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Protection Against Osmotic Stress by
cGMP-Mediated Myosin Phosphorylation

Hidekazu Kuwayama, Maria Ecke, Glnther Gerisch,
Peter J. M. Van Haastert*

Conventional myosin functions universally as a generator of motive force in eukaryotic
cells. Analysis of mutants of the microorganism Dictyostelium discoideum revealed that
myosin also provides resistance against high external osmolarities. An osmo-induced
increase of intracellular guanosine 3',5'-monophosphate was shown to mediate phos-
phorylation of three threonine residues on the myosin tail, which caused a relocalization
of myosin required to resist osmotic stress. This redistribution of myosin allowed cells to
adopt a spherical shape and may provide physical strength to withstand extensive cell

shrinkage in high osmolarities.

Cells exposed to osmotic stress can avoid
dehydrative collapse either by using a cell
wall (1) or by increasing the intracellular
osmotic potential by synthesis of small mol-
ecules like glycerol, uptake of ions, or dis-
charge of water (2). Actin and some of its
binding proteins are required to resist high
osmotic stress in yeast (3). The other major
component of the cytoskeleton, myosin II
or conventional myosin, exerts motive force
by interacting with actin filaments (4). Dic-
tyostelium discoideum is a microorganism
with a small haploid genome from which
mutants altered in cytoskeletal proteins
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have been isolated (5-7). Studies of mu-
tants lacking myosin II heavy chain (mhc™)
reveal that this form of myosin is essential
for cytokinesis, capping of cell surface lectin
receptors, and normal cell motility and che-
motaxis (5, 8, 9). Here we have used D.
discoideum to investigate the role of myosin
Il in protecting amoeboid cells from high
osmotic pressure.

Wild-type XP55 cells resisted an osmotic
shock of 300 mM glucose for ~30 min; 50%
of the cells died after a shock of about 60 min
(Fig. 1A). In contrast, mhc™ cells were very
sensitive to osmotic stress with a 50% reduc-
tion of cell viability after 5 to 10 min (Fig.
1A). Cells of the mhc™ mutant that had been
transfected with complementary DNA
(cDNA) encoding normal myosin II heavy
chains (mhc**) showed a viability comparable

to that of the wild-type XP55 (Fig. 1A).
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Myosin II filaments bind to actin fila-
ments more effectively than myosin mono-
mers (10, 11). Phosphorylation of myosin II
at three threonine residues of its tail region
inhibits filament formation (10, 12) and
thus weakens the interaction with actin
filaments. Mutant mhc®*# produces a my-
osin II heavy chain in which the phospho-
rylatable threonines are replaced by alanine
residues. As a consequence of this muta-
tion, myosin I exists predominantly in the
filamentous state, and the assembly and
disassembly rate are probably strongly re-
duced (9, 10). These mhcA?4 cells showed
the same sensitivity to high concentrations
of glucose as mhc™ cells (Fig. 1A), which
suggests that phosphorylation of myosin II
at its tail was required to protect cells
against osmotic stress (13).

Guanosine 3',5'-monophosphate (cGMP)
acts as a universal second messenger in eu-
karyotic cells (14). In D. discoideum, cGMP
levels increase upon stimulation with the che-
moattractant adenosine 3’,5’-monophosphate
(cAMP) (15). Intracellular cGMP regulates
the assembly and disassembly of myosin fila-
ments by inducing the phosphorylation of the
threonine residues (16). Osmotic stress also
activates guanylyl cyclase in wild-type D. dis-
coideum cells; the cGMP concentration in-
creased after 1 min and reached a peak at ~10
min after the onset of stimulation (17) (Fig.
1B). A transient accumulation of cGMP lev-
els upon addition of 300 mM glucose was also
observed in wild-type XP55 and in the mhc™t,
mhe™, and mhe®4 strains (Fig. 1B). No in-
crease of cGMP levels was found in the
nonchemotactic mutant KI-8 in which gua-
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Fig. 1. Time course of (A) sur-
vival, (B) cGMP accumulation, A 150, o WT Bs; C 00
and (C) myosin Il heavy chain o KI-8 9
(MHC) phosphorylation in the ) ‘g’
presence of 300 mM glucose  _ 100- 8404 5
for wild-type XP55 and mutants & S >
KI-8, mhc™, mhc™, andmhc* g s £ 1001
of D. discoideumn (30). Survival & 3 2
and myosin Il phosphorylation @ | © 5 s
are presented as percent of un- 'g Q
stimulated cells. Results in (C) a =
are the means + SD of three oL, . .
independent experiments with 0 0 Wﬁ———HHo—ﬂ—o 0 60 120
triplicate determinations. 0 30 60 120
Time (min)
Survival (%) 0 min 10 min 30 min

A (30 min after osmotic shock)

B MHC phosphorylation (%)
(30 min after osmotic shock)
0 100 200

Fig. 2. Restoration of (A) survival and (B) MHC
phosphorylation by the cell-permeable cGMP
analog 8Br-cGMP (37). Survival and myosin I
phosphorylation are presented as percent of un-
stimulated cells. Solid bar, control; stippled bar,
8Br-cGMP. Statistical analysis: Asterisk indi-
cates P < 0.01, which is significantly lower than
in wild-type (WT) cells; double asterisk indicates
P < 0.05, which is significantly higher than with-
out 8Br-cGMP. Results are the means *= SD of
three independent experiments with triplicate
determinations.

nylyl cyclase activity is strongly reduced (18).
To investigate the role of cGMP in osmoreg-
ulation, we tested the survival of this mutant
under conditions of osmotic stress. Mutant
KI-8 cells proved to be very sensitive to os-
motic stress; survival of these cells was re-
duced by an amount similar to that seen in
mhc™ mutants (Fig. 1A). Moreover, 300 mM
glucose induced the transient phosphoryla-
tion of myosin II in wild-type XP55 cells,
which was already detectable after 2 min,
whereas mutant KI-8 showed no response
(Fig. 1C). A cell-permeable cGMP analog,
8-bromoguanosine ~ 3’,5'-monophosphate
(8Br-cGMP), was added to these mutants
in combination with 300 mM glucose.
Whereas the survival of XP55, mhc*t, mhc ™,
and mhc®A4 was not influenced by 1 mM
8Br-cGMP, the analog restored the survival
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Fig. 3. Cell shape and localization of myosin Il (red) and actin filaments (green) in XP55 cells before and
after an osmotic shock with 300 mM glucose (32). A confocal section was made through the center of the
cell; areas where myosin Il and actin filaments colocalized are yellow. Bar, 5 um.

of mutant KI-8 (Fig. 2A). Half-maximal
restoration was induced by ~100 mM 8Br-
c¢GMP and was specific for this cell-perme-
able cGMP analog (19). In addition, 8Br-
c¢GMP in the presence of glucose induced
myosin Il phosphorylation in KI-8 cells
(Fig. 2B). Thus, a cell-permeable cGMP
analog restored osmosensitivity in the gua-
nylyl cyclase mutant but not in the myosin
mutants.

The distribution of the cytoskeletal pro-
teins actin and myosin was analyzed by con-
focal fluorescence microscopy with labeled
phalloidin to stain actin filaments and
monoclonal antibodies to label myosin II
(Fig. 3). Control cells were highly motile and
elongated with many pseudopodial exten-
sions. Actin filaments were localized primar-
ily in the extending pseudopodia (20),
whereas myosin I was found throughout the
cytoplasm and enriched in pseudopodia. At
10 min after the osmotic shock with 300 mM
glucose, cells shrank by ~50% (21), assum-
ing a rigid state in which a more spherical
core region was surrounded by flattened ex-
tensions. Filamental actin remained in the
extensions. Myosin Il moved within 10 min
toward the cortex of the core; dual labeling
revealed that myosin II was localized primar-
ily in a layer beneath the actin-rich cortex.

Thus, we propose the following model:
Osmotic stress induces the activation of gua-
nylyl cyclase. The main function of the pro-
duced cGMP is to mediate myosin II phos-
phorylation at three threonine residues on its
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tail, which enhances the disassembly of my-
osin Il filaments and thereby recruits myosin
for deposition below a peripheral layer of
actin filaments. Dictyostelium discoideum cells
respond chemotactically to cAMP. Guanylyl
cyclase and myosin II phosphorylation are
essential for both osmo- and chemosensory
transduction. Activation of guanylyl cyclase
by these signals must use different mecha-
nisms because chemotactic signal transduc-
tion is ablated in mutants lacking the het-
erotrimeric guanosine triphosphate binding
protein (G protein) subunits Ga2 (22) or
GB (23), which show a normal response to
osmotic stress (24). In yeast, osmosensing is
mediated by a two-component system com-
posed of a histidine kinase and its receiver
domain (25). In the yeast system, the sensor
mediates osmoregulation through the pro-
duction of glycerol. Recently, a gene encod-
ing a putative histidine kinase has been iden-
tified in D. discoideum; interestingly, a mu-
tant with a disruption of this gene is sensitive
to high osmolarities (26). Possibly, this two-
component system is a common constituent
of the osmosensory pathways, including the
one that controls the actin and myosin sys-
tem shown here.

REFERENCES AND NOTES

1. H.E. Streetand H. Opik, The Physiology of Flowering
Plants (Arnold, London, ed. 3, 1984).

2. W. H. Mager and J. C. S. Varela, Mol. Microbiol. 10,
253 (1993); M. C. Gustin, X.-L. Zhou, B. Martinac, C.



16.

17.
18.

19.

20.
21.

22,
23.

24,

25.

26.

27.

28.
29.

30.

Kung, Science 242, 762 (1988); M. J. Chrispeels and
P. Agre, Trends Biochem. Sci. 19, 421 (1994).

. P. Novick and D. Botstein, Cell 40, 415 (1985); S.

Chowdhury, K. W. Smith, M. C. Gustin, J. Cell Biol.
118, 561 (1992).

. J. A. Spudich, Cell Regul. 1, 1 (1989).
. A. De Lozanne and J. A. Spudich, Science 238,

1086 (1987); D. J. Manstein, M. A. Titus, A. De Loz-
anne, J. A. Spudich, EMBO J. 8, 923 (1989).

. W. Witke, M. Schleicher, A. A. Noegel, Cell 68, 53

(1992); D. Cox et al., J. Cell Biol. 116, 943 (1992).

. E. L. De Hostos et al., J. Cell Biol. 120, 163 (1993).
. C. Pasternak, J. A. Spudich, E. L. Elson, Nature 341,

549 (1989).

. G. Gerisch et al., Soc. Exp. Biol. 297 (1993).
. T. Truong, Q. G. Medley, G. P. Coté, J. Biol. Chem.

267, 9767 (1992).

. D. Luck-Vielmetter, M. Schleicher, B. Grabatin, J.

Wippler, G. Gerisch, FEBS Lett. 269, 239 (1990).

. C. Pasternak, P. F. Flicker, S, Ravid, J. A. Spudich, J.

Cell Biol. 109, 203 (1989); T. T. Egelhoff, R. J. Lee, J.
A. Spudich, Cell 75, 363 (1993).

. .mhc~ cells grown in axenic conditions are larger

than wild-type cells. However, this increased size
was not the reason for their sensitivity to osmotic
damage, because mhc™ cells grown on bacteria or
the mhc™ mutant cells were similar in size to wild-
type AX2 cells (21), but both were still osmosensitive.

. P. M. W. Janssens and P. J. M. Van Haastert, Mi-

crobiol. Rev 51, 396 (1987).

. J. M. Mato, F. A. Krens, P. J. M. Van Haastert, T. M.

Konijn, Proc. Natl. Acad. Sci. U.S.A. 74, 2348
(1977).

G. Liu, H. Kuwayama, S. Ishida, P. C. Newell, J. Cell
Sci. 106, 591 (1993).

M. Oyama, unpublished observation.

H. Kuwayama, S. Ishida, P. J. M. Van Haastert, J.
Cell Biol. 123, 1453 (1993).

The more polar cGMP and S,-cGMPS (guanosine
3’,5’-monophosphorothioate, S,-isomer) and the
corresponding cAMP analogs had no significant ef-
fect at a concentration of 1 mM.

S. Yumura and Y. Fukui, Nature 314, 194 (1985).
The volume of AX2 and mhc”* cells was measured
with a Haematokrit and was identical within the sta-
tistical error of 10%. An osmotic shock of 0.3 M
glucose induced a reduction in volume of 46 + 3%
and 52 + 2% in AX2 and mhc™M cells, respectively.
A. Kumagai et al., Cell 57, 265 (1989).

L. Wu, R. Valkema, P. J. M. Van Haastert, P. N.
Devreotes, J. Cell Biol. 129, 1667 (1995).

H. Kuwayama and P. J. M. Van Haastert, unpub-
lished observation.

T. Maeda, S. M. Wurgler-Murphy, H. Saito, Nature
369, 242 (1994); T. Maeda, M. Takekawa, H. Saito,
Science 269, 554 (1995).

S. C. Schuster, A. Noegel, G. Gerisch, M. I. Simon,
unpublished observation.

P. J. M. Van Haastert and P. R. Van Der Heijden, J.
Cell Biol. 96, 347 (1983).

A. Jungbluth et al., J. Cell Sci. 107, 117 (1994).

K. Pagh and G. Gerisch, J. Cell Biol. 103, 1527
(1986).

The following cell lines were used: Mutant KI-8 has
reduced guanylyl cyclase activity and is derived from
wild-type strain XP55 (18); the myosin Il null mutant
mhc~ (strain HS2205); transformant mhc*t in which
wild-type myosin Il is expressed in mhc~ cells (strain
HG1554); and transformant mhc”* expressing in
mhc~ cells a mutant myosin Il with the three threo-
nine phosphorylation sites mutated to alanine resi-
dues (strain HG1555) (9). Cells were cultivated in
tissue culture plate in HL5 defined medium (mhc—,
mhe¥t, mhe™A, and AX2) (7) or on 1/3 SM agar
plates [0.3% glucose, 0.3% peptone, 1.5% agar,
and 40 mM KH,PO,-Na,HPO,, (pH 6. 0)] with Esch-
erichia coli B/r (KI-8 and XP55). The cells were re-
moved from the plates with phosphate buffer [10
mM K,HPO,-NaH,PO,, (pH 6. 5) (Fig. 1, Aand B)] or
MES buffer [20 mM MES, 2 mM MgSO,, 0. 2 mM
CaCl, (pH 6.15) (Fig. 1C)]. Cells were shaken in these
buffers at a density of 107 cells per milliliter for 1 hour,
washed three times, and resuspended in the respec-
tive buffers at 107 cells per milliliter (Fig. 1A) or 108
cells per milliliter (Fig. 1, B and C), and then stimulat-
ed with 300 mM glucose. Survival was measured by

1000-fold dilution of cells at the time indicated, fol-
lowed by plating 200 cells on a 1/3 SM plate with E.
coli and counting colonies several days later. Intra-
cellular accumulation of cGMP was measured by
isotope dilution assay (27). Phosphorylation of myo-
sin Il heavy chain was determined by labeling cells
with 32P, lysis of the cells at the time indicated, fol-
lowed by immunoprecipitation of myosin with mono-
clonal antibody JIG-3 to myosin Il as described (75).

31. In (A), cells were incubated with 300 mM glucose
for 30 min in the absence or presence of 1 mM
8Br-cGMP. The survival of XP55, KI-8, mhc*t,
mhc—, and mhc™ cells was determined as de-
scribed in Fig. 1. In (B), phosphorylation of myosin
Il heavy chain was induced in XP55 and KI-8 cells
upon incubation with 300 mM glucose with or with-
out 1 mM 8Br-cGMP.

32. Cells were starved for 1 hour in phosphate buffer, incu-
bated in the presence of 300 mM glucose for 10 min
and 30 min, and fixed with 156% picric acid and 2%

formaldehyde in 10 mM Pipes-HCl (pH 6.0) (28). The
fixed cells were incubated simultaneously with fluores-
cein isothiocyanate—conjugated phalloidin to stain actin
filaments and with monoclonal antibody 396 to myosin Il
[which recognizes both myosin Il monomers and fila-
ments (29)] plus tetramethyl rhodamine isothiocyanate—
conjugated goat antibody to mouse immunoglobulin G.
Confocal sections of cells were taken with a 40X Plan-
Neofluar objective on a Zeiss LSM 410 fluorescence
laser-scanning microscope; the images were color-la-
beled to red (myosin Il) and green (actin).

33. We thank P. C. Newell for monoclonal antibody
JIG-3 and M. Oyama for useful comments. The
mhcA transformant was produced by D. Vielmet-
ter in collaboration with J. A. Spudich, and KI-8
was isolated by H.K. in collaboration with S. Ishida.
Supported in part by grant SFB266/D7 of the Deut-
sche Forschungsgemeinschaft.

11 August 1995; accepted 10 November 1995

Regulation of PHO4 Nuclear Localization by the
PHO80-PHO85 Cyclin-CDK Complex

Elizabeth M. O’Neill, Arie Kaffman, Emmitt R. Jolly,
Erin K. O’Shea*

PHO4, a transcription factor required for induction of the PHO5 gene in response to
phosphate starvation, is phosphorylated by the PHO80-PHO85 cyclin-CDK (cyclin-de-
pendent kinase) complex when yeast are grown in phosphate-rich medium. PHO4 was
shown to be concentrated in the nucleus when yeast were starved for phosphate and was
predominantly cytoplasmic when yeast were grown in phosphate-rich medium. The sites
of phosphorylation on PHO4 were identified, and phosphorylation was shown to be
required for full repression of PHO5 transcription when yeast were grown in high phos-
phate. Thus, phosphorylation of PHO4 by PHO80-PHOB85 turns off PHOS5 transcription by

regulating the nuclear localization of PHOA4.

The transcription of PHOS, which encodes a
secreted acid phosphatase, is tightly repressed
when Saccharomyces cerevisiae are grown in
phosphate-rich medium, and its induction is
more than 100-fold increased when yeast are
starved for phosphate (1). Transcriptional in-
duction of PHOS requires the transcription
factor PHO4, and correlative evidence sug-
gests that PHO4 activity is negatively regulat-
ed by phosphorylation (2). When yeast are
grown in phosphate-rich medium, the
PHO80-PHOS8S cyclin-CDK  (cyclin-depen-
dent kinase) complex phosphorylates PHO4
(2) and transcription of PHOS is repressed.
When yeast are starved for phosphate, the
kinase activity of the PHO80-PHO85 com-
plex is down-regulated by the CDK inhibitor
PHOB81 (3). This reduced activity results in
the appearance of an underphosphorylated
form of PHO4 (2) that, in combination with
a second transcription factor, PHO2, binds to
the PHOS5 promoter and activates PHOS5
transcription (4).

We wished to determine how changes in
phosphate availability affect PHO4 func-
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tion. Phosphate starvation does not have a
large effect on PHO4 stability; no difference
in the amount of PHO4 is observed between
yeast grown in low versus high phosphate
medium (2). Because PHO4 occupies binding
sites in the PHOS promoter in vivo under
inducing, but not repressing, conditions (5),
the phosphate signal is likely to affect PHO4
function at the level of DNA binding or some
prior step, such as nuclear localization. Pre-
liminary data suggest that phosphorylated and
unphosphorylated PHO4 have a similar affin-
ity for DNA (6).

We therefore examined the subcellular
localization of PHO4 in wild-type cells
grown in low or high phosphate medium.
PHO#4 is concentrated in the nucleus when
yeast are starved for phosphate and is largely
cytoplasmic when yeast are grown in phos-
phate-rich medium (Fig. 1, A to D). In
pho80A and pho85A strains, in which PHO4
is not phosphorylated (2) and which express
PHOS constitutively (1), PHO4 was con-
centrated in the nucleus, even when the
strains were grown in phosphate-rich medi-
um (6). In contrast, PHO4 was predomi-
nantly cytoplasmic in a pho81A strain grown
in high or low phosphate conditions (6). In
this strain, PHO4 is phosphorylated even
when yeast are starved for phosphate (2),
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