OST1-HF (6xHis3xFLAG) against mTurquoise-(mT)-RCN1, PP2AA2,
PP2AA3 subunits and mT alone as negative control (a,b) mT-PP2AB’alpha, -‘beta, -
‘delta and mVenus-PP2AC3 (c,d). Constructs were infiltrated into N. benthamiana. Three
days later, N. benthamiana leaves were activated for one hour by osmotic stress and
OSTI-HF proteins were co-purified using anti-FLAG magnetic beads (a,c).
Immunoblotting, using an anti-GFP antibody, was used to detect co-purification of mT-
(PP2As) (b,d). Input (In) lanes display protein extracts; IP lanes display samples after
purification. ¢) MuscleWS alignment of the PP2AB’ N-termini, colored by percentage
identity in JalView2.8 (Waterhose et al., 2009). S14 of PP2AB’beta and homologous
residues are framed in the red box. The OST1 target site (Sirichandra et al., 2010) is
indicated below the alignment.
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Taken together, it was found that pp2a double mutants display reduced ABA
sensitivity during seed germination and enhanced ABA sensitivity in the root. These
ABA related phenotypes could be linked to physical interaction with OST1, which might

potentially phosphorylate PP2AB subunits.



3. DISCUSSION

34
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3.1 Subcellular localization and physical interaction of PP2A-subunits

Type 2A protein phosphatases are involved in many aspects of plant hormone
biosynthesis, transport, and signal transduction (summarized in the introduction).
However, the subcellular localizations and functions of specific PP2AAs and PP2ACs
have not been analyzed so far in depth. To analyze the localization patterns of the
different PP2As, fluorescent protein fusions of PP2As were expressed in N. benthamiana
leaf epidermal cells. For all PP2AAs, mTurquoise-PP2AA and PP2AA-mVenus fusion
proteins were localized in the nucleus and in cytoplasmic strains (Fig 1a-f). The nuclear
and cytoplasmic localization was consistent with previous studies on RCN1 and PP2AA3
subcellular localization (Blakeslee et al., 2008; Terol et al., 2007).

The PP2AC C-terminal TPDYFL tail is highly conserved and methylation of the
last L residue is important for PP2A activity and holoenzyme assembly (Sents et al.,
2012). Recently, a methyltransferase SBI1 was identified in a forward genetic screen as
suppesor for bril (Wu et al., 2011). The function of this methyltransferase was linked to
methylation of the PP2AC C-terminal tail, supporting the importance of PP2AC
methylation in brassinosteroid signaling. One potential PP2AC subunit, which mediates
brassinosteroid responses, is PP2ACS5. The pp2ac5 mutant displayed shorter hypocotyl
elongation when grown in the dark (Rainer Waadt unpublished data) and also on media
supplemented with brassinazole (Tang et al., 2011). Overexpression of PP2ACs where
the C-terminal Leu-tail was masked by an mVenus fusion tag displayed strong dwarfism
and sterility (Fig S5), similar to brassinosteroid synthesis and signaling mutants (Li and
Chory 1997, Tang et al., 2011). These data support that suppression of the PP2AC Leu-

tail and overexpression of such constructs might lead to dominant negative effects of
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PP2As. Potentially these PP2AC-mVenus fusions are not active and inhibit PP2A activity
when incorporated into the PP2A holoenzyme complex. For the subcellular localization
of PP2ACs, only mVenus-PP2ACs were analyzed. mVenus-PP2AC fusion proteins were
localized in the nucleus and in cytoplasmic strains but also in dot-like structures (Fig 1m-
Q).

The PP2ABs were more differentially distributed in the cell. Upon expression in
N. benthamiana, the PP2ABs seemed to have a necrotic effect on the tobacco leaves.
Therefore PP2AB’alpha, PP2AB’epsilon, and PP2AB’eta were expressed under control
of an inducible B-estradiol promoter, which reduced toxic effects (Schliicking et al.,
2013). Both fusion proteins of PP2AB’alpha and PP2AB’beta were found in the nucleus
and in cytoplasmic strains, with stronger signal in the nucleus (Fig 1g.h,j,k). mTurquoise-
PP2AB’delta was found in cytoplasmic strains (Fig 1j) while PP2AB’delta-mVenus was
found in dot-like structures and the plasma membrane (Fig 11). PP2ABalpha and
PP2AB’gamma were identified in the cytoplasm (Fig Slab.,f,g). While mT-
PP2AB’epsilon localized in the cytoplasm and the nucleus (Fig S1c), PP2AB’epsilon-
mVenus was found in microdomains of the plasma membrane (Fig S1h). PP2AB’zeta,
PP2AB’eta, and PP2Ab’theta fluorescent protein fusions were localized in the nucleus,
nucleolus, and in dot-like structures (Fig Sli-k and Fig Sld.,). PP2AB’eta-mVenus
exhibited also strong fluorescence at the plasma membrane (Fig S1j). Data in Fig S1 in
part confirmed previous sub-cellular localization analyses of PP2AB’gamma,
PP2AB’zeta, PP2AB’eta, and PP2AB’theta (Matre et al., 2009). In these studies
PP2AB’gamma localized in the nucleus and cytosol, PP2AB’zeta was found in the

cytoplasm and in mitochondria, PP2AB’eta was identified in the nucleus, nucleolus and
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the cytoplasm, while PP2AB’theta was found in the cytoplasm, nucleus, and peroxisomes
(Matre et al., 2009). However, differences in subcellular localizations using mT fused to
the PP2AB N-terminus or mVenus fused to the PP2AB C-terminus, toxic effects, and low
expression of PP2ABs in N. benthamiana make it difficult to conclude about the exact
localization of certain PP2AB subunits. Similar to localization analyses of PP2ABs
(Matre et al., 2009), the results revealed that the different PP2AB-isoforms target
different compartments of the cell, supporting the hypothesis that PP2AB-subunits are
necessary for the subcellular localization of the PP2A holoenzyme in plants (DelLong,
2006; Farkas et al., 2007). Because there are over 255 possible holoenzyme combinations
(due to the high number of PP2ABs), it is important to analyze interactions between
PP2A subunits to determine if there is complex specificity for PP2A subunit
combinations.

Experimental evidence of physical interactions of PP2As has not yet been
reported in planta (Ballesteros et al., 2012). To study these interactions in vivo, BiFC and
yeast-two-hybrid analyses were performed. BiFC experiments revealed interactions
between all PP2AAs and PP2ACs, with RCN1 (PP2AA1) and PP2ACs displaying the
strongest reconstitution of YFP fluorescence (Fig 2p). Yeast-two-hybrid analyses were
performed to confirm the physical interactions of RCN1 and PP2AA2 with PP2ACs (Fig
3). Results were consistent, displaying that both RCN1 and PP2AA?2 can interact with all
five PP2ACs (Fig 3b,d). However, strongest interaction was found between RCN1 and
PP2ACs, more specific with PP2AC4, in both experiments (Fig 2p and Fig 3b). These
findings support that RCNI is the preferred interaction partner of PP2ACs, and that the

other two PP2A As do not have equivalent effects on overall PP2A activity when RCN1 is



38

functional (Blakeslee et al., 2008). All PP2AAs can interact with all PP2ACs (Fig 2 and
Fig 3), however with different interaction intensities. It appears that there is no strong
evidence for complex specificity for PP2AA and PP2AC interactions. Further interaction
experiments should be performed to determine if there is complex and subcellular
localization specificity between PP2AAs and PP2ABs and if PP2ABs and PP2ACs can

interact in absence of PP2AAs.

3.2 Functional roles of PP2As in ABA responses

Analyses of pp2a mutants have revealed that regulatory PP2AA and catalytic
PP2AC subunits are components of the ABA signaling pathway (Kwak et al., 2002;
Pernas et al., 2007). ABA plays an important physiological role in plants. It inhibits seed
germination and promotes seed dormancy (Finkelstein et al., 2008), inhibits root growth
and lateral root formation (De Smet et al., 2006; Duan et al., 2013), and promotes
stomatal closure (Schroeder et al., 2001; Kim et al., 2010). Here the involvement of
PP2AA and PP2AC single and double mutant combinations in ABA responses during
germination, root growth and stomatal closure were analyzed.

Preliminary data indicated that the loss of function mutants rcnl-6, pp2ac3,
pp2ac4, and pp2ac5 conferred a slightly hyposensitive response to ABA in seed
germination (Fig S2). The analysis of the double mutants displayed an additive
phenotypic effect when double mutant combinations of rcnl-6, pp2ac3, and pp2ac5 were
analyzed. In these analyses, pp2ac3/pp2ac5 displayed the least ABA sensitivity in seed
germination and cotyledon expansion (Fig 4j). pp2ac2 in Ws background was found to be

ABA hypersensitive (Pernas et al., 2007). Interestingly, pp2ac2 in Col-0 exhibited no
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phenotype in ABA seed germination experiments (Fig S2k,q). A reason for the pp2a
ABA hyposensitivity in seed germination could be due to a cross talk between ABA and
ethylene. Ethylene plays many important roles in plants including the promotion of seed
germination (Abeles et al., 1992). rcnl (eerl) was recently found in a forward genetics
screen for enhanced ethylene response (Larsen and Cancel, 2003) and it was shown that
RCNI regulates the turnover of ethylene biosynthesis genes (Skottke et al., 2011).
Treatment of wild type seedlings with PP2A inhibitors resulted in increased ethylene
response (Larsen and Cancel, 2003). This could be one explanation why the pp2a double
mutant combinations were less sensitive to ABA in germination (Fig 4), probably due to
enhanced ethylene levels during seed germination.

PP2A mutants were also analyzed for ABA mediated inhibition of root growth.
Interestingly, preliminary data displayed rcni-6 and pp2ac5 to have a hypersensitive
response to ABA in root growth/curling (Fig S3), which differed to the hyposensitive
response to ABA in seed germination. However, similar to seed germination assays, the
analysis of pp2a double mutants displayed an additive phenotypic effect in presence of 5
uM ABA (Fig 5 b.d.f). renl-6/pp2ac2, pp2ac3/pp2ac5, and pp2ac4/pp2ac5 exhibited
strong ABA mediated inhibition of root growth with enhanced root curling (Fig 5g). rcnl
was identified in a forward genetics screen for root curl in NPA (Gabers et al., 1996) and
root curling phenotypes were also observed for rcnl-6 (Blakeslee et al., 2008). NPA is an
inhibitor of auxin transport and it has been reported that pp2aa subunit mutations affect
the polarity of PIN auxin transporters (Michniewicz et al., 2007). The enhanced root
curling of pp2as in ABA, support that PP2As are involved in ABA and auxin crosstalk

during root development and stress responses. PP2AC3 and PP2AC4, which are involved
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in plant patterning through their function in establishing auxin gradients, (Ballesteros et
al., 2012) are possible candidates for functions in ABA and auxin crosstalk.

rcnl mutant seedlings also displayed abnormalities in ionic stress conditions at
the root apical meristem, connecting their role to stress signaling (Blakeslee et al., 2006).
A salt-stress assay with 100 mM NaCl was performed to analyze the effects of salt on
root growth of single pp2a mutant seedlings and of ost/-3 (Fig S4). rcnl-6 and pp2ac5
exhibited increased sensitivity to NaCl stress with a strong decrease in root elongation
compared to Col-0 wild type (Fig S4i). Fresh weight of pp2a single mutants was also
slightly affected by 100 mM NaCl (Fig S4j). However, the salt sensitivity if pp2ac2
(Pernas et al., 2007) was not observed in these analyses (Fig S4g,i).

During seed germination PP2As might mediate ABA and ethylene crosstalk,
while in the root a crosstalk between ABA and auxin is perceived by PP2As. For
example, the ABA inhibition of lateral root formation in ionic stress conditions (Duan et
al., 2013) might be transmitted through RCNI and PP2AC5 (Fig S3) or other RCNI-
PP2AC complexes (Fig 5g). However, involvement of PP2As in different hormone
signaling pathways make it difficult to analyze the opposing phenotypes in seed
germination and root growth.

Different combinations of PP2As form complexes with unique properties, which
in animals are known to regulate a range of developmental processes (Janssens and Goris,
2001). Thus, it is surprising that a disruption in one single gene can result in a strong
observable phenotype. In the ecotype Wassilewskija, rcnl displayed an ABA and MelJA
insensitive phenotype in guard cells (Kwak et al., 2002; Saito et al., 2008). However, in

preliminary analyses of rcnl-6 in Col-0 background, no guard cell phenotype was
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observed (data not shown). Also none of the investigated mutant combinations of rcnl-6
and pp2ac2, pp2ac3, and pp2ac5 displayed any ABA-induced stomatal closure
phenotype (Fig 6). The guard cell phenotype of Ws rcnl might be an ecotype specific
response or it could mean that the ABA response in guard cells, which is mediated
through PP2As is more robust in Col-0. Potentially multiple PP2A holoenzyme
combinations could function in the ABA-induced stomatal closure response. RCNI has
also been found to interact with and down-regulate the blue light-activated PHOT?2 (blue
light receptor) (Tseng and Briggs, 2010). Also, PP2AC2 plays a functional role in
modulating blue-light induced chloroplast movements by regulating actin skeleton in
plants (Wen et al., 2012). PP2A and PHOT? interaction could be a link between the ABA
and blue light signaling pathways in guard cells, however the PP2A subunits involved in
this processes in Col-0 still need to be identified.

Thus far, the pp2a mutants with the strongest ABA phenotypes are double
mutant combinations of rcnl-6 and pp2ac5 (Fig 4 and Fig 5). The involvement of
PP2As in ABA signaling leads to the question about the molecular mechanism of these
responses. Because PP2As play important roles not only in ABA but also in other
hormone signaling pathways including auxin, brassinosteroid, ethylene, MeJA, and
blue light, PP2As could be the hub in the cross talk between different signaling

pathways.

3.3 Physical interactions of PP2As with OST1
To determine potential PP2A interactors, which are involved in ABA signaling,

BiFC experiments were performed with OST1 (Fig 7). OST1 encodes for an ABA-
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activated protein kinase, a member of SNF1-related protein kinases (SnRK2) (Yoshida et
al., 2002; Boudsocq et al., 2004). It has been identified as a key component of ABA
signal transduction in guard cells (Mustili et al., 2002; Merlot et al., 2002; Yoshida et al.,
2002), making it an excellent candidate as an interactor with PP2As. OST1 is known to
interact with another class of phosphatases, namely PP2Cs (Yoshida et al., 2006;
Umezawa et al., 2009), which are directly targeted and inhibited by PYR/PYL ABA
receptors (Ma et al., 2009; Park et al., 2009; Santiago et al., 2009). To analyze and
compare the interaction strengths of PP2AAs, PP2ABs, and PP2ACs with OST1, OST1-
ABI1 interaction was used as a positive control (Fig 71) (Yoshida et al., 2006; Umezawa
et al., 2009). In BiFC experiments all three PP2AAs interacted strongly with OST1 in the
nucleus and the cytoplasm, while the strongest reconstitution of YFP fluorescence was
unexpectedly seen with PP2AA3 and not with RCNI1 (Fig 7m). An ABA related
phenotype pp2aa3 has not been identified so far (Fig S2 and Fig S3). BiFC results also
displayed interaction of OST1 and PP2AB’alpha, PP2AB’beta, and PP2AB’delta in the
nucleus and cytoplasm, with OST1-PP2AB’delta complexes excluded from the nucleus
(Fig 7d-f). However, weaker YFP fluorescence was observed in comparison to PP2AAs
(Fig 7m). The PP2ACs displayed very weak YFP fluorescent reconstitution, which may
be due to complex localization in “dot-like structures,” (making the small localization
area difficult to quantify YFP fluorescence). Unfortunately, the interactions of OST1 and
the PP2As analyzed in the BiFC experiments could not be confirmed in yeast-two hybrid
assays (data not shown). Interactions might be too transient in yeast or plant components
for the interaction are missing in yeast (e.g. OST1 might interact only with the PP2A

holoenzyme or needs itself a scaffolding protein to interact with PP2As).



43

An in-vivo Co-IP assay was performed with OST1 against the three PP2AAs and
three PP2ABs, to confirm the BiFC results (Fig 8). Immunoblots demonstrated the strong
interaction of OST1 with PP2AA3 (Fig 8b) and interaction with RCN1 (Fig 8b),
PP2AB’alpha, PP2AB’beta, and PP2AB’delta (Fig 8d). Because OST1 interacted with all
three PP2ABs in the Co-IP experiments, it would also be interesting to see if OSTI
interacts with other PP2ABs. Data, supporting RCN1 in being the key PP2AA subunit in
regulation of PP2A activity (Zhou et al., 2004; Michniewicz et al., 2007) and the
preferred interaction partner with PP2ACs and PP2ABs (Blakeslee et al., 2008) makes it
valid to hypothesize that RCN1 would exhibit the strongest functional interaction with
OST]1. In addition, PP2AA3 had no ABA root and germination phenotypes (Fig S2 and
S3). However, the strong PP2AA3-OST1 interaction in BiFC and in-vivo Co-IP
experiments indicate there could be holoenzyme formation specificity that favors
regulatory PP2AA3 in regards to OSTI interaction. This, along with the similar
expression levels of RCNI and PP2AA3 in guard cells (EFP browser Winter et al., 2007),
could explain the lack of stomatal phenotypes of rcnl-6 and the investigated pp2a double
mutants (Fig 6). Because PP2AA3-OST1 interaction is the strongest, pp2aa3/pp2ac or
renl-6/pp2aa3 double mutant combinations could reveal the stomatal phenotype. This
then leads to the question if the PP2AAs and PP2ABs interact with SnRK2s in general,
specifically with the other ABA-activated SnRK2.2 and SnRK2.3 (Boudsocq et al.,
2004). These SnRK2s are important in ABA signaling in roots and seed germination
(Fujii et al., 2007). If PP2As interact with SnRK2s other than OST1, it may also explain
the root and germination phenotype of pp2as, as OST1 is predominantly expressed in

guard cells (EFP browser Winter et al., 2007). PP2AB’beta S14 or S16 were identified in
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mass spectrometric analyses to be phosphorylated after Co-IP with OSTI1. S14 in
PP2AB’beta and homologous sites in other PP2AB’-subunits match the OST1 target
phosphorylation site LxRxxS/T (Srichandra et al., 2010; Fig 8c). The current hypothesis
is that OST1 potentially phosphorylates PP2AB’ subunits. However, the functional
consequence of such a phosphorylation still needs to be determined. Interestingly, the
PP2AB’-subunits found to interact with OST1 also strongly interact with BZR1, the core
transcription factor in the brassinosteroid signaling pathway (Tang et al., 2011). This
might be a link to ABA and brassinosteroid crosstalk. In future work, the aim would be to
identify also potential phosphorylation sites in PP2AAs. In gel kinase assays of ABA
activated SnRK2s in pp2a mutants could indicate if pp2as are involved in the regulation
of SnRK2 activity. Vice versa phosphorylation assays could determine if PP2As are
substrates of OST1 in vitro. Finally pp2a activity assays in ost/-3 and snrk2/3 in presence
and absence of ABA could give an indication about activation or inhibition of PP2As by
SnRK2s, which could be integrated into the crosstalk mechanisms of ABA with other

plant hormones.
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4.1. T-DNA, overexpression-lines and genotyping

T-DNA lines were obtained from Arabidopsis Biological Resource Center and
from Nottingham Arabidopsis Stock Centre. The rcnl-6 allele was kindly provided by
Dr. Alison DeLong (Brown University). T-DNA insertions were confirmed by PCR on
genomic DNA and sequencing of the left- and right-borders. Genomic DNA was isolated
using the CTAB method. RNA was isolated using RNeasy Plant Mini Kit (Quiagen) and
reverse transcribed using the First-Strand cDNA Synthesis Kit and Not I d(T),; primers
(GE Healthcare). Mutant status was confirmed by RT-PCR (38 cycles) including actin2
primers for expression control. A detailed list of primers is provided in Table SI.
Genomic maps of PP2As including details about T-DNA lines and RT-PCRs results are
provided in Figure S6 and Figure S7. RT-PCR results of pp2a double mutants are
provided in Fig S8.

Coding sequences of PP2ACs were cloned with an mVenus-tag at their C-
terminus into pGBTVII bar vector harboring the pUBQIO and HSP18.2T and
transformed into the respective pp2ac T-DNA line by the floral dip method (Clough and
Bent, 1998). Positive transformants were selected on 0.5 MS media supplemented with
10 ug/L glucosinate and by microscopic analyses of mVenus fluorescence. Positive

transformants which could produce seeds were further propagated and analyzed.

4.2. Plant growth and phenotypical analyses
Arabidopsis seeds were surface sterilized in 70 % EtOH and 0.04 % SDS
followed by three washes in 100 % EtOH and sowed on 0.5 MS media (Sigma) (pH 5.8)

supplemented with 0.8 % Phyto Agar (RPI). After four days of stratification at 4°C in the
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dark plants were grown in a growth room in long day conditions (16 h light/8 h dark)
with 50 - 80 mE m™ s™ light intensity at 27 °C. Six day old seedlings were transferred to
pots for further growth. For stomatal bioassays plants were cultivated in a Conviron
CMP3244 plant growth chamber with 16 h day, 22 °C/8 h night, 18 °C cycle and 50-100
mE m”s”.

For ABA seed germination assays seeds were sown on 0.5 MS agar plates
supplemented + 0.5 uM (+)-ABA (TCI) or 1 uM (+/-)-ABA (Sigma). After four days of
stratification seed germination (radicle emergence) and cotyledon expansion were
recorded for a time period of 7 days with blinded genotypes. Analyses represent %
germination (average + s.e.m.) of four technical replicates.

For root growth assays, seven four-day-old seedlings were transferred to 0.5 MS
agar plates supplemented with + 5 uM ABA or 100 mM NaCl and grown vertically in the
growth room. Images were acquired five days after seedling transfer and root length was

analyzed using Fiji (http://fiji.sc/Fiji; Schindelin et al., 2012) or the Root Detection

software (http://www .labutils.de/rd.html). Root length and fresh weight were analyzed as
averages of seven seedlings + s.e.m of 5 technical replicates and normalized to the data of
the 0.5 MS control conditions.

ABA-induced stomatal closure analyses were performed with detached leaves of
four-week-old plants, which were floated in stomatal bioassay buffer (5 mM KCI, 50 uM
CaCl, and 10 mM MES-Tris pH 6.15) for 2 hours at 22 °C and 100 uE m™s™ with their
abaxial surface facing the buffer solution. Subsequently, either 100 % ethanol, as solvent

control, or (+)-ABA dissolved in ethanol was added to a final concentration of 5 uM to



48

the opening buffer followed by an additional 2 hours incubation. The leaves were then
blended with deionized water for approximately 30 seconds using a commercial blender.
Epidermal tissues were collected using a 100 uM nylon mesh (Millipore) and rinsed with
deionized water. The plant material was dabbed from the mesh onto a microscope slide
and covered with a glass coverslip. Images of stomata were acquired using an inverted
light microscope (Nikon Eclipse TS100) equipped with a 20x objective (20x/0.17 «/0.17
WD 2.1) and connected to the Scion camera and Scion VisiCapture Application
Versionl.3 (Scion Corporation). For each experiment at least 20 stomata apertures were
measured using Fiji. Data represent normalized averages + s.e.m of three to five

experiments.

4.3. Subcellular localization and BiFC analyses

For subcellular localization analyses coding sequences of PP2As without stop
codon were inserted into plant binary vectors harboring a pGPTVII.bar backbone (Walter
et al., 2004), an expression cassette consisting of the pUBQI10 promoter (AT4G05310;
Norris et al., 1993; Krebs et al., 2011) and the HSP18.2 terminator (T) (AT5G59720;
Nagaya et al., 2009) and either mTurquoise (Goedhart et al., 2010) located 5’ or mVenus
(Nagai et al., 2002) located 3’ of the multiple cloning site. Constructs for BiFC analyses
were generated by ligation of coding sequences into hygll-SPYNE(R) and kanlI-
SPYCE(MR) plasmids (Waadt et al., 2008). Details of primers and constructs generated
are given in Table S1 and Table S2. Plasmids were transformed into Agrobacterium

tumefaciens GV3101 (pMP90; Koncz and Schell, 1986) and infiltrated together with the
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p19 silencing suppressor (Voinnet et al., 2003) into leaves of 5-6 week old Nicotiana
benthamiana plants as described (Waadt et al., 2013 in press).

Sub-cellular localizations and BiFC analyses were performed by confocal
microscopy using a Nikon Eclipse TE2000-U microscope equipped with Nikon Plan
20x/0.40 «/0.17 WD 1.3 and Plan Apo 60x/1.20 WI 2/0.15-0.18 WD 0.22 objectives, a
Photometrics Cascadell 512 camera, a MFC2000 z-motor (Applied Scientific
Instruments), a QLC-100 spinning disc (VisiTech international), a CL-2000 Diode
pumped crystal laser (LaserPhysics Inc.), a LS 300 Kr/Ar laser (Dynamic Laser) and
guided by Metamorph software version 7.7.7.0 (Molecular Devices). Images were
analyzed and processed in Fiji (Schindelin et al., 2012). Qualitative images are given as
maximum projections of 32-plane z-stacks. Images for quantitative BiFC analyses were
acquired using the 20x objective as described (Waadt et al., 2013 in press). Data
represent average emission values +/- s.e.m. off ten images after subtraction of the p19

background control.

4.4. Co-immunopreciptation analyses

The coding sequence of OST1 was inserted into the pGPTVIIL.bar plant expression
vector harboring a pUBQI10 promoter and NosT expression cassette (see above and
Walter et al., 2004) and a 6xHis-3xFLAG (HF)-epitope-tag 3’ of the multiple cloning site
(kindly providen by Dmitri A. Nusinov (Washington University, St. Louis). The OST1-
HF construct was inserted into A. tumefaciens and infiltrated together with mTurquoise
and mTurquoise-PP2A or mVenus-PP2AC3 and the pl9 strain into N. benthamiana

leaves. Three days after infiltration leaves were harvested and incubated for 1 h in 0.5
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MS media. Subsequently, media was exchanged by 0.5 MS + 200 mM sorbitol media and
incubated for one additional hour to activate OST1. After treatments, leaf samples were
harvested in liquid N, and extracted in SII-buffer (100 mM NaPhosphate, pH 8.0, 150
mM NaCl, 5 mM EDTA, 5 mM EGTA, 0.1 % Triton -X-100) supplemented with
protease inhibitor (Roche), Phosphatase inhibitors 2 and 3 (Sigma) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). After 10 min of rotation at 4 °C samples were
sonicated followed by 20 min centrifugation at 16000 g and filtration through a 0.45
syringe filter. Protein extracts were mixed with (1/100 v/v) Anti-FLAG M2 magnetic
beads equilibrated in SII-buffer and rotated 4 h at 4 °C. Proteins bound to the Anti-FLAG
M2 magnetic beads were concentrated using the DynaMag-2 magnetic particle
concentrator (Invitrogen) and washed four times in SII-buffer, followed by two washes in
FLAG-to-His-buffer (100 mM NaPhosphate, pH 8.0, 150 mM NaCl, 0.05 % Triton-X-
100). Proteins were eluted four times in one bead volume of FLAG-to-His-buffer
supplemented with 500 ug/mL 3x FLAG peptide (Sigma) and stored at -80 °C. The
protein purification protocol was kindly provided by Dmitri A. Nusinov (Washington
University, St. Louis). Western-blot and immunodetection was performed after Waadt et
al (2013, in press) 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).

4.5. Yeast-two-hybrid analyses
Coding sequences were inserted into pGBT9.BS and pGAD.GH vectors (Table S1

and Table S2; Elledge et al., 1991). PJ69-4A yeast strain (James et al., 1996) grown at 28
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°C in YPD media [2% Bactopeptone (BD Biosciences, http://www.bd.com), 1 % yeast
extract, 2 % glucose, and 2 % bactoagar] was transformed using the polyethylene
glycol/lithium acetate method (Gietz et al., 1992) and plated on CSM agar media (3.35 %
YNB=Yeast Nitrogen Base/(NH,),SO,, 0.32 % CSM-Leu-Trp, 2 % glucose, 20 %
bactoagar) lacking leucine and tryptophan and incubated for 2-3 days at 28 °C.
Successfully transformed yeast colonies were re-streaked to new CSM-Leu-Trp
plates and incubated over night at 28 °C. The following day 5 uL of ten-fold dilution
series (ODyy ,,, of 10° - 10™ in 2 % glucose) of transformants were spotted on CSM-Leu-
Trp plates as a control and on CSM-Leu-Trp-His plates lacking leucine, tryptophan, and
histidine and supplemented with 2.5 mM 3-amino-1,2 4-triazole (3-AT) for selection of
positive interaction. Yeast transformants were incubated for 5-7 days at 28 °C and images

were acquired for documentation.
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Figure S1. Subcellular localization of PP2AB-subunits. PP2AB constructs were
infiltrated into N. benthamiana leaves and expressed as an mTurquoise-(mT)-PP2AB
(cyan) or a PP2AB-mVenus fusion (yellow). Three days after infiltration 32-z-stack-
images were recorded displayed as a maximum projection. The fusion proteins analyzed
in images a-k and the scale bar are indicated.
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Figure S2. pp2a single mutants are slightly ABA hyposensitive in seed germination.
Indicated genotypes were grown for seven days in 0.5 MS media (a-g) or in 0.5 MS
media supplemented with 1 mM ABA (h-n). Seed germination on media without ABA
(0) and media supplemented with 0.5 uM ABA (p) was recorded for seven days and
cotyledon expansion was recorded on the seventh day (q). 0-q, Normalized averages +
s.e.m of four experiments. Compared to Col-0, rcni-6, pp2ac3, pp2ac4 and pp2ac5
mutants display slight ABA hyposensitivity in ABA inhibition of seed germination and
cotyledon greening/expansion.
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Figure S3. Roots of rcnl-6 and pp2ac5 are hypersensitive to ABA. a-h, Four-day-old
seedlings of indicated genotypes were transferred to 0.5 MS media without (a, c, e, g) or
supplemented with 5 uM ABA (b, d, f, h) and grown for additional five days before
images were acquired. i, Root length of indicated genotypes five days after transfer to 0.5
MS media + 5 uM ABA was normalized to the root length in control conditions (0.5
MS). Data represent averages + s.e.m. of four experiments. Compared to Col-0, rcnl-6
and pp2ac5 exhibit an enhanced root curling but no difference in root length in the
presence of 5 uM ABA. The ABA insensitive abil-1 mutant was used as a control.
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Figure S4. rcnl-6 and pp2ac5 are hypersensitive to 100 mM NaCl. Four-day-old
seedlings of indicated genotypes were transferred to 0.5 MS media without (a-d) or
supplemented with 100 mM NaCl (e-h) and grown for additional six days before images
were acquired. Root length (i) and fresh weight (j) of indicated genotypes six days after
transfer to 0.5 MS media + 100 mM NaCl were normalized to control conditions (0.5
MS). Data represent averages + s.e.m. of six experiments.
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Figure SS. pUBQ10-PP2AC overexpression lines. PP2AC3 (b), -C4 (c,e ), -C5 (d)
were fused to C-terminal mVenus tags and transformed into corresponding mutant
background. Overexpression of PP2AC-mVenus constructs affects plant growth and
development. Indicated pp2ac/PP2AC-mVenus lines compared to wild type Col-0. a-d,
29 day-old plants. e-f, 42 day-old plants. Note the reduced growth of pp2ac/PP2AC-
mVenus lines compared to Col-0.
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Figure S6. Genomic Maps of PP2AAs and pp2aa T-DNA lines. Genomic map of
PP2AA1 (RCN1) (a), PP2AA2 (b) and PP2AA3 (¢) and respective RT-PCR analyses.
Exons and introns are indicated by boxes and lines, respectively. Grey boxes represent
untranslated exons. The T-DNA lines inserted in the PP2A genes are presented in upper
located boxes with indicated locations of left-borders (LB) and right-borders (RB) and
flanking genomic sequences. Lower located boxes indicate genomic deletions caused by
the respective T-DNA insertion. Each panel also shows RT-PCR analyses of indicated
pp2a mutants. For RT-PCRs indicated with “full” T-DNA overlapping primers, “5”
primers binding upstream of the T-DNA insertion and “3” primers binding downstream
of the T-DNA insertion were used. Actin2 was used as cDNA quality control. “-”
indicated respective RT-PCR reaction results without cDNA template.
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Figure S7. Genomic Maps of PP2ACs and pp2ac T-DNA lines. Genomic map of
PP2ACI1 (a), PP2AC2 (b) PP2AC3 (¢) PP2AC4 (d) PP2ACS5 (e) and respective RT-PCR
analyses. Exons and introns are indicated by boxes and lines, respectively. Grey boxes
represent untranslated exons. The T-DNA lines inserted in the PP2A genes are presented
in upper located boxes with indicated locations of left-borders (LB) and right-borders
(RB) and flanking genomic sequences. Lower located boxes indicate genomic deletions
caused by the respective T-DNA insertion. Each panel also shows RT-PCR analyses of
indicated pp2a mutants. For RT-PCRs indicated with “full” T-DNA overlapping primers,
“5” primers binding upstream of the T-DNA insertion and “3” primers binding
downstream of the T-DNA insertion were used. Actin2 was used as cDNA quality
control. “-” indicated respective RT-PCR reaction results without cDNA template.
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Figure S8. RT-PCRs of pp2a double mutant lines. Mutant status of pp2ac3/pp2ac5 (a),
pp2acéd/pp2ac5 (b), rcnl-6/pp2ac?2 (c), rcnl-6/pp2ac3 (d) and rcnl-6/pp2ac5 (¢) was
confirmed by RT-PCR analyses. RT-PCR results of the respective PP2A gene are
indicated by the PP2A gene name. Actin2 was used as a quality control. “-” indicates
result of the RT-PCR reaction without cDNA template.
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Restric-

Nr. AGI Nr. Gene Name | Primer Name 5'-3'-Sequence tion Site Description
GABI T-DNA left border:
274bp to border

1] - T-DNA GABI-LB cccatttggacgtgaatgt - sequence
GABI T-DNA right
ttgtaaaacgacggccagtg border: 699bp to border
- T-DNA GABI-RB0O c - sequence
- T-DNA SALK_LB1 gtgatggttcacgtagtgg - SALK LB T-DNA Primer
gagactctaattggataccg
4| - T-DNA SALK_RB ag - SALK RB T-DNA Primer
35S Col-PCR and
- Vector 358 for gacgcacaatcccactatcc | - Sequencing Primer
- Vector BD-for tcatcggaagagagtag - pGBT9.BS
taatcataagaaattcgccc
7 |- Vector BD-rev g - pGBT9.BS
Forward XVE
cagcagtcgaggtaagatta sequencing, Colony PCR
8| - Vector LexA F2 g - primer
catctcataaataacgtcatg NosT Col-PCR and
- Vector NosT Rev cattac - Sequencing Primer
10 | - Vector pACTF2 gcctectctaacgttcatgat - pGAD.GH
ttgagatggtgcacgatgca
11 | - Vector pACTR cagt - pGAD.GH
pUBQ10_Seq | GTCGAATAATTACT pUBQ10 Col-PCR and
12 | - Vector F CTTCGATTTG - Sequencing Primer
caggaaacagctatgacca
13 | - Vector REV tg - pKS
14 | - Vector UNI gtaaaacgacggccagtgc | - pKS
PP2A_C2_Ex | GGATGTGAGGACG For Primer for pp2ac2
15 | AT1G10430 | PP2AC2 1F CTTTGC - genotyping (Exon1)
PP2A_C2 _Ex | CTGTATCCGATCCA Rev Primer for pp2ac2
16 | AT1G10430 | PP2AC2 4R AGCTTC - genotyping (Exon4)
PP2A_C2_Ex | CACACATAGGTCCT PP2AC2 reverse Primer
17 | At1g10430 PP2AC2 5R TCGTG - for genotyping Exon 5
PP2AC2 RT reverse
PP2A_C2 RT | GTGTGGAACCTCCT Primer for genotyping
18 | At1g10430 PP2AC2 5R GTATC - Exon 5-4
PP2AC2 forward Primer
PP2A_C2_Sp | tttactagtATGCCGTC for genotyping and
19 | At1g10430 PP2AC2 eF GAACGGAGATC Spe | cloning
forward primer for
PP2AC2_Ex2 | GATAGACTTACAAT genotyping pp2ac2,
20 | AT1G10430 | PP2AC2 F CTTACGAG - binds in Exon 2
forward primer for
PP2AC2_Spe | tttactagtgATGCCGTC PP2AC2 cloning for YTH
21 | AT1G10430 | PP2AC2 FY GAACGGAGATC Spe | assays
Reverse primer for
PP2AC2_Xma | tttcccgggCAAAAAAT cloning PP2AAC2 for
22 | AT1G10430 | PP2AC2 R AATCAGGGGTCTTC | Xmall GFP & BiFC
tttcccgggTCACAAAA reverse primer for
PP2AC2_Xma | AATAATCAGGGGTC PP2AC2 cloning for YTH
23 | AT1G10430 | PP2AC2 RY TTC Xma | assays including stopp
PDF2- PP2AA3_Ex5 | GAGGCAGAAGTTC pp2aa3 Forward Primer
24 | AT1G13320 | PP2AA3 F GGATAG - for genotyping , Exon 5
reverse primer for
PDF2- PP2AA3_Ex5 | CTATCCGAACTTCT genotyping pp2aa3,
25 | AT1G13320 | PP2AA3 R GCCTC - binds in exon 5
PDF2- PP2AA3_Ex7 CGTACATCAGGAAA pp2aa3 Reverse Primer
26 | AT1G13320 | PP2AA3 R TTCGTC - for genotyping, Exon 7
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Nr. AGI Nr. Gene Name Primer Name 5'-3'-Sequence tion Site Description
Forward primer for
PDF2- PP2AA3_Spe | tttactagtATGTCTATG cloning PP2AAS3 for GFP
27 | AT1G13320 | PP2AA3 F GTTGATGAGCC Spe | & BiFC
forward primer for
PDF2- PP2AA3_Spe | tttactagtgATGTCTAT cloning PP2AA3 (PDF2)
28 | At1g13320 PP2AA3 FY GGTTGATGAGCC Spe | into YTH vectors
Forward primer for
PP2AB'omega | tttactagtATGTGGAAA amplification of
29 | At1g13460 PP2AB'theta SpeF CAGATTCTGAGTA Spe | PP2AB'theta
Reverse primer for
amplification of
PP2AB'omega | tttcccgggCAATGAAC PP2AB'theta without
30 | At1g13460 PP2AB'theta XmaR TCTTTTGCTTTTGAT | Xma | stopp
forward primer for
PP2AA1_Spe | tttactagtgATGGCTAT cloning PP2AA1 (RCN1)
31 | At1g25490 RCN1 FY GGTAGATGAACC Spe | into YTH vectors
reverse primer for
cloning PP2AA1 (RCN1)
PP2AA1_Xma | tttcccgggTCAGGATT into YTH vectors with
32 | At1g25490 RCN1 RY GTGCTGCTGTG Xma | Stop
forward Primer for
CACTACCTACACAG genotyping rcn1-6
33 | AT1G25490 | RCN1 RCN1_Ex10F | GATGATG - (Exon10)
Forward Primer to
tttactagtATGGCTATG amplify RCN1 for BiFC
34 | At1g25490 RCN1 RCN1_SpeF GTAGATGAACC Spe | etc.
reverse primer for
tttcccgggGGATTGTG genotyping & cloning
35 | AT1G25490 | RCN1 RCN1 _XmaR | CTGCTGTGGAAC Xma | RCN1 (non stop)
AT1G25490
AT3G25800
; PP2AA 1420 GCATTGCCCATTCA Reverse sequencing
36 | AT1G13320 | PP2AA1/2/3 | _SeqR GGACC - primer for all 3 PP2AAs
Forward primer for
PP2ABalpha_ | tttactagtATGAACGGT amplification of
37 | At1g51690 PP2ABalpha | SpeF GGTGATGAGG Spe | PP2ABalpha
Reverse primer for
amplification of
PP2ABalpha_ | tttcccgggAGCATAGT PP2ABalpha without
38 | At1g51690 PP2ABalpha | XmaR ACATGTACAAGCTA | Xmall stopp
Forward primer for
PP2AC1_5'UT genotyping pp2ac1
39 | AT1G59830 | PP2AC1 R F ccagagccacctctaacac | - mutant
Reverse primer for
PP2AC1_Ex2 | CAGGATCGTAAGTC genotyping pp2ac1
40 | AT1G59830 | PP2AC1 R TGTCC - mutant
PP2AC1_Exo | GTTCGACTTGTCTA genotyping Primer
41 | AT1G59830 | PP2AC1 n6R GGTGC - PP2AC1
PP2AC1_Exo | GTAACAGTAGTTCG genotyping primer
42 | AT1G59830 | PP2AC1 n6R-2 GTGGAC - PP2AC1
GACTGAGTCTGATC
43 | AT1G59830 | PP2AC1 pp2ac1_F TCAAG - genotyping primer
gaagaggcttctacaaacct genotyping primer 3'-
44 | AT1G59830 | PP2AC1 pp2aci_R g - UTR
Forward primer for
PP2AC1_Spe | tttactagtATGCCGTTA cloning PP2AAC1 for
45 | AT1G59830 | PP2AC1 F AACGGAGATCTC Spe | GFP & BiFC
forward primer for
PP2AC1_Spe | tttactagtgATGCCGTT PP2AC1 cloning for YTH
46 | AT1G59830 | PP2AC1 FY AAACGGAGATCTC Spe | assays
Reverse primer for
PP2AC1_Xma | tttcccgggCAAAAAAT cloning PP2AAC1 for
47 | AT1G59830 | PP2AC1 R AATCAGGGGTCTTG | Xmal GFP & BiFC
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Nr. AGI Nr. Gene Name Primer Name 5'-3'-Sequence tion Site Description
tttcccgggTCACAAAA reverse primer for
PP2AC1_Xma | AATAATCAGGGGTC PP2AC1 cloning for YTH
48 | AT1G59830 | PP2AC1 RY TTG Xma | assays including stopp
Forward primer for
ctgaacagatgattaatctaa genotyping pp2ac1
49 | AT1G59830 | PP2AC1 pPP2AC1 _F g - mutant binds in promoter
forward Primer for
amplification of PP2AC5
pgPP2AC5 X | tttctcgagGACATGCT complementation
50 | AT1G69960 | PP2AC5 hoF CTTAGTATGGTC Xho| construct
reverse Primer for
amplification of PP2AC5
pgPP2AC5_X | tttcccgggGATTAGAT complementation
51 | AT1G69960 | PP2AC5 maR CTCAGCTCCAGC Xma | construct
PP2A_C5 Ex | GGAGTGTAAAGCGT genomic forward primer,
52 | At1g69960 PP2AC5 1F TATCTG - binds in 1st Exon
PP2A_C5_Ex | CATATTTCCTCAAA PP2ACS5 genomic Rev
53 | At1g69960 PP2AC5 3R CATTCATC - Primer binds in Exon 3
PP2A_C5 RT | CTCAAGTGTATGGG RT-PCR forward primer
54 | At1g69960 PP2AC5 2F TTTTATG - binds in exon 2-3
PP2A_C5_RT | CATGTGGAACCTCT PP2AC5 RT Rev Primer
55 | At1g69960 PP2AC5 4R TGAATTC - spanning Exon 5-4
PP2A_C5 Sp | tttactagtATGCCGCC
56 | At1g69960 PP2AC5 eF GGCGACCG Spe | PP2ACS5 Spe For Primer
PP2A_C5 Xm | tttcccgggCAAAAAAT reverse primer for GFP &
57 | At1g69960 PP2AC5 aR AATCTGGAGTCTTG | Xmall BiFC fusion
forward primer for
PP2AC5_Spe | tttactagtgATGCCGCC PP2ACS5 cloning for YTH
58 | AT1G69960 | PP2AC5 FY GGCGACCG Spe | assays
tttcccgggTTACAAAA reverse primer for
PP2AC5_Xma | AATAATCTGGAGTC PP2ACS5 cloning for YTH
59 | AT1G69960 | PP2AC5 RY TTG Xma | assays including stopp
forward primer for
pPP2AC5_16 GGAGACCACAATG sequencing pgPP2AC5
60 | AT1G69960 | PP2AC5 68F CTTCTTTG - binds at bp 1668
reverse primer for
pPP2AC5_32 CAGATAACGCTTTA sequencing pgPP2AC5
61 | AT1G69960 | PP2AC5 52R CACTCC - binds at bp 3252
forward primer for
pPP2AC5_80 GTTCCTATAGTGAA sequencing pgPP2AC5
62 | AT1G69960 | PP2AC5 3F GAAATATTG - binds at bp 803
For. primer for
PP2A_C4 Ex | GGACGCAACCATTG genotyping pp2ac4 T-
63 | At2g42500 PP2AC4 1F ATCTTG - DNA insertion; Exon 1
Rev. primer for
PP2A_C4 Ex | GCAAGATCATGGAA genotyping pp2ac4 T-
64 | At2g42500 PP2AC4 3R CTGTCC - DNA insertion; Exon 3
For. primer for
PP2A_C4 Ex | CTTTACAGACCTCT genotyping pp2ac4 T-
65 | At2g42500 PP2AC4 7F TCGAC - DNA insertion; Exon 7
Rev. primer for GFP &
PP2A_C4_Xm | tttcccgggCAGGAAAT BiFC fusion and
66 | At2g42500 PP2AC4 aR AGTCTGGAGTCC Xma | genotyping
Forward primer for
PP2AC4_Spe | tttactagtATGGGCGC cloning PP2AACA4 for
67 | AT2G42500 | PP2AC4 F GAATTCTATTCC Spe | GFP & BiFC
forward primer for
PP2AC4_Spe | tttactagtgATGGGCG PP2AC4 cloning for YTH
68 | AT2G42500 | PP2AC4 FY CGAATTCTATTCC Spe | assays
tttcccgggTCACAGGA reverse primer for
PP2AC4_Xma | AATAGTCTGGAGTC PP2AC4 cloning for YTH
69 | AT2G42500 | PP2AC4 RY C Xma | assays including stopp
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Nr. AGI Nr. Gene Name Primer Name 5'-3'-Sequence tion Site Description
GAGAATCTCTTCCT
70 | AT3G09880 | PP2AB'beta pp2ab'b _F TGGAG - genotyping primer
forward primer for
PP2AB'beta_ tttactagtATGTTTAAG amplification of
71 | AT3G09880 | PP2AB'beta SpeF AAAATCATGAAAGG | Spell PP2AB'beta
tttactagtgATGTTTAA
pp2ab'beta_S | GAAAATCATGAAAG
72 | AT3G09880 | PP2AB'beta peFY G Spe | cloning primer for yeast
reverse primer for
amplification of
PP2AB'beta_ tttcccgggGGAAGTGA PP2AB'beta without stop
73 | AT3G09880 | PP2AB'beta XmaR TCATATGATCTTC Xma | codon
pp2ab'beta_X | tttcccgggCTAGGAAG Reverse primer for yeast
74 | AT3G09880 | PP2AB'beta maRY TGATCATATGATC Xma | including stop codon
gtaagagacatcaaggaga Actin 2 Forw RT-Primer
75 | At3g18780 Actin 2 Actin 2 RT For | agctctc - for Transcript analysis
Actin 2 RT ggagatccacatctgctgga Actin2 Rev RT-Primer for
76 | At3g18780 Actin 2 Rev atg - Transcript analysis
Forward primer for
PP2AB'zeta__ tttctcgagATGATCAAA amplification of
77 | At3g21650 PP2AB'zeta XhoF CAGATATTTGGGAA | Xho | PP2AB'zeta
Reverse primer for
amplification of
PP2AB'zeta__ tttcccgggCGACCCTG PP2AB'zeta without
78 | At3g21650 PP2AB'zeta XmaR TGGACTCAGAG Xma | stopp
reverse primer for
PDF1- PP2AA2_3'UT genotyping pp2aa2
79 | AT3G25800 | PP2AA2 R R cgtaccgaggcactctag - mutants
PDF1- PP2AA2_Ex1 CTTGGTTTGCGAAA PP2AAZ2 reverse primer
80 | AT3G25800 | PP2AA2 1R AACCTG - for gentyping
PDF1- PP2AA2_Ex1 CAGAAGGCTTTCTA pp2aa2 Forward Primer
81 | AT3G25800 | PP2AA2 F CGATCG - for genotyping , Exon 1
PDF1- PP2AA2_Ex2 | GTTGGACACAATCC pp2aa2 Reverse Primer
82 | AT3G25800 | PP2AA2 R TGAGG - for genotyping, Exon 2
PDF1- PP2AA2_Ex7 CTTGTTGCCAGCTA PP2AA2 forward primer
83 | AT3G25800 | PP2AA2 F TTGTAG - for gentyping
PDF1- PP2AA2_Ex9 GTCATTCGGTAGAG Reverse primer for
84 | AT3G25800 | PP2AA2 R ATAGTG - genotyping PP2AA2
Forward primer for
PDF1- PP2AA2_Spe | tttactagtATGTCTATG cloning PP2AA2 for GFP
85 | AT3G25800 | PP2AA2 F ATCGATGAGCC Spe | & BiFC
forward primer for
PDF1- PP2AA2_Spe | tttactagtgATGTCTAT cloning PP2AA2 (PDF1)
86 | At3g25800 PP2AA2 FY GATCGATGAGCC Spe | into YTH vectors
Reverse primer for
AT3G25800 | PDF1- cloning PP2AA2 &
/AT1G1332 | PP2AA2/PD PP2AA2/3_X tttcccgggGCTAGACA PP2AA3 for GFP & BiFC
87 |0 F2-PP2AA3 maR TCATCACATTGTC Xma | without Stopp
reverse primer for
PDF1- cloning PP2AA2 and A3
At3g25800/ | PP2AA2/PD PP2AA2/3_X tttcccgggTTAGCTAG (PDF1/2) into YTH
88 | At1g13320 F2-PP2AA3 maRY ACATCATCACATTG Xma | vectors with Stop
PP2AB'eta_S tttactagtATGTGGAAA Spe forward primer for
89 | AT3G26020 | PP2AB'eta peF CAGATTCTAAGTA Spe | PP2AB'eta
PP2AB'eta_X | tttcccgggTGAAGCCT Xma reverse primer for
90 | AT3G26020 | PP2AB'eta maR TTCGCACTCCG Xma | PP2AB'eta
pp2ab'delta_S | tttactagtgATGTTTAA
91 | AT3G26030 | PP2AB'delta peFY GCAGATACTTGGG Spe | cloning primer for yeast
Forward primer for
PP2AB'delta_ | tttctcgagATGTTTAAG amplification of
92 | At3g26030 PP2AB'delta | XhoF CAGATACTTGGG Xho | PP2AB'delta
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Nr. AGI Nr. Gene Name Primer Name 5'-3'-Sequence tion Site Description
Reverse primer for
amplification of

PP2AB'delta_ | tttcccgggCTTCGCCA PP2AB'delta without
93 | At3g26030 PP2AB'delta | XmaR TTGAAGCAACAATC | Xmall stopp
pp2ab'delta_X | tttcccgggTTACTTCG Reverse primer for yeast
94 | AT3G26030 | PP2AB'delta maRY CCATTGAAGCAAC Xma | including stop codon
tttactagtATGTTCAAC
PP2AB'- PP2AB'epsilo | AAAATCATAAAACT Spe forward primer for
95 | AT3G54930 | epsilon n_SpeF G Spe | PP2AB'epsilon
PP2AB'- PP2AB'epsilo | tttcccgggGTTAGCAG Xma reverse primer for
96 | AT3G54930 | epsilon n_XmaR CTAGAGAAGCAG Xma | PP2AB'epsilon
PP2A_C3 Ex | GAACTTTGATCGGG PP2AC3 genomic For
97 | At3g58500 PP2AC3 8F TTCAAG - Primer binds in Exon 8
PP2A_C3_RT | CGAGCAACAGGTC PP2AC3 RT For Primer
98 | At3g58500 PP2AC3 1F AGAGC - spanning Exon 1-2
PP2AC3 RT-PCR
PP2A_C3 _RT | GACTCCACCAAGG reverse primer spanning
99 | At3g58500 PP2AC3 8R CTGTC - exon 7-8
PP2A_C3_Xm | tttcccgggAAGGAAAT PP2AC3 Xma Rev
100 | At3g58500 PP2AC3 aR AGTCAGGTGTCC Xma | Primer without Stop
Forward primer for
PP2AC3_Spe | tttactagtATGGGCGC cloning PP2AACS3 for
101 | AT3G58500 | PP2AC3 F GAATTCGCTTC Spe | GFP & BiFC
forward primer for
PP2AC3_Spe | tttactagtgATGGGCG PP2AC3 cloning for YTH
102 | AT3G58500 | PP2AC3 FY CGAATTCGCTTC Spe | assays
tttcccgggTCAAAGGA reverse primer for
PP2AC3_Xma | AATAGTCAGGTGTC PP2AC3 cloning for YTH
103 | AT3G58500 | PP2AC3 RY C Xma | assays including stopp
Forward primer for
PP2AB'- PP2AB'gamm | tttactagtATGATCAAA amplification of
104 | At4g15415 gamma a_SpeF CAGATATTTGGGAA | Spel PP2AB'gamma
Reverse primer for
amplification of
PP2AB'- PP2AB'gamm | tttcccgggACTACCCG PP2AB'gamma without
105 | At4g15415 gamma a_XmaR AAGTTTTACCGG Xma | stopp
CTCAGTAGCTCTAA
pp2ab'alpha_ TTTTCAGGTTGCAG Cloning primer
106 | AT5G03470 | PP2AB'alpha | Ex1/2Fa AACGAGCTCTGTTC | - pp2ab'alpha from gDNA
GAACAGAGCTCGTT
pp2ab'alpha_ CTGCAACCTGAAAA Cloning primer
107 | AT5G03470 | PP2AB'alpha | Ex1/2Ra TTAGAGCTACTGAG | - pp2ab'alpha from gDNA
pp2ab'alpha_ GAGCAGGGAAGCT
108 | AT5G03470 | PP2AB'alpha | Ex1F CACTG - Genotyping primer
forward genotyping
pp2ab'alpha_ CAGGTAGGTCAGG primer pp2ab'alpha binds
109 | AT5G03470 | PP2AB'alpha Ex1Fb TCCTG - in exon 1
pp2ab'alpha_ GTTCCACAAGAACA
110 | AT5G03470 | PP2AB'alpha | Ex2R GAGCTC - Genotyping primer
forward primer for
PP2AB'alpha_ | tttactagtATGTTTAAG amplification of
111 | AT5G03470 | PP2AB'alpha | SpeF AAGATCATGAAAGG | Spell PP2AB'alpha
tttactagtgATGTTTAA
pp2ab'alpha_ GAAGATCATGAAAG
112 | AT5G03470 | PP2AB'alpha | SpeFY G Spe | cloning primer for yeast
reverse primer for
amplification of
PP2AB'alpha_ | tttcccgggAGAAGTGA PP2AB'alpha without
113 | AT5G03470 | PP2AB'alpha | XmaR TCATAGGATCTTC Xma | stop codon
pp2ab'alpha_ tttcccgggCTAAGAAG Reverse primer for yeast
114 | AT5G03470 | PP2AB'alpha | XmaRY TGATCATAGGATC Xma | including stop codon
reverse Primer for
HSP_Ter_Eco | ttGAATTCcttatctttaat cloning of HSP18.2
115 | AT5G59720 | HSP18.2 R catattccatag Eco RI Terminator
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Nr.

AGI Nr.

Gene Name

Promoter
Name

Clone Name

Cloned

Cloned

Vector
(backbone)

Clone
Information

Vector

pUBQ10

barll-UT-mTn

Xba
1/Spe |

Sac |

pGPTVII.Ba
:

pUBQ10-
mTurquoise-
MCS2-
HSP18.2Ter
M

Vector

pUBQ10

barll-UT-
mVenus-C

Xba
1/Spe |

Sac |

pGPTVII.Ba
r

pUBQ10-
MCS-
mVenus-
HSPTerM

Vector

UXVE

barll-UTXVE-
mTn

Xba |

Xma |

pGPTVII.Ba
:

pUBQ10-
XVE-
mTurquoise-
mcs2-
HSP18.2T

Vector

UXVE

barll-UTXVE-
mVenusC

Xma |

Eco RI

pGPTVII.Ba
r

pUBQ10-
XVE-mcs-
mVenus-
HSP18.2T

Vector

p35S

hygll-
SPYNE(R)

pGPTVII.Hy
g

eYFP N-
Term for N-
terminal
cloning
(BIFC;
Waadt et al.,
2008)

Vector

p35S

kanll-
SPYCE(MR)

pGPTVII.Ka
n

eYFP C-
term for N-
terminal
BiFC cloning
(Waadt et
al., 2008)

Vector

pGAD.GH

pGAD.GH

Vector for
yeast 2
hybrid
analyses
(Bartel &
Fields,
1997)

Vector

pGBT9.BS

pGBT9.BS

Vector for
yeast 2
hybrid
analyses
(Bartel &
Fields,
1997)

Vector

pKS

pKS

Cloning
vector

10

Vector

pUBQ10

pUC-pUBQ10

Hind Il

Spe |

puC

pUBQ10
promoter

11

At1g10430

PP2AC2

pUBQ10

pUC-pUBQ10-
PP2AC2-B

Spe |

Xma |

puC

PP2AC2
with stop
codon

12

At1g10430

PP2AC2

pGBT9.BS-
PP2AC2

Spe |

Xma |

pGBT9.BS

BD-PP2AC2
for YTH
assays

13

At1g10430

PP2AC2

p35S

kanll-
SPYCE(MR)-
PP2AC2-B

Spe |

Xma |

pGPTVII.Ka
n

YFP C155-
PP2AC2
stop for
BiFC

14

At1g10430

PP2AC2

pUBQ10

barll-UT-
mVenus-
PP2AC2-B

Spe |

Xma |

pGPTVII.Ba
;

mVenus-
PP2AC2
stop
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Promoter Cloned Cloned Vector Clone
Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information
PP2AA3
without stop
for GFP &
PDF2- pUC-pUBQ10- BiFC
15 | At1g13320 PP2AA3 pUBQ10 | PP2AA3 Spe | Xma | pucC analyses
PP2AA3
with stop
codon
PDF2- pUC-pUBQ10- cloned for
16 | At1g13320 PP2AA3 pUBQ10 | PP2AA3 YTH | Spel Xma | pucC YTH assays
PDF2- pGAD.GH- PP2AA3 for
17 | At1g13320 PP2AA3 - PP2AA3 Spe | Xma | pGAD.GH YTH assays
PP2AA3 for
yeast two
PDF2- pGBT9.BS- hybrid
18 | At1g13320 PP2AA3 - PP2AA3 Spe | Xma | pGBT9.BS assays
mTurquoise-
PP2AA3 for
PDF2- barll-UT-mT- pGPTVII.Ba | localization
19 | At1g13320 PP2AA3 pUBQ10 | PP2AA3 Spe | Xma | r analyses
PP2AA3-
barll-UT- mVenus for
PDF2- PP2AA3- pGPTVII.Ba | localization
20 | At1g13320 PP2AA3 pUBQ10 | mVenus Spe | Xma | r analyses
hygll-
PDF2- SPYNE(R)- pGPTVII.LHy | eYFP N173-
21 | At1g13320 PP2AA3 p35S PP2AA3 Spe | Xma | g PP2AA3
eYFP C-
terminus-
PP2AA3
without stop
kanll- codon for
PDF2- SPYCE(MR)- pGPTVIl.Ka | BiFC
22 | At1g13320 PP2AA3 p35S PP2AA3 Spe | Xma | n analyses
PP2AB'- pUNI51- ABRC stock
23 | At1g13460 theta - PP2AB'theta - - pUNI51 uss5787
PP2AB'theta
cloned into
pUC vector
for FP &
BiFC cloning
PP2AB'- pUC-pUBQ10- without
24 | At1g13460 theta pUBQ10 | PP2AB'theta Spe | Xma | pucC Stopp codon
mTurquoise-
PP2AB'theta
subcloned
into plant
vector for
PP2AB'- barll-UT-mT- pGPTVII.Ba | localization
25 | At1g13460 theta pUBQ10 | PP2AB'theta Spe | Xma | r studies
PP2AB'theta
-mVenus
subcloned
into plant
barll-UT- vector for
PP2AB'- PP2AB'theta- pGPTVII.Ba | localization
26 | At1g13460 theta pUBQ10 | mVenus Spe | Xma | r studies
RCN1
without Stop
pUC-pUBQ10- for FP &
27 | At1g925490 RCN1 pUBQ10 | RCN1 Spe | Xma | pucC BiFC fusion
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Promoter Cloned Cloned Vector Clone
Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information
PP2AA1
(RCN1)
cloned for
YTH
pUC-pUBQ10- frameshift in
28 | At1g25490 RCN1 pUBQ10 | PP2AA1-HFY | Spel Xma | pucC %' and Stop
RCN1 for
pGAD.GH- YTH
29 | At1g25490 RCN1 - PP2AA1 Spe | Xma | pGAD.GH experiments
RCN1 for
yeast two
pGBT9.BS- hybrid
30 | At1g925490 RCN1 - RCN1 Spe | Xma | pGBT9.BS assays
mTurquoise-
RCN1 for
barll-UT-mT- pGPTVII.Ba | localization
31 | At1925490 RCN1 pUBQ10 | RCN1 Spe | Xma | r analyses
RCN1-
barll-UT- mVenus for
RCN1- pGPTVII.Ba | localization
32 | At1925490 RCN1 pUBQ10 | mVenus Spe | Xma | r analyses
eYFP N-
hygll- term-RCN1
SPYNE(R)- pGPTVII.Hy | for BiFC
33 | At1g925490 RCN1 p35S RCN1 Spe | Xma | g experiments
eYFP C-
terminus-
RCN1
without stop
kanll- codon for
SPYCE(MR)- pGPTVIl.Ka | BiFC
34 | At1925490 RCN1 p35S RCN1 Spe | Xma | n analyses
PP2ABalpha
PP2AB- pUC-pUBQ10- for FP and
35 | At1g51690 alpha pUBQ10 | PP2ABalpha Spe | Xma | pucC BiFC fusion
PP2AB- barll-UT-mT- pGPTVII.Ba | mTurquoise-
36 | At1g51690 alpha pUBQ10 | PP2ABalpha Spe | Xma | r PP2ABalpha
barll-UT-
PP2AB- PP2ABalpha- pGPTVII.Ba | PP2ABalpha
37 | At1g51690 alpha pUBQ10 | mVenus Spe | Xma | r -mVenus
PP2AC1
pUC-pUBQ10- with stop
38 | AT1G59830 | PP2ACH1 pUBQ10 | PP2AC1-B Spe | Xma | pucC codon
BD-PP2AC1
pGBT9.BS- for YTH
39 | AT1G59830 | PP2AC1 - PP2AC1 Spe | Xma | pGBT9.BS assays
barll-UT- mVenus-
mVenus- pGPTVII.Ba | PP2AC1
40 | AT1G59830 | PP2AC1 pUBQ10 | PP2AC1-B Spe | Xma | r stop
YFP C155-
kanll- PP2AC1
SPYCE(MR)- pGPTVII.Ka | stop for
41 | AT1G59830 | PP2AC1 p35S PP2AC1-B Spe | Xma | n BiFC
PP2AC5
without
Stopp
cloned for
BiFC and
pUC-pUBQ10- GFP
42 | At1g69960 PP2AC5 pUBQ10 | PP2AC5 Spe | Xma | pucC analyses
PP2AC5
pUC-pUBQ10- with stop
43 | At1g69960 PP2AC5 pUBQ10 | PP2AC5-B Spe | Xma | pucC codon
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Promoter Cloned Cloned Vector Clone
Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information
BD-PP2AC5
pGBT9.BS- for YTH
44 | At1g69960 PP2AC5 - PP2AC5 Spe | Xma | pGBT9.BS assays
complement
ation
pPP2AC | barll- pGPTVII.Ba | construct for
45 | At1g69960 PP2AC5 5 pgPP2AC5 Xho | Xma | r PP2AC5
barll-UT-
PP2ACS5- pGPTVIl.Ba | PP2AC5-
46 | At1g69960 PP2AC5 pUBQ10 | mVenus Spe | Xma | r mVenus
barll-UT- mVenus-
mVenus- pGPTVII.Ba | PP2AC5
47 | At1g69960 PP2AC5 pUBQ10 | PP2AC5-B Spe | Xma | r stop
YFP C155-
kanll- PP2AC5
SPYCE(MR)- pGPTVII.Ka | stop for
48 | At1g69960 PP2AC5 p35S8 PP2AC5-B Spe | Xma | n BiFC
PP2AC4
without
Stopp
cloned for
BiFC and
pUC-pUBQ10- GFP
49 | At2g42500 PP2AC4 pUBQ10 | PP2AC4 Spe | Xma | pucC analyses
PP2AC4
pUC-pUBQ10- with stop
50 | At2g42500 PP2AC4 pUBQ10 | PP2AC4-B Spe | Xma | pucC codon
YFP C155-
kanll- PP2AC4
SPYCE(MR)- pGPTVII.Ka | stop for
51 | At2g42500 PP2AC4 p35S8 PP2AC4-B Spe | Xma | n BiFC
barll-UT-
PP2AC4- pGPTVIl.Ba | PP2AC4-
52 | At2g42500 PP2AC4 pUBQ10 | mVenus Spe | Xma | r mVenus
barll-UT- mVenus-
mVenus- pGPTVII.Ba PP2AC4
53 At2g42500 | PP2AC4 pUBQ10 PP2AC4-B Spe | Xma | r stop
BD-PP2AC4
pGBT9.BS- for YTH
54 | At2g42500 PP2AC4 - PP2AC4 Spe | Xma | pGBT9.BS assays
PP2AB'beta
pUC-pUBQ10- for FP and
55 | AT3G09880 | PP2AB'beta | pUBQ10 | PP2AB'beta Spe | Xma | pucC BiFC fusion
barll-UT-mT- pGPTVII.Ba | mTurquoise-
56 | AT3G09880 | PP2AB'beta | pUBQ10 | PP2AB'beta Spe | Xma | r PP2AB'beta
barll-UT-
PP2AB'beta- pGPTVII.Ba | PP2AB'beta-
57 | AT3G09880 | PP2AB'beta | pUBQ10 | mVenus Spe | Xma | r mVenus
PP2AB'zeta
pUC-pUBQ10- for FP and
58 | At3g21650 PP2AB'zeta | pUBQ10 | PP2AB'zeta Xho | Xma | pucC BiFC fusion
barll-UT-mT- pGPTVII.Ba | mTurquoise-
59 | At3g21650 PP2AB'zeta | pUBQ10 | PP2AB'zeta Xho | Xma | r PP2AB'zeta
barll-UT-
PP2AB'zeta- pGPTVII.Ba | PP2AB'zeta-
60 | At3g21650 PP2AB'zeta | pUBQ10 | mVenus Xho | Xma | r mVenus
PP2A
without stop
for GFP &
PDF1- pUC-pUBQ10- BiFC
61 | At3g25800 PP2AA2 pUBQ10 | PP2AA2 Spe | Xma | pucC analyses
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Promoter Cloned Cloned Vector Clone
Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information
PP2AA2
cloned for
YTH assays,
PDF1- pUC-pUBQ10- frameshift in
62 | At3g25800 PP2AA2 pUBQ10 | PP2AA2-HFY | Spel Xma | pucC 5' & Stop
PP2AA2 for
PDF1- pGAD.GH- YTH
63 | At3g25800 PP2AA2 - PP2AA2 Spe | Xma | pGAD.GH experiments
PP2AA2 for
yeast two
PDF1- pGBT9.BS- hybrid
64 | At3g25800 PP2AA2 - PP2AA2 Spe | Xma | pGBT9.BS assays
mTurquoise-
PP2AA2 for
PDF1- barll-UT-mT- pGPTVII.Ba | localization
65 | At3g25800 PP2AA2 pUBQ10 | PP2AA2 Spe | Xma | r analyses
PP2AA2-
barll-UT- mVenus for
PDF1- PP2AA2- pGPTVII.Ba | localization
66 | At3g25800 PP2AA2 pUBQ10 | mVenus Spe | Xma | r analyses
hygll-
PDF1- SPYNE(R)- pGPTVII.LHy | eYFP N173-
67 | At3g25800 PP2AA2 p35S8 PP2AA2 Spe | Xma | g PP2AA2
eYFP C-
terminus-
PP2AA2
without stop
kanll- codon for
PDF1- SPYCE(MR)- pGPTVIl.Ka | BiFC
68 | At3g25800 PP2AA2 p35S PP2AA2 Spe | Xma | n analyses
pUNI51- ABRC stock
69 | AT3G26020 | PP2AB'eta - PP2AB'eta - - pUNI51 U12213
PP2AB'eta
without stop
codon for FP
pUC-pUBQ10- & BiFC
70 | AT3G26020 | PP2AB'eta pUBQ10 | PP2AB'eta Spe | Xma | pucC fusion
beta-
Estradiol
inducible
barll-UTXVE- pGPTVII.Ba | mTurquoise-
71 | AT3G26020 | PP2AB'eta UXVE mT-PP2AB'eta | Spe | Xma | r PP2AB'eta
beta-
Estradiol
barll-UTXVE- inducible
PP2AB'eta- pGPTVIl.Ba | PP2AB'eta-
72 | AT3G26020 | PP2AB'eta UXVE mVenus Spe | Xma | r mVenus
PP2AB'- pUNI51- ABRC stock
73 | At3g26030 delta - PP2AB'delta - - pUNI51 U18933
PP2AB'delta
PP2AB'- pUC-pUBQ10- for FP and
74 | At3g26030 delta pUBQ10 | PP2AB'delta Xho | Xma | pucC BiFC fusion
PP2AB'- barll-UT-mT- pGPTVII.Ba | mTurquoise-
75 | At3g26030 delta pUBQ10 | PP2AB'delta Xho | Xma | r PP2AB'delta
barll-UT-
PP2AB'- PP2AB'delta- pGPTVII.Ba | PP2AB'delta
76 | At3g26030 delta pUBQ10 | mVenus Xho | Xma | r -mVenus
PP2AB'- pUNI51- ABRC stock
77 | AT3G54930 | epsilon - PP2AB'epsilon | - - pUNI51 U61948
PP2AB'epsil
on without
stop codon
PP2AB'- pUC-pUBQ10- for FP &
78 | AT3G54930 | epsilon pUBQ10 | PP2AB'epsilon | Spel Xma | pucC BiFC fusion
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Promoter Cloned Cloned Vector Clone

Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information

beta-
Estradiol
inducible
barll-UTXVE- mTurquoise-
PP2AB'- mT- pGPTVIl.Ba | PP2AB'epsil
79 | AT3G54930 | epsilon UXVE PP2AB'epsilon | Spe | Xma | r on
beta-
Estradiol
barll-UTXVE- inducible
PP2AB'- PP2AB'epsilon pGPTVII.Ba | PP2AB'epsil
80 | AT3G54930 | epsilon UXVE -mVenus Spe | Xma | r on-mVenus
PP2AC3
without
Stopp
cloned for
BiFC and
pUC-pUBQ10- GFP

81 | At3g58500 PP2AC3 pUBQ10 | PP2AC3 Spe | Xma | pucC analyses

PP2AC3
pUC-pUBQ10- with stop

82 | At3g58500 PP2AC3 pUBQ10 | PP2AC3-B Spe | Xma | pucC codon
pGBT9.BS-

83 | At3g58500 PP2AC3 - PP2AC3 Spe | Xma | pGBT9.BS BD-PP2AC3
barll-UT- mVenus-
mVenus- pGPTVII.Ba | PP2AC3

84 | At3g58500 PP2AC3 pUBQ10 | PP2AC3-B Spe | Xma | r stop

PP2AC3-
barll-UT- mVenus for
PP2AC3- pGPTVII.Ba | localization
85 | At3g58500 PP2AC3 pUBQ10 | mVenus Spe | Xma | r analyses
YFP C155-
kanll- PP2AC3
SPYCE(MR)- pGPTVII.Ka | stop for

86 | At3g58500 PP2AC3 p35S8 PP2AC3-B Spe | Xma | n BiFC
pUNI51-

PP2AB'- PP2AB'gamm ABRC stock

87 | At4g15415 gamma - a - - pUNI51 S69317

PP2AB'gam
pUC-pUBQ10- ma for FP
PP2AB'- PP2AB'gamm and BiFC

88 | At4g15415 gamma pUBQ10 | a Spe | Xma | pucC fusion

barll-UT-mT- mTurquoise-
PP2AB'- PP2AB'gamm pGPTVII.Ba | PP2AB'gam

89 | At4g15415 gamma pUBQ10 | a Spe | Xma | r ma
barll-UT-

PP2AB'- PP2AB'gamm pGPTVII.Ba | PP2AB'gam

90 | At4g15415 gamma pUBQ10 | a-mVenus Spe | Xma | r ma-mVenus
kanll-

SPYCE(MR)- pGPTVII.Ka | ABI1 for
91 | At4g26080 ABI1 p35S ABI1 Spe | Xho | n BiFC
OST1_HF
for Co-IP
experiments
barll-pUBQ10- pGPTVII.Ba | with Hellfire
92 | At4g33950 OST1 pUBQ10 | OST1_HF Spe | Xma | r Tag
eYFP N-
term-OST1
hygll- without Stop
SPYNE(R)- pGPTVII.Hy | for BiFC
93 | At4g33950 OST1 p35S OST1 Spe | Xma | g experiments
PP2AB'alph
a without
PP2AB'- pUC-pUBQ10- stop for FP
94 | AT5G03470 | alpha pUBQ10 | PP2AB'alpha Spe | Xma | pucC & BiFC
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Promoter Cloned Cloned Vector Clone
Nr. AGI Nr. Gene Name Name Clone Name 51 3 (backbone) Information
mTurquoise-
PP2AB'alph
a without
stop codon
for
PP2AB'- barll-UT-mT- pGPTVII.Ba | localization
95 | AT5G03470 | alpha pUBQ10 | PP2AB'alpha Spe | Xma | r experiments
beta-
Estradiol
inducible
barll-UTXVE- mTurquoise-
PP2AB'- mT- pGPTVII.Ba | PP2AB'alph
96 | AT5G03470 | alpha UXVE PP2AB'alpha Spe | Xma | r a
beta-
Estradiol
barll-UTXVE- inducible
PP2AB'- PP2AB'alpha- pGPTVII.Ba | PP2AB'alph
97 | AT5G03470 | alpha UXVE mVenus Spe | Xma | r a-mVenus
eYFP C-
terminus-
PP2AB'alph
a without
kanll- stop codon
PP2AB'- SPYCE(MR)- pGPTVIl.Ka | for BiFC
98 | AT5G03470 | alpha p35S PP2AB'alpha Spe | Xma | n analyses






