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Although phosphatidylinositol transfer proteins (PITPs) are known to serve critical functions in regulating a varied array
of signal transduction processes in animals and yeast, the discovery of a similar class of proteins in plants occurred
only recently. Here, we report the participation of Ssh1p, a soybean PITP-like protein, in the early events of osmosen-
sory signal transduction in plants, a function not attributed previously to animal or yeast PITPs. Exposure of plant tis-
sues to hyperosmotic stress led to the rapid phosphorylation of Ssh1p, a modification that decreased its ability to
associate with membranes. An osmotic stress–activated Ssh1p kinase activity was detected in several plant species by
presenting recombinant Ssh1p as a substrate in in-gel kinase assays. Elements of a similar osmosensory signaling
pathway also were conserved in yeast, an observation that facilitated the identification of soybean protein kinases
SPK1 and SPK2 as stress-activated Ssh1p kinases. This study reveals the activation of SPK1 and/or SPK2 and the sub-
sequent phosphorylation of Ssh1p as two early successive events in a hyperosmotic stress–induced signaling cascade
in plants. Furthermore, Ssh1p is shown to enhance the activities of a plant phosphatidylinositol 3-kinase and phos-
phatidylinositol 4-kinase, an observation that suggests that the ultimate function of Ssh1p in cellular signaling is to al-
ter the plant’s capacity to synthesize phosphoinositides during periods of hyperosmotic stress.

INTRODUCTION

 

Phosphatidylinositol transfer proteins (PITPs) were identi-
fied originally by their ability to serve as diffusible carriers
of phosphatidylinositol (PtdIns) and to a lesser extent
phosphatidylcholine (PtdCho) from one distinct membrane
compartment to another by using an in vitro assay (Wirtz,
1991). In recent years, several intriguing and critical biolog-
ical roles beyond the transfer of phospholipids have been
attributed to yeast and animal PITPs. The yeast PITP
(Sec14p) is an essential protein that is required for cells to
properly execute the formation of secretory vesicles from
the Golgi complex (Bankaitis et al., 1990). A considerable
body of evidence suggests that Sec14p serves as a “mo-
lecular sensor” to monitor and regulate the levels of PtdIns,
PtdCho, and potentially diacylglycerol in the Golgi complex
of yeast (Skinner et al., 1995; Kearns et al., 1997). In addi-
tion, Sec14p has been implicated in modulating the activity

of a PtdIns 4-kinase that regulates protein secretion (Hama
et al., 1999).

An essential role for PITPs also is observed in mammals
and Drosophila, in which the loss of PITP function leads to
specific neurodegenerative diseases (Hamilton et al., 1997;
Milligan et al., 1997). At the cellular level, the mammalian
PITP is known to be required for inositol lipid signaling,
secretory vesicle formation from the 

 

trans

 

-Golgi network,
and the fusion of secretory vesicles to the plasma mem-
brane (Hay and Martin, 1993; Cunningham et al., 1995;
Kauffmann-Zeh et al., 1995). Although yeast and animal
PITPs are very similar in size, share identical PtdIns and
PtdCho transfer properties, and are both required for secre-
tory vesicle formation within their respective cellular envi-
ronments, the two proteins display no amino acid sequence
similarity (Bankaitis et al., 1989; Dickeson et al., 1989). De-
spite the lack of sequence conservation, a considerable de-
gree of functional equivalence has been documented. Yeast
Sec14p can substitute for mammalian PITP in stimulating
the formation and fusion of secretory vesicles (Hay et al.,
1995; Wiedemann et al., 1996) and in assays that measure
the stimulation of inositol lipid signaling (Cunningham et al.,
1996). Similarly, expression of mammalian PITPs can re-
store viability to yeast strains harboring a mutation in the
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SEC14

 

 gene (Skinner et al., 1993; Tanaka and Hosaka,
1994).

Until recently, the question of whether higher plants pos-
sess PITP-like proteins remained unanswered. We reported
the isolation, by functional complementation of a yeast strain
harboring a temperature-sensitive mutation at the 

 

sec14-1

 

locus, of two unique soybean genes, designated 

 

SSH1

 

 and

 

SSH2

 

 (Soybean SEC14 homolog 1 and 2, respectively),
each encoding a distinct PITP-like protein (Kearns et al.,
1998). Both soybean PITP-like proteins, designated Ssh1p
and Ssh2p, exhibit limited but significant sequence homol-
ogy with the yeast Sec14p. Ssh1p and Ssh2p exhibit unique
lipid transfer specificities that distinguish them somewhat
from their mammalian and yeast counterparts. Neither soy-
bean protein is capable of facilitating the transfer of PtdCho
in vitro, one of the hallmarks of animal and yeast PITPs. Sur-
prisingly, Ssh1p even appears to lack in vitro PtdIns transfer
function, despite its sequence similarity to yeast Sec14p
and its ability to functionally complement deficiencies in
yeast PITP activity; Ssh2p, in contrast, displays a robust in
vitro PtdIns transfer activity (Kearns et al., 1998).

Further evidence that higher plants possess PITP-like
proteins is found in the report by Jouannic et al. (1998), who
similarly described the isolation of an Arabidopsis cDNA by
functional complementation of the yeast 

 

sec14

 

 mutation. The
Arabidopsis PITP-like protein shows substantially greater
sequence homology with soybean Ssh1p than with Ssh2p.
Unlike Ssh1p, however, AtSec14p was reported to display in
vitro PtdIns transfer activity.

Although the identification of soybean and Arabidopsis
PITP-like cDNAs by complementation of yeast mutants con-
firms the existence of this class of protein within the plant
kingdom, their function within the plant cell remains to be
elucidated. Considering the diverse array of cellular and
whole-organism phenotypes associated with PITPs in ani-
mals and yeast, establishing the cellular functions of these
plant proteins is not likely to be trivial. One of the novel find-
ings in our initial characterization of 

 

SSH1

 

 expression in
yeast was the observation that Ssh1p became phosphory-
lated upon exposure to hyperosmotic stresses within this
heterologous system (Kearns et al., 1998). In this report, we
expound on this phenomenon within higher plants. Ssh1p is
rapidly phosphorylated after plant tissue is treated specifi-
cally with agents that induce a hyperosmotic stress re-
sponse. We identify SPK1 and SPK2, two soybean serine/
threonine protein kinases that are members of the SnRK2
subfamily of the SNF1-related family of protein kinases (Halford
and Hardie, 1998), as representing hyperosmotic stress–
activated Ssh1p kinases. Our findings define the soybean
PITP-like protein, Ssh1p, and the SPK1 and SPK2 kinases
as early components of a hyperosmotic stress signal trans-
duction pathway in plants. Furthermore, we demonstrate
that Ssh1p enhances the in vitro synthesis of the phospho-
inositides PtdIns(4)P and PtdIns(3)P and propose that the
cellular function of the soybean PITP-like protein is to stimu-
late PtdIns kinase activities.

 

RESULTS

Hyperosmotic Stress Induces Rapid Phosphorylation of 
Ssh1p in Soybean and Transgenic Tobacco

 

By expressing the soybean 

 

SSH1

 

 cDNA in yeast, we were
able to establish certain important biochemical characteris-
tics of the encoded protein, such as its inability to mediate
the transfer of PtdIns or PtdCho in vitro and its binding affin-
ity toward phosphoinositides (Kearns et al., 1998). Analysis
of Ssh1p within its native environment, however, proved to
be considerably more difficult because of the comparatively
low levels of Ssh1p accumulation observed in soybean rela-
tive to the yeast system, in which high copy vectors and
strong promoters were used to facilitate gene expression.
Detection of native Ssh1p in various soybean tissues by im-
munoblot analysis proved to be difficult, with nonspecific
antibody binding often preventing adequate visualization of
the presumably low levels of Ssh1p found in these tissues
(data not shown). The scarcity of endogenous Ssh1p as
judged by immunoblotting was consistent with our RNA gel
blot results, which revealed that 

 

SSH1

 

 transcript could be
detected only by using purified mRNA preparations and not
total RNA (Kearns et al., 1998). Of several soybean tissues
surveyed, newly emergent soybean roots (2 to 3 cm in
length) proved to be the only tissue in which Ssh1p could be
detected consistently and unambiguously with our poly-
clonal antibody. Figure 1A shows a typical immunoblot pro-
file of Ssh1p in young soybean roots.

As an additional tool to assist our characterization of
Ssh1p within plant cells, transgenic tobacco plants were
generated using 

 

SSH1

 

 gene constructs under the transcrip-
tional control of the 35S promoter of Cauliflower mosaic vi-
rus. Soybean Ssh1p is easily visualized by immunoblot
analysis in transgenic tobacco (Figure 1A). Similar to our ob-
servation of 

 

SSH1

 

 expression in yeast (Kearns et al., 1998),
Ssh1p resolves by SDS-PAGE as a 37- and 38-kD doublet
(Ssh1p and Ssh1p*, respectively) both in its native environ-
ment and when expressed in transgenic tobacco. Ssh1p* in
yeast was shown to represent phosphorylated Ssh1p
(Kearns et al., 1998). Evidence that the 38-kD species in
plants also represents phosphorylated Ssh1p includes the
collapse of the 38-kD species to the 37-kD form upon treat-
ment of clarified cell extracts with alkaline phosphatase (Fig-
ure 1B) and our characterization of a specific Ssh1p kinase
in plants (see below). In all three systems in which 

 

SSH1

 

 ex-
pression has been assayed (soybean, transgenic tobacco,
and yeast), under normal growth conditions the nonphos-
phorylated form predominates (Figure 1A), with Ssh1p* typi-
cally constituting 

 

#

 

10% of the total Ssh1p species.
An increasing body of literature has demonstrated that

mammalian and fungal PITPs are critical components of
certain cellular signaling pathways (reviewed in Cockcroft,
1998). This prompted us to test the possibility that the soy-
bean Ssh1p PITP-like protein is involved in signal transduc-
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tion. One approach involved subjecting soybean, transgenic
tobacco, and yeast materials to an array of biotic and abi-
otic treatments followed by immunoblot analysis to deter-
mine whether changes had occurred in either total Ssh1p
abundance or the relative ratios of Ssh1p and Ssh1p*.

Young soybean roots and/or leaf segments of transgenic to-
bacco expressing 

 

SSH1

 

 were exposed to the following
treatments: temperature and pH extremes, wounding, des-
iccation, high NaCl, and high concentrations of glycerol,
sorbitol, abscisic acid, gibberellic acid, salicylic acid, masto-
paran analogs, gadolinium, fusicoccin, and 2,4-D. The re-
sults of some of these treatments are shown in Figures 1C
and 1D. Although no obvious differences in total Ssh1p
abundance (Ssh1p plus Ssh1p*) were observed in these as-
says, a dramatic increase in the relative amount of Ssh1p*
was detected upon exposure of the plant tissues to con-
ditions of hyperosmotic stress (i.e., desiccation and high
concentrations of NaCl, glycerol, and sorbitol); no other
treatment elicited a notable change in the Ssh1p*/Ssh1p ra-
tio (Figures 1C and 1D). Concomitantly, we found a similarly
dramatic increase in Ssh1p* after exposing yeast strains ex-
pressing 

 

SSH1

 

 to hyperosmotic stress. This result was re-
ported in our previous characterization of the properties of
Ssh1p when expressed in the heterologous yeast system
(Kearns et al., 1998).

To establish more completely the conditions in which
Ssh1p phosphorylation becomes induced, we exposed leaf
segments of 

 

SSH1-

 

expressing transgenic tobacco plants to
different concentrations of NaCl for varying lengths of time.
These assays were conducted by floating leaf discs on vari-
ous NaCl solutions followed by immunoblot analysis of total
protein preparations. We initially speculated that vacuum in-
filtration of the medium into the leaf discs might result in
more efficient exposure of the individual cells to the stress
than would occur by merely floating the leaf segments on
the solutions. Upon comparing the results of vacuum-infil-
trated and noninfiltrated samples at various NaCl concen-
trations, however, no differences were observed in either
the timing or the magnitude of the response (data not
shown). Therefore, we routinely initiated the stress response
by simply floating the leaf segments on the treatment solu-
tions.

As shown in Figure 2A, a notable increase in the relative
amount of Ssh1p* was observed after 10 min when trans-
genic tobacco leaf discs were placed on a solution of 0.5 M
NaCl. By 3 hr, most of the Ssh1p protein was detected as
the phosphorylated species. When 1 M NaCl was used, the
results were even more dramatic. A notable increase in the
amount of Ssh1p* was detected within 5 min after exposure
to 1 M NaCl, and by 30 min the ratio of Ssh1p* to Ssh1p
was comparable to that observed after 3 hr of treatment
with 0.5 M NaCl. Although exposure of tobacco leaf seg-
ments to a NaCl concentration of 0.25 M resulted in no de-
tectable increase in Ssh1p* accumulation during a 3-hr time
course, after 6 hr a modest increase in Ssh1p phosphoryla-
tion was observed (data not shown). This observation differs
somewhat from the results found when young soybean
roots were treated with 0.2 M NaCl for a 2.5-hr period; this
treatment was effective at inducing a dramatic shift in the
Ssh1p*/Ssh1p ratio (Figure 1C, lane 6).

Usami et al. (1995) showed that protein synthesis can be

Figure 1. Increased Phosphorylation of Ssh1p Is Induced upon Ex-
posure of Plant Tissues to Hyperosmotic Stress.

(A) Immunoblot analysis of Ssh1p in untreated soybean root (lane 1;
100 mg of protein), transgenic tobacco leaf (lane 2; 40 mg of protein),
and yeast strain CTY182 expressing SSH1 (lane 3; 3 mg of protein).
Sizes of the phosphorylated (Ssh1p*) and nonphosphorylated forms
of Ssh1p were estimated using molecular mass standards.
(B) Immunoblot analysis of transgenic tobacco leaf extracts incu-
bated in the presence (1) or absence (2) of calf intestinal alkaline
phosphatase. Leaf discs were incubated with 1 M NaCl for 30 min
before the isolation of the cell-free extracts to enhance the accumu-
lation of the Ssh1p* species.
(C) Immunoblot analysis of soybean roots exposed to 378C (lane 1),
48C (lane 2), 0.1 mM abscisic acid (lane 3), water control (lane 4), desic-
cation (lane 5), 0.2 M NaCl (lane 6), and 50% glycerol (lane 7) for 2.5 hr.
(D) Immunoblot analysis of transgenic tobacco leaf segments ex-
posed to 0.5 M NaCl (lane 1), water control (lane 2), 20 mM 2,4-D
(lane 3), 50 mM fusicoccin (lane 4), and 5 mM gibberellic acid (lane 5)
for 2.5 hr. Lane 6 represents Ssh1p produced in yeast as a control.
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effectively inhibited in tobacco leaf discs by incubating the
tissue on a solution of 0.3 mM cycloheximide (CHX). To de-
termine whether hyperosmotic stress–induced increases in
Ssh1p* accumulation were dependent on new protein syn-
thesis, we preexposed transgenic tobacco leaf discs to 5
mM CHX for 2 hr before treatment with 1 M NaCl for 30 min.
An additional set of leaf discs was pretreated with 50 mM
EGTA for 2 hr before NaCl induction to determine whether
inhibiting the pool of available extracellular Ca

 

2

 

1

 

 affected
Ssh1p* accumulation. As shown in Figure 2B, neither pre-
treatment significantly altered the NaCl-induced phosphory-
lation of Ssh1p.

 

Phosphorylation of Ssh1p Coincides with a Loss of 
Membrane Association

 

Our previous characterization of 

 

SSH1

 

 expression in yeast
included the observation that nonphosphorylated Ssh1p lo-

calized to both cellular membranes and a membrane-free
supernatant fraction (Kearns et al., 1998). In contrast, Ssh1p*
appeared to show no affinity for cellular membranes. Immu-
noblot analysis of subcellular fractions of NaCl-stressed to-
bacco leaf tissue suggested that this property is shared
when 

 

SSH1

 

 is expressed in plant cells. As shown in Figure
3, Ssh1p and Ssh1p* were found in both the crude homoge-
nate fraction and the 100,000

 

g

 

 supernatant fraction. Only
nonphosphorylated Ssh1p, however, was found in associa-
tion with the membrane-rich 100,000

 

g

 

 pellet.

 

Hyperosmotic Stress–Induced Phosphorylation of Ssh1p 
Is Localized to the Site of Stress Application

 

In the experiments described above, osmotic stresses were
applied by directly exposing plant tissues to a hypertonic
solution. To determine whether the cellular signals responsi-
ble for inducing Ssh1p phosphorylation could be relayed
rapidly to plant tissue distal to the specific site of stress ap-
plication, we used a detached leaf assay in which only the
base of a severed leaf was submerged in a hyperosmotic
solution. Immersion of the lower 1 cm of a freshly cut trans-
genic tobacco leaf (total length 

 

z

 

6 cm) in a 0.5-M NaCl so-
lution for 1 hr resulted in a severe loss of turgor in the aerial
portion of the leaf. As shown in Figure 4, immunoblot analy-
sis of protein extracted from the submerged leaf base re-
vealed substantial phosphorylation of Ssh1p in contrast with
a control leaf submerged in water. Despite the severely
wilted phenotype displayed by the aerial portion of the leaf,
no increase in Ssh1p* was detected in this tissue, even
when samples as close as 0.75 cm above the site of stress
application were assayed (Figure 4). Thus, within the time
frame of this experiment, the induction of Ssh1p phosphory-
lation appeared to be confined to the tissue that was in di-
rect contact with the stress-inducing solution.

Figure 2. Induced Phosphorylation of Ssh1p Increases with the Se-
verity and Duration of the Hyperosmotic Stress and Is Not Influ-
enced by Pretreatment with EGTA or CHX.

(A) Immunoblot analysis of protein preparations from transgenic to-
bacco leaf segments floated on solutions of 0.5 or 1 M NaCl. The
duration of the exposure is indicated in minutes. The phosphory-
lated (Ssh1p*) and nonphosphorylated forms of Ssh1p are indicated.
(B) Immunoblot analysis of transgenic tobacco leaf discs treated
with water (control), 50 mM EGTA, or 5 mM CHX. Lanes marked
1NaCl indicate tissue that was additionally exposed to 1 M NaCl af-
ter a 2-hr incubation with the original treatment alone.

Figure 3. Ssh1p* Does Not Associate with Microsomal Membrane
Preparations.

Transgenic tobacco leaf segments were exposed to 0.5 M NaCl for
1 hr followed by tissue homogenization and differential centrifuga-
tion. Immunoblot analysis was conducted using a crude cellular
fraction (Total) and the supernatant (S100) and pellet (P100) frac-
tions recovered from a 100,000g centrifugation. The phosphorylated
(Ssh1p*) and nonphosphorylated forms of Ssh1p are indicated.
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Ssh1p Is the Substrate of a Hyperosmotic
Stress–Activated Ser/Thr Protein Kinase

 

In-gel kinase assays have proven to be very useful in estab-
lishing several physiological and biochemical properties of
protein kinases whose activities are capable of being re-
stored after removal from the harsh denaturing conditions of
SDS-PAGE (Zhang et al., 1993; Zhang and Klessig, 1997).
Among the properties that can be assessed using this assay
are the apparent molecular mass of the kinase, its substrate
specificity, and activation kinetics. Total protein extracts
from leaf tissue of wild-type tobacco exposed to 1 M NaCl
were separated by SDS-PAGE using gels embedded with
purified recombinant Ssh1p. As shown in Figure 5A, the
subsequent in-gel kinase assay revealed that Ssh1p ap-
pears to be the substrate of a 45-kD NaCl-induced protein
kinase. Although total protein preparations were typically
used in these assays, Ssh1p kinase activity was recovered
quantitatively in a membrane/organelle-free 100,000

 

g

 

 su-
pernatant fraction (data not shown).

To test the specificity of the 45-kD kinase for Ssh1p, we
tested three additional proteins as potential substrates in
the in-gel kinase assay: recombinant Ssh2p, casein, and
myelin basic protein (MBP). Furthermore, control assays
were conducted using gels with no added protein to test for
the possibility of autophosphorylation of the 45-kD kinase.
Although the Ssh2p protein shares some sequence homol-
ogy with Ssh1p and both proteins have been shown to by-
pass the 

 

sec14

 

 mutation in yeast (Kearns et al., 1998), no in-
gel kinase activity was detected in tobacco leaf preparations
that recognized this protein as a substrate (data not shown).

Because the recombinant Ssh1p and Ssh2p proteins share
identical N-terminal His

 

6

 

 domains (derived from vector
pRSET) and were purified by identical means, it is unlikely
that either sequences in this N-terminal domain or minor
amounts of contaminating 

 

Escherichia coli

 

 proteins could
provide the substrate for the 45-kD kinase. The introduction
of casein as an in-gel kinase substrate also failed to identify
the 45-kD kinase, nor was this band detected in control gels
without protein substrate, confirming that the signal ob-
served (Figure 5A) is not the product of autophosphorylation
(data not shown). In contrast, MBP does appear to serve as
an alternative substrate for the Ssh1p kinase (see below).

Exposure of tobacco leaf discs to varying conditions of
stress severity and duration revealed an activation profile for
the Ssh1p kinase that correlated very well with the increases
in Ssh1p* accumulation observed by immunoblot analysis.
Treatment with 1 M NaCl elicited a much greater response
than that with 0.5 M NaCl, whereas exposure to 0.25 M
NaCl was insufficient to activate the Ssh1p kinase during
the course of 1 hr (Figure 5B). Equally good correlations be-
tween Ssh1p kinase activation, as determined by in-gel ki-
nases assays, and increased phosphorylation of Ssh1p, as
judged by immunoblotting, were observed when alternative
agents such as sorbitol were used to induce a hyperosmotic
stress response (Figure 5C). Finally, pretreatment of the to-
bacco leaf discs with either EGTA or CHX failed to inhibit
the NaCl-induced activation of the Ssh1p kinase (Figure
5D), a result consistent with the failure of these compounds
to alter the induced accumulation of Ssh1p* in the trans-
genic tobacco materials (Figure 2B). Together, these obser-
vations strongly support the conclusion that the Ssh1p
kinase detected by the in-gel kinase assay is the same ki-
nase responsible for the increased phosphorylation of
Ssh1p in transgenic tobacco plants in vivo.

Although the leaf disc system enabled us to compare di-
rectly the activation of the Ssh1p kinase with increases in
Ssh1p phosphorylation by using identical plant materials
and assay conditions, interpretation of the induction kinetics
at the cellular level was hindered by the inability to apply a
uniform osmotic stress to all cells when using intact tissue.
Cell cultures offer a system whereby the effects of stress
application at the cellular level can be controlled more pre-
cisely. As shown in Figure 5E, the activation profile of the
Ssh1p kinase was somewhat altered when in-gel kinase as-
says were conducted using salt-stressed BY-2 tobacco cul-
ture cells; induction was apparent after exposure to 0.25 M
NaCl for 5 and 30 min. Similar to the results using intact
plant tissue, however, much greater activation was ob-
served when the culture cells were exposed to 1 M NaCl for
the same time periods.

To establish which amino acid residues were substrates
for the Ssh1p kinase, an in-gel kinase assay was conducted
similar to that shown in Figure 5A. Subsequently, the 45-kD
region of this gel was excised and subjected to acid hydro-
lysis, and the products were resolved using two-dimensional
electrophoresis. As shown in Figure 6, serine and threonine

Figure 4. Hyperosmotic Induction of Ssh1p Phosphorylation Is Re-
stricted to the Site of Stress Application.

The cut ends of leaves excised from a transgenic tobacco plant ex-
pressing SSH1 were placed in water or 0.5 M NaCl for 1 hr. Protein
samples extracted from the portion of the leaf exposed directly to
the solution (Submerged) and from a leaf segment located 0.75 cm
above the submerged portion (Aerial) were subjected to immunoblot
analysis. The phosphorylated (Ssh1p*) and nonphosphorylated
forms of Ssh1p are indicated.
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residues, but not tyrosine residues, were radiolabeled with

 

32

 

P. Quantitation of the signals revealed an approximately
threefold greater incorporation of radiolabel in 

 

32

 

P-Thr com-
pared with 

 

32

 

P-Ser.
To determine whether an NaCl-inducible Ssh1p kinase

activity can be detected among diverse plant species, we
treated leaf discs obtained from young soybean, maize, and
peanut plants with 1 M NaCl for 1 hr and subjected them to
the in-gel kinase assay with embedded Ssh1p serving as
the substrate. For each plant species, an inducible kinase
migrating at 

 

z

 

45 kD was observed, as shown in Figure 7.
Soybean leaf discs also were treated with 2 M sorbitol for 1
hr, giving results similar to the 1 M NaCl treatment. Of the
four species tested using this assay, we consistently ob-
served the greatest activity from tobacco leaf segments.
Particularly notable in the soybean and peanut preparations
was a noninducible band that migrated slightly below the in-
ducible species. Whether this species represents a relatively
low level constitutive kinase activity capable of recognizing
Ssh1p as a substrate or is merely the result of autophos-
phorylation has not been determined.

 

The Ssh1p Kinase Does Not Appear to Be a
Mitogen-Activated Protein Kinase

 

Mitogen-activated protein (MAP) kinases are well known for
participating in the early stages of a variety of stress-acti-
vated signal transduction cascades in eukaryotes, including
osmotic stresses (Maeda et al., 1994; Hirt, 1997; Mizoguchi
et al., 1997). Because most known MAP kinases can phos-
phorylate MBP in vitro, it is widely used as an artificial sub-
strate in studies designed to measure MAP kinase activities
(Hirt, 1997; Mizoguchi et al., 1997). As shown in Figure 8A,
when protein preparations from NaCl-stressed tobacco leaf
discs were subjected to an in-gel kinase assay using MBP
instead of Ssh1p as the embedded substrate, three bands
were observed ranging from 42 to 48 kD. The activity of the
48-kD kinase could be induced by wounding alone, as
shown by its activation in tobacco leaf segments exposed
only to water. The specific immunoprecipitation of this 48-
kD species from tobacco preparations by using antibodies
that recognize salicylic acid–inducible protein kinase (SIPK),
a 48-kD salicylic acid– and wound-inducible MAP kinase
(Zhang and Klessig, 1997, 1998), verified the identity of this
band (data not shown). Although recent reports suggest that
SIPK also can be induced by hyperosmotic stress in to-
bacco cell cultures (Droillard et al., 2000; Hoyos and Zhang,
2000; Mikolajczyk et al., 2000), we did not observe any in-

 

Figure 5.

 

Ssh1p Is Phosphorylated by a Hyperosmotic Stress–Acti-
vated 45-kD Kinase.

 

(A)

 

 and 

 

(B)

 

 In-gel kinase assays of protein extracts from tobacco leaf
segments exposed to various concentrations of NaCl or water for
the indicated times (minutes). Protein samples were separated on
10% SDS–polyacrylamide gels embedded with purified recombinant
Ssh1p. The size of the visualized kinase was estimated using molec-
ular mass standards.

 

(C)

 

 In-gel kinase assay and immunoblot analysis of transgenic to-
bacco leaf discs treated with 1 and 2 M sorbitol for 30 min.

 

(D)

 

 In-gel kinase assay of tobacco leaf segments treated with water,
50 mM EGTA, or 5 mM CHX. Lanes marked 

 

1

 

NaCl indicate tissue
that was additionally exposed to 1 M NaCl for 30 min after a 2-hr in-
cubation with the original treatment alone.

 

(E)

 

 In-gel kinase assay of total cellular protein from tobacco cell sus-
pension cultures exposed to 0.25 or 1 M NaCl for the indicated
times (minutes).
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duction of SIPK activity upon exposure to hyperosmotic
medium beyond what could be induced by wounding alone
using the leaf disc system (Figure 8A). The identity of the
NaCl-activated 46-kD kinase is unknown.

Although the 42-kD kinase shown in Figure 8A migrates
somewhat faster than does the kinase observed using
Ssh1p as the substrate, its pattern of induction mimicked
that of the Ssh1p kinase when the duration and magnitude
of several osmotic stress conditions were assayed and
compared (data not shown). Therefore, we speculated that
the same hyperosmotic stress–activated kinase was capa-
ble of using both Ssh1p and MBP as substrates but that the
migration of the kinase relative to protein size standards
was slightly altered depending on the nature of the protein
used as the embedded substrate. To test this possibility, we
conducted an in-gel kinase assay in which both Ssh1p and
MBP were incorporated as substrates within the same gel. If
the kinases phosphorylating Ssh1p and MBP were distinct,
four bands would be predicted using the gel with both sub-
strates. Instead, a triplet similar to that shown in Figure 8A
was observed, with the exception that the migration of all
three bands was slower with respect to the size standards;
the lowest band of the triplet migrated at 45 kD (data not
shown). More direct evidence that the Ssh1p kinase recog-
nizes MBP as an alternative substrate is presented in the
yeast expression studies described below.

To determine whether the Ssh1p kinase is a MAP kinase,
we made attempts to immunoprecipitate the kinase from
NaCl-stressed plant tissue by using the following antibod-
ies: (1) Ab-p48C, an antibody generated against the con-
served C terminus of the tobacco SIPK that is capable of
recognizing several distinct plant MAP kinases (Zhang and

Klessig, 1998); (2) an anti–phospho-Tyr antibody that has
been used previously to immunoprecipitate MAP kinases
(Brewster et al., 1993; Zhang and Klessig, 1997; Hoyos and
Zhang, 2000); and (3) six different commercially available
antibodies directed against mammalian MAP kinases. Al-
though we could quantitatively recover the 48-kD SIPK by
using either Ab-p48C or the anti–phospho-Tyr antibody, in
no case were we able to recover the 45-kD Ssh1p kinase
(data not shown). Even more compelling evidence that
Ssh1p is not the substrate of a MAP kinase comes from ob-
servations of Ssh1p phosphorylation in the heterologous
yeast system. 

 

Saccharomyces cerevisiae

 

 possesses exactly
six MAP kinases (Hunter and Plowman, 1997), and a yeast
strain has been generated (YM219) that harbors deletion
mutations in the genes encoding all six of these kinases
(Madhani et al., 1997). As shown in Figure 8B, when 

 

SSH1

 

was expressed in YM219, the pattern of Ssh1p phosphory-
lation upon hyperosmotic insult was the same as that ob-
served when 

 

SSH1

 

 was expressed in a wild-type yeast
strain.

 

The Soybean Protein Kinases SPK1 and SPK2 Are 
Activated by Hyperosmotic Stress and Use Ssh1p as
a Substrate

 

Several recent reports have documented that hyperosmotic
stress rapidly activates two protein kinases in plants, the
SIPK MAP kinase and another kinase that does not appear to
be a member of the MAP kinase family (Munnik et al., 1999;
Droillard et al., 2000; Hoyos and Zhang, 2000; Mikolajczyk
et al., 2000). Estimated molecular masses of the non–MAP
kinase stress-activated proteins range from 38 to 44 kD, and
all were identified on the basis of their abilities to recognize

Figure 6. Phosphoamino Acid Analysis of Ssh1p*.

The 45-kD region of an in-gel kinase reaction similar to that shown in
Figure 5A (using purified Ssh1p as the embedded substrate and
NaCl-stressed tobacco leaf extracts) was excised and subjected to
partial acid hydrolysis. The resulting products were analyzed using
two-dimensional electrophoresis and autoradiography. Dotted re-
gions indicate the migration of nonradiolabeled phosphoserine
(P-Ser), phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr) stan-
dards. Pi, inorganic phosphate.

Figure 7. Ssh1p Kinase Activity Is Induced by Hyperosmotic Stress
in Diverse Plant Species.

Leaf discs from four plant species were exposed to either water or
1 M NaCl for 1 hr. For soybean, a 2-M sorbitol treatment (1 hr) was
included as well. Each lane represents 60 mg of a crude total protein
fraction that was subjected to in-gel kinase analysis using purified
Ssh1p as the embedded substrate.
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MBP as an artificial substrate by using in-gel kinase assays.
Mikolajczyk et al. (2000) isolated this kinase from tobacco
culture cells and showed that it represented a homolog of
the Arabidopsis protein kinase ASK1, a member of the
SnRK2b subfamily of SNF1-related kinases. Four different
protein kinases of unknown function from soybean, desig-
nated SPK1 through SPK4, also have been placed in this
subfamily on the basis of sequence homology (Yoon et al.,
1997; Halford and Hardie, 1998). Pairwise comparisons of
the predicted amino acid sequences using the GAP program
show that the SPK1 and SPK2 proteins share 95% se-
quence identity and the SPK3 and SPK4 enzymes are 93%
identical; similar comparisons between SPK1 or SPK2 and
either SPK3 or SPK4 reveal sequence identities ranging
from 70 to 73%. The predicted molecular masses of the four
soybean kinases are similar, ranging from 38.6 to 40.4 kD
(Yoon et al., 1997; Halford and Hardie, 1998).

Because elements of the pathway leading to the phos-
phorylation of Ssh1p under conditions of hyperosmotic
stress appear to be conserved between yeast and plants,
we speculated that candidate plant Ssh1p kinases could be
assayed effectively in this heterologous system. To deter-
mine whether any of the soybean kinases classified as
members of the SnRK2b subfamily represent genuine
Ssh1p kinases, we isolated cDNAs corresponding to all four
soybean SPK proteins from young soybean leaves by using
reverse transcription–polymerase chain reaction (PCR)

and cloned each cDNA into a yeast expression vector. Wild-
type yeast strain CTY182 was transformed with these con-
structs, subjected to hyperosmotic stress, and assayed us-
ing the in-gel kinase procedure with Ssh1p embedded in the
gel matrix. As shown in Figure 9A, strong induction of Ssh1p
kinase activity was observed when yeast cultures express-
ing 

 

SPK1

 

 and 

 

SPK2

 

 were exposed to 1 M NaCl. No signifi-
cant Ssh1p kinase activity was detected in yeast harboring
the 

 

SPK3

 

 or 

 

SPK4

 

 construct. An identical pattern was ob-
served when MBP was used as an alternative in-gel sub-
strate, with the exception that the inducible kinase activity
migrated at a position 

 

z

 

3 kD lower than was observed with
gels embedded with Ssh1p (data not shown), a phenome-
non we observed using tobacco leaf extracts. Interestingly,
no inducible Ssh1p kinase activity was evident with the in-
gel kinase assays in the absence of the soybean 

 

SPK

 

 con-
structs, suggesting that the endogenous yeast kinase that
phosphorylates Ssh1p does not regain activity after being
subjected to SDS-PAGE (or it becomes separated from es-
sential cofactors). Three bands in the 55- to 80-kD size
range were observed consistently in the in-gel assay (Figure
9A), but because they also were apparent in gels lacking
added substrate (and gels embedded with MBP or BSA),
they likely represent the products of autophosphorylation
(data not shown).

Because of the high amino acid sequence identity shared
by SPK1 and SPK2 (95%) and the likelihood that they
merely represent products of an equivalent gene derived
from the different ancestral parents of soybean (an ancient
tetraploid), we conducted additional experiments using only
the 

 

SPK1

 

 isoform. Consistent with our previous observa-
tions of Ssh1p phosphorylation in yeast (Kearns et al., 1998),
substantial induction of SPK1 activity was detected only
upon exposure of yeast to particularly acute levels of os-
motic stress (e.g., 1 M NaCl and 2 M sorbitol; Figure 9B).
Negligible SPK1 activation was observed when a more
moderate osmotic stress was applied (0.4 M NaCl and 0.8 M
sorbitol), conditions sufficient for activation of the high os-
molarity glycerol response MAP kinase pathway (Brewster et
al., 1993).

When Ssh1p is expressed in yeast by using the strong
constitutive 

 

ADH1

 

 promoter, the maximum conversion to
Ssh1p* observed upon exposure to severe hyperosmotic
stress is 50 to 60% (Kearns et al., 1998). If Ssh1p represents
a true in vivo substrate for the SPK1 kinase, one would pre-
dict that a greater percentage of conversion to Ssh1p*
would be witnessed in yeast strains producing both Ssh1p
and SPK1. To test this prediction, we subcloned the cas-
sette containing the 

 

SSH1

 

 cDNA with the flanking 

 

ADH1

 

promoter and termination sequences from SSH1/pDB20
into pRS313, a yeast expression plasmid that enables selec-
tion of appropriate yeast strains on medium lacking histidine
(Sikorski and Hieter, 1989). CTY182 was cotransformed with
SSH1/pRS313 and SPK1/pDB20 and exposed to 1 M NaCl
for 30 min. As shown in Figure 9C, a greater proportion of
total Ssh1p protein was phosphorylated to Ssh1p* in yeast

Figure 8. Ssh1p Kinase Appears to Recognize MBP as a Substrate,
but Ssh1p Phosphorylation Is Unaffected in a Yeast Strain Com-
pletely Lacking MAP Kinase Activities.

(A) In-gel kinase assay using extracts from tobacco leaf segments
exposed to 1 M NaCl or water for the times indicated (minutes). Pro-
tein samples were analyzed using a 10% SDS–polyacrylamide gel
embedded with MBP. Numbers indicate molecular mass estima-
tions in kilodaltons.
(B) Immunoblot analysis of SSH1 expressed in yeast strains CTY182
(wild type) and YM219 (MAP kinase null mutant). Cellular protein
was isolated from cultures treated with 0.9 M NaCl for 30 min (1)
and untreated controls (2). The phosphorylated (Ssh1p*) and non-
phosphorylated forms of Ssh1p are indicated.



 

Osmotic Stress Induces Ssh1p Phosphorylation 1213

 

coexpressing 

 

SPK1

 

 and 

 

SSH1

 

 than the control strain co-
transformed with the SSH1/pRS313 construct and pDB20
vector alone. A modest increase in the Ssh1p*/Ssh1p ratio
also was observed in noninduced yeast expressing both the

 

SPK1

 

 and 

 

SSH1

 

 cDNAs, suggesting that the nonactivated
SPK1 (and/or SPK2) enzyme is responsible for the relatively

low level of Ssh1p phosphorylation typically observed in
plant cells in the absence of osmotic stress (Figure 1).

Consistent with being classified as an SNF1-related pro-
tein kinase, SPK1 showed greater amino acid sequence
identity to Snf1p than any other yeast polypeptide when
protein database searches were conducted using the
BLAST algorithm (data not shown). Pairwise comparisons
between SPK1 and Snf1p using the GAP program showed
that the proteins share 32% sequence identity and 42%
similarity. Although Snf1p has not been implicated in osmo-
sensory signaling in yeast, we speculated that it might rep-
resent the endogenous yeast kinase that phosphorylates
Ssh1p in response to hyperosmotic stress. However, the
pattern of Ssh1p phosphorylation remained unaffected
when the 

 

SSH1

 

 cDNA was expressed not only in yeast
strains possessing knockout mutations at the 

 

SNF1

 

 locus but
also in any of the five other loci that Hunter and Plowman
(1997) classified as constituting the SNF1/AMPK family of
yeast protein kinases (data not shown). Therefore, the hy-
perosmotic stress–activated yeast kinase that phosphory-
lates the soybean Ssh1p protein either is not a member of
the SNF1/AMPK family or is redundant, necessitating muta-
tions in two or more members of this family to eliminate
Ssh1p kinase activity.

 

Ssh1p Stimulates the in Vitro Synthesis of PtdIns(4)P 
and PtdIns(3)P

 

Mammalian PITPs serve as cofactors for the production of
phosphoinositides that participate in cellular signaling and
membrane trafficking (Wirtz, 1997; Cockcroft, 1998). In par-
ticular, they have been shown to stimulate the synthesis of
PtdIns(4)P (Kauffmann-Zeh et al., 1995) and PtdIns(3)P
(Panaretou et al., 1997), presumably by actively presenting
the PtdIns substrate to the PtdIns 4-kinase and phospho-
inositide 3-kinases, respectively. To determine whether
Ssh1p is similarly capable of stimulating plant phospho-
inositide kinase activities, we assayed plant cell extracts for
PtdIns kinase activity in the presence or absence of recom-
binant Ssh1p. Because 

 

E. coli

 

 does not produce phospho-
inositides, any observed stimulation of PtdIns kinase
activities by recombinant Ssh1p cannot be attributed to in-
creased substrate availability by the cointroduction of a pre-
bound PtdIns ligand. Also, Ssh1p possesses no PtdIns
kinase activity per se, as evidenced by the failure of the pro-
tein to produce phosphoinositides in control assays with
added PtdIns substrate (data not shown). As shown in Fig-
ure 10A, PtdIns 4-kinase activity was readily detected in cel-
lular extracts obtained from young Arabidopsis leaves.
Synthesis of PtdIns(4)P was increased greatly when purified
recombinant Ssh1p was included in the assay. We estimate,
on the basis of densitometry scans of the autoradiogram
shown in Figure 10A and of others derived from duplicate
experiments, that the in vitro synthesis of PtdIns(4)P can in-
crease as much as sixfold by the addition of Ssh1p.

Figure 9. Protein Kinases SPK1 and SPK2 Phosphorylate Ssh1p
When Expressed in Yeast and Activated by Hyperosmotic Stress.

(A) In-gel kinase assay of proteins recovered from yeast transformed
with soybean SPK cDNAs. Protein was harvested from yeast cul-
tures exposed to 1 M NaCl for 30 min (1) and untreated controls (2).
Numbers indicate molecular mass estimations in kilodaltons. Vector,
yeast strain expressing only the pDB20 expression plasmid.
(B) In-gel kinase assay of yeast expressing SPK1 after a 30-min ex-
posure to moderate (0.4 M NaCl and 0.8 M sorbitol) and high (1 M
NaCl and 2 M sorbitol) levels of hyperosmotic stress.
(C) Immunoblot analysis of Ssh1p in a yeast strain coexpressing
SPK1 (SSH1/pRS313 1 SPK1/pDB20) compared with coexpression
with an empty vector (SSH1/pRS313 1 pDB20). Cultures were
treated with (1) or without (2) 1 M NaCl for 30 min. The phosphory-
lated (Ssh1p*) and nonphosphorylated forms of Ssh1p are indicated.



 

1214 The Plant Cell

 

Although PtdIns 3-kinases are essential for normal plant
growth and development (Welters et al., 1994), their activities
often are difficult to detect in whole-plant extracts. No evi-
dence of in vitro PtdIns(3)P formation was observed using
young Arabidopsis leaf extracts with or without added Ssh1p
(Figure 10A), presumably because we could not detect the
low activities of this enzyme (Hama et al., 2000). As a more in-
formative means of testing whether Ssh1p also is capable of
stimulating PtdIns 3-kinase activity, in vitro assays were con-
ducted using recombinant Arabidopsis PtdIns 3-kinase pro-
duced in 

 

E. coli

 

 (see Methods). Introduction of Ssh1p resulted
in a twofold increase in PtdIns 3-kinase activity (Figure 10B),
an increase similar in magnitude to the in vitro stimulation of
PtdIns 3-kinase activity in animal systems by the addition of
mammalian PITP (Panaretou et al., 1997).

 

DISCUSSION

Because water availability is one the most limiting factors for
terrestrial plant growth, a great deal of research has focused
on the response and adaptation of plants to water deficit.
Although a wealth of information has accumulated regarding
the identification and characterization of genes that are tran-
scriptionally regulated in response to osmotic stress (Ingram
and Bartels, 1996; Bray, 1997; Shinozaki and Yamaguchi-
Shinozaki, 1997), relatively little is known concerning the
earliest steps of osmotic stress recognition and subsequent
signal transduction in plants. In this report, two components
of a hyperosmotic stress–induced signaling pathway are
characterized that are activated (SPK1/SPK2) or phosphory-
lated (Ssh1p) within minutes of stress perception.

The overall conclusions derived from this study are repre-
sented by the model proposed in Figure 11. Upon the per-
ception of hyperosmotic stress by an osmosensor (depicted
as membrane bound), a signaling cascade is initiated that
results in the activation of SPK1 and/or SPK2. This discov-
ery was based on the recent report by Mikolajczyk et al.
(2000) in which a hyperosmotic stress–activated tobacco ki-
nase belonging to the SnRK2b subfamily of SNF1-related
kinases was characterized that we believe shared properties
with the kinase responsible for phosphorylating Ssh1p in
transgenic tobacco. Our study supports the conclusion of
Mikolajczyk et al. (2000) that members of the SnRK2b ki-
nase subfamily are involved in environmental stress signal-
ing in plants. Two other soybean kinases that belong to this
subfamily, SPK3 and SPK4, also were tested in the yeast
system, but we were unable to demonstrate that Ssh1p
serves as a substrate for their kinase activities (Figure 9A).
Because we do not possess an anti-SPK antibody that
would allow us to conduct an immunoblot assay to verify
that SPK3 and SPK4 accumulate in yeast to levels compa-
rable to those observed for SPK1 and SPK2, we cannot ex-
clude the possibility that all four proteins may represent
viable Ssh1p kinases. The fact that SPK3 and SPK4 tran-
script accumulation increases upon exposure of soybean
tissue to dehydration and high salinity suggests that these
kinases may play some role in osmoprotection (Yoon et al.,
1997). However, regardless of which SPK enzymes ulti-
mately prove to function as Ssh1p kinases in the heterolo-
gous yeast system, an important goal of future studies
should include verification that the same kinase/substrate
relationship exists within the native plant environment.

There are seemingly contradictory reports in the literature
regarding the role of phosphorylation in activating the ki-
nase that phosphorylates Ssh1p. Two separate groups have
characterized what appears to be a tobacco homolog of
SPK1 by using tobacco cell cultures (and MBP as the artifi-
cial substrate). Mikolajczyk et al. (2000) reported that treat-
ment of their 42-kD hyperosmotic stress–activated kinase
with a serine/threonine protein phosphatase inactivated the
enzyme, suggesting a mechanism of activation via phos-

Figure 10. Ssh1p Stimulates PtdIns Kinase Activities in Vitro.

(A) Cellular extracts from young Arabidopsis leaves were incubated
with g-32P-ATP in the presence (1) or absence (2) of purified recom-
binant Ssh1p. 32P-labeled products were separated by thin-layer
chromatography and detected by autoradiography. The migration of
PtdIns(3)P and PtdIns(4)P standards is indicated.
(B) The activity of recombinant Arabidopsis PtdIns 3-kinase ex-
pressed in E. coli was assayed in the presence (1) or absence (2) of
Ssh1p. Products were analyzed by thin-layer chromatography. The
migration of an authentic PtdIns(3)P standard is indicated.
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phorylation. In contrast, Hoyos and Zhang (2000) found that
pretreating tobacco cells with a kinase inhibitor activated
what is likely to be the same kinase (termed HOSAK in their
report), causing them to propose that the enzyme is inactive
when phosphorylated and activated by a hyperosmotic stress–
induced protein phosphatase. The specific mechanism by
which SPK1 is activated, and the role that protein phosphor-
ylation plays in this process, clearly warrants further investi-
gation.

As shown in Figure 11, activation of SPK1 enables the
recognition of Ssh1p as a substrate, leading to its phosphor-
ylation. One probable consequence of Ssh1p phosphoryla-
tion is a reduction in its affinity for biological membranes
(Figure 3). Given the ability of recombinant Ssh1p to stimu-
late PtdIns 3-kinase and PtdIns 4-kinase activities in vitro
(Figure 10), coupled with the well-documented function of
mammalian PITPs in stimulating these same phosphoinosi-
tide kinase activities both in vitro and in vivo (Panaretou et
al., 1997; Cockcroft, 1998), we propose that the role of

Ssh1p within this signaling cascade is to modify the cell’s
ability to produce phosphoinositides under conditions of hy-
perosmotic stress. A scenario consistent with our results
shown in Figure 3 is that phosphorylation of Ssh1p results in
the mobilization and redistribution of the protein, and thus
its phosphoinositide-stimulating activities, within the cell.

An alternative but not necessarily mutually exclusive
possibility is that the lipid binding properties and/or PtdIns
3-kinase– and PtdIns 4-kinase–stimulating abilities of Ssh1p
per se may be altered by phosphorylation. PtdIns(3)P and
PtdIns(4)P serve as substrates for the lipid kinases responsi-
ble for production of the bis-phosphorylated phosphoinosi-
tide species PtdIns(3,5)P2 and PtdIns(4,5)P2, respectively.
The synthesis and/or turnover of both PtdIns(3,5)P2 and
PtdIns(4,5)P2 have been shown to increase rapidly upon ex-
posure of plant cells to hyperosmotic stress (Munnik et al.,
1998; Meijer et al., 1999; Pical et al., 1999). Interestingly, non-
phosphorylated Ssh1p binds both of these phosphoinosi-
tides with a much higher affinity than does PtdIns or any
other lipid species tested (Kearns et al., 1998). An intriguing
hypothesis that is consistent with the observations described
above is that under normal cellular conditions, the strong
binding of Ssh1p to cellular PtdIns(3,5)P2 or PtdIns(4,5)P2

may prevent it from binding PtdIns and thereby inhibit its
ability to stimulate phosphoinositide production. Phosphor-
ylation of Ssh1p could lead to a reduction in its affinity for the
bis-phosphorylated PtdIns species, enabling it to bind PtdIns
and stimulate the synthesis of PtdIns(3)P and PtdIns(4)P,
and consequently their bis-phosphorylated derivatives through
increased substrate availability, under conditions of hyperos-
motic insult. The purification of Ssh1p* in quantities suffi-
cient to enable a direct examination of its lipid binding
properties and PtdIns kinase–stimulating activities should
facilitate testing of the hypothesis described above and
assist in elucidating the specific mechanism by which the
cellular signal is perpetuated subsequent to the phosphoryl-
ation of Ssh1p.

Within the heterologous yeast system, increases in Ssh1p
phosphorylation and activation of SPK1 are observed only
upon exposure to particularly severe levels of osmotic
stress (Kearns et al., 1998; Figure 9). The osmosensory
pathway that the soybean proteins use in yeast is clearly
distinct from the well-characterized high osmolarity glycerol
pathway, a signaling cascade that is initiated by the Sholp
and Sln1p osmosensors and mediated through the Hog1p
MAP kinase after exposure to comparatively modest levels
of osmotic stress (reviewed in Hohmann, 1997). The exist-
ence of a unique pathway in yeast that responds specifically
to acute hyperosmotic stress has been reported, but the in-
dividual components have not been defined (Serrano et al.,
1997). The involvement of phosphoinositides in this pathway
is suggested by the study of Dove et al. (1997), who re-
ported the rapid synthesis of PtdIns(3,5)P2 via a Hog1p-
independent pathway when yeast cells were exposed spe-
cifically to severe hyperosmotic stress.

The matter of whether the proposed signaling pathway

Figure 11. Speculative Model of the Role of SPK1 and Ssh1p in Os-
mosensory Signal Transduction.

Upon perception of hyperosmotic stress, a putative membrane-bound
osmosensor initiates a signaling cascade that results in the activation
of SPK1 and the subsequent phosphorylation of Ssh1p. Phosphoryla-
tion reduces Ssh1p’s affinity for cellular membranes, potentially redi-
recting its PtdIns 3-kinase– and PtdIns 4-kinase–stimulating activities
to a different subcellular location. Alternately, the PtdIns kinase–stimu-
lating activities of Ssh1p per se may be modified by phosphorylation.
Phosphate groups are indicated with a circled “p.”
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shown in Figure 11 also serves a unique function in re-
sponse to particularly severe levels of osmotic stress in
plant systems is less clear. Using leaf tissue or cell cultures,
maximal Ssh1p phosphorylation and Ssh1p kinase activa-
tion were observed upon treatment with 1 M NaCl or 2 M
sorbitol (Figures 2 and 5), that is, under conditions of ex-
treme stress. Moreover, no increase in Ssh1p phosphoryla-
tion was observed in the aerial portion of a detached leaf
placed in 0.5 M NaCl for 1 hr, despite the fact that the leaf
was severely wilted and the submerged plant tissue showed
substantial Ssh1p* induction (Figure 4). Finally, the activation
in alfalfa culture cells of a 38-kD kinase whose properties re-
semble those of SPK1 was observed only under conditions
of severe osmotic stress (.0.75 M NaCl), prompting specu-
lation regarding a signaling pathway in plants that is elicited
specifically in response to extreme hyperosmotic stress
(Munnik et al., 1999). In contrast, however, we observed a
very dramatic increase in Ssh1p phosphorylation when
young soybean roots were exposed to only 0.2 M NaCl (Fig-
ure 1C, lane 6). Furthermore, Mikolajczyk et al. (2000) and
Hoyos and Zhang (2000) reported activation of the kinase
that likely represents the tobacco homolog of SPK1 using
NaCl concentrations ranging from 0.1 to 0.25 M, and we
also observed modest activation of the Ssh1p kinase in cell
cultures using 0.25 M NaCl (Figure 5E).

Of paramount interest to future investigations of the SPK1/
Ssh1p signal transduction pathway will be the definition of its
physiological role at the cellular and whole-plant levels. Glyco-
phytic plant species such as soybean and tobacco cannot
survive the extreme osmotic stress treatments that were re-
quired to elicit maximal activation of the SPK1/Ssh1p path-
way. Therefore, questions naturally arise regarding the utility
of a signaling pathway that is most responsive to stresses that
are lethal to normal plant growth and development. The bio-
logical function of the recently discovered acute hyperosmotic
stress signaling pathway described in yeast is also unknown
(Serrano et al., 1997). Despite these unanswered questions, it
is apparent that both plants and yeast possess at least two
distinct hyperosmotic stress–induced signaling pathways, one
mediated through a MAP kinase cascade and another that
shares features of the model presented in Figure 11.

In summary, through the characterization of a soybean
PITP-like protein, we have identified Ssh1p and the SPK1
and SPK2 kinases as early components of a signaling path-
way activated by hyperosmotic stress. The participation of
Ssh1p in osmosensory signaling is unique among the previ-
ously identified functions of PITPs in yeast and mammalian
systems. The surprising conservation between yeast and
plants of a signaling pathway capable of the hyperosmotic
stress–induced phosphorylation of Ssh1p reveals that ele-
ments of this pathway are shared among diverse species.
Finally, the ability to reconstruct elements of this pathway in
yeast promises to provide a powerful tool for further elucidat-
ing the cellular functions of Ssh1p and SPK1, facilitating the
identification of additional upstream components, and under-
standing the biological role of this pathway within the cell.

METHODS

Generation of Transgenic Tobacco

To mediate the constitutive expression of the SSH1 cDNA in trans-
genic plants, we excised the b-glucuronidase open reading frame in
plant expression vector pBI121 (Clontech, Palo Alto, CA) and re-
placed it with the SSH1 sequence. This placed the soybean (Glycine
max) cDNA downstream from the constitutive 35S promoter of Cau-
liflower mosaic virus. The construct was transformed into Agrobacte-
rium tumefaciens strain LBA 4404, and tobacco (Nicotiana tabacum
cv SR1) leaf discs were transformed using kanamycin selection as
described (Holsters et al., 1978; Horsch et al., 1988).

Plant Tissue Treatment and Homogenization

Stock solutions of the chemical agents detailed in the legend to Fig-
ure 1 were first diluted to the appropriate concentrations in water and
then transferred to a Petri dish. Either young newly emerged soybean
roots (2 to 3 cm in length) or transgenic tobacco leaf pieces (z1 cm2

in area) were treated as described and incubated (with occasional
agitation) for the times indicated. Desiccation was achieved by sub-
jecting the tissue to a gentle air stream until the tissue had lost .50%
of its initial volume. BY-2 tobacco cell cultures were maintained as
described previously (Fontes et al., 1994).

Treated tissue was transferred to an Eppendorf tube and homoge-
nized with a plastic pestle in a buffer containing 100 mM Tris-HCl, pH
7.5, 10 mM KCl, 1 mM EDTA, 10 mM DTT, 0.2 g/mL sucrose, 1 mM
phenylmethylsulfonyl fluoride, 1 mM aprotinin, 5 mg/mL chymostatin,
1 mg/mL leupeptin, and 20 mM pepstatin A. Homogenates were cen-
trifuged at 1000g for 5 min in a refrigerated microcentrifuge to
remove large debris. Protein concentrations of the resulting superna-
tants were determined using the Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA) with g-globulin as the standard. Treat-
ment of cell extracts with calf intestinal phosphatase was conducted
as described previously (Kearns et al., 1998).

Immunoblot Analysis

Protein samples were separated on 10% SDS–polyacrylamide gels
and transferred to polyvinylidene difluoride membranes (Micron Sep-
arations, Westborough, MA) by using the NOVEX XCell II mini-gel
system according to the manufacturer’s guidelines (Invitrogen,
Carlsbad, CA). Membrane blocking and detection were performed
according to instructions supplied with the ECL Plus kit (Amersham,
Piscataway, NJ). Polyclonal anti-Ssh1p primary antibody (described
by Kearns et al., 1998) was used at a dilution of 1:3000, and a goat
anti-rabbit IgG conjugated to horseradish peroxidase (Amersham)
was used at a dilution of 1:30,000.

Subcellular Fractionation

Transgenic tobacco leaf tissue was exposed to 1 M NaCl for 1 hr and
homogenized as described above. The homogenate was centrifuged
for 5 min at 48C and 1000g, and the supernatant (designated “total”)
was centrifuged at 13,000g for 10 min at 48C. Subsequently, the re-
sulting supernatant was centrifuged for 1 hr at 100,000g to generate
supernatant (S100) and pellet (P100) fractions.
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Detached Leaf Assay

A small leaf (z6 cm long) was cut from a transgenic tobacco plant
and inserted into an Eppendorf tube filled with 0.5 M NaCl. The leaf
was left undisturbed for 1 hr, at which time the entire leaf had lost tur-
gor. The wilted leaf was removed from the solution, and samples
were excised from both the submerged and aerial portions of the tis-
sue for immunoblot analysis. A control leaf from the same plant was
treated using water in place of the NaCl solution.

In-Gel Kinase Assay

In-gel kinase assays were performed as described previously (Zhang
and Klessig, 1997). Briefly, total protein extracts from treated to-
bacco tissue or yeast were separated on 10 or 12% SDS–polyacryl-
amide gels previously embedded with potential protein substrates
(Ssh1p, Ssh2p, myelin basic protein [MBP], or casein) at a concen-
tration of 0.25 mg/mL. After electrophoresis, the SDS was removed
from the gel, and separated proteins were allowed to renature by
soaking the gel overnight at 48C in a solution containing 25 mM Tris-
HCl, pH 7.5, 1 mM DTT, 0.1 mM Na3VO4, and 5 mM NaF. The gel
then was incubated for 2 hr in a reaction buffer containing 25 mM
Tris-HCl, pH 7.5, 2 mM EGTA, 1 mM DTT, 12 mM MgCl2, 0.1 mM
Na3VO4, and 50 mCi g-32P-ATP. Unincorporated g-32P-ATP was re-
moved by five washes of 20 min each in a solution containing 5%
trichloroacetic acid (w/v) and 1% NaPPi (w/v). The washed gel was
dried under vacuum and exposed to Kodak XAR-5 film. Molecular
mass estimations of the kinases were determined using prestained
protein size markers (Gibco BRL). Expression and purification of re-
combinant His6-tagged Ssh1p for use in the in-gel kinase assays
were performed as described previously (Kearns et al., 1998).

Phosphoamino Acid Analysis

The 45-kD region of an in-gel kinase reaction (using Ssh1p as the
embedded substrate) was excised and subjected to partial acid hy-
drolysis according to the method of Boyle et al. (1991). The resulting
products were analyzed using two-dimensional electrophoresis and
autoradiography. Nonradiolabeled phosphoamino acid standards
(Sigma) were run with the radiolabeled samples to identify the indi-
vidual species.

Isolation of Soybean SPK cDNAs

Young soybean leaves were frozen in liquid nitrogen and ground to a
fine powder using a mortar and pestle. RNA was extracted from the
ground tissue using Trizol reagent as described by the manufacturer
(Gibco BRL). First-strand cDNA was generated using the Superscript
system (Gibco BRL), and individual soybean SPK sequences were
amplified using the Expand High Fidelity polymerase chain reaction
(PCR) system (Roche Diagnostics, Indianapolis, IN). Specific PCR
primers corresponding to the 59 and 39 untranslated regions of SPK1
to SPK4 were designed based on sequence information found in
GenBank (accession numbers L01453, L19360, L19361, and L38855)
and synthesized by Sigma-Genosys (The Woodlands, TX). The 59 ter-
minal nucleotides for each primer set were specified to generate ei-
ther HindIII or NotI restriction sites to facilitate cloning into the yeast
expression vector pDB20 (Becker et al., 1991). The fidelity of all PCR-
generated constructs was confirmed by DNA sequence analysis.

Culture, Transformation, and Hyperosmotic Stress of
Yeast Strains

Expression of SSH1 in the wild-type yeast strain CTY182 using ex-
pression vector pDB20 was conducted as described previously
(Kearns et al., 1998). To facilitate the expression of SSH1 in the mito-
gen-activated protein (MAP) kinase null yeast strain YM219 (Madhani
et al., 1997) and the coexpression of SSH1 and SPK1 in strain
CTY182, it was necessary to transfer the cDNA into a yeast vector
that uses HIS3 as the selectable marker. A 3-kb BamHI expression
cassette from SSH1/pDB20 (containing the ADH1 promoter/SSH1
cDNA/ADH1 terminator) was ligated into the BamHI restriction site of
yeast vector pRS313 (Sikorski and Hieter, 1989). SSH1/pRS313 was
transformed into YM219 according to the procedure described by
Gietz et al. (1992), selecting for histidine auxotrophy; SSH1/pRS313
and SPK1/pDB20 were cotransformed into CTY182 followed by
coselection for histidine and uracil auxotrophy. Yeast cells were sub-
jected to hyperosmotic stress by the direct addition of NaCl or sorbitol
to cultures during log phase growth. Collection and homogenization
of cells were performed as described (Kearns et al., 1998). All yeast
manipulations and growth conditions were conducted according to
standard protocols (Guthrie and Fink, 1991).

In Vitro PtdIns Kinase Assays

In vitro phosphatidylinositol (PtdIns) kinase assays were performed as
described previously (Hama et al., 2000) using protein extracts from
plant tissue (nontransformed Arabidopsis thaliana ecotype Columbia)
and Escherichia coli cells overexpressing the Arabidopsis Vps34
PtdIns 3-kinase. Extracts from young leaves of 4-week-old magenta
box–grown Arabidopsis were prepared by powdering tissue (z100
mg) in liquid nitrogen and suspending the powder in a minimal volume
(0.25 mL) of 0.1 M KCl, 15 mM Hepes-KOH, pH 7.5, 3 mM EGTA, and
10% glycerol containing a cocktail of protease inhibitors (pepstatin,
leupeptin, aprotinin, and phenylmethylsulfonyl fluoride). Extracts of
mid-log phase E. coli cells were obtained from a strain expressing the
Arabidopsis PtdIns 3-kinase cDNA cloned as a 2.8-kb NotI fragment
(Welters et al., 1994) into the NotI site of pBluescript SK1 (Stratagene).

PtdIns kinase assays were performed in a final reaction volume of
50 mL containing 20 mM Hepes-KOH, pH 7.5, 10 mM MgCl2, 1 mM
MnCl2, 0.2 mg/mL sonicated PtdIns, 60 mM ATP, and 0.2 mCi/mL
g-32P-ATP. Reactions were initiated by the addition of 5 mL of cell ex-
tract with or without 10 mg of purified His-tagged Ssh1p. After a
10-min incubation at 258C, the reactions were terminated by the ad-
dition of 80 mL of 1 M HCl. The lipids were extracted with 160 mL of
chloroform:methanol (1:1), and the products of the in vitro assays
were analyzed by thin-layer chromatography. Equivalently loaded
samples were spotted onto silica gel 60 thin-layer chromatography
plates, developed using a borate buffer system (Walsh et al., 1991),
and subjected to autoradiography. To estimate the magnitude of the
increased PtdIns kinase activities attributable to the addition of
Ssh1p, we conducted densitometry scans of autoradiograms using
the Personal Densitometer SI (Molecular Dynamics, Sunnyvale, CA).
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