wingless during Drosophila neurogenesis.
Development 124, 1675-1688

34 Gonzalez, F. et al. (1989) Molecular analysis of the
asense gene, a member of the achaete—scute complex
of Drosophila melanogaster, and its novel role in
optic lobe development. EMBO J. 8, 3553-3562

35 Jarman,A.P.etal. (1993) The regulation and function
of the helix—loop—helix gene, asense, in Drosophila
neural precursors. Development 119, 19-29

36 Brand, M. etal. (1993) asense is a Drosophila
neural precursor gene and is capable of initiating
sense organ formation. Development 119, 1-17

37 Dominguez, M. and Campuzano, S. (1993) asense,
a member of the Drosophila achaete-scute
complex, is a proneural and neural differentiation
gene. EMBO J. 12, 2049-2060

38 Jan, Y.N.and Jan, L.Y. (1994) Genetic control of
cell fate specification in Drosophila peripheral
nervous system. Annu. Rev. Genet. 28, 373-393

39 Greer, J.M. et al. (2000) Maintenance of functional
equivalence during paralogous Hox gene
evolution. Nature 403, 661-665

40 Simpson, P. et al. (1999) The development and
evolution of bristle patterns in Diptera.
Development 126, 1349-1364

41 Calleja, M. et al. How to pattern an epithelium:
lessons from achaete—scute regulation of the
notum of Drosophila. Gene (in press)

42 Mann, R.S. and Morata, G. (2000) The
developmental and molecular biology of genes
that subdivide the body of Drosophila. Annu. Rev.
Cell Dev. Biol. 16, 243-271

TRENDS in Genetics Vol.18 No.8 August 2002

43 Ramain, P. etal. (1993) pannier, a negative
regulator of achaete and scute in Drosophila,
encodes a zinc finger protein with homology to the
vertebrate transcription factor GATA-1.
Development 119, 1277-1291

44 Calleja, M. et al. (2000) Generation of medial and
lateral dorsal body domains by the pannier gene
of drosophila. Development 127, 3971-3980

45 Garcia-Garcia, M.J. et al. (1999) Different
contributions of pannier and wingless to the
patterning of the dorsal mesothorax of
Drosophila. Development 126, 3523-3532

46 Cubadda, Y. etal. (1997) u-shaped encodes a zinc
finger protein that regulates the proneural genes
achaete and scute during the formation of bristles
in Drosophila. Genes Dev. 11, 3083-3095

47 Haenlin, M. etal. (1997) Transcriptional activity
of pannier is regulated negatively by
heterodimerization of the GATA DNA-binding
domain with a cofactor encoded by the u-shaped
gene of Drosophila. Genes Dev. 11, 3096-3108

48 Ramain, P. etal. (2000) Interactions between chip
and the achaete/scute-daughterless heterodimers
are required for pannier-driven proneural
patterning. Mol. Cell 6, 781-790

49 Thompson, J.D. etal. (1997) The CLUSTAL_X
windows interface: Flexible strategies for
multiple sequence alignment aided by quality
analysis tools. Nucleic Acids Res. 25, 4876-4882

50 Castresana, J. (2000) Selection of conserved blocks
from multiple alignments for their use in
phylogenetic analysis. Mol. Biol. Evol. 17, 540-552

405

51 Saitou, N. and Nei, M. (1987) The neighbor-
joining method: A new method for reconstructing
phylogenetic trees. Mol. Biol. Evol. 4, 406-425

52 Yang, Z. (1994) Maximum likelihood phylogenetic
estimation from DNA sequences with variable
rates over sites: approximate methods.

J. Mol. Evol. 39, 306-314

53 Yang, Z. (1997) PAML.: A program package for
phylogenetic analysis by maximum likelihood.
CABIOS 15, 555-556

54 Dayhoff, M.O. et al. (1978) A model of evolutionary
change in proteins. In Atlas of Protein Sequence
and Structure (Vol. 5, Suppl. 3) (M.O. Dayhoff,
ed.), pp. 345-352National Biomedical Research
Foundation

55 Jones, D.T. etal. (1992) The rapid generation of
mutation data matrices from protein sequences.
Comput. Appl. Biosci. 8, 275-282

56 Whelan, S. and Goldman, N. (2001) A general

empirical model of protein evolution derived from

multiple protein families using a maximum-

likelihood approach. Mol. Biol. Evol. 18, 691-699

Felsenstein, J. (1978) Cases in which parsimony

or compatibility methods will be positively

misleading. Syst. Zool. 25, 401-410

58 Hendy, M.D. and Penny, D. (1989) A framework
for the quantitative study of evolutionary trees.
Syst. Zool. 38, 297-309

59 Benner, S.A. etal. (1994) Amino acid substitution
during functionally constrained divergent
evolution of protein sequences. Protein Eng.
7,1323-1332

5

J

Yeast go the whole HOG for the
hyperosmotic response

Sean M. O’Rourke, Ira Herskowitz and Erin K. O’Shea

An evolutionarily conserved mitogen-activated protein kinase pathway —
the high osmolarity glycerol (HOG) pathway — mediates the hyperosmotic
response in Saccharomyces cerevisiae. A variety of powerful approaches
has generated a comprehensive picture of how cells respond to this stress
condition. Several presumptive osmosensors on the cell surface recruit and
activate downstream signaling components, which regulate the activity of
transcription factors to control gene expression.

other physiological adjustments is now being
elegantly elucidated.

Yeast cells challenged with hyperosmotic shock
rapidly shrink and begin synthesizing glycerol [2].
A breakthrough in our understanding of the control
of the yeast osmoresponse came when Gustin
and colleagues performed a genetic screen for

osmosensitive mutants and identified two of the
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Cells respond to diverse stresses by adapting their
physiology to meet the imposed conditions. Most cells
adapt to increased osmolarity by accumulating
compatible solutes to balance the cellular osmotic
pressure with the external environment. The
compatible solute differs in various organisms but
is generally a small molecule that does not harm
cellular components; for example, glycine betaine,
sorbitol, sucrose, glycerol and amino acids [1].
Saccharomyces cerevisiae uses glycerol as a
compatible solute. How this yeast responds to
high osmolarity to produce glycerol and make

founding members of the high-osmolarity glycerol
(HOG) mitogen-activated protein kinase (MAPK)
pathway: Pbs2 and Hog1 [3]. Mutations in PBS2 or
HOGL1 [encoding a MAPK kinase (MAPKK) and a
MAPK, respectively], cause osmosensitivity and
accumulation of reduced levels of glycerol [3].
Furthermore, Hogl is rapidly phosphorylated in a
manner that is dependent on Pbs2 and hyperosmotic
stress. Thus, the yeast response to elevated osmotic
pressure uses a MAPK pathway to respond to an
extracellular stimulus, analogous to the much studied
yeast pheromone-response MAPK pathway [4,5].
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Fig. 1. Examples of MAPK cascades containing Hog1/p38 homologs.
The S. cerevisiae HOG pathway responds to high osmolarity stress.
The S. pombe Spcl/Sty1 pathway responds to multiple stimuli such as
heat, osmotic, oxidative and nutrient deprivation stress. Drosophila
p38bis activated by heat and osmotic stress; the relevant MAPKK for
stimulating D-p38b in response to stress is unknown but might be
D-MKK4. A second Drosophila MAPKK, encoded by licorne, is thought
to activate p38 to set up developmental patterning (not shown).

In mammalian cells, p38 isoforms are activated by stress and
cytokines, effecting a variety of biological consequences.
Abbreviations: Hog, high osmolarity glycerol; MAPK, mitogen-
activated protein kinase; MAPKK, MAPK kinase; MAPKKK, MAPKK
kinase; S. cerevisiae, Saccharomyces cerevisiae; S. pombe,
Schizosaccharomyces pombe.

Yeast also use MAPK-independent mechanisms to
adapt to hyperosmotic stress [6]. For example,
intracellular accumulation of glycerol is aided by
closure of the glycerol export channel Fps1 [7].
MAPK cascades are ubiquitous in eukaryotic
organisms and are composed of three sequentially
acting kinases. In response to an extracellular
stimulus, a MAP kinase kinase kinase (MAPKKK)
phosphorylates and activates a MAPKK (e.g. Pbs2);
this then phosphorylates and activates a MAPK
(e.g. Hogl). The underlying logic for using a cascade
of kinases is not clear, but this feature could offer
multiple steps for regulation, and control
commitment to signaling. Eukaryotic organisms
contain multiple members of the MAPK, MAPKK
and MAPKKK families, and these are organized into
discrete kinase cascades [8]. There are three major
subgroups of MAPKSs: ERK, JNK and p38/Hog1.
Hog1 orthologs are found in fungi and animals but
apparently not in plants [9] (Fig. 1). Interestingly,
Hog1 homologs from animals respond to cytokines,
growth factors, pathogens and developmental cues in
addition to diverse environmental stress conditions
[10-12]. The fission yeast p38 representative,
Spcl/Styl, is activated in response to heat and
oxidative stress, as well as osmotic stress [13].
By contrast, S. cerevisiae Hogl seems to respond
specifically to increased extracellular osmolarity
[14-16]. A recent report indicates that Hog1l is also
activated by heat stress [17].

The HOG pathway: two upstream branches
The HOG pathway contains two transmembrane
proteins, Shol and SIn1, that act on downstream
proteins to ultimately regulate the MAPK

http://tig.trends.com
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Fig. 2. Two upstream branches of the HOG pathway can each activate
Pbs2 and Hogl. Solid black arrows indicate serine, threonine or
tyrosine phosphorylation events during increased osmolarity.
Dashed pink arrows indicate phosphotransfer events in constant
osmolarity; see text for details. (a) The SInl branch is composed of a
bacterial-like phosphorelay system that regulates the activity of the
two partially redundant MAPKKKSs, Ssk2 and Ssk22. Phosphotransfer
in the SIn1-Ypd1-Ssk1 system occurs in constant osmotic conditions
to keep Ssk1 inactive. (b) The Shol branch uses a novel four-
membrane-spanning domain protein to recruit Pbs2 to the
membrane through an SH3-polyproline interaction, after which the
MAPKKK Stell is phosphorylated by Ste20. Abbreviations: Hog, high
osmolarity glycerol; MAPKKK, mitogen-activated protein kinase
(MAPK) kinase kinase.

Hog1l (Fig. 2). Shol and SIn1 have been termed
osmosensors, but recent studies indicate that

Shol might, in fact, not sense osmolarity changes
directly [18]. Additional osmolarity-sensing inputs
have been reported [19,20], one of which requires the
single-transmembrane-spanning domain protein
Msb2 [21]. Importantly, the proposed high osmolarity
sensors have not yet been demonstrated to respond to
changes in osmolarity in an in vitro or heterologous
system, an advance that would be extremely useful
for examining the mechanism of osmosensation

and for determining which proteins are the true
osmosensors. Shol and SInl have very different
functional domains and communicate directly to
different downstream effector proteins.

The two upstream branches of the HOG pathway
are often thought to be redundant. For growth on high
osmolarity medium, they are, indeed, redundant.
However, some differences have been noted. First,
Hogl phosphorylation in response to low solute
concentrations is more dependent on the SInl branch
[22]. Also, activity of the SIn1 branch is required to
induce the expression of several reporter genes in
response to very high solute levels [20]. These
findings indicate that the SIn1 branch operates over a
broader range of osmolarities than the Shol branch.
In addition, we have recently found that global gene
regulation in response to modest osmotic stress
(e.g.0.0625 or 0.125 m KCI) specifically requires
the SInl branch of the HOG pathway; the
Shol branch is dispensable (S.M. O'Rourke and



I. Herskowitz, unpublished). Mutation of the

SIn pathway component SSK1 alone impairs the
induction of many genes. However, exposure of ssk1
or shol mutants to higher osmotic stress (e.g. 0.5 or
1.0 m KCI) induces gene expression similar to
wild-type yeast. Together, these findings indicate that
the two upstream branches of the HOG pathway are
specialized for detecting different osmotic conditions.

The SIn1 histidine kinase branch

SInl has two transmembrane regions and an
intracellular histidine kinase domain that signals to
two other proteins, Ypdl and Ssk1, which together
form a phosphorelay system. Phosphorelay systems
comprise a histidine kinase protein (e.g. SInl) that
transfers a phosphate group to an intermediate
protein (e.g. Ypdl), which then transfers the
phosphate to a response regulator protein

(e.g. Ssk1) [23]. The response regulator then
performs some biological function; for example,
triggers gene transcription. Homologs of SIn1 are
found in bacterial two-component systems, where
they are used to sense changes in environmental
conditions [23]. Histidine kinase sensors are not as
prevalent in eukaryotes as they are in prokaryotes,
but some (a subset of which appear to sense
increased osmolarity) have been described in
Arabidopsis, Dictyostelium and various fungi [24].

Saito and colleagues have elegantly determined
the phosphotransfer system used by SIn1-Ypd1-Ssk1
to regulate the HOG pathway [25] (Fig. 2a). SInlis
constitutively active during constant osmotic
conditions, leading to phosphorylation of the
downstream target protein, Ypd1l. Ypd1l transfers its
phosphate group to the response regulator Ssk1,
which is the ultimate phospho-acceptor in this
phosphorelay system. Such phosphorylation of Ssk1
is thought to prevent interaction of Ssk1 with the
MAPKKKs Ssk2 and Ssk22 and, consequently, the
downstream components of the pathway remain
inactive [26]. After exposure to increased external
osmolarity, the histidine kinase activity of SInlis
thought to be inhibited. Thus, Ypd1 and Ssk1 are
dephosphorylated, and this enables binding of
Ssk1 to MAPKKK Ssk2, triggering Ssk2
autophosphorylation, subsequent phosphorylation
of Pbs2 and activation of Hogl [26].

Even with this detailed view of the SIn1 branch
of the HOG pathway, some questions remain. First,
in a purified in vitro system, the half-life of Ssk1
phosphorylation is ~40 h in the presence
of Ypd1 [27,28]. By contrast, Ssk1 is rapidly
dephosphorylated in response to osmotic stress
invivo (<1 min) [25]. These observations suggest that
an as-yet-unidentified phosphatase might play an
important role in activation of the SIn1 branch of the
pathway. Second, the method by which SIn1 actually
senses changes in osmotic pressure also remains
elusive. Dimerization appears to be necessary for
SInl kinase activity, and the first transmembrane
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region and extracellular domains are required for
osmotic stress-dependent kinase regulation [29]. Also,
the levels of intracellular glycerol appear to regulate
SInl-dependent signaling, which suggests that SIn1
might sense differences in the osmotic gradient across
the membrane and not just increases in external
osmolarity [30,31].

The Shol branch

The Shol protein is composed of four transmembrane
segments and a C-terminal SH3 domain, through
which it interacts with downstream signaling
elements in the HOG pathway. So far, Shol homologs
have only been identified in fungi [32]. The
physiological role of Shol as an osmosensor has

been called into question in a recent study [18] and,
thus, the activation mechanism of this branch of

the pathway is unclear.

Raitt et al. have provided a detailed
characterization of the functional domains of Shol [18].
They found that the function of Shol can be
completely bypassed by overexpression of a
membrane-targeted version of Pbs2. Using chimeric
Shol proteins and truncated variants, it was shown
that the transmembrane domains of Shol are not
specifically required to stimulate the HOG pathway
[18]. However, plasma membrane localization of
the SH3 domain is required: a cytoplasmic Shol
SH3 domain is inactive, whereas anchorage of the
SH3 domain to the membrane using various
membrane-targeting sequences is sufficient for
activity in vivo [18]. These findings suggest that Shol
might not sense osmolarity directly but might instead
provide a docking site (via its SH3 domain) for
downstream proteins. If Shol is not an osmolarity
sensor, a different mechanism for triggering this
branch of the pathway must exist.

The Shol branch uses proteins that are also
components of the pheromone-response and
filamentous MAPK pathways. This branch includes
Ste20 (a p21-activated kinase), Ste50 (a SAM domain-
containing protein) and the MAPKKK Stel1 [19,33,34]
(Fig. 2b). Ste20 activates Stell by phosphorylation
during pheromone signaling [35] and, presumably;,
also during increased osmolarity because the Stell
phosphorylation sites are required for both
responses [35]. Ste50 might be a cofactor for Stell
because these proteins form a complex through
interaction of their SAM domains [33,36].
Interestingly, Pbs2 contains an N-terminal
polyproline domain that can bind the SH3 domain
of Shol [22]. The importance of the Shol-Pbs2
interaction is illustrated by a Pbs2 point mutant
with a compromised SH3 binding site: this causes
osmosensitivity when the SInl branch is mutated,
just as does mutation of Shol [22]. Because Pbs2
interacts with multiple proteins (e.g. Shol, Stell and
Hog1l), Pbs2 has been proposed to act as a scaffold,
linking Sho1 to Stell activation and, thereby,
possibly limiting cross-talk to other Stell-dependent
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Fig. 3. Osmotic-regulated transcriptional activation of three genes. The left side shows a model of the
promoters during growth in normal (basal) osmotic conditions whereas the right side depicts how
Hog1 governs transcriptional induction upon osmotic stress. (a) The GRE2 promoter is bound by the
repressor Skol, which recruits the general repressor complex Tup1-Ssn6. After osmotic shock, Hogl
phosphorylates Skol, resulting in decreased affinity for Tupl. Skol then activates transcription by an
unknown mechanism, perhaps interacting with the RNA polymerase Il (Pol Il) holoenzyme complex
via Hogl. (b) Hotl is constitutively bound to the GPD1 promoter. After osmotic stress, Hogl and Msn1l
are recruited to the promoter via Hotl. Hogl phosphorylates Hot1, but this phosphorylation might not
be required to initiate transcription. Instead, Hog1 could again interact with, or phosphorylate, the
general transcription machinery. (c) The CTT1 promoter contains binding sites for the transcriptional
activators Msn2 and Msn4. During osmotic shock, Msn2 and Msn4 enter the nucleus and bind the
promoter. Hogl is then recruited to the DNA through interaction with Msn2 and/or Msn4. Hot1 also
binds to the complex if the kinase activity of Hogl is intact.

MAPK pathways [34]. Interestingly, another
signaling circuit, which also uses Shol to activate
Stell, does not require Pbs2 as a scaffold.

Activation of Pbs2 and Hog1

Activation of the MAPKK Pbs2 is accomplished

upon phosphorylation by any of three MAPKKKs —
Stell, Ssk2 or Ssk22 [34]. Mutating the Pbs2
phosphorylation sites (Ser514 and Thr518) to alanine
causes osmosensitivity [34], whereas mutation to
aspartic acid constitutively activates the pathway
[37]. Once activated, Pbs2 phosphorylates Hogl on a
threonine and a tyrosine residue, both of which are
conserved in MAP kinases, and Hogl is then imported
into the nucleus [14,38].

The HOG pathway: inside the nucleus

Once in the nucleus, Hog1 regulates the expression of
numerous genes [39,40] by controlling the activity of
several transcriptional activators and repressors.
DNA microarray studies indicate that Hog1l
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significantly regulates the expression of ~600 genes
in response to increased osmolarity (Refs [39,40] and
S.M. O'Rourke and I. Herskowitz, unpublished).
Several recent papers are revealing the mechanisms
used by Hog1 to regulate transcription factors.

Skol binds DNA motifs upstream of several
osmo-inducible genes (the GRE2 gene is shown
as an example in Fig. 3a), and then recruits the
general repressor complex Tup1-Ssn6 to repress
transcription [41-44]. During elevated osmolarity,
Hog1 phosphorylates Skol, reducing the affinity of
the protein for Tupl; this allows transcription to
proceed [43,45]. Thus, in the absence of Skol or
Tupl-Ssn6, transcription of Skol-regulated genes
is constitutive [45].

Hotl is a transcriptional activator that exhibits a
two-hybrid interaction with Hogl, and also displays
Hog1- and osmotic shock-dependent phosphorylation
[15,46]. Mutation of HOT1 reduces but does not
eliminate osmotic induction of the GPD1 and
GPP2 genes, which control glycerol production.
Simultaneous mutation of HOT1 and MSN1 (which
encodes a protein related to Hot1) reduces GPD1
expression even further [46]. In an interesting study
using a chromatin immunoprecipitation PCR
procedure, Alepuz et al. discovered that Hot1 is
constitutively bound to the GPD1 promoter and
that it recruits Hog1 to the DNA during osmotic
stress [15] (Fig. 3b). Because replacing the Hog1l
phosphorylation sites of Hot1 with alanine does not
alter the transcriptional activity of Hot1, itis
proposed that Hogl regulates alternative targets
in the vicinity of the promoter; for example, by
phosphorylation or protein—protein bridging
interactions. Msn1 is also localized at the GPD1
promoter, but only during osmotic stress and in
HOT1*strains.

Msn2 and Msn4 are homologous, partially
redundant, zinc-finger transcriptional activators
that induce transcription during a variety of stress
conditions, including osmotic stress [47]. The
connection between these factors and Hogl has been
elusive. The transcriptional activity of Msn2 and
Msn4 is regulated through nuclear localization by
protein kinase A (PKA) [48]. Maximal induction of
Msn2- and Msn4-dependent genes (e.g. CTT1) during
osmotic stress also requires Hogl. Interestingly,
Msn2 and/or Msn4 recruit both Hogl and Hot1 to the
CTT1and HSP12 promoters, further suggesting a
functional interaction between the HOG pathway,
Msn2 and Msn4 [15] (Fig. 3c).

The HOG pathway: other outputs

In addition to the nuclear functions already
described, Hog1 plays a role in regulating
non-transcriptional processes. First, in two-hybrid
screens, two groups identified Rck2 (a kinase related
to mammalian MAPK-activated protein kinases) as

a Hogl-interacting protein [49,50]. Moreover, Hogl
phosphorylates Rck?2, increasing Rck2 kinase activity.
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Fig. 4. Components of the high osmolarity glycerol (HOG) pathway display distinct subcellular
distributions before and shortly after (generally <10 min) osmotic stress. Yeast cells are represented
with small buds and a single nucleus per cell; green indicates protein. Ste50 and Stell display a
punctate pattern after osmotic stress. Pbs2* refers to the localization of Pbs2 in ssk1 ste1l double
mutants, or of a Pbs2 protein that lacks kinase activity. See text for details and protein descriptions.

Hogl and Rck1 are both required for the inhibition of
protein biosynthesis that is observed after osmotic
shock, perhaps via regulation of translation
elongation factor 2 (EF-2). In fact, Rck2 is required for
osmotic stress-induced phosphorylation of EF-2 [49].
The HOG pathway has also been implicated in a later
stage of protein synthesis: Hog1 is responsible for
resumption of protein translation after a transient
pause in protein synthesis following osmotic
shock [51]. Thus, Hogl regulates the protein
biosynthetic machinery during osmotic stress.
Cell-cycle progression is also affected by osmotic
stress. Osmotic shock causes a transient
accumulation of cells in the G1 and G2 phases of the
cell cycle [52]. This cell-cycle block is accompanied by
transient inhibition in the cyclin-dependent kinase
activity of CIb2—-Cdc28. Interestingly, hogl mutants
do not inhibit Clb2—Cdc28 activity upon osmotic
shock, and also show mitotic spindle localization
defects after exposure to high osmolarity [52].
The direct target of Hog1 for regulating cell-cycle
functions after osmotic stress remains elusive and
could represent a new cyclin-dependent kinase
inhibitor analogous to Farl and Pho81.

Compartmentalization of HOG pathway components
A striking feature of the HOG pathway is that its
components are organized spatially within the cell;
this organization is, in some cases, dependent on
extracellular osmotic conditions (Fig. 4). Subcellular
localization of components of the SIn1 branch has not
been reported, but membrane-associated proteins
of the Shol branch (Shol, Cdc42 and Ste20) are
concentrated in the bud and bud neck region of cells
(Refs [18,53-56] and A. Zarrinpar, pers. commun.)
Cdc42 is essential for directing growth of the bud,
Ste20 is localized by Cdc42, and Shol is thought to
recruit the Ste20 substrate Stell (via Pbs2). Stell
and Ste50 display diffuse cytoplasmic staining before
osmotic stress and patchy cytoplasmic localization
after osmotic shock [33].

The subcellular localization of Pbs2 is particularly
interesting. In wild-type cells, Pbs2 shows a diffuse
cytoplasmic localization in normal or high osmolarity
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media [14,38]. However, in an ssk1 stell double
mutant strain, or in pbs2 mutants specifically lacking
kinase activity, Pbs2 is recruited to regions of
polarized growth after osmotic stress [53]. Itis
thought that the inactive Pbs2 protein is trapped at
anormally transient site. Shol and Cdc42 are both
required for the polarized localization of Pbs2 during
osmotic stress. Thus, Pbs2 localization is dependent
on both osmolarity and polarized proteins.

Before osmotic stress, Hogl is distributed
throughout the cytoplasm and is excluded from the
nucleus. Coincident with phosphorylation by Pbs2,
Hogl is translocated into the nucleus [14,38]. The
nuclear import of Hog1 is not dependent on new
protein synthesis nor on Hog1 kinase activity, but is
dependent on the Pbs2-mediated phosphorylation
of Thr174 and Tyr176 [14,38]. Nuclear localization
of Hog1 upon osmotic stress requires the nuclear
import receptor Nmd5, a member of the importin 8
superfamily [14]. The fact that an NMD5 deletion
mutant does not exhibit osmosensitivity (unlike hogl
mutants) raises the possibility that another nuclear
import mechanism might operate in parallel with
NMDS5, or that Hog1 has functions outside the
nucleus. Because Hogl is only transiently localized to
the nucleus, an export mechanism must also be used.
Indeed, nuclear export of Hog1 is dependent on a
different importin  homolog, the nuclear export
receptor Crm1/Xpo1 [14].

The localization of Hog1 is further modulated
by protein—protein interactions. First, the
transcriptional activators downstream of Hogl
mediate nuclear retention. The zinc-finger
transcription factors Msn2 and Msn4 tether Hogl
within the nucleus after osmotic stress but are not
required for the initial nuclear accumulation [38].
Simultaneous mutation of MSN2, MSN4, HOT1 and
MSNL1 results in a reduced duration of Hog1 nuclear
accumulation, indicating that interactions of Hogl
with these transcription factors determine the length
of Hog1 nuclear residence [46]. Second, the tyrosine
phosphatases that dephosphorylate Hogl — Ptp2
and Ptp3 —also regulate Hog1 localization by a
mechanism that does not involve their catalytic
activity [57]. Mutation of the cytoplasmic
phosphatase gene PTP3 increases nuclear
localization of Hogl, whereas PTP3 overexpression
causes cytoplasmic retention of Hogl. By contrast,
mutation of PTP2 increases the amount of
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Fig. 5. Components of the Sho1l branch of the HOG pathway participate
in different MAPK pathways. (a) In the pheromone-response MAPK
pathway, a peptide mating pheromone stimulates a G-protein-coupled
receptor (Ste2) and a heterotrimeric G protein (Gpal-Ste1l8-Ste4). The
Ste5 protein is recruited to the membrane through interaction with the
G protein. Ste5 also binds to the MAPK cascade kinases (Stell, Ste7
and Fus3). (b) The Sho1l branch of the HOG pathway resembles the
pheromone-response pathway in that Pbs2 is recruited to the
membrane and that Pbs2 interacts with other kinases of the MAPK
cascade. (c) The Shol-Stel2 cross-talk pathway operates in hogl and
pbs2mutants, and perhaps in wild-type cells during various other
conditions (e.g. to promote pseudohyphal development or to monitor
glycosylation). The transmembrane proteins Shol and Msb2 can each
stimulate the Ste11-Ste7-Fus3 (or Kss1) module to induce transcription
of pheromone-response and filamentous genes through the
transcription factor Ste12 (not shown). How Stell is activated in the
absence of Pbs2 by Shol and Msb2 remains unknown (red question
marks). Abbreviations: Hog, high osmolarity glycerol; MAPK,
mitogen-activated protein kinase.

cytoplasmic Hogl, and PTP2 overexpression retains
Hogl in the nucleus (even without osmotic shock).
Retention of Hog1 in different cellular compartments
could, therefore, specify substrate accessibility.

The transcriptional regulatory proteins that control
osmotic-responsive gene expression have also been
localized (Fig. 4). The repressor Skol is localized in the
nucleus in cells cultured in media of normal osmolarity
or media supplemented with 0.4 m NaCl, but is rapidly
translocated to the cytoplasm during severe salt stress
(1 m NaCl) [43]. Interestingly, cytoplasmic transfer is
mediated not by Hog1 phosphorylation but by lack of
PKA phosphorylation [48]. Msn2 and Msn4 are also
localized via PKA-dependent phosphorylation. In
optimal growth conditions, Msn2 and Msn4 are
cytoplasmic; they translocate to the nucleus to regulate
gene expression under osmotic, or other, stress
conditions [48]. The transcription factor Hotl isa
nuclear protein whose distribution is not modulated by
osmotic stress [46], and the related Msn1 protein is
known to be nuclear in nonstressed cells [58].

Inactivation of Hogl by phosphatases
Once Hogl has performed its function after osmotic
shock, itis important that signaling through this
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pathway be brought back to a basal level so that the
cell is prepared for further osmotic challenge. In
addition, constitutive activation of the HOG pathway
causes inviability [22,34,37,59,60]. Similar to other
MAPK cascades, phosphatases decrease signaling in
the HOG pathway by dephosphorylating Hogl
[37,60,61]. This type of inhibition occurs during basal
conditions and during adaptation to osmotic stress.
Ptp2 and Ptp3 are protein-tyrosine phosphatases
that remove phosphate groups from Tyr176 of

Hog1l [37,60]. Mutation of both PTP2 and PTP3
results in constitutively phosphorylated Hogl

(i.e. phosphorylation in the absence of osmotic stress).
Ptcl is a serine/threonine-specific phosphatase that
actson Thr174 of Hogl [61]. Mutation of PTC1
constitutively activates Hogl. Thus, both
protein-tyrosine and protein-threonine phosphatases
are important for limiting the activity of Hog1,

even under basal conditions.

Limiting cross-talk to other MAPK pathways
Yeast contain at least five distinct MAPK
pathways [62]. Of these, the pheromone-response,
filamentous growth and HOG MAPK pathways use
the MAPKKK Stell [62] (Fig. 5). In wild-type cells,
there is little cross-activation of the pheromone-
response or filamentous MAPK pathways by
increased osmolarity [34,36,63]. Cross-talk is
evident, however, when HOG1 or PBS2 is mutated
[19,63—-66]. The cross-talk circuit that operates
in hogl and pbs2 mutants was traced from the
transmembrane proteins Shol and Msb2 to the
MAPKSs Fus3 and Kss1 (Fig. 5c). In hogl and
pbs2 mutants, Shol and Msb2 stimulate Ste50,
Ste20, Stell, Ste7, the MAPKSs Fus3 and Kss1,
and Stel2; this ultimately induces transcriptional
targets of the pheromone-response and filamentous
pathways [19,21,63].

There are two notable features of the cross-talk
pathway that could reveal insights into important
signaling mechanisms also used by wild-type cells:
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