
Type 2C protein phosphatase clade D family members
dephosphorylate guard cell plasma membrane
H + -ATPase
Mitsumasa Akiyama,1 Hodaka Sugimoto,1 Shin-ichiro Inoue,1 Yohei Takahashi,1 Maki Hayashi,1

Yuki Hayashi,1 Miya Mizutani,1 Takumi Ogawa,1 Daichi Kinoshita,1 Eigo Ando ,1 Meeyeon Park ,2

William M. Gray 2 and Toshinori Kinoshita 1,3,*,†

1 Division of Biological Science, Graduate School of Science, Nagoya University, Chikusa, Nagoya 464-8602, Japan
2 Department of Plant and Microbial Biology, University of Minnesota, St. Paul, Minnesota 55108, USA
3 Institute of Transformative Bio-Molecules (WPI-ITbM), Nagoya University, Chikusa, Nagoya 464-8602, Japan

*Author for correspondence: kinoshita@bio.nagoya-u.ac.jp
†Senior author.
These authors contributed equally (M.A., H.S.).
S.I., W.M.G., and T.K conceived research plans; S.I. and T.K. supervised the experiments; M.A., H.S., S.I., M.H., Y.H., Y.T., M.M., T.O., D.K., E.A., M.P., and
T.K. performed the experiments and analyzed the data; S.I., Y.H., Y.T., M.M., E.A., W.M.G., and T.K. wrote the article.
The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) is: Toshinori Kinoshita (kinoshita@bio.nagoya-u.ac.jp).

Abstract
Plasma membrane (PM) H + -ATPase in guard cells is activated by phosphorylation of the penultimate residue, threonine
(Thr), in response to blue and red light, promoting stomatal opening. Previous in vitro biochemical investigation suggested
that Mg2 + - and Mn2 + -dependent membrane-localized type 2C protein phosphatase (PP2C)-like activity mediates the de-
phosphorylation of PM H + -ATPase in guard cells. PP2C clade D (PP2C.D) was later demonstrated to be involved in PM
H + -ATPase dephosphorylation during auxin-induced cell expansion in Arabidopsis (Arabidopsis thaliana). However, it is
unclear whether PP2C.D phosphatases are involved in PM H + -ATPase dephosphorylation in guard cells. Transient expres-
sion experiments using Arabidopsis mesophyll cell protoplasts revealed that all PP2C.D isoforms dephosphorylate the en-
dogenous PM H + -ATPase. We further analyzed PP2C.D6/8/9, which display higher expression levels than other isoforms in
guard cells, observing that pp2c.d6, pp2c.d8, and pp2c.d9 single mutants showed similar light-induced stomatal opening
and phosphorylation status of PM H + -ATPase in guard cells as Col-0. In contrast, the pp2c.d6/9 double mutant displayed
wider stomatal apertures and greater PM H + -ATPase phosphorylation in response to blue light, but delayed dephosphory-
lation of PM H + -ATPase in guard cells; the pp2c.d6/8/9 triple mutant showed similar phenotypes to those of the pp2c.d6/9
double mutant. Taken together, these results indicate that PP2C.D6 and PP2C.D9 redundantly mediate PM H + -ATPase de-
phosphorylation in guard cells. Curiously, unlike auxin-induced cell expansion in seedlings, auxin had no effect on the phos-
phorylation status of PM H + -ATPase in guard cells.
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Introduction
Stomata in the epidermis regulate gas exchange for control-
ling of CO2 uptake for photosynthesis and transpiration for
nutrient uptake in roots. Various environmental signals are
known to affect stomatal movements. Among them, it is
well studied that stomatal opening is stimulated by light, in-
cluding blue and red light (Shimazaki et al., 2007; Inoue and
Kinoshita, 2017). Blue light-induced stomatal opening is me-
diated by blue-light photoreceptor phototropins (phot1 and
phot2) through the activation of plasma membrane (PM)
H + -ATPase (Kinoshita et al., 2001; Doi et al., 2004). PM H + -
ATPase is activated by the phosphorylation of a penultimate
threonine (Thr) residue in the C-terminal auto-inhibitory
domain, and subsequent binding of 14-3-3 proteins to the
phosphorylated C-terminus of PM H + -ATPase in guard cells
within 30 s after blue light treatment (Kinoshita and
Shimazaki, 1999; Ueno et al., 2005; Hayashi et al., 2011). The
resulting increase in PM H + -ATPase activity hyperpolarizes
the PM and provides the driving force for stomatal opening
(Toda et al., 2016; Yamauchi et al., 2016). It has been
reported that the BLUE LIGHT SIGNALING1 (BLUS1;
Takemiya et al., 2013) and BLUE LIGHT-DEPENDENT H + -
ATPASE PHOSPHORYLATION (BHP; Hayashi et al., 2017)
protein kinases, and a type 1 protein phosphatase
(Takemiya et al., 2006) have important roles in the BLUS
pathway between phototropins and PM H + -ATPase activa-
tion in guard cells. More recently, Ando and Kinoshita
(2018) showed that red light also induces phosphorylation
of penultimate Thr of PM H + -ATPase in guard cells in the
photosynthesis-dependent manner and promotes stomatal
opening.

Plant PM H + -ATPase belongs to the P-type family of
ATPases. PM H + -ATPase transports H + out of the cell cou-
pled with ATP hydrolysis and so creates an electrochemical
gradient across the PM for energizing solute transport
(Palmgren, 2001; Falhof et al., 2016). PM H + -ATPase has
structural similarity with Ca2 + -ATPase, H + /K + -ATPase, and
Na + /K + -ATPase, belonging to the P-type ATPases, which
have 10 transmembrane segments and an N- and C-termi-
nus in the cytosol. In the Arabidopsis (Arabidopsis thaliana)
genome, 11 isoforms (AHA1–AHA11) have been identified.
PM H + -ATPases are involved in diverse physiological
responses including phloem loading and unloading, xylem
loading and unloading, solute uptake in roots, leaf move-
ment, tip growth, and cell expansion in addition to stomatal
opening (Sondergaard et al., 2004; Takahashi et al., 2012;
Hayashi et al., 2014; Spartz et al., 2014; Haruta et al., 2015;
Toda et al., 2016; Yamauchi et al., 2016; Ren et al., 2018; Toh
et al., 2018; Minami et al., 2019).

PM H + -ATPase activity is regulated by phosphorylation of
several sites in the C-terminus (Haruta et al., 2015; Falhof
et al., 2016). Among them, the penultimate Thr is the first
reported and most studied phosphorylation site.
Phosphorylation of this site induces activation of PM H + -
ATPase and is involved in physiological responses, such as
light-induced stomatal opening and auxin-induced cell

expansion (Palmgren, 2001; Ren and Gray, 2015; Inoue and
Kinoshita, 2017). However, the protein kinase responsible for
the phosphorylation of the penultimate Thr residue of PM
H + -ATPase has not been identified, although in vitro pro-
tein kinase activity for this site was reported (Svennelid
et al., 1999; Hayashi et al., 2010). On the other hand, it has
been reported that the dephosphorylation of the phosphor-
ylated penultimate Thr residue of PM H + -ATPase is medi-
ated by the Mg2 + /Mn2 + -dependent membrane-localized
type 2C protein phosphatase (PP2C)-like activity in broad
bean (Vicia faba) guard cells and etiolated seedlings in
Arabidopsis (Hayashi et al., 2010). Later, PP2C clade
D(PP2C.Ds) isoforms were shown to be involved in the de-
phosphorylation of PM H + -ATPase in the auxin-induced hy-
pocotyl elongation and cell expansion (Schweighofer et al.,
2004; Spartz et al., 2014; Ren and Gray, 2015).

PP2Cs are evolutionarily conserved from prokaryotes to
higher eukaryotes and are considered to be active as
monomers. Plants possess a large number of PP2Cs com-
pared to mammals. In Arabidopsis, 80 genes are reported
to belong to PP2C family and are divided into 10 clades
(from A to J; Schweighofer et al., 2004; Xue et al., 2008).
Among them, clade D includes nine isoforms, PP2C.D1–
D9. Each PP2C.D displays their own expression pattern
and subcellular localization (Tovar-Mendez et al., 2014;
Ren et al., 2018). In addition, SMALL AUXIN-UP RNAs
(SAURs), a large multigene family of early auxin-
responsive genes, have been shown to inhibit PP2C.D ac-
tivity through physical interaction (Spartz et al., 2014; Sun
et al., 2016). It is noteworthy that SAUR19-overexpressing
plants displayed enhanced water loss in detached leaves,
wilted faster than the wild-type upon cessation of water-
ing, and exhibited delayed stomatal closure (Spartz et al.,
2014, 2017). These results suggest that PP2C.Ds might also
be involved in PM H + -ATPase dephosphorylation in
guard cells. Very recently, Wong et al. (2021) reported
that PP2C.D2, PP2C.D5, and PP2C.D6 mediate the control
of stomatal movements. However, phosphorylation status
of PM H + -ATPase in guard cells was not investigated.

In the present study, to identify the protein phosphatase
involved in the direct dephosphorylation of penultimate Thr
residue of PM H + -ATPase in guard cells, we selected the
PP2C.D6 and PP2C.D9 isoforms, which show comparatively
high expression levels in guard cells, and examined their
function in guard cells of Arabidopsis. Our findings indicated
that PP2C.D6 and PP2C.D9 redundantly mediate the de-
phosphorylation of the penultimate Thr residue of PM H + -
ATPase in guard cells.

Results

Dephosphorylation of PM H + -ATPase by PP2C.D
isoforms in mesophyll cell protoplasts
It has been reported that PP2C.Ds mediate the dephosphor-
ylation of the penultimate Thr residue of PM H + -ATPase in
Arabidopsis seedlings (Spartz et al., 2014; Ren et al., 2018).
To investigate specificity of PP2C.D isoforms, from PP2C.D1
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to PP2C.D9, for the dephosphorylation of PM H + -ATPase
in vivo, we performed transient PP2C.D expression assays us-
ing Arabidopsis mesophyll cell protoplasts (MCPs) and inves-
tigated penultimate Thr phosphorylation status of the
endogenous PM H + -ATPase in MCPs (Figure 1). The phos-
phorylated PM H + -ATPase was observed in MCPs when
green fluorescent protein (GFP) alone was expressed as a con-
trol. In contrast, the expression of PP2C.D isoforms, PP2C.D1–
PP2C.D9, in MCPs as GFP fusion proteins induced the dephos-
phorylation of the endogenous PM H + -ATPase without af-
fecting PM H + -ATPase protein levels. These results clearly
indicate that all PP2C.D isoforms can decrease phosphoryla-
tion level of the penultimate Thr residue of PM H + -ATPase
in vivo when overexpressed in MCPs. Note that the expressed
PP2C.Ds showed two major bands in MCPs. Based on molec-
ular weight predictions, the upper bands likely represent ma-
ture GFP-PP2C.D fusion proteins, while the lower bands are
presumably truncated synthesis or degradation products.

To examine PP2C specificity, we conducted similar assays
where representative members of each of the nine PP2C
clades, PP2C.A to PP2C.I, were transiently expressed in MCPs.
As shown in Supplemental Figure S1, only the PP2C.D clade
isoform induced the dephosphorylation of the endogenous
PM H + -ATPase in MCPs, although the expression level of
each isoform varied. We quantified reduction of phosphory-
lation level of PM H + -ATPase based on the expression level
of PP2Cs. The result showed that PP2C.D9 effectively
dephosphorylated PM H + -ATPase in MCPs. These results
suggest that PP2C.D proteins are likely to specifically de-
phosphorylate PM H + -ATPase in vivo.

Expression of PP2C.D isoforms in guard cells
To identify the PP2C.D isoforms expressed in stomatal guard
cells, we analyzed the Arabidopsis eFP Browser database
(https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), and found

that PP2C.D9 and PP2C.D6 are major isoforms in guard cells
in transcriptional inhibitors-treated guard-cell protoplasts
(GCPs; Winter et al., 2007; Yang et al., 2008; Figure 2A).
PP2C.D9 and PP2C.D6 comprised around 38% and 28% of
the total PP2C.D transcripts, respectively. PP2C.D2 and
PP2C.D3 were third and fourth most highly expressed iso-
forms in guard cells, showing 7.8% and 7.2% expression, re-
spectively, and PP2C.D5 was the fifth most abundant
isoform. PP2C.D6 is ubiquitously expressed in the seedlings
in addition to guard cells. In contrast, PP2C.D9 shows rela-
tively specific expression in guard cells (Supplemental Figure
S2; Ren et al., 2018). We further confirmed the published
RNAseq data from GCPs and found that PP2C.D8 also
showed higher expression level in guard cells in addition to
PP2C.D6 and PP2C.D9 (Aoki et al., 2019; Supplemental Table
S1). To confirm the expression of PP2C.D6, PP2C.D8, and
PP2C.D6 in guard cells, we examined GUS (b-glucuronidase)
reporter assay using the native PP2C.D6, PP2C.D8, and
PP2C.D6 promoters (Ren et al., 2018). All PP2C.D genes were
clearly expressed in stomatal guard cells (Figure 2B).

To study the subcellular localization of PP2C.D6, PP2C.D8,
and PP2C.D9, the PP2C.D6, PP2C.D8, and PP2C.D9 genes
were fused to GFP and transiently expressed in broad bean
guard cells by particle bombardment (Figure 2C). GFP ex-
pression was detected in the cytoplasm and nucleus. GFP-
PP2C.D6 and GFP-PP2C.D9 were localized in the peripheral
region and cytoplasm of guard cells. On the other hand,
GFP-PP2C.D8 was mainly localized in small organelle of
guard cells as previously reported (Figure 2C; Ren et al.,
2018). To investigate the subcellular localization of PP2C.D9
in more detail, we generated GFP-PP2C.D9 overexpressing
plants under control of guard cell strong promoter GC1. As
shown in Supplemental Figure S3, GFP-PP2C.D9 were
detected in the peripheral region and cytoplasm of guard
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cells and co-localized with the fluorescence of the dye FM4–
64, a marker labeling the PM.

Stomatal phenotypes in pp2c.d6, pp2c.d8, and
pp2c.d9 single mutants
To investigate light-induced stomatal opening and blue
light-dependent phosphorylation of penultimate Thr residue
of the guard-cell PM H + -ATPase of PP2C.D6, PP2C.D8, and
PP2C.D9 mutants, we obtained pp2c.d6, pp2c.d8, and
pp2c.d9 T-DNA insertion mutants (Figure 3A). The tran-
scripts were not detected by reverse transcription–polymer-
ase chain reaction (RT–PCR) in all mutants (Figure 3B),
suggesting that pp2c.d6, pp2c.d8, and pp2c.d9 single mutants
are null alleles. We next investigated light-induced stomatal
opening and blue light-dependent phosphorylation of penul-
timate Thr residue of the guard-cell PM H + -ATPase by the
immunohistochemical method using the antibody against
phosphorylated penultimate residue, Thr (anti-pThr947 anti-
body) in the epidermis (Figure 3, C and D; Hayashi et al.,
2011). However, all single mutants showed almost similar
stomatal responses with background ecotype, Col-0.

Stomatal phenotypes in pp2c.d6 pp2c.d9 double
mutant
Next, we investigated stomatal phenotypes in the pp2c.d6/9,
pp2c.d6/8, and pp2c.d8/9 double mutants and pp2c.d6/8/9
triple mutant (Figure 4A). Interestingly, we found that the

stomata in pp2c.d6/9 double mutant opened more widely
compared to Col-0 in response to light (Figure 4B).
However, stomatal apertures in pp2c.d6/8 and pp2c.d8/9
double mutants did not show significant difference com-
pared to those in Col-0 under light condition. In addition,
stomatal aperture in pp2c.d6/8/9 triple mutant was almost
comparable to that of pp2c.d6/9 double mutant, suggesting
that PP2C.D6 and PP2C.D9 redundantly mediate regulation
of stomatal aperture.

Next, we investigated phosphorylation status of penulti-
mate Thr residue of PM H + -ATPase in guard cells by the
immunohistochemical method (Figure 4C). The phosphory-
lation level in the pp2c.d6/9 double mutant was slightly
higher than Col-0 under red light condition and significantly
higher (50%) at 2.5 min after the start of blue light illumina-
tion, without altering the amount of PM H + -ATPase in
guard cells (Supplemental Figure S4). Consistent with the
results of stomatal aperture measurements, phosphorylation
level of PM H + -ATPase in pp2c.d6/8 and pp2c.d8/9 double
mutants were almost similar to those in Col-0.

To further characterize the pp2c.d6/9 double mutant, we
investigated the dephosphorylation kinetics of PM H + -
ATPase in guard cells (Figure 5). In Col-0, phosphorylation
level of PM H + -ATPase decreased by 460% at 5 min after
the start of 30-s blue light pulse. In contrast, in pp2c.d6/9
double mutant, the phosphorylation level of H + -ATPase
was still over 85% at that time and showed significantly
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higher phosphorylation level than Col-0 for over 40 min.
The amount of PM H + -ATPase was unchanged over time in
both Col-0 and pp2c. d6/9 (Supplemental Figure S5). These
results indicate that PP2C.D6 and PP2C.D9 redundantly me-
diate the dephosphorylation of PM H + -ATPase. Note that
the dephosphorylation of PM H + -ATPase was delayed, but
was still observed in the pp2c.d6/9 double mutant, suggest-
ing that PP2C.D6 and PP2C.D9 are not prominent and other
PP2C.Ds are also involved in the dephosphorylation of PM
H + -ATPase in guard cells.

To investigate stomatal phenotypes in more detail, we
measured stomatal conductance in intact leaves of pp2c.d6/
9 using a gas-exchange system (Supplemental Figure S6). In
Col-0 leaves, stomatal conductance increased after illumina-
tion of red light for 1 h and then saturated; the illumination
of blue light superimposed on red light-induced rapid
increase of the conductance at the first 15 min, then de-
creased gradually (Supplemental Figure S6B). Stomatal con-
ductance in pp2c.d6/9 also rapidly increased after the
illumination of blue light, whereas did not decrease after
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15 min from start of blue light illumination. Thus, pp2c.d6/9
showed different kinetics of stomatal conductance after blue
light illumination compared to Col-0.

Stomatal aperture in the pp2c.d6/9 double mutant opened
widely not only under light illumination but also in the dark
for 3 h (Figure 4B). In contrast, stomatal conductance of
pp2c.d6/9 in the dark was only slightly higher than that of
Col-0 (Supplemental Figure S6). Then, we investigated time
course of stomatal aperture of pp2c.d6/9 in the dark. As
shown in Supplemental Figure S7, at the beginning of the
measurement, stomatal aperture of pp2c.d6/9 was compara-
ble to that of Col-0, while after 1 h, stomata in pp2c.d6/9
opened even in the dark. These results suggest that mutation
of pp2c.d6/9 facilitates stomatal opening in the basal buffer
for stomatal measurement (see “Materials and Methods”).

Stomatal phenotypes in PP2C.D9 overexpressing
plants
To investigate the function of PP2C.D9 in stomatal guard
cells, we investigated stomatal phenotype of PP2C.D9 over-
expressing plants (pGC1:GFP-PP2C.D9). As shown in Figure 6,
stomata in PP2C.D9 overexpression lines did not open in re-
sponse to light. This result strongly supports that PP2C.D9 is
a negative regulator of light-induced stomatal opening,
probably due to enhancement of the dephosphorylation of
PM H + -ATPase.

Direct dephosphorylation of PM H + -ATPase by
PP2C.D9
To confirm the direct dephosphorylation of PM H + -ATPase
by PP2C.D6 and PP2C.D9, we tried to purify the
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recombinant PP2C.D6 and PP2C.D9 proteins from
Escherichia coli. Unfortunately, we could not obtain recombi-
nant PP2C.D6 protein from E. coli; therefore, we performed
dephosphorylation assay using only the recombinant
PP2C.D9 protein. In this assay, we used PM H + -ATPase
(AHA2) heterologously expressed in yeast as a substrate,
which is phosphorylated on penultimate Thr residue in yeast
(Maudoux et al., 2000; Spartz et al., 2014; Ren et al., 2018).
The results showed that phosphorylated PM H + -ATPase in
the isolated yeast membranes was clearly dephosphorylated
by the recombinant PP2C.D9 protein in vitro, but PM H + -
ATPase was not dephosphorylated without the recombinant
PP2C.D9 protein (Figure 7).

Auxin had no effect on the phosphorylation status
of PM H + -ATPase in guard cells
During auxin-induced hypocotyl elongation and cell expan-
sion, auxin activates PM H + -ATPase through the phosphor-
ylation of penultimate Thr residue of PM H + -ATPase
(Takahashi et al., 2012; Uchida et al., 2018). In this process, it
has been demonstrated that auxin-induced SAUR proteins
directly inhibit PP2C.D phosphatase activity by physical
binding to PP2C.D proteins and activate PM H + -ATPase
through the enhancement of phosphorylation level of PM
H + -ATPase (Spartz et al., 2014; Ren et al., 2018). Lohse and
Hedrich (1992) showed that auxin induced stomatal open-
ing at optimum concentration 5 mM in broad bean. Later,

Tanaka et al. (2006) showed that auxin at 10-mM partially
inhibited abscisic acid-induced stomatal closure. To test the
effect of auxin on the phosphorylation status of PM H + -
ATPase in guard cells, we treated the epidermis with auxin
or the fungal toxin fusicoccin (FC), an activator of PM H + -
ATPase through inhibition of the dephosphorylation of PM
H + -ATPase (Kinoshita and Shimazaki, 2001). As shown in
Figure 8, treatment of indole-3-acetic acid (IAA) at 10 mM
for 20 min did not induce phosphorylation of PM H + -
ATPase in guard cells. In contrast, FC at 10 mM clearly in-
duced phosphorylation of PM H + -ATPase. The result indi-
cates that exogenous auxin has no effect on
phosphorylation status of the penultimate Thr residue of
PM H + -ATPase in guard cells.

Discussion
In this study, we provide evidence that PP2C.D6 and
PP2C.D9 redundantly mediate the dephosphorylation of
penultimate Thr residue in the C-terminal auto-inhibitory
domain of PM H + -ATPase in guard cells. We selected
PP2C.D6 and PP2C.D9 for stomatal assays based on their
high relative expression levels in guard cells (Figure 2). Single
mutants of PP2C.D6 and PP2C.D9 showed normal responses
in light-induced stomatal opening and blue light-induced
phosphorylation of PM H + -ATPase (Figure 3). In contrast,
the pp2c.d6/9 double mutant showed an open stomata phe-
notype under light illumination and a significant delay in
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the dephosphorylation of PM H + -ATPase after blue light il-
lumination in guard cells (Figures 4 and 5; Supplemental
Figure S6), suggesting that PP2C.D6 and PP2C.D9 mediate
the dephosphorylation of PM H + -ATPase in guard cells. It is
worthy of note that although the pp2c.d6/9 double mutant
showed a strong phenotype, it still displayed the dephos-
phorylation of PM H + -ATPase, suggesting that other
PP2C.D isoforms may also be involved in the dephosphoryla-
tion of PM H + -ATPase in guard cells. Further investigations
will be needed to clarify the involvement of other isoforms
for the dephosphorylation of PM H + -ATPase in guard cells.
Very recently, Wong et al. (2021) showed involvement of
PP2C.D2, PP2C.D5, and PP2C.D6 in stomatal movements,
suggesting that PP2C.D2 and PP2C.D5 are additional candi-
dates for the dephosphorylation of PM H + -ATPase in guard
cells.

In the case of cell expansion in Arabidopsis seedlings, the
Arabidopsis eFP Browser database indicates that PP2C.D5,
PP2C.D2, and PP2C.D6 are the highest expressed PP2C.D iso-
forms, comprising around 22%, 19%, and 15% of total
PP2C.D transcript signals, respectively (Supplemental Figure
S8). Consistent with the expression levels of these isoforms,
pp2c.d2/5/6 triple mutant displayed a stronger hypocotyl
growth phenotype than pp2c.d2/5 and pp2c.d2/6 double
mutants (Ren et al., 2018). These results suggest that the ex-
pression levels of PP2C.D isoforms are likely to reflect their
contribution for the dephosphorylation of PM H + -ATPase
in each cell types and tissues.

Transient PP2C expression assays using Arabidopsis MCPs
revealed that potentially all PP2C.D isoforms are able to me-
diate the dephosphorylation of PM H + -ATPase in plant cells
(Figure 1), and the dephosphorylation of PM H + -ATPase
was not observed when we expressed representative mem-
bers of the other PP2C clades (Supplemental Figure S1), in-
dicating that these assays are a very useful system to
examine the involvement of phosphatases in the dephos-
phorylation of PM H + -ATPase in vivo. Previous investiga-
tions showed that recombinant PP2C.D1, PP2C.D2, and
PP2C.D5 proteins directly dephosphorylate phosphorylated

penultimate Thr residue of PM H + -ATPase (AHA2)
expressed in yeast in vitro (Spartz et al., 2014; Ren et al.,
2018). In the present study, we also provided biochemical
evidence of the direct dephosphorylation of phosphorylated
PM H + -ATPase (AHA2) expressed in yeast by PP2C.D9 pro-
tein in vitro (Figure 7). These results strongly suggest that
PP2C.D isoforms act as phosphatases for the direct dephos-
phorylation of the penultimate Thr residue in PM H + -
ATPase. We could not obtain the recombinant PP2C.D6
from E. coli, probably due to its toxicity. It will be needed to
show the direct dephosphorylation of PM H + -ATPase by
PP2C.D6.

It is still unclear that how blue light regulates the phos-
phorylation status of penultimate Thr residue of PM H + -
ATPase in guard cells. Previous results indicated that blue
light-induced phosphorylation of PM H + -ATPase and FC-
induced phosphorylation of PM H + -ATPase exhibit similar
time courses in GCPs from broad bean (Kinoshita and
Shimazaki, 1999, 2001). Given that FC activates PM H + -
ATPase through the inhibition of the dephosphorylation of
PM H + -ATPase, and that FC-induced phosphorylation is ob-
served without blue light illumination in guard cells, a pro-
tein kinase catalyzing the direct phosphorylation of
penultimate residue, Thr, of PM H + -ATPase may constantly
phosphorylate PM H + -ATPase in guard cells. It would be
expected that the blue light signal inhibits PP2C.D phospha-
tase activity and induces accumulation of phosphorylated
PM H + -ATPase in guard cells. Therefore, it is very important
to identify blue light-dependent regulators of PP2C.D6 and
PP2C.D9 proteins for understanding of regulation of the
phosphorylation status of the penultimate Thr residue of
PM H + -ATPase in guard cells and the signaling pathway of
blue light-induced stomatal opening.

It has been demonstrated that auxin-induced SAUR pro-
teins inhibit PP2C.D activity through the direct binding to
PP2C.Ds (Spartz et al., 2014; Ren et al., 2018). Recently,
Wong et al. (2019) identified a highly conserved, unique mo-
tif near the C-terminus of the catalytic domain of PP2C.D
proteins that is essential for SAUR binding. Furthermore, sin-
gle missense mutations within this motif abolish SAUR bind-
ing and inhibition of PP2C.D activity by SAUR. Among the
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top five PP2C.D isoforms expressed in guard cells (PP2C.D9,
PP2C.D6, PP2C.D2, PP2C.D3, and PP2C.D5; Figure 2A), only
PP2C.D9 does not conserved the motif completely. It is pos-
sible that PP2C.D6, PP2C.D2, PP2C.D3, and PP2C.D5 proteins
are also regulated by SAUR protein in guard cells. To sup-
port this, GFP- or StrepII-tagged SAUR19 overexpressing
Arabidopsis plants showed enhanced water loss in leaf de-
tachment assays and delayed stomatal closure (Spartz et al.,
2014). It is possible that PP2C.D9 might not be regulated by
SAUR proteins. Further investigations will be needed to clar-
ify whether SAUR proteins are involved in the regulation of
phosphorylation status of PM H + -ATPase in guard cells. In
addition, the identification and characterization of PP2C.D6
and PP2C.D9 interacting proteins in guard cells would pro-
vide important insights for regulation of PM H + -ATPase in
guard cells.

Materials and methods

Plant materials and growth conditions
Plants of Arabidopsis (A. thaliana) Columbia-0 (Col-0) were
used as the wild-type. Col-0 is a background ecotype of T-
DNA insertion mutants of pp2c.d6 (SAIL_171H03), pp2c.d8
(SALK_143298), and pp2c.d9 (SALK_026300). These mutants
were obtained from the Arabidopsis Biological Resource
Center (Ohio State University). All plants were grown on
soil under white light (�50 mmol m–2 s–1) with a 16-/8-h
light/dark cycle in a growth room. Growth temperature and
relative humidity were �20�C–24�C and 40%–60%,
respectively.

Transient PP2Cs expression assays using Arabidopsis
MCPs
To analyze the effect of PP2Cs on the dephosphorylation of
PM H + -ATPase, we constructed the vector carrying GFP-
PP2Cs under the control of the 35S promoter. The full-
length cDNA of PP2Cs, except for PP2C.D9, were amplified
by PCR and were cloned into CaMV35S-sGFP(S65T)-NOS30

vector using In-Fusion HD Cloning Kit (Clontech). The full-
length cDNA of PP2C.D9 was amplified by PCR and was
cloned into the BsrGI site of CaMV35S-sGFP(S65T)-NOS30

vector. Primers used for the amplification of PP2Cs and line-
arization of the vector were listed in Supplemental Table S2.
The resulting constructs (35S:GFP-PP2Cs:nosT) were used for
transfection into Arabidopsis MCPs. MCPs were isolated as
described previously (Wu et al., 2009). Thirty micrograms
protoplasts were transfected with 10–20 mg 35S:GFP-
PP2Cs:nosT using the PEG-mediated method (Yoo et al.,
2007). After transfections, protoplasts were incubated in in-
cubation buffer (2-mM Mes-KOH, pH 5.7, 0.4-M mannitol,
20-mM KCl, 1-mM CaCl2) for 14 h at room temperature.
Protoplasts were harvested by centrifugation at 13,000g for 1
min, and cells were lysed in sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis (SDS–PAGE) sample buffer
(15-mM Tris–HCl, pH 8.0, 1.5% [w/v] SDS, 1.5-mM EDTA,
15% [w/v] sucrose, 0.06% [w/v] Coomassie Brilliant Blue,
7.5% [v/v] 2-mercaptoethanol).

Immunoblot
The amount of PM H + -ATPases and the phosphorylation
status of the penultimate Thr residue were detected by im-
munoblot analysis using specific antibodies against the cata-
lytic domain of AHA2 (anti-H + -ATPase antibody) and
phosphorylated Thr-947 in AHA2 (anti-pThr947 antibody;
Hayashi et al., 2010). A goat anti-rabbit IgG conjugated to
horseradish peroxidase (Bio-Rad Laboratories) was used as a
secondary antibody, and the chemiluminescence from the
horseradish peroxidase reaction with a chemiluminescence
substrate (Thermo Scientific) was detected using the Light
Capture AE-2150 system (ATTO). To detect GFP-tagged
PP2Cs, mouse anti-GFP antibody (Roche Applied Science)
was used as a primary antibody. To detect His-tagged
PP2C.D9, mouse anti-His antibody (GE Healthcare) was used
as a primary antibody. A goat anti-mouse IgG conjugated to
horseradish peroxidase (Bio-Rad Laboratories) was used as a
secondary antibody. The chemiluminescent signal was deter-
mined using ImageJ software. The phosphorylation level of
PM H + -ATPase was quantified as the ratio of the signal in-
tensity from the phosphorylated PM H + -ATPase to that
from the amount of PM H + -ATPase. The reduction of the
phosphorylation level of PM H + -ATPase per expression level
of PP2Cs was calculated with the following formula:

Reduction of phosphorylation level of PM H + -ATPase =
([Phosphorylation level of PM H + -ATPase in GFP expressed
MCPs]) – ([Phosphorylation level of PM H + -ATPase in GFP-
tagged PP2C expressed MCPs])/([Signal intensity of GFP in
GFP-tagged PP2C expressed MCPs*]/[Signal intensity of GFP
in GFP expressed MCPs])
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*Signal intensity was quantified from upper band.

Promoter-GUS assay
pro:PP2C.D6::PP2C.D6-GUS, pro:PP2C.D8::PP2C.D8-GUS, and
pro:PP2C.D9::PP2C.D9-GUS transgenic lines (Ren et al., 2018)
were used for GUS staining. The GUS staining was per-
formed as reported previously with some modifications
(Jefferson et al., 1987). The epidermal tissues from the 4-
week-old plants were fixed by 90% acetone for 30 min on
ice, and then incubated in distilled water for 10 min. The
fixed sample was then incubated in the GUS staining buffer
f0.05% (w/v) 5-bromo-5-chloro-3-indolyl-b-D-glucuronide
(X-Gluc), 3-mM K5[Fe(CN)6], 3-mM K3[Fe(CN)6], 10-mM
EDTA, 0.1% (v/v) Triton X-100, 100-mM sodium phosphate
buffer (pH 7.0)g at 37�C for 16 h. After incubation, the sam-
ple was washed with 70% (v/v) ethanol. The images of GUS
staining were obtained using an upright microscope (Eclipse
50i; Nikon) and a charge-coupled device camera (DS-5Mc-
L2; Nikon).

Subcellular localization of PP2C.D6, PP2C.D8, and
PP2C.D9
To analyze the subcellular localization of PP2C.D6, PP2C.D8,
and PP2C.D9 in guard cells, GFP-fused PP2C.D6, PP2C.D8,
and PP2C.D9 proteins were transiently expressed in guard
cells of broad bean (Vicia faba). Constructions of GFP-fused
PP2C.D6, PP2C.D8, and PP2C.D9 under control of 35S pro-
moter (35S:GFP-PP2C.D6:nosT, 35S:GFP-PP2C.D8:nosT, and
35S:GFP-PP2C.D9:nosT) were described above. The constructs
or empty vector were introduced into abaxial side of broad
bean leaves by particle bombardment (IDERA GIE-III;
Tanaka) as described previously (Takemiya et al., 2006).
After infection, the leaves were incubated at room tempera-
ture in the dark for 16 h. Epidermal strips were peeled and
used for microscopic observation. Fluorescent images were
obtained with a confocal laser-scanning fluorescent micros-
copy (FV10i; Olympus).

Construction and observation of transgenic plant
pGC1:GFP-PP2C.D9
GFP-PP2C.D9 was amplified from 35S:GFP-PP2C.D9:nosT with
specific primers listed in Supplemental Table S3 and cloned
into pPZP211-GC1 vector (Kinoshita et al., 2011; Wang et al.,
2014) using BamHI. The resulting construct (pGC1:GFP-
PP2C.D9:nosT) was introduced into Agrobacterium tumefa-
ciens (GV3101). Agrobacterium was transformed into Col-0
using floral Dip method as previously described (Kinoshita
et al., 2011). F3 homozygous plants were used for the
experiments.

For FM4–64 staining, epidermal tissues of rosette leaves
from 5-week-old plants were incubated in 2 mL of distilled
water containing 10-lM FM4–64 for 15 min at room tem-
perature. Stained samples were washed twice with water
and observed by confocal laser scanning microscopy
(FV4000; Olympus). Fluorescent images of GFP-PP2C.D9
were obtained with a confocal laser-scanning fluorescent mi-
croscopy (FV4000; Olympus). Fluorescence derived from

GFP and FM4–64 was exited using 515-nm laser light, and
detected using windows ranged from 520 to 550 nm for
GFP and from 630 to 670 nm for FM4–64 fluorescence.

RT–PCR
The expression of PP2C.D6, PP2C.D8, and PP2C.D9 in the T-
DNA insertional mutants was determined by RT–PCR. Total
RNA was extracted from rosette leaves of 4-week-old plants
using an RNeasy Plant Mini Kit (Qiagen), according to the
manufacturer’s instructions. First-strand cDNAs were synthe-
sized from the RNA using a Takara PrimeScript II First
Strand cDNA Synthesis Kit (Takara) with oligo(dT)12–18
primer. The cDNA fragments were amplified by PCR using
specific primers as listed in Supplemental Table S4. TUB2
(At5g62690) was amplified by RT–PCR to serve as an inter-
nal standard.

Measurement of stomatal aperture
Stomatal aperture in epidermal tissues was measured as de-
scribed previously (Kinoshita et al., 2001; Inoue et al., 2008)
with minor modifications. Four- to 5-week-old plants were
used for measurement of stomatal aperture. Fully expanded
rosette leaves were harvested from dark-adapted plants, at
least five plants in each experiment. The leaves were
blended in a Waring blender (Waring Commercial) in 35 mL
of MilliQ water. The epidermal fragments were collected on
a nylon mesh and rinsed with MilliQ water. The epidermal
tissues were incubated in basal buffer (5-mM MES-
Bistrispropane, 50-mM KCl, and 0.1-mM CaCl2, pH 6.5) and
were irradiated with red/blue mixed light (blue light [Stick-
B-32; EYELA, Tokyo, Japan] at 10 lmol m–2 s–1 superim-
posed on background red light [LED-R; EYELA] at 50 mmol
m–2 s–1) at 24�C or kept in the dark for 3 h. Stomatal aper-
tures were measured microscopically in the abaxial epider-
mis by focusing on the inner lips of stomata. In each
independent experiment, we measured 30 stomatal aper-
tures in the abaxial epidermis (five stomata per epidermal
fragment). All measurements of stomatal response to light
were performed between 12:00 p.m. and 2:00 p.m.

Stomatal aperture in leaf discs was measured as described
previously (Toh et al., 2018) with modifications. Prior to the
measurement, 4- to 5-week-old plants were incubated in the
dark overnight. Under dim light, 3-mm diameter leaf discs
were excised from fully expanded leaves using a hole punch
(Biopsy Punch, Kai Medical). The leaf discs were incubated
in the basal buffer in the dark for 3 h. Image of leaf discs
were acquired using an optical microscope (BX43; Olympus)
with a charge-coupled device camera (DP27; Olympus) with
a 20� objective lens (UPlanFL N; Olympus) with the ex-
tended focus imaging function of cellSens standard software
(Olympus). Stomatal aperture in the abaxial epidermis was
quantified from the image of leaf discs using ImageJ software
(http://imagej.nih.gov/ij/).
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Measurement of stomatal conductance
Stomatal conductance of intact leaves was measured by LI-
6400 gas-exchange measurement system (LI-COR) as de-
scribed previously (Wang et al., 2014). Red light (550 mmol
m–2 s–1) and blue light (5 mmol m–2 s–1) were obtained by
halogen projector lamp (power supply: MHAB-150W,
Moritex; lamp: Type 6423, PHILIPS) with red and blue filters
(red: 2-61; blue: 5-60; Corning), respectively. Flow rate, leaf
temperature, and ambient CO2 concentration were kept at
500 mmol s–1, 23�C, and 400 mmol mol–1, respectively.
Relative humidity was 40%–60%. Data represent means of
three independent plants with standard error (SE).

Immunohistochemical detection of the
PM H + -ATPase in guard cells
Detections of the phosphorylation level of penultimate resi-
due, Thr, and the amount of PM H + -ATPase in guard cells
were performed using epidermal tissues from Arabidopsis
according to a previous method (Hayashi et al., 2011). In
brief, the epidermal fragments prepared by blending rosette
leaves from 4- to 5-week-old plants were incubated under
background red light (50 mmol m–2 s–1) for 20 min, after
which blue light (10 mmol m–2 s–1) was superimposed on
the red light for 2.5 min. For time course experiments, red
light illumination was continued after blue light pulse (10
mmol m–2 s–1, 30 s) and the epidermal tissues were fixed at
the indicated time point.

To investigate the effect of exogenous auxin, the epider-
mal fragments isolated from leaves of dark-adapted plants
were incubated with 10-mM IAA, 10-mM FC, or 0.25% (v/v)
DMSO (solvent control) for 20 min in the dark.
Phosphorylation status of PM H + -ATPase and the amount
of PM H + -ATPase were detected by anti-pThr947 antibody
and anti-H + -ATPase antibody, respectively. The fluorescence
from Alexa Fluor488-labeled secondary antibodies was im-
aged with a fluorescence microscope. The fluorescent signal
intensities were quantified using ImageJ software (http://
imagej.nih.gov/ij/) as described previously (Hayashi et al.,
2011).

In vitro phosphatase assay using recombinant
PP2C.D9 protein for the dephosphorylation of
yeast-expressed PM H + -ATPase (AHA2)
The substrate of in vitro phosphatase assay, PM H + -ATPase
(AHA2) was expressed in yeast and was obtained as suspen-
sion of microsomal membrane fraction. The full-length cDNA
of AHA2 was amplified by PCR using specific primers listed in
Supplemental Table S5 and cloned into the BamHI site of
pYES2 vector (Invitrogen). The resulting construct was trans-
formed into Saccharomyces cerevisiae strain INVSc1 (MATa
his3D1 leu2 trp1-289 ura3-52; Invitrogen). Transformed yeast
was grown at 28�C for 16 h in preculture medium lacking
uracil (0.67% [w/v] yeast nitrogen base, 2% [w/v] glucose,
0.01% [w/v] adenine, arginine, cysteine, leucine, lysine, Thr,
tryptophan, 0.05% [w/v] aspartic acid, histidine, isoleucine,
methionine, phenylalanine, proline, serine, tyrosine, valine),
then transferred to the galactose-containing induction

medium (0.67% [w/v] yeast nitrogen base, 2% [w/v] galactose,
1% [w/v] raffinose, 0.01% [w/v] adenine, arginine, cysteine,
leucine, lysine, Thr, tryptophan, 0.05% [w/v] aspartic acid, his-
tidine, isoleucine, methionine, phenylalanine, proline, serine,
tyrosine, valine) to induce the expression of AHA2 in the
yeast. After induction at 28�C for 16 h, cells were harvested
by centrifugation at 1,100g for 5 min and resuspended in ho-
mogenization buffer (50-mM MOPS-KOH, pH 7.5, 100-mM
NaCl, 2.5-mM EDTA, 2-mM DTT, 1-mM PMSF, 20-mM
Leupeptine). Suspended cells were homogenized using
TissueLyser II (Qiagen) with glass beads (500 mm, Yasui Kikai)
at 25.0 Hz for 5 min. The homogenate was centrifuged at
8,000g at 4�C for 2 min. The supernatant was further centri-
fuged at 100,000g at 4�C for 1 h. The obtained microsomal
membrane fraction, including PM and internal membrane
where AHA2 localizes (Jahn et al., 2002), was suspended in
resuspension buffer (0.3-M sucrose, 5-mM 2-[4-(2-
Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid-Bis-tris
propan (HEPES-BTP), pH 7.0, 0.1-M DTT, 1-mM PMSF, 20-
mM Leupeptine) and immediately frozen with liquid N2 and
stored under –80�C until use.

Recombinant PP2C.D9 was expressed in E. coli and puri-
fied. The full-length cDNA of PP2C.D9 was amplified by PCR
using specific primers listed in Supplemental Table S5 and
cloned into the BamHI site of pET30a vector (Merck
Millipore) using In-Fusion HD Cloning Kit (Clontech; pET-
PP2C.D9). The resulting construct was transformed into
E.coli BL21 (DE3) strain. The recombinant PP2C.D9 protein
was expressed as N-terminal His-tagged protein (His-
PP2C.D9). The fusion protein was purified using Profinity
IMAC Ni-Charged Resin (Bio-Rad). The purified His-PP2C.D9
was kept on ice until use.

The yeast microsomal membranes (8-mg protein) were sus-
pended in 25 mL of basal reaction buffer (50-mM MOPS-
KOH, pH 7.2, 2.5-mM MgCl2, 1-mM DTT, and 0.025% [w/v]
Triton X-100) with or without 0.8-mg protein of recombinant
His-PP2C.D9. The dephosphorylation reactions were per-
formed for 30 min at 24�C. The reactions were terminated by
solubilization of proteins with SDS–PAGE sample buffer.
Phosphorylation status and amount of PM H + -ATPase was
determined using immunoblotting as described above.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries under the following accession
numbers: PP2C.D1 (At5g02760), PP2C.D2 (At3g17090),
PP2C.D3 (At3g12620), PP2C.D4 (At3g55050), PP2C.D5
(At4g38520), PP2C.D6 (At3g51370), PP2C.D7 (At5g66080),
PP2C.D8 (At4g33920), PP2C.D9 (At5g06750), PP2C.A8
(At4g26080), PP2C.B2 (At2g40180), PP2C.C4 (At1g07630),
PP2C.E1 (At1g03590), PP2C.F4 (At1g22280), PP2C.G1
(At3g62260), PP2C.H1 (At1g09160), PP2C.I1 (At2g25070),
AHA2 (At4g30190), SAUR9 (At4g36110), SAUR19
(At4G36110), and TUB2 (At5g62690).
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Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Effect of transiently expressed
PP2C.A-Is on phosphorylation status of PM H + -ATPase in
MCPs.

Supplemental Figure S2. Expression level of PP2C.D6 and
PP2C.D9 in guard cells and mesophyll cells.

Supplemental Figure S3. Subcellular localization of GFP-
PP2C.D9 fusion proteins in guard cells.

Supplemental Figure S4. Immunohistochemical detection
of guard-cell PM H + -ATPase in Col-0, pp2c.d6, pp2c.d9, and
pp2c.d6/9 double mutant.

Supplemental Figure S5. Immunohistochemical detection
of guard-cell PM H + -ATPase in Col-0 and pp2c.d6/9 during
time course experiment.

Supplemental Figure S6. Time course of light-dependent
changes in stomatal conductance in intact leaves from Col-0
and pp2c.d6/9.

Supplemental Figure S7. Stomatal aperture of leaf discs
from Col-0 and pp2c.d6/9 incubated in the dark.

Supplemental Figure S8. Expression of PP2C.Ds in 4-d-old
seedlings.

Supplemental Table S1. Expression level of PP2C.Ds in
GCPs.

Supplemental Table S2. List of primers for construction
of 35S:GFP-PP2Cs:nosT.

Supplemental Table S3. List of primers for construction
of pPZP211-pGC1:GFP-PP2C.D9.

Supplemental Table S4. List of primers for RT-PCR.
Supplemental Table S5. List of primers for constructions

used for in vitro phosphatase assay.
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