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Abstract Plants face various kinds of environmental

stresses, including drought, salinity, and low temperature,

which cause osmotic stress. An understanding of the plant

signaling pathways that respond to osmotic stress is

important for both basic biology and agriculture. In this

review, we summarize recent investigations concerning

the SNF1-related protein kinase (SnRK) 2 kinase family,

which play central roles in osmotic stress responses. SnRK2s

are activated by osmotic stress, and a mutant lacking SnRK2s

is hypersensitive to osmotic stress. Many questions remain

about the signaling pathway upstream and downstream of

SnRK2s. Because some SnRK2s also functions in the

abscisic acid (ABA) signaling pathway, which has recently

been well clarified, study of SnRK2s in ABA signaling can

provide clues regarding their roles in osmotic stress signaling.

Keywords Plant � Osmotic stress � SnRK2 � Kinase �
Phosphorylation

A brief introduction to osmotic stress and kinases

Because of their immobility, plants must adjust to their

environment. Various environmental factors limit plant

productivity, and drought and soil salinity in particular are

increasingly important problems in agriculture [1]. Drought

and soil salinity cause osmotic stress. Thus, an under-

standing of how plants perceive and respond to osmotic

stress is important for not only basic biology but also for

agriculture.

By definition, changes in the environment occur outside

of cells, and the information concerning the change must

be transferred to the cellular machineries within the cell,

such as the nucleus, where gene expression is regulated.

One of the major mechanisms for the transmission of sig-

nals is protein phosphorylation. Osmotic stress induces

protein phosphorylation [2].

An increase in phosphorylation can result from several

mechanisms. Because mRNA is relatively easy to quantify,

many kinases have been found to have increased mRNA

levels in response to osmotic stress [3, 4]. As a primary

response to osmotic stress, however, there must be a more

direct and rapid signaling before activation of gene tran-

scription and that signaling evidently involves kinase

activity: osmotic stress increases the enzymatic activity of

some kinases, which are referred to as osmotic stress-

activated kinases.

Osmotic stress-activated and ABA-activated kinases:

SnRK2s

It is difficult to measure the activity of each kinase in vivo.

Fortunately, the activity of some kinases is determined by

post-translational modification that is retained even after
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several purification steps. For example, when phosphory-

lation of a kinase increases its activity, the activated status

is retained even after SDS treatment. Thus, activation of

some kinases is detected via in-gel kinase assay following

SDS-PAGE.

According to in-gel kinase assays with myelin basic

protein (MBP) or histone as substrates, several kinases in

crude extracts from Arabidopsis seedlings or cell suspen-

sions or tobacco cell suspensions are activated under

hyperosmotic stress conditions [5, 6]. Their mobility in

SDS-PAGE is from 35 to 48 kD. Protein sequencing

revealed that one of these kinases belongs to the SNF1-

related protein kinase (SnRK) 2 family [5].

SnRK2 is a plant-specific protein kinase family related

to yeast SNF1; the SnRK2 family has ten members

(SnRK2.1-2.10) in Arabidopsis and ten members (SAPK1-

10) in Oryza sativa [7]. The pull-down fraction from

Arabidopsis crude extract obtained with anti-SnRK2 anti-

body contained osmotic stress-activated kinases [6].

Ectopic expression studies also revealed that SnRK2s are

activated by hyperosmotic treatment. Soybean SPK1 and

SPK2 are activated in yeast that was subjected to hyper-

osmotic stress [8]. In an Arabidopsis protoplast system,

almost all SnRK2s, except SnRK2.9, are activated by

mannitol as well as by NaCl [6]. In T87 cells, green fluo-

rescent protein (GFP)-fused SnRK2.1 (SRK2G), SnRK2.2

(SRK2D), SnRK2.3 (SRK2I), SnRK2.6 (SRK2E), or

SnRK2.7 (SRK2F) are activated by hyperosmolality [9]. In

rice protoplasts, all ten SnRK2s are activated by NaCl [10].

Osmotic stress-activated bands were not detected in an

in-gel kinase assay using an Arabidopsis snrk2 decuple

mutant lacking all SnRK2s [11]. Thus, SnRK2s are osmotic

stress-activated kinases.

Interestingly, some kinases in the SnRK2 family have

also been identified in ABA signaling as described in the

next section. SnRK2.2, 2.3, and 2.6 are strongly activated

and SnRK2.7 and 2.8 are weakly activated by ABA in

Arabidopsis [6, 12, 13], whereas SAPK8, 9, and 10 are

activated by ABA in rice [10]. In the snrk2.2/2.3/2.6 triple-

mutant subjected to in-gel kinase assay, the ABA-activated

bands disappear [14, 15].

Observation of mutants and transgenic plants revealed

that SnRK2s have in vivo importance in osmotic stress as

well as in ABA signaling described in the next section.

After seedlings were incubated on a paper towel for

45 min, the root growth of snrk2.8 was significantly more

inhibited relative to the wild-type [16], although drought

tolerance in soil was similar among the wild-type, snrk2.7,

snrk2.8, and the snrk2.7/2.8 double-mutant [17]. Because

the SnRK2 family has ten members, redundancy may mask

the severe defects of single mutants. This problem was

solved by the production of a decuple mutant, which lacks

all ten members of SnRK2. The snrk2 decuple-mutant

grows poorly on hyperosmotic media but grows normally

on half-strength Murashige–Skoog (MS) medium [11].

Stress-induced responses such as gene expression are also

significantly affected in these mutants.

Plants overexpressing a SnRK2 show improved growth.

Arabidopsis overexpressing SnRK2.8, for example, are

larger than the control even in soil without intentional

stress, suggesting that SnRK2.8 is involved in metabolic

processes [18]. Overexpression lines of SnRK2.6 contain

more sugar and grow larger and produce more lateral

branches than the wild-type [19]. Similarly, overexpression

of TaSnRK2.4, TaSnRK2.7, or TaSnRK2.8 enhances

Arabidopsis growth [20–22]. A phylogenetic tree of these

kinases is shown in Fig. 1 [23].

Growth and survival under stress are greater for these

overexpression lines than for the wild-type. For example,

survival under drought was increased in plants over-

expressing SnRK2.8 [16]. Similarly, overexpression of

TaW55a, TaSnRK2.4, TaSnRK2.7, TaSnRK2.8, or maize

Fig. 1 Phylogenetic tree of SnRK2s in Arabidopsis thaliana, rice

(Oryza sativa), tobacco (Nicotiana tabacum), wheat (Triticum
aestivum L.), maize (Zea mays), faba bean (Vicia faba), and soybean

(Glycine max) indicated in the text
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ZmSAPK8 enhanced the tolerance of Arabidopsis to

drought, 2 % PEG, 5 % glycerol, salt, and cold [20–22, 24,

25]. Because expressions of stress-regulated genes are also

enhanced in these overexpression lines under non-stressed

conditions, these SnRK2s may affect not only growth rate

but also stress responses. These kinases are also important

in plants other than Arabidopsis. Rice SAPK4 can confer

salt tolerance to rice but does not alter plant growth in the

absence of stress [26].

ABA pathway

Recent research indicates that SnRK2s are key signal

transducers in the ABA pathway. The first report of SnRK2

involvement in the ABA pathway was for the wheat

PKABA1, which is induced by ABA at the transcript level

[27]. SnRK2-type kinases are not only induced at the

transcript level but are also activated by ABA. In Vicia

faba, ABA activates the SnRK2 member AAPK in guard

cells. The dominant negative form of AAPK disrupts ABA-

induced stomatal closure [28], and the snrk2.6 (ost1)

mutant in Arabidopsis is defective in ABA-induced sto-

matal closure [12, 13]. In addition to their involvement in

ABA signaling associated with stomatal regulation,

SnRK2s also play important roles in the ABA signaling

associated with seed germination. A snrk2.2/2.3 double-

mutant is more insensitive to ABA than the wild-type or

snrk2.2 or snrk2.3 single-mutants [29]. Finally, all exam-

ined ABA responses are eliminated in a snrk2.2/2.3/2.6

triple-mutant [14, 15, 30]. Thus, SnRK2.2, 2.3, and 2.6

play essential roles in ABA signaling in guard cell regu-

lation, seed germination, and seedling growth.

Identification of ABA receptors of the PYR/PYL family

(also known as RCAR) reveals that SnRK2s are key

transducers just after ABA is perceived by cells. PYR/

PYLs are START domain proteins that bind to ABA. PYR/

PYLs inhibit protein phosphatase 2C (PP2C) in an ABA-

dependent manner [31, 32]. ABA-responsive SnRK2s are

usually suppressed by PP2C in the absence of ABA. In the

presence of ABA, the inhibition of PP2C by PYR/PYLs

releases SnRK2s from suppression by PP2C [33–35].

Recent structural analysis revealed marked similarity in

PP2C recognition by SnRK2 and ABA-bound PYR/PYLs

[36]. As a result, the SnRK2s are partially activated and

can autophosphorylate, reaching full activation [37].

Active SnRK2s phosphorylate substrate proteins such as

the ABF family of transcription factors. This entire path-

way from the perception of phytohormone ABA to

phosphorylation of a transcription factor can be reconsti-

tuted in vitro with recombinant proteins, indicating that

ABA, PYR/PYL, PP2C, SnRK2, and ABF are the major

components that are sufficient for the pathway [35].

In other words, PYR-PP2C-SnRK2s are core signaling

components, although many other factors also affect the

pathway.

Regulation of SnRK2s

Because SnRK2s have the important functions described

above, their activity must be regulated properly. Some

regulatory mechanisms have been described for SnRK2s.

SnRK2s can be classified as ABA-responsive ones and

ABA-unresponsive ones. Note that ABA-responsive SnRK2s

are also activated by osmotic stress [6]. Moreover, in the

abi1-1 mutant, in which the ABA pathway is inhibited,

SnRK2.6 is still activated by osmotic stress but not by

ABA [9].

Conserved domains

Besides having a conventional kinase domain, SnRK2s

have at least two conserved domains in their C-terminal

regions. Chimeric proteins of SAPK2 and SAPK8 revealed

that ABA-responsiveness is determined by the C-terminal

part of SAPKs [10]. The C-terminal part has two distinct

domains. Domain I is conserved within all SnRK2s,

whereas domain II is conserved among ABA-responsive

SnRK2s. Domain II binds to PP2C, and mutated SnRK2.6

protein lacking the domain II cannot complement the

‘‘quick water loss’’ phenotype of snrk2.6, indicating that

domain II is important for ABA-responsiveness [9].

Phosphorylation of SnRK2s

SnRK2 activity can be detected by in-gel kinase assay

after SDS-PAGE [5], indicating that the kinase remains

activated during SDS treatment. Many reports have

demonstrated that phosphorylation is important for the

activation of SnRK2s. Phosphatase treatment inhibited

activation of NtOSAK and rice SAPK1 and SAPK2 [5, 10].

The use of phospho-specific dye revealed that NtOSAK is

phosphorylated after osmotic treatment [38].

Several phosphorylation sites have been identified. The

best-characterized one is Ser175 of SnRK2.6 [33–35, 39],

which is a common phosphorylation site among various

kinases and which is frequently related to their activation.

Similar phosphorylation is also found at a Ser158 of

NtOSAK [38] and Ser158 of SnRK2.10 [40]. During ABA

signaling, Ser175 in SnRK2.6 is a key phosphorylation site.

Without ABA, PP2C can dephosphorylate the Ser175 of

SnRK2.6, resulting in the deactivation of SnRK2.6 [33–

35]. When ABA binds to PYR/PYLs, PYR/PYLs inhibit

PP2C and release SnRK2s from the inhibition. Quantitative

analysis confirmed that the phosphorylation on the site is

Osmotic stress signaling via protein kinases 3167
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increased by ABA treatment in vivo [41]. Phosphorylation

on the site is also increased by osmotic stress [38, 40].

Mutational analysis, in which a phosphorylation target

site is changed to Ala, revealed that these sites are important

for SnRK2 function. When purified from E. coli, recombi-

nant proteins with this mutation have little activity [38, 39].

The mutated SnRK2s are not functional in vivo since they

cannot complement their respective mutants [10, 38, 39, 42].

The acidic amino acid Asp or Glu can often mimic phos-

phorylated ser/thr or tyr in several kinases, and changing the

phosphorylation site to Asp or Glu often results in produc-

tion of a constitutively active kinase [43, 44]. However, the

mimicking mutations in SnRK2s do not lead to constitu-

tively active protein kinases. In fact, the mutation disrupts

even normal activity. When Ser158 of SAPK2 is changed to

Asp, the mutant kinase loses activity in rice protoplasts [10].

The S158E mutant of NtOSAK lost activity in tobacco

protoplasts as did the S175D mutant of SnRK2.6 or the

S158D mutant of SnRK2.10 [40]. Various results were

obtained with recombinant proteins from E. coli. While the

S175D mutant of 10xHis-SnRK2.6 lost activity [39], the

S158E mutant of GST-NtOSAK retained activity [38].

These results indicate that phosphorylation of these sites is

important not only because it increases the negative charge.

It is possible that phosphorylation is important for protein

localization or conformational changes.

According to structural study, ABA-responsive SnRK2.6

can autophosphorylate S175 as well as T176 of SnRK2.6 if it

is released from PP2C inhibition as described above [37].

This site is autophosphorylated in recombinant SnRK2.6 and

SnRK2.8 purified from E. coli [18, 39]. Thus, in the ABA

pathway, autophosphorylation may be enough for the full

activation. The mechanism regulating the phosphorylation

on Ser175 of SnRK2.6 in osmotic stress pathway, however,

remains unclear. It is possible that there is an upstream

kinase. Osmotic signaling may use a different mechanism

from the ABA signaling to activate the SnRK2s. During

osmotic stress, the kinase inhibitor staurosporine does not

inhibit SnRK2 activation but does inhibit SnRK2 activity in

Arabidopsis cells. This result indicates that activation of

SnRK2s is mediated by a staurosporine-resistant kinase,

which is not SnRK2 itself [42]. The mechanism regulating

the phosphorylation requires further investigation.

Besides S175 of SnRK2.6, other phosphorylation sites in

the activation loop include Ser154 of NtOSAK in NaCl-

treated tobacco BY-2 cells [38] and S171 of SnRK2.6 and

Ser154 of SnRK2.10 in ABA- and osmotic stress-treated

Arabidopsis cells [33, 40]. In addition, mass spectrometry

has detected phosphorylation at Ser166, Ser167, Ser171,

Ser175, or Thr176 of SnRK2.6 in ABA-treated Arabidopsis

[33]. The importance of these sites in the activation loop

for kinase function is unclear. Unlike the Ser158A mutant,

the S154A mutant of recombinant NtOSAK purified from

E. coli has kinase activity. On the other hand, the S154E

mutant of NtOSAK lost activity in tobacco protoplasts,

and neither S171D form of SnRK2.6 nor S154D form of

SnRK2.10 could be activated in Arabidopsis protoplasts

[40], indicating that these sites are important for activation

in planta. When Ser159 or Thr162 of SAPK2 is changed to

Asp, the mutant kinase lost activity in rice protoplasts [10].

In contrast, the T176A mutant of SnRK2.6 can comple-

ment snrk2.6 in terms of the low temperature phenotype

[39]. Mutation on these sites may affect protein confor-

mation or impair binding to another protein or proper

localization.

In addition to being phosphorylated in the activation

loop, Ser7, Ser18, Ser29, and Ser43 in recombinant

SnRK2.6 purified from E. coli are phosphorylated in vitro

[39]. Mutated SnRK2.6 on these sites except for Ser43

cannot complement the low temperature phenotype of

snrk2.6 leaves, although the recombinant proteins have

kinase activity. Interestingly, the Ser43-to-Ala mutation

causes the protein to be constitutively active without ABA

[39]. Additionally, Ser12 of SnRK2.8 was autophosphor-

ylated in recombinant SnRK2.8 [18]. In Arabidopsis

protoplasts, however, osmotic stress-induced and ABA-

induced phosphorylation is rarely detected in the S171A

and S175A double-mutated form of SnRK2.6 or in the

S154A and S158A double-mutated form of SnRK2.10 [40].

These sites outside the activation loop may not be phos-

phorylated in vivo or the phosphorylation may need the

kinase activity of SnRK2 itself.

Intermolecular regulation

The best-characterized binding partners of SnRK2s are

clade A PP2Cs such as ABI1 and ABI2. The PP2Cs bind to

the C-terminal domain of ABA-responsive SnRK2s [9] and

dephosphorylate the SnRK2s as described above [33–35].

Still, the role of PP2Cs in the osmotic stress pathway

remains obscure. Because ABA-responsive SnRK2s, which

are suppressed by PP2Cs in the absence of ABA, are also

activated by osmotic stress, there must be a mechanism to

overcome the suppression by PP2Cs in osmotic stress

signaling. On the other hand, one of the ABA-unresponsive

SnRK2s, SnRK2.10 (SRK2B), did not bind to PP2Cs in a

yeast two-hybrid assay [33], suggesting that PP2C is not

involved in osmotic stress signaling. This inference could

be wrong, however, because weak binding, such as that

between SnRK2.6 and ABI2, is not always detected in the

yeast two-hybrid assay [9].

Another identified regulator of SnRK2s is the SnRK2-

interacting Calcium Sensor (SCS). Large-scale yeast two-

hybrid screening with rice protein kinases identified two

calcium-binding EF-hand proteins (Os03g14590, Os10g0

9850) as binding partners of SAPKs [45]. In independent
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yeast two-hybrid screening, NtOSAK binds to NpSCS [46].

The binding was confirmed using an in vitro binding assay

with recombinant proteins and a bimolecular fluorescence

complementation assay in BY2 cells. Arabidopsis has a

homolog of SCS (At4G38810; AtSCS) that binds to

SnRK2s. Conformation of AtSCS is changed in the pres-

ence or absence of Ca2?, while binding to SnRK2s is not

affected by Ca2?. Interestingly, an in vitro kinase assay

shows that SCS inhibits the kinase activity of all examined

SnRK2s (NtOSAK, SnRK2.4, SnRK2.6, and SnRK2.8) in

the presence but not absence of Ca2?, indicating that SCS

is a Ca2?-dependent negative regulator of SnRK2s [46]. In

fact, the scs mutant shows an ABA-hypersensitive pheno-

type during germination, suggesting that SCS suppresses

the activity of SnRK2s in ABA signaling. The role of Ca2?

in the ABA pathway has been reported [47]. These results

indicate the possibility that the part of Ca2? function in the

ABA pathway may involve SCS inhibition of SnRK2

activity.

Substrates of SnRK2s

In the ABA pathway, members of the ABA-responsive

element (ABRE)-binding factors (ABFs; also referred to

as AREBs) family are well-characterized substrates of

SnRK2s. ABFs are among the most important transcription

factors in ABA signaling. ABFs bind to the ABRE, which

is a conserved cis-element in the promoters of many ABA-

induced genes, and activate transcription [48–51]. Activa-

tion of ABFs requires phosphorylation [50, 52, 53]. Several

reports showed that ABA-responsive SnRK2s can directly

phosphorylate ABFs. Wheat PKABA1 phosphorylates

TaABF [54]. Rice SAPK8, SAPK9, and SAPK10 phos-

phorylate TRAB1 [55]. An in-gel kinase assay showed that

SnRK2.2, SnRK2.3, and SnRK2.6 phosphorylated GST-

fused ABF2, ABF4, and ABI5 [29, 50, 53]. Co-overex-

pression of PKABA1 and ABI5 induced phosphorylation

of ABI5 in vivo, resulting in inhibition of seed germination

[56]. Thus, SnRK2s regulate ABA-responsive gene tran-

scription by phosphorylating ABFs.

An S-type anion channel, SLAC1, is another important

substrate of SnRK2s in the ABA pathway. SLAC1 is

expressed in guard cells and is essential for stomatal clo-

sure in response to various factors such as ABA and CO2

[57, 58]. SnRK2.6 phosphorylates SLAC1 in vitro [59, 60].

The ion channel activity of SLAC1 is activated when

SnRK2.6 is co-expressed. This activation is canceled when

PP2C is also expressed. In addition, the K? channel KAT1

is also a target of SnRK2.6 [61]. ABA- or high salt-acti-

vated SnRK2.6 purified from T87 cells can phosphorylate

the C-terminal region of KAT1. Thr306 and Thr398 are the

phosphorylation sites. Point mutations on these sites reduce

K? channel activity. These results indicate that, in addition

to being key regulators for transcription, SnRK2s are also

important regulators of ion channels.

SnRK2.6 also phosphorylates NADPH oxidase; recom-

binant SnRK2.6 phosphorylates the N-terminal domain of

AtrdohF [62]. LC–MS/MS data showed that Ser174 and

Ser13 are phosphorylated. Because SnRK2.6 acts upstream

of reactive oxygen species in the ABA response of guard

cells [12], these results suggest that SnRK2.6 regulates

NADPH oxidase through phosphorylation.

Besides the ABA pathway, some substrates have also been

identified. Soybean SPK1 and SPK2 phosphorylate Ssh1p, a

homolog of a phosphatidylinositol transfer protein whose

phosphorylation is induced by osmotic stress. Because Ssh1p

enhances the activities of a plant phosphatidylinositol

3-kinase and phosphatidylinositol 4-kinase, this signaling

might regulate synthesis of phosphoinositides [8].

The use of a phosphoprotein-specific dye indicated that

phosphorylation is lost in some proteins in the snrk2.8

mutant [18]. Among them, 14-3-3s, Glyoxylase I, Adeno-

sine kinase I, Ribose 5-phosphate isomerase, and 60S acidic

ribosomal protein P2 were phosphorylated by SnRK2.8 in

vitro. The phosphorylation enhanced glycoxalase activity,

suggesting that SnRK2.8 can regulate Glyoxylase I in vivo.

Vlad et al. [63] used peptide array screening to determine

the phosphorylation preferences of SnRK2.10. The main

target of SnRK2.10 is the LXRXXS/T motif and according

to sequence database, dehydrins have this motif. In vitro

assay showed that SnRK2.10 can phosphorylate dehydrins.

This motif matches some phosphorylation sites of ABFs

and AtrbohF but not sites of KAT1. Although information

regarding the sequences of kinase targets in vitro is valu-

able, in vivo regulation is likely more complicated.

Other protein kinases involved in osmotic stress

Other osmotic stress-activated protein kinases in addition to

SnRK2s have been reported. Because histidine kinases

function as osmosensors and activate the Hog1 mitogen-

activated protein kinase (MAPK) pathway in yeasts [64],

histidine kinases have been considered to be candidate

osmosensors in plants. Arabidopsis histidine kinase AHK1

(ATHK1), AHK2, AHK3, or Cre1 can complement a yeast

histidine kinase mutant, indicating that these plant kinases

can act as osmosensors in yeasts [65–67]. In plants, trans-

genic Arabidopsis overexpressing AHK1 has increased

drought tolerance, whereas an ahk1 mutant is more sensitive

to drought [67]. Interestingly, a mutant lacking ahk2, ahk3,

and cre1 histidine kinases shows increased drought toler-

ance, indicating that these kinases are negative regulators.

AHK1 might work as a positive regulator of ABA signaling

rather than as an osmosensor, because ABA sensitivity is
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affected in these plants [67]. Thus, the osmosensing path-

ways are different in Arabidopsis and yeasts.

Several MAPKs in plants are activated by hyperosmotic

stress. In alfalfa cells, a 46-kD MAP kinase named SIMK

became activated in response to moderate but not strong

([750 mM NaCl) hyperosmotic stress [68]. Tobacco SIPK

is activated by hyperosmolarity [5, 69], and activation of

Arabidopsis MPK4 and MPK6 were also reported [70]. On

the other hand, MPK4, MPK3, and MPK6 are activated by

hypoosmolarity but not by hyperosmolarity in cell suspen-

sions. In a mpk4 mutant, hyperosmolarity-induced rab18

expression is enhanced, indicating a negative role of MPK4

in hyperosmotic signaling [71, 72]. Overexpression of

cotton GhMPK2 or maize ZmMKK4 confers tolerance to

osmotic stress in tobacco [25, 73]. The relationship between

the histidine kinases and these MAPKs remains unclear.

Involvement of some calcium-dependent protein kinases

(CDPK) in osmotic stress signaling has also been reported.

Osmotic stress activates CPK21, but a cpk21 mutant has

increased tolerance to hyperosmolarity, suggesting a neg-

ative role of CPK21 in osmotic stress signaling [74]. The

constitutively active mutants of CDPK1 and CDPK1a

activate a stress-inducible promoter [75]. Overexpression

of OsCDPK7 in rice or AtCPK6 in Arabidopsis increases

drought tolerance although osmotic stress tolerance did not

differ between the wild-type and a cpk6 mutant [76, 77].

Several MAPKs and CDPKs are involved in ABA signal-

ing [78–84] but how they are connected to the PYL-PP2C-

SnRK2 pathway is unclear.

Future perspectives

Much remains to be learned about the role of SnRK2s

in osmotic stress signaling. Although phosphorylation of

SnRK2s is clearly important, a kinase regulating the

phosphorylation has not yet been identified. It is not known

whether autophosphorylation is sufficient to activate the

kinases in vivo. If autophosphorylation is sufficient, it is

unclear why ABA-unresponsive SnRK2s are not activated

under control condition because none of the PP2Cs so far

examined binds to SnRK2.10 in yeast two-hybrid assay

[33]. Some other mechanisms may exist to suppress ABA-

unresponsive SnRK2s under control conditions.

Because ABA-responsive SnRK2s are suppressed by

PP2Cs, osmotic stress signaling must overcome the sup-

pression (Fig. 2) but the mechanism by which these

SnRK2s are activated under osmotic stress is also unclear.

There should be an ABA-independent mechanism to

explain that SnRK2.6 is still activated by osmotic stress but

not by ABA in the abi1-1 mutant [9]. A modification of

SnRK2s caused by osmotic stress or a binding protein

might make SnRK2s resistant to PP2C inhibition.

The relationship between SnRK2s and other compo-

nents in the osmotic stress signaling pathway such as

osmosensors requires investigation. The substrate speci-

ficity of SnRK2s is also unclear. If SnRK2s are shared by

the ABA pathway and the osmotic stress pathway, how are

specific substrates selected? Perhaps specificity depends on

differences in intracellular localization or scaffold proteins.

The core components in the osmotic stress signaling

pathway need to be identified in the near future, and this

will greatly increase our understanding of how protein

kinases affect plant tolerance to osmotic stress.
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