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The PKC1 gene of budding yeast encodes a homolog of the c~, 13, and y isoforms of mammalian PKC that is 

proposed to regulate a MAPK-activation pathway. Mutants in this pathway undergo cell lysis resulting from a 

deficiency in cell wall construction when they attempt to grow at elevated temperatures. We show that the 

PKCl-regulated pathway is important for induced thermotolerance and that the MPK1 protein kinase (the 

MAPK of this pathway) is strongly activated by mild heat shock. This activation is sustained during growth at 

high temperature and is dependent on the function of pathway components proposed to function upstream of 

MPK1, including PKC1. Expression of genes under the control of known heat shock-inducible promoter 

elements (HSEs and STREs) was not compromised in PKCI pathway mutants, indicating that this pathway 

mediates a novel aspect of the yeast heat shock response. We propose that the heat-induced signal for pathway 

activation is generated in response to weakness in the cell wall created during growth under thermal stress, 

perhaps as a result of increased membrane fluidity. Evidence is presented that the mechanism by which the 

cell detects this weakness is by measuring stretch of the plasma membrane. 
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Members of the family of phospholipid-dependent, 

serine/threonine-specific protein kinases, known collec- 

tively as protein kinase C (PKC), respond to extracellular 

signals that act through receptor-mediated hydrolysis of 

phosphatidylinositol-4,5-bisphosphate to diacylglycerol 

(DAG) and inositol-l,4,5-trisphosphate (IP3) (Hokin 

1985). DAG serves as a second messenger to activate 

PKC (Takai et al. 1979; Kishimoto et al. 1980; Nishizuka 

1986, 1988), and IP3 functions to mobilize Ca 2+ from 

intracellular stores (Berridge and Irvine 1984). A dozen 

distinct subtypes of mammalian PKC have been reported 

to date (Dekker and Parker 1994). The four initially iden- 

tified isozymes, ~, f~I, f~II, and % are structurally closely 

related and display similar catalytic properties. The ac- 
tivity of these enzymes can be stimulated by Ca 2 +, but 

at physiological Ca 2+ concentrations DAG is also re- 

quired for activation. Five additional isozymes, 8, e, 0, 

-q(L), and Ix, are related more distantly to the ~, ~, and ,/ 

subtypes and lack a conserved region thought to be im- 
portant for Ca 2+ binding. Consistent with this struc- 

tural feature, these subtypes display Ca 2+-independent 

protein kinase activity (Nishizuka 1992). Three recently 

identified subtypes, 4, ~, and t also lack the putative 

~Corresponding author. 

Ca 2 +-binding domain, but are unusual in that they lack 

one of the pair of DAG-binding zinc fingers. 

Mammalian PKC is thought to play a pivotal role in 

the regulation of a host of cellular functions through its 

activation by growth factors and other agonists. These 

functions include cell growth, proliferation, and differ- 

entiation (Rosengurt et al. 1984; Kaibuchi et al. 1985; 

Persons et al. 1988; Michak et al. 1993), release of vari- 

ous hormones (Negro-Vilar and Lapetina 1985; Ohmura 

and Friesen 1985), and control of ion conductance chan- 

nels (Farley and Auerbach 1986; Madison et al. 1986; 

Hardy et al. 1995). PKC induces the transcription of a 

wide array of genes, including the proto-oncogenes 

c-myc, c-fos, c-sis, and c-jun (Kelly et al. 1983; Greenberg 

and Ziff 1984; Krujer et al. 1984; Colamonici et al. 1986; 

Angel et al. 1988), human collagenase (Angel et al. 1987), 

metallothionein IIA, and the SV40 early genes (Imbra and 

Karin 1986). Several transcription factors have been im- 

plicated in this response, including components of the 

AP-1 complex, AP-2, AP-3, and NF-KB (Chiu et al. 1987; 

Imagawa et al. 1987; Lee et al. 1987; Baeurle and Balti- 

more 1988). 
Although substantial progress has been made toward 

elucidating the pathways leading to PKC activation, the 

steps between this activation and subsequent nuclear 
events are not well understood. However, members of a 
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family of enzymes called mitogen-activated protein ki- 

nases (MAPKs) have been implicated in PKC-dependent 

signaling. These enzymes are thought to function as in- 

termediaries between membrane-associated signaling 

molecules and the nucleus (Pelech and Sanghera 1992; 

Thomas 1992). The observation that at least some mem- 

bers of the MAPK family translocate between the cyto- 

plasm and the nucleus (Chen et al. 1992; Sanghera et al. 

1992; Lenormand et al. 1993) makes them excellent can- 

didates for messengers from the membrane. In support of 

this notion is the finding that a number of nuclear tran- 

scription factors are targets for MAPKs (Hill and Treis- 

man 1995). MAPKs are activated through protein kinase 

cascades that are comprised of three highly conserved 

core components. The MAPKs themselves are activated 

in response to dual phosphorylation on a threonine and 

tyrosine residue by MAPK kinases (or MEKs} (Ahn et al. 

1992). MEKs are phosphorylated and activated by mem- 

bers of a third family of protein kinases called MEK ki- 
nases (MEKKs; Herskowitz 1995). 

The initially described p42/p44 isoforms of MAPK 

(ERKs) are activated in response to a wide array of extra- 

cellular agonists, including those that stimulate PKC, 

tyrosine kinases, and G proteins (Cobb et al. 1991). Ad- 

ditional subtypes of mammalian MAPKs reported re- 

cently include the p46 and p54 c-Jun amino-terminal ki- 

nases (JNKs) (Hibi et al. 1993; Derijard et al. 1994; Gal- 

cheva-Gargova et al. 1994; Kyriakis et al. 1994) and p38 

MAPKs (Han et al. 1994; Rouse et al. 1994). Apparently 

distinct in function from the p42/p44 isoforms, these 

enzymes are activated in response to cytokines and a 

variety of stresses including heat shock, high osmolarity, 

hydrogen peroxide, UV light, sodium arsenite, and inhi- 

bition of protein glycosylation or synthesis. The mech- 

anisms by which such varied stress signals activate these 

novel MAPK isotypes are not yet clear. However, JNK 
activation requires costimulation of both Ca 2+- and 

PKC-dependent pathways in T cells (Suet al. 1994). 

We are studying signal transduction from PKC in the 

budding yeast Saccharomyces cerevisiae. The PKC1 

gene of S. cerevisiae encodes a homolog of the Ca 2+ 

stimulated subtypes of mammalian PKC that is essential 

for cell growth (Levin et al. 1990). Loss of PKC1 function 

results in a cell lysis defect that is attributable to a de- 

ficiency in cell wall construction {Levin and Bartlett- 

Heubusch 1992; Paravicini et al. 1992; Levin et al. 1994). 

Several additional components of the signaling pathway 

regulated by PKC1 were identified by isolating genes 

whose mutational activation, or expression at high lev- 

els, could suppress the cell lysis defect resulting from 

pathway inactivation. Among these are four genes that 

encode protein kinases proposed to constitute a MAPK 

activation cascade that is under the control of PKC1. 

These include a MEKK homolog (BCK1; Lee and Levin 

1992), a redundant pair of MEK homologs {MKK1/ 

MKK2; Irie et al. 1993), and a MAPK homolog (MPK1; 
Lee et al. 1993; initially designated SLT2; Torres et al. 

1991). Deletion of any of these components results in 
cell lysis only when cells are cultivated at 37~ Because 

loss of PKC1 function results in a more severe defect 

(lysis at any temperature) than does loss of function of 

the downstream components, we have proposed that 

PKC1 regulates a bifurcated pathway, on one branch of 

which functions this MAPK activation cascade (Lee and 

Levin 1992). Genetic interactions among these protein 

kinase-encoding genes suggest that they function in a 

linear pathway from PKC1 to BCK1 to MKK1/MKK2 to 

MPK1 (Irie et al. 1993; Lee et al. 1993). This pathway is 

one of five physiologically distinct MAPK activation cas- 

cades known to exist in budding yeast (Herskowitz 1995; 

Levin and Errede 1995). 

To identify the signals that activate the PKCl-regu- 

lated cell integrity pathway, we have developed an im- 

mune-complex protein kinase assay for the MPKI-en- 

coded MAPK. We show here that this signaling pathway 

is strongly activated by growth under mild heat shock 

conditions. We also present evidence that heat-induced 

activation of this pathway is in response to the develop- 

ment of weakness in the cell wall that is detected by 

stretch of the plasma membrane. 

Results 

The PKCl-regulated signaling pathway is important for 

induced thermotolerance 

Wild-type S. cerevisiae cells exhibit the ability to survive 

conditions of severe heat shock if they are first exposed 

to a mild heat shock (Sanchez et al. 1992). This behavior, 

known as induced thermotolerance, is attributable in 

part to the induced expression of a set of so-called heat 

shock genes (Parsell and Lindquist 1994). Because dele- 

tion mutants in the PKCl-regulated MAPK-activation 

pathway (bcklA, mkkl /mkk2A,  and mpklA) grow nor- 

mally at 23~ but undergo cell lysis when cultivated at 

37~ {Tortes et al. 1991; Lee and Levin 1992; Irie et al. 

1993; Lee et al. 1993), we explored the possibility that 

this pathway plays a role in induced thermotolerance. 

Figure 1A shows that a bcklA mutant was no more sen- 
sitive than an isogenic BCK1 § strain to killing by shift 

from logarithmic growth at 23-50~ However, the 

bcklA mutant was partially deficient in the acquisition 

of thermotolerance induced by brief pretreatment at 

37~ (30 min; Fig. 1B). Similar results were obtained us- 

ing an mpklA mutant (data not shown). In addition, a 

constitutive allele of BCK1 (BCK1-20), which alleviates 

the requirement for PKC1 (Lee and Levin 1992), con- 

ferred partial resistance to heat shock (Fig. 1A). These 

results indicate that the PKCl-regulated pathway plays a 
role in induced thermotolerance and suggest that this 

pathway might be activated in response to heat shock. 

The MPKl-encoded MAPK is activated by heat shock 

in a PKCl-dependent manner 

To test directly the effect of growth temperature on 
PKCl-regulated pathway activity, we developed an im- 
mune complex protein kinase assay for the MPKI-en- 

coded MAPK. The MPK1 gene was fused to a sequence 

encoding an epitope from the influenza virus hemagglu- 
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Figure 1. BCK1 is important for induced thermotolerance. 
Cells growing in YEPD at 23~ were either shifted directly to 
50~ for the indicated times (A) or pretreated at 37~ for 30 min 
before the challenge temperature (B). After heat shock, cells 
were diluted and plated for viability. For B, percent survival is 
relative to value after pretreatment. Strains were wild-type 
(1788), BCK1.20 bearing YEp352[MPKl::HA] (DLl183), and 
bckla (DL251). Overproduction of MPKI from YEp352[MPKl::HA] 
enhanced thermal resistance conferred by BCKI-20. Each value 
is the mean and standard deviation of at least three experi- 
ments. 

t inin (HA) protein (Wilson et al. 1984) to allow detection 

and immunoprecipi ta t ion of MPK1. The resulting fusion 

product, designated MPK1 HA, differed from MPK1 by the 

addition of 40 amino acids to its carboxyl terminus.  

MPK1 ~ a  expressed in yeast cells appeared as a 68-kD 

band by SDS-PAGE (Fig. 2A), somewhat  larger than pre- 

dicted by its molecular  mass ( - 6 0  kD). An m p k l A  mu- 

tant was complemented by low-level expression of 

MPK1 HA (not shown), indicating that  this construction 

is biologically functional. 

MPK1 HA was immunoprecipi ta ted from extracts of 

cells growing at various temperatures.  The protein ki- 

nase activity associated with  MPK1 HA was measured in 

immune  complex using bovine myelin basic protein 

(MBP) as substrate, an excellent substrate for m a m m a -  

lian MAPKs. MPK1 HA from cells growing at 23~ was 

very weakly active; enzyme from cells at 30~ was mod- 

erately active; and enzyme from cells at 37~ was 

strongly active (Fig. 2B). Because extracts were made af- 

ter long-term cultivation of cells in log phase (12-15 hr), 

we conclude that  MPK1HA activity remains persistently 

high in cells growing at elevated temperature.  The range 

of activity at different temperatures reflects differences 

in MPK1 HA specific activity because the amount  of this 

protein in the immunoprecipi tates  did not vary appre- 

ciably in cells grown at different temperatures (Fig. 2B, 

bottom). In addition, the observed differences in protein 

kinase activity are not a function of growth rate because 

the optimal growth temperature for this species is 30~ 

This protein kinase activity is an intrinsic property of 

the MPK1 HA protein and is not attr ibutable to a contam- 

inating protein kinase, because a biologically inactive 

mutan t  form of this protein was biochemically inactive 

(see below). 

To examine the kinetics of MPK1 HA activation in re- 

sponse to temperature change, growing cells were shifted 

rapidly from 23~ to 39~ by dilution into prewarmed 

medium. Figure 2C shows that activity remained low 

until  - 2 0  min after temperature shift and peaked by 30 

rain. Later t ime points showed no further increase in 

activity (not shown). This activation represents a 170- 

fold increase in MPK1 HA specific activity. 

The delay in MPK1 HA activation in response to ele- 

vated temperature is considerably longer than that  ob- 

served for activation of two other yeast MAPKs in re- 

sponse to extracellular signals. The FUS3 and H O G !  pro- 

tein kinases become fully active wi th in  1 or 2 min  after 

Figure 2. Activation of MPK1 by growth 
at elevated temperatures. (A) Immunoblot 
detection of MPK1 nn. Immunoprecipita- 
tions using the anti-HA antibody (12CA5) 
were done with cell extracts {50 ~g pro- 
tein) prepared from a wild-type strain ex- 
pressing either untagged MPK1 (DL744), 
or MPK1 HA (DL922) in the presence (lanes 
2,,I) or absence (lanes 1,3) of antibody. Im- 
mune complexes were subjected to SDS- 
PAGE on a 7.5% acrylamide gel. Immun- 
odetection was performed as described in 
Materials and methods. The molecular 
masses of the standards are indicated 
(in kD). The asterisk indicates coimmuno- 
precipitated 12CA5 IgG. (B)MPK1 activity 
is dependent on growth temperature. MPK1 HA was immunoprecipitated from extracts of cultures (DLll01; expresses MPK1 HA) 
growing at 23~ (lanes 1,2), 30~ (lanes 3,4), or 37~ (lanes 5,6). In vitro protein kinase assays were conducted using MBP as a subtrate, 
and the reactions were subjected to SDS-PAGE on a 12.5% acrylamide gel, as described in Materials and methods (top). Autophos- 
phorylated MPK1 HA and phosphorylated 12CA5 IgG (asterisk) are also indicated. All other bands derive from the MBP preparation. A 
parallel set of immune complexes were subjected to immunodetection of MPK1 H^ (bottom). (C) MPK1 is activated by heat shock. 
MPK1 HA was immunoprecipitated from extracts of DL 1101 cultures shifted from 23~ to 39~ for the indicated times. Protein kinase 
assays {top) and immunodetection of MPK1 HA (bottom) were carried out on parallel sets of immune complexes. 
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exposure of cells to their respective activating signals 

(Gartner et al. 1992; Brewster et al. 1993). This suggests 

that  elevated growth temperature does not induce a di- 

rect signal for MPK1 HA activation but that  this activa- 

tion is the result of a physiological change arising from 

growth under the new environmental  condition. To de- 

termine whether  MPK1 HA activation depends on the 

synthesis of a new protein, cells growing at 23~ were 

pretreated with  the protein synthesis inhibitor cyclohex- 

imide before a 30-min shift to 39~ Initial MPK1 HA ac- 

tivation was not impaired by the absence of protein syn- 

thesis (Fig. 3A, cf. lanes 2 and 5), indicating that the 

delay in thermally induced activation is not attributable 

to a requirement  for the synthesis of new proteins. Cy- 

cloheximide t rea tment  alone had a slight activating ef- 

fect on MPK1 HA (threefold; Fig. 3A, cf. lanes 1 and 4). 

To confirm that  the protein kinase activity detected 

was an intrinsic property of MPK1 HA, rather than a con- 

taminat ing activity in the immune  precipitates, a mu- 

tant form of this protein that lacks the two phosphory- 

latable residues predicted to be required for activation 

was tested for protein kinase activity. Muta t ion  of either 

{or both) Thr-190 to Ala, or Tyr-192 to Phe, severely di- 

minishes the biological activity of MPK1 (Lee et al. 

1993). An MPK1 § strain expressing the mpkl-T19OA, 

Y192F::HA double mutan t  allele was shifted from 

Figure 3. Activation of MPK1 does not require protein synthe- 
sis, but it does require signals from PKCI and BCK1. (A) Stim- 
ulation of MPK1 protein kinase activity in response to shift 
from growth at 23~176 for 30 rain was detected as described 
in Fig. 2 (top). Strains were wild-type (DL922; expresses 
MPK1HA), mpkl-TAYF::HA (DL1182; expresses MPK1-T190A, 
Y192FHA), and bckla::URA3 (DL923; expresses MPKIHA). 

(Lanes 4,5) Cycloheximide (100 ~tg/ml)was added to the culture 
30 min before heat shock. A parallel set of immune complexes 
were subjected to immunodetection of MPK1 HA (bottom). (B) 
Stimulation of MPK 1 protein kinase activity in response to shift 
from growth at 25~ to 37~ for 30 rain in a temperature-sen- 
sitive pkcl mutant. Strains were wild type (DL1101; expresses 
MPK1 HA) and pkcl-2 (DL1102; expresses MPK1HA). Protein ki- 
nase assays (top) and immunodetection of MPK1RA (bottom) 
were carried out on parallel sets of immune complexes. 

growth at 23~ to 39~ for 30 min. Immunoprecipi ta ted 

MPK1-TAYF HA displayed no detectable protein kinase 

activity (Fig. 3A, lane 7). 

To test the veracity of the model  proposed for the ar- 

chitecture of the PKCl-regulated pathway (Lee et al. 

1993), we examined the requirement  for BCK1 function 

in MPK1 HA activation. MPK1 HA isolated from a temper- 

ature-shifted strain bearing a bckl A muta t ion  possessed 

no detectable activity (Fig. 3A, lane 9), confirming the 

dependence on BCK1 for MPK1 HA activity. As an addi- 

tional test of the proposed model, we examined the re- 

quirement  for PKC1 function in the activation of 

MPK1 HA. The MPK1 HA protein was expressed in a strain 

bearing a temperature-sensit ive allele of PKC1 (pkcl-2; 

Levin and Bartlett-Heubusch 1992). The mu tan t  strain 

was subjected to a 30-min shift from 25~ to 37~ a 

t reatment  that had the dual effect of creating the appro- 

priate conditions for MPK1 activation while inactivating 

the thermolabile PKC1. In addition, this t rea tment  does 

not cause appreciable killing of the mutan t  over the t ime 

course of the experiment (Levin and Bartlet t-Heubusch 

1992}. Figure 3B shows that  this temperature  shift failed 

to activate MPK1 HA in the pkcl mutant ,  confirming the 

requirement for PKC1 in signal t ransmission to this 

MAPK. 

Heat shock gene expression is not regulated 

by the PKC1 pathway 

Mild heat shock induces the expression of an array of 

genes under the control of the heat shock transcription 

factor (HSF; Sorger and Pelham 1988; Weiderrecht et al. 

1988). Many of these genes encode molecular  chaparones 

that aid in the refolding or proteolytic degradation of 

unfolded proteins under thermal  stress conditions (Mori- 

moto et al. 1994). HSF binds to a promoter  e lement  in 

these genes known as the heat shock element  (HSE; 

Munro and Pelham 1985). To determine whether  heat  

shock-induced gene expression is dependent on the 

PKCl-regulated pathway, we measured the expression of 

a reporter gene (Escherichia coli lacZ} driven by either a 

synthetic- or natural  HSE-associated promoter  in an 

mpklA mutant  and a pkclA mutant .  Table 1 shows that  

heat shock-induced expression from these promoters 

was normal in both mutants ,  al though the pkclA mu- 

tant displayed an elevated consti tutive level of expres- 

sion. This indicates that the PKCl-regulated pathway is 

not responsible for transcriptional activation of genes 

under HSE control. But because the expression of some 

heat shock genes is also regulated post-transcriptionally 

(e.g., HSPI04; S. Lindquist, pets. comm.), we examined 

the heat shock-induced accumulat ion of the HSP104 

protein in a bckl A mutant .  Here again, no difference was 

observed between the mutan t  and wild-type strain (not 

shown). 

A second promoter  element that is activated in re- 

sponse to heat shock is the stress-responsive element 

(STRE; Marchler et al. 1993). To determine whether  

STRE-driven gene expression is dependent on the PKC1- 
mediated pathway, we measured expression of the CTT1 
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Table 1. Heat shock gene expression is normal in mpkl and pkcl mutants 

HSE-driven B-galactosidase 
activity (relative units) 

Temperature 
Genotype (~ SSA1/HSP26 synthetic 

STRE-driven catalase T 
activity (relative units) 

Wild type 23 1.0 3.2 1.0 
39 19.0 20.6 23.9 

mpklA 23 1.2 4.2 1.1 
39 17.8 21.8 22.0 

Wild type 23 1.2 N.T. 2.1 
+ salt 39 14.4 N.T. 25.8 
pkcla 23 4.6 N.T. 5.7 
+ salt 39 30.8 N.T. 36.7 

Strains were wild-type (DL1161 and DL1162), mpklh (DL1157 and DL1158), and pkcla (DL1186). Plasmid pB11 (Susek and Lindquist 
1990) expresses E. coli lacZ under the control of the yeast CYC1 promoter driven by upstream activating sequences from HSP26 and 
SSAI. Plasmid CS 11 is a similar construct with four synthetic HSEs fused to the CYCI promoter. The elevated basal level of catalase 
T activity in the presence of salt (0.5 M potassium acetate) results from transcriptional activation of CTT1 by high osmolarity (Schuller 
et al. 1994). Each value for ~-galactosidase activity is the mean of at least two experiments. (N.T.) Not tested. 

gene in an mpk lA  mutan t  and a p k c l h  mutant .  The 

CTT1 gene encodes the major yeast catalase (catalase T) 

and is induced transcriptionally by stresses such as heat 

shock, hydrogen peroxide, and high osmolari ty 

(Marchler et al. 1993; Schuller et al. 1994). Both mutants  
displayed normal  induct ion of catalase activity in re- 

sponse to heat shock (Table 1), indicating that the PKC1 

pathway is not responsible for heat shock-induced ex- 

pression of genes under STRE control. Therefore, ther- 
mal  activation of this pathway must  serve some other 

purpose. 

Stresses other than heat shock that cause proteins to 

unfold also induce the expression of heat shock genes. 

Ectopic expression of denatured proteins in cells is suf- 

ficient to s t imulate  heat shock gene expression (Parsell 

and Lindquist  1994), suggesting that unfolded proteins 

constitute the primary signal for activation of HSF. We 

examined the activation of MPK1HA in response to sev- 

eral protein denaturing stresses. Treatment  of cells grow- 

ing at 23~ with 400 ~M hydrogen peroxide, 6% ethanol, 

or 750 p.M sodium arsenite, all of which  induce expres- 

sion of HSE-driven genes (Sanchez et al. 1992), failed to 

activate MPK1 HA (less than twice basal activity). There- 

fore, it is not l ikely that unfolded proteins resulting from 

heat shock are the signal that s t imulates  the PKC1 path- 

way. 

The PKC 1 -regulated signaling pathway is activated 

in response to plasma membrane stretch 

If the PKC1 pathway is not activated by the same signal 

that induces heat shock gene expression, then to what  

aspect of thermal  stress might  this pathway respond? In 

addition to unfolding proteins, heat shock also increases 

the fluidity of membranes.  Because mutants  in the 

PKCl-regulated pathway undergo cell lysis resulting 

from a deficiency in cell wall  construction, we specu- 

lated that the activating signal might  be generated as a 

consequence of weakness in the cell wall  created during 

growth at high temperature, possibly attributable to in- 

creased membrane  fluidity. The observed delay in 

MPK1 HA activation in response to elevated temperature 

can be explained by the development of weakness in the 

cell wall during growth under thermal  stress. One mech- 
anism by which  the cell might  detect weakness in the 

wall is by measuring stretch of the membrane.  The yeast 

plasma membrane  possesses mechanosensi t ive  ion 

channels that are activated by stretch (Gustin et al. 

1988). 
As a first test of the model that the PKCl-regulated 

pathway is activated by plasma membrane  stretch, we 

examined the effect of altering the extracellular osmo- 

larity on MPK1 HA activity. One prediction of this model  

is that growth in the presence of high extracellular os- 

molarity, which  prevents outward stretch of the plasma 

membrane,  should prevent activation of MPK1 HA. Cells 

growing in the presence or absence of 0.5 M potassium 

acetate were subjected to a 30-rain temperature shift 

from 24~ to 39~ Figure 4 shows that activation of 

MPK1 HA by elevated temperature was prevented to a 

large degree in cells growing in the high osmolari ty me- 

d ium (cf. lanes 2 and 5). This inhibi t ion  of MPK1 HA ac- 

tivation was not specific to potassium acetate but was 

also caused by 10% sorbitol (not shown), indicating that 

this is a general effect of increased osmolarity. Moreover, 

prevention of heat-induced MPK1 HA activation by high 

osmolarity is not a consequence of activating the high 

osmolarity glycerol (HOG) response pathway, because 

potassium acetate prevented activation of MPK1 HA in a 

mutan t  in this pathway (pbs2A; Fig. 4, cf. lanes 7 and 9). 

Although mechan i sms  other than the HOG pathway 

may exist to signal high extracellular osmolarity, these 

results suggest that elevated osmolari ty prevents 

MPK1 HA activation as a direct consequence of the in- 

creased external pressure on the plasma membrane.  This  

conclusion is supported by the observation that increas- 

ing the osmolari ty at the t ime of temperature shift also 

prevented MPK1 HA activation effectively (not shown). 
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Figure 4. Growth in high extracellular osmolarity prevents 
temperature-induced activation of MPK1. Cultures of wild-type 
cells {DL807; expresses MPK1H^) and a pbs2A mutant (DL1049; 
expresses MPK1H^), growing at 24~ in YEPD or YEPD supple- 

mented with 0.5 M potassium acetate {KOAc), were subjected to 
a 30-min heat shock (at 39~ before extraction and immuno- 
precipitation of MPK1 Ha. Protein kinase assays (top) and im- 
munodetection of MPK1 Ha (bottom) were carried out on paral- 
lel sets of immune complexes. 

ward stretch to avoid constraint  by the cell wall. Treat- 

ment  of cells growing at 25~ wi th  250 ~M CPZ strongly 

activated MPK1 HA (Fig. 5B, of. lanes 1 and 4). The level of 

MPK1 HA activity in the presence of CPZ was nearly as 

high as that  induced by heat shock {cf. lanes 2 and 4). 

CPZ has also been reported to inhibi t  calmodul in  in a 

Ca2+-dependent manner  (Babu et al. 1988}. To exclude 

the possibility that  CPZ exerts its activating effect on 

MPK1 HA through an indirect mechanism involving cal- 

modulin,  we tested a strain wi th  a mutan t  calmodul in  

that  is unable to bind Ca ~+ (cmdl-6; Geiser et al. 1991), 

and therefore, should not  interact  wi th  CPZ. This  mu- 

tant  behaved identically to the isogenic CMDI + strain 

with respect to MPK1 HA act ivat ion by CPZ (Fig. 5B; 

lanes 5,7). Although it is possible that  CPZ has addi- 

t ional effects on cells that  could result in the indirect 

activation of MPK1 HA, it seems most  l ikely that  the ob- 

served activation results from CPZ-induced membrane  

stretch. 

Intracellular localization of MPK1 

Because some MAPKs have been reported to translocate 

between the cytoplasm and the nucleus (Chen et al. 

1992; Sanghera et al. 1992; Lenormand et al. 1993), we 

examined the intracellular localization of MPK1 HA un- 

der various thermal conditions. Indirect immunofluores-  

cence of MPK1 H^ revealed that  this MAPK resides in 

Another  prediction of this model is that  MPK1 HA 

should be activated by environmenta l  changes that  in- 

duce plasma membrane  stretch. We used two mecha- 

nisms for inducing stretch. First, we tested the ability of 

a rapid reduction in extracellular osmolari ty to activate 

MPK1 Ha. Cells growing at 23~ in high osmolari ty me- 

dium (YEPD + 1 M sorbitol) were diluted wi th  YEPD (to 

0.2 M sorbitol). MPK1 HA was activated transiently by 

this t rea tment  (Fig. 5A). Although activation was weak 

as compared wi th  heat shock activation, the kinetics 

were strikingly rapid, wi th  activity peaking 1 min after 

osmotic shock. This is the expected result if MPK1 HA is 

activated in response to plasma membrane stretch in- 

duced by the instantaneous reduction in external osmo- 

larity. MPK1 HA activity returned to the preactivation 

level wi th in  5-10 min  after this shock. This too is ex- 

pected, because as the cell opens membrane ion channels 

to collapse the osmotic gradient, the outward pressure 

on the membrane  is relieved. 

The second mechanism used to induce stretch of the 

plasma membrane  was t rea tment  of cells with chlor- 

promazine (CPZ), a cationic amphipath,  which preferen- 

tially inserts into the cytoplasmic leaflet of the plasma 

membrane lipid bilayer. This agent is very effective at 

inducing inward membrane  stretch in vivo {Sheetz and 

Singer 1974), and activating mechanosensi t ive  ion chan- 

nels in vitro {Martinac et al. 1990). Although these ion 

channels can be activated by either inward or outward 

membrane  stretch, we chose an agent that  induces in- 

Figure 5. Membrane stretch activates MPK1. (A) Activation of 
MPK1 by hypo-osmotic stress. Wild-type cells (DL922; ex- 
presses MPK1 HA) growing at 23~ in YEPD supplemented with 

1 M sorbitol were diluted with YEPD to a final concentration of 
0.2 M sorbitol. MPKI ~ was immunoprecipitated from extracts 

of samples taken at the indicated times. Protein kinase assays 
{top} and immunodetection of MPK1 HA (bottom) were carried 

out on parallet sets of immune complexes. (B) Activation of 
MPK1 by chlorpromazine (CPZ). Cultures of wild type 
(DL1210; expresses MPK1Hn) or cmdl-6 mutant (DL1211; ex- 
presses MPK1 HA) cells growing at 25~ in YEPD were either 
shifted to 39~ for 30 min (lanes 2,3,6) or treated with 250 ~M 
CPZ for 2 hr (lanes 4,7). Protein kinase assays (top) and immu- 
nodetection of MPK1 HA (bottom) were carried out on parallel 

sets of immune complexes. 
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both the cytoplasm and the nucleus in growing cells. 

MPK11-~ appeared to be concentrated in the nucleus in 

cells growing at 24~ (Fig. 6A). In contrast, in cells grow- 

ing at 37~ staining was distributed more uniformly be- 

tween the two compartments (Fig. 6C). The pattern of 

localization in cells shifted from 24~ to 39~ for 30 min 

(Fig. 6B) resembled the uniform staining observed after 

long-term cultivation at high temperature, except that 
MPK1 HA appeared to be excluded from the enlarged vac- 

uoles that develop in response to heat shock. Because 
expression of MPK1 HA is not altered by heat shock or 

prolonged growth at elevated temperature (data not 

shown), the observed staining patterns reflect a redistri- 

bution of nuclear MPK1 to the cytoplasm at high tem- 

perature. 

D i s c u s s i o n  

The PKCl-regulated signaling pathway is important 
for induced thermotolerance 

Heat shock disrupts a variety of cellular structures and 

processes by causing protein unfolding and increased 

membrane fluidity (for review, see Parsell and Lindquist 

1994). The yeast heat shock response is a complex pro- 

cess that allows cells to grow at elevated temperatures 

and survive brief exposure to extreme temperatures. The 

best studied aspect of the heat shock response is the 

phenomenon of induced thermotolerance. This refers to 

Figure 6. Intracellular localization of MPK1 HA by indirect im- 
munofluorescence. Diploid ceils, expressing MPK1 HA (DL1232) 
or untagged MPK1 (1788), were grown in log phase for 12-15 hr 
at 24~ (A) or 37~ (C), or shifted from growth at 24~ to 39~ 
for 30 rain {BI. Ceils were stained with anti-HA antibodies 
(12CA5) and DAPI (to visualize DNA). 

the resistance to killing by high temperatures (e.g., 50~ 

that is acquired by brief pretreatment at a moderately 

elevated temperature (e.g., 37~ The thermally induced 

synthesis of a set of proteins, known collectively as heat 

shock proteins (HSPs), plays an essential role in induced 

thermotolerance (Parsell and Lindquist 19941. HSPs 

function in two ways to prevent the accumulation and 

aggregation of denatured proteins. Some act as molecular 

chaparones that promote protein refolding, whereas oth- 

ers are involved in the degradation of denatured proteins 

(for review, see Morimoto et al. 1994). 

In this study we demonstrate that the PKC (encoded 

by PKC1)-regulated cell integrity signaling pathway me- 

diates a novel aspect of the yeast heat shock response. 

Mutants in the protein kinases under the control of 

PKC1 (BCK1, MKK1/MKK2, and MPK1) undergo cell ly- 

sis because of a deficiency in cell wall construction when 

they are induced to grow at high temperatures (e.g., 37~ 

(for review, see Levin and Errede 1995). We have demon- 

strated here that (1) such mutants are deficient in the 

ability to survive a severe heat shock after brief pretreat- 

ment with a mild heat shock; (2) a constitutive mutant 

in the PKCl-regulated pathway (BCK1-20) is partially 

resistant to severe heat shock, indicating that one aspect 

of induced thermotolerance is activated constitutively in 

this mutant; (3) the activity of the MAPK (encoded by 
MPK1) under the control of PKC1 is stimulated 170-fold 

in growing cells in response to a mild heat shock (i.e., 

23~ to 39~ This increased activity is sustained indef- 

initely during growth at elevated temperature; and (4) 

mutants in the PKC1 pathway are not compromised for 

the ability to induce expression of genes under the tran- 

scriptional control of known heat shock-activated pro- 

moter elements (i.e., HSEs or STREs), indicating that 

this pathway plays a novel role in induced thermotoler- 

ance. To our knowledge, this is the first report linking 

PKC to a heat shock response. 

The PKCl-regulated pathway is activated by plasma 
membrane stretch 

Mutants in the PKC1 pathway are deficient in remodel- 

ing their cell walls during growth. We propose that the 

heat-induced signal for pathway activation is generated 

as a consequence of weakness in the cell wall created 

during growth under conditions of thermal stress, per- 

haps resulting from increased fluidity of the plasma 

membrane (Fig. 7) '. An increase in membrane fluidity 

could disrupt the interaction between the plasma mem- 

brane and the cell wall, thereby adversely affecting wall 

biosynthesis. This model is consistent with the observa- 

tion that heat shock-induced activation of MPK1 fol- 

lowed a delay of -20  min, suggesting that the signal 

develops as a consequence of growth under the new en- 

vironmental condition. 
We propose further that the PKCl-regulated signaling 

pathway detects and responds to weakness in the cell 

wall by measuring plasma membrane stretch (Fig. 7). 

Three lines of evidence support this model. First, growth 

in high osmolarity medium greatly inhibited the heat 
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Figure 7. Model for heat shock-induced activation of the PKC1 

signaling pathway. Elevated growth temperature results in a 

weakened cell wall at the site of wall remodeling, possibly at- 

tributable to increased membrane fluidity. Weakness in the 

wall allows the plasma membrane to stretch, triggering activa- 

tion of mechanosensitive (MS) ion channels. Open ion channels 

allow influx of cations, including Ca 2 +, which activates directly 

or indirectly the PKC1 pathway. Alternatively, pathway activa- 

tion may be coupled directly to ion' channel activation indepen- 

dently of ion flux. Activated PKC1 stimulates a protein kinase 

cascade that culminates with the activation of the MPK1 
MAPK. 

shock-induced activation of MPK1. This effect appears 

to be a direct consequence of the increased external pres- 
sure exerted on the plasma membrane, because it did not 

require the function of the HOG pathway. Second, a re- 

duction in extracellular osmolarity induced a very rapid, 

but transient, activation of MPK1, consistent with the 

instantaneous membrane stretch such treatment would 
induce. Tyrosine phosphorylation of MPK1 {as an indi- 

rect measure of MPK1 activation} has also been detected 

in response to reduced osmolarity (M.C. Gustin, pers. 

comm.). Third, treatment of cells with CPZ, an amphi- 

pathic drug that induces membrane stretch by preferen- 

tially inserting into the cytoplasmic leaflet of the lipid 

bilayer strongly activated MPK1. Taken in the aggregate, 

these results indicate that membrane stretch is suffi- 

cient to activate the PKC1 signaling pathway. 

Yeast cells possess mechanosensitive ion channels 

that are activated by membrane stretch and are capable 

of importing Ca 2§ (Gustin et al. 1988}. Yeast cells expe- 
rience a rapid influx of Ca 2 + in response to mild heat 
shock (H. Iida, pers. comm.) that may result from the 

opening of such ion channels. Because PKC 1 is related to 
the Ca 2 +-activated family of PKC isoforms (Levin et al. 

1990), it may be activated directly in response to Ca 2+ 

influx. Alternatively, PKC1 may be activated indirectly 

through the stimulation of a Ca 2 +-dependen t  phospho- 

lipase C (PLC). Although such a phospholipase has been 

described in yeast (the product of the PLC1 gene) {Flick 

and Thomer 1993; Payne and Fitzgerald-Hayes 1993; 

Yoko-o et al. 1993), this enzyme does not appear to func- 

tion within the PKCl-regulated signaling pathway. It is 

also possible that activation of a PLC is coupled directly 

to ion channel activation. 

It is not yet clear what types of pathway output are 

engaged in response to activation of the PKC1-regulated 

pathway. Persistent pathway activation in response to 

elevated temperature might induce the expression of 

genes whose products can reduce membrane fluidity, 

perhaps by increasing the level of saturation of the fatty 

acids in the membrane. Expression of genes involved in 

cell wall biosynthesis might also be regulated by this 

pathway. However, if the PKC1 pathway regulates gene 

expression in response to heat shock, it must do so 

through a mechanism other than activation of the 

known heat-inducible promoter elements. Alternatively, 

it is possible that this pathway regulates functions other 

than gene expression. For example, the actin cytoskele- 

ton, which controls polarized cell growth (Drubin 1991), 

may be reorganized in response to pathway activation. 

The observed translocation of MPK1 from the nucleus to 

the cytoplasm at elevated temperature suggests that this 

MAPK serves a function outside of the nucleus. 

Transient pathway activation caused by a reduction in 

extracellular osmolarity may induce a qualitatively dif- 

ferent output than that resulting from sustained activa- 

tion in response to heat shock. For example, ion channel 

conductance may be regulated by pathway activity dur- 

ing the equilibration of internal and external osmolarity. 

This may be relevant to the observation that mamma- 

lian PKC regulates the function of some ion channels 

{Farley and Auerbach 1986; Madison et al. 1986; Hardy 

et al. 1995). Precedents exist for different responses to 

transient versus sustained activation of mammalian 

MAPKs, which may be explained by translocation of 

MAPKs only under conditions of sustained activation 

{Marshall 19951. 
The PKC1 pathway may be an appropriate model for 

mammalian signaling pathways that regulate stress-ac- 

tivated MAPKs. The JNK and p38 MAPKs are regarded as 
functional homologs of the yeast MAPK encoded by the 

HOG1 gene because all of these enzymes are activated in 

response to high extracellular osmolarity [Galcheva-Gar- 

gova et al. 1994; Han et al. 1994}. However, unlike 

HOG1, the mammalian enzymes are activated by a va- 

riety of other stresses, including heat shock (Hibi et al. 

1993; Kyriakis et al. 1994; Rouse et al. 1994}. The re- 

quirement for PKC activation in the stimulation of JNK 

in T cells (Suet al. 1994} suggests that a pathway similar 

to that regulated by PKC1 might function in mammalian 
cells to signal membrane stretch. Mammalian cells pos- 

sess mechanosensitive ion channels (Martinac et al. 
19901, which presumably allow them to detect plasma 

membrane stretch. These cells may monitor the state of 
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their extracellular matrices by a mechanism similar to 
that by which  we propose yeast cells to monitor  the state 

of their cell walls. 

Other signals that  lead to act ivat ion of PKC1 

The PKCl-regulated pathway is also required for cell in- 
tegrity during mating factor-induced morphogenesis 
(Errede et al. 1995). Mutants  in BCK1 or MPK1 lyse when 

treated wi th  mat ing factor at temperatures that are per- 

missive for vegetative growth. The kinetics of cell lysis 

indicate that mutan t  cells die at the onset of morpho- 

genesis. We have found that MPK1 is activated in re- 

sponse to t reatment  of cells with mat ing factor and that 

this activation is also coincident wi th  the onset of mor- 

phogenesis (Errede et al. 1995). These observations may 

be explained by the finding that during mat ing factor- 

induced morphogenesis, a large region of the cell wall  

undergoes remodeling in a relatively short period, poten- 

tially creating weakened areas that would result in stim- 

ulation of the PKC1 pathway. 

Cells depleted of PKC1 lyse at a uniform point in the 

cell cycle, wi th  smal l - to-medium sized buds (Levin et al. 

1990). We have proposed that this is because a deficiency 

in cell wall  remodeling is manifested most  severely in 

the early stages of bud formation (Levin and Bartlett- 

Heubusch 1992), during which  growth is polarized to the 

bud tip (Farkas et al. 1974; Lew and Reed 1993). This is 

supported by the observation that PKCl-depleted cells 

lyse specifically at their bud tips (Levin et al. 1994). 
Therefore, it might be expected that PKCl-regulated 
pathway activity would fluctuate wi th  the cell cycle. In 

addition, a muta t ion  in MPK1 was isolated in a search for 

mutat ions that enhance the growth defect of a tempera- 

ture-sensitive allele of the CDC28 cell cycle gene (Maz- 

zoni et al. 1993), further suggesting that the cell cycle 

engine plays a role in cell wall  construction. However, 

measurements  of MPK1 activity in synchronized cells 

have failed to reveal fluctuations through the cell cycle 

(Y. Kamada and D.E. Levin, unpubl.). This  observation 

seems to preclude any model  in which  PKC1 activity is 

regulated by the cell cycle engine. 

Materials and methods 

Strains, growth conditions, transformations, and nucleic acid 

manipulation 

All yeast strains used in this study (Table 2) were derivatives of 
EG123 (MATa leu2-3,112 ura3-52 trpl-1 his4 canl r (Siliciano 
and Tatchell 1984), except CRY1 and JGY149, which were the 
gift of Trisha Davis (University of Washington, Seattle). Yeast 
cultures were grown in YEPD medium (1% Bacto-yeast extract, 
2% Bacto-peptone, 2% glucose). Synthetic minimal medium 
(SD; Rose et al. 1990) supplemented with the appropriate nutri- 
ents was used to select for plasmid maintenance and gene re- 
placements. The pbs2A::LEU2 plasmid (pMA11) used to delete 
the PBS2 gene was the gift of M.C. Gustin (Rice University, 
Houston, TX). A 3.7-kb SacI-SpeI fragment was used for yeast 
transformation. Yeast transformation was by the lithium ace- 

Table 2. S. cerevisiae strains 

Strain Genotype Source 

EG123 MATo~ leu2-3,112 ura3-52 trpl-1 his4 canl ~ 

1 7 8 3  MATaEG123 

1788 

DL251 
DL456 
DL744 
DL807 
DL922 
DL923 
DL1049 
DLll01 
DLll02 
DLl157 
DLl158 
DLll61 
DLl162 
DLl182 
DLl183 
DLl186 
DL1210 

DL1211 

DL1232 

MATa/MATa isogenic diploid of EG123 

MA Ta/ MA ToL 

MA Ta/ MA TeL 

MA Ta/ MA TeL 

MA Ta/ MA ToL 

MA Ta/ MA T~ 

MA Ta/ MA Ta 

1788 bckl A : : URA3/bckl A : : URA3 

1788 mpklA::TRP1/mpklA::TRPI 

DL456 (YEp351[MPK1 l) 
DL456 (YEp352[MPK1 ::HA]) 

DL456 (YEp351 [MPK1 ::HAl) 

DL922 bckl dl:: URA3/bckl A:: URA3 

MA Ta/MA Tc~ DL807 pbs2A : :LEU2/pbs2A: :LEU2 

MATa 1783 (YEp352[MPKl::HA]) 

MATa DLll01 pkclA::LEU2 (YCp5OAURA3~kcI-2]) 

MATa/MATo~ DL456 (pB11) 
MATa/MATcx DL456 (CS11) 
MATa/MAToL 1788 (pB11) 
MATa/MAToL 1788 {CSll) 
MATa/MATo~ 1788 (YEp352[mpkl-T190A, Y192F::HA]) 

MATa/MA ToL 1788 BCK1-20/BCK1-20 (YEp352[MPK1 ::HA]) 

MATa 1783 pkclA::LEU2 (pB11) 
MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-lO0 (YEp351[MPKl::HA]) 

MATa DL1210 cmdl-6 

MA Ta/MA Te~ DL456 (YCp5OLEU2[MPKI : :HA ]) 

I. Herskowitz (University of 
Californial 

I. Herskowitz (University of 
California) 

I. Herskowitz (University of 
California) 

Lee and Levin (19921 
Lee et al. (1993) 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
this study 
T. Davis (University of 

Washington) 
T. Davis (University of 

Washington) 
this study 
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tate method (Ito et al. 1983). General genetic manipulation of 

yeast cells was carried out as described previously IRose et al. 

1990). Induced thermotolerance of yeast strains was tested as 

described by Sanchez et al. (1992). Oligonucleotide labeling, hy- 

bridization, and DNA sequence analysis were also carried out as 

described previously {Levin et al. 1987). 

E. coli DHS~ /Hanahan 19831, HB101 tBoyer and Roilland- 

Dussoix 1969), and TG1 (Sambrook et al. 1989) were used for 

the propagation of all plasmids and phage. Phage M13mpl8 

(Norrander et al. 1983) was used to generate single-stranded 

template DNA for site-directed mutagenesis and DNA se- 

quence analysis. E. coli cells were cultured in Luria broth or YT 

medium (0.75% Bacto-tryptone, 0.5% Bacto-yeast extract, 0.5% 

NaCI) and transformed or infected with M13 by standard meth- 

ods (Maniatis et al. 1982}. 

Epitope tagging of MPK1 

MPK1 was tagged at its carboxyl terminus with an epitope from 

the influenza virus HA protein (Wilson et al. 1984}. In the first 

of two steps, a 2.7-kb EcoRI-SphI fragment bearing various al- 

leles of the entire MPK1 gene in M13mpl8 was subjected to 

mutagenesis with the primer 5'-GATAGAAAATATTTTG- 

GCGGCCGCTAGGACAAAAAACTA-3'. This resulted in the 

placement of a NotI site immediately 5' to the translational 

terminator. Next, the NotI fragment from pSM491 (gift of B. 

Futcher, Cold Spring Harbor Laboratory), which carries the 

9-amino-acid HA epitope in tandem triplication, was subcloned 
into the newly created NotI site of MPK1. 

Indirect immunofluorescence 

Indirect immunofluorescence was done by modification of the 

procedure described in Berkower et al. (1994). Cultures of log 

phase cells (-10 s cells) growing in YEPD were fixed by direct 

addition of formaldehyde to the medium to a final concentra- 

tion of 4%. Cells were fixed for 30 rain at room temperature 

before harvest by centrifugation. Fixed cells were washed twice 

with 5 ml of KP buffer (0.1 M potassium phosphate, pH 6.5) and 

resuspended in 2 ml of KPS buffer (KP with 250 mM sorbitol). To 

remove the cell wall, 0.5 ml of cell suspension was incubated 

with 20 ~tg/ml of Zymolyase 100T (ICN) and 0.2% 13-mecap- 

toethanol at 30~ for 30 rain. Spheroplasts were washed with 5 

ml of KPS and harvested by gentle centrifugation (3000g for 2 

min) and resuspended in 0.5 ml of KPST (KPS with 0.05% 

Tween 20). Fixed spheroplasts were adsorbed to polylysine- 

coated multiwell slides for 15 min, and blocked for 15 min with 

PBST-BSA [0.18% K2HPO4, 0.03% KH2PO 4 (pH 7.31, 0.8% 
NaC1, 0.02% KC1, 0.05% Tween 20, and 0.1% BSA]. The wells 

were incubated with 15 ~1 of primary antibody {12CA5} diluted 

1:1000 in PBST-BSA for 2 hr at room temperature. After four 

washes with PBST-BSA, wells were incubated for 2 hr with 15 

~1 of secondary antibody (FITC-conjugated goat-anti-mouse; 

Boehringer Mannheim) diluted 1:500. After four washes with 

PBST-BSA, cells were stained with 1 ~g/ml of DAPI in PBS 

(PBST-BSA without Tween 20 or BSA} for 5 rain. The wells 

were washed once with PBS before mounting medium (Rose et 

al. 1990} was added. 

Treatment of cells and preparation of extracts 

Cells grown to A6oo=0.5-1.0 in YEPD medium were treated 
with various stresses before harvesting. For heat shock, cells 

growing at room temperature (23~176 were diluted 1:1 with 

fresh medium prewarmed to 55~ and then maintained at 39~ 

for the indicated times. Control cells were diluted with medium 

at room temperature. The cell response was terminated by fur- 

ther diluting the culture t1:1) with ice-cold stop mix (0.9% 

NaCI, 1 mM NAN3, 10 mM EDTA, and 50 mM NaN (Surana et al. 

1991). 
Cells were harvested from 50 ml of medium by centrifugation 

at 3000g for 5 rain and washed once with cold stop mix. The cell 

pellet was suspended in 0.4 ml of ice-cold lysis buffer [50 mM 

Tris-HC1 (pH 7.5), 150 mM NaC1, 5 mM EDTA, 5 mM EGTA, 0.2 

mM Na3VO4, 50 mM KF, 30 mM sodium pyrophosphate, 15 mM 

p-nitrophenylphosphate, 20 ~g/ml of leupeptin, 20 ~g/ml of 

benzamidine, 10 ~g/ml of pepstatin A, 40 ~g/ml of aprotinin, 

and 1 mM PMSFI. An equal volume of glass beads (0.3 mm 

diam.) and 2 ~xl of Antifoam A (Sigma) were added to this sus- 

pension, and cells were broken by vigorous vortexing for 4 min 

at 4~ The beads and cell debris were removed by centrifuga- 

tion at 13,000g at 4~ and the supernatant was further clarified 

by two additional 10-rain centrifugations. Glycerol was added 

to the resulting lysate to a final concentration of 30% before 

storage at -20~ Protein concentrations of cell extracts were 

measured as described (Bradford 1976) with Bio-Rad protein de- 

termination reagent. 

Immunoprecipitations 

MPK1 HA was immunoprecipitated from cell extracts using the 

12CA5 monoclonal antibody (BabCo), which recognizes the HA 

epitope. Cell extracts (50 ~g of protein) were added to immuno- 

precipitation buffer (lysis buffer without protease inhibitors, 

with 1% NP-40 and sodium pyrophosphate at pH 7.5) to a final 

volume of 0.5 ml, to which was added 2 ~1 of mAb 12CA5 raw 

ascites diluted 1:10 in Tris-buffered saline [TBS; 50 mM Tris- 

HC1 (pH 7.4), 8% NaC1, 0.2% KC1]. This mixture was incubated 

for 1 hr at 4~ with gentle agitation. To the extract/antibody 

mixture was added 20 ~xl of a 50% suspension of protein 

A-Sepharose beads (Sigma) equilibrated in immunoprecipita- 

tion buffer, followed by a further incubation for 1 hr at 4~ with 

gentle agitation. Immune complexes were washed four times 

with immunoprecipitation buffer (without sodium pyrophos- 

phate or KF), twice with buffer M [25 mM MOPS (pH 7.5), 1 mM 

EGTA, 0.1 mM Na3VO4, 15 mM p-nitrophenylphosphate] and 

once with kinase assay buffer (buffer M with 15 mM MgC12). 

In vitro phosphorylation assay 

Phosphorylation assays were conducted using immunoprecipi- 

tated MPKI HA. Immunoprecipitates were suspended in 18 ~l of 

kinase assay buffer with 10 ~g of MBP (from bovine brain; 

Sigma). This mixture was preincubated for 3 min at 30~ before 

the reaction was initiated by adding 2 ~1 of 1 mM [~-32p]ATP (16 

~Ci/nmole; ICN). After incubation for 20 min at 30~ the re- 

action was terminated by addition of 30 ~1 of 2x Laemmli's 

sample buffer (Laemmli 1970), and samples were boiled and 

subjected to SDS-PAGE on 12.5% acrylamide gels. After elec- 

trophoresis, gels were immersed in 12.5% trichloroacetic acid 

for 1 hr, followed by three washes for 30 min in 10% methanol, 

10% acetic acid, to reduce background. Dried gels were sub- 

jected to autoradiography or phosphorImaging (BAS 1000, 

Fujix}. 

Immunoblots 

Immunoprecipitated complexes were subjected to SDS-PAGE 

on 7.5% acrylamide gels followed by electroblotting onto nitro- 

cellulose using a Hoefer semidry blotting system. Blots were 

blocked by incubation for 30 rain at room temperature in TBS 
with 4% nonfat dry milk. Blots were then washed twice for 10 
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rain with TBST (TBS with 0.05% Tween 20) and incubated with 

the mAb 12CA5 diluted 1:10,000 in TBST for 1.5 hr. After two 

washes with TBST, blots were incubated for 1 hr with peroxide- 

linked secondary antibody (Amersham) diluted 1:10,000 in 
TBST. After two final washes with TBST, blots were developed 

using the Enhanced chemiluminescence detection kit (Amer- 
sham). 

[3-Galactosidase and catalase assays 

HSE-bearing reporter plasmids were pB 11 (carries HSP26/SSA 1/ 

CYC1 chimeric promoter; Susek and Lindquist 1990) and CS11 

(carries four synthetic HSEs fused to CYC1 promoter), which 

express E. coli lacZ in response to heat shock (gift of S. 

Lindquist, University of Chicago, IL). Cells bearing either of 

these plasmids were grown at 23~ to ~A60 o = 1.0 in the pres- 
ence or absence of 0.5 M potassium acetate, and heat-shocked at 

39~ by diluting 1:1 in medium prewarmed to 55~ After 30 

min at 39 ~ the temperature of the culture was reduced to 23~ 
for 1.5 hr to allow expression of B-galactosidase (and catalase) 

without further stress. The temperature was reduced to protect 

PKC1 pathway mutants from thermal killing. Cell extracts 
were made and B-galactosidase assays were done with 15 ~tg of 

protein, as described (Rose et al. 1990). The same extracts were 
used for catalase T assays, in which 30 ~g of protein was added 

to 1 ml of catalase buffer [100 mM Na2HPO 4 (pH 7.0), 0.01% 

Triton X-100, 0.05% H202). The decrease in A240 was followed 
for 2-3 rain. 
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