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Discovery of Hsp90 as an abundant cellular
protein associated with "something" (v-Src)

A cellular protein that associates with the transforming protein of
Rous sarcoma virus is also a heat-shock protein
(src/sodium arsenite/neoplastic transformation/protein kinase)
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ABSTRACT A single viral protein (pp60c) mediates neoplastic transformation of cells infected with Rous sarcoma virus. Immunoprecipitation of pp60W has revealed two cellular proteins
(Mr 50,000 and 89,000) that appear to associate with pp60 in a
specific manner. Neither of the cellular proteins has been well
characterized, but it is thought that both may participate in the
function of pp60'. Treatment of avian cells with unphysiological
temperature or certain chemical agents amplifies the production
of several proteins in the manner of the "heat shock' response
earlier described for Drosophika We report here that one of these
proteins, with a molecular weight of 89,000, is identical to the 89kilodalton protein found associated with pp60. The 89-kilodalton
protein is a major constituent of both uninfected and infected cells,
even in the absence of inducing agents, but only a small fraction
of this protein appears to associate with pp60" in cells transformed by Rous sarcoma virus. The complex containing pp6jIC
and the 89-kilodalton protein can be precipitated by an immune
reaction involving pp601 alone. The complexed form of the 89kilodalton protein did not react directly with antibodies but regained its reactivity subsequent to release from the complex. We
conclude that the 89-kilodalton protein is bound to pp60 in a
relatively stable complex. We suggest that the 89-kilodalton protein may have overlapping roles in viral oncogenesis and the heat
shock response, and that evidence on the function of the protein
in either setting may illuminate its function in the other. In ad-

Cell, Vol. 25. 363-372,

August

1981,

Copyright

0 1981

by MIT

The
Specific
Interaction
of
the
Rous
Sarcoma
METHODS
The sources of most Virus
of our chemical
and biological reagents
Transforming
Protein,
have been described (2). We used [32P]orthophosphate from
ICN and [3S]methionine
(ca. 1000 Ci/mmol;
1 Ci =Two
3.7 X 10'° Cellular
pp60”‘“,
with
Proteins
becquerels) from Amersham. Cells were propagated and la-

beled according to our published procedures (15). Heat shock
of cells was performedJoan
by incubating
S. Brugge cultures at 450C for 3 hr
prior to metabolic labeling
with radioactive
precursors. For inDepartment
of Microbiology
duction with arsenite,School
cells were
exposed to growth medium
of Medicine
containing the ion (50State
3 hr priorof toNew
uM) for
labeling.
University
York Extracts
at Stony Brook
for immunoprecipitation
were prepared by dissolving previStony Brook, Long Island, New York 11794
ously washed cells in 0.15 M NaCV0.02 M sodium phosphate,
E. Erikson
and R.per
L. Erikson
serum albumin
pH 7.2 /1 mg of bovine
ml/1% Nonidet
Departmentagainst
of Pathology
P40. Sera containing antibodies
pp6Osrc viral structural
Medical
Center
described (2,
proteins, or both wereUniversity
prepared ofas Colorado
15). When
the prior 80262
addition of purified
necessary, sera were adsorbed
Denver, byColorado
RSV that had been disrupted with nonionic detergent (2). Rabbit antibodies against the 95-kDal chicken heat shock protein
were kindly provided by Milton Schlesinger (16). The 95-kDal
protein in his nomenclature
corresponds to the 89-kDal protein
Summary
in our work. Immunoprecipitates were harvested by adsorption

Introduction

Oncogenic
transformation
by Rous sarcoma
mediated
by the virus-encoded
protein desig
pp60”‘“. This protein was originally
identified
munoprecipitation
of RSV-transformed
cell lysate
serum "This
from animals
RSV-induced
Abstract:
pp90 bearing
protein
is
serum)
and bycytoplasmic
the synthesis of pp60”” in
one (TBR
of the
major
free extract programmed
with purified
RSV
proteins in uninfected cells"
(Brugge and Erikson, 1977; Brugge et al.,
19786; Purchio et al., 1978). Immune complexes
taining ~~60~‘” possess a phosphotransferase
capable of transferring
the y-phosphate
of ATP

First use of the term Hsp90
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gel electrophoresis of proteins, and autoradiography have all been
described previously (10). Cultures were uniformly labeled by growth
in defined medium containing 8 pg of ”4SO2-/ml plus 1pCi of ‘’‘SO,‘-/
ml (11).
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We have isolated the yeast HSPSO gene which en- order to determine whether a gene dosage effect is observed
codes the M, = 90,000 heat shock-inducible protein of with regard to expressionof hsp90 and whether an increased
this organism. When this gene is introduced into yeast copy numberof this gene might affect expression
of any other
on a multicopy plasmid vector, a dramatic increase is heat shock-inducible genes.
observed in the level of synthesis of the M , = 90,000
heat shock-inducible protein. This protein overproducEXPERIMENTALPROCEDURES
tion is due to expression of the plasmid-borne HSPSO
Yeast Growth, Labeling, and Analysis of Protein Synthesis
gene, which is under the same heat shock regulation
as
its chromosomal counterpart. The presence of an inS. cereuisiae strain DC5 (MATa, leu2-3, leu2-112, his3, canl-11)
creased dosage of the HSPSO gene has no effect on the usedfor all experiments reported here was obtained from Dr. M.
synthesis of the other major heat shock-inducible pro- Douglas, Department of Biochemistry, University of Texas Health
teins and does not alter theheat shock-associatedphe- Science Center at SanAntonio. Growth, heat shocking, pulse labeling
of proteins with [“SSImethionine,preparation of SDS-soluble proteins,
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Hsp90 is associated with steroid receptors

We examined the interactions between BF4 and PR after
various stages of the two receptor purification procedures used
(see Table I, a and b). In the first procedure (Table 1, a ),
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steroid receptors is a heat-shock protein
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Hsp90 is essential in a eukaryote (yeast)
for viability
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hsp82 is one of the most highly conserved and abundantly synthesized heat shock proteins of eucaryotic cells.
The yeast Saccharomyces cerevisiae contains two closely related genes in the HSP82 gene family. HSC82 was
expressed constitutively at a very high level and was moderately induced by high temperatures. HSP82 was
expressed constitutively at a much lower level and was more strongly induced by heat. Site-directed disruption
mutations were produced in both genes. Cells homozygous for both mutations did not grow at any temperature.
Cells carrying other combinations of the HSP82 and HSC82 mutations grew well at 25° C, but their ability to
grow at higher temperatures varied with gene copy number. Thus, HSP82 and HSC82 constitute an essential
gene family in yeast cells. Although the two proteins had different patterns of expression, they appeared to have
equivalent functions; growth at higher temperatures required higher concentrations of either protein.
Biochemical analysis of hsp82 from vertebrate cells suggests that the protein binds to a variety of other cellular
proteins, keeping them inactive until they have reached their proper intracellular location or have received the
proper activation signal. We speculate that the reason cells require higher concentrations of hsp82 or hsc82 for
growth at higher temperatures is to maintain proper levels of complex formation with these other proteins.
When exposed to elevated temperatures or other forms of
stress, cells and tissues from a wide variety of organisms

rate as wild-type cells when exposed to extreme temperatures. Cells carrying mutations in SSAI and SSA2, two
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hsp82 Is an Essential Protein That Is Required in Higher
Concentrations for Growth of Cells at Higher Temperatures

for steroid receptors
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FIG. 1 Hsp90 influences refolding of denatured citrate synthase. a. Light
scattering (arbitrary units) during the time course of refolding of citrate
synthase (0.15 ecM) in the presence of (0) 0.30 ecM Hsp90. (\7 ) 0.60 ecM
Hsp90, (6) 1.20 ecM Hsp90 and (0 ) in the absence of Hsp90. b, Time course
of reactivation of citrate synthase in the presence of (e ) 0.03 ecM Hsp90,
(\7) 0.06 ecM Hsp90, (T) 0.15 ecM Hsp90, (0 ) 1.0 ecM Hsp90 and (0 ) in the
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The molecular mechanisms by which oncoABSTRACT
genic tyrosine kinases induce cellular transformation are unclear. Herbimycin A, geldanamycin, and certain other benzoquinone ansamycins display an unusual capacity to revert
tyrosine kinase-induced oncogenic transformation. As an approach to the study of v-src-mediated transformation, we
examined ansamycin action in transformed cells and found that
drug-induced reversion could be achieved without direct inhibition of src phosphorylating activity. To identify mechanisms

complex assays in vitro (10). In light of this apparent lack of
direct inhibitory activity, we hypothesized that benzoquinone ansamycins such as GA and HA might act indirectly by
inhibiting the association of oncogenic kinases with normal
cellular substrates and that, as suggested above, such associations might be required for induction of the transformed
phenotype. To evaluate this hypothesis, we synthesized a
solid-phase immobilized GA derivative and used it as a probe
to identify the major cellular proteins with which GA stably

