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Calcium-Independent Activation of Salicylic Acid-Induced
Protein Kinase and a 40-Kilodalton Protein Kinase by
Hyperosmotic Stress’
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Reversible protein phosphorylation/dephosphorylation plays im-
portant roles in signaling the plant adaptive responses to salinity/
drought stresses. Two protein kinases with molecular masses of 48
and 40 kD are activated in tobacco cells exposed to NaCl. The
48-kD protein kinase was identified as SIPK (salicylic acid-induced
protein kinase), a member of the tobacco MAPK (mitogen-activated
protein kinase) family that is activated by various other stress
stimuli. The activation of the 40-kD protein kinase is rapid and
dose-dependent. Other osmolytes such as Pro and sorbitol activate
these two kinases with similar kinetics. The activation of 40-kD
protein kinase is specific for hyperosmotic stress, as hypotonic
stress does not activate it. Therefore, this 40-kD kinase was named
HOSAK (high osmotic stress-activated kinase). HOSAK is a Ca**-
independent kinase and uses myelin basic protein (MBP) and histone
equally well as substrates. The kinase inhibitor K252a rapidly acti-
vates HOSAK in tobacco cells, implicating a dephosphorylation
mechanism for HOSAK activation. Activation of both SIPK and
HOSAK by high osmotic stress is Ca%* and abscisic acid (ABA)
independent. Furthermore, mutation in SOS3 locus does not affect
the activation of either kinase in Arabidopsis seedlings. These re-
sults suggest that SIPK and 40-kD HOSAK are two new components
in a Ca®*- and ABA-independent pathway that may lead to plant
adaptation to hyperosmotic stress.

Hyperosmotic stress, such as that caused by exposure of
cells to high concentrations of NaCl, sorbitol, or Pro causes
imbalance of the cellular ions, change of cell volume or
turgor pressure, and alterations of the activity and stability
of macromolecules. Different plant species employ a vari-
ety of mechanisms to cope with osmotic stress. However,
the basic cellular responses appear to be conserved among
all plants (Zhu et al., 1997). Some of these cellular re-
sponses, such as osmotic adjustment by synthesizing com-
patible osmolytes, are even shared by all organisms (Burg
et al., 1996). Numerous studies have delineated cellular
changes that occur upon exposure to osmotic stress in
plants. A number of osmotic-responsive genes, as well as
the cis-elements and transcription factors regulating their
expression, have recently been described (Bray, 1997; Shi-
nozaki and Yamaguchi-Shinozaki, 1997; Zhu et al., 1997;
Bressan et al., 1998).
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Expression of osmotic responsive genes is complex.
Some genes respond to osmotic stress rapidly, whereas
others are activated later after ABA accumulates. Therefore,
both ABA-dependent and ABA-independent pathways are
involved in plant adaptation to osmotic stress (Shinozaki
and Yamaguchi-Shinozaki, 1997). Cytosolic Ca** plays an
important role in both pathways. For example, in a transient
maize protoplast system, the constitutively active catalytic
domain of Arabidopsis Ca®>*-dependent protein kinases in-
duced the expression of the ABA-responsive HVAI pro-
moter (Sheen, 1996). Another potential downstream target of
Ca®* is calcineurin (CaN), a Ca®"/calmodulin-dependent
PP-2B protein phosphatase composed of a catalytic and a
regulatory subunit. Several calcineurin B-like genes, which
may encode the regulatory subunits of CaN, have been
identified in Arabidopsis recently (Kudla et al., 1999). Also,
co-expression of a truncated form of the catalytic subunit
and the regulatory subunit of yeast CaN in transgenic
tobacco plants enhances their NaCl tolerance (Pardo et al.,
1998). However, the most convincing evidence that CaN is
a downstream target of Ca”" in salt stress signal transduc-
tion pathways comes from the cloning of the SOS3 gene
(Liu and Zhu, 1998). SOS3 encodes a protein that has high
homology to the yeast CaN regulatory subunit and is acti-
vated by Ca®>". A mutation in this locus, s0s3, results in
the hypersensitivity of Arabidopsis to NaCl and LiCl
Increased Ca®" abrogated this hypersensitivity, and milli-
molar concentrations of Ca®>* suppressed the mutant phe-
notype (Liu and Zhu, 1997).

Genetic, molecular, and biochemical evidence demon-
strated the involvement of both protein kinase (a mitogen-
activated protein kinase [MAPK]-like kinase) and phospha-
tases (ABI1 and ABI2) in the ABA signaling pathway
(Leung et al., 1994, 1997; Knetsch et al., 1996). Activation of
protein kinases by hypotonic stress has also been reported
in the halotolerant green alga Dunaliella tertiolecta (Yuasa
and Muto, 1996) and in tobacco cells (Cazalé et al., 1999). In
addition, transcripts of several protein kinases are induced
under high-NaCl conditions and/or after application of
exogenous ABA (Anderberg and Walker-Simmons, 1992;
Urao et al., 1994; Hwang and Goodman, 1995; Mizoguchi et
al., 1996; Lee et al., 1999; Piao et al., 1999).

In yeast, high osmolarity is sensed by two partially re-
dundant membrane osmosensors, SHO1 and a three-
component signaling protein complex SLN1/YPD1/SSK1.
Three MAPK kinase kinases (MAPKKKs), SSK2, SSK22,
and STE11 are downstream of the osmosensors and acti-
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vate a single MAPKK, PBS2. PBS2 in turn activates a single
MAPK, HOG1, which leads to the expression of several
genes involved in the biosynthesis of glycerol and toler-
ance of high osmolarity (Maeda et al., 1994, 1995; Posas et
al., 1996, Wurgler-Murphy and Saito, 1997; Gustin et al.,
1998). It is believed that a similar signaling pathway oper-
ates in plant cells (Shinozaki and Yamaguchi-Shinozaki,
1997; Zhu et al., 1997). Very recently, ATHKI, a transmem-
brane hybrid-type His kinase was identified in Arabidopsis
that may function as an osmosensor (Urao et al., 1999).
ATHK1 is structurally similar to the yeast osmosensor
SLN1. Overexpression of ATHKI rescues the lethality of
the temperature-sensitive, osmosensing-defective yeast
mutant slnl-ts, suggesting AtHK1 is able to transfer the
stress signal to the downstream HOGI1 in yeast. However,
the MAPK cascade equivalent to HOGL in plants is yet to
be identified. We demonstrate in this paper that SIPK
(salicylic acid-induced protein kinase), a tobacco MAPK, is
activated by osmotic stresses and could be the MAPK
downstream of osmosensor in plant. In addition, we dis-
covered a 40-kD kinase that is rapidly and strongly acti-
vated by hyperosmotic but not hypotonic stress. This ki-
nase is named HOSAK for high-osmotic-stress-activated
kinase. HOSAK activation is Ca®*- and ABA-independent,
and may occur through a dephosphorylation process.

MATERIALS AND METHODS
Treatment of Tobacco Cells and Arabidopsis Seedlings

Tobacco (Nicotiana tabacum) cell suspension cultures
were maintained and treated as previously described
(Zhang and Klessig, 1997). Log-phase cells were used at 3
to 4 d after a 1:10 dilution. Treatment was done in the
original flasks to avoid any stresses associated with trans-
fer. For high-osmotic treatment, the appropriate amount of
solid NaCl or another osmolyte was added directly to the
culture. For hypotonic stress treatment, an equal volume of
Murashige and Skoog (MS) medium without Suc was
added to the culture. At various times, 10-mL cells (0.2-0.3
g fresh weight) were harvested by filtration. The cells were
quickly frozen in liquid nitrogen and stored at —80°C until
analysis.

Arabidopsis seeds were surface-sterilized in 30% (v/v)
bleach for 12 min and rinsed thoroughly with sterile
distilled water. After cold treatment at 4°C overnight,
the seeds were germinated and grown for 15 d under
continuous light at 22°C without agitation in Petri dishes
containing 30 mL of one-half-strength MS salts supple-
mented with 0.25% (w/v) Suc and 0.025% (w/v) MES
buffer, pH 5.7. Seedlings were treated with NaCl by the
addition of 5 M stock solution. Samples were taken at
various times, quick-frozen in liquid nitrogen, and stored
at —80°C until use.

Preparation of Protein Extracts

To prepare extracts from treated cells, cells were mixed
with two volumes (w/v) of extraction buffer (100 mm
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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[HEPES], pH 7.5, 5 mMm EDTA, 5 mm EGTA, 10 mm
dithiothreitol [DTT], 10 mm Na;VO4, 10 mm NaF, 50 mm
B-glycerolphosphate, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 5 ug/mL antipain, 5 png/mL aprotinin, 5 ug/mL
leupeptin, and 10% [v/v] glycerol) and sonicated (model
550 Sonic Dismembrator, Fisher Scientific, Loughborough,
Leicestershire, UK) until all of the cells were disrupted.
After centrifugation at 20,000g for 30 min, supernatants
were transferred into clean tubes, quickly frozen in liquid
nitrogen, and stored at —80°C. The protein concentration
was determined using a protein assay kit (Bio-Rad,
Hercules, CA).

In-Gel Kinase Activity Assay

In-gel kinase activity assays were performed as de-
scribed previously (Zhang and Klessig, 1997). Extracts con-
taining 10 ug of protein were electrophoresed on 10%
(w/v) SDS-polyacrylamide gels with a kinase substrate, i.e.
MBP (0.25 mg/mL), histone III-SS (0.25 mg/mL), casein
(0.25 mg/mL), or myosin light chain (0.25 mg/mL), imbed-
ded in the separating gel. After electrophoresis, SDS was
removed by washing the gel with washing buffer (25 mm
Tris, pH 7.5, 0.5 mm DTT, 0.1 mm NazVO,, 5 mm NaF, 0.5
mg/mL bovine serum albumin (BSA), and 0.1% Triton
X-100 [v/v]) three times, each for 30 min at room temper-
ature. The kinases were then allowed to renature in 25 mm
Tris, pH 7.5, 1 mm DTT, 0.1 mm NazVO,, and 5 mm NaF at
4°C overnight with three changes of buffer. The gel was
then incubated at room temperature in 30 mL of reaction
buffer (25 mm HEPES, pH 7.5, 2 mm EGTA, 12 mm MgCl,,
1 mm DTT, and 0.1 mM Na;VO4) with 200 nm ATP plus 50
wCi y->?P-ATP (3,000 Ci/mmol) for 60 min. The reaction
was stopped by transferring the gel into 5% trichloroacetic
acid (TCA; w/v)/1% NaPPi (w/v). The unincorporated
¥->?P-ATP was removed by washing in the same solution
for at least 5 h with five changes. The gel was dried onto
3MM paper (Whatman, Clifton, NJ) and exposed to Kodak
XAR-5 film (Eastman Kodak, Rochester, NY). Prestained
size markers (Bio-Rad) were used to calculate the size of
kinases.

Immuno-Complex Kinase Activity Assay

Protein extract (50 ug) was incubated with phospho-Tyr-
specific monoclonal antibody 4G10 (2 ng; Upstate Biotech-
nology, Lake Placid, NY), SIPK-specific antibody Ab-p48N
(2.5 pg; Zhang et al.,, 1998), or WIPK-specific antibody
Ab-p44N (2.5 pg; Zhang and Klessig, 1998a, 1998b) in
immunoprecipitation buffer (20 mm Tris, pH 7.5, 150 mm
NaCl, 1 mm EDTA, 2 mm EGTA, 1 mm Na;VO,, 1 mm NaF,
10 mm B-glycerophosphate, 2 ug/mL antipain, 2 pg/mL
aprotinin, 2 ug/mL leupeptin, 0.5% [v/v] Triton X-100,
and 0.5% [v/v] Nonidet P-40) at 4°C for 4 h on a rocker.
About 20 pL packed volume of protein A agarose was
added, and the incubation was continued for another 2 h.
Agarose bead-protein complexes were pelleted by brief
centrifugation and washed three times with immunopre-
cipitation buffer and then three times with reaction buffer.
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Kinase activity in the complex was determined by an in-gel
kinase assay as described above.

RESULTS

Treatment of Tobacco Cells with NaCl, Sorbitol, or Pro
Activates Two Protein Kinases with Molecular Masses of
48 and 40 kD

Protein kinases and phosphatases play important sig-
naling roles in the plant’s response to salinity/drought
stresses. In yeast, two MAPK cascades, (SSK2,SSK22,STE11)/
PBS2/HOG1 and BCK1/(MKK1,MKK2)/SLT2 are in-
volved in transducing the signal from osmosensors to cel-
lular responses under high- and low-osmotic stress, respec-
tively (Wurgler-Murphy and Saito, 1997; Gustin et al.,
1998). It is believed that a similar signaling pathway oper-
ates in plant cells (Shinozaki and Yamaguchi-shinozaki,
1997; Zhu et al., 1997). To investigate if any MAPK could be
activated by osmotic stress in plants, we treated tobacco
cell cultures with 250 mm of NaCl for various times. Pro-
tein extracts were prepared and kinase activity was deter-
mined by an in-gel kinase activity assay with myelin basic
protein (MBP) as a substrate. As shown in Figure 1A, two
protein kinases with molecular masses of 48 and 40 kD
were activated in tobacco cells. The activation of both
kinases was very rapid and transient. The activity of the
p48 kinase peaked at 5 min and returned to basal level
within 15 min. The activity of the p40 kinase peaked at 5
min and returned to a basal level within 2 h after treatment.
The activation of the p40 kinase by NaCl is dose dependent
and reaches a maximum at 250 mm NaCl (Fig. 1B). Cells
treated with this concentration of NaCl plasmolyze within
10 min. However, they recover quickly upon being trans-
ferred to regular medium (data not shown). Both kinases
are also activated in cells exposed to other osmolytes,
including sorbitol and Pro (Fig. 1C), suggesting that the
activation of these two kinases is caused by high osmotic
potentials, rather than by ionic disturbances after exposure
to NaCl. Exposure of cells to hypotonic stress by the addi-
tion of equal volume of MS medium without Suc only
activates the p48 kinase transiently (Fig. 1D). Therefore, the
p40 kinase is specifically responsive to hyperosmotic treat-
ment, whereas the p48 kinase is responsive to both hyper-
and hypoosmotic treatment. Similar activation and dose
dependence of a 48- and a 40-kD protein kinase (HOSAK)
were observed in Arabidopsis seedlings treated with NaCl
(data not shown).

The Hyperosmotic-Stress-Activated p48 Protein Kinase
Is SIPK

The use of MBP as a preferred substrate suggested that
the p48 kinase might be a MAPK. Another hallmark of
MAPKs is their activation via dual phosphorylation of Tyr
and Thr residues by MAPK kinases (Seger and Krebs,
1995). To determine if the p48 kinase is Tyr phosphory-
lated, extracts from treated cells were subjected to an im-
mune complex kinase assay using the phosphotyrosine-
specific monoclonal antibody 4G10. In this experiment,
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Figure 1. Salt and hyperosmotic stresses activate two kinases with
molecular masses of 48 and 40 kD. A, Tobacco cells were treated
with 250 mm NaCl for various times. Aliquots of cells were harvested
and the kinase activities were determined by an in-gel kinase assay
with MBP as a substrate. B, Cells were treated with various concen-
trations of NaCl. Samples were taken before (0) or 15 min after the
addition of NaCl. Kinase activities were determined as in A. C,
Tobacco cells were subjected to hyperosmotic stress by the addition
of sorbitol (upper) or Pro (lower) to final concentration of 500 mm.
Samples were taken at the indicated times and kinase activities were
determined as in A. D, Tobacco cells were subjected to hypotonic
stress by the addition of equal volume of MS medium without Suc.
Samples were taken at indicated times, and kinase activities were
analyzed for kinase activity with an in-gel kinase assay using MBP as
a substrate.

phosphotyrosine-containing proteins were first immuno-
precipitated from protein extracts of NaCl-, sorbitol-, or
Pro-treated cells, and then subjected to the in-gel kinase
assay. As shown in Figure 2A, the immunoprecipitated p48



1358 Hoyos and Zhang

NaCl
Sorbitol
Proline

o NaCl (total)

Control

530 5§ 30 5 30

- iy
G0 - > Wee - sPK

min

W — HosAK
. ]
B _ . § t¢&
£ 2 8§ & %
8 5305 3 53 5 min
- e — SiPK
Ab-p4asN & — HosAK
- — siPK
AbrplaN & | — HOSAK

Figure 2. Hyperosmotic stress-activated p48 kinase is SIPK. A, Pro-
tein extracts (50 ug) from untreated control (0 min) or cells treated
with NaCl (250 mm), sorbitol (500 mm), or Pro (500 mm) for 5 or 30
min were immunoprecipitated with 2 ug of the phospho-Tyr-specific
monoclonal antibody 4G10. Kinase activity of the immune complex
was subsequently determined by an in-gel kinase assay with MBP as
a substrate. B, Protein extracts (50 ug) from the same set of samples
as in A were immunoprecipitated with 2.5 ug of SIPK-specific anti-
body Ab-p48N or WIPK-specific antibody Ab-p44N. Kinase activity
of the immune complex was subsequently determined by an in-gel
kinase assay with MBP as a substrate.

kinase activity correlated with the p48 kinase activity in the
cell extracts both qualitatively and quantitatively (Fig. 1, A
and C). These results demonstrated that the p48 kinase is
Tyr phosphorylated upon activation, suggesting that it is a
MAPK. In contrast, the p40 HOSAK cannot be immuno-
precipitated by 4G10, even though an excess amount of the
antibody was used. This result suggests that the activated
form of HOSAK does not contain phospho-Tyr.

SIPK, a 48-kD MAPK that is activated in tobacco under a
variety of biotic and abiotic stresses, may play a role in
multiple signal transduction pathways (Hoyos-Rendén,
1998; Romeis et al., 1999; Zhang and Klessig, 2000). To
examine if the hyperosmotic-stress-activated p48 kinase is
encoded by SIPK, we employed the SIPK-specific peptide
antibody Ab-p48N in an immune complex kinase assay
(Zhang et al., 1998). Protein extracts from tobacco cells
treated with NaCl, Pro, or sorbitol were immunoprecipi-
tated with Ab-p48N. The precipitated protein was sub-
jected to an in-gel kinase assay with MBP as a substrate. As
shown in Figure 2B, the p48 kinase activated by all three
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treatments can be recognized by the SIPK-specific antibody,
demonstrating that the p48 hyperosmotic-stress-activated
protein kinase is indeed SIPK. Using the same assay, we
found that the 48-kD hypoosmotic-stress-activated kinase
contains SIPK as well (data not shown). The p40 HOSAK
cannot be precipitated by Ab-p48N. In addition, Ab-p44N,
a WIPK-specific antibody, failed to immunoprecipitate ei-
ther kinase (Fig. 2B).

HOSAK Is a Ca®*-Independent Kinase and Prefers Basic
Proteins as Substrates

The failure of an excess amount of 4G10 to immunopre-
cipitate the p40 HOSAK suggests that it is not a MAPK.
Histone III-SS is a poor substrate for the p48 SIPK (Fig. 3A;
Zhang and Klessig, 1997). In contrast, the p40 HOSAK
phosphorylates histone III-SS and MBP equally well (Fig.
3A). Since histone III-SS is a preferred substrate for Ca*"-
dependent protein kinases, we examined the effect of Ca?*
on HOSAK activity. As shown in Figure 3B, the addition of
Ca®" plus omitting EGTA from the standard kinase reac-
tion buffer did not enhance the p40 HOSAK activity, dem-
onstrating that HOSAK is not a Ca*"-dependent protein
kinase. In contrast, several additional kinases with molec-
ular mass in the range of 50 to 75 kD show up in the
presence of Ca®>* (compare Fig. 3B versus Fig. 3A, top). They
are likely to be different Ca**-dependent protein kinases
that can phosphorylate both histone and MBP. Neither
kinase phosphorylates the other commonly used artificial
substrates, casein and myosin light chain (Fig. 3A).

The Protein Kinase Inhibitor K252a Also
Activates p40 HOSAK

Detection of high-osmotic-stress-induced HOSAK acti-
vation by the in-gel kinase assay indicates that either the
protein level is induced or the protein is covalently modi-
fied post-translationally upon stimulation. The increase of
HOSAK activity from undetectable basal level to maximal
level within 2 min after treatment favors the second possi-
bility, suggesting that the activation is through a covalent
modification, possibly phosphorylation or dephosphoryla-
tion. Treatment of tobacco cells with the protein kinase
inhibitor K252a strongly activates the p40 kinase with a
similar kinetics, whereas staurosporine only causes a very
weak activation of the p40 kinase (Fig. 4A). The p40 kinase
activated by K252a has the same substrate preference (Fig.
4B), suggesting that it is HOSAK. These results suggest that
HOSAK may be maintained in an inactive state by a K252a-
sensitive kinase in unstimulated cells. Upon exposure to
high osmotic stress, either the HOSAK-inactivating kinase
is inhibited or a protein phosphatase is activated, which
will lead to the accumulation of the active dephosphory-
lated form of HOSAK in the cells. Pretreatment of tobacco
cells with the Ser/Thr protein phosphatase inhibitors caly-
culin A and okadaic acid or the protein Tyr phosphatase
inhibitor sodium orthovanadate did not abolish the salt-
induced activation of HOSAK (Fig. 5). These results sug-
gest the presence of a HOSAK-inactivating kinase. The
other possible explanation is that the dephosphorylation
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Figure 3. HOSAK preferentially phosphorylates MBP and histone
and is Ca?* independent. A, Kinase activities in protein extracts from
control cells (0 min) or cells treated with NaCl (250 mm), sorbitol
(500 mm), or Pro (500 mm) for 5 min were analyzed by an in-gel
kinase assay with MBP, histone 1I-SS, casein, or myosin light chain
as a substrate. Two millimolar EGTA and no Ca®* were added in the
reaction buffer. B, Kinase activities in the same protein extracts were
determined in the presence of 100 um Ca?* and no EGTA with MBP
as a substrate.

activation of HOSAK is mediated by a specific phosphatase
that is not sensitive to these inhibitors.

Activation of HOSAK Is SOS3-, Ca®>*-, and
ABA-Independent

Arabidopsis SOS3 encodes a protein with regions homol-
ogous to the EF hand Ca®"-binding domain and has the
highest homology with the regulatory subunit of CaN (Liu
and Zhu, 1998). Mutation in this locus results in the hyper-
sensitivity of Arabidopsis to NaCl and LiCl (Liu and Zhu,
1997). To investigate if SOS3 plays a role in the activation of

the Arabidopsis p48 and p40 kinases, we examined the
kinase activation in sos3 mutant under salt stress. As shown
in Figure 6, exposure of Arabidopsis wild-type plants to
NaCl activates two protein kinases with the same molecu-
lar masses as those activated in tobacco. These two kinases
should correspond to the p48 SIPK and p40 HOSAK in
tobacco. The Arabidopsis p48 kinase may be encoded by
AtMPKG6, an Arabidopsis MAPK that shares 89% identity in
its amino acid sequence with SIPK. In a phylogenetic tree
constructed using all cloned plant MAPKs, AtMPK6 from
Arabidopsis falls into the same group as SIPK (Zhang and
Klessig, 1997). The activation of neither the p48 kinase nor
the p40 kinase is affected in the s0s3 mutant seedlings (Fig.
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Figure 4. Treatment of tobacco cells with the kinase inhibitor K252a
activates p40 HOSAK. A, Tobacco cells were treated with 0.5 um of
K252a or staurosporine (Stau) for various times. Kinase activity was
determined by an in-gel kinase assay with MBP as a substrate. B,
Substrate preference of the p40 kinase activated by K252a and
cryptogein (Cry). Protein extracts from tobacco cells treated with 0.5
uMm staurosporine, 0.5 um K252a, or 25 nm cryptogein for either 5
min or 5 h were analyzed for kinase activities with an in-gel kinase
assay using different substrates: MBP, histone I1I-SS, casein, or myo-
sin light chain (MLC).
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Figure 5. Inhibitors of protein phosphatase cannot block HOSAK
activation by NaCl. Tobacco cells were pretreated with either solvent
control (DMSO) or different phosphatase inhibitors: calyculin A (CA,
150 nm), okadaic acid (OA, T pum), or sodium orthovanadate (Na;VO,,
1 mm) for 30 min, and then treated with 250 mm NaCl. Samples were
taken before (0 min) or 5 min after the addition of salt. Kinase activities
in protein extracts were analyzed by an in-gel kinase assay with MBP
as a substrate.

6). These results demonstrated that the activation of SIPK
and HOSAK is independent of the SOS3 pathway.
Cytosolic Ca®>* plays important roles in both ABA-
dependent and ABA-independent pathways in response to
drought and salt stresses (Knight et al., 1997, 1998; Shi-
nozaki and Yamaguchi-Shinozaki, 1997; Zhu et al., 1997;
Sanders et al., 1999). Besides exerting its function through
SOS3, Ca*" is also involved in other signaling pathways in
plant responses to salinity /drought (Zhu et al., 1997; Bres-
san et al., 1998; Sanders et al., 1999). To investigate if Ca*"
is required for SIPK and/or HOSAK activation by osmotic
stress, a Ca®" chelator and a Ca”>" channel blocker were
employed. Tobacco cells were pretreated with various con-
centrations of EGTA or LaCl; for different times, and sub-
sequently treated with NaCl. None of these pretreatments
affected the activation of HOSAK (Fig. 7, only results from
one concentration with a pretreatment of 2 h is shown).
Cyclosporin A is an inhibitor of CaN phosphatase in vivo
after binding with cyclophilin (Luan et al., 1993). Pretreat-
ment of cells with cyclosporin A alone or together with
EGTA or LaCl; did not suppress the activation of either
SIPK or HOSAK, suggesting that CaN is not involved in

NaCl (250 mM)

0 15 30 60 min

- e (— 48 kD
- W [—40kD

— 40 kD

Figure 6. Activation of the p48 and p40 kinases in Arabidopsis
seedlings from both wild-type and sos3 mutant. Arabidopsis seed-
lings (15 d old) grown in one-half-strength MS medium supple-
mented with MES and Suc were treated with 250 mm NaCl for
various times. Protein extracts (15 ug) were analyzed for kinase
activity with an in-gel kinase assay using MBP as a substrate.

Columbia
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Figure 7. Activation of both SIPK and the p40 HOSAK by high
salinity is Ca’* independent. Tobacco cells were pretreated for 2 h
with 20 mm EGTA, 5 mm LaCl,, or 20 um cyclosporin A (CsA) alone
or in combination with EGTA or LaCl; as shown in the figure. —,
Absent; +, present. Samples were taken at 10 min and 1 h after the
addition of NaCl. Protein extracts were analyzed for kinase activity
by an in-gel kinase assay using MBP as a substrate.

the activation of either kinase (Fig. 7). As a result, we
conclude that both SIPK and p40 HOSAK may function in
a Ca**-independent pathway during plant response to salt
and high osmotic stresses.

Plant hormone ABA is one of the most important signal-
ing molecules in plant responses to water deficit, including
stresses caused by drought, high osmolarity, salinity, freez-
ing, and chilling (Bray, 1997). ABA levels increase in plants
under these stresses, which then leads to the expression of
ABA-responsive genes. There are also responses that are
induced by osmotic stress through an ABA-independent
pathway (Skriver and Mundy, 1990; Bray 1997; Shinozaki
and Yamaguchi-Shinozaki, 1997). The very rapid activation
of SIPK and HOSAK by high osmolarity suggests that ABA
is not involved. In agreement with this assumption, no
elevation of kinase activity was detected after tobacco cells
were treated with either 20 or 100 um ABA, supporting the
hypothesis that HOSAK activation is ABA independent
(Fig. 8). ABA-induced MAPK activation reported by
Knetsch et al. (1996) could be a cell-type-specific response
that occurs in barley aleurone protoplasts (Heimovaara-
Dijkstra et al., 2000). Currently, whether these two kinases
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Figure 8. Treatment of tobacco cells with exogenous ABA does not
activate SIPK or p40 HOSAK. Tobacco cells were treated with either
20 or 100 um ABA for various times. Kinase activity in total protein
extracts was analyzed by an in-gel kinase assay with MBP as a
substrate.
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are upstream of ABA and involved in regulating ABA
biosynthesis in response to osmotic stress is unknown.

DISCUSSION

Phosphorylation and dephosphorylation play important
signaling roles in the adaptation to osmotic stress in ani-
mals, yeast, and plants (Anderberg and Walker-Simmons,
1992; Giraudat et al., 1994; Maeda et al., 1995; Burg et al,,
1996; Shinozaki and Yamaguchi-Shinozaki, 1997; Wurgler-
Murphy and Saito, 1997; Zhu et al., 1997). In the present
study, we demonstrated that SIPK and a 40-kD protein
kinase are rapidly activated by hyperosmotic stress in to-
bacco suspension cells in a dose-dependent manner (Fig.
1). The p40 kinase is activated only in cells under high
osmotic stress, whereas SIPK is activated in cells under
both high and low osmotic/hypotonic stresses. Two ki-
nases with the same molecular masses as p48 SIPK and p40
HOSAK are also activated in Arabidopsis seedlings with
similar kinetics (Fig. 6). The magnitude and kinetics of
HOSAK activation in cells exposed to high salt (e.g. NaCl)
and a high concentration of osmolytes (e.g. Pro or sorbitol)
are very similar, suggesting that HOSAK is indeed acti-
vated in response to an osmotic stress rather than to the
ionic disturbance caused by NaCl.

Transcripts of genes in MAPK cascade, AtMPK3 (a
MAPK) and AtMEKK1 (a MAPKKK) are induced by salt
stress in Arabidopsis (Mizoguchi et al., 1996). However, the
changes of kinase activities corresponding to these genes
have yet to be demonstrated. MMK4, the AtMPK3 ortholog
in alfalfa does not respond to salt treatment (Jonak et al.,
1996). We demonstrated here that SIPK, a MAPK that
belongs to a different subgroup than AtMPK3/MMK4, is
activated by salt and osmotic stresses in tobacco cells. In
yeast, two partially redundant membrane osmosensors,
SHO1 and SLNI1, sense the high osmolarity and transduce
the signal into cellular responses through a MAPK cascade
(Maeda et al., 1994; Posas et al., 1996; Gustin et al., 1998). It
is believed that a similar signaling pathway operates in
plant cells (Shinozaki and Yamaguchi-Shinozaki, 1997; Zhu
et al., 1997). Very recently, ATHKI, a transmembrane
hybrid-type His kinase that may function as an osmosen-
sor, was identified in Arabidopsis (Urao et al., 1999). Is
SIPK the equivalent of HOGI in tobacco that functions
downstream of the putative osmosensor? In yeast, the
HOG1 MAPK cascade specifically responds to high os-
motic stress, whereas in mammalian cells, SAPK/JNK and
p38 are activated by various stress stimuli including os-
motic stress (Kyriakis and Avruch, 1996; Bode et al., 1999).
In plants, the activation of SIPK in response to osmotic
stress is more similar to the activation of MAPKs in mam-
malian cells. It is unlikely that the SIPK activation can
define the cellular response to hyperosmotic stress, as hy-
potonic stress also activates SIPK with a similar kinetics.
On the other hand, SIPK activation could be an integral
part of the response to hyperosmotic stress, which, in com-
bination with the p40 HOSAK, defines a Ca?"- and ABA-
independent signaling pathway.

The p40 HOSAK is activated in cells exposed to high
osmolarity, but not hypotonic stress, suggesting that

HOSAK may be more important in defining the hyperos-
motic-stress-specific responses. Is p40 HOSAK a member
of the MAPK family? Although its size and the use of MBP
as a substrate suggest that it might be a MAPK. There are
also several pieces of evidence that argue against it. Al-
though HOSAK phosphorylates MBP, it uses histone as a
substrate equally well if not better. However, histone is not
a good substrate for known MAPKSs, including SIPK (Fig.
3A). More importantly, no Tyr phosphorylation is associ-
ated with HOSAK activation as determined by immune
complex kinase assay using phospho-Tyr-specific antibody
4G10 (Fig. 2A). In addition, the activation of HOSAK ap-
pears to be associated with dephosphorylation rather than
phosphorylation.

Rapid activation of HOSAK by the kinase inhibitor
K252a suggests that the p40 HOSAK may be activated
through a dephosphorylation event by a protein phospha-
tase. However, treatment of cell extract with several pro-
tein phosphatases including protein phosphatase-1, protein
Tyr phosphatase, alkaline phosphatase, or acid phospha-
tase failed to activate p40 HOSAK in vitro (data not
shown). In addition, pretreatment of tobacco cells with
different phosphatase inhibitors did not affect HOSAK ac-
tivation by NaCl (Fig. 5). One possible interpretation for
these data is that HOSAK activation is mediated by a
specific phosphatase. An alternative explanation is that
HOSAK has multiple phosphorylation sites and its activa-
tion requires the dephosphorylation of a particular residue,
while other sites remain phosphorylated, which is similar
to the regulation of cyclin-dependent kinases (CDKs) and
glycogen synthase kinase-3 (GSK3)-type kinases (Cook et
al., 1996; Hardie, 1999; Mironov et al., 1999). Besides, the
interaction with cyclin, activity of CDKs requires the phos-
phorylation at a conserved Thr residue in the “T loop”
catalyzed by CDK-activating kinases, and in the meantime
the dephosphorylation of a Tyr residue in the conserved
kinase domain by a specific Tyr phosphatase, CDC25 (Har-
die, 1999; Mironov et al., 1999). The activity of GSK3 is
differentially controlled by phosphorylation/dephosphor-
ylation at different residues. Phosphorylation of Ser at the
N terminus causes inactivation of GSK3, which can be
reversed by protein phosphatase 2A, whereas phosphory-
lation of Tyr residue results in an increase in GSK3 activity,
which is necessary for its biological function (Wang et al.,
1994; Plyte et al., 1996; Welsh et al., 1996, Hardie, 1999).

Kinase activities of the same M, as p40 HOSAK have
been demonstrated in halophytic alga Dunaliella tertiolecta
exposed to both hypo- and hyperosmotic stresses (Yuasa
and Muto, 1996). In D. tertiolecta, the 40-kD kinase respon-
sive to hyperosmotic stress phosphorylates casein and hi-
stone, but not MBP. In contrast, HOSAK in tobacco phos-
phorylates histone and MBP equally well, but not casein.
The difference in substrate preference suggests that differ-
ent kinases are activated by hyperosmotic stress in algae
and higher plants. It has been previously reported that a
40-kD kinase is activated in tobacco cells treated with
paracitisein or cryptogein, two different fungal elicitins
(Zhang et al., 1998). This 40-kD kinase has the same sub-
strate preference as HOSAK (Fig. 4B), suggesting that they
may be the same kinase. During the hypersensitive re-
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Figure 9. SIPK and p40 HOSAK are two new
components in the Ca?*- and ABA-independent
signaling pathway that may function in a plant’s
response to high osmotic stresses.

MAPKKK (?)

/

MAPKK (?)

.

Gene activation (?)

sponse to pathogens or pathogen elicitors, plant cells un-
dergo cytoplasmic condensation and loss of turgor pres-
sure that are similar to plasmolysis of cells under high
osmotic stress. Such a process may be sensed by cells as
osmotic stress, and leads to the activation of the p40
HOSAK.

The exact roles of SIPK and HOSAK in the plant’s re-
sponse to high osmolarity remain to be defined. Based on
our results, a working model was proposed (Fig. 9). In this
model, SIPK and p40 HOSAK represent two new compo-
nents in the Ca®"- and ABA-independent signaling path-
way in plants under hyperosmotic stresses. There are at
least four different pathways for the signaling of drought
and salt stresses, two of which are ABA dependent and two
ABA independent (Shinozaki and Yamaguchi-Shinozaki,
1997). Both SIPK and HOSAK are rapidly activated before
or concurrently with the increase of Ca®>* and ABA in-
duced by salt or hyperosmotic stress. It is possible that one
or both of these two kinases are upstream in the Ca®"-
and/or ABA-dependent pathways, although the activation
of these two kinases is Ca®*" and ABA independent. Ca*"-
independent phosphorylation has been implicated in the
transient elevation of Ca®" during osmotic stress (Taka-
hashi et al., 1997; Cessna et al., 1998). This scenario will
put one or both kinases back into the ABA- and/or Ca®"-
dependent pathways. Currently, the purification of
HOSAK is in progress. Cloning of the HOSAK gene based
on the partial amino acid sequences will enable the study
of its in vivo function in plants under osmotic stress.
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