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TAP46 is a protein phosphatase2A (PP2A)-associated protein that regulates PP2A activity in Arabidopsis (Arabidopsis thaliana).
To study how PP2A is involved in abscisic acid (ABA) signaling in plants, we studied the function of TAP46 in ABA-regulated
seed maturation and seedling development. Expression of TAP46 coincides with the action of ABA in developing seeds and
during seed germination, and the TAP46 transcript reaches to the highest level in mature seeds. Real-time polymerase chain
reaction analysis indicates that external ABA can increase TAP46 transcript level transiently during seed germination.
Overexpression of TAP46 increases plant sensitivity to ABA, while tap46 knockdownmutants are less sensitive to ABA during seed
germination, suggesting that TAP46 functions positively in ABA signaling. Overexpression of TAP46 also leads to lower PP2A
activity, while tap46-1 knockdown mutant displays higher PP2A activity, suggesting that TAP46 negatively regulates PP2A activity
in Arabidopsis. Both TAP46 and PP2A interact with the ABA-regulated transcription factor ABA INSENSITIVE5 (ABI5) in vivo,
and TAP46’s binding to ABI5 can stabilize ABI5. Furthermore, TAP46’s binding to the phosphorylated ABI5 may prevent PP2A or
PP2A-like protein phosphatases from removing the phosphate from ABI5, thereby maintaining ABI5 in its active form.
Overexpression of TAP46 and inhibition of activities of PP2A or PP2A-like protein phosphatases can increase transcript levels of
several ABI5-regulated genes, suggesting that TAP46 is a positive factor in the ABA-regulated gene expression in Arabidopsis.

The phytohormone abscisic acid (ABA) plays critical
roles in many physiological processes that include seed
maturation, dormancy, and germination and in plant
response to abiotic and biotic stresses such as drought,
salt, cold, and pathogen infections (Koornneef et al.,
1998; Finkelstein et al., 2002, 2008; Ton et al., 2009).

The major ABA signal transduction pathway in seed
development involves four basic components: ABA re-
ceptors (PYR/PYL/RCAR), phosphatases of the protein
phosphatase 2C (PP2C) family, kinases of the SNF1-
related kinase2 (SnRK2) family, and transcription fac-
tors (ABA-responsive element-binding factor [ABF2];
Cutler et al., 2010). TheABA/receptor complex inhibits
the activity of PP2C, which allows three SnRK2s to
phosphorylate transcription factors, thereby activating
downstream genes (Cutler et al., 2010). However, the
ABA signaling pathway in guard cell closure is slightly
different, as the last step in this pathway involves channel
proteins instead of transcription factors (Hua et al., 2012).

For example, the S-type anion channel protein SLAC1 (for
SLOW ANION CHANNEL-ASSOCIATED PROTEIN1)
on the guard cell plasma membrane is phosphorylated
and activated, upon ABA stimulation,by several kinases
such as OPEN STOMATA1 (SnRK2.6), GUARD CELL
HYDROGENPEROXIDE-RESISTANT1, and the calcium-
dependent protein kinases, which leads to Cl– ion efflux
from guard cells, resulting in stomatal closure (Mori et al.,
2006;Geiger et al., 2010;Brandt etal., 2012;Huaet al., 2012).

Early genetic studies identified several ABA insensi-
tive loci, such as abi1, abi2, abi3, abi4, and abi5 (Koornneef
et al., 1984; Finkelstein, 1994), and these genes have been
assigned functions in the ABA signaling pathways. For
example, ABI1 and ABI2 encode PP2Cs (Leung et al.,
1994;Meyer et al., 1994) thatnegatively regulate activities
of three SnRK2s in the absence of ABA and become in-
active upon binding to ABA/ABA receptor complex
(Cutler et al., 2010). The other three genes, ABI3, ABI4,
andABI5 encode transcription factors that function in the
last step in this ABA signaling pathway, and all three
genes play important roles in seed maturation and
seedling development (Finkelstein et al., 2002, 2008). For
example, mutations at the ABI3 locus result in reduced
seed dormancy and decreased sensitivity to exogenous
ABA (Giraudat et al., 1992). Loss-of-function mutants of
ABI4 and ABI5 display insensitivity to ABA in seed ger-
mination and seedling development (Finkelstein et al.,
1998; Finkelstein and Lynch, 2000; Lopez-Molina and
Chua, 2000).

PP2A belongs to a major Ser/Thr phosphatase family
in eukaryotic cells, and it plays crucial roles in numerous
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signaling pathways in animals and plants by regu-
lating the dephosphorylation to affect the substrate
conformation, cellular localization, activity, or stabil-
ity (Janssens and Goris, 2001; País et al., 2009). The
PP2A holoenzyme is composed of three subunits: the
scaffolding subunit A that brings together the regula-
tory subunit B and the catalytic subunit C. There are
three A genes, 17 B genes, and five C genes for PP2A
subunits in Arabidopsis (Arabidopsis thaliana; Farkas et al.,
2007). The five PP2A catalytic subunit genes are classified
into two subfamily groups (Farkas et al., 2007; País et al.,
2009): subfamily I, including PP2A-C1, PP2A-C2, and
PP2A-C5, and subfamily II, including PP2A-C3 and
PP2A-C4. Overexpression of PP2A-C2 decreases ABA
sensitivity and alters plant response to drought, high salt,
and sugar stresses, indicating that this subunit is nega-
tively involved in ABA signaling (Pernas et al., 2007). Our
early study indicated that ubiquitylation of the A sub-
units of PP2A by the E3 ligase AtCHIP (for Arabidopsis
thaliana carboxy terminus of Hsc70-interacting protein)
increases PP2A activity in Arabidopsis, which leads to
increased ABA sensitivity, an indication that PP2A is
positively involved in ABA signaling (Luo et al., 2006).
The different roles of PP2A in ABA signaling might be
due to the actions of different B or C subunits involved.

The TAP46 protein was initially identified as an
interacting protein of the PP2A-C1 subunit in Arabi-
dopsis (Harris et al., 1999). Earlier studies indicated that
TAP46 homologs Tap42 and a4were regulators of PP2A
in yeast (Saccharomyces cerevisiae) and human, respec-
tively (Di Como and Arndt, 1996; Murata et al., 1997;
Nanahoshi et al., 1998). The yeast Tap42 is an essential
regulator in the Target of Rapamycin (TOR) signaling
pathway by directly associating with PP2A and SIT4, a
type 2A-related phosphatase initially defined from
characterizing a temperature-sensitive mutant4 [sit4] in
yeast (Di Como and Arndt, 1996). Under conditions of
nutrient deficiency or rapamycin treatment, dephos-
phorylated Tap42 releases PP2A-C and/or SIT4, which
allows PP2A and SIT4 to dephosphorylate downstream
substrates such as GLN3 and NPR1 (Crespo and Hall,
2002; Düvel and Broach, 2004). However, under condi-
tions of sufficient nutrient or absence of rapamycin,
Tap42 is phosphorylated by the TOR kinase, which en-
ables Tap42 to bind the C subunit of PP2A and SIT4,
thereby inhibiting the activities of PP2A or PP2A-like
protein phosphatase (PP2A-L; Crespo and Hall, 2002;
Düvel and Broach, 2004).

Thea4proteinwas initially identifiedasaB-cell receptor
associated protein in human (Inui et al., 1995), and later it
was found to interact with PP2A catalytic subunits and
other PP2A-LS such as PP4 and PP6 (Murata et al., 1997;
Chen et al., 1998). In the absence of a4, total cellular PP2A
activity decreased by more than 70% (Kong et al., 2009).
Furthermore, loss of function in the a4 gene led to degra-
dation of PP2A catalytic subunits, PP4, and PP6, whereas
overexpression of the a4 gene could prevent the degra-
dation of phosphatases and stabilize these phosphatases,
indicating that a4 plays a critical role in stabilizing PP2A,
PP4, and PP6 in animal cells (Kong et al., 2009).

Recently, Ahn et al. (2011) provided important in-
formation on the functions of TAP46 in Arabidopsis.
They demonstrated that TAP46 is essential for plant
growth and development, because loss of function in
TAP46 by using virus-induced gene silencing or RNA
interference (RNAi) could lead to programmed cell
death in tobacco (Nicotiana tabacum) and Arabidopsis.
More importantly, they demonstrated that TAP46 could
be phosphorylated by the TOR kinase, and TAP46 is
a critical regulator in the TOR signaling pathway in
Arabidopsis, similar to what was found in the yeast
system (Di Como and Arndt, 1996). Their work indi-
cated that the TAP46-involved TOR signaling pathway
is conserved in plants.

In this study, the function of TAP46 in ABA-regulated
developmental processes was analyzed. We found that
TAP46 is highly expressed in seeds and is induced by
ABA. Overexpression of TAP46 decreases PP2A activity
and increases ABA sensitivity in seed germination,
whereas down-regulation of TAP46 leads to increased
PP2A activity and decreased ABA sensitivity in seed
germination. Furthermore, TAP46 interacts with ABI5
in vivo, and overexpression of TAP46 leads to higher
abundance of ABI5 in both free form and phosphory-
lated form, with the concomitant increase in the tran-
script levels of many downstream genes of ABI5. Our
data indicate that TAP46 is a positive regulator in ABA-
regulated gene expression. More specifically, TAP46
might function antagonistically with PP2A or PP2A-LS
on ABI5 and is required for ABI5 stability in vivo. So, in
addition to what was known about TAP46’s important
role in the TOR signaling pathway in plants (Ahn et al.,
2011), TAP46 also plays important roles in the ABA
signaling pathway.

RESULTS

TAP46 Is a Negative Regulator in Seed Germination

To further study the function of TAP46 (At5g53000)
in Arabidopsis, we analyzed two transfer DNA (T-DNA)
insertion mutants: tap46-1 and tap46-2. Genotyping
PCR experiments confirmed that the T-DNA was
inserted into the promoter region of the TAP46 gene
(Fig. 1, A to C), and these T-DNA insertions led to
decreased transcript level in both mutants according to
the result of reverse transcription (RT)-PCR analysis
(Fig. 1D). To analyze the consequence of gain of func-
tion, we overexpressed TAP46 by placing TAP46 under
the control of a strong promoter, i.e. the 35S promoter
from Cauliflower mosaic virus. A total of 18 independent
TAP46-overexpressing lines were created and analyzed.
One RNA blot data with eight independent transgenic
lines is shown in Figure 2A, which indicates that the
TAP46 transcript was highly expressed in all transgenic
plants (.10-fold increase compared with the level in wild-
type plants). We then used two TAP46-overexpressing
lines, OE1 and OE2 (first homozygous lines obtained),
for further molecular and physiological analyses. In
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western-blot analysis, we found that the steady-state
levels of TAP46 were about 1.4 times higher in the 1-d-old
germinating seeds of OE1 and OE2 than that in wild-
type plants (Fig. 2B). The discrepancy between the RNA
level and the protein level suggests that posttranscrip-
tional regulation might play a role in the final steady-
state level of TAP46 in TAP46-overexpressing plants.
Because the T-DNA insertion sites are in the promoter
region of TAP46, the two tap46 mutants are not knock-
out mutants, but knock-down mutants, leading to a re-
duction at the protein level by almost 50% (Fig. 2, B
and C). Despite this, under normal growth conditions,
tap46-1 and tap46-2 mutants looked similar to wild-type
plants (Supplemental Fig. S1), whereas the TAP46 RNAi
plants created by Ahn et al. (2011) looked very small
and could not produce progenies.
With the loss-of-function and gain-of-function mu-

tants in hand, we analyzed how these plants would re-
spondtoABAtreatmentduring seedgermination.Under
normal condition, all plants showed similar growth at
germination and postgermination stages (Supplemental
Fig. S2). In the presence of 2 mM of ABA, the loss-of-
function mutants tap46-1 and tap46-2 were less sensitive
to ABA treatment in germination compared with wild-
type ecotype Columbia (Col-0; the progenitor line of
tap46-1 and tap46-2), whereas the gain-of-function mu-
tants OE1 and OE2 were more sensitive to ABA com-
pared with wild-type plants in the early stages of
germination (Fig. 3A). For example, at day 4, close to
65% of tap46-1 and tap46-2 plants already germi-
nated, whereas only about 40% of wild-type plants
germinated and about 17% of TAP46-overexpressing
plants germinated (Fig. 3A). As a control, the ABA-
insensitive mutant abi5-1 demonstrated 100% germina-
tion by day 4 (Fig. 3A). The two TAP46-overexpressing
plants also displayed lower germination rates at higher

ABA concentrations compared with the wild type and
loss-of-function mutants tap46-1 and tap46-2 (Fig. 3B).

To confirm that the ABA-insensitive phenotype of
tap46-1 is due to the T-DNA insertion into TAP46, we
rescued this mutant phenotype by introducing a wild-
type TAP46 gene into this mutant with a different
vector, pCambia1302 mGFP5 (Kim et al., 2007). After
transformation and screening, two lines that expressed
the transgene transcript at relatively high level, Com1
and Com2 (Fig. 1D), were chosen for complementation
analysis. Our results indicated that the wild-type TAP46
gene driven by the 35S promoter could rescue the ABA-
insensitive phenotype (Fig. 3A). Because the rescued
lines used a strong constitutive promoter, these rescued
lines were more sensitive to ABA than their wild-type
progenitor line Col-0. However, they were not as sen-
sitive as the two TAP46-overexpressing lines. Our data
clearly indicate that TAP46 plays a positive role in the
ABA-regulated inhibition of germination.

TAP46 Is Induced by ABA and Mainly Expressed in Seed

The positive role of TAP46 in ABA signaling during
seed germination led us to investigate this gene’s ex-
pression pattern in Arabidopsis. We first tested whether
ABA influences TAP46’s transcript during germination
by using the real-time PCR technique. Under normal
condition, the TAP46 transcript decreased quickly after
stratification, and within 1 d, it decreased to 20% of the
level found at 0 h (just before moving seeds from 4°C to
room temperature of 22°C; Fig. 4A). However, if ABA
was provided in the germination media, the TAP46
transcript was induced transiently (Fig. 4A), reaching
the highest level at 6 h. Then, it decreased, but it main-
tained at higher levels than that under normal condition
after 24 h (Fig. 4A).

Figure 1. Molecular analysis of tap46 mutants. A, The TAP46 genomic structure and T-DNA insertion sites within the promoter
sequence of the TAP46 gene. Dark boxes are exons, and the lines are introns. Primers that were used for PCR confirmation of
the tap46-1 and tap46-2 mutants are marked by arrows. The primers tap46-F1 and tap46-R1 (F1 and R1) and tap46-F2 and
tap46-R2 (F2 and R2) are specific for TAP46 DNA, and LBa1 (left border primer) is specific for the T-DNA sequence. B and
C, PCR experiments demonstrate that the tap46-1 and tap46-2 mutants are homozygous. The primer combination for PCR
reaction is shown below each lane. D, RT-PCR experiments demonstrate that the TAP46 transcript is reduced in the tap46-1 and
tap46-2 mutants and elevated in complemented lines of the tap46-1 mutant. Com1 and Com2 indicate two complemented
lines of tap46-1, respectively. Actin7 was used as the internal control.
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To study the temporal and spatial expression pattern
of TAP46, we fused the promoter sequence of TAP46
(–1 to –886 bases 59 to ATG; Fig. 5A) to the GUS gene.
Two independent homozygous transgenic lines con-
taining the PTAP46::GUS construct were used to deter-
mine the expression pattern of TAP46, and similar
results were obtained with these two lines. We first
analyzed transgenic seeds to see if GUS is induced by
ABA treatment. These transgenic seeds were soaked on
wet filter paper saturated with water or ABA solution
for 1 d, and then we analyzed GUS activities. The GUS
activity from the ABA-treated seeds was 2 times higher
than that from water-treated seeds (Fig. 4B), which
supports the real-time PCR data (Fig. 4A) that ABA
increases TAP46 transcript.

We then studied the spatial expression pattern of
TAP46 using the PTAP46::GUS transgenic plants. The
GUS activity was found in the cotyledon leaves of 1- to
2-d-old germinating seeds (Fig. 5B, a and b). At day 3,
the GUS activity was limited to the junction area be-
tween shoot and root (Fig. 5Bc). The GUS activity was
not detected in adult plants except in the hydrathodes
of rosette leaves (Fig. 5Bh). In flowers, TAP46 was

highly expressed in anthers and pistil tissues and at the
joint tissues between carpel and flower stock (Fig. 5Bd).
GUS activity was also found in developing seeds (Fig. 5B,
e and f). However, in matured siliques and in dry seeds,
no GUS staining was found (Fig. 5B, g and i), which
could be due to the difficulty for the GUS staining so-
lution to get into dry seeds. Therefore, we manually
separated the embryo from the endosperm/seed coat
and then stained them with the GUS staining solution.
We still could not see GUS straining in the endosperm/
seed coat (Fig. 5Bj), but we could see strong GUS
straining in the embryo (Fig. 5Bk). This result suggests
that TAP46 is specifically expressed in the embryo, not
in the endosperm or seed coat.

To confirm these GUS straining patterns, we con-
ducted real-time PCR experiments to quantify the tran-
script levels of TAP46 in different tissues (Supplemental
Fig. S3). Compared with TAP46 expression in roots
where the lowest level of TAP46 was found, the highest

Figure 3. Germination rates of wild-type plants, tap46 mutants,
complemented lines, and TAP46-overexpressing plants in the presence
of ABA. A, Germination rates of wild-type (Col-0), tap46 mutants
(tap46-1 and tap46-2), complemented lines of tap46-1 (Com1 and
Com2), TAP46-overexpressing plants (OE1 and OE2), and abi5-1 mu-
tant in the presence of 2 mM of ABA from day 3 to day 9 (D3–D9).
B, Germination rates of wild-type (Col-0), tap46 mutants (tap46-1 and
tap46-2), complemented lines of tap46-1 (Com1 and Com2), TAP46-
overexpressing plants (OE1 and OE2), and abi5-1 mutant in the ab-
sence and presence of various concentrations of ABA on day 7. Three
independent experiments were performed.

Figure 2. RNA-blot analysis of TAP46-overerexpressing plants and
western-blot analysis of TAP46-overerexpressing and tap46 mutant
plants. A, RNA-blot analysis of TAP46-overerexpressing plants. A cDNA
fragment of TAP46 was used as the probe in the blot (top) and the
18S rRNA was used as the RNA loading control (bottom). Lanes 1
and 10 are wild-type Arabidopsis (Col-0) and lanes 2 to 9 are in-
dependent TAP46-overerexpressing transgenic lines. OE1 and OE2
indicates two TAP46-overerexpressing transgenic lines selected for
further analysis. B, Western-blot analysis of TAP46-overerexpressing
and tap46 mutant plants. GapC was used as the loading control.
C, Relative levels of TAP46 in OE1, OE2, Col-0, tap46-1, and tap46-2
plants with respect to GapC (obtained by analyzing the western blot
shown in B using the densitometry method).
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relative expression level, about 30 times that of roots, was
found in 17-d siliques and dry seeds. With the silique
developing, the accumulation of TAP46 transcript in-
creased as well. In other tissues, including stems, flowers,
and leaves, the relative expression levels were much
lower than those in dry seeds.

TAP46 Is a Negative Regulator for PP2A Activity
in Arabidopsis

TAP46 was originally identified as a PP2A-associated
protein that interacts with the C1 catalytic subunit of
PP2A ina yeast two-hybrid screening (Harris et al., 1999).
We confirmed this interaction between TAP46 and C1,
and furthermore we found that TAP46 also interacts
strongly with C2, the closest C subunit in Arabidopsis
PP2A,byusingtheyeasttwo-hybridassay(Supplemental
Fig. S4). Because TAP46’s homologs in yeast and human,
TAP42 and a4, were shown to be regulators of PP2A
activities (Nanahoshi et al., 1998; Jiang, 2006), we tested
whether TAP46 could affect the PP2A activity in germi-
natingseeds.Undernormalconditions, the loss-of-function
mutant tap46-1 displayed 40% higher PP2A activity than
wild-typeplants,whereas theTAP46-overexpressingplant

OE1 displayed lower PP2A activity in 1-d-old germi-
nating seeds (Fig. 6A). These data indicate that TAP46
is a negative regulator of PP2A activity in Arabidopsis.
In the presence of 10 mM of ABA, PP2A activities were
depressed to very low levels in all three plants, yet the
tap46-1 mutant still had the highest level of PP2A ac-
tivityandOE1planthadthe lowestPP2Aactivity(Fig.6A).
The drastic impact of ABA in inhibiting PP2A activity in
all three plants suggests that in addition to TAP46, other
factorsactivatedbyABAarealso responsible for inhibiting
PP2A activity and these factors aremore potent in inhibit-
ing PP2A activity.

To rule out the possibility that the reduced PP2A ac-
tivity was due to altered expression of PP2A subunit
genes, we analyzed the steady-state levels of A and C
subunits of PP2A in the presence and absence of ABA.
Our western-blot data indicate that the three A subunits
were not reduced by the ABA treatment and the C
subunits were also not affected by the ABA treatment
(Fig. 6B). Our data show that the ABA-induced sup-
pression of PP2A activity is likely due to posttransla-
tional events.

Interestingly, when we analyzed PP2A activity in
the ABA-insensitive mutant abi5-1, we found that the
PP2A activity was significantly higher in abi5-1 mutant
in the presence of ABA, but not in the absence of ABA
(Fig. 6C). Although it is not knownwhy the basal level of
PP2A activity is much higher in ecotype Wassilewskija
(Ws) than in Col-0, it is clear that ABA inhibits PP2A
activity in both ecotypes of Arabidopsis. Because the
abi5-1 mutant was isolated from the Ws background,
we used wild-typeWs as the reference line. The increased

Figure 4. Expression of TAP46 is inducible by ABA. A, Real-time PCR
analysis of TAP46 transcript in germinating seeds in the absence and
presence of ABA. Three technical repeats and two biological repeats
were performed. B, Expression of TAP46 is induced by ABA in the 1-d-old
germinating seeds. The induction of TAP46 expression by ABA was
analyzed by measuring the GUS activities of the TAP46 promoter::GUS
fusion plants in the absence and presence of ABA. Three independent
experiments were performed. ABA concentration used was 10 mM. As-
terisk indicates statistically significant at 5% by Student’s t test.

Figure 5. Spatial expression patterns of TAP46 in Arabidopsis. A, The
59 sequence information of TAP46. The 59 sequence –1 to –886 of
TAP46 was used for the GUS fusion construct. B, GUS staining pat-
terns of TAP46 promoter::GUS transgenic plants. a, A 1-d-old germi-
nating seed. b, A 2-d-old seedling. c, A 3-d-old seedling. d, A flower.
e, A developing silique 5 d after flowering. f, A developing silique 10 d
after flowering. g, A mature silique 17 d after flowering. h, A mature
rosette leaf. i, An intact mature seed. j, A seed coat plus endosperm.
k, An embryo. Bar = 1 mm.
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PP2A activity in abi5-1 in the presence of ABA was
not due to increased expression of PP2A subunit
genes, as the steady-state levels of A and C subunits
were about the same in the presence or absence of
ABA (Fig. 6D). Because ABI5 is a transcription factor
that functions downstream of TAP46 (see below), the
increased PP2A activity in the abi5-1 mutant indicate
that some genes downstream of ABI5 might be neg-
ative regulators of PP2A.

TAP46 Interacts with ABI5 in Vivo

Previous studies reported that the transcriptional
factor ABI5 plays important roles in ABA-regulated
seed maturation and seed germination (Carles et al.,
2002; Finkelstein et al., 2008). Furthermore, the expres-
sion pattern of TAP46 mimics that of ABI5 (Finkelstein
and Lynch, 2000; Lopez-Molina and Chua, 2000). We
therefore studied the relationship between TAP46 and
ABI5. In yeast two-hybrid assay, TAP46 interacted with
ABI5 (Fig. 7A). We then performed coimmunoprecipi-
tation experiments to further test these two proteins’
interaction in vivo. Firstly, anti-ABI5 antibodies were
used to pull down the ABI5 complex from cellular
extracts of TAP46-GFP fusion plant. Then, anti-GFP
antibodies were used to analyze the complex in the
western-blot experiments. Our data indicate that only
the cellular extracts from TAP46-GFP transgenic plants
contain a protein of 72 kD that could be recognized by
GFP antibodies (Fig. 7B). ThisMr matches the expected
Mr of TAP46-GFP fusion protein, and no similar pro-
tein could be found in the cellular extracts from abi5-1
mutant or wild-type Arabidopsis plants (Fig. 7B).
These data indicate that TAP46 does interact with ABI5
in vivo.

TAP46 Stabilizes ABI5 and Prevents Dephosphorylation of
ABI5 in Vivo

Lopez-Molina et al. (2001) reported that protein ex-
tracts from germinating seeds contained two forms of
ABI5 that could be separated as 52- and 50-kD proteins
in western-blot analysis, which were identified as
phosphorylated ABI5 and free ABI5. Because ABA
treatment leads to phosphorylation and stabilization of
ABI5 (Lopez-Molina et al., 2001), it was suggested that
phosphorylated ABI5 is the active and stable form,
whereas the free ABI5 is the inactive and unstable form
(Fujii et al., 2007). Because TAP46 could bind to ABI5
in vivo, then this TAP46-ABI5 interaction might sta-
bilize ABI5 and protect ABI5 from phosphatase’s ac-
tion in removing the phosphate from ABI5. If this
hypothesis was correct, we would expect to see higher

Figure 6. PP2A activities in TAP46-overexpressing, wild-type, tap46-1,
and abi5-1 plants in the absence and presence of ABA. A, PP2A ac-
tivities of 1-d-old germinating seeds of TAP46-overexpressing (OE1),
wild-type (Col-0), and tap46-1 plants in the absence and presence of
ABA. The ABA concentration used was 10 mM, and three independent
experiments were performed. Asterisk indicates statistically significant
at 5% by Student’s t test. B, Western-blot analyses of the A and C
subunits of PP2A in the absence and presence of ABA in TAP46-
overexpressing (OE1 and OE2), wild-type (Col-0), and tap46-1 plants.
A1, A2, and A3 indicate the three A subunits of PP2A, and C indicates
the C subunit(s) of PP2A. C, PP2A activities of 1-d-old germinating
seeds of the wild type (Ws) and abi5-1 mutant in the absence and
presence of ABA. The ABA concentration used was 10 mM, and three
independent experiments were performed. Two asterisks indicate sta-
tistically significant at 1% by Student’s t test. D, Western-blot analyses

of the A and C subunits of PP2A in the absence and presence of ABA in
the wild type and abi5-1 mutant. rcn1-6, pp2aa2-1, and pp2aa3-1 in-
dicate three A subunit mutants of the Arabidopsis PP2A (used as ref-
erence lines for marking the A1, A2, and A3 subunit, respectively).
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levels of free and phosphorylated ABI5 in the TAP46-
overexpressing plants than in the wild type or tap46-1
mutant.
Under normal conditions, more free ABI5 and

phosphorylated ABI5 were found in the 5-d-old seed-
lings of TAP46-overexpressing plants than in wild-
type plants, and the tap46-1 mutants produced the
smallest amount of both forms of ABI5 (Fig. 8A, left).
Our quantitative analysis of the band intensity in the
western blots indicates that TAP46-overexpressing
plants produced 12% more phosphorylated ABI5 and
8% more free ABI5 than wild-type plants, and wild-
type plants in turn produced 120% more phosphory-
lated ABI5 and 50% more free ABI5 than tap46-1 plants
(Fig. 8, B and C). After ABA treatment for 1 d, both
phosphorylated ABI5 and free ABI5 were increased in
all plants (Fig. 8A, middle), which was consistent with
the early discoveries that ABA induces ABI5 expres-
sion at seedling stages (Lopez-Molina et al., 2001;
Brocard et al., 2002). Importantly, the biggest increase
was found in the TAP46-overexpressing plants, and
the smallest increase was found in the tap46-1 mutant.
Again, our quantitative analysis of the band intensity
in the western blots indicates that TAP46-overexpressing
plants produced 3%more phosphorylated ABI5 and 39%
more free ABI5 than wild-type plants, and wild-type
plants in turn produced 32% more phosphorylated
ABI5 and 66% more free ABI5 than tap46-1 plants after
ABA treatment (Fig. 8, B and C). Our data clearly indi-
cate that TAP46 overexpression is able to stabilize both
forms of ABI5 and maintains more ABI5 in active form
after ABA treatment.
To test what type of phosphatase is responsible for

removing the phosphate from ABI5, we treated 4-d-old
seedlings with cantharidin, a phosphatase inhibitor
that is specific for PP2A or PP2A-LS such as PP4 and
PP6. We then detected one ABI5 band in the western-
blot experiment, and this band migrated at the 52-kD
position (Fig. 8A, right), indicating that all of the ABI5
was in phosphorylated form after cantharidin treat-
ment. Furthermore, the impact of TAP46 on ABI5’s
stability became unimportant after inhibition of phos-
phatases, as the steady-state levels of phosphorylated
ABI5 were roughly the same in all three plants, indi-
cating that the phosphorylation state of ABI5 is more

important in the stability of ABI5. To prove that can-
tharidin treatment could have kept ABI5 in active form
(i.e. phosphorylated form) in Arabidopsis seedlings,
we performed real-time PCR experiments to analyze the
expression of three ABI5 downstream genes, Desiccation-
Responsive29A (RD29A), RD29B, and 9-cis-epoxycarotenoid
dioxygenase3 (NCED3). The transcripts of these three
genes were significantly increased after cantharidin
treatment (Supplemental Fig. S5).

ABI5 Directly Interacts with PP2A in Vivo

Because TAP46 is a regulator of PP2A, TAP46’s
impact on ABA response might involve PP2A. More
importantly, a study by Dai et al. (2013) showed that PP6
could dephosphorylate ABI5 in vivo, which prompted us
to investigate the possible role of PP2A in regulating the
ABI5 phosphorylation. We tested if PP2A could interact
with ABI5 in vivo by conducting coimmunoprecipita-
tion experiments. We used anti-ABI5 antibodies to im-
munoprecipitate ABI5 complex from cellular extracts
and followed with anti-PP2A-C antibodies to detect the
signal in western-blot experiment. The result shows that
ABI5 could interact with the C subunits of PP2A in vivo
(Fig. 8D). Using the same approach, we detected inter-
action between TAP46 and C subunits of PP2A as well
(Fig. 8E), which supports the yeast two-hybrid data on
TAP46/PP2A-C subunit interactions (Harris et al., 1999;
Ahn et al., 2011; Supplemental Fig. S4). Our data indi-
cate that in addition to PP6, PP2A is also a protein
phosphatase that could dephosphorylate ABI5 in vivo.

TAP46 Regulates Downstream Genes of ABI5

Because TAP46 is highly expressed during seed mat-
uration (Fig. 5; Supplemental Fig. 3), which mimics that
of ABI5 (Finkelstein and Lynch, 2000; Lopez-Molina and
Chua, 2000), it is likely that downexpression of TAP46
and overexpression of TAP46 would affect transcript
levels of genes downstream of ABI5. To test this possi-
bility, we conducted RNA-blot analysis with a few ABI5-
regulated genes in seeds. Early studies indicated that
many late embryogenesis abundant (LEA) genes such as
Arabidopsis thaliana late embryogenesis abundant gene1

Figure 7. TAP46 interacts with ABI5. A, TAP46-ABI5 interaction in the yeast two-hybrid system. B, TAP46-ABI5 interaction as
demonstrated by coimmunoprecipitation experiments. Cellular extracts were made from abi5-1 mutant, wild-type (Col-0), and
TAP46-GFP transgenic plants. Plus or minus indicates with or without the pulling ABI5 antibodies, and input indicates purified
TAP46-GFP and cellular proteins of wild-type Arabidopsis directly loaded in the western-blot experiments. The fusion protein,
marked on the right, is recognized by anti-GFP antibodies.
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(AtEm1) and AtEm6 were ABI5-regulated genes, as
their transcripts were significantly reduced in abi5
mutants (Finkelstein and Lynch, 2000; Lopez-Molina
and Chua, 2000; Carles et al., 2002). We analyzed the
transcript levels of three LEA genes, AtEm1, AtEm6,
and LeaD34. We isolated total RNAs from dry seeds of
TAP46-overexpressing, wild-type, and tap46-1 mutant
plants and compared the transcript levels of these
genes. As expected, transcripts of these genes were
reduced in abi5-1 mutant (Fig. 9). When TAP46 was
overexpressed, transcripts of these genes were up-
regulated, approximately by 20% to 70% higher than
that of wild-type plants, whereas in tap46-1 mutant, the
transcript levels of these genes were down-regulated,
approximately by 20% to 60% lower than that of
wild-type plants (Fig. 9). The gene expression pattern in
the tap46-1 mutant is similar to that in abi5-1 mutant.

Because TAP46 expression is induced by ABA dur-
ing seedling development (Fig. 4) and overexpression
of TAP46 leads to an increase in both phosphorylated
ABI5 and free ABI5 after ABA treatment (Fig. 8A), it is
likely that some stress-inducible genes with promoters
containing ABA response elements would also be

regulated by TAP46. We therefore analyzed transcripts
of three genes, RD29A, RD29B, and NCED3, that are
representatives of such stress-inducible genes (Shinozaki
and Yamaguchi-Shinozaki, 2007). The expressions of
these three genes are very low in the 5-d-old Arabidopsis
seedlings under normal condition (Fig. 10). However,
with the addition of ABA in the germination media, the
transcripts of these three genes were all induced (Fig. 10).
However, these genes were all expressed at higher levels
in the TAP46-overexpressing plants and at lower levels
in the tap46-1 mutant (RD29A and RD29B) or about the
same (NCED3) compared with wild-type plants (Fig. 10).
These data indicate that other ABA-inducible genes are
also likely regulated by TAP46.

DISCUSSION

In this report, we provide strong evidence that TAP46
is positively involved in the ABA signaling pathway, as
overexpression of TAP46 in Arabidopsis made transgenic
plants more sensitive to ABA in germination (Fig. 3). The
TAP46 transcript was up-regulated by ABA treatment

Figure 8. ABI5 is stabilized by TAP46 and dephosphorylated by PP2A or PP2A-LS, and both ABI5 and TAP46 can interact with
the C subunit(s) of PP2A in vivo. A, TAP46 stabilizes ABI5 and protects ABI5 from being dephosphorylated by phosphatases.
OE1 indicates TAP46-overexpressing plants, tap46-1 indicates mutant, P-ABI5 indicates phosphorylated ABI5, and ABI5 in-
dicates free ABI5. The concentration used for ABA and cantharidin was 10 mM. B, The relative abundance of the phosphorylated
ABI5 band in TAP46-overexpressing, the wild type, and tap46-1 mutant in A. C, The relative abundance of the free ABI5 band
in TAP46-overexpressing, the wild type, and tap46-1 mutant in A. The error bar was calculated based on four independent
experiments performed. D Protein-protein interaction between ABI5 and C subunit(s) of PP2A as demonstrated by coimmuno-
precipitation experiments. Plus or minus indicates with or without ABI5 antibodies in pulling down cellular proteins, input in-
dicates cellular proteins directly loaded in the western-blot experiments, and the arrow indicates the C subunit(s) of PP2A.
E, Protein-protein interaction between TAP46 and C subunit(s) of PP2A as demonstrated by coimmunoprecipitation experiments.
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during germination (Fig. 4), the expression of TAP46
was found mainly during seed maturation (Fig. 5;
Supplemental Fig. 3), and the highest transcript level
was found in dry seeds (Supplemental Fig. 3), all
suggesting that TAP46 plays positive roles in ABA-
regulated seed maturation and inhibition of germination.
Because TAP46 was initially found as a PP2A-associated
protein in Arabidopsis and TAP46’s homologs in yeast
(Tap42) and mammals (a4) regulate PP2A activities
(Nanahoshi et al., 1998; Jiang, 2006), PP2A likely plays
an important role in ABA-regulated processes in
plants. Our early work with PP2A suggests that PP2A
is positively involved in ABA signaling (Luo et al., 2006),
and here we find evidence that PP2A is negatively

Figure 9. RNA-blot analysis of three genes downstream of ABI5.
A, RNA-blot analysis of dry Arabidopsis seeds. OE1 indicates TAP46-
overexpressing line 1, and tap46-1 and abi5-1 indicate mutants.
B, Relative levels of AtEm1, AtEm6, and LeaD34 with respect to the
18S rRNA in A. Three independent experiments were performed.

Figure 10. Real-time PCR analysis of three genes downstream of ABI5
in 5-d-old seedlings. OE1 indicates TAP46-overexpressing line 1, and
tap46-1 indicates mutant. Actin8 was used as the reference. The ABA
concentration used was 10 mM, and three independent experiments
were performed.
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involved in ABA signaling. TAP46 inhibits PP2A ac-
tivity, as PP2A activity is higher in the tap46-1 mutant
(Fig. 6A), and treatment of ABA in Arabidopsis seed-
lings reduces PP2A activity substantially (Fig. 6A), in-
dicating an opposite role of PP2A in the ABA-regulated
seeding development.

The molecular mechanism of TAP46 and PP2A’s
involvement in ABA signaling during seed maturation
and seedling development is likely centered on the
regulation of ABI5 activity. It was previously shown
that ABI5 was stabilized by ABA-induced phospho-
rylation, and upon removal of ABA, ABI5 was quickly
degraded by the 26S proteasome (Lopez-Molina et al.,
2001). Our data here show that TAP46 interacts with
ABI5 in vivo (Fig. 8C), and in particular, overexpression
of TAP46 increases the steady-state levels of phos-
phorylated ABI5 and free ABI5 (Fig. 8A), suggesting
that TAP46-ABI5 interaction stabilizes both forms of
ABI5 and likely prevents the action of phosphatases
that remove the phosphate group from ABI5. The
phosphatases involved are PP2A or its related protein
phosphatases, because by using a protein phosphatase
inhibitor, cantharidin, that is specific for PP2A, PP4,
and PP6, we could keep most ABI5 in its stable form,
i.e. phosphorylated form (Fig. 8A). Furthermore, we
demonstrated that overexpression of TAP46 increases
the transcript levels of ABI5-regulated genes during
seed development and seed germination (Figs. 9 and 10).
Based on our data, we propose that a major function of
TAP46 is to stabilize ABI5, and another function of
TAP46 is to interact with PP2A and PP2A-Ls such as
PP4 and PP6 to prevent PP2A or PP2A-L from binding
to ABI5 and dephosphorylating ABI5, thereby keeping
ABI5 in its active form (Fig. 11). This mechanism ex-
plains how TAP46 effectively stabilizes ABI5 and
protects ABI5 from phosphatases’ action. However,
TAP46’s binding to and protection of ABI5 should be
a regulated event, as ABA-triggered stabilization of
ABI5 is clearly mediated by TAP46, and TAP46 itself
is also likely regulated by other factors, as expression
of TAP46 is induced by ABA treatment (Fig. 4) and
activity of TAP46 might be regulated by phospho-
rylation and dephosphorylation (Ahn et al., 2011).

PP2A is one of the most abundant phosphatase
families in plants (MacKintosh and Cohen, 1989), and
in particular, the highest transcript levels of A subunit
genes of PP2A were found in developing rape seeds
(Brassica napus; Slabas et al., 1994). Gonzalez-Garcia
et al. (2006) discovered that a C subunit of PP2A was
found in nucleus and cytoplasm, and this C subunit
gene was expressed in developing seeds and induced
by gibberellin acid and repressed by ABA. This evi-
dence indicates that PP2A is likely a candidate that
TAP46 regulates in ABA-regulated seed maturation
and inhibition of germination. It appears that the
ABI5-controlled gene expression plays a major role in
repressing PP2A activity in seed germination, as abi5-1
mutants contains much higher PP2A activity than wild-
type plants in the presence of ABA (Fig. 6C). This
positive feedback regulation might be very important in

ABA-regulated inhibition of germination, which allows
ABI5 staying active, then ABI5-regulated gene activities
further strengthen ABA’s role in repressing PP2A. The
other two transcription factors, ABI3 and ABI4, also
play important roles in ABA-regulated seed maturation
and inhibition of germination (Giraudat et al.,1992;
Finkelstein et al., 1998), and these two transcription
factors may be subject to similar regulation by other
proteins like TAP46 and PP2A. We did not detect in-
teraction between ABI3 and TAP46, but we found
strong interaction between TAP46 and ABI4 in the
yeast two-hybrid assay (Y. Zhu, R. Hu, J. Chen, G.
Shen, and H. Zhang, unpublished data). It is clear that
further study of the relationships between TAP46 and
ABI4 and between PP2A and ABI4 will likely reveal
more insight into the molecular mechanisms of ABA-
regulated seed maturation and seedling development.

TAP46 plays other important roles in plant cells in
addition to its roles in the ABA signaling pathway, as
Ahn et al. (2011) demonstrated that reducing TAP46
expression either by virus-induced gene silencing or
RNAi could lead to programmed cell death, reduction
of global translation activities, induction of autophage,
and anomaly in mitosis. We were lucky in a sense that
both tap46-1 and tap46-2 mutants were weak allele
mutants, which allowed us to maintain these mutants
and study these mutants for many generations. Our
discovery that TAP46 directly regulates activity of
transcription factor ABI5 is not surprising, as it has

Figure 11. Working model showing how TAP46 stabilizes ABI5 and
protects ABI5 from the action of PP2A or PP2A-LS in plant cells. ABI5 is
phosphorylated upon ABA treatment and becomes active in triggering
gene expression. Binding of TAP46 to ABI5 stabilizes ABI5 and pre-
vents PP2A or PP2A-Ls (e.g. PP6 or PP4) from removing the phosphate
on ABI5, binding of TAP46 to PP2A or PP2A-L may prevent PP2A or
PP2A-L from binding to ABI5, or the binding of TAP46 to ABI5 may
prevent PP2A or PP2A-L from binding to ABI5. Whatever the mecha-
nisms, the TAP46’s involvement is a positive factor in stabilizing ABI5
and keeping ABI5 in phosphorylated form, thereby staying active.
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been shown that a4 regulates the dephosphorylation
of the transcriptional factors c-Jun and p53 in mice
(Kong et al., 2004). Our finding suggests that the TAP46
regulation of transcriptional factors might also be a
conserved mechanism, and plants apparently tapped
this mechanism in regulating ABI5 activity in the ABA
signaling pathway.
Ahn et al. (2011) showed that TAP46 interacts with

PP4 and PP6, indicating a possibility that TAP46’s role
in ABI5 regulation might involve PP4 and PP6 as well.
We confirmed that TAP46 could interact with one iso-
form of PP4 (i.e. Protein Phosphatase X1) and two iso-
forms of PP6 (i.e. Arabidopsis FLOWER-SPECIFIC
PHYTOCHROME-ASSOCIATED PROTEIN PHOS-
PHATASE1 and Arabidopsis FLOWER-SPECIFIC
PHYTOCHROME-ASSOCIATED PROTEIN PHOSPHA-
TASE3) in the yeast two-hybrid system (Supplemental
Fig. S6). Dai et al. (2013) provided direct evidence that
PP6 could dephosphorylate ABI5 in vivo and down-
regulate the activity of ABI5. Their model regarding
PP6’s role in regulating ABI5 is similar to ours. There-
fore, we incorporated their discovery into our model
(Fig. 11), and thismodel illustrates howTAP46 regulates
PP2A and PP2A-related phosphatases such as PP4 and
PP6 in theABA-regulated gene expression. The catalytic
subunit of PP6 is very similar to the catalytic subunits of
PP2A (Farkas et al., 2007), and PP6 also physically in-
teracts with the A subunits of PP2A (Dai et al., 2012). All
of this evidence suggests that TAP46 could regulate
PP2A and its related protein phosphatases in plants.
Harris et al. (1999) isolated TAP46 as an interacting

protein for the C1 subunit of PP2A, and we found that
TAP46 also interacts with the C2 subunit as strongly as
with C1 in the yeast two-hybrid system (Supplemental
Fig. S4). This is not surprising because C1 and C2 are
highly homologous and they share greater than 90%
identity in amino acid sequences (Ariño et al., 1993).
TAP46 also interacts with C3 (Supplemental Fig. S4),
which is similar to what was reported by Ahn et al.
(2011). Interestingly, the C5 subunit (At1G69960),
although slightly closer to C1 and C2 based on the
phylogenetic analysis of amino acid sequences (Farkas
et al., 2007), does not interact with TAP46 (Supplemental
Fig. S4). The C4 subunit (At3G58500) also does not in-
teract with TAP46 (Supplemental Fig. S4).
There are at least 17 B subunits of PP2A in Arabi-

dopsis, but we do not know which B or how many B
subunits are involved in recognizing ABI5. Conse-
quently, we do not know what combinations of these
PP2A subunits are involved in regulating ABI5’s ac-
tivity in the ABA-regulated seed development and
germination. Nevertheless, having identified TAP46,
PP2A, and PP6 as new regulatory factors for ABI5, we
are one step further in filling the gaps in our under-
standing of the ABA signaling pathways. Identifying
the specific B subunit(s) involved in recognizing ABI5
will help explain the fine-tuning of the transcriptional
regulation of ABI5-regulated gene expression. It will
also provide information on PP2A’s functional alloca-
tions in ABA-regulated cellular processes. Some PP2As

are negatively involved in ABA action, such as the case
given here and by Pernas et al. (2007), and others are
positively involved in ABA functions as demonstrated
previously (Kwak et al., 2002; Luo et al., 2006). Only
until we identify each specific B subunit for a specific
ABA-regulated process can we understand why PP2A
can perform functions that are in opposite directions
in the ABA signaling pathways. The PP2A-associated
protein TAP46 clearly plays a critical role in the ABA-
regulated seed development and germination.

MATERIALS AND METHODS

Confirmation of tap46 Mutants

Two T-DNA insertion mutants, tap46-1 (Salk_091669) and tap46-2
(Salk_067216C), were obtained from the Arabidopsis Biological Resources
Center at Ohio State University. The T-DNA insertion sites of these two mu-
tants were confirmed by conducting PCR experiments using gene-specific
primers tap46-F1 and tap46-R1 and T-DNA-specific primer LBa1 for tap46-1
and tap46-F2, tap46-R2, and T-DNA-specific primer LBa1 for tap46-2. The PCR
reaction conditions for confirming these two mutants are 95°C for 2 min first,
then 35 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s, followed by an
extension of 5 min at 72°C. To extract genomic DNAs for PCR analysis, two
fresh flowers were ground in DNA extraction buffer, which contains 50 mM

Tris, pH 8.0, 10 mM EDTA, pH 8.0, 100 mM NaCl, 1.0% (w/v) SDS, and 10 mM

b-mercaptoethanol, and centrifuged 5 min at room temperature at 13,000g.
DNAs were precipitated with equal volume of isopropanol and then resus-
pended into Tris-EDTA buffer (pH 8.0). Information on PCR primers is listed
in Supplemental Table S1.

Creation of TAP46-Overexpressing Plants

To overexpress TAP46 in Arabidopsis (Arabidopsis thaliana), the coding
region of TAP46was amplified from a complementary DNA (cDNA) library of
6- to 8-d seedlings using TAP46 primers TAP46-OF1 and TAP46-OR2 and
cloned into the pBI121 vector (Jefferson et al., 1987) by replacing the GUS gene.
The PCR reaction conditions for amplifying TAP46 are 95°C for 30 s, 56°C for
30 s, and 72°C for 60 s, 35 cycles. The Agrobacterium tumefaciens strain GV3101
containing the TAP46-overexpression construct was used to transform wild-
type Arabidopsis (Col-0) using the floral dip method of Clough and Bent
(1998). Kanamycin-resistant plants were selected from T1 and T2 seeds.
Transgenic plants with 3 to 1 ratio of kanamycin resistance versus sensitivity
were used for obtaining homozygous lines for molecular characterization.

Creation of TAP46 Promoter-GUS Fusion Plants

The promoter sequence of TAP46 was amplified from the genomic DNA of
wild-type Arabidopsis (Col-0) using the primers TAP46-Pro-F and TAP46-
Pro-R by PCR. The PCR reaction conditions are as follows: 95°C for 30 s,
56°C for 30 s, and 72°C for 60 s, 35 cycles. The PCR product was inserted into
the pBI121 vector by replacing the Cauliflower mosaic virus 35S promoter with
HindIII and XbaI restriction enzymes. Then the construct was introduced into
A. tumefaciens strain GV3101, which was used for Arabidopsis transformation.
The homozygous transgenic plants for this PTAP46::GUS construct were obtained
and used for histochemical staining and GUS activity assays.

Complementation of the tap46-1 Mutant

The oligonucleotide primers TAP46-Com-F and TAP46-Com-Rwere used to
amplify the wild-type TAP46 cDNA from an Arabidopsis cDNA library in a
PCR experiment (95°C for 30 s, 56°C for 30 s, and 72°C for 60 s, 35 cycles). The
PCR-amplified DNA fragment was cut by using the restriction enzymes NcoI
and SpeI, and the DNA fragment was inserted into the binary transforming
vector pCambia1302 mGFP5 vector (Kim et al., 2007). The resulting recom-
binant binary vector was then introduced into the A. tumefaciens GV3101,
which was then used to transform the tap46-1 mutant using the floral dip
method of Clough and Bent (1998).
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Plant Growth and Germination Assay

Arabidopsis seeds (.100 seeds per line) were surface sterilized in 15%
bleach for 10 min, followed by three to five times of wash in sterile water (5 min
each time). The seeds were then incubated at 4°C for 4 d in darkness and
transferred to a growth chamber with a photoperiod of 16-h light and 8-h dark
at 22°C. For ABA treatments, more than 100 sterilized seeds were placed on
Murashige and Skoog (MS) medium (Murashige and Skoog, 1962), supple-
mented with different concentrations of ABA. After stratification at 4°C, seeds
were transferred to a growth chamber for germination assay at indicated
times. The germination was scored as radical tip emerged from seed coat. The
data were based on at least three experiments.

Histochemical Staining and GUS Activity Assay

When analyzing the GUS activity in seed, dry seeds were dissected into
embryo and endosperm/seed coat by soaking the seed in water for 4 to 6 h at
4°C as described by Penfield et al. (2006), and then the dissected embryo and
endosperm/seed coat were put directly into a staining solution that is made of
50 mM NaPO4, pH 7.0, 10 mM Na2EDTA, pH 8.0, 0.1% (v/v) Triton X-100, and
0.5 mg mL–1 5-bromo-4-chloro-3-indolyl b-D-glucuronide and incubated at
37°C in the dark overnight. The GUS activity (blue color) was recorded with a
camera-enabled dissecting microscope after washing the tissues in 70% etha-
nol two to three times.

For quantitative GUS activity assay, total proteins were extracted with the
extraction buffer (50 mM NaPO4, pH 7.0, 10 mM Na2EDTA, pH 8.0, 0.1% [v/v]
Triton X-100, 0.1% sodium lauryl sarcosine, and 10 mM b-mercaptoethanol).
Then the chemical 4-methylumbelliferyl-b-D-glucuronide was used to measure
the GUS activity using a spectrofluorometer as described in Jefferson et al.
(1987).

RNA-Blot Analysis

Ten-day-old Arabidopsis plants or dry seeds were ground in liquid
nitrogen, and total RNAs were extracted by using the PureLink Plant RNA
Reagent (Invitrogen) according to the manufacturer’s instructions. The
extracted RNAs were run in a 1.2% (w/v) denaturing agarose gel and then
transferred onto a BioTrans(+) nylon membrane (ICN Biochemicals). The
32P-labeled probes were then used to hybridize with the nylon membrane. After
hybridization, the membrane was washed extensively as described by Church
and Gilbert (1984) and then exposed to a PhosphorImager screen for 4 h before
data were collected. The 18S ribosomal RNA (rRNA) was used as the RNA
loading control. The oligonucleotide primers used for amplifying cDNAs
for making hybridization probes were AtEm1-F1 and AtEm1-R1for AtEm1
(AT3G51810), AtEm6-F1 and AtEm6-R1 for AtEm6 (AT2G40170), and LeaD34-
F1 and LeaD34-R1 for LeaD34 (AT3G22490).

RT-PCR and Real-Time Quantitative PCR Analyses

For RT, the first-strand cDNA was synthesized from 1 mg of total RNAs
using the superscript reverse transcriptase from Invitrogen with oligo(dT)18 as
the primer according to the manufacturer’s instructions. The PCR reaction was
95°C for 30 s, 56°C for 30 s, and 72°C for 30 s, 28 cycles, followed by an ex-
tension of 5 min at 72°C. The oligonucleotide primers were TAP46-RT-F1 and
TAP46-RT-R1 for TAP46 and Actin7-F and Actin7-R for Actin7. The final PCR
products were analyzed by gel electrophoresis. Real-time quantitative PCR
was performed with a PCR machine (7500 Sequence Detection System, Ap-
plied Biosystems) using the SYBR Green Supermix (Bio-Rad Laboratories).
One microliter of the cDNA product (from RT reaction above) was used as the
template in a 25-mL reaction. PCR was conducted after a preincubation at 95°C
for 3 min, followed by 40 cycles of denaturation at 95°C for 15 s and extension
at 55°C for 40 s. Two biological and three technical replicates were used for
each experiment. The oligonucleotide primers were TAP46-qPCR-F1 and
TAP46-qPCR-R1 for TAP46, Actin8-F and Actin8-R for Actin8, RD29A-F1 and
RD29A-R1 for RD29A (At5G52310), RD29B-F1 and RD29B-R1 for RD29B
(At5G52300), and NCED3-F1 and NCED3-R1 for NCED3 (At3G14440).

PP2A Activity Assay

The protein Ser/Thr phosphatase assay system (New England Biolabs) was
used to analyze the PP2A activity directly from seed protein extracts according

to manufacturer’s instructions. The protein substrate used in this assay was
myelin basic protein (MyBP), and EDTA was added to inhibit the activities of
PP2C. A specific protein phosphatase inhibitor2 (I-2; New England Biolabs)
was used to inhibit the activity of PP1. The PP2A activity is defined as the
release of phosphate from MyBP. Different ecotypes of Arabidopsis have
different baseline PP2A activities. Therefore, mutant was compared to its
parental ecotype when PP2A activity was measured (Fig. 6).

TAP46-ABI5 Interaction in Yeast Two-Hybrid System

The full-length cDNAs of TAP46 and ABI5 genes were amplified from a
cDNA library using oligonucleotide primers TAP46-YF1 and TAP46-YR1 and
ABI5-YF1 and ABI5-YR1, respectively, digested with restriction enzymes
EcoRI and XhoI, and then inserted into the prey vector (ABI5) and the bait
vector (TAP46), respectively. The information on the prey vector pJG4-5 and
bait vector pEG202 and the procedure for analyzing protein-protein interac-
tion in this yeast (Saccharomyces cerevisiae) two-hybrid system was described
by Golemis et al. (1996).

Protein Coimmunoprecipitation Assay
(Pull-Down Experiment)

The coding sequence of TAP46 was amplified from a cDNA library using
oligonucleotide primers TAP46-GFP-F1 and TAP46-GFP-R1 and cloned into
the pBI121-GFP vector (Shen et al., 2010) with restriction enzymes XbaI and
BamHI. The resulting vector was then transformed into the A. tumefaciens
strain GV3101, which was used for Arabidopsis transformation to create
TAP46-GFP fusion transgenic plants. When homozygous lines of TAP46-GFP
fusion transgenic plants were obtained, they were used for pull-down
experiment.

Prestratified Arabidopsis seeds (4°C for 3 d) of abi5-1, the wild type (Col-0),
and TAP46-GFP fusion transgenic lines were put into MS solution for 1 d,
followed by adding 10 mM ABA for another day. After grinding seeds in liquid
nitrogen, the protein extraction buffer (10 mM EDTA, 0.1% [v/v] Triton X-100,
0.1% [w/v] sodium lauryl sarcosine, 40 mM sodium phosphate buffer, pH 7.0,
10 mM b-mercaptoethanol, 1 mg mL–1 leupeptin, 1 mg mL–1 aprotonin, and
1 mM phenylmethylsulfonyl fluoride) was added to extract total soluble pro-
teins and then centrifuged at 13,000g for 10 min at 4°C to collect supernatant.
The Bio-Rad protein assay system (Bradford, 1976) was used to determine
protein concentration. Approximately 800 mg protein extracts were incubated
with 10 mL ABI5 antibodies (see Supplemental Materials and Methods S1 for
how antibodies were made) for 2 h at 4°C, followed by adding 50 mL Protein
A-agarose slurry to bind antibodies for 2 h. Agarose-immune complexes were
washed in Nonidet P-40 buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 1%
Nonidet P-40) five times and then mixed with 100 mL 13 SDS protein loading
buffer (50 mM Tris-HCl, pH 6.8, 2% SDS [w/v], 10% glycerol [v/v], 100 mM

dithiothreitol, and 0.01% bromphenol blue). After boiling for 5 min and cen-
trifugation at 13,000g for 5 min at room temperature, the supernatants were
subject to SDS-PAGE and western-blot analysis using GFP antibodies (pur-
chased from Invitrogen).

Western-Blot Analysis

The antibody against the C subunits of PP2Awas purchased fromMillipore,
and this antibody could recognize all five catalytic subunits of PP2A in Arabi-
dopsis, as it was raised against the most conserved part of all PP2A catalytic
subunits. This antibody was used by many PP2A researchers in the plant
science community, including Pernas et al. (2007) and Wu et al. (2011).
Proteins from wild-type, tap46-1, tap46-2, and various transgenic plants
were subjected to electrophoresis in a 8% SDS polyacrylamide gel. The
polyclonal antibodies against cytosolic glyceraldehyde-3-P-dehydrogenase
(GapC) were used as the loading control in the western-blot experiments.
The conditions for blotting and color development were the same as de-
scribed previously by Shen et al. (2010). The band intensity in the western
blot was obtained by using a densitometry ImageQuant TL software
(Amersham Biosciences), and each band was calibrated with the loading
control band (i.e. GapC) and then compared to the band in wild-type plants
that was set as 100%.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number At5G53000 (TAP46).
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Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Phenotypes of the wild type, TAP46-overexpress-
ing, and tap46 mutants under normal growth conditions for 16 d.

Supplemental Figure S2. Phenotypes of wild-type, TAP46-overexpressing,
and tap46-1 mutant plants on MS plate for 14 d.

Supplemental Figure S3. Transcript analysis of TAP46 in various tissues of
Arabidopsis.

Supplemental Figure S4. Protein-protein interactions between TAP46 and
the C subunits of PP2A in the yeast two-hybrid system.

Supplemental Figure S5. Expression of the three ABI5 downstream genes
RD29A, RD29B, and NCED3 is activated by the PP2A inhibitor canthar-
idin in 5-d-old seedlings.

Supplemental Figure S6. TAP46 interacts with PP4 and PP6, in addition to
ABI5, in the yeast two-hybrid system.

Supplemental Table S1. List of oligonucleotide primers used for PCR and
cloning experiments.

Supplemental Materials and Methods S1. Materials and Methods for sup-
plemental materials.
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