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An Osmosensing Signal Transduction
Pathway in Mammalian Cells

Zoya Galcheva-Gargova,* Benoit Dérijard,* I-Huan Wu,
Roger J. Davist

The osmotic balance between the cytoplasmic and extracellular compartments of cells is
critical for the control of cell volume. A mammalian protein kinase, Jnk, which is a distant
relative of the mitogen-activated protein kinase group, was activated by phosphorylation
on threonine and tyrosine in osmotically shocked cells. The activation of Jnk may be
relevant to the biological response to osmotic shock because the expression of human Jnk
in the yeast Saccharomyces cerevisiae rescued a defect in growth on hyper-osmolar
media. These data indicate that related protein kinases may mediate osmosensing signal

transduction in yeast and mammalian cells.

The maintenance of homeostasis is a fun-
damental property of the cells that form the
tissues of the body. Exposure to anisotonic
media initiates a response that maintains
cellular volume. This response is thought to
be mediated by changes in plasma-mem-
brane ion transport (1) and the accumula-
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tion-of nonpolar solutes (2, 3). The signal
transduction pathway that controls this re-
sponse to osmotic shock in mammalian
cells is not-understood. However, detailed
studies. of osmoregulation in enteric bacte-
ria have established the importance of a
two-component pathway involving a histi-
dine kinase sensor (EnvZ) and a transcrip-
tional regulator (OmpR) that is activated by
phosphorylation on Asp (4). In the yeast
Saccharomyces cerevisiage, both a histidine
kinase sensor and a member of the MAP
kinase group [high osmolarity glycerol re-
sponse 1 (Hogl)] have been implicated in
osmosensing (5, 6).

The exposure of cultured mammalian cells
to anisotonic media causes an increase in the
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phosphorylation of several proteins (7). This
reaction suggests that osmotic shock may
cause the activation of one or more protein
kinases. Consistent with this hypothesis, the
exposure of Chinese hamster ovary (CHO)
cells to hyper-osmolar media caused a marked
increase in Jnk activity, which was detected
in an immune complex protein kinase assay
by the use of a polyclonal anti-Jnk1 antibody.
Activation of Jnk in response to osmotic
shock was also observed in CHO cells trans-
fected with epitope-tagged Jnk1 (Fig. 1A).
The increase in Jnkl activity was observed
within 5 min of exposure of the cells to
hyper-osmolar media (Fig. 1B). Maximal ac-
tivity was observed 15 to 30 min after osmotic
shock, with a progressive decline in Jnkl
activity at later times. The activation of Jnk1
caused by ultraviolet radiation requires the
phosphorylation of Thr'®3 and Tyr'®> (8).
Therefore, we investigated whether these
phosphorylation sites were required for the
activation of Jnkl by osmotic shock. The
replacement of Thr'® (with Ala) and Tyr'8
(with Phe) blocked Jnk1 activation (Fig. 1C).
Together, these data demonstrate that the Jnk
signal transduction pathway (8, 9) is activated
by the exposure of cultured mammalian cells
to hyper-osmolar media.

Comparison of the sequence of human
Jnk1 with the GenBank database revealed
that this enzyme is similar to the Saccharo-
myces cerevisiae protein kinase Hogl (Fig. 2).
Yeast that are defective in Hogl expression
cannot grow after osmotic shock (5). This



inability suggest that Hogl functions as a
component of a signal transduction path-
way that is induced in osmotically shocked
yeast (5). The sequence similarity and the
activation by osmotic shock suggest that
the role of Jnk1 in mammalian cells may be
similar to that of Hogl in yeast. Therefore,
we tested the effect of Jnkl expression in
yeast that lack Hogl (null mutant hogl-
Al). This yeast strain grows well on YEPD
(1% yeast extract, 2% bactopeptone, and
2% dextrose), but fails to grow on a medi-
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Fig. 1. Activation of the Jnk signal transduction
pathway by osmotic shock. (A) Chinese hamster
ovary cells were incubated in Ham'’s F12 medi-
um supplemented with various concentrations of
sorbitol for 1 hour at 37°C. The cells were har-
vested, and Jnk1 protein kinase activity was
measured in an immune complex kinase assay
with the substrate c-Jun (74). (B) The time
course of Jnk1 protein kinase activation was
measured in cells incubated in medium supple-
mented with 300 mM sorbitol (74). (C) Mutation
of Jnk1 at the phosphorylation sites Thr'é® and
Tyr'8 blocked the activation of Jnk1 protein
kinase activity by osmotic shock. The presence
(+) or absence (-) of sorbitol is indicated. CHO
cells were transfected with vector (dash), wild-
type Jnk1 (Thr'83/Tyr'85), and mutated Jnk1
(Ala'8/Phe85). The cells were incubated in me-
dium supplemented without or with 300 mM
sorbitol for 15 min before measurement of Jnk1
protein kinase activity (74).

um of high osmolarity, such as YEPD sup-
plemented with 0.9 M NaCl (5). Both
Hogl and Jnkl complemented the growth
defect of the hogl-Al mutant (Fig. 3). In
contrast, the human Erk2 isoform of mito-
gen-activated protein (MAP) kinase did
not complement hogl-Al (Fig. 3).

The complementation of the hogl-Al mu-
tant by Jnkl indicates that the human Jnkl
protein kinase can substitute for Hogl in
yeast. It is possible that this complementation
is a nonspecific action of Jnk1. However, the
finding that kinase-negative Jnkl did not
complement the defect in Hogl expression
(Fig. 3) demonstrated that Jnk1 kinase activ-
ity was required for growth of the mutant yeast
on hyper-osmolar media. To test whether
Jnk1 activation was required for complemen-
tation, we substituted the sites of phosphoryl-
ation activation of Jnk1 at Thr'®> and Tyr'®
with Ala and Phe, respectively (8). The
phosphorylation-defective Jnkl protein ki-
nase (Thr/Tyr—) failed to complement the
hogl-Al mutant. Further evidence indicating

REPORTS

a role for Jnk1 phosphorylation at Thr'®3 and
Tyr'® was obtained from the finding that the
MAP kinase kinase Pbs2 (5, 10) was required
for the complementation of the hogl-Al mu-
tant (Fig. 4). Together, these data demon-
strate that the human Jnk1 protein kinase can
functionally substitute for Hogl in an osmo-
sensing signal transduction pathway of yeast.
Thus, the activation of Jnkl in mammalian
cells may be a component of the biological
response to osmotic shock (Fig. 1).

The osmotic sensor that activates the
Jnk protein kinase cascade is not known.
Possible mechanisms include the effect of
osmotic shock to stress focal-adhesion
plaques and the cytoskeleton. Alternative-
ly, by analogy with enteric bacteria (4) and
yeast (6), there may be a role for a two-
component pathway. The Jnk protein ki-
nases may regulate the function of trans-
porter proteins for ions and nonpolar sol-
utes. They may also regulate the expression
of cell-surface transporter proteins. Indeed,
an important role for increased gene expres-
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Fig. 2. Similarity of Jnk1 to the yeast protein kinase Hog1. The human Jnk1 protein kinase and the yeast
protein kinase Hog1 were compared with the BESTFIT program (version 7.2; P. Haeberli, Wisconsin
Genetic Computer Group). Gaps introduced to optimize the alignment are illustrated with a dash,
identical residues are shown with a period, and a consensus sequence is presented. The conserved
protein kinase subdomains are shown with roman numerals | to Xl, and the sites of Thr and Tyr
phosphorylation are indicated with asterisks. The sequence of Hog1 that extends beyond the kinase
domain is truncated (>). The identity (41.1%) and similarity (64.2%) were calculated with the BESTFIT
program. The GenBank accession numbers for Jnk1 and Hog1 are L26318 and L06279, respectively
(15).
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Fig. 3. Rescue of osmotically shocked yeast by Jnk1. Yeast lacking the protein kinase Hog1
(hog1-A1) were transformed with an empty expression vector (dash) and spread on agar plates
supplemented without (control) or with 0.9 M NaCl (osmotic stress). Other cultures of yeast were
transformed with the plasmid vector encoding Hog1, Erk2, wild-type Jnk1, a catalytically inactive
Jnk1 (Lys>* and Lys5® substituted with Arg), or Jnk1 mutated at the sites of activating phosphoryl-
ation (Thr'82 and Tyr'8S substituted with Ala and Phe, respectively). Photographs of representative
plates showing the growth of yeast colonies are presented (76).
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Fig. 4. Function of Jnk1 within an osmosensing
signal transduction pathway requires the MAP
kinase kinase Pbs2. Yeast lacking the protein
kinases Hog1 (hog1-A1) and Pbs2 (hog1-41
pbs2-A1) were transformed with expression
vectors and spread on agar plates supplement-
ed without (control) or with (osmotic stress) 0.9
M NaCl. Photographs of representative plates
showing the growth of yeast colonies are pre-
sented (76).

sion in osmotically shocked cells has been
established. Examples include the system A
amino acid transporter (2) and the Na*-
inositol cotransporter (3). Thus, Jnk may
regulate transcription factors that control
the expression of these genes. The tran-
scription factor c-Jun is known to bind to
Jnk and to be phosphorylated at two sites
within the NH,-terminal activation do-
main (8, 9), resulting in increased tran-
scriptional activity (11). Furthermore, os-
motic shock induces the expression of c-Jun
(12) and, in some tissues, c-Fos (13). In-
creased activity of the transcription factor
AP-1 may therefore be relevant to the
osmotic shock response. Indeed, Jnk could
participate in this process by. activating
AP-1 or other transcription factors.
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A MAP Kinase Targeted by Endotoxin and
Hyperosmolarity in Mammalian Cells

J. Han,* J.-D. Lee, L. Bibbs, R. J. Ulevitch*

Mammalian cells respond to endotoxic lipopolysaccharide (LPS) by activation of protein
kinase cascades that lead to new gene expression. A protein kinase, p38, that was tyrosine
phosphorylated in response to LPS, was cloned. The p38 enzyme and the product of the
Saccharomyces cerevisiae HOG1 gene, which are both members of the mitogen-activated
protein (MAP) kinase family, have sequences at and adjacent to critical phosphorylation
sites that distinguish these proteins from most other MAP kinase family members. Both
HOG1 and p38 are tyrosine phosphorylated after extracellular changes in osmolarity.
These findings link a signaling pathway in mammalian cells with a pathway in yeast that

is responsive to physiological stress.

Few extracellular stimuli elicit systemic
responses in mammals that are as immedi-
ate and profound as those resulting from
exposure to LPSs of Gram-negative bacte-
ria. LPSs are endotoxins. They are proto-
typical activators of cells of the immune
and inflammatory systems and initiate the
systemic changes known as septic shock
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(1). Cells of monocytic origin [monocytes
and macrophages (MOs)] respond to LPS
by releasing mediators that produce septic
shock (2). CD14, a glycosylphosphatidyl-
inositol-anchored membrane glycoprotein
of MOs, serves as an LPS receptor control-
ling cell activation under physiological con-
ditions (3, 4).

Binding of LPS to CD14 causes rapid
protein tyrosine phosphorylation of a num-
ber of intracellular proteins that in some,
but not all, LPS-responsive cells include
the 44- and 42- or 40-kD isoforms of the
mitogen-activated protein kinases (MAPK1
and MAPK2, respectively) (5, 6). LPS also





