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Reversible phosphorylation is a major mechanism for regulating protein function and controls a wide range of

cellular functions including responses to external stimuli. The plant-specific SNF1-related protein kinase 2s

(SnRK2s) function as central regulators of plant growth and development, as well as tolerance to multiple abiotic

stresses. 
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1. Introduction

Throughout their lifecycles, plants are sometimes exposed to water-deficit conditions such as drought, salinity and

freezing. Such conditions are perceived by plant tissues as an osmotic stress that reduces plant growth, leading to

losses in crop yield worldwide. To cope with such conditions and maintain cellular homeostasis, plant cells have

developed physiological and molecular mechanisms to recognize and respond to external stresses in a precise and

timely manner. Such external stimuli are generally perceived at the plasma membrane of cells and then transmitted

to the entire cell through various signaling pathways. Protein phosphorylation is a post-translational modification

that plays an important role in the cellular response to osmotic stress. Phosphorylation is catalyzed by protein

kinases, which transfer a γ- phosphoryl group from ATP to specific serine, threonine, tyrosine or sometimes

histidine residues within their substrate proteins . Phosphorylation can affect the stability, catalytic activity and

subcellular localization of proteins, as well as interactions with other regulatory components . This modification

is considered reversible because phosphorylated proteins can also be readily dephosphorylated by protein

phosphatases . Of the ~28,000 protein-encoding genes in the model plant Arabidopsis thaliana , over 1000

genes encode protein kinases  and only a small subset of these genes have been functionally characterized to

date.

The collective effort by many researchers over the past two decades has resulted in a deeper understanding of the

essential roles of a phytohormone abscisic acid (ABA) and SnRK2-type protein kinases in the plant responses to

diverse environmental stimuli, especially to osmotic stress . ABA plays crucial roles in plant responses to

osmotic stress and desiccation, such as stomatal closure, gene expression, seed maturation and dormancy .

When exposed to water-deficit conditions, plants accumulate higher levels of ABA, which in turn induces protective

stress responses via ABA-dependent or -independent pathways, both of which trigger activation of multiple

SnRK2s . Following their activation, SnRK2s transduce the stress signal through phosphorylation of

various downstream substrates, including transcription factors and ion channels. In turn, these downstream

substrates facilitate protective stress responses . Although the mechanisms by which ABA induces SnRK2
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activation are well characterized , how osmotic stress induces direct activation of SnRK2s was, until

recently, less clear. A breakthrough came in 2015, when a pioneering study identified a group B3 Raf-like protein

kinase as a direct upstream activator of SnRK2s in the moss . Following this initial study, several additional

studies revealed the essential roles of group B Raf-like protein kinases in ABA-independent SnRK2 activation in

response to osmotic stress responses in Arabidopsis . In addition to these new connections between

SnRK2s and Raf-like kinases, recent data shows that SnRK2-mediated signaling also regulates target of

rapamycin (TOR), a master regulator that orchestrates cell proliferation and growth by integrating nutrient, energy,

hormone and diverse stress stimuli . Together, these studies indicate that SnRKs play a pivotal role in the

balance between plant growth and stress responses.

2. Role of SnRK2 Protein Kinases in Plant Abiotic Stress
Tolerance

SnRK2-type protein kinases belong to the SnRK family and are classified into three subgroups (SnRK1, SnRK2

and SnRK3) according to their sequence similarity and C-terminal domain structure  (Figure 1). The

heterotrimeric SnRK1s are the most closely related to yeast SUCROSE NON-FERMENTING 1 (SNF1) kinase and

mammalian AMP-ACTIVATED PROTEIN KINASEs (AMPKs)  and are involved in cellular responses to

starvation or nutrient signals . Differing from SnRK1, the SnRK2 and SnRK3 groups are unique to plants. SnRK3

is also named as CALCINEURIN B-LIKE (CBL)-INTERACTING PROTEIN KINASE (CIPK) according to their ability

of interacting with Ca  sensor CBL proteins, or PROTEIN KINASE S (PKS). The most characterized SnRK3

kinase is SALT OVERLY SENSITIVE 2 (SOS2), also known as SnRK3.11/CIPK24, that is a serine/threonine kinase

and that forms a complex with CBL4/SOS3. The SOS2-SOS3 complex acts in the SOS pathway that is required for

salt tolerance . SnRK2 families are evolutionarily conserved in major plant lineages, including algae

(e.g., Klebsormidium nitens and Chlamydomonas reinhardtii), liverwort (Marchantia polymorpha), moss

(Physcomitrella patens), lycophytes (Selaginella moellendorffii) and land plants (Arabidopsis thaliana and Oryza

sativa) . The first reported SnRK2 was PROTEIN KINASE ABA 1 (PKABA1) from wheat and its transcript

was induced by ABA . Later, ABA-ACTIVATED PROTEIN KINASE (AAPK) was found from fava bean (Vicia

fava)  and its Arabidopsis ortholog OPEN STOMATA 1 (OST1)/ SRK2E/ SnRK2.6 was identified .
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Figure 1. Phylogenetic tree of SnRK family in Arabidopsis. In Arabidopsis, SnRK1, SnRK2 and SnRK3 contain 3,

10 and 25 genes, respectively. SnRK2 family is classified into three subclasses, subclass I, II and III. SnRK2

kinases are activated in response to osmotic stress, except for SRK2J (indicated by *). Subclass II and Subclass III

SnRK2s are activated in response to ABA.

SnRK2s are monomeric serine/threonine protein kinases with a molecular mass of about 40 kDa , consisting of

an N-terminal protein kinase domain and a C-terminal domain that contains stretches of acidic amino acids (acidic

patch). The C-terminal domains are further functionally categorized as domain I and domain II, also known as

SnRK2-box or ABA-box, respectively . The amino acid sequences encoding the N-terminal kinase domain

are highly conserved among all SnRK2 members, while sequences encoding the C-terminal domain are more

divergent . These C-terminal domains are required for SnRK2 activation in a stress-specific manner, with

the SnRK2-box necessary for osmostress-induced or ABA-independent activation and the ABA-box necessary for

ABA-dependent activation . On the basis of the amino acid sequence similarity and responsiveness to

ABA or osmotic stress, the SnRK2 family can be classified into three subclasses: I, II and III  (Figure 1).

Although SnRK2-box is relatively similar in all SnRK2 members, the ABA-box is apparently different among SnRK2

subclasses, especially within the acidic patch region. Indeed, the acidic patch is rich in glutamic acid (E) in

subclass I SnRK2s, but rich in aspartic acid (D) in subclass II and III . Although only D-rich SnRK2s (subclass II

and III) are activated by ABA, all SnRK2 members except for Arabidopsis SRK2J/SnRK2.9 (subclass I) are
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activated in response to osmotic stress  (Figure 1). Thus, subclass II and III SnRK2s are classified as

ABA-responsive SnRK2s, while subclass I SnRK2s are classified as ABA-unresponsive SnRK2s.

2.1. Role of Arabidopsis Subclass III SnRK2s in Regulating Abiotic Stress Responses

The Arabidopsis genome contains ten members of the SnRK2 family, designated SRK2A to SRK2J  or SnRK2.1

to SnRK2.10  (Figure 1). Among these subclasses, subclass III members (SRK2D/SnRK2.2,

SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3) are strongly activated by ABA and osmotic stress treatment and play

essential roles in the induction of multiple osmotic stress responses including activation of ABA signaling .

SRK2E is expressed in guard cells dominantly and plays a key role in stomatal movement , while SRK2D and

SRK2I are mainly involved in ABA signaling during seed germination, seed dormancy and seedling growth . The

triple knockout mutant for subclass III SnRK2s (srk2dei) showed extreme insensitivity to ABA ,

indicating that those three kinases are functionally redundant.

Progress has been made in identifying proteins phosphorylated by subclass III SnRK2s. For example, bZIP-type

transcription factors AREB/ABFs (ABA-RESPONSIVE ELEMENT-BINDING PROTEINS/ABRE-BINDING

FACTORS) are phosphorylated by SnRK2s to induce ABA- or stress-responsive gene expression  (Figure 2).

In guard cells, SRK2E phosphorylates various membrane-localized proteins to induce stomatal closure and reduce

transpiration. Activation of anion channels SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1)  and QUICK-

ACTIVATING ANION CHANNEL 1 (QUAC1)  by SRK2E induces anion efflux through the plasma membrane,

leading to activation of outward-rectifying K  channel GATED OUTWARDLY-RECTIFYING K  CHANNEL (GORK)

 and K  release. Another SRK2E target is the inward-rectifying K  channel POTASSIUM CHANNEL IN

ARABIDOPSIS THALIANA 1 (KAT1). SRK2E phosphorylates and inactivates KAT1 to prevent K  influx .

Additionally, SRK2E phosphorylates a NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG F (RbohF)

to promote apoplast reactive oxygen species (ROS) production . The accumulation of apoplastic ROS is crucial

for the induction of stomatal closure. More recent comparative phosphoproteomic analyses identified additional

putative substrates downstream of subclass III SnRK2s . Among these substrates, SNRK2-SUBSTRATE 1

(SNS1) negatively regulates ABA signaling at cotyledon greening stage , whereas SERRATE (SE) and

HYPONASTIC LEAVES 1 (HYL1), core components of miRNA processing complex, are phosphorylated by

SnRK2s to modulate miRNA accumulation . The global view provided by these phosphoproteomic

approaches also revealed [-(R/K)-x-x-(pS/pT)-] and [-(pS/pT)-x-x-x-x-(D/E)-] as the preferred motifs that SnRK2s

phosphorylate within their substrates in Arabidopsis .
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Figure 2. A model of the intracellular signal transduction under optimal growth conditions or during osmotic stress

responses.Under optimal growth conditions (No Stress), TOR, RAPTOR and LST8 form a complex and promote

cell division, expansion or elongation for plant growth through positive regulation of growth promotion-related

factors such as S6K, BZR1 and PIN2. In addition, TOR directly phosphorylates PYLs or EIN2 to negatively

regulates stress-associated phytohormone signaling such as ABA and ethylene, respectively. TOR-mediated

phosphorylation of PYLs inhibits PYL-binding to ABA, therefore active PP2Cs dephosphorylate and inactivate

subclass III SnRK2s to compromise ABA signaling and other protective stress responses. Such a PP2C-SnRK2

complex sequesters SnRK1, thereby allowing TOR activity and growth. Under water-deficit conditions (Osmotic

Stress), multiple group B Raf-like protein kinases are rapidly activated. B4 Raf-like protein kinases directly

phosphorylate and activate ABA-unresponsive (subclass I) SnRK2s, thereby enhancing mRNA decapping activator

VARICOSE (VCS) activity to modulate mRNA population under osmotic stress responses. On the other hand, ABA-

responsive (subclass III) SnRK2s activate in the both ABA-dependent and -independent manner. That is, osmotic

stress promotes ABA biosynthesis and increased ABA is perceived by PYLs, leading to the formation of PYL-ABA-

PP2C complexes, thereby releasing subclass III SnRK2s from inhibition by PP2Cs. In addition, osmostress-

activated B2/B3 Raf-like protein kinases directly phosphorylate and activate subclass III SnRK2s. Activated

subclass III SnRK2s phosphorylate downstream substrates such as bZIP-type transcription factor AREBs and ion

channel SLAC1, to promote ABA responses or other protective stress responses including regulation of stress-

responsive gene expression and stomatal closure. SnRK1 is released from the sequestration by PP2C-SnRK2

complex and inhibits TOR-mediated signaling to repress growth. The β and γ represent the regulatory subunits of

heterotrimeric SnRK1 complex.
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There are several notable differences in the composition of SnRK2 in Arabidopsis compared to other plants. The

subclass III-type SnRK2s are the most ancestral SnRK2 kinases that can be found in semiterrestrial algae .

The moss Physcomitrella patens genome encodes only four SnRK2 genes (PpSnRK2A/2B/2C/2D), all of which are

categorized into subclass III . The Ppsnrk2a/b/c/d quadruple knockout mutant displayed drastic ABA insensitivity

and reduced osmotic stress tolerance, indicating that the roles of subclass III SnRK2s in abiotic stress signaling are

evolutionarily conserved between bryophytes and angiosperms .

2.2. Role of Arabidopsis Subclass I and II SnRK2s in Regulating Abiotic Stress Responses

In Arabidopsis, there are two subclass II SnRK2s (SRK2C/SnRK2.8 and SRK2F/SnRK2.7), both of which are

strongly activated in response to osmotic stress but weakly to ABA  (Figure 1). The first reported SnRK2,

PKABA1 from wheat, belongs to this subclass . Overexpression of SRK2C confers drought tolerance in

Arabidopsis transgenic plants . However, by contrast to the severe phenotype observed in subclass III mutant

(srk2dei), the Arabidopsis double mutant (srk2cf) did not showed remarkable phenotypic changes even under

osmotic stress conditions , indicating only minor contributions to ABA and osmostress signaling. bZIP-type

transcription factors, such as ABF3 and ENHANCED EM LEVEL (EEL), are suggested to be as putative SRK2C

substrates in vitro . On the other hand, SRK2C was shown to function in metabolic processes, suggesting its

crucial roles in plant growth . Given that subclass II-type SnRK2 has been acquired in lycophytes

(e.g., Selaginella tamariscina), it could be an intermediate molecule during the transition from subclass III SnRK2 in

algae to subclass I SnRK2 in seed plants .

Subclass I-type SnRK2s are found in most angiosperms, but not in bryophytes or algae. There are five members in

the Arabidopsis genome (SRK2A/SnRK2.4, SRK2B/SnRK2.10, SRK2G/SnRK2.1, SRK2H/SnRK2.5 and

SRK2J/SnRK2.9), all of which except for SRK2J are rapidly activated by osmotic stress perception prior to ABA

accumulation  (Figure 1). Unlike subclass II and III SnRK2s, subclass I SnRK2s are not activated by ABA 

 (Figure 2). Although less is known about subclass I SnRK2s compared to subclass III SnRK2s, recent studies

have shown that this clade of SnRK2 is also essential for plant growth and survival under water-deficit conditions.

For example, under salt stress conditions, SRK2A and its homolog SRK2B are involved in the maintenance of root

system architecture  and in the modulation of ROS homeostasis . Additionally, under osmotic stress

conditions, SRK2B phosphorylates two of the LATE EMBRYOGENESIS ABUNDANT (LEA) dehydrin proteins,

EARLY RESPONSE TO DEHYDRATION 10 (ERD10) and ERD14 . Phosphorylation of ERD14 by SRK2B are

involved in the translocation of ERD14 from cytosol to nucleus . Importantly, after osmotic stress perception,

subclass I-type SnRK2s, such as SRK2A and SRK2G, translocate to cytosolic punctate structures, which is known

as processing bodies (P-bodies) . In P-bodies, subclass I SnRK2s interact with and phosphorylate the mRNA

decapping activator VARICOSE (VCS)  (Figure 2). VCS is a component of the mRNA decapping complex,

which mediates the removal of the mRNA 5′-m G-cap, leading to exonuclease-mediated mRNA decay . Both the

quadruple knockout mutant of subclass I SnRK2s (srk2abgh) and artificial micro RNA (amiRNA)-mediated VCS-

knockdown plants shows similar growth retardation under osmotic stress conditions, suggesting the common

phenotype is due to misregulation of mRNA metabolism in response to osmotic stress . Given the fact that ABA-

responsive SnRK2s (subclass II and III) showed no interaction with VCS , subclass I SnRK2s could
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predominantly regulate VCS-mediated mRNA decay in early osmotic stress response. In addition, cross-species

complementation attempts demonstrated that Arabidopsis subclass I SnRK2 could not complement the osmotic

stress tolerance-related phenotype of the P. patens subclass III SnRK2s quadruple mutant (Ppsnrk2a/b/c/d),

indicating that the functions of subclass I SnRK2s are not compatible with subclass III SnRK2s . In conclusion,

recent investigations proposed that subclass I SnRK2s could be involved in plant growth and osmotic stress

tolerance in a different manner from subclass II/ III SnRK2s, but both subclass I SnRK2-mediated and subclass II/

III SnRK2-mediated osmostress signaling are vital for plant to adopt to unfavorable conditions (Figure 2).

2.3. Other Regulators of Abiotic Stress Responses

In addition to the SnRK2 family, other protein kinases such as RECEPTOR-LIKE KINASES (RLKs), MITOGEN-

ACTIVATED PROTEIN KINASES (MAPKs), CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs/CPKs)

contribute to plant responses to various abiotic stresses. For example, a plasma membrane localized receptor-like

kinase GUARD CELL HYDROGEN PEROXIDE-RESISTANT 1 (GHR1) phosphorylates SLAC1 and is involved in

both ABA- and H O -mediated stomatal closure . Another transmembrane receptor-like kinase FERONIA (FER)

and its ligand RAPID ALKALINIZATION FACTOR 1 (RALF1) interact with and activate the GTPase RHO-RELATED

PROTEIN FROM PLANTS 11 (ROP11), thereby activating PP2C ABI2 to suppress ABA signaling . RALF1-FER

complex-dependent phosphorylation of GLYCINE-RICH RNA BINDING PROTEIN 7 (GRP7) affects alternative

splicing to modulate stress responses and growth . MPK9 and MPK12 are highly and preferentially expressed in

guard cells and are involved in both ABA- and H O -mediated stomatal closure . ABA-inducible MAPKKK17/18

activates MAPKK3–MPK1/2/7/14 cascade to regulate ABA-mediated inhibition of seed germination and cotyledon

greening . MAPKKK20, also known as ABA-INSENSITIVE PROTEIN KINASE 1 (AIK1), activates MAPKK5–

MPK6 cascade to promote ABA-mediated primary root growth inhibition and stomatal closure and the PP2C ABI1

restricts AIK1 activity by dephosphorylation . CPKs also mediate abiotic stress signaling through

phosphorylation of substrate proteins, some of which are partially overlapped with SnRK2s. One of the examples is

CPK6, which directly phosphorylates the N-terminal region of SLAC1 at Ser-59 and activates SLAC1 to promote

stomatal closure . Notably, transgenic plants carrying a SLAC1 transgene with mutations that produce a single

substitution of Ser-59 to Ala (S59A), or the OST1-target site Ser-120 to Ala (S120A), rescued the slac1 knockout

mutant phenotype. However, a transgenic line carrying a SLAC1 transgene with mutations that produce both Ser to

Ala substitutions did not, suggesting that both CPK6- and OST1-mediated phosphorylation is essential for SLAC1

activation . In addition to those, several protein kinases are modulating plant responses to abiotic stresses,

which have been extensively discussed in the excellent recent reviews .
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