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Immunoaffinity purification of hsp90 from chick oviduct cytosol reveals two major proteins, hsp70 and a
60-kDa protein (p60), copurifying with hsp90. A similar result is obtained when hsp90 is immunoaffinity
purified from chick liver and brain cytosols, avian fibroblasts, and rabbit reticulocyte lysate. This p60 is the
same protein previously identified in certain assembly complexes of chick progesterone receptor generated in
a cell-free reconstitution system. Tryptic and cyanogen bromide peptide fragments were generated from
gel-purified p60, and partial N-terminal sequences were determined from eight peptides. The sequences show
a striking similarity to the sequence of a 63-kDa human protein (IEF SSP 3521) whose abundance is increased
in MRC-5 fibroblasts following simian virus 40 transformation. A monoclonal antibody was prepared against
avian p60; Western immunoblot analysis showed that p60 was present in each of eight chick tissues examined
and in each of the human, rat, rabbit, and Xenopus tissues tested. Inmunoaffinity purifications from both chick
oviduct cytosol and rabbit reticulocyte lysate using anti-p60 and anti-hsp70 monoclonal antibodies confirm that
there is a relatively abundant complex in these extracts containing hsp90, hsp70, and p60. This complex
appears to comprise an important functional unit in the assembly of progesterone receptor complexes.
However, judging from the abundance and widespread occurrence of this multiprotein complex, hsp90, hsp70,

and p60 probably function interactively in other systems as well.

Numerous recent studies (2, 7, 8, 10, 34, 49, 54) have
shown that one of the major heat shock proteins, hsp70,
functions in an ATP-dependent manner through transient
interactions to mediate folding or unfolding of polypeptide
chains. Another major heat shock protein, hsp90, is thought
to perhaps also function in some capacity related to folding
or protein-protein interactions, but its function(s) remains
poorly defined (1). Supporting its potential role in protein
folding is a recent demonstration that hsp90 enhances rena-
turation of some proteins in vitro (52). Perhaps the most
widely studied interaction of hsp90 is its identity as a stable
component of several unactivated steroid receptor com-
plexes (6, 38, 41). For glucocorticoid receptors, hsp90 bind-
ing to receptor is required to maintain high-affinity ligand
binding (3, 26, 40), but other steroid receptors that have been
examined do not show this same dependency on hsp90. In all
hsp90-nuclear receptor complexes, ligand-dependent activa-
tion of the receptor DNA-binding ability is accompanied by
dissociation of hsp90 (14, 17, 31, 43), and it appears likely
that one hsp90 function is to repress DNA binding by
receptor.

Steroid receptor-hsp90 interactions provide a model for
understanding hsp90 function, but exploiting this model has
been hindered by the inability to reversibly assemble recep-
tor-hsp90 complexes in vitro. This drawback was recently
overcome by establishing certain physicochemical condi-
tions that permit the use of rabbit reticulocyte lysate as a
cell-free medium for assembly of hsp90 with chick progest-
erone receptor (PR) (44, 45) and rat glucocorticoid receptor
(40). By analyzing the in vitro assembly process of hsp90
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with chick PR, we found evidence that hsp70 and a 60-kDa
protein (p60) serve a transient role in establishing PR-hsp90
binding. Furthermore, preliminary evidence suggested that
reticulocyte lysate contained a relatively abundant, preex-
isting complex between hsp90, hsp70, and p60.

In this report, we examine more closely the interaction of
hsp90 with hsp70 and p60 and present evidence that p60 is a
highly conserved and ubiquitous protein having sequence
identity with a 63-kDa human protein that is sensitive to
simian virus 40 transformation (15) and is related to the yeast
heat shock-responsive STI1 gene product (27).

MATERIALS AND METHODS

Preparation of tissue and cell extracts. Oviducts were
collected from estrogen-stimulated chicks and homogenized
in 4 volumes of homogenization buffer (PTg; 50 mM potas-
sium phosphate [pH 7.0], 10 mM monothioglycerol). Ho-
mogenates were centrifuged at 20,000 x g for 20 min; the
supernatant was collected and centrifuged at 100,000 x g for
1 h. The high-speed supernatant was collected as the cy-
tosol. Chick and Xenopus liver extracts were prepared
similarly. Small-scale tissue extracts from chick lung, brain,
kidney, spleen, heart, and breast muscle were prepared by
homogenization in a glass-glass homogenizer followed by
centrifugation at 18,000 X g in a microcentrifuge for 30 min.
Whole cell extracts were prepared by suspending a cell pellet
in 10 volumes of sodium dodecyl sulfate (SDS) sample
buffer; the suspension was disrupted by forcing repeatedly
through a 20-gauge needle. The cell extract was placed in a
boiling water bath for 5 min and then spun in a microcentri-
fuge for 5 min to pellet insoluble material.

Tissue and cell sources. Rabbit reticulocyte lysate was
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obtained from Promega. Xenopus liver was obtained from
Amy Smithgall. Rat liver extract was obtained from Patrick
Iverson. MCF7, GH4, and CCL cells were obtained from
James Shull.

Antibody reagents. Several mouse monoclonal immuno-
globulin G (IgG) antibodies against hsp90 were used. D7a
was prepared against hsp90 from chicken brain (5); D7« also
cross-reacts with native rabbit hsp90. 4F3 was prepared
against hsp90 from chicken oviduct (47); it reacts poorly with
mammalian hsp90. AC88 (StressGen Biotechnology Corp.)
was prepared against hsp90 from the water mold Achlya
ambisexualis and cross-redcts with hsp90 from a variety of
vertebrate species (32). Antibody N27 (N27F3-4; StressGen)
was prepared against human hsp70 by W. J. Welch (2, 17).

Antibody DS14F5 is a mouse monoclonal IgG prepared
against gel-purified avian p60. (The procedure for gel purifi-
cation is described below.) BALB/c mice were given pri-
mary immunizations containing approximately 50 pg of p60
suspended in 100 pl of H,O plus 100 pl of complete Freund’s
adjuvant. A secondary immunization, given after 3 weeks,
consisted of 50 pg of p60 in incomplete adjuvant. The final
immunization consisted of 50 pg of p60 in phosphate-
buffered saline (PBS). Spleen cell fusions were performed 3
days after the final immunization according to a previously
published protocol (23). The plasmacytoma line used was
P3x63-Ag8.653 (16).

Immune sera and conditioned media from hybridomas
were screened initially by Western immunoblot analysis
against whole oviduct cytosol, using multiwell immunoblot
devices (Immunetics MN45). Positive media were further
screened for cross-reactivity with mammalian antigen by
Western analysis of rabbit reticulocyte lysate. Positive me-
dia were also screened for the ability to recognize native p60
by indirect immunoprecipitation from oviduct cytosol, using
protein G-Sepharose (Pharmacia). Monoclonal hybridomas
producing specific antibody against p60 were obtained by
limiting-dilution cloning of culture wells demonstrated to
have specific antibody-producing hybrids.

Antibody BB70 is a mouse monoclonal IgG prepared
against avian hsp70 complexed with hsp90. The hsp90 pro-
tein complexes were isolated from chick oviduct cytosol
with antibody D7c:protein A. After washing, the resin-
bound proteins (100 p.g) were mixed with an equal volume of
adjuvant and injected subcutaneously. Freund’s complete
adjuvant was used for primary injection, whereas Freund’s
incomplete adjuvant was used for secondary injections. For
the final injection, the resin was resuspended in an equal
volume of PBS and injected intraperitoneally. Splenocytes
were prepared and fusion was accomplished by standard
procedures (12), using cells of the myeloma cell line SpZ/O-
Agl4 as fusion partners. Hybridomas were selected by
culture in hypoxanthine-aminopterin-thymidine, and super-
natants were screened by Western blots against antigen
preparations.

Immunopurification of hsp90 and associated proteins. Im-
munoaffinity resin was prepared by incubating antibody with
either protein G-Sepharose or protein A-Sepharose (Phar-
macia). In some cases, immunoaffinity resins were prepared
by covalently linking D7« and AC88 to Actigel (Sterogene,
San Gabriel, Calif.) according to the manufacturer’s sugges-
tions, using 10 mg of antibody per ml of resin.

Immunoaffinity resin was added to cytosols prepared in
PTg and incubated for 1 h on ice with occasional tube
inversions. Typical proportions were 40 pg of antibody plus
50 wl of protein A-Sepharose or 50 ul of covalently coupled
antibody resin added to 0.5 ml of cytosol. Resins were
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washed five times with 15 volumes of PTg. Bound proteins
were extracted directly into either SDS or urea sample
buffer.

Electrophoresis, electroelution, and Western blotting. SDS-
polyacrylamide gel electrophoresis (PAGE) (19) was per-
formed by using gels containing 8 to 10% acrylamide.
Two-dimensional (2D) PAGE was performed essentially as
described by O’Farrell (29); isoelectric focusing gels con-
tained 2% pH 3.5 to 10 ampholines (Pharmacia LKB). Gels
were stained by either Coomassie brilliant blue R-250 or
silver nitrate (13). For SDS-PAGE, proteins bound to immu-
noaffinity resin were extracted into SDS sample buffer
containing 2% SDS and 5% mercaptoethanol. For 2D PAGE,
resins were extracted into urea sample buffer containing 9.5
M urea, 2% Triton X-100, 2% ampholines, and 5% mercap-
toethanol.

Gel-purified p60 was prepared by using D7a to purify
hsp90 complexes containing p60 from oviduct cytosol. After
separation by SDS-PAGE, the p60 band could be visualized
in the gels by light diffraction without fixing and staining; the
p60 band was excised from the gel and sliced into pieces
approximately 1 by 2 by 5 mm. Electroelution of protein
from the gel pieces was performed by using a Six-Pac
Electroeluter (Hoefer Scientific Instruments) according to
the manufacturer’s recommendations. Briefly, gel pieces in
300 pl of Laemmli buffer were eluted into 120 pl of 4x
Laemmli buffer at 80 V for 2 h. For immunizations and
cyanogen bromide digestion, eluates were pooled and dia-
lyzed against 5 mM NH,HCO; plus 0.02% SDS and then
dried by vacuum centrifugation. For trypsin digestion,
eluted p60 was collected by methanol-chloroform precipita-
tion (50).

Procedures for Western blot analyses using a second
antibody-alkaline phosphatase conjugate were the same as
published previously (17) except that gels were electroblot-
ted to a polyvinylidene difluoride (PVDF) membrane (Immo-
bilon-P; Millipore).

Gel and blot images used for figures were produced either
by normal photographic methods or by densitometric scan-
ning of media with a Molecular Dynamics personal densito-
meter. Scanned images in a digitized format were handled by
using image-processing software (Picture Publisher; Micro-
graphx) and printed on a Hewlett Packard LaserJet III
equipped with a LaserPix 4.0 board (XLI Corp., Woburn,
Mass.).

p60 peptide generation and sequence analysis. For trypsin
digestion, gel-purified p60 was dissolved in 100 pl of 0.4 M
NH,HCO;-8 M urea and 50 pl of 50% acetonitrile. By using
the method of Stone et al. (46), the protein was reduced,
carboxymethylated, and then digested with trypsin for 16 h
at room temperature. The resulting tryptic peptides were
separated by reverse-phase high-pressure liquid chromatog-
raphy (HPLC), using a Vydac C,g column (The Separations
Group, Hesperia, Calif.) and trifluoroacetic acid-acetonitrile
solutions. For cyanogen bromide digestion, the procedure of
LeGendre and Matsudaira was used (22). Briefly, immunoaf-
finity-purified hsp90 complexes containing p60 were reduced
and alkylated prior to separation on SDS-gels. p60 was
electroeluted, dialyzed, and dried as described above and
then resuspended in 70% formic acid containing 200 pg of
cyanogen bromide. The sample was digested under N,
overnight at room temperature and then dried by vacuum
centrifugation. Protein fragments were separated on an
SDS-gel by the procedure of Schagger and von Jagow (39)
and electrotransferred to a PVDF membrane (Problott;
Applied Biosystems, Inc.). Peptide fragments were visual-
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FIG. 1. Immunoaffinity purification of hsp90 from low- and high-
ionic-strength oviduct cytosol. hsp90 purifications were performed
on oviduct cytosol, using a mouse MAb bound to protein
A-Sepharose. Purifications were performed in the presence of 0.3 M
KCl (lanes labeled +) or with no added KClI (lanes labeled —). The
antibodies used are indicated above each pair of lanes. Purification
was also performed by using protein A-Sepharose lacking antibody
(—ADb). The migration positions of hsp90 and of antibody heavy
(HC) and light (LC) chains are labeled on the left. Molecular weight
markers are indicated on the right.

ized by Coomassie blue staining, and fragment bands were
excised and subjected to sequence analysis. The separated
fragments were sequenced from the amino terminus by using
either a Porton 2090E Integrated Microsequencing System
(Porton Instruments Inc., Tarzana, Calif.) or an ABI 470A/
120A Microsequencer (Applied Biosystems Inc., Foster
City, Calif.). Both instruments perform automated gas-phase
Edman degradation and identify the resulting phenylthiohy-
dantoin amino acids, using on-line reverse-phase HPLC with
narrow-bore C,g columns. The data from both instruments
were collected into an Everex 286/12 computer and analyzed
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FIG. 2. Major proteins copurifying with hsp90 from several
tissues. hsp90 was purified from crude tissue or cell extracts by
using antibody D7a (lanes 1 to 6) or antibody ACS88 (lane 7)
covalently attached to an agarose resin. Extracts were prepared
from the following sources: chick oviduct (lanes 1, 2, and 7), chick
brain (lane 3), chick liver (lane 4), QT6 quail fibroblasts (lane 5), and
rabbit reticulocyte lysate (lane 6). In one sample (lane 2), oviduct
cytosol was pretreated with soluble D7a to block immunospecific
binding to covalently coupled antibody resin. Samples were sepa-
rated by SDS-PAGE and stained with Coomassie brilliant blue dye.
Major protein bands (see legend to Fig. 1) are identified on the left;
molecular weight markers are indicated on the right.
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FIG. 3. 2D PAGE of proteins copurifying with hsp90. Using D7
covalently attached to an agarose resin, hsp90 was immunopurified
from oviduct cytosol (a) or from oviduct cytosol pretreated with
soluble D7a (b) to block immunospecific binding to covalently
coupled antibody resin. Purified proteins from 170 pl of cytosol were
separated by 2D PAGE and silver stained. Migration positions for
hsp90 and major proteins that copurify in an immunospecific manner
are labeled in panel a. A and B identify the two forms of PR.

by using the Porton Instruments protein sequence analysis
software.

RESULTS

In this study, complexes containing hsp90 were isolated
by adsorption to antibody resins. Three different monoclonal
antibodies (MADbs) recognizing hsp90 were used to immuno-
precipitate hsp90 from chick oviduct cytosol (Fig. 1). At
elevated ionic strength, only hsp90 was purified by antibody
resins; however, at lower ionic strength, two of the resin
precipitates (D7a and 4F3) contained proteins in addition to
hsp90, suggesting that these antibodies recognize hsp90 in
complexes with other proteins. By comparison, AC88 pre-
cipitated only hsp90 from both low- and high-ionic-strength
cytosol. These results are consistent with earlier observa-
tions (32, 41, 47) that AC88 recognizes only free hsp90,
whereas D7a and 4F3 can bind to hsp90 in PR complexes.

The gel images in Fig. 1 show two proteins that copurify
with hsp90, one of which has been identified by Western blot
analysis (45) as hsp70; the other has the mobility of a 60- to
64-kDa protein (p60). The dark bands around 55 and 25 kDa
in each of the gel lanes are antibody heavy and light chains.

When D7« is used to immunoprecipitate hsp90 complexes
from tissues other than oviduct, a similar pattern is seen
(Fig. 2). Extracts from chick brain and liver, quail fibro-
blasts, and even rabbit reticulocyte lysate each yield hsp70
and p60 as the most abundant proteins copurifying with
hsp90. Rabbit reticulocyte lysate was examined here be-
cause it has been used as the cell-free medium for studying
assembly of PR complexes (44, 45). In those assembly



872 SMITH ET AL.

SVEN DD LOC PH HVL YSNRSAAYAK
EAO R
100

KGDYQKAYED GCKTVDLKPD WGKGYSRKAA ALE- AKRTYEEGLK
3

101 150
HEANNPQLKE GLQNMEARLA ERKFMNPFNM PNLYQKLESD PRTRI.E.

151 2
. NKPSDLGTKL QDPRIMTTLS VLLGVDLGSM DEEEEIATPP
SL L

201
PPPPPKKETK PEPMEE'P! K-KE
300
AKELDPTNMI - -KCRl lc'uevek ENREDYRQIA
XEX

250
LGNDAYKKKD FDTALKHYDK

301 350
KAYARIGNSY FKEEK.V -SLAEH RTPDVLKKCQ QAEKILKEQE
351 400

RLAYINPDLA LEEKNKGNEC FQKGDYPQAM KHYTEAIKRN PKDAKLYSNR
450

AACYTK. le |0LEPTFIKG YTRKAAALEA MKDYTKAMDV

500
YQKALDLDSS CKEAADGYQR CMMAQYNRHD SPEDVKRRAM ADPEVQQIMS

501 543

DPAMRLILEQ MQKDPQALSE HLKNPVIAQK IQKLMDVGLI AIR

FIG. 4. Sequence comparison of p60 peptides with the 63-kDa
human transformation-sensitive protein. Gel-purified p60 was di-
gested with trypsin or cyanogen bromide, and fragments were
separated and sequenced as detailed in Materials and Methods. In
comparing the sequences obtained with sequence data bases, a
striking similarity was observed with a recently cloned gene (15)
coding for a 63-kDa protein from human MRC-5 fibroblasts whose
abundance increases in response to simian virus 40 transformation.
The published sequence for the 63-kDa protein is shown here
aligned with p60 peptide sequences, with sequence identities indi-
cated by shading. Avian peptide sequences are numbered sequen-
tially from the amino terminus. Peptides 1, 5, and 6 were obtained as
cyanogen bromide fragments, and the others were obtained as
trypsin fragments. Note that peptides 1 (residues 2 to 34) and 2
(residues 25 to 37) overlapped and are combined as one sequence. X
indicates a residue whose determination was ambiguous.

studies, there was evidence that p60 plays a role in the
binding of hsp90 to PR, though p60 was not identified as a
component in purified, unactivated PR complexes from
oviduct cytosol (43, 45).

Although hsp70 and p60 are the most abundant copurify-
ing proteins in the gel lanes of Fig. 1 and 2, there are other,
less abundant proteins that copurify with hsp90. By separat-
ing D7a immunoprecipitates from oviduct cytosol on 2D gels
and silver staining, some of these other proteins are evident
(Fig. 3). Among these are PR forms A and B, which do not
enter the isoelectrofocusing gel, and proteins that we have
previously identified (43) as components of PR complexes
(p54, p50, and p23). A few minor, unidentified protein spots
can also be seen in Fig. 3a that are absent from Fig. 3b.
Judging from these data and from studies in other laborato-
ries on hsp90 interactions (4, 18, 24, 33), it is likely that
additional proteins less abundant than the identified spots in
Fig. 3 associate with hsp90.

Again, the most abundant copurifying proteins are hsp70
and p60. hsp70 resolves as a doublet, which is typical for
constitutively expressed members of the hsp70 gene family
(also referred to as hsc70, or the heat shock cognate protein).
The pl of p60 is around pH 6.5, but charge heterogeneity is
apparent. As one approach to identifying p60 and under-
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FIG. 5. Western blot analysis examining the specificity of anti-
bodies against hsp90, hsp70, and p60. PVDF membrane strips
containing crude oviduct cytosol, separated by SDS-PAGE, were
Western immunostained with the following mouse MAbs: D7a
against hsp90 (lane 1), 4F3 against hsp90 (lane 2), AC88 against
hsp90 (lane 3), F5 against p60 (lane 4), and BB70 against hsp70 (lane
5). The position of hsp90 is labeled on the left, and the positions of
hsp70 and p60 are labeled on the right.

standing its function, we obtained peptide sequence data
from p60 fragments generated by cyanogen bromide and
trypsin cleavage of gel-purified p60. Eight peptide sequences
were obtained, and these were used to search sequence data
bases for homologous sequences. A striking similarity was
discovered between the avian p60 sequences and the se-
quence reported recently by Honoré et al. (15) for cDNA
coding for a 63-kDa human protein termed IEF SSP 3521;
this protein is up-regulated in simian virus 40-transformed
fibroblasts. As pointed out in that report, the human 63-kDa
protein has significant homology to the yeast STI1 gene
product, a protein reported by Nicolet and Craig (27) to be a
stress-inducible mediator of the heat shock response. The
sequences of the human protein and of the corresponding
chicken peptides are shown in Fig. 4. The extent of identity
among the eight peptides ranges from 47% (peptides 1 and 2)
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FIG. 6. (A) Avian tissue survey for p60, using MAb F5. Crude cytosolic extracts were prepared from eight different chick tissues,
separated by SDS-PAGE, and transferred to a PVDF membrane. The membrane was immunostained with MAb F5 prepared against protein
p60 from oviduct. Tissues surveyed: O, oviduct; L, liver; Lu, lung; B, brain; K, kidney; S, spleen; H, heart; M, breast muscle. Only the region
of the immunostained membrane containing reactive bands is shown. Molecular weight markers are indicated on the right. (B) Species survey
for antigens cross-reactive with MAb F5. Crude cytosolic or total cell extracts were prepared, separated by SDS-PAGE, transferred to a
PVDF membrane, and then immunostained with MAb F5 against avian p60. Samples surveyed: 1, chick oviduct cytosol; 2, human HeLa cell
extract; 3, human MCF7 cell extract; 4, rabbit reticulocyte lysate; 5, rat liver cytosol; 6, rat GH4 cell extract; 7, mink CCL cell extract; 8,
Xenopus liver cytosol; 9, S. cerevisiae cell extract. Migration positions for prestained molecular weight markers are indicated on the left.

to 100% (peptide 3). Overall, the extent of identity between
the p60 peptides and the human protein is 70%. Thus, p60 is
clearly related to the human protein and probably represents
the avian homolog of this protein.

We have developed a MAb (DS14FS5, or simply F5) against
gel-purified avian p60. This antibody has been used in
preliminary studies to characterize the distribution of p60
and its interaction with hsp90 and hsp70. An additional MAb
(BB70) was developed against hsp70. The specificities of
these antibodies and antibodies to hsp90 were examined by
Western analysis against crude oviduct cytosol (Fig. 5). In
addition to its interaction with hsp90, antibody D7a recog-
nizes a minor protein band of 75 kDa. This protein is
unrelated to hsp70 or p60, and it is believed to be a
degradation product of hsp90. Antibody F5 reacts with a
single 60-kDa band, but BB70 exhibits reactivity with two
bands, the lower of which corresponds to hsp70, as identified
by reaction with another hsp70 antibody, N27. Although
BB70 reacts with denatured, non-hsp70 antigens (diffuse
bands above and below the indicated hsp70 band in Fig. 5)
on Western blots of crude tissue extracts, this antibody
displays specificity for native proteins by reacting only with
hsp70 in indirect immunoaffinity precipitation from crude

cytosol.

As shown in Fig. 6A, p60 was present in extracts from

eight different chick tissues, as determined by Western
analysis using MAb F5. Though slightly different mobilities
for the antigen are evident in Fig. 6A, such small differences
could be artifacts due to electrophoretic influences of other
components in the individual tissue extracts. However, we
cannot rule out that there may be tissue-specific heteroge-
neity in p60 forms.

Antibody F5 was also used to survey tissue extracts from
various species (Fig. 6B). The p60 antigen is present in
human, rat, chicken, and Xenopus extracts. No cross-
reacting antigen was detected in Saccharomyces cerevisiae
extract, but genetic data have shown that the STI1 gene
product in yeast cells has 42% sequence identity to a human
homolog of p60. Probably, sequences in the F5 epitope of
vertebrate p60 differ from the homologous region of the
yeast protein.

In a closer examination of the interactions between hsp90,
hsp70, and p60, we have used MAbs to separately immu-
noaffinity purify hsp90, hsp70, and p60 from both oviduct
cytosol and rabbit reticulocyte lysate (Fig. 7). In Fig. 7A,
proteins were purified from both low- and high-ionic-
strength oviduct cytosol. Consistent with the results in Fig.
1, the anti-hsp90 antibody D7« coprecipitated hsp70 and p60
at low ionic strength but not at elevated ionic strength. A
similar pattern of copurification is seen with antibodies
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FIG. 7. (A) Immunoaffinity purification of the hsp90-hsp70-p60
protein complex from oviduct cytosol, using antibodies against
individual polypeptides. Shown is a region from an SDS-gel loaded
with immunopurified proteins and visualized by Coomassie staining.
Samples were immunoaffinity purified from chick oviduct cytosol
with no added salt (—) or adjusted to 0.4 M KCl (+). As indicated,
antibodies used for purification were D7a against hsp90, BB70
against hsp70, and F5 against p60. In each lane shown, protein was
purified from 0.5 ml of cytosol, using 20 to 25 ul of IgG bound to 20
ul of protein G-Sepharose. Relevant protein bands are indicated on
the left; molecular weight markers and the bands corresponding to
antibody heavy chains (HC) are indicated on the right. (B) Purifica-
tion of the hsp90-hsp70-p60 protein complex from rabbit reticulo-
cyte lysate. Conditions were similar to those in panel A except that
proteins were purified from 0.3 ml of rabbit reticulocyte lysate
without added salt. Proteins were visualized by silver staining of the
SDS-gel.

against hsp70 and p60; the most abundant proteins coprecip-
itating with hsp70 are hsp90 and p60; likewise, the most
abundant proteins coprecipitating with p60 are hsp90 and
hsp70. The immunoprecipitation data from rabbit reticulo-
cyte lysate (Fig. 7B) are similar to those seen for chicken
oviduct cytosol, though the relative ratios of each protein
appear to differ between the tissues. Stoichiometry of the
apparent complex between hsp90, hsp70, and p60 cannot be
determined from the data in Fig. 7, since it is not presently
known what percentage of the total for each antibody-
targeted protein is in this complex versus free protein or
protein in complexes other than hsp90-hsp70-p60. It should
be stressed that while these appear to be the three major
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proteins in this common complex, the existence of additional
components cannot be ruled out. For example, two proteins
in the range of 43 to 45 kDa are evident in Fig. 7A. However,
the appearance of these proteins is variable, and the bands
resemble protein bands often seen in resin blanks. A 66-kDa
band and high-molecular-weight bands are observed in sam-
ples isolated with antibody FS5, but these are contaminants in
the F5 antibody preparation that are evident at high antibody
loads. Additional studies are in progress to assess the
significance of less abundant proteins and also to determine
the extent of size heterogeneity within these complexes.

DISCUSSION

This study was initiated to identify the most prevalent
molecular interactions involving the heat shock protein
hsp90. Although hsp90 has been shown to form complexes
with a variety of other proteins, our results indicate that the
most abundant complexes in cytosolic extracts contain two
other proteins. One is the constitutively expressed form of
hsp70, and the other, p60, appears to be a stress-related
protein which has not been previously described in avian
systems. The association of hsp90 with hsp70 and p60 was
indicated in a previous study with hsp90 complexes isolated
from rabbit reticulocyte lysate (45). However, in that report,
it was unclear whether this association represented a mix-
ture of individual complexes of hsp90 with hsp70 or p60 or a
common association of all three proteins. Also, the identity
of p60 was unknown. In a recent study by Perdew and
Whitelaw (30), four proteins were found to copurify with
hsp90 isolated from cytosolic extracts of mouse Hepa 1 cells.
These proteins included hsp70 and proteins of 63, 56, and 50
kDa. It seems likely that the 63-kDa protein observed by
Perdew and Whitelaw is the mouse equivalent of p60. The
p50 protein was further identified as a 50-kDa protein asso-
ciated with pp60"~"°-hsp90 complexes (51), and p56 was
shown to be another heat shock protein, hsp56 (35, 36),
which is identical to a p59 immunophilin that binds FK 506
(21, 48, 53). p50 and p56 are not as abundant in our
preparations of hsp90 complexes. They may represent sep-
arate complexes with hsp90 that are less stable, less abun-
dant, or poorly recognized by our antibodies.

The cellular functions of hsp90 remain unclear. It has been
shown to interact with steroid receptors (6, 38, 41), with a
variety of protein kinases (4, 24, 25, 33), and with actin (18)
and tubulin (37). Some evidence exists for its possible
function as a protein kinase (9, 28), and one report indicates
a molecular chaperone activity of hsp90 in protein renatur-
ation in vitro (52).

hsp70 appears to play a role in several cellular processes
that involve protein folding or unfolding. These include the
folding of newly synthesized protein (2), the uncoating of
clathrin-coated vesicles (7, 49), and the transport of proteins
through membranes (8, 10, 54). hsp70 contains sites for
peptide binding and for ATP hydrolysis that are believed to
be required for its activities.

There are few indications as to the function of the third
protein in this complex, p60. Previous reports of p60 asso-
ciation with hsp90 allowed speculation on its identity with
either the receptor-associated protein, p59 (hsp56), or the
common heat shock protein, hsp60, that is predominantly in
mitochondria. The present sequence analysis shows there to
be no relationship between p60 and these proteins. p60 is
closely related to a human 63-kDa protein reported earlier
(15). In addition, these two proteins have similar molecular
weights and isoelectric points, as judged by 2D gel electro-
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phoresis. The human protein has been reported to contain
isoforms that differ in pI, and this also appears to be true for
p60 from chicken (Fig. 3). While we have not yet studied p60
in stressed avian cells, the human protein is up-regulated by
stress and by viral transformation of cells (15). The human
protein contains several 34-residue repeats, termed TPR
motifs (42), that indicate a structural relationship to a num-
ber of other proteins (15). However, its closest identity is
with the yeast stress-induced protein STI1 (27), whose
function is unknown. Yeast cells lacking this protein can
grow at 30°C but are growth impaired at higher and lower
temperatures.

The observation that hsp90, hsp70, and p60 interact sug-
gests that they cooperate in function. This view is consistent
with recent studies showing that heat shock proteins can
function together to promote protein folding and assembly.
For example, Gaitanaris et al. (11) have shown that the
renaturation of denatured \ repressor in Escherichia coli is
dependent on the three heat shock proteins DnaK, Dnal,
and GrpE. Another study by Langer et al. (20) presents
evidence for a chaperone-mediated protein-folding pathway
involving sequential actions of DnaK, Dnal, GrpE, and
GroEL/ES. In this regard, we have recently developed a
cell-free system in reticulocyte lysate which allows the
assembly of PR with hsp90 and hsp70 (45). This assembly
appears to be quite complex and requires ATP hydrolysis in
addition to other factors in reticulocyte lysate. The final
receptor complex does not contain appreciable amounts of
p60. However, if the source of ATP is limited, p60 is
observed in the complex, suggesting that it may be part of an
intermediate form. Further characterization of this protein
should be facilitated by the structural identity and antibody
probes described in this report.
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