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Abstract Changes in cellular ion levels can modulate
distinct signaling networks aimed at correcting major
disruptions in ion balances that might otherwise threaten
cell growth and development. Salt-inducible kinase 1
(SIK1) and salt overly sensitive 2 (SOS2) are key protein
kinases within such networks in mammalian and plant cells,
respectively. In animals, SIK1 expression and activity are
regulated in response to the salt content of the diet, and in
plants SOS2 activity is controlled by the salinity of the soil.
The specific ionic stress (elevated intracellular sodium) is
followed by changes in intracellular calcium; the calcium
signals are sensed by calcium-binding proteins and lead to
activation of SIK1 or SOS2. These kinases target major
plasma membrane transporters such as the Na*",K-ATPase
in mammalian cells, and Na'/H" exchangers in the plasma
membrane and membranes of intracellular vacuoles of plant
cells. Activation of these networks prevents abnormal
increases in intracellular sodium concentration.
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Plant and animal cells have different sodium requirements.
Animal cells have evolved to profit from the sodium
concentration gradient across the plasma membrane to
import/export many solutes, nutrients, and water. In plant
cells, protons serve the equivalent role of sodium. While
most mineral nutrients in animals are obtained from plant-
based food, plants do not provide sufficient sodium. For
most plants, including almost all crops, sodium concen-
trations in the soil are often too high and become toxic, a
problem known as salt stress [53]. In fact, a significant
portion of the world’s arable land and nearly half of the
irrigated agricultural land is affected by high soil salinity
[54]. Sodium in the soil inhibits the root uptake of
potassium, an essential mineral element for all plants. High
concentrations of sodium salts and other salts also hamper
the plants’ water absorption by lowering soil water
potential. When sodium accumulates in the cytoplasm of
plant cells, it can inhibit metabolic enzymes and can cause
oxidative stress [21].

In contrast to this chemical stress present in plant cells,
animal cells are constantly challenged by an osmotic stress.
Failure to cope with osmotic challenges will result in
unpredictable changes in the cell’s molecular and architec-
tural phenotype, leading to the loss of predetermined
functions and eventually to cell death. Alterations in the
molecular phenotype include changes in the patterns of
gene expression and of the protein products derived from
them; changes in the architectural phenotype arise within
the cell cytoskeleton due to disproportionate increases in
cell size. Alterations in the architectural phenotype are
likely to have a significant effect on the organization of
regulatory networks under which the molecular phenotype
is controlled and thereby harm the cell’s physiological
functions. The degree of cell adaptation to these challenges
is proportional to the magnitude and duration of the stress.
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Salt overly sensitive 2 network in plant cells

In the cytoplasm of plant cells, the sodium concentration
depends on sodium import, export, and storage in vacuoles.
Sodium enters root cells passively through non-selective
cation channels [1] and the HKT family of K'/Na"
transporters [40]. Although little is known about the
regulation of sodium import into plant cells, it is well
known that sodium is exported from plant cells by the
plasma membrane Na'/H" antiporter SOS1 [35, 43], while
a member of the NHX family of Na'/H" antiporters
mediates sodium storage in the vacuole [10]. The Na'/H"
antiporters are driven by an H' motive force established by
membrane H-ATPases [34]. The expression levels as well
as the activities of the antiporters are tightly regulated by
salt stress. This regulation involves a calcium-responsive
protein kinase pathway [54].

Root exposure to sodium stress elicits an increase in the
cytosolic free Ca®" concentration [54]. The direct trigger for
this calcium signal may possibly be an elevation of
cytoplasmic Na' level due to passive Na' entry. The
calcium transporter mediating this increase in cytosolic
Ca*" is not known, so genetic evidence for the function of
the calcium signal has depended on the downstream
calcium-response pathway. An EF hand calcium-binding
protein, known as salt overly sensitive 3 (SOS3), is the
calcium sensor in plants under salt stress [25]. SOS3 has
four EF hands, each of which can bind a Ca®" [42].
Structural studies found that the fourth EF hand can also
bind Mn**, but the functional significance of this fact still
remains unclear [42]. SOS3 is also myristoylated at its N-
terminus. This lipid modification enables the protein and its
interacting partner salt overly sensitive 2 (SOS2) to associate
with the cell membrane, and this modification is required if
SOS3 is to confer salt tolerance, as lack of such modification
leads to salt sensitivity [17]. A loss-of-function mutation in
SOS3 that reduces calcium-binding ability also renders the
plants overly sensitive to salt stress [17]. SOS3 primarily
works in the root, and an SOS3-like protein, SCaBP8/
CBLI10, is necessary for salt tolerance in the shoot [37].

Mutations in two other genes, SOS2 and SOSI, also
render the mutant plants overly sensitive to salt stress [50,
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Fig. 1 Diagram of SOS2 domain structure and protein interactions.
SOS2 has an N-terminal kinase catalytic domain similar to the
catalytic domains of yeast SNF1 and animal AMPK. The regulatory
domain of SOS2 contains a FISL motif that binds to the calcium-
binding protein SOS3 and a PPI motif that binds to the type 2C
protein phosphatase ABI2
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Fig. 2 Salt sensing in plant cells. A build-up of Na" in the cytoplasm
triggers a cytosolic Ca®" signal, which is sensed by SOS3. SOS2 is
then activated by Ca**~SOS3 to convert inactive SOS1 to an active
form by phosphorylation. SOS2 also activates vacuolar membrane
transporters to promote Na* storage in the vacuole

52]. SOS2 encodes a serine/threonine protein kinase with a
catalytic region similar to the yeast sucrose non-fermenting
1 (SNF1) and the animal AMP-activated protein kinase
(AMPK) [24]. SNF1 and AMPK are protein kinases that
monitor cellular energy balance and regulate metabolism
[14]. In plants, there are three subfamilies of protein kinases
that are related phylogenetically to SNF1 and AMPK.
These are referred to as SnRK1, SnRK2, and SnRK3
proteins [15]. The SnRKls are orthologous to SNF1 and
AMPK and also function in regulating metabolism. The
SnRK2s are activated by hyperosmotic stress and the stress
hormone abscisic acid, while the SnRK3s regulate the
activities of various membrane transporters [11]. The
founding member of the SnRK3 subfamily is SOS2 [15,
24]. The regulatory region on the C-terminal part of SOS2
is unrelated to the regulatory regions of SNF1 and AMPK
(Fig. 1). The regulatory region of SOS2 has an auto-
inhibitory role in controlling the protein kinase activity
[12]. This region is where the positive regulator SOS3 and
the negative regulator type 2C protein phosphatase ABI2
bind [12, 30, 41] (Fig. 1). The SOS3-binding domain is a
34-amino acid sequence known as the FISL motif, and the
ABI2-binding sequence is known as the protein phospha-
tase interaction (PPI) motif. The function of ABI2 in the
sodium regulation pathway is to dephosphorylate and de-
activate SOS2 or SOS1 [30].

SOS2 is active in substrate phosphorylation only when
plants are exposed to salt stress. SOS2 activity depends on
SOS3 and calcium [13]. One substrate of SOS2 is SOSI,
the plasma membrane Na'/H" antiporter that exports Na"
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from the cytoplasm [35, 38] (Fig. 2). Other substrates of
SOS2 may include vacuolar Na'/H" antiporters and H'-
ATPases because the activation of their transport activities
under salt stress requires SOS2 [2, 36]. The SOS3—-SOS2—
SOSI1 regulatory module can be expressed in yeast cells
and is functional in the heterologous system, where it can
confer salt tolerance by maintaining low cytoplasmic Na*
[38]. In addition to the plasma membrane Na'/H' anti-
porter, vacuolar Na'/H' antiporter, and vacuolar H'-
ATPase, another transporter regulated by SOS2 is the
vacuolar Ca®"/H" antiporter CAX1 [6] (Fig. 1). In this
case, however, SOS2 activates CAX1 by physical interac-
tion, and the activation does not require SOS2 kinase
activity.

Salt-inducible kinase 1 network in mammalian cells

Evolution has endowed mammalian cells with well-
organized plasma membrane transporters that, in addition
to serving diverse functions in specific organs, are capable
of creating and maintaining a distinct concentration of ions
inside and out of the cell. In this way, they also regulate the
cell’s water content, thereby minimizing the osmotic stress
imposed by the extracellular environment and permitting
cell survival. Among the plasma membrane transporters,
the Na" K'-ATPase is the first barrier in this set of
organized structures that support mammalian cell survival
[18]. In the absence of Na",K'-ATPase molecules at the
plasma membrane, cells normally burst, or if its availabil-
ity/activity is not properly controlled, the subsequent
perturbation in ionic gradients will ultimately lead to cell
death due to the fact that a myriad of cellular functions will
fall in disarray [33]. To prevent such malfunction, mam-
malian cells possess organized signaling structures at the
molecular and structural level. These organized signaling
structures control the activity of membrane transporters that
ensure cell survival and maintain specific organ functions.
The regulatory networks remain largely unknown, and the
elucidation of their molecular identity and organization
constitutes an important and present challenge.

Fig. 3 Salt-inducible kinase
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The Na',K'-ATPase function, while serving a critical
role in the evolution of mammalian cells by enabling their
volume control, also has an impact on secondary cell
functions, such as membrane potential, vectorial transport,
secretion, and contractility. Because those secondary func-
tions depend on Na',K'-ATPase-mediated ion gradients,
regulatory signals must discriminate between the house-
keeping and the regulated (secondary) functions of Na*, K-
ATPase. Indeed, each tissue responds to regulatory signals
in an organ-specific manner [3, 4, 27, 39, 46].

How are the changes in intracellular sodium translated
into activation of Na™,K'-ATPase? In vitro studies have
demonstrated that the Na",K"-ATPase operates at one-third
of its maximal capacity in intact cells [45], leading to the
assumption that increases in intracellular sodium would
exploit the Na*,K'-ATPase reserve capacity by increasing
the catalytic activity of units present at the plasma
membrane. Although attractive, this model leaves funda-
mental questions unanswered. As sodium rises above
normal levels within cells, which Na",K*-ATPase mole-
cules within the cell plasma membrane will increase their
activities? How many Na',K'-ATPase molecules will
respond by increasing their catalytic activities? How
quickly would the Na’,K-ATPase molecules respond?
How long would this activation last? The existence of a
cell network that decodes sodium signals could represent an
answer to all of these questions.

In general, regulatory signaling networks are easily
switched on and off, and they do provide specificity by
associating with their targets [16]. In response to activation
of G-protein-coupled receptors, the intracellular signals
controlling cell Na",K"-ATPase activity assemble through-
out multiple interacting (binding) domains within Na*,K"-
ATPase isoforms [3, 7, 28, 51]. Because of the latter, we
hypothesize that unknown proteins might, as part of a
regulatory network, associate with the Na",K"-ATPase and
regulate its function in response to changes (increases) in
intracellular sodium.

Mass spectrometry revealed that the Na',K'-ATPase
associates with SIK1 [44]. SIK is a sucrose non-fermenting-
like kinase [19] that belongs to the AMPK family [14] and
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whose expression is specifically regulated by salt intake
[49].Three SIK isoforms have been identified: SIKI is
located in chromosome 21 whereas SIK2 (QIK) and SIK3
(QSK) are located in chromosome 11. SIK1 is ubiquitously
distributed, and SIK2 and SIK3 have tissue preferences [9,
31]. Their amino acid sequences revealed a rather conserved
kinase domain with significant differences within their
regulatory region except for a ubiquitin domain (Fig. 3).
Whereas it is still not known whether the association of
SIK1 with the Na",K'-ATPase is direct or is mediated by a
linker protein, it is clear that SIK1 adds functionality to the
network that controls the increases in Na* K'-ATPase
activity in response to acute/short-term changes in sodium
permeability. The association of SIK1 with the Na"K'-
ATPase is not increased when the intracellular concentration
of sodium rises [44], suggesting that a limited pool of Na®,
K'-ATPase molecules interact with this kinase. The increases
in Na',K"-ATPase activity are true increases in the catalytic
properties of the enzyme because the number of molecules
within the plasma membrane remains the same regardless of
the variations in intracellular sodium [44]. SIK1 activity
increases after 5 min of incubation with SpuM monensin
[44], and this corresponds to an increase of ~5—-6 mM in
intracellular sodium.
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Fig. 4 Salt sensing in mammalian cells.The SIK1 pathway is depicted
with its presently known signaling components. Increases in Na*
permeability (from basal = ~9 to ~14 mM, [56]) promote transient
increases in intracellular Ca>" via the Na"/Ca>" exchanger. Sequential
activation of calmodulin, calmodulin kinase 1 (CaMK]I), and salt-
inducible kinase 1 (SIK/) leads to phosphorylation of a phosphome-
thylesterase 1 (PME-1), promoting its dissociation from the protein
phosphatase 2A (PP2A4), which is then activated. Dephosphorylation
of the Na", K™-ATPase -subunit (NK-inactive) triggers the increase in
its catalytic activity (NK-active)
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The signaling events by which sodium rapidly triggers
the activation of SIK1 appear to occur in the proximity of
the Na", K'-ATPase. They are initiated by a parallel influx
of calcium (throughout the reverse Na'/Ca®" exchanger),
and are possibly limited to a discrete number of Na*,K'-
ATPase units (Fig. 4). A transient rise in intracellular
calcium, via the reverse Na*/Ca**-exchanger, represents the
coding signal for the activation of calmodulin kinases (in
particular CaMK1) that in turn phosphorylate SIK1 at a
threonine residue within its SNH domain (Thr-322).
Activated SIK1 does not control Na",K'-ATPase activity
directly through protein phosphorylation (neither the - nor
the (3-subunits contain a SIK1 consensus phosphorylation
site) but rather by promoting the dephosphorylation of the
Na',K"-ATPase «-subunit. The latter also suggests that
dephosphorylation does not result from a direct effect of
sodium on Na",K'-ATPase but rather from a more
sophisticated signaling network. The Na‘,K'-ATPase con-
stitutively associates with a protein phosphatase 2A (PP2A)
[32, 44], and it is logical to think that, if this phosphatase is
constantly present in an active form, the Na" ,K'-ATPase
would never be subjected to phosphorylation, or that this
event has to be tightly regulated. Activation of protein
phosphatases is not only important for regulating the state
of Na“ K'-ATPase subunit phosphorylation [23] but also
for regulating the cellular mechanisms responsible for its
traffic to and from the plasma membrane [8]. Increases in
intracellular sodium result in activation of PP2A, and this
effect requires an active SIK1 [44].

Which signals link an activated SIK1 to activation of
PP2A? In general, phosphorylation of protein phosphatases
has been shown to inactivate the enzyme [20]. In addition
to direct phosphorylation of PP2A subunits, methylation
represents an alternative mechanism by which phosphatases
can be regulated. Detailed in vitro studies revealed the
existence of leucine carboxy methyltransferase and a
protein phosphatase methylesterase-1 (PME-1) at the core
of the molecular events controlling PP2A subunit methyl-
ation [26, 29]. PME-1 catalyzes the demethylation of the
catalytic subunit, preventing the assembly of the regulatory
subunit and thereby preventing activation of PP2A [26, 29].
PME-1 associates with the Na",K"-ATPase/PP2A complex
[44], and it is likely that its presence (within the complex)
represses PP2A activity. Changes in intracellular sodium
result in PME-1 phosphorylation (SIK1-dependent) and
dissociation (SIK1-dependent) from the Na',K'-ATPase/
PP2A complex, leading to Na',K'-ATPase -subunit
dephosphorylation [44]. That the basal Na',K'-ATPase
activity is not affected by the presence of dominant
negative mutants of PP2A may indicate that only a limited
pool of Na"K'-ATPase can be regulated through this
process and further suggests that the basal activity of the
Na/K-pump is governed by its direct interaction with Na"
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and K" ions whereas its regulation is affected by a complex
network of intermediate signals. Similarly, in cells tran-
siently expressing a SIK1 mutant lacking kinase activity
and in cells in which SIK1 expression has been suppressed
by using small interfering RNA, the basal Na",K"-ATPase
activity remains unchanged [44]. These observations also
raise the question of whether specialized pumps are present
within the cell membrane.

Covalent modification (Ser/Thr phosphorylation) of Na®,
K'-ATPase units may render these molecules insensitive to
certain regulatory processes while making them available
for other cell functions. These pumps may not necessarily
be structurally different molecules but they may be located
within different cell domains and/or be associated with
distinct regulatory networks. An inactive (non-pumping
pool) Na",K'-ATPase appears to interact with caveolin-1
and regulate its availability at the plasma membrane by
affecting caveolin-1 internalization [5, 48]. Such associa-
tion could serve only as a structural organization governing
caveolin trafficking, or it could be part of a more
sophisticated signaling network not yet fully elucidated. A
possible molecular identity of such a signaling complex has
been presented, and in the proposed complex, Src kinase
within the caveolin-1/Na", K -ATPase microdomains acts as
the leading effector of ouabain signals controlling tran-
scription activation after its binding to the Na',K'-ATPase
[47].

In terms of cell physiology, increases in intracellular
sodium in mammalian cells may not only increase Na", K-
ATPase activity and thereby active Na" transport outside
the cells via the SIK1 network, but also may concomitantly
reduce cell permeability. Thus, in addition to triggering the
activation of SIK1, rises in intracellular sodium are also
associated with down-regulation of epithelial Na™ channels
(ENaC) [22]. Increases in intracellular sodium affect the
proteolytic cleavage of ENaC and thereby their activity at
the plasma membrane. As with the regulation of Na’ K-
ATPase activity, it is unlikely that Na" by itself is directly
responsible for regulating the enzymes that influence ENaC
cleavage; instead, Na' probably triggers a series of
intracellular signals necessary for achieving the effect.
Whether SIK1 is part of such a regulatory network remains
to be examined.

Besides being part of a cell survival kit responsible for
controlling the clearance of excessive intracellular sodium,
the SIK1 network could be highjacked under physiological
conditions by hormones, such as angiotensin, that increase
sodium reabsorption in the renal tubule and intestinal
epithelia. Similarly, it is tempting to speculate that
pathophysiological conditions associated with increased
renal sodium reabsorption, and possibly resulting in high
blood pressure, could be the result of elevated SIKI1
activity.

Perspective

The existence of an evolutionarily conserved mechanism in
animal and plant cells for controlling intracellular sodium
appears to be relevant for cell survival. Sodium, a
monovalent cation, can initiate its own homeostasis via a
calcium-dependent protein kinase pathway. Although
details of the pathway are different in plants and animals,
the regulatory principles are conserved. It appears that the
signaling network triggered by sodium can also influence
gene expression and be the target for regulatory hormones.
In addition, there is cross-talk with oxidative stress
response pathways [21, 55]. Continued improvement in
the understanding of these sodium-related pathways is
important for finding better strategies to improve crop
performance in saline environments and to improve the
diagnosis and treatment of sodium-related pathological
conditions in humans.
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