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ABSTRACT. Hsp90 and p58°7provide a poorly understood biochemical function essential to certain protein
kinases, and recent models describe‘ff80as an exclusive hsp90 cohort which links hsp90 machinery

to client kinases. We describe here the recovery of$%0n immunoadsorptions directed against the
hsp90 cohorts FKBP52, cyp40, p60HOP, hsp70, and p23. Additionally, monoclonal antibodies against
FKBP52 coadsorb maturation intermediates of the hsp90-dependent kina&esqubARI, and the presence

of these maturation intermediates significantly increases the representatiori®¥/jas@ hsp90 on FKPB52
machinery. Although the native heterocomplex between hsp90 arfdc$/38 salt-labile, their dynamic
interactions with kinase substrates produce kiras@perone heterocomplexes which are highly salt-
resistant. The hsp90 inhibitor geldanamycin does not directly disrupt the native association of hsp90 with
p504e37 per se, but does result in the formation of salt-labile hsgéfase heterocomplexes which lack

the p5@9¢37cohort. We conclude that p3©37does not simply serve as a passive structural bridge between
hsp90 and its kinase substrates; insteads%3@ a nonexclusive hsp90 cohort which responds to hsp90'’s
nucleotide-regulated conformational switching during the generation of high-affinity interactions within
the hsp96-kinase-p5(-4c37 heterocomplex.

The 90-kDa heat-inducible protein (hsp9@jovides one postulated chaperone function, hsp90 is physically associated
or more functions essential to certain members of the proteinwith immature kinase molecules and is essential for their
kinase and steroid hormone receptor superfamilies [reviewedproper maturation 3—8). Additionally, hsp90 provides
in refs @, 2)]. Although the biochemical mechanisms prolonged reiterative support necessary to maintain some
underlying hsp90 function remain poorly understood, this kinases 8—7) and certain hormone-receptor transcription
phosphoprotein exhibits several properties which suggest thatfactors [reviewed in ref2)] in responsive conformations
it acts as a molecular chaperone to support kinase folding inwhile they await specific regulatory stimuli. These properties
vivo [(3) and references cited therein]. Consistent with this suggest that hsp90 functions as a “signal transduction
chaperone,” acting at interfaces between overlapping path-
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! Abbreviations: p56%, the 56-kDa lymphoid cell kinase found in instance, the 60-kDa mammalian hsp9®p70 organizing

association with the CD4 receptor; g&0nonreceptor tyrosine kinases . I
produced by either cellular or viral homologues of fte gene; HRI, protein [p60HOP 15), known as Stil in yeast1()]

the heme-regulated serine kinase responsible for phosphorylating thesimultaneously binds hsp90 and hsp70 and may coordinate
o subunit of eukaryotic initiation factor 2; hsp90, heat shock protein theijr nucleotide-regulated chaperone cyctEg{21). Alter-

90, denoting members of the family of 90-kDa heat-inducible chaperone . o
proteins; hsp70, heat shock protein 70, denoting members of the family natively, the acidic 23-kDa hsp90 cohort [p232f 25),

of 70-kDa heat-inducible chaperone proteins; peOHOP, the 60-kDa known as Shal in yease§)] associates with hsp90 in a
mammalian_hsp96hsp70 organizing protein; FKBP52, the 52-kDa  nucleotide-responsive fashiod§ 27, 28) and appears to

FK506-binding protein; p58=%, the 50-kDa product of thedc37gene; e : : : ;
cyp40, Cyclophilin 40; PP5, protein phosphatase 5; TPR, tetratricopep- stabilize the interaction of hspQO with steroid hormone
tide repeat motif governing proteimprotein interactions; p23, the 23- ~ receptors 29). Additionally, protein phosphatase 5 (PP5)

kDa acidic hsp90 cohort; XAP2/ARA9, the 37-kDa hepatitis B virus  occurs in native hsp90 heterocomplex86){ however, its
X-associated protein, aka the aryl hydrocarbon receptor aSSOCiatedpotential role 81, 32) in these complexes is unknown. The

protein; RRL, rabbit reticulocyte lysate, typically supplemented with . . . .
buffers, salts, and ATP-regenerating system necessary to support protein{am'ly of hsp90 cohorts also includes various hidh

synthesis and folding. immunophilins [reviewed in refd)] and the immunophilin-
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like protein XAP2, also known as AIP or ARA®B8—35);

Hartson et al.

Genetic approaches have revealed a functional relationship

these immunophilins and immunophilin-like proteins are not betweerhsp90andcdc37 overexpression ofdc37allevi-

functionally equivalent36—39), and it has been proposed
that they mediate intracellular trafficking of protein hetero-
complexes 40).

ates the kinase-deficient phenotypehsp90deficient yeast
(55), and p5&°¥7increases the association of hsp90 with its
substrate kinases in various in vivo and in vitro assays

Many of hsp90’s cohorts contain tetratricopeptide repeat (6, 52). Consistent with this functional relationship, the

(TPR) motifs [reviewed in ref41)] which mediate their
interactions with hsp903Q, 39, 40, 42—45). This family of

hsp90-dependent viral kinase [360s compromised in the
absence of fulledc37 function 66), and coexpression of

hsp90 cohorts includes p60OHOP, PP5, XAP2/ARA9, and the p5C0-93” with the hsp90-dependent kinases Raf-1 or Cdk4

high M; immunophilins FKBP52, FKBP51, and cyp4g, (
33, 34, 45). However, the TPR-containing cohorts do not

enhances their activitiess,(52). Additionally, p50937 is
readily recovered in heterocomplexes with hsp90-associated

appear to be capable of simultaneous binding to hsp90:kinases¥, 6, 48, 51, 52, 57—61). However, p58'3’has not
antibodies directed against p6OHOP, PP5, FKBP52, or cyp40been detected in substrate heterocomplexes containing hsp90-
do not coadsorb detectable amounts of the alternative TPRdependent steroid hormone receptd@4, 69), and overex-

cohorts 80, 40, 46—48). Consistent with this postulated
exclusivity, competition assays indicate that the full immu-

pression oftdc37does not correct an hsp90-deficient yeast
phenotype with regard to receptor functid@b), Conversely,

nophilin coterie does not associate with hsp90 in the presencecdc37deficiency in yeast has been reported to compromise
of a molar excess of an individual recombinant TPR cohort steroid hormone receptor functio?). Nonetheless, current
or its TPR domain; instead, the competing cohort (or its TPR models propose that p%%7is an exclusive hsp90 cohort

domain) is the primary hsp90 associate recoveBs 40,

responsible for recruiting hsp90 chaperone machinery to

44, 46, 48). These results suggest that hsp90’s TPR cohorts client kinases &, 52).
compete for a common TPR-acceptor site on hsp90, thus ag part of our ongoing studies of the hsp90-dependent

generating discrete hsp90 machineries [reviewed in2@f (
The 50-kDa product of the mammaliacdc37 gene
[P50r9c37 (B, 49, 50)] has been postulated to represent a
similarly exclusive hsp90 cohor#g). p50937is physically
associated with native hsp90 machinefg, (49, 51—54),
but does not contain a discernible TPR domabo)(
Although p50937appears to utilize a distinct sequence motif
to associate with hsp90, pB&’ has not been detected in

kinases p56< (3, 4, 63, 64) and HRI (7, 65—67), we
characterized the interaction of 867 with these two
kinases. Additionally, we characterized native §50 het-
erocomplexes with regard to hsp90, several of its cohorts,
and hsp90 antagonists. We report here that®4%0and
immunophilins coexist in native hsp90 heterocomplexes and
that binding of incompletely folded kinase molecules to
FKBP52 machinery greatly increases the representation of

hsp90 machinery immunoadsorbed by antibodies directed 5437 and hsp90 on this machinery. Additionally, we find

against the TPR cohorts p6OHOP or PR§ ¢8). Consistent
with these results, p5%°7is not detected in hsp90 hetero-

that hsp90 and p5&°7display geldanamycin-sensitive salt-
stable interactions with kinase folding intermediates that are

complexes formed in the presence of competing amounts ofgjstinct from their salt-labile interactions with each other.

recombinant p6OHOP or PP8(, 48). Similarly, competing
recombinant p58°’ compromises the recovery of hsp90
heterocomplexes containing p6OHOP or PB.(However,

We conclude that p5&37does not simply serve as a passive
structural bridge between hsp90 and its kinase substrates;
instead, p59'°7 is a nonexclusive hsp90 cohort which

a truncated TPR domain of cyp40 or PP5 does not similarly responds to hsp90’s nucleotide-regulated conformational

compromise the association of f38”with hsp90 40, 48).

switching during the generation of high-affinity interactions

These results suggest that hsp90 has topologically adjaceniyithin the hsp9e-kinase-p5043” heterocomplex.

acceptor sites for p5%3“and TPR cohorts, and that the close
proximity of these sites results in steric hindrance which
prohibits the binding of more than one cohort molecdi® (

Consistent with this model, hsp90, but not the immunophilin

EXPERIMENTAL PROCEDURES

Identification of cdc37 cDNA and Production of Recom-

FKBP52, can be detected in reconstituted heterocomplexeshinant Protein.Two cdc37cDNA plasmid constructs present

formed with recombinant p5&37 (48). Nonetheless, the
composition and character of native hsp@®Fc3” hetero-

in the EST database were identified by alignment to the
publishedcdc37sequencef, 50) and were obtained from

complexes remain somewhat uncertain regarding the poten-Genome System Inc. The first plasmid (GenBank gi610344,
tial presence of immunophilins: it has not been determined Accession No. AA172101) contained a partial cDNA encod-

whether hsp90’s immunophilin cohorts and 58 compete

ing the humarncdc37gene product from amino acids 8 to

for binding to hsp90. Furthermore, attempts to compare 378. This gene segment was subcloned into Ehecoli

hsp90 machinery containing immunophilins with that con-
taining p50937” have been complicated by the potential
for direct recognition of p58°7by anti-immunophilin anti-
bodies 40).

Although the role of p5®°7 in hsp90 machinery is
unknown, the recombinarddc37 gene product maintains
f-galactosidase in a refolding-competent form in vitro and

expression vector pET-30&f for expression of the His-
tagged recombinant fusion protein. The second cDNA
identified (GenBank gi946705, Accession No. R87892) was
sequenced in its entirety and was found to contain the full
human cdc37 coding region; this EST plasmid has been
identified previously §7) and its entire sequence archived
as GenBank Accession No. U63131. Standard molecular

enhances the in vitro activity of casein kinase Il, suggesting cloning techniques were used to construct plasmids derived

a potential chaperone-like function in vive5). Consistent
with this in vitro chaperone activity, preparations of purified
p50°937 show latent kinase binding activity6,( 48, 52).

from pSP64T §8) in which an SP6 RNA polymerase
promoter drove expression of tledc37gene. Plasmids for
the expression of fusion genes encoding kinase proteins
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(p56% or HRI) with N-terminal poly-His epitope tags were
similarly constructed.

Immunological Reagenté&garose resins for immobiliza-
tion of immunocomplexes were produced as previously
described §6). Recombinantcdc37 gene product was
expressed ifE. coli, purified to 90% homogeneity by nickel
affinity chromatography, and used for immunization of mice
to produce polyclonal ascites antibodies. Antibodies thus
produced recognized a single proteM, (= 50) present in
unfractionated rabbit reticulocyte lysates, in immunocom-
plexes containing protein kinases or hsp90, and in immu-
nocomplexes isolated with a commercial monoclonal anti-
body against p5U°%’ [C1 as described in4Q), aka MA3-
029 from Affinity BioReagents]. Other antibodies utilized
include the following: an irrelevant (nonimmune control)
mouse IgG from the MOPC-21 hybridoma (Sigma M7894);
EC1 mouse monoclonal antibody recognizing FKPBB3)j(
from Dr. Lee Faber]; polyclonal rabbit antibody raised

against a peptide representing the C-terminus of cyp40

[Affinity BioReagents PA3-022]; F5 (aka DS14F5) mouse
monoclonal antibody recognizing p6OHOR; from Dr.
David Smith]; BB70 mouse monoclonal antibody recogniz-
ing hsp70 [L5); from Dr. David Toft]; 3M/1B5p50 mouse
IgM antibody recognizing p387 [(54); from Dr. Gary
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Ficure 1: Salt-lability of the p5&'3—hsp90 heterocomplex. Rabbit
reticulocyte lysate reaction mixtures containing an ATP regeneration
system were immunoadsorbed with nonimmune or antfs%0
antibodies. Immunopellets were washed with buffer containing 50
1000 mM NacCl as indicated, or with phosphate-buffered saline,
after which bound materials were eluted by boiling in SEFAGE
sample buffer and analyzed by Western blotting with anti-chaperone
antibodies. Immunoreactive bands representing hsp90 (hsp90),
p5C4e37 (p50), and the heavy chain of the adsorbing antibody (ab
hc) are indicated. Migrations of molecular mass markers (kDa) are
indicated along the right side of the panel. Lane 1, unfractionated
lysate reaction loaded as a standard for the detection of hsp90 and
p5C4e3% Janes 2, 4, 6, 8, and 10, adsorptions with nonimmune
(control) antibody; lanes 3, 5, 7, 9, 11, adsorptions with anti{s&D
lanes 2, 3, immunopellets were washed with 50 mM NaCl; lanes
4, 5, immunopellets were washed with 150 mM NaCl; lanes 6, 7,
immunopellets were washed with 500 mM NacCl; lanes 8, 9,
immunopellets were washed with 1.0 M NaCl; lanest+1Q,
immunopellets were washed with phosphate-buffered saline.

(rr)

Perdew]; JJ3 and JJ5 mouse monoclonal antibodies recogniz-

ing p23 [23); from Dr. David Toft]; antigen-affinity-purified

Assay for Dynamic Associationg5(9¢3” was translated

mouse antibodies recognizing pentaHis epitope tags (Quiagenn hemin-replete RRL reactions containing®g]Met to

34660); polyclonal rabbit antibody recognizing the N-
terminus of hsp90alphaqQ); from Affinity BioReagents

generate a radiolabeled 38’ population, while His-tagged
HRI template was translated in separate hemin-replete

PA3-013]; and polyclonal mouse antibodies raised againstreactions to generate radiolabeled HRI molecules with a

recombinant p56 as described ing).
Rabbit Reticulocyte Lysatedlative rabbit reticulocyte

unique epitope tag. After synthesis, reinitiation of protein
synthesis in each reaction was arrested by addition of 2 mM

lysate reaction mixtures (RRL) were assembled to contain gurintricarboxylic acid, and lysates were incubated with

50% (v/v) rabbit reticulocyte lysate, 10 mM creatine
phosphate, 20 units/mL creatine phosphokinasey 0of
each amino acid, 10 mM TrisHCI (pH 7.7), 0.2 mM GTP, 1
mM Mg(OAc),, and 76 mM KCI. Reactions were incubated
for 10 min at 37°C prior to immunoadsorption. Salt-stripped
RRL were prepared as previously describéty)( with
variations as indicated in the figure legends. §§50 p56°,

excess unlabeled Met (26M) to terminate radiolabeling.
Equal volumes of the separate hemin-replete reactions were
mixed with each other and incubated for 20 min at’@0to
allow formation of heterocomplexes betweépS[p50dc3?

and P°S]H7—HRI. Subsequently, a fraction of the mixture
was transferred to 4 volumes of RRL chase reaction lacking
radiolabeled p5U’ H7—HRI heterocomplexes were im-

and HRI were translated in nuclease-treated RRL reactionsmynoadsorbed with anti-pentaHis antibodies at various times
via coupled transcription/translation as previously described after assembly of the chase reaction and analyzed by-SDS

(3, 7, 63).

ImmunoadsorptionsAntibodies against individual hsp90
cohorts or against poly-His epitope tags were immobilized
on agarose resins (18.), and immunoresins were washed
3 times with 10 mM PIPES, 50 mM NacCl (pH 7.0). Washed
immunoresins were incubated with RRL (380 uL) which
had been chilled on ice and clarified by centrifugation at
1000@ for 5 min. After adsorption for £2 h on ice,

PAGE, Western blotting, and autoradiography.

RESULTS

p509e37 Associates with Hsp9@a Salt-Labile Interactions.
To determine the nature of the native (substrate-free)
interaction between p5®37and hsp90, we characterized the
resistance of the native hsp9p50°4°37 heterocomplex to

immunopellets were washed 5 times with buffer containing various concentrations of salt. This characterization was
10 mM PIPES, pH 7.0, 0.05% Tween-20, and the indicated prompted by previous observations that moderate-to-high
concentrations of NaCl and/or sodium molybdate. Adsorbed concentrations of salt disrupt the native interaction of hsp90
materials were separated by SPBAGE, transferred to  with its TPR-containing cohortsl b, 17, 71), while p5@9cs”
PVDF, and analyzed by Western blotting or autoradiography, had been described as binding tightly to hsp8Q 49). To

as appropriate. Band intensities were quantified by densito- determine the mode by which pB&’associated with hsp90,
metry using Bio-Rad’s Multi-Analysis software in conjunc- we immunoadsorbed p38°’ from ATP-replete RRL and
tion with their GS700 Imaging Densitometer. Images of assayed for the coadsorption of hsp90 (Figure 1). These
Western blots and autoradiograms were prepared with Adobeimmunoadsorptions recovered §%&'in an immune-specific
Photoshop and Deneba Canvas and were subjected to théashion. Additionally, hsp90 was coadsorbed in an immune-
minimal manipulations necessary to duplicate the appearancespecific fashion, thus confirming the previously described
of the original data. native heterocomplex between %" and hsp90. This



7634 Biochemistry, Vol. 39, No. 25, 2000 Hartson et al.

A (IP p23) B (IP p23) C (supematants of IP's)
1 2 3 4 5 6 7

1 2 3 4 5 6 7 12345678910111213 o7
hsp90 _ L e ARSI R ~ O hsp90 — = o S gy hSpO0 e e —

PE0 _ . T swier -65 | pe0-E S 5 -6 : - 66
abhc/__ — o, L _-_—_45 a cpso__-' 3 PP R Y . e -45 p50-—- —— — s — — —— 45
50 — | A - -31 el TR B e

P 2 ORI v -31 P23-T W W W W YT Ww ) -
pad — o . L T (M)N TN I NINININD b by . £
) N_ I N_I N_1I MA?}S - T T Ty v e g NN 1N I
C GA  MoO4 -y S ™ 3 s 8D3

Ficure 2: Characterization of p23 chaperone machinery. Panel A: p23 machinery from native lysates. Native rabbit reticulocyte lysate
reaction mixtures containing an ATP regeneration system and drug additions as indicated were immunoadsorbed with either nonimmune
antibody or anti-p23 antibody. Immunopellets were washed with buffer containing either 20 mM NaCl or 20 mM sodium molybdate.
Washed immunocomplexes were eluted by boiling in SPBGE sample buffer and analyzed by Western blotting with anti-chaperone
antibodies. Immunoreactive bands representing hsp90 (hsp90), p60HOP (p6YF/(H80), p23 (p23), or the heavy chain of the adsorbing
antibody (ab hc) are indicated. Migrations of molecular mass markers (kDa) are indicated along the right side of the panel. Lane 1, lysate
reaction loaded as a standard for detection of chaperone proteins; lanes 2, 4, 6, adsorptions with nonimmune (control) antibody; lanes 3,
5, 7, adsorptions with JJ3 anti-p23 monoclonal antibody; lanes 2, 3, adsorptions from lysates with no drug additions; lanes 4, 5, adsorptions
from lysates containing geldanamycin; lanes 6, 7, adsorptions from lysates containing molybdate. Panel B: reassociation of p23 and hsp90
in salt-strippped lysate. Rabbit reticulocyte lysates were treated with 0.5 M KCl, dialyzed to restore quasi-physiological salt conditions, and
were, or were not, supplemented with ATP and an ATP regenerating systemt{&R%. Lysates were incubated for 5 min, after which
molybdate or geldanamycin was added as indicated and the reactions were further incubated for 10 min. Reactions were then immunoadsorbed
and analyzed as for panel A. Lane 1, lysate reaction loaded as a standard for detection of chaperone proteirg,, Ipsase2reactions

without ARSHATP supplementation; lanes-83, lysate reactions supplemented with ARSTP; even-numbered lanes, adsorptions with
nonimmune (control) antibody; lanes 3, 5, 7, 9, 11, 13, adsorptions with JJ3 anti-p23 antibody; lanes 4, 5, 10, 11, lysate reactions supplemented
with molybdate; lanes 6, 7, 12, 13, lysate reactions supplemented with geldanamycin. Panel C: depletion assay of chaperone machinery in
unstripped lysates. Aliquots (4L) of ATP-replete RRL were immunoadsorbed using either nonimmune antibodies, anti-p23 antibodies
(333 or J3J5), or anti-hsp90 antibodies (8D3). Unbound fractions were collected and analyzed by Western blotting with anti-chaperone
antibodies. Immunoreactive bands representing hsp90 (hsp96¥s33H050), and p23 (p23) are indicated. Migrations of molecular mass
markers (kDa) are indicated along the right side of the panel. Lane 1, an aliquot representing the amount of lysate input; lanes 2, 4, 6,
unadsorbed fractions from lysates adsorbed with nonimmune antibody; lane 3, unadsorbed fraction from lysate adsorbed with JJ3 anti-p23
antibody; lane 5, unadsorbed fraction from lysate adsorbed with JJ5 anti-23 antibody; lane 7, unadsorbed fraction from lysate adsorbed with
8D3 anti-hsp90 antibody.

heterocomplex was readily detected when immunocomplexescomplex is stabilized by molybdate. To analyze §950-
were washed with buffer containing 50 mM NaCl (lanes 2 hsp90 machinery within this previously established frame-
and 3). When the anti-p5®3” immunopellet was washed work, we immunoadsorbed p23 or §38”from ATP-replete
with buffer containing 150 mM NaCl, 30% as much hsp90 RRL containing or lacking hsp90 antagonists and Western-
was coadsorbed (lanes 4 and 5). When antf{s&0mmu- blotted the washed immunopellets for hsp90 and select hsp90
nocomplexes were washed with concentrations of 500 mM cohorts.
NaCl or higher, no coadsorbing hsp90 could be detected We began by characterizing chaperone machinery associ-
(lanes 6-9). Additionally, the presence of 20 mM sodium ated with p23 and the effects of hsp90 antagonists thereon.
phosphate in 150 mM NaCl wash buffers further compro- Although p23 had been described as a component of native
mised hsp90 coadsorption (lanes 10 and 11), a result similarhsp90 heterocomplexes [e.@3f] and as a component of
to previous reports that phosphate buffers compromised theheterocomplexes with kinase molecul&d,(67), previous
recovery of cyp40 in progesterone receptor heterocomplexescharacterizations of native p23 heterocomplexes had not
(72). These results indicated that in ATP-replete RRL, detected the presence of 5597 (40). For our characteriza-
p50°e3” and hsp90 existed in native heterocomplexes that tions, ATP-replete RRL were immunoadsorbed with mono-
were predominately salt-labile. clonal antibody against p23, and the washed immunocom-
p509c37 |s a Component of Hsp90 Heterocomplexes plexes were analyzed for the presence of p23, hsp9o,
Containing p23Previous characterizations of native hsp90 p60HOP, and p3&-2’(Figure 2, panel A). Inmunoadsorption
heterocomplexes and the effects of hsp90 antagonists thereowf p23 from ATP-replete RRL resulted in the immune-
(24, 27, 28, 72) provided a useful conceptual framework specific coadsorption of hsp90 (Figure 2A, lanes 2 and 3), a
within which to evaluate hsp90 machinery containing result consistent with previous reports. Additionally, p23
p509°37 Hsp90 had been described to occur in several distinctimmunoadsorptions also coadsorbed p60HOP at levels
native heterocomplexes, each containing unique compositionggreater than those observed for nonspecific background
of cohorts. One such heterocomplex contains hsp90, p60HOPbinding (Figure 2A, lanes 2 and 3). Although the presence
and hsp70; this complex is proposed to be recruited to steroidof p60HOP on p23 heterocomplexes seemed somewhat
hormone receptors during intermediate stages of chaperoneinconsistent with predominant models describing hsp90
mediated refolding. The formation of the native complex machineries, similar results had been described previously
formed between hsp90 and p60HOP is favored in the (27). When anti-p23 immunopellets were examined for the
presence of ADP or the hsp90 antagonist geldanamycin. Inpresence of p3¢’, p509"was observed to be coadsorbed
contrast, late stages of receptor refolding are postulated towith anti-p23 in an immune-specific fashion (Figure 2A,
recruit a preassociated complex containing hsp90, immuno-lanes 2 and 3). These results indicated that p23 occurred in
philins, and an acidic cohort termed p23. The formation of one or more preexisting heterocomplexes with’¢50When
the native heterocomplex containing hsp90 and p23 requireslevels of hsp90, pS&=’, and p23 in unfractionated RRL were
ATP or nonhydrolyzable ATP analogues, and this hetero- compared to the levels of these proteins recovered in anti-
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p23 immunoadsorptions, pS%’ appeared to be well-
represented on p23 chaperone machinery.

We wished to test the hypothesis that 58 recognized
a specific conformation of hsp90 or a specific subpopulation
of hsp90 machinery; however, we initially characterized p23
heterocomplexes since previous studi@d, (27, 28, 72)
provided a benchmark for our own investigations. As seen
in Figure 2A (lanes 4 and 5), the hsp90 antagonist geldana-
mycin increased the nonspecific binding of hsp90 and
p60HOP to control immunoresins. In the presence of this
background binding, geldanamycin did not noticeably alter
the levels of p6OHOP detected in p23 immunocomplexes
(Figure 2A, lanes 4 and 5). Addition of geldanamycin
reduced the recovery of hsp90 in p23 heterocomplexes by
25%; the magnitude of this reduction was much less than
that expected from previously published studiezr]{ but
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Ficure 3: Characterization of pS€37chaperone machinery. Panel

see below]. In contrast to geldanamycin, molybdate enhancedA: p50°%<3chaperone machinery in native rabbit reticulocyte lysates
the coadsorption of hsp90 with anti-p23 immunoresins by (RRL) was immunoadsorbed from native lysates and assessed as

35% while quantitatively eliminating p6OHOP associations
(Figure 2A, lanes 6 and 7). When the effects of these hsp90

described for Figure 2A. Lane 1, lysate loaded as a standard for
detection of chaperones; lanes 2, 3, adsorptions from untreated

lysate; lanes 4, 5, adsorptions from lysates treated with geldana-

antagonists were examined with regard to the presence ofmycin; lanes 6, 7, adsorptions from lysates treated with 20 mM
p5C937 on p23 machinery, geldanamycin reduced the sodium molybdate; lanes 2, 4, 6, immunoadsorption with nonim-

coadsorption of p50%s7 by anti-p23 antibodies by 70%
(Figure 2A, lanes 4 and 5). In contrast, molybdate enhanced
the coadsorption of p5&37by 40% (Figure 2A, lanes 6 and
7). Thus, p56'c3’was associated with native p23 machinery,
and molybdate enhanced the levels of bothf{$5tand hsp90
present in this machinery.

The effects of hsp90 antagonists were further examined
in RRL that had been treated with 0.5 M KCI to disrupt
native interactions between hsp90 and its cohorts. This
approach was utilized because geldanamycin only partially
antagonized hsp90'’s association with p23 in our ATP-replete

mune (control) antibodies; lanes 3, 5, 7, immunoadsorptions with
polyclonal anti-p56"3”. Panel B: reassociation of p%¢7 and
hsp90 in salt-stripped lysate was assessed as described for Figure
2B. Lane 1, lysate loaded as a standard for detection of chaperones;
lanes 2-7, no ATP/ATP regeneration system; lanes 13,

ATP+ATP regeneration system; lanes 2, 3, 8, 9, adsorptions from

lysates lacking drug additions; lanes 4, 5, 10, 11, adsorptions from
lysates treated with 20 mM sodium molybdate; lanes 6, 7, 12, 13,
adsorptions from lysates treated with geldanamycin; even-numbered
lanes, immunoadsorption with nonimmune antibodies; lanes 3, 5,
7, 9, 11, 13, immunoadsorptions with polyclonal anti-58.

(Figure 2C). We observed that quantitative depletion of p23

RRL (Figure 2A, lanes 4 and 5), whereas previous investiga- from RRL did not similarly deplete p5€=* the majority of

tions utilizing salt-stripped lysates had demonstrated quan-
titative disruptionsZ7). Additionally, the use of native RRL
did not allow us to examine the potential for ATP to mediate
interactions between hsp90 and its cohorts. To more fully

investigate the effects of nucleotide and hsp90 antagonists,

RRL were treated with 0.5 M KClI to disrupt native chaperone

the p5@9°37 population remained in the immunoadsorption
supernatant (Figure 2C, lanes2). Similarly, quantitative
depletion of hsp90 from RRL did not deplete §5& (Figure
2C, lanes 67); similar results were reported during the
preparation of this manuscrip?d). Thus, p56°©¥” was not
guantitatively associated with p23 or hsp90 in a stable

heterocomplexes and these lysates were subsequently diacomplex under our immunoadsorption conditions.

lyzed to regenerate quasi-physiological ionic conditions.

To determine if geldanamycin and molybdate had direct

These lysates then were, or were not, supplemented with ATPeffects on the native association of §%& with hsp90, anti-
and an ATP regenerating system (ARS), geldanamycin, and/p509¢3” antibodies were used to immunoadsorb 50

or molybdate prior to immunoadsorption of chaperone
machinery and characterization of chaperone composition.

Consistent with previous work utilizing salt-stripped RRL
(27), ATP facilitated the reassociation of hsp90 with p23 in
a fashion that was enhanced by molybdate and nearly
guantitatively inhibited by geldanamycin (Figure 2B). The
nearly quantitative conversion of hsp90 to a conformation
that was incapable of interacting with p23 also resulted in
the failure to detect p5&37 in p23 immunocomplexes
(Figure 2B, lanes 1:213). Because hsp90 is the only known
chaperone target of geldanamycin, this result indicated that
p50C937 did not directly form a stable complex with p23,
but instead associated with p23 indirectly by virtue of its
interaction with hsp90.

To determine if all molecules of pS63" were associated
with p23 machinery in RRL, we established low-salt im-
munoadsorption conditions that quantitatively depleted p23
and asked whether pS97 was concomitantly depleted

heterocomplexes from RRL which had been treated with
these compounds; these characterizations were performed in
native RRL and in salt-stripped RRL. Treatment of un-
stripped ATP-replete RRL with geldanamycin or molybdate
induced only minor variations in the subsequent recovery
of hsp90 in anti-p5®°”adsorptions (Figure 3A). This result
indicated that in unfractionated ATP-replete RRL, neither
geldanamycin nor molybdate quantitatively induced hsp90
conformations which were incapable of interacting with
p509¢37 To more fully test the hypothesis that %8’ might
recognize a specific conformation of hsp90, we also exam-
ined the association of p38%” with hsp90 in salt-stripped
RRL. When p5@©®’was immunoadsorbed from salt-stripped
RRL, the coadsorption of hsp90 was observed independent
of the presence of an ATP-ARS (Figure 3B). Although the
association of these proteins was slightly compromised by
the presence of an ATP-ARS, this effect seemed to result

from nonspecific salt and dilution effects (not shown).
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Ficure 4: Characterization of chaperone machinery associated with TPR-containing cohorts or with hsp70. Rabbit reticulocyte lysate
reaction mixtures containing an ATP regeneration system were immunoadsorbed with antibodies against the indicated hsp90 cohorts. Adsorbed
materials were eluted by boiling in SB®AGE sample buffer and analyzed by Western blotting with anti-chaperone antibodies.
Immunoreactive bands representing hsp90 (hsp90), p60HOP (p60), cyp40 (cyp40), hsp70 (hspTd) (D), p23 (p23), or the heavy

chain of the adsorbing antibody (ab hc) are indicated. Lanes 1, 4, 7, 10, lysate reaction loaded as a standard for detection of chaperone
proteins; lanes 2, 5, 8, 11, 13, 15, adsorptions utilizing nonimmune (control) antibody; lane 3, adsorption with EC1 anti FKBP52; lane 6,
adsorption with polyclonal anti-cyp40; lane 9, adsorption with F5 monoclonal anti-p60HOP; lanes 12, 14, 16, adsorption with BB70 monoclonal
anti-hsp70; lanes-19, adsorptions from lysate reactions lacking drug additions; lanes 13, 14, adsorptions from reactions supplemented
with geldanamycin; lanes 15, 16, adsorptions from reactions supplemented with molybdate.

Additionally, neither geldanamycin nor molybdate abrogated coadsorbed in an immune-specific fashion (Figure 4, lanes
the ability of p5093 to interact with hsp90 (Figure 3B). 5 and 6); this coadsorption was consistent with previously
These results indicated that 538’ interacted with each of  documented associations between these proteins. When these
the drug-enforced conformations of hsp90, and that this anti-cyp40 immunopellets were assayed for the presence of
interaction neither required nor was contradicted by the p509°¥’, p539°3” was readily detected to be present in an
interaction of p23 with hsp90; this conclusion was consistent immune-specific fashion (Figure 4, lanes 5 and 6). When
with previous work demonstrating that geldanamycin does levels of hsp90, cyp40, and p8&7in unfractionated RRL
not disrupt the native hsp9(p5093"heterocomplex invivo ~ (lane 4) were compared to the levels of these proteins
(52). recovered in anti-cyp40 immunoadsorptions (lanes 5 and 6),
p50937 |s a Component of Nate Heterocomplexes p5093’appeared to be well represented on cyp40 chaperone
Associated with TPR-Containing CohorBrevious studies  machinery.
had demonstrated that polyclonal antisera against specific Our observation that p5®37did not seem to be mutually
immunophilins immunoadsorb p$%from cell lysates; this  exclusive versus the TPR immunophilins FKBP52 and cyp40
result had been ascribed to direct recognition of*S0by prompted us to extend our characterizations to a third TPR
the immunophilin antibodieg4(). To reexamine the hypoth-  protein, peOHOP. When F5 monoclonal anti-p60HOP anti-
esis that p58°3”and immunophilins are mutually exclusive bodies were used to immunoadsorb p60HOP and its associ-
hsp90 cohorts, we utilized the EC1 monoclonal antibody ated proteins from unstripped ATP-replete RRL, hsp90 was
against FKBP52 to immunoadsorb FKBP52 and its associ- readily detected upon Western blot analysis of the immu-
ated proteins from unstripped ATP-replete RRL. Associated noadsorption pellet (Figure 4, lanes 8 and 9). The occurrence
proteins were detected by Western blot analysis of the of hsp90 in this pellet was immune-specific: only trace
washed immunopellets; due to comigration of antibody heavy amounts of hsp90 were detected in parallel adsorptions with
chains with the immunoadsorption target FKBP52, we did nonimmune antibody (cf. lanes 8 and 9). These results
not attempt to assay for its recovery. When EC1 immu- described the previously documented heterocomplex formed
nopellets were examined for the presence of hsp90, hsp9tbetween these proteins. When anti-p60HOP immunopellets
was readily detected to be present in the anti-FKBP52 were assessed for the presence of ‘50 p50:9c” was
immunocomplexes in an immune-specific fashion (Figure detected in the F5 immunoadsorption pellet, and this occur-
4, lanes 2 and 3); this result described the previously rence was immune-specific (Figure 4, lanes 8 and 9). When
documented native heterocomplex formed between thesethe Western blot signals from hsp90, p60HOP, and$5%0
proteins. When FKBP52 immunopellets were examined for in unfractionated RRL (lane 7) were compared to the signals
the presence of p5%%7, p50c’was found to be coadsorbed recovered in anti-p6OHOP immunoadsorptions (lanes 8 and
in an immune-specific fashion (Figure 4, lanes 2 and 3). 9), p5093’ appeared to be a very minor constituent of
When levels of hsp90 and p%¢7in unfractionated RRL ~ p60HOP machinery. Our detection of 5%87in F5 immu-
(lane 1) were compared to the levels of these proteins nopellets was inconsistent with similar studies which did not

recovered in anti-FKBP52 immunoadsorptions (lane8Y detect p5@'c3” associated with pOHOP heterocomplexes
p504c3” appeared to be a significant component of FKBP52 (40). However, the low levels of p5&37 detected in lane 8
chaperone machinery. of Figure 4 would not have been detectable by previously

We extended our analyses by immunoadsorbing cyp40 andavailable monoclonal anti-p58%7 IgM (54); this IgM had
its associated proteins from unstripped ATP-replete RRL very low sensitivity relative to the polyclonal anti-pg8¢7
using polyclonal antibodies raised against the C-terminus of antibodies used in the current study (not shown).
cyp40. Although antibodies raised against this immunogen Because p60HOP simultaneously binds hsp70 and hsp90
had been described as cross-reacting withf{5%q40), we (15), we extended our coadsorption studies to characterize
observed no evidence for cross-reactivity when we assayednsp70 chaperone machinery (Figure 4, lanes12). As is
purified p509¢37 (an amount equivalent to that present in 30 typically observed, some hsp70 was recovered from immu-
uL of RRL) by Western blotting with 0.1% anti-cyp40 noresins in a nonspecific fashion (lanes 11, 13, 15). Nonethe-
antibodies (not shown). When we used these anti-cyp40less, immunoadsorption with monoclonal BB70 anti-hsp70
antibodies to immunoadsorb cyp40 and its associated proteinenhanced hsp70 levels in immunopellets and specifically
from ATP-replete unstripped RRL, hsp90 was reproducibly coadsorbed hsp90 from unstripped ATP-replete RRL (lanes
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12, 14, 16); this result was consistent with previously

documented interactions between hsp90 and hsp70 via

p60HOP. In contrast to hsp90, F36’was barely detectable

in anti-hsp70 adsorptions of untreated RRL (Figure 4, lanes
11-14). However, pretreatment of the RRL reactions with

molybdate resulted in a more detectable, yet specific,
coadsorption of p3U%’ concomitant with decreased levels

of hsp90 recovery (Figure 4, lanes 15 and 16). These results

confirmed that p58°3’was not exclusive to a unique hsp90
machine, but rather suggested that §50could be a very
minor component of hspSgp60HOP-hsp70 heterocom-
plexes.

p509c37|s Tightly Bound to Heterocomplexes Containing
Immature Client KinasesAlthough p5093”had been previ-
ously documented to occur in complexes with several
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FiGURE5: Salt-stable association of hsp90 andS0with p56¢°«
maturation intermediates. RRL translation reactions were, or were
not, programmed for in vitro synthesis of #%6After brief synthesis

(25 min), reinitiation of protein synthesis was inhibited, and
reactions either were immediately immunoadsorbed with antip56
antibodies or were incubated further (“chased”) prior to ani¥56
immunoadsorption. Immunopellets were washed with buffers

kinases, the nature and role of this association had not beenontaining or lacking 0.5 M NaCl and were eluted by boiling in
well characterized. Thus, we characterized the associationSDS-PAGE sample buffer.3pS]p56°* ([3°S]p56°) was detected

of p50937 with two well-characterized hsp90-dependent
kinases: the T-celirc-family tyrosine kinase p8% and the
heme-regulated serine kinase HRI. For wild-type '#f5&

by autoradiography; hsp90 (hsp90) and 950 (p50) were identi-

fied by Western blotting. Migrations of molecular mass markers
(kDa) are indicated along the right side of the panel. First lane (rrl
std), naive lysate loaded as a standard for detection of chaperones;

heterocomplex formed with hsp90 represents as an obligatelanes -4, adsorption prior to maturational incubation of lysate

intermediate occurring during kinase biogenesis: '$56

molecules flow from an hsp90-bound state to an hsp90-free

state during posttranslational maturati@n4, 64). To explore
the role of p5&<¥7in this process, RRL translation reactions
were programmed for in vitro synthesis of [¥56These
reactions were assembled to produce a pulse ofp56
synthesis, after which reinitiation of synthesis was inhibited.
Either this synchronized p56population was immediately
immunoadsorbed with rabbit anti-p56 antibodies, or,
alternatively, synchronized populations were further incu-
bated for 60 min at 37C, after which reactions were
similarly immunoadsorbed. Immunocomplexes were washed
with either low-salt or high-salt buffers, and the washed
immunocomplexes were analyzed by Western blotting to
detect the coadsorption of hsp90 and 50

Consistent with our previous studies, hsp90 was specifi-
cally coadsorbed with p%6 (Figure 5, lanes 44), and the
association of hsp90 with these ff&6nolecules was stable
to washing in 0.5 M NaCl (lanes 2 and 4). Also consistent
with our previous observations, this association was specific
to newly synthesized molecules of 56 the salt-stable
association of hsp90 with p56was not detected if p56

reactions; lanes-58, adsorption after 60-min maturational incuba-
tion of lysate reactions; lanes 1, 2, 5, 6, lysate reactions without
p56°ck template; lanes 3, 4, 7, 8, lysate reactions programmed for
p568k synthesis; odd-numbered lanes, adsorptions washed with
buffer lacking 0.5 mM NacCl; even-numbered lanes, adsorptions
washed with buffer containing 0.5 M NacCl.

longer detected in association with the synchronized®56
population regardless of the ionic strength of the wash buffer
(lanes 5-8). These results indicated that g%, like hsp90,
formed salt-resistant complexes with newly synthesize#p56
molecules, but did not associate with mature'{s56gardless

of ionic conditions. More importantly, these results indicated
that hsp90 and p5&°’ each associated with p96in a
manner distinct from their association with each other.

We also characterized the interaction of #58 with an
alternative hsp90-dependent kinase having a distinct primary
structure and unique regulatory elements, the heme-regulated
inhibitor of proteins synthesis (HRI). The physical and
functional interaction between hsp90 and HRI has been well
characterized?, 65—67). Like p56%, HRI is only found in
salt-stable heterocomplexes with hsp90 during intermediate
stages of kinase maturation. In contrast to'f{58owever,

molecules were allowed to mature prior to immunoadsorption HRI does not show an obligate flow toward an hsp90-
(lanes 6 and 8). This result did not reflect a change in the independent state; instead, HRI structure evolves in the
mode by which hsp90 interacted with %6 even when presence of hemin to form kinase molecules that are
immunocomplexes were washed in the absence of salt, hsp9@ompetent to respond to hemin deficiency, but are nonethe-
was not coadsorbed with mature ff5énolecules (lanes 5 less inactive ). These inactive HRI molecules continue to
and 7). These results confirmed that hsp90 formed salt- interact with hsp90 machinery and require continued hsp90
resistant complexes with newly synthesized'ff$6olecules, function to maintain their ability to respond to hemin
but did not associate with mature 36 deficiency.

To determine if p56c¥” behaved like hsp90, p56 The unique biochemistry of HRI provided a novel op-
immunocomplexes were assessed for the presence 8f{50  portunity to determine whether the continued association of
Immunoadsorption of nascent p%drom unmatured RRL HRI with hsp90 machinery reflected a static heterocomplex
reactions resulted in the specific coadsorption of 50 or a dynamic reiterative association. To differentiate these
(Figure 5, lanes 14). When the heterocomplex between possibilities, p58'°3’and an epitope-tagged HRI (HHRI,
p50°9” and immature p8& molecules was examined for  with an N-terminal poly-His tag) were translated in separate
its resistance to washing in the presence of 0.5 M NaCl, the hemin-replete RRL reactions to generate novel radiolabeled
association of p3Ues7 with p56% was found to be highly  protein populations. After synthesis, radiolabeling was
resistant to high ionic strength buffers, despite the absenceterminated, and the individual reactions were mixed with
of any stabilizing agents such as molybdate (lanes 2 and 4).each other. These mixed reactions were incubated briefly to
Upon maturational incubation of p56 p509°3” was no allow formation of heterocomplexes betweépS]|p509cs’
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A (IP anti-His) progesterone receptdr4), and the half-life of p58—HRI
12345678 heterocomplexes (5 min) was very similar to that reported
[SSH7HRI — e e for progesterone receptohsp90 heterocomplexes.
(SSjcdcd7 it R We wished to determine if molybdate would arrest the

dynamic reiterative cycling of p5®37 with inactive HRI

abhc _ i ‘ molecules. This characterization was prompted by our
e e R S T | previous observations that molybdate inhibits hsp90-mediated
‘ 40246 8104 folding processes by enforcing high-affinity associations
nonimmune - chase e (chase, between hsp90 and its substrates, resulting in an arrest of
B (Pant-His) 12345678 the normal obligate flow of p3® from hsp90-bound to
B5SJH, HAI hsp90-free formsg4). To determine if molybdate similarly
7 T TR ey o508 freezes the dynamic reiterative interaction of {50 with
[%8leded7 -l e — HRI, this interaction was analyzed in reactions containing
: 20 mM molybdate (Figure 6B). In the presence of molybdate,
abhe . —_——— levels of HRI-associated35]p509°3did not decline during
chase incubations (Figure 6B, lanes 3, indicating that
0246810 4 . 37
i —_— radiolabeled p5%9°” was not replaced by endogenous
nonimmune chase time

(min) (cha;g.] unlabeled p58°¥7in the presence of molybdate. This result
indicated that the hsp90 antagonist molybdate arrested the
FIGURE 6: Dynamic association of p5®37with HRI. p5¢4¢37and

an epitope-tagged HRI were synthesized in separate RRL reactionsdynamlc, reiterative proceicsslllg of _'naCt'Ve kinase folding
with concomitant radiolabeling with3{S]Met. After synthesis,  Intermediates by hsp9p50 >’ machinery, a result that was
radiolabelings were terminated, and the individual reactions were consistent with molybdate’s previously documented effects
mixed with each other. These mixed reactions were incubated for on other hsp90 folding processes (64).

20 min to allow formation of heterocomplexes, and a portion of In the preceding experiments, p387 associated with

the mixture was transferred (“chased”) to a third hemin-replete K . L . ,
reaction lacking radiolabel. At the indicated times after assembly, p56°«in a fashion that was indistinguishable from hsp90’s

aliquots of the chase reaction were collected for immunoadsorption @ssociation with this kinase. However, we have previously
either with control nonimmune antibody (lanes 1) or with antibodies observed that inhibition of hsp90-mediated kinase folding

recognizing the epitope tag of*$]JH7—HRI (lanes 2-7). An by geldanamycing) is accompanied by alterations in hsp90's

aliquot of the unfractionated chase reaction was also analyzed (lan ; . ; . ;
8). Panel A: analysis in RRL lacking sodium molybdate, Radio- Sinteractions with its clients: in the presence of geldanamycin,

labeled HRI (F5SJH7—HRI) and radiolabeled pBeFs7 ([3S]p504c) hsp90 binds to p38 in a salt-labile fashion rather than
were detected by autoradiography in the upper panel; net immu-forming the normal salt-resistant heterocomplé4)( To
noreactive p58°%7 (cdc37) and the immunoadsorbing antibody determine if p5€°3” was present in the salt-labile hsp90
hgﬁg Cph:rigl(%t_’ Tﬁ?g‘g’?f;ec fgﬁﬁﬁtﬁﬁdﬁ’ﬁ V\é%stﬁm g(')%tltl'ﬂg ir?]é:]eb'(;);"t’gr kinase heterocomplex formed in the presence of geldana-
{)o the chase reaction was analyzed in%arallel with, and as dyescribecfnycm’ p56:.k was franslated in the presence or abse'_”ce of
for, panel A. this drug, kinase heterocomplexes were isolated by immu-
noadsorption with anti-p3% antibodies, and immunocom-
and P°SJH7—HRI, and a portion of the mixture was plexes were washed with low or high ionic strength buffers
transferred to a hemin-replete chase reaction lacking radio-(Figure 7A). From untreated RRL, hsp90 and {50were
labeled p5@'3’. At various times after assembly of the chase specifically recovered in anti-p56 immunoadsorptions
reaction, aliquots were collected for immunoadsorption and (Figure 7A, lanes 1, 2, 5, 6), and these interactions were
analysis of H~HRI heterocomplexes. resistant to washing with high-salt buffers (lanes 5 and 6).
As seen in the upper panel of Figure 6A, immunoadsorp- In contrast, when kinase heterocomplexes were isolated from
tion of [3*S]H7—HRI from the chase reaction immediately RRL reactions containing geldanamycin and subjected to
after its assembly coadsorbeq]p50cdc37 in an immune-  washing with low ionic strength buffers, pB¢&’was absent
specific fashion (lanes 1 and 2). Thu&g]p509¢” could from kinase heterocomplexes despite the continued presence
associate with untransformeéf$]H7—HRI during hsp90- of hsp90 (lanes 3 and 4). When B&eterocomplexes from
mediated kinase maintenance in hemin-replete RRL. During geldanamycin-treated RRL were washed with high-salt
subsequent incubations, however, the amount®sip509e37 buffer, neither hsp90 nor p58% could be detected in
associated with®fS]H7—HRI steadily declined (lanes27). immunopellets (lanes 8). Thus, the hsp90 antagonist
To determine if this decline represented a net decline in the geldanamycin inhibited the formation of salt-resistant sub-
amount of p5&°¢3” associated with HRI, these adsorptions strate heterocomplexes containing §§50 Instead, p56 was
were Western-blotted with anti-pS&”antibodies to quantify  trapped in a salt-labile hsp90 chaperone complex reminiscent
the net levels of p3Ys7 associated with 3fSJH7—HRI of previously characterize®7, 72) “intermediate” hetero-
(Figure 6A, lower panel). These blots indicated that the net complexes formed between steroid hormone receptors and
levels of p50%37associated with HRI did not decline. Thus, hsp90 in the presence of geldanamycin.
the decline in amounts off8]p509c3’ associated with HRI To determine if geldanamycin similarly altered the nature
represented a replacement of radiolabefé8]p5093’ with of HRI's interactions with hsp90 and p%¢’, HRI was
unlabeled endogenous 88" This result indicated that the  synthesized in RRL reactions containing or lacking geldana-
p5093-HRI complex was a dynamic entity with which mycin (Figure 7B). As was observed for Bggeldanamycin
p5093’associated in a reiterative fashion. This interpretation prevented the formation of salt-resistant HRkp90 het-
was consistent with previous work demonstrating the dy- erocomplexes containing p%¢’ (lanes 7 and 8); instead, a
namic reiterative nature of hsp90’s association with the salt-labile HRI complex containing hsp90 but lacking {50
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Ficure 7: Kinase-chaperone heterocomplexes formed in the
presence of geldanamycin. Protein synthesis reactions containingFIGURE 8: Association of p58'3”and hsp90 with FKPB52 in the
(lanes 3, 4, 7, 8) or lacking (lanes 1, 2, 5, 6) geldanamycin were presence of kinase substrates. Hemin-replete RRL reactions were
(even-numbered lanes), or were not (odd-numbered lanes), pro-(lanes 3-4), or were not (lanes-#2), programmed for synthesis
grammed for synthesis of epitope-tagged '#56After brief of HRI. Subsequently, reactions were immunoadsorbed either with
synthesis, reactions were immunoadsorbed with antibodies recog-nonimmune antibody (lanes 2, 4) or with EC1 monoclonal antibody
nizing the epitope tag, and immunocomplexes were washed with against FKBP52 (lanes+13). Immunopellets were washed with
buffers lacking (lanes-14) or containing (lanes-58) 0.5 M NacCl. buffer containing 150 mM NaCl, and adsorbed materials were eluted
Immunocomplexes were analyzed by Western blotting to detect by boiling in SDS-PAGE sample buffer. The first lane (rrl)
hsp90 (hsp90) and p30%7 (cdc37); heavy chains of immunad- contains RRL loaded as a standard for detection of chaperones.
sorbing antibody are also indicated (ab hc). Radiolabeledp56 Hsp90 (hsp90) and p58®37 (cdc37) were detected by Western
([3°S]H6—p56°) was detected by autoradiography. Migrations of blotting; radiolabeled HRI §S]H7—HRI) was detected by auto-
size standards are indicated along the right edge of the panel. Panetadiography. Panel B: FKPB52 heterocomplexes formed in the
B: HRI heterocomplexes were analyzed as described for panel A. presence or absence of f5§[3°S]H6—p56) were analyzed as

described for panel A.

was formed (lanes 3 and 4). This result indicated that HRI, . i
like pS6%, had two potential modes for interaction with PS0*) and FKBPS2 in one or more chaperone superas-

hsp90, and that the salt-resistant mode correlated with theSemblies associated with nascent kinase molecules. Similarly,
presence of pSged’ expression of HRI significantly enhanced the association of
Hsp90, p5637 and FKBP52 Are Simultaneously Present p50°=*” with cyp40 chaperone machinery (not shown);
in Complexes with Immature Kinases shown in Figure ~ nowever, studies examining the effects of §56n the
4, p50937 was present in native hsp90 heterocomplexes association of p58=" with cyp40 machinery have been
containing the highM, TPR immunophilins. To determine  Inconclusive to date (Hartson et al., unpublished).
if p50°d°_37 and immunophilins might be present simulta- 5 <~ 550N
neously in heterocomplexes with immature kinase molecules,
HRI or p56% was translated in hemin-replete RRL reactions.  Our results indicate that p30%” and hsp90’'s TPR-
Subsequently, these reactions were immunoadsorbed withcontaining cohorts are not invariantly mutually exclusive
EC1 monoclonal antibody against FKBP52 and washed with components of hsp90 chaperone machinery: {5%0is
buffer containing 150 mM NacCl, and the levels of kinase, specifically recovered in immunoadsorptions directed against
p50°937 and hsp90 present in the immunocomplex were FKBP52, cyp40, and p60HOP (or hsp70) (Figure 4).
assessed. Although it has previously been suggested that similar
Anti-FKBP52 adsorptions specifically coadsorbed nascent coadsorptions may have resulted from direct recognition of
molecules of HRI or p3& (Figure 8A+B, lanes 3-4). This p50°9c37 by polyclonal antibodies directed against FKBP52
result indicated that chaperone machinery containing FKBP52or cyp40 @é0), we do not favor such immuno-cross-reactivity
recognized and bound immature kinase molecules, a findingas an explanation for findings presented in our current work.
consistent with our previous characterization of HRI het- We minimized the potential for immuno-cross-reactivity by
erocomplexesdp, 67). The presence of either HRI or %6 utilizing the EC1 monoclonal antibody to capture FKBP52
on the FKBP52 heterocomplex significantly increased levels heterocomplexes. Additionally, we characterized the poly-
of the representation of hsp90 therein (Figuret@ lanes clonal anti-cyp40 antibody preparation used in our current
1 versus lane 3), a finding reminiscent of the client-enhanced study and observed no evidence that this antibody preparation
association of XAP2/ARA9 with hsp90AhR heterocom- recognized p58°’. Furthermore, two alternative monoclonal
plexes 89). Furthermore, expression of HRI or pP%6 antibodies which immunoadsorb hsp90 machinery via as-
increased the levels of pSi%’ associated with FKBP52  sociated cohorts, namely, the F5 monoclonal anti-p60HOP
relative to the p5®° levels observed in native FKPB52 antibody and the BB70 monoclonal anti-hsp70 antibody, also
heterocomplexes (Figure 8A,B, lanes 1 versus 3). Thesecoadsorb p5%c’. Due to the improbability that all four of
results demonstrated the simultaneous occurrence of hsp90these antibody preparations cross-react with°{s50 we
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conclude that the recovery of p8&’in immunoadsorptions  hsp90 machineries previously described for the progesterone
of hsp90’s TPR cohorts does not reflect an immunological receptor ordered-assembly pathwég, (74). This conceptual
artifact, but rather documents authentic chaperone heteropathway attempts to describe hsp90-mediated folding by
complexes containing hsp90, 58", and the immunoad-  dividing the process into discrete stages; at each stage, the
sorption target. The existence and functional relevance of receptor-chaperone heterocomplex displays a unique com-
these machineries are further supported by our finding that position of hsp90 cohorts. Based on previously described
kinase molecules are recruited to FKBP52 machinery, and behaviors of hsp96chaperone heterocomplexes, we propose
this recruitment greatly increases the representation of boththree criteria by which p38:3should be considered to act
p50937and hsp90 on FKBP52 heterocomplexes (Figure 8). as a “late” hsp90 machinery. (1) g8¢’is well represented
Thus, we conclude that hsp90, %, p23, and individual in heterocomplexes containing p23 (Figure 2) or immuno-
members of hsp90’s family of TPR-containing cohorts, philins (Figure 4), but appears to be a very minor constituent
especially the immunophilins, have the potential to form a of p6OHOP machinery (Figure 4). (2) p8%interacts with
novel four-component chaperone machine which binds kinaseits kinase substrates in a salt-stable heterocomplex (Figure
folding intermediates. 5), whereas “intermediate” hsp90 heterocomplexes described
This conclusion is consistent with previous studies which to date are invariantly salt-labile [e.g17)]. (3) The hsp90
have detected physicdq, 61, 66, 67, 75, 76) and functional antagonist geldanamycin prevents recruitment of§5Go
(77) interactions between kinases and immunophilins, but kinase substrates (Figure 7), a characteristic of “late” hsp90
is inconsistent with other work in which FKBP52 was not machinery exemplified by hsp2mmunophilin—p23 het-
detected as a component of reconstituted hsp90 heterocomerocomplexes7, 28, 72). However, although p5&3"would
plexes associated with recombinant §/58(48). We believe appear to fit these three criteria for a late complex, we note
that our ready detection of pS&’in hsp96-immunophilin p5093” does not seem to share with p23 the ability to
heterocomplexes reflects the enhanced sensitivity of thestringently recognize a specific a nucleotide-regulated con-
polyclonal anti-p5€#°37antibodies used in the current study; formation of hsp90Z47, 28); p50°9°” associates with hsp90
these antibodies are-R orders of magnitude more sensitive in an ATP-independent fashion, and this interaction is not
that the 3M/1B5p5054) monoclonal anti-p58c37 antibody abolished by geldanamycin (Figure 3).
previously available (not shown). Despite its putative identity as a “late” kinasehaperone
Although the potential for competition between F58& heterocomplex, it is important to acknowledge that the
and immunophilins for binding to hsp90 has not been p50¥3"—kinase interaction does not represent a static,
examined, previous work has demonstrated such competitionobligatorily terminal heterocomplex. Instead, p5& as-
between p58°7and the nonimmunophilin cohort p6OHOP  sociates with immature kinase substrates in a dynamic
(40, 48). Thus, our detection of low levels of pB&7in reiterative fashion (Figure 6), as has been described previ-
p60HOP immunocomplexes implies an apparent contradic- ously for the interaction of hsp90 with the progesterone
tion. This apparent contradiction can be resolved by insights receptor {4). Furthermore, it is important to recognize that
provided through a recent study that examined the nature ofp50°4%” interacts only with immature or inactive forms of
hsp90’s cohort acceptor sites: isothermal titration calorimetry the kinases p3® (Figure 5) and HRI (Shao et al., submitted),
profiles suggest that hsp90 binds purified Sti 1 (yeast and similarly recognizes conformational intermediates of
equivalent to p60HOP) or Cpr6 (yeast equivalent to cyp40) viral p60[reviewed in ref 61)], Cdk4 ), Cdk9 6), Cdc28
with stoichiometries of one molecule of hsp90 per molecule (79), and Cak1T9). These observations suggest that for these
of cohort, suggesting two TPR acceptor sites per hsp90 dimerkinases, p589°3’functions strictly as a molecular chaperone
(78). This two-site model predicts that heterogeneous cohortand an hsp90 cohort rather than acting as an obligate
compositions might exist in situ, but that the hsp90 dimer regulatory subunit or as an adaptor protein. However, kinase
would nonetheless bind only the predominant cohort during maturation mediated by hsp9@50*"~immunophilin het-
competition assays. Furthermore, the two-site model predictserocomplexes in vivo might be coupled to other cellular
that hsp90 cohorts with a strong potential to dimerize (such processes such as intracellular traffickirg)(
as Sti 1/p60HOP) might strongly inhibit the formation of Although the biochemical function of p38%is poorly
mixed-cohort machineries, while cohorts with less dimer- understood, our data indicate that f5& does not serve as
ization potential (such as Cpr6/cyp40) might be more a passive structural bridge between hsp90 and client kinases,
permissive in this regard’8). Consistent with this specula- nor does hsp90 serve as a passive structural bridge between
tion, we note that only very low levels of p3&’ are p509c37and client kinases. This conclusion derives from the
recovered in p60HOP immunopellets relative to those observation that hsp90 and %8’ interact with each other
recovered in FKBP52 or cyp40 immunopellets (Figure 4), in a fashion which is distinct from their interactions with
despite a lack of any evidence indicating that{#S0prefers substrate: the hsp9gp509interaction is salt-labile (Figure
a specific hsp90 conformation (Figure 3). However, this 1), while heterocomplexes with kinase folding intermediates
explanation must be regarded as speculative given ourare salt-resistant [Figure 5; see al&d,(58)]. Thus, high-
incomplete understanding of hsp90 machinery: the postula- affinity heterocomplexes between hsp90, {50 and kinase
tion that hsp90 dimers contain two sites for binding of TPR folding intermediates appear to result from fundamental
proteins is not universally accepted3], and the purified alterations in proteirrprotein interactions rather than from
yeastcdc37 gene product migrates as a dimer on native the simple assembly of passive protein components. How-
PAGE gels 55). ever, our data do not allow us to differentiate mechanisms
Although our understanding of hsp9p50°93’machinery which may underlie these fundamental alterations. As one
is incomplete, we propose that 38’ chaperone hetero-  possibility, binding of kinase client to pS83’could directly
complexes should be considered to be analogous to the “late”enhance p5U°%’s affinity of hsp90 [i.e., a “linear” §9)
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organization of individual components within the hetero- correlation between the salt-labile nature of the hsg80ase
complex]. Alternatively, the stability of the clienthaperone heterocomplex formed in the presence of geldanamycin and
heterocomplex could be enhanced by the simultaneousthe absence of p5%37therein (Figure 7).

interaction of each chaperone with both the client and its  The biochemical mechanisms by which hsp90, immuno-
co-chaperone partners. Additionally, contributions from both philins, and p5/¥7 fulfill their physiological roles in vivo
mechanisms could enhance the stability of the multicompo- remain poorly understood. HRI is an endogenous reticulocyte
nent client-chaperone heterocomplex. Similar uncertainties kinase, suggesting that the HRmmunophilin heterocom-
regarding the association of hsp90 and XAP2/ARA9 with plexes which occur in reticulocyte lysates may also occur
the aryl hydrocarbon receptor have been discussed recentlyin the intact reticulocyte. Alternatively, expression of [§56
[e.g., B9)]. is normally limited to lymphoid cell populations. Thus, it

Geldanamycin inhibits the formation of high-affinity remains to be determined if pS6similarly associates with
interactions within hsp96kinase heterocomplexes; instead, FKBP52 in T cells. Given emerging evidence that individual
geldanamycin-poisoned hsp90 associates with kinase hetimmunophilins play nonequivalent roles in viv86—39),
erocomplexes via weak ionic interactions [Figure 7, see alsothese considerations are important caveats with regard to the
(64)]. The labile nature of this interaction probably explains interpretation of reticulocyte lysate modeling. Nonetheless,
the absence of hsp90 from substrate heterocomplexes typidata presented here demonstrate that4s%5@s a nonexclu-
cally isolated from geldanamycin-treated cefig)( We have sive hsp90 cohort which responds to hsp90’s nucleotide-
previously speculated that this low-affinity interaction reflects regulated conformational switching during the generation of
electrostatic binding of hsp90 to kinase-bound cohort proteins high-affinity interactions within the hsp9¢kinase-p50-9c37
(e.g., p6OHOP/hsp70) rather than to the kinase pe64e ( heterocomplex.

Because geldanamycin acts at hsp90’s nucleotide binding

pocket 80—82), the effects of this drug on the hsp9kinase =~ ACKNOWLEDGMENT

heterocomplex indicate that nucleotide-mediated switching
of hsp90’s conformation is required to establish high-affinity p
interactions therein64).

However, the p58°’ component is absent from kinase
heterocomplexes formed in the presence of geldanamycin
regardless of the ionic strength of immunoadsorption wash
buffers (Figure 7). The inability of p5€©7to bind to kinase
folding intermediates in the presence of geldanamycin does

ngit dr:::ri[ Sceir?.uisigc?;lgg grr];naesrlgw(ag é);nkqmlaeizsm(osli;lge; ?{ antibodies. We also thank Dr. Sheri Uma (Oklahoma State
9 ycin-p P P "University) for insightful discussions and for critical reading

submitted). Thus, we conclude that hsp90 regulates the kinase : . .
binding activity of p56%3”, of the manuscript. Geldanamycin was provided by the Drug

Similarly, it has been suggested that the failure of 50 Synthesis and Chemistry Branch, Developmental Therapeu-

to associate with Raf-1 in geldanamycin-treated cells reflects tics Program, Division of Cancer Treatment, National Cancer
S 9 7Y . ) Institute, NIH. Oligonucleotide synthesis and DNA sequenc-
a quantitative sequestration of §%8’into inactive hsp96

D507 heterocomplexessQ): geldanamycin also inhibits ing were performed by the Oklahoma State University

formation of the Cdk4 p50cdc37 heterocomple) How- Recombinant DNA/Protein Resource Facility. Polyclonal

ouse ascites antibodies against 'g5&nd p5093” were
ever, we note that there appears to be an abundance of hsp9 Srepared by the Oklahoma State University Hybridoma

dc37; i iti i
free p50°*in RRL (Figure 2). Additionally, geldanamycin (i:enter for the Agricultural and Biological Sciences. Rabbit

dggsdg?otsapé%e;rlsto d(renfoégisrr:é?t(aer:?f:ﬂofgPstvgﬁilpesrgggrz? ntibodies were produced by the Oklahoma State University
P » S : ug : u Lab Animal Resources Unit.

plexes (Figure 3). Furthermore, geldanamycin treatment of

RRL does not induce detectable alterations in the proteolytic ReFERENCES

fingerprint of the p5@'°3” population that predominates

therein (Hartson et al., unpublished). Thus, we speculate that 1. Csermely, P., Schnaider, T., Soti, C., Prohaszka, Z., and Nardai

the default conformation which p37 assumes in RRL is G. (1998) The 90-kDa molecular chaperone family: structure,
. . . function, and clinical applications. A comprehensive review.

not competent to bind kinases, and that nucleotide-regulated  py3rmacol. Ther. 70129-168.

conformational switching of hsp90 is necessary to unleash 2 prat, w. B., and Toft, D. O. (1997) Steroid receptor

p509¢37s ability to form high-affinity interactions with kinase interactions with heat shock protein and immunophilin chap-

folding intermediates. This interpretation would suggest that eronesEndocr. Re. 18, 306-360.

the modest-to-robust kinase binding activity of purified 3 EZSSS%&%@S?&%‘%E b}]'t’hBeu|mrhEHoagdcg/|'F Eﬁ’aEéLbéé?ci@
dc37 ; - i i y i i .
p5C¢ (6, 48, 52) represents a property acquired by Biochemistry 351345113459,

We thank Dr. Douglas Melton (Harvard University), Dr.
aul Burn (Monsanto), Dr. Roger M. Pearlmutter (Howard
Hughes Medical Institute, University of Washington), and
Dr. Jane-Jane Chen (MIT) for generously providing plasmid
'DNAs and Dr. David O. Toft (Mayo Clinic, Rochester, MN),
Dr. David F. Smith (Mayo Clinic, Scottsdale, AZ), Dr. Lee
E. Faber (Medical College of Ohio), and Dr. Gary H. Perdew
(Pennsylvania State University) for generously providing

disregulation of tth; chaperone during its purification._ 4. Hartson, S. D., Ottinger, E. A., Huang, W., Barany, G., Burn,

However, p5@°3” does not appear to be a strictly P., and Matts, R. L. (1998) Modular folding and evidence for
subordinate partner to hsp90; 5% potentiates the physical phosphorylation-induced stabilization of an hsp90-dependent
and functional interaction of hsp90 with kinasés%2, 55), kinase.J. Biol. Chem. 2738475-8482.

suggesting that p5%3”modulates the kinase binding activity - O'Keeffe, B., Fong, Y., Chen, D., Zhou, S., and Zhou Q.

7 . (2000) Requirement for a kinase-specific chaperone pathway
of hsp90. Thus, hsp90 and g8 may represent dynamic in the production of a Cdk9/cyclin T1 heterodimer responsible

partners, each regulating the kinase binding potential of the  for P-TEFb-mediated Tat stimulation of HIV-1 transcription.
other. This speculation is consistent with the observed J. Biol. Chem. 275279-287.



7642 Biochemistry, Vol. 39, No. 25, 2000

6. Stepanova, L., Leng, X., Parker, S. B., and Harper, J. W.
(1996) Mammalian p50-Cdc37 is a protein kinase-targeting
subunit of hsp90 that binds and stabilizes Cd&énes De.

10, 1491-1502.

7.Uma, S., Hartson, S. D., Chen, J.-J., and Matts, R. L. (1997)
Hsp90 is obligatory for the heme-regulated ele¥nase to
aquire and maintain an activable conformatidrBiol. Chem.
272 11648-11656.

8. Yorgin, P. D., Hartson, S. D., Fellah, A. M., Scroggins, B.
T., Matts, R. M., and Whitesell, L. (2000) Effects of geldana-
mycin, an hsp90-binding agent, on T-cell function and T-cell
nonreceptor protein tyrosine kinasésimmunol. 1642915~
2923.

9. Bohen, S. P., Kralli, A., and Yamamoto, K. R. (1995) Hold’em
and fold’em: Chaperones and signal transducBuience 268
1303-1304.

10. Craig, E. A., Weissman, J. S., and Horwich, A. L. (1994) Heat
shock proteins and molecular chaperones: Mediators of protein
conformation and turnover in the ceCell 78 365-372.

11. Rutherford, S. L., and Zuker, C. S. (1994) Protein folding and
the regulation of signaling pathwaySell 79, 1129-1132.

12. Whitesell, L., Mimnaugh, E. G., De Costa, B., Myers, C. E.,
and Neckers, L. M. (1994) Inhibition of heat shock protein
hsp90-pp60~s heteroprotein complex formation by benzo-
quinone ansamycins: Essential role for stress proteins in
oncogenic transformatiorRroc. Natl. Acad. Sci. U.S.A. 91
8324-8328.

13. Sharma, S. V., Agatsuma, T., and Nakano, H. (1998) Targeting
of the protein chaperone, hsp90, by the transformation sup-
pressing agent, radicicoDncogene 162639-2645.

14. Schulte, T. W., Akinaga, S., Soga, S., Sullivan, W., Stensgard,
B., Toft, D., and Neckers, L. M. (1998) Antibiotic radicicol
binds to the N-terminal domain of hsp90 and shares important
biologic activities with geldanamyciiCell Stress Chaperones
3, 100-108.

15. Smith, D. F., Sullivan, W. P., Marion, T. N., Zaitsu, K.,
Madden, B., McCormick, D. J., and Toft, D. O. (1993)
Identification of a 60-kilodalton stress-related protein, p60,
which interacts with hsp90 and hsp7dol. Cell. Biol. 13
869-876.

16. Nicolet, C. M., and Craig, E. A. (1989) Isolation and
characterization of STI1, a stress-inducible gene fi®at-
charomyces cetésiae Mol. Cell. Biol. 9 3638-3646.

17. Chen, S., Prapapanich, V., Rimerman, R. A., Honore, B., and
Smith, D. F. (1996) Interactions of p60, a mediator of

progesterone receptor assembly, with heat shock proteins hsp90

and hsp70Mol. Endocrinol. 10 682-693.

18. Grenert, J. P., Johnson, B. D., and Toft, D. O. (1999) The
importance of ATP binding and hydrolysis by hsp90 in
formation and function of protein heterocomplexésBiol.
Chem. 27417525-17533.

19. Gross, M., Hessefort, S., Olin, A., and Reddy, G. (1996)
Extensive sequencing of tryptic peptides of a rabbit reticulocyte
66-kDa protein that promotes recycling of hsp70.Biol.
Chem. 27116842-16849.

20. Gross, M., and Hessefort, S. (1996) Purification and charac-
terization of a 66-kDa protein from rabbit reticulocyte lysate
which promotes the recycling of hsp7d. Biol. Chem. 271
16833-16841.

21. Johnson, B. D., Schumacher, R. J., Ross, E. D., and Toft, D.
0. (1998) Hop modulates hsp70/hsp90 interactions in protein
folding. J. Biol. Chem. 2733679-3686.

22. Bresnick, E. H., Dalman, F. C., and Pratt, W. B. (1990) Direct
stoichiometric evidence that the untransformed Mr 300 000,
9S, glucocorticoid receptor is a core unit derived from a larger
heteromeric complexBiochemistry 29520-527.

23. Johnson, J. L., Beito, T. G., Krco, C. J., and Toft, D. O. (1994)
Characterization of a novel 23-kilodalton protein of inactive
progesterone receptor complexdkl. Cell. Biol. 14 1956—
1963.

24. Johnson, J. L., and Toft, D. O. (1994) A novel chaperone
complex for steroid hormone receptors involving heat shock
proteins, immunophilins and p23. Biol. Chem. 26924989~
24993.

Hartson et al.

25. Smith, K. F., Faber, L. E., and Toft, D. O. (1990) Purification
of unactivated progesterone hormone receptor and identifica-
tion of novel receptor associated proteidsBiol. Chem. 265
3996-4003.

26. Fang, Y., Fliss A. E., Rao, J., and Caplan, A. J. (1998) SBA1
encodes a yeast hsp90 cochaperone that is homologous to
vertebrate p23 proteinddol. Cell. Biol. 1§ 37273734.

27.Johnson, J. L., and Toft, D. O. (1995) Binding of p23 and
hsp90 during assembly with the progesterone recepot.
Endocrinol. 9 670-678.

28. Sullivan, W., Stensgard, B., Caucutt, G., Bartha, B., McMahon,
N., Alnemri, E. S., Litwack, G., and Toft, D. (1997) Nucle-
otides and two functional states of hsp90Biol. Chem. 272
8007—-8012.

29. Dittmar, K. D., Demady, D. R., Stancato, L. F., Krishna, P.,
and Pratt, W. B. (1997) Folding of the glucocorticoid receptor
by the heat shock protein (hsp) 90-based chaperone machinery.
J. Biol. Chem. 27221213-21220.

30. Silverstein, A. M., Galigniana, M. D., Chen, M.-S., Owens-
Grillo, J. K., Chinkers, M., and Pratt, W. B. (1997) Protein
phosphatase 5 is a major component of glucocorticoid recep-
tor—hsp90 complexes with properties of an FK506-binding
immunophilin.J. Biol. Chem. 27216224-16230.

31. Chen, M.-S., Silverstein, A. M., Pratt, W. B., and Chinkers,
M. (1996) The tetratricopeptide repeat domain of protein
phosphatase 5 mediates binding to glucocorticoid receptor
heterocomplexes and acts as a dominant negative mutant.
Biol. Chem. 27132315-32320.

32. Zuo, Z., Urban, G., Scammell, J. G., Dean, N. M., McLean,
T. K., Aragon, |., and Honkanen, R. E. (1999) Ser/Thr protein
phosphatase type 5 (PP5) is a negative regulator glucocorti-
coid-mediated growth arresBiochemistry 388849-8857.

33. Carver, L. A., and Bradfield, C. A. (1997) Ligand-dependent
interaction of the aryl hydrocarbon receptor with a novel
immunophilin homologue in vival. Biol. Chem. 27211452~
11456.

34. Ma, Q., and Whitlock, J. P. J. (1997) A novel cytoplasmic
protein that interacts with the Ah receptor, contains tetratri-
copeptide repeat motifs, and augments the transcription
response to the 2,3,7,8-tetrachlorodibepzdioxin. J. Biol.
Chem. 2728878-8884.

35. Meyer, B. K., Pray-Grant, M. G., Vanden Heuvel, J. P., and
Perdew, G. H. (1998) Hepatitis B virus X-associated protein
2 is a subunit of the unliganded aryl hydrocarbon receptor
core complex and exhibits transcriptional enhancer activity.
Mol. Cell. Biol. 18 978-988.

36. Barent, R. L., Nair, S. C., Carr, D. C., Ruan, Y., Rimerman,
R. A., Fulton, J., Zhang, Y., and Smith, D. F. (1998) Analysis
of FKBP51/FKBP52 chimeras and mutants for hsp90 binding
and association with progesterone receptor compleves.
Endocrinol. 12 342—354.

37. Chen, S., Sullivan, W. P., Toft, D. O., and Smith, D. F. (1998)
Differential interactions of p23 and the TPR-containing
proteins Hop, Cyp40, FKPB52, and FKBP51 with hsp90
mutants.Cell Stress Chaperones 318-129.

38. Reynolds, P. D., Ruan, Y., Smith, D. F., and Scammell, J. G.
(1999) Glucocorticoid resistance in the squirrel monkey is
associated with overexpression of the immunophilin FKBP51.
J. Clin. Endocrinol. Metab. 84663-669.

39. Carver, L. A, LaPres, J. J., Jain, S., Dunham, E. E., and
Bradfield, C. A. (1998) Characterization of the Ah receptor-
associated protein, ARA9. Biol. Chem. 27333580G-33587.

40. Owens-Grillo, J. K., Czar, M. J., Hutchison, K. A., Hoffman,
K., Perdew, G. H., and Pratt, W. B. (1996) A model of protein
targeting mediated by immunophilins and other proteins that
bind to hsp90 via tetratricopeptide repeat domaihsBiol.
Chem. 27113468-13475.

41. Lamb, J. R., Tugendreich, S., and Hieter, P. (1995) Tetratrico
peptide repeat interactions: to TPR or not to TARends
Biol. Sci. 20 257—-259.

42. Hoffmann, K., and Handschumacher, R. E. (1995) Cyclophilin-
40: evidence for a dimeric complex with hsp®ochem. J.
307, 5-8.



Hsp90, p56*", Immunophilins, and Immature Kinases

43. Radanyi, C., Chambraud, B., and Baulieu, E. E. (1994) The

ability of the immunophilin FKBP59-HBI to interact with the

90-kDa heat shock protein is encoded by its tetratricopeptide

repeat domairProc. Natl. Acad. Sci. U.S.A. 91119711201.

44. Ratajczak, T., and Carrello, A. (1996) Cyclophilin 40 (CyP-
40), mapping of its hsp90 binding domain and evidence that
FKBP52 competes with CyP-40 for hsp90 bindidg.Biol.
Chem. 2712961-2965.

45. Meyer, B. K., and Perdew, G. H. (1999) Characterization of
the AhR—hsp90-XAP2 core complex and the role of the
immunophilin-related protein XAP2 in AhR stabilization.
Biochemistry 3889078917.

46. Owens-Grillo, J. K., Hoffmann, K., Hutchison, K. A., Yem,
A. W., Deibel, M. R., Handschumacher, R. E., and Pratt, W.
B. (1995) The cyclosporin A-binding immunophilin CyP-40
and the FK506-binding immunophilin hsp56 bind to a common

site on hsp90 and exist in independent cytosolic heterocom-

plexes with the untransformed glucocorticoid recepioBiol.
Chem. 27020479-20484.
47. Renoir, J. M., Mercier-Bodard, C., Hoffmann, K., Le Bihan,

S., Ning, Y. M., Sanchez, E. R., Handschumacher, R. E., and

Baulieu, E. E. (1995) Cyclosporin A potentiates the dexam-

ethasone-induced mouse mammary tumor virus-chlorampheni-

cal acetyltransferase activity in LMCAT cells: a possible role
for different heat shock protein-binding immunophilins in
glucocorticosteriod receptor-mediated gene expresBimt.
Natl. Acad. Sci. U.S.A. 921977-4981.

48. Silverstein, A. M., Grammatikakis, G., Cochran, B. H.,
Chinkers, M., and Pratt, W. B. (1998) p50cdc37 binds directly
to the catalytic domain of Raf as well as to a site on hsp90
that is topologically adjacent to the tetratricopeptide repeat
binding site.J. Biol. Chem. 2732009G-20095.

49. Perdew, G. H., Wiegand, H., Vanden Heuvel, J. P., Mitchell,
C., and Singh, S. S. (1997) A 50 kilodalton protein associated
with Raf and pp60v-src protein kinases is a mammalian
homologue of the cell cycle control protein cdcBfochem-
istry 36, 3600-3607.

50. Ferguson, J., Ho, J.-Y., Peterson, T. A, and Reed, S. |. (1986)
Nucleotide sequence of the yeast cell division cycle start genes

CDC28, CDC36, CDC37, CDC39, and a structural analysis
of predicted productsdNucleic Acids Res. 146681-6697.

51. Brugge, J. S. (1986) Interaction of the Rous sarcoma virus

protein pp68°with the cellular proteins pp50 and pp3Curr.
Top. Microbiol. Immunol. 1231—-22.

52. Grammatikakis, N., Lin, J.-H., Grammatikakis, A., Tsichlis,
P. N., and Cochran, B. H. (1999) p50cdc37 acting in concert
with hsp90 is required for raf-1 functioMol. Cell. Biol. 19
1661-1672.

53. Perdew, G. H., and Whitelaw, M. L. (1991) Evidence that the
90-kDa heat shock protein (hsp90) exists in cytosol in

heteromeric complexes containing hsp70 and three other

proteins with Mr of 63 000, 56 000, and 50 0Q0Biol. Chem.
266, 6708-6713.

54. Whitelaw, M. L., Hutchison, K., and Perdew, G. H. (1991) A
50-kDa cytosolic protein complexed with the 90-kDa heat
shock protein (hsp90) is the same protein complexed with
pp60~s¢ hsp90 in cells transformed by the Rous sarcoma
virus. J. Biol. Chem. 26616436-16440.

55. Kimura, Y., Rutherford, S. L., Miyata, Y., Yahara, I., Freeman,
B. C., Yue, L., Morimoto, R. L., and Lindquist, S. (1997)
Cdc37 is a molecular chaperone with specific functions in
signal transductionGenes De. 11, 1775-1785.

56. Dey, B., Lightbody, J. J., and Boschelli, F. (1996) CDC37 is
required for p60v-src activity in yeadtlol. Biol. Cell 7, 1405~
1417.

57. Dai, K., Kobayashi, R., and Beach, D. (1996) Physical
interaction of mammalian CDC37 with CDK4. Biol. Chem.
271, 22030-22034.

58. Hutchison, K. A., Brott, B. K., De Leon, J. H., Perdew, G.
H., Jove, R., and Pratt, W. B. (1992) Reconstitution of the
multiprotein complex of pp6®, hsp90, and p50 in a cell-free
system.J. Biol. Chem. 26,72902-2908.

59. Stancato, L. F., Chow, Y.-H., Hutchison, K. A., Perdew, G.
H., Jove, R., and Pratt, W. B. (1993) Raf Exists in a native

Biochemistry, Vol. 39, No. 25, 20000643

heterocomplex with hsp90 and p50 that can be reconstituted
in a cell-free systemJ. Biol. Chem. 26821711-21716.

60. Stewart, S., Sundaram, M., Zhang, M., Lee, J., Han, M., and
Guan, K. L. (1999) Kinase suppressor of Ras forms a
multiprotein signaling complex and modulates MEK localiza-
tion. Mol. Cell. Biol. 19 5523-5534.

61. Nair, S. C., Toran, E. J., Rimerman, R. A., Hjermstad, S.,
Smithgall, T. E., and Smith, D. F. (1996) A pathway of multi-
chaperone interactions common to diverse regulatory pro-
teins: estrogen receptor, Fes tyrosine kinase, heat shock
transcription factor Hsfl, and the aryl hydrocarbon receptor.
Cell Stress Chaperones 237—250.

62. Fliss, A. E., Fang, Y., Boschelli, F., and Caplan, A. J. (1997)
Differential in vivo regulation of steroid hormone receptor
activation by Cdc37pMol. Biol. Cell 8 2501-2509.

63. Hartson, S. D., and Matts, R. L. (1994) Association of hsp90
with cellular src-family kinases in a cell-free system correlates
with altered kinase structure and functid@iochemistry 33
8912-8920.

64. Hartson, S. D., Thulasiraman, V., Huang, W., Whitesell, L.,
and Matts, R. L. (1999) Molybdate inhibits hsp90, induces
structural changes in its C-terminal domain, and alters its
interactions with substrateBiochemistry 383837-3849.

65. Matts, R. L., and Hurst, R. (1989) Evidence for the association
of the heme-regulated elFe2kinase with the 90-kDa heat
shock protein in rabbit reticulocyte lysate in sifuBiol. Chem.
264, 15542-15547.

66. Matts, R. L., Xu, Z., Pal, J. K., and Chen, J.-J. (1992)
Interactions of the heme-regulated el&-Rinase with heat
shock proteins in rabbit reticulocyte lysatds.Biol. Chem.
267, 18160-18167.

67. Xu, Z., Pal, J. K., Thulasiraman, V., Hahn, H. P., Chen, J.-J.,
and Matts, R. L. (1997) The role of the 90-kDa heat-shock
protein and its associated cohorts in stabilizing the heme-
regulated elF-2alpha kinase in rabbit reticulocye lysates during
heat stressEur. J. Biochem. 246461—-470.

68. Kreig, P. A., and Melton, D. A. (1984) Functional messenger
RNAs are produced by SP6 in vitro transcription of cloned
cDNAs. Nucleic Acids Res. 1Z0577070.

69. Renoir, J.-M., Radanyi, C., Faber, L. E., and Baulieu, E.-E.
(1990) The non-DNA binding hetereomeric form of mam-
malian steroid hormone recptors contains a hsp90-bound 59-
kDa protein.J. Biol. Chem. 26510740-10745.

70. Perdew, G. H., Hord, N., Hollenback, C. E., and Welsh, M.
(1993) Localization and characterization of the 86- and 84-
kDa heat shock proteins in Hepa 1clc7 cdiizp. Cell Res.
209 387-400.

71. Czar, M. J., Owens-Girillo, J. K., Dittmar, K. D., Hutchison,
K. A., Zacharek, A. M., Leach, K. L., Deibel, M. R., and Pratt,
W. B. (1994) Characterization of the proteiprotein interac-
tions determining the heat shock protein (hsp88p706-
hsp56) heterocompleX. Biol. Chem. 26911155-11161.

72. Smith, D. F., Whitesell, L., Nair, S. C., Chen, S., Prapapanich,
V., and Rimerman, R. A. (1995) Progesterone receptor
structure and function altered by geldanamycin, an hsp90-
binding agentMol. Cell. Biol. 15 6804-6812.

73. Silverstein, A. M., Galigniana, M. D., Kanelakis, K. C.,
Radanyi, C., Renoir, J.-M., and Pratt, W. B. (1999) Different
regions of the immunophilin FKBP52 determine its association
with the glucocorticoid receptor, hsp90, and cytoplasmic
dynein.J. Biol. Chem. 2743698G-36986.

74. Smith, D. (1993) Dynamics of heat shock protein—90
progesterone receptor binding and the disactivation loop model
for steroid receptor complexedol. Endocrinol. 7 1418-
1429.

75. Coss, M. C., Stephens, R. M., Morrison, D. K., Winterstein,
D., Smith, L. M., and Simek, S. L. (1998) The immunophilin
FKBP65 forms an association with the serine/threonine kinase
c-Raf-1.Cell Growth Differ. 9 41—48.

76. Stancato, L. F., Chow, Y.-H., Owens-Grillo, J. K., Yem, A.
W., Deibel, J. M. R., Jove, R., and Pratt, W. B. (1994) The
native v-Raf-hsp90-p50 heterocomplex contains a novel im-
munophilin of the FK506 binding class. Biol. Chem. 269
22157-22161.



7644 Biochemistry, Vol. 39, No. 25, 2000 Hartson et al.

77.Duina, A. A., Chang, H.-C. J., Marsh, J. A., Lindquist, S., characterization of the ATP/ADP-binding site in the Hsp90
and Gaber, R. F. (1996) A cyclophilin function in hsp90- molecular chaperoné&ell 90, 65—-75.
dependent signal transductidBcience 2741713-1715. 81. Grenert, J. P., Sullivan, W. P., Fadden, P., Haystead, T. A. J.,
78. Prodromou, C., Siligardi, G., O'Brien, R., Woolfson, D. N., Clark, J., Mimnaugh, E., Krutzsch, H., Ochel, H.-J., Schulte,
Regan, L., Panaretou, B., Ladbury, J. E., Piper, P. W., and T. W., Sausville, E., Neckers, L. M., and Toft, D. O. (1997)
Pearl, L. H. (1999) Regulation of hsp90 ATPase activity by The amino-terminal domain of heat shock protein 90 (hsp90)
tetratricopeptide repeat (TPR)-domain co-chaperdes80 that binds geldanamycm_ls an AFADP switch that regulates
J. 18 754-762. - réspgg'cong)rgagom. Bl/gl.p(\:hgrr;]. 27523%13;?23850.N Hart
79. Farrell, A., and Morgan, D. O. (2000) Cdc37 promotes the - Stebbins, C. E., Russo, A. A., Schneider, C., Rosen, N., Hartl,
stability of protein kinases Cdc28 and Caldol. Cell. Biol. F. U., and Pavletich, N. P. (1997) Crystal structure of an
20, 749-754. Hsp90-geldanamycin complex: Targeting of a protein chap-

80. Prodromou, C., Roe, S. M., O'Brien, R., Ladbury, J. E., Piper,  S'0"€ Py an antitumor ager€ell 89, 239-250.
P. W., and Pearl, L. H. (1997) Identification and structural BI000315R



