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SnRK2 Protein Kinases—Key Regulators of Plant
Response to Abiotic Stresses
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Abstract

The SnRK2 family members are plant-specific serine/threonine kinases involved in plant response to abiotic
stresses and abscisic acid (ABA)-dependent plant development. SnRK2s have been classed into three groups;
group 1 comprises kinases not activated by ABA, group 2 comprises kinases not activated or activated very
weakly by ABA, and group 3 comprises kinases strongly activated by ABA. So far, the ABA-dependent kinases
belonging to group 3 have been studied most thoroughly. They are considered major regulators of plant
response to ABA. The regulation of the plant response to ABA via SnRK2s pathways occurs by direct phos-
phorylation of various downstream targets, for example, SLAC1, KAT1, AtRbohF, and transcription factors
required for the expression of numerous stress response genes. Members of group 2 share some cellular func-
tions with group 3 kinases; however, their contribution to ABA-related responses is not clear. There are strong
indications that they are positive regulators of plant responses to water deficit. Most probably they complement
the ABA-dependent kinases in plant defense against environmental stress. So far, data concerning the physio-
logical role of ABA-independent SnRK2s are very limited; it is to be expected they will be studied extensively in
the nearest future.

Introduction activated by 5-AMP, able to phosphorylate and inactivate
enzymes of lipid and cholesterol synthesis (Carling et al.,
IN NATURE, PLANTS ARE FREQUENTLY exposed to harmful 1987; Hardie et al., 1989). In S. cerevisiae, the SNF1 gene was
environmental conditions: abiotic and biotic stresses. In or-  discovered by a screen for mutations that caused failure to
der to survive plants must be able to sense the changes of their ~ grow on sucrose or on nonfermentable carbon sources such as
environment and respond to these changes by various defense  glycerol and ethanol (Celenza and Carlson, 1986). It is well
mechanisms. Stress signals are recognized and transmitted to  established now that AMPK in mammals and SNF1 in yeast
different cellular compartments by specialized signaling path- are cellular energy sensors acting as central regulators of
ways in which protein kinases and phosphatases are key cellular energy homeostasis. They control energy balance by
components. Among the protein kinases involved in stress regulating metabolic processes and responses to different
signal transduction in plants are those common to all eu- environmental and metabolic stresses. AMPK inhibits several
karyotic organisms, for example, mitogen-activated protein anabolic processes (e.g., synthesis of lipids, glycogen, and
kinases (MAPKSs) (reviews: Cho et al., 2009; Mishra et al., 2006;  proteins) and activates catabolic ones (fatty acid oxidation
Pitzschke et al., 2009; Rodriguez et al., 2010), Glycogen syn- and glycolysis) by direct phosphorylation of enzymes con-
thase kinase 3 (GSK3) (Jonak and Hirt, 2002; Koh et al., 2007),  trolling these processes (for review, see Hardie, 2007). More-
S6 kinase (S6K) (Mahfouz et al., 2006), as well as plant specific ~ over, AMPK activates transcription of several genes involved
ones, for example, calcium-dependent protein kinases (CDPKs)  in cellular adaptation to stress by modulating the activity of
(Das and Pandey, 2010; Hrabak et al., 2003; Wurzinger et al.,  transcription regulators (for reviews, see Canté and Auwerx,
2011) and most of SNF1-related kinases (SnRKSs). 2010; Hardie, 2007) and also through direct association with
Plant SnRKs are classified into the SNF1/AMPK family, chromatin and phosphorylation of histone H2B (Bungard
which comprises also SNF1 (sucrose nonfermenting-1) kinase et al., 2010) and histone deacetylase (McGee et al., 2008).
from the yeast Saccharomyces cerevisite and mammalian Disorders in AMPK functioning result in serious health
AMPKSs (AMP-activated protein kinases). AMPK was origi- problems (for reviews, see Luo et al. 2010; Poels et al., 2009;
nally defined as a mammalian protein kinase allosterically ~Rafalski and Brunet, 2011; Wang and Guan, 2009).
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The SNF1 kinase exhibits very similar features to AMPK,
including structural similarities (both are heterotrimeric),
substrate specificity, mode of regulation (reversible phos-
phorylation of a conserved Thr in the kinase activation loop),
and the role in regulation of cellular metabolism and response
to environmental stresses. SNF1 activity rises dramatically
during glucose deficit and also to some extent upon alkali-
zation of yeast environment, exposure to high concentration
of sodium ions, and oxidative stress (Hong and Carlson, 2007;
Wilson et al., 1996). SNF1 is the main regulator of the shift
from fermentation to respiratory metabolism, being a global
regulator of transcription of genes involved in carbohydrate
metabolism and respiration. Several excellent reviews on
structural and biochemical features of AMPK and SNF1 as
well as their functions have been published recently (Hardie,
2007, 2011; Hedbacker and Carlson 2008; Petranovic et al.,
2010; Scott et al., 2009; Zhang et al., 2010a).

SnRKs are plant homologs of AMPK/SNF1 and similarly
to them seem to be crucial in linking stress and metabolic
responses (Coello et al.,, 2011; Halford and Hey, 2009; Hey
et al., 2010; Polge and Thomas, 2006). They are divided into
three subfamilies: SnRK1, SnRK2, and SnRK3 (for reviews, see
Halford and Hardie, 1998; Harmon, 2003; Hrabak et al., 2003).
This review is dedicated to the SnRK2 subfamily, whose role
in regulation of plant response to abiotic stress was recently
recognized

Brief Overview of SnRK1 and SnRK3 Subfamilies
SnRK1 subfamily

Enzymes belonging to the SnRK1 subfamily structurally
and functionally resemble the yeast and animal SNF1/AMPK
kinases. SnRK1s show approximately 62% amino acid se-
quence identity with SNF1 and AMPK in the catalytic domain
and 48% overall (Halford et al., 2004). SuRK1 genes from
various plants have been identified and characterized. SnRK1
kinases are involved in the regulation of global metabolism
and energy status of the plant, for example, in response to low
glucose/high sucrose level, dark period, hypoxia, salinity,
pathogen or herbivore attack (for reviews, see Halford and
Hey, 2009; Polge and Thomas, 2006). SnRK1s are postulated
to control signaling pathways leading to modulation of ni-
trogen, sucrose, and lipid metabolism, organogenesis, and
senescence. Like the AMPK/SNF1 kinases, SnRK1s regulate
the above processes at the transcriptional and posttransla-
tional levels (for reviews, see Baena-Gonzdalez and Sheen,
2008; Halford and Hardie, 1998; Halford et al., 2003) Several
enzymes involved in basal metabolism (e.g., nitrate reductase,
HMG-CoA reductase, sucrose phosphate synthase, trehalose
phosphate synthase) are known to be directly phosphorylated
and regulated by SnRK1s. Using various molecular biology
techniques, a combination of systematic screens, as well as by
analyzing public transcriptome databases the KIN10 and
KIN11 protein kinases, members of the SnRK1 subfamily from
Arabidopsis thaliana, have been shown to control convergent
reprogramming of transcriptional response to darkness,
changes of sugar level, and stress conditions (Baena-Gonzélez
et al., 2007). KIN10 promotes catabolism by regulating ex-
pression of a broad array of genes involved in a variety of
major catabolic pathways that provide alternative sources of
energy and metabolites. Conversely, a large set of genes in-
volved in the energy-consuming ribosome biogenesis and
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anabolism were coordinately repressed by KIN10 (Baena-
Gonzélez et al., 2007). This functional analysis of Arabidopsis
KIN10/11 provides evidence that SnRK1s, like yeast SNF1 and
mammalian AMPK, have a central role in energy signaling.
The results also reveal crucial and previously unrecognized
regulatory roles of the plant SnRK1s in controlling a large
number of genes encoding transcription factors, chromatin
remodeling proteins, and a plethora of signal transduction
components (Baena-Gonzélez., 2010).

The SnRK2 and SnRKS3 kinases have diverged further from
SNF1/AMPK than members of the SnRK1 subfamily. These
two subfamilies are specific to plants and are involved in plant
development and environmental stress signaling (for reviews,
see Boudsocq and Lauriere, 2005; Coello et al., 2011; Halford
and Hey, 2009; Harmon, 2003; Hrabak et al., 2003).

SnRK3 Subfamily

The first identified serine/threonine protein kinase, which
according to Halford and Hardie (1998) belongs to the SnRK3
subfamily, was WPK4 from wheat (Sano and Youssefian,
1994). WPK4 transcription was upregulated by light, nutrient
deprivation, and cytokinins, and downregulated by sucrose
(Tkeda et al.,, 1999; Sano and Youssefian, 1994). Results
obtained by Ikeda et al. (2000) strongly suggest that WPK4 is
responsible for controlling nitrogen metabolism and carbon
assimilation during periods of low temperature, in which the
kinase resembles the SnRK1 kinases. WPK4 orthologs are
known in various plants (Chikano et al., 2001; Ohba et al,,
2000); their expression is differentially and distinctly regu-
lated by various external signals.

Today, it is considered that the SnRK3 subfamily comprises
protein kinases interacting with calcineurin B-like (CBL)
calcium-binding proteins. They were discovered indepen-
dently by the research groups of Zhu, Kudla, and Luan.
Therefore, different names are given to those enzymes in the
literature: SOS2-like kinases or PKSs—protein kinases related
to SOS2 (Gong et al., 2004; Guo et al., 2001) and CIPKs—CBL-
interacting protein kinases (Shi et al., 1999). A similar situation
occurs in the case of the calcium sensors interacting with
them. In Arabidopsis, the calcineurin B-like proteins are alter-
natively designated as SOS3-like, SCaBPs, or CBLs (Gong
et al., 2004; Halfter et al., 2000; Liu and Zhu, 1998; Shi et al.,
1999). CBLs and CIPKs have been indentified in all higher
plant species whose genomes have been sequenced. The
Arabidopsis genome encodes 26 putative CIPK and 10 CBL
proteins. CIPKs/SOS2-like kinases/PKSs directly interact
with CBL/SCaBPs/SOS3-like proteins. Several studies have
revealed that each CBL interacts with a subset of CIPKs and
each CIPK interacts with one or more CBLs (for review, see
Batisti¢ and Kudla, 2009; Gong et al., 2004; Luan, 2009; Weinl
and Kudla, 2009). An increase of Ca>* concentration triggered
by various environmental or cellular stimuli is detected by
CBLs: their conformation changes upon Ca®* binding, which
in most cases results in activation of the CIPKs interacting
with them. The CIPKs play an important role in the plant
responses to drought, cold, ABA, sugar, salt, and pH changes
(for reviews, see Coello et al, 2011; Gong et al., 2004;
Hrabak et al., 2003; Luan, 2009). The best known signaling
pathway in which CIPKs are involved is the SOS (salt overly
sensitive) pathway regulating sensitivity to salinity in
A. thaliana. The SOS3-SOS2 kinase complex, which is required
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for intracellular Na™ and K* homeostasis and plant tolerance
tohigh Na™ and low K™ environments, appears to control the
expression of SOS1 and the activity of SOS1 protein, a plasma
membrane Na®/H* exchanger (antiporter) (Zhu, 2003).
Moreover, SOS2 positively regulates activities of two vacuolar
membrane transporters, the Na*/H" antiporter AtNHX1
(Qiu et al., 2004) and the Ca®>* /H" antiporter CAX1 (Cheng
et al., 2004), and negatively regulates the highly selective
Na™ transporter AtHKT1 (Rus et al., 2001). The SOS pathway
was found to control expression of several salt stress-specific
tolerance determinant genes (Gong et al., 2001).

The data concerning the involvement of SnRK1 and SnRK3
kinases in stress response are combined in excellent reviews
by Hrabak et al. (2003), Chinnusamy et al. (2004), Boudsocq
and Lauriere (2005), Baena-Gonzdlez and Sheen (2008),
Halford and Hey (2009), and Coello et al. (2011).

SNRK2 Subfamily

Until very recently not much attention was paid to this
subfamily. Before the year 2000, there was basically no in-
formation concerning SnRK2 function, only a few data indi-
cating that ABA and abiotic stresses induce the expression of
some SnRK2 genes were published (Anderberg and Walker-
Simmons, 1992; Holappa and Walker-Simons, 1995). In the
year 2000, SnRK2s started to be recognized as enzymes in-
volved in abiotic stress signal transduction in plants. That
year two articles showing rapid activation of SnRK2 kinases
in response to abiotic stresses were published; activation of
Nicotiana tabacum osmotic stress-activated protein kinase
(NtOSAK) in response to hyperosmotic stress in tobacco BY-2
cells (Mikotajczyk et al.,, 2000) and AAPK (ABA-activated
protein kinase) by ABA in response to drought in guard cells
of fava bean (Vicia faba) (Li et al., 2000) were presented. Li et al.
(2000) showed that AAPK is involved in regulation of anion
channels and stomatal closure. Studies during the following
years extended our knowledge on SnRK2s—their structure,
mechanism of activation, and function. The year 2009 was a
very special year for understanding SnRK2s function. In 2009,
independently, two laboratories obtained a triple snrk2.2/3/6
mutant, which allowed to establish the role of ABA-
dependent SnRK2s in plant response to water deficit, seed
maturation, and germination (Fujii and Zhu, 2009; Fujita et al.,
2009; Nakashima et al., 2009). Moreover, the same year solu-
ble ABA receptors were discovered, and this discovery led to
understanding early events of ABA signaling pathway, in
which SnRK2 kinases are involved. Now, after 10 years of
studies, the SnRK2 subfamily members are considered as
major players in plant response to osmotic stress and ABA-
dependent plant development (Boudsocq and Lauriere, 2005;
Fujii et al., 2007, 2011; Fujii and Zhu, 2009; Fuyjita et al., 2009;
Nakashima et al., 2009). The SnRK2 kinases were identified in
every plant studied. Ten members of the SnRK2 family are
encoded by the Arabidopsis as well as rice and sorghum ge-
nomes (Boudsocq et al., 2004; Kobayashi et al., 2004; Li et al.,
2010). Eleven SnRK2s have been identified in maize (Huai
et al., 2008), and some SnRK2 representatives were described
for tobacco (Kelner et al., 2004), wheat (Anderberg and
Walker-Simmons, 1992; Holappa and Walker-Simons, 1995;
Mao et al., 2010; Zhang et al., 2010b, 2011), soybean (Monks
et al., 2001), fava bean (Li and Assmann, 1996; Li et al., 2000),
and algae (Davies et al., 1999; Gonzalez-Ballester et al., 2008).

Through transient expression in protoplasts it was shown that
all Arabidopsis thaliana SnRK2s, except SnRK2.9, are rapidly
activated by treatment with different osmolytes, such as su-
crose, mannitol, sorbitol, or NaCl, and some of them also by
abscisic acid (ABA), suggesting that these kinases are in-
volved in a general response to osmotic stress (Boudsocq et al.,
2004, 2005). In rice, all 10 members are activated by hyper-
osmotic stress and three of them also by ABA (SAPKS, SAPK9,
and SAPK10). Rice SnRK2 kinases were designated SAPK1
through SAPK10, which stands for osmotic Stress/ABA-
activated Protein Kinase (Kobayashi et al., 2004). SAPKS3 is
identical with the previously reported rice Ser/Thr protein
kinase REK (Hotta et al., 1998). SAPK1 and SAPK2 are highly
homologous to wheat (Triticum aestivum) PKABA1 (protein
kinase ABA1) (Anderberg and Walker-Simmons, 1992; Ho-
lappa and Walker-Simmons, 1995), and barley (Hordeum
vulgare) HYPKABA1 (Yamaguchi et al., 2002).

Based on a phylogenetic analysis, the SnRK2 family
members have been divided into three groups (Fig. 1). Group
1 comprises kinases not activated by ABA, group 2—not ac-
tivated or activated very weakly by ABA (depending on plant
species), and group 3—strongly activated by ABA. Evolu-
tional studies based on sequence data from algae (Chlamydo-
monas reinhardtii), mosses Physcomitrella patens and Selaginella
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FIG. 1. Phylogenetic tree of selected higher plant SnRK2s.
Group 1— ABA-independent kinases, group 2—kinases not
dependent or weakly dependent on ABA, group 3—ABA-
dependent kinases. The unrooted UPGMA (unweighted pair
group method with arithmetic mean) tree was built using
ClustalW2 and presented using TreeView.
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moellendorffi, and several angiosperm genomes (Arabidopsis,
poplar, rice) showed that all higher plants have all three
groups of SnRK2, P. patens has only SnRK2s belonging to
group 3, and S. moellendorffi kinases belonging to groups 2 and
3. Chlamydomonas reinhardtii SnRK2s are distinct from those of
land plants (Mizoguguchi et al., 2010; Umezawa et al., 2009;
and reviews by Hauser et al., 2011; Umezawa et al,
2010).These data indicate that group 3 is an ancient form of
land plant SnRK2, whereas group 1 is the most recent. An-
other classification of SnRK2s can also be found in the litera-
ture (Halford and Hardie, 1998), which now has only
historical meaning. In that classification the SnRK2 kinases
were divided into two classes, SnRK2a and SnRK2b, based on
the amino acid composition of their divergent C-terminal
domains rich in acidic amino acids, either poly-Asp (SnRK2a)
or poly-Glu (SnRK2b). Groups 2 and 3 of the phylogenic
classification correspond to the SnRK2a subfamily, whereas
group 1 to SnRK2b (Fig. 2).

Structure of ShRK2

SnRK2s are monomeric serine/threonine protein kinases
with a molecular weight around 40kDa (Hardie, 1999; Mi-
kotajczyk et al., 2000). Recently, crystals of mutated forms of
SRK2E/OST1/SnRK2.6 unable to bind ATP were obtained
(Yunta et al., 2011). Only preliminary X-ray analysis has been
performed so far and the structure should be solved soon.

The amino acid sequences of all SnRK2s can be divided into
two regions, the N-terminal highly conserved kinase domain,
related to those of SNF1 and AMPK, and the regulatory
C-terminal domain containing stretches of acidic amino acids,
either Glu (group 1) or Asp (groups 2 and 3). Further, the
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C-terminal domain consists of two subdomains, DomainIand
Domain II (Fig. 2). Domain I (about 30 amino acids starting
from the kinase domain) is characteristic for all SnRK2 family
members and is needed for activation by osmotic stress, in-
dependently of ABA, whereas Domain II (about 40 amino
acids just after Domain I) is specific to the ABA-dependent
SnRK2s only and is needed for the ABA response (Belin et al.,
2006; Kobayashi et al., 2004; Yoshida et al., 2006). Yoshida
et al. (2006) proposed a model in which Domain II of SRK2E/
OST1/SnRK2.6 kinase was responsible for the kinase activa-
tion by ABA and interaction with the ABI1 phosphatase. Re-
cently, several independent investigations have confirmed the
interaction between ABA-dependent SnRK2s (from group 3)
with members of the clade A PP2C phosphatases, among
them ABI1 (Umezawa et al., 2009; Vlad et al., 2009), and have
shown that these phosphatases are negative regulators of the
ABA-dependent SnRK2s.

Regulation of SnRK2 activity

Results presented by several laboratories provide evidence
that reversible phosphorylation in the kinase activation loop
is responsible for regulation of SnRK2 activity (Belin et al.,
2006; Burza et al., 2006; Boudsocq et al., 2007; Kobayashi et al.,
2004; Mikotajczyk et al., 2000). In 2006, our group demon-
strated that in response to osmotic stress the activity of
NtOSAK (Nicotiana tabacum osmotic stress-activated protein
kinase), a tobacco ABA-independent SnRK2 (member of
group 1), is regulated by reversible phosphorylation of Ser154
and Ser158 within the kinase activation loop. Site-directed
mutagenesis studies showed that phosphorylation of Ser-158
was crucial for the kinase activity, whereas phosphorylation
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FIG. 2. Structure of Arabidopsis thaliana SnRK2s. (A) Model of SnRK2 structure. Ser/Thr kinase domain—kinase catalytic
domain, I—domain involved in ABA-independent activation in response to osmotic stress, characteristic for all SnRK2, II—
domain needed for ABA-dependent activation of SnRK2s. (B) Alignment of Arabidopsis thaliana SnRK2s with characteristic
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of Ser-154 most probably facilitated the phosphorylation on
Ser-158 (Burza et al., 2006). Several other laboratories also
showed the crucial role of phosphorylation on a residue cor-
responding to Ser-158 of NtOSAK in activation of different
members of the SNnRK2 subfamily (Belin et al., 2006; Boudsocq
etal., 2007; Chae et al., 2007). Using Pro-Q Diamond, a specific
dye for phosphoproteins, Boudsocq et al. (2007) showed that
all activated SnRK2s studied were phosphorylated in re-
sponse to osmotic stress but the induced changes of phos-
phorylation were clearly different depending on the kinase. In
addition, the increase of the global phosphorylation level in-
duced by ABA application was lower than in the case of os-
motic stress, suggesting that different phosphorylation
mechanisms may be involved in SnRK2 activation by hyper-
osmolarity and ABA (Boudsocq et al., 2007). These differences
have been recently confirmed (Vlad et al., 2010). These au-
thors studied changes of phosphorylation of two SnRK2 ki-
nases, SnRK2.6/OST1 (ABA-dependent kinase from group 3)
and SnRK2.10 (ABA-independent kinase from group 1), in
response to osmotic stress and ABA. They indentified two
important phosphorylation sites within the activation loops of
these kinases, one of them critical for the catalytic activity and
both necessary for the full activation by hyperosmolarity or
ABA of both SnRK2s studied. It was also shown that SnRK2.6
was most probably activated through independent phos-
phorylation of these two sites, whereas a sequential process
occurred in SnRK2.10, phosphorylation of one serine being
required for the phosphorylation of the other. The results,
indicating that SnRK2.10 is activated by sequential phos-
phorylation of two serines in the kinase activation loop, are in
agreement with our previous data concerning the mechanism
of NtOSAK activation (Burza et al., 2006).

So far, an upstream kinase(s) phosphorylating and acti-
vating SnRK2s has not been identified. Some authors suggest
that SnRK2s can be activated by autophosphorylation (Fujii
et al., 2009); however, this issue remains controversial.

Even though the kinases upstream of SnRK2s are still not
known, several negative regulators of SnRK2s’ activity have
been identified. All SnRK2s are inactivated by dephosphor-
ylation; therefore, obviously specific phosphatases should act
as their negative regulators. Recently, it has been shown that
members of clade A PP2C-type protein phosphatases interact
with ABA-dependent SnRK2s and inactivate them efficiently
via dephosphorylation of Ser and Thr residues in the kinase
activation loop (Umezawa et al., 2009; Vlad et al., 2009). This
discovery was reported at the same time as the identification
of ABA receptors—RCAR/PYR/PYL (RCAR, regulatory
component of ABA Receptor/PYRI, pyrabactin resistance 1/
PYL, PYRI1-like) (for reviews, see Cutler et al., 2010; Hubbard
etal., 2010; Klingler et al., 2010; Melcher et al., 2010; Umezawa
et al., 2010; Weiner et al., 2010). The identification of the ABA
receptors was a turning point in studies on ABA signaling and
on the regulation of SnRK2s activity. The phosphatases from
group A of the PP2C family form a complex with RCAR/
PYR/PYL proteins, sometimes they are even called ABA
coreceptors. In the absence of ABA, phosphatases belonging
to the clade A PP2C interact with and dephosphorylate ABA-
activated SnRK2 kinases (from group 3), keeping them in an
inactive form. Upon ABA binding the conformation of the
RCAR/PYR/PYL-PP2C complex changes resulting in inacti-
vation of the phosphatase and its release from the SnRK2
kinase active site. This allows activation of the kinase (Hir-

ayama and Umezawa, 2010; Joshi-Saha et al., 2011; Ma et al.,
2009; Melcher et al., 2009; Nishimura et al., 2009, 2010; Park
et al., 2009; Santiago et al., 2009; Umezawa et al., 2009, 2010;
Vlad et al., 2009). It should be stressed that the above-
mentioned mechanism was described only for the ABA-
dependent SnRK2s belonging to group 3. Kinases from group
2 (Arabidopsis SnRK2.7 and SnRK2.8) interact with PP2C
phosphatases as well (Umezawa et al., 2009), but so far their
inactivation by PP2C in vivo has not been shown. The ABA-
independent SnRK2s (group 1) do not interact with PP2C
phosphatases in the yeast two hybrid system (Umezawa et al.,
2009; Vlad et al., 2010, our unpublished results).

Recently, another negative regulator of SnRK2, SCS
(SnRK2-interacting Calcium Sensor), has been identified in
our laboratory (Bucholc et al., 2010). SCS is a plant-specific
calcium-binding protein that interacts with all SnRK2s stud-
ied by us, both ABA-dependent and ABA-independent, and
inhibits their activity. These results present not only a new
mechanism of regulation of SnRK2s activity but also a link
between SnRK2 and Ca®* signaling.

Besides phosphorylation, also other posttranslational
modifications can possibly regulate SnRK2 activity in plant
cells. It has been demonstrated that nitric oxide (NO) induces
the activity of NtOSAK in tobacco cells and can be a key
component in NtOSAK activation in response to hyper-
osmotic and salinity stresses (Lamotte et al.,, 2006; Wawer
etal., 2010). This suggested that presumably S-nitrosylation of
NtOSAK could be involved in the regulation of its activity.
However, S-nitrosylation studies have indicated that cysteine
residues of NtOSAK do not undergo direct chemical modifi-
cations; it is more likely that some of the S-nitrosylated cel-
lular partners of the kinase, for example, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) are responsi-
ble for the regulation of the activity of NtOSAK by NO
(Wawer et al., 2010) by an as-yet unknown mechanism. So far,
itis not known if NO is involved in the regulation of the ABA-
dependent SnRK2s; however, it is probable because NO is a
key element of ABA-dependent stomatal closure (for review,
see Neill et al., 2008).

It should also be mentioned that an ABA-independent ki-
nase, SnRK2.10 has been identified among proteins interact-
ing with phosphatidic acid (Testerink et al., 2004); therefore, it
cannot be ruled out that this phospholipid, whose role in
stress signal transduction is well documented, can be a reg-
ulator of at least some of the SnRK2 subfamily members.

Possible posttranslational modifications involved (or most
probably involved) in regulation of SnRK2 kinases activity are
presented in Figure 3.

Regulation of SnRK2s expression

SnRK2s are primarily regulated at the posttranslational
level, by phosphorylation. However, expression of genes en-
coding these kinases is also regulated in response to changes
of the plant environment. Kabayashi et al. (2004) showed that
expression of various Oryza sativa SnRK2s is differently reg-
ulated by ABA, mannitol, and NaCl in different plant organs
(roots, blades, and sheaths); some of them are upregulated,
whereas others, on the contrary, are downregulated. In rice,
high salt significantly induces SAPK4 expression (Diédhiou
et al., 2008). Triticum aestivum PKABA1 (protein kinase in-
duced by abscisic acid 1), the first cloned SnRK2 from wheat,
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FIG. 3. Simplified model of SnRK2s pathways involved in plant response to osmotic stress. Model was done based on
published and unpublished data described in the main text. ABA, abscisic acid; NO, nitric oxide; PA, phosphatidic acid; ROS,
reactive oxygen species; unknown SnRK2K(s), an SnRK2 upstream kinase(s)— still unknown; unknown PP, an unknown
phosphoprotein phosphatase dephosphorylating and inactivating ABA-independent SnRK2s; clade A PP2C, clade A PP2C
phosphoprotein phosphatase; SCS, SnRK2-interacting calcium sensor; PYR/PYL/RCAR, soluble ABA receptor; Rboh,
plasma membrane NADPH oxidase; SLAC1, Slow Anion Channel 1; KAT1, inward-rectifying potassium channel; TFs,
transcription factors. Connections represent positive (arrow) and negative (block) regulation. Bold line—direct regulation/
interaction, dashed line—indirect regulation. Question marks indicate currently unknown or not confirmed regulation.

as well as other wheat SnRK2 genes: TaSnRK2.4, TaSnRK2.7,
and TaSnRK2.8 are upregulated in response to plant treatment
with different stressors. Their expression is induced by poly-
ethylene glycol, NaCl, and cold, and additionally expression
of TaSnRK2.4 (from group 1), TaSnRK2.8 (from group 3), and
PKABAI1 (from group 2) is upregulated by ABA (Anderberg
and Walker-Simmons, 1992; Holappa and Walker-Simons,
1995; Mao et al., 2010; Zhang et al., 2010b, 2011). A recent
report by Xu et al. (2009) concerned expression of the W55a
gene, encoding a protein kinase belonging to the SnRK2
family from wheat, whose amino acid sequence is the most
homologous to rice SAPK1 (group 2 of SnRK2s). Expression of
Wb5a was upregulated not only by drought, salt, and exog-
enously applied ABA, but also by salicylic acid, ethylene, and
methyl jasmonate, whereas it was not responsive to cold
stress. In maize, expression of SnRK2s genes was enhanced in
response to NaCl (ZmSnRK2.3, ZmSnRK2.6, and ZmSnRK2.4),
ABA (ZmSnRK2.2, ZmSnRK2.4, ZmSnRK2.5, ZmSnRK2.7, and
ZmSnRK2.10), and cold (ZmSnRK2.3, ZmSnRK2.7), whereas
expression of some of them (ZmSnRK2.5, ZmSnRK2.6 and
ZmSnRK2.9) was suppressed by heat (Huai et al., 2008; Zou
et al., 2006). Hyperosmolarity (dehydration and high salinity)

induces the expression of four soybean (Glycine max) SnRK2
genes, SPK1, SPK2, SPK3, and SPK4 (serine/threonine protein
kinase 1, 2, 3, and 4) (Monks et al., 2001; Yoon et al., 1997).

It should also be mentioned that expression of at least some
SnRK2s can be regulated by the light-dark cycle, for example,
SnRK2.8 (Shin et al., 2007), SnRK2.4 and SnRK2.1 (Park et al.,
1993).

The physiological role of SnRK2 subfamily members;
SnRK2 downstream targets

Ample data indicate that SnRK2s are positive regulators of
plant response to drought. AAPK (ABA-activated protein
kinase) is activated by ABA in guard cells of fava bean (Vicia
faba) in response to drought and is involved in the regulation
of anion channels and stomatal closure (Li and Assmann,
1996; Li et al., 2000). The closest homolog of AAPK in A.
thaliana is the SRK2E/OST1/SnRK2.6 protein kinase. So far,
this kinase is the most broadly studied kinase in respect to
SnRK2 role in plant response to environmental stresses. The
srk2e/ost1/snrk2.6 mutant cannot cope with a rapid decrease in
humidity and has a wilty phenotype (Yoshida et al., 2002).
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Loss of the kinase function causes an ABA-insensitive phe-
notype in stomatal closure. It has been shown that OST1
mediates the regulation of stomatal aperture by ABA (Mustilli
et al., 2002; Yoshida et al., 2002) and acts upstream of reactive
oxygen species (ROS) production (Mustilli et al., 2002). ROS
are essential intermediates in ABA signaling in guard cells.
They are needed for regulation of Ca>* influx by activation of
Ca®" channels (Kwak et al., 2003; Murata et al., 2001). It is well
established that Ca®* influx is required for stomatal closure.
Two partially redundant guard cell NADPH oxidases (Atr-
bohD and AtrbohF) function in ROS-dependent ABA signal-
ing in Arabidopsis (Kwak et al.,, 2003). Therefore, it is very
likely that ABA-dependent regulation of ROS production by
OST1 is achieved through phosphorylation of the plasma
membrane NADPH oxidases. In the case of AtrbohD, it was
shown that phosphorylation and Ca®* binding is needed for
its activation (Ogasawara et al., 2008). Sirichandra et al. (2009)
showed that the N-terminal part of the recombinant AtrbohF
produced in a bacterial system is phosphorylated by OST1
in vitro. Moreover, OST1 interacts with AtrbohF in bimolec-
ular fluorescence complementation (BIFC) assay, suggesting
that NADPH oxidase could be an SnRK2.6/OST1 substrate
in vivo. However, there are no direct data so far presenting
phosphorylation and regulation of Atrbohs activity by SnRK2
in planta. Specific ion channels of the plasma membrane of
guard cells, activated in response to ABA are responsible for
the ABA-dependent stomatal closure. Recently, a guard cell
slow-anion channel 1 (SLAC1), functioning in stomatal re-
sponse to high CO, and ABA, was identified and character-
ized at the molecular level (Negi et al., 2008; Vahisalu et al.,
2008). It appeared that SLACI is a critical channel of guard
cells, responsible for stomatal movements. It was shown that
the activity of this channel was regulated by reversible
phosphorylation, the phosphorylated form being the active
one. It was established that OST1 together with CDK21 and
possibly CDPK23 were responsible for the phosphorylation
and activation of SLAC1 (Lee et al., 2009; Geiger et al., 2009,
2010). Another ion channel in Arabidopsis guard cells medi-
ating the aperture of stomata pores is an inward-rectifying
potassium channel KAT1 (Pilot et al., 2001). The activity of
this channel is also regulated by phosphorylation catalyzed
by SnRK2.6/0OST1 and most probably by CDPK (Sato et al.,
2009). However, in the case of KAT1, the phosphorylation has
anegative effect on its activity. It should be stressed, however,
that in contrast to SLAC1, downregulation of KAT1 activity is
needed for stomatal closure. The above results indicate that
SnRK2.6/0OST1 phosphorylates both anion (SLAC1) and ka-
tion (KAT1) channels that are crucial for stomatal movements,
and these phosphorylations are required for the ABA-
dependent stomatal closing in response to water deficit. Very
recently two other reports concerning OST1, SLAC1 and
stomatal closing were published. It was shown that OST1
phosphorylates and activates SLAC1 not only in response to
ABA, but also in response to elevated level of intercellular
CO, (Xue et al. 2011) or ozone (Vahisalu et al., 2010). More-
over, OST1 is responsible for stomata closing in response to
pathogens (Melotto, 2006). The regulation of plant response to
water stress by SnRK2.6/0ST1 is not restricted to the regu-
lation of stomata movement. Already in 2002, Yoshida et al.
presented results indicating that this kinase is responsible for
the positive regulation of expression of several stress response
genes, for example, RD29B and RD22. Now, our knowledge

on the regulation of gene expression by SnRK2s is signifi-
cantly broader.

Some functional redundancy between SnRK2.6, SnRK2.2,
and SnRK2.3 has been postulated. All of them are members of
group 3 (ABA-dependent SnRK2s) of the SnRK2 family and
are key regulators of plant response to ABA. The Arabidopsis
triple mutant snrk2.2/snrk2.3/snrk2.6, also known as srk2d/ife,
disrupted in three ABA-dependent SnRK2s (SnRK2.2/
SRK2D, SnRK2.3/SRK2I, and SnRK2.6/SRK2E), is extremely
insensitive to ABA and exhibits greatly reduced tolerance to
drought, not only by the disruption of stomatal closing but
also as a result of downregulation of ABA- and water stress-
induced genes (Fujii and Zhu, 2009; Fujita et al., 2009). Studies
involving this mutant indicate that these kinases are major
regulators of ABA signaling in response to water stress. The
intensity of the triple mutant phenotype is far stronger than
that of any of the single or double mutants. Previous studies
using snrk2.2, snrk2.3, and double snrk2.2/snrk2.3 T-DNA
knockout mutants indicated that SnRK2.2 and SnRK2.3 ki-
nases were involved in the regulation of seed dormancy and
germination (Fujii et al., 2007). Double mutant snrk2.2snrk2.3
was insensitive to ABA in terms of seed dormancy, germi-
nation, and seedling growth, in contrast to the snrk2.6 mutant
(Fujii et al, 2007; Yoshida et al., 2002). Moreover,
snrk2.2snrk2.3 was barely affected in leaf water loss, sug-
gesting that SnRK2.2 and SnRK2.3 have only minor roles in
the control of stomatal movement in drought response, which
further distinguished their function from that of SnRK2.6
(Fujii et al., 2007). However, the phenotype of the triple mu-
tant clearly showed that all three kinases are partially re-
dundant and all of them are important for ABA responses,
both in terms of water stress response, as well as ABA-
dependent developmental processes (seed development and
dormancy) (Fujii and Zhu, 2009; Fujita et al., 2009; Nakashima
et al., 2009).

As mentioned above, OST1/SnRK2.6, as well as other
ABA-dependent SnRK2s, are involved in the regulation of
expression of stress—response genes. The Arabidopsis triple
mutant snrk2.2/snrk2.3/snrk2.6 showed strong impairment of
ABA- and water stress-dependent gene expression under
water deficit conditions (Fujita et al., 2009). On the other hand,
jasmonic acid-dependent genes and those involved in regu-
lation of flowering were upregulated. Those authors showed
that expression of almost all genes encoding dehydration-
responsive late embryogenesis abundant (LEA) proteins as
well as those encoding group A PP2C (negative regulators of
the SnRKs activity) were strongly downregulated in the
snrk2.2/snrk2.3/snrk2.6 mutant under water stress (NaCl or
ABA treatment). Similar results were also obtained when the
mutant was analyzed in terms of regulation of gene expres-
sion during seed development and dormancy. Stress-related
genes were downregulated in this mutant in comparison to
the wild type, whereas those related to photosynthesis and
tetrapyrrole synthesis were upregulated (Nakashima et al.,
2009). It was concluded that ABA-dependent SnRK2s
(SnRK2.2, SnRK2.3, and SnRK2.6) are essential for the control
of seed development and dormancy through an extensive
control of gene expression.

ABA-regulated genes have conserved ABA-responsive
elements (ABRE) in their promoters, usually in several cop-
ies. The transcription factors which bind to ABRE and trig-
ger transcription of the ABA-regulated genes, known as
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ABRE-binding proteins (AREBs) or ABRE-binding factors
(ABFs), are regulated by phosphorylation. Furihata et al.
(2006) showed that Arabidopsis ABA-dependent SnRK2s from
group 3 (SnRK2.2, SnRK2.3, and SnRK2.6) phosphorylate
ABFs in vitro at sites crucial for their activity. That result
was confirmed by Fujii et al. (2007). Later on it was shown
that these kinases play an essential role in phosphorylation
of ABFs, including ABI5 during seed maturation and germi-
nation (Nakashima et al., 2009), and also in response to
environmental stress. There are several examples of phos-
phorylation of ABFs by SnRK2s also in plants other than
Arabidopsis (Johnson et al. 2002; Kobayashi et al., 2005). A rice
ABF, TRABI1, has been shown to be activated via ABA-
dependent phosphorylation. SAPK8, SAPK9, and SAPK10
(orthologs of SnRK2.2, SnRK2.3, and SnRK2.6) directly
phosphorylate TRABI1 in response to ABA (Kobayashi et al.,
2005). Not only genes with an ABRE in their promoters are
likely to be regulated by SnRK2s. For example, in both the
snrk2.6 and obviously in the snrk2.2/snrk2.3/snrk2.6 mutant an
impairment of RD22 expression was observed (Fujii and Zhu,
2009; Yoshida et al., 2002). Expression of RD22 is controlled by
Myc and Myb transcription factors; therefore, it can be spec-
ulated that also the activity of these transcription factors is
modulated by SnRK2 phosphorylation. More information on
the ABA-mediated transcription regulation in response to
osmotic stress in plants, including regulation by SnRK2, can
be found in a very recent review by Fujita et al. (2011).

There are indications that SnRK2s from group 3 are in-
volved in the regulation of plant metabolism. Recently, Zheng
et al. (2010) showed that SnRK2.6 participates in the regula-
tion of oil synthesis in Arabidopsis seeds, sucrose synthesis and
fatty acid desaturation in leaves.

Much less is known on the physiological role of SnRK2s
from group 2 (SnRK2.7 and SnRK2.8 in Arabidopsis). Umeza-
wa et al. (2004) showed that SKR2C/SnRK2.8 plays a signif-
icant role in drought tolerance. Arabidopsis knockout mutants
srk2c/snrk2.8 were hypersensitive to drought, whereas Arabi-
dopsis transgenic plants overexpressing SRK2C/SnRK2.8 were
significantly more tolerant to drought than wild-type plants.
The kinase functions mainly in root tips and apparently does
not affect stomatal movement, in contrast to SRK2E/
SnRK2.6/0ST1, because the water-loss level of the mutant
was similar to that of wild-type plants. On the other hand,
root elongation and lateral root number were significantly
lower in the srk2c/snrk2.8 mutant than in wild-type plants.
DNA microarray analysis of 355:SRKC/SnRK2.8-GFP and
control plants revealed upregulation of many stress-responsive
genes, for example, RD29A, COR15A, DREB1A in transgenic
plants overexpressing SRKC/SnRK2.8, indicating that, most
probably, the regulation of water stress tolerance by SnRK2.8
is due to the control of stress-responsive gene expression.
Recently, an analysis of the expression profiles of snrk2.7/
snrk2.8 double mutant and wild-type seedlings exposed to
drought stress confirmed previous data indicating that
kinases from group 2 of the SnRK2 subfamily play an im-
portant role in drought response (Mizoguchi et al., 2010). The
results indicated that SnRK2.7 and SnRK.8 upregulate the
expression of some AREB/ABF target genes, albeit to an ex-
tent lower than the SnRK2.2/2.3/2.6 kinases. Those authors
showed that SRK2C/SnRK2.8 interacts with an ABA-related
bZIP protein, EEL. SRK2C/SnRK2.8 and EEL are coexpressed
in root tips and SRK2C/SnRK2.8 phosphorylates EEL as well
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as another bZIP protein (ABF1) in vitro (Mizoguchi et al.,
2010). These data indicate that EEL and maybe some other
bZIP proteins could be cellular substrates of SnRK2.8. Johnson
et al. (2002) have identified TaABF, a wheat member of the
ABF family, that is specifically bound and phosphorylated by
wheat kinase PKABA1 (from group 2 of the SnRK2 subfamily).
The data suggested that TaABF may serve as a physiological
substrate for PKABA1 in the ABA signal transduction path-
way during grain maturation, dormancy, and could lead to
suppression of germination-associated gene expression and
germination itself.

Recent analyses have addressed the question about the role
of group 2 and 3 SnRK2s from wheat. cDNAs encoding wheat
kinases were expressed in Arabidopsis and stress tolerance
analysis of the obtained transgenic plants was performed.
Expression of TaSnRK2.8 (from group 3) or TaSnRK2.4 (from
group 2) in Arabidopsis enhanced the plant tolerance to
drought, salinity, and low temperature (Mao et al., 2010;
Zhang et al., 2010b). Expression of TaSnRK2.4 resulted in
delayed seedling establishment, longer primary roots, and
higher yield in normal growth condition. The authors also
suggest that TaSnRK2.4 and TaSnRK2.8 are involved in the
regulation of carbon metabolism, which is closely connected
with stress response. Independently, Xu et al. (2009) showed
that transgenic Arabidopsis plants in which W55a (a wheat
SnRK2 belonging to group 2) has been expressed exhibited
higher tolerance to drought. Even though recent studies in-
dicate that some SnRK2s belonging to group 2, for example,
Arabidopsis SnRK2.7 and SnRK2.8, are weakly activated by
ABA treatment and upregulate expression of some AREB/
ABEF target genes in response to stress (drought, NaCl), they
do not regulate gene expression in response to direct plant
treatment with ABA; therefore, their role in ABA signaling is
still unknown.

There are several indications that SnRK2s from group 2 are
involved in the regulation of plant metabolism. SnRK2.8 is a
positive regulator of plant growth, most probably by phos-
phorylation and regulation of the activity of several enzymes
involved in basic metabolism (Shin et al., 2007). There is evi-
dence that expression of SnRK2.8 is downregulated by N, P, or
K deprivation, and this downregulation is accompanied by
poor plant growth, whereas overexpression of cDNA encod-
ing this kinase results in improved growth of Arabidopsis
under normal and nutrient-limited conditions (Shin et al.,
2007). Several target proteins have been identified as being
phosphorylated by SnRK2.8. Certain targets, such as 14-3-3
proteins, regulate as yet unidentified proteins, whereas other
targets, such as glyoxalase I and ribose 5-phosphate isomer-
ase, detoxify byproducts of glycolysis and catalyze one of the
final steps in carbon fixation, respectively. Also, adenosine
kinase and a 60S ribosomal protein were confirmed as targets
of SnRK2.8.

So far, information on the role of ABA-independent SnRK2
family members (group 1) is scant. Diédhiou et al. (2008) have
revealed that overexpression of SAPK4 (a rice SnRK2 from
group 1) increases rice tolerance to salinity and oxidative
stress. The authors studied seed germination as well as de-
velopment of rice seedlings and growth of mature plants
under salt stress. In plants overexpressing SAPK4 transcript
levels of the vacuolar H*-ATPase and catalase were higher in
comparison to wild-type plants, whereas those encoding the
vacular Na™/H™" antiporter OsNHX1 and the Cl~ channel
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OsCLC1 were lower. Most likely that was why the transgenic
plants exhibited lower oxidative stress and accumulation of
Na*® and Cl~ ions and overall enhanced salt tolerance
(Diédhiou et al.,, 2008). Zhang et al. (2011) reported that
TaSnRK2.7 encoding an ABA-independent kinase expressed
in Arabidopsis enhanced plant drought, cold, and salinity tol-
erance. It was also shown that two soybean (Glycine max)
ABA-independent SnRK2s, SPK1, and SPK2, were able to
phosphorylate soybean phosphoinositide binding protein
Sshlp, that may function as a component of the hyperosmotic
stress response pathway (Kearns et al.,, 1998; Monks et al.,
2001). These examples suggest that ABA-independent
SnRK2s act as positive regulators of plant response to abiotic
stresses. However, they may have other cellular functions as
well. Several years ago it was found that MtSK1, a gene en-
coding an SnRK2 kinase from group 1 in Medicago truncatula,
was involved in the induction of somatic embryogenesis
(Nolan et al., 2006).

Very recently, an extremely difficult large scale experiment
leading to establishing the role of SnRK2s, including the ABA-
independent members, was undertaken by Fujii et al. (2011).
They constructed and characterized Arabidopsis decuple mu-
tants carrying mutations in all 10 SnRK2 genes, mutants de-
fective in SnRK2.1/4/5/7/8/9/10 and also quadruple
snrk2.1/4/5/10 and quintuple snrk2.1/4/5/9/10 mutants. First of
all, the results suggest that all SnRK2s are important in plant
response to osmotic stress. The features of those mutants
(expression level of selected stress-response genes, ABA, and
proline production in response to osmotic stress and ABA
treatment) have revealed some differences between the mu-
tants studied. The analysis of proline level, for example, in-
dicated that ABA-independent SnRK2s (SnRK2.1/4/5/9/10)
could act as negative regulators of ABA-induced proline ac-
cumulation. This feature is exactly opposite to that of the
ABA-dependent kinases from group 3. However, because the
data concerning functions of ABA-independent members of
the SnRK2 subfamily is scarce, it is very difficult to make
any general statements in terms of their function; a lot of
work remains to be done to establish the role of the ABA-
independent SnRK2s.

In algae, several SnRK2s involved in response to abiotic
stress have been identified. Two Chlamydomonas reinhardtii
SnRK2 kinases, SNRK2.1 and SNRK2.2 (previous name Sac3)
are involved in response to sulfur limitation (Davies et al.,
1999; Gonzalez-Ballester et al., 2008). SNRK2.1 positively
regulates sulfur-starvation responsive genes, for example,
SAC-like Transporter 1 (SLT1), SAC-like Transporter 2 (SLT2),
Sulfate Transporter 2 (SULTR2) needed for maintaining cell
viability during S-deprivation (Gonzalez-Ballester et al., 2008;
Pootakham et al., 2010). SNRK2.2, on the other hand, is re-
sponsible for repression of S-inducible genes when cells are
depleted of S (Davies et al.,, 1999; Gonzalez-Ballester et al.,
2008). It seems likely that also in higher plants at least some
SnRK2s are involved in sulfur metabolism as well. Kimura
et al. (2006) showed that mRNA levels of four Arabidopsis
kinases, both ABA-dependent and ABA-independent,
SnRK2.1, SnRK2.3, SnRK2.4, and SnRK2.6, increased in re-
sponse to sulfur limitation. Additionally, it was shown that
SnRK2.3 controls the production of O-acetyl-L-serine, a pu-
tative signaling compound of the sulfur starvation response,
and expression of the sulfate transporter SULTR2-2 gene un-
der limited sulfur supply (Kimura et al., 2006). Taking into

consideration that in lower plants and most probably also in
higher plants SnRK2s are involved in sulfur metabolism,
which is closely connected with regulation of heavy metal
tolerance, one can expect that SnRK2s might be involved not
only in the plant response to water stress and nutrient dep-
rivation but also in the response to heavy metal stress.

Conclusions

All presented findings indicate a key role of SnRK2 kinases
in the regulation of plant response to abiotic stresses and
nutrient limitation in an ABA-dependent and independent
manner. Similarly to SnRK1, they link ABA and stress sig-
naling with plant metabolism. The ABA-dependent kinases
belonging to group 3 of the SnRK2 subfamily are major reg-
ulators of plant response to ABA, both in environmental stress
conditions as well as during plant development, seed matu-
ration, and germination. They are a central hub in ABA sig-
naling. Regulation of the response to ABA via SnRK2s occurs
by direct phosphorylation of various effector proteins, such as
ion channels (SLAC1, KAT1), and by regulation of expression
of stress response genes, most probably by phosphorylation
and activation of ABFs and other specific transcription factors.
Even though ABA-dependent kinases in comparison to other
SnRK2s have been studied the most deeply still only a few
cellular substrates of members of this group were identified. It
is well established that most SnRK2s are localized both in the
nucleus and cytoplasm, but nothing is known on the mecha-
nism of their nuclear-cytoplasmic translocation; their struc-
ture lacks a typical nuclear localization signals.

SnRK2s of group 2 are also positive regulators of plant
responses to water deficit, most probably by regulation of
stress response genes. However, this regulation is not as
strong as in the case of the ABA-dependent SnRK2s from
group 3.

The least is known on the physiological role of ABA-
independent SnRK2s. We therefore envision that this group
will be widely studied in the nearest feature. So far, there are
mostly question marks concerning their role, mechanism(s) of
regulation of their activity and localization (localization only
of some of them was studied). Very intriguing is the fact that
group 1 kinases, whose activity is not dependent on ABA,
have an influence on ABA-dependent proline accumulation
(Fujii et al., 2011), as well as other ABA-dependent processes
(our unpublished results). Moreover, phosphoproteomic data
obtained last year by Kline et al. (2010) showed a strong in-
crease of SNRK2.4 phosphorylation in the kinase activation
loop in response to ABA treatment. The increase of SnRK2.4
phosphorylation was similar to that observed for ABA-
dependent kinases—SnRK2.2, SnRK2.3, and SnRK2.6. Why
then is this kinase not activated by ABA? Are there some other
mechanisms, beside phosphorylation, controlling SnRK2s
activity? What is the role of PA and NO in SnRK2s function?
Which phosphatases are responsible for inactivation of ABA-
independent SnRK2? Is SnRK2 activation dependent on
phosphorylation by an so far unknown upstream kinase(s)? In
which stress signaling pathways, beside osmotic stress, are
SnRK2s involved? Still much work needs to be done in order
to identify the SnRK2s’ cellular substrates and to establish
the connections, or crosstalk, of SnRK2s with other signaling
elements and various hormonal signaling pathways. All these
issues should be addressed to learn more about the role of
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SnRK?2 in plant response to abiotic stresses. Drought and sa-
linity severely affect plant growth and productivity. In order
to obtain plants with enhanced tolerance to environmental
stresses the knowledge on plant stress signal transduction
pathways and plant defense against given stressors is
required. Therefore, studies on SnRK2s are of high priority,
as they seem to be perfect candidates for improvement
of crop tolerance to environmental stresses and water use
efficiency.
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