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SUMMARY

Calcium signals act as universal second messengers
that trigger many cellular processes in animals and
plants, but how specific calcium signals are gener-
ated is not well understood. In this study, we deter-
mined that AtANN4, a putative calcium-permeable
transporter, and its interacting proteins, SCaBP8
and SOS2, generate a calcium signal under salt
stress, which initially activates the SOS pathway, a
conserved mechanism that modulates ion homeo-
stasis in plants under salt stress. After activation,
SCaBP8 promotes the interaction of protein kinase
SOS2 with AtANN4, which enhances its phosphor-
ylation by SOS2. This phosphorylation of AtANN4
further increases its interaction with SCaBP8. Both
the interaction with and phosphorylation of AtANN4
repress its activity and alter calcium transients and
signatures in HEK cells and plants. Our results reveal
how downstream targets are required to create a
specific calcium signal via a negative feedback regu-
latory loop, thereby enhancing our understanding of
the regulation of calcium signaling.

INTRODUCTION

Calcium is a universal second messenger that regulates many

cellular activities in animal and plant cells. In animal cells,

calcium signaling is controlled by plasmamembrane depolariza-

tion, activations of receptors, Ca2+-sensing proteins, and

calcium channels. The coordinated operation of these compo-

nents is essential to generate calcium signals, which exhibit

oscillations in amplitude, frequency, and spatial distribution.

These signals, which are triggered by a number of different stim-

uli, play a wide variety of roles in controlling a range of biological

processes throughout the life cycle of cells (Berridge et al., 2000;
Develop
Webb and Miller, 2006). The regulatory mechanisms of Ca2+

channel activity by proteins such as the calcium sensors

Calmodulin (CaM) and Stromal Interaction Molecule (STIM) pro-

teins have been studied in animal cells (Ben-Johny et al., 2014;

Brandman et al., 2007). However, little is known about how spe-

cific calcium signals are generated and controlled.

Soil salinity is a major environmental stress that reduces plant

growth and productivity. Salt stress results in increased intracel-

lular osmotic pressure and the accumulation of Na+ to toxic

levels in the cytosol (Munns and Tester, 2008; Yang and Guo,

2018a). Although osmotic pressure and Na+ stress sensors in

plants have not yet been identified, it appears that osmotic stress

sensors are strongly coupled with Ca2+ channels (Yuan et al.,

2014). Indeed, plants display a rapid rise in cytosolic Ca2+ con-

centrations within seconds of exposure to NaCl (Pan et al.,

2012). However, the proteins involved in salt sensing and the

generation and regulation of the calcium signals (i.e., Ca2+ chan-

nels and regulators) under salt stress remain elusive. Calcium

signals are decoded by calcium-dependent protein kinases

(Harper et al., 2004), CaM and CaM-related proteins (Perochon

et al., 2011), SOS3-like calcium-binding proteins (SCaBPs) or

calcineurin B-like proteins (CBLs) (Weinl and Kudla, 2009;

Yang and Guo, 2018a), and annexins (Clark et al., 2010; Davies,

2014), which in turn trigger downstream cellular responses.

The Salt Overly Sensitive (SOS) pathway, which involves two

calcium sensor proteins, SOS3 and SCaBP8; the protein kinase

SOS2; and the Na+/H+ anti-porter SOS1, is a core mechanism in

plant salt tolerance (Halfter et al., 2000; Quan et al., 2007; Shi

et al., 2000). The calcium signal induced by salt stress is de-

coded by SOS3 and SCaBP8. These proteins recruit SOS2 to

the plasma membrane and activate its kinase activity. SOS2

then phosphorylates and activates SOS1 to transport Na+ from

the cytosol to the apoplast, preventing the accumulation of

Na+ to toxic levels (Yang and Guo, 2018b).

AtANNEXINs are a family of calcium-dependent membrane-

binding proteins that are thought to mediate both NaCl- and

ROS-induced Ca2+ signaling and function in many cellular pro-

cesses (Davies, 2014). There are eight putative AtANNEXIN

genes in Arabidopsis thaliana (Clark et al., 2012). AtANNEXIN1
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(AtANN1) might function as a Ca2+-permeable transporter that

mediates ROS- andNaCl-induced increases in cytosolic free cal-

cium concentrations ([Ca2+]cyt) (Laohavisit et al., 2012b). AtANN1

and AtANN4 interact with each other, a process modulated

by their Ca2+-binding activity (Huh et al., 2010). AtANNEXINs

mediate salt-induced increases in [Ca2+]cyt and have important

effects on stress tolerance, but the underlying molecular mecha-

nism is not well understood.

In this study, we found that AtANN4 plays a critical role in

generating the calcium signal under salt stress that activates

the SOS pathway in Arabidopsis. Once activated, the SOS

pathway suppresses AtANN4-mediated calcium transients

through an interaction between SCaBP8 and AtANN4. SCaBP8

promotes the interaction between AtANN4 and SOS2, and the

phosphorylation of AtANN4 by the kinase SOS2 further en-

hances the stability of the AtANN4-SCaBP8 complex in plants

under salt stress. Both SCaBP8 and SOS2 are also required

for proper Ca2+ signal formation under salt stress. Our results

indicate that the downstream targets of the primary salt-induced

calcium signal, SCaBP8 and SOS2, also modulate and shape

this specific calcium signal by adjusting the activity of the cal-

cium transporter or cofactor AtANN4.

RESULTS

The SOS2 and SCaBP8 Negatively Regulate Salt-
Induced Increases in Cytosolic Free Calcium Levels
The SOS pathway is thought to be a calcium-signal-activated

signaling pathway; however, this possibility remains to be

demonstrated in vivo. To determine whether calcium signals

are essential for activating the SOS pathway, we treated trans-

genic seedlings overexpressing Myc-tagged SOS2 with 50 mM

of the calcium channel blocker LaCl3 for 15 min and then sub-

jected the seedlings to salt stress treatment (100 mM NaCl) or

not (water control) in the presence of 50 mM LaCl3 for 4 h. The

control samples (without LaCl3 treatment) were subjected to

salt stress (100 mM NaCl) or not (water control) for 4 h. Consis-

tent with our previous finding, SOS2 kinase activity was acti-

vated in plants exposed to NaCl (Lin et al., 2009). Interestingly,

SOS2 kinase activity was dramatically reduced by treatment

with LaCl3, indicating that the calcium signal is important for acti-

vating the SOS pathway in plants (Figure 1A).

The calcium sensor SCaBP8 interacts with and activates

SOS2 in a calcium-dependent manner in vitro (Quan et al.,

2007). A kinase assay revealed that SOS2 kinase activity was

reduced in the scabp8 mutant compared to the wild-type under

salt stress (Figure 1B). Consistently, SOS2 kinase activity was

also suppressed by LaCl3 treatment in scabp8 (Figure 1C), sug-

gesting that SCaBP8 is required to activate salt-induced, cal-

cium-dependent SOS2 kinase activity. Moreover, other Ca2+

sensors are also able to active the SOS pathway in a Ca2+-

dependent manner because a significant amount of SOS2

activity could be detected in the scabp8 mutant, which was

also abolished by diminishing calcium.

To investigate whether the SOS pathway affects salt-induced

increases in [Ca2+]cyt, we expressed the calcium reporter ae-

quorin (Mehlmer et al., 2012) under the control of the UBQ10

promoter in wild-type, sos2, and scabp8 plants. We treated

10-day-old seedlings of T3 homozygous lines with 100 mM
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NaCl and immediately subjected them to time-based quantita-

tive calcium measurements with a luminometer. Compared

with the wild-type, the sos2 and scabp8 mutants displayed

significantly greater increases in [Ca2+]cyt under NaCl treatment

(Figures 1D and 1E). According to previous studies (Cao et al.,

2017), statistical analyses were performed by using the salt-

induced maximal cytosolic [Ca2+] (peak concentration) against

the resting concentration. The results indicate that the changes

in cytosolic calcium (D cytosolic [Ca2+]) in sos2 and scabp8 are

higher than that in wild-type plants (Figure 1F).

To further explore the differences of salt-induced increases in

cytosolic calcium in wild-type, sos2, and scabp8, we crossed

sos2 and scabp8 with those wild-type Arabidopsis plants ex-

pressing the cytosolic fluorescence resonance energy transfer

(FRET)-based ratiometric calcium indicator Yellow Cameleon

3.6 (YC3.6) (Miyawaki et al., 1997; Palmer and Tsien, 2006).

According to previous studies (Krebs et al., 2012; Choi et al.,

2014; Kiegle et al., 2000), the salt-stress-triggered cytosolic cal-

cium responses were monitored in the root cortical and endo-

dermal cells. The results (Figure 1G; Videos S1, S2, and S3)

showed that salt stress triggered a rapid increase in [Ca2+]cyt
as indicated by changes in the FRET signals of YC3.6 in the

root cells of wild-type YC3.6 plants. The maximal changes in

FRET signals (DEapp/Eapprest) of YC3.6 in the wild-type nearly

reached 0.2, similar to previous studies (Huang et al., 2017).

However, the maximal changes of YC3.6 signals almost reached

0.5–0.6 in sos2 and scabp8 mutants, indicating a significantly

greater increase in [Ca2+]cyt (Figures 1H and 1I).

These results thus indicate that SOS2 is indeed activated by a

salt-induced increase in [Ca2+]cyt, and SOS2 and SCaBP8 are

involved in regulating the salt-induced increase in [Ca2+]cyt.

AtANN4 Physically Interacts with the Calcium Sensor
SCaBP8
To identify possible calcium channels and their regulators asso-

ciatedwith SOS2 or SCaBP8, we used SOS2 and SCaBP8 as the

baits to screen for their potential interacting proteins by yeast

two-hybrid analysis. One putative interacting partner of SCaBP8

of particular interest is AtANN4, which belongs to a calcium-

dependent family of membrane-binding proteins that may form

a Ca2+-permeable channel in planar lipid bilayers (Laohavisit

et al., 2012a; Laohavisit and Davies, 2011). To confirm this

interaction, we cloned full-length Arabidopsis AtANN4 into the

pGADT7 vector for yeast two-hybrid analysis and found that

SCaBP8 interacted with AtANN4 in yeast (Figure 2A). We also

investigated the interaction between AtANN4 and SOS3.

Unlike SCaBP8, SOS3 did not directly interact with AtANN4

(Figure S1A).

To further determine whether SCaBP8 interacts with AtANN4

in plants, we generated and transformed Pro35S:6Myc-AtANN4

alone or in combination with Pro35S:3FLAG -SCaBP8 or

Pro35S:3FLAG-SOS3 into Arabidopsis leaf protoplasts. Proteins

were immunoprecipitated with anti-C-Myc-antibody-conjugated

agarose and subjected to immunoblot analysis with anti-Myc or

anti-FLAG antibodies, and we found that SCaBP8 was pulled

down with AtANN4 (Figure 2B).

We also performed Split-Luciferase (Split-LUC) assays in

Nicotiana benthamiana to confirm this interaction. We trans-

ferred plasmid combinations SCaBP8-nLUC and cLUC-AtANN4,



Figure 1. The SOS2 and SCaBP8 Negatively Regulate Salt-Induced Increases in Cytosolic-free Calcium Levels

(A) SOS2 kinase assay in plants under salt stress. SOS2 prepared from the plants treated with (+) or without (�) 100 mM NaCl or 50 mM LaCl3 as indicated were

subjected to an in vitro kinase assay with GST-SCaBP8 as the substrate.

(B) SOS2 kinase activity in the Col-0 and scabp8 background under salt stress. SOS2 prepared form the plants treated with (+) or without (�) 100 mM NaCl as

indicated were subjected to a kinase assay using GST-SCaBP8 or MBP-SOS1C300AA (the last 300 amino acids in the C terminus of SOS1) as substrates.

(C) Analysis of SOS2 kinase activity in the Col-0 and scabp8 background with (+) or without (�) LaCl3 treatment under salt stress. GST-SCaBP8 was used as the

substrate.

(D and E) Time-course analysis of [Ca2+]cyt dynamics between 10-day-old wild-type and sos2 seedlings (D) or between wild-type and scabp8 seedlings (E) under

100 mM NaCl treatment (arrow). The luminescence was recorded at 1 s interval. Data for 15 seedlings are shown (mean ± SEM; two-way ANOVA, p < 0.001).

(F) Quantification of the salt-induced changes in cytosolic calcium (D cytosolic [Ca2+]) shown in (D) or (E). The D cytosolic [Ca2+] indicates the changes between

the [Ca2+]peak and [Ca2+]rest. Data for 15 seedlings are shown (mean ± SD; one-way ANOVA; Tukey’s multiple comparisons test, adjusted p < 0.001 is indicated by

different lowercase letters).

(G) Emission images of [Ca2+]cyt in the root cells of 10-day-old wild-type, scabp8, and sos2 seedlings expressing YC3.6 under 125 mM NaCl treatment (arrow).

Scale bar, 50 mM. Relative [Ca2+]cyt is shown as the emission fluorescence ratio and scaled by a pseudo-color bar (right).

(H and I) Quantification of the salt-induced changes in cytosolic calcium (D cytosolic [Ca2+]) betweenwild-type and sos2 seedlings (H) and betweenwild-type and

scabp8 seedlings (I) shown in (G). The changes in [Ca2+]cyt are determined as the change in the apparent FRET efficiency (left panel) (mean ± SEM; two-way

ANOVA), p < 0.05. Quantification of the maximum changes in cytosolic calcium is shown (right panel). Representative average data are shown (mean ± SEM;

n = 30 to 50 cells from at least 12 different seedlings, each of which included 3 to 5 root cells; Mann Whitney test, p < 0.05 are indicated by different lowercase

letters).

See also Videos S1, S2, and S3.
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Figure 2. AtANN4 Physically Interacts with the Calcium Sensor SCaBP8

(A) The interaction between AtANN4 and SCaBP8 in yeast. Yeast was grown on synthetic complete (SC) mediumwithout Trp and Leu (�WL, left panel) and on SC

medium without His, Trp, and Leu (�HWL, middle panel); b-galactosidase assays are shown in the right panel.

(B) Analysis of the interaction between AtANN4 and SCaBP8. The protein samples were subjected to immunoblot analysis with anti-C-Myc antibody (top panel),

and proteins co-immunoprecipitated with AtANN4 were detected by immunoblot analysis with anti-FLAG antibody (bottom panel).

(C) Split-Luciferase (Split-LUC) assay to analyze the interaction between AtANN4 and SCaBP8. LUC images of N. benthamiana leaves were taken after 3 days of

cultivation. The pseudo-color bar shows the range of luminescence, indicating the interaction intensity.

(D and E) Bimolecular fluorescence complementation assay (BiFC) in N. benthamiana leaves. The indicated combinations of YNE-AtANN4, YCE-SCaBP8, and

YCE-DRM2 constructs were transfected into N. benthamiana leaves. YFP signals were detected using a Zeiss LSM 510 META confocal microscope. Scale bar,

50 mM (D). The fluorescence intensity (OFP and YFP signals) were scanned using the ImageJ plot profile tool. The y-axes indicate relative pixel intensity (E). Three

independent experiments show a similar result.

See also Figure S1.
SCaBP8-nLUC and cLUC-Vector, cLUC-AtANN4 and SOS3-

nLUC, or cLUC-AtANN4 and nLUC-Vector into N. benthamiana

leaves. After 3 days of cultivation, luminescent signals were

only detected in leaves transformed with the SCaBP8-nLUC

and cLUC-AtANN4 combination (Figure 2C). In the control,

SOS3 did not interact with AtANN4. These results further confirm

the interaction between SCaBP8 and AtANN4 in plants. Finally, to

further characterize the localization of the interaction between

SCaBP8 and AtANN4, we generated and transferred the combi-

nations YNE-AtANN4 and SCaBP8-YCE or YNE-AtANN4 and

DRM2 (DOMAINS REARRANGED METHYLASE 2)-YCE into

N. benthamiana leaves for bimolecular fluorescence complemen-

tation (BIFC) analysis. Yellow fluorescent protein (YFP) signals

were only detected in leaves expressing both YNE-AtANN4 and
700 Developmental Cell 48, 697–709, March 11, 2019
SCaBP8-YCE (Figure 2D). These signals co-localized with the

plasmamembrane protein, CBL1-OFP (Batistic et al., 2010), indi-

cating that the SCaBP8-AtANN4 interaction likely takes place in

the plasma membrane (Figures 2E and S1C).

Analyzing the temporal and spatial expression patterns of

AtANN4 should provide important clues about its biological func-

tions. To investigate the tissue-specific expression pattern of

AtANN4, we generated transgenic plants harboring GUS driven

by the 1.5-kb AtANN4 native promoter (pAtANN4:GUS trans-

genic lines) and subjected the plants to GUS staining. GUS sig-

nals were detected throughout the seedling and in the leaf, root,

root tip, and flower (Figure S1B). This expression pattern is

similar to that detected in transgenic plants harboring GUS

driven by the native promoters of SOS2, SOS1, and SCaBP8



Figure 3. AtANN4 Regulates the Salt Stress Response in Arabidop-

sis through the SOS Pathway

(A) Time-course analysis of [Ca2+]cyt dynamics in 10-day-old wild-type,

atann4-1 and atann4-2 seedlings treated with 100 mM NaCl (arrow). The

luminescence was recorded at 1 s interval. Representative data for 15 seed-

lings are shown (mean ± SEM; two-way ANOVA, p < 0.001).

(B) Quantification of the salt-induced changes in cytosolic calcium (D cytosolic

[Ca2+]) shown in (A). D cytosolic [Ca2+] indicates the changes between

[Ca2+]peak and [Ca2+]rest. Data for 15 seedlings are shown (mean ± SD; one-way

ANOVA, Tukey’s multiple comparisons test, adjusted p < 0.001 are indicated

by different lowercase letters).

(C) Immunoblot analysis of the phosphorylation status of SCaBP8. The plants

were treated with 100 mM NaCl for the indicated time, and the immunopre-

cipitated proteins were subjected to immunoblot assays using anti-Myc (top

panel) and anti-phosphoserine237SCaBP8 (Anti-ScaBP8P, bottom panel)

antibodies.

(D) Analysis of the salt sensitivity of Col-0 and the indicated mutants in soil.

2-week-old plants were treated (or not) with 300 mMNaCl for 18 days. Photos

were taken after the salt or water treatments.
(Liu et al., 2000; Quan et al., 2007), suggesting that AtANN4,

SOS2, and SCaBP8 might function together in the same regions

of the plant.

AtANN4 Regulates the Salt Response in Arabidopsis via
the SOS Pathway
Plants lacking AtANN4 display multiple defects, including less of

an increase in [Ca2+]cyt under various stress conditions than

wild-type plants (Liao et al., 2017). To determine if the salt-

induced increase in [Ca2+]cyt is also reduced in atann4, we ob-

tained two transfer DNA (T-DNA) insertion mutants for AtANN4

(Figures S2A and S2B) and conducted the same analysis in the

atann4-1 (salk_019725) and atann4-2 (salk_096465) mutants

harboring the UBQ10:Aequorin transgene. Indeed, the salt-

induced increase in [Ca2+]cyt was significantly lower in atann4-1

and atann4-2 than that in the wild-type (Figures 3A and 3B).

Furthermore, we crossed the wild-type plants harboring the

YC3.6 reporter with atann4-1 and atann4-2 and obtained the ho-

mozygous transgenic lines (YC3.6 in atann4-1 or in atann4-2).

Consistently, salt-stress-induced maximal changes in FRET

signals (DEapp/Eapprest) of YC3.6 were impaired in the atann4 lines

(Figures S2C and S2D). These results demonstrate the salt-

induced calcium increase is indeed reduced in atann4 mutants

and suggest that AtANN4 may function in mediating calcium

transients upon salt stress.

To investigate whether AtANN4 is required for the activation of

the SOS pathway in response to salt stress, we obtained

Pro35S:6Myc-SCaBP8 transgenic plants in the wild-type and

atann4-1 backgrounds. We treated 10-day-old T3 homozygous

transgenic seedlings with 100 mM NaCl for 0, 0.5, 2, and 5 min

and purified the Myc-SCaBP8 to detect the SOS2 specific phos-

phorylation of SCaBP8usinganti-phosphoserine237SCaBP8anti-

bodies (Lin et al., 2009). The phosphorylation level of SCaBP8

rapidly increased during the course of NaCl treatment. In the

atann4-1mutant, SCaBP8 phosphorylation also increased during

salt treatment but at a lower level than in thewild-typebackground

(Figure 3C). These results indicate that the AtANN4-mediated in-

crease in [Ca2+] cyt/calcium signal promotes SOS2 kinase activity.

To determine if atann4 is sensitive to salt stress, we germi-

nated the wild-type and mutant seeds on an MS (Murashige

and Skoog) medium containing 150 mM NaCl. The mutants pro-

duced fewer green cotyledons and a lower germination rate than
(E) Analysis of chlorophyll content in the seedlings shown in (D). Error bars

represent mean ± SD (n > 3), two-way ANOVA, �Sidák’s multiple comparisons

test, adjusted p < 0.05 is indicated by different lowercase letters.

(F) SOS2 kinase assay in Col-0 and atann4-1 plants. SOS2 prepared from the

plants treated with 100mMNaCl for 0, 0.5, 1, and 9 h were subjected to kinase

assays using GST-SCaBP8 as the substrate.

(G) The time-course analysis of [Ca2+]cyt dynamics in 10-day-old atann4-1,

atann4-1 scabp8, atann4-2 scabp8, and scabp8 seedlings under 100mMNaCl

treatment (arrow). The luminescence was recorded at 1 s interval. Represen-

tative data for 15 seedlings are shown (mean ± SEM; two-way ANOVA,

p < 0.001).

(H) Quantification of the salt-induced changes in cytosolic calcium (D cytosolic

[Ca2+]) shown in (G). D cytosolic [Ca2+] indicates the changes between

[Ca2+]peak and [Ca2+]rest. Data for 15 seedlings are shown (mean ± SD; one-way

ANOVA; Tukey’s multiple comparisons test, adjusted p < 0.001 is indicated by

different lowercase letters).

See also Figure S2.
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Figure 4. SOS2 Phosphorylates AtANN4

Both In Vitro and In Vivo

(A) In vitro kinase assay of recombinant GST-

SOS2 and GST-SCaBP8, GST-SOS3, GST-

SCaBP8S237A, or His-AtANN4. Radioactivity is

shown in the bottom panel.

(B) Analysis of the phosphorylation status of

AtANN4 in Col-0 and sos2 plants. The plants were

treated with (or without) 100 mMNaCl for 12 h, and

Myc-AtANN4 was immunoprecipitated and sub-

jected to immunoblot assays with anti-Myc (top

panel) and anti-Phospho-Ser/Thr (anti-Phosp)

antibodies (bottom panel).

(C) Schematic representation of AtANN4 truncated

proteins.

(D) In vitro kinase assay of the phosphorylation of

AtANN4 by SOS2. SDS-PAGE with Coomassie-

Brilliant-Blue-stained SOS2 and different AtANN4

proteins (top panel). Autoradiograph shows phos-

phorylated proteins (bottom panel).

(E) In vitro kinase analysis of the phosphorylation of

AtANN4 and AtANN4S46A by SOS2. SDS-PAGE

with Coomassie- Brilliant-Blue-stained proteins

(top panel) and autoradiograph showing AtANN4

phosphorylation (bottom panel).

See also Figure S3.
did the wild-type (Figures S2E and S2F). We also generated

atann4 scabp8 (atann4-1 scabp8 and atann4-2 scabp8) double

mutants and investigated their sensitivity to NaCl. The double

mutants displayed a similar level of salt sensitivity to that of

scabp8 and greater sensitivity than the atann4 single mutants

(Figures S2E and S2F). 10-day-old seedlings were transferred

to soil and grown for an additional 1.5 weeks, followed by treat-

ment with 300 mM NaCl for 1.5–2.5 weeks. The atann4 mutants

were much more sensitive than the wild-type to salt treatment,

and the atann4 scabp8 double mutants displayed a similar level

of salt sensitivity to that of scabp8. The chlorophyll content and

the shoot fresh weight of seedlings were significantly lower in the

double mutants and scabp8 than that in atann4 and wild-type

plants (Figures 3D, 3E, and S2G). These results indicate that

AtANN4 functions in the same pathway as SCaBP8 to mediate

the salt stress response in Arabidopsis.

To investigate whether AtANN4 is involved in regulating SOS2

kinase activity under long time salt stress, we generated trans-

genic plants harboring Pro35S:6Myc-SOS2 in the wild-type

and atann4-1 mutant backgrounds. We treated 10-day-old T3
homozygous transgenic seedlings with 100 mM NaCl for 0,

0.5, 1, and 9 h and then immunoprecipitated the resulting Myc-

SOS2 protein and subjected it to an in vitro kinase assay.

SOS2 kinase activity was rapidly induced upon exposure to

NaCl and was lower in the atann4-1 mutant than in the wild-

type at the same testing points, indicating that AtANN4 activates

SOS2 in response to the initial and subsequent salt stress (Fig-

ure 3F). SOS2 activity was strongly repressed by 50 mM LaCl3
treatment in both wild-type (Col-0) and atann4-1 plants (Fig-

ure S2H) as well as in scabp8 (Figure 1), indicating that the

salt-induced calcium signal is vital for the activation of SOS2

and that AtANN4 regulates the salt response in Arabidopsis,

possibly through the SOS pathway.

To investigate whether AtANN4 plays a role in generating

the salt-induced increase in [Ca2+]cyt that activates the SOS
702 Developmental Cell 48, 697–709, March 11, 2019
pathway, we obtained the atann4-1 scabp8 and atann4-2

scabp8 double mutants with a stable expression of Aequorin

reporter. Salt-induced increases in [Ca2+]cyt were recorded in

atann4-1, atann4-1 scabp8, atann4-2 scabp8, and scabp8 and

the greater increase of [Ca2+]cyt in scabp8 was repressed by

deleting AtANN4. The increase in [Ca2+]cyt in atann4-1 was

slightly lower than that in atann4 scabp8 mutants (Figures 3G

and 3H). These results suggest that the SCaBP8-mediated

salt-induced calcium signal is partially dependent on AtANN4.

Together, these resultssuggest thatAtANN4 is involved in form-

ing the salt-induced calcium signal that activates the SOS

pathway in Arabidopsis and that SCaBP8 might fine-tune this

calcium signal by directly interacting with AtANN4 to mediate

calcium influx.

SOS2 Phosphorylates AtANN4 Both In Vitro and In Vivo

To determine the possible biological consequences of the inter-

action between SCaBP8 and AtANN4, we examined whether

AtANN4affects theSOS2-mediated phosphorylation of SCaBP8.

GST-SOS2, -SCaBP8, -SOS3, and His-AtANN4 recombinant

proteins were purified and subjected to phosphorylation as-

says. Consistent with previous results, SCaBP8 was phos-

phorylated by SOS2. Surprisingly, AtANN4 was directly phos-

phorylated by SOS2, which was significantly enhanced in the

presence of SCaBP8. The mutation Ser237A in SCaBP8, which

is not phosphorylated by SOS2 (Lin et al., 2009), still strength-

ened the SOS2-mediated AtANN4 phosphorylation, indicating

the phosphorylation of SCaBP8 by SOS2 may not affect this

enhancement, and AtANN4 did not affect the phosphorylation

of SCaBP8 by SOS2 (Figure 4A). By contrast, SOS3, which

did not interact with AtANN4 (Figures 2B, 2C, and S1A), had

no such effect on the phosphorylation of AtANN4 by SOS2

(Figure 4A).

To further determine if the phosphorylation of AtANN4 is

associated with the activation of SOS2 during salt stress in



Arabidopsis, we generated Pro35S:6Myc-AtANN4 transgenic

plants in the Col-0 and sos2 backgrounds to measure the phos-

phorylation level of AtANN4.We treated 10-day-old transgenic T3
seedlings with or without 100 mM NaCl for 12 h and immunopre-

cipitatedMyc-AtANN4proteins, followed by immunoblot analysis

with anti-C-Myc or anti-Phospho-Ser/Thr antibodies. The phos-

phorylation of AtANN4 was induced in the wild-type under salt

treatment, but not in the sos2 mutant, and was at a lower level

in sos2 than in the wild-type in the absence of salt treatment.

These results suggest that SOS2 is required for the phosphoryla-

tion of AtANN4 in Arabidopsis upon salt stress (Figure 4B).

To examine whether the SOS2-mediated AtANN4 phosphory-

lation is enhanced by SCaBP8 in plants, we generated the

Pro35S:6Myc-AtANN4 transgenic plants in the scabp8 back-

ground and detected the effect of NaCl treatments on the phos-

phorylation level of AtANN4. Consistently, the salt-induced

phosphorylation of AtANN4 was decreased in scabp8 mutant

as compared to wild-type (Figure S3A).

To identify the SOS2 phosphorylation sites in AtANN4, we con-

structed three truncated forms of AtANN4 protein: the N terminus

(1–399 bp), central region (301–699 bp), and C terminus (601–

960 bp) (Figure 4C). We subjected these recombinant proteins,

together with full-length AtANN4, to a kinase assay. The full-

length protein and N terminus of AtANN4 were phosphorylated

by SOS2 (Figure 4D). To further map the phosphorylation sites,

we searched a database (PhosPhAt4.0) and found that the phos-

phorylation of Ser46 in AtANN4 has been investigated by tandem

mass spectrometry analysis inArabidopsis (http://phosphat.uni-

hohenheim.de/app.html?code=AT2G38750.1) (Figure S3B).

Subsequently, we mutated the Ser46 residue to Ala and found

that the phosphorylation of AtANN4 by SOS2 was dramatically

reduced by the AtANN4S46A mutation (Figure 4E), suggesting

that Ser46 in AtANN4 is a major SOS2 phosphorylation site. To

address if the Ser46-phosphorylation is salt induced and SOS2

dependent, we transformed the Pro35S:6Myc-AtANN4 and

Pro35S:6Myc-AtANN4S46A into Col-0 or sos2 leaf protoplasts.

The AtANN4 or AtANN4S46A was immunoprecipitated from the

materials treated with or without NaCl and subjected to immuno-

blot analysis with anti-C-Myc or anti-Phospho-Ser/Thr anti-

bodies. Both basal and SOS2-dependent phosphorylation of

AtANN4S46A was lower than that of the wild-type AtANN4. These

results indicate that the S46A mutation reduces the salt-induced

AtANN4 phosphorylation in plants (Figure S3C).

SCaBP8 Promotes the Phosphorylation of AtANN4
by SOS2
SCaBP8enhanced theAtANN4phosphorylation bySOS2. There-

fore, we reasoned that SCaBP8 might function as a linker to pro-

mote the interaction between SOS2 and AtANN4. We tested

this hypothesis using a yeast three-hybrid system. Only yeast

cells transformed with the pGADT7-AtANN4 and pGBKT7-

SOS2-GPDSCaBP8 constructs, in which SOS2, AtANN4, and

SCaBP8 were constitutively expressed, grew on synthetic

complete (SC) medium lacking His, Trp, and Leu (SC-HWL),

indicating that the interaction between AtANN4 and SOS2 relies

on SCaBP8 (Figure 5A). We performed split-LUC assays to

confirm this result in planta. Strong luminescent signals were

detected in leaves harboring the combination SCaBP8-nLUC

and cLUC-AtANN4, whereas very weak signals were detected
in leaves harboringSOS2-nLUC and cLUC-AtANN4 (Figure S4A).

However, when Pro35S:3FLAG-SCaBP8 was co-expressed

with SOS2-nLUC/cLUC-AtANN4, the luminescence intensity

was strongly enhanced compared to control samples, in which

SOS2-nLUC/cLUC-AtANN4 was co-expressed with Pro35S:

3FLAG-Vector (Figures 5B and 5C), suggesting that SCaBP8

enhances the interaction between AtANN4 and SOS2. To rule

out the possibility that the resultswere due to differences of trans-

gene expression levels, we performed an RT-PCR analysis and

found no obvious difference in SOS2 or AtANN4 expression in

the different samples (Figure S4B).

Together, these results suggest that SCaBP8 functions as a

linker to promote the SOS2-mediated phosphorylation of

AtANN4.

Salt-Induced Phosphorylation of AtANN4 Enhances Its
Affinity to SCaBP8
SOS2-mediated phosphorylation of AtANN4 was enhanced by

SCaBP8 and salt treatment (Figures 4A and S3A), suggesting

that the interaction between SCaBP8 and AtANN4 is induced

by salt treatment. To test this hypothesis, we co-transformed

N. benthamiana leaves with the cLUC-AtANN4 construct and

SCaBP8-nLUC or DRM2-nLUC. After 3 days of cultivation, we

treated the leaves with 100 mM NaCl or H2O and recorded

LUC signals, which were only detected in leaves harboring the

cLUC-AtANN4/SCaBP8-nLUC combination and significantly

induced by 100 mM NaCl treatment, but not in the cLUC-

ANN4/DRM2-nLUC combination (Figures 5D and 5E), suggest-

ing that the phosphorylation of AtANN4 by SOS2 plays a role in

this regulatory mechanism.

We then conducted yeast two-hybrid assays to investigate

if the interaction between AtANN4 and SCaBP8 is affected

by the phosphorylation of AtANN4. The Ser46 in AtANN4 was

mutated to Ala (AtANN4S46A) or Asp (AtANN4S46D) to mimic

non-phosphorylation and constitutive phosphorylation, respec-

tively. The AtANN4S46Dmutation significantly increased the inter-

action between AtANN4 and SCaBP8 compared with wild-type

AtANN4. By contrast, the AtANN4S46A mutation reduced this

interaction (Figure 5F).

To further determine the effect of AtANN4Ser46 phosphorylation

on this interaction in Arabidopsis, we generated and co-

transformed Pro35S:6Myc-AtANN4, Pro35S:6Myc-AtANN4S46A,

and Pro35S:6Myc-AtANN4S46D with Pro35S:3FLAG-SCaBP8

into Arabidopsis leaf protoplasts, respectively. The AtANN4

proteins were immunoprecipitated, and FLAG-SCaBP8 was de-

tected by immunoblot assays using anti-FLAG antibody. FLAG-

SCaBP8 was pulled down by Myc-AtANN4; the phosphorylation

mimic mutation AtANN4S46D significantly enhanced this interac-

tion compared to the wild-type, whereas the AtANN4S46A muta-

tion reduced this interaction (Figure 5G).

Together, these results suggest that salt stress induces the

interaction between SCaBP8 and AtANN4 and that SCaBP8

has a greater affinity for phosphorylated AtANN4 than for non-

phosphorylated AtANN4.

AtANN4-Mediated Calcium Transients Are Suppressed
by the SOS Pathway
AtANN1 can form ion channels in lipid bilayers in a voltage-

dependent manner (Davies, 2014). To address whether AtANN4
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Figure 5. AtANN4-SCaBP8-SOS2 Interactions Are Reinforced under
Salt Treatment

(A) SCaBP8 promotes the interaction between AtANN4 and SOS2 in yeast.

Yeast cells expressing the indicated constructs were grown on SC medium

without Trp and Leu (�WL, left panel) and on SCmedium without His, Trp, and

Leu (�HWL, right panel).

(B) SCaBP8 promotes the interaction between AtANN4 and SOS2 in plants.

The indicated constructs were co-expressed in N. benthamiana leaves and

LUC signals were recorded using a CCD camera.

(C) Statistical analysis of the relative fluorescence intensity values shown in (B).

Error bars indicate the mean ± SD (n R 9). Mann Whitney test, p < 0.001 is

indicated by different lowercase letters.

(D) Effect of salt treatment on the interaction between AtANN4 and SCaBP8.

The indicated plasmids were expressed in N. benthamiana leaves.

(E) Statistical analysis of relative LUC activity measured by spectrophotometry

shown in (D). Error bars represent mean ± SD (n R 10), two-way ANOVA,
�Sidák’s multiple comparisons test, adjusted p < 0.05 are indicated by different

lowercase letters.

(F) Interactions between SCaBP8 and AtANN4, AtANN4S46A, or AtANN4S46D in

yeast. Yeast expressing the indicated constructs was grown on SC medium

without Trp and Leu (�WL, left panel) and without His, Trp, and Leu (�HWL,

middle panel); b-galactosidase assays are shown in the right panel.

(G) Interactions between SCaBP8 and AtANN4, AtANN4S46A, or AtANN4S46D in

Arabidopsis. The indicated plasmids were co-expressed in plants and
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is capable of mediating calcium transients, we measured total

inward Ca2+ currents using the patch-clamp technique in human

embryonic kidney 293T (HEK293T) cells expressing Arabidopsis

AtANN4 or GFP. Ca2+ currents were detected in HEK293T cells

transfected with AtANN4 under hyperpolarization conditions;

these currents were much larger than those in the negative con-

trol (transfected with GFP) (Figures 6A and 6B). However, unlike

the K+ channel OsAKT1, AtANN4 did not mediate the formation

of K+ currents in HEK293T cells (Figure 6A). These results sug-

gest that AtANN4 facilitates Ca2+ influx into cells.

To further confirm that AtANN4 directly mediates Ca2+ tran-

sients, we performed GCaMP6m (an ultrasensitive calcium

sensor)-based Ca2+ imaging assays in HEK293 cells expressing

Arabidopsis AtANN4 or empty vector (Chen et al., 2013). We

transfected the PCI-Myc-AtANN4 or PCI-neo vector into

HEK293 cells (with a stable and high expression of GCaMP6m

reporter), and the increase in [Ca2+]cyt was induced by adding

1 mM ATP, which could evoke an increase in [Ca2+]cyt in both

plant and animal cells (Demidchik et al., 2009; Khakh and North,

2006). The cells expressing AtANN4 showed a much greater

increase than that in the cells expressing the empty vector, indi-

cating that AtANN4 promotes calcium influx (Figures 6C and

S5A). The expression level of AtANN4 was analyzed by immuno-

blot analysis (Figure S5B).

To further determine if AtANN4-mediated calcium transients

are affected by the interaction between AtANN4 and SCaBP8

or the SOS2-mediated AtANN4 phosphorylation, we transfected

the HEK293 cells stably expressing GCaMP6m with different

combinations of wild-type or mutant AtANN4-BFP2 with or

without SCaBP8-mCherry or pcDNA-FLAG-SOS2 and recorded

the ATP-induced calcium transients. Compared to the vector

control, the cells expressing wild-type AtANN4, AtANN4S46A, or

AtANN4S46D had higher increases in [Ca2+]cyt (Figures 6D and

6E). Furthermore, compared to the cells expressing wild-type

AtANN4, the increase in GCaMP6m signal was lower in the cells

expressing the phosphorylated mimic form of AtANN4 and

higher in the cells expressing the non-phosphorylated form.

These results indicate that AtANN4 generally promotes calcium

transients and the phosphorylation of AtANN4S46 represses

this activity (Figures 6D and 6E).

To investigate whether the interaction between AtANN4 and

SCaBP8 affects AtANN4-mediated calcium transients, we co-

transfected SCaBP8-mCherry and AtANN4-BFP2 in the HEK293

cells and monitored the ATP-stimulated increases in [Ca2+]cyt.

Analysis of GCaMP6m signals indicated that SCaBP8 strongly

suppresses AtANN4-mediated calcium influx (Figures 6F, 6G,

and S5C). To examine whether the SOS2-mediated AtANN4

phosphorylation could influence AtANN4 activity, we co-trans-

fected AtANN4-BFP2 with SCaBP8-mCherry and pcDNA-

FLAG-SOS2 into the HEK293 cells and determined ATP-stimu-

lated increases in [Ca2+]cyt. The results showed that the increase

was as great as in the cells only transfected with AtANN4-BFP2

and SCaBP8-mCherry (Figures 6F, 6G, S5C, and S5D), which

could be because SOS2 is not fully activated in this system.
SCaBP8 was immunoprecipitated with anti-C-Myc-antibody-conjugated

agarose. Immunoblot assays were performed to detect SCaBP8 by anti-Myc

antibody and AtANN4 proteins by anti-FLAG antibody.

See also Figure S4.



Figure 6. AtANN4-Mediated Calcium Transients Are Suppressed by the SOS Pathway

(A) Representative inward Ca2+ currents (top panel) recorded in HEK293T cells expressing AtANN4 or GFP. Whole-cell recordings of inward K+ currents (bottom

panel) in HEK293T cells expressing AtANN4 or OsAKT1.

(B) Data points for the current-voltage curves shown in A. (mean ± SD; n = 17 for GFP and n = 26 for AtANN4, two-way ANOVA, p < 0.01).

(C) Increases in [Ca2+]cyt in response to exogenous 1 mM ATP in HEK293 cells expressing AtANN4 or empty vector. [Ca2+]cyt increases were determined by

GCaMP6m-based relative fluorescence intensity.

(D) Effects of AtANN4 phosphorylation on the ATP-induced [Ca2+]cyt increases in HEK293 cells. HEK293 cells expressing the indicated constructs were subjected

to calcium imaging (mean ± SEM; cells for quantification: n > 50, two-way ANOVA, p < 0.05).

(legend continued on next page)
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When the cells were co-transfected with SCaBP8-mCherry and

the AtANN4 phosphorylation mimic (AtANN4S46D-BFP2), the cal-

cium signal was strongly suppressed and followed by wild-type

AtANN4 and non-phosphorylated AtANN4 (AtANN4S46A-BFP2)

(Figures 6H and 6I). To rule out the expression differences, the

cells expressing both of the reporters (BFP2 and mCherry) were

used for analysis and the FLAG-SOS2 proteinwas detected using

immunoblot analysis (Figure S5C).

Taken together, our results establish that AtANN4 facilitates

Ca2+ transients in response to exogenous stimuli and that the

SOS pathway suppresses these calcium transients by interact-

ing with and phosphorylating AtANN4.

AtANN4, Together with SOS2 and SCaBP8, Generates a
Specific Salt-Induced Calcium Signal
To further investigate why the phosphorylation status of AtANN4

alters its activity, we examined the calcium-binding activity of

AtANN4, AtANN4S46A, and AtANN4S46D via a Microscale Ther-

mophoresis (MST) assay. The phosphorylation mimic mutation

reduced the calcium-binding activity of AtANN4, whereas

AtANN4S46A enhanced this activity (Figure 7A), suggesting that

the phosphorylation affects the calcium transient activity of

AtANN4 by altering its calcium-binding affinity. To determine

whether calcium-binding affinity is important for AtANN4-medi-

ated salt stress responses, we introduced AtANN4, AtANN4S46A,

and AtANN4S46D into atann4 plants and analyzed their salt sensi-

tivity. Only AtANN4 rescued the salt-sensitive phenotypes of the

atann4 mutant, including seedling growth and chlorophyll con-

tent, suggesting that the specific calcium signal generated by

AtANN4 is required for plant salt response (Figures S5E and

S5F). The levels of AtANN4, AtANN4S46A, and AtANN4S46D pro-

tein were similar among the tested lines (Figure S5E). To further

investigate the salt-induced [Ca2+]cyt increase in these trans-

genic plants, we performed the calcium measurements using

the Fluo-4 AM fluorescent dye. Consistent with the Aequorin

and YC3.6 assays, the salt-induced [Ca2+]cyt increases in two

AtANN4 T-DNA insertion lines indeed reduced compared with

that in wild-type. Moreover, the impaired [Ca2+]cyt increase in

atann4-1 upon salt stress was rescued by AtANN4 but not by

AtANN4S46A and AtANN4S46D (Figure S6A), suggesting that the

phosphorylation of AtANN4 by SCaBP8-SOS2 is required to

generate a specific calcium signal under salt stress. We then

examined whether AtANN4, SCaBP8, or SOS2 is required to

generate a specific salt-induced calcium signal. When plants

were treated with 100 mM NaCl, thebcytosolic calcium level

was higher in scabp8 and sos2 but lower in atann4-1 than that

in wild-type plants (Figures 7B and S6B). After the calcium signal
(E) Quantitative analysis of the ATP-induced [Ca2+]cyt increases peaks from exp

one-way ANOVA, Tukey’s multiple comparisons test, adjusted p < 0.05 is indica

(F) Effects of the interaction between AtANN4 and SCaBP8 or SOS2-mediated A

HEK293 cells expressing the indicated constructs were subjected to calcium ima

(G) Quantitative analysis of the ATP-induced [Ca2+]cyt increases peaks from exp

one-way ANOVA, Tukey’s multiple comparisons test, adjusted p < 0.05 is indica

(H) Effects of AtANN4-phosphorylation-mediated interactions between AtANN4 a

the indicated constructs were subjected to calcium imaging (mean ± SEM; cells

(I) Quantitative analysis of the ATP-induced [Ca2+]cyt increases peaks from expe

one-way ANOVA, Tukey’s multiple comparisons test, adjusted p < 0.05 is indicate

Methods.

See also Figure S5.
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returned to base level, the plants were again subjected to the

same salt treatment. The salt-induced increase in [Ca2+]cyt was

still higher in scabp8 and sos2 but lower in atann4-1 than that

in the wild-type, although the signal was lower than that in the

first treatment (Figures 7B, 7C, S6B, and S6C). However, when

the plants were treated with 45�C water, which mimics heat

shock stimulus, a greater increase in [Ca2+]cyt was detected after

the first heat shock stimulus in sos2 than that in thewild-type, but

therewas no significant difference between scabp8 and thewild-

type. After subsequent heat shock stimuli, there were no signif-

icant differences in scabp8 or sos2 versus wild-type (Figures

S6D and S6E). These results suggest that SCaBP8 and SOS2

are specifically involved in AtANN4-mediated initiation of the cal-

cium signal and are required for AtANN4-mediated salt-induced

increases in [Ca2+]cyt.

DISCUSSION

Calcium signals, which function as core transducers and regula-

tors, are involved in nearly all aspects of plant development and

adaptation in both time and space. Consequently, calcium

signals must be tightly regulated in response to adverse cellular

activities and environmental changes. In the current study, we

found that AtANN4 regulates salt-induced increases in [Ca2+]cyt
in Arabidopsis. Recombinant AtANN1 reconstituted radical-

activated Ca2+ conductance in planar lipid bilayers, suggesting

that AtANN1 functions as a novel Ca2+-permeable transporter

(Laohavisit et al., 2012b). Indeed, we found that heterologously

expressed AtANN4 facilitates Ca2+ influx into HEK293 cells

and that this activity is regulated by both SCaBP8 and SOS2.

AtANN4 mediates increases in [Ca2+]cyt, under multiple stress

conditions in Arabidopsis, suggesting that AtANN4 might also

function as a Ca2+-permeable transporter, or at least a cofactor

of Ca2+ channels, and does not generate a specific calcium

signal (Liao et al., 2017). Based on our results, AtANN4 likely

functions during a very early stage of the plant salt stress

response by generating a calcium signal (Figure 7D). After an

initial calcium signal is created in cells by AtANN4, SCaBP8,

and SOS2 under salt stimulus, this signal is decoded by SCaBP8

and SOS3, which then activates the kinase SOS2. Phosphoryla-

tion by SOS2 reduces the calcium-binding activity of AtANN4,

which might alter calcium perception. Furthermore, both the

interaction with SCaBP8 and phosphorylation by SOS2 repress

the AtANN4-mediated calcium transients, which provide a nega-

tive regulation loop. The negative feedback regulatory loop

involving the SOS pathway likely generates a specific calcium

signature that activates the SOS pathway to reduce cytoplasmic
eriments shown in (D). Representative data are shown (mean ± SEM; n > 50,

ted by different lowercase letters).

tANN4 phosphorylation on ATP-induced [Ca2+]cyt increases in HEK293 cells.

ging (mean ± SEM; cells for quantification: n > 50, two-way ANOVA, p < 0.05).
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ted by different lowercase letters).
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Figure 7. AtANN4, Together with SOS2 and SCaBP8, Generates a Specific Salt-Induced Calcium Signal

(A) MST assays of the calcium-binding affinity of AtANN4, AtANN4S46A, and AtANN4S46D. GST was used as a control.

(B) Continuous salt-induced dynamic increases in [Ca2+]cyt between 10-day-old wild-type and sos2 seedlings (left) or between wild-type and scabp8 seedlings

(right) under 100 mM NaCl treatment (vertical arrow). The luminescence was recorded at 1 s interval. Data for 16 seedlings are shown (mean ± SEM; two-way

ANOVA, p < 0.001).

(C) Quantification of the salt-induced changes in cytosolic calcium (D cytosolic [Ca2+]) shown in B (slant arrow). Data for at least 16 seedlings are shown

(mean ± SD; one-way ANOVA, Tukey’s multiple comparisons test, adjusted p < 0.001 is indicated by different lowercase letters).

(D) A proposed working model. Upon exposure to salt stress, AtANN4 mediates salt-stress-induced calcium transients, leading to a rapid increase in cytosolic

calcium levels, which in turn leads to the activation of the SOS pathway. SOS2 and SCaBP8 are involved in this regulatory process. SCaBP8 promotes SOS2-

mediated phosphorylation of AtANN4, which further enhances the interaction between AtANN4 and SCaBP8. Both the interaction and phosphorylation repress

AtANN4-mediated calcium transients to generate a salt-specific calcium signal.

See also Figure S6.
sodium levels and triggers precise, long time salt stress re-

sponses in plants (Figure 7D). However, this regulatory mecha-

nism may be affected by various modifications of SCaBP8,

SOS3, and SOS2, and other AtANNEXINs or Ca2+ transporters

are likely also responsible for Ca2+ transient upon salt stress.

The diversity of the N terminus in ANNEXIN proteins has great in-

fluence on their functions (Gerke et al., 2005). The Ser46 residue

in the N terminus of AtANN4 is not present in other ANNEXIN

family members, as determined by sequence alignment, indi-

cating that AtANN4 plays specific roles in the SOS pathway

(Figure S3D).

In animal cells, Ca2+-dependent inactivation (CDI) of calcium

channels by CaMs occurs through their dynamic interactions

and calcium binding (Evans and Zamponi, 2006). Ca2+-free

CaM molecules (apoCaMs) pre-associate with calcium chan-

nels; after cytosolic Ca2+ reaches a certain level, Ca2+ binds to

these CaM molecules, thereby reducing channel activity (Ben

Johny et al., 2013). However, CDI does not occur if apoCaMs

do not pre-associate with calcium channels (Bazzazi et al.,

2013; Ben Johny et al., 2013). A group of endoplasmic reticulum
(ER)-localized Ca2+ sensors, STIMs, are also involved in a nega-

tive feedback loop that decodes calcium signals to maintain

proper Ca2+ concentrations in the cytosol and ER lumen (Brand-

man et al., 2007). It is possible that both SCaBP8 and AtANN4

function as the regulators of CDI of calcium channels. Another

possibility is that SCaBP8 is a CaM that pre-associates with

the calcium-permeable transporter, AtANN4, after cytosolic

Ca2+ increase under salt stress and binds to SCaBP8, thereby

reducing AtANN4 transporter activity, and that SOS2 also plays

a role in this regulatory mechanism. Consistent with this notion,

we observed that the interaction between SCaBP8 and AtANN4

was promoted by salt stress and that the phosphorylation of

AtANN4 by SOS2 reinforced this interaction. Moreover, the

SOS2-mediated phosphorylation of AtANN4 altered its cal-

cium-binding activity. Taken together, these results suggest

that SCaBP8 and SOS2 play a comparable role to that of STIM

in animal cells in regulating AtANN4 activity and that they func-

tion together to generate a specific calcium signal. Unlike STIM

proteins, both SOS2 and SCaBP8 are also required to generate

an initial calcium signal under salt stress, defining them as dual
Developmental Cell 48, 697–709, March 11, 2019 707



functioning signaling modulators that are in involved in decoding

and (feedback) shaping primary Ca2+ signals.

To generate a specific calcium signal, plants must balance the

activities of calcium influx and efflux channels. Vacuole-localized

Ca2+/H+ exchangers such as CAX1 play important roles in regu-

lating calcium homeostasis, and the protein kinase SOS2 acti-

vates CAX1 (Cheng et al., 2004). These studies suggest that

SOS2may also play a role in regulating the clearance of cytosolic

calcium to generate a specific salt-induced calcium signal.

Based on these findings, we hypothesize that AtANN4, which

likely functions as a Ca2+-permeable transporter, channel, or

cofactor of a channel, is involved in creating a calcium signal

and that pre-associated SCaBP8 fine-tunes the elevation of

Ca2+ in response to salt stress, while SOS2 is recruited to the

complex and phosphorylates both SCaBP8 and AtANN4 when

the Ca2+ reaches a certain threshold so that Ca2+ starts binding

toAtANN4andSCaBP8,which further slowsdown theCa2+ influx

through AtANN4 and in turn generates a specific calcium signa-

ture that activates the SOS pathway for long time and specific

salt stress responses in plants. Our results suggest that down-

stream targets of the primary calcium signal are involved in form-

ing a negative feedback loop that maintains a specific calcium

concentration in the cytosol and/or generates a specific calcium

signature. These findings expand our understanding of the regu-

lation of calcium signaling during various cellular responses.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal Anti-Myc CWBIO Cat#01219

Mouse monoclonal Anti-Flag Sigma-Aldrich Cat#F3165

Mouse IgG1 Anti-Phosphoserine Minipore Cat#05-1000; RRID: AB_11210897

Anti-SCaBP8 phosphoserine237 Lin et al (2009) N/A

Mouse monoclonal Anti-b-actin CWBIO Cat#01265

Rabbit polyclonal Anti-GAPDH Sangon Biotech D110016

Bacterial and Virus Strains

Agobacterium tumefaciens GV3101 Holsters et al., 1980 N/A

Escherichia coli BL21 TransGen Biotech Cat#CD901-03

Escherichia coli DH5a TransGen Biotech Cat#CD201-01

AH109 Toefly Cat#6453471VEC

Chemicals, Peptides, and Recombinant Proteins

Anti-C-Myc argrose beads (affinity gel) Sigma-Aldrich Cat#E6654

Cocktail Roche Cat#04693132001

D-Luciferin BioVision Cat#7903

Protease Inhibitor Cocktail Tablets Roche Cat#04693116001

Amylose Resin NEB Cat#E8021S

Glutathione Agarose Beads MCLAB Cat#GAB-300

Ni-NTA Agarose MCLAB Cat#NINTA-300

Critical Commercial Assays

GeneJET RNA Purification Mini Kit Thermo Scientific Cat#K0801

pENTR/D-TOPO Cloning Kit Invitrogen Cat#K240020SP

Deposited Data

The Arabidopsis thaliana genome (TAIR10) The Arabidopsis Information Resource www.arabidopsis.org

Experimental Models: Cell Lines

HEK293T ATCC N/A

HEK293 This paper N/A

Experimental Models: Organisms/Strains

Arabidopsis: Wild-type (Col-0) N/A N/A

Arabidopsis: 35S::Myc-SCaBP8 Lin et al., (2009) N/A

Arabidopsis: 35S::Myc-SOS2 Lin et al., 2009 N/A

Arabidopsis: 35S::Flag-SOS2 This paper N/A

Arabidopsis: UBQ10::Aequorin This paper N/A

Arabidopsis: 35S::YC3.6 Huang et al., 2017 N/A

Arabidopsis: 35S::AtANN4 This paper N/A

Arabidopsis: 35S::AtANN4S46A This paper N/A

Arabidopsis: 35S::AtANN4S46D This paper N/A

Arabidopsis: pAtANN4::GUS This paper N/A

Arabidopsis: sos2 Quan et al., 2007 N/A

Arabidopsis: scabp8 Quan et al., 2007 N/A

Arabidopsis: atann4-1 This paper N/A

Arabidopsis: atann4-2 This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: atann4-1 scabp8 This paper N/A

Arabidopsis: atann4-2 scabp8 This paper N/A

Oligonucleotides

Primers see Table S1 N/A

Recombinant DNA

pGEX6P.1-GST-SCaBP8 Lin et al., 2009 N/A

pGEX6P.1-GST-SCaBP8 Lin et al., 2009 N/A

pGEX6P.1-GST-SCaBP8S237A Lin et al., 2009 N/A

pGBKT7-BD- SCaBP8 Lin et al., 2009 N/A

pCAMBIA-35S-Myc-SCaBP8 Lin et al., 2009 N/A

pCAMBIA-35S-F-SCaBP8 Lin et al., 2009 N/A

pCAMBIA-35S-Myc-SOS2 Lin et al., 2009 N/A

pGEX6P.1-GST-SOS3 This paper N/A

pGEX6P.1-GST-AtANN4 This paper N/A

pGEX6P.1-GST-AtANN4-N-terminus This paper N/A

pGEX6P.1-GST-AtANN4-Central region This paper N/A

pGEX6P.1-GST-AtANN4-C-terminus This paper N/A

pGEX6P.1-GST-AtANN4 S46A This paper N/A

pGEX6P.1-GST-AtANN4 S46D This paper N/A

pET28a-His-AtANN4 This paper N/A

UBQ10-Aequorin This paper N/A

pCAMBIA-35S-cLUC-AtANN4 This paper N/A

pCAMBIA-35S-DRM2-nLUC This paper N/A

pCAMBIA-35S-SOS2-Nluc This paper N/A

pCAMBIA-35S-SOS3-nLUC This paper N/A

pCAMBIA-35S-SCaBP8-nLUC This paper N/A

pCAMBIA-35S-Flag-AtANN4 This paper N/A

pCAMBIA-35S-Myc-AtANN4 This paper N/A

pCAMBIA-35S-Myc-AtANN4 S46A This paper N/A

pCAMBIA-35S-Myc-AtANN4 S46D This paper N/A

pCI-neo-AtANN4 This paper N/A

pSPYNE(R)173-AtANN4 This paper N/A

pSPYCE(M)-SCaBP8 This paper N/A

pmCherry-N1-SCaBP8 This paper N/A

mTag-BFP2-N1-AtANN4 This paper N/A

mTag-BFP2-N1-AtANN4S46A This paper N/A

mTag-BFP2-N1-AtANN4S46D This paper N/A

pCDNA4.0-Flag-SOS2 This paper N/A

Software and Algorithms

ImageJ https://imagej.nih.gov/ij/ N/A

GraphPad Prism 7.00 http://graphpad-prism.software. informer.com/7.00/ N/A

MATLAB R2014a https://www.mathworks.com/products/matlab.html N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yan Guo

(guoyan@cau.edu.cn).
Developmental Cell 48, 697–709.e1–e5, March 11, 2019 e2

mailto:guoyan@cau.edu.cn
https://imagej.nih.gov/ij/
http://graphpad-prism.software
http://informer.com/7.00/
https://www.mathworks.com/products/matlab.html


EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant Materials and Growth Conditions
T-DNA insertion lines, atann4-1 (salk_019725) and atann4-2 (salk_096465) were obtained fromArabidopsis Biological Resource Cen-

ter (http://www.arabidopsis.org/abrc/) and identified by the AtANN4 specific primers and T-DNA left board primers. The sos2 and

scabp8 mutants have been reported previously (Quan et al., 2007). The seeds of wild type, transgenic lines or related mutants

were sown on Murashige and Skoog (MS) medium at pH 5.8 solidified with 0.3% or 0.6% Phytagel agar (Sigma-Aldrich) under

continual illumination (120 umol m-2 s-1) at 22�C unless specifically indicated. For salt germination analysis, sterilized seeds were

sown on MS medium or MS medium containing indicated concentration of NaCl at pH 5.8 with 0.3% Phytagel agar. Germination

was scored after 5-7 d and the germination rate was determined as a percentage of total number of seeds plated. To determine

salt sensitivity in soil, the 10-d-old seedlings of Col-0, indicatedmutants and transgenic plants were grown in growth chambers under

short-day conditions (12-h-light/12-h-dark photoperiod) for 2.5 weeks. Subsequently, the soil was irrigated with 300 mM NaCl for

four times every 4 d, plants were grown for an additional 1.5-2 weeks and photographed.

METHOD DETAILS

Yeast Two-Hybrid and Three-Hybrid Assays
Thecoding sequencesofAtANN4 andSOS3were amplifiedbyPCRandconstructed into thepGADT7 vector and thecoding sequence

of SCaBP8 was cloned into the pGBKT7 vector. For yeast three-hybrid assay, the pBridgeGPD vector (Clontech) was used as the

pGBKT7 vector to express both SOS2 and SCaBP8. SOS2 was amplified and cloned into the pBridgeGPD vector between EcoRI

and SalI sites, while SCaBP8 was cloned in the NotI site. AtANN4 was cloned into the pGADT7 vector between EcoRI and SalI sites.

The resulting plasmidswere transformed into yeast strain AH109 by the lithium acetatemethod for yeast two-hybrid assay or three-

hybrid assay as described in the Yeast Protocols Handbook (Clontech).

Bimolecular Fluorescence Complementation (BiFC)
BiFC experiments and gene transformation were performed as described previously (Waadt et al., 2008). The coding regions of

AtANN4 and SCaBP8 were amplified by PCR with the gene specific primers and introduced into pSPYNE(R)173 and pSPYCE(M),

respectively. The resulting constructs were transfected intoN. benthamiana leaves in pairs for transient expression byAgrobacterium

tumefaciens-mediated transformation (Schweiger and Schwenkert, 2014). The YFP fluorescence signal was detected by using a

confocal laser scanning microscope (Lecai SP5) after 3-day infiltration.

Split-Luciferase Assay (Split-LUC)
The coding sequence of AtANN4 was amplified and cloned between KpnI and SalI sites of pCMABIA1300-cLUC vector while the

coding regions of DRM2, SOS3, and SCaBP8 were cloned into pCMABIA1300-nLUC vector, respectively.

The pairwise constructs were transient expressed in N. benthamiana leaves as described (Schweiger and Schwenkert, 2014) and

the LUC signal was detected by the cold charge-coupled device camera (Nikon-L936; Andor Tech) after 3-day cultivation in growth

chamber (Chen et al., 2008). For LUC reinforcement assay, the SOS2-nLUC and cLUC-AtANN4 constructs were co-expressed with

pCAMBIA1307:3Flag-SCaBP8 or pCAMBIA1307-Flag empty vector and the following experiments were carried out as same as

described above. Relative LUC activity was analyzed by using WinView/32 software.

Coimmunoprecipitation Assay (Co-IP)
The Co-IP assay was performed as described (Lin et al., 2009). The coding sequence of AtANN4, AtANN4S46A, AtANN4S46D, SOS2

and SCaBP8 were translationally fused downstream of the N-Myc or Flag tags and cloned into pCAMBIA1307 binary vector. The

resulting plasmids were purified by CsCl gradient ultracentrifugation and transformed into Arabidopsis leaves protoplasts by

PEG-mediated protoplast transformation. After over-night incubation, the protoplasts were lysed by 1 mL IP buffer (10 mM Tri-

HCl pH7.6, 0.5% non-idet-P40, 2 mM EDTA, 150 mM NaCl, 13 protease inhibitor, Roche), centrifuged and the left supernatant

was incubated with anti-C-myc antibody-conjugated agarose (Sigma-Aldrich) at 4�C for 1 hour. After five-timewashes, the co-immu-

noprecipitation products were analyzed by immunoblot. The anti-Myc (CWBIO) and anti-Flag (Sigma-Aldrich) were used in 1:3000

dilutions and the chemiluminescence signals were detected by cold charge-coupled device (Fusion Solo 4M).

Protein Purification and In Vitro Kinase Assay
All GST- or His- fusion protein constructs were transformed into Escherichia coli BL21 (DE3) cells and recombinant proteins were

induced by 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG). After over-night incubation at 16�C, cells were collected, lysed,

sonicated and centrifuged, and recombination proteins (including SOS2, AtANN4, SOS3, SCaBP8 and SCaBP8S237A) were purified

according to the manufacturer’s protocol (GE Healthcare Life Science and MERCK). All of the Myc-tagged proteins used for in vitro

kinase assays were immunoprecipitated with anti-C-Myc antibody-conjugated agarose (Sigma-Aldrich).

In vitro kinase assay was conducted as previously described (Lin et al., 2009). Kinase buffer contained 20 mM Tris-HCl (pH 8.0),

5 mMMgCl2, 1 mM CaCl2, 10 mM ATP and 1 mM dithiothreitol (DTT). Kinase assay (total volume of 15 mL) was performed by adding

0.1 mL [g-32P] ATP (1 mCi) and the reaction mixtures were incubated in 30�C for 30 min. The reaction was terminated by adding 3 mL
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63SDS loading buffer and incubating at 100�C for 8min. The resulting proteins were separated by 12% (w/v) SDS-PAGE and stained

by Coomassie Brilliant Blue R 250, and then the gels were exposed to a phosphor screen (Amersham Biosciences). The isotopic

signals were detected by a Typhoon 9410 phosphor imager (AmershamBiosciences) and quantified by the ImageQuant 5.0 software.

Histochemical GUS Activity Analysis
The histochemical staining for b-glucuronidase (GUS) activity using the transgenic plants harboring GUS driven by the 1536 bp

AtANN4 native promoter was performed as previously described (Haritatos et al., 2000). Seedlings grown in MS medium or soil

were subjected to GUS activity staining and the data represent 10 independent T3 transgenic lines examined, which displayed

the similar staining patterns.

Electrophysiological Experiments
The patch-clamping recordings from HEK293T cells were performed as described previously (Li et al., 2014). HEK293T cells (ATCC)

were cultured in DMEM (Dulbecco’s modified eagle medium) with 4500 mg L-1 glucose (Gibco) and 10% fetal calf serum (Gibco) for

24 h at 37�C, 5% CO2. AtANN4 was cloned into the pCI-neo vector. Then the plasmid of pCI-neo-AtANN4 was co-transfected with

pEGFP-N1 into HEK293T cells using Lipofectamine� 2000 Transfection Reagent (Invitrogen). The transfected cells were treated with

Trypsin (Gibco), centrifuged at 160 g for 5 min, and kept on ice for patch-clamp recording. The cells with GFP fluorescence were

selected for whole-cell recording. The method for K+ current patch-clamp whole-cell recording was described previously (Li

et al., 2014). For Ca2+ current recordings, standard whole-cell recording technique was applied (Gao et al., 2014). The components

of the standard Ca2+ pipette solution were 8 mM NaCl, 120 mM CsCl, 6.7 mM EGTA, 3.35 mM CaCl2 (free Ca2+ concentration was

175 nM according to the online free software Webmaxc Standard), 3 mM MgCl2, 10 mM Hepes, 20 mMMg-ATP added freshly, and

D-sorbitol (p = 350 mosmol kg-1), pH 7.2 adjusted with NaOH. The standard bath solution for Ca2+ current recordings contained

120 mM NaCl, 10 mM CsCl, 2 mM MgCl2, 10 mM CaCl2, 10 mM Hepes, and D-sorbitol (p = 350 mosmol kg-1), pH 7.2 adjusted

with NaOH. The patch-clamp recordings were conducted at about 20�C in dim light. Whole-cell currents were recorded using an

Axopatch 200B amplifier (Axon Instruments).

MST (Microscale Thermophoresis) Assay
ANanoTemperMonolith Instrument (NT.115)wasused formeasuringMicroscale thermophoresis. Thedetailedanalysiswasperformed

according to previous study (Entzian and Schubert, 2016). Briefly, the recombinant proteins were first purified and replaced with PBST

buffer (0.005%Tween-20, pH7.4) using columnA suppliedby themanufacturer. Then, total 100mLof 10mMpurified recombinantGST-

AtANN4, GST-AtANN4S46A, GST-AtANN4S46D or GST-tag protein was labeled with excess NHS NT-647 dye at a molar ratio of 1:5 for

30min in the dark at room temperature. Free unlabeled dyewas removedby columnBwhichwas re-equilibratedwithPBSTbuffer. The

initial concentrationofCaCl2was15mM,and thenwasserially dilutedwithHEPESbuffer (20mMHEPES, 150mMKCl, pH7.4) andkept

constantwithdilution ratiobeing0.5. Finally, theseriallydilutedCaCl2 solutionwasmixedwith thesameamountof labeledprotein.Sam-

ples were loaded into capillaries (NanoTemper Technologies) and analyzed. The assay was carried out with 20% LED power and 20%

MST power. Signal Thermophoresis and T-Jump Data were used for calculating dissociation constant (Kd).

Fluo-4 AM Based Cytosolic Ca2+ Measurements
Salt-induced [Ca2+]cyt increases were measured using Fluo-4 AM-labeled Arabidopsis seedlings (Hillson and Hallett, 2007). Briefly,

the 5-d-old vertically cultured Col-0, atann4mutants and transgenic lines were incubated with 10 mMFluo-4 AM including 0.02% (w/

v) Pluronic F-127 for 2 h at 37�C in the dark. The calcium imaging was performed using the Leica TCS SP8 X inverted confocal

microscope. Fluo-4 AM was excited with 488 nm laser at 40% and its emission was collected at the wavelength 510-570 nm. For

salt treatment, a rapid exchange of bath buffer (1/2 MS, 1% sugar, 10 mM MES, pH 5.8) versus bath buffer containing 100 mM

NaCl manually using pipettes was performed. The fluorescence pictures of the root cortical and endodermal cells, mainly located

in the root elongation zone, were captured at 3 s interval and the relative fluorescence intensity was analyzed by using ImageJ

software and the resulting data were plotted using GraphPad Prism 7.00 software.

FRET Measurements
The FRET signals were captured by the inverted fluorescence microscope (Axio Observer A1; Zeiss) equipped with an iXon EMCCD

camera (Oxford Instruments, Abingdon, UK), a Lambda DG4 fluorescent light source (Sutter Instruments, Novato, CA, US) and Bright

Line filter sets (Semrock Inc., Rochester, NY, US).

For salt treatment, 5-d-old seedlings were immobilized on coverslips using low-melting-point agarose (1.5%) and the root elonga-

tion zone was exposed. Then, the coverslips were set into a cell chamber to form a perfusion chamber. Seedlings were incubated

with bath buffer (1/2 MS, 1% sugar, 10 mM MES, pH 5.8) for 20 min prior to imaging. Measurement was carried out with a rapid

exchange of bath buffer versus bath buffer containing 125 mM NaCl manually using pipettes and the raw calcium images (FCFP,

FYFP, and Fraw) of cortical and endodermal cells in root elongation zone were collected every 3 s under 403 oil objective

(N.A.1.30; Zeiss) at room temperature by using the imaging system equipped with an Optosplit II Image Splitter (Cairn Research

Limited, UK) and three equivalent filters: the CFP (438Ex/483Em), YFP (500Ex/542Em), and FRETraw filters (438Ex/542Em).

The FRET was calculated and analyzed according to previous studies (Ma et al., 2015). Briefly, signals were calculated using

the following formula: FRETc = Fraw – Fd/Dd * FCFP – Fa/Da * FYFP, where FRETc indicates the corrected total amount of energy
Developmental Cell 48, 697–709.e1–e5, March 11, 2019 e4



transfer, Fd/Dd represents the measured bleed-through of CFP into FRET filter (0.826), and Fa/Da represents the measured bleed-

through of YFP into the FRET filter (0.048). Furthermore, to reduce the variations caused by the different YC3.6 expression levels in

different transgenic plants, the FRETc values were normalized against donor fluorescence (FCFP) to obtain the N-FRET (i.e., normal-

ized FRET) signals. To rule out the effects of instrumental factors, the apparent FRET efficiency (Eapp) was calculated by the formula:

Eapp =N – FRET/(N – FRET +G) (G = 4.59, a system-dependent factor) (Zal andGascoigne, 2004). The system-dependent factor (G) is

calculated using the partial YFP photo-bleaching method by the following formula: G = (FRETc – FRETcpost)/(FCFPpost – FCFP),

where FRETcpost and FCFPpost represent the FRETc and FCFP values after partial photo-bleaching of YFP, respectively. The

apparent FRET efficiency (Eapp) is compared with the resting Eapp (Eapprest) level and represents as Eapp/Eapprest and the Eapprest

is the resting Eapp before the NaCl stimulus. DEapp/Eapprest indicates the maximum changes in Eapp (DEapp) compared with the resting

Eapp (Eapprest), in which DEapp = Eapp – Eapprest. The average FRET measurements in response to NaCl treatments represent about

30-50 root cells from at least 12 independent seedlings, each of which including 3-5 root cells. All the images were captured and

processed in Metafluor 7.0 software (Molecular Devices, Sunnyvale, CA, United States), and the resulting data were further analyzed

using MATLAB R2014a software and plotted using GraphPad Prism 7.00 software.

Aequorin-Based Cytosolic Ca2+ Measurements
For aequorin assay, 10-d-old vertically cultured seedlings were used for salt-induced [Ca2+] increases measurement. The procedure

of quantitative cytosolic Ca2+ measurement was modified and performed according to previous studies (Pan et al., 2012). Briefly, a

single intact seedling was placed into the 1.5 mL tube and incubated with coelenterazine solution (final concentration 20 mmol/L) in

the dark for at least 4 hours at room temperature. Signal values of luminescence were recorded by a luminometer (Model: 2031-002,

Serial: 203001553, GLOMAX, Promega, USA). After aequorin reconstitution, the seedling was set on the luminometer measurement

chamber. Following 60 s of measurement (1 s interval) for resting luminescence, 100 mL (200 mMNaCl) solution was added into tube

(final concentration 100 mM NaCl) for salt treatment (100 mL 45�C fresh water was added for heat shock stress) and the stimulated

luminescence was recorded also at 1 s interval for another 120 s. The remaining aequorin was discharged by adding 100 mL

discharge buffer (1 M CaCl2, 20% (v/v) ethanol) and the signal values were recorded for a further 120 s.

For continuous salt or heat shock stimulus, the seedlings which had received a stimulation were re-incubated with coelenterazine

solution in the dark for 20-30 min (the calcium signal returned to base level) and subjected to the same treatment again.

The quantification of [Ca2+]cyt (mmol/L) was calculated by the following formula according to Knight et al (Rentel and Knight, 2004):

pCa = 0.332588 (log k) + 5.5593, where k is a rate constant equal to luminescence counts per s divided by total remaining counts

(k = luminescence counts s-1/ total luminescence counts remaining). At least 15 seedlings for each genotype were tested and the

average calcium intensity curve was presented. In this study, D cytosolic [Ca2+] represents intensity of the single peak in response

to stimulus, which calculated by comparing the salt-induced [Ca2+]cyt
peak against to [Ca2+]cyt

rest, indicating the maximum changes of

cytosolic calcium. Each measurement was biologically replicated more than 3 times.

Cell Culture, Transfection, and Whole-Cell Imaging of [Ca2+]cyt
Human embryonic kidney 293 (HEK293) cells were grown and maintained in DMEM medium supplemented with 10% fetal bovine

serum (Gibco), 1% penicillin and streptomycin in a CO2 incubator at 37
�C.

For transfection, GCaMP6m stable cells were maintained in DMEMmedium with G418 (final concentration, 100 mg/mL). All trans-

fections of different combinations (BFP2-AtANN4/ mCherry-Vector, BFP2-AtANN4S46A/ mCherry-vector, BFP2-AtANN4S46D/

mCherry-Vector, BFP2-AtANN4/ mCherry-SCaBP8, BFP2-AtANN4S46A/ mCherry-SCaBP8, BFP2-AtANN4S46D/ mCherry-SCaBP8

and BFP2-AtANN4/ mCherry-SCaBP8/ pCDNA-Flag-SOS2) were achieved by electroporation at 180 V, 25 ms in 4-mm cuvettes

(Molecualr BioProducts) using the Bio-Rad Gene PulserXcell system in OPTI-MEM medium. All measurements were performed

18-24 h after transfection.

Ca2+-imaging assay was performed in the HEK293 cells as described (Zheng et al., 2018). Briefly, the GCaMP6m-based calcium

imaging was performed in the fluorescence-positive cells 18-24 h after transfection by using the ZEISS oberserver-A1 microscope

equipped with a 403 oil objective (NA = 1.30), Lambda DG4 light source, and the MetaFluor software (Molecular Devices). Experi-

ments were conducted at room temperature (22-25�C). Cells were loaded on the chamber and washed by standard buffer (7.2 mM

KCl, 107 mM NaCl, 1.2 mM MgCl2, 11.5 mM glucose, 20 mM HEPES-NaOH, pH 7.2) containing 1 mM CaCl2 for twice. For stimuli

treatment, cells were incubated in the standard buffer (400 mL) and then the stimulating buffer (1 mMATP solution prepared by adding

ATP into the standard buffer) was perfused into the chambermanually and dynamic calcium imageswere collected at 2 s interval. The

relative calcium kinetics was analyzed by MATLAB R2014a software and plotted by GraphPad Prism 7.00 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is expressed as mean ± SD and mean ± SE. Statistical significance among treatments was determined by Mann Whitney test

or one-way ANOVA and two-way ANOVA, followed by Post-Hoc tests (Tukey’s multiple comparisons test or �Sidák’s multiple

comparisons test) at P < 0.001, P < 0.01 and P < 0.05.
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