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PROTEIN PHOSPHATASE 2A (PP2A) is a major group of serine/threonine protein phosphatases in eukaryotes. It is composed
of three subunits: scaffolding subunit A, regulatory subunit B, and catalytic subunit C. Assembly of the PP2A holoenzyme in
Arabidopsis (Arabidopsis thaliana) depends on Arabidopsis PHOSPHOTYROSYL PHOSPHATASE ACTIVATOR (AtPTPA).
Reduced expression of AtPTPA leads to severe defects in plant development, altered responses to abscisic acid, ethylene, and
sodium chloride, and decreased PP2A activity. In particular, AtPTPA deficiency leads to decreased methylation in PP2A-C
subunits (PP2Ac). Complete loss of PP2Ac methylation in the suppressor of brassinosteroid insensitive1 mutant leads to 30%
reduction of PP2A activity, suggesting that PP2A with a methylated C subunit is more active than PP2A with an unmethylated
C subunit. Like AtPTPA, PP2A-A subunits are also required for PP2Ac methylation. The interaction between AtPTPA and PP2Ac is
A subunit dependent. In addition, AtPTPA deficiency leads to reduced interactions of B subunits with C subunits, resulting in
reduced functional PP2A holoenzyme formation. Thus, AtPTPA is a critical factor for committing the subunit A/subunit C dimer
toward PP2A heterotrimer formation.

Phosphorylation and dephosphorylation of pro-
teins is a universal mechanism for the regulation of
diverse biological functions (Hunter, 1995). PROTEIN
PHOSPHATASE 2A (PP2A) enzymes account for the
majority of Ser/Thr phosphatase activity in eukaryotic
cells. These enzymes exist as heterotrimer holoenzymes
that include a scaffolding A subunit, a regulatory B
subunit, and a catalytic C subunit (Janssens and Goris,
2001; DeLong, 2006). The existing model for PP2A
holoenzyme formation suggests that the structurally

conserved catalytic subunit C associates with the highly
conserved subunit A to form an AC dimer, and the AC
dimer then interacts with a B subunit to form the ABC
heterotrimer (Janssens and Goris, 2001). In plants, PP2A
was found to be involved in the signal transduction
pathways of several hormones, including abscisic acid
(ABA; Kwak et al., 2002; Pernas et al., 2007), auxin
(Garbers et al., 1996; Michniewicz et al., 2007), and
ethylene (Larsen and Chang, 2001; Muday et al., 2006;
Skottke et al., 2011).

Two A subunits of PP2A exist in mammals, and they
are named PUTATIVE REGULATORY 65A (PR65A)
and PR65B. These two A subunits consist of 15 HEAT
(for Huntingtin, elongation factor3, a subunit of PP2A,
phosphatidylinositol3 kinase target of rapamycin1) re-
peats (Hemmings et al., 1990). The first PR65 ortholog
identified in Arabidopsis (Arabidopsis thaliana) represents
one of the three A subunits (i.e. A1) and is encoded by
the gene ROOT CURLS IN NAPHTHYLPHTHALAMIC
ACID1 (RCN1; Garbers et al., 1996) or ENHANCED
ETHYLENE RESPONSE1 (EER1; Larsen and Chang,
2001). The mutant rcn1-1 was shown to have an en-
hanced response to the auxin transport inhibitor
naphthylphthalamic acid, which led to increased ac-
cumulation of free indole-3-acetic acid in the apical
meristem (Garbers et al., 1996). This result suggested
that RCN1 plays an essential role in auxin transport,
which was later confirmed by Michniewicz et al. (2007).
The rcn1-1 mutant was also found to be salt sensitive
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(Blakeslee et al., 2008), indicating that RCN1 is also in-
volved in salt signaling in plants. In addition, rcn1
mutants were found to confer ABA insensitivity during
seed germination (Kwak et al., 2002) and enhanced re-
sponsiveness to ethylene (Larsen and Chang, 2001).
While evidence from the study of rcn1 mutants shows
that PP2A plays important roles in plant growth and
development, hormone signaling, and stress response
pathways, the specific role of this A1 subunit in PP2A
holoenzyme assembly in plants is less well understood.

Five genes that encode PP2A catalytic subunits (PP2Ac)
are found in Arabidopsis, and these five C subunits are
grouped into two subfamilies: subfamily I (PP2A-C1,
PP2A-C2, and PP2A-C5) and subfamily II (PP2A-C3
and PP2A-C4; Pérez-Callejón et al., 1998). Members of
subfamily I are believed to be involved in plant stress
and defense responses (He et al., 2004). Virus-induced
gene silencing of the PP2Ac subfamily I in Nicotiana
benthamiana led to increased plant defense responses
and localized cell death (He et al., 2004). A null mutant
of the PP2A-C2 gene in Arabidopsis is hypersensitive to
both ABA and NaCl (Pernas et al., 2007). País et al.
(2009) demonstrated that transcripts of the subfamily I
genes are down-regulated by cold in tomato (Solanum
lycopersicum). Members of PP2Ac subfamily II are likely
to be involved in auxin transport, as pp2a-c3c4 double
mutants are not viable and have altered auxin distri-
bution patterns (Ballesteros et al., 2013). Consistent with
studies on rcn1 mutants, work with PP2Ac also suggests
the involvement of PP2A in crucial developmental pro-
cesses and stress responses in plants.

The final six amino acid residues at the C terminus
of eukaryotic PP2Ac are highly conserved. Leu-309 at
the carboxyl end can be extensively methylated, and
this methylation plays an important role in controlling
PP2A activity (Wu et al., 2000; Stanevich et al., 2011).
The methylation reaction at this site is catalyzed by
LEUCINE CARBOXYLMETHYL TRANSFERASE1
(LCMT1). It was estimated that 50% to 90% of Leu-309
in PP2Ac is methylated in eukaryotic cells (Kalhor et al.,
2001; Wu et al., 2011). Methylation of PP2Ac is not de-
tectable in the Arabidopsis LCMT1-null mutant known
as suppressor of brassinosteroid insensitive1 (sbi1-1), in-
dicating that SBI1 is likely to be the primary PP2Ac
methylating enzyme in Arabidopsis (Wu et al., 2011).
The unmethylated PP2Ac form was 5- to 10-fold more
abundant in the sbi1-1 mutant than in wild-type plants,
suggesting that 80% to 90% of PP2Ac are methylated in
Arabidopsis (Wu et al., 2011). While loss of methylation
in PP2Ac in yeast (Saccharomyces cerevisiae) led to devel-
opmental defects (Wu et al., 2000; Wei et al., 2001), the
Arabidopsis sbi1-1 mutant was viable and showed
minimal morphological defects (Wu et al., 2011), sug-
gesting that loss of PP2Ac methylation is not detri-
mental to plant development.

There are at least 17 regulatory B subunits in Arabidopsis,
and these subunits are subcategorized into three dif-
ferent groups: B, B9, and B99 (Farkas et al., 2007). It is
well understood that B subunits are responsible for
selecting various PP2A substrates. Recent work with B

subunits revealed diverse PP2A substrates, which begins
to show how PP2A may be involved in several devel-
opmental and hormonal processes (Heidari et al., 2011;
Leivar et al., 2011; Tang et al., 2011). In addition to the
association with the regulatory B subunits, PP2Ac sub-
units were also found to interact with a noncanonical
regulatory subunit known as PHOSPHOTYROSYL
PHOSPHATASE ACTIVATOR (PTPA; Ogris et al.,
1999). PTPA was first isolated from rabbit skeletal
muscle (Cayla et al., 1990), and it was able to reactivate
an inactive form of PP2A via an ATP/Mg2+-dependent
mechanism (Ogris et al., 1999; Longin et al., 2004).
While PTPA was originally thought to be a putative
regulatory B subunit due to its ability to associate with
the AC dimer (Fellner et al., 2003), studies showed that
PTPA could activate PP2A Tyr phosphatase activity
with the Tyr substrate mimic p-nitrophenylphosphate
in vitro (Cayla et al., 1990). Although PP2A is generally
considered to be a Ser/Thr phosphatase, in vitro Tyr
phosphatase activity was reported for PP2As derived
from animal cells (Chen et al., 1992). However, Tyr phos-
phatase activity has yet to be shown with plant PP2As.
Hombauer et al. (2007) showed that PTPA orthologs
in yeast known as RESISTANCE TO RAPAMYCIN
DELETION1 (RRD1) and RRD2 play a critical role in
the PP2A holoenzyme assembly. This work corroborated
earlier evidence that PTPA from animal cells facilitates
PP2A holoenzyme formation (Fellner et al., 2003). In
particular, their work demonstrated the interaction be-
tween PTPA and PP2Ac and showed that PTPA prefers
to bind to an active-site mutant over wild-type PP2Ac.
Jordens et al. (2006) proposed that PTPA functions as
a novel peptidyl-prolyl cis/trans-isomerase. Analysis of
the crystal structures of native and mutant PTPAs also
supports the idea that PTPA causes specific conforma-
tion changes in PP2Ac (Leulliot et al., 2006). Another
structural study from Chao et al. (2006) revealed that
PTPA could interact with AC dimers and form a com-
posite ATPase that is likely to be required for the PTPA-
dependent change in PP2A substrate specificity in vitro.
Another recent study suggests that PTPA acts as a
molecular chaperone and that ATP hydrolysis by the
composite ATPase is crucial for specific Ser/Thr sub-
strate selection by PP2A (Guo et al., 2014). Although the
role of PTPA in yeast and animal cells is being uncov-
ered, nothing is known about the functions of PTPA in
plants.

In this study, we used the artificial microRNA
(amiRNA) technique to down-regulate the expression of
AtPTPA, a PTPA ortholog in Arabidopsis, and studied
the biological consequences of AtPTPA deficiency in
plants. AtPTPA deficiency led to nearly complete loss of
Leu-309 methylation in PP2Ac, with more loss of PP2A
activity than in sbi1 mutant plants. This finding indi-
cates that the action of AtPTPA on PP2Ac may be re-
quired before PP2Ac is methylated by SBI1 in plants.
Protein-protein interaction analysis revealed that the
action of AtPTPA on PP2Ac is A subunit dependent,
indicating the existence of a PP2A-A/AtPTPA/PP2A-C
trimer. In addition, pull-down experiments showed that
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the interactions between B subunits (i.e. ATB9 h and
ATB9 g) and PP2Ac were both decreased in AtPTPA
knockdown plants. Overall, our work indicates that
AtPTPA is a critical regulator for PP2A holoenzyme
assembly in plants.

RESULTS

Expression Pattern of AtPTPA in Arabidopsis

The Arabidopsis PTPA ortholog is encoded by a single
gene (At4g08960), and database searches revealed
no genes that share significant sequence similarities
in the Arabidopsis genome. This Arabidopsis PTPA
gene AtPTPA encodes a putative protein that displays
40% identity to human PTPA, about 40% identity to
the yeast PTPA orthologs RRD1 and RRD2, and 60%
identity to a putative PTPA ortholog from rice (Oryza
sativa; Supplemental Fig. S1). To investigate the function
of AtPTPA in Arabidopsis, the expression pattern of
AtPTPAwas studied using a reporter gene in transgenic
plants. The 59 flanking sequences of AtPTPA, along
with 21 nucleotides of the AtPTPA coding sequence
(21,721 to +21), were fused, in frame, to the GUS gene
(Fig. 1A). The resulting PAtPTPA::GUS construct was in-
troduced into Arabidopsis using the floral dip trans-
formation method (Clough and Bent, 1998), and 30
independent transgenic lines were generated. All pri-
mary transgenic plants were allowed to self-pollinate to
reach the T3 generation. Based on segregation analysis
of the kanamycin resistance phenotype, eight single
transfer DNA (T-DNA) insertion homozygous lines
were chosen for histochemical staining analysis. One
representative example from the GUS staining data is
shown in Figure 1B.
Three-day-old seedlings grown on Murashige and

Skoog (MS) medium did not show any GUS staining.
However, 6-d-old seedlings displayed strong GUS stain-
ing in the emerging lateral roots but not in the main root
(Fig. 1Bc). Weak signal was also detected in hypocotyls.
In 5-week-old plants, GUS staining was found mainly in
the vascular tissues of leaf, root, and stem (Fig. 1, Ba, Bf,
and Bg). Strong GUS staining was found in leaf veins but
not in mesophyll cells (Fig. 1Ba). Moreover, unlike in
young seedlings, strong GUS staining was found in
the entire root systems (Fig. 1Bf). In the reproductive
tissues, extensive GUS staining was found in inflores-
cence and developing siliques (Fig. 1Bb). Similar results
were observed when a stained flower was examined
with the microscope (Fig. 1, Bd and Be). Overall, the
histochemical staining results showed that AtPTPAwas
expressed in most tissues throughout plant growth and
development.
To corroborate the GUS staining pattern, RNA-blot anal-

ysis was performed by using a 32P-labeled AtPTPA
complementary DNA (cDNA) as the probe. A single
hybridizing band of about 1.5 kb was detected in RNA
samples isolated from most organs (Fig. 1C). Consis-
tent with the GUS staining data, the AtPTPA transcript

was found at relatively high levels in flowers and roots
(Fig. 1C). Weak signals were detected in 6-d-old
seedlings and 4-week-old leaves. Moreover, the RNAs
from the leaf veins showed enriched AtPTPA transcript
compared with those from total leaves. Taken together,
our results provide evidence that AtPTPA is expressed
in most tissues and, in particular, that high expression
of AtPTPA occurs in developing lateral root and in re-
productive tissues.

Figure 1. Creation of the PAtPTPA::GUS fusion construct and the ex-
pression pattern of AtPTPA in Arabidopsis. A, AtPTPA promoter in-
formation. The 59 sequence of AtPTPA from 21,721 to +21 bp was
translationally fused to the GUS gene. B, Histochemical staining pat-
tern of PAtPTPA::GUS transgenic plants: a, rosette leaf; b, flowers and
siliques; c, 6-d-old seedling; d, flower; e, stamen; f, root system; and
g, stem. Red arrows indicate the newly emerged lateral roots, while the
black arrow indicates the main root tip. C, RNA-blot analysis of
AtPTPA in Arabidopsis tissues. Se, Seedlings; F, flowers; St, stem;
L, rosette leaves; V, veins from leaves; R, roots. ACTIN2 was used as
the loading control.
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AtPTPA Is Essential for Plant Growth and Development

Because there were no T-DNA-tagged AtPTPA mu-
tants available, we created transgenic plants with the
amiRNA technique to down-regulate AtPTPA expres-
sion. The amiRNA against AtPTPA was created by
using software from the small RNA designer WMD3
(Schwab et al., 2006). The amiRNA sequence (Fig. 2A)
was first inserted into the binary vector and then in-
troduced into wild-type Arabidopsis. The majority of
the independent transgenic amiR-expressing plants, 38
out of 46, were substantially smaller than wild-type
plants at week 4 and had relatively dark green ro-
sette leaves (Fig. 2B). The amiR plants also showed
early senescence of cotyledons and the first pair of true
leaves (Fig. 2B). Three amiR transgenic lines in the
wild-type background, amiR-10 (WT), amiR-6 (WT),
and amiR-4 (WT), were chosen for further molecular
analysis after homozygous lines were obtained at the
T3 generation. Two lines, amiR-6 (WT) and amiR-4
(WT), were chosen for further physiological analysis.
As shown in Figure 2C, all three transgenic lines
showed nearly total loss of AtPTPA transcript, indi-
cating the high efficiency of the amiRNA technique.
However, the quantitative real-time (qRT)-PCR anal-
ysis showed that about 10% of AtPTPA transcripts
were still found in these amiR plants (Supplemental
Fig. S2). Immunoblot analysis with AtPTPA antibodies

indicated that the steady-state level of AtPTPA was
reduced by more than 90% (Fig. 2D). These data in-
dicated that AtPTPA expression was reduced to below
detectable levels in all three amiR plants. These data
also showed that amiR plants with only 10% of the level
of AtPTPA transcripts as wild-type plants were viable.

AtPTPA Deficiency Leads to Increased Sensitivity to ABA
in Germination and Postgermination Growth

To test if AtPTPA is involved in ABA signaling
pathways, the germination rates of two amiR plants,
amiR-4 (WT) and amiR-6 (WT), were measured in the
presence of ABA. Despite visible developmental de-
fects (Fig. 2B), these plants germinated normally on
MS medium. However, in the presence of 1 mM ABA,
the germination rates of amiR plants were dramati-
cally reduced (Fig. 3, A and B). Under these conditions,
more than 50% of wild-type seeds germinated on day 3
and all germinated by day 4, yet only 55% to 80% of
amiR plants germinated by day 7 (Fig. 3, A and B). At
a higher concentration of ABA (2 mM), germination of
amiR plants was even lower on day 7 (less than 40%),
while all wild-type and rcn1-6 seeds were germinated
at this time (Fig. 3B). ABA is known to inhibit root
development (Pilet and Saugy, 1987; Finkelstein et al.,
2002); therefore, the main root growth of amiR plants
in the absence or presence of ABA was analyzed. In the
absence of ABA, the average root length of amiR
plants (16 mm) was shorter than that of wild-type
plants (22 mm). In the presence of ABA, the main
root development of amiR plants was more severely
inhibited than in wild-type plants. ABA inhibited main
root growth in wild-type plants by 50% compared
with growth on ABA-free MS medium (Fig. 3C), but it
inhibited main root growth in amiR plants by 80%
compared with growth on MS medium (Fig. 3C).
These data indicate that AtPTPA is required for root
development.

AtPTPA-Deficient Plants Are Also More Sensitive to
Ethylene, Salt, and Cantharidin Treatments

Previous studies showed that pp2a-a1 mutants such
as rcn1-6 and eer1 display an enhanced response to
ethylene and increased sensitivity to salt stress (Larsen
and Chang, 2001; Muday et al., 2006; Blakeslee et al.,
2008). Therefore, experiments were conducted to test
how amiR plants would respond to salt and ethylene
treatments. For the salt sensitivity test, 4-d-old seed-
lings were transferred to MS plates that contained
either none or 100 mM NaCl. The plates were positioned
vertically, and the plants were allowed to grow upside
down for 3 d before root growth in the downward di-
rection was measured. The root length was reduced by
50% in wild-type plants when compared with their
growth on MSmedium, while reductions of 60% to 70%
were found in amiR plants (Fig. 4A). The salt overly

Figure 2. Creation and analysis of amiR plants. A, The amiRNA se-
quence (top strand) was used to regulate the target sequence of AtPTPA
(bottom strand). Solid lines indicate perfect matches, and dashed lines
indicate mismatches. B, Leaf comparison between a wild-type plant
(WT) and an amiR plant. Both plants were 4 weeks old. C, RNA-blot
analysis of wild-type and amiR plants. A cDNA fragment of AtPTPA
was used as the probe, and ACTIN2 was used as the RNA loading
control. D, Western-blot analysis of wild-type and amiR plants.
AtPTPA antibody was used to detect the AtPTPA protein, and cytosolic
glyceraldehyde-3-phosphate dehydrogenase (GapC) was used as the
protein loading control.
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sensitive mutant sos1-1 (Shi et al., 2000), a negative
control in this assay, was more severely inhibited by 100
mM NaCl than plants of either amiR line.

For the ethylene response test, wild-type and amiR
seeds were planted on MS plates that contained the
ethylene precursor 1-aminocyclopropane-1-carboxylic
acid (ACC) and allowed to germinate and grow ver-
tically in darkness for 6 d before the hypocotyl length
of wild-type and amiR plants was measured. Without
ACC, similar to rcn1-6 (19 mm), the hypocotyls of
amiR plants (16 mm) were shorter than those of wild-
type plants (24 mm). With ACC in the medium, the
hypocotyls were reduced by 50% in wild-type plants,
while the hypocotyls of amiR plants were reduced by
70% or more in comparison with their growth under
ACC-free conditions (Fig. 4B). The ethylene-insensitive
mutant ein2-1 (Alonso et al., 1999), used as a control in
this assay, was completely insensitive to ACC treatment.

The response of amiR plants to cantharidin, an in-
hibitor of PP2A and PP2A-related phosphatases such
as PP6 (Li and Casida, 1992; Hu et al., 2014), was also
analyzed. Four-day-old seedlings were transferred to
MS plates that were not supplemented or were sup-
plemented with 10 mM cantharidin, and plants were
allowed to grow for an additional 4 d before the main
root length was measured. As expected, root devel-
opment in the PP2A mutant rcn1-6 was more severely
inhibited by cantharidin than that of wild-type plants
(Fig. 4C). Similar to rcn1-6 plants, root development of
amiR plants was more severely inhibited by cantharidin
than in wild-type plants. Taken together, these re-
sults indicate that reduced expression of AtPTPA in
Arabidopsis leads to an enhanced response to ethylene
and increased sensitivity to salt and cantharidin, which
resembles the PP2A-A1 mutant rcn1-6. These results
also suggest that AtPTPA deficiency could lead to im-
paired PP2A activity in plants.

Reduced Expression of AtPTPA in the rcn1-6 Mutant
Background Leads to More Severe Defects in Response to
ABA, NaCl, Cantharidin, and ACC Treatments

To gain more insights into the role of AtPTPA in
ABA, ethylene, and salt responses, AtPTPA expression
was reduced in the rcn1-6 background by introducing the
same amiRNA construct into rcn1-6mutant plants. Three
of the 30 independent lines generated, amiR-1 (rcn1-6),
amiR-2 (rcn1-6), and amiR-3 (rcn1-6), were selected for
further analysis. The qRT-PCR analysis data indicated
that all three transgenic plants contained AtPTPA tran-
scripts that were only 10% or less of the levels found in
wild-type and rcn1-6 mutant plants (Supplemental Fig.
S3A). The immunoblot analysis data confirmed that
amiR-1 (rcn1-6) and amiR-2 (rcn1-6) plants contained
very low levels of AtPTPA in comparison with the levels
found in rcn1-6 mutant plants (Supplemental Fig. S3B).
Like wild-type amiR plants, all amiR (rcn1-6) plants were
reduced in size relative to rcn1-6 plants (Supplemental
Fig. S4).

In the ABA germination inhibition test, amiR (rcn1-6)
seeds displayed germination rates of 20% to 40% after
7 d of growth on medium containing 1 mM ABA (Fig. 5A;

Figure 3. The amiR plants are more sensitive to ABA than wild-type
plants at germination and postgermination stages. A, Germination
rates of wild-type (WT) and two independent amiR plants on MS plates
supplemented with 1 mM ABA. B, Germination rates of wild-type, rcn1-6
mutant, and two independent amiR plants in the wild-type background
on MS plates supplemented with different concentrations of ABA (1, 2,
and 5 mM) on day 7. C, Relative main root length comparison (%) be-
tween ABA-treated and nontreated plants in wild-type and two inde-
pendent amiR plants. Main root lengths were measured after 4-d-old
seedlings were transferred onto MS plates supplemented with ABA (10
mM) or without ABA for 4 d. Error bars represent SD (n = 3). Asterisks
indicate P , 0.01, as determined by Student’s t test.
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Supplemental Fig. S5A), substantially lower than wild-
type amiR seeds (55%–80%; Fig. 3A). Under these con-
ditions, germination of wild-type and rcn1-6 seeds was
100%. It is not clear why rcn1-6 seeds are ABA insensi-
tive, but the ABA-insensitive phenotype of rcn1-6 could
be reversed by reduced expression of AtPTPA. The ger-
mination of amiR (rcn1-6) seeds was almost completely
inhibited in the presence of 100 mM NaCl (Fig. 5A;
Supplemental Fig. S5B). Wild-type and rcn1-6 seeds were
able to germinate after 1 d and turned green after 3 d in
the presence of 100 mM NaCl, whereas the amiR (rcn1-6)
seeds could not germinate even after 5 d. The growth of
amiR (rcn1-6) seedlings was also more inhibited by can-
tharidin treatment than that of wild-type plants (Fig. 5A).
In the root-bending assay, the root length in amiR
(rcn1-6) plants was more inhibited than those of wild-
type and rcn1-6 plants even without NaCl treatment, and
root growth was completely stopped in amiR (rcn1-6)
plants exposed to 100 mM NaCl (Fig. 5, B and C). Simi-
larly, hypocotyl length was more strongly reduced in
amiR (rcn1-6) plants in comparison with wild-type and
rcn1-6 plants that were kept in darkness for 6 d (Fig. 5D).
In the presence of ACC, the hypocotyl lengths of amiR
(rcn1-6) plants were further reduced in comparison with
their length under normal conditions (Fig. 5D). These
data indicate that reduced expression of AtPTPA in the
rcn1-6 background further increases plant sensitivity to
ABA, salt, and ethylene, suggesting that reducing the
expression of AtPTPA in the rcn1-6 mutant further re-
duces PP2A activity.

PP2A Activity Was Reduced in amiR Plants

Based on the phenotypes displayed by amiR plants,
it is possible that AtPTPA deficiency leads to PP2A-
deficient phenotypes. To directly test if AtPTPA in-
fluences PP2A activity, we determined PP2A activity
in cellular extracts prepared from plants of different
genetic backgrounds. The results showed that reduc-
tion of AtPTPA transcript by 90% in wild-type plants
[lines amiR-6 (WT) and amiR-4 (WT) in Supplemental
Fig. S2] resulted in decreased PP2A activities to about
50% to 60% of the level in wild-type plants. This re-
duction in PP2A activity was similar to or somewhat
greater than that associated with the PP2A mutant
rcn1-6 (Fig. 6). Reduced expression of AtPTPA in the
rcn1-6 mutant background [lines amiR-1 (rcn1-6) and
amiR-2 (rcn1-6)] further reduced PP2A activities to
about 30% of the wild-type level. The lowest PP2A
activity was found in the rcn1-6mutant that was treated
with 10 mM cantharidin, which was even lower than that
found in the PP2A double mutant a1a2 (Fig. 6). These
results clearly indicate that AtPTPA is required for full
PP2A activity in Arabidopsis.

It was reported that ABI5, a transcriptional factor that
was negatively regulated by PP2A, could be detected at
both seed and seedling stages (Lopez-Molina et al., 2001;
Liu and Stone, 2010; Hu et al., 2014). Therefore, we mea-
sured the transcript of ABI5 and several ABI5-regulated

Figure 4. The amiR plants are more sensitive to salt, ethylene, and
cantharidin treatments than wild-type plants. A, Relative root lengths
of wild-type (WT), sos1-1 mutant, and two amiR plants in the wild-type
background in the absence or presence of 100 mM NaCl. B, Relative
hypocotyl lengths of wild-type, rcn1-6 mutant, amiR-4 (WT), amiR-6
(WT), and ein2-1 mutant plants in the absence or presence of 10 mM

ACC. Plants were grown in darkness for 6 d before measurement. The
mutant rcn1-6 was used as a negative control, and the mutant ein2-1 was
used as a positive control. C, Relative root lengths of wild-type, rcn1-6
mutant, amiR-4 (WT), and amiR-6 (WT) plants in the absence or presence
of the PP2A inhibitor cantharidin (Can; 10 mM). The mutant rcn1-6 was
used as a negative control. Error bars represent SD (n = 3). Asterisks in-
dicate P , 0.01, as determined by Student’s t test.
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genes at both stages in wild-type and amiR plants. The
ABI5 transcript levels were similar in both wild-type
and amiR plants in the presence or absence of ABA
(Supplemental Fig. S6, A and E). However, the three
ABI5 downstream genes, Responsive to dessication 29A
(RD29A), RD29B, andNine-cis-epoxycarotenoid dioxygenase3
(NCED3; Finkelstein and Lynch, 2000), were expressed at
higher levels in amiR plants when compared with those
in wild-type plants after ABA treatment at the seedling
stage (Supplemental Fig. S6, B–D). For ABI5-regulated
genes that were expressed in seed, RD29A, RD29B, and
Arabidopsis thaliana late embryogenesis abundant1 (AtEM1;
Finkelstein and Lynch, 2000) were expressed at higher
levels in amiR plants when compared with the level found
in wild-type plants after ABA treatment (Supplemental
Fig. S6, F–H). These results showed that while the ex-
pression of ABI5 transcripts was not affected in amiR
plants, ABI5-regulated gene expression was increased.
Since PP2A negatively regulates ABI5 activity (Hu et al.,
2014), these results could be interpreted to indicate that
reduced PP2A activity in amiR plants may be respon-
sible for the increased expression of ABI5 downstream
genes.

AtPTPA Is Required for PP2Ac Methylation

To understand how AtPTPA affects PP2A activity in
plants, we analyzed the effects of AtPTPA deficiency
on PP2A assembly and PP2A subunit modification. Re-
search in yeast and human systems suggests that PTPA
could change PP2A-C subunit conformation during
PP2A assembly (Fellner et al., 2003; Jordens et al., 2006).
The change in C subunit conformation could be a pre-
requisite for PP2A assembly or for C subunit modifi-
cation. Methylation on Leu-309 of PP2Ac is considered
to be essential for PP2A activation in eukaryotic cells
(Bryant et al., 1999; Wu et al., 2011). In Arabidopsis,
SBI1 encodes the enzyme responsible for methylating
PP2Ac, and it is also required for brassinosteroid sig-
naling (Wu et al., 2011). Therefore, we analyzed the
methylation status of PP2Ac in amiR plants.

A putative PP2Ac methylation mutant, sbi1-2
(Salk_079466), which has a T-DNA insertion into exon
4 of the SBI1 gene, was obtained from the Arabidopsis
Biological Resource Center (ABRC) at Ohio State
University. This mutant was characterized to ensure
that SBI1 is the key methylating enzyme for PP2Ac in
Arabidopsis. Genotyping PCR and semiquantitative

Figure 5. Reduced expression of AtPTPA in the rcn1-6 background by
the amiRNA technique leads to more sensitive phenotypes to ABA,
NaCl, cantharidin, and ACC treatments. A, Phenotypes of wild-type
(WT), rcn1-6 mutant, and three independent amiR plants in the rcn1-6
background, amiR-1 (rcn1-6), amiR-2 (rcn1-6), and amiR-3 (rcn1-6), in
the absence (MS) or presence of ABA, NaCl, and cantharidin (Can),
respectively. Measurements were taken 7 d after plants were moved to
MS plates supplemented without or with ABA (1 mM), NaCl (100 mM),
or cantharidin (10 mM). B, Phenotypes of wild-type, rcn1-6 mutant,
amiR-1 (rcn1-6), and amiR-2 (rcn1-6) plants in the absence or presence

of NaCl (100 mM). Photographs were taken 3 d after 4-d-old seed-
lings were transferred to MS plates without or with NaCl. C, Rel-
ative root lengths of wild-type, rcn1-6 mutant, amiR-1 (rcn1-6), and
amiR-2 (rcn1-6) plants shown in B in the absence or presence of NaCl.
D, Relative hypocotyl lengths of wild-type, rcn1-6 mutant, amiR-1
(rcn1-6), and amiR-2 (rcn1-6) plants in the absence or presence of ACC.
The measurements were taken 6 d after stratified seeds were moved to
room temperature in darkness with or without 10 mM ACC. Error bars
represent SD (n = 3). Asterisks indicate P , 0.01, as determined by
Student’s t test.
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reverse transcription-PCR experiments confirmed that
sbi1-2 is indeed a null allele of the SBI1 gene (Fig. 7,
A and B). The PP2A enzymatic assay indicated that
PP2A activity in sbi1-2 was significantly reduced rel-
ative to that in wild-type plants, to a level similar to
the PP2A activity found in rcn1-6mutant plants (Fig. 7C).
Thus, it appears that methylation in PP2Ac is required
for full PP2A activity. However, reduction in the ex-
pression of AtPTPA led to lower PP2A activity than
that found in sbi1-2 and rcn1-6 mutants (Fig. 7C). To
confirm the relationship between PP2Ac methylation
and PP2A activity, the methylation status of PP2Ac
was analyzed in the wild type, sbi1-2, and two wild-
type amiR plant lines. As expected, there was a com-
plete loss of PP2Ac methylation in the sbi1-2 mutant
(Fig. 7D). We also found significantly reduced PP2Ac
methylation in both amiR-4 (WT) and amiR-6 (WT)
plants (Fig. 7D). While some residual methylated PP2Ac
was detected in extracts from amiR plants, this could be
due to residual 10% AtPTPA transcripts found in amiR
plants (Supplemental Fig. S2). Because the steady-state
levels of the total PP2Ac in amiR plants remained un-
changed compared with those in wild-type plants, it
appears thatAtPTPA deficiency primarily affects PP2Ac
methylation.

Reduced PP2Ac Methylation Affects Plant Response to
ABA, NaCl, Cantharidin, and ACC

To examine if the loss of methylation in PP2Ac was
the reason for the altered responses to hormone and
salt stress in amiR plants, the response of the sbi1-2
mutant to ABA, NaCl, cantharidin, and ACC treatments

was studied. Under normal growth conditions, sbi1-2
mutant plants grew normally without apparent devel-
opmental defects when compared with wild-type plants
(Supplemental Fig. S4). A similar phenotype was reported
for the sbi1-1 allele (Wu et al., 2011). However, in response
to 10 mMABA or 100mMNaCl treatment, the reduction in
relative root length in the sbi1-2 mutant was greater than

Figure 6. Analysis of PP2A activity in wild-type, PP2A mutants, and
amiR plants. WT, The wild type; amiR-6 (WT) and amiR-4 (WT), two
independent amiR plants in the wild-type background; rcn1-6, pp2a-a1
mutant; rcn1-6 can10, pp2a-a1 mutant grown on MS plates containing
cantharidin (10 mM); a1a2, pp2a-a1/pp2a-a2 double mutant; amiR-1
(rcn1-6) and amiR-2 (rcn1-6), two independent amiR plants in the rcn1-6
mutant background. PP2A activity, defined as pmol phosphate released
per min per mg total proteins, was measured with plant materials grown
on MS medium for 6 d. Error bars represent SD (n = 3). Asterisks indicate
P , 0.01, as determined by Student’s t test.

Figure 7. Characterization of the sbi1-2 mutant and immunoblot
analysis for total and methylated PP2A-C subunits. A, Confirmation of
the sbi1-2 mutant. Genotyping PCR was used to verify the homozy-
gosity of the sbi1-2 mutant. LB, LP, and RP are three primers used in
PCR experiments. The LP+RP combination was used to amplify the
endogenous genomic SBI1 DNA fragment, whereas the LB+RP com-
bination was used to amplify a partial T-DNA sequence and a partial
SBI1 sequence in the T-DNA insertion mutant sbi1-2. B, Reverse
transcription-PCR experiment to verify that sbi1-2 is a null mutant.
ACTIN2 (ACT2) was used as the internal control. C, Analysis of PP2A
activity in wild-type (WT), sbi1-2 mutant, rcn1-6 mutant, and amiR-4
(WT) plants. Plants were grown on MS medium for 6 d before samples
were harvested for PP2A enzyme activity assay. Error bars represent SD

(n = 3). Asterisks indicate P , 0.01, as determined by Student’s t test.
D, Immunoblot analyses of steady-state levels of AtPTPA, total PP2Ac,
methylated PP2Ac, and PP2A-A subunits in sbi1-2 mutant, wild-type,
and amiR plants. Cytosolic glyceraldehyde-3-phosphate dehydrogenase
(GapC) was used as the protein loading control. The relative abundance
(compared with the wild type) for total PP2Ac , methylated PP2Ac, and
cytosolic glyceraldehyde-3-phosphate dehydrogenase is shown below
each band.
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that in wild-type plants (Fig. 8A). Similar results were
obtained when plants were treated with 10 mM cantharidin
or 10 mM ACC (Fig. 8, B and C). Although somewhat less
severe, the response of sbi1-2 plants under these con-
ditions was similar to that of amiR-4 (WT) and amiR-6
(WT) plants. While these results indicate that lack of
PP2Ac methylation alone may not be fully responsible
for all phenotypes observed in amiR plants, nevertheless,
reduced PP2Ac methylation in amiR plants is likely a
substantial contributing factor to their altered responses
to ABA, salt, and ACC.

AtPTPA Interacts with Both A and C Subunits

AtPTPA deficiency leads to reduced PP2Ac methyla-
tion, suggesting that AtPTPA either affects PP2A assem-
bly or PP2A subunit structures. To test these possibilities,
immunoprecipitation experiments were first performed.
Transgenic plants that express a GFP-AtPTPA fusion
protein were created (Supplemental Fig. S7) for the
analysis to determine if AtPTPA and PP2A interact with
each other in vivo. PP2A-A antibodies were used to im-
munoselect A subunit-interacting proteins from cellular
extracts of wild-type, rcn1-6, RCN1-yellow fluorescent
protein (YFP; Blakeslee et al., 2008), and GFP-AtPTPA
plants. AtPTPA- and PP2Ac-specific antibodies were
then used in the immunoblot experiments. As expected,
PP2A-A antibodies could immunoselect both AtPTPA
and C subunits (Fig. 9A). In a reciprocal experiment, a
glutathione S-transferase (GST)-AtPTPA fusion protein
was used to immunoselect AtPTPA-interacting proteins
from cellular extracts of wild-type and amiR-4 (WT)
plants. While both A and C subunits were immunose-
lected in these assays, more C subunits were immuno-
selected in amiR-4 (WT) plants than in wild-type plants
(Fig. 9B). Only a small amount of PP2A-C subunits was
detected, which agreed with earlier reports that the in-
teraction between PTPA and PP2A-C is weak (Fellner
et al., 2003).

PP2Ac Methylation and AtPTPA-PP2Ac Interaction Are
Both A Subunit Dependent

Since free PP2Ac has been shown to have much
higher activities against nonspecific substrates that
could have toxic effects on cells (Fellner et al., 2003;
Hombauer et al., 2007), PP2A-C subunits in eukaryotic
cells usually interact with regulatory proteins that in-
crease their specificity. For example, A subunits are
generally required to control the nonspecific activity of
PP2As (Ruediger et al., 1992; Hombauer et al., 2007).
Therefore, we investigated whether, like AtPTPA, A
subunits are required for PP2Ac methylation. To ad-
dress this question, the methylation status of PP2Ac in
the wild type, a1 mutant (rcn1-6), a2a3 double mutant,
and a1a2 double mutant was analyzed. A1 is the most
important A subunit in PP2A (Zhou et al., 2004), and
its loss in the rcn1-6mutant leads to a 50% reduction in

Figure 8. Phenotypes of wild-type, rcn1-6 mutant, sbi1-2 mutant, and
amiR plants after treatments with ABA, NaCl, cantharidin, and ACC.
A, Relative root lengths (%) of wild-type (WT), rcn1-6mutant, sbi1-2mutant,
and two amiR plants after treatments with ABA (10 mM) or NaCl (100 mM).
Four-day-old seedlings were transferred to MS plates containing no ABA or
NaCl or containing ABA or NaCl for 3 d before root length was measured.
B, Relative root lengths on MS plates containing no cantharidin or MS
plates containing cantharidin (Can; 2 and 10 mM) for 3 d before root length
was measured. C, Relative hypocotyl lengths on MS plates containing no
ACC or MS plates containing ACC (10 mM) for 3 d before root length was
measured. The ethylene-insensitive mutant ein2-1 was used as a positive
control for this assay. Error bars represent SD (n = 3). Asterisks indicate P ,
0.01, as determined by Student’s t test.
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the methylation of PP2Ac (Fig. 10A). A further loss
in the A2 subunit in the a1a2 background resulted in
reduction in PP2Ac methylation by 90%, a clear indica-
tion that A subunits are required for PP2Ac methylation.
Recent work by Stanevich et al. (2014) explored the
structural requirement of A subunits in the process of
methylating PP2Ac, corroborating our results that A
subunits are essential for PP2Ac methylation.

Interestingly, the total levels of C subunits in plant
cell extracts were not as much affected in a1a2 double
mutant seedlings, indicating that, in addition to A
subunits, other factors may be involved in binding C
subunits. Furthermore, although AtPTPA is required
for PP2Ac methylation, its deficiency in amiR plants
does not affect the abundance of C subunits in plant
cells (Fig. 7D). When PP2A-A antibodies were used to
pull down C subunits from extracts of various genetic
backgrounds, we found that the amount of C sub-
units bound to A subunits was not much different
among wild-type, sbi1-2, amiR-4 (WT), and amiR-6 (WT)
plants (Fig. 10B), indicating that the methylation status
of PP2Ac does not affect the binding of PP2Ac to A
subunits. In addition, when pull-down experiments
were performed with cellular extracts from the pp2a
mutants, rcn1-6, and a12/2a2+/2, less C subunit was
coselected with AtPTPA than from wild-type cellular
extracts (Fig. 10C), the opposite of what was observed
when cellular extracts of wild-type amiR plants (Fig. 9B)
were used. However, the steady level of PP2Ac in the
rcn1-6 mutant is similar to the PP2Ac level in wild-type
plants (Fig. 10A), indicating that AtPTPA may specifi-
cally bind to AC dimers, not to free PP2Ac. These data
also hint at the existence of a PP2A-A/AtPTPA/PP2Ac
complex in Arabidopsis.

AtPTPA Deficiency Reduces the Binding of B Subunits
to C Subunits

To examine the AtPTPA deficiency on PP2A holo-
enzyme assembly, protein-protein interactions be-
tween B subunits and C subunits were studied using
immunoselection experiments. We found that the B
subunits ATB9 h (At3g26020) and ATB9 g (At4g15415)
could bind to PP2Ac in cellular extracts from all ge-
netic backgrounds (Fig. 11). However, substantial dif-
ferences in their binding efficiency to C subunits were
seen. While substantial amounts of C subunit were
coselected with the ATB9 h B subunit from extracts of
wild-type plants, very little was recovered from ex-
tracts of the sbi1-2 plants (Fig. 11A). The amount of C
subunit immunoselected by ATB9 h from rcn1-6 mu-
tant and amiR-4 (WT) plant extracts was reduced rela-
tive to that from wild-type plants but greater than that
from the sbi1-2mutant. Comparison of the interaction of
ATB9 h in extracts from wild-type plants, in which most
C subunits are methylated, and sbi1-2 mutant plants,
which contain only unmethylated C subunits, indicates
that binding of ATB9 h to unmethylated C subunits is
very inefficient. Since both AtPTPA and A subunits are
required for PP2Ac methylation (Figs. 7 and 10), re-
duced methylation could explain why less C subunit is
immunoselected by ATB9 h in the rcn1-6 mutant and
amiR-4 (WT) plants (Fig. 11A).

The binding of ATB9 g to PP2Ac shows different
characteristics. Similar amounts of PP2Ac were coselected
from cellular extracts of sbi1-2 and wild-type plants
(Fig. 11B), indicating that this B subunit binds efficiently

Figure 9. AtPTPA interacts with PP2A-A and PP2A-C subunits. A, Immu-
noprecipitation experiments to demonstrate that PP2A-A subunits interact
with AtPTPA and PP2A-C subunits. PP2A-A antibodies were used as the
pulling antibodies, and AtPTPA antibodies and PP2Ac antibodies were
used in the western-blot experiments. Plant cellular extracts were from
the wild type (WT), the rcn1-6 mutant, RCN1-YFP-overexpressing
plants in the rcn1-1 background, and GFP-AtPTPA-overexpressing
plants. Extracts from GFP-AtPTPA-overexpressing plants, but no
pulling antibodies, were used as the negative control. Extracts from
GFP-AtPTPA-overexpressing plants were loaded directly for the
positive control on the blot. B, Pull-down experiments to demon-
strate that GST-AtPTPA interacts with PP2A-C and PP2A-A sub-
units. Glutathione-agarose beads were used as the pulling matrix,
and PP2Ac and PP2A-A antibodies were used in the western-blot
experiments. Cellular extracts from wild-type and amiR-4 (WT)
plants were used in pull-down experiments. GST alone was used
as a negative control for the pull-down experiments, and extracts
from the wild type were loaded directly in the western-blot ex-
periment. Coomassie Brilliant Blue staining of pull-down mixtures
is shown below.
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to both methylated and unmethylated C subunits. This
result helps to explain why the total loss of PP2Ac
methylation in sbi1-2 mutant plants does not eliminate
PP2A activity. This may also explain why the sbi1-2
mutant appears to be healthy under normal growth
conditions. In addition, both B subunits brought down
less PP2Ac from amiR plants than from wild-type
plants, indicating that AtPTPA is required for the in-
teraction between B and C subunits.

DISCUSSION

This study provides evidence that the PTPA ortholog
in Arabidopsis, AtPTPA, plays an essential role in plant
growth and development. First, AtPTPA is expressed in
most tissues analyzed, especially in flower, stem, and
roots (Fig. 1), suggesting that AtPTPA is likely required
for cellular metabolism in these tissues. Next, the re-
duction of AtPTPA expression using the amiRNA
technique caused pleiotropic phenotypic characteristics
in transgenic plants, including smaller plant size and
altered responses to ABA, NaCl, ACC, and cantharidin
(Figs. 2–5). Reduced PP2A activity in the pp2a-c2mutant
led to similar responses to NaCl treatments (Pernas
et al., 2007), and reduced PP2A activity in rcn1-6
mutant also led to similar responses to NaCl, ACC,
and cantharidin treatments (Larsen and Chang, 2001;
Kwak et al., 2002; Muday et al., 2006), indicating a
causal relationship between reduced PP2A activity and
increased sensitivity to NaCl, ACC, and cantharidin
treatments. The amiR plants created in this study also
had reduced PP2A activity (Fig. 6), indicating that, like
PTPA in human cells or RRD1 and RRD2 in yeast,
AtPTPA is directly involved in the regulation of PP2A
activity in Arabidopsis. More specifically, the results
presented here indicate that AtPTPA is required for
PP2Ac methylation (Fig. 7), and loss of PP2Ac methyl-
ation in the sbi1-2 mutant led to similar phenotypes to
those found in amiR plants (Fig. 8). However, the sbi1-2
mutant shows less severe phenotypes than wild-type
amiR plants, suggesting that AtPTPA functions up-
stream of SBI1. Furthermore, immunoselection assays
showed that AtPTPA could bring down both A and C
subunits (Fig. 9B), and the binding between AtPTPA
and PP2Ac is A subunit dependent (Fig. 10C). Further
immunoselection assays demonstrate that A subunits
are also required for PP2Ac methylation (Fig. 10A). Fi-
nally, we found that individual B subunits have different

Figure 10. Methylation of PP2A-C subunits is dependent on PP2A-A
subunits, and the protein-protein interaction between AtPTPA and
PP2A-C subunits is PP2A-A dependent. A, Western-blot analyses of
PP2A-A subunits, PP2Ac, methylated PP2Ac, and AtPTPA in the wild
type (WT), pp2a-a1 mutant (i.e. rcn1-6), pp2a-a2/pp2a-a3 double
mutant (a2a3), and pp2a-a1/pp2a-a2 double mutant (a1a2). Cytosolic
glyceraldehyde-3-phosphate dehydrogenase (GapC) was used as
the protein loading control. The relative abundance (compared
with the wild type) for total PP2Ac, methylated PP2Ac, and cytosolic
glyceraldehyde-3-phosphate dehydrogenase is shown below each
band. B, Immunoprecipitation analysis of protein-protein interaction
between PP2A-A subunit and PP2Ac. PP2A-A antibodies were used
as the pulling antibodies, and PP2Ac antibodies were used in the
western-blot experiment. Plant cellular extracts were from sbi1-2,
wild-type, amiR-6 (WT), and amiR-4 (WT) plants in the immuno-
precipitation experiment and cellular extracts (20 mg of proteins)
from wild-type plants were loaded directly in the western-blot ex-
periment. C, Pull-down experiments to show that the interaction

between AtPTPA and PP2A-C subunits is PP2A-A dependent.
Glutathione-agarose beads were used as the pulling matrix, and
PP2Ac and PP2A-A antibodies were used in the western-blot experi-
ments. Cellular extracts from wild-type, pp2a-a1 mutant (rcn1-6), and
pp2a-a1 pp2a-a1/PP2A-A2 pp2a-a2 mutant (a12/2a2+/2) plants were
used in pull-down experiments. GST alone was used as a negative
control for the pull-down experiments, and extracts from the wild type
were loaded directly in western-blot experiments. Coomassie Bril-
liant Blue staining of pull-down mixtures is shown below.
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affinities for methylated and unmethylated PP2Ac.
The ATB9 h subunit appears to bind specifically with
methylated PP2Ac, while binding of the ATB9 g
subunit appears to be methylation independent
(Fig. 11). The interactions between these two B subunits
and PP2Ac were much weaker in extracts from amiR
plants than from wild-type plants, indicating that
AtPTPA is required for B and C interaction in the
process of holoenzyme formation.

Based on these data, we propose that AtPTPA functions
as a critical regulator that controls PP2A holoenzyme
assembly (Fig. 12). In this capacity, AtPTPA changes
the conformation of the C subunit in the AC dimer so
that the C subunit can interact with a B subunit to form
a trimeric holoenzyme or allow the C subunit to be
methylated by SBI1 before being assembled into a tri-
meric holoenzyme (Fig. 12). The strength of enzyme
activity of the PP2A holoenzyme formed could depend
on whether the C subunit is methylated by SBI1.
AtPTPA participates in the PP2A assembly process after

the AC dimer is already formed, since AtPTPA defi-
ciency does not affect the interactions between A and C
subunits (Fig. 10B). In yeast, RRD1/RRD2 can bind to
inactive C subunits and promote PP2A holoenzyme
assembly (Fellner et al., 2003; Hombauer et al., 2007).
Our immunoselection experiments also detected protein-
protein interaction between AtPTPA and C subunits.
Interestingly, AtPTPA showed the strongest PP2Ac
precipitation from cellular extracts of amiR-4 (WT)
plants (Fig. 9B) and the weakest from cellular extracts
of the pp2a-a1 mutant (Fig. 10C). We hypothesize that,
because the binding of PTPA to PP2Ac is A subunit
dependent, fewer C subunits are associated with A
subunits in the pp2a-a1 mutant; therefore, less PP2Ac
was precipitated in the cellular extracts of rcn1-6 or
a12/2a2+/2 mutants (Fig. 10C). In amiR-4 (WT) plants,
more PP2Ac is associated with A subunits that could
not be assembled into PP2A holoenzyme; therefore,
more PP2Ac was precipitated by AtPTPA compared
with extracts from wild-type plants. Our immuno-
selection experiments with B subunits, ATB9 h and
ATB9 g, show that the interactions between B subunits
and C subunits are AtPTPA dependent, and less func-
tional PP2Ac is available in amiR plants (Fig. 11). This
model suggests that there is an intermediate complex,
PP2A-A/PP2A-C/AtPTPA, between an AC dimer whose
phosphatase activity is unknown and the AC dimer that
is committed to become a PP2A holoenzyme (Fig. 12).
The final PP2A enzyme formed, however, could have
higher or lower PP2A activities, depending on whether or
not the C subunit is methylated.

Free PP2A-C subunits could pose serious risks to
cellular metabolism, since they possess high, promiscuous
activities in vitro (Mumby et al., 1985; Tung et al., 1985).
Thus, C subunits are usually associated with a regulatory
protein such as PP2A-A subunit (Ruediger et al., 1992) or
2A phosphatase-associated protein of 46 KD (Hu et al.,
2014) to prevent such potential toxic activity. AtPTPA

Figure 11. Pull-down experiments to show differential binding of PP2A-
B subunits to PP2Ac. A, The PP2A-B subunit ATB9 h preferentially binds
to methylated PP2Ac. B, The PP2A-B subunit ATB9 g binds to both
methylated and unmethylated PP2Ac. Cellular extracts from sbi1-2,
rcn1-6, wild-type (WT), and amiR-4 (WT) plants were used in the pull-
down experiments, and PP2Ac antibody was used in the western-blot
experiment. Cellular extracts from the wild type were loaded in the
western-blot analysis. Coomassie Brilliant Blue staining of pull-down
mixtures is shown below. The relative abundance (compared with the
wild type) for total PP2Ac is shown below each band.

Figure 12. Model of the function of AtPTPA in the assembly of the
PP2A holoenzyme in plants. AtPTPA, together with an A subunit of
PP2A, binds to a PP2A-C subunit and converts it into a form that can
accept a B subunit or be methylated by SBI1 before accepting a B
subunit. The PP2A holoenzyme containing a methylated C subunit is
more active (higher activity) than the one with a C subunit without
methylation (lower activity).
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appears to be a critical regulator that commits the AC
dimer to the formation of a PP2A holoenzyme. Therefore,
regulation of AtPTPA expression could determine where
and how much PP2A holoenzyme can be formed. Re-
duced expression of AtPTPA leads to severe defects in
plant development and plant responses to ABA, ethylene,
and salt. It is not clear why rcn1-6 plants display an ABA-
insensitive phenotype. Kwak et al. (2002) proposed that
RCN1 might serve as a general transducer at the early
ABA signaling pathway and that the rcn1-6 mutation
impaired ABA-induced stomata closing. RCN1 also may
interact with unknown proteins that function upstream of
PP2A in ABA signaling, as AtPTPA deficiency reduced
PP2A activity and reversed the ABA-insensitive pheno-
type of the rcn1-6 mutant (Fig. 5A). Nevertheless, like the
pp2a-c2 mutant, rcn1-6 mutant plants also have reduced
PP2A activity and increased sensitivity to salt (Pernas
et al., 2007). Taken together, these data indicate that
AtPTPA is an important factor in the assembly of the fully
functional PP2A holoenzyme.
PP2Ac methylation is common among eukaryotes,

and approximately 50% to 90% of PP2A-C subunits are
found to be methylated in eukaryotic cells. Demethy-
lated PP2A-C subunits were shown to be less compe-
tent for binding to some regulatory B subunits (Wu
et al., 2000). In plants, more than 80% of PP2Ac is
methylated to ensure high specific activity for partic-
ular substrates (Wu et al., 2011). The sbi1-1 mutant is
completely devoid of methylated PP2Ac, yet the mu-
tant is relatively healthy under normal conditions (Wu
et al., 2011). In the knockout mutant sbi1-2, total PP2A
activity drops by 30% (Fig. 7C), indicating that PP2Ac
methylation affects PP2A activity. Furthermore, PP2Ac
methylation affects its subcellular localization and ter-
minates activated brassinosteroid signaling (Wu et al.,
2011), indicating that PP2Ac methylation also plays a
role in the signaling pathway of this plant hormone. On
the other hand, a1a2 double mutant plants had sig-
nificantly less methylated PP2Ac and reduced levels
of total PP2Ac, suggesting that A subunits are not just
required for methylating PP2Ac but also are essential
for maintaining the steady-state levels of total PP2Ac
in plant cells.
The function of AtPTPA goes beyond the methyla-

tion of PP2Ac. Its main function is to convert PP2Ac
into a form that can accept B subunits. A small fraction
of PP2Ac exists in this form in wild-type plants, but it
accumulates in sbi1 mutant plants. There is no meth-
ylated PP2Ac in the sbi1-2 mutant plants, but residual
PP2Ac methylation remains in amiR plants. However,
sbi1-2 plants share similar, but less severe, phenotypes
in response to hormone and salt treatments when
compared with amiR plants. Mutant sbi1-2 plants had
70% of the total PP2A activity of wild-type plants,
while amiR plants had only 50% to 60% of the PP2A
activity found in wild-type plants (Fig. 6). In addition,
even though sbi1-2 resembles rcn1-6 in terms of plant
size and fertility, amiR plants display far more severe
developmental defects, including dwarf size and re-
duced fertility. These observations indicate to us that

the loss of PP2Ac methylation may not be the sole
reason for the reduced PP2A activity in amiR plants.
Despite their low abundance, some active PP2As in
plants must have C subunits that are not methylated.
In sbi1-2 mutant plants, complete loss of PP2Ac meth-
ylation only led to about 30% reduction in PP2A ac-
tivity, but the total PP2Ac level was unchanged. This
supports our assertion that unmethylated PP2Ac is still
active in the sbi1-2 mutant but is likely to be less active
than the methylated form. Moreover, amiR plants had a
greater reduction of PP2A activity than the sbi1-2 mu-
tant, supporting the idea that AtPTPA is required for
the transformation of PP2Ac into an intermediate form
before being assembled into a functional trimeric enzyme,
regardless of its final methylation status.

PP2A activity is likely to be controlled by several
factors. The first is the abundance of PP2Ac proteins.
Overexpression of PP2A-C2 was shown to increase
PP2A activity in transgenic plants by 40% (Pernas
et al., 2007). Even though the relationship between
activity and protein abundance is not strictly linear, it
does suggest that PP2Ac protein abundance is a con-
tributing factor for PP2A activity in vivo. The second
factor is the modifications at the C-terminal end of
PP2A-C subunits (PP2Ac methylation), as discussed
here. The third factor is the abundance of PP2A-A
subunits, since loss of the PP2A-A1 subunit (RCN1)
leads to the loss of PP2Ac methylation and the steady-
state levels of PP2A-C subunits (Fig. 10). The fourth fac-
tor, and perhaps the most important one, is AtPTPA,
which is critical in the formation of the AC dimer that can
bind to a B subunit to become a trimeric holoenzyme.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) T-DNA insertion mutant rcn1-6
(Blakeslee et al., 2008) and a12/2a2+/2 and a2a3 mutants (Zhou et al., 2004)
were kindly provided by Dr. Alison Delong. The sos1-1 mutant (Shi et al.,
2000) was a kind gift from Dr. Huazhong Shi, and the ein2-1 mutant (Alonso
et al., 1999) and the sbi1-2 mutant were obtained from the ABRC (stock no.
CS3071 and Salk_079466, respectively). Seeds were surface sterilized with 75%
(v/v) ethanol for 1 min and then kept in 15% (v/v) bleach for 5 min, followed
by rinsing in sterilized distilled water for 5 min. After being kept in the dark at
4°C for 3 d, seeds were transferred onto 0.53 MS medium (0.8% [w/v] agar,
0.53 MS salts, 1% [w/v] Suc, and 0.5 g L21 MES, pH 5.7) and grown under
constant light at room temperature.

Construction of Transforming Vectors and
Arabidopsis Transformation

For PAtPTPA::GUS transgenic plants, a 1.7-kb fragment of AtPTPA’s 59 se-
quence was PCR amplified with the primers proPTPA-F1 and proPTPA-R1
(Supplemental Table S1), digested with HindIII and BamHI, and then cloned
into the binary vector pBI121 (Jefferson et al., 1987) to replace the cauliflower
mosaic virus 35S promoter using the same HindIII/BamHI sites. Wild-type
Arabidopsis plants were transformed with the vector made above by using
the floral dip transformation method (Clough and Bent, 1998). Primary
transgenic plants were selected on 0.53 MS medium containing 30 mg mL21

kanamycin, and 30 independent transgenic plants were obtained. Eight
single-copy T-DNA insertion lines were selected for further propagation
until homozygous lines were obtained at the T3 generation before proceeding to
histochemical staining analyses.
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To create amiR plants, an amiRNA was created using the primers amiR-I,
amiR-II, amiR-III, and amiR-IV (Supplemental Table S1) and then cloned into
the binary vector pFGC5941 at the AscI and BamHI sites (the vector was or-
dered from the ABRC; stock no. CD3-447). The recombinant binary vector was
then transformed into Agrobacterium tumefaciens strain GV3101 and introduced
into wild-type plants through the floral dip transformation method (Clough
and Bent, 1998). Putative transformants were selected on 0.53 MS plates
containing 50 mg mL21 Basta; 46 independent transgenic plants were obtained,
and eight lines with strong phenotypes were selected for further analyses until
homozygous lines were obtained after the T3 generation. Then, three selected
homozygous lines, amiR-4 (WT), amiR-6 (WT), and amiR-10 (WT), were used
for AtPTPA transcript analysis using RNA-blot and qRT-PCR techniques. The
same amiRNA construct was transformed into the rcn1-6 mutant, and 30 in-
dependent transgenic plants were obtained, among which three homozygous
lines that displayed strong phenotypes, amiR-1 (rcn1-6), amiR-2 (rcn1-6), and
amiR-3 (rcn1-6), were selected for detailed characterization.

For GFP-AtPTPA transgenic plants, a cDNA fragment coding for a full-
length AtPTPA was amplified with primers ox-PTPA-F and ox-PTPA-R and
then cloned into the pBI121-GFP intermediate vector (Shen et al., 2010) at the
BamHI and SacI sites. Wild-type plants were transformed with the floral dip
transformation method (Clough and Bent, 1998) using the GFP-AtPTPA vector
created, and putative transformants were selected on MS plates containing
30 mg mL21 kanamycin. There were 30 independent transgenic plants obtained,
and five high-expression/single-copy T-DNA insertion lines were selected for
further analyses.

Histochemical Staining of PAtPTPA::GUS Transgenic Plants

Three-day-old seedlings, 6-d-old seedlings, and other tissues from 5-week-old
plants of PAtPTPA::GUS homozygous transgenic lines were submerged into
the GUS staining solution [100 mM sodium phosphate, pH 7, 0.1% (v/v)
Triton X-100, 10 mM EDTA, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, and 1 mM

5-bromo-4-chloro-3-indolyl glucuronide] and kept at 37°C for 24 h before
removing the chlorophylls with 95% (v/v) ethanol. Images of stained seedlings
were taken using a microscope connected to a digital camera, and other images
of stained tissues were captured with the Nikon D50 6.1 MP Digital SLR
Camera.

Hormone, NaCl, and Cantharidin Treatments

For the seed germination test, seeds were plated in 0.53 MS medium
supplemented with different concentrations of ABA (1, 2, and 5 mM). Seeds
were counted as germinated based on protrusion of the radicle. For the root
elongation test in different hormone or salt stress treatments, 4-d-old seedlings
grown on 0.53 MS medium were transferred onto medium supplemented
with one of the following compounds: 10 mM ABA, 100 mM NaCl, 2 mM

cantharidin, and 10 mM cantharidin. Seedlings were allowed to grow for an
additional 3 or 4 d before root length was measured. For the root-bending
test on NaCl-containing medium, similar procedures were followed as above,
but the seedlings were grown upside down. For the hypocotyl elongation test,
seeds were grown onmedium supplemented with or without 10 mM ACC. These
plants were allowed to grow vertically for 6 d in darkness at room temperature
before hypocotyl length was measured.

RNA Isolation, RNA-Blot Analysis, and qRT-
PCR Experiments

Plant samples were harvested, immediately frozen in liquid nitrogen, and
kept in a 280°C freezer before use. Total RNAs were isolated using the Trizol
reagent from Invitrogen according to the manufacturer’s protocol. Precipitated
RNA samples were dissolved in water, the concentration of total RNAs was
measured using Nanodrop-1000 equipment from Thermo Scientific, and
all RNA samples were normalized to a concentration of 1 mg mL21 before use.
For RNA-blot analysis, 10 mg of total RNAs of each sample was separated
on a denatured agarose gel and transferred onto a nylon membrane. The
32P-labeled DNA probes were prepared using a random priming kit
(DECAprime II) from Life Sciences according to the manufacturer’s protocol
with the full-length cDNA of AtPTPA and ACTIN2 as templates. Hybridiza-
tion and washing conditions were conducted as reported previously (Shen
et al., 2010). The results of RNA blots were captured using the Storm 860
Molecular Imager from GE Healthcare. For qRT-PCR, 2 mg of total RNAs was

first reverse transcribed using the SuperScript VILO cDNA Synthesis Kit from
Invitrogen according to the manufacturer’s protocol. The qRT-PCR and data
processing was performed with the Applied Biosystems 7500 Real-Time PCR
System. The primers for qRT-PCR analysis of AtPTPA, ABI5, and the internal
control gene ACTIN8 were PTPA-F and PTPA-R, ABI5-F and ABI5-R, and
Actin8-F and Actin8-R, respectively. To analyze ABI5 downstream gene ex-
pression in wild-type and amiR plants, the following oligonucleotide pairs
were used: AtEM1-F and AtEM1-R, RD29A-F and RD29A-R, RD29B-F and
RD29B-R, and NCED3-F and NCED3-R. The sequence information for qRT-PCR
is listed in Supplemental Table S1.

Characterization of the sbi1-2 Mutant

Because the sbi1-1 mutant is not in the Columbia ecotype, we obtained
another sbi1 mutant from the ABRC that is in the Columbia background. This
new T-DNA insertion mutant, with accession number Salk_079466, was
named sbi1-2. We used oligonucleotide primers LP and RP to amplify the
endogenous genomic DNA of SBI1 from wild-type plants and primers LB and
RP to amplify partial T-DNA-specific sequence and partial endogenous ge-
nomic DNA of SBI1 from the sbi1-2 mutant (Fig. 7A). We used oligonucleotide
primers SBI1-RTF and SBI1-RTR to amplify cDNA reverse transcribed from
the SBI1 transcript in both the wild type and the sbi1-2 mutant (Fig. 7B). The
sequence information on oligonucleotide primers is provided in Supplemental
Table S1.

Preparation of GST Fusion Proteins and
AtPTPA Antibodies

The full-length cDNAs of AtPTPA, ATB9 h, and ATB9 g were am-
plified from an Arabidopsis cDNA library with primers GST-PTPA-F1
and GST-PTPA-R1, GST-ATB9 h-F and GST-ATB9 h-R, and GST-ATB9 g-F and
GST-ATB9 g-R (Supplemental Table S1) and then subcloned into the protein
expression vector pGSTag (Ron and Dressler, 1992) to make the recombinant
vectors pGST-AtPTPA, pGST-ATB9 h, and pGST-ATB9 g for protein expression
in bacterial cells. The Escherichia coli strain BL21 harboring these constructs were
grown in Luria-Bertani medium supplemented with 100 mg mL21 ampicillin
at 37°C until its density, measured as optical density at 600 nm, reached 0.4.
Isopropyl b-D-1-thiogalactopyranoside was then added into the medium to a
final concentration of 1 mM for protein induction for 4 h before cells were
harvested. Cells were then centrifuged at 5,000g for 10 min and washed
three times with phosphate-buffered saline (pH 7.3). Crude protein extracts were
obtained through sonication using the Ultrasonic Processor from Cole-Parmer.
GST fusion proteins were then purified from crude extracts with glutathione-
agarose beads from Sigma according to the manufacturer’s protocol. The puri-
fied GST-AtPTPA fusion proteins were treated with protease thrombin to release
the full-length AtPTPA protein from beads before it was sent to Sangon Biotech
for antibody production. The AtPTPA antibodies made by Sangon Biotech could
detect a clear band from 5 mg of leaf cellular extracts in western-blot analysis
(Supplemental Fig. S8A).

Protein Extraction and Immunoblot Analysis

Plant samples were harvested in liquid nitrogen and kept in a280°C freezer
before use. The samples were first ground into fine powder and then resuspended
thoroughly in the extraction buffer (50 mM NaPO4, pH 7, 1 mM EDTA, and 0.1%
[v/v] Triton X-100). The crude extracts were then centrifuged at 13,000g for 10 min
at 4°C. The supernatants were transferred to a fresh tube. Protein concentration
was determined using the method of Bradford (1976).

For immunoblot analysis, 20 mg of total cellular proteins was denatured in
23 SDS loading buffer (62.5 mM Tris-Cl, 1% [w/v] SDS, 10% [v/v] glycerol,
100 mM dithiothreitol [DTT], and 0.01% [w/v] Bromphenol Blue, pH 6.8) and
then separated on a 12% SDS (w/v) polyacrylamide gel. Rabbit polyclonal
antibodies for AtPTPA and cytosolic glyceraldehyde-3-phosphate dehydrogenase
were used to detect their respective antigens in a dilution of 1:2,000. PP2A-A3
antibodies, made in our laboratory (Hu et al., 2014), were used in a dilution of
1:1,500. Both PP2Ac total antibody and PP2Ac methylation-specific antibody
were purchased from EMD (catalog nos. 07-324 and 04-1479) and were used in a
dilution of 1:1,000. Both commercial antibodies were used previously byWu et al.
(2011) to study the sbi1-1mutant. In our hands, these two antibodies could detect
PP2Ac from 5 mg of total cellular protein extracts (Supplemental Fig. S8B). The
specificity of PP2Ac methylation antibody was also tested using the base washing
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method (Wu et al., 2011). Before being washed extensively, the protein blots were
first treated with or without NaOH (0.2 N) for 30 min, then probed with PP2Ac
methylation antibody and PP2Ac total antibody (Supplemental Fig. S8C). The
conditions for immunoblotting and color development were as described previ-
ously (Shen et al., 2010).

Coimmunoprecipitation and
Immunoselection Experiments

For immunoprecipitation analysis, 6-d-old seedlings were harvested,
ground into fine powder in liquid nitrogen (100 mg of each sample), and then
mixed with 200 mL of cold immunoprecipitation buffer (50 mM Tris, pH 7.5,
100 mM NaCl, 10% [v/v] glycerol, with freshly made protease inhibitors, 1 mM

leupeptin and 2 mM pepstatin A, and 1 mM phenylmethylsulfonyl fluoride;
Isono and Schwechheimer, 2010) and kept on ice for 20 min. The extraction
solution was then centrifuged at 13,000g for 20 min at 4°C. The supernatant
was transferred to a fresh tube. The protein concentration was determined
using the Bio-Rad protein assay system (Bradford, 1976). The protein con-
centration was adjusted to a final concentration of 2 to 3 mg mL21, and 1 mg of
total proteins was typically used for each immunoprecipitation. Ten microliters
of PP2A-A antibodies was added into the extracts and kept rotating for 2 h at
4°C, followed by adding 50 mL of prewashed protein A-agarose beads. After
another 2 h rotating in 4°C, the agarose-immune complex were then precipi-
tated at 6,000g for 1 min and washed three times in cold immunoprecipitation
buffer. The pellets were mixed with 23 SDS sample loading buffer (62.5 mM

Tris-Cl, 1% [w/v] SDS, 10% [v/v] glycerol, 100 mM DTT, and 0.01% [w/v]
Bromphenol Blue, pH 6.8). The samples were then boiled for 10 min and
centrifuged at 13,000g for 1 min to remove the protein A-agarose beads. The
samples were resolved by 12% SDS-PAGE and subjected to immunoblot analysis.

For immunoselection experiments, 1 mg of total protein extracts with a
concentration of 1 mg mL21 from different genetic backgrounds was applied to
glutathione-agarose beads that bind to GST fusion proteins. After 2 h of ro-
tation at 4°C, the beads were washed three times with phosphate-buffered
saline (pH 7.4) for 10 min each. The beads were centrifuged at 13,000g for
2 min and then boiled in 13 SDS loading buffer for 5 min before being sep-
arated by 12% (w/v) SDS-PAGE.

PP2A Activity Assay

Protein extracts from 6-d-old seedlings under normal growth conditions
were used for PP2A activity assay. The commercial kit for PP2A activity assay,
the Ser/Thr Phosphatase Assay System from Promega, was used in this study.
The procedure for the PP2A assay as outlined by the manufacturer’s instruction
manual was followed by using the phosphorylated polypeptide RRA(pT)VA
as substrate. In addition, a chelator of divalent ions (EDTA) was included in
the protein phosphatase reaction buffer (50 mM Tris-HCl, pH 7, 0.1 mM

Na2EDTA, 5 mM DTT, and 0.01% [w/v] Brij 35) to inhibit the activity of PP2C
and other divalent-dependent phosphatases. Protein Phosphatase Inhibitor 2
from New England Biolabs was also supplemented in the reaction buffer to
specifically inhibit the activity of PP1. PP2A activity was defined as pmol
phosphate released from the substrates per min per mg total protein. Three
independent experiments were conducted.

Sequence information for genes used in this article can be found in the
Arabidopsis Genome Initiative database with the following accession numbers:
At4g08960 (AtPTPA), At1g25490 (RCN1), At3g25800 (PP2A-A2), At1g13320
(PP2A-A3), At1g02100 (SBI1), At3g26020 (ATB9 h), At4g15415 (ATB9 g), At2g01980
(SOS1), and At5g03280 (EIN2).
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mutant, and three independent amiR (rcn1-6) plants and Western blot
analyses of AtPTPA and PP2Ac in rcn1-6 mutant and two independent
amiR (rcn1-6) plants.

Supplemental Figure S4. Phenotypes and leaf numbers of the wild type
and various mutants and transgenic plants.

Supplemental Figure S5. Germination rates of wild-type, rcn1-6, and amiR
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plants.
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