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ABSTRACT A single viral protein (pp60c) mediates neoplas-
tic transformation of cells infected with Rous sarcoma virus. Im-
munoprecipitation 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 89-
kilodalton 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 trans-
formed 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 89-
kilodalton protein did not react directly with antibodies but re-
gained 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 pro-
tein 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-
dition, it may prove profitable to search for other overlaps be-
tween the cellular response to heat shock and the neoplastic trans-
formation of cells by pp60m.

Neoplastic transformation of fibroblasts infected with Rous sar-
coma virus (RSV) is mediated by a 60,000-dalton [60-kilodalton
(60-kDal)] phosphoprotein (pp60wc) (1-3) that is encoded in the
viral gene src (4) and displays the enzymatic activity of a protein
kinase (2, 5). Both crude (6) and purified (7, 8) preparations of
pp60src phosphorylate tyrosine exclusively in protein sub-
strates. Moreover, neoplastic transformation of cells by src
causes an increase in the amount of phosphotyrosine in cellular
proteins (6, 9). These findings have prompted the hypothesis
that oncogenesis by RSV is attributable to inordinate or inap-
propriate phosphorylation of tyrosine in proteins whose func-
tion is essential to the maintenance of normal cell structure and
growth. Pursuit of this hypothesis will require identification
and characterization of the cellular proteins with which pp6Osrc
interacts. As a potentially useful step towards these ends, we
report here that a protein known to be associated with pp6(src
in extracts of infected cells is one of a small number of cellular
proteins whose synthesis is substantially augmented during the
response of eukaryotic cells to noxious agents, such as chelating
compounds (10, 11), transition metals, sulfhydryl reagents (12,
13), and heat (14). This finding may provide new experimental
access to the interaction of pp6Src with host proteins.

METHODS
The sources of most of our chemical and biological reagents
have been described (2). We used [32P]orthophosphate from
ICN and [3S]methionine (ca. 1000 Ci/mmol; 1 Ci = 3.7 X 10'°
becquerels) from Amersham. Cells were propagated and la-
beled according to our published procedures (15). Heat shock
of cells was performed by incubating cultures at 450C for 3 hr
prior to metabolic labeling with radioactive precursors. For in-
duction with arsenite, cells were exposed to growth medium
containing the ion (50 uM) for 3 hr prior to labeling. Extracts
for immunoprecipitation were prepared by dissolving previ-
ously washed cells in 0.15 M NaCV0.02 M sodium phosphate,
pH 7.2 /1 mg of bovine serum albumin per ml/1% Nonidet
P40. Sera containing antibodies against pp6Osrc viral structural
proteins, or both were prepared as described (2, 15). When
necessary, sera were adsorbed by the prior addition of purified
RSV that had been disrupted with nonionic detergent (2). Rab-
bit 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
in our work. Immunoprecipitates were harvested by adsorption
to formalin-fixed Staphylococcus aureus (17, 18) and analyzed
by electrophoresis in gels of polyacrylamide (19). Solid-phase
immunoadsorbents were prepared by linking antisera to Seph-
arose and then used as described (8). The composition of in-
dividual proteins was analyzed by partial hydrolysis with pro-
teases (18, 20) and by two-dimensional separation of tryptic
peptides, as described (13, 15).

RESULTS

Proteins Precipitated in Conjunction with pp60. The
transforming protein pp6()Src can be isolated from extracts of
RSV-infected cells by immunoprecipitation with antisera taken
from rabbits bearing tumors induced by RSV ("rabbit tumor
antisera") (1). In order to simplify the analysis of immunopre-
cipitates, we generally adsorb the tumor antisera with disrupted
RSV in order to remove antibodies directed against structural
proteins of the virus (2). We and others (6, *) have found that
precipitation of pp60rc with adsorbed antisera also precipitates
two other phosphoproteins with molecular weights of 50,000
and 89,000 (Fig. 1A, lane 4). [The experiment illustrated in Fig.
1 was performed with [35S]methionine, which does not label the

Abbreviations: RSV, Rous sarcoma virus; SR-RSV, Schmidt-Ruppin
strain of RSV; src, the gene responsible for oncogenesis by RSV;
pp60rc, the phosphoprotein encoded in src; Pr769'9, a polyprotein pre-
cursor of RSV structural proteins; pp50"1", a 50,000-dalton phospho-
protein of the host cell for RSV; pp89ff", an 89,000-dalton phospho-
protein of the host cell for RSV; kDal, kilodalton.
*J. S. Brugge, personal communication.
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Summary 

Sera from rabbits bearing tumors induced by Rous 
sarcoma virus (RSV) were previously found to con- 
tain antibody to the RSV transforming protein, 
pp60”‘“. Two additional transformation-specific 
phosphoproteins from RSV-transformed avian cells 
are immunoprecipitated with these sera. These pro- 
teins, having molecular weights of 90,000 (~~90) 
and 50,000 (pp50), are not precipitated from unin- 
fected or transformation-defective virus-infected 
cells and are not related to any RSV structural 
proteins. Neither pp50 nor pp90 shares any partial 
or complete proteolytic cleavage peptides with 
pp60”“, suggesting that pp90 and pp50 do not 
represent either a precursor or a cleavage product 
of pp60’“. Sedimentation analysis of RSV-trans- 
formed cell lysates on glycerol gradients revealed 
that the RSV pp60”” protein is present as two forms, 
one of which represents the majority (95%) of 
pp60*‘” and sediments as a monomer, 60,000 mo- 
lecular weight protein and the other of which sedi- 
ments with pp90 and pp50 as an apparent 200,000 
molecular weight complex. Lysates from cells trans- 
formed by viruses containing a temperature-sensi- 
tive defect in the sfc gene contain a greater per- 
centage of pp60src associated with pp90 and pp50 
under both permissive (35°C) and nonpermissive 
(41 “C) conditions compared to wild-type virus-in- 
fected cell lysates. Phosphoserine and phosphoty- 
rosine were found associated with pp60”‘” mole- 
cules that sedimented as a monomer, whereas 
pp60”‘” molecules that are complexed with pp90 
and pp50 contain phosphoserine and greatly re- 
duced amounts of phosphotyrosine. Only the mon- 
omer form of pp60”” is capable of phosphorylating 
IgG in the immune complex phosphotransferase 
reaction. Normal uninfected chicken cells contain a 
protein that shares identical partial proteolytic 
cleavage peptides with the pp90 protein immuno- 
precipitated from RSV-transformed cells. This pp90 
protein is one of the major cytoplasmic proteins in 
uninfected cells. Antibody directed against pp90 
also immunoprecipitates pp60src and pp50 from ly- 
sates of RSV-transformed chicken cells. 

Introduction 

Oncogenic transformation by Rous sarcoma virus is 
mediated by the virus-encoded protein designated 
pp60”‘“. This protein was originally identified by im- 
munoprecipitation of RSV-transformed cell lysates with 
serum from animals bearing RSV-induced tumors 
(TBR serum) and by the synthesis of pp60”” in a cell- 
free extract programmed with purified RSV RNA 
(Brugge and Erikson, 1977; Brugge et al., 1978a, 
19786; Purchio et al., 1978). Immune complexes con- 
taining ~~60~‘” possess a phosphotransferase activity 
capable of transferring the y-phosphate of ATP to IgG 
present in the immune complex (Collett and Erikson, 
1978; Levinson et al., 1978). This enzymatic activity 
is believed to be associated within the pp60”‘” protein 
because immunoprecipitates from cells infected with 
mutants containing a temperature-sensitive (ts) defect 
in the src gene display a temperature-dependent 
phosphorylation of IgG in the immune complex assay 
(Collett and Erikson, 1978; Levinson et al., 1978). In 
addition, the pp60”‘” protein translated in an in vitro 
protein synthesizing system programmed with sub- 
genomic fragments of RNA encoding the src gene 
(Erikson et al., 1978; Sefton et al., 1979) is associated 
with a similar phosphotransferase activity. Erikson 
and coworkers have partially purified the RSV src 
protein and found that these preparations contain a 
cyclic AMP-independent protein kinase activity that 
transfers the y-phosphate from ATP to substrates 
other than rabbit IgG, including casein and tubulin 
(Erikson et al., 1979a, 1979b; Maness et al., 1979; 
Levinson et al., 1980). 

Hunter and Sefton (1980) demonstrated that the src 
protein phosphorylates a tyrosine residue of IgG in 
the immune complex protein kinase assay, and that 
the total cellular levels of phosphotyrosine in proteins 
is elevated 7 to 10 fold after RSV transformation 
(Hunter and Sefton, 1980). Collett and coworkers 
(1980) have further shown that partially purified prep- 
arations of pp60”” phosphorylate tyrosine residues in 
proteins phosphorylated in vitro reactions. This evi- 
dence would suggest that the intracellular substrate(s) 
of src-mediated phosphorylation contains phospho- 
tyrosine. Since phosphorylation at tyrosine is an ex- 
tremely rare modification of proteins (Hunter and Sef- 
ton, 1980), any protein whose phosphotyrosine con- 
tent increases with RSV transformation is a potential 
candidate for src-mediated phosphorylation. Based 
on this criterion, several candidate proteins have been 
identified (Radke and Martin, 1979; Burr et al., 1980; 
Erikson and Erikson, 1980; Radke et al., 1980; 
Cooper and Hunter, 1981; Sefton et al.,, 1981). 

Another potential substrate of pp60”‘” has been 
identified as a 50,000 molecular weight phosphoty- 
rosine containing protein that is immunoprecipitated 
by TBR serum from RSV-transformed chicken cells 

Abstract: "This pp90 protein is 
one of the major cytoplasmic 
proteins in uninfected cells"

Discovery of Hsp90 as an abundant cellular 
protein associated with "something" (v-Src)
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We have isolated the yeast HSPSO gene  which en- 
codes  the M, = 90,000 heat shock-inducible  protein of 
this organism. When this gene is introduced  into yeast 
on a  multicopy  plasmid  vector, a dramatic  increase is 
observed  in  the level of synthesis of the M, = 90,000 
heat  shock-inducible  protein.  This  protein  overproduc- 
tion is due to expression of the  plasmid-borne HSPSO 
gene, which is under  the  same  heat  shock  regulation as 
its chromosomal  counterpart. The presence of an  in- 
creased  dosage of the HSPSO gene has no effect on  the 
synthesis of the  other  major  heat  shock-inducible  pro- 
teins and does  not  alter  the heat shock-associated phe- 
notype of thermal  tolerance. 

It has recently  become  clear  that the heat shock  response 
fist described 20 years  ago  by  Ritossa (1) for the fruit  fly 
Drosophila occurs  in all organisms  (see  Ref. 2 for a recent 
review). The common  feature of this response  is a dramatic 
alteration  in  cellular  transcription  in  response to a wide  variety 
of stresses (most  often a sudden  elevation of temperature 
beyond  some  critical  level)  which  ultimately  results  in an 
increased  synthesis of a limited  number of hsp.’  At  least  one 
of these induced  proteins  (hsp70)  appears  to  have  been  con- 
served  throughout  evolution as evidenced  by  the  cross-reac- 
tivity of a polyclonal  anti-chick  embryo  fibroblast hsp7O an- 
tibody to similarly  sized  proteins  from a wide  variety of 
eucaryotic  organisms (3). One phenotype  which has been 
correlated  with an elevated  cellular  level of hsps has been an 
increase  in  thermal  tolerance (4-6), suggesting that hsps  in- 
deed  serve  some  essential role in  the  survival of all  organisms. 
Despite  these  numerous  studies,  no  role has been  assigned to 
any of the major hsps. 

Examination of the  heat  shock  response  in the “simple” 
unicellular  eucaryote Saccharomyces  cerevisiae allows  cer- 
tain  experimental  manipulations  which  are  not  yet  technically 
possible  in  higher  eucaryotes.  In  particular,  the  ability  to 
easily  transform  this  organism  using well defined  episomal 
vectors  (7,8)  allows  one to study  gene  expression of appropri- 
ately  altered  heat  shock  genes  in a homologous  system.  Pre- 
vious  work  from  this  laboratory has identified a (single  copy) 
yeast  DNA  sequence  which  hybridizes to a transcriptionally 
regulated 2.9-kb RNA  species  which  encodes the yeast  hsp90 
(9).  We  have  undertaken an examination of the  expression of 
this  DNA  sequence  following  reintroduction  into  yeast  in 

* This research was supported by National Institutes of Health 
Research Grant GM25829. The costs of publication of this article 
were defrayed in part by the payment of page charges. This article 
must therefore be hereby marked “aduertisement” in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

MD 20877. 
$ Present address, Genex Corporation Laboratories, Gaithersburg, 

I The abbreviations used are: hsp, heat shock-inducible protein; kb, 
kilobases; SDS, sodium dodecyl sulfate. 

order to determine  whether a gene  dosage  effect  is  observed 
with  regard  to  expression of hsp90 and whether  an  increased 
copy  number of this  gene  might  affect  expression of any  other 
heat shock-inducible  genes. 

EXPERIMENTAL  PROCEDURES 

Yeast Growth, Labeling, and Analysis of Protein Synthesis 
S. cereuisiae strain DC5 (MATa, leu2-3,  leu2-112, his3, canl-11) 

used  for all experiments reported here was obtained from Dr. M. 
Douglas, Department of Biochemistry, University of Texas Health 
Science Center at  San Antonio. Growth, heat shocking, pulse labeling 
of proteins with [“SSImethionine, preparation of SDS-soluble proteins, 
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 1 pCi  of ‘’‘SO,‘-/ 
ml (11). 

Thermal Tolerance 
Thermal tolerance was evaluated as described previously (5) with 

the exception that  the high temperature challenge was at 54 “C for 5 
min. 

Vectors and Library 
Experiments involving recombinant DNA  molecules  were per- 

formed under PI containment conditions. Plasmid pBR322  (12, 13) 
was provided by Dr. G. Swift of this  department. The yeast shuttle 
vector YRp7 (14, 15) was obtained from Dr. B. Hyman, Department 
of Molecular Biology, University of Wisconsin, Madison, WI. The 
yeast shuttle vector YEpl3 (16) as well as the pseudo-random shear 
yeast DNA library of Nasmyth and Tatchell(17) was  kindly provided 
by Dr. M. Douglas. Biochemistry Department, University of Texas 
Health Science Center at  San Antonio. The Nasmyth-Tatchell library 
consists of 5-20-kb fragments of yeast DNA (obtained by partial 
Sau3A digestion of DNA  from S. cereuisiae strain AB320) inserted 
into the BamH site of YEpl3. 

The recombinant bacteriophage hYhsil (which contains the puta- 
tive HSPW gene as  a  part of a 14.5-kb insert of yeast DNA  in h 
Charon 4) has been previously described (9). 

Escherichia coli Strains  and Culture Conditions 
E .  coli K12 strain MC1066 (le&-600, (1aclPOZY) AX74, trpC- 

9830, strA, pyrF74::Tn5) was provided by Dr. B. Hyman, University 
of Wisconsin, Madison, WI. E .  coli K12 strain  RRlOl (18) was 
obtained from Dr. M. Holland, University of California, Davis, CA. 
Cells were cultivated at  37 “C in L broth (18) or in  M-9 minimal 
medium (19). Where appropriate, ampicillin and/or tetracycline were 
added to a final concentration of  20 and 25 pg/ml, respectively. 

Plasmid  and  Phage  Preparation 
Rapid preparations of plasmids from 5-ml cultures of E. coli 

followed the procedure of Holmes and Quigley (20). It was found that 
inclusion of a final ethanol precipitation of the plasmid allowed a 
more uniform digestion of these preparations with restriction en- 
zymes. The DNA obtained from such a rapid preparation could  be 
used directly for yeast transformation as outlined under “Trans- 
formation.” 

The Holmes and Quigley (20) procedure was adapted for the rapid 
preparation of yeast plasmid DNA as follows. Five-milliliter overnight 
yeast cultures were harvested, washed with 1.2 M sorbitol, transferred 
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First use of the term Hsp90
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A 90,000-Dalton Binding Protein Common to Both Steroid Receptors 
and the Rous  Sarcoma  Virus  Transforming Protein, pp60v-src* 

(Received for publication, June 21, 1985) 
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Previous studies have shown  that  the avian proges- 
terone  receptor,  when in the  nontransformed 8 S state, 
is complexed to another  cellular  protein having a mo- 
lecular weight of 90,000. In this report, we show  that 
this receptor-binding  protein is indistinguishable  from 
the 90,000-dalton protein  which  associates in a  com- 
plex with the Rous  sarcoma virus transforming  pro- 
tein, pp60"'". This identity was established by the 
following criteria. 1) Monoclonal  antibodies  directed 
against  the  pp60"s'e-associated 90-kDa protein  recog- 
nized  the 90-kDa progesterone  receptor  binding  pro- 
tein in  an  immunoblot assay. Conversely,  monoclonal 
antibodies  that  recognize  the  progesterone  receptor 
binding  protein  bind  to  the 90-kDa protein  which  com- 
plexes with pp60""'". 2) Peptide maps  prepared  from 
the 90-kDa proteins  immunoprecipitated  from  chicken 
cells with monoclonal  antibodies  directed  against 
either the 90-kDa receptor  binding  protein  or  the 90- 
kDa  pp60"s'c-associated  protein  were  indistinguisha- 
ble. 3) Preincubation of  the  progesterone  receptor  com- 
plex with monoclonal  antibodies  prepared  against  the 
pp60""'"-associated  protein  caused  a shift in  the sedi- 
mentation  of  the  progesterone  receptor. Previous stud- 
ies have  established  that  the  pp60"""-associated  pro- 
tein is indistinguishable  from  one of the major heat 
shock  proteins  which are induced  under  a variety of 
stress conditions  in  eukaryotic cells. These  present 
studies  implicate  a  new  role  for this 90-kDa protein  in 
the  action  of  steroid  hormones. 

Recent studies have shown that a 90-kDa protein is com- 
plexed with the nontransformed 8 S form of the avian pro- 
gesterone receptor (1, 2). This protein  is also associated with 
other avian receptors for estrogens, androgens, and glucocor- 
ticoids (3, 4). Monoclonal antibodies directed against the 90- 
kDa  protein have been used to demonstrate  its presence in  a 
wide range of tissues from the chicken (4,5)  and also in cells 
of several other eukaryotes (6). These observations, coupled 
with the high cellular concentration of the 90-kDa protein 
relative to  the progesterone receptor (5) suggest that  it is not 
simply a  component of steroid receptor complexes. The 90- 
kDa protein  has also been shown to be an acidic protein that 
contains phosphorylated serine residues (1). 

A similar 90-kDa acidic phosphoprotein  has been shown to 
associate in  a trimolecular complex with pp60"-"", the  trans- 

HD9140, AM25625, and CA27951. The costs of publication of this 
* This work was supported by National Institutes of Health  Grants 
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forming protein of Rous sarcoma virus (RSV1) and  a 50-kDa 
cellular phosphoprotein. Other  avian retroviral transforming 
proteins that possess tyrosine-specific protein kinase activity 
also form a complex with the 50- and 90-kDa cellular proteins 
(7-10). The role of this complex in RSV-induced transfor- 
mation is not known;  however, the 90-kDa protein  binds to 
newly synthesized pp60"-"'" and remains complexed with 
pp60"-"" until  the association of the pp60""" protein with the 
plasma membrane (11-13). 

This pp60"""-associated 90-kDa protein also has been 
shown to be indistinguishable from one of the major heat 
shock proteins, generally termed hsp83 (14), hsp89 (15, 16), 
or hsp90 (7, 17). This protein  has been shown to be synthe- 
sized at dramatically elevated rates  after  treatment of cells 
with several cytotoxic agents  such  as  arsenite or canavanine 
or after incubation at elevated temperatures (18-20). How- 
ever, hsp90 is a major protein  in normal cells and often 
represents approximately 0.5-1%  of the protein mass in cy- 
tosol extracts (15, 21). 

The  apparent similarities between the 90-kDa protein 
which associates with pp6OV~"'" and  the steroid receptor bind- 
ing protein led us to investigate the possibility that they were 
the same protein. In  the present study, antibodies directed 
against the steroid receptor binding protein  and antibodies 
directed against the 90-kDa protein which complexes with 
pp6OV-"'" were used to show that a common 90-kDa protein is 
involved in  these two systems. 

MATERIALS AND  METHODS 

Preparation of Cytosol Extracts-Oviducts were obtained from 
chicks that had been treated with diethylstilbestrol for 2 to 4 weeks 
(1). The tissue was homogenized in four volumes (w/v) of 50 mM 
potassium phosphate, 10 mM thioglycerol, pH 7. In some experiments 
sodium molybdate was included to stabilize 8 S receptor complexes 
(as indicated in figure legends) (22,231. The homogenate was centri- 
fuged for 10 min at  16,000 X g and  the cytosol was obtained by further 
centrifugation for 1 h at 176,000 X g. 

Chick embryo fibroblasts were prepared and infected with RSV 
(NY68 strain)  as previously described (7). Cells were incubated for 
18 h with 1 mCi/ml of carrier-free [32P]orthophosphate  in Dulbecco's 
modified Eagle's medium containing  10% of the normal phosphate 
concentration and 5% dialyzed calf serum. 

Antibodies-Monoclonal antibodies to  the 90-kDa protein from the 
chick oviduct were prepared and characterized as described previously 
(4). Two IgG, antibodies, termed 7Dll  and 4F3,  were used in  this 
study. A third IgGl monoclonal antibody, AC88, having a broad 
spectrum of species cross-reactivity, was also used. This antibody has 
been shown to recognize the oviduct 90-kDa protein even though it 
was prepared against an analogous protein isolated from the water 
mold,  Achlya ambisexualis (6). The monoclonal antibody against pp90 

The abbreviations used are: RSV, Rous sarcoma virus; pp6OV-", 
60,000-dalton RSV transforming protein; hsp, heat shock protein; 
MAb, monoclonal antibody; TBR serum, tumor-bearing  rabbit serum. 
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Two phosphoproteins are adsorbed to protein-A- 
Sepharose when cytosol from 32P-labeled L-cells is 
incubated with a monoclonal antibody  against  the glu- 
cocorticoid receptor: one is a 98-100-kDa phosphopro- 
tein  that contains  the  steroid-binding  site  and  the  other 
is a 90-kDa  nonsteroid-binding phosphoprotein that is 
associated with the untransformed, molybdate-stabi- 
lized receptor (Housley, P. R., Sanchez, E. R., West- 
phal, H. M., Beato, M., and Pratt, W. B. (1985) J. Biol. 
Chem. 260, in press). In this  paper we show that  the 
90-kDa receptor-associated phosphoprotein is an 
abundant cytosolic protein that  reacts  with a monoclo- 
nal  antibody that recognizes the  90-kDa phosphopro- 
tein  that  binds  steroid  receptors  in  the chicken oviduct. 
The  90-kDa  protein immunoadsorbed from L-cell cy- 
tosol with  this  antibody  reacts on Western blots with 
rabbit  antiserum  prepared  against  the  89-kDa chicken 
heat shock protein. Immunoadsorption of molybdate- 
stabilized cytosol by antibodies  against  the glucocorti- 
coid receptor  results  in  the  presence of a 90-kDa pro- 
tein  that  interacts on Western blots with  the  antiserum 
against  the chicken heat shock protein.  The association 
between the  90-kDa  protein  and  the  receptor  is only 
seen by this  technique when molybdate is present  to 
stabilize  the complex; and when steroid-bound recep- 
tors  are incubated at 25 "C to  transform them to  the 
DNA-binding state, the  90-kDa  protein dissociates. 
These observations are consistent with  the proposal 
that  the untransformed glucocorticoid receptor  in L- 
cells exists  in a complex with  the  murine  90-kDa  heat 
shock protein. 

We have reported the molybdate-stabilized cytosol prepared 
from L-929 mouse fibroblasts contains two phosphoproteins 

*This investigation was supported by Grant CA28010 from the 
National  Cancer Institute (W. B. P.), Grant AM25625 from the 
National Institutes of Health (D. 0. T.), and a grant from the 
National Science Foundation (M. J. S.). The costs of publication of 
this article were defrayed in part by the payment of page charges. 
This article  must  therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

1) To whom correspondence should be addressed. 

(a 90-kDa' and a 98-kDa protein) that copurify on affinity 
chromatography in a manner  consistent with the predicted 
behavior of the glucocorticoid receptor (1). Both of these 
phosphoproteins are adsorbed to protein-A-Sepharose after 
incubation of L-cell cytosol with a monoclonal antibody 
against the glucocorticoid receptor (2). The 98-kDa phospho- 
protein  has been shown by covalent affinity labeling with 
[3H]dexamethasone 21-mesylate to contain the steroid bind- 
ing site. The 90-kDa phosphoprotein is a structurally different 
protein that does not  bind steroid but  is associated with the 
untransformed, molybdate-stabilized L-cell glucocorticoid re- 
ceptor (2). 

Two laboratories have reported that molybdate-stabilized 
progesterone receptors are eluted from steroid affinity col- 
umns  in association with a 90-kDa phosphoprotein that does 
not  bind progesterone (3-6). Sullivan et al. (4) and  Joab et al. 
(6)  have prepared monoclonal antibodies against the 90-kDa 
nonsteroid-hinding phosphoprotein that is associated with 
the chick oviduct progesterone receptor in  the untransformed 
8 S complex. These monoclonal antibodies against the 90- 
kDa protein also interact with molybdate-stabilized glucocor- 
ticoid, estrogen, and androgen receptors in chick oviduct 
cytosol. 

These observations support a general model in which a 
variety of untransformed  steroid receptors are associated with 
a nonsteroid-binding 90-kDa phosphoprotein. In  this com- 
munication, we will present data showing that  the 90-kDa 
receptor-associated phosphoprotein in L-cell cytosol is  the 
90-kDa murine  heat shock protein. 

EXPERIMENTAL  PROCEDURES 

Materials 
[32P]Orthophosphate (carrier-free) was from Amersham Corp.; nor- 

mal nonimmune mouse  IgG, nonradioactive triamcinolone acetonide, 
dithiothreitol, TES, protein A-Sepharose CL-4B, and molecular 
weight marker  proteins were from Sigma; and sodium molybdate 
(dibasic salt) was from Baker Chemical Co. 

Methods 
Cell Culture, Labeling  Conditions, and Cytosol Preparation"L929 

mouse fibroblasts were  grown in monolayer culture in  Joklik medium 
supplemented with 10% calf serum at 37 "C. For 32P-labeling experi- 
ments, cells in log phase of growth were washed with phosphate-free 
medium containing 10% dialyzed calf serum and incubated in this 
medium containing  [32P]orthophosphate (20 rCi/ml) a t  37 "C for 18 
h.  All subsequent steps were done at 0-4  "C. Cells were harvested by 
scraping into Earle's balanced saline and centrifuged at 600 X g for 
10 min. Following a wash by resuspension in Earle's saline and 
centrifugation, cells were suspended in 1.5 volumes of 10 mM Hepes, 
0.4 mM EDTA, pH 7.35, a t  4 "C, and ruptured by Dounce homogeni- 
zation. The homogenate was centrifuged first a t  27,000 X g for 30 
min, dithiothreitol (2 mM) and sodium molybdate (10 mM) were 
added, and  the mixture was centrifuged at 105,000 X g for 1 h.  After 
removal of the floating lipid layer, the  supernatant fluid (referred to 
as cytosol) was either immediately used or stored at  -70 "C. 

Gel Electrophoresis-SDS-polyacrylamide gel electrophoresis was 
performed in 7% acrylamide slab gels according to Laemmli (7). Gels 
were  cooled to 4 "C during electrophoresis. All samples were extracted 

The abbreviations used are: 90-kDa, 98-kDa, etc. refer to bands 
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis with M, 
= 90,000, 98,000 etc.; TES, 2-[2-hydroxy-l,l-bis(hydroxymethyl)- 
ethyl]-aminoethanesulfonic acid; Hepes, 4-(2-hydroxyethyl)-l-piper- 
azineethanesulfonic acid SDS, sodium dodecyl sulfate. 
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course have been recorded recently in the tectum in vivo 22 and 
in vitro23 by intracellular recording.) 

Our results establish that optical signals can be readily record-
ed from the intact frog brain in response to physiologically 
relevant stimuli. Further, the 'intracellular population activity,8 
recorded optically is localized to its regions of origin, unlike 
extracellular field potentials, which may spread over variable 
distances determined by the flow of extracellular current. 
However, there are also difficulties that warrant discussion. 
Some pharmacological side effects may be expected wherever 
extrinsic probes are used2

•
7,17. With the four dyes we selected, 

the electrically recorded, visually evoked potential was similar 
before and after the staining, only if a low dye concentration 
was used. (Optical signals could be recorded at least 4 h after 
staining.) The measurement is also quite sensitive to minor 
movements caused by pulsation or blood flow under the pig-
mented pia mater. In preliminary experiments, this type of noise 
was totally eliminated by perfusing the frog with a laminar flow 
Received 1 J Octoher 1983; accepted 13 February] 984. 
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Common non-hormone binding 
component in 
non-transformed chick oviduct 
receptors of four steroid hormones 
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Jan Mester & Etienne-Emile Banlien 

Lab Hormones, Inserm U 33, 94270 Bicetre, France 

Steroid hormones produce a response in target cells by binding 
to hormone-specific soluble receptors, which undergo a trans-
formational change, leading to their interaction with chromatin 
and to modified gene expression. In a previous paperl, we 
described a monoclonal antibody, BF4 , that specifically recog-
nizes and binds the non-transformed '8S' form of chicken 
oviduct progesterone receptor (8S-PR). We now show that BF 4 

does not form an immune complex with the 4S transformed 
form of 3H-progestin-labelled progesterone receptor, but does 
interact with the 8S non-transformed forms of the oestrogen, 
androgen and glucocorticosteroid receptors. Our results suggest 
that the antigenic determinant recognized by BF 4 is present on 
a non-hormone binding unit, which we identify as a polypeptide 
of molecular weight (MW) 90,000 in the case of the pro-
gesterone receptor, and that this unit is common to other 8S 
non-transformed chicken steroid receptors. 

BF 4 was obtained after fusion of rat spleen cells, immunized 
with partially purified molybdate-stabilized 8S-PR, with mouse 
myeloma cells Sp2/0-Ag 14 (ref. 1). We demonstrated its 
specific interaction with the molybdate-stabilized, non-trans-
formed 8S-PR in chick oviduct cytosol by ultracentrifugation 
analysis. In the presence of an excess of BF4, the 8S 3H-progestin 
binding receptor sedimented at lO-11S, while after incubation 
with an excess of PR, the 35S-methionine labelled BF4 e5 S-B F 4 ) 

peak was changed from -7S to -lOSl. 

of saline through the aorta. Further improvements of these 
difficulties have been discussed elsewhere lO,l7,l8. 

The advantages of the optical technique are first that it pro-
vides real-time imaging of the 'intracellular' population activity 
at many loci simultaneously. Further improvements should 
facilitate three-dimensional imaging of the activity from the 
entire depth of the tectum (-600 /Lm). Second, the present 
method has a major advantage over the 2-deoxyglucose 
method24 in that it permits many experiments to be carried out 
on the same live preparation. This technique has already been 
applied successfully to the investigation of the rat somatosensory 
cortex (ref. 25 and H. S. Orbach, L. B. Cohen and A.G., 
manuscript in preparation). 
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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) ,  
non-transformed 8S-PR was purified by affinity 
phy in the presence of molybdate, and labelled with H-
progestin2 • Its sedimentation coefficient shifted to lOS in 10-
35% glycerol gradient ultracentrifugation following incubation 
with excess BF 4 (Fig. 1 a); after exposure to an excess of PR, 
35S-BF 4 was also recovered in the 9-10S region (Fig. 1 b). When 
the affinity gel eluate containing non-transformed 8S receptor 
labelled with 3H-hormone was subsequently passed through a 
DEAE-Sephacel column in the absence of molybdate, 3H-P-PR 
was eluted as a major peak at 0.25 M KCI. When this peak was 
incubated with an excess of BF 4, no displacement of tritium was 
observed, the bound tritiated ligand remaining 4S (Fig. la). 
However, when 35S-BF4 was incubated with an excess of the 
0.25 M KCI eluate, the 3sS-peak of the antibody was displaced 
from 7S to -9-lOS (Fig. Ib). These results suggested the 
presence of a non-ligand binding component in the non-trans-
formed 8S-PR structure. 

During the second purification procedure (Table 1 b), experi-
ments were performed with crude cytosol in which PR was 
transformed by exposure to high salt concentration3. Crude 
cytosol prepared in the absence of molybdate was precipitated 
with 30% ammonium sulphate, labelled with 3H-progestin and 
incubated with excess BF4 or with a trace amount of 35S-BF4. 
Again, the peak of 35S radioactivity was found in the -9S region, 
while the receptor-bound 3H-steroid peak remained 4S (Fig. 
2a) .  Addition of a large amount of unlabelled BF4 to the 
incubation medium did not affect the 4S sedimentation 
coefficient of the bound tritiated progestin; the 9S 35S-peak was 
abolished and the 35S-radioactivity was recovered in the 7S 
region of the gradient (Fig. 2a) .  We checked that salt-induced 
transformation did not decrease the binding of 3H-hormone to 
the receptor, and then excluded the possibility of a preferential 
interaction of BF4 with receptor having lost the ability to bind 
hormone. Finally, when the salt-transformed cytosol prepar-
ation was directly loaded onto the affinity column, the 3H_ 
progestin-labelled eluate did not form any immune complex 
with BF4 (unlabelled or 35S) (Fig. 2b). 
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The common 90-kd protein component of non-transformed '8S'
steroid receptors is a heat-shock protein

M.G.Catelli, N.Binart, I.Jung-Testas, J.M.Renoir,
E.E.Baulieu, J.R.Feramiscol and W.J.Welchl
Lab. Hormones, INSERM 94270 Bicetre, France, and 1Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY 11724, USA

Communicated by G.Schutz

Non-transformed steroid receptors have an - 8S sedimenta-
tion coefficient that corresponds to an oligomeric structure
of 250-300 kd which includes a non-hormone binding 90-kd
protein. A monoclonal antibody BF4 raised against the
purified, molybdate-stabilized, 8S progesterone receptor (8S-
PR) from chick oviduct, recognizes 8S forms of all steroid
hormone receptors. BF4 was found specific for a 90-kd pro-
tein present in great abundance in all chicken tissues, in-
cluding that present in 8S-forms of steroid receptors. Here,
using immunological and biochemical techniques, we demon-
strate that this ubiquitous BF4-positive 90-kd protein is in fact
the chicken 90 kd heat-shock protein (hsp 90): it increased
in heat-shocked chick embryo fibroblasts, and displayed iden-
tical migration in two-dimensional gel electrophoresis and the
same V8 peptide map as the already described hsp 90. We
discuss the possibility that the interaction between hsp 90 and
steroid hormone-binding subunits may play a role in keep-
ing the receptor in an inactive form.
Key words: chick oviduct progesterone receptor/heat-shock pro-
tein/non-hormone binding component of steroid receptor

Introduction
Non-transformed steroid hormone receptors found in the cytosol
(high-speed supernatant of homogenate) of target cells have an

8S-sedimentation coefficient corresponding to an oligomeric
structure with a molecular mass of 250 - 300 kd (Gorski et al.,
1968; Baulieu et al., 1971; Sherman and Stevens, 1984). Using
a monoclonal antibody (BF4) raised against purified molybdate-
stabilized 8S-progesterone receptor (8S-PR) (Radanyi et al.,
1983), we found that it reveals only a 90-kd protein in chick
oviduct cytosol. This protein, which does not bind steroids, is
a common component of chick steroid hormone receptors in their
non-transformed 8S forms (progesterone, oestrogen, androgen
and glucocorticosteroid in oviduct and glucocorticosteroid in em-
bryo fibroblasts) (Joab et al., 1984; Groyer et al., 1985). Im-
munoblot experiments (Catelli et al., 1983) as well as
immunohistochemical data (Gasc et al., 1984) have indicated that
the 90-kd protein is mostly cytoplasmic, and that it represents

1 % of the total soluble protein in the chick oviduct cytosol
as well as in all chick-tissue soluble extracts. This is largely in
excess (- 100 times) of what is needed to account for its par-
ticipation in the heteromeric structure of steroid receptors. Here,
using immunological and biochemical techniques, we provide
evidence that the BF4-positive 90-kd protein, including that pre-
sent in the 8S-PR, is actually a heat-shock protein identical to
the previously described 90 kd heat-shock (Welch et al., 1982)
or stress (Thomas et al., 1981) protein (hsp 90). It would ap-

IRL Press Limited, Oxford, England

pear then that progesterone-receptor transformation (or activa-
tion), which includes the conversion of the 8S form to the 4S
form of the receptor, the acquisition of DNA binding proper-
ties, and a decreased rate of dissociation of the hormonal ligand,
implies also a separation of the 90-kd protein from the steroid-
binding units (Wolfson et al., 1980; Baulieu et al., 1983). Hence
this association of hsp 90 with steroid-hormone receptors appears
analogous to the situation in which a number of oncogenic pro-
teins, all of which possess tyrosine kinase activity, show short-
lived association with hsp 90 in vivo (Oppermann et al., 1981;
Brugge et al., 1981, 1983; Lipsich et al., 1982; Courtneidge and
Bishop, 1982).

Results
The BF4 monoclonal antibody recognizes the avian hsp 90
The monoclonal antibody BF4 reacts with the 90-kd protein com-
ponent of 8S-PR (Baulieu et al., 1983) and of other steroid recep-
tors in their 8S forms (Joab et al., 1984; Groyer et al., 1985),
and not with steroid-binding components such as the A or B
progesterone-binding subunits (Schrader et al., 1981; Baulieu et
al., 1983). The 90-kd protein component of the chick oviduct
8S-PR was found to be a phosphoprotein in both in vivo and in
vitro experiments (Dougherty et al., 1982; Garcia et al., 1983).
In addition physicochemical characteristics such as elution from
DEAE-cellulose at - 0.22 M KCl, pI at - 5.2 and sedimentation
coefficient at -5.5S (unpublished data of M.G.Catelli and
N.Binart) are similar to those reported for mammalian hsp 90
(Welch and Feramisco, 1982). To examine whether the
BF4-positive protein was actually hsp 90, chick embryo fibroblasts
were labelled with [35S]methionine at normal and elevated
temperatures, and soluble proteins were analyzed by SDS-PAGE
and BF4-immunoadsorption. As described previously (Thomas
et al., 1981; Welch et al., 1982), proteins of - 90, 70 and 25 kd
were synthesized at elevated levels in the heat-treated cells (Figure
1, lanes 1 and 2). Passing the lysate of the heat-shocked cells
over an affinity matrix containing the BF4 monoclonal antibody
covalently linked to Sepharose resulted in the binding of the 90-kd
protein (Figure 1, lane 3). Analysis of the material not retained
by the BF4 matrix demonstrated the complete removal of 90-kd
protein (Figure 1, lane 4). In cells labelled at 370C, BF4 mono-
clonal antibody retained the 90-kd protein although the level of
labelled protein was lower than in cells labelled at heat-shock
temperature (data not shown). These results demonstrate that the
BF4 monoclonal antibody does in fact recognize the avian 90 kd
heat-shock protein.
The 90-kd protein contained in 8S-PR is hsp 90
The 90-kd protein immunopurified from oviduct cytosol and the
90-kd protein present in the 8S-PR were compared with the mam-
malian hsp 90. Using the BF4 antibody coupled to CNBr-activated
Sepharose 4B, the 90-kd protein was purified from oestrogen-
stimulated chick oviduct cytosol (Figure 2, panel A). 2-3 4g
of the immunopurified avian 90-kd protein were mixed with
[35S]methionine-labelled and heat-shock treated rat embyro
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hsp82 Is an Essential Protein That Is Required in Higher
Concentrations for Growth of Cells at Higher Temperatures
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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
synthesize proteins known as the heat shock proteins
(HSPs). Coincident with the induction of HSPs, cells and
organisms become more tolerant to exposure to extreme
temperatures. This observation has led to the general as-
sumption that HSPs provide protection from the toxic effects
of heat. The assumption has been reinforced by many lines
of evidence. For example, virtually all other stress treat-
ments that induce the HSPs, such as exposure to ethanol,
anoxia, and heavy-metal ions, also induce thermotolerance.
Moreover, in several cases the kinetics of HSP synthesis and
degradation have been shown to parallel the kinetics of
thermotolerance induction and decay (reviewed in refer-
ences 26 and 27).
The results of other experiments, however, conflict with

the hypothesis. For example, in some cells, cycloheximide
blocks the induction of HSPs without blocking the induction
of thermotolerance (25, 48, 49). Genetic investigations have
also produced seemingly contradictory results. On the one
hand, Escherichia coli mutations that block expression of
cr32 (the transcriptional regulator of the heat shock genes)
block both the induction of HSPs and the induction of
thermotolerance (20, 32). On the other hand, artificial induc-
tion of (r32 at normal temperatures leads to induction of the
HSPs but does not induce thermotolerance (47).

Mutations in individual HSPs have provided important
new insights. Cells of the yeast Saccharomyces cerevisiae
that carry mutations in the heat-inducible ubiquitin gene are
killed more rapidly than wild-type cells by long-term expo-
sure to temperatures just above the maximum growth tem-
perature (19). However, the mutants are killed at the same
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rate as wild-type cells when exposed to extreme tempera-
tures. Cells carrying mutations in SSAI and SSA2, two
members of the HSP70 gene family, are temperature sensi-
tive for growth but are less rapidly killed by extreme
temperatures than wild-type cells (12). (The constitutive
overproduction of other HSPs, including other members of
the HSP70 gene family, in these mutants may explain this
result.) Experiments of this type indicate that different
proteins may be responsible for different temperature-re-
lated phenomena; some proteins may allow cells to grow at
the upper end of their normal temperature range, some may
help cells survive chronic exposure to supraoptimal temper-
atures, and some, as yet unidentified, may increase survival
after exposure to extreme temperatures.
While attempts to define the roles of the HSPs at high

temperature have continued, it has become apparent that
many of the proteins, or their close relatives, are synthesized
at normal growth temperatures and are induced at specific
times in development. Thus, in addition to their putative
protective functions during exposure to high temperature
and other forms of stress, the proteins may provide essential
basal or developmental functions. This has been clearly
demonstrated in the case of the hsp70 family of proteins in
yeast cells (12, 13). Deletions of certain individual genes and
of certain gene combinations in this gene family result in
lethal phenotypes.
Here we describe the effects of mutations in the yeast

HSP82 genes. All eucaryotes produce one or more heat-
inducible proteins with molecular sizes in the range of 80 to
90 kilodaltons (kDa). Proteins in this family are highly
conserved, with those from eucaryotes as distantly related
as yeasts, fruit flies, mammals, and trypanosomes sharing at
least 50% amino acid sequence identity (3, 17, 18, 30).
Moreover, the eucaryotic proteins share approximately 40%
amino acid sequence identity with the only known member
of this family in E. coli, htpG or C62.5 (3). These proteins
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cells with Listeria monocytogenes, a Gram-positive pathogen that 
also invades the cytoplasm l

",1 7, did not cause DNA fragmenta-
tion (data not shown), thereby demonstrating that bacterial 
invasion of the cytoplasm does not necessarily lead to apoptosis, 
Incubation of J774 cells with the protein synthesis inhibitor 
cycloheximide or emetine in conditions that abrogated de novo 
35S-methionine incorporation by more than 95% did not suppress 
cell death induced by M90T as measured using 5lCr-release 
assays (data not shown), This latter result agrees with previous 
observations that apoptosis in macro phages is independent of 
macromolecular synthesis 18 . 

The massive influx and subsequent death of inflammatory 
cells in the colonic submucosa is a prominent feature of Shigella 
infections5

•
6 Our data are consistent with an essential role of 

apoptosis in shigellosis, The identification of a bacterial system 
that elicits eukaryotic programmed cell death represents a novel 
pathogenic mechanism of intracellular bacteria. Future experi-
ments to determined whether S. jlexneri activates the intrinsic 
suicide program in the host cell or short-circuits the program 
by producing a factor that directly causes cell death should 
provide general insights into the molecular mechanisms of 
apoptosis, 0 
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THE heat-shock protein Hsp90 is the most abundant constitutively 
expressed stress protein in the cytosol of eukaryotic cells1.2, where 
it participates in the maturation of other proteins, modulation of 
protein activity in the case of hormone-free steroid receptors, and 
intracellular transport of some newly synthesized kinases3

-
s. A 

feature of all these processes could be their dependence on the 
formation of protein structure, If Hsp90 is a molecular chaperone 
involved in maintaining a certain subset of cellular proteins in an 
inactive form, it should also be able to recognize and bind non-
native proteins, thereby influencing their folding to the native state. 
Here we investigate whether Hsp90 can influence protein folding 
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in vitro and show that Hsp90 suppresses the formation of protein 
aggregates by binding to the target proteins at a stoichiometry of 
one Hsp90 dimer to one or two substrate molecule(s). Furthermore, 
the yield of correctly folded and functional protein is increased 
significantly, The action of Hsp90 does not depend on the presence 
of nucleoside triphosphates, so it may be that Hsp90 uses a novel 
molecular mechanism to assist protein folding in vivo. 

We used purified bovine pancreatic Hsp90 to study the 
refolding of the mode l protein citrate synthase fro m the 
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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 
absence of Hsp90 at 20°C. C , Dependence of reactivation of citrate synthase 
on the molar ratio of Hsp90/citrate synthase. Reactivation yields were 
determined 3 h after initiation of refolding. 
METHODS. Hsp90 was purified to homogeneity from bovine pancreas"O 

Hsp90 was predominantly dimeric, as determined by size-exclusion 
chromatography and non-denaturing gel electrophoresis. Protein concentra-
tions were determined as describedll The concentration of citrate synthase 
was calculated using an extinction coefficient of 1.78 for a 0.1% solution" 2 

Concentrations of Hsp90 and citrate synthase given refer to the monomers. 
Citrate synthase was denatured in 50 mM Tris-HCI, 2 mM EDTA, 6 M 
guanidine hydrochloride, 20 mM dithiothreitol. pH 8 .0, for 1.5 h at 20 °C. For 
light scattering experiments, concentration of citrate synthase was 30 ecM. 
Renaturation was initiated by a 200-fold dilution in renaturation buffer 
containing 40 mM HEPES, 20 mM KOH, 50 mM KCI, 10 mM (NH4)2S0. , 2 mM 
magnesium acetate, 0.5 mM EDTA, pH 7.5 (buffer A). Dilution and subsequent 
renaturation was in cuvettes with vigorous stirring at 20°C. Light scattering 
was measured with a Perkin Elmer MPF2A with excitation and emission at 
500 nm. The spectral band width was 2 nm for both excitation and emission. 
For measuring the restoration of enzymatic activity, denatured citrate syn-
thase (15 ecM) was diluted 100-fold in a glass vessel containing buffer A 
with vigorous stirring. Activity was assayed as described"3 after various 
times of refolding at 20 °C. The activity of the refolding synthase is given 
as the percentage relative to a control sample of native enzyme at 0.15 ecM. 
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A Heat Shock Protein Complex Isolated from Rabbit Reticulocyte Lysate Can
Reconstitute a Functional Glucocorticoid Receptor-Hsp90 Complex1,

Lawrence C. Scherrer,* * Kevin A. Hutchison,* Edwin R. Sanchez,5 Stephen K. Randall,II and William B. Pratt’-*
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Purdue University School of Science at Indianapolis, 1125 East 38th Street, Indianapolis, Indiana 46205
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abstract: When unliganded glucocorticoid receptor that has been stripped free of associated proteins is
incubated with rabbit reticulocyte lysate, the receptor becomes associated with the 70- and 90-kDa heat
shock proteins (hsp70 and hsp90), and the untransformed state of the receptor is functionally reconstituted
[Scherrer, L. C., Dalman, F. C., Massa, E., Meshinchi, S., & Pratt, W. B. (1990) J. Biol. Chem. 265,
21397-21400]. Recently, an hsp70-containing protein complex (200-250 kDa) purified from rabbit re-
ticulocyte lysate was shown to maintain a fusion protein bearing the mitochondrial matrix-targeting signal
in a state that is competent for mitochondrial import [Sheffield, W. P., Shore, G. C., & Randall, S. K.
(1990) J. Biol. Chem. 265,11069-11076]. In this work, we show that this partially purified mitochondrial
import-competent fraction contains both hsp90 and hsp70. When the purified fraction is immunoadsorbed
with a monoclonal antibody specific for hsp90, a significant portion of the hsp70 is coimmunoadsorbed,
suggesting that hsp90 and hsp70 are present together as a complex. The partially purified fraction maintains
a hybrid precursor protein containing the mitochondrial matrix-targeting signal of rat preornithine car-
bamyl transferase in an import-competent state. Incubation of immunopurified glucocoticoid receptor with
this fraction of reticulocyte lysate results in ATP-dependent association of the receptor with both hsp70
and hsp90, and the resulting complexes are functional as assessed by return of the receptor to the high-
affinity steroid binding conformation. The glucocorticoid receptor heterocomplex reconstituting activity
of the lysate fraction is low relative to its mitochondrial import activity. Importantly, however, this is the
first demonstration of the functional and structural reconstitution of the untransformed state of any steroid
receptor utilizing a partially purified system.

The glucocorticoid receptor (GR)1 is recovered from
hormone-free cells as a heteromeric complex containing the
steroid binding protein and hsp90 [for reviews, see Pratt (1987,
1990)]. When the GR is bound to hsp90, it is maintained in
a high-affinity steroid binding conformation, and it does not
bind DNA; the hsp90-free GR does not bind steroid, but it
binds DNA with high affinity (Sanchez et al., 1987; Bresnick
et al., 1989; Dalman et al., 1989; Scherrer et al., 1990). The
progesterone receptor is recovered from hormone-free cells in
a heteromeric complex that contains hsp70 as well as hsp90
(Estes et al., 1987; Kost et al., 1989; Smith et al., 1990a).
Although cytosolic GR complexes usually contain very little
or no hsp70, mouse GR overexpressed in CHO cells are, like
progesterone receptors, located in the nuclei of hormone-free
cells and are recovered in cytosolic complexes containing both
hsp70 and hsp90 (Sanchez, et. al., 1990b).
The binding of steroid receptors to hsp90 does not represent

a simple freely reversible equilibrium such that purified
receptor and hsp90 spontaneously associate. The heterocom-

* This investigation was supported by NIH Grants DK31573 to W.B.P.
and DK43867 to E.R.S. and by an IUPUI Faculty Development Grant
and a Biomedical Research Support Grant to S.K.R.

* To whom correspondence should be addressed.
5 The University of Michigan Medical School.
* Medical College of Ohio.
1 Purdue University School of Science at Indianapolis.
1 Abbreviations: GR, glucocorticoid receptor; hsp70 and hsp90, 70-

and 90-kDa heat shock proteins; triamcinolone acetonide, 9a-fluoro-
110,16a, 17 a, 21 -tetrahydroxypregna-1,4-diene-3,20-dione 16,17-ace-
tonide; HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis; CHO ceils, Chinese hamster ovary cells.

plex was first formed under cell-free conditions by translating
the mouse or rat GR in rabbit reticulocyte lysate and
demonstrating that the newly translated product was bound
to rabbit hsp90 (Dalman et al., 1989; Denis & Gustafsson,
1989). Because the GR-hsp90 complex formed in rabbit re-
ticulocyte lysate is quite stable under conditions that normally
cause dissociation of the complex in cytosol preparations, Smith
et al. (1990b) asked if the reticulocyte lysate could reasso-
ciate hsp90 with the receptor. They showed that incubation
of chick oviduct progesterone receptor with rabbit reticulo-
cyte lysate resulted in association of the chicken receptor with
rabbit hsp70 and hsp90.
We have reported (Scherrer et al., 1990) that incubation

of either immunoadsorbed or DNA-bound GR with reticu-
locyte lysate results in both structural and functional recon-
stitution of the receptor-hsp90 complex. That is, reassociation
of the GR with hsp90 was accompanied by complete repression
of DNA binding activity and reactivation of steroid binding
activity. As with the progesterone receptor, hsp70 was also
present in the complex reconstituted with reticulocyte lysate.
Recently, we have shown that incubation of the transforming
protein tyrosine kinase ppdO5^ with reticulocyte lysate forms
a complex containing ppGO"*, hsp70, hsp90, and the 50-kDa
phosphoprotein component of the native pp60lrc multiprotein
complex (Hutchison et al., 1992).
Although several laboratories have tried to purify the

receptor-hsp90 heterocomplex reconstituting activity from
reticulocyte lysate, no purification has yet been achieved. The
inability to purify the reconstituting activity might reflect the
possibility that association of hsp90 with steroid receptors
involves the coordinated action of two or more proteins in the
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Specific Hsp90 inhibitors

Geldanamycin

Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 8324-8328, August 1994
Cell Biology

Inhibition of heat shock protein HSP90-pp6Ov-src heteroprotein
complex formation by benzoquinone ansamycins: Essential role
for stress proteins in oncogenic transformation

(geldanamycn/tyrosine kinase)

LUKE WHITESELL*t, EDWARD G. MIMNAUGH*, BRIAN DE COSTAt, CHARLES E. MYERS*§,
AND LEONARD M. NECKERS*
*Clinical Pharmacology Branch, National Cancer Institute, and tLaboratory of Medicinal Chemistry, National Institute of Diabetes and Digestive and Kidney
Diseases, National Institutes of Health, Bethesda, MD 20892

Communicated by R. L. Erikson, April 25, 1994

ABSTRACT The molecular mechanisms by which onco-
genic tyrosine kinases induce cellular transformation are un-
clear. Herbimycin A, geldanamycin, and certain other benzo-
quinone ansamycins display an unusual capacity to revert
tyrosine kinase-induced oncogenic transformation. As an ap-
proach 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 inhi-
bition of src phosphorylating activity. To identify mechanisms
other than kinase inhibition for drug-mediated reversion, we
prepared a solid phase-immobilized geldanamycin derivative
and affinity precipitated the molecular targets with which the
drug interacted. In a range of cell lines, immobilized geldan-
amycin bound elements of a major class of heat shock protein
(HSP90) in a stable and pharmacologically specific manner.
Consistent with these binding data, we found that soluble
geldanamycin and herbimycin A inhibited specifically the
formation of a previously described src-HSP90 heteroprotein
complex. A related benzoquinone ansamycin that failed to
revert transformed cells did not inhibit the formation of this
complex. These results demonstrate that HSP participation in
multimolecular complex formation is required for src-mediated
transformation and can provide a target for drug modulation.

The product of the transforming oncogene v-src is pp60v-src,
a tyrosine-specific protein kinase (1), but the precise mech-
anisms by which this oncogene product or other activated
tyrosine kinases induce transformation remain unclear. Mu-
tation studies have demonstrated convincingly that enhanced
tyrosine phosphorylating activity is a necessary but not
sufficient prerequisite for induction of transformation by
pp60v-src (2, 3). Physical association of the activated kinase
with a variety of normal cellular substrates including cyto-
skeletal elements (4), heat shock proteins (HSPs) (5), and
signal transduction molecules (6) has been reported and
certain of these associations may be required for induction of
the transformed phenotype. Such a requirement would not be
surprising given that the assembly of multimolecular protein
complexes has been shown to be a critical event in an
increasing number of signal transduction pathways regulating
cell growth and differentiation.
The putative tyrosine kinase inhibitors geldanamycin (GA)

(7) and herbimycin A (HA) (8) (Fig. 1) have been reported to
revert the morphology of fibroblasts transformed by many
oncogenic tyrosine kinases including src, fyn, lck, bcr-abl,
and erbB2 (9). Subsequently, we reported other drug-induced
biologic effects at concentrations that have no direct effect on
pp60src tyrosine kinase activity in whole cells or in immune

complex assays in vitro (10). In light of this apparent lack of
direct inhibitory activity, we hypothesized that benzoqui-
none 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 asso-
ciations 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
interacts. Based on these findings, we used soluble ansamy-
cins to establish that drug interaction does indeed disrupt a
previously described src-containing complex, the formation
of which appears to be essential for v-src-induced morpho-
logic transformation.

MATERIAL AND METHODS
Cells and Reagents. v-src (3T3/vsrc) and tsv-src (3T3/

tsvsrc) transfected NIH 3T3 cells were obtained from 0.
Sartor (National Cancer Institute). Derivation and charac-
terization of the 3T3/vsrc cells have been reported (11).
3T3/tsvsrc cells were generated by subcloning src elements
from pSR-XD2 (12) into the expression vector ZipNeo (Not
I) followed by transfection into low-passage NIH 3T3 cells.
PC-3M cells were obtained from the National Cancer Insti-
tute (Frederick Cancer Research Facility). HA and GA were
obtained from the Developmental Therapeutics Program
(National Cancer Institute, Rockville, MD). Geldampicin
was obtained from K. L. Rinehart (University of Illinois,
Urbana). Stock drug solutions were formulated in 100%
dimethyl sulfoxide (DMSO) and maintained at -200C in the
dark. All other reagents were obtained from Sigma except as
noted.
Immune Complex Kinase Assay. Cells were lysed in

TNESV (50 mM Tris-HCl, pH 7.4/1% Nonidet P-40/2 mM
EDTA/100 mM NaCl/1 mM orthovanadate/1 mM phenyl-
methylsulfonyl fluoride/20 pg of leupeptin per ml/20 ,ig of
aprotinin per ml) and immunoprecipitation was performed
with the src-specific monoclonal antibody mAb 327 (Onco-
gene Science) followed by an in vitro immune complex kinase
assay as described (13).

Derivatization and Immobilization of GA. Diamine deriva-
tization of GA was based on previously reported chemistry
(14). 1,6-Hexanediamine was added to GA (10 mM in CHC13)
to yield a 10-fold molar excess and allowed to react for 2 hr

Abbreviations: GA, geldanamycin; HA, herbimycin A; HSP, heat
shock protein; DMSO, dimethyl sulfoxide.
tTo whom reprint requests should be addressed at: Department of
Pediatrics, Room 3336, University of Arizona Health Sciences
Center, 1501 North Campbell Avenue, Tucson, AZ 85724.
§Present address: Cancer Center, University of Virginia, Charlottes-
ville, VA 22908-0001.
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