Auxin Activates the Plasma Membrane H+-ATPase by
Phosphorylation during Hypocotyl Elongation
in Arabidopsis1[W][OA]
Koji Takahashi, Ken-ichiro Hayashi, and Toshinori Kinoshita*
Division of Biological Science, Graduate School of Science, Nagoya University, Nagoya, Aichi 464–8602,
Japan (K.T., T.K.); and Department of Biochemistry, Okayama University of Science, Okayama 700–0005,
Japan (K.-i.H.)

The phytohormone auxin is a major regulator of diverse aspects of plant growth and development. The ubiquitin-ligase
complex SCFTIR1/AFB (for Skp1-Cul1-F-box protein), which includes the TRANSPORT INHIBITOR RESPONSE1/AUXIN
SIGNALING F-BOX (TIR1/AFB) auxin receptor family, has recently been demonstrated to be critical for auxin-mediated
transcriptional regulation. Early-phase auxin-induced hypocotyl elongation, on the other hand, has long been explained by
the acid-growth theory, for which proton extrusion by the plasma membrane H+-ATPase is a functional prerequisite. However,
the mechanism by which auxin mediates H+-ATPase activation has yet to be elucidated. Here, we present direct evidence for H+ATPase activation in etiolated hypocotyls of Arabidopsis (Arabidopsis thaliana) by auxin through phosphorylation of the
penultimate threonine during early-phase hypocotyl elongation. Application of the natural auxin indole-3-acetic acid (IAA) to
endogenous auxin-depleted hypocotyl sections induced phosphorylation of the penultimate threonine of the H+-ATPase and
increased H+-ATPase activity without altering the amount of the enzyme. Changes in both the phosphorylation level of H+ATPase and IAA-induced elongation were similarly concentration dependent. Furthermore, IAA-induced H+-ATPase
phosphorylation occurred in a tir1-1 afb2-3 double mutant, which is severely defective in auxin-mediated transcriptional
regulation. In addition, a-(phenylethyl-2-one)-IAA, the auxin antagonist speciﬁc for the nuclear auxin receptor TIR1/AFBs,
had no effect on IAA-induced H+-ATPase phosphorylation. These results suggest that the TIR1/AFB auxin receptor family is not
involved in auxin-induced H+-ATPase phosphorylation. Our results deﬁne the activation mechanism of H+-ATPase by auxin
during early-phase hypocotyl elongation; this is the long-sought-after mechanism that is central to the acid-growth theory.

The phytohormone auxin regulates diverse aspects
of plant development, including tissue elongation,
tropic growth, embryogenesis, apical dominance, lateral root initiation, and vascular differentiation (Teale
et al., 2006). Proteins in the TRANSPORT INHIBITOR
RESPONSE1/AUXIN SIGNALING F-BOX protein (TIR1/
AFB) family have recently been demonstrated to function
as nuclear receptors for auxin (Dharmasiri et al., 2005a;
Kepinski and Leyser, 2005). The auxin signal transduction
system operating via the E3 ubiquitin-ligase complex
SCFTIR1/AFB (for Skp1-Cul1-F-box protein), which includes
TIR1/AFBs, plays a critical role in many auxin-mediated
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responses through transcriptional regulation (Mockaitis
and Estelle, 2008).
Auxin-induced elongation of plant organs, such as
hypocotyls, coleoptiles, and roots, has been explained
by the acid-growth theory since the 1970s (Rayle and
Cleland, 1970; Hager et al., 1971; Moloney et al., 1981).
The theory states that auxin enhances proton extrusion
via the plasma membrane H+-ATPase within several
minutes. This process lowers the apoplastic pH,
thereby promoting wall extension through the activation of wall-loosening proteins. In addition, the electrochemical potential gradient of protons across the
plasma membrane that is created by the H+-ATPase
provides the driving force for K+ uptake through inward-rectifying K+ channels (Claussen et al., 1997;
Philippar et al., 2006) and subsequent water uptake.
These processes permit cell expansion, leading to elongation growth (Katou and Okamoto, 1992; Cosgrove,
2000; Hager, 2003). It has been reported that the earlyphase auxin-induced hypocotyl elongation occurs in a
quadruple mutant of the TIR1/AFB family proteins,
tir1-1 afb1-3 afb2-3 afb3-4 (Schenck et al., 2010), suggesting that transcriptional regulation is not essential
for auxin-induced hypocotyl elongation. Thus, the
plasma membrane H+-ATPase plays a central role in
auxin-induced elongation, but the mechanism by which
auxin mediates the stimulation of the H+-ATPase has
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yet to be established (Hager et al., 1991; Frías et al.,
1996; Jahn et al., 1996; Hager, 2003).
The plasma membrane H+-ATPase, a member of the
superfamily of P-type ATPases, transports protons out
of the cell in a process that is coupled to ATP hydrolysis and is important for intracellular pH homeostasis (Palmgren, 2001). The electrochemical gradient
of protons across the plasma membrane regulates the
membrane potential, which in turn affects channel
activity and is utilized by secondary transporters; this
process ﬁnally leads to a variety of physiological responses, including phloem loading, stomatal opening,
solute uptake by the roots, and cell expansion. The
phosphorylation of the penultimate amino acid Thr
in the C terminus of the H+-ATPase and subsequent
binding of a 14-3-3 protein to the phosphorylated C
terminus is the major common mechanism by which
the H+-ATPase is activated in plant cells (Sondergaard
et al., 2004; Duby and Boutry, 2009). It should be noted
that the H+-ATPase is phosphorylated at multiple sites
in addition to the penultimate Thr (Fuglsang et al., 2007;
Duby and Boutry, 2009; Rudashevskaya et al., 2012). In
addition, protein kinase and phosphatase enzymes that
directly regulate the phosphorylation level of the penultimate Thr of H+-ATPase have yet to be identiﬁed
(Kinoshita and Hayashi, 2011). Many signals, including
blue light, Suc, NaCl, phytohormones, and the fungal
toxin fusicoccin (FC), regulate the phosphorylation level
of the penultimate Thr in the C terminus of the H+ATPase (Fuglsang et al., 1999; Kinoshita and Shimazaki,
1999, 2001; Svennelid et al., 1999; Kerkeb et al., 2002;
Inoue et al., 2005; Niittylä et al., 2007; Chen et al., 2010).
Phosphoproteomic analysis has shown that the phytohormone auxin induces phosphorylation of the penultimate Thr of the H+-ATPase isoform AHA1 in cultured
Arabidopsis (Arabidopsis thaliana) cells (Chen et al.,
2010). Therefore, we postulated that H+-ATPase is activated by this phosphorylation system during earlyphase auxin-induced hypocotyl elongation.
In this study, we examined the molecular mechanism by which the plasma membrane H+-ATPase is
activated during auxin-induced elongation in etiolated
hypocotyls of Arabidopsis, showing that auxin induces elongation of the hypocotyl and activation of
the H+-ATPase in a similar concentration-dependent
manner. Moreover, we show that auxin-induced activation of the H+-ATPase via phosphorylation of the
penultimate Thr in the C terminus occurs without the
involvement of TIR1/AFBs.
RESULTS
Auxin-Induced Elongation of Arabidopsis Hypocotyls
Requires H+-ATPase Activity

To investigate the mechanism of plasma membrane
H+-ATPase activation during early-phase auxininduced hypocotyl elongation, we established methods
for the biochemical analysis of auxin-induced responses
in Arabidopsis hypocotyls. Decapitated hypocotyl

sections containing the elongating region were obtained
from 3-d-old etiolated seedlings (Gendreau et al., 1997)
and were stored on agar-solidiﬁed growth medium
until a sufﬁcient amount was gathered for analysis
(Supplemental Fig. S1A). Although the hypocotyl sections continued to elongate on the growth medium in
the presence of the exogenous natural auxin indole-3acetic acid (IAA), hypocotyl elongation in the absence of
IAA ceased within 30 min after excision (Supplemental
Fig. S1B), as described previously (Christian and
Lüthen, 2000). The transcript level of the auxin-inducible
gene, IAA1, was also diminished in the hypocotyl
sections 30 min after excision (Supplemental Fig. S1D).
These results suggest that endogenous auxin in the
hypocotyl sections becomes rapidly depleted after removal of the cotyledons.
When 10 mM IAA was applied to the auxin-depleted
hypocotyl sections, elongation began after a short lag
phase of around 10 min (Fig. 1A). Elongation reached a
maximum rate of 8.8 mm min21 approximately 25 min
after the addition of IAA; this rate was maintained for
at least 60 min (Fig. 1C). The time course of the IAAinduced hypocotyl elongation was identical to that
seen in a variety of previously studied plants (Evans,
1974; Schenck et al., 2010). Vanadate, an inhibitor of
P-type ATPase, including the plasma membrane H+ATPase (Kinoshita and Shimazaki, 1999), suppressed
the IAA-induced elongation (Fig. 1A), suggesting that
H+-ATPase activity is required for auxin-induced
elongation.
Auxin Induces Phosphorylation of the H+-ATPase in
Hypocotyl Sections

The fungal toxin FC is known to enhance H+-ATPase
activity through phosphorylation of the penultimate
Thr as well as to induce elongation (Marre, 1979;
Svennelid et al., 1999; Kinoshita and Shimazaki, 2001).
Therefore, we examined the FC-induced hypocotyl
elongation and H+-ATPase phosphorylation to conﬁrm
that our assay system was usable for analysis of the
phosphorylation status of the H+-ATPase in response
to auxin. The amount of H+-ATPase and the phosphorylation status of its penultimate Thr were detected
by immunoblot analysis using anti-H+-ATPase and
anti-pThr-947, respectively. These antibodies were
raised against the catalytic domain of Arabidopsis H+ATPase2 (AHA2) and the phosphorylated penultimate
Thr-947 of AHA2 (described in detail in “Materials
and Methods”; Hayashi et al., 2010). As shown in
Supplemental Figure S2, FC-induced hypocotyl elongation and phosphorylation of H+-ATPase were detected, indicating that this assay system is suitable for
analyzing H+-ATPase phosphorylation in Arabidopsis
hypocotyls.
Next, we examined the phosphorylation status of
the penultimate Thr of the H+-ATPase in hypocotyl
sections in response to auxin. Exogenous IAA induced
the phosphorylation of the H+-ATPase within 10 min.
The phosphorylation level peaked 20 min after the
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Figure 1. Auxin-induced hypocotyl elongation and activation of the plasma membrane H+-ATPase via phosphorylation. A,
Effect of auxin on hypocotyl elongation. Hypocotyl sections from 3-d-old etiolated Arabidopsis seedlings were treated with
10 mM IAA (IAA; red circles), 0.01% dimethyl sulfoxide (DMSO) as a vehicle (Mock; blue circles), and 10 mM IAA and 1 mM
sodium orthovanadate (IAA+Vana; white circles) after depletion of endogenous auxin. The elongation of hypocotyl sections was
measured after these treatments. Values are means 6 SE; n = 20. Similar results were obtained in two additional independent
assessments. B, Effect of auxin on H+-ATPase phosphorylation in hypocotyl sections. Endogenous auxin-depleted hypocotyl
sections were incubated with 10 mM IAA for the times indicated (min). The amounts of H+-ATPase and the phosphorylation
status of the penultimate Thr in the C terminus were determined by immunoblot analysis with anti-H+-ATPase (H+-ATPase) and
anti-pThr-947 (pThr947) antibodies, respectively. Arrowheads indicate the positions of the H+-ATPase. C, Kinetics of IAA-induced
elongation and IAA-induced H+-ATPase phosphorylation. The plot shows the relative signal intensity of the immunoblot bands
cross-reacted to anti-pThr-947 (red circles) and anti-H+-ATPase (blue circles) antibodies. Values are means 6 SD; n = 3. The
elongation rate (green line) was calculated from the IAA-induced hypocotyl elongation depicted in A. The signal intensity is
expressed relative to the intensity of the band signal at time zero. D, H+-ATPase phosphorylation and binding of the 14-3-3
protein. Binding of the 14-3-3 protein was determined by protein-blot analysis using glutathione S-transferase-14-3-3 protein as
a probe (14-3-3 bound). The rest of the procedure was as described for B. E, H+-ATPase activity in hypocotyl sections. Vanadatesensitive ATP hydrolysis was measured by determining the inorganic phosphate released from ATP. Values are means 6 SD; n =
3. * P , 0.05, results of paired Student’s t tests. For D and E, endogenous auxin-depleted hypocotyl sections were treated with
10 mM IAA (IAA) or 0.01% DMSO (Mock) for the times indicated.

addition of IAA and was maintained at this level for
at least 60 min (Fig. 1, B and C). Phosphorylation of the
H+-ATPase preceded an increase in the hypocotyl
elongation rate by about 5 min (Fig. 1C). Furthermore,
IAA induced the binding of a 14-3-3 protein to the H+ATPase (Fig. 1D) and enhanced ATP hydrolysis by the
plasma membrane H+-ATPase in hypocotyl sections
(Fig. 1E). In this study, we detected only 20% stimulation of ATP hydrolysis by auxin. It is most likely that
the phosphorylated H+-ATPase is subsequently dephosphorylated during the ATP hydrolysis assay, because the reaction mixture for this assay contains Mg2+.
Our previous work indicates that the phosphorylated
H+-ATPase is dephosphorylated in the presence of
Mg2+ in vitro (Hayashi et al., 2010).

We further examined the dose responses of H+ATPase phosphorylation and hypocotyl elongation to
exogenous IAA. Both auxin responses changed dramatically between concentrations of 1 nM and 1 mM
(Fig. 2, A and B); the responses were similarly concentration dependent and highly correlated (r = 0.986;
Fig. 2C). The dose-response curve of IAA-induced
hypocotyl elongation in Arabidopsis hypocotyls resembled those of other plant organs described previously (Cleland, 1972; Shinkle and Briggs, 1984). Taken
together, these results indicate that auxin mediates the
activation of the H+-ATPase in hypocotyl sections via
phosphorylation of its penultimate Thr, with subsequent binding of a 14-3-3 protein to the phosphorylated H+-ATPase.
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Figure 2. Dose responses of H+-ATPase phosphorylation and hypocotyl elongation to exogenous auxin application. A, Dose
response of H+-ATPase phosphorylation to IAA. Endogenous auxin-depleted hypocotyl sections were incubated for 30 min in
the presence of IAA at the concentrations indicated. The phosphorylation level of the H+-ATPase was quantified as the ratio of
the signal intensity from the phosphorylated H+-ATPase to that from H+-ATPase and is expressed relative to the phosphorylation
level of the hypocotyls that were not treated with auxin (graph at bottom). Values are means 6 SD; n = 3 independent experiments. The rest of the procedure was as described in the legend to Figure 1B. B, Dose response of hypocotyl elongation to
IAA. Hypocotyl elongation for 30-min periods was measured in the presence of IAA at the concentrations indicated. Values are
means 6 SE; n = 20. Similar results were obtained in two additional independent measurements. C, Correlation between the
H+-ATPase phosphorylation level and IAA-induced hypocotyl elongation using the data in A and B (r = 0.986).

Auxin Does Not Induce H+-ATPase Expression
+

As shown in Figure 1, the amount of H -ATPase
protein did not change for at least 60 min after IAA
application. We analyzed the transcriptional level of
H+-ATPase in the IAA-treated hypocotyls by quantitative reverse transcription (qRT)-PCR assays (Fig. 3).
Relative transcriptional levels of AHA1 and AHA2,
which are the major H+-ATPase isogenes expressed in
etiolated seedlings (Hayashi et al., 2010), were not
changed by IAA treatment. In contrast, levels of the
known auxin-inducible genes KAT1 and IAA1 (Abel
et al., 1995; Philippar et al., 2004) increased more than
10-fold in response to IAA. Hence, an increase in the
expression level of H+-ATPase is not required for
early-phase auxin-induced hypocotyl elongation.

mutant (Savaldi-Goldstein et al., 2008) and the axr1-3
mutant (Lincoln et al., 1990). IAA induced phosphorylation of the H+-ATPase in these mutants, and the phosphorylation level was increased to the same extent as
in wild-type plants (Fig. 4A), suggesting that auxin increased the phosphorylation level of the penultimate Thr
of the H+-ATPase without the involvement of TIR1/AFBs,

Auxin Induces H+-ATPase Phosphorylation in tir1-1 afb2-3
and axr1-3 Mutant Plants

IAA-induced hypocotyl elongation was essentially
unchanged, relative to the wild type, in both an auxinreceptor TIR1/AFB mutant, tir afb, and in the mutant axr112, the regulatory component of the SCFTIR1/AFB complex
(Schenck et al., 2010), suggesting that auxin induces hypocotyl elongation in Arabidopsis without SCFTIR1/AFB
signals. We then examined whether auxin induces H+ATPase phosphorylation in the tir1-1 afb2-3 double

Figure 3. Effect of IAA on gene expression. qRT-PCR analysis of the
H+-ATPase genes AHA1 and AHA2 and the known auxin-inducible
genes KAT1 and IAA1 is shown. Total RNA was obtained from the
hypocotyl sections 20 min after the application of 10 mM IAA (IAA) and
0.01% DMSO (Mock). Values are means 6 SD; n = 3. * P , 0.01; ns,
not significant at P . 0.05.
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although the IAA-induced expression of KAT1 and IAA1,
and elongation in these mutants, were less than those in
wild-type plants (Fig. 4B; Supplemental Fig. S4).
Auxin-Induced Phosphorylation of the H+-ATPase Is Not
Affected by PEO-IAA and MG132

We next examined the effect of the auxin antagonist
a-(phenylethyl-2-one)-indole-3-acetic acid (PEO-IAA),
which speciﬁcally binds to the auxin receptor TIR1/
AFBs and blocks TIR1/AFB functions (Hayashi et al.,
2008, 2012). Pretreatment with 100 mM PEO-IAA had
no effect on the IAA-induced phosphorylation of the

H+-ATPase (Fig. 5A), although it suppressed the IAAinduced expression of KAT1 and IAA1 (Fig. 5C). In
corroboration, pretreatment with 50 mM MG132, a
proteasome inhibitor that inhibits ubiquitin-ligase
complex SCFTIR1/AFB-dependent responses (Dharmasiri
et al., 2005b; Robert et al., 2010), also did not change
the H+-ATPase phosphorylation level but rather suppressed the IAA-induced expression of KAT1 and IAA1
(Fig. 6). Hence, phosphorylation of the H+-ATPase is
induced by auxin without involvement of the transcriptional system that contains the ubiquitin-ligase
complex SCFTIR1/AFB. It should be noted, however, that
PEO-IAA and MG132 slightly suppressed IAA-induced
hypocotyl elongation (Figs. 5B and 6B).
Calyculin A and Okadaic Acid Inhibit Auxin-Induced
H+-ATPase Phosphorylation

Because calyculin A (CA)- and okadaic acid (OA)sensitive protein phosphatases are most likely involved
in the blue light-induced activation of H+-ATPase in
stomatal guard cells (Kinoshita and Shimazaki, 1997),
we examined the effects of CA and OA, inhibitors of
type 1/2A protein phosphatases, to determine the signaling pathway for auxin-induced H+-ATPase phosphorylation. Interestingly, CA and OA completely
inhibited the auxin-induced phosphorylation of the H+ATPase without affecting the quantity of the enzyme
(Fig. 7A). Moreover, CA and OA inhibited the auxininduced hypocotyl elongation (Fig. 7B). Thus, OA- and
CA-sensitive protein phosphatases are very probably
positive regulators in the signaling pathway between
auxin perception and H+-ATPase phosphorylation.
These results suggest that phosphorylation of the penultimate Thr of the H+-ATPase is required for auxininduced hypocotyl elongation.
DISCUSSION
Auxin Activates the Plasma Membrane H+-ATPase
via Phosphorylation and Subsequently Induces
Hypocotyl Elongation

Figure 4. Auxin-induced H+-ATPase phosphorylation and hypocotyl
elongation in the tir1-1 afb2-3 and axr1-3 mutants. Hypocotyl sections
depleted of endogenous auxin were incubated for 30 min in the absence (2) or the presence (+) of 10 mM IAA. A, IAA-induced H+-ATPase
phosphorylation. H+-ATPase phosphorylation (pThr947) levels and the
amounts of H+-ATPase (H+-ATPase) were determined by immunoblot
analysis using specific antibodies; the bottom plot depicts the phosphorylation level of the H+-ATPase. Values are means 6 SD; n = 3
independent experiments. The rest of the procedure was performed as
described in the legend to Figure 2A. B, Auxin-induced hypocotyl
elongation. Hypocotyl elongation during periods of 30 min was
measured. Values are means 6 SE; n = 15. Similar results were
obtained in two additional independent measurements. * P , 0.01; ns,
not significant at P . 0.05.

Auxin-induced elongation of plant organs such as the
stem, hypocotyl, and coleoptile is generally explained
by the acid-growth theory, in which the plasma membrane H+-ATPase plays a central role (Hager, 2003).
However, the signaling pathway from auxin perception
to H+-ATPase activation has not been fully explored to
date. In this study, we showed that IAA enhanced the
phosphorylation level of the penultimate Thr of the
plasma membrane H+-ATPase in Arabidopsis hypocotyls within 10 min without altering the amount of the
H+-ATPase (Fig. 1, B and C). Then, a 14-3-3 protein
bound to the phosphorylated H+-ATPase, resulting in
an elevation of the catalytic activity of the H+-ATPase
(Fig. 1, D and E). IAA induced phosphorylation of the
H+-ATPase approximately 5 min prior to hypocotyl
elongation (Fig. 1C), and the P-type ATPase inhibitor,
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at multiple other sites, especially in the C-terminal
region (Fuglsang et al., 2007; Niittylä et al., 2007;
Rudashevskaya et al., 2012). Further investigation
is needed to examine whether auxin regulates the
phosphorylation status of multiple sites in the plasma
membrane H+-ATPase.
Auxin-Induced H+-ATPase Phosphorylation without
SCFTIR1/AFB Signals

Auxin enhanced the phosphorylation status of the
H+-ATPase prior to hypocotyl elongation (Fig. 1). Recently, the auxin signal transduction system has been
shown to be controlled by auxin perception by TIR1/
AFBs and subsequent degradation of the auxin/IAA
transcriptional repressors via the ubiquitin-proteasome
pathway (Mockaitis and Estelle, 2008). However,

Figure 5. Effect of the auxin antagonist PEO-IAA on auxin responses.
Hypocotyl sections depleted of endogenous auxin were treated with
100 mM PEO-IAA (PEO) or 0.1% DMSO (Control) for 60 min and then
incubated for 30 min in the absence (Mock) or presence (IAA) of 10 mM
IAA. A, Effect of PEO-IAA on H+-ATPase phosphorylation. Values are
means 6 SD; n = 3 independent experiments. Other details are provided in the legend to Figure 4A. B, Effect of PEO-IAA on auxininduced hypocotyl elongation. Hypocotyl elongation was measured
for 30-min periods. Values are means 6 SE; n = 15. Similar results were
obtained in two additional independent measurements. C, Effect of
PEO-IAA on the expression of the auxin-inducible genes KAT1 and
IAA1. Relative expression levels of the genes were determined by qRTPCR analysis. Values are means 6 SD; n = 3. * P , 0.01; ** P , 0.05;
ns, not significant at P . 0.05.

vanadate, suppressed the hypocotyl elongation. These
observations indicate that auxin induces elongation
via activation of the H+-ATPase by phosphorylation of
the penultimate Thr. To our knowledge, this is the
ﬁrst experimental evidence to clarify the activation
mechanism of the H+-ATPase during early-phase auxininduced elongation.
A global quantitative analysis of the Arabidopsis
phosphoproteome showed that the phosphorylation
level of the penultimate Thr of AHA1 was elevated at
1, 3, and 6 h after application of 100 mM IAA in Arabidopsis suspension cells (Chen et al., 2010), indicating
that the auxin-induced H+-ATPase phosphorylation
might also occur in tissues other than the etiolated
hypocotyls and that the phosphorylation is maintained
for much longer than 60 min. In addition to the
penultimate Thr, the H+-ATPase is phosphorylated

Figure 6. Effect of the proteasome inhibitor MG132 on auxin responses. Hypocotyl sections depleted of endogenous auxin were
treated with 50 mM MG132 (MG132) or 0.1% DMSO (Control) for
60 min and then incubated for 30 min in the absence (Mock) or
presence (IAA) of 10 mM IAA. A, Effect of MG132 on H+-ATPase
phosphorylation. Details are provided in the legend to Figure 4A.
Values are means 6 SD; n = 3 independent experiments. B, Effect of
MG132 on auxin-induced hypocotyl elongation. Hypocotyl elongation in 30-min periods was measured. Values are means 6 SE; n = 15.
Similar results were obtained in two additional independent measurements. C, Effect of MG132 on the expression of the auxin-inducible
genes KAT1 and IAA1. Relative expression levels of the genes were
determined by qRT-PCR analysis. Values are means 6 SD; n = 3.
* P , 0.01; ** P , 0.05; ns, not significant at P . 0.05.
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whether gene expression is involved in auxin-induced
elongation growth.
The tir1-1 afb2-3 and axr1-3 mutants exhibited auxininduced H+-ATPase phosphorylation to the same extent as the wild type (Fig. 4A), and an antagonist of
TIR1/AFBs, PEO-IAA, and the proteasome inhibitor
MG132 had no effect on the auxin-induced H+-ATPase
phosphorylation (Figs. 5A and 6A). These genetic and
pharmacological analyses indicate that auxin enhances
the phosphorylation status of the H+-ATPase penultimate Thr without the involvement of TIR1/AFBs. It
should be noted that the involvement of other AFBs
besides TIR1 and AFB2 in auxin-induced H+-ATPase
phosphorylation cannot be fully ruled out. On the
other hand, the tir1-1 afb2-3 double mutant and the
axr1-3 mutant exhibited less IAA-induced elongation
than did the wild type (Fig. 4B; Supplemental Fig. S4).
In addition, PEO-IAA and MG132 slightly suppressed
IAA-induced hypocotyl elongation (Figs. 5B and 6B).
These results suggest a partial involvement of TIR1/
AFB-mediated expression of growth regulatory proteins that function downstream of the H+-ATPase,
such as KAT1, in auxin-induced hypocotyl elongation
(Figs. 5 and 6; Supplemental Fig. S4).

Auxin Signaling Pathway for H+-ATPase Phosphorylation

Figure 7. Inhibition of auxin-induced H+-ATPase phosphorylation and
hypocotyl elongation by protein phosphatase inhibitors. Hypocotyl
sections depleted of endogenous auxin were preincubated with 1 mM
CA (CA), 1 mM OA (OA), or 1% DMSO (Mock) for 60 min and then
incubated for 30 min in the absence (2) or presence (+) of 10 mM IAA.
A, Effect of protein phosphatase inhibitors on IAA-induced H+-ATPase
phosphorylation. Values are means 6 SD; n = 3 independent experiments. * P , 0.01. The rest of the procedure was as described in the
legend to Figure 4A. B, Effects of protein phosphatase inhibitors on
IAA-induced hypocotyl elongation. Hypocotyl elongation was measured during 30-min periods. Values are means 6 SE; n = 15. Similar
results were obtained in two additional independent measurements.
* P , 0.01.

auxin evokes hypocotyl elongation in the early phase,
as demonstrated using a tir afb mutant and an axr1
auxin-responsive mutant (Schenck et al., 2010), strongly
suggesting that auxin induces elongation growth
without involvement of the TIR1/AFBs. On the other
hand, pharmacological analyses have revealed that inhibitors of protein and RNA synthesis rapidly inhibit
auxin-induced elongation in coleoptiles (Cleland, 1971;
Bates and Cleland, 1979; Edelmann and Schopfer, 1989),
suggesting that de novo synthesis of the H+-ATPase
and/or the growth-regulating proteins such as expansins and K+ channels are required for auxin-induced
elongation. Thus, there has been controversy surrounding

The total protein and mRNA levels of H+-ATPase
were unchanged in response to auxin, suggesting that
no increase in the expression of the H+-ATPase was
required for the early-phase auxin-induced elongation
(Figs. 1 and 3). It has been reported that auxin induces
exocytosis and the accumulation of the H+-ATPase on
the plasma membrane in maize (Zea mays) coleoptiles
during elongation growth (Hager et al., 1991). In addition, auxin inhibits the trafﬁcking of H+-ATPase and
PIN proteins from the plasma membrane to the endosomes (Paciorek et al., 2005) and the clathrindependent endocytosis mediated by AUXIN-BINDING
PROTEIN1 (ABP1) in Arabidopsis roots (Robert et al.,
2010). Taken together, these observations suggest that
the intracellular localization of H+-ATPase is regulated
by auxin in the process of auxin-induced elongation.
ABP1 has physiological afﬁnities toward natural and
synthetic auxin ligands (Hertel et al., 1972; Löbler and
Klämbt, 1985) and has been shown to be involved in
auxin-induced stimulation of the plasma membrane
current by H+-ATPase in the protoplasts of maize coleoptiles (Rück et al., 1993) and in the auxin-induced
swelling of protoplasts from elongating Pisum sativum
internodes (Yamagami et al., 2004). Thus, ABP1 probably functions in early-phase auxin-induced elongation
(Perrot-Rechenmann, 2010). Further investigations are
required to conﬁrm whether ABP1 mediates the auxininduced phosphorylation of H+-ATPase by acting as an
auxin receptor and to examine the intracellular localization of the H+-ATPase in early-phase auxin-induced
hypocotyl elongation. It has also been reported that
a 57-kD auxin-binding protein of rice, ABP57, activates
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H+-ATPase by direct interaction in response to auxin
(Kim et al., 2001). Although there appear to be no genes
homologous to the ABP57 gene in Arabidopsis (Lee
et al., 2009), it is possible that some receptor protein
other than ABP1 functions in the auxin-induced H+ATPase phosphorylation of H+-ATPase.

which stimulates hypocotyl elongation. This chain of
events occurs independently of the TIR1 and AFB2
auxin receptors.
MATERIALS AND METHODS
Plant Material and Auxin Treatment

Inhibitory Effects of CA and OA

Two inhibitors of type 1/2A protein phosphatases,
CA and OA, completely inhibited the auxin-induced
H+-ATPase phosphorylation (Fig. 7), suggesting that
an OA- and CA-sensitive protein phosphatase is a
positive regulator in the signaling pathway between
auxin perception and H+-ATPase phosphorylation.
This putative phosphatase is unlikely to be the one that
directly dephosphorylates the H+-ATPase, which is
believed to be a type 2C protein phosphatase that is
not inhibited by CA and OA (Hayashi et al., 2010).
Treatment of hypocotyl sections with OA decreased
the basal level of H+-ATPase and inhibited auxininduced phosphorylation (Fig. 7A). Because type 2A
protein phosphatases are more sensitive to OA than to
CA (Ishihara et al., 1989), the much greater sensitivity
of the H+-ATPase phosphorylation level to OA than to
CA suggests that a type 2A protein phosphatase may
be involved in the signaling pathway between auxin
perception and H+-ATPase phosphorylation in the
hypocotyl sections. This hypothesis, however, does not
take into account the relative permeabilities of the inhibitors in the hypocotyl sections. In stomatal guard
cells, it has been reported that the protein phosphatase
sensitive to CA and OA functions downstream of the
phototropins and upstream of the H+-ATPase in the
blue light signaling pathway (Kinoshita and Shimazaki,
1997; Hayashi et al., 2011), suggesting a possible common mechanism in blue light signaling and the auxininduced phosphorylation of H+-ATPase. In addition,
CA has been reported to disturb membrane trafﬁcking
in lily (Lilium longiﬂorum) pollen tubes (Foissner et al.,
2002; Hörmanseder et al., 2005). Taken together, these
reports suggest that CA and OA might affect the intracellular localization of H+-ATPase by endomembrane
trafﬁcking.
CONCLUSION

The H+-ATPases, which are ubiquitous in all plant
cell types that have been investigated, provide the
driving force for the uptake of numerous nutrients
through coupling with organ-speciﬁc transporters;
these enzymes are essential for cell growth and development (Palmgren, 2001). In elongating hypocotyls,
the H+-ATPase is mainly localized in epidermal and
vascular tissues (Supplemental Fig. S5), and its activity
in each tissue is thought to be enhanced by auxin
(Katou and Okamoto, 1992). In this study, we have
provided evidence that phosphorylation of the penultimate Thr of the H+-ATPase activates the H+-ATPase,

The Arabidopsis (Arabidopsis thaliana) mutants tir1-1 (CS3798), afb2-3
(SALK_137151), and axr1-3 (CS3075) from the Arabidopsis Biological Resource
Center were all in the Columbia ecotype. Arabidopsis seedlings were grown
on Murashige and Skoog plates in darkness for 3 d at 24°C. Hypocotyl sections
of 4 mm (Supplemental Fig. S1A) were excised using a razor blade from etiolated seedlings and incubated on growth medium (10 mM KCl, 1 mM MESKOH [pH 6.0], and 0.8% [w/v] agar) for 0.5 to 2.0 h in darkness to deplete
endogenous auxin (Supplemental Fig. S1D). During the incubation, hypocotyl
elongation ceased and the H+-ATPase was dephosphorylated (Supplemental
Fig. S1, B and C). We performed auxin treatments by transferring the preincubated hypocotyl sections to growth medium containing 10 mM IAA, except
where otherwise noted. The hypocotyl sections were photographed with a
digital camera (Supplemental Fig. S1E), and the length of the center line drawn
on the hypocotyl section was measured using ImageJ software to estimate the
elongation length (Supplemental Fig. S1F). The values reported here are averages from 15 to 20 hypocotyl sections. Experiments were repeated at least
three times. Inhibitors were tested by incubating preincubated hypocotyl
sections for 60 min on growth medium containing inhibitors before the auxin
treatment. Because IAA-induced hypocotyl elongation and H+-ATPase phosphorylation show variability between different batches of hypocotyl sections,
the comparative experiment shown in each ﬁgure was carried out using hypocotyl sections from the same batch. All manipulations were carried out
under dim red light.

Determination of H+-ATPase Phosphorylation Levels
The amount of plasma membrane H+-ATPase and the phosphorylation
level of its penultimate Thr in the hypocotyl sections were determined by
immunoblot analysis using speciﬁc antibodies against the catalytic domain of
AHA2 and phosphorylated Thr-947 in AHA2 (Hayashi et al., 2010). These
antibodies recognize not only AHA2 but also other H+-ATPase isoforms in
Arabidopsis (Hayashi et al., 2011). Fifteen pieces of hypocotyl sections were
collected into a 1.5-mL plastic tube and immediately frozen with liquid N2.
The frozen tissues were ground with a plastic pestle, followed by solubilization in 40 mL of SDS buffer (3% [w/v] SDS, 30 mM Tris-HCl [pH 8.0], 10 mM
EDTA, 10 mM NaF, 30% [w/v] Suc, 0.012% [w/v] Coomassie Brilliant Blue,
and 15% [v/v] 2-mercaptoethanol), and the homogenates were centrifuged at
room temperature (10,000g for 5 min). Aliquots containing 10 or 20 mL of the
supernatant were loaded onto 9% (w/v) acrylamide gels to analyze the
amount of H+-ATPase or the phosphorylated Thr, respectively. SDS-PAGE
and immunoblot analysis were performed as described previously (Hayashi
et al., 2010). A goat anti-rabbit IgG conjugated to horseradish peroxidase (BioRad Laboratories) was used as a secondary antibody, and the chemiluminescence from the horseradish peroxidase reaction with a chemiluminescence
substrate (Pierce) was detected using the Light Capture AE-2150 system
(Atto). The chemiluminescent signal was quantiﬁed using ImageJ software.
The differences in signal intensity corresponded to the amount of the crossreacted proteins because the signal intensity was proportional to the amount
of proteins loaded (Supplemental Fig. S3, A and B). The ratio of the signal
intensity from the phosphorylated H+-ATPase to that from the H+-ATPase
obtained from the same sample was constant (Supplemental Fig. S3C).
Therefore, the phosphorylation level of the H+-ATPase was quantiﬁed from
the ratio and is expressed relative to the phosphorylation level of a control
sample.

Measurement of Vanadate-Sensitive ATPase Activity
ATP hydrolysis by the plasma membrane H+-ATPase was measured in a
vanadate-sensitive manner following the method of Kinoshita and Shimazaki
(1999) with some modiﬁcations. Hypocotyl sections were homogenized in
homogenization buffer (50 mM MOPS-KOH [pH 7.0], 2.5 mM EDTA, 100 mM
NaCl, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl ﬂuoride, 20 mM
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leupeptin, and 0.025% Triton X-100) using a plastic pestle and strained
through a 58-mm nylon mesh. The ﬁltered homogenate was then mixed with
an equal volume of reaction mixture (50 mM MOPS-KOH [pH 7.0], 0.2 M mannitol,
100 mM NaCl, 100 mM KNO3, 2.5 mM EDTA, 20 mM MgCl2, 10 mg mL21 oligomycin, 1 mM ammonium molybdate, 0.5 mM phenylmethylsulfonyl ﬂuoride, and
10 mM leupeptin), with and without 100 mM sodium orthovanadate, for the
measurement of ATPase activity. The reaction was initiated by adding 2 mM ATP
and run for 30 min at 24°C.

Real-Time qRT-PCR
Total RNA was isolated using the RNeasy Plant Kit (Qiagen); ﬁrst-strand
cDNA was synthesized with the PrimeScript II First Strand cDNA Synthesis Kit
(TaKaRa). qRT-PCR was performed using the Power SYBR Green PCR Master
Mix and the StepOne Real-Time PCR system (Applied Biosystems). For genespeciﬁc ampliﬁcations of the AHA1, AHA2, KAT1, and IAA1 transcripts, the
following primer sets were used: for AHA1, 59-GAACGTCCTGGGGCGC-39
and 59-GATACCCTTCACCTTTGCAAATGT-39; for AHA2, 59-TTGTTGAACGTCCTGGAGCA-39 and 59-AATTCC CAGTTGGCGTAAACC-39; for
KAT1, 59-GGAGCAGTGGACTTCACTGTC-39 and 59-GCGATGTTCTGCTTATCCGCAG-39; and for IAA1, 59-CACCGACCAACATCCAATCTCC-39 and
59-TGGACGGAGCTCCATATCTCC-39. Relative quantiﬁcation was performed
using the comparative cycle threshold method, and the relative amount of PCR
product ampliﬁed using the above primer sets was normalized to the TUB2 gene
fragment as an internal control ampliﬁed with the primers 59-AAACTCACTACCCCCAGCTTTG-39 and 59-CACCAGACATAGTAGCAGAAATCAAGT-39.
The relative expression levels of the target genes were compared with the ratios
in auxin-depleted hypocotyl sections.

Immunohistochemical Detection of Plasma Membrane
H+-ATPase in Hypocotyls
Immunohistochemical detection was performed following previous methods
(Paciorek et al., 2006; Hayashi et al., 2011) with modiﬁcations. Transverse sections
(8 mm) of hypocotyl sections on microscope slides were heated in phosphatebuffered saline (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, and 1.47 mM
KH2PO4) for 1 min at 105°C for antigen retrieval. The sections were blocked in a
blocking solution of 3% bovine serum albumin fraction V (Sigma) in phosphatebuffered saline for 1 h at room temperature and then incubated overnight at room
temperature with anti-H+-ATPase and preserum diluted 1:1,000 in blocking solution. After washing of the sections, they were incubated at room temperature
for 3 h with goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Invitrogen)
diluted 1:1,000 in blocking solution. After washing, the transverse sections
were observed with a ﬂuorescence microscope (BX50; Olympus) and images
were captured with a CCD camera system (Olympus DP72).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Preparation of hypocotyl sections for analysis of
auxin-induced responses.
Supplemental Figure S2. FC-induced hypocotyl elongation and H+ATPase phosphorylation.
Supplemental Figure S3. Detection of the plasma membrane H+-ATPase
and the phosphorylated H+-ATPase in Arabidopsis hypocotyl sections.
Supplemental Figure S4. Auxin-induced hypocotyl elongation and gene
expression in the tir afb and axr1 mutants.
Supplemental Figure S5. Localization of the plasma membrane H+ATPase in etiolated Arabidopsis hypocotyls.
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