pocampus but not from the striatum, was
responsible for the trophic effects on Re-
mak’s ganglion. The trophic activity in the
dialysate seen in the first 2 hours after
implantation of the probe into the hip-
pocampus is probably due to the probe-
induced mechanical damage of the tissue,
affecting an already existing pool of trophic
bioactivity in the hippocampus.

After injection of kainic acid, all ani-
mals exhibited the typical complex stages of
convulsions, lasting the entire period of the
experiment. Kainic acid significantly in-
creased the same kind of trophic activity in
hippocampal dialysates, as demonstrated by
an increased nerve fiber outgrowth in Re-
mak’s ganglion. Again, the kainic acid ef-
fect was region-specific and thus not found
in the striatum. In marked contrast to
kainic acid, pentylenetetrazol did not in-
crease trophic activity in hippocampal dia-
lysates, despite the fact that animals exhib-
ited massive generalized seizures 3 to 5 min
after injection. The lack of ability of pen-
tylenetetrazol to induce an increased activ-
ity in hippocampal dialysates might possibly
be explained by the shorter excitatory stim-
ulation and lack of neuronal degeneration.
Alternatively, the two convulsant drugs
might act through different mechanisms.

Taken together, our experiments dem-
onstrate that neurotrophic activity can be
captured from the extracellular space by in
vivo dialysis in the hippocampus, but not
striatum, of awake rats. The trophic activity
is not compatible with that of known neu-
rotrophins or other trophic factors, is re-
gionally specific, and is increased by me-
chanical and certain convulsant treatments.
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Activation of Yeast PBS2 MAPKK by MAPKKKs
or by Binding of an SH3-Containing Osmosensor

Tatsuya Maeda,* Mutsuhiro Takekawa, Haruo Saitof

The role of mitogen-activated protein (MAP) kinase cascades in integrating distinct up-
stream signals was studied in yeast. Mutants that were not able to activate PBS2 MAP
kinase kinase (MAPKK; Pbs2p) at high osmolarity were characterized. Pbs2p was acti-
vated by two independent signals that emanated from distinct cell-surface osmosensors.
Pbs2p was activated by MAP kinase kinase kinases (MAPKKKs) Ssk2p and Ssk22p that
are under the control of the SLN7-SSK7 two-component osmosensor. Alternatively,
Pbs2p was activated by a mechanism that involves the binding of its amino terminal
proline-rich motif to the Src homology 3 (SH3) domain of a putative transmembrane

osmosensor Sho1p.

A conserved MAP kinase cascade that
functions in many eukaryotic signal trans-
duction pathways consists of a MAP kinase
(MAPK), a MAPK kinase (MAPKK), and a
MAPKK kinase (MAPKKK) (1). The cas-
cades of three kinases serve as intermediar-
ies between cell-surface receptors and cyto-
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solic and nuclear effectors. However, the
functional significance of having three ki-
nases in a cascade is not clear. Although the
three kinases amplify a signal along the
pathway, it is also possible that the series of
protein kinases provides a mechanism for
integrating signals from distinct receptors.
Here, we demonstrate a case in which a
single MAPKK integrates two distinct up-
stream signals. One of the activation mech-
anisms involves an interaction between the
SH3 domain of a transmembrane molecule
(a putative osmosensor) and a Pro-rich re-
gion in the Pbs2p MAPKK.

In the yeast Saccharomyces cerevisiae, ex-
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posure to extracellular fluid of high osmolar-
ity activates a MAPK cascade that includes
the PBS2 MAPKK and the HOG1 MAPK
(2). The MAPKKK component of this
MAPK cascade is not known, but signaling
elements further upstream in the pathway
have been identified. A two-component sys-
tem, composed of the transmembrane sensor
histidine kinase Slnlp (3) and the cytoplas-
mic response regulator Ssk1p, appears to be
an osmosensor that regulates the PBS2-

ly abrogated by deletion mutations in ei-
ther the PBS2 or HOGI gene, but not in
the SSKI gene (5). Furthermore, a two-
hybrid analysis (8) indicated that both
Ssk2p and Ssk22p can interact with Ssklp
(in the case of SskZp, this interaction
required only the NH,-terminal nonki-
nase domain) (5). We conclude that the
signal generated by the SLNI1-SSKI two-
component osmosensor is transduced to a
MAPK cascade that is composed of Ssk2p

or Ssk22p, Pbs2p, and Hoglp.

If Ssk2p and Ssk22p are the only means
of activating Pbs2p, then ssk2A ssk22A dou-
ble mutants should be incapable of inducing
Pbs2p-mediated tyrosine phosphorylation
of Hoglp, and such double mutants should
be as sensitive to high osmolarity (Osm®) as
pbs2A mutants (Fig. 2, A and B). However,
treatment of ssk2A ssk22A double mutants
with media of high osmolarity induced ty-
rosine phosphorylation of Hoglp nearly as

HOGI MAPK cascade (4). Slnlp serves asa
negative regulator of the PBS2-HOG] path- A
way. Disruption of SLN1 is lethal because of
inappropriate activation of the PBS2-HOG
pathway. Therefore, it was possible to iden-

Ssk2p MSHSDYFNYKPYGDSTEKPSSSKMRQSSSSSSSRLRSESLGRNSNTTQARVASSPISPGLHSTQYFRSPN 70
Ssk2p AVYSPGESPLNTVQLFNRLPGIPQGQFFHQONAISGSSSSSARSSRRPSNIGLPLPKNPQQOSLPKLSTQPV 140
Ssk2p PVHKKVEASKTESEIIKKPAPVNSNQDPLLTTPTLVISPELASLNTTNTSIMSTPONITNQTSNKHIPTR 210

tify elements necessary to transduce signals Ssk22p MMMDILNTQQQOKAAEGGRVLAPHT . . ISSKLVKRLSSHSS. . .. .oiuenn... HKLSR 43
. : Ssk2p SQPNGSTSSSTLODIVTTNSSQRSVGHHGGSTTSLRTYKKQYVLNEQLYLRKMRNRANDDYYTRGIVASS 280

between Slnlp and Hog Ip bY lsolatmg €x- 85k22p BDLKALGGBETISD. . v« vpeeoecinonss GPSQLTFKDRYVFNESLYLKKLKKTALDDYYTRGIKLTN 96
tragenic suppressor mutants of sinlA or sinl™ Ssk2p NFEDDEENFSNKGEDDLELEMDDLLKVEGEDK .DNDENFGYNFITSSTKNNENVVSMSLNYLKGKLDWLR 349
(ts, temperature-sensitive) Ssk22p RYBEDDGD. « v vvvevvanns DEIIRLSNGDRIDEDLHSGVKFF .STTPYCRKMRS. . ............ 138
’ : . . Ssk2p DVNNDQPCEIEDEEWHSILGSEDLLSKLLONPMVNNRFEWQTMLSKVLEGDIVRNEKTKIANQGKGPGFN 419
We thus demonstrated that mutations in ERhasD e e DSDELAW. , . . NEIATERFKWQSMLARVLEGDIVKGEKTRIANQVKKPGLN 185

Ssk2p TQFSDDIWIELKAWMNGRTVEDONKSLRIFRDSTDSVFQEIMAFKLEDN. . MSADEAAETIKSLVDKYYR 487
Ssk22p KELSDEIWLELKAWLNGRTMQEMEQSLTYLRDSSDSVFEEIMKFQIPQGKILSLDALEAILQDLMNRYHS 255

Ssk2p VLNLWPNIKRMHAEKPITKTEAFRNRIDTLNSWLNFKEFNFDTNIAYLKKWIVGNKELESTTEVDNTTVNL 557
Ssk22p VVSYWPNLKKMYKDKPITNTAEF TARIDVMNSWLNFKTNLTLRRQELDDWI. . .NRFSPISSSDNCQEDF 322

Ssk2p DDPAVFATNCKRFAEQIMKEKDIELIFQKKIFFPLAPWILKAKFFFLKYQOKTWNELNLSYLDQDLEFLIM 627
Ssk22p DGVPOWNCKMKILAEQIMKEKNIES IFQKKIFYPLSPWMFKLKLHF IVYRETLTKMN IKYPYERLRSLLA 392

Ssk2p FPMRLVKDIILIRLSYAKKIQNPTLMMIDOMMDDFSTYIKLAVOMKFTVASYCNDWFFKVKIDPEFDHTV 697
Ssk22p FPVYLIKEVILTRLSYARKLKNP TMMMIDOMIDDFNAFIRLSVQLKYTLTKYCSNLPFDVDFDPTFENTV 462

Ssk2p VEGLEYFFSILELRILYSGEKNSFKTSKEPDLLLKYWEMFRNVGYYIDDAGELIAAEFTKLTLRLVHRLHA 767
Ssk22p IEAIRYLFFLLNLKLIDSSKQONFKA. . .PDLLLKYWDHLKNTGHYINGAETVIPNEFLKLTLRLVHKLQF 529

Ssk2p YLLRQONTPPKLENEAAAEKWLVQIFEILGSMKRELNRFTNILTKAFQNFVRYKIEDHNYLLKQLKETGH 837
Ssk22p YLLKQONFPPTFANASEAEKWLSSIFENLGAMKRELNRFSNILVEAFQNSAVYQINHNAQLVEKKLKDAHY 599

Ssk2p FLIYTGGYLEQNGTYLIGSPELLGCKDDDILRIIKNSDIGCDLVPEKLEINNSLTIYNALDDNWNSNSSLG 907
Ssk22p FLVYSGNTFESSGVYMFAAPELLGCDND TILRILRNKSIGCDLVPKLDIGNNLNVYDITTKETDLNILVS 669

Ssk2p SDISNDGTPFYYI....KNDLTTQPRSYNGNRVNREPDFENSRSTEEEFYELETRLNSLGYVLVLTPQEP 973
Ssk22p KGEDSKGIPYYRVVANSSSD LDRHAHQSKKKNFSTDP FDQHLDEKNNEVFELEVALSSLGALVVLYPGEP 739

Ssk2p LLWEGEMYNLSDNKTIKPEGLNLKVI..PNSIDLMCQGSSYALEYQCDRFQQISGSSVSFLEKKSSSETV 1041
Ssk22p VVWDGPVYKLPGNNLFASNEMDLGKIGNP NTLILLNQGSNYALTY QIDKFNQTVGDSVSFIEKRCSLNSI 809

Ssk2p KNNLQRINKAYFRCT YSVLKNYTKIVTTFKKVSPVNDLLNNIFLFGRDFGLNF LRINVANNEKRSIIILL 1111
Ssk22p ESSLQKINKAYYKLT YTV LNN YKGI LGSFMKQCPGNELLNSI FMFGRDFGRSF LKYNAFSSKRKYVIIFL 879

Ssk2p MMRLSIGWLKFLAEDCDPTDQRVFRWCVTSMEFAMHMVS GWNILALDECQFSSLKQOKISECMSLLISHFD 1181
Ssk22p MVKLGMNWLKFLVEECDP TDQRTFRWCVLAMDFAMOMTS GYNILALNVKQ FQELKERVSVCMSLLISEFD 949

Ssk2p IIGARSIEVEKINQQARSNLDLEDVFDDDMMLQVNSEFRVQSIMELEERIKRNPHQTGKVIDDSDKGNKY 1251
Ssk22p VMGARATEAENGMQQARLNIDTEENIDEEATLEIN SRLRLEAIKTLEKTMKRNPRQMGKVLDATDOGNKY 1019
Ssk2p LVSLASSISNVSMRWQKRNFIGGGTFGRVYSAVDLDNGEILAVKEINIQDSKSMQKIFPLIKEEMSVLEI 1321
Ssk22p LLSLASSLSNVSMRWQKRSFIGGGTFGOVYSAINLENGEILAVKEIKIHDTTTMKKIFPLIKEEMTVLEM 1089
Ssk2p LNHPNIVSYYGVEVHRDKVNIFMEYCEGGSLAALLEHGRIEDEMVTQVYTLQLLEGLAYLEESGIVHRDV 1391
Ssk22p LNEHPNIVQYYGVEVHRDKVNIFMEYCEGGSLASLLDHGRIEDEMVTQVYTFELLEGLAYLHQS GVVHRDI 1159

Ssk2p KPENILLDFNGVIKYVDFGAAKKIANNGTRLASMNKIENADGEHEDVTHVSDSKAVKNNENALLDMMGTP 1461
Ssk22p KPENILLDFNGIIKYVDFGTARTVVGSRTR. ... . TVRNAAVODEFGV . .« o o v v v s ETKSLNEMMGTP 1213

SskZp MYMAPESITGSTTKGKLGADDVWSLGCVVLEMITGRRPWANLDNEWAIMYHVAAGHTP QFP TKDEVSSAG 1531
Ssk22p MYMAPETISG SAVKGKLGADDVWALGCVVLEMATGRRPWSNLDNEWAIMYHVAAGRIP QLPNRDEMTAAG 1283

the SSK1, PBS2, or HOG1 genes suppressed
sinlA (4). We cloned another extragenic
suppressor gene, SSK2, to identify the pre-
dicted MAPKKK in this signal pathway.
Nucleotide sequence determination of SSK2
indicated that it encoded a protein with a
COOH-terminal domain (amino acid posi-
tion 1266 to the COOH-terminus) (Fig.
1A) that is similar to MAPKKKSs such as
MEKK (37% identity in the kinase do-
main), Stel1p (40%), and Bcklp (39%). In
contrast, the long, NH,-terminal noncata-
lytic domain of about 1200 amino acids has
no similarity to these MAPKKKSs.

Further analysis, however, indicated that
Ssk2p is not solely responsible for activation
of the PBS2-HOG1 pathway: ssk2A mutant
cells activated tyrosine phosphorylation of
Hoglp in a PBS2-dependent manner (5).
One possible explanation for this activation
was the presence of another gene that was
functionally the same as SSK2. We used low
stringency Southern (DNA) hybridization of
yeast genomic DNA with an SSK2 probe to

Ssk2p MKFLERCLIQNPSKRASAVELLMDPWIVQIREIAFGDDSSSTDTEERE 1579
ldentlfv an SSKZ-related gene termed Ssk22p RALLGKVFGSRPHYEGYCCGTTDRP LDDTNP 1314
SSK22. Sequence comparison revealed that  Fig. 1. Two MAPKKKs that activate Pbs2p. (A) Deduced B =2 z 3
SSK2 and SSK22 are similar both in their  amino acid sequences of Ssk2p and Ssk22p (14). The 3 § § &
COOH-terminal kinase domain (69% iden- =~ SSK2 gene was cloned by complementation of an sin’- 5 & %5 B
tity) and in the NH,-terminal noncatalytic ts4 ssk2 mutant (4) from a YCp50-based genomic library. 2 % 5 2 2 5
. o/ : : _ Identical amino acid residues between Ssk2p and R S R R e o
Floe?alt?\ (47% lgelmltytz\gflioltﬁ)kw ¢ exa(l:m Ssk22p are highlighted in boldface. SSK22 corresponds _(Ei E i E E i
Ined the lfoslilBéét},-lOGI b 1nasl§§ A 45 the open reading frame YCR73c on chromosome I U e e e e e
activate the - pathway. KInases o4 (GenBank accession number X59720). The Gen- NaCl =

in the MAPKKK family can be constitutive-
ly activated by elimination of their NH,-
terminal noncatalytic domains (6). Thus, we
constructed NH,-terminal deletion mutants
SSK2AN and SSK22AN and placed them
under the control of the inducible GALI
promoter (7). Protein immunoblot analysis
demonstrated that expression of either
SSK2AN or SSK22AN induced tyrosine
phosphorylation of Hoglp in a PBS2-depen-
dent manner (Fig. 1B). Expression of either
SSK2AN or SSK22AN was lethal to the
host cells, and this lethality was complete-

Bank accession number for SSK2 is L41927. (B) PBS2-
dependent Hog1p tyrosine phosphorylation induced by
the expression of the catalytic domain of Ssk2p (pGAL-
SSK2AN) or Ssk22p (pGAL-SSK22AN) (7). These plas-
mids were individually transformed into either wild-type
(WT) strain TM101 (MATa ura3 leu2 his3) or its pbs2A
(pbs2::LEUZ) derivative TM261. Gene expression in cells
grown in synthetic complete (SC) medium with raffinose
(20 g/liter) was induced with galactose (4). Samples were
taken before (—) the addition of galactose or 1 hour later Host WT
(+) (lanes 1 through 12). Wild-type cells were treated with

0.4 M NaCl for O min (=) or 10 min (+) (lanes 13 and 14). Tyrosine-phosphorylated Hog1p was detected
by immunaoblotting with monoclonal antibody 4G10 to phosphotyrosine (4). The migration of molecular
size markers is shown to the left in kilodaltons.

12 3458678 910111213 14

pbs2A WT
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efficiently as in wild-type cells (Fig. 2A),
and ssk2A ssk22A double mutants were re-
sistant to the effects of high osmolarity
(OsmR) (Fig. 2B). Thus, there must exist an
alternative mechanism to activate Pbs2p
without Ssk2p or Ssk22p. Because no other
gene similar to SSK2 or SSK22 could be
identified (5), we conducted a mutant
screening on the basis of the assumption
that simultaneous inactivation of SSK2,
SSK22, and a gene involved in the alterna-
tive activation mechanism would create an
OsmS phenotype (9).

Briefly, ssk2A ssk22A double mutants
were mutagenized, and Osm® mutants were
selected. Among the Osm® mutants, those
that could be made OsmR® by transformation
with either SSK2* or SSK22* were identi-
fied. This screening yielded two mutants
(OS-13 and OS-121), each of which har-
bored a mutation that was synthetically
Osm® with ssk2 ssk22. The first mutant, OS-
13, had a missense mutation in the PBS2
gene. The second mutant, OS-121, had a
mutation (shol-121) in a gene we call SHOI
(synthetic, high osmolarity—sensitive).

The SHOI gene was cloned by comple-
mentation of shol-12]1 with a genomic
DNA library (10). SHOI encodes a protein
composed of 367 amino acids (Fig. 2C). A
hydropathy plot (11) of the Sholp amino
acid sequence (Fig. 2E) suggested that its
NH,-terminal region contains four closely
packed hydrophobic transmembrane pep-
tides. Because there is no signal sequence at
the NH,-terminus, both the NH,- and
COQOH-termini of Sholp are expected to
be located in the cytoplasm. Furthermore,
the COOH-terminal region of Sholp con-
tains an SH3 domain (Fig. 2D). The SH3
domain is a module that appears in numer-
ous signal transduction proteins and binds
Pro-rich motifs (12). These structural fea-
tures suggest that Sholp is an alternative
osmosensor in yeast.

To study the role of Sholp in the acti-
vation of Pbs2p, we generated a disruption
mutant of SHO1 (10). The shol A mutation
alone had little effect on the high osmolarity—
induced tyrosine phosphorylation of Hoglp
(Fig. 2A)), and the sholA single mutant cells
were Osm® (Fig. 2B). Furthermore, ssk2A
sholA and ssk22A sholA double mutants
were still capable of phosphorylating Hoglp
on tyrosine (Fig. 2A) and were Osm® (Fig.
2B). The extent of tyrosine phosphorylation
of Hoglp in ssk2A sholA is somewhat small-
er than in ssk22A shol A, which suggests that
the activity or expression (or both) of
Ssk22p is weaker than that of Ssk2p. More
importantly, however, the combination of
the three mutations (ssk2A, ssk22A, and
sholA) completely abolished tyrosine phos-
phorylation of Hoglp (Fig. 2A), and the
triple mutant was Osm® (Fig. 2B). Thus,
Sholp appears to be a component of an
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alternative pathway that activates Pbs2p in
response to high osmolarity.

The presence of an SH3 domain in
Sholp suggested that it would bind to a
target protein that contains a Pro-rich mo-
tif. The physiologically relevant target of
the Sholp SH3 domain was identified as
Pbs2p itself through the characterization of
the second synthetic Osm® mutant OS-13.
By complementation analysis and gene
cloning, OS-13 was found to harbor a mu-
tation (pbs2-13) in the PBS2 gene (13).
The phenotypic effect of the pbs2-13 allele
was manifested only when it was accompa-
nied by both ssk2 and ssk22 mutations (Fig.
3A). In contrast, most other pbs2 muta-
tions—for example, pbs2XM in which
Lys** is mutated to Met—confer sensitiv-
ity to high osmolarity by themselves. This
similarity of the pbs2-13 and sholA muta-
tions (their phenotypes are uncovered only
in the presence of ssk2 ssk22 mutations)
suggests that the pbs2-13 mutant is defec-
tive only in the branch of the signal path-
way activated by Sholp. The pbs2-13 mu-
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tation was a single amino acid substitution
of Ser for Pro at position 96 (Fig. 3B). This
Pro residue resides within a Pro-rich se-
quence (KPLPPLPVA) (14) that is reminis-
cent of known SH3-binding sites (Fig. 3C).

Therefore, we used two-hybrid analysis
(8) to test the possibility that the Sholp
SH3 domain binds to the Pbs2p Pro-rich
motif. The SH3 domain of Sholp interact-
ed with wild-type Pbs2p, but not with the
pbs2-13 mutant protein (Fig. 3D). Thus, the
binding of Sholp to Pbs2p appeats to acti-
vate Pbs2p without the involvement of
Ssk2p or Ssk22p. Conversely, activation of
Pbs2p by Ssk2p or Ssk22p appears not to
require the SH3 domain binding site, be-
cause pbs2-13 mutants are Osm® as long as
either SSK2 or SSK22 is intact. Activation
by interaction with SH3-containing pro-
teins may occur in a subset of MAPKKs,
because several MAPKKs also have Pro-
rich motifs in their NH,-terminal region
(yeast Mkklp: PAPPSLP; yeast Mkk2p:
PVPPPLPP; human MKK3: PPAPNPTPP)
(14-16).

B Cells/spot 10% 10?
WT 33
SSK2A ssk22A

10% 102

sho1A

5sk2A sho1A
55k22A sho1A
ssk2A ssk22A shol1A

YEPD YEPD
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1 MSISSKIRPTPRKPSRMATDHSFKMKKFYADPFAISSISLAIVSWVIAIGGSISSASTNESFPRETWWGI
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Fig. 2. SH3-containing transmembrane osmosensor Sho1p.
(A) High osmolarity—induced Hog1p tyrosine phosphoryla-
tion in various mutant strains. Strains of the indicated geno-
types (22) were grown in YEPD medium [yeast extract (10
gfliter), tryptone (20 g/liter), and glucose (20 g/liter)], and
when absorbance at 600 nm was between 0.4 and 0.5, cells
were collected before (—) or & min after (+) the addition of
NaCl to a final concentration of 0.4 M. Tyrosine phosphoryl-
ated Hog1p was visualized as in Fig. 1B. (B) Sensitivity to
high osmolarity of various mutant strains. About 102 or 10°
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cells grown in YEPD medium were spotted on YEPD plates

with or without 1.5 M sorbitol and incubated for 2 days at 30°C. (C) Deduced amino acid sequence of
Sho1p. Putative transmembrane segments are highlighted by a single underline, and an SH3 domain is
indicated by a double underline. SHO1 corresponds to the open reading frame YER718¢ on chromo-
some V. The GenBank accession number for the SHO1 nucleotide sequence is L41926. (D) Comparison
of SH3 domain sequences. Amino acid residues identical to those in Sho1p are highlighted by boldface
type. PLC-y, phospholipase C-vy. (E) Hydropathy plot of Sholp (77). Four putative transmembrane
segments (I to IV) are indicated. A scanning window of 11 amino acids was used.
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By analogy with other MAPKKKs,
Ssk2p and Ssk22p are likely to activate
Pbs2p by phosphorylation of Ser’'# and

Fig. 3. Interaction between the SH3 A

Thr’'8 within the kinase domain. To exam-
ine whether the Sholp-mediated activa-
tion of Pbs2p also requires these phos-

< <
domain of Sho1p and the Pro-rich g < S T % 1
motif of Pbs2p. (A) Effects on the FIYYE BY % g
sensitivity to osmolarity of apbs2-13  Host strain E R ERS&s
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Lys is changed to Met; it lacks ki-
nase activity. (B) The pbs2-13 mu-
tation changed Pro®® to Ser within a
conserved SH3-binding motif. (C)
Comparison of SH3-binding motifs

tion pathway. Yeast cells
have at least two indepen-
dent transmembrane os-
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Sho1p. At low extracellular MAPKK
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membrane histidine  ki- MAPK

nase) phosphorylates and
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regulator) (4). At high os-
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molarity, unphosphorylated Ssk1p activates Ssk2 or Ssk22p, probably through the direct interaction of Ssk1p
and the NH,-terminus of Ssk2 or Ssk22p. Activated Ssk2 or Ssk22p then activates Pbs2p by Ser-Thr
phosphorylation, which in tum activates Hog1p by Thr-Tyr phosphorylation. At high osmolarity, another
transmembrane osmosensor, Sho1p, also activates Pbs2p, through an interaction of the Sho1p SH3 domain
and the Pbs2p SH3-binding site. This interaction alone may activate the PBS2 kinase (perhaps by inducing
Pbs2p autophosphorylation). However, it is also possible that the interaction of Sho1p with Pbs2p recruits
another molecule that activates Pbs2p. (B) NaCl dependence of Hog1p tyrosine phosphorylation. NaCl was
added at the indicated concentration to growing cultures of either TM295 (MATa ura3 leu2 trp1 his3

ssk2::URA3 ssk22::LEU2) or TM312 (MATa ura3 leu2

trp1 his3 sho1::TRP1 ssk22::LEU2). Five minutes after

the addition of NaCl, cells were collected and tyrosine phosphorylated Hog1p was visualized by immunoblot-
ting as in Fig. 1B. (C) Time course of Hog1p tyrosine phosphorylation. TM295 or TM312 cells were exposed to
300 mM NaCl for the time indicated, and tyrosine-phosphorylated Hog1p was detected.
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phorylation events, we mutated both phos-
phorylation sites to Ala (pbs25/A T/A). The
pbs2** ™ mutant allele could not comple-
ment pbs2A in any host background (Fig.
3A). Therefore, unless these amino acid
substitutions cause irreversible conforma-
tional damage (17), we conclude that phos-
phorylation of these sites is required for
Sholp-mediated activation of Pbs2p. The
Sholp binding might induce autophospho-
rylation of Pbs2p at the activating phospho-
rylation sites or it might recruit an uniden-
tified MAPKKK that activates Pbs2p.

The signal flow in the yeast response to
high osmolarity is shown schematically in
Fig. 4A. We propose that both Slnlp and
Sholp are transmembrane osmosensors that
regulate the PBS2-HOG pathway. To test
if the two osmosensors have different re-
sponse characteristics, we compared two
mutant strains: in the ssk2A ssk22A mutant,
only the Sholp-dependent pathway is
available, whereas in the sholA ssk22A mu-
tant, only the Slnlp-dependent pathway is
active. Tyrosine phosphorylation of Hoglp
in the ssk2A ssk22A mutant was almost
undetectable at or below an NaCl concen-
tration of 200 mM, but at a concentration
of 300 mM there was a nearly maximal
response. In the sholA ssk22A mutant, in
contrast, the intensity of tyrosine phospho-
rylation of Hoglp gradually increased as the
NaCl concentration was raised from 100
mM to 600 mM (Fig. 4B). With 300 mM
NaCl, maximal response took 3 to 5 min in
the ssk2A ssk22A mutant, whereas a peak
was reached within 1 min in the sholA
ssk22A mutant (Fig. 4C). The two osmo-
sensors with different concentration depen-
dency and time course may be needed for
optimal adaptation to a rapidly fluctuating
osmotic environment. The mammalian
MAPKs p38 and JNKI can functionally
complement yeast hogl mutations (18).
These MAPKs are parts of mammalian
MAPK cascades that are activated by vari-
ous stresses, including treatment with media
of high osmolarity (16, 19). Thus, it is
possible that mammalian cells also use sim-
ilar upstream mechanisms.
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