
pocampus but not from the striatun, was 
responsible for the trophic effects on Re- 
mak's ganglion. The trophic activity in the 
dialysate seen in the first 2 hours after 
ilnplantation of the probe into the h i p  
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 
con\~iulsions, lasting the entire period of the 
experiment. Kainic acid significantly in- 
creased the same kind of trophic activity in 
hippocampal iiialysates, 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 fc~iund 
in the striaturn. In marked contrast to 
kainic acid, pentylenetetrazol iiid not ill- 

crease trop!lic 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 ~ncreaseii activ- 
ity in hippoca~npal 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 d e n -  
onstrate that neurotrophic activity can he 
captured from the extracelliular space by in 
vivo iiialysis in the hippocampus, but not 
striatiuu, 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 Qsmosensor 

Tatsuya Maeda,* Mutsuhiro Takekawa, Haruo Saito-i- 

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 SLN1-SSK1 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 Shol p. 

A conservecl IVIAP klnase cascade that so l~c  anti nuclear effectors. However, the 
functions in Inany eukaryotic signal trans- functional significance of having three ki- 
duction pathways consists of a MAP kinase nases in a cascade is not clear. Although the 
(IVIAPK), a MAPK kinase (IVIAPKK), and a three kinases amplify a signal along the 
MAPKK kinase (MAPKKK) ( I  ). The cas- pathway, it is also possible that the series of 
cailes of three kinases serve as intermediar- protein kinases pro\~iiles a mechanism for 
ies between cell-surface receptors and cyto- integrating signals fro111 distinct receptors. 

Here, we demonstrate a case in which a 
Dlvsion of Tumor Immunology Dana-Farber Cancer In- 
sttute, arid Department of Boiogical Ci?emsib/ and Mo- "i"b"ie MAPKK integrates 
lecuar Pharmacooqy Harvard Medca School, Boston, stream signals. One of the activation mech- 
MA 021 15, USA. anisms involves an interaction between the 
-Present address Department of Vlra Oncology, Cancer SH3 domain of a transrnelnbrane ~nolecule 
lnsttute Kam-Ikebukuro, Toshma-ku, Tokyo 170, Japan. (a  os,llosellsor) and a pro.ricll re. 
tTo whom correspondence should be addressed at 
Dana-Farber Cancer nsttute, 44 Bnney Street, Boston, gion in P b s 2 ~  IVIAPKK. 
MA 021 15. USA. In the yeast S n c c h m o m y c e s  ce~ezl is ine,  ex- 
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posure to extracellular fluid of high osmolar- 
ity activates a MAPK cascade that includes 
the PBS2 MAPKK and the HOGl 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 Ssklp, appears to be 
an osmosensor that regulates the PBS2- 
HOGl MAPK cascade (4). Slnlp serves as a 
negative regulator of the PBS2-HOG1 path- 
way. Disruption of SLNl is lethal because of 
inappropriate activation of the PBS2-HOG1 
pathway. Therefore, it was possible to iden- 
tify elements necessary to transduce signals 
between Slnlp and Hoglp by isolating ex- 
tragenic suppressor mutants of slnl A or slnlU 
(ts, temperature-sensitive). 

We thus demonstrated that mutations in 
the SSK1, PBS2, or HOG1 genes suppressed 
slnlA (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 MAPKKKs such as 
MEKK (37% identity in the kinase do- 
main), Stel lp  (40%), and Bcklp (39%). In 
contrast, the long, NH2-terminal noncata- 
lytic domain of about 1200 amino acids has 
no similarity to these MAPKKKs. 

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 
identify a SSK2-related gene termed 
SSK22. Sequence comparison revealed that 
SSK2 and SSK22 are similar both in their 
COOH-terminal kinase domain (69% iden- 
tity) and in the NH2-terminal noncatalytic 
domain (47% identity) (Fig. 1A). We exam- 
ined the possibility that both kinases can 
activate the PBS2-HOG1 pathway. Kinases 
in the MAPKKK family can be constitutive- 
ly activated by elimination of their NH2- 
terminal noncatalytic domains (6). Thus, we 
constructed NH2-terminal deletion mutants 
SSK2AN and SSK22AN and placed them 
under the control of the inducible GAL1 
promoter (7). Protein immunoblot analysis 
demonstrated that expression of either 
SSK2AN or SSK22AN induced tyrosine 
phosphorylation of Hoglp in a PBS2depen- 
dent manner (Fig. 1B). Expression of either 
SSK2AN or SSK22AN was lethal to the 
host cells, and this lethality was complete- 

ly abrogated by deletion mutations in ei- 
ther the PBS2 or HOGl gene, but not in 
the SSKl 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 NH2-terminal nonki- 
nase domain) (5). We conclude that the 
signal generated by the SLNl -SSKl two- 
component osmosensor is transduced to a 
MAPK cascade that is composed of Ssk2p 

or Ssk22p, PbsZp, 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 (OsmS) 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 

A 
Ssk2p  MSHSDYFNYKPYGDSTEKPSSSKMRQSSSSSSSRLRSESLGRNSNTTQARVASSPISPGLHSTQYFRSPN 70 

Ssk2p AVYSPGESPLNTVQLFNRI9GIPQGQFFHQNAISGSSSSSARSSRRPSNIGLPLPKNPWSLPKLSTQPV 140 

Ssk2p LRBPRIVSYYGVEVERDKWIFMEYCEGGSLIRLLEBGRIPDE~TQVTTLQLLEGLAYLHESGIVERDV 1391  
Ssk22p LNHPNIVQYYGVEVHRDKVNIFHEYCEGGSLASLLDEGRIEDEMVTQVYTFELLEGLAYLHQSGWRDI 1159 

SskZp XPENILLDTNGVIKYVDTGA1KKIANNGTRLASMNKIENISGEHFDVTWSDSKAVKNNEN~LDMWGTP 1461 
Ssk22p X P E N I L L D F N G I I K Y V D F G 1 ' A H T W G S R T R  . . . . .  TVRNUVCDPW. . .  . . . . . . . .  ETKSLNFNWGTP 1213 

Ssk2p ~ K T ~ R C L I Q N P S K ~ S A ' ~ L L M ~ P W I V Q I R E I R F R E  
Ssk22p RALLGKVFGSHP HYEGYCCGTTJRP LDDTh'P 

Fig. 1. Two MAPKKKs that activate Pbs2p. (A) Deduced z 5  z Z  
amino acid sequences of Ssk2p and Ssk22p (14). The 4 "  - 3 :  

SSK2 gene was cloned by complementation of an slnl- Y ?  [I) cn e [I) !2 [I) 
ts4 ssk2 mutant (4)  from a YCp50-based genomic library. 

5 : 6 : z k  Identical amino acid residues between Ssk2p and 5 
Ssk22p are highlighted in boldface. SSK22 corresponds ------ g g 3 ' g g z  
to the open reading frame YCR73c on chromosome I11 Gal - + - + - + - + - + - +  

(21) (GenBank accession number X59720). The Gen- NaCl - + 
Bank accession number for SSK2 is L41927. (B) PBS2- 1 2 3 4 s B 7 a 9 1 0 1 1 1 2 1 3 1 4  

dependent Hog1 p tyrosine phosphorylation induced by 105- 
the expression of the catalytic domain of Ssk2p (pGAL- 
SSK2AN) or Ssk22p (pGAL-SSK22AN) (7). These plas- 71- 

mids were individually transformed into either wild-type 
(WT) strain TMI 01 (MATa ura3 leu2 his3) or its pbs2A Hog1 P + 

44- 
@bs2::LEU2) derivative TM261. Gene expression in cells 
grown in synthetic complete (SC) medium with raffinose . . - ..,".-*- - 
(20 g/liter) was induced with galactose (4). Samples were L I- 

taken before (-) the addition of galactose or 1 hour later Host WT pbs21 WT 

(+) (lanes 1 through 12). Wild-type cells were treated with 
0.4 M NaCl for 0 rnin (-) or 10 min (+) (lanes 13 and 14). Tyrosine-phosphorylated Hogl p was detected 
by immunoblotting with monoclonal antibody 4G10 to phosphotyrosine (4). The migration of molecular 
size markers is shown to the left in kilodaltons. 
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efficiently as in wild-type cells (Fig. ZA), 
and ssk2A ssk22A double mutants were re- 
sistant to the effects of high osmolarity 
(OsmR) (Fig. 2B). Thus, there must exist an 
altemative mechanism to activate PbsZp 
without SskZp or Ssk22p. Because no other 
gene similar to SSK2 or SSK22 could be 
identified (3, 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 OsmS mutants were 
selected. Among the OsmS mutants, those 
that could be made OsmR by transformation 
with either SSK2+ or SSK22+ were identi- 
fied. This screening yielded two mutants 
(0s-13 and 0s-121), each of which har- 
bored a mutation that was synthetically 
OsmS with ssk2 ssk22. The first mutant, 0s- 
13, had a missense mutation in the PBS2 
,gene. The second mutant, 0s-121, had a 
mutation (shol- 121 ) in a gene we call SHOl 
(synthetic, high osmolarity--sensitive). 

The SHOl gene was cloned by comple- 
mentation of shol-121 with a genomic 
DNA library (10). SHOl encodes a protein 
composed of 367 amino acids (Fig. 2C). A 
hydropathy plot (1 1) of the Sholp amino 
acid sequence (Fig. 2E) suggested that its 
NH2-terminal region contains four closely 
packed hydrophobic transmembrane pep- 
tides. Because there is no signal sequence at 
the NH2-terminus, both the NH2- and 
COOH-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 altemative 
osmosensor in yeast. 

To study the role of Sholp in the acti- 
vation of PbsZp, we generated a disruption 
mutant of SHO 1 ( 10). The shol A mutation 
alone had little effect on the high osmolarity- 
induced tyrosine phosphorylation of Hoglp 
(Fig. ZA), and the sho 1 A single mutant cells 
were OsmR (Fig. 2B). Furthermore, ssk2A 
shol A and ssk22A sho1A double mutants 
were still capable of phosphorylating Hoglp 
on tyrosine (Fig. 2A) and were OsmR (Fig. 
2B). The extent of tyrosine phosphorylation 
of Hoglp in ssk2A shol A 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 SskZp. More 
importantly, however, the combination of 
the three mutations (ssk2A, ssk22A, and 
sho 1 A) completely abolished tyrosine phos- 
phorylation of Hoglp (Fig. ZA), and the 
triple mutant was OsmS (Fig. 2B). Thus, 
Sholp appears to be a component of an 

altemative pathway that activates PbsZp 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 
PbsZp itself through the characterization of 
the second synthetic OsmS mutant 0s-13. 
By complementation analysis and gene 
cloning, 0s-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, pbs2* in which 
Lys359 is mutated to Met-confer sensitiv- 
ity to high osmolarity by themselves. This 
similarity of the pbs2-13 and shol A 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- 

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) (1 4) 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 PbsZp Pro-rich 
motif. The SH3 domain of Sholp interact- 
ed with wild-type PbsZp, but not with the 
pbs2-13 mutant protein (Fig. 3D). Thus, the 
binding of Sholp to PbsZp appears to acti- 
vate PbsZp without the involvement of 
SskZp or Ssk22p. Conversely, activation of 
PbsZp by SskZp or Ssk22p appears not to 
require the SH3 domain binding site, be- 
cause pbs2-13 mutants are OsmR 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 NH2-terminal region 
(yeast Mkklp: PAPPSLP; yeast MkkZp: 
PVPPPLPP; human MKK3: PPAPNPTPP) 
(14-1 6). 

YEPD YEPD 
+ sort1tol 

281 NTETrMGDTLGLYSDIGDDNFI DIEGRWWKARRANGETGI 
351 IPSNWQLIDGPEEMHR 

Fig. 2. SH3-containing transmembrane osrnosensor Shol p. 
(A) High osmolarity-induced Hog1 p tyrosine phosphoryla- 
tion in various mutant strains. Strains of the indicated geno- 5 2 
types (22) were grown in YEPD medium [yeast extract (10 $j 
g/liter), tryptone (20 glliter), and glucose (20 g/liter)], and 5 0 
when absorbance at 600 nm was between 0.4 and 0.5, cells 
were collected before (-) or 5 min after (+) the addition of 

-2 

NaCl to a final concentration of 0.4 M. Tyrosine phosphoryl- 
ated Hoglp was visualized as in Fig. 1 B. (B) Sensitivity to 60 120 180 240 300 
high osmolarity of various mutant strains. About 1 O3 or lo2 Amlno acid position 
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 
Sholp. Putative transmembrane segments are highlighted by a single underline, and an SH3 domain is 
indicated by a double underline. SHOl corresponds to the open reading frame YER778c on chromo- 
some V. The GenBank accession number for the SH07 nucleotide sequence is L41926. (D) Comparison 
of SH3 domain sequences. Amino acid residues identical to those in Sholp are highlighted by boldface 
type. PLC-y, phospholipase C-y. (E) Hydropathy plot of Sholp (7 7). 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, ThS1* within the kinase domain. To exam- phorylation events, we mutated both phos- 
Ssk2p and Ssk22p are likely to activate ine whether the Sholp-mediated activa- phorylation sites to Ala (pbsZSIA The 
Pbs2p by phosphorylation of Se?14 and tion of PbsZp also requires these phos- pbszSIA mutant allele could not comple- 

ment pbs2A in any host background (Fig. 

Fig. 3. Interaction between the SH3 
domain of Sholp and the Pro-rich 
motif of Pbs2p. (A) Effects on the 
sensitivity to osmolanty of a pbs2- 13 
mutant allele in combination with 
mutations in SSK2, SSK22, and 
SHO1. Host cells were transformed 
with plasmids carrying various 
PBS2 alleles (23). The transfor- 
mants were cultured in SC medium 
minus Lys, and 1 O3 cells were spot- 
ted on YEPD plates with or without 
1.5 M sorbitol. Pictures were taken 
after 2 days at 30°C. In thepbs2- 
mutant, the catalytically essential 
Lys is changed to Met; it lacks ki- 
nase activity. (B) The pbs2- 13 mu- 
tation changed Progs to Ser within a 
conserved SH3-binding motif. (C) 
Comparison of SH3-binding motifs 
(24). The two essential Pro residues 
are enclosed in boxes. .P13K, phos- 
phatidylinositol-3 kinase. (D) Two-hy- 
brid analysis (25). The wild-type 
Pbs2p (PBS2+) interacted with the 
SH3 domain of Shol p [SHOl (SH3)l. 
The mutant protein encoded by 
pbs2-13 did not interact with the 
Shol p SH3 domain. Proteins encod- 
ed by the control plasmids pLexA- 
W 1 2  and PACT-RAF (pVP16-RAF) 
interact with each other (20). 

A 

Host strain 

YEPD YEPD 
+ 1.5 M sorbitol 

B SH3-binding 
1 motif Kinase domain 668 

pbs2p I I 

. .' MT AAO CCA TTQ cco CCT CTT ccc m a  o m  . . 
V N K P L P P L P V A  

9 1 96 101 

C 
Pbs2p 
Pbs2-13p 
P13K consensus 
Src consensus 

Fig. 4. Two distinct trans- A Hish osmolarilv B 
membrane osmosensm 
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osmdarity, Slnl p (a trans- 4 
membrane histidine ki- MAPK 

S S M A S ~ W A  - 
nase) phmphorylates and 

/ l \  SholA ssk22A 
inhibits Sskl p (a response 
regulator) (4). At high os- Osmolarity responses 

mdarity, unphosphorylated Sskl p activates SslO or W 2 p ,  probably through the direct interaction of Sskl p 
and the NH,-terminus of SslO or Ssk22p. Actiiated Ssk2 or Ssk22p then activates Pbs2p by Ser-Thr 
phosphorylation, which in tum activates Hcglp by Thr-Tyr phosphorylation. At high osmlarity, another 
transmembrane osmosensor, Shol p, also activates Pbs2p,through an interaction of the Shol p 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 Shol p with Pbs2p recruits 
another molecule that activates Pbs2p. (6) NaCl dependence of Hcgl p tyrosine phospholylation. NaCl was 
added at the indited concentration to growing cuRures of either TM295 (MATa ura3 leu2 trpl his3 
ssU::URA3 ss102::LEU2) or TM312 (MATa ura3 leu2 trpl his3 sho1::TRPl ssk22::Ln/2). Fie minutes after 
the addition of NaCI, cells were collected and tyrosine phosphorylated Hog1 p was visualiied by irnmunobbt- 
ting as in Fig. 1 B. (C) mme course of Hog1 p tyrosine phosphorylation. TM295 or TM312 cells were exposed to 
300 mM NaCl for the time indicated, and tyrosine-phosphorylated Hcglp was detected. 

3A). iherefore. unless these -amino acid 
substitutions cause irreversible confoma- 
tional damage (1 7), we conclude that phos- 
~ h o r ~ l a t i o n  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 1 pathway. To test 
if the two osmosensors have different re- 
sponse characteristics, we compared two 
mutant strains: in the ssk2A ssk22A mutant. 
only the S h o l ~ d e ~ e n d e n t  pathway is 
available, whereas in the sholA ssk22A mu- 
tant, only the Slnlpdependent 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 
resmnse. In the shol A ssk22A mutant, in 
coAtrast, 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 
NaC1, 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 
ovtimal adaptation to a rapidly fluctuating - ,  - 
osmotic environment. The mammalian 
MAPKs p38 and JNKl can functionally 
complement yeast hog1 mutations (1 8). 
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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