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Tolerance or susceptibility to abiotic stresses in plants is a coordinated action of various genes including those encoding
calcium binding proteins and other components of stress signal transduction pathways. These components may cross tal
with each other, however still little information is available on this aspect. Calcium ioFfQ {@zction as a major
secondary-messenger signaling molecule, which plays a fundamental role in plant growth and development under normal
as well as stress conditions. In general, stress signals results in cytoébtierﬂﬂbations, which are unique and pre-

cisely decoded by é%sensing proteins to relay the signaling cascade. The relatively recently discovered calcium sensor
calcineurin B-like proteins (CBLs), and their interacting partners CBL-interacting protein kinases (CIPKs), have emerged
as key network that plays an important role in plants in response to calcium and stress signaling. CIPK initiates a phospho-
rylation cascade and can regulate the expression of major genes involved in imparting stress tolerance. In this review we
have focused on the various aspects of calcineurin signaling networks in yeast in relation to salt stress, historical back-
ground of plant CBL and CIPK proteins and an up to date coverage of their structure, localization, genomic organization,
and expression profiles under stress conditions. Furthermore, hypothetical models depicting the role of CBL-CIPK in
stress signaling are described. Future aspects to explore and solve the complexity of this pathway are also covered.

Key Words: ABA, abiotic stress, calcium signaling, calcium sensors, CBL-CIPK, Salt stress, Ser-Thr protein
kinase, SOS pathway

Introduction cytoplasmic C#levels can provide specific signals for

Plants are constantly challenged with nature’s fury in€XPression of genes pertaining to a particular pathwa
the form of various abiotic and biotic stresses. Abiotic Furthermore, caicium-binding proteins (calcium sensors
stresses such as cold, salt, dehydration and heat act §8" Provide an additional level of regulation in the
mal-factors and lead to aberration of the plant from itsC@lcium signaling [3,4]. These sensory proteins recogniz
normal process of growth and development. All these@nd decode the information provided in the calcium

stresses impede the productivity of the plants and prevertdnatures, refay the information downstream to initias
them from reaching their full genetic potential. Indeed, @ Phosphorylation cascade leading to regulation of ger

abiotic stress is the primary cause leading to worldwideEXPression [3,5]. Thus, these ‘Cainding proteins

crop loss and dipping the average yield for most cropsStrengthen the specificity in the signaling pathway. Ir
by more than 50% [1]. In addition, increased salinity of plant cells many Casensors have been identified which

arable land is expected to have devastating global effectd?clude calmodulin (CaM) and calmodulin-related
resulting in up to 50%

land loss by the middle of 21 p_roteins [3,6], calnexin [7], and €adependent protein

century [2]. In response to these stress factors variou&in@ses (CDPKs) [4,8-10].
genes gets up-regulated which can mitigate the effect of A unique family of calcium sensor protein was
stress and lead to plant adaptation. In nature, stress doeentified over the past few years Arabidopsishy two
not generally come in isolation and many stresses comndependent groups [11,12]. Jiang Zhu and colleague
exit with each other. Resistant plants seem to reflect th¢l3] in 1996 commenced a mutant screemfabidopsis
“Darwanian concept” of the survival of the fittest. For plants, which were over-sensitive to salt stress. As a resl
their survival, plants activate several signaling pathwaysof this screen, three genes SOS1, SOS2, and SOS3 (S
which intern may modulate various metabolic processeOverly-Sensitive) were identified. Each of the sos
that confer stress tolerance. mutants exhibited hypersensitivity to sodium and lithium

Calcium is one of the principal candidates for SOS3 also known a\tCBL4 was isolated through
functioning as central node in such a ‘signaling web’. Positional cloning and was found to encode a protei

Stimulus specific information is encoded in the form of With similarity to regulatory B subunit of calcineurin
calcium signatures and this contributes to specificity in(Protéin phosphatase 2B), and neuronal calcium sensc

the signaling pathway. As Edevels are tightly regulated (NCS) from animals, and therefore designated a
in the cell, any subtle change or perturbation i calcineurin B-like proteins (CBLs) [11,12]. CBLs seem
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to be one of the important components in calcium by which CaN is activated is still not clear. Calcium in
signaling pathway induced in response to abiotic stressedh€ cytosol is maintained at sub micromolar levels as
While calcineurin has been well characterized in can precipitate phosphate, which is the energy currenc
mammalian system and in yeast, the significance an®f the cell in the form of ATP, to calcium phosphate.
function of this protein in plants is just beginning to This stringent regulation of Ca@$ mainly provided by
understandin this review we have focused on various H"/C&" antiporters in which 3 Hare moved out and
aspects of calcium signaling network including the roleone C&" is sequestered in and Taumps, which are
of yeast calcineurin in relation to salt stress. A historicaldirectly energized by ATP hydrolysis. There is some
account of discovery of plant CBL and CIPK proteins is evidence that G proteins, phospholipase C (PLC) ar
given. We have covered structure, localization, genomidnsitol triphosphate (If are involved in calcium release
organization, expression profiles under stress condition§21,22]. Recent reports point to the fact that CaN
of CBL/CIPK protein family. Furthermore, some models Signaling is required for appresoria formation, which is
depicting the role of CBL-CIPK in stress signaling as the infection structure formed bylagnaporthe grisea

revealed by the analysis of various SOS mutants has alséungus) [22]. Inhibition of PLC activity using neomycin
been covered in this review. resulted in pronounced inhibition of appressorium

formation [23]. This indicates that PLC activity and
_ . _ . . subsequent Carelease may be required for CaN
(@) Animal calcineurin: The work on calcineurin (CaN)  activation. However, experimental evidences have als
was started in 1988 with its purification for the first time proved that NaCl mediated cytosolic?Oacrease was
from bovine brain, wherein high concentrations of CaN attenuated by the addition of chelating agents EGTA
are present [14]. CaN is a O&almodulin-activated, BAPTA, cation channel pore blockers and by the use c
serine-threonine protein phosphatase (PP2B) and play gompetitive inhibitors of Catransport. These results
vital function in the control of intracellular calcium indicate that external €as the source for cytosolic €a
signaling [14]. This protein is a heterodimer of a 59-62 transient. Moreover, ENAL, a P type'¥dPase, induced
kDa catalytic subunit, calcineurin A, (CnA) and a 19 in response to CaN activation was inhibited by the
kDa Ca&" binding regulatory subunit Calcineurin B addition of EGTA and FK506, indicating that
(CnB). These two subunits are highly conserved anccytosolic C4' transient (released from extra-cellular
essential for the enzyme activity. In animals, CaN source) mediates CaN activation resulting in ior
transmits the signals to the nucleus through thehomeostasis [24].
dephosphoryla'tlo.n of nuclear faptor of activated T c'eII A model describing CaN mediated signal
(NFAT) transcription factors, which is necessary for its . . . i
. . . transduction pathway in response to salt stress in yee
translocation to the nucleus, thus leading to the activation o ) ;
- o is shown in Fig. 1. The first response to salt stress is tl
of T cells [15]. Inhibition of phosphatase activity of CaN S . . .
. . transient increase in cytosolicTkvels, which may be
by FK506 or Cyclosporine A (CSA) resulted in the re- mediated by both extracellular and intracellular source
localization of NFAT to the cytosol and loss of its DNA y

- - . to result in the full activation of NaCl responsive genes
— binding ability [16]. CaN also expresses in the NervouSL o ooca in cytosolic €ds sensed by Casensor

system [17] and is known to play key role in the mducnonproteins such as CnB and CaM, which accordingly

of long-term potentiation (LTP), long-term depression . .
) ) ) h th f t € dent d
(LTD) and in the establishment of learning and memoryC ange their conformation in €dependent manner an

i et activated. Calciutmound CnB and CaM binds CnA
[18,19]. CaN has a very narrow substrate specificity an . ) . .
. A - _and this result in formation of functional CaN holozyme.
important substrates are DARP 32 and inhibitor-1 i.e.

the two potent inhibitors of phosphatase 1, NFAT, aAC“Vated CaN dephosphorylates the zinc finger

. I . . ..’ “transcription factors Crz1lp/Tcnlp/Hal8p, which
family of transciption factors involved in the activation - . .
facilitates their translocation to the nucleus [24-27]
of T cells and the IPreceptors.

These transcription factors then interacts with CaNl
(b) Yeast calcineurin: CaN, in yeast, is an integral dependent response elements (CDRE) present in tl
component in response to salt stress and mediates Na@lomoter of the genes which are activated by CaN
tolerance through the regulation of Nizn and restricting  Various genes activated by CaN include TRK1, ENA1
its accumulation in cell par toxic levels. Salt stress isyCX1, PMR1 and PMC1 [24-27]. The nature and
mediated by multiple determinants, which basically function of these genes in response to reinstating ion
restrict Nd uptake across plasma membrane andhomeostasis is stated as under (also see Fig. 1):
famhtgte Naand CTsequgstranon into the vacuo!e. CaN 1) Functional CaN (CnA and CnB) can influence the
functions to prevent the intracellular buildup of s . : .
and augment the events, which results in efflux of this Na' and K’ uptake system to have higher affinity
9 ' for K*, thus limiting N& uptake. This function of

cation across plasma membrane [20]. Exact mechanism CaN relies on a putative high affinity Ktansporter

A. Calcineurin
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Fig. 1: Calcineurin mediated signal transduction pathway in response to salt stress in y8aess signal is first perceived at the
membrane level by receptors and the signal is then transduced down streéamel€se can be primarily from extracellular source
(apoplastic space) as addition of EGTA and BAPTA blocked CaN mediated act#/itsel€ase may also result from activation of PLC,
leading to hydrolysis PIfto IP, and subsequent release of’Cérom intracellular C&* stores. This change in €aconcentration is
sensed by Ga sensors CnB and CaM, which accordingly change their conformations and bind to CnA. CaN in the form of a holc
get activated (functional CaN) and dephosphorylates various transcription factors (TFs). These TFs translocate to nucleus and
CaN dependent response elements (CDRE), present in the promoter region of CaN responsive genes. These gERES jieNAE,
PMR1, PMC1land VCX1 perform several functions, the details of which are mentioned in the text. V represents vacuole; G, (
apparatus; ER, endoplasmic reticuluRK1, a high affinity K transporter; ENA1, a NaATPase; PMR1, a Golgi localized €a
ATPase; PMC1, a vacuolar €aATPase; and VCX1, a vacuolar TA1* antiporter.
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2)

3)

4)

i.e. TRK1. CaN regulate the phosphorylation status ~ C&* ATPase. In this mutant the levels of cytosolic

of TRK1 resulting in an influx of Kions. As there Ca*were maintained high in comparison to the wild
is more influx, balance of Kions takes place type under high NaCl stress. The pmrl mutatior
resulting in ionic homeostais. resulted in the continuous activation of CaN, which

enhanced the expression BNA1/PMR2genes
rendering salt tolerance to yeast. It was inferred the
Pmrl acts as a major €a\TPase under high salt
stress [30].

CaN is required for the induction &NA1 gene.
This gene encodes a plasma membrane localized P-
type ATPase that is primarily responsible for efflux
of Na" from S. cerevisaeells [20].

CaN participate in negative control of vacuolat H B+ Plant CBL and CIPK proteins

Ca*exchanger (VCX) [28,29]. HC&* antiporter = The SOS3 gene, which was identified by Jiang Zhu an
transports 3Hout of vacuole and draws one®Ca colleagues, shares significant sequence homology wi
into the vacuole. The negative regulation of vacuolarthe regulatory subunit of yeast calcineurin (CnB) anc
H*/Ca*exchanger by CaN implies thatTastead  animal neuronal calcium sensors. However, despite th
of being sequestered in the vacuole is released owimilarity of SOS3 with CnB, it is clear thatabidopsis
thus further increasing the cytosolic calcium levels. does not have calcineurin in its data bank [31]. Wherez
This may result in an enhancement of CaN activityin yeast, C& sensing subunit i.e. CnB interacts and
via CnB and CaM. activates a phosphatase to regulatelbizls, in plants

In most of the systems switch ON mechanisms areoOS3/AtCBLA interacts and activates a kinase. The lac

accompanied by OFF mechanisms. Restoration oPf CnA in Arabidopsisindicates the divergence of salt
the increased cytosolic Edevel to the resting phase stress pathway in two different evolutionary species

is important for the cell. PMRI and PMCI are the Later, 10 isoforms of this gene were discovered i
Ca* ATPase localized on Golgi and vacuolar Arabidopsisand named as calcineurin B-like proteins
membrane, respectively. CaN positively regulates(CBLs) based on their significant similarity to animal

both PMR1 as well as PMC1 and function towards calcineurin B [12]. It seems that during evolution plants
the maintenance of cytosolic €aomeostasis. may have lost CnA, and CnB worka activating protein
kinases. There are number of CnB activating kinase
Recently, several salt tolerant mutants werep,hapy to modulate various environmental signals
generated following ethylmethane sulphonate o ceived by the plants at the same time. Details o
treatment. One of the mutations was mapped in th,igyqrical background of plant CBL and CIPK proteins

PMR1 gene which encodes a Golgi localized P type, .o specified in Table 1.

Table 1. The historical background of plant CBL and CIPK proteins

S.No. Year Major Discoveries / Events Species Reference(s)
1 1996-98 Screening of salt overly sensitive mutants and positional clonigP8fgenes. Arabidopsis [11,13,65,76]
2 1998 Stress signaling through calcineurin mediates stress adaptation in plants. In this

10

11

study a truncated form of catalytic subunit and the regulatory subunit of yeast
CaN were co-expressed in transgenic tobacco plants and these lines exhibited
NaCl tolerance. Arabidopsis [77]

1999 AtCBL1 could bind G&, interacted with rat CNA and complemented the
salt-sensitive phenotype in yeast CNB mutaaiCBL1 mRNA strongly increased
in response to drought, cold and wounding, in contPd&BL2 and

3 constitutively expressed under all the above stresses. Arabidopsis [12]
1999 Identification of novel kinases associated with CBL like calcium sensors. Arabidopsis [44]
2000 Autophosphorylation of SOS2 proving that it is a functional protein kinase

required for salt tolerence Arabidopsis [53]
2000 SOS2 protein kinase physically interacts with and is activated by SOSS3. Arabidopsis [45]
2000 Genetic analysis of plant salt tolerance ug\ngbidopsis. Arabidopsis [78]
2000 Each individual member of AtCBL family specifically interacted with only a

subset of CIPKs generating specificity. Arabidopsis [54]
2001 The NAF domain of CIPK is a novel and critical domain for interaction with

AtCBLs. Arabidopsis [46]
2001 Differential subtraction screening identified the genes that are uniquely stress

regulated in salt overly sensitive mutants. Arabidopsis [79]

2001 SOS3 binding motif in SOS2, a 21 amino acid motif (NAF) was found to be
an autoinhibitory motif. Removal of this regulatory domain of SOS2 resulted
in constitutive activation of protein kinase. Moreover, ‘fhto Asp mutation
in the activation loop of SOS2 resulted in constitutive expression of SOS2. Arabidopsis [49]
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S.No. Year Major Discoveries / Events Species Reference(s)
12 2001 AtSR1, a SNF-1 related protein kinase interacted with AtCBL2 and its

transcript responded to light. Arabidopsis [42]
13 2002 SOS2 and SOS3 were shown to regulate SOS1 transport activity. SOS1 was

shown to contribute to plasma membrane’/Na exchange activity. Arabidopsis [68]
14 2002 SCaBP5 and its interacting protein kinase PKS3 were found as regulators of

ABA responses. Mutants with silenc&iCaBP5or PKS3 were hypersensitive

to ABA in seed germination, seedling growth and gene expression. Arabidopsis [64]
15 2002 Three biochemically active SOS2 mutant kinases were bio chemically analyzed.

These mutations were SOS2T168D, SOS2T¥§8Dand SOS2T1688808.

These mutants preferred Ktrrelative to Md*. Arabidopsis [51]
16 2002 Protein kinase 1PKS1) and 18 PKS1§ was found to express in roots and

leaves of maturéArabidopsis plants respectively. Enzymes were biochemically

characterized. Transgenic plants over-expressing PKS11 were resistant to high

concentrations of glucose and those over-expressing PKS18 were hypersensitive

to ABA in seed germination and seedling gronKS18 silenced plants were

ABA insensitive. Arabidopsis [50,56]

17 2003 CIPK3 regulates ABA responses during seed germination and various abiotic
stress induced gene expression. DisruptionCtH?K3 altered the expression
pattern of a number of stress induced gene markers in response to cold, salt
and wounding. This was the first report showing direct involvemenC®i

and CIPK genes in controlling the expression of various stress genes. Arabidopsis [59]
18 2003 CBL1 regulates salt, drought and cold responsedrabidopsis. The study

was based on T-DNA insertions mutants and complementation of mutant lines. Arabidopsis [62]
19 2003 Isolation and characterization of a novel ricé* Gagulated kinaseQsCKJ) in

response to cold, light, cytokinins, sugars and salts. Oryza sativa. [80]
20 2003 Deletion analysis led to the discovery of a 37 amino acid residue designated as

protein phosphatase interaction (PPI) motif of SOS2 that is necessary and

sufficient for interaction with ABI12. Arabidopsis [55]
21 2003 The crystal structure of AtCBL2 was determined at 2.1A resolution. Arabidopsis [32]
22 2003 Mutation ofCBL1 impairs plant responses to drought and salt stress but not ABArabidopsis [61]
23 2004 This study identified branches in the SOS pathway. The study demonstrated that

the activity of tonoplast N@H* exchanger is controlled by SOS2 kinase. Arabidopsis [81]

24 2004 SOS2 was shown to regulate th#Ce antiporter CAX1. SOS2 interacted
with the N terminus of CAX1 and the activation of CAX1 via SOS2 was

independent of SOS3. Arabidopsis [72]
24 2004 Expression o€BL9 was shown to be inducible by multiple stress signals and

ABA in young seedlings. Mutants dEBL9 showed hypersensitivity to ABA

at various stages of growth and development. Arabidopsis [58]
25 2005 The crystal structure of SOS3 was solved in complex with &@al with Ca&*

and Md*. It was shown that SOS3 exists in dimeric conformation. Arabidopsis [36]
26 2005 Expression oAtCIPK14 was shown to be induced by metabolic sugars and

localization study pointed to a vascular specific expression of AtCIPK14. Arabidopsis [60]
27 2005 The localization and function of OsCBL2 was examined in rice. OsCBL2 was

shown to be G.A responsive and localized to tonoplast of aleurone cells

mediating the vacuolation of those cells. Oryza sativa [43]
28 2006 A CIPK from pea that interacts with and phosphorylates pea calcium sensor

CBL and is coordinately upregulated wiBL in response to abiotic stresses,

wounding, calcium and salicylic acid. Pisum sativum  [39]
C. Structure of CBL Plant CBLs contain four EF hands that differ in their

The broad structure of the CBL protein is comparable tod€dree of conservation in comparison to the canonic:
that of CNB and NCS proteins. The polypeptide chainEF hand sequence..The size of the linker region betwe
of CBL is folded into two globular domains, which are the EF hand loops is entirely conserved in all reporte

connected by a short linker [32]. Most of théGansors ~ Plant CBL proteins. This conservation appears to b
bind C&* using a helix-loop-helix motif termed as the exclusive to this family of calcium sensor proteins. EF]

‘EF hand’ which binds a single €anolecule with high ~ and EF2 are separated by 22 amino acids, EF2 and E
affinity [33]. The C&" sensors utilize the side chain PY 25amino acids and EF3 and EF4 have 32 amino aci
oxygen atoms of the EF hand motif forGaoordination. ~ Inserted between them. This uniqueness in the numb
In 1973 Kretsinger and Nockolds [34] first discovered @ Well as spacing of EF hands also holds true for &

the EF hand structural motif in the crystal structure ofPredicted rice CBL (OsCBL) proteins [35]. The
parvalbumin. extension or reduction of the N and C terminal region:
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of CBL proteins is primarily responsible for their size D. Localization of various CBLs

variations. Proteins often undergo post-translational modification:

The crystal structure of AtCBL2 has recently been and these modifications can determine the sub-cellule
solved at 2.1 A resolution [32]. The polypeptide chain localization of proteins. Some structural parameters c
of AtCBL2 is folded into two globular domains i.e. the CBLs suggest that these®sensors could change their
N and the C terminal domain and forms a compact acellular localization and help the protein to perform
helical structure. It is composed ofcQhelices and 4  different functions [3]. Some CBLs can undergo co-
short B-strands. A short linker connects these two translational modification by the addition of myristate
domains. Each AtCBL2 molecule binds two calcium group to the N-terminal target sequence (MGXXXS/T)
ions. The first and fourth EF hand of AtCBL2 coordinates at the glycine residue [37]. This myristoylation plays ar
two calcium ions, whereas internal hydrogen bondingimportant role in the anchoring of the protein to the
results in an open conformation of EF2 and EF3membrane and also for protein-protein interaction. Ti
rendering them incapable of calcium binding. augment the affinity of the protein to the membrane

Recently, the structure of SOS3/AtCBL24 was also "WNich is mostly composed of lipids, a palmitoy! group
solved, which exists in a dimeric conformation [36]. The IS frequently added post-translationally to the cystein
crystal structure of SOS3 dimer in complex witt?Ca '€Sidué adjacent to the myristoylated glycine.
was resolved at 2.75 A resolution and in complex with 1 NiS €nhances the stability of protein-membrane
Ca*and Mi#* at 3.0 A resolution respectively. It was 'Ntéraction.
shown that C# binding is responsible for SOS3 Four members of AtCBL protein family i.e. CBL1,
dimerization by using analytical ultracentrifugation CBL4, CBL5 and CBL9 harbor conserved myristoylation
experiments and circular dichroism measurements. SOSBotifs in their N- terminal sequences. Myristoylation
exists as a two domains structure connected by a sholtas been shown to be essential for the function c
linker as also true for AtCBL2. The two molecules AtCBL4/SOS3 in salinity tolerance. Treating young
forming a dimer interact through their C terminal ends. Arabidopsisseedling with the myristoylation inhibitor
The oligomerization state of SOS3 depends on variou®-hydroxy myristic acid (HMA) mimicked the phenotype
factors including localized increase in protein of the sos3-{mutant) plants, which have reduced salt
concentration, binding of specific ligand with protein or tolerance [38]. Localization studies by using
change in cellular milieu of the cell. The electron densityimmunoflorescent techniques and confocal microscop
mapping at SOS3 metal binding sites revealed that SOSBas revealed tha®isum sativumCBL (PsCBL), a
can bind four C4 ions. homologue of AtCBL3 is localized in the cytosol [39].

The differential C&binding ability of different C& This observation is consistent with the in silico predictior
sensors may also be critical criterion towards thethat the AtCBL proteins, which lack myristoyl group,

deciphering of the Césignatures and manifesting signal S€€M to be localized in the cytosol.
specificity. The first EF hand (EF1), although conservedE. Genomic organization ofAtCBLs

in all CBLs, has single amino acid substitutions at critical 5o e encodingBLsandCIPKsfrom plants other than
Cé" binding positions (either X, Y and Zor -Y, -Xand - Arapidopsisand rice plants have also been reported i
Z). AtCBL protein family can be divided on the basis of e NCBJ database, although no detailed work has be
the canonical EF hands present in its members. Foufone. These includdedicago truncatuld9 CBLs and
AICBLs namely 6, 7, 8 and 10 harbor a sirgieonical 17 ¢ips) Triticum aestivungl1 CBLs and 29 CIPKSs),
EF handAtCBLs1 and 9 harbors 2 canonical EF hands 45 .qeum Vulgare (9 CBLs and 14 CIPKE)ycine max
whereas AtCBL2, 3, 4 and 5 lack any canonical EF hand(7 CBLs and 13 CIPKsPinussp. (2 CBLs and 7 CIPKs)
Disparity in the sequence of EF hands may result inand the mos®hyscomitrella paten¢4 CBLs and 3
differential affinity of CBL proteins towards binding €a

) - ' ) ~ CIPKs). Genes encoding CBLs or CIPKs have not bee
ions. Whether such differences contributes to dlﬁerentlagdentiﬁed outside the plant kingdom by computer

deciphering of Césignatures in response 10 various v qis indicating that the function of these genes i

environmental cues remains to be experimentally verified. o giricted to plants [35AtCBLsare encoded by small
[35]. AtCBL1 and AtCBLS have EF3 and EF4 as gone tamily [12]. HowevePsCBL (one isoform of pea

conventional EF hand Cebinding motifs. These  cg| gene family) is present in a single copy in the pe:
conventional EF hands would favor ZChinding with genome [39].

higher affinity as compared to other AtCBLs. The ) ) o
canonical EF hand sequence can also be identified in 1€ coding regions oktCBL genescontain six or

the EF binding domain 3 of AtCBL6, EF2 of AtCBL7 SevVen introns. The N terminal coding regioAtEBL10
and EF4 of AtCBL8 and AtCBL10 [35]. harbors an additional intron, lacking any counterpart ir
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other AtCBLs The position of four introns is entirely G. CBL-interacting protein kinases (CIPKs):The
conserved in all the 18tCBL genes however, the other effectors of calcium signaling

three introns Igck in.either one or two members of thetq transduce and amplify the decodedGignal, protein
CBL gene family. This may be attributed to the event of saysors often interact with downstream target molecule
intron loss during evolutionAtCBL7 gene, which is  These downstream molecules are therefore also term
located in tandem orientation WitAtCBL3 in 45 effectors of Ca signaling. In context to CBLs, a
Arabidopsisgenome, contains an intron in & position tamily of novel serine-threonine protein kinases wa:
specific for only this locus [35]. recognized as a cellular target for AtCBL2Caensor

5'-untranslated region (UTR) éftCBL1, 2, 3and4 proteins by using yeast two hybrid screens [44,45]. Ii
harbor intronsAtCBL1 and9 contain one intron and silico analysis as well as yeast two-hybrid interaction:
AtCBL24 harbor 2 introns in their 5 UTR region [35]. discovered the presence of Z3PK genes in the
The regulatory function and significance of this unusualArabidopsisand 30CIPKs in rice genome [35,46,47].
intron composition still awaits experimental validation. In contrast taCBLs which are mainly concentrated on
Analyses of thé\rabidopsisgenome have revealed that chromosome IV andV, the ZAPK genes are dispersed
segmental as well as tandem duplications ofamong all fiveArabidopsischromosomes. Moreover, in
chromosomal regions during evolution has contributedcontrast to the€BL gene family members in which all
significantly in shaping the current structure of this the 10AtCBLsharbor introns, only eight of 28tCIPK
genome [40,41CBLgenes are by and large concentratedgenes harbor multiple intron sequences and the othe
on chromosomes IV and V. Chromosomes Il and III of are intron less. The intron containing membeGI&Ks
Arabidopsisgenome lack any CBL loci an&tCBL8  includel, 3,8,9, 17,21, 23 24, and16. As in CBLs, the
represents the only exceptior@BL gene located on Phase and location of these introns, if present, is fairl
chromosome | [35]. conserved [35].

F. Expression profile of CBLs in stress conditions The pattern of introns, as observed for Arabidopsi:
ClIPKsalso holds true for rice CIPKs. In silico analyses

To eval he role of th n nder str . .
0 evaluate the role of these genes under st ©SRave reveled that ric€IPK gene family can also be

conditions, the induction of mMRNA under various stressdivioled into intron-less (2DsCIPKS and intron-

cond|t|oqs was mv_estlgated. MRNA Iev_eIsA;tCBLl harboring (eighOsCIPK$ membersOSCIPKsharbor
strongly increased in response to wounding, drought anql to 13 introns, which are all conserved in phase an

cold treatments. However, the levels were constitutive .. ) . )
T .position.PsCIPKgene (67% identical with AtCIPK12
under heat shock or mechanical touch [12]. These studleg g (67% )

. IS an intron-less representative of @K gene family
Cd ot respond 0 (hese stmul It was fater shown thaf 2l SMIAr (9 ACIPKL [44]SCIPKCTs lso present
the transcript oAtCBLZ2increased upon illumination of In single copy in the pea genome [39].
leaves and seems to follow a light regulatory pathwayH- Domains of CIPKs and its interaction with CBLs
[42]. It is noteworthy to mention here that PSCBL Sequence analysis of CIPKs (CBL interacting proteir
showing 90% identity with AtCBL3 strongly upregulated kinases) revealed a two-domain structure: the N-termin:
under various stresses including cold°@09 h), salt  catalytic and C-terminal regulatory domain (Fig. 2). The
(150 mM, 12 h), wounding (3 h), salicylic acid (4 h) and N-terminal part of these proteins comprises of the
exogenously provided Ca(dp h) [39]. The difference catalytic region with a characteristic 11-domain structure
in the two studies seem to be the fact that previous studieBhis domain is structurally most similar to the SNF1
concentrated on early time points (before 2 hours)(Sucrose non fermenting) kinase from yeast and AMPI
whereas PSCBL upregulated strongly at later time points(AMP-activated protein kinase) from animals [3,46]. Due
We propose thaPsCBLand most likelyAtCBL3 are  to this structural similarity, the CIPKs have also beer
involved in the maintenance of stress response, initiateéssigned to the SnRK3 subgroup of plant SNF-like
by other AtCBLs.AtCBL4SOS3expression was up kinases [48]. However, CIPKs are functionally distinct
regulated in response to salt (NaCl) stress and functionfom SNF kinases and exhibit different modes of
in maintaining ionic homeostasAtCBLO9transcript was  regulation [35].
highly induced in response to abscisic acid treatments.  1pe catalytic domain of CIPK contains a typical
Very recently, it has been found that the transcript of.tivation loop between the conserved amino aci
Oryza sativaCBL (OsCBL2) is strongly upregulated in  asidues DEG and APE (Fig. 2). The mutation of
response to GA for up to 48h of incubation. HOwever, conserved Thr (threonine) residue in the activation loo
no upregulation was seen in response to ABAyith aspartate (D) resulted in a constitutively hyperactive
treatments [43]. enzyme, the activity of which becomes independent ¢
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Every CBL does not interact with each of the 25

CATALYTICDOMAIN - REGULATORY DOMAIN CIPKs and hence interaction specificity is maintained

o NAFF’P'__CooH Complex formation of CBLs and CIPKs is rather
2 . . . .
Activation loop  Junction dlffer_e_n-tlal and_ alsg preferentllal, generatmg the
/ \4 domain specificity reguwed in the Gaagnal!ng pathway.
e APE [46,49,54]. It is speculated that the regions surroundin

NAF domain is responsible for maintaining high degree
Fig. 2: Schematic representation of the domains of CBL- Of observed specificity [46,54]. Deletion of the junction
interacting protein kinases (CIPKSEIPK comprises of a two-  region between the NAF motif and the catalytic domair

domain structure, N terminal catalytic (shownbhue) and C  gliminated the activation of the resultant protein [49].
terminal regulatory (shown in pink Catalytic domain harbors

an activation loop between the conserved amino acids DFG and ~ Deletion analysis led to the identification of a novel
APE (shown by diagonal lines). Regulatory domain is unique andprotein domain of 37 amino acid residues that i

harbors NAF motif (shown with check box), which acts as anpecessary and sufficient for interaction with abscisic

autoinhibitory domain and is also responsible for the interaction _ ., . . . .
of CIPK with CBL. PPI domain is adjacent to NAF motif and acid-insensitive 2 (ABI2), phosphatase [S5]. This domail

responsible for interaction with phosphatases. Catalytic and was designated as the protein phosphatase interacti
regulatory domains are connected by a junction domain which is(PP1) motif of AtCIPK24. PPl motif is conserved in
also responsible for kinase activation (shown by red colour).  protein kinases of the SOS2 family and in the DNA
damage repair and replication block checkpoint kinase
) ) ) chkl. The mutation of Arg-340 and Phe-341, which ar
CBL [49]. The mutation of Thr residue with aspartate pjghiy conserved in the PPI motif with alanine, abolishe
(T-D) partla!ly mimics the phosphoryl_atlon by an the interaction of the SOS2 with the ABI2 signifying
upstream kinase(s) [49,50]. Interestingly, SOS2/4, 4t these two conserved residues in the protein kina
AtCIPK24 could also be activatéuvitro by the mutation 56 important for interaction with the ABI phosphatases
of serine-156 or tyrosine-175 residue in the activationy o tation in ABI2(abi 2-1) that affect the interaction
loop to aspartate [S1]. These results indicate that SOM@.q iteq in an increased tolerance to salt shock ar
putative kinase(s) regulate the activity of CIPKs by 4pscisic acid insensitivity in plants [55].
phosphorylating important residues in the activation loop. . o
The kinase activity of AtCIPK1 has been

However, the identity of kinases, phosphorylating CIPK S X ;
still eludes. Transphosphorylation by yet unknown démonstratedn vitro using both GST-CIPK1 fusion
kinases is important for the activation of calcium protein and the purified CIPK1 after cleavage. CIPK]

dependent protein kinases (CDPHS]. It has been showed autophosphorylation activity, and the divalen

speculated that the inter-phosphorylation events betweefi2tion Mri*was shown to be a much more effective co
the CDPKs and CIPKs could be an important parametefactor than Mg. CIPK could autophosphorylate on its
in the regulation of these kinases. Moreover, MAPKs S€fine and threonine residues but not on a tyrosir

and even other kinases may also phosphorylate CIPKEESIdue, suggesting that CIPK is a serine/threonin
leading to their activation [see 47]. protein kinase with Mfi as a preferred cofactor [44].

] ) The kinase activity of AtCIPK1 was also determined in

The regulatory C-terminal domain of CIPKS Was (grms of its substrate phosphorylation. The substrate
considered novel as it was found to be uniquely presenfage included casein, myelin basic protein, histone H
in this subgroup of kinases and is absent in other SNF-1 4 histone 111S. Neither of these protein substrate
related kinases [44]. Within the C-terminal regulatory gpqed phosphorylation to any significant extent whe
domain, a stretch of 21 amino acids, designated as thggmpared to autophosphorylation. The interaction o

NAF/FISL motif has been shown to be required and pc|pK1 with AICBL1 was investigated in a “pull down”
sufficient for interaction with AtCBLs. NAF domain acts assay. AtCBL1 interacted with AtCIPK1 in a Ta

as an auto-inhibitory domain and binds to the Catalyticdependent manner [44].

domain and thus blocks access of the substrate to the ] ,

catalytic site. The enzyme in the normal state shows low .Regardmg cofactor plre.ferenc.e, in broad sense, fc
autophosphorylation activity. CBL interacts with CIPK Various CIPKs whose activity profile has been analyze;
via FISL/NAF motif and relieves the catalytic domain N detail, Mri*is a preferred cofactor over Mg44,50,
of autoinhibition thus making the enzyme active. The 21, 56, 57]. Optimum activity of these enzymes s

deletion of NAF motif makes CIPK constitutively active ©Pserved at around 2.5 mM Mnwhereas 5 mM or
and independent of CBL. Part of CIPKs is similar to higher concentrations of Mgare required for reaching

Chkl (check point kinase 1) and this similarity is an optimum activity. These enzymes work maximally a

interesting asos2mutants show cell cycle defect at the @1 OPtimum pH range beotween 7.0 and 7.5 an
root meristem in the presence of Nress [53]. temperature optimum of 30°C. These kinases do nc
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show any significant activity against the commonly usedexhibit differential expression in different tissues undel
protein substrates such as myelin basic protein (MBP)normal growth conditions.

histone H1 and casein. Expression level of CBL and CIPKs may be

I. CBL/CIPK signaling, a complex web, but still influenced by the development stage of the plant. Fc
specific example, the mRNA levels d&tCIPK3 were high in

In CBL/CIPK network 10 sensor proteins and 25 effector 98rminating seeds and young seedlings whereas
kinases interacting in various permutations andlevels were barely detectable in all organs of the olde

combinations provide a mode to specifically decode andP!2nts. Consequently, loss 61PK3 function leads to
relay the diverse information in the form of various altéreéd phenotypes, particularly during seed germinatio
environmental cues. In spite of the complexity in cL/ @nd in young seedlings [59].

CIPK network with large number of €asensors and As mentioned earlier, CBLs show specific
CIPKs, each stress signal is decoded accurately and lea@égpression pattern in response to particular stress stimt
to a precise response. In brief, several mechanisms lik&his differential expression of CBLs in response tc
differential tissue distribution, stage specific expression,specific stress stimuli is important for maintaining the
stress specific expression, differential interaction of specificity in the signaling pathway. CIPKs also exhibit
CBLs and CIPKs, cofactor dependence of the kinasestress specific expression pattern. For example
and the substrate preference of each single CIPK, pHexpression ofAtCIPK3was induced strongly in response
temperature dependence, kinetic properties, localizationto cold followed by drought, high salt, wounding and
C&* binding affinity of different CBLs, various promoter ABA [59]. In contrastCIPK20/PKS18mRNA did not
elements of these genes will further contribute to fineaccumulate significantly by any of the stress treatment
tuning of the signals along with stringency in reactions.[50]. CIPK&PKS11lalso did not show any significant
The explanation for the complexity and specificity for induction by any of the stress treatments. Howevel
this pathway is described below: transgenic plants over-expressing PKS11 were resista

(i) Tissue distribution, stage specific gene expression to high levels of glucose suggesting the possible functio

and sub-cellular localizationThe expression of various  ©f this gene in sugar signaling in plants [56]. Very
CBLs and CIPKs corresponds to a particular recently, it has been reported that mRNA levels o
developmental stage or are restricted to a particular tissutC!PK14increased in response to metabolic sugars suc
performing specific roles. Sub-cellular localization of a @S Sucrose, glucose and fructose. Certain A/T-ric
protein may be a critical factor in deciding the function €l€ments were found within the AtCIPK14 promoter,

of each calcium sensor and its downstream signalingisimilar to promoter elements of sugar responsive gene
kinases. For instanceytCBL1 gene showed high nvolvement of AtCIPK14 in the regulation of sugar

expression level in roots and stem whereas the expressidfRNSPOrter in vascular tissue has been hypothesized [6
level was low in leaves and undetectable in flowers.Th€ expression profiles suggest that the expressic
AtCBL2 showed preferential expression in roots. In pattern 'of differenCBLsandCIPKsprovide flexibility
contrast AtCBL3showed a ubiquitous expression in all I the signaling network and allows the components t
the tissues of the plant [12]. AtCBL9 showed a ubiquitous@Ct N accordance with the changing environmente
expression in all the developmental stages of the plan€onditions and developmental needs of the plant.
Promoter-Gus activity revealed thatCBL9is highly The localization of a Casensor protein to a specific
expressed in the radicles of germinaseédlings [58].  compartment of the plant cell plays an important role ir
In accordance CIPK genes also exhibited decoding the spatially distinct €aignatures. In silico

differential expression. The expression of CIBKES6 analysis indicates that some structural features speci
was detectable in various parts of plant tissues incIudingSUb cellular localization for these proteins. As mentione

leaves, stem, flowers and siliques but was undetectabl§2'/ier CBLs harboring the myristoylation sites i.e.
in roots ofArabidopsis[57]. However, the transcriptin  AtCBLL, 4, 5 and 9 have been localized predominantl

young seedlings was relatively less abundant in@t the plasma membrane [11,46,54]. Moreover, othe
comparison to mature plant tissue. In contragts11 ~ CBLS lacking this myristoylation motif may be primarily
showed preferential expression in the roots Off:ytosollf:. ThI'S pattern of Iocallzatl.o.n of CBL§ and their
Arabidopsisplants [56]. The expression pattern of Intéracting kinases, allows specific decoding of*Ca
PKS18CIPK20 was analyzed in different tissues of S|.gnatures, which are differentiated spatially within a
matureArabidopsisplant PKS18was expressed in leaves 91ven cell.

of adult plants and the levels were beyond detection in  CIPKs however do not harbor any decipherable
other examined tissues of the plant [50]. Taken togethefocalization signal or any target motif [35]. Therefore,
it can be concluded that different CBLs and CIPKs the localization of CIPKs could exclusively be dependen
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on their respective interaction partner, which would thuspathways. Cold induced pathway has been observed
serve the dual role as a calcium sensor and as abe largely ABA independent although drought and sal
anchoring protein, regulating the localization and activity induces ABA synthesis. However, there is no clear lin
of the interacting CIPK at different locations within the of demarcation between ABA dependent anc
cell. independent pathways and these pathways often crc
(i) Preferential interaction of CBLs with CIPKsMost  t@lk with each otherCIPK3 was identified as a cross
CBLs interact with a subset of four to eight CIPKs and t@lk node between ABA dependent and ABA independer
other CBLs interact with only a few protein kinases. This Pathways as disruption d@ftcipk3 affected both the
differential interaction is one of the bases for generatingP@thways [59].

temporal and spatial specificity in the signaling pathway.  The function oAtCBL1was investigated separately,
For example AtCBL1 interacted strongly only with a by two independent studies by analyzing the T-DNA.-
subset of six AtCIPKs namely AtCIPK1, 7, 8, 17, 18 induced insertion mutants as well as plants over
and 24. AtCBL2 and AtCBL3 formed complex with expressing AtCBL1 [61,62]. When CBL1 protein was
AtCIPK4, 7, 12 and 13 [35,46]. AtCBL5 showed over-expressed in transgenic plants it resulted il
interaction with AtCIPK2 and AtCIPK11. AtCBL9 alteration in the stress response pathway. Although tt
strongly interacted with a subset of six kinases i.e.expression of the genes in response to drought w:
AtCIPK1, 8, 18, 20, 23 and 24. AtCIPK1 preferentially enhanced, the gene induction by cold was inhibitec
interacted with AtCBL1, 2 and 3. AtCIPK 6 interacted Moreover, CBL1 over-expressing plants showec
preferentially with AtCBL2 [46]. The structural basis enhanced tolerance to salt and drought. However, tt
for preferential CBL/CIPK complex formation still lacks freeze tolerance was drastically reduced. In contrialdt,
clarity. Different full-length CIPK proteins exhibit mutant plants showed enhanced induction of stress ger
preferential interaction affinity with defined set of CBLs. in response to cold stress and reduced induction |
Variations in the structure of CBL proteins and the highresponse to droughEBL1 therefore seems to function
variability in the regulatory domain of the CIPK as a positive regulator of salt and drought mediate
especially the regions in close proximity to NAF domain responses and a negative regulator of cold response
suggest that both interacting partners are responsible fatress signaling pathway. Mutation ©BL1 leads to a
generating interaction specificity for a given protein pair drastically distorted regulation of stress-responsive
[see 47]. marker genes likRD29Aand the “master transcription
J. Mutant analysis of the CBL/CIPK factors” includingCBF/DREB[61]. CBL1does not seem

to follow an ABA dependent pathway, as these mutant

Mutant analysis leads to the deciphering of the precisgqre not altered in their responsiveness to ABA [61,62]
function and relevance of the gene. Reverse genetics

approaches have recently become a major tool to unravel ~EXPression of CBL9 (a calcium sensor sharing higt
the function of an increasing number of members of botHdentity with CBL1) was inducible by multiple stress
CBL and CIPK protein families. The expression of Signais like salt, cold and drought stress and by AB/
AtCIPK3was strongly induced in response to cold, high[58]' The disruption o€BL9led to severe alteration in

salt, drought, wounding and ABA. Analysis Afcipk3 plants response to ABA and the mutant plants wer

mutant established a function of this kinase in regulating©ndered ABA hypersensitive. Enhanced expresion (
ABA responses during seed germination and inth® genes involved in ABA signaling such ABA
regulating stress-induced gene expression [59].INSENSITIVE4 and5 was seen ircbl9 mutant plants.

Disruption of Atcipk3resulted in the alteration in the Osmotic stress and salt stress exerted their inhibitor

expression pattern of a number of stress-induced gene§fT€ct on the mutant seed germination through th
which also serves as markers in response to ABA, cold’roduction of ABA. During the normal process of seec

and high salt. Accordingly, mutant plants exhibited 9€rmination in monocots, calcium serves as a secor
delayed induction of stress marker genes includingmessengerforthe synthesis of gibberellic acid (GA) the

RD29A KIN1, KIN2, especially in response to cold, salt promotes the synthesis of a amylase in the aleuron_e ce
and ABA [59]. However drought induced gene expression[63]- This st.lmulates the breakdown of amylose to simpls
was not altered in theipk3 mutant plants. This was the Stugars, which are then used up by the developing see
first report, which identifiecCBL andCIPK as master ~ABA antagonizes GA function, thereby inhibiting the
switches controlling the major stress genes. Thes@€rmination procesAtCBLI seems to acts as a negative
observations may suggest th@iPK3 functions in an regulator for th_e ABA blosynt_h_e5|s and thus promotes
early response phase of gene expression. Since tH3€ Seed germination. In addition, seed germination i
pathway induced by drought was not altered in the mutanth€ mutant _also showed mcrt_aa_lsed sensitivity to |nh|b!t|0|
plants, this suggests th@IPK3 regulates selective PY OSmotic stress condition produced by high
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concentrations of salt and mannitol. This observation wasnotif results in the constitutive activation of SOS2 [49]
also attributed to ABA accumulation in thbl9 mutant  and makes SOS2 independent of SOS3. SOS3 activa
plants under stress conditions [58]. SOS2 protein kinase activity in a calcium depender

Overall, these findings suggest t&BLOfunctions ~ manner [45].

as a negative regulator of calcium-induced ABA signaling ~ The analysis o6os3sos2double mutant had no
and regulates the biosynthesis of ABA. Two more genesdditive effects of mutant plant towards salt sensitivity
of this pathway were specifically found to be ABA indicating thatSOS3and SOS2function in the same
responsive. The Gabinding protein SCaBP5, and its pathway [45]. Over-expression of active forms of SOS:
interacting protein kinase PKS3 were found to regulateunder the control of CaMV355 promoter rescued the sal
ABA responses [64Arabidopsignutants with silenced  sensitive phenotype of boos3and sos2further
ScaBP5 oPKS3were hypersensitive to ABA in seed supporting that SOS3 and SOS2 function in the san
germination, seedling growth, stomatal closure and gen€a* signaling pathway during salt stress [66]. The
expression. ThuSCaBPs:ndPKS3were found to serve  transcript level of SOS2 was up regulated in response
as negative regulators of the ABA signaling pathway, salt stress in the root [53].

controlling ABA sensitivity. Very recently, it has been The first target of the SOS3-SOS2 pathway wa
found that the transcript @ryza sativaCBL (OsCBL?2) identified by genetic analysis of th®s1mutant of

strongly upregulated in response to GA, however, noarapigopsissosimutant was hypersensitive to salt and
upregulation was seen in response to ABA treatmentSgpq\yed impaired osmotic/ionic balance. Genetic analys
Moreover, OsCBL2 was shown to be localized to the .qnfirmed that SOS3. SOS2 and SOS1 function in
tonoplast of aleurone cells indicating their function in a .5 mymon pathway of salt tolerance [6SPSIgenewas
GA mediated signaling pathway leading to vacuole ¢joneqd and predicted to encode a 127-kDa protein wit
function of the aleurone cells [43]. 12 trans-membrane domains in the N-terminal part an

K. SOS pathway in response to salt stress a long hydrophilic cytoplasmic tail in the C-terminal part

As mentioned earlier, tf8OSgenes $0S1S0S2and [67]. The trar.ls-.me.mbrane region of SOS1 had significar
SOS3) were isolated through positional cloning and theirSduence similarity to the plasma membrané/iita
isolation and characterization resulted in the discoveryntiPorter isolated from bacteria and fungi [67].

of a novel pathway and unrevealed the mechanism  The Nd/H* antiport activity of SOS1 was studied
involved in plants response to ionic stress. This pathwayn the highly purified plasma membrane vesicles isolate
also unrevealed the significance ofGagnal to reinstate  from the wild type and sos1l mutant plants. The result
cellular ion homeostasis [65, 66§0S3yene encodes a clearly revealed that wild type plants treated with 25(
Ca&* binding protein with N-terminal myristoylation mM NaCl could retain the plasma membrane/Na
motif and 4 C& binding EF handsSOS3 senses the exchange activity whereas 80% reduction was seen
change in cytosoliC&* concentration and transduces the similarly treated sosl plants. Addition of SOS2 proteir
signal downstream. A loss of function mutation that in vitro lead to two foldncrease N&H*exchange activity
reduces the Cabinding capacity of SOSZ¢s 3-} of the salt challenged wild type plant. Conversely,
renders the mutant hypersensitive to salt [38]. This defecaddition of SOS2 failed to stimulate the exchange activit
can be partially rescued by addition of high levels of in sosImutant plants. Direct evidence demonstrating tha
C&*in the growth medium [11]. Compared to othet*Ca the antiport activity of SOS1 is regulated by SOS2 kinas
sensors like calmodulin and caltractin, SOS3 bind$ Ca came from the experiments in which plasma membrar
with a relatively low affinity. This difference in the Na'/H* antiport activity was compared in the vesicles
affinity may be an important factor in distinguishing and isolated fromsos2and sos3mutant plants. Vesicles of
decoding various Casensors. so0s2 and sos3 plants exhibited reducedHNeaantiport

The genetic screenings for salt tolerant genes als@ctivity in comparison to wild type. The antiport activity

lead to the isolation 0Sdocus inArabidopsisAtsos2 ~ could be restored by the vitro addition of activated

mutant exhibits hypersensitivity to NaCl stress. S0S2,50S2 protein kinase [68]. The SOS3-SOS2 kinas
similar to other CIPKs, encodes a novel serine/threonin&@Mplex was found to phosphorylate SOS1 directly [69]

protein kinase with an N catalytic and C terminal Myristoylation is rgquired to recruit SOS2 to the plasme
regulatory domain. Under normal conditions, the kinaseMemPrane where it can phosphorylate and activate SOS
is under autoinhibition via its FISL/NAF motif. FISL- Recently SOS pathway has been functionally
motif in the regulatory domain of SOS2 is necessary and€constituted in yeast further demonstrating that a sa
sufficient for interaction with SOS3. Interaction of SOS3 Stress induced Casignal is transduced by the SOS3-
with SOS2 via the FISL motif relieves the autoinhibition SOS2 kinase complex to activate SOS1 and re-establi

of SOS2 and the kinase becomes active. Deletion of Fis(Cellular ion homeostasis [69].
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The SOS pathway is depicted in Fig. 3. Salt stressSystematic studies were undertaken to determine if SC
is perceived by an unknown sensor and this elicits gpathway can regulate the activity of tonoplast/Na
change in cytoplasmic calcium signal. This change inexchanger. Tonoplast N&l* could be inhibited by 5-
cytoplasmic calcium signal is sensed by a mytistoylated N-methyl-N-isobutyl) amiloride and also by Mid*
calcium sensor SOS3 and translates the signal dowantibodies. The comparative analysis revealed that tt
stream. SOS3 interacts with and activates a serineNa'/H* exchange activity was significantly lower in sos2
threonine protein kinase SOS2. SOS3 interacts withmutants than in the wild typén vitro addition of
SOS2 via the FISL motif and relieves SOS2 of its activated SOS2 protein increased tonoplast/iNfa
autoinhibition. SOS3 recruits SOS2 to the plasmaexchange activity in the vesicles isolated frems2but
membrane where SOS2 phosphorylates and activates@id not mediate any effect on the activity of vesicles
plasma membrane N&* antiporter i.e. SOS1. The isolated from wild typesoslor sos3 SOS2 has also
excess Naions are removed out of the cell and cellular been shown to regulate the/8a antiporter CAX1.
ion homeostasis is maintained. SOS pathway, also seel®0S2 interacted with the N terminus of CAX1 and the
to have other branches. Arabidopsis Na entry into  activation of CAX1 via SOS2 was independent of SOS.
root cells during salt stress appears to be mediated bf72]. This reflects that the components of SOS pathwa
AtHKTI, a low affinity Na" transporter [70]. ThAthktl may cross talk and interact with other branching
mutation suppresses thes3mutation [71] this suggests components to maintain cellular ion homeostasis
that the SOS3-SOS2 kinase complex may prevent NaRecently, it has been reported thatPhyscomitrella
influx by down regulatingHKTI gene expression or patens a moss, two P type NATPases, which are
inactivating the HKTI protein during salt stress [66] structurally related to fungal ENA type ATPases exist
SOS3 and SOS2 may serve as negative regulators dfloses are in the same lineage as the higher plants duri
AtHKT1 activity under salt stress. the origin of green plants from the unicellular commor
ancestor. Major signaling pathways including those base
N calcium are conserved in mosses and are similar
higher plants [73]. It was also found tidtyscomitrella
patensharbors a plant type SOS1 W4 antiporter. It
has been hypothesized that early land plants were tolere
to Na because of their harsh hygrophytic environmen
[74].

Though, CaN do not exist Arabidopsis, expression
of STO gene (salt tolerance related gene) fron
Arabidopsiscould complement salt sensitive phenotype
exhibited by calcineurin mutant. This suggests the
involvement of STO, like SOS3 in regulating internal
Na'/K* ratio. Recently, a protein frorArabidopsis
namely H-protein promoter binding factor-1
(HPPBF-1), which can bind to STO protein, was isolatec
The expression of HPPBF-1 gene was up regulated |

K response to salt stress and the protein was nucle
Fig. 3: Regulation of ion homeostasis by SOS and related |ocalized. Over expression of STO in Arabidopsis

pathways in relation to salt stress adaptatio8alt stress is conferred increased salt tolerance to transgenic plar
perceived by an unknown receptor (?) present at the plasmrzTaUB] Therefore. althouah calcineuritoes not exist in
membrane of the cell. The salt stress induced cytosolic calciu : ' 9

perturbation is sensed by SOS3, which accordingly changes itPlants there are several genes which function in a simil
conformation and interacts with SOS2. This interaction relieves manner imparting salt stress tolerance to plants. Howeve
SOS2 of its auto-inhibition and results in activation of the enzymethe detailed functioning of these genes in response
Activated SOS2 in turn phosphorylates SOS1,"&Nantiporter ; ;

resulting in efflux of Naions. SOS3-SOS2 complex have other salt stress still lacks clarity.
branches mediating control of other pathways. This complexL. Models to explain stress signaling through CBL/
inhibits HKT1 activity thus restricting Nantry into the cytosol.  C|PK network

SOS2 also interacts and activates NHX (vacuolar/Na )
exchanger) further contributing to Kdon homeostasis. CAX1 ~ Taken togetheiICBL-CIPK system responds to various
(H*/Ca* antiporter) has been identified as an additional target environmental and developmental cues quite precise

for SOS2 activity. This activity reinstates cytosolicCa e to preferential interactions between different CBL
homeostasis. Further, NaATPases have been identified in CIPK members and subcellular localizations. They als

bryophytes, which may be an additional *Nefflux pathway . N . .
maintaining N& concentration par toxic level. function as positive and negative regulators of variou

SOS2 is also shown to interact with vacuolaf/Na
H* antiporter (Fig. 3) and SOS3-SOS2 complex may als
activate the vacuolar NAd* antiport activity [68].

Na"ATPase

ATPase
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stress genes involved in stress signaling pathwafgs. cold responsive genes like RD29A, KIN1 and KIN2
explain two models for the functioning of CBL/CIPK leading to cold stress tolerance [59]. Other CBLs fo
pathways. The first is a generic model explaining theexample AtCBLland their interacting kinases may
overview of CBL/CIPK pathway (Fig. 4). The other control other stress responsive genes both positively al
model is based on the experimental evidences availablaegatively and lead to tolerance against dehydratior
from Arabidopsis rice and pea (Fig. 5). osmotic stress, wounding and ABA accumulation [62].
In the generic model (Fig. 4), the transmission of a!" case of a salt stress, CBL4/SOS3 bind"@ad
activates SOS2 in turn phosphorylate SOS1 leading |

signal involves the interaction of extracellular ligand (in <" X
form of a stress signal) with the transmembrane proteini®Nic homeostasis. These pathways can often cross t

The ligand binding on the extracellular side of the With €ach other as many stress pathways also share |
transmebrane influences the activity of the receptorMaOr genes involved in stress tolerance.

domain localized on the cytoplasmic side. This generic  Regarding the second model (Fig. 5), certain CBL:
process is termed as signal transduction as the signaleem to be sensors for more than one stress, for examy
gets transduced across the membrane. The first outcont@BL1, which in turn interacts with more than one CIPK.
of a stress signal is the increase in cytosolit Ieeels, CBL can act as both positive and negative regulator c
which may be mediated by the action of PLC. Variousstress pathway. Whereas, CBL1 functions as a positiv
second messengers like?Gd&Reactive Oxygen Species regulator for salt and drought responses, it serves as
(ROS), InsP and ABA can be produced which furthernegative regulator for cold responsive genes [62]. PSCB
amplify the signal. The localized increase in?Ca like CBL1,is also strongly up regulated by many factors
concentration is sensed byCsensor CBLs. Activated including cold, salt and wound. However, the inductior
CBLs interact with specific CIPK partners in various of PSCBL by stress was found to be a late response a
permutations. These CIPKs may phosphorylatemay be involved in maintenance of stress responses [3
transcription factors, which in turn can control the Other CBLs, like AtCBL4/SOS3 have so far been showi
activity of some of the major genes involved in mediating to respond to a single exogenous stress factor like salini
stress tolerance. Kinases like CIPK3 may influence theAtCBL9 is induced by hormones like ABA, whereas

Stress signal
\ Receptors (GPCR, HisK)

¢ Pl_C$
¥

ca®* 2nd Messengers (IP,, ROS, ABA...)
¥ e e
Ca SENSORS Ua)(Cep (Ca cBL
(CaM, CBLs, SOS3)
CIPKs/S0S2 CATALYTIC  REGULATORY
Phospho protein cascade ~PO4 cES
Other CIPKs AtCIPK24/SOS 2 AtCIPK3
OTHER STRESS ION TRANSPORTERS COLD INDUCED
RESPONSIVE GENES (SOS1) GENES RD29A
STRESS TOLERANCE OR ION STRESS

GROWTH ARREST HOMEOSTASIS TOLERANCE

Fig. 4: A generic signal transduction pathway mediated via CBL/CIPK signaling network in response to various stress signals
plants. Details are furnished in the text. Briefly, the first response to a stress signal is the change in cytéstdieeGavhich may be
mediated via PLC pathway. This change is perceived By €emsors (like CBL,), which interact and activate their respective CIPk
partner(s), which in turn may phosphorylate the downstream signaling components leading to activation of major stress resp
genes. The schematic structures of CBL and CIPK are also shown.
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Late induced, required for
response maintenance\'Z l

v ABA

CIPK3 CIPK?
Cross talk node ' CIPK?

.

CBL4/SOS3

CIPK24/S0OS2

|

SOSH1 .
Cold induced
i Stress genes Seed Light
Salt tolerance eed _
i germination responsive
tolerance oathways

Cold and other stresses
tolerance

Fig. 5: Involvement and cross-talk between CBLs and CIPKs in modulating stress, hormonal and light responses in(pfadeted
from Batistic and Kudla, [51])The information is compiled from data obtained in Arabidopsis, rice and pea (our un published data).
details are explained in the text. Briefly, CBL1 serves as a positive regulator for salt and dehydration and a negativefargroéd
stress. AtCBL9 has been shown to be a negative regulator of ABA and promotes pathway leading to seed germination. AtCBL
responsive and OsCBL2 is GA responsive and also may serve as important component mediating seed germination. Thesetgent
with their respective CIPKs and regulate genes involved in stress signal transduction pathway. AtCIPK3 has been idermtifiesl as
talk node mediating both ABA dependent as well as independent pathways. Pathway followed by AtCIPK3 is dblo@arvaitts.

AtCBL2 by light [42] and OsCBL2 by gibberellic acid more focus, are: (i) the promoter analysis of variou:
(GA) [43]. CBL9 serves as a negative regulator of ABA CBLs and CIPKs. As these proteins show high identity
responses during seed germination thus antagonizing that the amino acid level but still behave differentially sc
inhibition caused by ABA hormone and promoting seedthe work on UTR regions and the promoter region:
germination [47,58]. Recently OsCBL2 is also involved requires far more emphasis. Computer analysis shou
in vacuolation of aleurone cells mediating seedalso look for some common regulatory elements ir
germination [43]. These @aensors like CBLs, inturn  strongly interacting CBL/CIPK partners. (ii) In

find their partners either specifically or interact with more continuation with the above-mentioned point, 5UTR
than one partner in order to regulate gene expressiomkegion of these genes and the unusual introns present
protein activity conferring stress tolerance. Some of thesehis region need to be experimentally verified. (iii) More
interactions like CBL9/CBL2 with its interacting emphasis should be laid on solving the crystal structure
partners, is yet unknown, regulate developmentalof these proteins. Till date no CIPK has been crystallizec
responses like seed germination or photomorphogenesi€IPK expression in low amount has also been a hindran
AtCIPKS has been shown as cross talk node mediatindo this task. (iv) the facts about physiological substrate
cold and ABA response pathways [59]. of CIPK have also eluded us. Search should focus ¢
the isolation and characterization of various
physiological substrates and also check if CBL can be

From the time of its discovery in 1997, CBL/CIPK g pstrate for any of CIPK. PSCIPK could phosphorylat
pathway has been well exploredirabidopsisand today  pscgL and this activity was significantly reduced by

there is some clarity on the aspects generating specifiCity, . o qqition of anti CIPK antibodies [39]. (v) As it is

in spite of the huge complexity in this signaling network. clearly proven that CBLs and CIPKs have role in stres
This has been possible due to the efforts of the groups qfjerance, therefore stacking of strongly interacting gene
Prof. Luan at University of California, Berkeley and Dr 5 their influence on stress tolerance can be perform
Zhu's work at University of California, Riverside. Some j yanggenic studies. (vi) CBL/CIPK network has mainly
aspects, which have been neglected and relatively neegeo, confined around these two genes families and t

M. Future Prospects
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upstream and down stream genes of this pathway havé0.

been neglected. Research should also focus on the
receptors of this gene family. As CaN in animals can
dephosphorylate and activate NFAT and other

transcription factors it is tempting to speculate that CIPK.,,

may also phosphorylate some transcription factors which

in turn can control expression of major genes in theos

pathway. Moreover, work should not only be confined
to model systems lik&rabidopsisbut should also include
other economically more useful plants.

Acknowledgement
We thank Department of Biotechnology, Government of

India grant for partial support and Council of Scientific 26.

and Industrial Research, New Delhi for fellowship to
SM. We apologies if some references could not been
cited due to space constraint.

References

1. EA Bray, J Bailey-Serres and E Weretilnglesponses to ~ 29.
abiotic stressedn: Biochemistry and Molecular Biology of
Plants Gruissem W, Buchannan B and Jones R (Eds)30.
American Society of Plant Biologists, Rockville, MD (2000)
pp1158-1249 31.

2. W Wang, B Vinocur and A AltmaRlanta218(2003) 1-14

3. S Luan, JKudla, M Rodriguez-Concepcion, S Yalovsky and 32
W GruissenPlant Cell14 (2002) S389-S400

4. D Sanders, J Pelloux, C Brownlee and JE Hatsert Cell 33.
14 (suppl.) (2002) S401-S417

5. SA Scrase-Field and MR Knigfurr. Opin. Plant Biol 6 34.
(2003)500-506

6. RE Zielinski (1998Annual Review of Plant Physiology and 35.
Plant Molecular Biology49 (1998) 697-725

7. NZEhtesham, TN Phan, A Gaikwad, SK Sopory and N Tuteja36-
Calnexin fromPisum sativumcloning of the cDNA and
characterization of the encoded protddNA Cell Biol18 37.
(1999) 853-862

8. SK Sopory and M MunctCrit Rev Pl Scil7 (1998) 245-  38.
318

9. S Pandey, SB Tiwari, KC Upadhyaya and SK Sogny 39.
Rev PI Scil9(2000) 219-318

10. AC Harmon, M Gribskov and JF Hargeends Plant Scb 40.
(2000) 154-159

11. J Liu and JK ZhScience280(1998) 1943-1945 41

12. JKudla, Q Xu, K Harter, W Gruissem and S LBaoc Natl 42
Acad Sci USA6 (1999) 4718- 4723

13. SJWu, D Lei and JK Zhelant Cell8 (1996) 617-627 43

14. CB Klee, GF Draetta and MJ Hubbadv Enzymol Relat
Areas Mol Biol61 (1988) 149-200 44.

15. SJO'Keefe, J Tamura, RL Kincaid, MJ Tocci and EA O’Neill
Nature357(1992) 692-694 45,

16. JLiu, JD Farmer, Jr WS Lane, J Friedman, | Weissman and
SL SchreibecCell 66 (1991) 807-815 46.

17. T Kuno, H Mukai, A Ito, CD Chang, K Kishima, N Saito and
C Tanaka) Neurochen®8 (1992) 1643-1651 47.

18. RC Malenk&Cell 78 (1994) 535-538 48.

19. G Malleret, U Haditsch, D Genoux, MW Jones, TV Bliss,

AM Vanhoose, C Weitlauf, ER Kandel, DG Winder and IM
MansuyCell 104 (2001) 675-686

21.

24.

25.

28.

I Mendoza, FJ Quintero, RA Bressan, PM Hasegawa and J
PardoJ Biol Chen271(1996) 23061-23067

JI Schroeder, GJ Allen, V Hugouvieux, JM Kwak and D
WanerAnnual Review of Plant Physiology and Plant Mol
Biol 52(2001) 627-658

MC Viaud, PV Balhadere and NJ TalBtant Cell14(2002)
917-930

E Thines, F Eilbert, O Sterner and H AREEMS Microbiol
Lett156(1997) 91-94

TK Matsumoto, AJ Ellsmore, SG Cessna, PS Low, JM Pardc
RA Bressan and PM Hasega@aBiol Chem277 (2002)
33075-33080

DP Matheos, TJ Kingsbury, US Ahsan and KW Cunninghan
Genes Dewl (1997) 3445-3458

AM Stathopoulos and MS Cye@enes DeVll (1997)
3432-3444

27. AM Stathopoulos, JJ Guo and MS Cygenes Det3(1999)

798-803

PJ Lapinskas, KW Cunningham, XF Liu, GR Fink and VC

CulottaMol Cell Biol 15 (1995) 1382-13888

KW Cunningham and GR Finldol Cell Biol 16 (1996)

2226-37

SY Park, SB Seo, SJ Lee, JG Na and YJ Kim (20BI

Chem276(1996) 28694-28699

D Gong, Y Guo, KS Schumaker and JK Ziant Physiol

134(2004) 919-926

. M Nagae, A Nozawa, N Koizumi, H Sano, H Hashimoto, M

Sato and Shimizd Biol Chen78 (2003) 42240-42246

NCG Strynadka and MNG Jamésinual Review of

Biochemistrys8 (1989) 951-998.

RH Kretsinger and CE NockoldsBiol Chem248 (1973)

3313-26

U Kolukisaoglu, S Weinl, D Blazevic, O Batistic and J Kudla

Plant Physioll134(2004) 43-58

MJ Sanchez-Barrena, M Martinez-Ripoll, JK Zhu and A

Albert J Mol Biol 345(2005) 1253-64

TA Farazi, G Waksman and JI GordbiBiol Chem276

(2001) 39501-39504

M Ishitani, J Liu, U Halfter, CS Kim, W Shi and JK Zhu

Plant Cell12 (2000) 1667-1677

S Mahajan, SK Sopory and N Tut&EBS J273 (2006)

907-925

D Grant, P Cregan and RC Shoemdkec Natl Acad Sci

USA97 (2000) 4168-4173

. JE Bowers, BA Chapman, J Rong and AH Patexsdare
422 (2003) 433-438

. A Nozawa, N Koizumi and H Sarilant Cell Physiol42
(2001) 976-981

. YS Hwang, PC Bethke, YH Cheong, HS Chang, T Zhu an

RL Jones Plant 138(2005) 1347-1358

J Shi, KN Kim, O Ritz, V Albrecht, R Gupta, K Harter, S

Luan and J Kudi®&lant Cell11 (1999) 2393-2405

U Halfter, M Ishitani and JK Zhiaroc Natl Acad ScdUSA

97 (2000) 3735-3740

V Albrecht, O Ritz, S Linder, K Harter and J KuBisiBO J

20 (2001) 1051-1063

O Batistic and J Kud@lanta219915-924

EM Hrabak, CW Chan, M Gribskov, JF Harper, H Choi, N

Halford, J Kudla, S Luan, HG Nimmo, MR Sussman, M

Thomas, K Walker-Simmons, JK Zhu and AC Harridemt

Physiol132(2003) 666-680



78

Shilpi Mahajan,Sudhir K Sopar and Naendia Tuteja

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

Y Guo, U Halfter, M Ishitani and JK ZRlant Cell13(2001)
1383-1400

D Gong, C Zhang, X Chen, Z Gong and JK Ziiol Chem
277(2002d) 42088-42096

D Gong, Y Guo, AT Jagendorf and JK ZRAlant Physiol
130(2002c) 256-264

T Romeis, AA Ludwig, R Martin and JD Jones (2a8BO
J 20 (2002c) 5556-5567

J Liu, M Ishitani, U Halfter, CS Kim and JK ZRwoc Natl
Acad Sci USA7 (2000) 3730-3734

KN Kim, YH Cheong, R Gupta and S LuBtant Physiol
124 (2000) 1844-1853

M Ohta, Y Guo, U Halfter and JK Zhrroc Natl Acad Sci
USA100(2003) 11771-11776

D Gong, Z Gong,Y Guo, X Chen and JK Z&Biol Chem
277(2002a) 28340-28350

D Gong, Z Gong, Y Guo and JK ZRlant Physiol129
(2002b) 225-234

GK Pandey, YH Cheong, KN Kim, JJ Grant, L Li, W Hung,
C D'Angelo, S Weinl, J Kudla and S Ludtant Cell 16
(2004) 1912-1924

KN Kim, YH Cheong, JJ Grant, GK Pandey and S [Rlant
Cell 15 (2003a) 411- 423

EJ Lee, Hiromichi, H Sano and N KoizuBibsci Biotechnol
Biochem69 (2005) 242-245

V Albrecht, S Weinl, D Blazevic, C D’Angelo, O Batistic, U
Kolukisaoglu, R Bock, B Schulz, K Harter and J Kuilant

J 36 (2003) 457-470

YH Cheong, KN Kim, GK Pandey, R Gupta, JJ Grantand S

LuanPlant Cell15 (2003) 1833-1845
S GilroyPlant Cell8 (1996) 2193-2200

Y Guo, L Xiong, CP Song, D Gong, U Halfter and JK Zhu g1,

Dev Cell3 (2002) 233-244

66.

67.

68.

69.

70.

71.

72.

75.
76.
7.

78.
79.

80.

. JK Zhu, J Liu and L Xiong Plant Cell 10 (1998) 1181-

1191

JK ZhuAnnu Rev Plant Physiol Plant Mol Bi&B (2002)
247-273

H Shi, M Ishitani, C Kim and JK Zharoc Natl Acad Sci
USA97 (2000) 6896-6901

QS Qiu, Y Guo, MA Dietrich, KS Schumaker and JK Zhu
Proc Natl Acad Sci US89 8436-8441

FJ Quintero, M Ohta, H Shi, JK Zhu and JM Pd&tabx Natl
Acad Sci USA®9 (2002) 9061-9066

N Uozumi, EJ Kim, F Rubio, T Yamaguchi and S Muto
et al.Plant Physioll122(2000) 1249-1260

A Rus, S Yokoi, A Sharkhuu, M Reddy, BH Lee efabc
Natl Acad Sci USA8 (2001) 14150-14155

NH Cheng, JK Pittman, JK Zhu and KD Hirsédfiiol Chem
279(2004) 2922-2926

MM Johari Possible origin of hormonal regulation in green
plants.Proc. Indian Natl, Sci. Acad870 (2004) 335-365

B Benito and A Rodriguez-NavarRhyscomitrella patens
Plant J36 (2003) 382-389

S Nagaoka and T Takaddexp Bots4 (2003) 2231-2237

J Liu and JK Zh$cience280(1997) 1943-1945

JM Pardo, MP Reddy, S Yang, A Maggio, GH Huh,
T Matsumoto, MA Coca et aRroc Natl Acad Sci USA5
(1998) 9681-9686

JK ZhuPlant Physiol124 (2000) 941-948

Z Gong, H Koiwa, MA Cushman, A Ray, D Bufford, S Kore-
eda, TK Matsumoto, J Zhu, JC Cushman, RA Bressan an
PM Hasegaw#lant Physiol126 (2001) 363-75

KN Kim, JS Lee, H Han, SA Choi, SJ Go and IS YBtant
Mol Biol 52 (2003b) 1191-202

QS Qiu, Y Guo, FJ Quintero, JM Pardo, KS Schumaker an
JK ZhuJ Biol ChenR79(2004) 207-215



