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In Brief

The ICE1 transcription factor integrates
different signals to regulate cold
tolerance in Arabidopsis. Ding et al.
demonstrate that the protein kinase
OST1, a key component in ABA signaling,
is also activated by cold stress. In
response to cold, OST1 phosphorylates
and stabilizes ICE1, promoting the
expression of downstream cold-
tolerance genes.
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SUMMARY

Cold stress is a major environmental factor that limits
plant growth and development. The C-repeat-bind-
ing factor (CBF)-dependent cold signaling pathway
is extensively studied in Arabidopsis; however, the
specific protein kinases involved in this pathway
remain elusive. Here we report that OST1 (OPEN
STOMATA 1), a well-known Ser/Thr protein kinase
in ABA signaling, acts upstream of CBFs to positively
regulate freezing tolerance. The ost7 mutants show
freezing hypersensitivity, whereas transgenic plants
overexpressing OST1 exhibit enhanced freezing
tolerance. The OST1 kinase is activated by cold
stress. Moreover, OST1 interacts with both the tran-
scription factor ICE1 and the E3 ligase HOS1 in the
CBF pathway. Cold-activated OST1 phosphorylates
ICE1 and enhances its stability and transcriptional
activity. Meanwhile, OST1 interferes with the interac-
tion between HOS1 and ICE1, thus suppressing
HOS1-mediated ICE1 degradation under cold stress.
Our results thus uncover the unexpected roles of
OST1 in modulating CBF-dependent cold signaling
in Arabidopsis.

INTRODUCTION

Global warming has caused climate changes with extreme tem-
peratures in different areas that greatly restrain plant growth,
development, and geographic distribution. Plants have evolved
sophisticated mechanisms to adapt to the extreme tempera-
tures. Upon exposure to cold stress, a set of cold-regulated
(COR) genes are induced to help plants adapt to chilling and
freezing stress (Chinnusamy et al., 2007; Thomashow, 1999).
The transcription factors known as C-repeat (CRT)-binding fac-
tors (CBFs) or dehydration-responsive element (DRE)-binding
proteins (DREBs) can bind to CRT/DRE cis elements and acti-
vate transcription of the downstream COR genes to increase
cold tolerance (Liu et al., 1998; Stockinger et al., 1997; Thoma-
show, 1999). Inducer of CBF expression 1 (ICE1) and calmodulin
binding transcription activator 3 (CAMTAB3) are positive regula-
tors of CBF genes (Chinnusamy et al., 2003; Doherty et al.,
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2009), whereas MYB15 and ethylene insensitive 3 (EIN3) are
negative regulators of CBF genes (Agarwal et al., 2006; Shi
et al., 2012). ICE1 is a bHLH transcription factor that binds to
the CBF3 promoter and activates its expression (Chinnusamy
et al., 2003). ICE1 has been shown to be ubiquitinated by the
E3 ligase HOS1 (high expression of osmotically responsive
gene 1) and degraded by the 26S-proteasome pathway,
whereas sumoylation of ICE1 mediated by SIZ1 (SAP and Miz)
stabilizes ICE1 (Dong et al., 2006; Miura et al., 2007). A recent
study has shown that JA ZIM-domain 1/4 (JAZ1/4) interacts
with ICE1 to repress its transcriptional activity (Hu et al., 2013).
Therefore, ICE1 is not only a central component in cold signaling,
but also serves as a convergence point integrating cold and
other signaling pathways.

Protein phosphorylation plays a pivotal role in plant responses
to cold stress. Several Ca®*-dependent protein kinases (CPKs),
such as OsCPK13, AtCPK1, and CBL-interacting protein kinase3
(AtCIPK3), are involved in cold responses of plants (Bchmer and
Romeis, 2007; Kim et al., 2003; Komatsu et al., 2007). In addition,
the mitogen-activated protein kinase (MAPK) cascade is also
implicated in cold signaling. MKK2 enhances freezing tolerance
by activating COR expression (Teige et al., 2004). The Ca®* bind-
ing calcium/calmodulin-regulated receptor-like kinase CRLK1
regulates CBF regulons and freezing tolerance by modulating
MAPK kinase activity (Yang et al., 2010a, 2010b). However, the
mechanism of these kinases underlying cold signaling remains
largely unknown.

OPEN STOMATA 1 (OST1)/SnRK2.6/SnRK2E is a Ser/Thr pro-
tein kinase in ABA signaling (Mustilli et al., 2002). When ABA
accumulates under stress conditions, the PYR/PYL/RCAR ABA
receptors bind to ABA and subsequently interact with and inhibit
PP2C phosphatases, thus releasing the inhibition of OST1 by
PP2Cs (Hao et al., 2011; Ma et al., 2009; Park et al., 2009; Ume-
zawa et al., 2009; Vlad et al., 2009; Yoshida et al., 2006). Acti-
vated OST1 can phosphorylate ABRE-binding proteins/factors
(AREBs/ABFs) to regulate the expression of stress-responsive
genes (Furihata et al., 2006) and phosphorylate S-type anion
channel SLAC1 to control stomatal movement in plants (Geiger
et al., 2009).

In this study, we report that OST1 interacts with and phosphor-
ylates ICE1, which in turn stabilizes ICE1 and promotes its tran-
scriptional activity under cold stress. Moreover, OST1 interferes
with the interaction between HOS1 and ICE1, which also contrib-
utes to stabilizing ICE1. Our study thus reveals that OST1 posi-
tively regulates cold signaling in the CBF-dependent pathway.
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Figure 1. OST1 Mediates Plant Responses to Freezing Stress

(A and B) Freezing phenotypes (A) and survival rates (B) of the ost1 mutants. Two-week-old plants grown on MS plates at 22°C were treated at —5°C for 1 hror 2 hr
for NA plants and at —8°C or —9°C for 1 hr for acclimated plants (CA; 4 days at 4°C).

(C and D) Freezing phenotypes (C) and survival rates (D) of 16-day-old Super:OST1-Myc plants.

(E) lon leakage assay of the plants in (A) and (C).

(F) Expression of CBFs in 2-week-old seedlings under cold stress.

In (B, D, E and F), data are means of three replicates + SD, and the asterisks indicate significant differences compared with the WT under the same treatment
conditions (*p < 0.05, **p < 0.01, t test).

RESULTS treatment (Figure 1E). Furthermore, overexpression of OST7 in
ost1-3 fully complemented the freezing phenotypes ost7-3 (Fig-

OST1 Is a Positive Regulator in Freezing Tolerance ures S1C-S1E). These results indicate that OST1 is required for

To identify protein kinases involved in cold stress, we collecteda  freezing tolerance in Arabidopsis.

set of T-DNA insertion mutants of genes that encode protein To further assess the role of OST1 in freezing stress, we gener-

kinases from public resources and conducted a freezing toler- ated transgenic plants overexpressing OST7-Myc driven by a

ance assay. Two knockout mutants in OST1/SnRK2.6/SnRK2E,  super promoter (OST1-OE) (Figure S1F). These transgenic plants

ost1-3/snrk2.6/snrk2e, and ost1-4 (Figures S1A and S1B avail- showed enhanced freezing tolerance compared with the WT

able online) showed defective phenotypes under freezing stress  under both NA and CA conditions (Figures 1C and 1D). lon

and were chosen for further study. leakage in these transgenic plants was consistently decreased
Under nonacclimated (NA) and cold-acclimated (CA) condi- compared with the WT (Figure 1E), suggesting that OST1 posi-

tions, the ost7-3 and ost7-4 mutants displayed freezing-sensitive  tively regulates freezing tolerance.

phenotypes compared with the WT Col (Figure 1A). The survival

rates of the ost7 mutants were much lower than the WT under OST1 Is Activated by Cold Stress

both conditions (Figure 1B). Consistent with this, ion leakage, We tested whether cold stress has effects on protein level and

an indicator of plasma membrane injury caused by cold stress, localization of OST1 in OST7-OE transgenic plants. The OST1

was dramatically higher in ost7 than in the WT after freezing protein level and its localization in the nucleus and cytosol

Developmental Cell 32, 278-289, February 9, 2015 ©2015 Elsevier Inc. 279
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Figure 2. Cold Stress Activates OST1 Protein Kinase

(A) In-gel kinase assay of OST1 under cold stress. Total proteins prepared from 2-week-old Super:OST1-Myc plants treated at 4°C for the indicated times were
incubated with anti-Myc agarose beads and separated by SDS-PAGE gel containing 0.3 mg/mL MBP substrate. Plants treated with 50 uM ABA were used as a
control. Radioactivity is shown in the top panel. OST1-Myc detected with anti-Myc antibody is shown in the bottom.

(B) OST1 kinase activity in aba2-21 and abi1-1 (C) mutants under cold stress. Protoplasts prepared from aba2-21 and abi1-1 (C) expressing OST71-Myc were
treated at 4°C for the indicated times. For NDGA treatment, 100 uM NDGA was added for 1 hr before cold treatment. One pCi of [y->2P] was used for the WT and
aba2-21, and 4 uCi of [y->2P] was used for abi1-1 (C). OST1 was immunoprecipitated with anti-Myc antibody and subjected to kinase assay using MBP as
substrate or to immunoblot analysis with anti-Myc antibody. Radioactivity is shown in the top. OST1-Myc serves as a loading control. All these experiments were
done at the same conditions with the same exposure time.

(C and D) Freezing phenotypes (C) and survival rates (D) of 2-week-old ost7-3 and abi1-1 (C) under freezing stress.

(E and F) Freezing phenotypes (E) and survival rates (F) of 2-week-old abi1 abi2 hab1 mutant under freezing stress.

(G) lon leakage of the plants in (C) and (E).

(H) Expression of CBFs in 2-week-old seedlings under cold stress. The expression of gene in untreated WT was set to 1.

In (D and F-H), data are means of three replicates + SD, and the asterisks indicate significant differences compared with the WT under the same treatment
conditions (*p < 0.05, **p < 0.01, t test).

were not obviously altered after cold treatment (Figures S2A and et al., 2002) (Figure 2A). Intriguingly, we found that OST1 was
S2B). To examine whether OST1 kinase activity is affected by  activated rapidly after cold treatment in OST7-OE plants (Fig-
cold stress, we performed an in-gel kinase assay using OST7-  ure 2A). Previous studies indicated that ABA-deficient mutants
OE plants. ABA was used to activate OST1 as a control (Mustilli  show defect in freezing tolerance and expression of COR genes
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(Mantyla et al., 1995; Xiong et al., 2001), suggesting that ABA is
involved in cold responses. In order to see whether ABA plays a
role in cold-activated OST1, we compared the OST1 activity be-
tween the WT and ABA-deficient mutant aba2-271 (Mang et al.,
2012) under cold stress. The similar cold-induced OST1 activ-
ities were observed in both the WT and aba2-217 protoplasts ex-
pressed OST1-Myc (Figure 2B). aba2-21 mutant contains <10%
ABA of WT (Mang et al., 2012) (Figure S2C). The cold activation
of OST1 in aba2-21 was not further compromised by the ABA in-
hibitor nordihydroguaiaretic acid (NDGA) (Mang et al., 2012) (Fig-
ure 2B). In addition, ABA contents in both WT and aba2-21
mutants were moderately decreased after cold treatment (Fig-
ure S2C). Taken together, these results suggest that activation
of OST1 by cold and ABA may be through two distinct pathways.

In ABA signaling, the PP2C protein ABI1 interacts with OST1
and negatively regulates OST1 activity (Umezawa et al., 2009;
Vlad et al., 2009; Yoshida et al., 2006). We next addressed
whether ABI1 affects cold-induced OST1 activity by examining
OST1 activity in the gain-of-function mutant abi7-7 in
Columbia-0 accession (here as abi7-1 (C)) (Luo et al., 2014),
which carries the same mutation as abi7-1 in Ler (Leung et al.,
1994; Meyer et al., 1994). OST1 activity induced by cold was
abolished in abi7-1 (C) (Figure 2B). Consistently, abi7-1 (C)
mutant and ABI71-overexpressing (ABI1-OE) plants exhibited
reduced freezing tolerance and increased ion leakage compared
with the WT (Figures 2C, 2D, 2G, and S2D-S2G). In contrast, the
abi1 abi2 hab1 loss-of-function mutant showed higher survival
rate and lower ion leakage than the WT after freezing treatment
(Figures 2E-2G). These results suggest that ABI1 represses
cold-induced OST1 activity, which in turn negatively controls
freezing tolerance.

OST1 Positively Regulates the Expression of CBF Genes
Next, we examined whether OST1-mediated plant responses to
cold stress is dependent on the CBF pathway. Compared with
the WT, the basal expression of CBF1-CBF3 genes was downre-
gulated in ots7-3, whereas it was upregulated in OST7-OE plants
without cold treatment (Figure 1F). Furthermore, expression of
CBF genes was rapidly induced by cold in both WT and ost1-3;
however, the cold induction of these genes in ost7-3 was consis-
tently decreased compared with the WT (Figure 1F). Cold induc-
tion of CBF regulons, including COR15A and KIN1, was also signif-
icantly attenuated in ost7-3 compared with the WT (Figure S1G).
In contrast, cold induction of CBFs and their regulons was dramat-
icallyincreased in OST1-OE plants compared with the WT (Figures
1F and S1H). These results suggest that OST1 acts upstream of
CBFs to regulate CBF-dependent gene expression.

Similar to ost7-3, cold-induced expression of CBFs in abi1-1
(C) and ABI1-OE plants was decreased compared with the WT
(Figures 2H and S2H). These results further demonstrate that
OST1-mediated cold signaling is suppressed by ABI1.

OST1 Interacts with ICE1

Because OST1 positively regulates the expression of CBFs, we
next tested whether OST1 interacts with ICE1, the transcription
factor upstream of CBFs. A yeast two-hybrid assay showed that
ICE1 interacted with OST1 and its homolog SnRK2.3 but not
SnRK2.4 (Figures 3A and S3). We further identified the functional
domains required for their interaction in yeast. ICE1 protein con-

tains a putative acidic domain, serine-rich region in the N terminus,
and MYC-like bHLH domain and possible zipper region at the C
terminus (Chinnusamy et al., 2003). Deletion of the N-terminal re-
gions of ICE1 did not obviously affect the interaction between
OST1 andICE1, whereas deletion of the C terminus abolished their
interaction (Figures 3A and 3B), indicating that C terminus of ICE1
is required for its binding to OST1. To determine the functional
domain of OST1 interacting with ICE1, we generated two trun-
cated forms of OST1 (Figure 3C) and found that Domain Il of
OST1 is necessary for the OST1-ICElinteraction (Figure 3D).

The OST1-ICE1 interaction was verified by an in vitro pull-
down assay. The His-ICE1 protein, but not the MBP-His protein,
was able to pull down the GST-OST1 protein (Figure 3E). In addi-
tion, a coimmunoprecipitation (colP) assay was performed in
Nicotiana benthamiana leaves expressing OST7-Myc and HA-
FLAG-ICE1 (HF-ICET1), and OST1 was pulled down by ICE1 (Fig-
ure 3F). Further, a bimolecular fluorescence complementation
(BiFC) assay revealed that the OST1-ICE1 association occurred
in the nuclei of tobacco epidermal cells (Figure 3G). These results
collectively indicate that OST1 interacts with ICE1.

OST1 Phosphorylates ICE1 and Enhances Its Stability
under Cold Stress

We next examined whether OST1 can phosphorylate ICE1
in vitro. His-OST1 showed strong autophosphorylation activity.
When incubated with OST1, ICE1 was phosphorylated (Fig-
ure 4A), suggesting that ICE1 is a substrate of OST1 in vitro.

To determine whether ICE1 is phosphorylated in an OST1-
dependent manner in planta, ICE1 proteins were immunoprecip-
itated from HF-ICE1 transgenic plants and treated with calf
intestinal alkaline phosphatase (CIAP). At 22°C, the position of
ICE1 band derived from HF-ICE1 plants was not obviously
altered with CIAP treatment (Figure 4B). However, the ICE1 pro-
tein extracted from 4°C-treated plants migrated more slowly
compared with that at 22°C without CIAP treatment. Moreover,
this migration of ICE1 protein at 4°C was dramatically inhibited
after CIAP treatment (Figure 4B), indicating that ICE1 is phos-
phorylated in planta especially under cold conditions. In
contrast, no very obvious migration of ICE1 protein was detected
in ost1-3 plants expressing HF-ICE 1 at 4°C before and after CIAP
treatment (Figure 4B), suggesting that the phosphorylation of
ICE1 is predominantly mediated by OST1 under cold conditions.

We next tested whether ICE1 stability is influenced by OST1
in vivo. ICE1 is shown to be degraded by HOS1 under cold stress
(Dong et al., 2006). Consistent with this, the ICE1 protein was
degraded in HF-ICE1 transgenic plants upon cold treatment
(Figure 4C). However, the degradation of ICE1 was significantly
reduced in HF-ICE1/OST1-Myc transgenic plants under cold
stress (Figure 4C). This phenomenon was also consistently
observed in Arabidopsis protoplasts expressing HF-ICE1/
OST1-Myc. Cold-induced ICE1 degradation was blocked by
expression of OST1 and addition of MG132, a 26S proteosome
inhibitor (Figures S4A and S4B).

To further dissect the role of OST1 in ICE1 stability, we exam-
ined the ubiquitination of ICE1 in HF-ICE1 and HF-ICE1/OST1-
Myc transgenic plants. ICE1 protein was ubiquitinated by cold
stress in HF-ICET transgenic plants, which is consistent with a
previous study (Dong et al., 2006). However, the ubiquitination
of ICE1 was evidently inhibited in HF-ICE1/OST1-Myc

Developmental Cell 32, 278-289, February 9, 2015 ©2015 Elsevier Inc. 281
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Figure 3. OST1 Interacts with ICE1
(A) The interaction of OST1 and ICE1 in yeast.

(B and C) Diagram of ICE1-truncated proteins (B) and OST1-truncated proteins (C) used for the yeast two-hybrid assays described in (A) and (D).

(D) Interaction of ICE1 and OST1 in yeast.

(E) Interaction of OST1 and ICE1 proteins in vitro. The GST-OST1 proteins were incubated with immobilized His-ICE1 or MBP-His, and the proteins immuno-

precipitated with His-beads were detected using anti-GST1 antibody.

(F) Interaction of OST1 and ICE1 proteins in vivo. The total protein extracts from N. benthamiana leaves transfected with 356S:HA-FLAG-ICE1 (35S:HF-ICE1)/
Super:0ST1-myc or Super:OST1-Myc alone were immunoprecipitated with anti-FLAG Sepharose beads. The proteins from crude lysates (left, input) and

immunoprecipitated proteins (right) were detected with anti-Myc antibody.

(G) BIFC analysis of the interaction between OST1 and ICE1 in N. benthamiana. Scale bars represent 20 pm.

transgenic plants (Figure 4D). These results suggest that the
OST1-mediated ICE1 phosphorylation stabilizes ICE1 by com-
promising its ubiquitination under cold conditions.

Next, we examined ICE1 degradation in the WT, ost7-3, and
OST1-OE plants using a cell-free protein degradation assay.
ICE1 protein was extracted from Arabidopsis protoplasts that ex-
pressed HF-ICE1 and incubated with total proteins prepared from
the WT, ost7-3, and OST1-OE plants in the presence of ATP. ICE1
was degraded faster in ost7-3 than the WT under cold stress.
However, the degradation of ICE1 was largely suppressed in
OST1-OE plants (Figure 4E). These data provide further evidence
that ICE1 stability is positively regulated by OST1 in planta.

We next searched for possible phosphorylation sites in the
ICE1 protein according to the OST1 phosphoproteomics data

(Wang et al., 2013a). Strikingly, we found that S278 of ICE1 might
be a putative phosphorylation site by OST1. To dissect the
possible biological function of this potential phosphorylation
site of ICE1, WT ICE1 and the phosphorylated active form of
ICE1 carrying a serine to aspartate mutation (ICE15278P) were
transformed into the WT plants and protoplasts, and ICE1 stabil-
ity was examined. The ICE1 protein levels were decreased in
both stable transgenic plants and Arabidopsis protoplasts ex-
pressing HF-ICE1 after 3 hr of cold treatment (Figures 4F and
S4C). However, the stability of ICE152780 was dramatically
enhanced in transgenic plants and protoplasts expressing
HF-ICE15278P compared with WT ICE1 (Figures 4F and S4C),
suggesting that phosphorylation at S278 of ICE1 is required
for ICE1 stability. We also generated construct expressing

282 Developmental Cell 32, 278-289, February 9, 2015 ©2015 Elsevier Inc.
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Figure 4. OST1 Phosphorylates ICE1 under Cold Stress

(A) Phosphorylation of ICE1 and ICE15278” by OST1 in vitro. The purified proteins were separated by 10% SDS-PAGE after incubation in protein kinase assay
buffer containing [y->2PIATP. Radioactivity is shown in the top, and ICE1 and ICE1 S278A proteins detected with anti-HA antibody are shown in the bottom.

(B) Phosphorylation of ICE1 under cold stress in vivo. Two-week-old 35S:HF-ICE1, 35S:HF-ICE1/ost1-3 and 35S:HF-ICE1527%4 plants were treated at 4°C for 1 hr.
ICE1 proteins immunoprecipitated with anti-HA antibody were treated with calf intestinal alkaline phosphatase (CIAP) at 37°C for 30 min and then subjected to
immunoblot analysis using anti-HA antibody.

(C) ICE1 stability is enhanced by OST1 in vivo under cold stress. Two-week-old 35S:HF-ICE1 or 35S:HF-ICE1/Super:OST1-Myc transgenic plants were treated at
4°C for 0 and 3 hr. ICE1 was detected with anti-HA antibody; OST1 was detected with anti-Myc antibody, and Actin2 served as a control.

(D) Ubiquitination of ICE1 is suppressed by OST1 in vivo. Two-week-old 35S:HF-ICE1 or 35S:HF-ICE1/Super:OST1-Myc seedlings were treated at 4°C for 6 hr,
and the proteins were subjected to immunoblot analysis using anti-HA or anti-Ubiquitin (Ub) antibody for ICE1 and anti-Myc antibody for OST1.

(E) OST1 suppresses ICE1 degradation. In vitro cell-free degradation assays were performed. ICE1 was detected with anti-HA antibody, and OST1 was detected
with anti-Myc antibody.

(F) The stability of ICE1 and ICE15278P under cold stress. Stable transgenic plants expressing ICE1 and ICE15278P were treated at 4°C for 0 and 3 hr. ICE1 proteins
were detected with anti-HA antibody. Actin2 served as a loading control.

(G and I) Freezing phenotypes of 12-day-old ice7-2 plants overexpressing ICE1 (G) and ICE152784 (1),

(Hand J) Survival rates of 12-day-old ice -2 plants overexpressing WT ICE1 (H) and ICE15278A (J). Data are means of three replicates + SD, and asterisks indicate
significant differences compared to the WT under the same treatment conditions (*p < 0.05, **p < 0.01, t test).
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Figure 5. OST1 Promotes the Transcrip-
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Protoplasts expressing 35S:HF-ICE1 alone or
35S:HF-ICE1/Super: OST1-Myc were treated at
22°C or 4°C and subjected to ChlIP assays.

Control OST1

ATG
v v v Y MYC

Yz vZZzZzz2

P3

P2

-
»

22°C 4°C

-
N

E-N
N @ A& a gflg
o w o wo © ©o © 3%

Relative enrichment
o
Relative enrichment

ICE1 ICE1+0ST1 ICE1

nonphosphorylation mutated form of ICE1 carrying a serine 278
to alanine mutation (ICE1527%%) for in vitro kinase assay.
ICE15278A could also be phosphorylated by OST1, but the
signal was slightly weaker than ICE1 (Figure 4A), implying
the existence of other OST1 phosphorylation sites in ICE1.
When ICE15278” was expressed in Arabidopsis, the migration
of ICE1 was drastically suppressed in ICET52754 transgenic
plants under cols stress (Figure 4B), indicating that S278 of
ICE1 is the major phosphorylation site of OST1 in vivo under
cold conditions.

We next determined whether phosphorylation of ICE1 is
required for its function by introducing ICE1527% into ice1-2 (Fig-
ure S4D). Compared with the WT, the ice7-2 mutant showed
increased freezing sensitivity and ion leakage, which could be
fully rescued by ICET (Figures 4G, 4H, and S4E), but could not
be rescued by ICET52784 (Figures 41, 4J, and S4F). These data
indicate that phosphorylation of ICE1 at S278 is required for its
function in cold signaling.

OST1 Enhances the Binding Ability of ICE1 to the CBF3
Promoter

To investigate how OST1 affects ICE1 in regulation of CBF gene
expression, we analyzed the effect of OST1 on ICE1 binding ac-

300 bp

ICE1+0OST1

(C) Activation of CBF3 expression by ICE1 is pro-
moted by OST1 in N. benthamiana. The various
constructs used are shown in the top. CBF3:GUS
was cotransformed with other constructs into
N. benthamiana leaves, and leaves transfected
with CBF3:GUS were only used as a control. After
transfection, the plants were incubated at 22°C for
36 hr and 4°C for an additional 3 hr. Relative GUS
activity (GUS/Luc) indicating the level of CBF3
expression activated by ICE1 is shown in the
bottom. In (B) and (C), data are means of three
replicates + SD.
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tivity by electrophoresis mobility shift
assay (EMSA). ICE1 protein was able to
bind to the CBF3 promoter (Figure 5A),
which is consistent with a previous study
(Chinnusamy et al., 2003). When ICE1
was phosphorylated by OST1 in vitro,
the binding affinity of phosphorylated ICE1 to the CBF3 promoter
was dramatically enhanced (Figure 5A).

The effect of OST1 on the ability of ICE1 to bind the CBF3 pro-
moter was further examined by chromatin immunoprecipitation
(ChIP) assays. Arabidopsis protoplasts expressing HF-ICE1
alone or HF-ICE1/OST1-Myc were treated at 22°C or 4°C.
ICE1 specifically bound to the CBF3 promoter, and this binding
activity was enhanced when OST1 was overexpressed at 22°C
(Figure 5B). Furthermore, the OST1-mediated ICE1 binding to
the CBF3 promoter was further enhanced by cold stress (Fig-
ure 5B). These results suggest that OST1 promotes ICE1 binding
to the CBF3 promoter in vivo.

To further test the effect of OST1 on ICE1 transcriptional ac-
tivity, we performed transient transactivation assays using the
CBF3 promoter fused to the GUS gene as a reporter. ICE1
and OST1 effector constructs were expressed under the con-
trol of the 35S or super promoter and transfected together
with the reporter construct into leaves of N. benthamiana.
The expression of ICE1 protein activated CBF3 expression
(Figure 5C), whereas coexpression of OST1 dramatically in-
creased ICE1-activated CBF3 expression. In addition, cold
treatment enhanced the OST1-induced promotion of ICE1-
induced CBF3 expression (Figure 5C). These results strongly
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Figure 6. OST1 Competes with ICE1 for Interaction with HOS1

(A) The interaction of OST1 and the C terminus of HOS1 (HOS1C) in yeast.

(B) Coimmunoprecipitation of OST1 and HOS1 proteins in vivo. N. benthamiana leaves were transfected with Super:OST71-Myc alone or Super:0ST1-myc/
35S:HF-HOS1C. The total protein extracts were immunoprecipitated with anti-HA Sepharose beads, and the proteins from crude lysates (input), and immu-
noprecipitated proteins were detected with anti-Myc antibody.

(C) The in vitro interaction between ICE1 and HOS1 is weakened by OST1. GST-OST1 protein combined with His-ICE1 or His-MBP was incubated with im-
mobilized MBP-HOS1. MBP-HOS1 input is shown in the right. Immunoprecipitated proteins were detected with anti-MBP antibody. The gradient in the bottom
indicates an increasing amount of GST-OST1.

(D) Yeast three-hybrid assays showing the effects of OST1 on the HOS1-ICE1 interaction. Yeast cells were transformed with pB-HOS1C-OST1 or pB-HOS1C-
OST1AC with pA-ICE1 and cultured on SC/-Trp/-Leu/-Met medium. The B-galactosidase assay was performed. The interaction value for HOS1-ICE1-OST1AC
was set to 1, and the relative interaction for HOS1-ICE1-OST1 is shown in the bottom. The data are mean values of three replicates + SD.

(E) Interactions of OST1, HOS1, and ICE1 proteins in vivo. Arabidopsis protoplasts were transfected with HOS1C-GFP/HF-ICE1 (lane 1), HOS1C-GFP/HF-ICE1/
OST1-Myc (lane 2), or HOS1C-GFP alone (lane 3). Proteins from crude lysates (input) were detected with anti-GFP and anti-Myc antibodies. Total protein extracts
were immunoprecipitated with anti-HA Sepharose beads. Immunoprecipitated proteins were detected with anti-GFP antibody.

(F) The effect of ICE1 phosphorylation on HOS1-ICE1 interaction. N. benthamiana leaves were transfected with HF-HOS1C and Myc-ICE1 or Myc-ICE15278P,
Proteins from crude lysates (input) were detected with anti-Myc antibody. The total protein extracts were immunoprecipitated with anti-HA Sepharose beads.

Immunoprecipitated proteins were detected with anti-Myc antibody.

support that OST1 modulates cold signaling by controlling the
transcriptional ability of ICE1.

The OST1-HOS1 Interaction Interferes with the HOS1-
ICE1 Interaction
Because ICE1 interacts with HOS1 (Dong et al., 2006) and OST1
(Figure 3), we next tested whether OST1 is also associated with
HOS1. In yeast, OST1 was able to interact with the C terminus of
HOS1 (Figure 6A), which is also the interacting domain with ICE1
(Dong et al., 2006). Moreover, a colP assay confirmed the inter-
action of HOS1 and OST1 in N. benthamiana leaves (Figure 6B).

To examine whether OST1 affects the HOS1-ICE1 interaction
in vitro, MBP-HOS1, GST-OST1, and His-ICE1 proteins ex-
pressed in E. coli were used for a pull-down assay. HOS1 inter-
acted with ICE1, whereas this interaction was greatly reduced by
the addition of OST1 (Figure 6C). Moreover, the attenuation of
this interaction was dependent on the amount of OST1 (Fig-
ure 6C). These data demonstrate that OST1 and HOS1 compete
for binding to ICE1 in vitro.

A yeast three-hybrid assay was performed to further explore
the effect of OST1 on the HOS1-ICE1 interaction. We generated

a prey construct expressing ICE1, two bait constructs express-
ing C-terminal HOS1 and a mock OST1 bridge (OST1AC) that
did not interact with ICE1 (Figure 4D) or the full-length OST1
bridge protein. The HOS1-ICE1 interaction was dramatically
decreased in yeast cells expressing OST1 but not in those ex-
pressing OST1AC (Figure 6D).

We then analyzed the effect of OST1 on the HOS1-ICE1
interaction in planta. HOS1C-GFP, HF-ICE1, and OST1-Myc
were expressed in Arabidopsis protoplasts, and a colP assay
was performed. HOS1 could interact with ICE1, and the
HOS1-ICE1 interaction was evidently weakened by coexpres-
sion of OST1 (Figure 6E). Moreover, the interaction of HOS1
and ICE1527®° was examined in N. benthamiana expressing
HF-HOS1C and Myc-ICE15278P_ |CE15278D fajled to interact
with HOS1 (Figure 6F), suggesting that the phosphorylated
ICE1 protein inhibits its interaction with HOS1. Furthermore,
we determined the effect of OST1 on ICE1 stability in the
presence of HOS1. HF-ICE1, OST1-Myc, and HOS1-HA were
expressed in Arabidopsis protoplasts, respectively, and total
proteins were extracted and mixed them with combinations
under cold conditions for a semi-in vitro degradation assay.
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(A and B) Freezing phenotypes (A) and survival rates (B) of 2-week-old ost71-3, ice1-2, and ost1-3 ice1-2 plants.
(C) Expression of CBFs in 2-week-old seedlings described in (A) after cold treatment at 4°C for 3 hr.
(D and E) Freezing phenotypes (D) and survival rates (E) of 2-week-old ost7-3 plants overexpressing ICE1. The corresponding protein levels are shown at the

top of (E).

(F) Expression of CBFs in 2-week-old seedlings described in (D) after cold treatment at 4°C for 3 hr. The expression of gene in untreated WT was set to 1.
In (B), (C), (E), and (F), data are means of three replicates + SD, and asterisks indicate significant differences between the mutants and WT under the same

treatment conditions (*p < 0.05, **p < 0.01, t test).

(G) The proposed model showing that OST1 modulates cold signaling by stabilizing ICE1.

Cold stress activates OST1 protein kinase, which is suppressed by ABI1. The cold-activated OST1 subsequently phosphorylates ICE1 and inhibits HOS1-
mediated degradation of ICE1. In addition, OST1 interacts with HOS1 and facilitates the release of HOS1 to bind to ICE1. As a result, the stability and tran-
scriptional activity of ICE1 are enhanced, thereby promoting the expression of CBFs and freezing tolerance.

ICE1 was degraded by HOS1, whereas overexpression of
OST1 inhibited the degradation of ICE1 by HOS1 (Figure S4G).
Taken together, these results suggest that OST1 phosphory-
lates ICE1, which in turn suppresses HOS1-mediated degrada-
tion of ICE1.

Genetic Interaction of OST1 and ICE1

To explore the genetic interaction of OST7 and ICE1, we gener-
ated ice7-2 ost1-3 double mutant. Similar to ice7-2 and ost7-3,
the ice1-2 ost1-3 double mutant displayed enhanced freezing
sensitivity and decreased cold induction of CBF genes (Figures
7A-7C). When ICE1 was overexpressed in ost1-3, the freezing
hypersensitivity and decreased cold-induced CBFs expression
of ost1-3 were fully suppressed (Figures 7D-7F). These results
further support that OST1 acts upstream of ICE1 in the CBF-
dependent pathway.

DISCUSSION

Currently, the most thoroughly understood cold signaling
pathway is ICE1-CBF-COR cascade; however, the protein ki-
nases that act upstream in this cascade have remained elusive.
In this study, we demonstrate that OST1, the positive regulator in
the ABA signaling pathway, is a crucial protein kinase in the CBF-
dependent pathway to regulate cold responses. Under cold
stress, OST1 phosphorylates ICE1 and inhibits the degradation
of ICE1 mediated by HOS1. Meanwhile, the OST1 protein also
competes with HOS1 for binding to ICE1, thus liberating ICE1
from the HOS1-ICE1 complex. The dual role of OST1 contributes
to the enhancement of ICE1 stability to increase CBF expression
and freezing tolerance (Figure 7G).

OST1 is regarded as a central component in stomatal move-
ment regulated by ABA (Fujita et al., 2009; Mustilli et al., 2002;
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Yoshida et al., 2002). OST1 protein kinase activity was shown to
be activated by ABA, NaCl, and low-humidity stress (Mustilli
et al., 2002; Yoshida et al., 2006), but not cold stress (Yoshida
et al., 2006). However, we show here that OST1 kinase is acti-
vated in plants under cold stress (Figure 2). This discrepancy is
probably due to the different experiment systems used. Intrigu-
ingly, cold activates OST1 at the similar levels in the WT and
ABA-deficient mutant aba2-27 (Mang et al., 2012). Previous
reports have shown that mild increases in endogenous ABA
levels are observed after 6 hr of cold treatment in Arabidopsis
(Lang et al., 1994) and after 12 hr of cold treatment in tomato
(Daie and Campbell, 1981). In this study, we found that endoge-
nous levels of ABA in both WT and aba2-21 mutant are moder-
ately reduced following 0.5 hr of cold treatment (Figure S2).
This is not contradictory because 6-24 hr of cold treatment
was used in the former studies (Daie and Campbell, 1981;
Lang et al., 1994), whereas OST1 is activated after 0.5-1.5 hr
of cold treatment in this study (Figure 2). Based on all these re-
sults, we postulate that ABA plays little role, if any, in the cold in-
duction of OST1 activity at the early stage of cold response.
Meanwhile, mutations of genes in ABA biosynthesis (aba7? and
abal) result in impaired freezing tolerance (Mantyla et al.,
1995; Xiong et al., 2001). In these ABA-deficient mutants, the
reduced accumulation of ABA would decrease the expression
of ABA responsive genes whose encoding proteins may function
against different abiotic stresses, including cold and salt stress.
It is likely that this process would mainly determine the basal
resistance of the plants to cold stress.

Notably, cold activation of OST1 is abolished in the abi7-1
dominant mutant. Moreover, ost1, abi1-1 (C), and ABI1-OE
plants show decreased cold induction of CBF genes and
freezing sensitivity, whereas the abi1 abi2 hab1 mutant displays
the opposite freezing phenotypes (Figure 2). These data suggest
that cold stress can activate OST1 perhaps by inactivating ABI1
somehow in an ABA-independent manner. Considering that ABA
receptors PYR/PYLs have ABA-independent functions (Hao
et al., 2011), one possibility is that cold stress may change the
conformation of some PYR/PYL proteins in an unknown mecha-
nism or affect other unknown proteins (such as proteins involved
in cold sensing) that could directly interact with ABI1 and release
its inhibition on OST1. A previous study has shown that phos-
pholipase Da1 (PLDa1)-derived phosphatidic acid (PA) in the
plasma membrane can interact with ABI1 to mediate the ABA
effects on stomata movement (Mishra et al., 2006). Cold stress
can induce an increase in PA in the plasma membrane (Welti
etal., 2002). Therefore, it is also possible that ABI1 might be teth-
ered by PA under cold stress, which leads to removal of the ABI1
inhibition of OST1. Further study on how OST1 is activated by
cold stress will shed more light on the understanding of cold
perception in plants.

Under cold stress, ICE1 exists majorly as phosphorylated form
in plants, and this phosphorylation is predominantly mediated by
OST1 (Figure 4). The OST1-ICE1 interaction and phosphoryla-
tion of ICE1 at S278 by OST1 attenuates ICE1 proteolysis medi-
ated by HOS1 (Figures 4 and 5). Indeed, ICE1 protein was found
to remain stable within a 2 hr cold treatment, and thereafter it
began to degrade (Figure S4H). It is noteworthy that the ICE1-in-
teracting domain of OST1 (Domain ) is also the docking site for
ABI1 (Yoshida et al., 2006). So it is likely that ABI1 could also

compete with ICE1 for binding to OST1 and prevent OST1
from dephosphorylation by ABI1, which consequently results in
feedback activation of OST1. A previous study showed that a
mutated form of ICE1, ICE1%4%*A, has increased protein stability
and transactivation activity under cold stress (Miura et al., 2011).
These findings suggest that the phosphorylation of ICE1 by
different protein kinases execute distinct functions. At the early
stages of cold stress, ICE1 phosphorylated by OST1 is a stable
and active form that activates the expression of CBFs to
enhance plant freezing tolerance; however, ICE1 that is phos-
phorylated at later stages by other unknown protein kinases
may be more easily recognized by HOS1 and subsequently
degraded via the 26S-proteasome pathway (Dong et al., 2006).
Given that ICE1 is also regulated by ubiquitination and sumoyla-
tion (Dong et al., 2006; Miura et al., 2007), it will be interesting to
investigate the homeostasis regulation of ICE1 through multiple
protein modifications.

Stomatal movement plays important roles in plant responses
to environmental stimuli, including CO, exchanges, water tran-
spiration, and plant defense responses (Shimazaki et al., 2007).
Commelina communis stomata close rapidly when plants are
shifted from 27°C to 7°C, which might be a result of increased
calcium uptake by guard cells (Wilkinson et al., 2001). ICE1 reg-
ulates plant stomatal development by interacting with an intrinsic
positive regulator, SPEECHLESS, that directs entry into the
stomatal cell lineage (Kanaoka et al., 2008). OST1 can directly
phosphorylate and activate the ion channel SLAC1 to regulate
stomatal movement (Geiger et al., 2009). The results suggest a
potential link between the cold response and stomatal develop-
ment/movement. Intriguingly, both OST7 and ICE1 are predom-
inantly expressed in guard cells and vascular tissues (Kanaoka
et al., 2008; Mustilli et al., 2002), which is consistent with our re-
sults showing their function in the same cold signaling pathway.
However, the CBFs and their target genes are expressed in all
leaf cells under cold stress (Novillo et al., 2007). The different
expression patterns of CBFs and ICE1/OST1 imply that the
reduced expression of CBFs by cold stress in ost1 and ice1 mu-
tants should mainly occur in the tissues where ICET and OST1
are expressed. Further investigation will decipher the interplay
of stomatal development/movement and cold responses in
plants.

EXPERIMENTAL PROCEDURES

Plants Materials and Growth Conditions

Arabidopsis ecotype Col plants were grown on MS medium at 22°C
under a 16 hr light/8 hr dark photoperiod. The mutants ost7-3/snrk2.6
(SALK_008068), ost1-4 (GK-516B05), abi1-1 (Col) (Luo et al., 2014), aba2-21
(Mang et al., 2012), ice1-2 (Kanaoka et al., 2008), and abi1 abi2 hab1 (Hua
et al., 2012) were used in this study. Details of transgenic plants and plasmid
constructions were described in the Supplemental Information.

Physiological Analyses

The freezing tolerance and ion leakage assays were performed as described
(Shi et al., 2012). The detailed procedures were described in Supplemental In-
formation. ABA contents were determined as described previously (Fu et al.,
2012).

In Vitro Pull-Down Assay
The pull-down assay was performed as described (Wang et al., 2011). Detailed
procedures are provided in the Supplemental Information.
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Yeast Two-Hybrid and Three-Hybrid Assays

The yeast two-hybrid and three-hybrid assays were performed as described
(Lian et al., 2011; Wang et al., 2011). The yeast strain was transformed with
pairs of plasmids (pB-HOS1C-OST1 and pA-ICE1 or pB-HOS1C-mOST1
and pA-ICE1) in yeast three hybrid assay.

Protein Kinase Assay

In-gel kinase assay was performed as described previously (Fujii et al., 2007).
Detailed in vitro and in-gel kinase assays are provided in the Supplemental
Information.

ColP Assay

The total proteins were extracted from N. benthamiana leaves expressing
Super:0ST1-Myc/35:HF-ICE1 or Super:OST1-Myc constructs and incubated
with anti-FLAG agarose beads. Proteins bound to the beads were detected
with anti-Myc antibody (Sigma-Aldrich).

For the interference assay, the total proteins were extracted from Arabidop-
sis protoplasts expressing Super:OST1-Myc/35:HF-ICE1 or Super:OST1-
Myc/35:HF-ICE1/Super:HOS1C-GFP or Super:HOS1C-GFP, incubated with
anti-HA agarose beads and detected with anti-GFP antibody (Sigma-Aldrich).

For the HOS1-ICE15278C interaction assay, total proteins were prepared
from N. benthamiana leaves expressing 35S:HF-HOS1C/35S:Myc-ICE15278P,
358:HF-HOS1C/358:Myc-ICE1, 35S8:Myc-ICE15278P, and 35S:Myc-ICET con-
structs and immunoprecipitated with HA agarose beads. The samples were
detected by anti-Myc and anti-HA antibodies (Sigma-Aldrich).

ChIP Assay

ChIP assay was performed on Arabidopsis protoplasts expressing 35:HF-ICE1
alone or 35:HF-ICE1/Super:0ST1-Myc as described (Shi et al., 2012). The
enriched DNA fragments were analyzed by qRT-PCR using the primers listed
in the Supplemental Information.

EMSA Assay

His-ICE1 and GST-OST1 proteins were expressed in E. coli and purified using
His and glutathione sepharose beads, respectively (Amersham Biosciences).
His-ICE1 was incubated with GST-OST1 or GST with kinase reaction buffer
at 30°C for 30 min. A biotin-labeled CBF3 DNA fragment was then incubated
with His-ICE1 or phosphorylated His-ICE1. The EMSA assay was described
in the Supplemental Information.

Cell-free and Semi-In Vivo Protein Degradation Assays

Cell-free and semi-in vivo protein degradation assays were performed as
described (Liu et al., 2010; Wang et al., 2013b). Equal amounts of proteins
from the WT Col, ost7-3, and Super:OST1-Myc plants were incubated with
HF-ICE1 protein expressed in Arabidopsis protoplasts at 22°C for 30 and
60 min, and they were detected by immunoblotting with an anti-HA antibody.
The detailed semi-in vivo protein degradation assay was described in the Sup-
plemental Information.

Additional Methods
Additional information on plasmid construction, gene expression analysis, and
transient transactivation assay is provided in Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2014.12.023.

ACKNOWLEDGMENTS

We thank J.K. Zhu, J. Hua, H.Q. Yang, D. Yu, and Y. Guo for vectors and
seeds and S. Fang and J. Chu in determining the ABA contents. This
work was supported by the National Key Scientific Research Project
(2011CB915401), the National Natural Science Foundation of China
(31330006 and 31421062), and the China Foundation for Distinguished Young
Scientists (312250083).

Received: August 5, 2014
Revised: November 4, 2014
Accepted: December 23, 2014
Published: February 9, 2015

REFERENCES

Agarwal, M., Hao, Y., Kapoor, A., Dong, C.H., Fuijii, H., Zheng, X., and Zhu, J.K.
(2006). A R2R3 type MYB transcription factor is involved in the cold regulation
of CBF genes and in acquired freezing tolerance. J. Biol. Chem. 281, 37636-
37645.

Boéhmer, M., and Romeis, T. (2007). A chemical-genetic approach to elucidate
protein kinase function in planta. Plant Mol. Biol. 65, 817-827.

Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B.H., Hong, X., Agarwal, M., and
Zhu, J.K. (2003). ICE1: a regulator of cold-induced transcriptome and freezing
tolerance in Arabidopsis. Genes Dev. 17, 1043-1054.

Chinnusamy, V., Zhu, J., and Zhu, J.K. (2007). Cold stress regulation of gene
expression in plants. Trends Plant Sci. 12, 444-451.

Daie, J., and Campbell, W.F. (1981). Response of tomato plants to stressful
temperatures: increase in abscisic acid concentrations. Plant Physiol. 67,
26-29.

Doherty, C.J., Van Buskirk, H.A., Myers, S.J., and Thomashow, M.F. (2009).
Roles for Arabidopsis CAMTA transcription factors in cold-regulated gene
expression and freezing tolerance. Plant Cell 27, 972-984.

Dong, C.H., Agarwal, M., Zhang, Y., Xie, Q., and Zhu, J.K. (2006). The negative
regulator of plant cold responses, HOS1, is a RING E3 ligase that mediates the
ubiquitination and degradation of ICE1. Proc. Natl. Acad. Sci. USA 7103, 8281-
8286.

Fu, J., Chu, J., Sun, X., Wang, J., and Yan, C. (2012). Simple, rapid, and simul-
taneous assay of multiple carboxyl containing phytohormones in wounded
tomatoes by UPLC-MS/MS using single SPE purification and isotope dilution.
Anal. Sci. 28, 1081-1087.

Fuijii, H., Verslues, P.E., and Zhu, J.K. (2007). Identification of two protein ki-
nases required for abscisic acid regulation of seed germination, root growth,
and gene expression in Arabidopsis. Plant Cell 19, 485-494.

Fujita, Y., Nakashima, K., Yoshida, T., Katagiri, T., Kidokoro, S., Kanamori, N.,
Umezawa, T., Fujita, M., Maruyama, K., Ishiyama, K., et al. (2009). Three
SnRK2 protein kinases are the main positive regulators of abscisic acid
signaling in response to water stress in Arabidopsis. Plant Cell Physiol. 50,
2123-2132.

Furihata, T., Maruyama, K., Fuijita, Y., Umezawa, T., Yoshida, R., Shinozaki, K.,
and Yamaguchi-Shinozaki, K. (2006). Abscisic acid-dependent multisite phos-
phorylation regulates the activity of a transcription activator AREB1. Proc. Natl.
Acad. Sci. USA 103, 1988-1993.

Geiger, D., Scherzer, S., Mumm, P., Stange, A., Marten, |., Bauer, H., Ache, P.,
Matschi, S., Liese, A., Al-Rasheid, K.A., et al. (2009). Activity of guard cell anion
channel SLAC1 is controlled by drought-stress signaling kinase-phosphatase
pair. Proc. Natl. Acad. Sci. USA 106, 21425-21430.

Hao, Q., Yin, P., Li, W., Wang, L., Yan, C., Lin, Z., Wu, J.Z., Wang, J., Yan, S.F.,
and Yan, N. (2011). The molecular basis of ABA-independent inhibition of
PP2Cs by a subclass of PYL proteins. Mol. Cell 42, 662-672.

Hu, Y., Jiang, L., Wang, F., and Yu, D. (2013). Jasmonate regulates the inducer
of cbf expression-C-repeat binding factor/DRE binding factor1 cascade and
freezing tolerance in Arabidopsis. Plant Cell 25, 2907-2924.

Hua, D., Wang, C., He, J., Liao, H., Duan, Y., Zhu, Z., Guo, Y., Chen, Z., and
Gong, Z. (2012). A plasma membrane receptor kinase, GHR1, mediates
abscisic acid- and hydrogen peroxide-regulated stomatal movement in
Arabidopsis. Plant Cell 24, 2546-2561.

Kanaoka, M.M., Pillitteri, L.J., Fujii, H., Yoshida, Y., Bogenschutz, N.L.,
Takabayashi, J., Zhu, J.K., and Torii, K.U. (2008). SCREAM/ICE1 and
SCREAM2 specify three cell-state transitional steps leading to arabidopsis
stomatal differentiation. Plant Cell 20, 1775-1785.

Kim, K.N., Cheong, Y.H., Grant, J.J., Pandey, G.K., and Luan, S. (2003). CIPK3,
a calcium sensor-associated protein kinase that regulates abscisic acid and
cold signal transduction in Arabidopsis. Plant Cell 15, 411-423.

288 Developmental Cell 32, 278-289, February 9, 2015 ©2015 Elsevier Inc.


http://dx.doi.org/10.1016/j.devcel.2014.12.023
http://dx.doi.org/10.1016/j.devcel.2014.12.023

Komatsu, S., Yang, G., Khan, M., Onodera, H., Toki, S., and Yamaguchi, M.
(2007). Over-expression of calcium-dependent protein kinase 13 and calreti-
culin interacting protein 1 confers cold tolerance on rice plants. Mol. Genet.
Genomics 277, 713-723.

Lang, V., Mantyla, E., Welin, B., Sundberg, B., and Palva, E.T. (1994).
Alterations in water status, endogenous abscisic acid content, and expression
of rab18 gene during the development of freezing tolerance in Arabidopsis
thaliana. Plant Physiol. 104, 1341-1349.

Leung, J., Bouvier-Durand, M., Morris, P.C., Guerrier, D., Chefdor, F., and
Giraudat, J. (1994). Arabidopsis ABA response gene ABI1: features of a cal-
cium-modulated protein phosphatase. Science 264, 1448-1452.

Lian, H.L., He, S.B., Zhang, Y.C., Zhu, D.M., Zhang, J.Y., Jia, K.P., Sun, S.X,,
Li, L., and Yang, H.Q. (2011). Blue-light-dependent interaction of crypto-
chrome 1 with SPA1 defines a dynamic signaling mechanism. Genes Dev.
25, 1023-1028.

Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K.,
and Shinozaki, K. (1998). Two transcription factors, DREB1 and DREB2, with
an EREBP/AP2 DNA binding domain separate two cellular signal transduction
pathways in drought- and low-temperature-responsive gene expression,
respectively, in Arabidopsis. Plant Cell 70, 1391-1406.

Liu, L., Zhang, Y., Tang, S., Zhao, Q., Zhang, Z., Zhang, H., Dong, L., Guo, H.,
and Xie, Q. (2010). An efficient system to detect protein ubiquitination by agro-
infiltration in Nicotiana benthamiana. Plant J. 671, 893-903.

Luo, X., Chen, Z., Gao, J., and Gong, Z. (2014). Abscisic acid inhibits root
growth in Arabidopsis through ethylene biosynthesis. Plant J. 79, 44-55.

Ma, Y., Szostkiewicz, |., Korte, A., Moes, D., Yang, Y., Christmann, A., and
Girill, E. (2009). Regulators of PP2C phosphatase activity function as abscisic
acid sensors. Science 324, 1064-1068.

Mang, H.G., Qian, W., Zhu, Y., Qian, J., Kang, H.G., Klessig, D.F., and Hua, J.
(2012). Abscisic acid deficiency antagonizes high-temperature inhibition of
disease resistance through enhancing nuclear accumulation of resistance pro-
teins SNC1 and RPS4 in Arabidopsis. Plant Cell 24, 1271-1284.

Mantyla, E., Lang, V., and Palva, E.T. (1995). Role of abscisic acid in drought-
induced freezing tolerance, cold acclimation, and accumulation of LT178 and
RAB18 proteins in Arabidopsis thaliana. Plant Physiol. 107, 141-148.

Meyer, K., Leube, M.P., and Girill, E. (1994). A protein phosphatase 2C involved
in ABA signal transduction in Arabidopsis thaliana. Science 264, 1452-1455.
Mishra, G., Zhang, W., Deng, F., Zhao, J., and Wang, X. (2006). A bifurcating
pathway directs abscisic acid effects on stomatal closure and opening in
Arabidopsis. Science 312, 264-266.

Miura, K., Jin, J.B., Lee, J., Yoo, C.Y., Stirm, V., Miura, T., Ashworth, E.N.,
Bressan, R.A., Yun, D.J., and Hasegawa, P.M. (2007). SIZ1-mediated sumoy-
lation of ICE1 controls CBF3/DREB1A expression and freezing tolerance in
Arabidopsis. Plant Cell 19, 1403-1414.

Miura, K., Ohta, M., Nakazawa, M., Ono, M., and Hasegawa, P.M. (2011). ICE1
Ser403 is necessary for protein stabilization and regulation of cold signaling
and tolerance. Plant J. 67, 269-279.

Mustilli, A.C., Merlot, S., Vavasseur, A., Fenzi, F., and Giraudat, J. (2002).
Arabidopsis OST1 protein kinase mediates the regulation of stomatal aperture
by abscisic acid and acts upstream of reactive oxygen species production.
Plant Cell 74, 3089-3099.

Novillo, F., Medina, J., and Salinas, J. (2007). Arabidopsis CBF1 and CBF3
have a different function than CBF2 in cold acclimation and define different
gene classes in the CBF regulon. Proc. Natl. Acad. Sci. USA 704, 21002-
21007.

Park, S.Y., Fung, P., Nishimura, N., Jensen, D.R., Fuijii, H., Zhao, Y., Lumba, S.,
Santiago, J., Rodrigues, A., Chow, T.F., et al. (2009). Abscisic acid inhibits type
2C protein phosphatases via the PYR/PYL family of START proteins. Science
324, 1068-1071.

Shi, Y., Tian, S., Hou, L., Huang, X., Zhang, X., Guo, H., and Yang, S. (2012).
Ethylene signaling negatively regulates freezing tolerance by repressing

expression of CBF and type-A ARR genes in Arabidopsis. Plant Cell 24,
2578-2595.

Shimazaki, K., Doi, M., Assmann, S.M., and Kinoshita, T. (2007). Light regula-
tion of stomatal movement. Annu. Rev. Plant Biol. 58, 219-247.

Stockinger, E.J., Gilmour, S.J., and Thomashow, M.F. (1997). Arabidopsis
thaliana CBF1 encodes an AP2 domain-containing transcriptional activator
that binds to the C-repeat/DRE, a cis-acting DNA regulatory element that stim-
ulates transcription in response to low temperature and water deficit. Proc.
Natl. Acad. Sci. USA 94, 1035-1040.

Teige, M., Scheikl, E., Eulgem, T., Déczi, R., Ichimura, K., Shinozaki, K., Dangl,
J.L., and Hirt, H. (2004). The MKK2 pathway mediates cold and salt stress
signaling in Arabidopsis. Mol. Cell 15, 141-152.

Thomashow, M.F. (1999). PLANT COLD ACCLIMATION: Freezing tolerance
genes and regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol.
50, 571-599.

Umezawa, T., Sugiyama, N., Mizoguchi, M., Hayashi, S., Myouga, F.,
Yamaguchi-Shinozaki, K., Ishihama, Y., Hirayama, T., and Shinozaki, K.
(2009). Type 2C protein phosphatases directly regulate abscisic acid-acti-
vated protein kinases in Arabidopsis. Proc. Natl. Acad. Sci. USA 106,
17588-17593.

Vlad, F., Rubio, S., Rodrigues, A., Sirichandra, C., Belin, C., Robert, N., Leung,
J., Rodriguez, P.L., Lauriéere, C., and Merlot, S. (2009). Protein phosphatases
2C regulate the activation of the Snf1-related kinase OST1 by abscisic acid
in Arabidopsis. Plant Cell 27, 3170-3184.

Wang, Z., Meng, P., Zhang, X., Ren, D., and Yang, S. (2011). BON1 interacts
with the protein kinases BIR1 and BAK1 in modulation of temperature-depen-
dent plant growth and cell death in Arabidopsis. Plant J. 67, 1081-1093.

Wang, P., Xue, L., Batelli, G., Lee, S., Hou, Y.J., Van Oosten, M.J., Zhang, H.,
Tao, W.A,, and Zhu, J.K. (2013a). Quantitative phosphoproteomics identifies
SnRK2 protein kinase substrates and reveals the effectors of abscisic acid ac-
tion. Proc. Natl. Acad. Sci. USA 7170, 11205-11210.

Wang, Y., Sun, S., Zhu, W., Jia, K., Yang, H., and Wang, X. (2013b).
Strigolactone/MAX2-induced degradation of brassinosteroid transcriptional
effector BES1 regulates shoot branching. Dev. Cell 27, 681-688.

Welti, R., Li, W., Li, M., Sang, Y., Biesiada, H., Zhou, H.E., Rajashekar, C.B.,
Williams, T.D., and Wang, X. (2002). Profiling membrane lipids in plant stress
responses. Role of phospholipase D alpha in freezing-induced lipid changes
in Arabidopsis. J. Biol. Chem. 277, 31994-32002.

Wilkinson, S., Clephan, A.L., and Davies, W.J. (2001). Rapid low temperature-
induced stomatal closure occurs in cold-tolerant Commelina communis leaves
but not in cold-sensitive tobacco leaves, via a mechanism that involves apo-
plastic calcium but not abscisic acid. Plant Physiol. 126, 1566-1578.

Xiong, L., Ishitani, M., Lee, H., and Zhu, J.K. (2001). The Arabidopsis LOS5/
ABAS3 locus encodes a molybdenum cofactor sulfurase and modulates cold
stress- and osmotic stress-responsive gene expression. Plant Cell 13, 2063—
2083.

Yang, T., Chaudhuri, S., Yang, L., Du, L., and Poovaiah, B.W. (2010a). A cal-
cium/calmodulin-regulated member of the receptor-like kinase family confers
cold tolerance in plants. J. Biol. Chem. 285, 7119-7126.

Yang, T., Shad Ali, G., Yang, L., Du, L., Reddy, A.S., and Poovaiah, B.W.
(2010b). Calcium/calmodulin-regulated receptor-like kinase CRLK1 interacts
with MEKK1 in plants. Plant Signal. Behav. 5, 991-994.

Yoshida, R., Hobo, T., Ichimura, K., Mizoguchi, T., Takahashi, F., Aronso, J.,
Ecker, J.R., and Shinozaki, K. (2002). ABA-activated SnRK2 protein kinase is
required for dehydration stress signaling in Arabidopsis. Plant Cell Physiol.
43, 1473-1483.

Yoshida, R., Umezawa, T., Mizoguchi, T., Takahashi, S., Takahashi, F., and
Shinozaki, K. (2006). The regulatory domain of SRK2E/OST1/SnRK2.6 inter-
acts with ABI1 and integrates abscisic acid (ABA) and osmotic stress signals
controlling stomatal closure in Arabidopsis. J. Biol. Chem. 281, 5310-5318.

Developmental Cell 32, 278-289, February 9, 2015 ©2015 Elsevier Inc. 289

CellPress




	OST1 Kinase Modulates Freezing Tolerance by Enhancing ICE1 Stability in Arabidopsis
	Introduction
	Results
	OST1 Is a Positive Regulator in Freezing Tolerance
	OST1 Is Activated by Cold Stress
	OST1 Positively Regulates the Expression of CBF Genes
	OST1 Interacts with ICE1
	OST1 Phosphorylates ICE1 and Enhances Its Stability under Cold Stress
	OST1 Enhances the Binding Ability of ICE1 to the CBF3 Promoter
	The OST1-HOS1 Interaction Interferes with the HOS1-ICE1 Interaction
	Genetic Interaction of OST1 and ICE1

	Discussion
	Experimental Procedures
	Plants Materials and Growth Conditions
	Physiological Analyses
	In Vitro Pull-Down Assay
	Yeast Two-Hybrid and Three-Hybrid Assays
	Protein Kinase Assay
	CoIP Assay
	ChIP Assay
	EMSA Assay
	Cell-free and Semi-In Vivo Protein Degradation Assays
	Additional Methods

	Supplemental Information
	Acknowledgments
	References




