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The Ca2* Sensor SCaBP3/CBL7 Modulates Plasma
Membrane H*-ATPase Activity and Promotes Alkali Tolerance
in Arabidopsis
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Saline-alkali soil is a major environmental constraint impairing plant growth and crop productivity. In this study, we identified
a Ca2* sensor/kinase/plasma membrane (PM) H*-ATPase module as a central component conferring alkali tolerance in
Arabidopsis (Arabidopsis thaliana). We report that the SCaBP3 (SOS3-LIKE CALCIUM BINDING PROTEIN3)/CBL7
(CALCINEURIN B-LIKE?) loss-of-function plants exhibit enhanced stress tolerance associated with increased PM H*-ATPase
activity and provide fundamental mechanistic insights into the regulation of PM H*-ATPase activity. Consistent with the
genetic evidence, interaction analyses, in vivo reconstitution experiments, and determination of H*-ATPase activity indicate
that interaction of the Ca2+ sensor SCaBP3 with the C-terminal Region | domain of the PM H*-ATPase AHA2 (Arabidopsis
thaliana PLASMA MEMBRANE PROTON ATPASE?2) facilitates the intramolecular interaction of the AHA2 C terminus with the
Central loop region of the PM H*-ATPase to promote autoinhibition of H*-ATPase activity. Concurrently, direct interaction of
SCaPB3 with the kinase PKS5 (PROTEIN KINASE SOS2-LIKE5) stabilizes the kinase-ATPase interaction and thereby fosters
the inhibitory phosphorylation of AHA2 by PKS5. Consistently, yeast reconstitution experiments and genetic analysis indicate
that SCaBP3 provides a bifurcated pathway for coordinating intramolecular and intermolecular inhibition of PM H*-ATPase.
We propose that alkaline stress-triggered Ca2+ signals induce SCaBP3 dissociation from AHA2 to enhance PM H+-ATPase
activity. This work illustrates a versatile signaling module that enables the stress-responsive adjustment of plasma membrane
proton fluxes.

INTRODUCTION industry activity. High pH in soil directly impairs the uptake of water
and nutrients, suchas N, P, K, Ca, Mg, Fe, and Zn (Pissaloux et al.,
1995; Pessarakli, 1999). Consequently, the ways that saline-
alkaline conditions affect plant physiology are quite distinct
from the consequences of pure salt (sodium) stress (Yang and
Guo, 2018a).

Plasma membrane (PM) H*-ATPases belong to a large family
of ion transporters named P-type ATPases, including, for example,
fungal PM H*-ATPase and animal Na*/K*-ATPase and Ca?*-ATPase
(Palmgren, 2001). In plants and fungi, PM H*-ATPases are re-
sponsible for establishing the electrochemical proton gradient
that maintains the intracellular and extracellular pH balance and
for driving numerous transmembrane transporters (Palmgren,
2001; Falhof et al., 2016).

In the yeast Saccharomyces cerevisiae, PM H*-ATPases are
encoded by two genes, PMA1 (Saccharomyces cerevisiae

Carbonate-rich saline and alkaline soil is a major environmental
factor influencing the composition of ecosystems and limiting
plant growth and crop productivity. Soil is classified as being
saline-alkaline when the electrical conductivity of the saturation
extract in the root zone is greater than 4 mm hos/cm (~40 mM
NaCl) at 25°C and the exchangeable-sodium percentage is
greater than 15. It has been estimated that over 954 million
hectares of soils worldwide are affected by saline-alkaline con-
ditions (Ayyub et al., 2015). Soil salinity often cooccurs with
alkalinity, because of the high abundance of sodium carbonate
(Na,COg4) or sodium bicarbonate (NaHCO,) in the soil, and this
problem is getting more severe due to irrigation, flood water, and
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PLASMA MEMBRANE PROTON ATPASET) and PMAZ2 (Serrano
et al., 1986; Schlesser et al., 1988), and PMAT is essential for cell
growth and development. In Arabidopsis (Arabidopsis thaliana),
PM H*-ATPases are encoded by an 11-member gene family,
AHAT1 (Arabidopsis thaliana PLASMA MEMBRANE PROTON
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ATPASET) to AHA11 (Palmgren, 2001). These PM H*-ATPases
play important roles in signal transduction, cell elongation, turgor
modulation, energizing the transport of ions and metabolites (Noji
etal., 1988; Zhao et al., 2000; Santi and Schmidt, 2009; Haruta and
Sussman, 2012; Takahashi et al., 2012; Fuglsang et al., 2014;
Spartz et al., 2014), and responding to environment stimuli, such
as salt and drought stress (Palmgren, 2001; Rober-Kleber et al.,
20083; Fuglsang et al., 2007; Gévaudant et al., 2007; Merlot et al.,
2007; Shen et al., 2011; Xue et al., 2018).

Plant PM H*-ATPases contain five cytosolic domains, including
the N terminus, actuator domain, nucleotide binding domain,
phosphorylation domain, and regulation (R) domain (Palmgren,
2001; Pedersen et al., 2007; Morth et al., 2011). The C-terminal R
domain contains two critical autoinhibitory regions (Region | [RI]
and RIl) and several functionally important phosphorylation sites,
the status of which modulates the enzyme activity (Palmgren et al.,
1991; Jahn et al., 2002; Rudashevskaya et al., 2012). Regulation of
PM H*-ATPases involves the phosphorylation/dephosphorylation
of specific highly defined amino acid residues within the R domain
and modulation of the AHA interaction with other proteins (Fuglsang
et al., 2003, 2007, 2014; Nuhse et al., 2004; Rudashevskaya et al.,
2012). Phosphorylation of the C-terminal autoinhibitory domain at
the penultimate amino acid (Thr-947, AHA2) promotes the binding
of14-3-3 proteins, leading to the activation of PM H*-ATPase AHA2
(Maudoux et al., 2000; Fuglsang et al., 2003). This activation is
accompanied by the formation of a complex consisting of six
H*-ATPases and six 14-3-3 proteins (Kanczewska et al., 2005;
Ottmannetal.,2007). The PKS5 (PROTEIN KINASE SOS2-LIKES5)
kinase phosphorylates Ser-931 of AHA2, thereby impeding the
interaction between AHA2 and 14-3-3 (Fuglsang et al.,2007). Based
on genetic studies in yeast or protein cross-linking experiments, it
has been hypothesized that the autoinhibition of PM H*-ATPase
activity is achieved by intramolecular interaction of the R domain
with other domain(s) of the pump (Palmgren et al., 1991; Axelsen
etal., 1999; Nguyen et al., 2018) and that somehow mutual relations
between the N terminus and C terminus (R domain) are required for
this autoinhibition (Ekberg et al., 2010). However, details of this
regulatory mechanism remained poorly understood.

Ca?* serves as a ubiquitous second messenger regulating plant
growth and development (Rudd and Franklin-Tong, 2001; Chen
etal.,2012; Kudla et al., 2018; Manishankar et al., 2018). In plants,
Ca?* signals are decoded by SOS3-like Calcium Binding Pro-
teins/Calcineurin B-like proteins (SCaBPs/CBLs), which have
been shown to play pivotal roles at the plasma membrane in
regulating ion fluxes, signal transduction, and abiotic stress re-
sponses (Yu et al., 2014; Bender et al., 2018; Yang and Guo,
2018a, 2018b). In Arabidopsis, 10 SCaBPs/CBLs specifically
interact with 26 distinct PKSs/CBL-interacting protein kinases
(CIPKs), forming a complex signaling network that mediates
various stimulus responses. For example, the SCaBP1/CBL2-
PKS5/CIPK11 complex negatively regulates the activity of PM
H*-ATPase AHA2 by phosphorylating its Ser-931 site (Fuglsang
et al., 2007). Different Ca2* signals appear to be involved in
regulating proton pump activity at various stages and conditions
(Schaller and Sussman, 1988; Kinoshita et al., 1995).

In this study, we identified the Ca2* sensor protein, SCaBP3/
CBL7, as a crucial regulator of the PM H*-ATPase. SCaBP3
physically interacted with the C terminus of the PM H*-ATPase

and repressed the enzyme activity by promoting the interaction
between the C terminus and the Central loop region of AHA2.
Furthermore, SCaBP3 promoted the interaction between PKS5
and AHA2, thereby further enhancing and/or stabilizing PKS5-
mediated repression of PM H*-ATPase activity. Our results
suggest that the regulation of the extent of autoinhibition of the PM
H*-ATPase is achieved by a complex array of phosphorylation-
dependent and -independent mechanisms, which not only involve
intramolecular interactions but also the Ca?"-mediated modu-
lation by interaction of the PM H*-ATPase with SCaBP3 in concert
with the simultaneous SCaBP3-dependent enhancement of
PKS5-mediated AHA2 phosphorylation.

RESULTS

Loss of SCaBP3 Function Renders Arabidopsis Plants
Tolerant to Alkali Stress

SCaBPs/CBLs and their interacting protein kinases PKS/CIPK
play vital roles in regulating ion homeostasis, signal transduction,
and abiotic stress responses (Yu et al., 2014; Zhu, 2016; Yang and
Guo, 2018a; Kdster et al., 2019). To determine whether a member
of the SCaBP family in Arabidopsis is involved in the alkaline
response, T-DNA insertion mutants of SCaBPs were analyzed for
their growth in response to NaHCO;, stress. This approach re-
vealed that the scabp3 mutant exhibited increased tolerance to
NaHCO;, (Figure 1; Supplemental Figure 1). The T-DNA insertionin
this mutant (scabp3/SAIL_201_A02) is located in the third intron of
SCaBP3 (Supplemental Figure 1A) and was confirmed by PCR
using a SCaBP3-specific primer in combination with a T-DNA left
border primer (Supplemental Figure 1A; Supplemental Table). The
absence of a SCaBP3 transcript in the scabp3 mutant was con-
firmed by quantitative real-time PCR, suggesting that this mutant
likely represents a loss-of-function allele (Supplemental Figures
1A and 1B; Supplemental Table). Six-day-old wild-type Col-0 and
scabp3 seedlings grown on Murashige and Skoog (MS) medium
were transferred to MS medium containing 0, 1.5, 2, 4, or 6 mM
NaHCO, (pH 5.8, 6.55, 6.66, 6.80 and 6.93, respectively). No
difference in growth was detected between Col-0 and scabp3 on
MS medium (Figures 1A to 1C; Supplemental Figures 1C, 1F, 11,
2A, 2D, and 2G; Supplemental Data Set ). By contrast, on MS
medium supplemented with 1.5 or 2 mM NaHCO,, the scabp3
mutant appeared to be less sensitive to this stress condition than
did Col-0 (Figures 1D to 1F; Supplemental Figures 1D, 1G, and 1J;
Supplemental Data Set 1). The scabp3 mutant had longer roots
and a greater fresh weight on MS medium with 1.5 or 2 mM
NaHCO, compared with Col-0 (Figures 1E and 1F; Supplemental
Figures 1G and 1J). However, on MS medium supplemented with
4 mM NaHCQ,, the growth of the seedlings of Col-0 and the
scabp3 mutant was severely affected, and the seedlings died on
MS medium containing 6 mM NaHCO, (Supplemental Figures 2B,
2C, 2E, 2F, 2H, and 2l). When the pH of the medium supplemented
with 2 mM NaHCO, was adjusted to 5.8 (normal condition) by HCI,
the growth of both seedlings was similar and returned to normal
(Supplemental Figures 1E, 1H, and 1K). These observations in-
dicated that the effect of NaHCO, on seedling growth was mainly
due to high-pH stress. To causally link this phenotype to the
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Figure 1. The Arabidopsis scabp3 Mutant Is Tolerant to Alkali Stress.
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(A) and (D) Analysis of the NaHCO,-response phenotype in wild-type (Col-0), scabp3 mutant, and two genetic complementation line (COM7 and COM2)
seedlings. Six-day-old Col-0, scabp3, COM1, and COM2 seedlings grown on MS medium were transferred to MS medium without or with 1.5 mM NaHCO,.
Photographs were taken 7 and 12 d after transfer for control seedlings (on MS medium) and NaHCO; treatment seedlings, respectively.

(B) and (E) Analysis of root length of new growth for seedlings in (A) and (D). Error bars represent sp (n = 20; four plates, five seedlings per plate) from

measurements using the same preparation.

(C) and (F) Analysis of fresh weight for seedlings in (A) and (D). Error bars represent sp (n = 4; four plates, five seedlings on each plate are weighed together)

from measurements using the same preparation.

The experiments were performed with three biological replicates with similar results. Statistical significance in (B), (C), (E), and (F) was determined by one-
way ANOVA, P < 0.05. Significant differences are indicated by different lowercase letters.

SCaBP3 locus, complementation lines containing a 3017-bp
genomic SCaBP3 DNA fragment (including a 1227-bp promoter
and a 549-bp 3’ untranslated region) were generated. From the T3
transgenic lines, we found two lines (COM1 and COM2) in which
the expression of SCaBP3 was fully restored to wild-type levels
(Supplemental Figure 1B) and the NaHCO;-response phenotype
was rescued to the wild-type level (Figures 1Ato 1F; Supplemental
Figures 1C, 1D, 1F, 1G, 11, and 1J). These results establish that the
enhanced NaHCO; tolerance of scabp3 lines is due to loss
of SCaBP3 function. We further generated SCaBP3 over-
expression lines (Py5q:Flag-SCaBP3) in the Col-0 background,
and the T3 transgenic plants (OE-1 and OE-2) displayed signifi-
cantly enhanced growth inhibition in both the root and shoot
compared with the growth of Col-0 under 1.5 mM NaHCO,
treatment (Supplemental Figures 3B to 3G).

Because plant growth should not be affected by 1.5 and 2 mM
Na* treatment, to investigate whether the root growth change in
scabp3isrelative to environmental pH, 6-d-old Col-0, scabp3, and
complementation line (COM1 and COM2) seedlings grown on MS
medium were transferred to MS medium containing 0, 3, or 5 mM
DMGA (3,3-dimethylglutaric acid), a well-established buffer to
evaluate the plant’s response to low pH (Borgo, 2017; pH 5.80,

5.63, and 5.50, respectively). No difference in growth was
detected between Col-0, scabp3, COM1, and COM2 on MS
medium (Supplemental Figures 4A, 4D, and 4G). By contrast, on
MS medium supplemented with 3 or 5 mM DMGA, the scabp3
mutant appeared to be less sensitive to DMGA treatments than
Col-0 (Supplemental Figures 4B, 4C, 4E, 4F, 4H, and 4l). These
results indicate that the growth change of scabp3 seedlings is
likely caused by the change of environmental pH.

SCaBP3 Interacts with the C Terminus of Arabidopsis
PM H+-ATPases

To study how SCaBP3 protein functions in alkali stress regulation,
a yeast two-hybrid screen was performed to identify the inter-
acting proteins of SCaBP3. Two putative interacting peptides
(amino acid residues 850-949 in AHA1 and 850-948 in AHA2), the
C terminus of the PM H*-ATPases AHA1 and AHA2 from a plant
cDNA library, were identified in this screen. We further confirmed
that SCaBP3 interacted with the AHA2 C terminus (amino acid
residues 850-948) but not with the central large cytosolic loop of
AHAZ2 (Central loop, residues 320-596; Figure 2A), and the
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Figure 2. SCaBP3 Interacts with the C-Terminal Region of AHA2.
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(A) Yeast two-hybrid analysis of the interaction between SCaBP3 and the C terminus or Central loop of AHA2. Serial decimal dilutions of yeast cells were
grown on synthetic complete medium without Leu and Trp (—LW, left panel) and on synthetic complete medium without His, Leu, and Trp (—HLW, right
panel). Photographs were taken after 3 to 5 d of growth on the indicated medium.

(B) Comparative yeast two-hybrid interaction analysis of the AHA2 C terminus with the members of the SCaBP/CBL family in Arabidopsis. Photographs were

taken after 3 to 5 d of growth on the indicated medium.

(C) BiFC analysis of the interaction between SCaBP3 and AHAZ2 in N. benthamiana (SCaBP1 was used as a negative control). Pairs of split-YFP constructs
were transiently coexpressed in N. benthamiana leaves, and YFP fluorescence signal was detected using Leica SP5 confocal microscopy after 48 h of

infiltration. Bars = 50 pm.

The experiments were performed with three biological replicates with similar results.

AD-vector did not interact with the BD-AHA2C (Supplemental
Figure 5A).

To determine the specificity of the observed interaction, all
members of the SCaBP/CBL family were combined with the AHA2
C terminus in yeast two-hybrid assays. These analyses revealed
that the AHA2 C terminus only specifically interacted with SCaBP3
(Figure 2B).

Toinvestigate whether this interaction actually occurs in plants,
bimolecular fluorescence complementation (BiFC) assays were
employed (Waadt et al., 2008). The full-length coding sequences
of SCaBP3 and AHA2 were translationally fused to the n-YFP and
c-YFP of split-YFP constructs, respectively. As a control, we also
generated an nYFP-SCaBP1 construct. When nYFP-SCaBP3 or
nYFP-SCaBP1 was cotransformed with AHA2-cYFP into Nico-
tiana benthamiana leaves, only the combination of nYFP-SCaBP3
with AHA2-cYFP yielded plasma membrane-located florescence,
but no signal was detected in the combination of the SCaBP1 or
vector with AHA2 (Figure 2C; Supplemental Figure 5B). To confirm
the expression of those genes, RT-PCR analysis was performed.
There was no difference of the expression levels of SCaBP3,
AHA2, and SCaBP1 mRNAs in different N. benthamiana leaves
(Supplemental Figures 5C and 5D). Thus, SCaBP3 interacts with
AHA2 in plants.

To determine the subcellular localization of SCaBP3 when
expressed alone, a translational fusion construct of SCaBP3 with
GFP was generated under the control of the UBQ10 promoter
(Pusq10-SCaBP3-GFP). The resulting construct was transformed
into Col-0. Confocal imaging of roots of P zq,0:SCaBP3-GFP
plants revealed that SCaBP3-GFP fluorescence signals accu-
mulated not only in the plasma membrane but also in the cyto-
plasm, confirming previously reported localization studies in

N. benthamiana leaves (Supplemental Figures 6A to 6D; Batistic
et al., 2010).

To determine the pattern of SCaBP3 expression, a 1.2-kb
fragment of the 5’ region of SCaBP3 encompassing also its
promoter was fused to the B-glucuronidase (GUS) reporter gene,
and GUS expression was analyzed in 15 independent transgenic
lines. Pgc,pps:GUS expression was found to be most intense in
roots, leaves, flowers, and siliques (Supplemental Figures 6E to
6l). Consistent with the GUS staining results, RT-qgPCR analysis
also revealed that SCaBP3 was expressed in roots, stems, cauline
leaves, rosette leaves, flowers, and siliques (Supplemental
Figure 6J). Altogether, these experiments characterize SCaBP3/
CBLY7 as a ubiquitously expressed soluble protein that can interact
with AHA H*-ATPases at the plasma membrane.

SCaBP3 Negatively Regulates PM H*-ATPase Activity

SCaBP3 directly interacted with the PM H*-ATPase C terminus,
an autoinhibitory domain of the PM H*-ATPase. Therefore, we
determined if SCaBP3 participates in the modulation of PM
H*-ATPase activity in Arabidopsis. PM H*-ATPase activity is kept
at a low level under nonstress conditions, and NaCl treatment can
stimulate this activity (Yang et al., 2010). Plasma membrane-
enriched vesicles were isolated from NaCl-treated seedlings of
Col-0, scabp3, COM1, and COM2 by aqueous two-phase parti-
tioning and used to analyze H*-transport activities. Compared with
Col-0, the PM H*-ATPase activity in the scabp3 mutant was sig-
nificantly higher (increased 27.24% = 7.14% relative to Col-0;
Supplemental Figures 7A and 7B), and in the complementation
lines, the PM H*-ATPase activity was rescued to the level of wild-
type Col-0. We further observed the PM H*-ATPase activity of
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SCaBP3 overexpression lines (OE-1 and OE-2) after NaCl treatment
and found that the enzyme activity was significantly reduced
(decreased 19.47% = 9.10% and 27.87% = 7.89% in OE-1 and
OE-2 relative to Col-0, respectively; Supplemental Figures 7C
and 7D). In addition, we isolated plasma membrane vesicles from
NaHCO;-treated seedlings of Col-0, scabp3, COM1,COM2, OE-1,
and OE-2 to detect H*-transport activity (Figures 3A and 3B;
Supplemental Figure 7E). Compared with Col-0, the PM H*-
ATPase activity wasincreased by 30.82% = 11.83% inthe scabp3
mutant, rescued to the Col-0 level in COM1 and COM2, and de-
creased by 21.58% =+ 4.31% and 21.89% = 2.97% in OE-1 and
OE-2, respectively (Figures 3A and 3B). As a control, there was no
difference of PM H*-ATPase protein content in Col-0, scabp3,
COM1, and COM2 (Supplemental Figure 8A). These results
suggest that SCaBP3 plays an important role in regulating the PM
H*-ATPase activity.

Subsequently, we purified recombinant SCaBP3 protein and
added it to plasma membrane-enriched vesicles isolated from
NaCl-treated Col-0 seedlings to test whether it affects the PM
H*-ATPaseactivity (Yang etal.,2010). Inthe presence of 500 ng/mL
SCaBP3 protein, the PM H*-ATPase activity was decreased by
19.18% = 6.77%, while the same amount of PKS5 protein
(Fuglsang et al., 2007), a negative regulator of PM H*-ATPase,
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repressed 16.08% =+ 2.04% of this activity (Supplemental
Figure 7F). As controls, two homologs of SCaBP3, SCaBP1/CBL2
and SCaBP8/CBL10, were tested and had no effect on the PM
H*-ATPase activity (Supplemental Figure 7F). In addition, we
isolated the plasma membrane-enriched vesicles from the
NaHCO,-treated Col-0 seedlings to test whether purified re-
combinant SCaBP3 protein affects PM H*-ATPase activity. In the
presence of 500 ng/mL SCaBP3, the H*-transport activity was
decreased by 19.35% = 3.12%, while PKS5 repressed 21.44% +
7.66% and SCaBP3 together with PKS5 repressed 42.92% =+
0.95% of its activity (Figure 3C). As controls, SCaBP1 had no effect
on PM H*-ATPase activity, while SCaBP1 together with PKS5
repressed 34.86% * 7.55% ofits activity (Figure 3C). Improvement
of PM H*-ATPase activity would be expected to exclude more H*
from the cytosol to the extracellular space in the root, and this
would lead to enhanced acidification of the medium. A pH in-
dicator, bromocresol purple, was used to observe the acidification
of the medium around the root area of Col-0 and scabp3. As ex-
pected, scabp3 mutant seedlings made MS medium more acidic
compared with Col-0 (Figure 3D). These results demonstrate that
SCaBP3 is a negative regulator of the PM H*-ATPase.

We next analyzed the capability of SCaBP3 to regulate the PM
H*-ATPase activity in a yeast reconstitution/complementation
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Figure 3. SCaBP3 Negatively Regulates PM H*-ATPase Activity.

(A) Measurement of PM H*-ATPase activity in vesicles isolated from leaves of NaHCO,-treated plants. CCCP, carbonyl cyanide m-chlorophenylhydrazone.
(B) Comparison of PM H*-ATPase activity as shown in (A). The initial 15-s slope of fluorescence quenching was graphed from (A).

(C) Comparison of PM H*-ATPase activity in the vesicles (isolated from NaHCO,-treated Col-0 seedlings) in the presence of 500 ng/mL control (GST),
SCaBP3, PKS5, SCaBP3-PKS5, SCaBP1, or SCaBP1-PKS5 recombinant protein.

(D) Visualization of root acidification of scabp3 and Col-0 seedlings using the pH-sensitive dye bromocresol purple. For the root acidification assay, 14-d-old
seedlings were transferred to MS medium (pH 6.8) containing 0.003% (w/v) bromocresol purple, and photographs were taken 3 d after transfer.

(E) AHA2 complementation of PM H*-ATPase activity in yeast. SCaBP3 was expressed with full-length AHA2 or a mutant of AHA2 lacking C-terminal
residues (aha2A92). Cells were quintuple diluted in sterile water and grown on selective medium, pH 6.5. AHA2, pMP1745-AHA2; aha2A92, pMP1745-
aha2A92; gal, galactose; glu, glucose; SCaBP3, pMP1645-SCaBP3; vector, pMP1645. The growth of the cells was detected 3 to 5 d after transformation.
In (A) to (C), 14-d-old seedlings grown under constant white light at 23°C were transferred to MS medium plus 1.5 mM NaHCO; for 5 d before being
collected for isolation of plasma membrane vesicles. Plasma membrane vesicles were isolated by two-phase partitioning. The experiments were
performed with three biological replicates with similar results. Data represent means =+ sp (n = 3) from measurements using the same preparation in (B)
and (C). Lowercase letters indicate significant differences from control as determined by one-way ANOVA, P < 0.05.
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system. Inthe yeast strain RS72, the endogenous yeast H* pump,
PMAT1, is under the control of the GAL1 promoter and, therefore,
the yeast is only viable when grown on a medium with galactose as
acarbon source (Axelsen et al., 1999; Fuglsang et al., 2007). When
AHAZ2 is expressed under the control of the constitutive PMAT
promoter in this strain, constitutive AHA2 expression comple-
ments this strain and enables it to grow on a medium containing
glucose on which the expression of Pg,, ;:PMAT is suppressed
(Regenberg et al., 1995). Coexpression of SCaBP3 with AHA2
resulted in reduced cell growth on glucose medium when com-
pared with the cells that expressed the empty vector with AHA2,
further supporting the notion that SCaBP3 negatively regulates
AHA2 function (Figure 3E). We also expressed a truncated AHA2
form (aha2A92) deprived of the C-terminal 92 amino acid residues.
Removal of these residues resulted in a more active H*-ATPase
activity in yeast (Regenberg et al., 1995). The yeast assays in-
dicated that the activity of truncated AHA2 (aha2A92) was not
affected by SCaBPS3 (Figure 3E). Together, these results suggest
that SCaBP3 represses PM H*-ATPase activity through directly
interacting with its C terminus.

SCaBP3 Directly Interacts with Rl of the AHA2 C Terminus

To further map the interaction domain in more detail, we divided
the AHA2 C terminus into several fragments (Figure 4A). Removal
ofthelast 25 amino acids fromthe AHA2 C terminus (AHA2C850-923)
did not impact on the interaction with SCaBP3 when tested in the
yeast two-hybrid system (Figure 4B). The AHA2 C-terminal cyto-
plasmic fragment (amino acid residues 850-923) contains two
conserved regulatory domains of the PM H*-ATPase, namely RI
and Rl (Figure 4A). Considering this, we divided the AHA2 C ter-
minus into two parts: one contained the RI domain (residues
850-895) and the other contained the RIl domain (residues
896-948; Fuglsang et al., 1999, 2003). In yeast two-hybrid assays,
we only detected aninteraction between SCaBP3 and the fragment
containing the Rl domain but not with the fragment encompassing
the RIl domain (Figures 4B and 4C).

Totest if the fragment containing the Rl domain is critical for the
interaction in vivo, we also employed BiFC assays. When we
removed the entire C-terminal region from AHA2 (AHA21-845
AHA2A103), the interaction between AHA2 and SCaBP3 was
abolished. By contrast, we readily detected the interaction be-
tween SCaBP3 and AHA2'-8%5 (AHA2A53, removal of the Rll
domain) at the plasma membrane, which was similar to the lo-
calization pattern of the interaction between SCaBP3 and AHA2
(Figure 4D). To confirm the expression of those genes, RT-PCR
analysis was performed. There was no difference of the expres-
sion levels of SCaBP3, AHA2, AHA2A53, and AHA2A103 mRNAs
in the different transgenic N. benthamiana leaves (Supplemental
Figure 9A). As controls, there was no interaction between vector
and AHA2, AHA2A53, or AHA2A103, respectively (Supplemental
Figures 9B and 9C). These results support the concept that the
fragment containing the Rl domain (residues 850-895) in the C
terminus of the PM H*-ATPase has an important role in the in-
teraction with SCaBP3 in Arabidopsis.

To further determine the importance of the interaction between
SCaBP3 and the Rl domain in regulating PM H*-ATPase activity,
we mutated several conserved amino acid sites in the RI domain

(G87A, QB79A, R889A, and L885A), which is involved in activating
PMH*-ATPase activity (Axelsen et al., 1999). In ayeast two-hybrid
assay, we found that the mutation in Q879 weakened the in-
teraction between SCaBP3 and the AHA2 C terminus (Figures 4E
and 4F). Furthermore, a luciferase complementation imaging (LCI)
assay was used to confirm the interaction between AHA2C Q879A
and SCaBP3; the results showed that the mutation in Q879 re-
duced the interaction between SCaBP3 and AHA2 (Figure 4G).
There was no difference in the expression levels of AHA2, AHA2
Q879A, and SCaBP3 mRNAs in different transfected N. ben-
thamiana leaves (Supplemental Figure 9D). When we sub-
sequently expressed SCaBP3 with different AHA2 mutants (G867A,
Q879A, and R880A) in RS72, we found that the repression of the
growth of RS72 yeast cells by SCaBP3 was reduced by the Q87°A
mutation but was not affected by other mutations (Figure 4H).
Therefore, Q879 appears to be an important site for SCaBP3
targeting, and the interaction between SCaBP3 and the Rl domain
is critical for repressing PM H*-ATPase activity.

SCaBP3 Promotes the Interaction between the AHA2
Central Loop and C Terminus and between PKS5 and the
AHA2 C Terminus

The autoinhibitory function of the R domain has been suggested
to be achieved by intramolecular interaction between the R
domain and other, not yet identified, intracellular domain(s) of the
PM H*-ATPase protein (Palmgren et al., 1991; Axelsen et al.,
1999; Ekberg etal.,2010). An analysis of aseries of mutantsin the
first half of the H*-ATPase C terminus (RI domain) of the Ni-
cotiana tabacum H*-ATPase PMA2 indicates that the Rl domain
is involved in the interaction between the C terminus and other
parts of the enzyme (Morsomme et al., 1996, 1998). The Rl
domain is thought to inhibit the interaction with the ATP binding
region of PM H*-ATPase (Palmgren et al., 1991; Axelsen et al.,
1999). Importantly, the PM H*-ATPase Central loop contains the
pivotal domains for nucleotide binding (amino acid residues
338-488) and catalytic phosphorylation (amino acid residues
308-337 and 489-625; Pedersen et al., 2007). The potential
interaction between the C terminus and the Central loop may
shield this reactive site, thereby leading to a direct repression of
PM H*-ATPase activity.

Totest this hypothesis, we investigated the interaction between
the AHA2 C terminus and the AHA2 Central loop region. The LCI
assay revealed that the AHA2 C terminus can physically interact
with the Central loop (Figure 5A) and that coexpression of SCaBP3
significantly enhanced this interaction (Figures 5B and 5C). As
controls, no signals were detected in the combination of the
Central loop-NLuc with CLuc-DDM1 (decreased DNA methyla-
tion1) or DDM1-NLuc with CLuc-AHA2C (Figure 5A). To confirm
the expression of those genes, RT-PCR analysis was performed.
There was no difference of the expression levels of SCaBP3 and
AHA2 C terminus and Central loop mRNAs in different transfected
N. benthamiana leaves (Supplemental Figure 10A).

To further corroborate these results, a yeast three-hybrid assay
(Ren et al., 2013) was performed. The coding sequence of the
AHAZ2 Central loop was cloned into the pGADT7 vector, and the
pBridgeFP vector was used to express both the AHA2 C terminus
and SCaBPS3. The expression of SCaBP3 was controlled by the
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GPD promoter. As shown in Figure 5D, the interaction between the A previous study reported that a SCaBP1/CBL2-PKS5/CIPK11
AHA2 C terminus and Central loop when expressed alone was complex negatively regulates PM H*-ATPase activity through
weak but was substantially enhanced upon coexpression of phosphorylation at Ser-931 (Fuglsang et al., 2007). SCaBPs/CBLs
SCaBP3. These results suggest that the autoinhibitory effect of often translate Ca2* signals into regulation of downstream targets
the C terminus on AHA2 activity may be caused by direct physical through phosphorylation or interaction by their interacting PKS/
interaction with the Central loop. Importantly, SCaBP3 appears CIPK kinases (Xu et al., 2006; Held et al., 2011; Hashimoto et al.,
to enhance or stabilize this interaction to further suppress the 2012). Therefore, we hypothesized that SCaBP3 may also some-
PM H*-ATPase activity. how be involved in modulating PM H*-ATPase activity through
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Figure 4. SCaBP3 Interacts with PM H*-ATPase at the Region Containing the RI Domain.

(A) Amino acid sequence alignment of the C-terminal regions of PM H*-ATPases in Arabidopsis.

(B) Analysis of the interaction between SCaBP3 and AHA2 C terminus or truncated AHA2 C terminus. The C terminus was truncated into three different
fragments: AH2C850-923 |acking the last 25 residues of the C terminus; AHA2C850-895 |acking the half of the AHA2 C terminus containing the Rl domain; and
AHA2(C896-948 |acking the half of the AHA2 C terminus containing the RIl domain. Cell growth was detected 3 to 5 d after transformation. Serial decimal
dilutions of yeast cells were grown on synthetic complete medium without Leu and Trp (—LW, left panel), on synthetic complete medium without His, Leu,
and Trp (—HLW, middle panel), and on synthetic complete medium without His, Leu, and Trp plus 3-aminotriazole (—HLW + 1 mM 3-AT, right panel).
(C) Negative control for analysis of the interaction between SCaBP3 and AHA2 C terminus or truncated AHA2 C terminus.

(D) Analysis of the interaction between SCaBP3 and AHA2 C terminus in N. benthamiana. SCaBP3, AHA2, and two truncations of AHA2 (AHA2A53 and
AHA2A103) were used in BiFC experiments. AHA2A53, lacking the last 53 residues of AHA2; AHA2A103, lacking the last 103 residues of AHA2. YFP
fluorescence signal was detected after 48 h of infiltration. Bars = 50 pm.

(E) Analysis of amino acids in AHA2 C terminus required for the interaction in a yeast two-hybrid analysis. The growth of the cells was detected 3 to 5 d after
transformation.

(F) Negative control for analysis of amino acids in AHA2 C terminus required for the interaction(—HLWA, without His, Leu, Trp and Adenine).

(G) LCI analysis of the interaction between SCaBP3 and AHA2 or aha2 Q879A.

(H) AHA2 complementation of PM H* -ATPase activity in yeast. SCaBP3 was expressed with full-length AHA2 or different point mutations of AHA2. Cells
were quintuple diluted in sterile water and grown on selective medium. AHA2, pMP1745-AHA2; aha2 G867A, pMP1745-aha2 G867A; aha2 Q87°A, pMP1745-
aha2 Q87°A; aha2 R880A, pMP1745-aha2 R880A,; gal, galactose; glu, glucose; SCaBP3, pMP1645-SCaBP3; vector, pMP1645. The growth of the cells was
detected 3 to 5 d after transformation.

The experiments were performed with three biological replicates with similar results.
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Figure 5. SCaBP3 Promotes the Interaction between AHA2 Central Loop Region and Its C Terminus and between PKS5 and AHA2 C Terminus.

(A) LCI system analysis of the interaction between AHA2 Central loop region and C terminus. DDM1 was used as a control.

(B) LCI system analysis of AHA2 Central loop interaction with its C terminus in the presence of SCaBP3. SCaBP3 was transiently cotransformed with AHA2
Central loop and C terminus in N. benthamiana leaves. GFP was used as a control.

(C) Statistical analysis of luminescence intensity as shown in (B).

(D) Yeast three-hybrid analysis of AHA2 Central loop interaction with its C terminus in the presence or absence of SCaBP3. SCaBP3 was expressed under
the control of the GPD promoter in the pBridge&FP vector. Serial decimal dilutions of yeast cells were grown on synthetic complete medium without Leu and
Trp (—LW, left panel) and on synthetic complete medium without His, Leu, and Trp (—HLW, right panel). Photographs were taken after 3 to 6 d of growth onthe
indicated medium.

(E) Yeast two-hybrid analysis of the interaction between SCaBP3 and PKS5.

(F) Yeast three-hybrid analysis of the interaction of PKS5 with the AHA2 C terminus in the presence or absence of SCaBP3. SCaBP3 was expressed under
the control of the GPD promoter in the pBridgeGFP vector. Photographs were taken after 3 to 6 d of growth on the indicated medium. 3-AT, 3-aminotriazole.
(G) LClI system analysis of the interaction of PKS5 with the AHA2 C terminus in the presence of SCaBP3. SCaBP3 was transiently coexpressed with AHA2
and PKS5 in N. benthamiana. GFP was used as a control.

(H) Statistical analysis of luminescence intensity as shown in (G).

(I) LClI system analysis of the interaction of PKS5 with AHA2 in the presence of SCaBP3. SCaBP3 was transiently cotransformed with AHA2 and PKS5in N.
benthamiana. 14-3-3 o and GFP were used as controls.

(J) Statistical analysis of luminescence intensity as shown in (I).

(K) Yeast two-hybrid analysis the effect of different phosphorylation levels on the interaction with its Central loop. Photographs were taken after 3 to 5 d of
growth on the indicated medium.

(L) Analysis of SCaBP3-PKS5 inhibition of PM H*-ATPase activity in yeast. Cells were quintuple diluted in sterile water and grown on selective medium, pH
6.5. AHA2, pMP1745-AHA2; gal, galactose; glu, glucose; PKS5, pMP1612-PKS5; SCaBP1, pMP1645-SCaBP1; SCaBP3, pMP1645-SCaBP3; 1612,
pMP1612; 1645, pMP1645. The growth of the cells was detected 3 to 5 d after transformation.

The experiments were performed with three biological replicates with similar results. Data represent means = sp (n = 6) from measurements using the same
preparation as in (C), (H), and (J). Lowercase letters indicate significant differences from GFP treatment as determined by Student’s t test, P < 0.05.



SCaBP-PKS5. We observed that SCaBP3 directly interacted with
PKSS5 in yeast two-hybrid assays (Figure 5E). Furthermore, a yeast
three-hybrid assay was performedto test whether SCaBP3 affected
the interaction between PKS5 and the AHA2 C terminus. To this
end, the coding sequence of the AHA2 C terminus was cloned into
the pGADT?7 vector, and the pBridge®FP vector was used to express
both PKS5 and SCaBP3. As shown in Figure 5F, SCaBP3 signifi-
cantly enhanced the interaction between PKS5 and the AHA2 C
terminus. Consistently, the AHA2 C terminus and PKS5 interacted,
and SCaBP3 enhanced this interaction in an LCI assay (Figures
5G and 5H). Furthermore, we found that the interaction between AHA2
and PKS5 was reduced by 14-3-3 w (Figures 5l and 5J). To confirm the
expression of these constructs, RT-PCR analysis was performed.
There was no difference in the expression of SCaBP3, AHA2C ter-
minus, AHA2 Central loop, AHA2, PKS5, and 14-3-3 w in different
transfected N. benthamiana leaves (Supplemental Figures 10Ato 10C).

Our results described above indicated that direct interaction be-
tween the C terminus and the Central loop contributes to the
autoinhibition of the PM H*-ATPase activity, while our previous work
had established a negative regulatory function for phosphorylated
Ser-931 (Fuglsang et al., 2007). We therefore sought to address if the
phosphorylation status of Ser-931 may affect the interaction between
the AHA2 Central loop and its C terminus. To investigate this, we
explored the interaction of the AHA2 C terminus harboring either
a phosphorylation-preventing S931A substitution or a phosphoryla-
tion-mimicking S931D exchange with the Central loop region in yeast
two-hybrid assays. For this approach, these two versions of the AHA2
C terminus (@aha2C S931D and aha2C S931A) were cloned into the
pPGBKT7 vector. As depicted in Figure 5K, phosphorylation mim-
icking at Ser-931 markedly enhanced the interaction of AHA2
C terminus and Central loop, suggesting that phosphorylation of
Ser-931 directly regulates the inhibitory interaction between the
AHA2 C terminus and its Central loop.

As an alternative approach to determining the ability of the
SCaBP3-PKS5 complex to modulate the PM H*-ATPase activity,
we coexpressed AHA2 with different combinations of SCaBPs
(SCaBP1 or SCaBP3) and PKS5 in the RS72 strain. Consistent with
our previous report, coexpression of PKS5 and SCaBP1 repressed
the growth of RS72 yeast cells (Figure 5L). However, quite re-
markably, expression of SCaBP3 alone had a similar effect (Figure
5L). When we coexpressed PKS5 with SCaBP3 in this system, the
growth of RS72 yeast cells was inhibited more severely than in yeast
coexpressing PKS5 and SCaBP1 (Figure 5L). These results suggest
that SCaBP3 inhibits PM H*-ATPase activity by two distinct
mechanisms, of which the intramolecular mechanism is PKS5 in-
dependent and the intermolecular mechanism is PKS5 dependent.
The intramolecular mechanism is that SCaBP3 inhibits the activity of
PM H*-ATPase by enhancing the interaction of the C terminus of
AHA2 with its Central loop, which is independent of PKS5. The
intermolecular mechanism is that SCaBP3 enhances the interaction
between PKS5 and AHA2, thereby enhancing the phosphorylation
of PM H*-ATPase activity, which is dependent on PKS5.

Alkali Conditions Trigger the Relief of SCaBP3-Mediated
Inhibition of AHA2

The PM H*-ATPase activity is activated by saline-alkali stress
(Yang et al.,, 2010). To determine if SCaBP3 and PKS5 are
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regulated by alkali stress at the mRNA level, we determined their
gene expression. The level of PKS5 mRNA was not affected by up
to 6 h of NaHCO, treatment but decreased after that time point
(Figure 6A), while the mRNA of SCaBP3 mRNA rapidly decreased
in Col-0 plants after NaHCO, treatment (Figure 6B). To determine
the subcellular localization of SCaBP3 and PKS5 proteins, Myc-
PKS5 and Flag-SCaBP3 driven by the constitutive 35S pro-
moter were transformed into Arabidopsis, respectively. Plasma
membrane-enriched vesicles were isolated from the transgenic
plants. SCaBP3 and PKS5 were located in both the cytosol and
plasma membrane; however, their amounts were reduced in the
plasma membrane fraction and increased in the cytosolic fraction
after NaHCO, treatment (Figures 6C and 6D), suggesting that
activation of PM H*-ATPase under NaHCO; stress involves the
disassociation of SCaBP3 and PKS5 from the plasma membrane.

To determine whether PKS5 kinase activity has an impact on its
interaction with AHA2, we employed BiFC assays to detect the
interaction between AHA2 and PKS5 and between AHA2 and
PKS5K50N (an inactive kinase version). The full-length coding
sequences of PKS5/PKS5K%0N and AHA2 were translationally
fused to n-YFP and c-YFP, respectively. When nYFP-PKS5 or
nYFP-PKS5K%0N was coexpressed with AHA2-cYFP in N. ben-
thamiana leaves, the combination of nYFP-PKS5 with AHA2-
cYFP yielded a stronger fluorescence signal at the plasma
membrane than the combination of PKS5KS0N with AHA2
(Figure 6E; Supplemental Figure 11A).

To confirm the expression of PKS5 and PKS5K%0N, immunoblot
analysis was performed. We could not detect AHA2 protein in the
transfected N. benthamiana; however, BiFC analysis showed that
AHAZ2 itself (AHA2-YFPN + AHA2-YFPC) dimerizes in transfected
N. benthamiana (Supplemental Figure 11B), suggesting that dif-
ferent AHA2 forms (AHA2-YFPN or AHA2-YFPC) could express in
N. benthamiana leaves. There was no difference in the protein
expression levels of PKS5 and PKS5K30N in different transfected
N. benthamiana leaves (Supplemental Figure 11C). These results
suggest that an activated PKS5 is more likely to interact with AHA2
in plants.

The cytosolic Ca?* concentration increases under saline-alkali
stress in plants (Fuglsang et al., 2007). To investigate whether
the dissociation of SCaBP3 from PM H*-ATPases under alkali
stress could be regulated by Ca?* concentration, we performed
microscale thermophoresis (MST) assays (Supplemental
Figure 11D) inthe presence of 0, 100 nM, or 5 uM Ca?*. As shown
in Figure 6F, in the absence of Ca?™, the binding affinity between
SCaBP3 and AHA2 C terminus was calculated as 0.37 = 0.02 wM.
The binding affinities were decreased to 1.06 = 0.03 and 5.54 *
0.02 wM between SCaBP3 and AHA2 C terminus in the presence of
100 nM and 5 uM Ca?*, respectively. These results suggest that
the increased Ca?* concentration reduces the interaction between
SCaBP3 and AHA2.

Regulation of PM H*-ATPase Activity by SCaBP3 and PKS5
in Response to Alkaline Stress

As reported here for the scabp3 mutant, we previously observed
that the pks5 loss-of-function mutant (pks5-7) was more tolerant
to saline-alkali conditions than was Col-0 (Fuglsang et al., 2007;
Yang et al., 2010). To further confirm the correlation between PM
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Figure 6. Relief of SCaBP3-Regulated Inhibition of AHA2 under Alkaline Conditions.

(A) and (B) RT-gPCR assay for detection of PKS5 (A) and SCaBP3 (B) expression after NaHCO; treatment. Total RNA was extracted from 7-d-old seedlings
treated with 1.5 MM NaHCO; for 0, 1, 3, 6, 12, or 24 h. The samples were treated with RNase-free DNase and then used to produce cDNAs. Then the cDNAs
were used for detecting PKS5 (the primer pairs are PKS5 gRT-F and PKS5 gRT-R, and their sequences are listed in the Supplemental Table) and SCaBP3 (the
primer pairs are SCaBP3 qRT-F and SCaBP3 gRT-R, and their sequences are listed in the Supplemental Table) expression using RT-gPCR assay. ACTIN2
(the primer pairs are ACTIN2-qF and ACTIN2-qR, and their sequences are listed in the Supplemental Table) served as an internal control.

(C) and (D) SCABP3 (C) and PKS5 (D) were detected in plasma membrane (PM) and cytosol with or without NaHCO, treatment. Plasma membrane and
cytosol were isolated from 7-d-old seedlings of Col-0 expressing 35SPro::3 X Flag-SCABP3 or 35SPro::6 X Myc-PKS5 treated with 1.5 mM NaHCO, for 0 or
24 h. Isolation of plasma membrane was by two-phase partitioning. Equal amounts of plasma membrane and cytosolic proteins were separated by SDS-
PAGE followed by analysis with anti-Flag, anti-Myc, anti-GHR1 (a plasma membrane-localized protein), or anti-MPK3 (a cytosol-localized protein)
antibodies.

(E) Analysis of the interaction between AHA2 and PKS5/PKS5X50N (a dead kinase with no kinase activity) in N. benthamiana. Pairs of split-YFP constructs
were transiently coexpressed in N. benthamiana leaves, and YFP fluorescence signal was detected using Leica SP5 confocal microscopy after 48 h of
infiltration. Bars = 50 pm.

(F) Analysis of concentrations of Ca2* on the interaction between SCaBP3 and the AHA2 C terminus using MST. Unlabeled GST-SCaBP3 recombinant
protein was titrated to a constant amount of fluorescently NT647-labeled HIS-AHA2 C terminus recombinant peptide in the presence of 0, 100 nM, or 5 uM
Ca?*. Kd, dissociation constant.

The experiments were performed with three biological replicates with similar results. Data represent means = sp (n = 3) from measurements using the same
preparation as in (A), (B), and (F). Lowercase letters indicate significant differences from the control as determined by one-way ANOVA, P < 0.05.

H*-ATPase activity and the alkali phenotype, AHA2AC (amino
acids 1-836, enhanced PM H*-ATPase activity; Liu et al., 2009)

supplemented with 5 wM B-estradiol, or MS medium supple-
mented with 1.5 mM NaHCO, (Supplemental Figures 12B to 12J).

was cloned into the SUPERR:sXVE:HA vector (an inducible ex-
pression system; Schliicking et al., 2013). The SUPER-
R:sXVE:HA:AHA2AC plasmid was transformed into Col-0 to
obtain inducible expression lines (AHA2AC-1 and AHA2AC-2)
(Supplemental Figure 12A). Six-day-old seedlings of Col-0,
AHA2AC-1, and AHA2AC-2 grown on MS medium were trans-
ferred to MS medium, MS medium supplemented with 5 uM
B-estradiol, MS medium supplemented with 1.5 mM NaHCO;, or
MS medium supplemented with 5 uM B-estradiol and 1.5 mM
NaHCO;. No difference in growth was detected between Col-0,
AHA2AC-1, and AHA2AC-2 on the MS medium, MS medium

On the MS medium supplemented with 5 nM B-estradiol and
1.5mM NaHCO,, the AHA2AC-1 and AHA2AC-2 plants appeared
to be less sensitive to this stress condition than Col-0 plants
(Supplemental Figures 12K to 12M). These results indicate that
a higher PM H*-ATPase activity results in the transgenic plants
being more tolerant to NaHCO, stress.

To determine the genetic relation between SCaBP3 and PKS5,
we generated a scabp3 pks5-1 double mutant. Six-day-old Col-0,
scabp3, pks5-1, and scabp3 pks5-1 seedlings grown on MS
medium were transferred to MS medium containing 0 or 1.5 mM
NaHCO;. No difference in growth was detected between Col-0,
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scabp3, pks5-1, and scabp3 pks5-1 on MS medium (Figure 7A;
Supplemental Figures 13A and 13B). On the MS medium with
1.5 mM NaHCO;, the scabp3 and pks5-1 single mutants appeared
to be less sensitive to this stress condition than did Col-0 (Fig-
ure 7A;, Supplemental Figures 13C and 13D). The pks5-1 scabp3
double mutant exhibited a further increase in root length and fresh
weight on MS medium with 1.5 mM NaHCO, compared with the
scabp3 and pks5-1 single mutants (Figure 7A; Supplemental
Figures 13C and 13D). We further investigated the phenotypic
effects when plants were grown in soil with NaHCO, treatment.
Three-week-old Col-0, scabp3, pks5-1, and scabp3 pks5-1
seedlings grown in soil were treated with 200 mM NaHCO;, for
3 weeks. Leaf vitality (the leaf remains green and is not withered) of
the NaHCO,-treated scabp3 and pks5-1 was greater than that of
Col-0, and chlorophyll content was higher in the mutants than in
Col-0 (Figures 7B and 7C). Moreover, the scabp3 pks5-1 double
mutant exhibited a higher tolerance than either of the single
mutants (Figure 7B).

To determine whether and how the PM H*-ATPase activity may
be associated with the function of PKS5 and SCaBP3 under
saline-alkali conditions, plasma membrane-enriched vesicles
were isolated from NaCl-treated seedlings of Col-0, scabp3,
pks5-1, and pks5-1 scabp3. As depicted in Figure 7E and
Supplemental Figure 13M, the scabp3 single mutant had a similar
PM H*-ATPase activity to pks5-1, and the activity of both mutants
was higher than that of Col-0. Additionally, the PM H*-ATPase
activity ofthe pks5-1 scabp3 double mutants was higher than that of
pks5-1 or scabp3.

We crossed scabp3 with two pks5 mutants in which AHA2 is
constitutively activated (pks5-3 and pks5-4; Yang et al., 2010)
to generate pks5-3 scabp3 and pks5-4 scabp3 double mutants.
Six-day-old control (Col-0 erecta105/BigM, a mutant of Col-0,
background of pks5-3 and pks5-4), pks5-3, pks5-4, pks5-3
scabp3, and pks5-4 scabp3 seedlings grown on MS medium
were transferred to MS medium containing 0 or 1.5 mM NaHCO,.
Theroot length and fresh weight of the pks5-3 and pks5-4 mutants
were significantly reduced compared with BigM on the MS me-
dium with 1.5 mM NaHCO; (Figure 7A; Supplemental Figures 13E
to 13L). Mutation of SCaBP3 in either the pks5-3 or pks5-4 mutant
background markedly rescued their phenotypesin root elongation
on the medium with 1.5 mM NaHCO; to wild type-like growth.

Tofurtherinvestigate the effect of NaHCO; stress on soil-grown
seedlings, 3-week-old BigM, pks5-3, pks5-4, pks5-3 scabp3, and
pks5-4 scabp3 plants were treated with 200 mM NaHCO, for 3
weeks. As shown in Figures 7B and 7D, the pks5-3 and pks5-4
plants exhibited weaker growth and reduced chlorophyll content
compared with BigM. The deletion of SCaBP3 in either the pks5-3
or pks5-4 mutant background also suppressed their NaHCO,-
sensitive phenotypes (Figure 7B). These results suggest that
SCaBP3 regulates plant saline-alkali resistance at least partially
independently of PKS5, and PKS5 at least partially relies on
SCaBP3 for its function in the saline-alkali response. Consistent
with the change of phenotype in response to saline-alkali stress,
the double mutants pks5-3 scabp3 and pks5-4 scabp3 exhibited
higher PM H*-ATPase activity than their pks5 parents (Figures 7F
and 7G; Supplemental Figures 13N and 130), supporting the
conclusion that the interaction of PKS5 with PM H*-ATPase re-
quires SCaBP3. These results indicate that SCaBP3 regulates PM
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H*-ATPase activity by both PKS5-dependent and -independent
processes and that SCaBP3 and PKS5 function in the Arabidopsis
saline-alkali stress response by regulating PM H*-ATPase
activity.

DISCUSSION

Maintaining cell pH and ion homeostasis is important for the plant
saline-alkali stress response. In this study, we showed that the
Ca?* sensor SCaBP3 is actritical regulator of the alkali response by
negatively regulating the PM H* -ATPase activity, which functions
via direct protein interaction and thereby differs from previously
identified phosphorylation-dependent regulatory mechanisms
(Fuglsang et al., 2007). This adds to the complex array of
mechanisms that converge on the PM H*-ATPase to provide the
required flexibility in regulation.

Proton pumps are the “master enzymes” in plant life activities,
which are regulated by a variety of regulatory pathways and thus
correspond to a variety of biological processes. PM H*-ATPase
activity is kept at a relatively low level under normal conditions (in
the absence of salt stress) and has a dramatic increase after
exposure to saline-alkali stress in Arabidopsis (Yang et al., 2010).
Under stress conditions, plants have to balance their growth and
stress resistance. Higher resistant activity would reduce plant
growth, as faster growth would cause more damage under
stresses. On the other hand, when growth conditions become
suitable, the stress response of plants has to be reduced, in which
PKS5 and SCaBP83 are required to repress PM H*-ATPase ac-
tivity. The increased PM H*-ATPase activity is crucial for driving
transportersinresponse to saline-alkali stress. SCaBP3 and PKS5
proteins function as negative regulators of PMH*-ATPase activity
under normal conditions by direct interaction and phosphoryla-
tion, and the release of PM H*-ATPase activity in the presence of
saline-alkali conditions requires the disassociation of these two
proteins from the plasma membrane.

PM H*-ATPase activity is regulated by various interacting
proteins, such as 14-3-3 protein, and protein interaction can be
modulated by the phosphorylation status of specific residues
(Fuglsang et al.,, 1999, 2007, 2014; Maudoux et al., 2000;
Morandini et al., 2002; Duby et al., 2009). The C terminus of PM
H*-ATPase serves as an autoinhibitory domain, the modification
of the C terminus leads to activation or inactivation of the enzyme,
and deletion of critical domains results in the formation of a de-
regulated constitutive active PM H*-ATPase (Xing et al., 1996;
Axelsen et al., 1999; Duby et al., 2009; Takahashi et al., 2012). It
has been proposed that intramolecular interaction of the C ter-
minus in coordination with other domains of the PM H*-ATPase
contributes to the regulation of its activity status. However, clear
evidence and the detailed mechanism that would convey such
intramolecular regulation have remained elusive. Moreover, it has
remained unknown how the different regulatory mechanisms of
the PM H*-ATPase (including intramolecular and intermolecular
interactions and modifications) mutually affect each other and
are coordinated to bring about the required fine-tuning of PM
H*-ATPase activity that is required for optimal cellular func-
tion, especially during plant adaptation or stimulus-response
processes.
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Figure 7. SCaBP3 and PKS5 Regulate Arabidopsis PM H*-ATPase Activity in Response to Alkali Stress.

(A) The NaHCO,-response phenotypes of wild-type (Col-0 and BigM [a mutant of Col-0, Col-0 erecta105]) and mutants seedlings at 6 d old grown on MS
medium or MS medium with 1.5 mM NaHCO,. Photographs were taken at 7 d after transfer.

(B) NaHCO;-response phenotype of Col-0, scabp3, pks5-1, scabp3 pks5-1, BigM, pks5-3, pks5-3 scabp3, pks5-4, and pks5-4 scabp3 plants grown in soil
with or without NaHCO, treatment. After 3 weeks of growth in soil, the plants were left untreated (control) or treated with 200 mM NaHCOj, for 3 weeks, and
photographs were taken.

(C) and (D) Chlorophyll content of Col-0, scabp3, pks5-1, scabp3 pks5-1, BigM, pks5-3, pks5-3 scabp3, pks5-4, and pks5-4 scabp3 plants grown in soil with
or without NaHCO; treatment. After 3 weeks of growth in soil, the plants were left untreated (control) or treated with 200 MM NaHCO; for 3 weeks, and the
leaves were collected for detecting chlorophyll content. Data represent means *+ sb (n = 6) from measurements using the same preparation.

(E) to (G) Comparison of the PM H*-ATPase activity in vesicles isolated from Col-0, scabp3, pks5-1, scabp3 pks5-1, BigM, pks5-3, pks5-3 scabp3, pks5-4,
and pks5-4 scabp3 plants grown in soil treated with 250 mM NaCl for 3 d before harvest. Data represent means = sp (n = 3) from measurements using the
same preparation. The initial 15-s slope of fluorescence quenching was graphed from Supplemental Figures 12M to 120, respectively.

The experiments were performed with three biological replicates with similar results. Lowercase letters indicate significant differences from the control as
determined by one-way ANOVA, P < 0.05.

SCaBP3 specifically interacted with the AHA2 C850-895 con-
taining the Rldomain. Inthe yeast S. cerevisiae, available evidence
suggests that the RI domain affects the enzyme activity by in-
teracting with a cytoplasmic region ofthe PMH*-ATPase (Axelsen
etal., 1999). Simultaneously, we determined that the C terminus of
PM H*-ATPase directly interacted with the Central loop region
and that SCaBP3 enhanced this interaction. It is tempting to

speculate that this may affect protein folding and self-assembly,
resulting in a more compact and stabilized inhibitory structure of
the pump to promote the inhibition of PM H*-ATPase activity.
However, more evidence, especially from crystal structure
studies, is required to further advance this hypothesis.

Our genetic and biochemical results also indicate that SCaBP3
repressed PM H*-ATPase activity by both PKS5-dependent and
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-independent mechanisms (Figure 8). SCaBP3 directly interacted
with PKS5 and enhanced the interaction between AHA2 and PKS5
in plants and yeast. The growth of RS72 yeast cells was dra-
matically inhibited when PKS5 was expressed with SCaBP3 in
yeast. Compared with their pks5 parents, deleting SCaBP3 in pks5
mutants improved saline-alkali tolerance, in association with the
changes of PM H*-ATPase activity. However, in an in vitro kinase
assay, SCaBP3 did not appear to activate PKS5 kinase activity
and PKS5 phosphorylated SCaBP1/CBL2 but not SCaBP3
(Supplemental Figures 14A and 14B), suggesting different regu-
latory roles of the different calcium sensors. The phosphorylation
of aha25931 enhances the interaction between AHA2 Central loop
and C terminus in yeast. The interaction of PKS5 with SCaBP3
may recruit PKS5 to the plasma membrane or pump location to
phosphorylate the PM H*-ATPase, such as the aha25%1 site,
whichinturn prevents the interaction between the pump and 14-3-3
(Supplemental Figure 14C), maintaining the pump in a status of low
activity. Under NaHCO, stress, the phosphorylation of the
aha2™947 residue and the interaction of 14-3-3 with PMH*-ATPase
were enhanced (Supplemental Figure 14C); therefore, the
enzyme could maintain a higher activity. This regulatory mecha-
nism is distinct from that of SCaBP8/CBL10, which represses
AKT1 activity by directly binding to AKT1 but does not affect
CIPK23 activity (Ren et al., 2013).

It has been reported that calcium affects the phosphorylation
status of PM H*-ATPase (Schaller and Sussman, 1988; Kinoshita
et al., 1995). SCaBP3 is a calcium binding protein that interacts
with PKS5 and enhances the interaction between PKS5 and
AHA2. AHA? likely interacted with both a Ca?* sensor SCaBP3
and an active PKS5 kinase. Therefore, the calcium signal may
modulate PM H*-ATPase activity by affecting both the direct
phosphorylation of the PM H*-ATPase and its interaction with

Na*, HCO, stress H"  AHA2

/1 Nt
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i o
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Figure 8. A Working Model for the Regulation of PM H*-ATPase Activity
by SCaBP3 and PKS5.

Under nonstressed conditions, SCaBP3/CBLY7 interacts with the AHA2 C
terminus and confers the inhibitory interaction of the C terminus and
Central loop. ScaBP3-PKS5 complexes phosphorylate the AHA2 C ter-
minus at Ser-931, preventing phosphorylation of Thr-947 or 14-3-3 binding
to this residue, and AHA2 activity is low. Under saline-alkali stress con-
ditions, Ca2* influx from calcium stores to cytoplasm occurs, and Ca?™"
binding of ScaBP3 releases the interaction with AHA2 C terminus and
releases the inhibitory interaction of the C terminus and Central loop. The
activity of the ScaBP3-PKS5 complex is reduced, Ser-931 is no longer
phosphorylated, and Thr-947 is phosphorylated, which confers 14-3-3
binding and activates AHA2.
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other molecules. In addition, evidence for Ca?* independent
phosphorylation of PM H*-ATPase also has been reported (Wen
et al., 2004), and PKS5-mediated transphosphorylation is in-
dependent of Ca?* in vitro (Fuglsang et al., 2007; Bender et al.,
2018). Thus, under normal conditions, the SCaBP3-PKS5
complex-mediated Ser-931 phosphorylation of the AHA2 C ter-
minus may be independent of Ca2*, which prevents phosphor-
ylation of Thr-947 or 14-3-3 binding to this residue, leading to low
AHAZ2 activity. Alkali stress may trigger the calcium signals that are
perceived by SCaBP3 and trigger its disassociation from target
proteins, the PM H*-ATPases and PKS5 protein kinase, which in
turnreleases the PMH™* -ATPase from the autoinhibition and PKS5
phosphorylation (Figure 8). However, whether and how low
concentrations of cytosolic free calcium activate PKS5 kinase
activity under normal growth conditions remain to be determined.

Arabidopsis seedling growth is not affected by less than 10 mM
NaCl or pH 7.0 (KOH to adjust pH of MS medium) treatment. We
measured medium pH when adding 1.5 mM NaHCO,, and it is
~6.55 and very stable due to NaHCO; buffer capacity. When the
pH of the medium supplemented with 2 mM NaHCO, was ad-
justed to 5.8, the growth of both wild-type and scabp3 seedlings is
similar, suggesting that the stress might come from the buffer
capacity of HCO,~ and that the effect of NaHCO; on seedling
growth is mainly due to high pH stress. However, we cannot
exclude the possibility that HCO,~ plays a role in this regulation.
Lee and Woolhouse (1969) reported that bicarbonate inhibits root
growth primarily by cell elongation in calcicole and calcifuge
grasses. The fixation of carbon dioxide in the elongation zone from
the bicarbonate buffer leads to the inhibition of root growth (Lee
and Woolhouse, 1969). A recent study has reported that a slow-
type anion channel homologin Glycine soja, GsSLAH3, modulates
plant bicarbonate stress tolerance (Duan et al., 2018). Heterolo-
gous expression of GsSLAH3 in Arabidopsis can increase bi-
carbonate in shoots, but it does not improve high pH tolerance
(Duan et al., 2018). Therefore, SCaBP3 may be involved in both
extracellular pH and HCO;- responses. We cannot exclude the
possibility that SCABP3 will bind to other partners and activate
a kinase that could have many substrates. SCABP3 may also
directly regulate the accumulation of HCO4~ in plant cells by
modulating the activity of certain anion channels. These possible
regulatory mechanisms require further study.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Col-0 and BigM (a mutant of Col-0,
Col-0 erecta105) were used in this study. The mutants pks5-71 (on
a Col-0 background) and pks5-3 and pks5-4 (Targeting-Induced Local
Lesions In Genomes mutants in the BigM background) have been
described previously (Fuglsang et al., 2007; Yang et al., 2010; Eckert
et al., 2014). SAIL_201_A02/scabp3 (on a Col-0 background) was
obtained from the ABRC (http://www.arabidopsis.org/abrc/) and
identified by the gene-specific primers and T-DNA left border primers.
The double mutants were generated by crossing scabp3 with pks5-1,
pks5-3, or pks5-4. To complement the scabp3 mutant, the SCaBP3
genomic sequence was amplified from Col-0 genomic DNA and cloned
(the primers used for plasmid construction are listed in the
Supplemental Table) into BamHI and Sall sites in the pPCAMBIA1300
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binary vector, and the resulting construct was transformed into the scabp3
mutant. The overexpression of SCaBP3 was generated by fusing the full-
length SCaBP3 coding sequence into the pCAMBIA1307-3Flag vector with
the BamHI and Sall sites, and the resulting construct was transformed into
Col-0. The truncated AHA2 (amino acids 1-836) coding sequence was fused
into the SUPERR:sXVE:HA vector with BamHl and Sall sites, and the resulting
construct was transformed into Col-0 to generate transgenic lines of SU-
PERR:sXVE:HA:AHA2AC. All seedlings were germinated on MS (Phyto
Technology Laboratories, catalog number M519) medium (plus 0.5% phy-
tagel; Sigma-Aldrich, catalog number P8169) at pH 5.8 under 24 h of constant
illumination (Percival CU-36L5) at 23°C after 2 d at 4°C. Adult plants were
grown in growth chambers under long-day (16 h of light of 30 umol m=2s~1
/8 h of dark) conditions. For alkali sensitivity assays, 6-d-old seedlings
growing under constant white light of 30 wmol m™—2 s™' at 23°C were
transferred to MS medium (pH 5.8), MS medium plus 1.5 mM NaHCO; (pH 6.
55; Sigma-Aldrich, catalog number 792519), MS medium plus2 mM NaHCO,
(pH 6.66), MS medium plus 4 mM NaHCO; (pH 6.80), MS medium plus 6 mM
NaHCO; (pH 6.93), or MS medium plus 2 mM NaHCO; (pH 5.80; the pH was
adjusted to 5.80 after adding2 mM NaHCO,). For the PM H*-ATPase activity
assay, 8-d-old seedlings growing under constant white light at 23°C were
transferred to soil for another 2 weeks in growth chambers and were treated
with 250 mM NaCl (VETEC, catalog number V900058) for 3 d (or 14-d-old
seedlings growing under constant white light at 23°C were transferred to MS
medium plus 1.5 mM NaHCO; for 5 d) before being collected for isolation of
plasma membrane vesicles.

Yeast Two-Hybrid Assay

To investigate the interaction between SCaBPs/CBLs and the AHA2 C
terminus, AHA2C (residues 850-948) was cloned into the pGBKT7 vector
with EcoRl and Sall sites, and each SCaBPs/CBLs coding sequence was
cloned into the pACT2 vector (Ren et al., 2013). The truncation and point
mutations of the AHA2 C terminus were cloned into the pGBKT7 vector with
EcoRl and Sall sites, while the SCaBP3 coding sequence was cloned into
the pGADT7 vector with EcoRI and BamHI sites.

The plasmids were transformed into Saccharomyces cerevisiae strain
AH109 for yeast two-hybrid assays. Yeast transformation and growth
assays were performed as described in the Yeast Protocols Handbook
(Clontech). All primers used for these constructs are listed in the
Supplemental Table.

BiFC

Full-length AHA2 and the truncation of AHA2, SCaBP3, SCaBP1, PKS5,
and PKS5K%ON were amplified by PCR with gene-specific primers
(Supplemental Table) and cloned into pSPYCE(M) and pSPYNE(R) 173 with
the BamHI and Sall sites, respectively (Waadt et al., 2008). Pairwise
construct combinations were introduced into Agrobacterium tumefaciens
strain GV3101 for transient expression in Nicotiana benthamiana epidermal
cells as described (Walter et al., 2004). YFP fluorescence signals were
detected by Leica SP5 confocal microscopy after 48 h of infiltration.

Analysis of Subcellular Localization and Promoter-GUS Activity

For subcellular localization analyses, the coding sequence of SCaBP3 was
amplified with primers containing Sall and Kpnl sites and cloned into the
pCAMBIA1390 binary vector under the control of the UBQ70 promoter. To
prepare the pCAMBIA1390-UBQ10:cGFP vector, the UBQ710 promoter
and GFP sequence were cloned between the Hindlll and Pstl sites and
between the EcoRl and Spel sites in pPCAMBIA1390, respectively.

For GUS expression analyses, a DNA fragment encompassing 1227 bp
upstream of the translational start site (ATG) of SCaBP3 was amplified with
the ProSCaBP3F and ProSCaBP3R primers (Supplemental Table) and

cloned into the pCAMBIA1391Z vector with Pstl and BamHI sites. The
construct was transformed into Col-0 by A. tumefaciens-mediated
transformation, and 15 independent transgenic lines (T2) were tested for
GUS staining (Haritatos et al., 2000). The primers used for plasmid con-
struction are listed in the Supplemental Table.

qPCR and RT-PCR Analysis

Total RNA was extracted with RNAVzol (Vigorous, catalog number N002)
from N. benthamiana or 12-d-old seedlings grown on MS plates under
constant illumination of 30 wmol m~2 s~*, Eight micrograms of total RNA
was treated with RNase-free DNase | (Invitrogen, catalog number AM2224)
to eliminate genomic DNA and was then used for reverse transcription with
MMLYV reverse transcriptase (Promega, catalog number M1701) according
to the manufacturer’s introduction. The resulting cDNAs were used for
quantitative real-time PCR or RT-PCR analysis of the RNA expression level.
ACTIN2 served as an internal control. The primers used for quantitative
real-time PCR are described in the Supplemental Table.

Plasma Membrane Isolation, Cytosol Acquisition, and H*-ATPase
Activity Measurement

Plasma membrane-enriched vesicles were isolated from the NaCl-treated
or NaHCO,-treated (or untreated) seedlings by aqueous two-phase par-
titioning as described (Qiu et al., 2002). Cytosol was obtained from the
NaHCO;-treated (or untreated) seedlings. The seedlings were homoge-
nized in a buffer of 0.33 M sucrose (Sigma-Aldrich, catalog number
V900116), 5 mM DTT (Sigma-Aldrich, catalog number 10197777001),
0.2% (w/v) BSA (Sigma-Aldrich, catalog number B2518), 5 mM EDTA
(Sigma-Aldrich, catalog number 798681), 5 mM ascorbate (Sigma-Aldrich,
catalog number A7631), 10% (w/v) glycerol (Sigma-Aldrich, catalog
number G5516), 0.2% (w/v) casein (Sigma-Aldrich, catalog number
C7078), 1 mM PMSF (Sigma-Aldrich, catalog number 52,332), 1 X protease
inhibitor (Sigma-Aldrich, catalog number P8340), 0.6% (w/v) poly-
vinylpyrrolidone (Sigma-Aldrich, catalog number V900008), and 50 mM
HEPES-KOH (Sigma-Aldrich, catalog number H4034, P5958; pH 7.5). The
homogenate was filtered through four layers of Miracloth and centrifuged
for 10 min at 12,0009 at 4°C, and the supernatant was centrifuged at
100,000g for 1 h at 4°C. Then the supernatant (cytosol) was collected for
immunoblot analysis. Anti-Flag (CWBIO, CW0278M, 1:2000), anti-Myc
(CWBIO, CW01217, 1:3000), anti-GHR1 (a plasma membrane-localized
protein; R&D Systems, RBO1, 1:1000), or anti-MPK3 (a cytosol-localized
protein; Agrisera, AS16 4024, 1:1000) antibodies were detected for im-
munoblot analysis. The H* -transport activity was measured as described
(Qiu et al., 2002), and each reaction was performed with 50 g of plasma
membrane protein.

Recombinant proteins (SCaBP1, SCaBP3, SCaBP8, and PKS5) were
preincubated with plasma membrane-enriched vesicles isolated from
NaCl-treated (or NaHCO,-treated) Col-0 for 5 min at room temperature;
then the assay was initiated by the addition of ATP (Sigma-Aldrich, catalog
number A6559).

Protein Purification

All GST and His fusion constructs were transformed into Escherichia coli
BL21 (DE3). When the cells were grown in Luria-Bertani medium with
ampicillin (100 wg/mL; Sigma-Aldrich, catalog number BP021) or kana-
mycin (50 wg/mL; Sigma-Aldrich, catalog number E004000) at 37°C to
ODg,, at 0.8 to 1.0, recombinant protein expression was induced with
0.5 mM isopropyl-B-b-thiogalactopyranoside (Sigma-Aldrich, catalog
number PHG0010) at 16°C overnight. The recombinant proteins were
purified according to the manufacturer’s protocol (GE Healthcare Life
Science and Merck) and analyzed by SDS-PAGE.
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Yeast Complementation Assay

S. cerevisiae strain RS72 (Mat a; ade1-100 his4-519 leu2-3, 312
PPMAT1::;pGAL1) was used for complementation tests as described
(Regenberg et al., 1995; Axelsen et al., 1999; Fuglsang et al., 2007). PKS5,
SCaBP1, or SCaBP3 fragment was amplified with a primer (forward and
reverse) containing the Notl site, and then the products were ligated into the
Notl-digested pMP1612 or pMP1645 vector. Full-length AHA2, truncated
AHA2, and point mutations of AHA2 were expressed under the control of
the PMA1 promoter in the pMP1745 vector (Fuglsang et al., 2007). All
constructs were sequenced. The experiments were replicated in-
dependently three times with cells from independent transformation
events. All primers used for these constructs are listed in the Supplemental
Table.

Yeast Three-Hybrid Assay

The pBridge©FP vector (BD vector; Clontech) was used to express both the
AHA2 C terminus and SCaBP3. SCaBP3 was ligated into the Notl-digested
BD vector, and the AHA2 C terminus was ligated into the EcoRI- and
Sall-digested BD vector. The pGADT7 vector (AD vector) was used to
express the AHA2 Central loop region. AHA2 Central loop was ligated into
the EcoRI- and Sall-digested AD vector. Pairs of constructs (AD-AHA2
Central loop/BD-AHA2C-GPPSCaBP3 and AD-AHA2 Central loop/BD-
AHA2C-GPPempty) were transformed into the AH109 yeast strain. Yeast
transformation and growth assays were performed as described in the
Yeast Protocols Handbook (Clontech). All primers used for these con-
structs are listed in the Supplemental Table.

LCI

For the LCI experimental analysis of the interaction between AHA2 Q87°A
and SCaBP3, the coding sequence of SCaBP3 was amplified and then
cloned between the Kpnl and Sall sites of pCAMBIA-1300NLuc and the
coding sequences of AHA2 and AHA2 Q879A were amplified and then
cloned between the Kpnl and Sall sites of pCAMBIA-1300CLuc, re-
spectively (Chen et al., 2008). These constructs were introduced into A.
tumefaciens (strain GV3101) and infiltrated into N. benthamiana leaves.
After 2 d of infiltration, the N. benthamiana leaves were treated with 1 mM
p-luciferin (Promega, catalog number E160A) and kept in darkness for
5 min, and then the LUC signal was detected by a low-light cooled CCD
camera (ikon-L936; Andor Tech; Chen et al., 2008).

For the LCI experimental analysis of the interaction between AHA2
Central loop and AHA2 C terminus, the coding sequences of AHA2 Central
loop and AHA2 C terminus were amplified and then cloned between the
Kpnl and Sall sites of pCAMBIA-1300NLuc and pCAMBIA-1300CLuc,
respectively. The coding sequence of DDM1 was amplified and then cloned
between the Kpnl and Sall sites of pPCAMBIA-1300NLuc and pCAMBIA-
1300CLuc, respectively. The experiments were performed as described
above. For the LCI assay to determine the effect of SCaBP3 on the in-
teraction of the AHA2 Central loop region and its C terminus, the AHA2
Central loop and C terminus constructs were coexpressed with pCAM-
BIA1391-SCaBP3-GFPc or pCAMBIA1391-GFPc. The experiments were
performed as described above.

Forthe LCl assay to determine the effect of SCaBP3 on the interaction of
PKS5 and AHA2 C terminus, the PKS5 and AHAZ2 C terminus constructs
were coexpressed with pCAMBIA1391-SCaBP3-GFPc or pCAMBIA1391-
GFPc. The experiments were performed as described above.

For the LCl assay to determine the effect of SCaBP3 or 14-3-3 w on the
interaction of PKS5 and AHA2, the PKS5 and AHA2 constructs were
coexpressed with pCAMBIA1391-SCaBP3-GFPc,pCAMBIA1391-14-3-3
w, or pCAMBIA1391-GFPc. The experiments were performed as
described above.
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In Vitro Phosphorylation

The kinase buffer contained 20 mM Tris-HCI (Sigma-Aldrich, catalog
number 10708976001; Beijing Chemical Works, catalog number 7647-01-0)
(pH 7.8), 5 mM MgCl, (Sigma-Aldrich, catalog number 449172), 2 mM DTT,
and 10 uM ATP (Lin et al., 2009). The kinase reaction was started by adding
0.1 pL of [y-32P)ATP (1 nCi; China Isotope and Radiation Corporation) and
PKSS5, and the mixture was incubated at 30°C for 30 min. The reaction was
terminated by adding 6 X SDS loading buffer and incubating the sample at
95°C for 10 min. The protein was separated on a 12% SDS-PAGE gel and
stained with Coomassie Brilliant Blue R-250 (Sigma-Aldrich, catalog
number 1.12553), and then the gel was exposed to a phosphor screen.
Twelve hours after exposure, signals were detected using a Typhoon 9410
phosphor imager (Amersham Biosciences).

MST Assay

An MST assay was performed using a NanoTemper Monolith NT.115
instrument as described previously (Wienken et al., 2010). Recombinant
His-AHA2 C-terminal peptide was labeled with the NHS NT-647 dye
(NanoTemper Technologies, catalog number MO-L001). Then the labeled
His-AHA2 C-terminal peptide was diluted to a final concentration of 10 nM
with PBS (pH 7.6) containing 0.005% Tween 20 (Sigma-Aldrich, catalog
number 93,773) in the absence or presence of 100 nM (or 5 pM) Ca?+
(Sigma-Aldrich, catalog number 793639). The recombinant GST-SCaBP3
protein was serially diluted with PBS (pH 7.6) containing 0.005% Tween 20
inthe absence or presence of 100 nM (or 5 uM) Ca2*. Then the labeled His-
AHA2 C-terminal peptide and diluted GST-SCaBP3 protein were mixed at
a ratio of 1:1 (v/v). The mixture was incubated for 5 min in darkness and
loaded into standard treated capillaries (NanoTemper Technologies,
catalog number MO-K025) for analysis.

The assay was performed with 20% MST and 20% LED power. The
dissociation constant was obtained from the Thermophoresis C T-Jump
result.

Statistical Analysis

Data represent means = sb (n = 3) from the measurements. Lowercase
letters indicate the significant difference from the control as determined by
one-way ANOVA, P < 0.05.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At4g26560 (SCaBP3), At4g30190
(AHA2), and At2g30360 (PKS5).

Supplemental Data

Supplemental Figure 1. Genetic characterization and NaHCO;-
response Phenotype Analysis of the scabp3 mutant plant.

Supplemental Figure 2. NaHCO;-response phenotype analysis of
scabp3 mutant plant.

Supplemental Figure 3. Analysis of NaHCO,-response phenotype in
Col-0, scabp3, and two overexpressing lines (OE-1 and OE-2).

Supplemental Figure 4. DMGA phenotype analysis of scabp3
mutant plant.

Supplemental Figure 5. Controls for analysis of the interaction
between SCaBP3 and AHA2.

Supplemental Figure 6. Subcellular localization and expression
analysis of SCaBP3.
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Supplemental Figure 7. SCaBP3 negatively regulates PM H*-ATPase
activity.

Supplemental Figure 8. Immunoblot analysis of PM H*-ATPase
content in the vesicles isolated from NaHCOj-treated plants.

Supplemental Figure 9. Analysis of the region where SCaBP3
interacts with AHA2.

Supplemental Figure 10. RNA expression levels of different genes
used in the LCI assay.

Supplemental Figure 11. Expression levels of different components
used in BiFC assays, and recombinant proteins used in MST assays.

Supplemental Figure 12. Analysis of NaHCO,-response phenotype in
wild type (Col-0) and two AHA2AC transgenic lines (AHA2AC-1 and
AHA2AC-2).

Supplemental Figure 13. Root length and fresh weight analysis of
mutants treated with NaHCO,; and PM H*-ATPase activity of mutants
after NaCl treatment.

Supplemental Figure 14. Analysis of the effect of SCaBP3 on PKS5
kinase activity, and the rffect of SCaBP3 on phosphorylation of
AHA2 Thr-947 and 14-3-3s content in the plasma membrane after
NaHCO; treatment.

Supplemental Table. List of PCR primers.
Supplemental Data Set. One-way ANOVA of Figures 1B, 1C, 1E, and 1F.
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