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Abstract We deleted the PBS2 gene encoding the MAP kinase
activator of the osmosignaling HOG pathway in Saccharomyces
cerevisiee and examined the effects on the kinetics of the
osmoregulatory glycerol response and protein induction during
adaptation to 0.7 M NaCl. Changes in protein expression as
analyzed by two-dimensional polyacrylamide gel electrophoresis
(2D PAGE) demonstrated that for the 29 proteins showing a 6-
fold induction in wild-type cells during adaptation to NaCl stress,
all displayed a decreased and delayed response in pbs2A cells. Of
the seven proteins that were identified, two were previously not
known to be under HOG pathway control: Ald6p, an isoform of
aldehyde dehydrogenase and Daklp, a putative dihydroxyace-
tone kinase. The presence of a remaining significant induction in
pbs2A cells for about half of the examined proteins indicates
existence of alternative osmosignaling pathway(s). Northern
analysis of the salt induced transcription of GPDI and GPP2,
encoding the cytosolic glycerol-3-phosphate dehydrogenase and
glycerol-3-phosphatase involved in the osmostress induced
glycerol production, demonstrated an about 20-fold PBS2-
dependent transient activation, in agreement with the previously
reported transient nature of the signal transduced by the HOG
pathway.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Water availability is of fundamental importance for all liv-
ing organisms. Changes in the water activity call for rapid
cellular adaptation for survival and growth. Hypertonic stress
results in outflow of water from the cell resulting in desicca-
tion. To counteract such dehydration, production and accu-
mulation of osmolytes are induced, leading to readjustment of
cell volume and turgor pressure [1]. In Saccharomyces cerevi-
siae, the main osmolyte is glycerol and enhancement of glyc-
erol synthesis is a key event in the osmoregulatory response.
This response is controlled by the osmosensing and signaling
HOG (high osmolarity glycerol) pathway that transmits a sig-
nal via a MAP (mitogen activated protein) kinase module to
target genes important for the osmostress response [2,3]. Two
putative osmosensors are involved in sensing osmolarity
changes in the surroundings [4,5]. One of these, Slnlp, forms
together with Ypdlp [6] and the response regulator homolog
Ssklp [4] a sensor complex with similarity to bacterial ‘two-
component’ signal transducers, which negatively regulates the
HOG pathway. An alternative input originates from the
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SHO! encoded osomosensor which by an unknown mecha-
nism activates the MAP kinase activator Pbs2p [5]. Exposure
of cells to increased external osmolarity induces a rapid acti-
vation of the HOG pathway [2] which results in enhanced
glycerol production via increased transcription of GPDI
[7,8] and GPP2/HOR2 [9,10] encoding isoenzymes for
NAD™-dependent  sn-glycerol-3-phosphate  dehydrogenase
and pr-glycerol-3-phosphatase, respectively. Other genes that
are activated by high osmolarity via the HOG pathway are
the CTTI gene, encoding catalase T that is important for
survival after severe osmotic stress [11], and HSPI2 gene
[12] encoding a heat shock protein with an unknown function.
However, not all genes that are upregulated by hyperosmotic
stress are under the control of the HOG pathway, examples
being the DDR48 [13] and HOR7 [10] genes that encode pro-
teins with unknown functions.

To obtain a global view of how osmotic stress affects pro-
tein expression in S. cerevisiae, two-dimensional gel electro-
phoresis (2D PAGE) of whole cell extracts has proved useful
[14]. Cells shifted to 0.7 M NaCl revealed a transient change
in the protein expression pattern of up to 150 different pro-
teins. Of this impressive number of protein responders, 18
proteins displayed 8-fold increase in their relative rate of syn-
thesis. Three of these proteins were tentatively identified as
Gpdlp, Hspl04p and Cttlp. Proteins in the glycolytic path-
way were, on the other hand, slightly repressed in cells ex-
posed to saline media. Steady state growing cells adapted to
saline conditions did not display the same amount of dramatic
changes in the protein expression pattern; only 13 proteins
showed a change that was equal to or larger than 2-fold
[15]. These observations clearly indicate that the transition
physiology is different and far more dynamic than that of
fully adapted cells.

In the present work we report on osmoregulatory defects
and the protein expression pattern of a pbs2A mutant during
adaptation to saline conditions. It is demonstrated that inhib-
ition of osmosignaling at the Pbs2p level affects the rate of
synthesis of a large number of proteins.

2. Material and methods

2.1. Strains, media and growth conditions

S. cerevisiae strain U451 (MAT a, ade2, can-100°, leu2, trpi®, ura3),
a w303-1A derivative, kindly provided by Dr Hans Ronne, and the
pbs2A:: LEU2 mutant derived from this strain, were maintained on
YPD agar (1% yeast extract, 2% peptone, 2% glucose, 2% agar) sup-
plemented with adenine (120 mg/l). Strains were routinely grown ei-
ther in YPD or YNB (Yeast Nitrogen Base w/o amino acids) (Difco)
with glucose (2%) supplemented with appropriate amino acids and
nucleotides in standard amounts [16] and buffered to pH 5.9 with
10 g succinate and 6 g NaOH per 1. The osmosensitivity was assessed
in media supplemented with NaCl, KCl or sorbitol. Solid media con-
tained 2% agar in addition to other ingredients. Liquid cultures were
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incubated on a rotatory shaker (110 rpm) at 28°C. Growth was moni-
tored by determining the optical density at 610 nm in 1 cm cuvettes.

The osmosensitive osg2-2 mutant was isolated as previously de-
scribed [8,17]. The osmotolerance of the osg2-2 strain and the
pbs2A::LEU2 mutant was examined by following growth in 2.8 1
Fernbach flasks containing 500 ml YNB medium supplemented with
0 M or 0.7 M NaCl. The flasks were inoculated to ODg10=0.05 from
precultures of 20 ml YNB medium grown for 2 days.

E. coli strains DH5a and TGl [18,19] were used as bacterial hosts
for plasmids and were grown at 37°C in LB medium, supplemented
with ampicillin when needed.

2.2. Genetic techniques

Plasmid DNA was isolated from E. coli by either using the alkaline
lysis method [20] or the Wizard mini prep system (Promega, USA).
Other recombinant DNA techniques were carried out according to a
conventional laboratory manual [19,20]. Transformation of yeast cells
was performed using the lithium acetate method [21].

A S. cerevisiae genomic library cloned into YCp 50 plasmid [22],
was used to isolate fragments complementing the osg2-2 defect. Trans-
formants were selected on YNB plates lacking uracil and tested for
complementation of the salt-sensitive phenotype on plates containing
1.4 M NaCl. Plasmid DNA from positive clones was isolated, ampli-
fied in E. coli and used to retransform the osg2-2 mutant cells to
confirm complementation. The fragments were restriction mapped
and subcloned into the shuttle vector pRS316 [23] to localize the
complementing gene.

Part of the complementing gene was sequenced directly from the
pRS316 vector. The sequence was determined by the Sequenase kit,
Version 2.0 (US Biochemicals) based on the dideoxy chain termina-
tion method.

The sequence obtained was searched against the EMBL database
using the GCG sequence analysis software package. To construct a
deletion mutant of the PBS2 gene, the BamHI-Sacl fragment contain-
ing the PBS2 gene was cloned into modified pBluescript (Stratagene,
USA) where the EcoRV-Smal sites were removed. An internal part of
the gene was deleted by cutting with the Spel-EcoRV, which removes
1978 nucleotides from the coding sequence, and this segment was
replaced with a Nhel-Smal fragment containing the LEU2 gene
from plasmid YDp-L [24]. The plasmid was linearized with Apal-
Sacl and transformed into the wild-type strain U451 and plated on
YNB-agar lacking leucine. Obtained transformants were tested for
salt sensitivity by replica plating onto YNB plates containing 1.4 M
NaCl. The deletion was confirmed by Southern hybridisation. Total
yeast DNA was cut with Clal and transferred to a nylon membrane
filter (Boehringer Mannheim) from a 0.7% (w/v) agarose gel. A 3.2 kb
long Dral-Sacl fragment of the PBS2 gene was used as a probe. The
filter was incubated with DIG (Boehringer Mannheim, Germany) la-
beled DNA probe overnight to allow hybridisation and the hybrid-
isation was subsequently visualised with the Luminogen AMPPD de-
tection kit (Boehringer Mannheim, Germany).

2.3. Preparation of cell-free extracts for enzyme activity determination

Cells grown to the density of ODg14=1.0 in 500 ml YNB medium in
Fernbach flasks with or without 0.35 M NaCl were pelleted, washed
with TRED (10 mM triethanolamine, | mM EDTA, 1 mM dithio-
threitol, pH 7.5) buffer and disrupted with glass beads as previously
described [25]. The obtained protein extract was desalted by passage
through a Sephadex G-25 column (PD-10, Pharmacia, Sweden). Pro-
tein concentration was determined using the Coomassie dye binding
technique (Bio-Rad, USA)

2.4. Enzyme assays and glycerol analysis

The specific activity of NADT-dependent glycerol-3-phosphate de-
hydrogenase was determined in crude cell extracts according to the
method of André et al. [25]. The glycerol-3-phosphatase was assayed
as previously described [8] using the methods of Sussman and Avron
[26].

For measurements of glycerol production during osmotic stress, the
cells were grown to mid-log phase in YNB medium followed by mix-
ing with an equal amount of fresh medium to give the NaCl concen-
trations of 0 or 0.7 M. Samples were taken at immediately after and 1,
2, 4 and 6 h after the shift. The total and intracellular levels of
glycerol were determined as described [27] using a commercial glycerol
analysis kit (Boehringer Mannheim, Germany).
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2.5. Radiolabeling of protein for two-dimensional gel electrophoresis
(2D PAGE)

Cells were grown to ODgp=0.8 in 2.8 | Fernbach flasks containing
500 ml YNB medium and subjected to osmotic stress by the addition
of 200 ml YNB medium containing NaCl to give a final concentration
of 0.7 M NaCl. Cell samples of 5 ml were withdrawn immediately
before addition of salt and at 7=20, 40, 120 and 240 min after shift to
0.7 M NaCl. The samples were transferred to Falcon tubes and la-
beled with 75 pCi of [**Smethionine (15 pCi/ul, 1270 Ci/mmol, Amer-
sham Corp., USA) by incubation at 30°C in a roller drum (35 rpm)
for 20 min. Incorporation was terminated by the addition of 150 pl
cycloheximide (14 mg/ml). After incubation, the cells were pelleted by
centrifugation and frozen in liquid nitrogen.

2.6. Sample preparation for 2D-PAGE

For preparation of protein extracts the frozen cell pellets were re-
suspended in 100 pl of sample buffer containing 0.3% (w/v) sodium
dodecyl sulfate (SDS; Bio-Rad, USA), 5% (v/v) B-mercaptoethanol
(Bio-Rad, USA), and 50 mM Tris (Sigma, USA) buffer, pH 8.0. Dis-
ruption of the cells was achieved by addition of 0.1 g of acid washed
glass beads (diameter 0.5 mm) followed by alternate vortexing four
times for 30 s, with intermittent cooling on ice for at least 1 min. The
disrupted cell samples were heated at 98°C for 5 min and placed on
ice. The samples were then treated with 20 ul of RNAse A (0.25 mg/
ml) and DNase I (1 mg/ml) in 0.5 M Tris and 50 mM MgCl,, pH 7.0
for 10 min at 0°C. Glass beads and cell debris were pelleted by cen-
trifugation (15000Xg, 10 min). The protein concentration of the
supernatant was determined using a protein assay kit (Sigma-diagnos-
tics, USA, Cat. P5656) which is based on a modified procedure of
Lowry. Incorporated radioactivity was determined by counting in a
scintillator as described [14].

2.7. 2D-PAGE

The 1st dimension was run using immobilin strips as described by
Norbeck and Blomberg [28]. The strips were rehydrated overnight in
rehydration solution (8 M urea, 1% Nonidet P-40, 1% Pharmalyte 3-
10A, 10 mM dithiothreitol (DTT) and 0.001% bromphenol blue). A
total amount of 20 pg protein was loaded onto each strip and the
proteins were focused overnight at 3500 V, 1 mA. The gel strips were
soaked in 1D gel equilibration buffer (36.6 g/l Tris base, 11.9 g/l Tris-
HCl, 3% SDS, 10 mM DTT and bromphenol blue) and covered with
agarose (0.5% w/v) in 25% Tris slab gel buffer (130.8 g/l Tris base,
66.3 g/l Tris-HCI). The strips were mounted on 12.5% 2D gels and run
for 4-5 h at maximum 1600 W/gel. The gels were then dried and
exposed to Phosphoimager plates (Molecular Dynamics, USA) for
3-4 days. Images were transferred to a Sparc 1 system (SUN Micro-
systems, USA) and processed by the 2D software PDQuest (PDI,
USA). Gels were quantitatively analyzed by normalizing to the total
dpm count of all resolved proteins in a gel and expressed as ppm.
Statistical analysis was performed utilizing functions within the
PDQuest software. Proteins displaying significant changes in quan-
tity between samples were selected by a Student ¢-test on log trans-
formed values. Each analysis involved at least two independent experi-
ments.

2.8. Northern blotting

For isolation of RNA cells were grown in YNB medium to the
0Dy;1p=0.8-1.0 and an equal amount of NaCl containing YNB me-
dium was added to give a final salt concentration of 0.7 M NaCl.
Samples of 10 ml were taken immediately before addition of salt and
then at 7=20, 40, 60 and 120 min after the salinity shift. RNA was
isolated by using standard procedures and subjected to gel electro-
phoresis, blotted to nylon filter and hybridized as previously described
[29].

The sequences of the oligonucleotides used for probing were 5'-
TGTACTATTGGAGCGAAAACTTCT-3' for GPDI, 5'-CTTGC-
TCATTGATCGGATATCCTAA-3’ for the GPP2 probe and 5'-
AATCGATTCTCAAAATGGCGTGAGG-3' for the ACTI probe,
kindly provided by Ines Eberhardt (K.U. Leuven, Belgium).

All oligonucleotides were end-labeled with [y-3P]dATP, using 5 U
polynucleotide kinase (Gibco BRL, Life Technology, USA). The fil-
ters were developed and analysed on a Phosphoimager (Molecular
Dynamics, USA).
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3. Results

3.1. Phenotype of the osg2-2 mutant and cloning of a gene
complementing the 0sg2-2 mutation

In search for genes involved in the osmoregulatory glycerol
response of S. cerevisiae we isolated a set of osg mutants
falling into four complementation groups as described by
Larsson et al. [8]. One of the mutants, the osg2-2 mutant,
displayed osmosensitivity on high osmolarity media adjusted
with NaCl, sorbitol or KCl and defective induction of the
NAD™-dependent glycerol 3-phosphate dehydrogenase activ-
ity and glycerol production in response to hyperosmotic stress
(data not shown). A DNA fragment, cloned in the YCp50
vector [22], complementing the osmosensitivity defect was iso-
lated and further subcloned into the low copy number plasmid
pRS316 [23]. The complementing subclone was partially se-
quenced and search in the databases revealed identity with the
previously isolated PBS2 gene [30]. Since PBS2 is demon-
strated to encode a MAP kinase activator involved in the
osmosignaling HOG pathway [2], we decided to characterize
more broadly its role in the cellular response to hyperosmotic
stress.
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3.2. Phenotype of the pbs2 deletion mutant

A deletion of the PBS2 gene was constructed as described
in Section 2. The deletion was confirmed by Southern analysis
and the osmosensitive phenotype was assessed by culturing
cells on media adjusted to high osmolarity with various sol-
utes (data not shown). Growth curves revealed that the pbs2A
mutant was still able to grow in moderate salinities, although
more slowly with a generation time of about 8 h compared to
3 h for the wild-type cells during the exponential phase in
YNB supplemented with 0.7 M NaCl. The mutant also dis-
played the characteristic aberrant cell morphology shown by
pbs2A mutants at high osmolarity [31]. The osmoregulatory
glycerol response was impaired in the mutant which shows a
lower and more slowly induced total glycerol production than
in wild-type cells on transfer to medium containing 0.7 M
NaCl (Fig. 1A,B). The intracellular accumulation of glycerol
only reach levels that are 20-40% of those of the wild-type
(Fig. 1C) even after prolonged incubation, in agreement with
the observation by Brewster et al. [2] where the intracellular
levels were measured after incubation of cells at high salinity
for 1 h. The defective osmoregulatory glycerol response by the
mutant was reflected in lower basal activities as well as de-
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Fig. 1. Total glycerol produced by wild-type (A) and pbs2A mutant (B) cells following transfer to YNB medium containing 0.7 M NaCl. Cells
were grown to mid-log phase in YNB medium and an equal volume of fresh medium containing no salt or NaCl to give a final concentration
of 0.7 M was added. Values are the mean of two independent experiments. (O) Cells transferred to 0 M NaCl; (@) cells transferred to 0.7 M
NaCl. (C) Intracellular glycerol levels of wild-type (open bars) or pbs2 (shaded bars) cells after transfer to medium containing 0.7 M NaCl.
The intracellular glycerol levels were determined from two independent experiments.
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Fig. 2. 2D PAGE analysis of [**S]methionine-labeled proteins of wild-type (upper panels) and pbs2A cells (lower panels) growing exponentially
in basal YNB medium (left panels) and 20-40 min after transfer to YNB medium containing 0.7 M NaCl (right panels). The arrows mark the
position of proteins that are 6-fold induced by high salinity in wild-type cells and show defective induction in the pbs2A mutant. Circles mark
the positions of a few of the identified proteins. Only the central region of the gels is displayed.

creased induction by high osmolarity of the two enzyme ac-
tivities involved in glycerol production the NAD*-dependent
glycerol-3-phosphate dehydrogenase (GPD) and glycerol-3-
phosphatase (GPP) (data not shown).

3.3. General effects on global protein expression by increased
extracellular salinity

To examine the effect of a PBS2 deletion on global protein
expression, cultures of wild-type and pbs2A cells growing ex-
ponentially in YNB medium were subjected to a shift in sal-
inity from 0 to 0.7 M NaCl. A portion of each culture was
labeled with [**S]methionine before transfer to establish the
basal pattern of protein synthesis and similarly labeled sam-
ples were taken at intervals after the salinity shift. Each ex-
periment was repeated independently at least once and the
resultant series of samples were analyzed by protein separa-
tion by two-dimensional gel electrophoresis (2D PAGE) and
analyzed by computer-aided quantification of individual pro-
teins. Since it was previously observed [14] that the most

marked changes in protein expression occur 20-40 min after
transfer to 0.7 M NaCl, we have compared the salt stress
response of the pbs2A mutant with that of the wild-type cells,
focusing on the changes during the first hour after the shift.
Among the different patterns previously observed, the most
conspicuous was that of highly NaCl induced proteins, being
the main interest of the present report.

Of the 29 proteins that displayed a 6-fold induction in the
wild-type cells during the first 2040 min of adaptation to
increased salinity, all proved to be dependent on an intact
Pbs2p function for their response, although the extent of
this dependence varied for individual proteins (Fig. 2).

3.4. Pbs2p-dependent expression of the highly NaCl-induced
proteins
With respect to their Pbs2p dependency, the strongly NaCl-
induced proteins could be tentatively divided into four cate-
gories (Fig. 3). For the class I proteins comprising 4 members,
inhibition of the HOG pathway at the Pbs2p level had only a
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Fig. 3. Histograms displaying NaCl induced responses of selected proteins in wild-type and pbs2A cells. All proteins were induced 6-fold in
wild-type cells following transfer to YNB medium containing 0.7 M NaCl. The proteins are divided into four classes (class I-IV) dependent on
their response in the pbs2A mutant. For each class only the response of the proteins with known identity is displayed, for the proteins with un-
known identity their estimated M, and pI are given. The ppm number indicates the maximum radioactivity incorporation of the protein relative
to the totally incorporated activity. The leftmost first bar (wild-type) and the third (pbs2A) bar in each diagram depict control values for cells
growing exponentially without salt. The other bars represent, from left to right, labeling for 2040 min (wild-type and pbs2A) and for pbs2A

cells, 40-60 min after transfer to 0.7 M NaCl.

moderate effect on the rate and extent by which the proteins
were induced by salt stress. Three proteins in this group had a
previously determined identity: Tdhlp, an isoform of glycer-
aldehyde-3-P dehydrogenase [28] and the heat shock proteins
Hspl04p and Ssa3p [32]. The second set of proteins encom-

passing 11 members are characterized by a considerably de-
layed and decreased induction by salt stress in cells lacking
Pbs2p. This group of proteins included two osmostress-in-
duced enzymes: Gpdlp and Daklp. The identities of these
proteins were previously established from sequencing of pep-
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Fig. 4. Analysis of mRNA levels of GPDI (A) and GPP2 (B) in wild-type and pbs2A cells after transfer to YNB medium containing 0.7 M
NaCl. Samples were taken at the indicated time points and the quantities obtained were normalized to the control ACT! mRNA value. The
bars show the relative amount of each band with the highest amount of each gene set to a value of 1.

tides generated by in-gel trypsination [15,28,33]. GPDI enco-
des an osmostress induced isoform of GPD [7,8], and DAK]I
encodes a putative dihydroxyacetone kinase [33]. The glycerol
3-phosphatase encoded by GPP2 which is induced by high
osmolarity in a HOG dependent fashion [9] could not be
properly quantified on the present gels due to insufficient res-
olution from a nearby spot. However, previous results [9] and
the profile obtained indicate that Gpp2p responds similarly to
the proteins of the Gpdlp/Daklp group. The third set of
proteins is constituted by 8§ members which show an induction
by salt stress that appeared completely dependent on an intact
HOG pathway. Virtually no induction of these proteins was
noted during the period of observation (0-60 min) in pbs2A
mutants exposed to salt stress. Still after 120 min no signifi-
cant induction was observed (data not shown). Only one of
the proteins in this group has an experimentally verified iden-
tity: Aldép, an isoform of aldehyde dehydrogenase [33]. The
final group including 6 proteins remains unclassified since we
could not correctly assess the degree of induction in the pbs2A
cells; the level of expression stayed below the detection limit
in basal medium and at 0.7 M NaCl (Fig. 3). This group

accommodates only one identified member, Cttlp, a protein
that is strongly induced by high osmolarity [11].

3.5. Pbs2p-dependent repression at 0.7 M NaCl

An opposite mode of response detected in wild-type cells on
shift to saline conditions is repression of protein synthesis. We
detected about 40 proteins that were down-regulated 2-fold at
20-40 min after shift to 0.7 M NaCl. One of the proteins in
this group was identified as corresponding to the FUN (func-
tion unknown) gene YM9718.15 [28]. The repression of this
protein was completely HOG pathway dependent, no repres-
sion occurred at high salinity in the pbs2A mutant (data not
shown).

3.6. The rapid, HOG pathway, dependent induction of Gpdlip is
preceded by transient synthesis of mRNA

As demonstrated above, the rapid salt-induced synthesis in

wild-type cells of the Gpdlp enzyme involved in the osmo-

regulatory glycerol response, was clearly inferior in the pbs2A

mutant. The induction profile for this glycerol producing en-

zyme was considerably delayed in the pbs2A cells, and the
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level reached was significantly lower than in the wild-type
cells. To relate protein expression to changes in transcription-
al activity, we analyzed by Northern blot transcript levels of
the GPDI gene together with those of the GPP2 gene. Fig. 4A
illustrates that in the wild-type the amount of GPDI mRNA
increases rapidly to reach at least 20-fold increased levels 20
min after transfer to increased salinity, followed by a decrease
to about 4-fold enhanced levels after 60 min. In the pbs2A
cells the amount of transcript reached an optimum (at least
10-fold increase) only after 60 min after which levels de-
creased. A pattern very similar to that of GPDI mRNA was
observed for GPP2 transcripts in both wild-type and pbs2A
cells (Fig. 4B). The results clearly demonstrate a strongly de-
layed induction of the transcriptional activity in the pbs2A
mutant. The results also indicate that the rapid induction of
Gpdlp synthesis in wild-type cells after shift to increased sal-
inity (Fig. 3, class II) might be explained by transcriptional
regulation alone. The rapid increase in transcript levels obvi-
ously represents a HOG mediated overshoot production of
mRNA that is later adjusted to levels in equilibrium with
the requirements of adapted cells. These observations are con-
sistent with the moderately increased (3.6-fold) levels of
Gpdlp reported for cells growing exponentially at 0.7 M
NaCl [15]. The mRNA levels reached after the adaptation
period appear insignificantly or only slightly HOG pathway
dependent (Fig. 4).

4. Discussion

The PBS?2 gene encodes a MAP kinase activator involved in
the osmosensing and signaling HOG pathway of S. cerevisiae
[2]. Pbs2p has a central role in this pathway in integrating two
distinct signals from the upstream osmosensors encoded by
SLNI and SHO! [4,5]. While Sholp appears to communicate
directly with Pbs2p via an SH3 domain of Sholp [5], Slnlp
forms a signal transducer complex with other components [6],
which feeds into Pbs2p via two redundant kinases encoded by
SSK2 and SSK22 [5]. The HOGI encoded MAP kinase lo-
cated downstream of Pbs2p is activated by Pbs2p dependent
phosphorylation in cells exposed to hyperosmotic stress [2,5].
No direct molecular target of Hoglp has been identified so
far. We cloned the PBS2 gene by molecular complementation
of 0sg2-2, and we have further characterized the effect of a
PBS?2 deletion on the kinetics and capacity of the cells for
osmoregulation and protein induction on exposure to hyper-
saline stress. We here report that for the 29 most strongly
NaCl induced proteins, all showed a decreased and delayed
induction in the pbs2A mutant. Although there are genetic
evidence for a PBS2 and HOGI independent osmosignaling
pathway which is activated at high salt concentrations [13],
our results clearly indicate that the HOG pathway is crucial
for rapid adaptation to hyperosmotic stress by synthesis of a
large number of selected proteins. Among the four classes of
HOG dependent responses that were discerned for the
strongly induced proteins (Fig. 3), one involved a class of
proteins that were only moderately affected by deletion of
PBS2 (Fig. 3, class I). The identified proteins in this class
were Tdhlp, HsplO4p and the heat inducible Hsp70 protein
Ssa3p [28,32]. The osmotic induction of Tdhlp is completely
abolished in a bcy! strain having high protein kinase A activ-
ity while the osmostress induced protein levels are strongly
increased in a tpkI™ strain having low protein kinase A activ-
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ity [34]. It has been demonstrated that the HOG and the
protein kinase A pathways act antagonistically on the STRE
(stress response element) driven osmostress induced transcrip-
tion of CTTI [11,35]. Since the promoter of TDHI contains
STREs [34], this gene might be subject to a similar type of
regulation, as was recently reported for the STRE controlled
HSPI2 gene [12]. The presence of STRE like elements in the
promoter of HSPI04 [35] and SSA3 [36] and the cognate
response of the other unidentified members of this class of
proteins may indicate they are also subject to STRE mediated
control. An additional type of control that can not be ex-
cluded for NaCl responding proteins is that mediated via
the Na* specific calcineurin pathway [37]. Marquez and Ser-
rano [38] demonstrated that the PMR2A/ENAI gene, encod-
ing a membrane localized ATPase involved in sodium extru-
sion, is subject to osmotic control via the HOG pathway at
low osmolarities, while at high salt concentrations expression
is subject to calcineurin mediated Na™ specific control.

Among the proteins for which deletion of PBS2 resulted in
a strongly but not fully inhibited response were two enzymes
with known identity: Gpdlp and Daklp. Although GPDI
was previously reported to be under HOG control [7], osmotic
induction of Daklp was not known to be HOG mediated.
DAKI encodes a putative dihydroxyacetone kinase assumed
to function in a glycerol dissimilating pathway [33]. The phys-
iological reason for osmotic induction of Daklp is not under-
stood although it was suggested [33] that this pathway might
serve to fine tune the glycerol pool under high osmolarity
conditions.

The osmostress induced changes in expression of the Gpdlp
enzyme involved in the osmoregulatory glycerol response ex-
hibited an immediate > 60-fold increased expression 20-40
min after transfer to 0.7 M NaCl (Fig. 3, class II), while
showing a significantly slower response in the phs2A mutant.
These observations are consistent with the fact that glycerol
production displayed only a moderate increase in the pbs2A
mutant after transfer to 0.7 M NaCl (Fig. 1A). Importantly,
the intracellular glycerol concentration remained considerably
lower in the pbs2A cells than in wild-type cells, also for mutant
cells which after 6 h of incubation started to grow (Fig. 1B).
We have previously observed that the Gpdlp defective osgl
mutant is capable of accumulating wild-type levels of glycerol
at high osmolarity in exponentially growing cells despite poor
glycerol production [8], indicating that the poor accumulation
of the pbs2A mutation might also involve defective glycerol
retention. However, the glycerol channel encoded by the FPSI
gene seems to be closed during hyper-osmotic stress and trans-
port via this channel does not appear to be controlled by the
HOG pathway [39].

The rapid and strong induction of Gpdlp (Fig. 3, class II)
after a salinity shift, and the indications of a similar response
of Gpp2p (the protein was incompletely resolved on the 2D
gels), prompted us to examine the kinetics of the osmostress
induced transcription of these genes. Both transcripts showed
a strong transient accumulation in wild-type cells at about 20
min after the salinity shift, followed by a decline to consider-
ably lower levels (Fig. 4). This rapid and transient response is
in agreement with the temporary activation of the HOG path-
way by osmotic stress. The PBS2 dependent tyrosine phos-
phorylation of Hoglp occurs within 1 min after transfer to 0.4
M NacCl and shows a duration of about 20 min [2]. These data
indicate that the HOG pathway functions as an alarm signal



180

for immediate activation of the osmotically induced genes.
Following this burst of activity the HOG control is gradually
turned off and during later stages of adaptation the delayed
HOG independent induction appears to determine transcript
levels (Fig. 4, 120 min). The mechanisms behind the sustain-
able HOG independent response are not known. Eriksson et
al. [40] recently demonstrated that the HOG independent sig-
nal targets a region of the GPDI promoter distinct from that
accepting the HOG mediated information.

Our 2D studies also revealed a class of 8 proteins that was
not induced at all following NaCl stress after deletion of
PBS2 (Fig. 3, class III). Considering the nature of the HOG
signal, one would assume that these proteins fulfill functions
specifically required during the early phase of adaptation to
salt stress. The only identified protein in this group is Aldé6p,
which catalyzes the reduction of acetaldehyde to acetic acid,
an activity that is observed to increase during adaptation of S.
cerevisiae to osmotic stress [27]. A likely physiological reason
for this response is to provide the cell with sufficient NADH
for glycerol production during adaptive osmoregulation. An
additional isoform of this family of enzymes, encoded by
ALD2/ALDS, was previously shown to be induced by osmotic
stress in a HOG and protein kinase A pathway dependent
way [13].

The revelation of an additional group of 6 strongly NaCl
induced proteins whose presence remained below detection
level in PBS2 deleted background (class IV, Fig. 3) indicates
an important involvement of the HOG pathway in yet un-
identified cellular processes that are directly or indirectly
linked to adaptation of S. cerevisiae to hyperosmotic stress.
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