Update on Calcium and Protein Kinase Signaling

The SOS3 Family of Calcium Sensors and SOS2 Family of
Protein Kinases in Arabidopsis’

Deming Gong? Yan Guo, Karen S. Schumaker, and Jian-Kang Zhu’*

Department of Plant Sciences, University of Arizona, Tucson, Arizona 85721

During the course of its lifecycle, a plant may ex-
perience extremes of temperature and moisture, ex-
cesses and deficiencies of minerals, and challenges
from herbivores and pathogens, all of which provide
specific signals for altered plant growth and devel-
opment. Ca®" has been widely implicated as an in-
tracellular messenger of physiologically and environ-
mentally induced signaling pathways in plants
(Trewavas and Malho, 1998). Because cellular Ca**
levels are tightly regulated, small changes in intra-
cellular Ca®>" can provide information for the modi-
fication of enzyme activity and gene expression
needed for subsequent responses. Signals may trig-
ger changes in the cellular Ca>* signature (for exam-
ple, an oscillation in the cytosolic free Ca** concen-
tration), which is then perceived by various
intracellular Ca®* sensors/binding proteins to regu-
late a series of signaling cascades (Snedden and
Fromm, 1998; Zielinski, 1998). Ca®" sensors can be
classified into sensor responders and sensor relays
(Sanders et al., 2002). Upon binding Ca®", sensor
responders change their conformation and modulate
their own activity or function through intramolecular
interactions. In plants, the best-characterized sensor
responders are the Ca®"-dependent protein kinases
(Harmon et al., 2001). Ca®>"-dependent protein ki-
nases have protein kinase and calmodulin-like Ca®"-
binding domains in a single protein, which allows
their direct activation by Ca** (for review, see Cheng
et al., 2002; Hrabak et al., 2003). In contrast, sensor
relays such as calmodulin communicate the changed
conformation to interacting partner(s) such as pro-
tein kinases, resulting in a change in kinase activity.

A number of mechanisms have been postulated to
account for the wide-ranging role of Ca®" in signal-
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ing in plants as well as for the specificity resulting
from the Ca®" signal. These include qualitative and
quantitative information resident in the Ca®" signal
itself and in the Ca®" sensors that perceive and trans-
late the Ca®" signal. The potential for different sen-
sors to contribute to functional specificity is further
magnified by the presence of families of interacting
proteins such as protein kinases. This review focuses
on recent progress in the characterization of the salt
overly sensitive (SOS) 3 family of Ca** sensors and
their associated SOS2 family of protein kinases. Re-
cent genetic, molecular, and biochemical studies pro-
vide evidence that these two families of proteins
interact differentially to form complexes that func-
tion in signaling pathways in Arabidopsis during
growth and development and in response to abiotic
stresses.

THE ARABIDOPSIS SOS3/SOS2 KINASE COMPLEX
AND SOS SIGNALING PATHWAY

In a genetic screen designed to identify compo-
nents of the mechanisms controlling salt tolerance in
Arabidopsis, several SOS genes were identified. One
of these genes, SOS3, encodes a novel EF-hand Ca**
sensor (Liu and Zhu, 1998). SOS3 shares significant
sequence similarity with the regulatory calcineurin B
subunit from yeast (Saccharomyces cerevisiae) and neu-
ronal Ca®" sensors from animals (Klee et al., 1988). In
spite of this similarity with calcineurin B at the pri-
mary sequence level, it is now clear that Arabidopsis
does not have calcineurin and that the SOS3 Ca®"-
sensing protein activates a protein kinase and not a
protein phosphatase. SOS3 is a small myristoylated
protein that appears to have no enzymatic activity by
itself; Ca®>" binding and myristoylation are required
for SOS3 function in salt tolerance (Ishitani et al.,
2000). The SOS2 gene encodes a novel Ser/Thr pro-
tein kinase that also functions in salt tolerance in
Arabidopsis (Liu et al.,, 2000). SOS2 contains an
N-terminal kinase catalytic domain similar to that
found in the Suc nonfermentingl (SNF1) and AMP-
activated (AMPK) kinases (Hardie, 1999) and a novel
C-terminal regulatory domain. SOS3 has been shown
to interact physically with SOS2 in yeast two-hybrid
assays as well as in vitro (Halfter et al., 2000). More-
over, SOS3 activates SOS2 kinase activity in a Ca**-
dependent manner and so0s3/s0s2 double-mutant
analysis also indicates that SOS3 and SOS2 function

Plant Physiology, March 2004, Vol. 134, pp. 919-926, www.plantphysiol.org © 2004 American Society of Plant Biologists 919



Gong et al.

in the same pathway (Halfter et al., 2000). The first
target of the SOS3-SOS2 regulatory pathway to be
identified is the plasma membrane Na'/H" ex-
changer (antiporter) encoded by the SOSI gene.
SOS1 gene expression during salt stress is partially
controlled by SOS3 and SOS2 (Shi et al., 2000), and
activation of SOS1 Na* /H™" antiport activity requires
SOS3 and SOS2 (Qiu et al.,, 2002). Recent studies
using yeast have provided additional evidence for
the interaction between SOS3 and SOS2 and their
regulation of SOS1. Coexpression of SOS1, 2, and 3
dramatically enhanced the salt tolerance of a yeast
mutant in which all endogenous Na' transporters
had been removed (Quintero et al., 2002). The SOS3-
SOS2 kinase complex phosphorylates and activates
SOS1 expressed in yeast, enhancing Na* exclusion
and increasing NaCl tolerance (Quintero et al., 2002).
Expression of a constitutively activated SOS2 mutant
also increased salt tolerance in yeast expressing
SOS1, implying that SOS2 kinase activity is partially
sufficient for SOS1 activation. These results provided
functional evidence that the SOS proteins function in
the same signaling pathway that mediates ion ho-
meostasis and salt tolerance in Arabidopsis (Fig. 1;
Zhu, 2002). In addition, recent studies demonstrating
that overexpression of SOS1 or of constitutively ac-
tive SOS2 mutant kinases improves the salt tolerance
of Arabidopsis (Guo et al.,, 2003; Shi et al., 2003)
suggest that co-overexpression of SOS1, SOS2, and
SOS3 may dramatically increase salt tolerance in
plants.

THE ARABIDOPSIS SOS3-LIKE Ca** BINDING
PROTEIN (SCaBP Ca** SENSORS) AND SOS2-LIKE
PROTEIN KINASE (PKS PROTEIN KINASE)
FAMILIES

Since the initial isolation and characterization of
the SOS3 Ca”* sensor and its interacting protein ki-
nase SOS2, many genes encoding SCaBPs and SOS2-
like protein kinases (PKS) have been identified in
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Figure 1. Diagram showing that the SOS3-SOS2 signaling module
functions in a salt stress-elicited Ca®* signaling pathway, which
mediates salt tolerance. Similarly, various SCaBP-PKS complexes
have been implicated in Ca?" signaling pathways in response to
abscisic acid (ABA), sugar, high pH, or drought and cold stresses.
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Arabidopsis through the Arabidopsis Genome Initia-
tive (2000; Hrabak et al., 2003). Summarized here is
recent progress in our understanding of the func-
tional domains, biochemical properties, interaction
specificities, gene expression patterns, and physio-
logical functions of these Ca>* sensors and their in-
teracting protein kinases.

Domain Structure of the SCaBP Calcium Sensors and
PKS Protein Kinases

Six SOS3-like Ca®" sensor/binding proteins (des-
ignated SCaBP1-6) were identified in Arabidopsis
from a search of the GenBank database, and the
corresponding c¢cDNAs were isolated by reverse
transcriptase-PCR  (Guo et al., 2001). SCaBP1,
SCaBP5, and SCaBP6 had been previously referred to
as the calcineurin B-like proteins calcineurin B-like
(CBL)2, CBL1, and CBL3, respectively (Kudla et al.,
1999). Three additional SCaBPs have recently been
identified from Arabidopsis (Luan et al., 2002). Like
SOS3, these SCaBPs have no apparent enzymatic ac-
tivity by themselves and thus are sensor relays
(Sanders et al., 2002). These SCaBP proteins are pre-
dicted to possess three typical EF-hand Ca®"-binding
motifs with the Ca”*-binding loops flanked by E and
F helices (Guo et al.,, 2001; Luan et al., 2002). The
tripeptide LYD at the junction of the E helix and the
Ca®"-binding loop in the second EF-hand is deleted
in the s0s3-1 mutant allele (Liu and Zhu, 1998), and
this sequence is conserved in the SCaBPs. A recent
study of the three-dimensional structure of SCaBP1/
CBL2 has shown that this protein contains two pairs
of EF-hand motifs; one pair (the first and fourth)
binds two Ca®" ions, whereas the other pair (the
second and third) remains in an open conformation
(Nagae et al., 2003a, 2003b). Although there is cur-
rently no experimental evidence for SOS3 binding to
Na ™, the possibility cannot be excluded that SOS3
might serve as a Na™ sensor based on the ability of
Na™ to bind within the EF-hand motifs of other pro-
teins (Henzl et al., 2000; Ward et al., 2003).

Several SCaBPs, including SOS3 and SCaBP5, are
associated with membrane fractions (Ishitani et al.,
2000; Luan et al., 2002). This membrane localization is
consistent with the idea that many Ca”"-signaling
events are initiated by Ca®" fluxes across membranes
(Rudd and Franklin-Tong, 2001). At least three
SCaBPs, SOS3, SCaBP4, and SCaBP5, contain a con-
served N-myristoylation motif, MGxxxS/T[K]
(Towler et al., 1988). This motif has been shown to be
functional and is necessary for SOS3 function in salt
tolerance (Ishitani et al., 2000) and for SOS3 to recruit
SOS2 to the plasma membrane in yeast (Quintero et
al.,, 2002; J.-K. Zhu and J.M. Pardo, unpublished
data). It is possible that this cotranslational modifi-
cation may help tether these Ca®* sensors and their
interacting protein kinases to specific membrane
patches where Ca®" flux takes place and/or where
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target proteins are localized or may contribute to
pathway regulation by a Ca®*-myristoyl switch (Ishi-
tani et al., 2000).

Twenty-three novel Arabidopsis SOS2-like protein
kinases (PKS2-24, also known as CBL-interacting
protein kinases) have also been identified using yeast
two-hybrid assays and database searches (Guo et al.,
2001; Hrabak et al., 2003). All of these proteins con-
tain a conserved FISL motif (also known as an NAF
domain), a 21-amino acid sequence in the regulatory
domain (Fig. 2; Halfter et al., 2000; Albrecht et al.,
2001; Guo et al., 2001). cDNAs were isolated for all
PKS proteins and their sequences, and domain struc-
tures were compared. As had been found for SOS2,
the deduced amino acid sequences of all PKS kinases
contain an N-terminal kinase catalytic domain and a
C-terminal regulatory domain. Analysis of the
N-terminal kinase domain indicated that the PKS
kinases are related to the SNF1 kinase from yeast and
the AMPK protein kinases in animals (Hardie et al.,
1998). Based on sequence similarity and domain
structure, three subgroups of SNF1-related kinases
(SnRK1-3) have been recognized in plants (Hardie,
2000; Hrabak et al., 2003); the PKS proteins are mem-
bers of the plant-specific SnRK3 group (Halford et al.,
2000; Hrabak et al., 2003).

An alignment of the deduced amino acid sequences
of all 24 PKS kinases shows that the N-terminal ki-
nase domains of these proteins are highly conserved
and contain a putative “activation loop” (Guo et al,,
2001; Gong et al., 2002b; Fig. 2A). The conserved FISL
motif is found in the regulatory domain and is adja-
cent to the kinase catalytic domain (Guo et al., 2001;
Fig. 2A). The FISL motif is responsible for binding to
SCaBPs and has a consensus sequence XL (or M, L, F,
Y) N (or T)AFD (or E, Q) I (or L, F, M)IS (or A, T, G,
L I)L(orM,FY,S, T, GSXG (orF,D,E,S)F (or L,
S)D(orN,S,G)LS (or A, E, G) G (or N, S, T, P) L (or
F)FE (or D, G, A) (where X is any amino acid residue
and residues in bold are absolutely conserved; Guo et
al., 2001). Next to the FISL sequence is a protein
phosphatase interaction (PPI) motif that mediates in-
teraction with type 2C protein phosphatases (Ohta et
al., 2003; Fig. 2A). The catalytic and regulatory do-
mains of SOS2 have been shown to interact with each
other, and this interaction requires the FISL motif
(Guo et al., 2001; Fig. 2A). Intramolecular interaction
in SOS2, and presumably other PKS proteins, is prob-
ably responsible for keeping the kinases inactive, as
removal of the regulatory domain of SOS2 led to its
constitutive activation (Guo et al., 2001; Fig. 2). It is
likely that upon the binding of SCaBPs to the FISL
motif, this intramolecular interaction is relieved,
leading to the activation of the kinases (Fig. 2B).

Constitutive Activation of the PKS Protein Kinases

Regulation of kinase activity generally results from
protein phosphorylation by another kinase(s), auto-
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Figure 2. Mechanisms of activation of PKS kinases in vitro and in
vivo. PKS proteins consist of an N-terminal kinase catalytic domain
(PKS kinase) and a C-terminal regulatory domain. An activation loop
(stippled bar) is shown in the kinase catalytic domain, whereas the
regulatory domain contains a FISL motif (for interaction with
SCaBPs), a PPl motif (for interaction with protein phosphatase 2Cs),
and an unknown functional motif(s) at the C-terminal end (indicated
by X). The kinase is proposed to be kept inactive by an intramolec-
ular interaction between the catalytic and regulatory domains. In
vitro, the kinase can be activated by a T to D mutation in amino acid
168 to mimic phosphorylation of the activation loop by a putative
upstream kinase (A, top panel), by deletion of the autoinhibitory FISL
motif (A, middle panel), or by a combination of the two mutations (A,
bottom panel). In vivo, the kinase is proposed to be activated by the
binding of Ca?*-SCaBP to the FISL motif (B, tolp panel), by phos-
phorylation of T'®® in the activation loop (B, middle panel), or by a
combination of both (B, bottom panel).

phosphorylation, and/or control by regulatory do-
mains or subunits (Sato et al., 1996; Elion, 1998). As
with other protein kinases, a key feature for regula-
tion of the PKS kinases may be phosphorylation of
one or more residues within the activation loop (Ver-
tommen et al., 2000; McCartney and Schmidt, 2001).
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In the absence of specific SCaBP protein(s), PKS ki-
nases have little kinase activity when expressed and
purified from bacteria as glutathione S-transferase
fusion proteins. The activation loop in the kinase
catalytic domain of the PKS proteins is located be-
tween the conserved DFG and APE sequences (con-
served subdomain VIII; Hrabak et al., 2003). A Thr
residue (T'®® in SOS2) in this activation loop is com-
pletely conserved in all the PKS kinases. With site-
directed mutagenesis, constitutively active forms of
the kinases were generated through a substitution of
the T residue with D to partially mimic phosphory-
lation by an upstream kinase(s) (Guo et al., 2001;
Gong et al., 2002d; Fig. 2A). These results suggest
that activation loop phosphorylation/dephosphory-
lation by an upstream kinase/phosphatase may play
an important role in the regulation of PKS kinase
activity in vivo (Fig. 2B). Although the upstream
kinase is unknown, it is possible that the protein
phosphatase 2Cs that bind to PKS may function to
dephosphorylate the activation loop (Ohta et al.,
2003).

Within the putative activation loog of these PKS
kinases, two additional residues, S°® and Y'7° (in
SOS2), are also completely conserved (Gong et al.,
2002¢; J.-K. Zhu, unpublished data). Changing any of
these residues to D in SOS2 activates the kinase in
vitro (Gong et al., 2002c). These results suggest that
multiple site phosphorylations may be important for
activation of SOS2 (or PKS) kinase activity. Future
studies will determine if these three residues are
phosphorylation sites in SOS2 or other PKS kinases
in vivo.

Mutational analysis has shown that the FISL motif
in the regulatory domain of the SOS2 protein is au-
toinhibitory to the substrate phosphorylation of the
PKS kinases. FISL motif deletion mutants resulted in
SOS2 and several other PKS proteins that were also
constitutively active (Guo et al., 2001; Gong et al.,
2002b; Fig. 2A). When the T'®® to D mutation was
combined with the FISL deletion, superactive SOS2
and PKS kinases were generated (Guo et al., 2001;
Gong et al., 2002b; Qiu et al., 2002; Fig. 2A). It is
unclear whether PKS activation by Ca”*-SCaBP and
by activation loop phosphorylation take place in
vivo. Conceivably, both activation mechanisms may
function simultaneously and synergistically (Fig. 2B).

Biochemical Properties of the PKS Protein Kinases

The biochemical properties of the PKS kinases are
not well understood, due, in part, to the difficulty in
isolating and purifying native PKS kinases from
plants. Most recombinant PKS proteins produced in
Escherichia coli are only active in autophosphoryla-
tion, but not in substrate phosphorylation. However,
the availability of constitutively active recombinant
PKS mutants has allowed characterization of some of
the biochemical properties of these proteins. These
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PKS kinases require a divalent cation for autophos-
phorylation and substrate phosphorylation. They do
not phosphorylate commonly used protein sub-
strates, including casein, myelin basic protein, his-
tone H1, and histone IIIS; however, they phosphor-
ylate three peptide substrates (pl-p3) derived from
the recognition sequences of protein kinase C or
SNF1/AMPK (Halfter et al., 2000; Gong et al., 2002b,
2002c). Apparent K, and K_,, values for ATP with
Mg®" or Mn”>* have been determined, and the PKS
kinases, including SOS2, PKS6, PKS11, and PKS18,
prefer Mn>" to Mg>* for substrate phosphorylation
(peptide substrate p3, ALARAASAAALARRR) and
autophosphorylation (Gong et al., 2002b, 2002c). This
cofactor preference may reflect the involvement of
these kinases in a complex during full activation (Su
et al.,, 1996). The apparent affinity of some of the
constitutively activated PKS kinases for ATP and
peptide substrate p3 has also been determined. The
dependence of kinase activity on ATP or p3 exhibited
typical Michaelis-Menten kinetics. The apparent K,
values ranged from 29 to 138 pum and from 0.83 to
0.88 um for p3 and ATP, respectively.

Active and inactive SOS2 mutants that have differ-
ent molecular structures have been used to determine
the mechanism underlying PKS kinase autophos-
phorylation. The superactive, truncated protein
SOS2T168DA308 (in which the FISL domain and
C-terminal 117 amino acids have been removed)
failed to transphosphorylate the kinase-dead mutant
S0OS2K40 N (in which K*, a conserved amino acid in
the catalytic site required for phosphotransfer activ-
ity, was changed to N; Gong et al.,, 2002c). This
strongly suggests that unlike some other S/T kinases
(Horn and Walker, 1994; Oh et al., 2000; Shah et al.,
2001), SOS2 autophosphorylation takes place via an
intramolecular reaction mechanism. Whether other
PKS kinases autophosphorylate using a similar
mechanism remains to be determined.

In most cases, the physiological substrates(s) of the
PKS kinases are largely unknown. However, several
lines of evidence indicate that SOS1, a Na*/H* an-
tiporter, is one physiological substrate of SOS2 in
Arabidopsis. First, the C-terminal portion of the
SOS1 protein contains several putative consensus
recognition motifs found in the preferred peptide
substrate p3 of the SOS2 mutants. Second, a His-
tagged SOS1 protein purified from yeast membranes
could be phosphorylated in vitro by the
SOS2T168DA308 mutant (Quintero et al.,, 2002).
Third, SOS3-SOS2 activates the Na™ /H" antiport ac-
tivity of SOS1 (Qiu et al., 2002).

Recent evidence indicates that H"-coupled anti-
porters on the vacuolar membrane (tonoplast) may
also be substrates or targets for SOS2. Tonoplast
Na™/H"-antiport activity originating from AtNHX
proteins was compared in vesicles isolated from
wild-type and sos2 cultures of Arabidopsis (Qiu et al.,
2003). Antiport activity was greatly reduced in sos2,
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and this activity could be restored when activated
SOS2 protein was added in vitro. Coexpression of
SOS2 and the vacuolar Ca*>* /H" antiporter, CAX1, in
yeast restored growth on high levels of Ca®*" and
activated CAX1 activity (Cheng et al., 2003). SOS2
regulation of the activity of these transporters did not
depend on the presence or activity of SOS3 and ap-
pears to involve mechanisms that do not involve
changes in phosphorylation of the transporters (Qiu
et al., 2003; Cheng et al., 2003, J.-K. Zhu, unpublished
data). SOS2 regulation of Na* /H" antiporters on the
tonoplast and plasma membrane provides additional
support that this kinase plays an important role in
the maintenance of cellular Na* homeostasis and is a
critical component of the salt tolerance machinery in
Arabidopsis. In addition to identifying substrates for
SOS2, these studies suggest links between the regu-
lation of Na* and Ca®" homeostasis in Arabidopsis.

Interaction Specificity of the SCaBP Calcium
Sensors and PKS Protein Kinases

In vivo and in vitro assays have been used to
investigate the interaction specificity of individual
members of the SCaBP and PKS families (Halfter et
al., 2000; Kim et al., 2000; Guo et al., 2001, 2002).
Some SCaBPs can interact with multiple PKS kinases
and certain PKS kinases interact with several SCaBP
proteins. However, some SCaBP/PKS proteins can
only interact specifically with one PKS/SCaBP pro-
tein, and several SCaBP members do not interact
with any of the PKS kinases investigated (Albrecht et
al.,, 2001; Guo et al.,, 2001), suggesting that these
members interact with other PKS proteins or have
distinct protein targets. As examples of these varied
specificities, SOS3 interacts strongly with SOS2 (Half-
ter et al., 2000), whereas SCaBP1 only weakly inter-
acts with SOS2 and shows very strong interaction
with PKS6 (Guo et al., 2001). An in vivo interaction
between SCaBP5 and PKS3 has also been observed
(Guo et al., 2002). These interactions are mediated via
the highly conserved FISL motif in the kinase regu-
latory domain (Guo et al., 2001). Sequence variations
within the FISL motif and/or in neighboring struc-
tures likely determine which PKS interacts with
which SCaBP, and the interaction specificity between
the SCaBP and PKS proteins may provide the struc-
tural basis for some of the functional specificity of
these proteins in plant cells.

Interactions Between PKS Protein Kinases and
Protein Phosphatases

SOS2, as well as several other PKS proteins, has
been shown to interact with the type 2C protein
phosphatases, Abscisic Acid Insensitive (ABI)1 and
ABI2 (Guo et al., 2002; Ohta et al., 2003). A novel
protein domain of 37 amino acid residues in the SOS2
kinase C-terminal regulatory region, designated as
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the PPI motif, is necessary and sufficient for interac-
tion with the ABI protein phosphatases. The PPI
motif is not only conserved in the PKS protein ki-
nases, but also in the DNA damage repair and rep-
lication block checkpoint kinase, Chk1, from various
organisms, including humans (Ohta et al., 2003). Mu-
tations in conserved amino acid residues in the PPI
motif abolish the interaction of SOS2 with ABI2. In
contrast, a mutation in the FISL motif disrupts the
interaction between SOS2 and SOS3, but has no effect
on the interaction between SOS2 and ABI2. A protein
kinase-interaction (PKI) domain exists in the ABI
protein phosphatase subfamily (Ohta et al., 2003).
The interaction between SOS2 and ABI2 is disrupted
by the abi2-1 mutation in the PKI domain, and the
mutation causes increased tolerance to salt shock as
well as ABA insensitivity in plants (Ohta et al., 2003).

When the interaction specificity of several PKS and
ABI proteins was compared, some PKS members
were found to interact specifically with ABI2,
whereas others interacted preferentially with ABI1
(Ohta et al., 2003). Sequence variations in the PPI
motif of PKS may determine whether a particular
PKS interacts with ABI2, ABI1, or other related pro-
tein phosphatases. For example, residues R** and
S$3*3 of SOS2 are conserved in PKS3, PKS11, and
PKS24, which all interact strongly with ABI2 but not
ABI1. In contrast, these two residues are changed to
K and T in PKS24, which likely explains why PKS24
interacts strongly with ABI1 but only weakly with
ABI2. Variations in the PKI domain of the protein
phosphatase may determine its interaction with a
specific PKS. Although the wild-type ABI1 protein
interacts onlg weakly with SOS2, substitutions of
A" and A®! within the PKI domain with corre-
sponding residues (T and V, respectively) in ABI2 led
to an interaction with SOS2 nearly as strong as that of
ABI2 (Ohta et al., 2003).

Expression Patterns of the SCaBP Calcium Sensors and
PKS Protein Kinases

The functional specificity of the SCaBPs and PKS
kinases is not only determined by their biochemical
properties, subcellular localization, and their inter-
acting proteins, but also by the spatial, temporal, and
environmental responsive expression patterns of
their genes. Expression patterns of a number of the
SCaBPs and PKS kinases have been determined. Dif-
ferent SCaBP genes are expressed differentially in
various tissues and in response to stresses (Kudla et
al., 1999; Guo et al., 2002). For example, SCaBP1 is
preferentially expressed in roots, whereas SCaBP6 is
constitutively expressed in leaves, stems, roots, and
flowers. Expression of SCaBP1 or SCaBP6 is not in-
duced by drought, cold, or wounding treatment,
whereas SCaBP5 expression is up-regulated by these
stresses and by the phytohormone ABA (Luan et al.,
2002), indicating a potential involvement of the Ca’"

923



Gong et al.

sensor in ABA and abiotic stress responses.
Promoter-glucuronidase (GUS) reporter fusions have
been used to analyze the tissue distribution of SCaBP
gene expression in Arabidopsis seedlings (Guo et al.,
2002). SCaBP5 promoter-GUS was detected in imbib-
ing seeds, cotyledons, hypocotyls, and roots of young
seedlings, and also in the leaves, roots, stems, and
floral organ of adult plants (Guo et al., 2002). These
results suggest that different members of the SCaBP
family may function in distinct tissues, at specific
developmental stages, and in response to particular
environmental conditions.

Different PKS members also exhibit specific tissue
expression patterns. For example, PKS6 is expressed
in leaves, stems, flowers, and siliques, but is not
detectable in roots of mature plants (Gong et al.,
2002b). In striking contrast, PKS11 expression in roots
is substantially higher than that in leaves, stems,
flowers, or siliques (Gong et al, 2002a). PKSI11
promoter-GUS staining is also readily detected in
roots, but the staining in other tissues is below the
detection limit. These PKS genes also display differ-
ential expression in response to a variety of stresses.
For example, PKS6 expression is up-regulated by
ABA, salt, and drought, but is not affected by cold
treatment (Gong et al., 2002b). However, no signifi-
cant induction or repression of PKS11 expression is
observed after any of these treatments. The differen-
tial expression patterns of the SCaBPs and PKS ki-
nases strongly indicate diverse functions for their
gene products in plant growth and development, as
well as in the response of the plant to stress.

In Planta Functions of the SCaBP Calcium Sensors and
PKS Protein Kinases

The differential expression patterns of SCaBP and
PKS genes and the range of interactions among these
proteins indicate that they may have varied physio-
logical functions in the plant. The in vivo functions of
several SCaBP and PKS proteins have been uncov-
ered recently using forward and reverse genetic ap-
proaches. Via changes in protein activation, as well
as regulation of gene expression, these proteins have
been implicated in the plant’s response to ABA and
sugar signaling and in cellular pH regulation (Fig. 1).

ABA plays an important role in plant growth and
development, as well as in the response of the plant
to environmental stress. There is accumulating evi-
dence that changes in protein phosphorylation may
be an important part of ABA signaling. Because ABA
is known to activate Ca®" signaling, it seemed likely
that PKS kinases and SCaBPs also play a role in the
response of the plant to ABA. To test this, transgenic
Arabidopsis plants with altered levels of the leaf-
specific PKS18 were evaluated for their response to
ABA. Transgenic plants overexpressing a constitu-
tively active form of PKS18 (PKS18T/D) were hyper-
sensitive to ABA during seed germination and seed-
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ling growth, whereas silencing the kinase gene by
RNA interference conferred ABA insensitivity (Gong
et al, 2002d). Recently, Arabidopsis mutants in
which SCaBP5 or its interacting PKS, PKS3, had been
silenced were found to be hypersensitive to ABA
during seed germination, seedling growth, and sto-
matal closure. In addition, ABA induction of a num-
ber of genes (Leung and Giraudat, 1998), including
COR47, COR15A, RD29A, and RAB18, was enhanced
in the scabp5 and pks3 mutants (Guo et al., 2002).
These results indicate that SCaBP5 and closely re-
lated Ca®" sensors and interacting protein kinases
may be global negative regulators of ABA signaling
in plants (Guo et al., 2002). Because ABI2 has been
shown to control the influx of Ca** (a second mes-
senger in ABA signaling), we have speculated that
SCaBP5-PKS3 may sense intracellular Ca®" levels in
response to ABA and feedback regulate Ca”* influx
(Guo et al., 2002). Thus, SCaBP5-PKS3, together with
ABI2, may be important for the generation of ABA-
specific Ca®* oscillations. It is possible that the
SCaBP5-PKS3-ABI2  complex directly modulates
Ca®" oscillation “generators” (Ca®" channels, Ca**-
ATPases, and Ca®" /H" exchangers). More recently,
Cheong et al. (2003) showed that overexpression of
SCaBP5/CBL1 enhanced drought induction, but re-
duced cold induction of stress genes. Conversely, the
scabp5/cbll null mutant in Arabidopsis showed in-
creased cold induction and decreased drought induc-
tion of stress genes. Using a T-DNA insertional mu-
tant of CBL-interacting protein kinase 3/PKS12, Kim et
al. (2003) showed that this kinase is involved in me-
diating ABA signaling. The mutant plants were more
sensitive than wild type to ABA during seed germi-
nation and seedling growth, and expression of a
number of ABA- and stress-responsive genes was
altered in the mutant.

In a manner similar to plant hormones, sugars can
act as signaling molecules that control gene expres-
sion and developmental processes in plants (Finkel-
stein and Gibson, 2002). Recent evidence indicates
that the PKS proteins may also be involved in sugar
signaling. When a constitutively active PKS11 mu-
tant, PKS11T161D, was expressed in transgenic Ara-
bidopsis plants, the transgenic plants were more re-
sistant to high levels of Glc. Based on observations
with Glc analogs (no difference was seen between the
control and transgenic plants in their responses to the
Glc analogs 2-deoxy-Glc or 3-O-methyl-Glc; Gong et
al., 2002a), it is likely that PKS11 functions in medi-
ating Ca”" signaling in response to a sugar signal,
and that its function may be independent of the
hexokinase pathway (Sheen et al., 1999). Identifica-
tion of PKS11-interacting partners and substrate pro-
teins will help to clarify the precise role of this kinase
in sugar responses.

The SOS2-like protein, PKS5, has been shown to be
involved in the regulation of intracellular pH ho-
meostasis through its effect on the plasma membrane
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H*-ATPase (Y. Guo et al., unpublished data). PKS5
interacts strongly with SCaBP1, but not with SOS3.
Loss-of-function mutants (pks5), generated by RNA
interference or ethyl methanesulfonate, have been
used to characterize the role of this kinase in the
plant’s response to various environmental stimuli.
When compared with the growth of wild-type seed-
lings, pks5 seedlings were able to maintain growth at
higher external pH and to maintain neutral cytoplas-
mic pH at a more alkaline extracellular pH. H"-
transport assays using isolated plasma membrane
vesicles showed that the activity of the plasma mem-
brane H"-ATPase was 40% higher in the pks5 mutant
compared with activity in vesicles isolated from
wild-type plants. When activated PKS5 protein ki-
nase was added in vitro, H"-transport activity in the
mutant was reduced to wild-type levels. PKS5 di-
rectly phosphorylates the AHA2 isoform of the
plasma membrane H*-ATPase, and this phosphory-
lation was reduced in the presence of the interacting
Ca®"-binding protein, SCaBP1 (Y. Guo et al., unpub-
lished data).

FUTURE DIRECTIONS

The novel families of SCaBP Ca®" sensors and PKS
protein kinases appear to constitute important Ca**-
decoding systems that sense and interpret Ca®" sig-
nals during plant growth and development and in
response to abiotic stresses (Fig. 1). Although signif-
icant progress has been made in our understanding
of the biochemical properties and physiological roles
of some of these proteins, many questions remain to
be answered.

First, what mechanisms underlie Ca>" sensing and
kinase activity regulation? To answer this question,
the crystal structures of the SCaBP-PKS complexes
need to be solved. Second, what are the upstream
kinase(s) that phosphorylate the Thr, Ser, or Tyr res-
idues in the putative activation loop of the PKS ki-
nases? What is the relationship between the regula-
tion of PKS activity in vivo by Ca®>"-SCaBP and by
the upstream kinase? Both mechanisms may work in
vivo, and may even function simultaneously and
synergistically. Third, what are the in planta func-
tions of the remaining SCaBP and PKS proteins? This
information will be revealed using forward and re-
verse genetic approaches. Identifying the physiolog-
ical inputs and outputs of each SCaBP-PKS pair will
be required to fully understand their biological roles.
In comparative studies of wild-type and mutant
plants, it will be important to assess phenotypes at
the appropriate stages of development, as well as in
response to numerous biotic and abiotic stresses.
Fourth, what are the in vivo substrates of the PKS
kinases? Additionally, although substantial progress
has been made relative to SCaBP-PKS kinase signal-
ing pathways in Arabidopsis, as yet, little is known
about these signaling modules in other plant species.
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These signaling modules are likely conserved among
different plant species, although the exact number
and combination of the SCaBPs and PKSs may differ.
Future studies that combine genetic, genomic, and
proteomic approaches promise to rapidly elucidate
the roles of SCaBP and PKS proteins in Ca”>" signal-
ing in plants.

Received December 9, 2003; returned for revision December 18, 2003; ac-
cepted December 18, 2003.
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