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complex signal transduction activity in vivo
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Basal and stress-induced synthesis of the components
of the highly conserved heat shock protein Hsp90
chaperone complex require the heat shock transcrip-
tion factor (HSF); Saccharomyces cerevisiagells
expressing the HSF allele HSF(1-583) reversibly arrest
growth at 37°C in the G,/M phase of the cell cycle
due to diminished expression of these components. A
suppressor mutant capable of restoring high-
temperature growth to HSF(1-583) cells was identified,
harboring a disruption of the SCH9 protein kinase
gene, homologous to the protein kinase A and protein
kinase B/Akt families of mammalian growth control
kinases. Loss of Sch9 in HSF(1-583) cells derepresses
Hsp90 signal transduction functions as demonstrated
by restoration of transcriptional activity by the
mammalian glucocorticoid receptor and the heme-
dependent transcription factor Hap1, and by enhanced
pheromone-dependent signaling through the Stell
mitogen-activated protein kinase (MAPK). Moreover,
Sch9-deficient cells with normal levels of Hsp90
chaperone complex components display hyperactiv-
ation of the pheromone response MAPK pathway in
the absence of pheromone. These results demonstrate
that the evolutionarily conserved function of the Hsp90
chaperone complex as a signal transduction facilitator
is modulated by a growth regulatory kinase.

Keywords chaperone/heat shock/Hsp90/protein kinase/
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Introduction
All cells counter the potentially deleterious effects of

binding (for review, see Smith and Toft, 1993; Pratt and
Toft, 1997). Hsp90 chaperone complex client proteins
include transcription factors, protein kinases, reverse tran-
scriptases and signaling enzymes (reviewed in Csermely
et al, 1998; Caplan, 1999). A key feature of many of
these client proteins is the capacity to switch between on
and off states depending on cellular input; Hsp90 is thought
to stabilize these conformationally flexible molecules and
poise them for subsequent activation (Toft, 1998). For
example, the activity and levels of two cell cycle regulatory
kinases, mammalian v-src expressed in yeast (Xu and
Lindquist, 1993) and endogenous Weel in the yeast
Schizosaccharomyces pombgligue et al, 1994), are
strictly dependent on Hsp90 function. Given the emerging
role of Hsp90 as a critical component of cell cycle
regulation and signal transduction pathways, it would be
surprising if the function of this central protein-folding
machine was not itself regulated.

Hsp90 is found associated with a number of partner
proteins in dynamic complexes, with distinct subunits
binding to Hsp90—substrate heterocomplexes at various
stages of the chaperoning/folding cycle (Chang and
Lindquist, 1994; Pratt and Toft, 1997). Nearly all of the
Hsp90-associated proteins are conserved in the yeast
Saccharomyces cerevisjaacluding the DnaK/DnaJ pro-
tein chaperone pair encoded by t88A/SSBChang and
Lindquist, 1994; Bohen, 1998) arDJ1 (Kimura et al,
1995) genes, the p60 (Hop) orthol&¥ 11 (Changet al,
1997), the Cyp-40 cyclophilin orthologdsPR6and CPR7
(Duina et al, 1996),CDC37 (Kimura et al, 1997) and
the p23 orthologSBA1(Bohen, 1998; Fangt al, 1998).

In addition, genetic and biochemical studies in yeast have
led to the identification of new Hsp90 co-chaperones, such
as Cnsl, a protein with strong homology to Hop/Stil
(Dolinski et al, 1998; Marshet al,, 1998; Natharet al,
1999), and Ssel, a member of the HspllO protein
chaperone family (Liet al,, 1999). The basal and stress-
induced expression of Hsp90 and many of its partner
proteins in eukaryotes is coordinated by the heat shock

environmental stress via the coordinated synthesis of atranscription factor (HSF). Yeast HSF has both N- and
battery of proteins called heat shock proteins (Hsps), C-terminal transcriptional activation domains (Wu, 1995;
which both protect the cell and facilitate rapid recovery Morano and Thiele, 1999), and deletion of either domain
from stress-induced cellular damage (Parsell and alone has little effect on cell growth at normal temperature
Lindquist, 1993). Many Hsps are also maintained at high but truncation of the C-terminal domain renders cells
levels in unstressed cells and are required for a numbertemperature-sensitive for growth at 37°C (Sorger, 1990;
of cellular processes from protein biosynthesis, processingMoranoet al, 1999). This phenotype was recently charac-
and transport to signal transduction (Cragal., 1994; terized as a reversible arrest in thg/l@ phase of the cell
Pratt, 1998). Hsp90, a ubiquitous and abundant Hsp cycle using the C-terminal truncation allele HSF(1-583)
essential for viability in eukaryotic cells (Borkovit al,, (Moranoet al, 1999). We have recently demonstrated that
1989; Cutforth and Rubin, 1994), is an essential componentthe temperature-sensitive phenotype of the HSF(1-583)
of steroid hormone receptor heterocomplexes, where it mutant is due to deficient expression of Hsp90 and most
plays both negative and positive roles: restraining tran- of the heat-inducible Hsp90 chaperone complex genes
scriptional activation by the receptor in the absence of (Liu et al, 1999; Morancet al,, 1999). These findings are
ligand, and potentiating receptor function upon hormone corroborated by another recently characterized HSF mutant
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allelehsf1-82 which is specifically defective in expression A e
of the two yeast Hsp90 gend$SC82and HSP82 and
also exhibits cell cycle arrest at elevated temperatures HSE 9

(Zarzovet al, 1997).

To uncover regulators of Hsp90 complex function in _
yeast, we took advantage of the temperature-sensitive Hsr(1-583) [
phenotype of HSF(1-583) cells to select for mutants
capable of restoring high-temperature growth. Inactivation Tn3-13 .

of the SCH9gene, encoding a putative growth regulatory
serine/threonine protein  kinase, derepresses Hsp90
chaperone function as indicated by increased tolerance
to the Hsp90 inhibitors geldanamycin and macbecin in B
HSF(1-583) cells, restoration of transcriptional activity by
the mammalian glucocorticoid receptor and the heme-
dependent transcription factor Hapl, and pheromone-
dependent signaling through the Stell mitogen-activated
protein kinase (MAPK). Moreover, Sch9 is required to
restrain MAPK pathway activity in the absence of inducer
in wild-type cells. These results demonstrate that the
evolutionarily conserved function of the Hsp90 chaperone
complex as a signal transduction facilitator is modulated
by a growth regulatory kinase.

Nomarski DAPI

Results -
Inactivation of the SCH9 protein kinase gene \.r‘. "“-)
suppresses HSF(1-583) G,/M cell cycle arrest J

A genetic selection was undertaken to isolate mutants

capable of reversing the temperature sensitivity of the HSF(I—-S'BB'}

HSF(1-583) strain to identify genes involved in regulation
of Hsp90 function. One isolate identified by transposon
mutagenesis, designated Tn3-13, was capable of growth
at 37°C and exhibited a growth rate at 30°C approximately
half that of both wild-type and HSF(1-583) cells (~108
versus 225 min per doubling) (Figure 1A).

HSF(1-583) cells grown at 37°C undergo cell cycle
arrest in the @M transition phase of the cell cycle. This
arrest is manifested by the appearance of large-budded
cells with a single nucleus (Moranet al, 1999). Two _ _ _
models could be envisaged to explain the grovvth of strain F19- 1. The transposon-mutagenized suppressor strain Tn3-13

o, . suppresses cell cycle arrest of HSF(1-583) cells at 37°C. The strains
Tn3-13 at 37°C: rapld recovery from cell CyCIe arrest or indicated were grown at 30°C to logarithmic phase and plated on solid

bypass of the @M block altogether. To differentiate  media at both 30 and 37°C for 3 days in a dilution series as described
between these mechanisms, wild-type HSF, HSF(1-583)in Materials and methodsA), or shifted to growth at 37°C fo6 h and

and suppressor Tnh3-13 Strains were grown to m|d_ stained with the nuclear stain DAHBX. Bar, 10uM.
logarithmic phase at 30°C and then shifted to 37°C for
6 h. As shown in Figure 1B, DAPI-stained HSF wild-type (Figure 2A). In all five cases, growth at 37°C segregated
cells retained their ability to grow and segregate nuclei to in a 2:2 fashion, indicative of a mutation in a single
daughter buds, while, as reported previously, HSF(1-583) nuclear locus. Additionally, all spore-derived colonies that
cells exhibited a large-budded morphology and failed to grew at 37°C exhibited a slight slow-growth phenotype
properly orient or segregate nuclei. In contrast, strain characteristic of suppressor strain Tn3-13 at 30°C. Genetic
Tn3-13 cells more closely resembled wild type, as shown linkage between the suppressor locus and the transposon
by the presence of small buds with segregated nuclei. insertion was verified using PCR analysis with transposon
Microscopic analysis of Tn3-13 cells from earlier or later cassette-specific primers (Figure 2A). The suppressor locus
time points failed to detect $8M-arrested cells (data not was isolated and identified, and the transposon was found
shown). These data suggest that the Tn-13 suppressoto have integrated within the open reading frame (ORF)
mutant overcame the Hsp expression defect in HSF(1-583)of the SCH9gene on chromosome VIII through sequence
cells leading to cell cycle arrest at 37°C. analysis using theSaccharomycesgenome database
Mating the Tn3-13 strain to an otherwise isogenic (Cherryet al, 1997).
MATa HSF(1-583) strain demonstrated that the  SCH9was first isolated as a multicopy suppressor of a
HSF(1-583)/Tn3-13 diploid was unable to grow at 37°C, temperature-sensitive allele@DC25 encoding a guanine
indicating that the mutation was recessive (data not nucleotide exchange factor for yeast Ras proteins (Toda
shown). The diploid was sporulated and five representative et al, 1988). TheSCH9gene is predicted to encode an
four-spore tetrads were tested for growth at 30 and 37°C 824 amino acid protein with significant homology in the
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A strain expressingCH9 (Tn3-13/p413SCH9) was unable

: - 2 to grow at the same temperature, effectively demonstrating
that loss of SCH9 gene expression was responsible for
suppression (Figure 2C). This was further established by
generating a traditionabCH9 gene knockout mutant in
the HSF(1-583) background, replacing residues 150-629
with the HIS3 cassette chQ\::HIS3). This strain also
exhibited a slightly reduced growth rate at 30°C, which

YPD30°C YFD37°C TnPCR was reversed by ectopic expression ECH9 (data not
B shown), as well assch®\-dependent suppression of
HSF(1-583) temperature sensitivity, as shown in
Figure 2C.

,m.,> [5 [W> i Because loss-of-function of the Sch9 protein kinase

through gene inactivation suppressed the temperature-
sensitive phenotype of HSF(1-583) cells, overexpression
of the SCH9gene in the same genetic background might
HSF(1-583) produce the opposite effect and debilitate cell growth under
: non-stress conditions. HSF(1-583) cells were transformed
with low- (CEN) or high-copy (R) plasmids expressing
a functional SCH9 gene containing three copies of the
hemagglutinin (HA) epitope immediately after the initiator

HSF wvector
HSF(1-583) wector

vector
Tn3-1 3|:

P4135CHY ATG codon (HA-Sch9), or an empty vector alone, and
o were grown under plasmid-selective conditions, as shown
xhgmm[ in Figure 2D. Overexpression dBCH9 has previously
p4165CHI been demonstrated to cause heat shock sensitivity in wild-

type cells, with no detectable effects at normal growth
Fig. 2. Temperature-sensitive growth suppression in strain Tn3-13is ~ temperatures (Toda&t al, 1988; data not shown). In

due to inactivation of the Sch9 protein kinasa) Five four-spore contrast, the growth of HSF(1-583) cells, as measured by
tetrads were isolated by tetrad dissection of an HSF(1-583)/Tn3-13 _ ; ; ; ;

[HSF(1-583)sch9::mT diploid and spotted onto YPD plates for CO(;OHy ;or_mwgﬁ units on SO"? rr]r_weﬁllum, was mark.ed?’
growth at the temperatures indicated for 3 days. PCR analysis of reduced in e p.resence 0 Igh-copy _Versus single-
genomic DNA from each spore verified co-segregation of Tn3 with copy HAs-Sch9 (Figure 2D). Moreover, this effect was
growth suppressionB) A diagram illustrating the nature GCH9 recapitulated in liquid culture as a slower growth rate

Cer et oo b eaesmr s e coupled with growth cessation at approximtely half the
corresponding empty vectors F;Ione, plalied in ag(FjjiIution series, and culture density of HSF(1-583) cells bearing |OV\{—Cpr
incubated at 30 and 37°C for 3 dayR)(HSF(1-583) cells HA3-Sch9 (data not shown). Taken together, the findings
transformed with the indicated plasmids (CEN, low-copy; Bigh- that loss of Sch9 kinase restores high-temperature growth
copy) were grown in plasmid-selective medium to logarithmic phase  to HSF(1-583) cells and that Sch9 overproduction restricts
and plated in a dilution series at 30°C for 3 days. viability of HSF(1-583) even under non-stress growth
conditions support a role for Sch9 in negative regulation
C-terminal half of the protein to the serine/threonine class of HSF or an HSF-dependent function.
of protein kinases, specifically the AGC family whose
members include protein kinases A, C and the recently Point mutations predicted to abolish activity of
characterized protein kinase B/Akt group (Coffer and the Sch9 protein kinase suppress HSF(1-583)
Woodgett, 1991; Hunter, 1991; Jones al, 1991). The growth arrest
Sch9 N-terminus also contains a C2 phospholipid and Overexpressed Sch9 functionally substitutes for loss of
calcium binding motif found in a number of signal all three of the catalytic subunits of protein kinase A
transduction proteins (Nalefski and Falke, 1996). The (Todaet al, 1988) and coupled with the resemblance of
transposon integration resulted in disruption of the locus the carboxyl half of the Sch9 protein to serine/threonine
after amino acid residue 359, which, if expressed, would protein kinases this strongly suggests that Sch9 functions
be expected to generate a truncated form of Sch9 con-as a protein kinasé vivo. To assess the potential role
taining the putative C2 motif but entirely lacking the of Sch9 kinase activity in suppression of HSF(1-583)
protein kinase domain (Figure 2B). Because genetic ana-temperature sensitivity, point mutations predicted to in-
lysis of the diploid test cross demonstrated that the activate the kinase were introduced within the putative
suppressor allele was recessive, and because the slovkinase domain. Two specific residues critical for catalytic
growth of the strain was consistent with growth of an function and strictly conserved in other protein kinases
sch9::ADE8null mutant generated in a previous report were altered: the lysine residue at position 441 was
(Todaet al, 1988), we reasoned that introduction of the substituted with alanine, and aspartic acid at position 556
wild-type locus on an episomal plasmid should reverse was substituted with arginine as illustrated in Figure 3A.
the high-temperature, growth-suppressor phenotype. AMutations in these residues have been demonstrated to
genomic fragment encompassing tH9 gene was eliminate protein kinase function completely in other
subcloned into a low-copy vector and transformed into protein kinases without substantially altering the stability
HSF(1-583) cells. Whereas suppressor strain Tn3-13 carry-or expression of the proteins (Bryant and Parsons, 1984).
ing an empty vector allowed growth at 37°C, the same Both mutations were introduced in the HA-epitope-tagged
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Fig. 3. Kinase-inactivating mutations iBCH9suppress the cell cycle
block in HSF(1-583) cells.A) Diagram depicting the domain
architecture of functional HA-tagged Sch9 kinase and kinase-
inactivating mutations. The putative C2 lipid/calcium binding domain
stretches from position 182 to 356, and the serine/threonine protein
kinase catalytic domain encompasses the C-terminal half of the
protein, from residues 400 to 824. The conserved kinase subdomains
mutagenized are shown above the protein and the specific alterations
are shown below.R) Strain KMY6 [HSF(1-583)schq\::HIS3] was
transformed with the indicated low-copy plasmids or the vector alone,
and plated in a dilution series at 30 and 37°C for 3 days of growth.
(C) Transformed strains shown in (B) were grown to logarithmic
phase in plasmid-selective medium, and protein extracts were
generated and subjected to immunoprecipitation. Immune complexes
were resolved by SDS—-PAGE and immunoblotted using 12CA5
antibody. The band labeled 1gG HC is the mouse monoclonal heavy-
chain immunoglobulin detected by the secondary antibody. We note
that the tagged kinase migrates at ~125 kDa, despite a predicted
mol. wt of 91 kDa.

SCH9 allele and expressed from a low-copy vector in
strain KMY®6, [HSF(1-583)schq\::HIS3]. As shown in
Figure 3B, KMY®6 cells bearing the vector alone exhibited

activity of HSF itself, first by examining whether the
reduced levels of Hsp90 chaperone complex subunits
caused by the HSF(1-583) mutation were elevated in the
Tn3-13 suppressor strain. Wild-type HSF, HSF(1-583) and
Tn3-13 cells were held at the control temperature (30°C)
or incubated at 39°C fol h to induce the heat shock
response. Protein extracts were immunoblotted with anti-
serum against the Hsp90 chaperone complex components
Hsp90, Stil and Cpr6, all dependent on HSF for basal
and heat-induced expression, and phosphoglycerate kinase
(PGK) as a control, as shown in Figure 4A. As previously
demonstrated (Liet al., 1999; Morancet al., 1999), the
HSF(1-583) strain exhibited diminished levels of all three
Hsps, as quantitated for heat shock expression relative to
wild-type cells in Figure 4B. These protein levels remained
essentially unchanged in the Tn3-13 strain, suggesting
that suppression of HSF(1-583) by loss of tB€H9
kinase was not via restoration of chaperone complex
synthesis in response to heat shock. Furthermore, we
observed no changes in either the transient or sustained
transcriptional activities previously ascribed to yeast HSF
(data not shown) (Sorger, 1990). Together, these data
argue against a direct effect of Sch9 on HSF function in
activating the heat shock response. Consistent with these
findings, we examined the effect of tleehQ@\ mutation

on wild-type HSF function, and again found no alteration
in the transcriptional response (data not shown).

In yeast, a second transcriptional response system
governed by the Msn2/4 proteins is responsive to a variety
of stress signals including heat, oxidative stress, nutrient
depletion and osmotic imbalance (Ruis and Schuller,
1995). This system has also been shown to contribute to
the heat-induced expression of a number of Hsp genes
also activated by HSF, includingSP104 HSP26 HSP12
and SSA3(Tregeret al, 1998). To test whethesch®\
suppression of HSF(1-583) temperature sensitivity might
operate through this pathwayISN2 and MSN4 were
deleted in the Tn3-13 suppressor background. An analysis
of the four possible allele combinations generated from a
cross between strain Tn3-13 [HSF(1-5&8hQ\] and an
otherwise isogenicmsnA msn4\ strain is shown in
Figure 5A. Strains carrying either a singlesnmutation
or deletions in bott(MSN2and MSN4in addition to the

suppression of HSF(1-583) temperature-sensitive growth HSF(1-583) andschQ\ alleles grew as well at 37°C

at 37°C. Introduction of wild-type HASch9 into this
strain reversed thech@\ slow-growth phenotype at 30°C,

as the MSN2/4 wild-type strain, indicating thasch@\
suppression does not require an intact general stress

as demonstrated by small colony size and growth ratesresponse pathway. The loss of the respective Msn proteins
observed from liquid cultures (data not shown) and was verified by immunoblot analysis, as shown in

abrogated growth at 37°C. In contrast, expression of Figure 5B. Furthermore, no changes in HSF(1-583) levels
HA3-SchQus1a Or HAs-Schysser resulted in slow-grow-  were observed in these strains. Inactivation of the general
ing cells at 30°C and failed to reverseh@\ suppression of  stress response pathway was verified by RNA blot analysis
HSF(1-583) temperature sensitivity. The proteins produced of transcripts derived from the Msn-dependent catalase
from the mutantSCH9 alleles were not compromised gene,CTT] in response to a 30 min heat shock treatment
for stability at either growth temperature, as shown in as shown quantitatively in Figure 5C. Heat stress resulted

Figure 3C. These data strongly support a protein kinasein robust activation ofCTT1 transcription in theMSN2

function for Sch9, and directly implicate this activity in

MSN4background and also in the strain carrying a deletion

genetic interactions with HSF or downstream targets in MSN4only, consistent with previous reports (Martinez-

of HSF.

Loss of Sch9 does not hyperactivate the HSF or
Msn2/Msn4 stress response pathways

Pastoret al,, 1996; Schmitt and McEntee, 1996). Loss of
Msn2 alone or in combination with Msn4 drastically
reducedCTT1 gene activation, confirming disruption of
this stress response mechanism. Additionally, all four

Given the genetic interactions between HSF(1-583) and strains were defective in heat-shock-induciGléP1gene
SCH9 observed, we tested whether Sch9 modulates theexpression, as expected for the HSF(1-583) mutation.
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Fig. 4. The sch@\ mutation does not restore the heat shock transcriptional response to HSF(1-583A¢¢llse (strains indicated were grown at

30°C to logarithmic phase, and the cultures were divided in half and heat shock&dhfat39°C or maintained at 30°C. Protein extracts were made
from these cells and resolved by SDS—PAGE, followed by immunoblotting to detect cellular levels of Hsp90, Stil and Cpr6, with PGK as a load
control. B) Quantitation of Hsp levels after heat shock shown in (A) via densitometric analysis of multiple scanned exposures.

Together, these experiments demonstrate that althoughand grown on rich medium containing 38 macbecin
HSF(1-583) cells are defective in certain aspects of the or geldanamycin, or no applied drug. As shown in Figure 6,
heat shock response, inactivation of €H9locus does the growth of wild-type cells was unaffected by the
not restore full transcriptional competency to HSF nor compounds, while HSF(1-583) cell growth was drastically
does this mutation override HSF regulation of chaperone inhibited by geldanamycin and to a lesser extent macbecin.
synthesis by hyperactivation and recruitment of a parallel Deletion of the SCH9 gene in the Tn3-13 strain, in

stress response pathway. contrast, provided a significant level of tolerance to both
drugs, relative to HSF(1-583). These data support a model

Sch9 modulates Hsp90 chaperone activity in where loss of Sch9 function leads to ‘derepression’ of

HSF{(1-583) cells Hsp90 chaperone complex activity, thereby countering the

A major cellular defect observed in the HSF(1-583) mutant inhibitory effects of the drugs.

is impaired transcription of Hsps, resulting in lower steady-  To test further the hypothesis that Sch9 functions as a
state- and heat-stress-induced levels of key componentsegulator of Hsp90 activity, we assayed the activities of
of the Hsp90 chaperone system such as Hsp90 itself,three known Hsp90 chaperone complex-dependent pro-
Stil/Hop and the cyclophilin Cpr6. Consistent with the teinsin vivo, chosen to illustrate the broad spectrum of
temperature-sensitive nature of the HSF(1-583) allele, it Hsp90 signal transduction function in yeast: mammalian
has been established that cells have a greater demand foglucocorticoid receptor (GR) (Picardt al, 1990), the
Hsp90 chaperone complex activity at higher temperatures,yeast heme-responsive Hapl transcription factor (Zhang
where conformationally flexible proteins are likely to et al, 1998), and the yeast MEK kinase Stell (Louvion
require stabilization (Borkovichbt al,, 1989; Natharet al., et al, 1998). The activity of all three proteins has been
1997). Our results suggest that sufficient Hsp90 chaperonedemonstrated to require the Hsp90 chaperone system in
activity has been restored to allow growth at elevated yeast through the use of Hsp90-deficient mutants harboring
temperatures despite no increase in the levels of Hsp90mutations in Hsp90 or some of its associated co-
chaperone complex components in HSF(1-588hQ chaperones. In addition, we have demonstrated that
cells. These data support a model whereby inactivation of HSF(1-583) cells display reduced GR activity consistent
Sch9 suppresses the temperature-sensitive phenotype ofvith the marked reduction in chaperone protein expression
HSF(1-583) cells by enhancing Hsp90 chaperone complexin this strain (Liuet al., 1999; Morancet al.,, 1999). Wild-
activity. To test this hypothesis, we ascertained whether type HSF, HSF(1-583) and Tn3-13 cells were treated
deletion of SCH9 would ameliorate the demonstrated with the synthetic hormone deoxycorticosterone (DOC)
sensitivity of HSF(1-583) cells to geldanamycin and in ethanol, or ethanol alone (Figure 7A). An ~7-fold
macbecin, two compounds that selectively bind to and hormone-dependent activation of GR was obtained in
inhibit the chaperone activity and signal transduction wild-type cells, which was reduced by>70% in
functions of Hsp90 (Whiteseleét al, 1994; Prodromou  HSF(1-583) cells. Remarkably, DOC-induced GR function
et al, 1997; Stebbin®t al, 1997; Bohen, 1998). These in strain Tn3-13 was increased 5-fold relative to
compounds are cytotoxic to cells compromised for Hsp90 HSF(1-583) cells and 1.5-fold relative to wild-type cells.
expression or function, such as the HSF(1-583) mutant Additionally, DOC-independent basal GR activity was
(Morano et al, 1999), or strains carrying deletions of also restored to wild-type levels in strain Tn3-13.
Hsp90-associated co-chaperones such as Stil, Ssel (Liu The Hapl heme-responsive transcription factor was
et al, 1999), Cnsl and Cpr6/7 (Dolinslat al, 1998). recently found to exist in a multiprotein compléx vivo
HSF, HSF(1-583) and Tn3-13 cells were serially diluted containing Hsp90 and the co-chaperone Ydjl (Zhang
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Fig. 5. The sch@\ mutation does not deregulate the general stress
response.A) Haploid HSF(1-583sch@\::mTn strains carrying all

four allele combinations oMSN2and MSN4were generated using
standard genetic techniques. These strains were grown at 30°C to
logarithmic phase and plated on solid media at both 30 and 37°C for
3 days in a dilution series, demonstrating no loss of suppression
ability. (B) Protein extracts from the strains indicated were resolved by
SDS-PAGE and immunoblotted using polyclonal antisera recognizing
Msn2, Msn4 or HSF. Numbered lanes correspond to strains in (A).
(C) Heat shock gene expression from the HSF pathv@lyR1) or the
general stress response pathw@&{ (1) was measured using Northern
blot analysis. Band intensities were obtained, normalizedGgd 1 for

load control, and are presented relative to non-shocked cells as fold
heat shock induction. Numbered lanes correspond to strains in (A).

et al, 1998). Strains expressing low levels of Hsp90
exhibit dramatically impaired transcription from a Hap1l-
dependentCYCl1l-lacZ reporter gene, establishing the

dependence of Hap1 on Hsp90 chaperone complex activity.required for mating to occur (Hagest al,

The CYC1-lacZreporter was transformed into wild-type
HSF, HSF(1-583) and Tn3-13 cells, afdgalactosidase
activity was measured from exponentially growing cul-

macbecin

geldanamycin

S 00910 o QQ{B‘
eI O I ® -

ml X T AL KB

Fig. 6. Inactivation of Sch9 kinase restores resistance of HSF(1-583)
to the Hsp90 inhibitors macbecin and geldanamycin. The strains
indicated were grown at 30°C to logarithmic phase and plated in a
dilution series on solid media containing no added drugpBb
macbecin or 3uM geldanamycin, and grown at 30°C for 4 days.

no drug

an ~80% reduction in Hap1 activity, which was completely
reversed in suppressor strain Tn3-13. Hapl was in fact
hyperactivated in this strain, producirftgalactosidase
levels 3-fold greater than in wild-type cells.

It was recently demonstrated that Hsp90 is also required
for full stability and function of the yeast Raf homolog
Stell (Louvioret al,, 1998), which plays crucial roles in
signal transduction MAPK cascades controlling cellular
responses to pheromone and nutrient depletion (reviewed
in Gustinet al, 1998). Cells expressing low (~10% of
wild type) Hsp90 levels or mutant yeast Hsp90 proteins
exhibit many of the defects associated with Ste11-deficient
cells, such as failure to arrest the cell cycle in G
phase in response to-factor, and reduced transcriptional
activation of a synthetic pheromone-responsive reporter
gene by the transcription factor Stel2, which is down-
stream of Stell (Louvioret al, 1998). To ascertain
the status of Stell-dependent pheromone signaling in
HSF(1-583) and Tn3-13 cells, a synthetic reporter chimera
consisting ofacZdriven by a minimal promoter containing
three repeats of the pheromone response element was
utilized (PREkac2), as shown in Figure 7C (Haget al,,
1991). Wild-type cells exhibited robustfactor-dependent
induction of this reporter that was reduced by ~80%
in the HSF(1-583) background. Analysis of pheromone
induction in strain Tn3-13 revealed complete restoration
of pheromone-dependent activation.

To investigate this role of Sch9 in Hsp90 regulation in
wild-type cells,HSF1 SCH9%nd HSF1 sch@ cells (see
Materials and methods) were transformed with the PRE-
lacZreporter plasmid and assayed for pheromone respons-
iveness. No reproducible increase in pheromone-dependent
signaling was observed sch@\ cells compared with the
wild type (~1000 U of3-galactosidase activity). However,
as shown in Figure 7D, a dramatic 5-fold increase in
activity of the reporter in the absence of exogenous
pheromone was detected, similar to that observed for the
Hsp90-compromised strain Tn3-13 in Figure 7C. The
MAPK module governing pheromone response is known
to exhibit a low degree of basal activity, thought to keep
the system primed for rapid induction upon exposure to
pheromone, and prevent inappropriatgpBase arrest that
is known to be triggered by mating pheromone and
1991). This
low basal activity has recently been demonstrated to rely
upon Hsp90 as well (Louvioet al., 1998). Taken together,
these assays unambiguously demonstrate that inactivation

tures. As shown in Figure 7B, this reporter system mirrored of Sch9 in the HSF(1-583) strain restores Hsp90 chaperone
the results obtained with GR; HSF(1-583) cells displayed function in diverse signal transduction pathways.
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Fig. 7. Loss of Sch9 kinase restores Hsp90 chaperone functfonG(ucocorticoid receptor. The strains indicated were grown to logarithmic phase
at 30°C, treated with the synthetic hormone analog DOCL¥) in ethanol or ethanol alone for 1 h, and harvestedF@alactosidase assay.

(B) Hapl transcription factor. The strains indicated were grown to logarithmic phase at 30°C and harveRtgdléatosidase assay) Stell

kinase. The strains indicated were grown to logarithmic phase at 30°C, treated mhithosfactor or not for 3 h, and harvested frgalactosidase
assay. D) The strains indicated were grown to logarithmic phase in the absence of pheromone at 30°C and harv@gathébosidase assay. All
reporter gene activities were calculated in Miller units as described in Materials and methods and represent three independent experiments.

Discussion activity is not unexpected. The need for regulation is made
more apparent by the fact that Hsp90 is one of the most

Modulation of Hsp90 chaperone complex function abundant proteins in eukaryotic cells (Borkovieh al,,

by a growth control kinase 1989). Association with Hsp90 restrains the activation of

In this report we present evidence for cellular regulation many client proteins until the appropriate conditions arise
of the Hsp90 chaperone complex by a protein kinase requiring their action. One example is HSF, which can
previously implicated in cellular growth control. Given acquire DNA binding or transcriptional activation potential
the powerful activation potential of the Hsp90 chaperone in the absence of stress induction if Hsp90 is dissociated
machine on cellular targets that regulate gene expressionor inactivated via drug inhibition or if Hsp90 co-
and cell proliferation, a mechanism for modulating this chaperones are absent (&lial,, 1998; Duinaet al., 1998;
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Zou et al, 1998). Additionally, removal of the Hsp90 purified Cpr6, which binds to the same tetratricopeptide
binding domain from steroid receptor family members repeat (TPR) acceptor domain on Hsp90, had no effect,
renders them constitutively active, and insensitive to both suggesting that subunit association may provide a level
Hsp90 repression and ligand stimulation (Picatdal, of control in yeast (Prodromoet al, 1999). Although
1990). The role of Hsp90 in Stell signaling operates in these intriguing findings prompt speculation for similar
a similar manner: the chaperone complex is required both protein kinase-mediated regulation of Hsp90 complex
for low basal activity of the pheromone pathway and for composition in yeast, it is not yet known whether any of
pheromone induction (Louvioet al, 1998). The elevated  these specific co-chaperones are phosphoproteins/o.
basal activity of the MAPK pathway in the absence of Efforts are currently underway to determine precisely
pheromone, which we observed sth@\ cells, is an the phosphorylation status of Hsp90 chaperone complex
important demonstration of inappropriate activation of an components in wild-type andch@\ cells. It will be of
Hsp90 client protein resulting from an increase in specific considerable interest to elucidate the mechanism by which
activity of the chaperone complex, a potential consequencesignal transduction mediated by the ubiquitous Hsp90
of recruiting a powerful protein chaperone to facilitate chaperone complex is regulated.
signal transduction.

A common f(_aature of many Hsp90 cI|e.nt'prote|ns is the Materials and methods
capacity to switch reversibly between distinct functional
modes (on/off) in response to cellular input. Overlaying Strains, plasmids, media and reagents
this regulation with modulation of Hsp90 chaperone Strains NSY-A MATa ade2-1 trpl canl-100 leu2-3,-112 his3-11,-15

N ; ; ; in ura3 hsfA:LEU2 (pRS314-HSF)] and NSY-BNIATaade2-1 trpl canl-
activity would provide rheostatic control over client protein lew2-3,-112 his3.11,-15 ura3 hAHLEU2 [pRS314-HSF(1-583)])

,fun,Ct'on' perhaps tied tO. overall ,Cell_qlar stress stafcus were described previously and are referred to throughout the text as
indicators, such as nutrient availability or cytotoxic ‘HSF and ‘HSF(1-583) for simplicity (Morancet al, 1999). Strain
environmental conditions including thermal and oxidative KMY3 {MATa ade2-1 trpl canl-100 leu2-3,-112 his3-11,-15 ura3
stress. Indeed, although little is known about the cellular NsfiA:LEU2 [pRS314-HSF(1-583)]} was created using the HO recombi-

. : : - - nase mating type-switching technique (Herskowitz and Jensen, 1991).
roles of the Sch9 kinase in yeast, it has been implicated g2, 11313 (NSY-Bhsfi:leu2: KANMX2 sch9:mTnLEUR was

in nitrogen sensing, potentially through a serpentine recep- gbtained via transposon mutagenesis. Strain KMY55 (relevant genotype
tor-G-protein-linked pathway involving the heterotrimeric HSF1, sch9:mTnLEUR2 was constructed from Tn3-13 by plasmid
G-proteina subunit Gpa2 (Crauwelst al, 1997; Xue shuffling, replacing pRS314-HSF(1-583) with pRS314-HSF. Strain

; _ in i ; ; ; KMY6 (NSY-B sch9::HIS3 was constructed by cloning both &nd 3
et al, 1998). This G-protein is also directly involved in gene fragments from th&CH9 ORF into plasmid pGEM-32-HIS3,

glucose §|gnallng (COIOmbet al, 1998)' Toget.her, these flanking a 1.76 kbBanHI DNA fragment containing theHIS3 gene.
observations support a model whereby disparate cell pCR was used to generate a 415 bp fragment encompassing nucleotides
growth and signaling pathways might be coupled to 41-456, and a 593 bp fragment containing nucleotides 1882-2475,
nutritional status and metabolic potential by recruitment numbered relative to the first nucleotide of the initiator codon. The

- template for this and all subsequeSBCH9 gene manipulations was
of Hsp90, and subsequent regulation through Sch9 a‘ndplasmid pHV1SCH9, containing a genomic DNA fragment with the

perhaps other kinases and phosphatases. entire SCH9ORF and flanking sequences kindly provided by Dr Anne
Vojtek. The PCR products were cloned into the plasmid pGEM-3Z-
Potential Sch9 regulatory mechanisms HIS3, and the gene disruption fragment-@CH9-HIS33' SCHY was

iAn? generated by restriction endonuclease digestion using unique flanking
How does Sch9 regulate Hspa0 complex function Hsp90 sites. Plasmids p413SCH9, p416SCH9 and p4268éh9 were derived

is a phosphoprotein in higher eukaryotic cells (Hela; fom plasmid pHVISCH9. To construct an epitope-tagged version of
Legagnewet al, 1991), and its level of phosphorylation  scHgaNot restriction endonuclease site was introduced after the second
increases immediately following heat shock. The codon using the Chameleon site-directed mutagenesis kit (Stratagene, La
chaperone is probably mliply phosphorylaiativa as _Jola A A DI fagnen rcedng e ande epe of e
Hspo0 |mmunop(eC|pltated from NIH 3T.3 cells contams judged to be fully functional. The Chameleon kit was also used to
both phosphoserine and phosphothreonine, as dewrmmedﬁdividuaﬂy change the lysine at residue 441 to alanine and the aspartic
by phosphoaminoacid analysis (Mimnaughal., 1995). acid at residue 556 to arginine to create kinase-dead alleles. To reduce
Moreover, Hsp90 phosphorylation may have biological the chance of extraneous mutation, internal 0.8 Ntbd—Stu DNA
relevance, as treatment of cells with the serine phosphatasd’2dments encompassing the mutated regions were subcloned after
L ’ . . . Sequencing to verify that no additional mutations were introduced.
mh|b't0r_0kadalc a_lCId_ both _'ncreased the levels of phos- All DNA manipulations were performed using standard techniques.
phorylation and coincided with the release of the associatedall yeast and molecular genetic techniques were carried out as described
substrate protein v-src (Mimnaughal,, 1995). Regulation except where indicated (Kaiset al, 1994). Transposon mutagenesis
of Hsp90 chaperone complex activity may also be and allele rescue were perfomed as described (Ross-Macdenald

. ~ f e 1999) using reagents provided by Michael Snyder, Yale University. Yeast
accomplished through post-translational modification of complete media, yeast extract/peptone/dextrose (YPD), and synthetic

th_e co-chaperpnes. For example, t_he FKSQ6-b_inding Pro- complete media (SC) were prepared as described (Katsaf, 1994).
tein FKBP52 is phosphorylateoh vivo and in vitro by Macbecin was kindly provided by the Drug Synthesis and Chemistry

casein kinase Il, and phosphorylated FKBP52 exhibits branch of the National Cancer Institute, and geldanamycin was a
reduced binding to Hsp90 (Miyatat al 1997) Because gift of Dr William Pratt (University of Michigan Medical School, Ann
- . 7 Co ., Arbor, MI).
subunits such as FKBP52 play important roles in steroid
receptor maturation and trafficking (Czat al, 1995), Heat shock protein expression analysis,
modulation of co-chaperone association and dissociation immunoprecipitation and antibodies
may provide a means to regulate distinct Hsp90—substrateA“ cultures were grown at 30°C to mid-logarithmic phase prior to heat

- - shock treatment. To amplify the heat shock response, cells were heat
interactions. It was recently demonstrated that the weak ;% 170 0w density (Qgo <0.4) at 39°C. Analysis of Hsp protein

ATP.{:}SG aCtiVit_y' of I—!Sp90 is potent!y inhibiteq _Upon  levels was carried out as described (Moratal, 1999). The following
addition of purified Stil to Hsp90, while the addition of antisera were used for immunodetection: monoclonal anti-HA antibody
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12CA5 (Roche Molecular, Basel, Switzerland); anti-Hsp90 and anti- Aligue,R., Akhavan-Niak,H. and Russell,P. (1994) A role for Hsp90 in

Cpr6 (kind gift of Dr Susan Lindquist, University of Chicago, IL); anti- cell cycle control: Weel tyrosine kinase activity requires interaction

Stil (kind gift of Dr David Toft, Mayo Graduate School, MN); anti-Msn2, with Hsp90.EMBO J, 13, 6099-6106.

Msn4 (kind gift of Dr Francisco Estruch, University of Valencia, Spain); Bohen,S.P. (1998) Genetic and biochemical analysis of p23 and

anti-PGK (Molecular Probes, Eugene, OR). ansamycin antibiotics in the function of Hsp90-dependent signaling
In some cases, HASch9 was immunoprecipitated prior to immuno- proteins.Mol. Cell. Biol.,, 18, 3330—3339.

blotting as follows. Cells were glass-bead lysed as described above, Borkovich,K.A., Farrelly,FW., Finkelstein,D.B., Taulien,J. and

equalized for protein concentration and diluted with 1 ml of lysis Lindquist,S. (1989) hsp82 is an essential protein that is required in

buffer with 0.1% Triton X-100. Four microliters of 12CA5 antibody higher concentrations for growth of cells at higher temperatives.

(corresponding to ~2Qug of monoclonal IgG, demonstrated to be in Cell. Biol, 9, 3919-3930.

excess of antigen levels), 8 of 10 mg/ml bovine serum albumin and Br : : . e
. . - yant,D.L. and Parsons,J.T. (1984) Amino acid alterations within a
255" ﬁf Pansorb (Calb|ocli1edrr:f,as?1n D|eg(;:o, CA) suspensuin were added o0 conserved region of the Rous sarcoma vistsgene product
and the mixture was rocke at4°C. Immune complexes were e : p Py - -
washed four times in the same buffer and eluted into SDS-PAGE ggg(_‘fgelgactlvate tyrosine protein kinase activityol. Cell. Biol., 4,

sample buffer. . L
- : Caplan,A.J. (1999) Hsp9¢ secrets unfold: new insights from structural
For analysis of general stress response pathway function, Northern and functional studiesTrends Cell Biol, 9, 262—268.

analysis was used to measure transcript level€dP1, which is not . . .

under control of this pathway, ar@TT1, whose heat shock inductionis ~ C"ang,H.C. and ~ Lindquist,S. (1994) Conservation of Hsp90
HSF-independent, using radiolabeled probes. Gene expression is reported Macromolecular complexes iSaccharomyces cerevisiad. Biol.

as fold induction relative to non-heat-shocked cells, normalized to Chem, 269, 24983-24988.

internal ACT1 levels. Chang,H.C., Nathan,D.F. and Lindquist,S. (19BvYivo analysis of the
Hsp90 cochaperone Stil (p6Mlol. Cell. Biol., 17, 318-325.

Hsp90 chaperone assays Cherry,J.et al. (1997)Saccharomycegenome database. http://genome-

Glucocorticoid receptor A GR reporter system was created by co- www.stanford.ed@accharomyces

expressing rat GR from plasmid pRS413GPDGR and plasmid CofferP.J. and WoodgettJ.R. (1991) Molecular cloning and

pYRP-GRElacZ carrying éacZ reporter gene driven by glucocorticoid characterisation of a novel putative protein-serine kinase related to

response elements (Moraeo al, 1999). Logarithmic phase cells were the cAMP-dependent and protein kinase C familiest. J. Biochem

divided in half, and one culture was treated Ioh with DOC dissolved 201, 475-481.

in ethanol to a final concentration of 1M, while the other received Colombo,S.et al. (1998) Involvement of distinct G-proteins, Gpa2
ethanol alone. Cells were harvested by centrifugation and processed for and Ras, in glucose- and intracellular acidification-induced cAMP

B-galactosidase assay as described @tial, 1999). signalling in the yeastSaccharomyces cerevisia€EMBO J, 17,
Hapl transcription factarFor assay of Hsp90 chaperoning of Hapl, the 3326‘3341- .

plasmid pAx CEN, URA3 (kind gift of Dr Li Zhang, NYU Medical Craig,E.A., Baxter,B.K., Becker,J., Halladay,J. and Ziegelhoffer,T. (1994)
Center, NY), which contains the minimal UASIYC1-lacZreporter Cytosolic hsp70s ofSaccharomyces cerevisiagoles in protein

construct, was used. This reporter construct is responsive to cellular ~synthesis, protein translocation, proteolysis and regulation. In
heme levels via transcriptional activation from the Hap1l transcription ~ Morimoto,R.1., Tissieres,A. and Georgopolous,C. (ed$)e Biology
factor. In cells that are wild-type for heme biosynthesis, this reporter ~ of Heat Shock Proteins and Molecular Chaperan&€old Spring
exhibits robust expression, which is nearly eliminated in strains deficient ~ Harbor Laboratory Press, Cold Spring Harbor, New York, 28,

in Hsp90 function (Zhanget al, 1998). Cells carrying pAx were pp. 31-52.
grown to logarithmic phase in selective media and processed for Crauwels,M., Donaton,M.C., Pernambuco,M.B., Winderickx,J., de
B-galactosidase assay. Winde,J.H. and Thevelein,J.M. (1997) The Sch9 protein kinase in the

Ste11 kinaseTo assay pheromone-dependent gene expression, a reporter YeastSaccharomyces cerevisiaentrols cAPK activity and is required
plasmid was constructed containing three consensus binding sites for for nitrogen activation of the fermentable-growth-medium-induced
the Stel2 transcription factor driving thecZ gene as previously (FGM) pathway.Microbiology, 143 2627-2637.

described (Hagert al, 1991). Complementary oligonucleotides with ~ Csermely,P., Schnaider,T., Soti,C., Prohaszka,Z. and Nardai,G. (1998)
three tandem repeats were synthesized, hybridized and cloned into the The 90-kDa molecular chaperone family: structure, function and
minimal CYC1-lacZexpression vector pCM64CEN, URA3 digested clinical applications. A comprehensive revieRharmacol. Thery 79,

with Bgll and Xhd to create plasmid pPRE-lacZ. Cells transformed with 129-168.

this plasmid were grown to logarithmic phase and the cultures were Cutforth,T. and Rubin,G.M. (1994) Mutations in Hsp83 and cdc37 impair

divided in half.a-factor (Sigma, St Louis, MO) in water was added to signaling by the sevenless receptor tyrosine kinas®iosophila.
one culture to a final concentration of BM, while a parallel culture Cell, 77, 1027-1036.

was left untreated, and the cells were grown for an additional 3 h. Cells Czar,M.J., Lyons,R.H., Welsh,M.J., Renoir,J.M. and Pratt,W.B. (1995)
were then harvested and processedB@alactosidase assay. Evidence that the FK506-binding immunophilin heat shock protein

56 is required for trafficking of the glucocorticoid receptor from the
cytoplasm to the nucleus$/ol. Endocrinol, 9, 1549-1560.
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