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Cold-induced calreticulin OsCRT3 conformational
changes promote OsCIPK7 binding and
temperature sensing in rice
Xiaoyu Guo1,2,† , Dajian Zhang1,2,† , Zhongliang Wang1,2, Shujuan Xu1,2 , Oliver Batisti�c3,

Leonie Steinhorst3 , Hao Li4, Yuxiang Weng4, Dongtao Ren5, Jörg Kudla3 , Yunyuan Xu1,6 &

Kang Chong1,2,6,*

Abstract

Unusually low temperatures caused by global climate change
adversely affect rice production. Sensing cold to trigger signal net-
work is a key base for improvement of chilling tolerance trait. Here,
we report that Oryza sativa Calreticulin 3 (OsCRT3) localized at the
endoplasmic reticulum (ER) exhibits conformational changes under
cold stress, thereby enhancing its interaction with CBL-interacting
protein kinase 7 (OsCIPK7) to sense cold. Phenotypic analyses of
OsCRT3 knock-out mutants and transgenic overexpression lines
demonstrate that OsCRT3 is a positive regulator in chilling tolerance.
OsCRT3 localizes at the ER and mediates increases in cytosolic cal-
cium levels under cold stress. Notably, cold stress triggers secondary
structural changes of OsCRT3 and enhances its binding affinity with
OsCIPK7, which finally boosts its kinase activity. Moreover, Cal-
cineurin B-like protein 7 (OsCBL7) and OsCBL8 interact with OsCIPK7
specifically on the plasma membrane. Taken together, our results
thus identify a cold-sensing mechanism that simultaneously conveys
cold-induced protein conformational change, enhances kinase activ-
ity, and Ca2+ signal generation to facilitate chilling tolerance in rice.
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Introduction

Rice originates from temperate climate zones and is sensitive to chil-

ling stress, which imperils agricultural production worldwide (Zhu,

2016; Zhang et al, 2019b). It is vital to breed stress-tolerant cultivars

that can withstand the increasing erratic temperatures caused by

global climate change. Based on the different temperature ranges

and physiological responses involved, cold stress can be classified

as freezing stress (below 0°C) or chilling stress (0–20°C) (Guo et al,

2018). Understanding the mechanisms that regulate chilling toler-

ance will aid molecular breeding efforts to improve the cold-

tolerance traits of rice.

Calcium (Ca2+) is a notable second messenger that mediates sig-

naling and leads to a multitude of adaptive physiological changes in

response to cold and other stresses (Kudla et al, 2018). An intricate

set of plant Ca2+ sensor proteins exhibit characteristic expression

and subcellular localization profiles, as well as distinct Ca2+ affini-

ties. Concomitantly, plants have complex signal-decoding machin-

ery to process the wide range of Ca2+ signals into specific responses

for stresses including temperature (Steinhorst & Kudla, 2013; Kudla

et al, 2018). In rice, a recent report identified a potential thermosen-

sor for high temperature stress. In this case, the heat stress-induced

plasma membrane (PM)-localized E3 ligase Thermo-tolerance 3.1

(TT3.1) translocates from the PM to endosomes, where it ubiquiti-

nates the chloroplast precursor protein TT3.2 for vacuolar degrada-

tion (Zhang et al, 2022). Another natural quantitative locus, TT2,

regulates heat-triggered Ca2+ level and influences SENSING Ca2+

TRANSCRIPTION FACTOR 1 (SCT1)-calmodulin interaction in an

Ca2+-dependent manner, which ultimately affects wax biosynthesis

and confers thermotolerance in rice (Kan et al, 2022). For the rice

chilling response, a COLD1/RGA1 cold-sensing complex triggers

Ca2+ signaling to elicit responses leading to cold tolerance (Ma et al,

2015). A cyclic nucleotide-gated channel, OsCNGC9, regulates cold-

induced Ca2+ influx and cytoplasmic Ca2+ elevation in response to

cold stress (Wang et al, 2021a). However, how Ca2+ signaling is trig-

gered during cold stress has remained unclear.
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In animal cells, the endoplasmic reticulum (ER) functions in a

variety of cellular processes, including Ca2+ storage and release

(Trewavas & Malho, 1998; Baumann & Walz, 2001; Groenendyk

et al, 2004; Michalak et al, 2009). However, in plant cells, informa-

tion on the Ca2+ storage properties of the ER is lacking. A previous

study of ER Ca2+ dynamics in Arabidopsis demonstrated that the ER

primarily functions as a Ca2+ buffer rather than a source, on the con-

dition that various stimuli such as external ATP, L-Glu, and NaCl,

triggered an elevation of [Ca2+]cyt, which was accompanied by ER

Ca2+ accumulation (Bonza et al, 2013). Another study found that

osmotic stress-induced increases in [Ca2+]cyt are mainly attributable

to extracellular Ca2+ influx, whereas increases in [Ca2+]nuc are medi-

ated by ER Ca2+ release, indicating that the ER is the source of

nuclear Ca2+ elevation (Luo et al, 2020). Nevertheless, it remains

controversial whether the ER contributes to the [Ca2+]cyt increase

upon osmotic stress in plant cells.

The ER-localized Ca2+-binding protein calreticulin (CRT) is highly

conserved and ubiquitous in different species, playing important

roles in several processes such as Ca2+ signaling (Michalak et al,

1999). CRT has three distinct structural and functional domains: the

N-domain, the P-domain (proline-rich central domain), and the C-

domain (Nakamura et al, 2001; Persson et al, 2001; Wyatt et al,

2002; Jia et al, 2009). The N-domain is highly conserved and har-

bors a signal peptide sequence at its N-terminus. The P-domain has

high-affinity and low-capacity Ca2+-binding properties. The C-

domain is highly acidic and contains many negatively charged resi-

dues that are responsible for Ca2+ binding. This domain binds to

Ca2+ with high affinity and is involved in Ca2+ storage and modulat-

ing Ca2+ homeostasis (Nakamura et al, 2001; Jia et al, 2009). CRTs

contain a typical K/HDEL ER-retention signal at the C-terminus,

which mainly localize to the ER (Michalak et al, 1999), with some

exceptions that plant CRTs have been reported outside the ER (Ded-

har, 1994; Borisjuk et al, 1998; Baluska et al, 1999; Guo et al, 2003;

Jia et al, 2008).

Calreticulin is an effective Ca2+ buffer with a potential role in

transient Ca2+ storage and Ca2+ signaling. In animals, CRT overex-

pression increases cellular Ca2+ storage and alters the Ca2+ signal-

ing response to external stimuli. Accordingly, CRT-deficient cells

have reduced Ca2+ storage in the ER (Mery et al, 1996; Opas et al,

1996; Corbett & Michalak, 2000; Nakamura et al, 2001). In addi-

tion to the CRT1/2 group that functions in SA-dependent immune

responses, plant cells have the plant-specific family member CRT3

(Jia et al, 2009; Qiu et al, 2012). CRT3 is a retention factor that

interacts with proteins in the folding compartment and plays

important roles in BR signaling and pollen tube germination in Ara-

bidopsis (Jin et al, 2009; Li et al, 2011). In addition, the CRT3-

SUN3/4/5-POD1 chaperone complex regulates the ER sorting of

LRR receptor kinases to the plasma membrane (Xue et al, 2022).

In plant cells, overexpression of CRT leads to greater Ca2+ release

from the ER, resulting from enhanced Ca2+ binding capacity of

CRT in the ER (Persson et al, 2001). However, it is still unclear

how they functionally joint in the cold signal transduction, and

how these proteins are connected to Ca2+ hemostasis and signal

formation remains unknown.

Calcineurin B-like proteins (CBLs) and CBL-interacting protein

kinases (CIPKs) play diverse roles in response to abiotic stresses

(Halfter et al, 2000; Guo et al, 2001; Cheong et al, 2003; Xiang et al,

2007; Gu et al, 2008; Yang et al, 2008; Manik et al, 2015; Pandey

et al, 2015; Thoday-Kennedy et al, 2015; Ma et al, 2020; Tang &

Thompson, 2020; Wang et al, 2020; Plasencia et al, 2021). CIPKs

have a kinase domain in the N-terminal region and a regulatory

domain in the C-terminal region, which includes the NAF/FISL

domain and the protein phosphatase interaction (PPI) domain. The

NAF/FISL domain is auto-inhibitory and is also referred to as the

CBL-binding domain. Upon binding to CBL, the CIPK kinase domain

is released from the CIPK NAF/FISL domain, resulting in an active

kinase conformation (Kim et al, 2000; Albrecht et al, 2001; Guo

et al, 2001; Sanchez-Barrena et al, 2007; Chaves-Sanjuan et al, 2014;

Sanyal et al, 2015; Tang et al, 2020). Most CBL proteins localize to

the cell membrane, where they target CIPKs to form complexes.

Accordingly, the core function of the CBL-CIPK network involves

regulating membrane transport processes at the PM (Tang et al,

2020). In rice, OsCIPK7 plays a role in cold responses. A point muta-

tion of OsCIPK7 led to a conformational change of the activation

loop and enhanced its kinase activity, conferring increased chilling

tolerance in rice (Zhang et al, 2019a). However, it is unclear what

other Ca2+-signaling-related proteins might contribute to cold signal-

ing for establishing chilling tolerance.

In this study, we report that a rice calreticulin protein, OsCRT3,

promotes chilling tolerance and mediates [Ca2+]cyt elevation during

cold-response signaling. We determined that OsCRT3 is an ER-

localized protein and interacts with the protein kinase OsCIPK7.

Cold-stress-induced conformational changes of OsCRT3 enhanced

the OsCRT3-OsCIPK7 interaction, which boosted OsCIPK7 kinase

activity. Further, the Ca2+ sensors OsCBL7 and OsCBL8 physically

interacted with OsCIPK7 exclusively on the plasma membrane.

Taken together, our data suggest that a cold-sensing mechanism

and regulatory network involving OsCRT3 and OsCIPK7, as well as

Ca2+ and its sensor OsCBL7/OsCBL8, are activated to promote chil-

ling tolerance in rice.

Results

OsCRT3 is a positive regulator of chilling-stress response

ER-related Ca2+ processes play a crucial role in cold tolerance (Ma

et al, 2015). CRTs are well-known ER-localized proteins with a K/

HDEL signal peptide (Michalak et al, 1999). We investigated

whether CRTs involved in cold signaling in rice. Interestingly, the

expression of OsCRT3 was specifically induced by cold treatment

but not by drought and salt stress, compared with that of its homo-

logs OsCRT1 or OsCRT2 (Fig EV1A and B). Rice OsCRT3 is a single-

copy gene located on chromosome 1, encoding a putative calretic-

ulin orthologue. In the CRT3 family, most members were grouped

into a branch that was parallel to CRT1/2 in the unrooted phyloge-

netic tree (Fig EV1C). To genetically analyze the function of

OsCRT3, the oscrt3-1 T-DNA insertion mutant was obtained (Jeon

et al, 2000; Jeong et al, 2002). Sequencing data showed that the T-

DNA was inserted at +110 bp from the ATG in the first exon of

OsCRT3 (Os01g67054). Quantitative PCR (qPCR) assays indicated

that the intact OsCRT3 transcript was undetectable in the oscrt3-1

mutant, while a truncated transcript was present (Fig EV2). Thus,

oscrt3-1 is a loss-of-function mutant of OsCRT3.

To test the response of the oscrt3-1 mutant to chilling stress,

seedlings were exposed to 4°C for various durations. For up to 72 h
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of chilling treatment, 85% of the wild type grew well, but only 43%

of oscrt3-1 seedlings survived. The difference in survival rate

between wild type and the oscrt3-1 mutant was more obvious over

time during cold treatment (Fig 1A and D). By contrast, all lines

overexpressing OsCRT3 in the wild-type genetic background

(Dongjin, DJ) showed significantly enhanced chilling-stress toler-

ance at the seedling stage (Fig 1B and E). Genetic complementation

of oscrt3-1 resulted in significantly enhanced chilling tolerance com-

pared with the mutant (Fig 1C and F). The above results suggest

that OsCRT3 is required for chilling tolerance at the seedling stage

in rice.

OsCRT3 is an ER-localized protein

OsCRT3 encodes a 446-amino acid (aa) protein with a predicted

transmembrane domain (TMD) between amino acids 31 and 51. To

dissect the subcellular localization of OsCRT3, mVenus was inserted

downstream of the TMD (N1-54:mVenus:OsCRT3, Fig 2A). The ER

marker OFP-HDEL harbors a C-terminal HDEL ER-retention

sequence and mainly localized in the ER lumen. The results of

transient assays in N. benthamiana epidermal cells showed that

most of the N1-54:mVenus:OsCRT3 colocalized with OFP-HDEL

(Fig 2B–D). To further explore the localization of OsCRT3, N1-54:

mVenus:OsCRT3 was also co-expressed with the ER membrane

marker AtCNX1-mCherry (Fig 2E–G). Colocalization analysis

showed that N1-54:mVenus:OsCRT3 exhibited a similar localization

pattern to AtCNX1-mCherry. These data indicates that OsCRT3

localizes on the ER membrane and within the ER lumen. To investi-

gate whether the N1-54:mVenus:OsCRT3 construct retained proper

OsCRT3 function in rice, complementation lines in the oscrt3-1 back-

ground (N54-Com-L1) were used to detect cold-regulated gene

expression under cold stress. Our results showed that both DREB1A

and DREB1B were dramatically induced in N54-Com-L1 and DJ, to

levels much higher than in oscrt3-1 (Fig EV3A). This result demon-

strates that the insertion of an mVenus tag behind the first 54 aa of

OsCRT3 does not affect its function, as N1-54:mVenus:OsCRT3 func-

tioned properly in rice and rescued the oscrt3-1 phenotype.

By contrast, when the mVenus tag was inserted before the TMD

domain, N1-33:mVenus:OsCRT3 localized to the cytosol and nucleus,

indicating that insertion of mVenus at this site interfered with the

A B C

D E F

Figure 1. OsCRT3 improves rice chilling tolerance at the seedling stage.

A Phenotype of wild-type (Dongjin) and oscrt3-1 mutant seedlings incubated at 4°C for 48, 72, and 96 h. Bar: 5 cm.
B Phenotype of wild-type and OsCRT3 transgenic overexpression lines (OE1, OE2, and OE3) seedlings incubated at 4°C for 100 h. Bar: 5 cm.
C Phenotype of wild-type, oscrt3-1, and OsCRT3 complemented transgenic lines (L1, L2, and L3) seedlings incubated at 4°C for 96 h. Bar: 5 cm.
D, E Survival rates of cold-treated seedlings in (A) and (B). Data are means � standard deviation (SD) of three biological replicates, with at least 15 plants per biological

replicate. **P < 0.01, Student’s t-test.
F Survival rates of cold-treated seedlings in (C). Data are means � SD of three biological replicates, with at least 15 plants per biological replicate. Different letters

represent statistically significant differences among the lines (Fisher’s least significant difference test, P < 0.05).
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natural localization of the peptide (Fig EV3B and C). Furthermore,

when the ER-retention peptide (HDEL) at the C-terminus was

mutated to AAAA in N1-54:mVenus:OsCRT3, the fluorescent signal

appeared in the cytosol, nucleus, chloroplast, and plasma mem-

brane, instead of the ER (Fig EV3D and E). These results indicate

that OsCRT3 localizes to the ER, and both its N-terminus and the

C-terminus are essential for ER targeting.

OsCRT3 mediates cytoplasmic Ca2+ elevation for
cold-response signaling

To examine the potential role of OsCRT3 in modulating Ca2+ fluxes

or signal formation in response to cold, we monitored the Ca2+ con-

centration in the cytoplasm ([Ca2+]cyt) using cytosolic aequorin.

Basal [Ca2+]cyt levels in oscrt3-1 were lower than the wild type under

normal temperature. [Ca2+]cyt of wild-type Dongjin peaked rapidly

after cold treatment and then gradually returned to normal levels.

By contrast, there was a much smaller increase in oscrt3-1 [Ca2+]cyt
upon cold treatment, which was subsequently maintained at a

nearly stable level under the same conditions. The genetically com-

plemented line of the oscrt3-1 mutant (pOsCRT3) shared similar

response patterns with wild type (Fig 3A and B).

A Yellow Cameleon (NES-YC3.6) assay was carried out to

detect cytosolic Ca2+ signals upon cold stress. The signal ratio

monitoring the spatiotemporal dynamics of Ca2+ fluxes in the cyto-

plasm showed that an obvious peak appeared after cold treatment

in wild-type root cells. In contrast, the oscrt3-1 mutant showed a

lower basal [Ca2+]cyt level and a smaller peak of cold response in

[Ca2+]cyt compared with that of the wild type. The complemented

line (pOsCRT3) almost rescued the reduced Ca2+ level in the

oscrt3-1 background (Fig 3C). Together, these data suggest that

OsCRT3 is an ER-resident protein that affects the cytoplasmic Ca2+

concentration in non-stimulated cells and modulates the release of

Ca2+ to change cytoplasmic Ca2+ levels in response to cold temper-

ature. These findings point to an underappreciated, crucial role of

the ER as source compartment of Ca2+ for the formation of cold-

induced cytoplasmic Ca2+ signals.

OsCRT3 interacts with OsCIPK7

Yeast two-hybrid assays using OsCRT3 as the bait identified 15

potential interactors (Appendix Table S1), including a putative cal-

cineurin B-like protein-interacting protein kinase, OsCIPK7

(Os03g43440). Further interaction analyses revealed that the C-

terminal domain of OsCRT3 mediates the interaction with the

OsCIPK7 NAF/FISL domain, rather than its kinase domain (Fig 4A

and B). The interaction between OsCRT3 and OsCIPK7 was con-

firmed by a pull-down assay. GST-OsCIPK7 was pulled down by

MBP-OsCRT3 and not by the MBP control (Fig 4C). Taken together,

these data indicate that OsCRT3 physically interacts with OsCIPK7.

qPCR analysis showed that OsCRT3 is constitutively expressed at

various levels in all tissues tested (Fig EV4A), which is in agreement

with the expression pattern of OsCIPK7 (Zhang et al, 2019a).

OsCIPK7 expression was induced by cold, salt, and drought (Zhang

et al, 2019a), while the expression of OsCRT3 was specifically

induced by chilling treatment. Moreover, the expression patterns of

OsCRT3 and OsCIPK7 in response to cold showed nearly overlapping

curves (Fig EV1A, Zhang et al, 2019a). Further, OsCIPK7-GFP was

detected in the cytoplasm and nucleus and partially colocalized with

the ER marker OFP-HDEL (Fig 4D–F), suggesting that OsCRT3 and

OsCIPK7 both localize to the ER. Subcellular localization of OsCRT3

and OsCIPK7 was also characterized by immunoblot assays. N1-54:

mVenus:OsCRT3 was detected in the membrane fractions but not in

the soluble fractions. In contrast, OsCIPK7-GFP was detected in both

the membrane and soluble fractions. As controls, the membrane

protein H+-ATPase and ER protein Bip were detected in the mem-

brane fractions, while GAPDH was only detected in the soluble frac-

tion (Fig EV4B). The localization pattern of OsCIPK7 did not differ

between wild type and oscrt3-1 (Fig EV4C), suggesting that OsCRT3

may not affect OsCIPK7 localization.

OsCIPK7 interacts with OsCBL7 and OsCBL8 on the
plasma membrane

CBL-CIPK complexes are crucial in relaying plant responses to many

environmental signals and in regulating ion fluxes (Batistic & Kudla,

2009; Kudla et al, 2018). Results of a yeast two-hybrid assay sug-

gested that OsCIPK7 specifically interacts with the calcineurin B-like

proteins OsCBL7 and OsCBL8 (Fig 5A). Subcellular localization

analysis showed that OsCBL7-GFP and OsCBL8-GFP are localized at

the PM after 2 days of expression in N. benthamiana leaves. How-

ever, a strong GFP signal could also be detected in the nucleus after

3 days of expression (Fig 5B). The interaction between OsCIPK7 and

OsCBL7 or OsCBL8 was also verified by bimolecular fluorescence

complementation (BiFC). Reconstituted YFP signal was detected at

the PM (Fig 5C), suggesting that OsCIPK7 interacted with OsCBL7

and OsCBL8 specifically on the PM. These results indicate that

OsCIPK7 may possess dual functions, depending on its interaction

with either OsCBL7/OsCBL8 or OsCRT3, which would fulfill its

functions at the PM or ER, respectively.

To test whether OsCRT3 affects the interaction of OsCBL7/

OsCBL8 with OsCIPK7, a yeast three-hybrid (Y3H) assay was con-

ducted, in which OsCRT3 was expressed under the Met25 promoter

or GPD promoter. Expression of OsCRT3 under the Met25 promoter

was repressed by 1 mM Met in the culture medium, while expres-

sion under the GPD promoter was normal. Expression of OsCRT3

fused with an HA tag was detected using an anti-HA antibody. The

growth of yeast cells expressing OsCIPK7/OsCBL7-GPDOsCRT3 or

OsCIPK7/OsCBL8-GPDOsCRT3 was slower than that of OsCIPK7/

OsCBL7-MetOsCRT3 or OsCIPK7/OsCBL8-MetOsCRT3, indicating that

OsCRT3 weakened the interaction between OsCIPK7 and OsCBL7/

OsCBL8 in yeast cells (Fig 5D and E).

We conducted a Luciferase Complementation Imaging (LCI)

assay, in which OsCBL7/OsCBL8-cluc and OsCIPK7-nluc were co-

expressed with OsCRT3-mVenus or GFP. The intensity of luciferase

fluorescence indicated the strength of the OsCBL7/OsCBL8-OsCIPK7

interaction. The results showed that expression of OsCRT3 reduced

fluorescence intensity compared with that of the GFP control

(Fig 5F). The expression of OsCIPK7-nluc, OsCBL7/OsCBL8-cluc,

OsCRT3-mVenus and GFP was also validated by immunoblotting

with anti-Luc, anti-cLuc and anti-GFP antibodies, respectively

(Fig 5G). The pull-down assay also showed that OsCRT3 attenuated

the interaction between OsCIPK7 and OsCBL7/OsCBL8. With

increasing MBP-OsCRT3 levels, reduced amounts of MBP-OsCBL7

or MBP-OsCBL8 were pulled down by GST-OsCIPK7. However, no

obvious difference was detected with increasing amounts of MBP,
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which was used as a negative control (Fig 5H). Taken together,

these results suggest that OsCIPK7 interacts with OsCBL7/OsCBL8

on the plasma membrane, and OsCRT3 attenuates the interaction

between OsCIPK7 and OsCBL7/OsCBL8. Moreover, it also turns out

that OsCRT3 and OsCBL7/8 bind the similar domain of OsCIPK7.

Cold treatment alters OsCRT3 conformation and enhances its
interaction intensity with OsCIPK7

The secondary structure of OsCIPK7 shifts at different temperatures

(Zhang et al, 2019a). Thus, to analyze whether cold stress alters the

A

B

C

E

D

F G

Figure 2. Subcellular localization of OsCRT3 in N. benthamiana leaves.

A Schematic of the N1-54:mVenus:OsCRT3 construct, with mVenus inserted downstream of the putative transmembrane domain (TMD), between aa 31 and 51 of
OsCRT3. aa: amino acids.

B, C Colocalization of N1-54:mVenus:OsCRT3 with OFP-HDEL. OFP-HDEL is an ER lumen marker harboring a C-terminal HDEL ER-retention sequence. (C) shows a magni-
fication of the box represented in (B). Bar: 20 lm.

D Colocalization analyses along the white arrow in (C).
E, F Colocalization of N1-54:mVenus:OsCRT3 with the ER membrane marker AtCNX1-mCherry. (F) shows a magnification of the box represented in (E). Bar: 20 lm.
G Colocalization analyses along the white arrow in (F).
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secondary structure of OsCRT3, Fourier-transform infrared (FTIR)

spectroscopy assays were conducted (Li et al, 2020a, 2022). The sec-

ondary derivative spectra with the typical absorption peaks were

denoted together with their assignments. The magnitude of negative

peak in the second-derivative spectrum corresponds to the absorp-

tion intensity. When the temperature was shifted from 28°C to 5°C,

there was an obvious increase of the b-sheet at 1,635 cm�1, accom-

panied by a structural change from the hydrophilic a-helix at

1,650 cm�1 to the hydrophobic a-helix at 1,652 cm�1 (Fig 6A and

B). These data showed that changes in OsCRT3 secondary structure

occurred in response to cold treatment. RGA1 (G protein a unit),

which plays a role in chilling tolerance in rice (Ma et al, 2015), was

used as a negative control. The secondary structure of RGA1 did not

show obvious changes under low temperature (Fig EV5A and B). To

further support the results of our FTIR analysis, the three-

dimensional structure of OsCRT3 was predicted with Alphafold2

(Jumper et al, 2021). Three main secondary structures exist in

OsCRT3: random coil, a-helix, and b-sheet. The hydrophilic a-helix
and hydrophobic a-helix are labeled, where the hydrophilic a-helix
is extended (indicated with white arrows in Fig 6A), becoming more

hydrophobic as temperature decreases. The approximate ratio of a-

helix: b-sheet: random coil in the predicted structure was 1:1.27:2.4,

which is consistent with the FTIR structural analysis.

To investigate whether OsCRT3 conformational changes affect its

interaction with OsCIPK7, the intensity of the OsCRT3-OsCIPK7

interaction was characterized by surface plasmon resonance (SPR)

assay at 28 and 5°C. MBP-OsCRT3 proteins were captured on the

CM5 chip immobilized with anti-MBP antibodies and tested for

binding with gradient concentrations of OsCIPK7-C (from 2.5 to

40 lM at 28°C and from 0.625 to 10 lM at 5°C). The association

rate constant (Ka) at 5°C was 684 � 63 M�1 s�1, which was higher

than 256 � 96 M�1 s�1 at 28°C. The dissociation rate constant

(Kd) at 5°C was lower than that at 28°C, which were 0.77 �
0.19 × 10�3 s�1 and 1.57 � 0.43 × 10�3 s�1, respectively. Kinetic

values (KD, Kd/Ka; equilibrium dissociation constant) decreased

from 6.49 � 1.48 lM at 28°C to 0.92 � 0.21 lM at 5°C. Therefore,

we observed enhanced binding affinity with a faster association rate

and lower dissociation rate at 5°C compared with 28°C, indicating

that cooling promoted tighter binding between OsCRT3 and

OsCIPK7-C (Fig 6C and D). Taken together, our data suggest that

cold stress leads to a conformational change of OsCRT3 and there-

fore enhances its interaction intensity with OsCIPK7.

The binding affinity of OsCIPK7-C and OsCBL8 exhibited a varied

pattern as OsCRT3-OsCIPK7-C (Fig EV5C–E). Both the Ka and Kd at

5°C were lower than at 28°C, indicating that low temperature

reduced the rate of association and dissociation, resulting in similar

KD values of 0.34 � 0.04 lM and 0.39 � 0.07 lM at 28 and 5°C,

respectively. The KD could not be measured under these OsCIPK7-C

protein concentrations with 10 mM EGTA (Ca2+ chelator) in the run-

ning buffer, possibly suggesting that the OsCBL8-OsCIPK7 interac-

tion is Ca2+-dependent.

OsCRT3 enhances the kinase activity of OsCIPK7

The kinase activation loop is important for CIPK activity in response

to environmental stimuli (Guo et al, 2001; Yang et al, 2010).

OsCIPK7 is a cold-activated protein kinase that plays a role in cold

sensing in rice (Zhang et al, 2019a). An in vitro phosphorylation

assay demonstrated that although OsCIPK7 showed autophosphory-

lation activity, it did not phosphorylate OsCRT3 or OsCBL7/OsCBL8

(Fig 7A and B). The NAF domain has an auto-inhibitory function in

all CIPK-type kinases (Batistic & Kudla, 2009), and the Y2H assay

indicated that OsCRT3 interacts with the OsCIPK7 NAF domain

(Fig 4A and B). To test whether OsCRT3 affects the kinase activity

of OsCIPK7, different amounts of OsCRT3 protein were incubated

with OsCIPK7. With increasing OsCRT3 levels, there was enhanced

OsCIPK7 kinase activity on the substrate myelin basic protein, along

with greater OsCIPK7 autophosphorylation (Fig 7C). These data sug-

gest that OsCRT3 physically interacts with OsCIPK7 to enhance its

kinase activity in response to cold in rice.

Discussion

ER-localized OsCRT3 contributes to chilling tolerance in rice

As major chaperone proteins in the ER, CRTs play important roles

in the storage of the rapidly exchanging pool of Ca2+ (Michalak

et al, 2009). CRT3 is a plant-specific family member and differs from

A

C

B

Figure 3. Ca2+ signaling upon cold shock in rice plants.

A Cytosolic free Ca2+ concentrations upon cold treatment of rice callus
expressing aequorin in wild type (DJ), oscrt3-1 mutant, and the OsCRT3-
complemented transgenic lines (pOsCRT3). The blue background indicates
cold treatment of the rice callus.

B Mean maximal Ca2+ influxes in (A). Values are expressed as means � SD. At
least 6 calli were used for each sample. Different letters represent
statistically significantly differences among the lines (Fisher’s least
significant difference test, P < 0.05).

C Cold response of cytosolic free Ca2+ concentration in root cells expressing
NES-YC3.6. Superimposition of representative normalized ratio variations
for wild-type, oscrt3-1, and the complemented transgenic pOsCRT3 root
cells. The rectangle represents the regions of interest (ROIs) for the ratio
measurements. The blue background indicates duration of cold treatment.
Bar: 50 lm.
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the CRT1/2 group that plays a role in SA-dependent immune

responses (Fig EV1) (Jia et al, 2009; Qiu et al, 2012). In Arabidopsis,

CRT3 functions as a key retention factor interacting with proteins in

the folding compartment and is involved in BR signal transduction

and pollen tube germination (Jin et al, 2009; Li et al, 2011). In addi-

tion, ER sorting of LRR receptor kinases to the PM is regulated by

CRT3 together with its partners SUN3/4/5 and POD1 (Xue et al,

2022). However, how CRT regulates cold signaling remains to be

A

C
D

E

F

B

Figure 4. OsCRT3 interacts with OsCIPK7.

A Diagram of OsCRT3 and OsCIPK7 protein domains.
B Yeast two-hybrid analysis to test the OsCRT3–OsCIPK7 interaction. The interactions between OsCRT3, OsCRT3N, OsCRT3P or OsCRT3C with OsCIPK7, OsCIPK7N,

OsCIPK7C, OsCIPK7NAF, or OsCIPK7PPI were verified.
C Pull-down assay of the interaction between OsCRT3 and OsCIPK7.
D Schematic of OsCIPK7-GFP construction.
E Localization of OsCIPK7-GFP in N. benthamiana leaf epidermal cells. OFP-HDEL was used as an ER marker. Bar: 20 lm.
F Magnification of the box represented in (E). Colocalization analyses along the white arrow are shown. Bar: 20 lm.

Source data are available online for this figure.

▸Figure 5. OsCIPK7 interacts with calcineurin B-like proteins OsCBL7/8.

A OsCIPK7 interacts with OsCBLs in a yeast two-hybrid system. Interactions were verified by growing the yeast on selective medium (SD/-Leu-Trp, SD/-Leu-Trp-His-Ade)
and conducting b-galactosidase assays.

B Subcellular localization of OsCBL7 and OsCBL8 in N. benthamiana leaf epidermal cells. Pictures were taken after 2 and 3 days of expression. Bar: 50 lm.
C Bimolecular fluorescence complementation (BiFC) assay confirming the interaction between OsCBL7/8 and OsCIPK7 in N. benthamiana leaf epidermal cells. 19K was

used as a negative control. Bar: 50 lm.
D Interactions between OsCIPK7 and OsCBL7 or OsCBL8 were attenuated by OsCRT3 in a yeast three-hybrid assay.
E Constructs and OsCRT3 protein expression level in (D).
F Luciferase Complementation Imaging assay (LCI) to detect the interaction between OsCIPK7-nluc and OsCBL7-cluc or OsCBL8-cluc, with co-expression of N1-54:

mVenus:OsCRT3 (mVenus-OsCRT3) or GFP, respectively. Quantification of luciferase activity was measured and shown. Values are mean � SD. At least six leaves were
used for each sample. *P < 0.05, Student’s t-test. Experiments were repeated at least twice with similar results.

G Immunoblot confirming the expression of OsCIPK7, OsCBL7, OsCBL8, and OsCRT3 in (F) respectively.
H Pull-down assay showing that the interaction between OsCIPK7 and OsCBL7 or OsCBL8 was weakened with increasing amounts of OsCRT3. MBP was used as a nega-

tive control. Relative expression analysis was conducted using Image J software.

Source data are available online for this figure.
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determined. Our results demonstrated that the plant-specific CRT

member OsCRT3 is highly induced by chilling stress and is geneti-

cally required for chilling tolerance in rice (Fig EV1). While the loss-

of-function oscrt3-1 mutant was more sensitive to chilling, its

genetic complementation restored the wild-type phenotype. Con-

versely, OsCRT3 overexpression lines exhibited increased tolerance

to chilling (Fig 1).

CRTs possess a typical ER-retention signal (K/HDEL) at their

C-terminus and mainly localize to the ER (Michalak et al, 1999). We

generated the N1-54:mVenus:OsCRT3 construct with the mVenus tag

inserted downstream of the TMD to avoid artificial effects of the

mVenus tag. It was determined that OsCRT3 localized to the ER,

and both the N-terminal and C-terminal regions of the protein are

necessary for its correct localization (Figs 2 and EV3).

In animal cells, the ER is a Ca2+ store that plays a role in generat-

ing and shaping stimulus-induced cytosolic Ca2+ increases (Soboloff

et al, 2012). In plant cells, however, it remains controversial

whether the ER contributes to the [Ca2+]cyt increase upon osmotic

stress. A previous study in Arabidopsis suggested there is no evi-

dence that the ER is a major source of Ca2+ release contributing to

stimulus-induced increases in [Ca2+]cyt. The researchers proposed

that the ER functions as “Ca2+ buffer” rather than a “Ca2+ source”

A

C

F

H

G

D E

B

Figure 5.
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on the condition of different stimuli such as ATP, L-Glu, and NaCl

(Bonza et al, 2013). However, recent research showed that increases

in nuclear [Ca2+] induced by external osmotic stimuli were caused

by Ca2+ release from the ER (Luo et al, 2020). Our Ca2+ imaging data

indicates that mutation of OsCRT3 leads to decreased basal [Ca2+]cyt
and attenuates changes to [Ca2+]cyt in response to chilling stress

(Fig 3). Therefore, our data demonstrate that OsCRT3 is required for

elevation of [Ca2+]cyt upon cold stress. Our findings also support the

notion that OsCRT3 is essential for an appropriate accumulation of

Ca2+ in the ER that inversely affects the [Ca2+]cyt. The reduced “Ca2+

storage ability” of the ER in oscrt3-1 results in a reduced [Ca2+]cyt at

resting conditions, indicative of essential storage and buffer func-

tions of OsCRT3, and consequently the ER, under these circum-

stances. However, this reduced Ca2+ storage ability impairs the

formation of transient cytoplasmic Ca2+ signals upon cold stimula-

tion, revealing a “Ca2+ source function” of OsCRT3 and the ER

under these conditions. On the other hand, ER-localized OsCRT3

(with OsCIPK7) may indirectly influence Ca2+ dynamics by affecting

other components such as Ca2+ channels. Taken together, ER-

localized OsCRT3 mediates cytosolic Ca2+ increases essential for

chilling tolerance in rice.

OsCRT3 conformational changes enhance binding to OsCIPK7 for
sensing cold

The involvement of protein conformational changes in sensing

ambient temperature to influence plant stress tolerance is a new

concept. Our FTIR data suggested that OsCRT3 secondary structure

undergoes changes in response to cold. Therefore, altered OsCRT3-

OsCIPK7 conformation may sense cold to promote tolerance (Fig 6,

Zhang et al, 2019a). The OsCRT3 C-terminal domain physically

interacts with the NAF/FISL domain of OsCIPK7 (Fig 4). This inter-

action releases the NAF/FISL domain from the kinase domain to

activate enzyme activity. Further, the kinase activity of OsCIPK7

was indeed enhanced with increasing amounts of OsCRT3 in vitro

(Fig 7). Moreover, the interaction between OsCRT3 and OsCIPK7

A B

C D

Figure 6. OsCRT3 exhibits conformational changes and enhanced binding affinity with OsCIPK7 upon cold stress.

A Second-derivative infrared spectra of OsCRT3 at 5°C (red) and 28°C (black). Typical absorption peaks of secondary structures are denoted. 1,635 cm�1 (b-sheet),
1,640 cm�1 (random coil), 1,650 cm�1 (a-helix, hydrophilic), and 1,652 cm�1 (a-helix, hydrophobic). Predicted three-dimensional structure of OsCRT3 by Alphafold2
is shown in the lower right corner. Different secondary structures including random coil (green), a-helix (red), and b-sheet (yellow) are color-coded. The hydrophilic
and hydrophobic a-helices are labeled. White arrows represent the hydrophilic a-helix becoming more hydrophobic with decreasing temperatures. The gray back-
ground highlights part of the variated structure signals.

B Magnified view of the gray highlighted area in (A), with the wave number ranging from 1,620 cm�1 to 1,670 cm�1.
C, D Interaction between OsCRT3 and OsCIPK7-C at different temperatures characterized by SPR. OsCRT3 proteins were captured on the CM5 chip immobilized with

anti-MBP antibodies and tested for binding with gradient concentrations of OsCIPK7-C as indicated. HBS-P buffer containing 5 mM CaCl2 was used as the running
buffer. The Ka (association rate constant), Kd (dissociation rate constant), and KD (Kd/Ka, equilibrium dissociation constant) values were calculated using the Biacore
T200 Evaluation software. Values are means � SD from three technical replicates. At least two biological replicates were performed with similar results.
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was strengthened upon cold treatment (Fig 6). These data suggest

that altered secondary structures of OsCRT3-OsCIPK7 enhance their

physical interaction, thereby activating OsCIPK7 kinase activity in

response to cold. The OsCRT3-OsCIPK7 sensing complex may lead

to activation of its downstream factors. Further studies are needed

to unravel the molecular and mechanistic details of how cold-

induced stimulation of OsCIPK7 activity at the ER translates into

downstream responses for cold signaling and adaptation.

OsCRT3 conformational changes trigger the second messenger

Ca2+ and induce enhanced binding to OsCIPK7 for sensing cold,

which is supported by genetic evidence from the oscrt3-1 mutant

and overexpression lines (Fig 1). CBL is a Ca2+ sensor protein that

binds Ca2+ and activates CIPK to trigger downstream reactions

(Tang et al, 2020). In most cases, Ca2+ promotes the formation of

the CIPK-CBL complex and activation of CIPK (Shi et al, 1999;

Sanchez-Barrena et al, 2007), with some exceptions (Halfter et al,

2000; Guo et al, 2001; Ohta et al, 2003). OsCBL7 and OsCBL8 expres-

sion is induced by cold stress, and both OsCBLs have an N-

myristoylation motif (MGXXXS/T) responsible for membrane target-

ing (Gu et al, 2008). Our data demonstrated that OsCBL7/OsCBL8

interacted with OsCIPK7 on the PM, and the interaction is Ca2+-

dependent (Figs 5 and EV5). Therefore, it is a downstream event for

sensing Ca2+ elevation. It is hypothesized that the calcium released

via OsCRT3 contributes to [Ca2+]cyt elevation and may enhance

OsCBL7/8-OsCIPK7 interaction on the PM.

The kinase activation loop is important for CIPK activity, and

CIPKs function in plant responses to environmental stimuli (Batis-

tic & Kudla, 2009). A mutant harboring a gain-of-function muta-

tion within the OsCIPK7 kinase domain exhibited increased Ca2+

influx upon cold stress (Zhang et al, 2019a), indicating that

OsCIPK7 may affect downstream proteins, such as Ca2+ channels,

to indirectly regulate Ca2+ signaling. Although OsCIPK7 has

autophosphorylation activity, it did not phosphorylate OsCRT3 or

OsCBL7/OsCBL8 in vitro (Fig 7). It is proposed that OsCIPK7

transduces Ca2+ signals by phosphorylating downstream signaling

components to respond to environmental stress. On the other

hand, the data may indicate that OsCIPK7 has a dual function,

interacting with OsCRT3 on the ER and OsCBL7/OsCBL8 on the

PM. Moreover, OsCRT3 attenuates the interaction between

OsCBL7/OsCBL8 and OsCIPK7, suggesting that OsCBL7 or OsCBL8

might also function in other cellular compartments besides the

PM during a dynamic transient process, such as the ER. Further

studies are needed to investigate the dual function of OsCIPK7

with these different interacting partners distributed among various

cellular compartments.

Taken together, our study identified OsCRT3 as an ER-localized

protein that affects both the basal and cold-responsive [Ca2+]cyt,

suggesting that OsCRT3 and the ER may function as a Ca2+ source

under cold stress. The cold-sensing OsCRT3-OsCIPK7 complex

undergoes conformational changes under cold stress, leading to

enhanced binding affinity and activation of OsCIPK7. Subsequently,

OsCBL7/OsCBL8 sense the Ca2+ signals and specifically interact with

OsCIPK7 on the plasma membrane (Fig 8). Based on our data from

molecular and phenotypic analyses, we conclude that the rice cold-

sensing mechanism involves conformational changes of OsCRT3-

OsCIPK7 that ultimately promote chilling tolerance. Overall, our

findings provide important insight for breeding strategies to improve

chilling tolerance in rice.

A B C

Figure 7. OsCRT3 enhances OsCIPK7 kinase activity.

A OsCIPK7 showed autophosphorylation activity but could not phosphorylate OsCRT3 in vitro. The loaded protein is indicated by red arrows. Autoradiograph of
c-32P-labeled OsCIPK7 indicates autophosphorylation of OsCIPK7.

B OsCIPK7 did not phosphorylate OsCBL7 or OsCBL8 in vitro. Loaded proteins stained with Coomassie brilliant blue (CBB) are shown in the top panel and indicated by
red arrows. Autoradiograph of c-32P-labeled myelin basic protein and OsCIPK7 are shown in the bottom panel.

C The kinase activity OsCIPK7 was enhanced with increasing concentrations of OsCRT3 protein. SDS-PAGE gel showing CBB-stained OsCRT3, myelin basic protein, and
OsCIPK7 (top panel). c-32P-labeled myelin basic protein and OsCIPK7 substrate phosphorylation (bottom panel). The amount of OsCRT3 added was 0, 0.2, 0.4, 0.6,
0.8 lg in the SDS-PAGE gel lanes, respectively.

Source data are available online for this figure.
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Materials and Methods

Plant materials

The seeds of the oscrt3-1 mutant (Dongjin genetic background) were

obtained from the rice mutant database (http://signal.salk.edu/cgi-

bin/RiceGE; Jeon et al, 2000; Jeong et al, 2002), Dongjin was used

as the wild-type control. The japonica (Oryza sativa) cv Dongjin and

Zhonghua10 (ZH10) were used for transformation. Transgenic

plants derived from callus were defined as the T0 generation. Trans-

genic plants of the T1 and T2 generations were used for phenotypic

analyses.

Plasmid construction and plant transformation

The full-length cDNAs of OsCRT3 were amplified by PCR and ligated

into pUN1301 binary vectors for overexpression. The binary vectors

were transformed into Agrobacterium tumefaciens strain EHA105,

and then Agrobacterium-mediated transformation was conducted

into rice calli (Hiei et al, 1994). The OsCRT3 gene, including the pro-

moter region and the coding region cloned from wild-type genomic

DNA, was inserted into the vector pCAMBIA1300 for genetic com-

plementation tests. This construct was introduced into oscrt3-1

mutant plants by Agrobacterium tumefaciens-mediated transforma-

tion (Hiei et al, 1994). The independent homozygous transgenic

lines were isolated and identified. The transgenic callus expressing

aequorin was also used in determination of cytoplasmic Ca2+ con-

centration.

Chilling tolerance test of the mutant and transgenic plants

The chilling tolerance conditions were conducted as described (Ma

et al, 2015; Zhang et al, 2019a). Seedlings with different genetic

backgrounds were grown at a temperature of 28°C–30°C and 12 h/

8 h day/night cycles in the greenhouse for 2 weeks, and then treated

at 4°C for different time durations. After that, they were moved to

the greenhouse for recovery for indicated time. The survival rate

(percentage of live seedlings) was calculated after 7 days’ recovery

and used as an indicator of chilling tolerance.

Yeast two-hybrid assay

A yeast two-hybrid cDNA library of rice seedlings was constructed

to identify proteins interacting with OsCRT3, using the Match-

maker system (Clontech). The open reading frame (ORF) of

OsCRT3 was amplified by PCR and then inserted into the GAL4

Figure 8. Proposed working model of OsCRT3–OsCIPK7–OsCBL7/8 in response to cold stress.

At normal temperatures, OsCRT3 slightly interacts with OsCIPK7. The auto-inhibitory status of the OsCIPK7 NAF/FISL domain represses its kinase activity. The cytosolic

Ca2+ concentration ([Ca2+]cyt) is kept at a relatively low level. Upon chilling stress, cold signaling triggers OsCRT3 conformational changes to enhance its binding affinity

with OsCIPK7, thereby boosting its kinase activity. Meanwhile, endoplasmic reticulum (ER)-localized OsCRT3 contributes to cold-induced [Ca2+]cyt elevation, which is

sensed by the Ca2+ sensor proteins OsCBL7/8 that specifically interact with OsCIPK7 on the plasma membrane (PM). This working model suggests a new regulatory

network activated upon chilling stress in rice, composed of OsCRT3, OsCIPK7, along with Ca2+ and its sensors OsCBL7/OsCBL8.

�2022 The Authors The EMBO Journal 42: e110518 | 2023 11 of 16

Xiaoyu Guo et al The EMBO Journal

http://signal.salk.edu/cgi-bin/RiceGE
http://signal.salk.edu/cgi-bin/RiceGE


DNA binding-domain vector pGBKT7 to act as bait. The rice cDNA

library in the GAL4 activation domain vector pGADT7 was con-

structed and screened according to the manufacturer’s instructions

(Clontech). The indicated combinations were transformed into

yeast AH109 strain and grew on plates of medium-stringency

medium in the absence of Trp and Leu and then tested on high-

stringency medium SD/-Ade-His-Leu-Trp. Colonies showing a posi-

tive signal were subsequently examined for activation of the lacZ

reporter gene.

For the verification of OsCRT3-OsCIPK7 interaction, different

domains of OsCRT3 or OsCIPK7 were cloned into pGBKT7 or

pGADT7 respectively, which was the same for OsCBL7/8-OsCIPK7

interaction. All the transformation colonies were grown on the SD/-

Trp-Leu and SD/-Ade-His-Trp-Leu plates, followed by the examina-

tion of LacZ reporter gene with b-gal as a substrate.

Yeast three-hybrid assay

To detect the effect of OsCRT3 on the interaction of OsCIPK7 and

OsCBL7 or OsCBL8, the yeast three-hybrid assay was conducted fol-

lowing the methods from (Ma et al, 2019; Li et al, 2020b). The

pBridge vector was used with its original MET25 promoter and mod-

ified GPD promoter. GPD promoter is a constitutive promoter while

MET25 promoter could be repressed with 1 mM methionine in the

culture medium. The full-length OsCBL7 or OsCBL8 was cloned into

the first multiple cloning site (MCS I) in the pBridge vector, and

OsCRT3 was cloned into the second cloning site MCS II with MET25

promoter or GPD promoter respectively. OsCIPK7 was cloned into

pGADT7 vector. The indicated combinations were transformed into

yeast AH109 strain and growth on the SD medium plates lacking of

Trp and Leu. Then the yeast transformants were cultured with SD

(Trp-Leu-) overnight and adjusted OD600 to 1.0 before spotted on

the plates. 10 ll of serial dillutions (1×, 10× and 100×) was dotted

on SD plate (Trp-Leu-His) with 1 mM Met and then grew in 30°C for

3 days. To detect the expression of OsCRT3, the yeast cells were cul-

tured with SD (Trp-Leu-His) with 1 mM Met overnight, and the cells

were lysed with 1× SDS loading buffer and sonicated for 20 min.

The expression of OsCRT3 with HA-tag was detected by Western

blot using anti-HA antibody (abclonal, AE008). b-Tubulin was used

as an internal reference using yeast anti-b-tubulin antibody (huax-

ingbio, HX20151).

Protein expression in E. coli and purification

For the proteins used in the pull-down and SPR assay, OsCIPK7 or

OsCIPK7-C terminus was cloned into the pGEX4T-1 and pGEX6p-1

vector respectively as a GST fusion protein. OsCRT3, OsCBL7,

OsCBL8 were cloned into the plasmid pMAL-C2 as a fusion with

maltose-binding protein (MBP). Then they were expressed in E.coli

strain BL21(DE3) with 0.2 mM isopropyl b-D-thiogalactoside (IPTG)

induced for 16 h at 16°C. The cells were collected with 5,000 g,

10 min at 4°C. And then the cells were lysed and sonicated by the

lysis buffer (50 mM HEPES, 100 mM NaCl, pH 7.5). GST-tagged

recombinant protein was purified by Glutathione Sepharose 4B (GE

Healthcare, 17075605) and eluted by 20 mM GSH in lysis buffer, in

which the pH was adjusted to 7.5. MBP-tagged recombinant proteins

were purified by Amylose Resin (New England Biolabs, E8021) and

eluted by 20 mM maltose in lysis buffer.

For the proteins used in phosphorylation assay, OsCRT3 was

cloned into the pGEX4T-1 vector as a GST fusion protein. OsCIPK7,

OsCBL7, and OsCBL8 were cloned into the plasmid pMAL-C2 as a

fusion with maltose-binding protein (MBP). The expression and

purification were conducted as described above.

For the proteins used in FTIR assay, OsCRT3 or RGA1 was

cloned into the pGEX6p-1 vector with a HRV 3C site between

GST tag and target protein. The expression was performed

according to the method above. The GST-tagged recombinant pro-

tein was also purified by Glutathione Sepharose 4B, and the

beads were digested by PreScission Protease (Cytiva, 270843) on

column at 4°C overnight. Then the cleaved protein was eluted by

lysis buffer and concentrated with ultrafiltration tubes (Millipore)

for the following procedures. The PreScission Protease was a

GST-fused protein, which could be captured by GST beads and

could not be eluted with the cleaved proteins. Purified proteins

used in FTIR and SPR assays were shown by SDS-PAGE with

CBB staining in Fig EV5F.

Pull-down assay

The purified proteins in the elution buffer were concentrated with

ultrafiltration tubes (Millipore) and replaced by the lysis buffer to

remove GSH or maltose. Then the purified proteins were used for

pull-down assay (Wang et al, 2021b). For analysis the interaction

between OsCIPK7 and OsCRT3, purified MBP-OsCRT3 or MBP was

captured by Amylose Resin beads (New England Biolabs, E8021) at

4°C for 1 h and then incubated with GST-OsCIPK7 at 4°C overnight.

For analysis the effect of OsCRT3 on OsCIPK7-OsCBL7/8 interac-

tions, purified GST-OsCIPK7 was also captured by Glutathione

Sepharose 4B beads at 4°C for 1 h and incubated with MBP-OsCBL7

or MBP-OsCBL8, along with increased gradient of MBP-OsCRT3 or

MBP at 4°C overnight. The beads were washed by lysis buffer five

times and then boiled in SDS-loading buffer for 10 min. Protein

samples were separated by SDS-PAGE and then detected by Western

blot analyses using anti-MBP monoclonal antibodies (New England

Biolabs, E8032) and anti-GST antibody (EarthOx, E022210-01),

respectively.

Total RNA isolation and quantitative PCR

Total RNA was extracted following the extraction kit (Invitrogen)

according to the manufacturer’s instructions. SYBR Premix Ex Taq

(TAKARA) was used to perform quantitative PCR (qPCR) on 7500

real-time PCR system of Applied Biosystems. The thermal cycle was

set as follows: 95°C for 3 min, then 40 cycles of 95°C for 30 s, 60°C

for 30 s, and 72°C for 1 min. The rice Actin1 (accession no. X16280)

was used as an internal reference gene. The relative expression level

was analyzed by the relative quantitative method (DCT) (Ma et al,

2015; Zhang et al, 2019a).

Protein extraction and immunoblot analyses

Leaves from tobacco were collected and ground in liquid nitrogen to

a fine powder, and then total protein was extracted with ice-cold

extraction buffer (20 mM Tris pH 8.0, 1 mM EDTA, 10% glycerin,

0.2% TritonX-100, 1 mM PMSF, and protease inhibitor cocktail

[Roche]). The mixture was centrifuged at 10,000 g for 25 min at
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4°C. Supernatant was filtered through four layers of Miracloth (Cal-

biochem). The filtered supernatant was centrifuged at 12,000 g for

30 min. Then the supernatant was transferred to a new ultracen-

trifuge tube (Beckman) and subsequently centrifuged at 100,000 g

for 2 h at 4°C. The supernatant was collected, and the pellet was

rinsed several times with cold extraction buffer. The pellet con-

tained membrane proteins, and the supernatant contained soluble

proteins. All the samples were mixed with SDS-PAGE loading buffer

and boiled before gel fractionation. Immunodetection was per-

formed using indicated antibodies with a secondary goat anti-rabbit

or anti-mouse IgG horseradish peroxidase-conjugate antibody.

Detection was performed using ECL-solution and imaged using illu-

minator. Western blot was conducted using GAPDH (Sigma,

SAB2701826), H+-ATPase (Agrisera, AS07260), Bip (Agrisera,

AS09481), and GFP (abcam, ab6556) antibodies, respectively.

Subcellular localization

For subcellular localization analysis of OsCRT3 in N. benthamiana

epidermal leaves, the N-terminal and C-terminal fragments of

OsCRT3 were PCR amplified and ligated into the vector pGPTVII,

which contains the AtUBI10 promoter and AtHsp18.2 terminator.

For the localization analysis of OsCIPK7 and OsCBL7/8 in N. ben-

thamiana epidermal leaves, the coding region of these genes was

cloned with XbaI and KpnI into pBI121 vector respectively with a

GFP tag in the C-terminus. All constructs were transformed into

Agrobacterium tumefaciens strain GV3101 and then transformed

into N. benthamiana leaves by Agrobacterium-mediated transforma-

tion (Waadt & Kudla, 2008).

For the localization analysis of OsCIPK7 in rice protoplast, the

coding region of OsCIPK7 was cloned with XbaI and KpnI into

pBI221 vector with a GFP tag in the C-terminus. Rice protoplasts

were prepared according to the methods described in this paper (Ma

et al, 2015). Images were obtained by confocal laser-scanning micro-

scopy (Zeiss LSM 980). Colocalization analyses were conducted by

ZEN 3.5 software.

Luciferase complementation imaging assay (LCI)

LCI assays were performed using a previously described protocol

(Zhou et al, 2018). The full-length ORFs of OsCBL7 or OsCBL8 and

OsCIPK7 were cloned into pCAMBIA1300-cluc and pCAMBIA1300-

nluc respectively. CBL7-cluc/OsCBL8-cluc, OsCIPK7-nluc plus N1-54:

mVenus: OsCRT3 or GFP were co-expressed in N. benthamiana epi-

dermal leaves for 3 days. The luminescence images were captured

using a CCD imaging system. The relative luciferase activity was

measured and analyzed by Image J software. Western blot was con-

ducted using anti-luciferase antibody (Sigma, L0159), anti-cluc anti-

body (sigma, L2164), and anti-GFP antibody (abcam, ab6556),

respectively.

Fourier transform infrared (FTIR) assay

FTIR spectroscopy was performed as described (Li et al, 2020a,

2022). The OsCRT3 protein or RGA1 protein was freeze-dried

through a vacuum at �10°C for lyophilization, and then the lyophi-

lized proteins were dissolved in PBS buffer (50 mM K2DPO4/

KD2PO4, pH7.4) containing 99.9% D2O. FTIR absorption spectra at

different temperatures were acquired on a spectrometer (VERTEX

70 V, Bruker Optics, Madison, WI, USA). A two-compartment CaF2
sample cell with a 56-lm-thick Teflon spacer was used for the pro-

tein sample loading and reference. The measurements were con-

ducted in a vacuum chamber equipped on FTIR spectrometer, and

the temperature was controlled by a water circulator. Spectra were

recorded at a resolution of 0.2 cm�1 in the region of 1,000–

4,000 cm�1 where 60 scans were averaged. Second derivative analy-

sis based on the absorption spectra exhibited a high spectral resolu-

tion, and the enhancement factor for a Gaussian type of lineshape

was 1.88. The magnitude of negative peaks in the second derivative

spectrum was corresponding to the absorption intensity, which was

used for the absorption peak assignment in the FTIR spectrum.

Surface plasmon resonance (SPR) assays

Experiments were performed with a Biacore T200 optical biosensor

instrument with CM5 chips (GE Healthcare, Biacore) at 28 or 5°C

as indicated (Wang et al, 2016). All the proteins used in SPR were

buffer-exchanged to HBS-P buffer (10 mM HEPES, pH 7.4, 150 mM

NaCl, 0.005% surfactant P20) with 5 mM CaCl2 or 10 mM EGTA,

which was filtered through 0.22 lM micro membrane. MBP-

OsCRT3 or MBP-OsCBL8 was captured by the immobilized MBP

antibodies (New England Biolabs, E8038) on a CM5 sensor surface

using standard amine-coupling procedures. MBP antibody in cou-

pling buffer (10 mM sodium acetate, pH 5.0) was injected on the

surface and remaining activated groups were blocked with 1 M

ethanolamine, pH 8.5. MBP protein was captured in the control

channel, which was used as a reference surface. The GST-

OsCIPK7-C protein was serially diluted by HBS-P buffer to a serial

of concentrations as indicated. The proteins were then flowed

over the chip surface and the response units were measured. The

true binding response was obtained by subtracting the value of

control channel to eliminate the bulk effects. Results were inter-

preted using the BiaEvaluation software using 1:1 binding model

(GE Healthcare).

Cytosolic aequorin Ca2+ concentration measurement

The calli expressing aequorin with different genetic backgrounds

were incubated with 1 lM coelenterazine at 25°C for 16 h in dark-

ness. Luminescence counts were recorded every 0.2 s in

GLOMAX20/20 Luminometer (Promega, US) at room temperature.

Then 300 ll of ice-cold water was injected into the cuvette after

20 s of counting, and the luminescence was continued to record for

1 min. Finally, 1 M CaCl2 and 30% ethanol were added to discharge

the remaining aequorin. Calculations of Ca2+ concentrations were

performed as described (Ma et al, 2015).

FRET-based Ca2+ imaging

FRET-based Ca2+ imaging was performed on a Leica TCS SP5 system

equipped with an inverted DMI6000 microscope stand, as described

previously (Krebs et al, 2012; Ma et al, 2015). The rice seeds

expressing Ca2+ biosensor NES-YC3.6 were germinated and grown

at 28°C on 1/2 MS (Murashige and Skoog) medium plates for 4 days

at 28°C. The Ca2+ imaging acquisition and analysis were performed

as described (Ma et al, 2015).
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BiFC assay

BiFC assays were performed as previously described (Waadt et al,

2008). The full-length of OsCIPK7 and OsCBL7 or OsCBL8 were

cloned into the XbaI and KpnI sites of the pSPYCE (M) and

pSPYNE173 plasmids. Different combination of interactions was per-

formed through Agrobacterium-mediated expression in N. benthami-

ana epidermal leaves, which was described above.

In vitro phosphorylation analysis

Phosphorylation analysis was performed as described (Zhang et al,

2019a). Appropriate amount of MBP-OsCIPK7 with GST-OsCRT3 or

MBP-OsCBL7/8 was diluted in the kinase buffer (20 mM Tris–HCl,

pH 8.0, 1 mM CaCl2, 5 mM MgCl2, 10 lM ATP, and 1 mM dithio-

threitol). Myelin basic protein was used as a general substrate indi-

cating the phosphorylation activity of protein kinase. 0.5 ll of c-32P-
ATP (5 lCi) was added into the mixtures and then incubated at

30°C for 0.5 h. 6× SDS loading buffer was added to terminate the

reaction and the samples were boiled at 95°C for 5 min. Samples

were separated by 12% SDS-PAGE gels, following by staining with

CBB (Coomassie brilliant blue). Then the gels were exposed to a

phosphorus screen for more than 12 h, the autoradiograph of c-32P
signals were acquired quantitatively using typhoon 9410 phosphor

imager (Amersham Biosciences).

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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