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An Osmosensing Signal Transduction 
Pathway in Yeast 

Jay L. Brewster, Tamsen de Valoir, Noelle D. Dwyer, 
Edward Winter, Michael C. Gustin* 

Yeast genes were isolated that are required for restoring the osmotic gradient across the 
cell membrane in response to increased external osmolarity. Two of these genes, HOGl 
and PBSZ, encode members of the mitogen-activated protein kinase (MAP kinase) and 
MAP kinase kinase gene families, respectively. MAP kinases are activated by extracellular 
ligands such as growth factors and function as intermediate kinases in protein phospho- 
rylation cascades. A rapid, PBSZ-dependent tyrosine phosphorylation of HOGl protein 
occurred in response to increases in extracellular osmolarity. These data define a signal 
transduction pathway that is activated by changes in the osmolarity of the extracellular 
environment. 

Cel l  growth requires the uptake of water, 
driven by an osmotic gradient across the 
plasma membrane. When the external os- 
molarity increases, many eukaryotic cells 
are capable of osmoregulation by increasing 
their internal osmolarity (1). The molecu- 
lar mechanisms used by eukaryotic cells to 
sense changes in external osmolarity and 
transduce that information into an osmo- 
regulatory response are poorly understood. 
The yeast Saccharomyces cerevisiae responds 
to increases in external osmolarity by in- 
creasing glycerol synthesis and decreasing 
glycerol permeability, thereby accumulat- 
ing cytoplasmic glycerol up to molar con- 
centrations (2, 3). 

We isolated osmoregulation-defective 
mutants of yeast (4) by first screening mu- 
tagenized cells for the failure to grow on 
high-osmolarity medium [YEPD (1% yeast 
extract, 2% bactopeptone, 2% dextrose) 
supplemented with 0.9 M NaCl or 1.5 M 
sorbitol]. Mutants that grew well on YEPD 
but not on high-osmolarity medium (OsmS) 
were then assayed for cellular glycerol ac- 
cumulation 1 hour after the addition of 0.4 
M NaCl to the medium (3). OsmS mutants 
with a reduction in the glycerol response 
were all recessive and fell into one of four 
complementation groups, identifying four 
HOG (high osmolarity glycerol response) 

genes, HOGJ to HOG4. Of this collection 
of mutants, we further analyzed two mu- 
tants, hogl- J and hog4- J . The reduced glyc- 
erol resoonse and OsmS of hop.1-I and 

0 

hog4-J cosegregated 2:2 in tetrads resulting 
from a backcross to wild tvDe and are thus , . 
the result of a single mutation. 

Genomic DNA fragments were cloned 
(5) that complemented the OsmS pheno- 
type of hog1 - l and hog4- l ,  respectively. To 
locate HOG J and HOG4 on each genomic 
clone, we generated subclones and tested 
for com~lementation of the OsmS oheno- 
type of ;he respective hog mutant (8). The 
chromosomal locus of each clone was 
marked with a selectable marker and shown 
to be tightly linked to the original hog 
mutation (7), demonstrating that HOGJ 
and HOG4 (or closely linked genes) had 
been cloned. 

The nucleotide sequence of the hogl-J- 
complementing DNA (8) revealed that 
HOG J (GenBank accession number 
L06279) is a member of the MAP (mito- 
gen-activated protein) kinase family (9). 
The HOGJ sequence contains a single, 
large open reading frame of 1.2 kb encoding 
a 416-amino acid protein with a molecular 
size of 47 kD. Northern (FWA) blot hybrid- 
ization with the cloned HOGJ gene as 
probe revealed a 1.4-kb transcript whose 
abundance was unaffected by exposure of 

J. L. Brewster, T. devaloir, N. D. Dwyer, M. C. Gustin, the to increased Osmolarity. Near the 
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Fig. 1. Similarity of HOGl 
to MAP kinase genes. Con- 
served subdomains pre- 
sent in all protein kinases 
are indicated by Roman 
numerals. HOGl was visu- 
ally aligned with FUS3, 
KSS1, and ERK1, and 
gaps (- - -) were intro- 
duced to improve align- 
ment. Identities and con- 
servative substitutions (32) 
are boxed, and residues 

HOG1 M T T N E E F I R T ~ I F G T V F E I T N R Y N D ~ P V G M G A F G L V C S A T D T L T S P P V A I K K I M K P F S T A V L  63 
FUS3 M P K R I V Y N I S S D F ~ L K S L L G E G A Y G V V C S A T H K P T G E I V A I K K I E - P F D K P L F  52 
KSSI M A R T I T F D I P S ~ Y K L V D L I G E G A Y G ~ V C S A I H K P S G I K V A I K K I - P F S K K L F  52 
E M 1  E P R G T A G V V P V V P G E V E V V K G ~ P F D ~ G P R Y T ~ L ~ Y I G E G A Y G M ~ ~ ~ A Y D H ~ R K T R ~ A I K K I ~ - P F E H ~ T Y  C9 

consensus n r ,1 G G A  G V n o  v A I K K I  p F  5 
conlensus R T R E H E N  I  L  T D L  

consensus F ~a L R  K H v H R D  K P S N  L N C D L K  C D F G L A R  T Y V  T R  

lows: A, Ala; C, Cys; D, 
Asp;~,Glu;F,phe;G,Gly; 
H,His;I,I le;K,Lys;L,Leu; 
M, Met; N ,  Asn; P, Pro; Q, co ..ens.S L P D L L  M L  F P K R I  A L  H P Y  Y D P  D E P  

Gln: R, Ara; S, Ser: T. Thr: 
V, Val; W,'irp; and Y, Tyr. 373 

353 
368 
367 

cO"SL1"s"S 

including those required for mating phero- 
mone response in S. cerevisiae (FUS3 and 
KSSJ) and those that participate in growth 
factor responses in animal cells (for exam- 
ple, ERKI) (Fig. 1). Of note in the HOG J 
sequence are Thr'74 and Tyr176 in the 
kinase subdomain VIII. These two residues 
in a comparable position in the MAP ki- 
nases encoded by ERK2 and FUS3 are 
phosphorylated in response to extracellular 
signals (13, 14); this modification is re- 
quired for MAP kinase activity (1 5) and in 
vivo function (1 4). 

HOG4 is identical to PBSZ, a gene that 
when overexpressed confers resistance to 
the antibiotic polymyxin B (1 6). Two phe- 
notypes of hog4- J were identical to those of 
a PBS2 disruption-an inability to grow in 
medium of high osmolarity and a terminal 
cell morphology (multibudded, highly ex- 
tended, multinucleated cells) in high-os- 
molarity medium. PBS2 and HOG4 are 
both found on chromosome 10; PBS2 has 
the same restriction map as HOG4; PBS2 
complemented a hog4- J mutant when car- 
ried on a centromere plasmid; and a partial 
DNA sequence of HOG4 was identical to 
part of PBSZ (1 7). PBS2 is a member of a 
family of protein kinase genes that include a 
MAP kinase kinase. The kinase domain of 
PBS2 is 65% identical to that of wisl, a 
dosage-dependent regulator of mitosis in 
Schi~osaccharomyces pombe (1 8 ) ,  43% iden- 
tical to that of the S. pombe gene byrl (JZ), 
38% identical to that of STE7 [a mating 
response pathway gene in S. cerevisiae (19)], 
and 48% identical to that of MEK, a mouse 
MAP kinase kinase (20). 

HOGl and PBSZ are each required for 
the same cellular responses. First, a null 

mutant of HOGJ had the same phenotype 
as a null mutant of PBS2. Second, a strain 
lacking both HOGJ and PBSZ had the 
same phenotype as a strain lacking only one 
gene. The hogl-A1 and pbs2-AJ mutants 
were constructed by one-step genomic se- 
quence replacement (2 1 ) . The hog1 -A J mu- 
tant was created by the replacement of 
codons 62 to 199, a region that encodes 
several amino acids required for protein 
kinase function (JO), with the genetic 
marker TRPJ. The deletion of conserved 
residues together with the TRPJ disruption 
make it likely that hogl-AJ is a null mutant. 
The pbs2-A1 mutant, created by the re- 
placement of 92% of its protein-coding 
sequence with URA3, is almost certainly a 
null mutant. The hogl-AJ and pbs2-A1 
mutants had three characteristics in com- 
mon. Each grew as well as a congenic 
wild-tvoe strain on YEPD but showed re- . . 
duced growth on high-osmolarity medium 
such as YEPD with 0.9 M NaCl or 1.5 M 
sorbitol(J7). Both mutants had an aberrant . , 

cell morphology on high-osmolarity medi- 
um, growing into large, multinucleated 
cells with multiple elongated buds. The 
glycerol response in hogl-AJ and pbs2-AJ 
null mutants was reduced by the same 
amount, to about half of that in wild-type 
strain (Fig. 2). The reduction in glycerol 
response in a hogl-AJ pbs2-AJ mutant was 
the same as that observed in either the 
hogl-A1 or pbs2-AJ mutants. 

HOG1 and PBS2 are not reauired for 
two of the better characterized signaling 
pathways in yeast, the mating pheromone 
response (22) and nutrient assessment path- 
ways (23). The hogl-AJ and pbs2-AJ mu- 
tants were tested for mating pheromone- 

" wl  hogl pbs2 hogl 
pbs2 

Fig. 2. High osmolarity-induced glycerol accu- 
mulation in hogl-A1 and pbs2-A1 mutants. 
lntracellular glycerol was measured (4) after a 
l-hour incubation of cells in either YEPD or 
YEPD + 0.4 M NaCI. Strains (28) are as follows: 
wt, YPH499; hogl, JBY10; pbs2, JBY40; hogl 
pbs2, JBY1041. 

induced growth arrest, recovery from arrest, 
and mating efficiency (24). No defects rel- 
ative to a congenic wild-type strain were 
noted. The hogl -A1 and pbs2-AJ mutants 
showed no defects in response to nutrient 
deprivation; viability after prolonged nitro- 
gen deprivation, heat shock sensitivity, ac- 
cumulation of storage carbohydrates, and 
sporulation efficiency were the same as in 
wild-type controls (23, 25). 

MAP kinases in animal and veast cells 
are phosphorylated on tyrosine and threo- 
nine in response to extracellular signals 
(1 3, 14). The sequence similarity of HOG J 
to members of the MAP kinase family 
raised the possibility that HOGl (the pro- 
tein product of HOGJ) would be tyrosine- 
phosphorylated in response to an increase 
in external osmolarity. To test this idea, we 
exposed strains containing 0, 1, or multiple 
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Fig. 3. Osmotic stress- 
induced tyrosine phos- 
phorylation of HOGl . 
Anti-phosphotyrosine 
immunoblot analysis of 
cells exposed to in- 
creased osmolarity. (A) 
Comparison of extracts 
prepared from control 
(-) and 0.4 M NaCI- 
treated (+) cultures. 
Samples were prepared 
by mechanical disruption 
of cells, followed by am- 
monium sulfate precipita- 
tion (28). All strains con- 

NaCl 
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tain high-copy 2pbased 
control plasmids or identical plasmids containing HOGl or the truncated hogl-A2 as indicated. 
Strains (28) are as follows: hogl +2p,, JBY10 containing control plasmid pRS426; wt+2p,, YPH499 
containing pRS424; wt+2p,HOGl, YPH499 containing pJB17; hogl +2p,hogl-A2, JBY10 containing 
pJB12T; and pbs2+2pHOG1, JBY40 containing pJB17. Full-length HOG1 and the hogl-A2product 
are indicated by a large and small arrow, respectively. The position of prestained molecular size 
markers is given at the left (in kilodaltons). (B) NaCl dependence of HOGl tyrosine phosphorylation. 
NaCl was added at the indicated concentration to growing cultures for 10 min. Cells were collected 
by centrifugation and then boiled in sample buffer, and cell extracts were analyzed by immunoblot 
analysis. Molecular size markers are indicated on the left (in kilodaltons). (C) Time course of HOGl 
phosphotyrosine accumulation. Cells were exposed to 0.4 M NaCl for the time indicated before 
phosphotyrosine accumulation was analyzed as described in (B). The strain in (B) and (C) was 
YPH499 containing pJB17. Molecular size markers are indicated on the left (in kilodaltons). 

copies of HOGl to increases in external 
osmolarity, and cell proteins were assayed 
for tyrosine phosphorylation by immuno- 
blot analysis with an antibody to phospho- 
tyrosine (26, 27). One minute after we 
raised the osmolarity of the medium with 
0.4 M NaCl, an increase in tyrosine phos- 
phorylation of a single band with a molec- 
ular size of 55 kD was observed (Fig. 3). 
The magnitude of the tyrosine phosphoryl- 
ation of the 55-kD band was proportional to 
HOGl copy number, with no detectable 
signal in the hogl-A1 strain (Fig. 3A). A 
truncated HOGI, hogl-A2, created by the 
deletion of 73 codons at the COOH-termi- 
nal end (outside the kinase domain) of 
HOG 1 (28), was introduced on a high-copy 
plasmid into a hogl-A1 mutant. Raising the 
osmolarity stimulated the tyrosine phos- 
phorylation of a faster migrating band in 
the hogl-A2 strain (Fig. 3A), showing that 
it is HOGl that is phosphorylated in cells 
exposed to an increase in external osmolar- 
ity. Tyrosine phosphorylation of HOGl 
was not detected in pbs2-A1 cells, suggest- 
ing that tyrosine phosphorylation of HOGl 
requires PBS2. This result could also be 
explained by PBS2-dependent expression of 
HOG1. However, immunoblot analysis 
with an antibody to bacterially expressed 
HOGl showed that the amount of HOGl 
in yeast was independent of PBS2 (1 7). The 
addition of 0.7 M sorbitol to the medium 
elicited identical changes in tyrosine phos- 
phorylation of HOG1, indicating that a 
change in osmolarity rather than the con- 
centration of a specific solute is the stimulus 
that elicits this response. The amount of 

HOGl phosphorylation depended on the 
concentration of NaCl and was maximal 
at 300 mM NaCl (Fig. 3B). After an 
increase in osmolarity, maximal phospho- 
rylation of HOGl on tyrosine was reached 
within 1 min, was maintained for roughly 
15 to 20 min, and then declined to a new 
steady-state level (Fig. 3C). This steady- 
state amount of HOGl phosphorylation 
was rapidly reversed to that of untreated 
cultures when the salt was removed from 
the medium. 

These results raise questions as to how 
yeast cells sense osmotic stress. A decrease 
in turgor pressure resulting from the col- 
lapse of the osmotic gradient might be the 
initial signal. Yeast cells possess mecha- 
nosensitive ion channels in their plasma 
membrane (29) that could function in 
sensing changes in turgor pressure. The 
similarity between mating response genes 
and HOGl and PBS2 suggest another 
possibility. Mating responses are triggered 
by interaction between mating phero- 
mone, a polypeptide ligand, and its recep- 
tor on the plasma membrane. If the simi- 
larity between the two signaling pathways 
extends to the triggering event, the os- 
motic stress signaling pathway could also 
involve a ligand-receptor interaction. For 
example, turgor pressure changes could 
alter the interaction between a cell wall- 
bound ligand and a specific plasma mem- 
brane receptor. Elucidation of the mecha- 
nism of osmosensing will require the iso- 
lation and characterization of mutants de- 
fective in upstream functions of the osmotic 
response pathway. 
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PAC- 1 : A Mitogen-Induced Nuclear Protein 
Tyrosine Phosphatase 

Patricia J. Rohan, Paula Davis, Christopher A. Moskaluk, 
Mary Kearns, Henry Krutzsch, Ulrich Siebenlist, Kathleen Kelly* 

Tyrosine phosphorylation of proteins is required for signal transduction in cells and for 
growth regulation. A mitogen-induced gene (PAC-1) has been cloned from human T cells 
and encodes a 32-kilodalton protein that contains a sequence that defines the enzymatic 
site of known protein phosphotyrosine phosphatases (PTPases). Other than this se- 
quence, PAC-1 is different from several other known related PTPases exemplified by 
PTP-1 b. PAC-1 is similar to a phosphatase induced by mitogens or heat shock in fibro- 
blasts, a yeast gene, and a vaccinia virus-encoded serine-tyrosine phosphatase (VH1). 
PAC-1 was predominantly expressed in hematopoietic tissues and localized to the nucleus 
in transfected COS-7 cells and in mitogen-stimulated T cells. 

T h e  activation of quiescent peripheral 
blood T cells bv antigens or mitogens stim- 
ulates prolifera;ion and the exGession of 
effector functions. Progression through the 
cell cycle requires the expression of a set of 
genes that are induced within minutes to 
hours after binding of the mitogenic agent 
(1, 2). Immediate early genes have been 
identified that are transcribed in response to 
phytohemagglutinin (PHA) and phorbol 
12-myristate 13-acetate (PMA) in human 
peripheral blood T (PBT) cells (3, 4). One 
such cDNA clone, PAT 120, now referred 
to as PAC-1 (uhosuhatase of activated ~. A 
cells), is transiently expressed during the 
G1 phase in mitogen-activated PBT cells 
and in antigen-activated T cell clones (4, 
5). The PAC-1 gene is constitutively ex- 
pressed in T cells infected with the human 
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retrovirus human T cell leukemia virus 
(HTLV-I), the etiological agent of adult T 
cell leukemia (5). 

Structural characterization of two inde- 
pendent, nearly full-length PAC-1 cDNA 
clones from human PBT cells revealed an 
encoded polypeptide of 314 amino acids 
(Fig. 1A) (GenBank accession number 
L11329). The predicted protein sequence 
was confirmed by in vitro transcription and 
translation and by the production of three 
antibodies to peptides derived from the 
predicted amino acid sequence that precip- 
itate an endogenous protein of the expected 
molecular size. A murine cDNA, cloned by 
cross-hybridization, encodes a very similar 
protein (Fig. 1A) (GenBank accession 
number L11330). The PAC-1 protein has 
13 cysteines in humans and 14 cysteines in 
mice, 12 of which are conserved in position 
between the two species. 

A search of GenBank revealed similarity 
between amino acids 250 and 270 of the 
PAC-1 protein sequence to several protein 
tyrosine phosphatases (PTPases) in a region 
that is the most highly conserved among 




